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ABSTRACT 
 

The Effects of Elevated Ocean Acidity and Temperature on the Physiological Integrity of 

the Larvae of the Cauliflower Coral, Pocillopora damicornis 

 

by 

 

Emily Bethana Rivest 

 

 Ocean acidification (OA) and rising sea surface temperatures will likely shape the 

structure and function of coral reefs in the future (Fig. 1). Understanding the sensitivity of 

corals to ongoing shifts in pCO2 and temperature is imperative as coral are the engineers of 

the coral reef ecosystem. Specifically, coral larvae may be a life history stage of corals that 

is particularly vulnerable to environmental stress. Shifts in physiological processes in 

response to environmental conditions may affect the success of larval dispersal and 

recruitment. 

 The aim of this dissertation was to examine the physiological plasticity of coral 

larvae in response to two potentially interacting anthropogenic stressors – OA and warming. 

Pocillopora damicornis (Linnaeus, 1758) was an excellent study organism for this research 

given its ubiquitous Indo-Pacific distribution, reef-building role, and long dispersal 

potential. To accomplish the objectives of this dissertation, I conducted laboratory 

experiments in which P. damicornis larvae were exposed to seawater of different pCO2 and 

temperature conditions. P. damicornis larvae were collected from populations in Moorea, 

French Polynesia and southern Taiwan.  
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To understand the consequences of OA and warming on the physiology of P. 

damicornis larvae, I employed a holistic approach, examining the response of a suite of 

physiological processes from the levels of gene expression up to the level of the whole 

organism. I used metabolic rate and lipid utilization as whole-organism techniques for 

assessing the effects of OA and warming on larval energy consumption. Planulae released 

after the peak of spawning experienced metabolic suppression under high-temperature, high-

pCO2 conditions. There was evidence of biochemical limits of increasing oxidative capacity 

to satisfy elevated energy demands under future ocean conditions. Measurements of lipid 

utilization suggested that the metabolic costs of tolerating OA and warming will be greatest 

when both environmental stressors occur simultaneously. Larvae released at the peak of 

spawning will experience greatest changes in lipid content in response to OA and warming, 

with associated changes in buoyancy that affect their dispersal potential. 

The organism-level studies revealed physiological plasticity within coral larval 

energy consumption. Biochemical and transcriptomic techniques were used to better 

understand the underlying mechanisms. P. damicornis larvae increased their total 

antioxidant potential in response to oxidative stress under exposures to high pCO2 but not 

elevated temperature. Furthermore, OA-induced hypercapnia caused increased acid-base 

regulation, observed through elevated pNPPase activity of Na+/K+-ATPase. As was 

observed at the whole-organism level, physiological traits varied between cohorts of larvae. 

Finally, comparisons of gene expression profiles revealed down-regulation of genes under 

single-stressor treatments but up-regulation of genes when high-pCO2 and high-temperature 

co-occurred. 
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An important facet of my dissertation research was to provide environmental context 

for the results of my biological experiments. I deployed autonomous pH and temperature 

sensors on the fringing reefs where the experimental corals were collected. The time series 

of pH and temperature approximated the conditions of the water mass bathing the reef to 

which the study organisms were acclimatized and into which the larvae would have been 

released. These environmental data confirmed that control treatments in the laboratory 

experiments were within the range of conditions experienced on the reef. The elevated pCO2 

treatment levels were not observed in the present-day time series. Additionally, pH and 

temperature regimes differed between reefs in Moorea and Taiwan. pH and temperature 

were on average lower in Taiwan and more variable in Moorea. Temperature was on 

average lower and more variable in Taiwan. These results highlight the importance of 

generating such an environmental context for study species. Environmental data informed 

metrics of biological performance of individuals at these sites as well as the potential 

heterogeneity of phenotypes across the biogeographic species range, products of local 

adaptation to regimes of pH and temperature. 
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I. Introduction 

 

Future ocean change: ocean acidification and warming    

Ocean acidification (OA) and ocean warming are expected in marine ecosystems as 

consequences of continued anthropogenic fossil fuel use, with significant changes already 

detected in the surface ocean (Feely, 2008). Atmospheric CO2 concentrations are rising at 

about 0.5% per year, and atmospheric pCO2 is expected to increase from present-day levels 

of ~396 ppm (2013 atmospheric mean; Tans & Keeling, 2014) to about 936 ppm by the end 

of the century (RCP8.5, IPCC, 2013). The surface ocean absorbs about one-third of this 

anthropogenic CO2 (Sabine et al., 2004), which dissociates into HCO3
- and H+, causing 

seawater pH to decrease. Consequently, surface ocean pH may drop by ~0.3 units by 2100 

(IPCC, 2013).  This lower pH drives H+ to combine with carbonate ions, CO3
2-, to form more 

HCO3
-.  The resulting decrease in [CO3

2-] will cause long-term decreases in the calcium 

carbonate saturation state, Ω = [Ca2+][CO3
2-]/K’sp (Doney, 2010). As carbonate becomes less 

saturated, the precipitation of calcium carbonate for calcification of structures like shells and 

skeletons becomes increasingly difficult and energetically costly (e.g. Cohen and Holcomb, 

2009). Additionally, the projected changes in ocean chemistry will challenge marine 

organisms by disturbing their acid-base physiology, the processes maintaining intracellular 

chemical homeostasis (Fabry et al., 2008). 

Concurrently with acidification, the surface temperature of the oceans is rising as 

Earth’s climate warms. By 2100, average sea surface temperatures (SSTs) are expected to 

increase by ~2°C relative to the period 1980-2005 (IPCC, 2013). Temperature and ocean 

acidification may affect the same physiological processes, perhaps synergistically. Our 
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knowledge about biological tolerances to interacting stressors is increasing, particularly with 

regard to OA and temperature (for recent reviews, see Hendriks et al., 2010; Hofmann et al., 

2010; Kroeker et al., 2010; Somero, 2010; Byrne, 2011; Sunday et al., 2012). High pCO2 can 

exacerbate the effects of elevated temperatures by narrowing thermal tolerance windows 

(Pörtner, 2008; Walther et al., 2009; Hofmann and Todgham, 2010; Lannig et al., 2010). For 

example, thermal sensitivity of heart rates of the spider crab, Hyas araneus, increased as 

pCO2 rose (Walther et al., 2009). A significant interaction of pCO2 and temperature has been 

reported for processes including mortality, calcification, dissolution rate, metabolism/aerobic 

scope, motility, and community composition (Rosa and Seibel, 2008; Martin and Gattuso, 

2009; Munday et al., 2009; Rose et al., 2009; Comeau et al., 2010; Rodolfo-Metalpa et al., 

2010; Wood et al., 2010).  

For early life history stages of marine invertebrates, fertilization appears to be robust 

to the interaction of elevated temperature and pCO2 (Byrne et al., 2010). However, responses 

of physiological processes of marine invertebrate larvae to increases in pCO2 and 

temperature have been inconsistent between studies (O’Donnell et al., 2009; Parker et al., 

2009, 2010; Sheppard Brennand et al., 2010; Walther, 2010). This variation in response to 

OA and its interaction with temperature may be due to differential sensitivities of particular 

physiological processes, like calcification, as well as specific differences in sensitivity to 

these environmental stressors between species or between broader taxonomic groups (i.e. 

calcifiers vs. non-calcifiers; Kroeker et al., 2010; Byrne, 2011).  
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The vulnerability of tropical reef corals to ocean acidification and warming 

Understanding the sensitivities of reef-building corals to the ongoing simultaneous 

shifts in pCO2 and temperature is imperative (Fig. 1) as corals are the engineers of the coral 

reef ecosystem that provides habitat for an incredible diversity of organisms as well as food, 

income, and coastline security to millions of humans. Tropical reef corals may be particularly 

vulnerable to changes in their abiotic environment. Thermal stress presents a major threat to 

coral reefs as the oceans warm (Hoegh-Guldberg, 1999). Thermotolerance limits of coral can 

be passed by only a few degrees of ocean warming (Jokiel and Coles, 1990; Middlebrook et 

al., 2008). The coral holobiont may be more sensitive because the symbiosis between 

Symbiodinium and coral is fragile. In response to thermal stress, bleaching often occurs, 

where the density of endosymbiont Symbiodinium and/or chlorophyll within the coral 

decreases. As a result, the coral animal loses a vital source of energy used to maintain normal 

function and to withstand future stress (e.g. Hoegh-Guldberg, 1999). OA may act 

synergistically with warming to lower the temperature threshold for bleaching in reef-

building corals, magnifying the threat of bleaching (Anthony et al., 2008).  

The majority of coral studies focused on the effects of OA have examined changes in 

rates of calcification and primary productivity. For corals, the saturation state of aragonite 

(the calcium carbonate mineral used to form coral skeletons) in tropical oceans may drop by 

30% by 2100, causing a similar drop in calcification (Kleypas et al., 1999a; Hoegh-Guldberg 

et al., 2007; Jokiel et al., 2008; Marubini et al., 2008; Kroeker et al., 2010). However, corals 

may be able to use pH regulation and bicarbonate ions in their calcification fluid to maintain 

higher calcification rates under OA conditions (McCulloch et al., 2012; Comeau et al., 2013). 

High pCO2 causes bleaching and loss of productivity in Porites and Acropora species 
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Figure 1. The effects of elevated ocean acidity and temperature on the physiological 
integrity of coral larvae. Ocean acidification (OA) and warming are among the 
environmental stressors that will influence the vitality of coral reefs. While OA and warming 
are known to decrease calcification and cause bleaching in corals, their interactive effects on 
coral larvae are less understood. In my dissertation research, I examined a variety of 
processes involved in the physiological plasticity of the larvae of the cauliflower coral, 
Pocillopora damicornis. 
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(Anthony et al., 2008), but both positive and negative responses in productivity have been 

documented (Kroeker et al., 2010). Recent transcriptomic works suggests that down-

regulation of genes in calcification-related pathways and up-regulation of genes encoding 

proteins involved in ion transport in P. damicornis (Vidal-Dupiol et al., 2013), but this 

response may be species-specific as different results were observed in Acropora millepora 

(Kaniewska et al., 2012; Moya et al., 2012). 

Poignantly, when both elevated temperature and pCO2 are considered, coral decline is 

predicted to be up to 45% more than in a scenario with only elevated sea surface temperature 

(Buddemeier et al., 2008; Silverman et al., 2009). For tropical corals, high pCO2 and elevated 

temperature interact to not only increase the risk for warm-water bleaching (Anthony et al., 

2008; Wooldridge, 2009) but also further decrease individual and community calcification 

rates (Reynaud et al., 2003; Silverman et al., 2007). Additionally, thermal limits of survival 

may be decreased under OA conditions (Rodolfo-Metalpa et al., 2011). 

 

The weak link in the chain? The intersection of larval physiology and dispersal  

Due to the energy requirements and sometimes limited physiological capacity of 

dispersing early life stages, larvae are especially vulnerable to changing environmental 

conditions (Pechenik, 1999; Kurihara, 2008; Byrne, 2011). For example, the metabolic 

demands of coral larvae are high while they are actively swimming and locating optimal 

settlement sites (Okubo et al., 2008). According to a plethora of studies, ocean acidification 

has deleterious effects on various biological processes of young marine invertebrates: sperm 

motility and speed in echinoderms and coral (Havenhand et al., 2008; Morita et al., 2010), 

fertilization success in coral (Albright et al., 2010), oysters (Parker et al., 2009), and sea 
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urchins (e.g. Kurihara and Shirayama, 2004; Havenhand et al., 2008), larval metabolic rate in 

coral (Albright and Langdon, 2011; Nakamura et al., 2011) and sea urchins (O’Donnell et al., 

2010), stress response and gene expression in sea urchins (O’Donnell et al., 2009, 2010; 

Todgham and Hofmann, 2009), larval development and growth in crustaceans (e.g. Arnold et 

al., 2009; Findlay et al., 2009), echinoderms (e.g. Kurihara and Shirayama, 2004; Dupont et 

al., 2008; O’Donnell et al., 2010), and mollusks (Kurihara et al., 2007; Ellis et al., 2009; 

Parker et al., 2009), calcification of larval parts in mollusks (Kurihara et al., 2007; Ellis et al., 

2009) and echinoderms (Dupont et al., 2008), and larval survival of coral (Dupont et al., 

2008; Clark et al., 2009) and echinoderms (Okubo et al., 2008).  

Understanding how OA and warming will affect early life history dispersing stages of 

marine invertebrates will enable better predictions of the trajectories of these species, 

including shifts in their distributions, as the ocean becomes more acidic. The persistence of 

coral reefs is partially dependent on the successful dispersal and recruitment of coral larvae. 

There is currently a lack of information on the ecological ramifications of the physiological 

responses of coral larvae to changing environmental conditions with respect to effects on 

dispersal distance and recruitment success. In general, successful dispersal and recruitment of 

planktonic larvae maintains and links populations of marine invertebrate populations 

(Roberts, 1997; Jones et al., 1999; Underwood and Keough, 2001), influencing the size and 

distribution of these populations throughout the ocean (e.g. Thorson, 1950; Strathmann, 

1985; Roughgarden et al., 1987). This input of the next generation also rejuvenates degraded 

reef communities via new settlers and supports standing genetic variation through the 

addition of new genotypes (Amar et al., 2007). The distance over which larvae can disperse 

is determined physically by the speed and direction of ocean currents and biologically by the 
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vertical position of larvae in the water column (buoyancy), swimming behavior, length of 

time in the plankton (larval duration), and the period during which the larvae are able to 

settle (settlement-competency period; Pechenik, 1990; Morgan, 1995; Young, 1995; Harii 

and Kayanne, 2003; Szmant and Meadows, 2006; Shanks, 2009).   

Buoyancy, larval duration, settlement-competency period, and thus larval dispersal, 

are affected by larval energetics – the balance between demand for energy, the amount of 

endogenous energy, and the ability to utilize external sources of energy. Most coral planulae 

are lecithotrophic, rich in maternally derived lipids (e.g. Ward, 1992) whose energy stores 

largely determine the length of their larval duration and competency period (Richmond, 

1987; Arai et al., 1993; Harii et al., 2002, 2007; Wellington and Fitt, 2003; Alamaru et al., 

2009). A major biochemical component of planulae, lipids can compose 34%- 85% of larval 

biomass (Richmond, 1987; Harii et al., 2007; Norström and Sandström, 2010). Lipids (e.g. 

Shilling et al., 1996; Nates and McKenney, 2000; Moran and Manahan, 2004; Sewell, 2005) 

and protein (Vavra and Manahan, 1999; Marsh et al., 2001) serve as endogenous sources of 

energy for these larvae and are steadily used throughout dispersal (Richmond, 1987; Ben-

David-Zaslow and Benayahu, 2000; Harii et al., 2007, 2010). Larvae can also acquire energy 

sources by absorbing dissolved organic material from the surrounding seawater (e.g. Jaeckle 

and Manahan, 1989a, 1989b; Ben-David-Zaslow and Benayahu, 2000; Moran and Manahan, 

2004). Throughout their planktonic duration, larvae use these sources of energy for basic 

cellular processes such as protein synthesis (Marsh et al., 1999; Vavra and Manahan, 1999), 

ion regulation (Leong and Manahan, 1999; Marsh et al., 1999), swimming (e.g. Pechenik et 

al., 1993; Wendt, 2000), and the production of juvenile tissues. 
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The biological responses of larvae to OA and temperature described above will likely 

affect their dispersal through the depletion of energy stores and a reduction in larval 

buoyancy. Up-regulation of stress response pathways and increased maintenance of 

homeostatic processes is energetically costly, and consumption of energy stores (i.e. lipid and 

protein) or shifts in the allocation of metabolic energy may slow developmental timing, 

reduce growth, and impair competency to settle. Additionally, as lipid are consumed to fuel 

physiological responses to environmental stress, reduction of triacylglycerol and wax ester 

stores will reduce larval buoyancy, altering the physical transport of larvae by currents. As a 

consequence of reduced energy stores and buoyancy, larvae may disperse shorter distances or 

may terminate in the plankton. Through studies of the physiological response of larvae to 

anthropogenic change in the ocean, we will be better able to predict how OA and warming 

may alter the population dynamics of P. damicornis and the diversity of coral reef 

communities. 

 

The role of physiological plasticity in the maintenance of physiological integrity under future 

ocean change  

 There are four general ways in which species may respond to future ocean change. 

First, species may migrate to areas with more hospitable conditions. For non-motile species, 

or if poor environmental conditions extend beyond the species range, acclimatization or 

adaptation may provide a means for tolerance. Adaptation generally occurs over longer time 

scales through genetic change as a function of evolution. Under shorter time scales, 

acclimatization allows organisms to compensate for the physiological effects of changes in 

their environment. During acclimatization, organisms rely on the plasticity of their suite of 
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phenotypes or of their physiological processes in order to tolerate new environmental 

conditions. If none of these options are viable, species may become locally or globally 

extinct. 

As OA and warming progress, species may not have time to adapt to changing 

environmental conditions. They may, instead, rely on their physiological plasticity to 

maintain normal physiological function (Fig. 1). Changes in gene expression, particularly in 

gene regulatory networks, may allow organisms to adjust their physiology to a changing 

environment (Hofmann and Todgham, 2010; Evans and Hofmann, 2012). For example, in an 

estuarine goby, tolerance to sublethal thermal stress was achieved in part by up-regulating 

cellular repair pathways while down-regulating cellular proliferation pathways (Logan and 

Somero, 2011). Beyond changes in gene expression, corals may be able to gain tolerance by 

shifting their hosted communities of Symbiodinium. For example, corals can acclimatize to 

warmer seawater by harboring more of Symbiodinium clade D, the more heat-resistant group, 

which can increase coral thermotolerance by 1.0-1.5ºC (Berkelmans and van Oppen, 2006). 

Physiological plasticity through an increase in abundance of enzymes that regulate acid-base 

status also likely plays an important role in acclimatization to conditions of decreased pH and 

increased temperature. The way by which OA and warming may interact to impair 

calcification and metabolism may be through a reduction in intracellular pH. Organisms may 

be able to compensate by increasing the abundance of enzymes that regulate pH within cells, 

such as Na+/K+-ATPase (e.g. Deigweiher et al., 2008), or by regulating carbonate chemistry 

at the site of calcification (Hofmann and Todgham, 2010). Shifts in protein turnover, 

behavior, growth and morphology, and metabolic rate also contribute to acclimatization of 

corals to changing ocean conditions (Gates and Edmunds, 1999). 
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Study organism of choice: the cauliflower coral Pocillopora damicornis  

For my dissertation research, I selected the cauliflower coral, Pocillopora damicornis 

(Linnaeus, 1758) as the ideal study organism for addressing the physiological consequences 

of OA and warming on dispersing planulae. This branching scleractinian coral is the most 

common pocilloporid and is widely distributed throughout shallow-water habitats of the 

Indian and Pacific oceans (Veron, 2000). It has been extensively studied and maintained in 

aquaria. P. damicornis broods lecithotrophic, free-swimming planula larvae (Fig. 1), which 

are released every month according to the lunar cycle, though the timing varies by 

geographic location (e.g. Harriott, 1983; Richmond and Jokiel, 1984; Fan et al., 2002) and 

with abiotic factors such as temperature, salinity, sedimentation, and light regime (reviewed 

by Baird et al., 2009). These planulae are mostly clonal, asexually produced by the parent 

colony, but some, even within the same cohort, are sexual and genetically distinct (Yeoh and 

Dai, 2009). The larvae contain endosymbiotic Symbiodinium upon release, vertically 

transmitted from the parent (Harrison and Wallace, 1990), though endosymbiont density can 

vary by three-fold within a cohort (Gaither and Rowan, 2010). In about 15% of coral species 

including P. damicornis, Symbiodinium supplement the energy available to coral larvae via 

transfer of metabolites (Richmond, 1981; Harrison and Wallace, 1990; Harii et al., 2010). 

P. damicornis larvae are ~70% lipid by dry weight, with total lipid composed of wax 

esters (60%), triacylglycerol (16.5%), phospholipid (3.2%) and other lipids (Richmond, 

1987; Harii et al., 2007). The large fraction of triacylglycerol provides a rapid source of 

energy for P. damicornis larvae as they are competent to settle and metamorphose within 

hours of release (pers. observation; Isomura and Nishihira, 2001). Though local retention is 

common (Adjeroud et al., 2013; Torda et al., 2013), these energy sources are adequate for P. 
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damicornis larvae to retain competency in the plankton for more than 100 days, enough time 

to be carried by currents throughout the tropical Pacific Ocean (Richmond, 1987). During 

their pelagic duration, they mainly rely on their stored lipid and translocated metabolites 

from the Symbiodinium to fuel their dispersal, settlement, and metamorphosis into the first 

polyp (Harii et al., 2010); however, uptake of dissolved organic matter (e.g. Jaeckle and 

Manahan, 1989b) and partial metamorphosis into a feeding planktotrophic larva during the 

pelagic duration are possible (Richmond, 1985). 

Given its ubiquitous Indo-Pacific distribution, reef-building role, and long dispersal 

potential, it is imperative to know how P. damicornis will fare in a warmer, acidic ocean. If 

P. damicornis larvae are negatively impacted by future ocean conditions, the long-range 

dispersal potential of this species may be reduced (Richmond, 1987). 

 

Biogeographic context: Moorea and Taiwan 

For my dissertation research with larvae of P. damicornis, I worked with two study 

populations.  The first was in Moorea, French Polynesia, a volcanic island within the Society 

Island archipelago in the south-central Pacific Ocean. The island is surrounded by a barrier 

coral reef, which protects an inshore lagoon as well as a fringing reef. There are several 

passes in the barrier reef that allow seawater exchange between the lagoon and the open 

ocean. The study site was located on the fringing reef on the north shore of Moorea, 

approximately 500 m alongshore from a pass through the barrier reef. Seasonal climate in 

Moorea is characterized by dry (May to October) and rainy (November to April) seasons. 

Winds can contribute to seawater circulation patterns on the North shore, where easterly 

trade winds are common. During the wet season, prevailing winds come from the north-east; 
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during dry season, the island shades the North shore from the prevailing southeasterly 

tradewinds. 

The second study population was in southern Taiwan. Nanwan Bay, Taiwan is a 

semi-enclosed basin, 14 km across, at the southern tip of the island nation. It is bounded by 

two capes with the Pacific Ocean to the east and the Taiwan Strait to the west. Fringing reefs 

and sandy beaches line the coast, with several seamounts in the middle of the bay. On the 

east side of the bay, near Hobihu and the study site, there is no shallow continental shelf. 

Circulation patterns in Nanwan Bay are driven by tides, with added influence of high winds 

during monsoon/typhoon season (June-October). 

 

Framing biological data with relevant environmental history  

The study of OA has been greatly enhanced by monitoring natural pH dynamics in 

different marine near-shore environments. Recently, the challenge of acquiring high-

frequency, long, continuous environmental datasets that estimate these changing conditions 

for study populations of benthic species has been overcome with the advent of autonomous 

oceanographic sensors that record pH, called SeaFETs (Martz et al., 2010). Deployed and 

tested in sites ranging from tropical to polar, these sensors have shown that calculations of 

global ocean pH underestimate the natural variation in seawater pH occurring between 

marine ecosystems (Hofmann et al., 2011; Frieder et al., 2012; Price et al., 2012; Boatta et 

al., 2013). With these sensors, the research community can now collect high-frequency 

environmental data to complement IPCC projections and to provide details of the conditions 

that adults and larvae experience in situ (Yu et al., 2011). Within marine ecosystems, we are 

beginning to appreciate how regional scale variation might influence biological responses to 
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environmental change and the adaptive potential of populations (Hauri et al., 2009; Fabricius 

et al., 2011; Pandolfi et al., 2011; Waldbusser et al., 2011; Yu et al., 2011; Kelly and 

Hofmann, 2012). 

Data from SeaFETs have shifted scientific consensus away from the idea that OA is a 

homogenous, global environmental stressor. The acidification of the local ocean and its 

effects may manifest in site-specific ways because not all populations of the same species 

experience the same variability of present-day environmental conditions. For example, 

SeaFETs deployed within the Moorea Coral Reef and Santa Barbara Coastal Long-Term 

Ecological Research (LTER) sites have documented marked differences in pH regimes 

across a variety of spatial scales (Hofmann et al., 2013). pH variability through time differed 

between kelp forest habitats in the Santa Barbara channel only 54 km apart, despite similar 

species diversity and mean pH values at both sites. In Moorea, SeaFET sensors documented 

different pH variability across a transect of the barrier reef, a spatial scale of ~1 km. These 

data highlight the spatially complex mosaic of pH conditions that a study population may 

experience. Differences in pH variability across these small spatial scales (1-50 km) may 

foster a diversity of pH-related phenotypes within or among breeding populations, increasing 

the potential for resilience of species to future changes in environmental pH at regional 

scales. Additionally, the deployments provide an environmental context for interpreting the 

results of laboratory experiments where organisms are exposed to pCO2 conditions. The 

LTER SeaFET deployments highlight the need to co-locate pH and other autonomous 

sensors with biological experiments as a holistic approach to studying global change biology 

in the coastal ocean (Price et al., 2012; Hofmann et al., 2013, 2014). 
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It is becoming increasingly clear that studies, such as those my dissertation research 

comprises, that present changes in biological processes at the levels of species and 

developmental stage in the context of environmental data are valuable for understanding how 

future environmental change might alter populations (Hofmann et al., 2013). Understanding 

the variability of pH and temperature to which study populations are adapted or acclimatized 

is important for predicting responses to future scenarios of OA and warming, including 

potential for acclimatization and adaptation of marine species to future OA (Kelly and 

Hofmann, 2012). Several studies using autonomous sensors have successfully used 

variability of environmental pH as environmental context for measurements of biological 

performance and ecosystem processes (Price et al., 2012; Padilla-Gamiño et al., 2013; 

Frieder, 2014; Gaitán-Espitia et al., 2014; Hofmann et al., 2014). These types of studies, 

including the work presented here, serve to ground our understanding of the future biological 

and ecological effects of OA by providing a frame of reference of the present-day regime 

experienced by the study population as well as a better understanding of the spatial and 

temporal variability in conditions and responses through which the effects of changing ocean 

conditions on marine ecosystems will manifest. 

 

 

Statement of the problem 

The overarching goal of my thesis research was to examine the physiological 

plasticity of the larvae of P. damicornis in response to two potentially interacting 

anthropogenic stressors – ocean acidification and warming. To generate a well-rounded 

picture of the combined effects of ocean acidification and elevated ocean temperature on 
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larval physiology, I employed methods focused on different levels of physiological function. 

Metrics such as lipid utilization and oxygen consumption provided an overview of the 

response of the organism - a summary of the effects of multitudes of cellular and molecular 

processes. Such a broader scope can provide useful insight into how the environmental stress 

will affect the ecological function of the organism, its reproductive capacity and fitness, and 

its dispersal potential. However, these metrics at the organism level do not provide 

information of the mechanisms by which the environmental stress challenges physiology. By 

including laboratory techniques such as colorimetric enzyme activity assays and 

transcriptomics, I aimed to learn how the organism is physiologically plastic - what changes 

are made at the molecular level to preserve function and survival under the environmental 

stress.  

I accomplished my central objective to examine the plasticity of coral larvae to future 

ocean conditions using two approaches. First, I conducted experiments which exposed coral 

larvae to levels of pCO2 and temperature. The studies I performed explored how coral larvae 

might respond to future ocean conditions by examining the mechanistic underpinning of such 

a response at multiple levels of biological organization – the organism (Chapter II), the 

biochemical (Chapters III, IV), and the transcriptome (Chapter V). Secondly, I used 

oceanographic sensors to document the variability of pH and temperature in the fringing reef 

habitats of my study populations (Chapter VI) in order to provide a relevant context of the 

environmental conditions to which the experimental animals may have been acclimatized. 

My dissertation represents a holistic approach to global change research, providing biological 

data that is grounded with knowledge of present-day environmental conditions.  
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Chapter II assesses the effects of OA and warming on the aerobic metabolism of P. 

damicornis larvae. Larvae from consecutive spawns were collected and exposed to levels of 

pCO2 and temperature in the laboratory. Proxies of metabolic rate – O2 consumption and 

citrate synthase activity – were then measured. Additionally, pH and temperature variability 

of the water mass bathing the fringing reef were recorded using autonomous sensors during 

the course of the experiment. This study has been published in the journal PLoS ONE (Rivest 

and Hofmann, 2014), and the oceanographic data have also been contributed to a synthesis of 

natural pH variation in marine ecosystems (Hofmann et al., 2011). The data are available in 

the Moorea Coral Reef Long Term Ecological Research data catalog (Rivest, 2014). I 

hypothesized that OA would decrease larval metabolic rates while temperature would 

increase larval metabolic rates. 

 

Chapter III presents one of the first studies of oxidative stress responses and acid-base 

regulation in coral larvae. P. damicornis larvae were incubated in controlled laboratory 

conditions of pCO2 and temperature after which their total antioxidant potential and Na+/K+-

ATPase activity were measured. OA and temperature may interact to challenge larval 

physiology by causing an increased production of reactive oxygen species as well as a 

decrease in intracellular pH. This study aimed to detect a biochemical response in larvae to 

compensate for these harmful departures from intracellular homeostasis under conditions of 

OA and warming. I hypothesized that OA and warming would cause oxidative stress and 

would disturb intracellular pH, resulting in elevated antioxidant potential and elevated acid-

base regulation at high pCO2.  
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Chapter IV investigates whether OA and warming affect the use of stored energy in P. 

damicornis larvae. Lipids, protein, and Symbiodinium provide energy that planulae use to 

fuel their metabolism, including homeostatic maintenance, growth, and dispersal. Larvae 

were exposed to controlled levels of pCO2 and temperature in the laboratory. Lipid 

composition and metrics of physiological status, such as total lipid, total protein, density of 

Symbiodinium and size, were measured before and after these incubations. Responses of 

larvae were compared between cohorts released on consecutive days as well as between 

cohorts released from different biogeographic locations to investigate the heterogeneity of 

biological responses across a single brood and across the species’ biogeographic range. Part 

of this chapter is currently in revision at the Journal of Experimental Biology. I hypothesized 

that energy storage lipids and physiological status of larvae would decrease under OA and 

warming and that these responses to the environmental stressors would differ between larval 

cohorts and study sites.  

 

Chapter V explored a mechanism of physiological plasticity – gene expression. RNA 

sequencing was used to gain a broad overview of changes in gene expression in coral larvae 

after 24 –hour laboratory exposures to pCO2 and temperature levels. The up- and down-

regulation of particular genes and pathways is informative of potential mechanisms behind 

acclimatization of corals to future ocean change. I hypothesized that larvae would 

differentially express genes when exposed to OA and warming versus ambient conditions. 

 

Chapter VI represents a major field component of my dissertation. Autonomous 

oceanographic sensors recording pH (SeaFETs; Martz et al., 2010), temperature, salinity, and 
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depth were deployed at study sites in Moorea, French Polynesia and Taiwan to complement 

the biological studies described in Chapter IV. My extensive work with SeaFET sensors 

throughout my dissertation has contributed to multiple publications (Hofmann et al., 2011, 

2013; Gaitán-Espitia et al., 2014; Rivest and Hofmann, 2014; Lunden, Rivest et al., in 

review), has helped develop standard operating procedures for collecting and managing these 

data (Lunden, Rivest et al., in review), and has helped to establish the critical role of 

environmental data in ocean acidification research. I hypothesized that regimes of pH and 

temperature would differ between the study sites. 
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II. Responses of the metabolism of the larvae of Pocillopora damicornis to 

ocean acidification and warming 

 

Introduction 

 In this study, I explored the physiological responses of larvae of stony coral, animals 

whose thermal physiology limits can be exceeded by small increases in water temperature 

above seasonal averages (1-2°C; Jokiel and Coles, 1990; Middlebrook et al., 2008) or can 

span a 10°C temperature range, as a result of local adaptation, seasonal acclimatization, or 

thermotolerance of hosted Symbiodinium clades (Oliver and Palumbi, 2011). To provide an 

assessment of the sensitivity of coral larvae to future ocean conditions, I measured how pH 

and temperature interact to influence the metabolic status of the larvae of the cauliflower 

coral, Pocillopora damicornis. To provide a relevant in situ environmental context for the 

study site, I determined the natural variation of pH and temperature on the natal coral reef 

during the month in which these larvae developed and released. 

Although the response of coral larvae to elevated pCO2 and temperature is difficult to 

predict, in ectothermic animals, environmental stressors commonly elicit metabolic 

depression – a regulated reduction in metabolism in response to stress-related cues (Hand, 

1991; Sokolova, 2013). Strategically, suppression of metabolism may be an effective 

adaptive strategy in the short-term because it prevents mortality by increasing tolerance 

(Hand and Hardewig, 1996). However, when extended over long periods, low metabolic rates 

will likely impair growth and reproduction, decreasing fitness of the species (Sokolova et al., 

2012; Sokolova, 2013). 
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For corals and their early life history stages, metabolic depression may be a likely 

response to rising ocean acidity and temperature (Pandolfi et al., 2011; Edmunds et al., 

2013). Respiration rates of many life history stages increase with temperature (Coles and 

Jokiel, 1977; Edmunds et al., 2001; Edmunds, 2005), but narrowing of thermal tolerance 

windows under OA (Pörtner, 2008; Walther et al., 2009; Hofmann and Todgham, 2010; 

Lannig et al., 2010) may cause metabolism to decline at more conservative thermal extremes. 

If so, conditions of high CO2 and high temperature conditions may delay or prevent larval 

growth and metamorphosis, increasing time in the plankton while decreasing recruitment, 

post-settlement success, and fitness. While elevated temperature is known to shorten the 

pelagic larval duration of coral larvae (e.g. Edmunds et al., 2001; Nozawa and Harrison, 

2007), metabolic depression induced by the interacting stressors may prevent larvae from 

accomplishing this energetically-costly transformation. Larvae of some broadcast-spawning 

and brooding corals experience metabolic suppression at high pCO2 (Albright and Langdon, 

2011; Nakamura et al., 2011) while other species are more tolerant (Chua et al., 2013). 

Recent studies on larvae from a Taiwan population of P. damicornis have found variable 

responses of metabolism to elevated temperatures and a lack of response to elevated pCO2 

(Cumbo et al., 2013a, 2013b; Putnam et al., 2013). My study builds on these findings by 

exploring responses to the same stressors in a population in Moorea that is genetically 

distinct from the population studied in Taiwan (Forsman et al., 2013). I also used pCO2 levels 

appropriate for current environmental variability and future projections and measured 

complementary molecular responses. I used environmental data collected on the reef at the 

study site to identify extreme conditions experienced in the field and as a context for 
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interpreting biological responses of coral larvae to future ocean scenarios of carbonate 

chemistry and temperature. 

The life history strategy of corals like P. damicornis may provide a form of defense 

against the negative consequences of interacting climate change stressors on the species as a 

whole (e.g. Putnam et al., 2010; Cumbo et al., 2012, 2013a). Based on their spawning date, 

larval cohorts differ in terms of their inherent fitness-related traits. For example, Putnam et 

al. (2010) found that larval size, symbiont density, and symbiont photophysiology vary 

significantly between cohorts of P. damicornis larvae. In another species of brooding coral, 

Porites astreoides, larval cohorts differed in symbiont density and potential for autotrophy 

(Edmunds et al., 2001). As a result, larvae that spawn on different dates in the lunar cycle 

may have dissimilar responses to environmental stress. While the overall proportion of 

successful offspring is reduced consequently, this strategy for spreading risk may increase 

the likelihood that some offspring have phenotypes better suited for future ocean conditions. 

Studies of larval metabolism can contribute to our ability to predict the future impact 

of ocean acidification and warming on corals through estimates of physiological plasticity, 

the ability of an organism to vary the rates of physiological processes in order to maintain 

homeostasis as environmental conditions change (Cohen et al., 2012; Kelly et al., 2012). 

Making use of its existing physiological repertoire to tailor its phenotype at the cellular and 

molecular level to a new environmental condition, the organism has the potential for 

acclimatization and longer-term persistence (Hofmann and Todgham, 2010; Evans and 

Hofmann, 2012). In this study, I explored plasticity of physiological responses of coral larvae 

from a reef in French Polynesia to elevated pCO2 and temperature. The study was motivated 

by three questions. First, what is the response of P. damicornis larvae to conditions of 
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decreased pH and warming, measured using two indices of metabolism - rates of oxygen 

consumption and citrate synthase activity? Second, are there differences in larval sensitivity 

to environmental change between cohorts that are released from adult colonies at different 

times? Third, what is the present-day exposure of P. damicornis to natural variability of pH 

and temperature on the natal reef? 

 

 

Materials and methods 

 All research, including fieldwork in Moorea, French Polynesia 

(17°28’49.08”S, 149°47’56.04”W), was performed under an annual research permit issued 

by the French Polynesia Ministry of Research to EBR.  

 

Collection of coral larvae  

Larvae were collected from adult colonies following their lunar pattern of 

reproduction (Fan et al., 2006). On the new moon (March 4, 2011), eight colonies of P. 

damicornis were collected at ~1-2m depth from a fringing reef site. Due to the proximity of 

the collection site to the oceanographic instruments, the pH and temperature histories of the 

adult colonies were characterized for the month prior to collection during which the larvae 

developed. Each colony was maintained in an aquarium at University of California Berkeley 

Richard B. Gump South Pacific Research Station with indirect natural sunlight and a slow 

flow of coarsely filtered seawater. Temperatures in the aquaria averaged 28.4 ± 0.4°C 

throughout the spawning period. Overnight, larvae were captured in mesh-lined cups that 

received the outflow of each aquarium. Daily at dawn, larvae from each colony were 
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collected, counted, pooled, and randomly assigned to experimental treatments. Although 

there was daily variation in larval output between colonies, low release levels in general 

necessitated the use of all larvae in the daily experiments. As a result, there were uneven 

contributions of genotypes in the experimental larval pool each day, which preclude any 

distinction between genotypic responses and species-level responses to OA and temperature. 

Data presented here were collected from experiments conducted with larvae released on 

March 13 (“Day 9”), March 14 (“Day 10”), and March 15 (“Day 11”). 

 

Experimental incubations 

Two CO2 treatments were used: Ambient-pCO2 (~450 μatm CO2) and High-pCO2 

(~950 μatm CO2). The low treatment represents an environmental condition that released 

larvae may currently experience at the study site (approximated by environmental data), 

while the high treatment represents a level of dissolved pCO2 that is outside the present-day 

pH minima of the seawater bathing the fringing reef and that is a surface ocean average 

expected by the year 2100 (IPCC, 2013). These conditions approximate those at the reef 

scale (i.e. km) and not what may be experienced and manipulated within the boundary layers 

of the adult corals. pCO2 levels were combined with two experimental temperatures, 27.8°C 

and 30.6°C. The control temperature (27.8°C) approximates the 5-year average seawater 

temperature at the Moorea Coral Reef Long Term Ecological Research (Leichter, 2014) 

fringing reef monitoring site close to the collection site for adult P. damicornis as well as 

seawater temperature during the month preceding and including the release of larvae used in 

this experiment (verified by oceanographic instruments in this study). The elevated 
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temperature represents the average surface ocean temperature by year 2100 as predicted by 

global temperature projections (IPCC, 2013). 

Treatments were created as described in Edmunds et al. (2012) in a MCR LTER 

facility, with one aquarium for each treatment combination of pCO2 and temperature. Tank 

replication was not possible due to unexpected equipment failure. The closed-circuit aquaria 

were filled with 20µm-filtered seawater, 16% of which was replaced daily. Gas mixtures of 

the two desired CO2 levels were created following Edmunds et al. (2012) and bubbled 

directly into aquaria. Saturation of pCO2 in the seawater was reached before each daily 

experiment was performed. Individual Aqua Logic aquarium heaters and a chill loop 

maintained tank temperature treatments at +/- 0.4°C. Aquaria were darkened with aluminum 

foil to exclude photorespiratory CO2 release. The four treatments created by this 

experimental set-up are defined as ambient temperature-ambient pCO2 (ATAC), ambient 

temperature-high pCO2 (ATHC), high temperature-ambient pCO2 (HTAC), and high 

temperature-high pCO2 (HTHC). 

To verify and monitor the physical parameters of the treatments, the chemistry of the 

seawater in the aquaria was analyzed daily. pH, temperature, salinity, and total alkalinity of 

seawater in each aquarium were measured during the incubations.   

Seawater temperature was measured throughout the experimental exposures (5-6 

times) using a thermocouple (0.1°C resolution, T-type, Omega Digital Thermometer, Model 

HH81A). Seawater salinities were measured using a conductivity meter (YSI 3100). 

Seawater pH was measured using a spectrophotometric method with indicator dye, m-cresol 

purple (SOP 6b; Dickson et al., 2007). Total alkalinity (AT) was measured using an 

automated, open-cell potentiometric titration (SOP 3b; Dickson et al., 2007) with a Mettler-
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Toledo T50 titrator and a DG115-SC pH probe (Mettler-Toledo). Titrations were performed 

using certified acid titrant (~0.1M HCl, 0.6M NaCl; A. Dickson Laboratory, Scripps Institute 

of Oceanography), and a non-linear least-squares approach was used to calculate AT (Fangue 

et al., 2010). For each day of the experiment, analyzed certified reference materials from A. 

Dickson Laboratory were accurate within 10 μmol kg-1 (i.e. 0.1-0.4%). pH at 25°C, AT, 

temperature, and salinity were used to calculate the pH and pCO2 of the treatments using 

CO2calc (Robbins et al., 2010), with CO2 constants K1, K2 from Mehrbach et al. (1973) refit 

by Dickson and Millero (1987) and pH expressed on the total scale (mol kg-SW-1). 

 

Assessment of physiological responses 

To assess how larval metabolism responds to OA and warming, larvae were placed in 

10 mL serum vials (Wheaton Science Products, Inc.) that contained seawater filtered to 

0.2µm from aquaria at all four combinations of temperature and pCO2. For each treatment 

combination, there were 6 vials containing 5 larvae each and two blank vials. Each vial was 

sealed with Parafilm® so that no air bubbles remained inside.  

The number of larvae per vial was optimized as follows to minimize the standard 

deviation in the oxygen consumption per larva between replicates and to ensure that the 

concentration of O2 dropped  over the incubation period within our range of detection (0.1 

nmol O2 min-1) without becoming limiting for the larvae (data not shown here). A 

preliminary test was conducted to determine whether O2 exchange differed through two vial-

capping methods: gas-permeable Parafilm® and gas-impermeable plastic screw caps. The 

effect of pCO2 and temperature on this gas exchange was also tested. The amount of O2 

exchange through the Parafilm® on vials vs. a plastic screw cap was affected only by pCO2 
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level (two-way ANOVA, F2,99 = 1.057, p = 0.003). Parafilm®, not plastic screw caps, was 

used to cap vials in this experiment. However, blank vials were used in all treatments to 

account for background respiration, so this oxygen exchange did not contaminate the 

biological signal in each treatment. Exchange of CO2 through Parafilm® was not estimated; 

any exchange occurring would serve to equilibrate the carbonate chemistry conditions 

between the vial and the treatment aquarium, both of which had the same pCO2 treatment. 

To account for any change in chemistry as treatment water was passed through a 0.2 

µm filter and used to fill the vials, treatment water was measured before and after the vials 

were loaded (see Table 1, rows ‘Vials’). The loaded vials were incubated for 6 hours in the 

dark treatment aquarium (the source for the water used to fill the vials). Due to the time 

needed to read the oxygen concentration in the vials post-incubation, loading of the vials for 

each treatment was staggered by one hour with the order randomized daily. Vials were 

cleaned and re-used for respirometry incubations on subsequent days. 

In order to measure oxygen concentration, approximately 325 µL of the seawater in 

each vial was injected into a glass custom-built optrode cell. One measurement of oxygen 

consumption was made per vial. A built-in water jacket surrounding the optrode cell was 

connected to a re-circulating water bath held at the same treatment temperature of the vials 

being analyzed. After two minutes, the oxygen concentration was read in triplicate (Microx 

TX3, Presens GmbH, Regensberg, Germany). Oxygen consumption over the 6-hour 

incubation was calculated (nmol O2 larva-1 min-1), and batches of 5 larvae from each 

respiration vial were preserved for analysis of total protein in order to account for variation 

of larval mass within a daily cohort. Symbiodinium numbers were not accounted for. Their 

abundance could alter holobiont rates of O2 consumption through their rates of dark 
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respiration or through their contribution of intermediate metabolites for the Krebs cycle 

within the animal host (Gordon and Leggat, 2010). However, variation in endosymbiont 

density is unlikely to affect the biomass-standardized rate of respiration (Gaither and Rowan, 

2010). Symbiodinium densities of P. damicornis larvae released on these lunar days in 2012 

(described in Chapter 4) ranged from ~3,000 to 13,000 cells per larva. Based on measured 

respiration rates in free-living Symbiodinium, the symbionts in these larvae may account for 

4-15% of holobiont oxygen consumption for P. damicornis larvae (4-17 pmol O2 min-1; 

clades A and B, Brading et al., 2011). 

To complement oxygen consumption rates, citrate synthase (CS) activity was 

quantified to gauge changes in oxidative capacity of larvae (i.e. the catalytic potential of 

oxidative metabolism; Emmett and Hochachka, 1981) in response to the pCO2 x temperature 

treatments. Additional larvae were needed in order to perform analyses of CS activity. These 

larvae were taken from the same pool used to stock the respirometry vials. They were 

incubated for 6 hours simultaneously with those in the respirometry vials and then frozen at -

80°C. Within each treatment, these larvae were incubated at a density of 1 larva mL-1 in three 

flow-through 50 mL Falcon tubes enhanced with 100 µm-mesh windows.  

CS activity in homogenates of larvae of P. damicornis was measured 

spectrophotometrically according to Srere (1969) as modified by preliminary tests to 

determine optimal pH and substrate concentrations. In these preliminary tests, the metabolic 

machinery within Symbiodinium in the larvae consumed biochemical substrates, likely 

oxaloacetate, causing absorbance of the mercaptide ion at 412 nm to decrease. To prevent 

this, Symbiodinium cells were separated from homogenates prior to initiation of the CS 

reaction. CS activity was tested across a range of pH of the 50 mM histidine buffer (7.0 - 8.6 
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at 28.0°C, n = 7); pH had a significant effect on CS activity (one-way ANOVA; F6,12 = 

4.011; p = 0.015). pH 7.8 was chosen for this assay based on pairwise Student’s t tests and an 

a priori knowledge of the low intracellular pH of coral cells (e.g. Kuhl et al., 1995; Venn et 

al., 2009).  Substrate concentrations of acetyl-coenzyme A (0.3-0.6 mM, n = 7), DTNB (0.1-

0.35 mM, n = 6), and oxaloacetate (0.35-0.65 mM, n = 7) were also optimized and verified to 

be non-limiting. Results presented here for CS activity in larvae were from measurements 

made at 28.0 ± 0.1°C, the control temperature for culturing and respiration.  

To quantify CS activity, larvae were first homogenized on ice in 50 mM histidine pH 

7.8 using a pestle followed by further physical disruption using a pipettor. Centrifugation (5 

min at 400xg) was used to separate Symbiodinium cells from animal homogenate with 

minimal animal mitochondria in the pellet (Alberts et al., 2002). Aliquots of the homogenates 

were preserved for later analysis of total protein. Triton X-100 was added to the remaining 

homogenate at a final concentration of 0.25% v/v. At 28.0°C ± 0.1°C, the control 

temperature for culturing and respiration, absorbance at 412nm of the reaction was measured 

with and without oxaloacetate, with final concentrations of 0.4mM acetyl coA, 0.25 mM 

DTNB, and 0.5 mM oxaloacetate. Measurements of CS activity were performed twice for 

each tube of larvae (n = 2 technical replicates). Rates of CS activity are expressed as mmol 

min-1 larva-1 and are also standardized by total protein to represent protein-specific activities 

(nmol min-1 g animal protein-1; Bradford, 1976; Jaeckle and Manahan, 1989).  

 Total protein values were used to normalize data for oxygen consumption and CS 

activity. Following sonication, total protein content of larvae was determined using a 

Bradford assay (Bradford, 1976; Jaeckle and Manahan, 1989b).  
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 Temperature coefficient Q10 values were calculated to determine if the sensitivity of 

larval metabolism to temperature changed under different pCO2 levels. Q10, commonly used 

to describe the sensitivity of reaction rates to temperature, is the factor by which the reaction 

rate increases following a 10-degree increase in temperature. To calculate this coefficient, the 

following formula was used:  Q10 = (R2/R1)^(10/(T2-T1)), where R is the rate of reaction at 

Temperature 1 or Temperature 2. Q10 values of biological reaction rates are commonly 

between 2 and 3 (e.g. Hochachka and Somero, 2002). Values below 2 indicate a decrease in 

temperature sensitivity while values above 3 indicate hypersensitivity of the reaction to 

changes in temperature. 

 

Statistical analysis 

 All data were analyzed using R version 3.0.1 (R Core Team 2013). In all cases, 

statistical assumptions of normality and homogeneity of variance were tested using quantile-

quantile (Q-Q) plots and Levene’s test and were met. A one-way ANOVA in which pCO2 

and temperature were fixed factors was used to compare physical conditions between 

treatments. With pCO2, temperature, and day of release as fixed factors, effects on larval- and 

protein-specific rates of oxygen consumption, CS activity, and total and animal protein levels 

were estimated using linear mixed-effect models (nlme package in R; Pinheiro and Bates, 

2000). To account for possible similarities between larvae incubated in the same container, 

“tube” was considered a random factor in all statistical analyses. Model selection was 

performed incrementally following Burnham and Anderson (2002): at each iteration, the 

simpler model was chosen if the model AIC value did not increase by 2 or more and if there 

was not a significant difference in the model log likelihood ratio. To determine which factors 
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in the models were significant, a type III sum of squares was conducted on selected models 

fit using maximum likelihood (Zuur et al., 2009; Crawley, 2013). When significant 

differences were detected among treatments, orthogonal contrasts were performed as post-

hoc analyses using the multcomp package in R (Hothorn et al., 2008). Tukey’s HSD was 

used for models without significant interactions between terms. When significant interactions 

were present, post-hoc analyses were performed using linear contrasts with Bonferroni 

corrections for multiple comparisons.  

 

Collection of environmental data 

pH and temperature time series were generated on a fringing reef in Moorea, French 

Polynesia. pH was recorded continuously from January 28 to March 19, 2011 on the fringing 

reef approximately 90 m from the collecting location of adult P. damicornis parents. An 

autonomous data logger based on a Honeywell Durafet® pH sensor, called a SeaFET (Martz 

et al., 2010), was deployed at 17°28’49.08”S, 149°47’56.04”W. The SeaFET was deployed 

at 3.3 m depth and suspended approximately 0.6 m off the sandy bottom; the instrument 

measured pH voltage at 10-minute intervals, averaging data over 30-second periods. The 

sensor reference anomaly oscillated between ±0.01and no detectable drift of the instrument 

occurred. Additionally, output of continuous operation of this sensor over a 6-month period 

has been shown to match frequent discrete samples of seawater chemistry (Martz et al., 

2010). Adjacent to the SeaFET were two Seabird thermisters (SBE 39), synced with the 

SeaFET to simultaneously record temperature.   

Following deployment, the SeaFET electrodes were calibrated using discrete seawater 

samples collected in situ, justified based on sensor characteristics previously demonstrated 
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(Martz et al., 2010). On February 25, 2011, a SCUBA diver using a Niskin bottle collected a 

single calibration sample adjacent to the SeaFET in concurrence with its voltage reading. 

Temperature of the seawater in situ was measured using an alcohol thermometer. pH, total 

alkalinity (AT), and salinity were measured in four replicates (see below) within 1-2 hours of 

sample collection. Average AT and salinity values were used to generate in situ pH, Ωarag, 

Ωcalc, and pCO2 values using CO2calc (Robbins et al., 2010). For purposes of calculation, 

salinity and total alkalinity were assumed constant throughout the 2-month deployment, 

allowing me to generate a real-time graph of pCO2 variation over a coral reef. These 

assumptions were necessary because these parameters could only be measured using discrete 

samples. To estimate the error introduced in the pCO2 calculations by the assumptions, we 

used discrete bottle samples to estimate changes in the carbonate chemistry, salinity, and TA 

at the deployment site following a rain event. 

 

Data access 

 Environmental (accn #: knb-lter-mcr.2004) and physiological (accn #: knb-lter-

mcr.2008) datasets generated by this study are publicly available in the LTER Metacat data 

catalog, mirrored in DataONE.  

 

 

Results 

Larval production 

During the period of this experiment, P. damicornis colonies released planula larvae 

for 16 days following the new moon in March 2011 with variation in the number of larvae 
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released (Fig. 2). The peak day of larval release was Lunar Day 9 (Fig. 2). Larval release was 

not counted on Lunar Days 7 and 8 due to a tsunami warning and a power outage.  

 

Physiological response of larvae to controlled pH variation  

On several days during larval release (Lunar Days 9 – 11), I tested the performance of 

P. damicornis larvae using two indicators of metabolism – oxygen consumption and CS 

activity.   

To assess the response of coral larvae to present and future pCO2 and temperature 

levels, larvae were exposed to a set of conditions in the lab where the temperature and 

seawater chemistry in the experimental aquaria were carefully controlled (Table 1). 

Experimental treatment conditions remained stable throughout the course of the experiment 

and were similar within treatments, despite slight differences between aquarium and vial 

conditions. Temperature and tank pH differed between treatments (F3,69 = 1960.59, p < 0.001; 

F3,23 = 3813.58, p < 0.001). pH of seawater within the respirometry vials also varied 

significantly with treatment (F3,23 = 2663.83, p < 0.001), though absolute vial pH was slightly 

different from tank pH due to filtration and handling while vials were filled. While pH 

differed between tanks and vials within each treatment (ATAC: F1,11 = 41.37, p < 0.001; 

ATHC: F1,11 = 15.04, p = 0.003; HTAC: F1,11 = 4.88, p = 0.052; HTHC: F1,11 = 27.31, p 

<0.001), the pCO2 treatment conditions did not overlap. Salinity was significantly higher in 

the HTHC treatment (F3,11 = 6.67, p = 0.014), while AT did not vary significantly between 

temperature and CO2 combinations.  Similarly, pCO2 was significantly different between 

treatments in tanks (F3,11 = 1247.34, p < 0.001) and in vials (F3,11 = 651.93, p < 0.001).  
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Figure 2. Release of Pocillopora damicornis larvae in March 2011. Larval release 
increased following the new moon and then decreased after lunar day 9. Numbers of larvae 
released per colony (n = 8 colonies) are described by bar segments of different colors. 
 
 

 



 

 35

Table 1. Summary of physical conditions in treatment aquaria and vials for 
experiments conducted on Days 9-11. 

 
 
Treatment  Temperature 

(°C) 
Salinity 

(ppt) 
pH AT 

(μmol kg-1) 
pCO2 

(μatm) 
ATAC Tank 27.5 35.33 8.018 2353 ± 13 436 ± 6 

 Vials   7.995  464 ± 6 
HTAC Tank 30.7 ± 0.1 35.40 7.985 2364 ± 7 477 ± 4 

 Vials   7.994  466 ± 6 
ATHC Tank 28.1 35.43 7.714 2354 ± 16 996 ± 12 

 Vials   7.726  965 ± 16 
HTHC Tank 30.44 ± 0.1 35.63 ± 0.1 7.736 2383 ± 5 952 ± 10 

 Vials   7.759  895 ± 11 
 
 

Data are presented as mean ± SE, except where SE < 0.1. For all parameters, n = 3. 
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pCO2 levels of tanks and vials within treatments were different (ATAC: F1,5 = 11.32, p = 

0.028; ATHC: F1,5 = 2.30, p = 0.204; HTAC: F1,5 = 2.53, p = 0.187; HTHC: F1,5 = 14.93, p = 

0.018), but both tanks and vials grouped by treatment (Ambient- or High-pCO2). 

 Patterns of oxygen consumption, used as an indirect measure of metabolism, revealed 

that larvae were sensitive to projected end-of-the-century ocean chemistry. Oxygen 

consumption of P. damicornis larvae varied between 0.0826 ± 0.006 nmol larva-1 min-1 (Day 

11 ATHC) and 0.1394 ± 0.009 nmol larva-1 min-1 (Day 10 ATHC). With no significant 

interactions between fixed effects, larval specific oxygen consumption varied significantly by 

pCO2, temperature, and day (Table 2). In general, rates of oxygen consumption per larva 

were higher at Ambient-pCO2 (vs. High-pCO2; Tukey’s HSD; p = 0.013; Fig. 3A) and at 

30.6°C (vs. 27.8°C; Tukey’s HSD; p < 0.001). Additionally, larvae released on Day 10 

respired more quickly than larvae released on the other two days (Tukey’s HSD; p <0.001 for 

both). Larval rates of oxygen consumption were on average 22.4% higher at 30.6°C vs. 

7.8°C. The significant effect of CO2 across days is driven by the lower oxygen consumption 

rates at 30.6°C on Day 11. At 30.6°C, Day 11 larvae at High-pCO2 consumed oxygen 19.2% 

more slowly than larvae at Ambient-pCO2, compared with 7.6% on Day 9 and 0.1% on Day 

10 (Fig. 3A).  

To complement calculations of metabolic rate on a per larva basis, oxygen 

consumption was standardized by total holobiont protein. Protein-specific rates account for 

differences in mass between replicates and treatments whereas larval-specific metabolism 

allows for interpretation of physiological response in ecological units, at the level of the 

whole animal. When protein-specific rates of oxygen consumption were compared, elevated  
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Table 2. Analysis of oxygen consumption rates for P. damicornis larvae among 
treatments, standardized to number of larvae (nmol larva -1 min-1) and to total protein 
(pmol μg protein-1 min-1).   

 
 

Dependent variable Effect Χ2 Degrees of 
Freedom 

p 

Larval-specific pCO2 6.662 1 0.010 
oxygen consumption T 51.863 1 <0.001 
(nmol larva-1 min-1) Day 54.140 2 <0.001 

Protein-specific pCO2 0.088 1 0.767 
oxygen consumption T 5.1395 1 0.023 

(pmol μg protein-1 min-1) Day 18.234 2 <0.001 
 TxDay 5.379 2 0.068 

Total protein pCO2 4.186 1 0.041 
(μg larva-1) T 2.469 1 0.116 

 Day 20.110 2 <0.001 
 
 

Comparisons were made using type III sum of squares with pCO2, temperature (T) and day 
of release (Day) as fixed effects. Interaction terms that were removed from the model are not 
shown here. 
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Figure 3. Oxygen consumption of Pocillopora damicornis larvae over 6-hour exposures 
to combinations of pCO2 and temperature. Mean ± SE (n = 6) rates of oxygen 
consumption standardized by number of larvae for those released on Days 9-11 (A) and 
standardized by total protein for larvae released on Days 9-11 (B). Larval respiration is 
significantly higher at 30.6°C (vs. 27.8°C), at Ambient-pCO2 (vs. High-pCO2) and on Day 
10. Protein-specific rates are significantly higher at 30.6°C on Day 11 only. Refer to Table 2 
for statistical details. Symbols are offset to improve clarity:  Ambient-pCO2 at 450 μatm 
(circles), High-pCO2 at 950 μatm (triangles), 27.8°C (blue), and 30.6°C (red).   
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pCO2 no longer caused a significant decrease in oxygen consumption for larvae released on 

Days 9-11 (Table 2, Fig. 3B). Effects of T and Day remained significant (Table 2). Post-hoc 

analysis of the marginally significant interaction (TxDay, Table 2) revealed significant 

effects of temperature on Day 11 (linear contrast with Bonferroni correction; Ζ = -4.045, p < 

0.001), but no difference between temperatures on Days 9 and 10. The effect of temperature 

on protein-specific rates of oxygen consumption on Day 11 was 2-fold greater than on the 

other days.   

 Citrate synthase (CS) activity was measured as a proxy for the number of intact 

mitochondria and to quantify the capacity of larval aerobic metabolic machinery (Moyes, 

2003). With respect to numbers of larvae, coral animal CS activity differed by Day, 

marginally by T and not by pCO2. Despite a significant interaction between T and Day 

(Table 3), post-hoc analyses using linear contrasts with Bonferroni corrections showed 

insignificant differences between temperature groups on each day. On Day 9, elevated 

temperature raised CS rates slightly while on Day 11, CS activity was suppressed by elevated 

T and/or pCO2 in general (Fig. 4A). When coral animal CS activities were normalized to 

total protein from the animal fraction of the larval holobiont, activities ranged from 1.36 ± 

0.3 nmol g animal protein-1 min-1 (Day 11 HTAC, Fig. 4B) to 1.63 ± 0.04 nmol g animal 

protein-1 min-1 (Day 10 HTAC). Protein-specific CS activities varied significantly by T x 

Day, and pCO2xTxDay (Table 3). Determined using post-hoc analyses of linear contrasts 

with Bonferroni corrections, there were no significant contrasts among treatment groups on 

Day 9. Day 10 CS activity HTAC was significantly greater than ATAC (Ζ = 3.513, p = 

0.008) and ATHC (Ζ = 3.753, p = 0.003). On Day 11, protein-specific CS activity for  
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Table 3. Analysis of citrate synthase (CS) activity for P. damicornis larvae among 
treatments, standardized to number of larvae (mmol larva -1 min-1) and to animal 
protein content (nmol g animal protein-1 min-1).   

 
 

Dependent variable Effect Χ2 Degrees of 
Freedom 

p 

Larval-specific pCO2 0.014 1 0.906 
CS activity T 3.428 1 0.064 

(mmol larva-1 min-1) Day 21.776 2 <0.001 
 TxDay 8.706 2 0.013 

Protein-specific pCO2 0.008 1 0.928 
CS activity T 0.164 1 0.686 

(nmol g animal Day 3.081 2 0.214 
protein-1 min-1) pCO2xT 0.821 1 0.365 

 pCO2xDay 3.131 2 0.209 
 TxDay 40.128 2 <0.001 
 pCO2xTxDay 8.173 2 0.017 

Total animal protein pCO2 0.191 1 0.662 
(μg larva-1) T 6.578 1 0.010 

 Day 37.198 2 <0.001 
 TxDay 12.014 2 0.003 

 
 

Comparisons were made using type III sum of squares with pCO2, temperature (T) and day 
of release (Day) as fixed effects. Interaction terms that were removed from the model are not 
shown here. 
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Figure 4. Citrate synthase activity of Pocillopora damicornis larvae over 6-hour 
exposures to pCO2 and temperature. Mean ± SE (n = 6) rates of citrate synthase (CS) 
activity standardized by number of larvae for those released on Days 9-11 (A) and 
standardized by animal protein content for larvae released on Days 9-11 (B). Refer to Table 3 
for statistical details. Symbols are offset to improve clarity:  Ambient-pCO2 at 450 μatm 
(circles), High-pCO2 at 950 μatm (triangles), 27.8°C (blue), and 30.6°C (red). 
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ATAC was significantly greater than for both high-temperature treatments (HTAC: Ζ = 

6.207, p <0.001; HTHC: Ζ = 4.063, p = 0.001). Treatment groups ATHC and HTAC were 

also significantly different (Ζ = 3.829, p = 0.002). While protein-specific rates of CS activity 

do not yield information regarding relative amounts of CS with respect to the pool of total 

animal protein, they reflect differences in activity per enzyme unit, changes in the proportion 

of CS within total protein, or a combination of both. 

Total protein values were used to assess a measure of fitness and to normalize 

metabolic performance under combinations of control and elevated temperature and pCO2. 

Total holobiont protein varied significantly by pCO2 and by Day (Table 2), with highest 

densities in larvae released on Day 10 and 11 (vs. Day 9; Tukey’s HSD, p <0.001, 0.021, 

respectively). Larvae incubated at High-pCO2 had slightly lower densities of total protein 

than at Ambient-pCO2 (Fig. 5A; Tukey’s HSD; p = 0.049). Total animal protein responded 

differently to changes in temperature depending on day of release (Table 3) and in general 

was lower in larvae released on Day 9 (Fig. 5B). Main effects of temperature and day were 

also significant (Table 3). Post-hoc analysis of the significant interaction (TxDay, Table 3) 

revealed significant effects of temperature on Day 9 (linear contrast with Bonferroni 

correction; Ζ = -2.406, p = 0.048) and Day 10 (Ζ = 2.319, p = 0.061), but no difference 

between temperatures on Day 11. The directionality of the difference in animal protein 

content between temperature treatments changed across days.  

I can describe how OA affects metabolism by comparing how the temperature 

coefficient (Q10) of these reactions changes under different CO2 levels. For larval-specific O2 

consumption, Q10 values ranged from 1.26 to 3.89 (Table 4). When O2 consumption was 

normalized with protein content, Q10 values remained < 2 except for larvae released on Day 
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Figure 5. Protein concentrations of P. damicornis larvae following 6-hour exposures to 
combinations of pCO2 and temperature. Mean ± SE concentrations of total holobiont 
protein for larvae used to measure rates of oxygen consumption (n = 6) (A) and total animal 
protein for larvae used to measure rates of citrate synthase activity (n = 3) (B). Total 
holobiont protein was higher at Ambient-pCO2 and on Days 10 and 11. Total animal protein 
at 30.6°C (vs. 27.8°C) was higher on Day 10 but lower on Day 11. Refer to Tables 2 and 3 
for statistical details. Symbols are offset to improve clarity:  Ambient-pCO2 at 450 μatm 
(circles), High-pCO2 at 950 μatm (triangles), 27.8°C (blue), and 30.6°C (red). 
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Table 4. Q10 values for rates of O2 consumption and citrate synthase activity of P. 
damicornis larvae incubated for six hours in seawater at different temperature and CO2 
levels. 

 
 

Dependent variable Batch of 
Larvae 

Q10 at 
Ambient-CO2 

Q10 at 
High-CO2 

Delta 
Q10 

Larval-specific Day 9 2.38 3.37 0.98 
O2 consumption Day 10 1.26 2.59 1.33 

 Day 11 3.89 2.83 -1.06 
Protein-specific Day 9 1.98 1.52 -0.45 
O2 consumption Day 10 1.37 1.10 -0.26 

 Day 11 3.70 3.81 0.11 
Larval-specific Day 9 1.39 1.80 0.41 

CS activity Day 10 1.07 0.82 -0.25 
 Day 11 0.44 0.97 0.52 

Protein-specific Day 9 0.95 0.74 -0.21 
CS activity Day 10 1.51 1.59 0.08 

 Day 11 0.38 0.75 0.36 
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11. Regardless of standardization, Q10 varied among lunar days. On some days, High-pCO2 

increased the thermal sensitivities of oxygen consumption rates; on others, it depressed their 

temperature dependencies (Table 4). For CS activity, larval-specific Q10s ranged from 0.44 to 

1.80 (Table 4). Protein-specific Q10s fell under 1.0 except for larvae released on Day 11. 

Again, Q10 values as well as the directional effect of pCO2 on Q10 varied among days (Table 

4). 

 

Natural variability in pH and temperature proximal to the natal reef 

 Data for the present-day environmental exposures for coral larvae released on a 

Moorea fringing reef were measured using a SeaFET sensor near the coral collection site. 

Two key observations were made: (1) pH varied with a diel pattern, and (2) the delta pH 

(maxima minus minima) was 0.110 pH units. Throughout the 50-day deployment (data from 

36 days shown here), pH and temperature fluctuated consistently through time with both 

parameters oscillating on a diel cycle with minima and maxima reached once every 24 hours 

(Fig. 6). pH values between 8.019 and 8.129 were recorded, with a mean value of 8.075 

(Table 5). With regard to the nature of the diel pattern, pH maxima occurred on average 

around 06:14 UTC (20:14 local time), almost two hours after sunset, and pH minima 

occurred on average around 20:59 UTC (10:59 local time), almost five hours after sunrise. 

Temperature oscillated on a 24-hour period between 27.04°C and 28.62°C, averaging 

27.73°C (Fig. 6A; Table 5). Daily minima and maxima occurred at approximately 14:00 and 

02:00 UTC (04:00 and 16:00 local time), respectively. Fluctuations in pH lagged behind 

those in temperature by 4-7 hours. Temperature fluctuated according to the photoperiod with  
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Figure 6. Time series of temperature and pH at a fringing reef in Moorea, French 
Polynesia. During the month prior to larval release, environmental temperature (A) and pH 
(C) oscillated on a 24-hour period. A three-day window, March 13-15, 2011, corresponds to 
ambient temperature (B) and pH (D) conditions adjacent to the natal reef of the larvae used in 
manipulative experiments on those days. Temperatures represent averages from duplicate 
thermisters, processed by a one-hour low-pass filter. pH data from a SeaFET sensor were 
processed by a one-hour low-pass filter. 
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Table 5. Summary of oceanographic conditions on a fringing reef in Moorea, French 
Polynesia from February 12 – March 19, 2011 (UTC).   

 
 

Summary 
Statistics 

Temperature 
(ºC) 

pH Ωarag Ωcalc pCO2 
(μatm) 

n 25841 5169 5169 5169 5169 
Mean 27.73 8.075 4.02 6.05 374 
SD 0.38 0.023 0.16 0.23 25 

Range 1.58 0.110 0.70 1.05 118 
Max 28.62 8.129 4.38 6.59 437 
Min 27.04 8.019 3.68 5.54 319 
25% 27.42 8.058 3.90 5.87 354 
75% 28.05 8.093 4.15 6.24 392 

 
 

Temperatures were recorded by duplicate thermisters. pH (in total scale) was recorded by a 
SeaFET. Salinity and AT were measured from a discrete seawater sample collected on 
February 24, 2011:  S = 35.1; AT = 2370.16. 
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coldest temperatures occurring two hours before dawn and warmest temperatures occurring 

two hours before sunset.    

 

 

Discussion 

 To assess metabolic plasticity during early dispersal of Pocillopora 

damicornis larvae, I performed laboratory experiments whose treatment conditions were 

determined based on environmental extremes recorded at the collection site. These 

microcosm experiments tested effects of future projected ocean conditions. As indicators of 

performance under conditions of OA and warming, I used oxygen consumption and citrate 

synthase activity. The results indicate that P. damicornis larvae differ in their sensitivity to 

environmental change with respect to the day their cohort was released from adult colonies.  

 

Metabolic status under multiple stressors 

In general, high pCO2 did not increase, but decreased, the demands of aerobic 

metabolism in P. damicornis larvae (Fig. 3A). Specifically, for the early release larvae (Days 

9 and 10), changes in O2 consumption were smaller, while on Day 11, larvae exhibited more 

distinct signs of metabolic depression under high pCO2, high temperature conditions. With a 

small sample size of 6, the differences could be due to random variation in the size of 

individuals in the treatments (an estimated 24% chance from power analysis; Faul et al., 

2007). In contrast to the results obtained for pCO2 levels, temperature had a more consistent 

effect on larval oxygen consumption across days (Fig. 3A). Higher respiration rates at 30.6°C 

were expected, as body temperature (i.e. ambient temperature for coral larvae) and whole-
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organism metabolic rate are highly correlated (Gillooly et al., 2001) via the kinetics of 

biochemical reactions. Despite the increased demand for energy that concurrent elevated 

temperature and pCO2 likely imposed, the effects of these stressors - a direct effect on 

molecular kinetics and an increased cost of maintenance within larval energy budgets - were 

in general additive, with temperature having a consistently larger effect on aerobic 

metabolism. 

High pCO2 in the marine environment likely increases the maintenance costs of acid-

base homeostasis, the intracellular ion balance required for protein folding and pH-sensitive 

physiological processes. Near-equivalent oxygen consumption rates under different pCO2 

conditions suggest that peak-release larvae may be able to use existing pools of ion pumps to 

conserve acid-base homeostasis under acute stress (Hand, 1991; Pörtner and Reipschlager, 

1996; Guppy and Withers, 1999). However, as suggested by the results of this study, late-

release larvae may not have the capacity to buffer against the physiological demands of a 

simultaneously warm and acidic environment, minimizing energy requirements as a result to 

reduce rates of ATP synthesis. Low metabolic rates in response to OA and hypercapnia have 

been recorded for several taxa including sipunculid worms (Pörtner et al., 1998), adult and 

juvenile bivalves (Michaelidis et al., 2005), jumbo squid (Rosa and Seibel, 2008), tropical 

fish (Munday et al., 2009), and brooded and non-brooded coral larvae (Albright and 

Langdon, 2011; Nakamura et al., 2011). Other groups, such as snails and teleost fish, appear 

to be resilient to elevated pCO2 conditions (Bibby et al., 2007; Melzner et al., 2009a, 2009b). 

Overall, metabolic depression in response to anthropogenic ocean change could have severe 

consequences for these late-release larvae. If it affects their abilities to navigate the water 

column, then larval dispersal, settlement success, and fitness may be impaired.   
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While larval-specific oxygen consumption values recorded here fall within the range 

published for P. damicornis larvae (e.g. Richmond, 1987; Gaither and Rowan, 2010; Cumbo 

et al., 2013a, 2013b; Putnam et al., 2013), other studies on P. damicornis larvae have 

reported different results for responses to elevated pCO2 and temperature levels. In March 

2010 and 2012 with a population of P. damicornis in Taiwan, Cumbo et al. (2013a) found 

that for larvae released on four consecutive days, day x temperature and day x pCO2 x 

temperature had significant effects on respiration per larva. The main effect of CO2 on 

oxygen consumption was non-significant to negative, while elevated temperature stimulated 

aerobic metabolism. In contrast, a study with this same population conducted at the same 

time found no effect of pCO2 and a negative effect of temperature on larval respiration 

(Putnam et al., 2013). Following longer exposure times (1-5 days), Cumbo et al. (2013b) 

found that temperature, but not pCO2, affected mass-specific oxygen consumption in P. 

damicornis larvae from Taiwan. Interestingly, in that study, decreased oxygen consumption 

rates were observed in HTHC treatments for larvae at 5 days of incubation but not before. 

These studies differ from ours in terms of pCO2 exposures used, length of exposures, and 

biogeographic locations of coral collection (Table 6). Additionally, these studies did not 

document in high frequency the current environmental conditions at the collection site of 

their study organisms, so the interpretation of their results without knowledge of the 

relationship between experimental and environmental conditions is challenging. 

Consequently, direct comparisons of the datasets are difficult. Considering the studies 

together, however, highlights important differences between the larvae from corals in 

Moorea (which appear to be more sensitive to pCO2) and those from a genetically distinct 

Taiwan population (Forsman et al., 2013) that experiences significantly different seawater 
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Table 6. Summary of studies investigating the effects of temperature and pCO2 on 
larval rates of oxygen consumption for P. damicornis larvae.  
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carbonate chemistry (EB Rivest, unpublished data). 

While larval-specific metabolism given as a rate per individual imparts function at the 

organismal level, normalization to protein accounts for variation in mass between larvae. The 

effect of pCO2 disappeared when oxygen consumption rates were standardized by total 

protein content (Fig. 3B). Lower protein content of larvae incubated at High-pCO2, due to 

slower growth or down-regulation of thermotolerance pathways, could have removed the 

larval-specific effect of pCO2. Other factors could generate these respiration rates. Even if 

planulae contained similar amounts of total protein between treatments, differences in the 

enzyme composition of the protein pools could have led to the observed differences in 

performance. Similarly, differences in holobiont cell number, and differences in 

Symbiodinium density could have contributed to the differences between larval-specific and 

mass-specific results. 

In this study, CS, a rate-limiting enzyme in the Krebs cycle, was used as a 

biochemical indicator for changes in metabolic function, notably mitochondrial density 

(Moyes, 2003). This approach is commonly used to assess the impacts of environmental 

parameters and ontogeny on the metabolism of marine organisms (e.g. Kiessling et al., 1991; 

Gattuso et al., 1993; Lesser et al., 1994; Thuesen and Childress, 1994; Marsh et al., 1999; 

Moran and Manahan, 2004; Weiss et al., 2012). I used this enzyme assay to examine the 

effects of OA and temperature on the oxidative capacity of P. damicornis larvae. While O2 

consumption was measured for the entire larva, oxidative capacity was measured for the 

animal compartment only.  

Temperature and pCO2 did not dramatically affect larval- and protein-specific CS 

activity, though CS activity became suppressed at high temperature across days, particularly 



 

 53

for late-release larvae (Fig. 4A,B). These data contrast those for O2 consumption, which 

generally show elevated rates of aerobic metabolism at higher temperatures and depressed 

rates at high pCO2. While the O2 consumption measurements represent the average 

respiration rate across the 6-hour exposure period, CS activity was a snapshot of oxidative 

capacity at the end of the incubation (t = 6 hours). The O2 consumption measurements likely 

captured the peak in respiration rates while larvae were actively swimming but smoothed any 

variation due to developmental changes. Though all individuals used remained in the larval 

stage throughout the exposure, high temperatures do decrease time to metamorphosis in 

brooded coral larvae (e.g. Edmunds et al., 2001). As a result, subtle developmental and 

behavioral changes as larvae progressed towards metamorphosed polyps could have 

generated the lower rates of CS activity found in larvae incubated at 30.6°C (Lemos et al., 

2003; Okubo et al., 2008; Weiss et al., 2012). However, our interpretation is limited because 

the oxidative capacity of Symbiodinium within the larvae was not assessed. High densities of 

mitochondria in the Symbiodinium fraction at 30.6°C could have caused the observed 

differences between O2 consumption and CS activities. CS activities measured were lower 

than those published for adult coral (0.0007-0.041 units mg protein-1; Gattuso et al., 1993; 

Lesser et al., 1994), whose processes specific to particular life history stages like calcification 

may demand higher respiration rates. Lower densities of mitochondria during larval 

development as well as lower surface area to volume ratios may contribute to the differences 

in CS activity between life history stages of coral (e.g. Childress and Somero, 1990; Chu and 

Ovsianicokoulikowsky, 1994; Marsh et al., 1999).  

CS is an excellent proxy for the short-term metabolic responses of coral larvae 

because it correlates well with oxidative capacity required to satisfy routine and maximal 
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energy demands (e.g. Moyes, 2003; Weibel and Hoppeler, 2005). As measured by CS 

activity, larval oxidative capacity did not increase in response to elevated temperature or 

pCO2. Thus, increased demands for respiration during the short experimental exposures were 

likely met by an increase in the energy production of the existing pool of mitochondria 

through metabolic regulation of enzymes rather than de novo synthesis of new enzymes. 

Furthermore, the lack of increase in oxidative capacity at elevated temperatures despite 

greater flux of aerobic machinery suggests that P. damicornis larvae may be unable to 

tolerate additional stresses like OA on their energy budget. Energy demands to maintain 

homeostasis under higher pCO2 (>1000 μatm) may approach or surpass the ceiling of 

oxidative capacity, triggering metabolic suppression. However, following longer exposures 

(days to weeks), the sustained increase in energy demand imposed by acidity and warming 

may elicit mitochondrial biosynthesis as a compensatory response.   

In this study, Q10 values for larval-specific rates of O2 consumption generally fell 

within the common range for chemical reaction rates (2-3; e.g. Hochachka and Somero, 

2002). Notably, aerobic respiration in other brooded coral larvae (Porites astreoides) had Q10 

values close to 2 (Edmunds et al., 2001). Indicated by Q10 < 2, protein-specific metabolic 

rates were less sensitive to changes in temperature for larvae released on Day 9 and 10. For 

larvae released on Day 11, protein-specific O2 consumption rates were hypersensitive to 

temperature change, as shown by Q10 > 3. Oxidative capacity (i.e. maximum activity of CS) 

on all days was temperature-independent or had negative temperature dependence, with Q10 < 

2 and often 1. These low Q10 values indicate immediate temperature compensation; many 

poikilotherms exhibit compensation to acute fluctuations in temperature over a portion of 

their natural environmental temperature range (Hazel and Prosser, 1974). The Q10 patterns 



 

 55

shown here indicate that specific components of the metabolic machinery are less sensitive to 

changes in temperature, but this toxicity or metabolic compensation to environmental stress 

is not detectable at the whole-organism level following acute exposures to elevated pCO2 and 

temperature.   

Rates of O2 consumption and CS activity of P. damicornis larvae are affected by 

pCO2, but not consistently, as shown by the change in sign of ΔQ10 between days (Table 4). 

For some cohorts of larvae, an increase in pCO2 enhanced the sensitivity of reaction rates to 

increases in temperature, while for other cohorts, an increase in pCO2 decreased the 

sensitivity of reaction rates to increases in temperature. The general absence of dramatic 

changes in Q10 as pCO2 increased indicates resistance or compensation to OA that is not 

revealed by biological responses of O2 consumption and CS activity. In general, larvae seem 

to be able to preserve a homeostatic level of energy metabolism under the treatment 

conditions, though not through the metrics that we quantified. Still, high CO2 levels may 

reduce performance of coral larvae, especially at the edges of their thermal envelope where 

larvae may be spending more of their energy metabolism on maintenance rather than growth 

or development (Pörtner, 2010). Variable compressions or shifts in thermal tolerance 

windows of P. damicornis larvae between days could explain the variation in Q10 values 

reported here (Pörtner, 2010). Elevated pCO2 could compress the thermal envelope of coral 

larvae, resulting in lower maximum reaction rates and a narrower range of functional 

capacity. Alternatively, elevated pCO2 could shift the thermal envelope to a lower range of 

temperatures, decreasing the temperature for optimum functional performance.  

 

 



 

 56

Variation in physiological plasticity among larval cohorts 

My results indicate that there are differences in larval sensitivity to environmental 

change between three cohorts that were released from adult colonies at different times. This 

work, along with similar studies, reveals that larvae released on different days throughout the 

spawning period respond differently to changes in seawater temperature and acidity (e.g. 

Putnam et al., 2010). Larvae of P. damicornis and other brooding corals are known to differ 

by size, Symbiodinium density, and photophysiology throughout the spawning period 

(Edmunds et al., 2001; Isomura and Nishihira, 2001; Putnam et al., 2010; Cumbo et al., 2012; 

EB Rivest, unpublished data). As larvae are stacked within coral polyps during pre-release 

development (Stoddart and Black, 1985), variation in microenvironment by tissue depth may 

promote these physiological differences (Kuhl et al., 1995; Jimenez et al., 2008). Depending 

on development time within the maternal coral polyp, larvae may have different endowments 

of maternal Symbiodinium and lipid that consequently affect physiological performance. 

Variation in larval traits could also be a function of genotype. Due to low release numbers, 

ratios of genotypes within the larval pool were not consistent between days; however, our 

observations still reflect variation in biological response at the population level. Additionally, 

differences in larval physiology could be related to days in captivity, which was not possible 

to distinguish from day of release in this experiment. Variation in traits that affect 

physiological performance may be a product of natural selection – the range of phenotypes 

represented within larvae released monthly could confer selective advantage under different 

environmental conditions. Some phenotypes may favor retention of larvae on the natal reef, 

with physiology optimized for local conditions. Other phenotypes may favor longer 
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dispersals through open-ocean ecosystems with different abiotic pH and temperature 

regimes. 

 

Natural variation of environmental pH and temperature 

In order to elucidate the range of environmental conditions of the water mass bathing 

the fringing reef where P. damicornis adults were collected, I measured the variability of pH 

and temperature on the natal coral reef in Moorea. Data were recorded as close to the site 

where the adult coral colonies were collected as was possible. The conditions experienced by 

the adult coral collected within 100 m of the sensor location may have varied (e.g. Guadayol 

et al., 2014), but our environmental data likely represent the conditions experienced by 

freshly-released larvae in the plankton. In February-March 2011, the average pCO2 on the 

study site (374 μatm) was similar to the global atmospheric average for the year (390 μatm, 

Conway and Tans, NOAA/ESRL [www.esrl.noaa.gov/gmd/ccgg/trends]). Additionally, 

current oscillations of pCO2 at this site are within projected open-ocean averages for the 

middle of this century (IPCC, 2013). The pH and temperature time series recorded during 

this study confirm that the average values for our experimental treatments of pCO2 and 

temperature were approximations of present-day reef conditions as well as extremes not yet 

observed within the seawater surrounding the fringing reef at the study site.   

A key observation within the data was a 24-hour oscillation of pH (Fig. 6C,D). 

Larvae released from sunset to sunrise experience the nightly decrease in pH during the first 

part of their larval duration. The timing of the pH oscillation supports a hypothesis that 

within 1 m of the fringing reef at this location, biological processes (respiration and 

photosynthesis) are driving the 24-hour pattern in the surrounding seawater. This oscillation 
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may have been larger at the 1-2m collection depth of the adult corals used in this study. The 

slopes of the daily ascent and descent of pH are slightly different in absolute value and do not 

reflect a simple turning on and off of the balance between photosynthesis and respiration 

with the photoperiod. Particularly, the onset of the photosynthesis signal is delayed 5 hours 

after sunrise, perhaps due to calm weather reducing mixing at this time of day or lower 

physiological rates at the pH minima. 

Despite measurable daily fluctuations in seawater chemistry, aragonite saturation 

states remained suitable for coral calcification, where calcium carbonate readily precipitates 

and does not erode (Ωarag
 > 3.5; Guinotte et al., 2003). pCO2 fluctuated between 319 and 437 

μatm with an average of 374 μatm (Table 5). At this site, changes in AT are most likely due 

to freshwater influence following precipitation runoff from land. After a rain event, salinity 

at this site can decline up to 1 ppt, while AT can fall by 50 μmol kg SW-1 (EB Rivest, 

unpublished data). Variations in salinity and AT alter the calculated pCO2 by approximately 

5-10 μatm for the range of pH recorded at this site. Similarly, uncertainties for Ωarag and Ωcalc 

are ~0.06 and ~0.04, respectively. Despite the uncertainties in the descriptive statistics shown 

in Table 5, the diel oscillation in pH remained distinct.  

While fluctuations of temperature and pH are common in coral reefs and other 

habitats (e.g. Hofmann et al., 2011), variability in environmental carbonate chemistry 

recorded at the Moorea site differs slightly from conditions at other coral reefs (Ohde and 

van Woesik, 1999; Jan and Chen, 2009; Gagliano et al., 2010; Price et al., 2012). Compared 

with SeaFET pH time series data from protected reef terraces in the Northern Line islands 

(Price et al., 2012), pH on the Moorea fringing reef had similar amplitudes but a higher mean 

value (8.075 vs. 7.958–7.981). Oceanographic features, seawater retention times, and 
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differences in community composition may be responsible for these differences. These and 

other studies reporting the variability of nearshore pH and in situ biological responses are 

becoming more common (e.g. Yates and Halley, 2006; Yates et al., 2007; Hall-Spencer et al., 

2008; Wootton et al., 2008; Chierici and Fransson, 2009; Gagliano et al., 2010; Price et al., 

2012; Wootton and Pfister, 2012) and are refining our understanding of natural variability of 

pH and carbonate chemistry which has historically come from open-ocean measurements 

(e.g. WOCE, http://woce.nodc.noaa.gov/wdiu; BATS, 

http://www.bios.edu/research/bats.html; HOTS, 

http://hahana.soest.hawaii.edu/hot/hot_jgofs.html).  

 

Implications for the future of coral reefs 

The over-arching outcome of this study suggests that only a portion of larvae 

produced monthly exhibited physiological phenotypes suited for tolerating projected end-of-

the-century levels of high temperature and low pH for the surface ocean. Furthermore, 

biochemical limits for increasing oxidative capacity to satisfy elevated energy demands in a 

warming, acidifying ocean (i.e. rates of enzyme activity and mitochondrial synthesis) may 

ultimately override the advantages offered by current phenotypes, barring acclimation and/or 

adaptation. If larvae cannot tolerate elevated temperatures and pCO2 levels by up-regulating 

mitochondria biosynthesis to fuel stress response pathways, their demands for ATP synthesis 

may soon surpass the capacity of their aerobic machinery. These measured acute responses 

can inform a larger picture: given longer exposures to ocean warming, acidity, and other 

concurrent stressors, even over multiple generations, do corals have the potential to acclimate 

to changing carbonate chemistries, thereby avoiding a narrowing of their thermal tolerance 
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windows? Population-specific functional traits, such as the ones quantified here, can predict 

shifts in species’ ranges and phenologies in response to global climate change (Buckley and 

Kingsolver, 2012). 

Comparisons between coral populations on reefs with different carbonate chemistry 

conditions (e.g. Moorea, French Polynesia and Nanwan Bay, Taiwan) may provide clues as 

to how physiological plasticity can be shaped by environmental variability and whether local 

adaptation to temperature and pH regimes buffers sensitivities to OA and rising temperature. 

Local adaptation in coral dinoflagellate endosymbionts has already been documented, and 

thermotolerant Symbiodinium groups may be able to enhance the tolerance and fitness of 

their coral host (Oliver and Palumbi, 2011; Howells et al., 2012). Furthermore, on a global 

scale, there is a high degree of spatial variability in the intensity of multiple stressors for 

coral reefs (Maina et al., 2011; Karnauskas and Cohen, 2012). Acclimatization or local 

adaptation along this gradient of stress may maintain populations with suitable phenotypes 

for future ocean conditions. Estimates of physiological plasticity as well as contextual 

frameworks for variability of environmental conditions present potentially robust tools for 

marine conservation, allowing us to predict the influence of anthropogenic stressors on larval 

fitness, dispersal, and recruitment success and to manage local populations within a global 

context.   
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III. Effects of ocean acidification and elevated temperature on the oxidative 

state and ionic balance of larvae of the coral Pocillopora damicornis 

 

Introduction 

Corals and their free-swimming larvae will likely respond to changing environmental 

conditions, specifically ocean acidification (OA) and warming, in a variety of ways, 

including adaptation (Kelly and Hofmann, 2012; Munday et al., 2013; Sunday et al., 2014), 

and acclimatization or physiological plasticity (Godbold and Calosi, 2013; Palumbi et al., 

2014). Although many studies have examined physiological processes such as calcification 

and primary production in response to predicted future ocean conditions (e.g. Anthony et al., 

2008; Reynaud et al., 2003), other aspects of coral physiology, such as oxidative state and 

ionic balance, have not been explored but will likely be affected by OA and warming. With 

experiments described in this chapter, my aim was to assess the ability of coral planulae to 

tolerate OA and warming through the use of pathways involved in oxidative state and ionic 

balance.  

From a mechanistic perspective, OA and warming may compromise cellular 

functional integrity by generating oxidative stress and changing redox potentials (reviewed in 

Kültz, 2005). Oxidative stress is caused by reactive oxygen species (ROS), which include 

hydrogen peroxide (H2O2), hydroxyl radicals (OH·-) and superoxide radicals (O2·
-), and 

singlet oxygen (1O2). ROS are generated in mitochondria during aerobic cellular metabolism 

throughout the coral holobiont and also by photosynthesis in the Symbiodinium within coral 

tissue (Dykens and Shick, 1982; Dykens et al., 1992; Lesser, 1996, 1997; Nii and Muscatine, 

1997; Downs et al., 2000, 2002). Symbiodinium photosystem II is the likely source of ROS 
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(Jones et al., 1998; Downs et al., 2000; Weis, 2008). Oxidative stress has been documented 

in corals in response to elevated temperature (Lesser, 1997), and OA may exacerbate this 

stress when the two environmental stressors, high pCO2 and high temperature, co-occur. 

Free radical formation and changes in cellular redox potential activate the cellular 

stress response (CSR), which senses and repairs stress-induced damage by (1) repairing and 

stabilizing macromolecules, (2) modulating pathways of energy metabolism, (3) arresting 

cellular growth and proliferation, (4) regulating transcription of stress response genes, and (5) 

regulating apoptosis (reviewed in Kültz, 2005). A critical facet of the CSR in all cells is a 

system of antioxidant enzymes and compounds that scavenges free radicals while minimizing 

and repairing oxidative damage. Antioxidants are substances that, at low concentrations, 

impede or avert oxidation of a substrate (Halliwell and Gutteridge, 1999). Antioxidant 

capacity of the CSR depends on the expressed proteome and can be controlled through 

mRNA synthesis and processing and through post-translational modification of proteins. 

Two important antioxidant enzymes are catalase and glutathione reductase. Catalase 

dismutates H2O2 to O2 and H2O. Because catalase has a high turnover rate, conditions that 

affect protein turnover rates, such as osmotic and heat stresses, will decrease the enzyme’s 

activity, making the organism vulnerable to oxidative stress (Asada and Takahashi, 1987; 

Cadenas, 1989; Hertwig et al., 1992; Fridovich, 1998; Halliwell and Gutteridge, 1999). 

Secondly, glutathione reductase is crucial for maintaining the reducing environment of cells. 

It regenerates a universal free radical scavenger, glutathione (GSH), by reducing the oxidized 

form (GSSG). GSH prevents damage to cells by reacting with 1O2, O2·
-, and OH·- and by 

breaking free radical chain reactions (Halliwell and Gutteridge, 1999). There are other non-

protein antioxidants, such as α-tocopheral and ascorbic acid (reviewed by Lesser, 2006). 
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Together, both enzyme and non-enzyme antioxidants generate a cell’s total antioxidant 

potential, which is defined as its net reducing ability (Benzie and Strain, 1996). Antioxidant 

potential of P. damicornis from Kaneohe Bay, Hawai’i peaked at 28°C; as temperature 

increased to 31°C, antioxidant potential decreased, a sign of weakening defense (Griffin and 

Bhagooli, 2004). Therefore, to assess the ability of coral planulae to maintain their oxidative 

state under conditions of environmental stress, I measured total antioxidant potential and 

catalase activity. 

In addition to their effects on the oxidative state of the larvae of P. damicornis, OA 

and elevated ocean temperature may increase the costs of maintaining ionic gradients across 

cellular membranes. Na+/K+-ATPase, a transmembrane protein present in all animals, 

establishes gradients of Na+ and K+. These ionic gradients maintain cellular resting 

membrane potential and osmotic equilibria in addition to sustaining transmembrane 

electrochemistry necessary for transport of other molecules by Na+-coupled cotransporters 

(Crane, 1977; Blanco and Mercer, 1998). Adult marine invertebrate tissues and cells expend 

30-70% of their metabolic resources for maintaining Na+ and K+ gradients, making this one 

of the most energetically demanding physiological processes (detected via ouabain-sensitive 

respiration rates; Baker and Connelly, 1966; Lucu and Pavicic, 1995; Lannig et al., 2010). 

Na+/K+-ATPase is under fine transcriptional control; changes in its abundance and activity 

could have dramatic consequences for energy budgets, potentially causing reallocation of 

resources from other processes such as growth and reproduction. In marine teleost fish, 

Na+/K+-ATPase activity increased during acclimation to hypercapnic conditions (Deigweiher 

et al., 2008; Melzner et al., 2009a). Similarly, after adult oysters (Crassostrea gigas) were 

exposed to elevated temperatures and long-term high pCO2 conditions, total cellular oxygen 
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demand and Na+/K+-ATPase activity increased in parallel, suggesting that energy demands 

for metabolism and its ion regulatory component are elevated under these conditions (Lannig 

et al., 2010). However, several marine invertebrates suffer from metabolic depression under 

hypercapnia (reviewed by Guppy and Withers, 1999), perhaps due to their inability to 

compensate a low extracellular fluid pH (Pörtner et al., 1998; Michaelidis et al., 2005). My 

previous work with the larvae of P. damicornis suggests that signs of metabolic depression at 

High-pCO2 (Chapter 2) indicate that larvae may be less able to defend their oxidative state 

and ionic balance under OA. In particular, this is the case for larvae released late in the 

spawning period.   

In this chapter, I aimed to extend my research on the responses of the metabolism of 

coral larvae to future ocean conditions to examine the physiological plasticity of processes 

that help to maintain homeostasis in coral cells. Methods by which corals can use their 

existing physiological repertoire to tolerate changing environmental conditions may provide 

insight into their potential for acclimatization and longer-term persistence as OA and 

warming continue (Hofmann and Todgham, 2010; Evans and Hofmann, 2012). I explored 

several physiological processes that are likely to be affected by OA and elevated temperature. 

Using exposures of pCO2 and temperature, I measured the responses of P. damicornis larvae 

from a reef in Taiwan. First, I assessed the effects of pCO2 and temperature on oxidative 

stress of coral larvae, using total antioxidant potential and catalase activity as indicators of 

physiological stress response. Second, I measured two forms of activity of an enzyme that is 

central to maintaining homeostatic acid-base balance within cells, Na+/K+-ATPase. The 

experiments addressed the prediction that OA and elevated temperature will increase 

oxidative stress in coral larvae and that the larvae will increase the maintenance of their ionic 
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balance under these future ocean conditions. I hypothesized that total antioxidant potential, 

catalase activity, and Na+/K+-ATPase activity would differ between high pCO2, high 

temperature versus ambient conditions as well as between cohorts of larvae. Results for the 

assays used in this chapter were mixed: I was able to collect data for total antioxidant 

potential and one measure of Na+/K+-ATPase activity but was not able to collect activity for 

catalase activity or ouabain-sensitive Na+/K+-ATPase activity. Therefore, the comprehensive 

presentation of experiments in this chapter includes a description of the methodological 

challenges in this more biochemical component of my thesis.  

 

 

Materials and Methods 

To understand how the oxidative state and acid-base physiology of Pocillopora 

damicornis respond to increased ocean acidity and temperature, I incubated larvae in warmed 

seawater enriched with elevated pCO2 after which the activities of antioxidant and acid-base 

regulatory enzymes were measured.  

 

Collection of coral larvae 

P. damicornis larvae were obtained from adult colonies collected in collaboration 

with the National Museum of Marine Biology and Aquarium (NMMBA) in Pingtung, 

Taiwan. On July 26, 2011, eight adult P. damicornis colonies were collected from a fringing 

reef at 5 m depth in Hobihu, Taiwan (21°57’5.92”N, 120°45’1.01”E). Colonies of P. 

damicornis were maintained in flow-through aquaria with indirect sunlight and coarsely 

filtered seawater (~29.6°C, ~33 psu, up to 781 µmol photons m2 s-1) at NMMBA until they 
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released planula larvae synchronous with the lunar cycle from July 31 – August 8, 2011. In 

Taiwan, larval release for P. damicornis occurs every month after nightfall on lunar days 2 

through 9, with the greatest abundance of larvae released on lunar day 6                            

(Fig. 7; Fan et al., 2002). The larvae were collected on 100 µm mesh in the outflow of the 

tanks containing the adults. At dawn each day, all larvae released from each coral were 

counted. Equal numbers of larvae from each colony were pooled and randomly assigned to 

experimental treatments. Data presented here are from experiments conducted with cohorts 

of larvae released on August 2 (“Early”), August 3 (“Peak”), August 4 (“Middle”), and 

August 5 (“Late”).  

 

Experimental incubations 

Two pCO2 levels (450 μatm CO2 and 800 μatm CO2) and two temperature treatments 

(27.5 and 30.5°C) were prescribed. The pCO2 treatments represent current atmospheric 

conditions and a pCO2 level projected for the atmosphere by the year 2100 under a business-

as-usual scenario (IPCC, 2013). The temperature treatments represent average annual sea 

surface temperature near the site where adult P. damicornis were collected (T-Y Fan, 

unpubl.) and an elevated temperature predicted for the surface ocean by 2100 (IPCC, 2013). 

These abiotic conditions were combined to create four experimental treatments: ambient 

temperature-ambient pCO2 (ATAC), ambient temperature-high pCO2 (ATHC), high 

temperature-ambient pCO2 (HTAC), and high temperature-high pCO2 (HTHC). 

Seawater of desired pCO2 levels was created by bubbling gas mixtures of the desired CO2 

levels directly into experimental aquaria. The control treatment, Ambient-pCO2, was  
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Figure 7. Release of Pocillopora damicornis larvae in August 2011. Larvae were released 
from July 31 (Lunar day 1) to August 8 (Lunar day 9). Larval release increased following the 
new moon and then decreased after Lunar day 6. Larvae used for this study were released on 
August 3-5 (Lunar days 4-6). Numbers of larvae released per colony (n = 8 colonies) are 
described by bar segments of different colors. 
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generated using compressed atmospheric air. The High-pCO2 treatment gas mixture was 

generated through controlled blending of pure CO2 and atmospheric air in a mixing chamber 

using high-precision needle valves and a solenoid (Model A-352, Qubit Systems). An Infra-

Red Gas Analyzer (S151, Qubit Systems) continuously sampled the gas mixture from the 

chamber and provided dynamic feedback, adjusting the timing of the solonoid to maintain a 

consistent pCO2 level in the gas mixture. Each treatment gas (Ambient- and High-pCO2) was 

then bubbled into experimental aquaria continuously throughout the experimental time 

period. 

Eight 150 L experimental aquaria were used, two for each treatment combination of 

pCO2 and temperature. The aquaria were filled with seawater filtered to 1 µm. About 20% of 

the seawater was exchanged daily around 18:00 h; the seawater was equilibrated to treatment 

levels by the start of the next incubation of larvae. To maintain equilibration of the gas 

treatment, each aquarium was continuously mixed using a circulating pump (Rio 1110). 

Temperature was controlled in each tank by Aquacontrollers (Neptune Systems) that turned 

on and off individual aquarium heaters (300W, Taikong Corp.) and chillers (Aquatek AC11) 

to maintain set-point temperatures. Metal halide (Phillips 150 W 10,000k) and fluorescent 

bulbs (Phillips 39W T5 460 nm) above each aquarium provided photosynthetically active 

radiation throughout the exposures (258 ± 21 µmol photons m2 s-1). 

To verify and monitor the carbonate chemistry parameters of the experimental 

treatments, chemistry of the seawater in the aquaria was analyzed daily. pH, temperature, 

salinity, and total alkalinity of seawater in each aquarium were measured during the 

incubations. Seawater temperature was measured using a certified digital thermometer (meter 

15-077-8, probe 15-077-7, Thermo Fisher Scientific Inc., Waltham, MA, USA). Seawater 
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salinities were measured throughout the experimental exposures using conductivity meter 

(340i, WTW GmbH, Wilheim, Germany). pH was measured using a spectrophotometric 

method with indicator dye (SOP 3b, Dickson et al., 2007). Total alkalinity (AT) was 

measured following (SOP 6b, Dickson et al., 2007) using an automatic titrator (DL50 with 

DG101-SC pH probe, Mettler Toledo LLC, Toledo, OH, USA). Titrations were performed 

using certified acid titrant (~0.1M HCl, 0.6M NaCl; A. Dickson Laboratory, Scripps Institute 

of Oceanography), and AT was calculated following Dickson et al. (2007). Whenever 

titrations were run, analyzed certified reference materials from A. Dickson laboratory were 

titrated to confirm the precision and accuracy of the procedure; these reference titrations 

were accurate within 10 μmol kg-1 (0.1-0.4% error). pH at 25°C, AT, temperature, and 

salinity were used to calculate the pH and pCO2 of the treatments using CO2calc (Robbins et 

al., 2010), with CO2 constants K1, K2 from Mehrbach et al. (1973) refit by Dickson and 

Millero (1987). 

To determine the effects of OA and warming on oxidative stress and ion balance in P. 

damicornis larvae, planulae were exposed to combinations of pCO2 and temperature levels 

for 6 hours. Larvae were incubated at a density of 1 larva mL-1in 50 mL Falcon tubes, 

modified with windows of 100 μm mesh. There were 2-3 replicate tubes of larvae in each 

aquarium. Incubations were staggered by 40 minutes each day, with tank order randomized, 

to allow for expedient preservation of larvae at the end of the 6-hour period. Batches of 

larvae were flash-frozen in liquid N2 and stored at -80°C for enzyme assays.  On August 3 

and 5, larvae were preserved for analyses of total antioxidant potential (3 tubes aquarium-1 x 

30 larvae) and symbiont density (1 x 5 larvae). On August 3 only, larvae were preserved for 

analyses of catalase activity (2 x 55 larvae). On August 2 and 4, larvae were preserved for 
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analyses of ouabain-sensitive Na+/K+-ATPase activity (2 x 30 larvae), K+-dependent 

pNPPase activity (2 x 25 larvae), and symbiont density (1 x 5 larvae). 

 

Total antioxidant potential 

A measure of the larvae’s ROS-reducing power, total antioxidant potential was 

assessed using a ferric reducing/antioxidant potential (FRAP) assay. The antioxidants in the 

sample reduce a ferric-tripyridyltrizine (FeIII-TPTZ) complex, forming colored ferrous-

tripyridyltrizine (FeII-TPTZ) (Benzie and Strain, 1996, 1999; Prior and Cao, 1999). Thus, the 

antioxidant level can be easily measured using a spectrophotometer. The working reagent for 

the FRAP analysis (following Griffin and Bhagooli, 2004) contained 300 mM acetate buffer 

(pH 3.6), 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) and 20 mM FeCl3·6H2O in a 10:1:1 ratio 

and was prepared and heated to 37°C right before use. A microplate spectrophotometer was 

used to measure absorbance at 600 nm of 150 μL of working reagent per well of a 96-well 

microtiter plate, which served as the background standard. Batches of 30 larvae were 

homogenized in 400 μL Tris-HCl buffer (pH 7.5). The homogenates were centrifuged at 

10,000 rpm for 10 minutes at 4°C to remove cellular debris, and the pellet was discarded. A 

portion of each homogenate was saved for quantification of total protein content, and a 

protease inhibitor was then added to each homogenate (Sigma-Aldrich #P8340). A dilution 

series of FeII (FeSO4·7H2O) was prepared (25-1000 μM). For each standard dilution and 

sample homogenate, 20 μL was added to three wells in the plate, already containing the 

working reagent for the FRAP analysis. The plate was then incubated at 37°C for 6-8 

minutes before the absorbance was measured again at 600 nm. Changes in absorbance 

(absorbance after 8 minutes minus the initial reading) were compared to that of the standard 
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run simultaneously to calculate the FRAP value for each experimental sample. FRAP values 

were normalized per larva and by the total protein of the homogenate. 

 

Catalase activity 

Activity of the enzyme catalase was measured following Ross et al. (2010). Batches 

of 55 frozen larvae were homogenized in 150 μL 50 mM potassium phosphate buffer (pH 

7.0) containing Triton X-100 using hand-held glass homogenizers on ice. A stock solution of 

0.36% H2O2 was prepared using 10 mM potassium phosphate buffer (pH 7.0). Two thousand 

μL H2O2 solution and 100 μL coral protein extract were combined in a 3 mL cuvette and 

incubated at room temperature for 30 seconds. The absorbance of the solution was then read 

at 240 nm using a UV/VIS spectrophotometer.  Aliquots of the homogenate in buffer were 

saved for quantifying total protein. Catalase activity was reported as specific activity 

(unit/mg total protein) where one unit would decompose 1.0 μmol H2O2 per minute at pH 7.0 

at 25°C. 

Catalase activity was also measured using the Amplex® Red Catalase assay kit 

(Molecular Probes #A22180). Larvae were homogenized in 100 µM phosphate buffer with 

10% PVP-40 and 1% Triton X-100. After a brief centrifugation to pellet cellular debris, the 

diluted homogenates were pipetted into triplicate wells of a 96-well plate.  Simultaneously, a 

dilution series of a catalase enzyme standard was prepared (0-5000 mU/mL) and pipetted 

into the plate. 40 µM H2O2 was added to each well and the plate was incubated for 30 min at 

room temperature in the dark. 100 µM Amplex® Red reagent containing 0.4 U/mL HRP was 

added to each well and the fluorescence of the reactions were measured in a microplate 

reader using an excitation wavelength of 544 nm and an emission wavelength of 590 nm.  
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The plate was read every 10 minutes for 1 hour at 37°C. Aliquots of the homogenate in 

buffer were saved for quantifying total protein. Catalase activity was reported as specific 

activity (unit/mg total protein) where one unit would decompose 1.0 μmol H2O2 per minute 

at pH 7.0 at 25°C. 

 

Na+/K+-ATPase activity 

Total Na+/K+-ATPase activity was measured as the ouabain-sensitive rate of release 

of inorganic phosphate in the presence of ATP (Esmann, 1988). Ouabain is a cardioactive 

steroid that binds directly to the enzyme in a 1:1 ratio and directly inhibits enzyme activity 

(e.g. Robinson and Flashner, 1979). Batches of 30 larvae were homogenized via sonication 

300 mM sucrose, 1 mM EDTA, 30 mM Tris, pH 7.4 (Tang et al., 2010). An aliquot of each 

homogenate was preserved for quantification of total protein. To uncover any vesicle-

concealed or latent activity of Na+/K+-ATPase, alamethicin was then added to each 

homogenate (15 µg alamethicin mg total protein-1) and the solutions were incubated at 28°C 

(physiological temperature) for 20 minutes (Leong and Manahan, 1997). In two tubes, the 

homogenate was combined with a reaction mixture containing a final concentration of 100 

mM imidazole, 125 mM NaCl, 75 mM KCl, 7.5 mM MgCl2, 1 mM ATP, pH 7.6. To one 

tube, ouabain was added to a final concentration of 1 mM; to the other, water was added. 

Ouabain is an inhibitor of Na+/K+-ATPase activity, so total activity was defined as the 

difference between the amount of inorganic phosphates liberated in the absence and presence 

of ouabain in the reaction mixture. The reactions were incubated at 28°C (physiological 

temperature) for 30 minutes and then the reactions were stopped by placing the samples at -

20°C for 10 minutes. To visualize the amount of inorganic phosphate generated, a color 
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reagent (7.6 g/L ammonium molybdate, 0.09M sulphuric acid, 1% Tween-20) was added to 

all reactions. After 3 minutes on ice, the absorbance of the reactions was measured at 405 nm 

in a 96-well plate on a plate reader. To convert absorbance to moles of inorganic phosphate, a 

dilution series of NaH2PO4 was run simultaneously (0-600 µM inorganic phosphate). 

The K+-dependent p-nitrophenyl phosphatase (pNPPase) activity of Na+/K+-ATPase 

was measured as the K+-dependent hydrolysis of phosphoric anhydrides (e.g. pNPP) by 

Na+/K+-ATPase in the absence of Na+ (Esmann, 1988). pNPPase activity was measured 

spectrophotometrically according to Esmann (1988) as modified by preliminary tests to 

determine optimal reaction conditions specific to P. damicornis larvae. First, the amount of 

homogenate added to the reaction was optimized by performing the assay with a range of 

total protein concentrations (0.015-0.29 mg protein in the reaction). While enzyme activity 

was detected for all protein concentrations, ~0.2 mg protein reaction-1 was used for all 

following assays. Next, I determined whether enzyme activity was affected by alamethicin 

(0-500 µg mg total protein-1) and sodium deoxycholate (0-4 mg mg total protein-1), chemicals 

that permeabilize membranes uncover any concealed or latent activity (Leong and Manahan, 

1997). pNPPase activity was inhibited by sodium deoxycholate, but it was greatest under 50 

µg mg total protein-1. Next, I performed the assay under a range of buffer pH values (6.5, 7.0, 

7.8, 8, 8.6, 9) and found that catalysis of pNPPase was optimized at pH 6.5. However, 

because this is likely not a common intracellular pH for coral cells (Kuhl et al., 1995; Venn 

et al., 2009), I used pH 7.0 for all subsequent assays. Finally, incubation time was optimized 

to ensure a linear reaction rate of pNPPase; I tested 5, 10, 15, 20, 25, 30, 40, 50, and 60 

minutes and found that reaction rates were linear from 15 to 40 minutes. As a conservative 

approach, I selected 25 minutes for the assay incubation time. 
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Upon conclusion of the preliminary tests, experimental samples were analyzed as 

follows. Batches of 25 larvae were homogenized on ice via sonication in 150 mM histidine, 

pH 7.0, with a protein concentration of 0.5 mg mL-1. An aliquot of each homogenate was 

preserved for quantification of total protein. The homogenate was combined with alamethicin 

(50 µg mg total protein-1) and was incubated at 28°C (physiological temperature) for 20 

minutes. Then, the homogenate was added to a reaction mixture containing a final 

concentration of 30 mM histidine (pH 8.0), 150 mM KCl, 20 mM MgCl2, 2.5 mM EGTA, 10 

mM pNPP. A duplicate reaction for each homogenate was prepared with the same reagent 

concentrations except with 150 mM NaCl substituted for the 150 mM KCl. As Na+ inhibits 

the pNPPase activity (Esmann, 1988), K+-dependent phosphatase activity of Na+/K+-ATPase 

was defined as the difference between the amount of p-nitrophenol produced in the absence 

and presence of Na+ in the reaction mixture. The reactions proceeded at 28°C (physiological 

temperature) for 25 minutes before they were terminated by an addition of ice-cold 55% 

trichloroacetic acid and a 10-minute incubation on ice.  Following a centrifugation, reaction 

supernatants were brought to room temperature and then combined with 500 mM Tris base. 

At the high pH caused by the presence of Tris base, p-nitrophenol, the product of the 

pNPPase reaction, is a yellow color; the intensity of color, and therefore, the enzyme activity, 

was measured via absorbance of the reactions at 410 nm. For technical replication, the 

reaction was performed twice per sample. Absorbance was used to calculate specific enzyme 

activity using the following equation: 
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where: 

 Specific activity of the enzyme is expressed as units per mg protein. One unit 

is one µmol p-nitrophenol produced per minute.  

 

rA  Rate of absorbance change [min-1].  

= (A410, KCl – A410, NaCl) divided by incubation time in min 

 

l  Optical path length  

= 1 cm 

 

 B  Extinction coefficient of B (p-nitrophenol) at 410 nm and 28°C  

= 18.1 mM-1 cm-1 (Skou and Esmann, 1979) 

 

 

B  Stoichiometric number of B (p-nitrophenol) in the reaction  

= 1 

 

Vreaction Volume of the reaction  

= 3100 µL 

 

Vsample Volume of sample homogenate added to the reaction  

= ~120 µL 
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  Mass concentrate of density of biological material in the sample, Vsample 

= protein concentration of sample homogenate in mg total protein µL-1 

  

Quantification of total protein 

Total protein of assay homogenates was assessed using the Bradford assay (Bradford, 

1976). Larvae were homogenized in ice-cold water using sonication. Total protein was 

precipitated using trichloroacetic acid, re-dissolved using 1 M NaOH, neutralized using 1.68 

M HCl before addition of Bradford dye concentrate (Bio-Rad Laboratories Inc., Hercules, 

CA, USA). Absorbance of samples at 595 nm was measured in a plate reader following an 

incubation of 20 minutes at room temperature. Total protein was calculated using a standard 

curve of known concentrations of bovine serum albumin (Bio-Rad Laboratories Inc., 

Hercules, CA, USA).  Total protein values were used to normalize all enzyme assay data. 

 

Assessment of symbiont density 

 To determine density of Symbiodinium cells in coral larvae, a batch of 5 larvae from 

each aquarium was homogenized in de-ionized water using a pestle. Symbiodinium cells in 

six 10 µL aliquots of homogenate were counted using a haemocytometer and a compound 

light microscope. Coefficients of variation between replicate counts were less than 10%, 

suggesting that any differences in symbiont density greater than 10% are not expected to be 

from chance alone or from variability in the analysis.  

 

Statistical analyses 

All data were analyzed using R version 3.0.1 (R Core Team 2013). In all cases, 
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statistical assumptions of normality and homogeneity of variance were tested using quantile-

quantile (Q-Q) plots and Levene’s test and were met, sometimes following a power-based 

transformation of the response variable. Effects on physical conditions and biological 

response variables were estimated using linear mixed-effect models (nlme package in R; 

Pinheiro and Bates, 2000). To compare physical conditions between treatments, pCO2 and 

temperature treatments were fixed factors. Total antioxidant potential and pNPPase activity 

of Na+/K+-ATPase were standardized by larvae, by total protein, and by symbiont density. To 

compare normalized total antioxidant potential, pNPPase activity, total protein, and symbiont 

density between treatments, pCO2 (“pCO2”), temperature (“T”), and day of release (“Day”) 

were fixed factors. For all of these comparisons, to account for random variation among all 

possible aquaria, “tank” was considered a random factor in all statistical analyses. Model 

selection was performed incrementally following Burnham and Anderson (2002): at each 

iteration, the simpler model was chosen if the model AIC value did not increase by 2 or more 

and if there was not a significant difference in the model log likelihood ratio. To determine 

which factors in models were significant, a type III sum of squares was conducted on 

selected models fit using maximum likelihood (Zuur et al., 2009; Crawley, 2013). When 

significant differences were detected among treatments, orthogonal contrasts were performed 

as post-hoc analyses using the multcomp package in R (Hothorn et al., 2008). Tukey’s HSD 

was used for models without significant interactions between terms. When significant 

interactions were present, post-hoc analyses were performed using general linear hypothesis 

tests with Bonferroni corrections for multiple comparisons (abbreviated GLHT).  
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Results 

 To assess aspects of physiological plasticity of Pocillopora damicornis planulae 

associated with homeostatic maintenance of oxidative state and intracellular pH, I performed 

laboratory microcosm experiments where larvae were exposed to levels of pCO2 and 

temperature, I was able to maintain fairly stable conditions with physical conditions in each 

treatment group remaining within expected ranges (Table 7). For example, temperature 

varied significantly between, but not within, temperature treatments (Ambient-T vs. High-T; 

type III sum of squares, Χ2 = 2370.5, p < 0.001). Salinity did not vary significantly by 

temperature, pCO2 or their interaction (type III sum of squares). AT varied significantly by 

temperature (type III sum of squares; Χ2 = 8.936, p = 0.003), with higher AT at High-T than 

at Ambient-T (Tukey’s HSD; z = 2.875, p = 0.004). pH and pCO2 varied significantly 

between, but not within, pCO2 treatments (Ambient-pCO2 vs. High-pCO2; type III sum of 

squares, pH: Χ2 = 1352.2, p < 0.001; pCO2: Χ
2 = 1997.5, p < 0.001). 

Total antioxidant potential (FRAP) was quantified to assess the net response of the 

planula holobiont to potential oxidative stress imposed by high pCO2 and high temperature. 

FRAP varied between 8.98 μM larva-1 (Peak ATAC) to 19.73 μM larva-1 (Late HTHC). 

Larval FRAP was significantly affected by pCO2, but not by T, Day or any interactive effects 

(Table 8). Planulae had higher total antioxidant potential at High-pCO2 than at Ambient-

pCO2 (Fig. 8; Tukey’s HSD; z = 0.494, p = 0.005). When FRAP was normalized to total 

protein, only the effect of Day was significant (Table 8). Total antioxidant potential was 

greater for Peak larvae than for Late larvae (Fig. 8; Tukey’s HSD; z = 1.925, p = 0.054). 

When FRAP was normalized to symbiont density within the planulae, significant effects 

included pCO2xTxDay, pCO2xDay, and Day (Table 8). However, post-hoc analyses  
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Table 7. Summary of physical conditions in aquaria for experiments conducted on 
August 3-5, 2011. Data are presented as mean ± SE. For all parameters, n = 10. 

 
 
Treatment Temperature 

(°C) 
Salinity 

(psu) 
pH AT 

(μmol kg-1) 
pCO2 

(μatm) 
ATAC 27.60 ± 0.04 33.09 ± 0.05 7.985 ± 0.002 2179 ± 7 451 ± 4 
HTAC 30.65 ± 0.05 33.07 ± 0.11 7.990 ± 0.006 2186 ± 7 445 ± 8 
ATHC 27.61 ± 0.03 33.13 ± 0.06 7.739 ± 0.004 2193 ± 3 877 ± 8 
HTHC 30.50 ± 0.03 32.98 ± 0.08 7.752 ± 0.005 2205 ± 6 859 ± 10 
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Table 8. Analysis of total antioxidant potential (FRAP) for P. damicornis larvae among 
treatments, standardized to number of larvae (μM larva-1), total protein content (μM μg 
protein-1), and symbiont density (μM 103 Symbiodinium cells-1). Comparisons were made 
using a type III sum of squares with pCO2, temperature (T) and day of release (Day) as fixed 
effects. Interaction terms that were removed from the model are not shown here. 

 
 

Dependent variable Effect Χ2 Degrees of 
Freedom 

p 

Larval-specific FRAP pCO2 8.824 1 0.003 
 T 0.646 1 0.421 
 Day 2.064 1 0.151 

Protein-specific FRAP pCO2 0.002 1 0.967 
 T 0.003 1 0.955 
 Day 3.981 1 0.046 

Symbiont-specific FRAP pCO2 0.139 1 0.071 
 T 0.145 1 0.704 
 Day 43.464 1 <0.001 
 pCO2xT 0.711 1 0.399 
 pCO2xDay 7.826 1 0.005 
 TxDay 0.617 1 0.432 
 pCO2xTxDay 8.736 1 0.003 

Total protein pCO2 6.389 1 0.012 
(μg larva-1) T 0.450 1 0.502 

 Day 8.421 1 0.004 
Symbiont density pCO2 <0.001 1 0.994 

(x103 cells larva-1) T 0.042 1 0.838 
 Day 37.108 1 <0.001 
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Figure 8. Total antioxidant potential of P. damicornis larvae following 6-hour exposures 
to combinations of pCO2 and temperature. Mean ± SE (n = 6) ferric reducing/antioxidant 
potential (FRAP), total holobiont protein levels and symbiont density for larvae released on 
days Peak and Late. FRAP values are normalized per larva, per protein, and per symbiont 
density. Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-
pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). 
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using linear contrasts with Bonferroni corrections showed insignificant differences between 

groups. As a general trend, planulae on day Peak had lower FRAP values and had similar 

responses between treatments; planulae on day Late had higher FRAP values in general and 

at ATAC and HTHC. Total holobiont protein varied significantly by pCO2 and Day (Table 

8). Planulae contained more total protein at High-pCO2 than at Ambient-pCO2 (Fig. 8; 

Tukey’s HSD; z = 2.033, p = 0.042). Late larvae contained more total protein than Peak 

larvae (Fig. 8; Tukey’s HSD; z = -2.841, p = 0.005). Finally, symbiont density varied 

significantly by Day but not by pCO2 or T (Table 8). Peak larvae had significantly greater 

symbiont density than Late larvae (Fig. 8; Tukey’s HSD; z = 5.698, p < 0.001). 

Catalase, one component of a cell’s antioxidant defenses, neutralizes H2O2. The first 

assay performed using 0.036% H2O2 in potassium phosphate buffer did not yield a decrease 

in absorbance at 240 nm as expected, if H2O2 was being consumed by the enzyme in the 

reaction. I tried increasing the concentration of total protein in the reaction, thereby 

increasing the potential abundance of catalase enzyme. I tried increasing the reaction time in 

case the decrease in absorbance was progressing very slowly. I tried the assay with brand 

new H2O2, which can degrade easily once opened. None of these adjustments yielded a 

detectable signal of catalase activity. It is also possible that catalase is vulnerable to heat 

during sonication, so I could try homogenizing with a pestle in a dry ice/ethanol bath in the 

future. Based on my communication with Dr. Cliff Ross who published a study using this 

assay with coral tissue, I decided to try a Molecular Probes kit to enhance my signal to noise 

ratio. Unlike the H2O2-based assay, the kit came with purified catalase enzyme so a standard 

curve and positive control were performed with each run of the assay. The standard curves 

worked well. I performed the assay with a range of total protein and the results were unusual. 
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I expected absorbance to decrease as the concentration of catalase (based on total protein) 

increased but I measured the opposite trend. I tried detecting the signal of the assay using 

absorbance and fluorescence, but I got the same result. What I noticed was that reactions 

with high concentrations of total protein were more opaque in color, likely due to the 

abundance of lipids in the tissue homogenate. I tried a variety of centrifugations to remove 

particulates, detergents to enhance the signal, and dilutions of the homogenate to reduce 

opacity, but I could not increase my signal to noise ratio. Also, there could be photosynthetic 

pigments in the homogenate that are absorbing or fluorescing at the detection wavelength(s), 

thus obscuring the signal of the enzyme activity. However, since others have succeeded in 

using this kit to quantify catalase activity in symbiotic coral tissue, I suspect that the 

pigments may not be the source of the problem. I was unable to successfully measure 

catalase activity in the experimental samples of P. damicornis larvae. 

The ouabain-sensitive rate of Na+/K+-ATPase was quantified to estimate the total 

activity of this enzyme. First, I used an assay technique modified from (Esmann, 1988; 

Leong and Manahan, 1997). I was able to detect ATPase activity but no ouabain-sensitive 

activity. I tried increasing the amount of homogenate added to the reaction as well as the 

concentration of ouabain in the reaction, but neither attempt yielded ouabain-sensitive 

enzyme activity. At NMMBA in Taiwan, I then formed a collaboration with Dr. Wario Tang, 

who has developed an assay to measure ouabain-sensitive Na+/K+-ATPase activity in fish. He 

ran his assay with some of my coral larvae and succeeded in detecting an ouabain-sensitive 

activity. However, when I performed the assay based on his written protocol, I was not 

successful. It is possible that his written protocol does not exactly reflect how he performed 

the assay with my samples. His protocol was also missing some details such as what 
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homogenization buffer should be used. Preliminary tests that I conducted showed that the 

absorbance values of the assay depend on the homogenization buffer used. Also, I 

determined that the standard curve should be prepared in the homogenization buffer to ensure 

comparable absorbance values between the standards and the experimental samples. Again, 

in this assay, I had problems with the opacity of the samples. It looked like a precipitate 

formed in the wells of the 96-well plate where the reaction took place, which likely elevated 

the absorbance readings. A series of centrifugation steps or a different chemical detection 

system may improve the signal to noise ratio. In the end, I was unable to successfully 

measure ouabain-sensitive Na+/K+-ATPase activity in my experimental samples of P. 

damicornis larvae. 

K+-dependent p-nitrophenyl phosphatase (pNPPase) activity was quantified, as it 

represents a partial reaction of Na+/K+-ATPase (Glynn and Karlish, 1975; Schwartz et al., 

1975; Robinson and Flashner, 1979). pNPPase activity varied between 56.7 (Early ATAC) 

and 115.5 pmol pNPPase min-1 larva-1 (Middle HTHC). When normalized per larva and per 

total protein, pNPPase activity varied significantly by Day but not by pCO2 or T (Table 9). In 

both cases, Middle larvae had significantly more pNPP than Early larvae (Fig. 9; Tukey’s 

HSD; per larva: z = 2.224, p = 0.026; per protein: z = 2.364, p = 0.018). When pNPPase 

activity was expressed with respect to Symbiodinium density, pCO2xTxDay was significant 

(Table 9). However, post-hoc analyses did not reveal any significant differences (GLHT). 

Total holobiont protein was only significantly affected by pCO2 (Table 9) but post-hoc 

analyses did not confirm this difference. Finally, symbiont density did not vary significantly 

any effect or interaction (Table 9). 
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Table 9. Analysis of K+-dependent p-nitrophenyl phosphatase (pNPPase) activity of 
Na+/K+-ATPase for P. damicornis larvae among treatments, standardized to number of 
larvae (units larva-1), total protein content (units mg protein-1), and symbiont density 
(units 103 Symbiodinium cells-1). Comparisons were made using type III sum of squares 
with pCO2, temperature (T), and day of release (Day) as fixed effects. Interaction terms that 
were removed from the model are not shown here. 
 
 

Dependent variable Effect Χ2 Degrees of 
Freedom 

p 

Larval-specific pCO2 0.857 1 0.355 
pNPPase activity T 0.295 1 0.587 

 Day 5.162 1 0.023 
Protein-specific pCO2 0.733 1 0.392 

pNPPase activity T 0.357 1 0.550 
 Day 5.574 1 0.018 

Symbiont-specific pCO2 0.026 1 0.872 
pNPPase activity T 0.678 1 0.410 

 Day 0.506 1 0.477 
 pCO2xT 1.707 1 0.191 
 pCO2xDay 9.964 1 0.002 
 TxDay 1.256 1 0.262 
 pCO2xTxDay 10.797 1 0.001 

Total protein pCO2 3.803 1 0.051 
(μg larva-1) T 2.159 1 0.142 

 Day 0.898 1 0.343 
Symbiont density pCO2 0.788 1 0.375 
(x103 cells larva-1) T 1.385 1 0.239 

 Day <0.001 1 0.995 
 pCO2xT 3.562 1 0.059 
 pCO2xDay 2.203 1 0.138 
 TxDay 0.186 1 0.667 
 pCO2xTxDay 2.254 1 0.112 
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Figure 9. pNPPase activity in P. damicornis larvae following 6-hour exposures to 
combinations of pCO2 and temperature. Mean ± SE (n = 4) pNPPase activity, total 
holobiont protein levels, and symbiont density for larvae released on days Early and Middle. 
Enzyme activities are normalized per larva, per protein, and per symbiont density. 
Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-pCO2 
(HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). 
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 Discussion 

To assess aspects of physiological plasticity of Pocillopora damicornis planulae 

associated with homeostatic maintenance of oxidative state and intracellular pH, I performed 

laboratory microcosm experiments where larvae were exposed to levels of pCO2 and 

temperature before being analyzed for two biochemical indicators. To measure performance 

under conditions of OA and warming, I used (1) total antioxidant potential as a proxy for 

oxidative stress (FRAP), and (2) Na+/K+-ATPase activity as a proxy for acid-base regulation. 

My results indicated that future ocean conditions, particularly OA, could cause oxidative 

stress in P. damicornis larvae. The data also suggested that any hypercapnia was not 

compensated by a significant increase in activity of Na+/K+-ATPase. 

 

Oxidative stress 

 Within 6 hours of release and exposure to elevated pCO2, P. damicornis larvae 

ramped up their total antioxidant potential in response to increases in oxidative stress from 

high pCO2. While I was unable to quantify changes in particular components of larval stress 

response to oxidative stress, the increase in total antioxidant potential likely comprised both 

enzyme and non-enzyme antioxidants. A concurrent increase in total protein at High-pCO2 

suggests that larvae may have produced more antioxidant enzymes, such as catalase or 

glutathione reductase, as part of their cellular stress response. From work done in mammalian 

cells, signal transduction, transcription, and translation can be completed within a few hours 

of exposures to a signal (Hargrove et al., 1991). Indeed, an increase in antioxidant enzyme 

activity following ≤ 6-hour heat stress has been observed in other coral species (Yakovleva et 

al., 2004; Olsen et al., 2013). 
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Corals, like many marine invertebrates without a buffered internal fluid (i.e. blood, 

haemolymph), have relatively poor abilities to regulate pH in intracellular spaces. Corals can 

elevate extracellular pH at the site of calcification across a range of seawater pH levels, but 

intracellular pH levels are not simultaneously elevated (Venn et al., 2011; McCulloch et al., 

2012). As a result, ocean acidification may cause hypercapnia within coral tissue, resulting in 

oxidative stress. There are several proposed mechanisms by which OA can trigger an 

increase in production of ROS, leading to oxidative stress. First, mitochondria are the 

primary producers of ROS in animal cells, and malfunction of these organelles can lead to 

ROS production (reviewed by Murphy, 2009). The electron transport chain pumps protons 

across the inner membrane of the mitochondria, driven by energy released during the transfer 

of electrons to oxygen molecules. During this electron transport, electron leaks at complexes 

I and III can lead to single-electron reduction of oxygen, forming superoxide O2·
-. 

Superoxide production is very sensitive to the pH gradient across the inner membrane of 

mitochondria (Lambert and Brand, 2004), which could be disturbed during OA-induced 

hypercapnia. Secondly, an increase in intracellular pCO2 can also increase the production of 

carbonate radicals, as CO2 readily reacts with peroxynitrite (ONOO-; Dean, 2010). Third, 

decreased intracellular pH favors several ROS-producing redox reactions, including the 

forward reaction of the Fenton reaction, where ferrous iron is oxidized by H2O2, generating 

the more potent ROS, ·OH (reviewed by Dean, 2010). Evidence of oxidative stress as a result 

of high pCO2 was presented by Tomanek et al. (2011), who explored the effects of ocean 

acidification on the proteome of the eastern oyster Crassostrea gigas. They found that 

oysters, which live in estuaries with seasonal and diurnal increases in ambient pCO2, 

experience oxidative stress in response to exposure to high-pCO2, up-regulating proteins 
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associated with antioxidant defense. Oxidative stress in corals can occur not only via these 

mitochondria-based responses to OA, but also due to ROS production by Symbiodinium 

endosymbionts. Heat and light cause damage to the photosynthetic machinery, causing the 

production of ROS (Weis, 2008). Since electron transport plays an important role in 

photosynthesis, this is additional evidence that electron transport will likely contribute to 

ROS production during intracellular acidosis. Kaniewska et al. (2012) found that high-pCO2 

caused changes in gene expression of the coral, Acropora millepora, that suggested responses 

of oxidative stress and metabolic suppression.  

 Surprisingly, total antioxidant potential did not increase with exposure temperature. 

Other studies with corals have shown increased oxidative stress in response to warming 

(Lesser, 1997; Downs et al., 2002; Yakovleva et al., 2004; Ross et al., 2012; Olsen et al., 

2013). Interestingly, a previous study with P. damicornis found that antioxidant potential 

increased with temperature but then decreased after a threshold temperature was reached. 

30.5°C, the elevated temperature used in this study, may not have been high enough to cause 

significant production of ROS within coral larvae. Or, the larvae may have been able to use 

their constituent pool of antioxidants to neutralize ROS produced during the experimental 

exposure. Alternatively, it is possible that 30.5°C was above the threshold for the study 

population of P. damicornis and an antioxidant defense was no longer possible (Griffin and 

Bhagooli, 2004).  

 Interpreting larval-specific total antioxidant potential is useful for comparing to 

results of other studies that present physiological responses at the level of the whole 

organism. However, total antioxidant potential likely scales with larval size, as larger larvae 

with more mitochondria are likely to produce more ROS. When differences in size of larvae 
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between treatments were controlled for by normalizing FRAP with total protein content, the 

significant effect of pCO2 on total antioxidant potential disappeared. This was expected since 

FRAP and total protein were correlated with respect to pCO2. However, total antioxidant 

potential varied significantly based on which day the larvae were released, with greater 

antioxidant potential in Peak larvae than in Late larvae. If Peak larvae contained these 

elevated FRAP levels upon release, their innate high antioxidant potential may have been 

sufficient to accommodate any stress due to ROS during the exposures, as levels of total 

antioxidant potential were equivalent across treatments (Fig. 8). The lower levels of FRAP in 

Late larvae may not have been enough to neutralize ROS at HTHC, necessitating an increase 

in antioxidant production under this condition (Fig. 8).  

 In addition to abiotic inducers of oxidative stress such as OA, corals also have an 

endogenous source in the form of the metabolic activity of their endosymbionts. This process 

has been studied extensively, and it has been demonstrated that Symbiodinium can contribute 

to oxidative stress experienced within coral animal cells (Dykens and Shick, 1982; Dykens et 

al., 1992; Lesser, 1996, 1997; Nii and Muscatine, 1997; Downs et al., 2000, 2002). 

Therefore, symbiont density within the P. damicornis larvae in my experiments may have 

affected the total ROS produced during the laboratory exposures.  

Mechanistically, exposure to elevated temperature and intense light cause 

Symbiodinium to produce more ROS, accompanied by reduced photosynthetic efficiency 

(Lesser, 1996; Weis, 2008). ROS can overwhelm antioxidant defense systems within the 

symbiont cells and diffuse into host cells (Tchernov et al., 2004; Lesser, 2006), where they 

can damage host DNA, protein, and lipids (Lesser and Farrell, 2004; Richier et al., 2006). In 

this study, Peak larvae may have been more vulnerable to oxidative stress during the 
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experimental exposures because they contained more symbionts than the Late larvae. 

However, FRAP per larva did not differ between cohorts, suggesting that even with their 

higher symbiont density, Peak larvae did not elevate their antioxidant potential overall. In 

fact, when normalized by symbiont density, FRAP activity per symbiont cell was lower in 

Peak larvae than in Late larvae. For Late larvae, across equivalent symbiont densities, total 

antioxidant potential, and therefore oxidative stress, was greatest under multi-stressor versus 

single stress scenarios. This unique response to experimental exposures in Late larvae 

confirms the results of Chapter 2, that Late larvae are particularly vulnerable to OA and 

warming.  

 

Acid-base physiology 

 Regardless of normalization procedure, the K+-dependent pNPPase activity of 

Na+/K+-ATPase did not differ significantly as a function of pCO2 or temperature exposure. It 

is possible that the existing pool of Na+/K+-ATPase was sufficient for accommodating any 

increased maintenance of intracellular homeostasis. Conversely, the exposure time may not 

have been long enough to detect an increase in synthesis of this enzyme in response to High-

T, High-pCO2 conditions. For Acropora millepora, 28 days of exposure to high-pCO2 

conditions caused changes in abundance of membrane transporters, including an up-

regulation of Na+/K+ transporters (Kaniewska et al., 2012). Passive ion gradient transporters 

were up-regulated while ATP-dependent active ion transporters were down-regulated. This 

may be the case in our study, where the pNPPase activity of Na+/K+-ATPase activity, an 

ATP-consuming enzyme, did not increase in response to high pCO2. In order to save energy, 
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especially if metabolic suppression also occurs under these OA conditions, passive ion 

transporters may be up-regulated in an effort to maintain pH homeostasis. 

 The acid-base balance of corals is likely to be particularly sensitive to OA because 

corals cannot buffer the seawater surrounding their tissue. In contrast, fish are able to 

counteract OA-induced hypercapnia through extracellular bicarbonate accumulation in 

extracellular compartments, like blood or haemolymph (Pörtner, 2008). Without these 

extracellular compartments and respiratory pigments, corals rely on favorable diffusion 

gradients for gas exchange. As a result, as pCO2 increases in the surrounding water, it will 

readily diffuse into the coral ectoderm, resulting in a lower intracellular pH. For example, in 

isolated host cells from P. damicornis, intracellular pH declined only 15 minutes after 

exposure to high extracellular pCO2 (Gibbin et al., 2014). Other marine invertebrates with 

similar vulnerabilities in regulation of acid-base balance are not able to compensate the 

extracellular acidosis and metabolic suppression ensues (Pörtner et al., 1998; Michaelidis et 

al., 2005). Conversely, teleost fish can almost immediately compensate extracellular acidosis 

with no effect of their metabolic rate (Pörtner, 2008).  

Symbiodinium may play an important role in ionic balance within host coral cells. 

After acidosis of the cytoplasm following exposure to high extracellular pCO2, symbiotic 

host cells of P. damicornis were able to achieve full recovery of cytoplasm pH, likely due to 

the work of membrane ion transporters (Gibbin et al., 2014). However, this recovery was 

dependent on the photosynthetic activity of the symbionts. Non-symbiotic or 

photosynthetically-compromised coral cells were not able to recover intracellular pH 

following acidosis (Gibbin et al., 2014). In this study, symbiont density did not differ 

significantly between larvae exposed to experimental treatments or between larvae released 
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on different days. This pattern was likely due to large variability in symbiont density in 

certain treatments. The pattern of pNPPase activity per symbiont density in Figure 9 

resembles a mirror image of the pattern of symbiont density, suggesting that symbiont 

density affected the larval rates of pNPPase activity. Therefore, as a general trend, with 

respect to their ability to recover cytoplasm pH via their symbionts, P. damicornis larvae 

exhibited elevated rates of pNPPase activity at High-pCO2, High-T conditions. Increased 

regulation of acid-base balance may be amplified when both stressors are combined, as High-

T causes a collapse of the host-Symbiodinium symbiosis and therefore larvae will rely more 

on host cell machinery to recover intracellular pH (Gibbin et al., 2014). Therefore, OA could 

increase maintenance costs for acid-base homeostasis in P. damicornis larvae through the up-

regulation of Na+/K+-ATPase. 

 

Variation in physiological response between larval cohorts 

 This study supports the findings of Chapter 2 that innate physiology may differ 

between cohorts of larvae that are released at different times and, further, that these 

differences can mediate sensitivity to environmental change. As observed for rates of oxygen 

consumption in Chapter 2, FRAP and K+-dependent pNPPase activity of Na+/K+-ATPase 

both varied significantly by day of release of larvae. The differential responses of total 

antioxidant potential to conditions of OA and warming may have been mediated by innate 

differences between cohorts (see Chapter 4, but also Edmunds et al., 2001; Isomura and 

Nishihira, 2001; Putnam et al., 2010; Cumbo et al., 2012). The variation in larval traits 

described by these studies may be due to different developmental conditions based on the 

location of the larvae within the vertical depth of the polyp (Kuhl et al., 1995; Jimenez et al., 
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2008) or spatially throughout the colony in relation to gradients of light, flow, nutrients, and 

dissolved gases. Also, time in captivity may play a role, as the adult corals were held 

continuously in husbandry aquaria during the larval release. Natural variation in traits that 

affect physiological performance may be a bet-hedging strategy, where corals produce 

offspring with a range of phenotypes that are each suited to different environmental 

conditions. This strategy may allow corals to maximize the success of a portion of their 

offspring upon release. This study may allow us to predict if the existing variation in larval 

phenotypes contain traits advantageous for tolerating future ocean conditions. 

 

Conclusion 

 In this study, I found that P. damicornis larvae increased their total antioxidant 

potential in response to oxidative stress under exposures to high pCO2, but not elevated 

temperature. In addition, OA-induced hypercapnia resulted in an increase in activity of 

Na+/K+-ATPase, but only for rates normalized to symbiont density. The innate antioxidant 

and ion balance physiology of these larvae varied based on the day the larvae were released 

from the parent. An increase in antioxidant potential as part of a larger cellular stress 

response would be energetically costly and would need to be accommodated by an increase 

in overall metabolic rate or a shift in the allocation of the larval energy budget. Similarly, 

acid-base regulation can compose a significant portion of energy budgets (Baker and 

Connelly, 1966; Lucu and Pavicic, 1995; Lannig et al., 2010). The activity of Na+/K+-

ATPase was elevated under High-T, High-pCO2 in order to counteract the decrease in 

intracellular pH that was not compensated by photosynthetic activities of Symbiodinium. The 

change in enzyme activity indicates the high vulnerability of corals to perturbation in 
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intracellular pH during OA. The correlation between pNPPase activity and symbiont density 

emphasizes this vulnerability; bleaching in corals in response to environmental stress may 

reduce their ability to regulate intracellular pH. In response to environmental stress due to 

OA and warming, the cellular stress response of coral larvae may be engaged, causing an 

increase in antioxidant defense, and this holistic response may include an up-regulation in 

acid-base regulation with respect to symbiont density. The break-down of host-Symbiodinium  

symbiosis at High-pCO2 due to oxidative stress may cause reduced buffering of intracellular 

pH and then metabolic depression, which has been observed in larvae and recruits of 

scleractinian corals under high-pCO2 conditions (Cumbo et al., 2013a; Edmunds et al., 2013; 

Rivest and Hofmann, 2014). These results highlight the overall complex response of P. 

damicornis larvae to future OA and warming. The heterogeneity introduced by differences 

between larval cohorts as well as differences in symbiont abundance and photophysiology 

within larvae may foster a suite of larval physiological phenotypes where some larvae may 

succeed in a future ocean. 
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IV. Effects of high pCO2 and temperature on lipid use and physiological 

condition of larvae of Pocillopora damicornis 

 
 

Introduction 

The health and persistence of the incredibly diverse coral reef ecosystem depends on 

the successful recruitment of larvae of the reef-building foundational organisms, scleractinian 

corals. This input of the next generation rejuvenates degraded reef communities via new 

settlers and supports standing genetic variation through the addition of new genotypes (Amar 

et al., 2007). Due to the energy requirements and sometimes limited physiological capacity of 

dispersing early life stages, larvae are especially vulnerable to changing environmental 

conditions (Pechenik, 1999; Byrne, 2011). Understanding the resilience of early life history 

stages is a research priority in light of co-occurring environmental changes such as ocean 

acidification (OA) and warming that threaten tropical coral reefs (e.g. Anthony et al. 2011, 

Pandolfi et al. 2011). In this chapter, I examined how planula larvae of the coral Pocillopora 

damicornis respond to laboratory-simulated conditions of OA and warming through shifts in 

composition of cellular lipids that are ecologically significant biomolecules. My studies also 

examined the role of maternal investment, day of release during planulation, and 

biogeographic location in mediating the response of coral planulae to scenarios of future 

anthropogenic change in coral reef environments (Hoegh-Guldberg et al., 2007; IPCC, 2013). 

OA may have deleterious effects on various biological processes of young marine 

invertebrates. For coral larvae, fertilization success, recruitment, and survival can be 

suppressed under elevated pCO2 scenarios (Albright et al., 2010; Suwa et al., 2010; Albright 

and Langdon, 2011; Cumbo et al., 2013a, 2013b; Rivest and Hofmann, 2014). Larvae of 
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some broadcast-spawning and brooding corals experience metabolic suppression at high 

pCO2 (Albright and Langdon, 2011; Nakamura et al., 2011) while other species are more 

tolerant (Chua et al., 2013). Recent studies on larvae from a population of P.  damicornis in 

Taiwan have found variable responses of metabolism to elevated temperatures and a lack of 

response to elevated pCO2 (Cumbo et al., 2013a, 2013b; Putnam et al., 2013).  

While evidence of the physiological effects of OA and warming accumulates, the 

question remains: how will changes in larval physiology under future ocean change affect 

coral populations through shifts in dispersal distance and recruitment success? The answer 

may lie in the energy stores of coral larvae. Two classes of lipid serve the majority of the 

energetic demands of lecithotrophic larvae: triacylglycerols and wax esters. Triacylglycerols 

can be quickly hydrolyzed for immediate energy needs and are the first lipid class to be 

consumed during larval development or during periods of starvation (Lee et al., 1971, 2006b; 

Moran and Manahan, 2003, 2004; Sewell, 2005). Wax esters have a slower turnover rate, so 

they serve as long-term energy deposits for larvae. In addition, they play an important role in 

dispersal of coral larvae, governing buoyancy (Nevenzel, 1970; Lee et al., 1971, 2006b; Arai 

et al., 1993; Villinski et al., 2002) and entraining larvae in surface currents (Willis and 

Oliver, 1990; Wellington and Fitt, 2003). If triglyceride stores are consumed, larvae will 

utilize wax esters, but their vertical position in the water column will change as a result, with 

potentially negative consequences for dispersal. Other types of lipids have important 

physiological functions: phospholipids maintain the structure for biological membranes, and 

other lipids serve as hormones and antioxidants in coral physiology. 

For larvae of brooding corals, another important source of energy comes from the 

symbiotic dinoflagellate Symbiodinium, which is vertically transmitted to larvae prior to 
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release. The Symbiodinium dinoflagellates living in coral tissue can translocate ~15% of their 

fixed carbon to the planulae (Richmond, 1981). The endosymbionts satisfy a significant 

portion of larval energy budgets; without photosynthates, the larvae are forced to consume 

their lipid and protein stores at faster rates, with possible negative consequences for dispersal 

and recruitment (Ben-David-Zaslow and Benayahu, 2000; Alamaru et al., 2009; Harii et al., 

2010). In particular, wax ester consumption increases when endosymbiont metabolites are 

not available (Harii et al., 2010); thus, buoyancy of the larvae may be significantly impacted 

following degeneration of the symbiosis. Maintaining a healthy relationship with 

Symbiodinium may allow zooxanthellate coral larvae to extend larval duration and 

competency periods. 

OA and elevated temperature may perturb larval energetics by challenging the 

symbiotic relationship as well as host physiology. Temperature stress can decrease the ratio 

of photosynthesis to respiration in coral larvae (Porites astreiodes, Edmunds et al., 2001). As 

temperature increases, less energy is provided by the Symbiodinium to meet elevated 

demands. This decoupling of the symbiosis could be worsened by the addition of OA, which 

could lower the thermotolerance ceiling of coral larvae. Additionally, OA could increase 

energetic demands by eliciting cellular stress response, oxidative defense, and ion-balance 

pathways. Without sufficient metabolite input from Symbiodinium under future ocean 

conditions, lecithotrophic coral larvae may rely more heavily on their lipid stores to fuel their 

dispersal and recruitment. Less stored energy and decreased buoyancy can increase mortality, 

shorten larval durations, and cause premature metamorphosis (Edmunds et al., 2001), with 

negative consequences for suitable habitat selection, recruitment success, restoration of 

damaged populations and region-wide connectivity. If larval energy stores are reduced 
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enough, settlement and metamorphosis may not be possible (Lucas et al., 1979; Kempf, 

1981). Thus, an understanding of the biochemical and physiological energetics of coral 

larvae as they relate to lipid content and composition is essential in order to predict how OA 

and warming will affect development, dispersal potential, and recruitment. 

Mechanistically, the effects of OA and elevated temperature on the energy 

metabolism of coral larvae may be mediated by innate differences in larval physiology based 

on the day the larvae were released. Developing larvae may experience different 

microenvironments (dissolved gas, oxygen, light, etc.) that promote the physiological 

differences observed, as a function of tissue depth as larvae are stacked within coral polyps 

(Kuhl et al., 1995; Jimenez et al., 2008) as well as the position of the polyp within the 

colony. Regardless of the mechanism, larvae of P. damicornis and other brooding corals can 

differ in size, Symbiodinium density, and photophysiology across the spawning period 

(Edmunds et al., 2001; Isomura and Nishihira, 2001; Putnam et al., 2010; Cumbo et al., 2012; 

Rivest and Hofmann, 2014; E Rivest, unpublished data). Differences between cohorts of 

larvae released on adjacent days, like those used in this study may be more subtle, but the 

innate differences between cohorts may translate into the between-cohort differences in 

response to OA and elevated temperature observed previously (Putnam et al., 2010; Rivest 

and Hofmann, 2014). 

Local environmental conditions may shape the responses of resident corals to future 

environmental changes. Adaptation to fluctuations of pH and temperature may grant coral 

populations more or less tolerance of future changes in these parameters. The phenomenon of 

local adaptation is particularly likely over a sufficient spatial scale where environmental 

conditions differ consistently and where gene flow is low (Kawecki and Ebert, 2004; 
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Alleaume-Benharira et al., 2006; Kelly and Hofmann, 2012), and in this context, local 

adaptation to temperature has been well studied (Conover, 1998; Sanford and Kelly, 2011). 

But we are just beginning to be able to examine this phenomenon for seawater pH, due to our 

recent ability to acquire long-term, high-frequency data using autonomous sensors (Martz et 

al., 2010; Hofmann et al., 2011, 2013; Lunden, Rivest et al., in review). If coral populations 

are locally adapted to their environmental regime, corals living in a naturally more acidic 

environment may have developed physiological tools for maintaining normal function in 

low-pH seawater, as has been shown for elevated temperature (Oliver and Palumbi, 2011). 

The data analyses presented in this chapter serve different perspectives. I expressed 

lipid utilization and biochemical composition per larva, per μg total protein, and per 

symbiont density. These modes of normalization reveal different patterns in the data, and 

here I clarify when and why each mode is favored. Firstly, traits expressed per larva reveal 

patterns of physiology at the level of the whole organism. In the context of ecology and for 

interspecies comparisons, this normalization mode is favored as the patterns refer to the 

properties of the specific individuals assessed and may reveal absolute thresholds in 

biological properties. Secondly, physiological and biological processes often scale to the size 

of the organism. And if size varies between the individuals studied, normalizing quantified 

traits by size, in this case via total protein, improves the signal-to-noise ratio in the data by 

removing variation attributed to body size. This mode of normalization would allow you to 

decipher patterns independent of the specific individuals under study and to apply the derived 

relationship to other members of the population based on their size. Lastly, I normalized 

traits by symbiont density in order to account for variation in the signal-to-noise ratio 

associated with photosynthetic activities of Symbiodinium in the coral larvae. Since 
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Symbiodinium are involved in synthesizing lipid stores, normalizing to symbiont density 

reveals lipid consumption rates independent of the potential for new lipid synthesis. 

 

Part A: The role of larval release day in the response of coral larvae to OA and warming 

In this study, I explored the effects of OA and temperature on larval physiology, 

using lipid utilization and biochemical composition as indices of performance of these early 

life stages. To do so, I performed CO2 manipulation experiments in the laboratory with P. 

damicornis larvae collected in Moorea, French Polynesia. To help provide context for the 

pCO2 levels used in the experimental design, I deployed autonomous pH and temperature 

sensors on the natal fringing reef (described in Chapter 6). Here, I aimed to investigate the 

capacity of present-day coral genotypes, in terms of their physiological plasticity, to tolerate 

future conditions of OA and warming. Specifically, I asked: (1) how are lipid composition 

and physiological condition of P. damicornis larvae affected by combinations of pCO2 and 

temperature levels?, and (2) do the effects of OA and warming on larval energetics differ 

between cohorts of larvae, based on day of release? For this study, I measured lipid 

composition of larvae both upon release and after exposure to experimental conditions in 

order to assess how OA and warming might alter larval performance and dispersal. 

 

Part B: The role of biogeography and environmental history in the response of coral larvae 

to OA and warming 

In this study, I expanded the assessment of the effects of OA and temperature on lipid 

utilization and biochemical composition to inquire about the effects of biogeography and 

environmental history on performance of these early life stages. To do so, I combined the 
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results of the previous study with data collected during similar CO2 manipulation 

experiments with P. damicornis larvae collected in Taiwan. The laboratory results were 

coupled with environmental data using autonomous pH and temperature sensors deployed in 

both locations (see Chapter 6). For this study, lipid composition and biological traits of larvae 

were measured both upon release and after exposure to experimental conditions in order to 

assess how OA and warming might alter larval performance and dispersal. 

 

--------------------------------------------------------------------------------------------------------------- 

 

Part A: The role of larval release day in the response of coral larvae to OA and 

warming 

 

Materials and methods 

Collection of coral larvae  

To obtain coral larvae, adult corals were brought to the laboratory, and larvae were 

captured upon their release. Specimens of adult Pocillopora damicornis were collected from 

a fringing reef (17°28’49.08S, 149°47’56.04W) on Moorea, French Polynesia; eight colonies 

of P. damicornis were collected on the new moon in February 2012, from a depth of ~1-3 m. 

Colonies were maintained in individual aquaria that received indirect natural sunlight and 

coarsely filtered seawater (T ~ 29°C). Larvae were collected from adult colonies following 

their lunar pattern of reproduction (Fan et al., 2006). Larval release reached a peak in cohort 

size around 7 days after the new moon, followed by a decline (Fig. 10). Overnight, larvae 

were captured in 100 μm mesh-lined cups that received the outflow of each aquarium. Daily  
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Figure 10. Release of Pocillopora damicornis larvae in (A) Moorea, French Polynesia 
and in (B) Taiwan. Larval release increased following the new moon and then decreased 
after lunar day 6. Numbers of larvae released per colony (n = 8 colonies) are described by bar 
segments of different colors. 
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at dawn, larvae from each colony were collected, counted, and pooled. The small numbers of 

larvae released from some colonies required the use of all larvae released, resulting in 

unequal genotype ratios in the pool. On each day, larvae from this pool were immediately 

photographed and preserved to quantify larval quality and lipid metrics (see below) that 

represented the condition of freshly-released larvae. The remaining larvae in the pool were 

then randomly assigned to experimental treatments. Data presented here were collected 

before and after manipulative experiments were conducted with cohorts of larvae released on 

adjacent days: February 28 (Lunar day 7, “Peak”), February 29 (Lunar day 8, “Middle”), and 

March 1 (Lunar day 9, “Late”). 

 

Experimental incubations 

In preparation for the experimental incubations, the daily pool of released larvae was 

divided among 8 tanks containing 4 treatment combinations of pCO2 and temperature. 

Larvae were incubated in 2 400 mL containers per aquarium at a density of ~0.15-0.25 larva 

mL-1; these containers had 100 µm mesh sides and a PAR-transparent lid, and they were 

anchored in place within the aquarium to ensure that PAR exposure was replicated across 

tanks (Fig. 11). Larvae were incubated for 24 hours under experimental conditions. Due to 

the time needed to photograph and preserve larvae post-incubation, incubations were 

staggered by one hour per aquarium, with the order randomized daily. At the end of each 

incubation, larvae within tanks were pooled, and 10 larvae were randomly selected for size 

measurements (n = 20 per treatment). The remaining larvae were aliquoted and frozen at -

80°C for downstream analyses of lipid classes (3 tubes per aquarium x 25 larvae), total 

protein content (2 x 5 larvae), and symbiont density (2 x 5 larvae). Therefore, for  
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Figure 11. Experimental set-up for larval incubations in Moorea (A) and Taiwan (B). 
Containers (400 mL) were modified with 100 µm mesh windows on 5 sides. The lid 
contained a plastic film that is PAR-transparent. The containers were centered under 
aquarium lights using zip-tie corrals to ensure replicate irradiance across tanks. 
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comparisons between treatments, n = 6 for lipid classes, 4 for total protein, and 4 for 

symbiont density. 

For the experimental incubations, two CO2 treatments were prescribed. Ambient-

pCO2 was ~450 μatm CO2, and High-pCO2 was ~1000 μatm CO2. The control treatment 

approximates current environmental conditions for the adult coral (verified by environmental 

data), while the high treatment represents a level of dissolved pCO2 expected by the year 

2100 under a business-as-usual scenario (IPCC, 2013). pCO2 levels were combined with two 

experimental temperatures. Ambient-T and High-T treatments were 28°C and 31°C, 

respectively. The control temperatures approximate the multi-year average temperature for 

the fringing reefs close to the collection sites for adult P. damicornis (Leichter, 2014). The 

elevated temperatures represent an average surface ocean temperature by year 2100 as 

predicted by global temperature projections (IPCC, 2013). The four treatments created by 

this experimental set-up are defined as ambient temperature-ambient pCO2 (ATAC), ambient 

temperature-high pCO2 (ATHC), high temperature-ambient pCO2 (HTAC), and high 

temperature-high pCO2 (HTHC). 

Experimental pCO2 treatments were created using a gas mixing system at the MCR 

LTER facility at the University of California, Berkeley Richard B. Gump South Pacific 

Research Station with two aquaria for each treatment combination of pCO2 and temperature 

(previously described in Edmunds et al., 2012). Aquaria were illuminated on a 13hr:11hr 

light:dark cycle (Sol LED Module, Aquaillumination, 75W, Ames, IA, USA); light was 

provided from 5:30 to 18:30 including a 4-hour ramping period at the beginning and end of 

each light cycle. At full intensity, larvae experienced approximately 1800 ± 140 μmol 

photons m-2 s-1 of photosynthetically active radiation. Light levels were measured just below 
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the seawater surface during the experiment using a 4π quantum sensor (LI-193, Li-Cor Inc., 

Lincoln, NE, USA) and a Li-Cor LI-1400 meter (Li-Cor Inc., Lincoln, NE, USA). 

To verify and monitor the physical parameters of the OA x temperature treatments, 

the carbonate chemistry (pH, salinity, and total alkalinity) and the temperature of the 

seawater in the aquaria was analyzed daily during the incubations.   

Seawater temperature was measured throughout the experimental exposures (~10 

times) using a certified digital thermometer (meter 15-077-8, probe 15-077-7, Thermo Fisher 

Scientific Inc., Waltham, MA, USA). Seawater salinities were measured using a conductivity 

meter (YSI 3100, YSI Inc., Yellow Springs, OH, USA). Seawater pH was measured using a 

spectrophotometric method with indicator dye, m-cresol purple (SOP 6b, Dickson et al., 

2007). Total alkalinity (AT) was measured using an automated, closed-cell potentiometric 

titration (SOP 3b, Dickson et al., 2007) using an automatic titrator (T50 with DG115-SC pH 

probe, Mettler Toledo, LLC., Toledo, OH, USA). Titrations were performed using certified 

acid titrant (~0.1M HCl, 0.6M NaCl; A. Dickson Laboratory, Scripps Institute of 

Oceanography), and AT was calculated following Dickson et al. (2007). For each day of the 

experiment, analyzed certified reference materials from A. Dickson Laboratory were titrated 

to confirm the precision and accuracy of the process; these reference titrations were accurate 

within 10 μmol kg-1. pH at 25°C, AT, temperature, and salinity were used to calculate the pH 

and pCO2 of the treatments using CO2calc (Robbins et al., 2010), with CO2 constants K1, K2 

from (Mehrbach et al., 1973) refit by (Dickson and Millero, 1987) and pH expressed on the 

total scale (mol kg-SW-1). 
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Assessment of physiological condition of larvae   

To assess quality of incubated larvae, size, density of Symbiodinium, and total protein 

were quantified. Larval size was determined via image analysis using ImageJ (Rasband, 

1997). Larvae were photographed using a dissecting microscope fitted with a camera 

(objective 5, Western Scientific Company Inc., Valencia, CA, USA; Q-color 3 camera with 

QCapture suite software, Olympus American Inc., Center Valley, PA, USA). A stage 

micrometer was photographed under these settings and was used to calibrate all image 

analyses. In practice, circumferences of the larvae were traced to calculate larval area in μm2, 

and maximum larval length was measured. 

Total protein was quantified as the water soluble protein of the cell contents, using 

the Bradford assay (Bradford, 1976). Frozen larvae were homogenized in ice-cold 0.2 μm-

filtered water using a sonicator. For all larval homogenates, total protein was precipitated 

using trichloroacetic acid, re-dissolved using 1 M NaOH, and neutralized using 1.68 M HCl 

before the addition of Bradford dye concentrate (Bio-Rad Laboratories Inc., Hercules, CA, 

USA). Absorbance at 595 nm was measured following an incubation of 20 minutes at room 

temperature. Total protein was calculated with a standard curve made using known 

concentrations of bovine serum albumin (Bio-Rad Laboratories Inc., Hercules, CA, USA). 

To determine symbiont density, batches of 5 larvae were homogenized in de-ionized 

water using a pestle. Symbiodinium cells in six 10 μL aliquots of homogenate were counted 

using a haemocytometer and a compound light microscope. Coefficients of variation between 

replicate counts were less than 10%, suggesting that any differences in symbiont density 

greater than 10% are not expected to be from chance alone or from variability in the analysis. 
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Characterization of cellular lipids 

 For these analyses, lipid composition was used as a biochemical index in two general 

categories: the content of (1) energy-storage lipids (WE and TAG) and (2) structural lipids 

(PL). Wax esters (WE) contribute to long-term energy storage and larval buoyancy 

(Nevenzel, 1970; Lee et al., 1971, 2006b; Arai et al., 1993; Villinski et al., 2002), and 

triacylglycerol (TAG) is a readily-used source of cellular energy. Phospholipids (PL) in 

larvae served as a proxy for cell number because of their structural role within cell 

membranes. Aliquots of 25 larvae were homogenized in 1x phosphate-buffered saline (PBS) 

using glass beads (Sigma-Aldrich Corp., St. Louis, MO, USA) and a bead-beater (Biospec 

Products, Inc., Bartlesville, OK, USA). Three 5-minute rounds of homogenization at 30 

repetitions per second were spaced with flash-freezing of sample tubes in liquid nitrogen. At 

this point, an aliquot of homogenate was removed and analyzed for total protein content 

using the BCA assay (Pierce Biotechnology Inc., Rockford, IL, USA; Smith et al., 1985). 

The BCA assay was used because the chemicals in the homogenization buffer interfered with 

the color formation process in the Bradford assay. Total protein concentrations were used to 

normalize lipid extracts for down-stream analysis. 

 Lipid was extracted from the remaining homogenate following Bligh and Dyer 

(1959), modified by Luo (2008). Because it is easy to lose a portion of the experimental 

sample during the lipid extraction process, an exogenous spike or internal standard was used 

to quantify the efficient of lipid extraction for each sample (Parrish, 1987). 149 μg ketone (1-

hexadecanone, Sigma-Aldrich Corp., St. Louis, MO, USA) was added to remaining raw 

homogenate as the internal standard (Delmas et al., 1984; Parrish and Ackman, 1985; 

Parrish, 1987). Briefly, homogenate, chloroform, methanol, and acidic saline were 
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sequentially added to and mixed in glass test tubes for final volumetric ratios of 0.8:2:2:1, 

respectively. Between each addition, tubes were vortexed vigorously for 10 seconds and then 

allowed to stand for 10 minutes at room temperature. The chloroform layer was transferred to 

a new test tube, where it was washed again in a final volumetric ratio 2:2:1.8, chloroform: 

methanol: acidic saline. The chloroform layer containing extracted lipids was transferred into 

a pre-weighed brown glass autosampler vial. The chloroform was evaporated at 37°C under 

inert gas (nitrogen). Total lipid was calculated by subtracting weights of empty, clean vials 

from weights of vials containing dried lipid. Vials with dried lipid were stored under inert gas 

at -80°C until further analysis. All solvents used in the extraction procedure were HPLC-

grade. 

 Lipid classes of wax ester (WE), triacylglycerol (TAG), and phospholipid (PL) were 

separated and quantified using an Iatroscan MK-5 thin layer chromatography-flame 

ionization detection (TLC-FID) analyzer (Iatron Laboratories, Inc., Tokyo, Japan). Lipid 

extracts were reconstituted in 100 μL chloroform; 1 μL of this solution was spotted at the 

origin of a Chromarod® (S-III; Iatron Laboratories, Inc., Tokyo, Japan) using a Drummond 

Digital Microdispenser with Drummond Precision Glass Bores (Drummond Scientific Co., 

Broomall, PA, USA). The same 10 rods were used to process all samples and standards 

described here. Three separate samples were processed on each run of the frame, with 3 

technical replicates per extract; the remaining rod was used as a blank. To separate target 

lipid classes from total lipid, a two-step solvent system was used. Once dry, each frame of 10 

rods was fully developed (25 min) in hexane:ethyl ether: acetic acid (99:1:0.05, v:v:v). The 

rods were dried at 100°C for 4 min.  Then, each frame of rods was fully developed (25 min) 

in hexane:ethyl ether:acetic acid (85:15:0.1, v:v:v). The rods were dried at 100°C for 4 min. 
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This solvent system is a modification from Rodrigues et al. (2008). The entire length of the 

rods was scanned by the Iatroscan under 1200 mL min-1 O2 and 160 mL min-1 H2. Data were 

collected using LabView software (National Instruments, Austin, TX, USA). 

 To determine the quantity of lipid classes in each sample, a standard curve generated 

from mixtures of known lipid standards was run on the frame of Chromarods® at the 

beginning and end of sample analysis. The standard curve consisted of: 0.06-1.96 μg μL-1 

hydrocarbon (5-α-cholestane), 0.06-5.89 μg μL-1 wax ester (palmitic acid palmityl ester), 

0.12-1.98 μg μL-1 ketone (1-hexadecanone), 0.06-3.93 μg μL-1 triacylglycerol (tripalmitin), 

0.06-3.93 μg μL-1 free fatty acid (stearic acid), 0.06-3.93 μg μL-1 sterol (stigmastanol), and 

0.06-5.89 μg μL-1 phospholipid (L-α-phosphatidylcholine). Standard curves of lipid 

concentration vs. peak area were used to calculate concentrations of lipid classes in 

resuspended sample extracts. The internal standard was used to adjust these values to account 

for extraction efficiency. Amounts of lipid classes were then normalized to number of larva, 

total protein, and symbiont density. 

  

Statistical analyses of biological data 

All data were analyzed using R version 3.0.1 (R Core Team 2013). In all cases, 

statistical assumptions of normality and homogeneity of variance were met based on Q-Q 

plots and Levene’s test, often following a power-based transformation of the response 

variable. Effects on physical conditions were estimated using linear mixed-effect models 

(nlme package in R; Pinheiro and Bates, 2000) as described below. To compare physical 

conditions between treatments, pCO2 and temperature treatments were fixed factors, and tank 

was a random factor. For initial conditions of larvae, absolute values of lipid and quality 
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metrics were analyzed for effects of day of release of larvae (“Day”) using a one-way 

ANOVA. For post-incubation conditions of larvae, absolute values of lipid and quality 

metrics measured at the end of the 24-hour exposures were analyzed as described below. 

Because initial conditions of larvae often varied between days, changes in response variables 

with respect to starting levels may more accurately represent the effects of OA and warming 

on larval physiology. Mean starting condition levels were subtracted from post-incubation 

levels, henceforth referred to as ∆, “delta”. Therefore, a negative ∆WE per larva represents a 

net consumption of WE per larva during the 24-hr incubation. Differences in wax ester (WE), 

triacylglycerol (TAG), and phospholipid (PL) quantities were standardized by larva, by total 

protein, and by symbiont density.  

With pCO2 (“pCO2”), temperature (“T”), and day of release (“Day”) as fixed factors, 

effects on standardized lipid quantities and standardized measures of larval quality were 

estimated using linear mixed-effect models (nlme package in R; Pinheiro and Bates, 2000). 

To account for random variation among all possible aquaria, “tank” was considered a random 

factor in all statistical analyses. Model selection was performed incrementally following 

Burnham and Anderson (2002): at each iteration, the simpler model was chosen if the model 

AIC value did not increase by 2 or more and if there was not a significant difference in the 

model log likelihood ratio. To determine which factors in models were significant, a type III 

sum of squares was conducted on selected models fit using maximum likelihood (Zuur et al., 

2009; Crawley, 2013). When significant differences were detected among treatments, 

orthogonal contrasts were performed as post-hoc analyses using the multcomp package in R 

(Hothorn et al., 2008). Tukey’s HSD was used for models without significant interactions 

between terms. When significant interactions were present, post-hoc analyses were 
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performed using general linear hypothesis tests with Bonferroni corrections for multiple 

comparisons (abbreviated GLHT).  

 

Environmental data collection 

pH and temperature time series were generated on a fringing reef in Moorea, French 

Polynesia approximately 33 m from the collecting location of adult P. damicornis parents. 

Refer to Chapter 6 for more details.  

 

 

Results 

Condition of P. damicornis larvae immediately after release  

 To detect possible variation in maternal provisioning of P. damicornis planulae, I 

measured a series of traits of freshly-released larvae as a function of the day they were 

released from their parent. I assessed whether lipid composition and physiological condition 

varied between different days of release – the three cohorts of larvae that were collected and 

analyzed are henceforth called Peak, Middle or Late.  

As a general pattern, I found that initial condition of larvae did not differ significantly 

as a function of day of release. Initial WE varied significantly by Day when expressed as a 

function of symbiont density, but not when standardized per larva or per protein (Table 10). 

When expressed per µg total protein, initial TAG varied significantly by Day; however, 

groups were not different for TAG per larva or per symbiont density (Table 10). TAG per  
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Table 10. Analysis of newly-released P. damicornis larvae among days of larval release, 
standardized per larva (μg larva-1), per protein (μg μg total protein-1), and per symbiont 
density (μg cell-1), unless otherwise noted. Comparisons were made using a one-way 
ANOVA with day of release (Day) as a fixed effect. Test-statistic F, degrees of freedom (df) 
and p-values (p) are reported. 
 
 
 

Response variable F df p 
WE per larva 1.041 2, 6 0.409 
WE per total protein 0.496 2, 6 0.632 
WE per symbiont density 4.714 2, 6 0.059 
TAG per larva 0.984 2, 6 0.427 
TAG per protein 11.855 2, 6 0.008 
TAG per symbiont density 1.155 2, 6 0.376 
PL per larva 1.517 2, 6 0.293 
PL per protein 4.485 2, 6 0.064 
PL per symbiont density 1.654 2, 6 0.268 
TL per larva 0.322 2, 5 0.739 
TL per protein 0.695 2, 5 0.542 
TL per symbiont density 2.089 2, 5 0.219 
TP per larva 1.513 2, 3 0.351 
TP per symbiont density 3.526 2, 3 0.163 
Symbiont density (cells larva-1) 0.072 2, 3 0.932 
Larval area (μm2) 5.533 2, 27 0.010 
Larval length (μm) 7.379 2, 27 0.003 
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protein was significantly greater on days Peak and Middle than on day Late (Tukey’s HSD, 

Table 11; Fig. 12). Initial PL levels did not vary significantly by Day, for all three 

expressions of lipid concentrations (Table 10). 

 Regardless of standardization method, initial levels of TL, TP, and symbiont density 

did not vary significantly by Day (Table 10). Larval area and length did respond significantly 

to Day (Table 10). Initial area was significantly greater on day Middle than on day Peak 

(Tukey’s HSD, Table 11; Fig. 12). Larval length was significantly greater on day Middle 

than on days Peak and Late (Tukey’s HSD, Table 11; Fig. 12). 

 

Physiological responses of larvae in response to pCO2 and temperature 

 In order to assess the response of coral larvae to different levels of temperature and 

pCO2, lipid composition and quality of P. damicornis planulae were measured following 24-

hour incubations in combinations of pCO2 and temperature conditions (Table 12). During the 

lab experiments, temperature varied significantly by T (Table 13). Salinity was significantly 

higher at High-T and total alkalinity did not vary by temperature or pCO2 (Table 13). pH and 

pCO2 of seawater varied significantly by pCO2 and T treatments, with greater values under 

Ambient conditions (Table 13). 

 In terms of biomolecules that provide long-term energy storage and confer buoyancy, 

the post-incubation abundance of wax esters (WE) was significantly affected by 

pCO2xTxDay, pCO2xDay, and Day (Table 14). Post-hoc comparisons did not reveal any 

significant differences between temperature or pCO2 treatments on different days (GLHT, 

Table 15). When WE levels were standardized by total protein content, pCO2xTxDay, 

TxDay, and Day were significant. For Middle larvae, WE per protein was greater at 
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Table 11. Post-hoc analyses for significant effects on lipid content and physiological 
conditions of newly-released P. damicornis larvae among days of larval release. Post-hoc 
tests were either Tukey’s HSD or general linear hypothesis tests with Bonferroni corrections 
for multiple comparisons (GLHT). Test statistic z and p-values (p) are reported for each 
comparison. 
 
 
Post-hoc test Biological 

response 
Significant 
effect 

Comparison z p Summary 
description 

Tukey’s HSD Initial WE per  Day Peak vs. Middle 0.054 0.998 Peak = Middle <  
 symbiont density  Peak vs. Late 2.686 0.081 Late 

   Middle vs. Late 2.632 0.086  

Tukey’s HSD Initial TAG per  Day Peak vs. Middle 0.444 0.899 Peak = Middle >  

 protein  Peak vs. Late 4.422 0.010 Late 

   Middle vs. Late 3.977 0.017  

Tukey’s HSD Initial larval area Day Peak vs. Middle 3.308 0.007 Peak ≤ Middle =  

   Peak vs. Late 1.348 0.382 Late 

   Middle vs. Late 1.96 0.142  

Tukey’s HSD Initial larval length Day Peak vs. Middle 3.609 0.003 Middle > Peak =  

   Peak vs. Late 0.665 0.786 Late 

   Middle vs. Late 2.944 0.018  
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Figure 12. Traits describing the status of newly-released P. damicornis larvae. Mean ± 
SE (n = 3) quantities of biochemical composition (A) and size (B) of larvae released on days 
Peak, Middle, and Late. Traits are standardized per larva (µg lava-1), per protein (µg µg total 
protein-1), and per symbiont density ([µg symbiont cell-1]x10-3) unless otherwise noted. 
Means with the same lowercase letter are not significant different (p > 0.05). Refer to Tables 
10 and 11 for statistical details.   
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Table 12. Summary of physical conditions in experimental aquaria used in Moorea, 
French Polynesia and in Taiwan. Data are presented as mean ± SE. For all parameters, n = 
3. 

 
 

Site Treatment Temperature Salinity pHtotal AT pCO2 

  (°C) (psu)  (μmol kg-1) (μatm) 
Moorea ATAC 27.99 ± 0.10 35.82 ± 0.02 8.004 ± 0.003 2362 ± 1 459 ± 4 

 HTAC 30.57 ± 0.11 35.85 ± 0.02 7.970 ± 0.007 2363 ± 1 496 ± 9 
 ATHC 28.12 ± 0.18 35.83 ± 0.02 7.719 ± 0.008 2364 ± 1 1002 ± 22 
 HTHC 30.77 ± 0.20 35.88 ± 0.02 7.692 ± 0.012 2368 ± 2 1068 ± 33 

Taiwan ATAC 27.75 ± 0.18 30.61 ± 0.18 7.971 ± 0.007 2234 ± 4 494 ± 9 
 HTAC 30.53 ± 0.05 30.63 ± 0.23 7.978 ± 0.005 2253 ± 6 487 ± 9 
 ATHC 27.70 ± 0.20 30.26 ± 0.29 7.733 ± 0.006 2204 ± 15 923 ± 14 
 HTHC 30.43 ± 0.04 30.93 ± 0.14 7.748 ± 0.004 2243 ± 6 900 ± 9 
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Table 13. Statistical comparison of sea water treatment conditions using type III sum of 
squares with pCO2 and temperature (T) as fixed effects and Tukey’s HSD. Interaction 
terms were removed from the model if the AIC value did not increase by 2 or more and if 
there was not a significant difference in the model log likelihood ratio; removed terms are not 
shown here. Comparisons were performed using type III sum of squares, with test statistic 
Χ2, degrees of freedom (df) and p-values (p) reported. Post-hoc analyses were performed 
using Tukey’s HSD with test statistic z and p-values (p) reported. 

 
 

Site Parameter Effect Type-III 
SS Χ2 

df p Tukey’s 
HSD z 

p 

Moorea Temperature pCO2 0.675 1 0.411   
  T 165.511 1 <0.001 10.170 <0.001 
 Salinity pCO2 1.982 1 0.159   
  T 5.505 1 0.019 2.076 0.038 
 pHtotal pCO2 604.400 1 <0.001 19.440 <0.001 
  T 7.010 1 0.008 2.093 0.036 
 AT pCO2 5.081 1 0.024 1.782 0.075 
  T 3.284 1 0.070   
 pCO2 pCO2 813.377 1 <0.001 22.550 <0.001 
  T 7.815 1 0.005 2.210 0.027 

Taiwan Temperature pCO2 0.360 1 0.549   
  T 465.129 1 <0.001 20.170 <0.001 
 Salinity pCO2 0.007 1 0.932   
  T 2.010 1 0.156   
 pHtotal pCO2 1960.400 1 <0.001 35.000 <0.001 
  T 4.522 1 0.033 1.681 0.093 
 AT pCO2 2.732 1 0.098   
  T 5.920 1 0.015 1.924 0.054 
 pCO2 pCO2 1880.415 1 <0.001 39.360 <0.001 
  T 2.396 1 0.122   
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Table 14. Analysis of absolute abundance of lipid classes (wax ester WE, triacylglycerol 
TAG, phospholipid PL) in P. damicornis larvae following a 24-hour exposure to 
seawater of controlled temperature and pCO2. Lipid content was compared among 
treatments and days of release, standardized to per larva (μg larva-1), per larval protein 
content (μg μg total protein-1), and per symbiont density (μg cell-1). Comparisons were made 
using type III sum of squares with pCO2, temperature (T), and day of release (Day) as fixed 
effects. The final reduced model is shown, with test statistic Χ2, degrees of freedom (df) and 
p-values (p) reported. Interaction terms were removed from the model if the AIC value did 
not increase by 2 or more and if there was not a significant difference in the model log 
likelihood ratio; removed terms are not shown here.  

 
 

 Per larva Per protein Per symbiont 
density 

WE       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.634 1 0.426 1.247 1 0.264 7.445 1 0.006 
Temp 1.156 1 0.282 0.225 1 0.636 10.259 1 0.001 
Day 23.37 2 <0.001 20.212 2 <0.001 84.974 2 <0.001 
pCO2xT 0.130 1 0.719 0.472 1 0.492    
pCO2xDay 6.086 2 0.048 4.946 2 0.084 13.617 2 0.001 
TxDay 4.735 2 0.094 8.155 2 0.017   
pCO2xTxDay 8.570 2 0.013 7.151 2 0.028   
TAG       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 2.081 1 0.149 1.054 1 0.305 2.764 1 0.096 
Temp 1.114 1 0.291 12.599 1 <0.001 23.642 1 <0.001 
Day 31.949 2 <0.001 3.406 2 0.182 9.773 2 0.008 
pCO2xT 5.647 1 0.017      
pCO2xDay     12.870 2 0.002 
TxDay     11.719 2 0.003 
pCO2xTxDay       
PL       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 2.109 1 0.146 0.757 1 0.384 8.857 1 0.003 
Temp 0.938 1 0.333 0.982 1 0.322 1.959 1 0.162 
Day 16.715 2 <0.001 40.937 2 <0.001 17.033 2 <0.001 
pCO2xT        
pCO2xDay     10.252 2 0.006 
TxDay       
pCO2xTxDay       
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Table 15. Post-hoc analyses for significant effects of treatment and day of release on 
absolute abundance of lipid classes (wax ester WE, triacylglycerol TAG, phospholipid 
PL) in P. damicornis larvae, standardized to per larva (μg larva-1), per larval protein 
content (μg μg total protein-1), and per symbiont density (μg cell-1). Post-hoc tests were 
either Tukey’s HSD or general linear hypothesis tests with Bonferroni corrections for 
multiple comparisons (GLHT). Test statistic z and p-values (p) are reported for each 
comparison. 
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High-T than at Ambient-T (GLHT, Table 15; Fig. 13). WE per symbiont density was 

significantly affected by pCO2, T, and pCO2xDay (Table 14). Larvae exposed to Ambient-T 

contained less WE per symbiont density than larvae exposed to High-T (GLHT, Table 15; 

Fig. 13). 

Changes in abundance of wax esters (WE) ranged from -12.851 μg larva-1 (Middle 

HTHC; 65% depletion of initial levels) to +5.066 μg larva-1 (Late ATAC; 23% increase from 

initial levels); significant effects included pCO2xTxDay, pCO2xDay and Day (Table 16). 

Post-hoc comparisons did not reveal any significant differences between temperature or 

pCO2 treatments on different days (GLHT, Table 17; Fig. 14). For WE content standardized 

by total protein, significant effects included pCO2xTxDay, TxDay, and Day (Table 16). 

Middle larvae consumed less WE under High-T than under Ambient-T (GLHT, Table 17; 

Fig. 14). When WE content was standardized by symbiont abundance, effects of pCO2xDay, 

pCO2, T, and Day were significant (Table 16). For Peak larvae, ∆WE did not differ in 

response to pCO2. Conversely, Late larvae consumed more WE at High-pCO2 (GLHT, Table 

17; Fig. 14). Also, larvae consumed significantly more WE per symbiont density at Ambient-

T than at High-T (GLHT, Table 17; Fig. 14).   

Under various conditions of pCO2 and temperature, the abundance of a biomolecule 

that confers a rapid source of energy, post-incubation levels of triacylglycerol (TAG) were 

significantly affected by pCO2xT and Day (Table 14). Peak larvae contained significantly 

less TAG per larva than did Middle and Late larvae (GLHT, Table 15; Fig. 13). When TAG 

was standardized by protein content, only T was significant (Table 14). TAG per protein was 

higher for larvae incubated at High-T (Tukey’s HSD, Table 15; Fig. 13). Per symbiont  
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Figure 13. Lipid composition of P. damicornis larvae following 24-hour exposures to 
combinations of pCO2 and temperature. Mean ± SE (n = 6) changes in abundance of wax 
ester (WE), triacylglycerol (TAG) and phospholipid (PL) classes for larvae released on days 
Peak, Middle, and Late. Lipid quantities are standardized per larva (µg lava-1), per protein 
(µg µg total protein-1), and per symbiont density ([µg symbiont cell-1]x10-3). Experimental 
treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-pCO2 (HTAC), Ambient-
T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). Refer to Tables 14 and 15 for 
statistical details. 
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Table 16. Analysis of changes in abundance of lipid classes (wax ester WE, 
triacylglycerol TAG, phospholipid PL) in P. damicornis larvae among treatments and 
days of release, standardized to per larva (μg larva-1), per larval protein content (μg μg 
total protein-1), and per symbiont density (μg cell-1). Comparisons were made using type 
III sum of squares with pCO2, temperature (T), and day of release (Day) as fixed effects. The 
final reduced model is shown, with test statistic Χ2, degrees of freedom (df) and p-values (p) 
reported. Interaction terms were removed from the model if the AIC value did not increase 
by 2 or more and if there was not a significant difference in the model log likelihood ratio; 
removed terms are not shown here. 

 
 

 Per larva Per protein Per symbiont 
density 

ΔWE       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.634 1 0.426 1.247 1 0.264 7.445 1 0.006 
Temp 1.156 1 0.282 0.225 1 0.635 10.259 1 0.001 
Day 8.459 2 0.015 35.452 2 <0.001 22.823 2 <0.001 
pCO2xT 0.130 1 0.719 0.472 1 0.492    
pCO2xDay 6.086 2 0.048 4.946 2 0.084 13.617 2 0.001 
TxDay 4.735 2 0.094 8.155 2 0.017   
pCO2xTxDay 8.670 2 0.013 7.151 2 0.028   
ΔTAG       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 2.081 1 0.149 1.054 1 0.384 2.764 1 0.869 
Temp 1.114 1 0.291 12.599 1 0.323 23.642 1 0.096 
Day 40.696 2 <0.001 76.505 2 0.097 4.023 2 <0.001 
pCO2xT 5.647 1 0.018      
pCO2xDay     12.870 2 0.002 
TxDay     11.719 2 0.003 
pCO2xTxDay       
ΔPL       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 2.109 1 0.147 0.757 1 0.384 8.857 1 0.003 
Temp 0.938 1 0.333 0.982 1 0.322 1.959 1 0.162 
Day 2.815 2 0.245 4.677 2 0.097 8.895 2 0.012 
pCO2xT        
pCO2xDay     10.252 2 0.006 
TxDay       
pCO2xTxDay       
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Table 17. Post-hoc analyses for significant effects of treatment and day of release on 
changes in abundance of lipid classes (wax ester WE, triacylglycerol TAG, phospholipid 
PL) in P. damicornis larvae among treatments and days of release, standardized to per 
larva (μg larva-1), per larval protein content (μg μg total protein-1), and per symbiont 
density (μg cell-1). Post-hoc tests were either Tukey’s HSD or general linear hypothesis tests 
with Bonferroni corrections for multiple comparisons (GLHT). Test statistic z and p-values 
(p) are reported for each comparison. 
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Figure 14. Changes in lipid composition of P. damicornis larvae over 24-hour exposures 
to combinations of pCO2 and temperature. Mean ± SE (n = 6) changes in abundance of 
wax ester (WE), triacylglycerol (TAG) and phospholipid (PL) classes for larvae released on 
days Peak, Middle, and Late. Negative Δ values indicate net consumption over the 
experimental exposure. Positive Δ values indicate net production over 24 hours. Lipid 
quantities are standardized per larva (µg lava-1), per protein (µg µg total protein-1), and per 
symbiont density ([µg symbiont cell-1]x10-3). Experimental treatments: Ambient-T, Ambient-
pCO2 (ATAC), High-T, Ambient-pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, 
High-pCO2 (HTHC). Refer to Tables 16 and 17 for statistical details.   
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density, TAG varied by pCO2xDay, TxDay, T, and Day (Table 14). For Late larvae, TAG 

was significantly greater at High-T than at Ambient-T (GLHT, Table 15; Fig. 13). 

Changes in TAG varied between -1.800 μg larva-1 (Peak HTHC; 50% depletion of 

initial levels) and +0.768 μg larva-1 (Late HTAC; 22% increase from initial levels); effects of 

CO2xT and Day were significant (Table 16). However, post-hoc comparisons of ∆TAG 

between pCO2 treatments by temperature level were not significantly different (GLHT). Peak 

and Middle larvae consumed significantly more TAG than Late larvae (GLHT, Table 17; 

Fig. 14). Protein-standardized ∆TAG levels differed significantly by T and Day, but not 

pCO2 and with no significant interactions between effects (Table 16). Larvae consumed less 

TAG at High-T than at Ambient-T (Tukey’s HSD, Table 17; Fig. 14). Peak and Middle 

larvae consumed significantly more TAG than Late larvae (Tukey’s HSD, Table 17; Fig. 14). 

Significant effects included TxDay, pCO2xDay, and Day for ∆TAG per larval symbiont 

abundance (Table 16). Temperature had a significant effect on ∆TAG on Late larvae, with 

more TAG production at High-T (GLHT, Table 17; Fig. 14).  

 Phospholipids (PL) served as a rough indicator of cell number and important 

structural molecules. Post-incubation levels of PL per larva and per protein were significantly 

affected by Day (Table 14). Peak larvae contained more post-incubation PL than Middle and 

Late larvae (Tukey’s HSD, Table 15; Fig. 13). When standardized by symbiont density, PL 

varied significantly by pCO2xDay, pCO2 and Day (Table 14). Late larvae contained more PL 

per symbiont density at Ambient-pCO2 than at High-pCO2 (GLHT, Table 15; Fig. 13). 

Changes in abundance of PL ranged from -4.004 μg larva-1 (Peak HTAC; 75% 

depletion) to +3.465 μg larva-1 (Middle HTAC; >100% increase). For ∆PL expressed per 

larva and per protein, no effects or their interactions explained a significant amount of the 
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variation (Table 16). However, for ∆PL per symbiont density, effects of pCO2xDay, pCO2, 

and Day were significant (Table 16). Late larvae produced significantly more PL at Ambient-

CO2 than at High-CO2 (GLHT, Table 17; Fig. 14).  

 Changes in larval quality in response to different pCO2 and temperature levels were 

measured in the form of total lipid (TL), total protein (TP), and symbiont density.  At the end 

of the 24-hour exposures, TL was significantly affected by pCO2xDay, T, and Day (Table 

18). However post-hoc analyses did not reveal any significant differences (GLHT, Table 19; 

Fig. 15). When TL was normalized to protein content, only T was significant (Table 18). TL 

per protein was greater at Ambient-T than at High-T (Tukey’s HSD, Table 19; Fig. 15). 

When normalized to symbiont density, TL was significantly affected by TxDay and T (Table 

18), but post-hoc analyses did not reveal significant differences (GLHT, Table 19; Fig. 15). 

TP per larva was significantly affected by Day (Table 18), with Late larvae containing more 

TP than Peak or Middle larvae (Tukey’s HSD, Table 19; Fig. 15). When normalized to 

symbiont density, TP varied significantly by pCO2xDay, TxDay, T, and Day (Table 18). For 

Late larvae, TP was greater at High-T than at Ambient-T (GLHT, Table 10; Fig. 15). 

Symbiont density varied significantly by pCO2xDay, pCO2, and T (Table 18). Middle larvae 

contained more Symbiodinium at Ambient-pCO2 than at High-pCO2 (GLHT, Table 19; Fig. 

15). In general, symbiont density was higher at Ambient-T than at High-T (GLHT, Table 19; 

Fig. 15). Larval area was significantly affected by Day (Table 18), with larger area in Late 

larvae than in Peak or Middle larvae (Tukey’s HSD, Table 19; Fig. 15). Larval length varied 

by pCO2 only (Table 18). Length was greater at High-pCO2 than at Ambient-pCO2 (Tukey’s 

HSD, Table 19; Fig. 15). 
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Table 18. Analysis of absolute values of indices of physiological condition in P. 
damicornis larvae following a 24-hour exposure to seawater of controlled temperature 
and pCO2. Physiological condition was compared among treatments and days of release, 
standardized to per larva (μg larva-1), per larval protein content (μg μg total protein-1), and 
per symbiont density (μg cell-1), unless otherwise noted. Indices include total lipid (TL), total 
protein (TP), symbiont density, and larval size. Comparisons were made using type III sum 
of squares with pCO2, temperature (Temp), and day of release (Day) as fixed effects. The 
final reduced model is shown, with test statistic Χ2, degrees of freedom (df) and p-values (p) 
reported. Interaction terms were removed from the model if the AIC value did not increase 
by 2 or more and if there was not a significant difference in the model log likelihood ratio; 
removed terms are not shown here. 

 
 

 Per larva Per protein Per symbiont density 
TL        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 3.774 1 0.052 0.101 1 0.750 0.138 1 0.710 
Temp 7.874 1 0.005 4.875 1 0.027 7.185 1 0.007 
Day 7.751 2 0.021 4.313 2 0.116 5.449 2 0.066 
pCO2xT         
pCO2xDay 7.549 2 0.023      
TxDay     9.820 2 0.007 
pCO2xTxDay        
TP        
Effect Χ2 df p   Χ2 df p 
pCO2 0.331 1 0.565   3.374 1 0.066 
Temp 3.139 1 0.076   16.995 1 <0.001 
Day 69.156 2 <0.001   25.669 2 <0.001 
pCO2xT        
pCO2xDay     14.055 2 0.001 
TxDay     7.947 2 0.019 
pCO2xTxDay        

 Symbiont per larva 
(μg cell-1) 

Larval area 
(mm2) 

Larval length 
(mm) 

Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.913 1 0.339 1.196 1 0.274 5.385 1 0.020 
Temp 11.543 1 0.001 2.841 1 0.092 3.336 1 0.068 
Day 10.921 2 0.004 25.415 2 <0.001 5.427 2 0.066 
pCO2xT         
pCO2xDay 7.1415 2 0.028      
TxDay        
pCO2xTxDay        
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Table 19. Post-hoc analyses for significant effects of treatment and day of release on 
absolute values of indices of physiological condition in P. damicornis larvae. Values were 
standardized to per larva (μg larva-1), per larval protein content (μg μg total protein-1), and 
per symbiont density (μg cell-1), unless otherwise noted. Indices include total lipid (TL), total 
protein (TP), symbiont density, and larval size. Post-hoc tests were either Tukey’s HSD or 
general linear hypothesis tests with Bonferroni corrections for multiple comparisons 
(GLHT). Test statistic z and p-values (p) are reported for each comparison. 
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Figure 15. Larval quality traits for P. damicornis larvae following 24-hour exposures to 
pCO2 and temperature. Mean ± SE (n = 3) changes in larval composition and size for 
larvae released on days Peak, Middle, and Late. Quality traits are standardized per larva (µg 
lava-1), per protein (µg µg total protein-1), and per symbiont density ([µg symbiont cell-1]x10-

3) unless otherwise noted. Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), 
High-T, Ambient-pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 
(HTHC). Refer to Tables 18 and 19 for statistical details.   
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Per larva, ∆TL varied between -23.236 μg larva-1 (Middle HTHC; 65% depletion) and 

+57.021 μg larva-1 (Late ATHC; >100% increase). Regardless of the standardization method, 

∆TL varied significantly by Temp and Day (Table 20). In each case, larvae incubated at 

High-T consumed more TL than at Ambient-T (Tukey’s HSD, Table 21; Fig. 16). For each 

expression of ∆TL, Late larvae produced significantly more TL over 24 hours than other 

cohorts (Tukey’s HSD, Table 21; Fig. 16).  

∆TP per larva ranged from -4.503 μg larva-1 (Middle ATAC; 30% depletion) to 

+4.885 μg larva-1 (Late ATHC; 34% increase); only the effect of Day was significant (Table 

20). Larval ∆TP were significantly more negative for Middle larvae than Peak and Late 

larvae (Tukey’s HSD, Table 21; Fig. 16). When standardized by larval symbiont density, 

significant effects included pCO2xTxDay and pCO2xDay (Table 20). However, post-hoc 

comparisons did not reveal any significant differences between temperature or pCO2 

treatments on different days (GLHT, Table 21; Fig. 16).  

Per larva, changes in symbiont abundance ranged from -4697.22 cells larva-1 (Middle 

ATAC; 57% decrease from initial levels) to +2394.44 cells larva-1 (Late ATHC; 37% 

increase from initial levels). Model effects of pCO2xDay and T were significant (Table 20). 

Multiple comparisons revealed that only for Middle larvae did symbiont abundance per larva 

change significantly with pCO2 (GLHT, Table 21; Fig. 16). Symbiont density decreased 

significantly with temperature (GLHT, Table 21; Fig. 16). Larval area varied significantly by 

Day only (Table 20). Middle larvae became significantly smaller in area than other cohorts 

(Tukey’s HSD, Table 21; Fig. 16). Changes in larval length ranged from -722.14 μm (Middle 

ATHC; 55% reduction) to +784.81 μm (Peak ATHC; 85% increase); significant effects 

included CO2 and Day (Table 20). Larval length decreased more at High-pCO2 than at 
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Table 20. Analysis of changes in indices of physiological condition in P. damicornis 
larvae among treatments and days of release, standardized to per larva (μg larva-1), per 
larval protein content (μg μg total protein-1), and per symbiont density (μg cell-1), unless 
otherwise noted. Indices include total lipid (TL), total protein (TP), symbiont density, 
larval size. Comparisons were made using type III sum of squares with pCO2, temperature 
(Temp), and day of release (Day) as fixed effects. The final reduced model is shown, with 
test statistic Χ2, degrees of freedom (df) and p-values (p) reported. Interaction terms were 
removed from the model if the AIC value did not increase by 2 or more and if there was not a 
significant difference in the model log likelihood ratio; removed terms are not shown here. 
 
 

 Per larva Per protein Per symbiont 
density 

ΔTL       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.001 1 0.975 0.187 1 0.666 0.001 1 0.975 
Temp 5.427 1 0.020 4.069 1 0.044 5.427 1 0.020 
Day 30.828 2 <0.001 14.438 2 <0.001 11.897 2 0.003 
pCO2xT       
pCO2xDay       
TxDay       
pCO2xTxDay       
ΔTP       
Effect Χ2 df p   Χ2 df p 
pCO2 0.331 1 0.565   0.070 1 0.792 
Temp 3.139 1 0.077   0.788 1 0.375 
Day 65.951 2 <0.001   0.307 2 0.858 
pCO2xT     0.269 1 0.604 
pCO2xDay     7.219 2 0.027 
TxDay     1.883 2 0.390 
pCO2xTxDay     5.933 2 0.052 

 Δ Symbiont per larva 
(μg cell-1) 

Δ Larval area 
(mm2) 

Δ Larval length 
(mm) 

Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.913 1 0.339 1.196 1 0.274 5.385 1 0.020 
Temp 11.543 1 0.001 2.841 1 0.092 3.336 1 0.068 
Day 1.277 2 0.528 53.661 2 <0.001 239.428 2 <0.001
pCO2xT        
pCO2xDay 7.142 2 0.028     
TxDay       
pCO2xTxDay       
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Table 21. Post-hoc analyses for significant effects of changes in indices of physiological 
condition in P. damicornis larvae among treatments and days of release, standardized to 
per larva (μg larva-1), per larval protein content (μg μg total protein-1), and per 
symbiont density (μg cell-1), unless otherwise noted. Indices include total lipid (TL), total 
protein (TP), symbiont density, larval size. Post-hoc tests were either Tukey’s HSD or 
general linear hypothesis tests with Bonferroni corrections for multiple comparisons 
(GLHT). Test statistic z and p-values (p) are reported for each comparison.  
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Figure 16. Changes in larval quality traits for P. damicornis larvae over 24-hour 
exposures to pCO2 and temperature. Mean ± SE (n = 6) changes in larval composition and 
size for larvae released on days Peak, Middle, and Late. Negative Δ values indicate net 
consumption over the experimental exposure. Positive Δ values indicate net production over 
24 hours. Quality traits are standardized per larva (µg lava-1), per protein (µg µg total protein-

1), and per symbiont density ([µg symbiont cell-1]x10-3) unless otherwise noted. Experimental 
treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-pCO2 (HTAC), Ambient-
T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). Refer to Tables 20 and 21 for 
statistical details.   
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Ambient-pCO2 (Tukey’s HSD, Table 21; Fig. 16). Middle larvae became significantly 

smaller in length than other cohorts (Tukey’s HSD, Table 21; Fig. 16). 

 

 

Discussion 

The objective of this study was to test the hypothesis that lipids have important 

physiological and ecological roles in larvae of stony corals, providing long-term energy 

storage as well as buoyancy for dispersal. I sought to examine this connection between 

physiology and ecology in the light of environmental change. An experimental approach was 

taken where larvae were exposed to varying conditions of pCO2 and temperature in the 

laboratory, and changes in lipid content and physiological condition were measured. My 

results demonstrate that P. damicornis larvae utilized lipid stores differently in response to 

experimental manipulations that mimicked OA and warming. If these changes in lipid 

significantly affect the buoyancy of larvae and the length of time they can remain competent 

as planuale, future ocean conditions may have consequences for their dispersal potential. 

However, the day the larvae are released often has a dominant influence on lipid utilization 

and physiological condition of the planulae.  

 

Observations on maternal investment in P. damicornis larvae 

Larvae released from P. damicornis colonies were similar in biochemical 

composition regardless of day of release. In general, maternal investment did not differ 

significantly between broods of larvae in terms of endowment of energy storage lipids, TL, 

and TP. In addition, symbiont density did not vary between consecutive cohorts. As a result, 
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broods released on each of three days had similar potential to meet energy demands, as 

ecological units. However, Late larvae contained elevated levels of WE with respect to 

symbiont density and lower levels of TAG with respect to protein content. These Late larvae 

may have fewer energy stores to meet immediate stochastic energy demands following 

release due to their lack of liquid energy assets (i.e. TAG). Instead, their energy metabolism 

may be more influenced by the rate limits of carbon-fixation and translocation by symbionts 

and by energy conversion from long-term storage molecules (WE). 

Although PL levels did not differ between cohorts, larval size did vary. Middle larvae 

were larger in area and length than those released on other days. In general, pocilloporid 

larvae of larger size can have longer lifespans than smaller larvae (Isomura and Nishihira, 

2001), which may give them greater dispersal potential (Marshall and Keough, 2003). 

Dispersal could be advantageous for increasing the likelihood that the larvae will find a 

suitable or new habitat for settlement, but dispersal may also take larvae away from the 

hospitable environment of their parents (Strathmann, 1974; Morgan, 1995; Pechenik, 1999; 

Marshall and Keough, 2003). Additionally, large larvae may better escape predation by small 

planktivores, but a longer dispersal means that they have a higher risk of encountering 

predators (Morgan, 1995). The mechanistic connection between larval size and long dispersal 

time for lecithotrophic (non-feeding) larvae, as in those of P. damicornis, is that larger size 

implies greater stores of energy in the form of lipids, protein, and symbionts. In this case, 

Middle larvae did have slightly higher levels of TAG, TL, and TP, though not significantly 

different from larvae released on other days. However, their size may disguise the limitations 

of their physiological abilities to produce and use energy (e.g. metabolic rate, Symbiodinium 
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physiology), and therefore larval size may not always be a good indicator of dispersal 

potential.  

This study supports previous findings that maternal provisioning of P. damicornis 

planulae varies across the entire release period while planulae released close to the Peak day 

are very similarly endowed in terms of biochemical content (Putnam et al., 2010; Cumbo et 

al., 2012). In other brooding species, such as a Caribbean coral Porites astreoides, larvae 

released later during a reproduction event have higher concentrations of Symbiodinium and 

higher potential for autotrophy (Edmunds et al., 2001). Here, variation in investments 

between adults and variation in proportions of the larval pool represented by each parent may 

overshadow subtle changes in maternal provisioning between adjacent release days. 

 

Responses of larval energy metabolism and fitness-related traits to changes in pCO2 and 

temperature 

In brooded larvae, like P. damicornis, the WE quantified at the beginning of the 

experiment was provided by the parent. Once in the plankton, changes in WE abundance 

represent a balance of the energy metabolism of the larvae and the carbon fixation activities 

of its symbionts. Carbon translocated to the coral animal tissue is stored as lipids (Patton et 

al., 1977; Patton and Burris, 1983; Battey and Patton, 1984). P. damicornis larvae consumed 

more than 25% of their WE during the first 24 hours of their pelagic duration. This rate does 

not reflect any translocated carbon that was consumed as well. In general, this consumption 

rate declined as the spawning period progressed. Additionally, the energy metabolism of 

these larvae became slightly more sensitive to abiotic stress as the reproductive window 

closed. Over the three days of the experiment, the interaction of pCO2 and T on WE 
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consumption changed such that Peak larvae consumed more WE under High-pCO2 but Late 

larvae consumed more under both High-pCO2 and High-T (Fig. 14). Under these High-pCO2 

conditions, larvae contained lower WE content after 24 hours (Fig. 13). Also, for Peak and 

Middle larvae, under Ambient-pCO2 conditions, WE consumption was often less at High-T 

than at Ambient-T, suggesting that symbiont performance at elevated temperature can 

perhaps fuel a greater portion of physiological maintenance. However, for Late larvae, this 

relationship was reversed, where WE consumption rates were greater, and therefore final WE 

density was lower, for single-stressor and multi-stressor treatments than in the control. Shifts 

in WE consumption due to temperature and pCO2 were not heavily influenced by the 

variation attributed to larval size, as controlling for differences in larval size, using holobiont 

TP, did not dramatically alter these relationships. 

The Symbiodinium in P. damicornis larvae help satisfy the energetic demands of 

dispersal (Arai et al., 1993; Lee et al., 2006b; Harii et al., 2010); indeed aposymbiotic coral 

larvae (Goniastrea retiformis, Pocillopora damicornis, Montiopora digitata) consume about 

twice as much WE during their first week than do symbiotic larvae (Harii et al., 2010; 

Figueiredo et al., 2012). Because Symbiodinium fix carbon and provide the means by which 

larvae can replenish their lipid reserves or avoid consumption of maternally-derived lipids, 

Symbiodinium abundance with respect to changes in WE in larvae provides important insight 

into how vulnerable the larvae are to future demands on their energy budget. When ΔWE 

was normalized to symbiont density, WE consumption rates were still significantly different 

between treatment groups, suggesting that host respiration and not Symbiodinium abundance 

alone may drive patterns of WE consumption in P. damicornis larvae. Based on my 

measurements of oxygen consumption of P. damicornis larvae to laboratory exposures to 
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pCO2 and temperature, I estimated the amount of WE required to fuel aerobic respiration 

during the various treatment exposures. In Chapter 2, I measured 0.07-0.15 nmol O2 

consumed larva-1 min-1. Based on the oxy-joule coefficient for lipid (19.63 J mL O2 

consumed-1; Davies, 1991) and the energy equivalent for wax ester (42 kJ g wax ester-1; 

Davies, 1991), and assuming constant rates of respiration during the exposures, larvae would 

need to consume 1.16-2.49 µg WE over the 24-hour incubation. In this study, I measured 

rates of WE depletion of up to 9 µg WE larva-1 consumed within 24 hours. However, once 

symbiont density was controlled for, WE depletion was ≤ 1 µg within 24 hours. The 

remaining fuel for respiration likely came from symbiont photosynthetic activities as well as 

other lipid classes. In general, larvae lost Symbiodinium cells when High-CO2 and High-T 

were imposed, and in these treatments, symbiont-normalized WE consumption was less. If 

symbiont abundance did not affect WE consumption at all, patterns of symbiont-specific 

ΔWE would have been similar to those of ΔWE per larva. For Peak larvae, treatment effects 

on ΔWE were greater than those caused by symbiont abundance itself, and larvae in all 

treatments exhibited net consumption of WE when controlling for variation in symbiont 

abundance. For Middle and Late larvae, loss of symbionts likely resulted in the net increase 

in WE in most treatments, but differential performance of remaining symbionts may also 

have played a role. For example, in Late larvae, High-pCO2 caused more WE consumption, 

but the positive effect of High-T on symbionts may have counteracted the costs of pCO2 

tolerance, resulting in net WE increase at High-pCO2, High-T. Also, in adult Montipora 

capitata, recovery of lipid levels following a bleaching event were coincident with increases 

in gross photosynthesis (Rodrigues and Grottoli, 2007). While a previous study with P. 

damicornis larvae in Taiwan found no change in photophysiology in response to elevated T 
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and pCO2 after 9 days (Putnam et al., 2013), any initial effects of treatment occurring within 

the first 24 hours may have been masked by a general increase in symbiont density over the 

long exposure duration (e.g. Cumbo et al., 2013b). The observed patterns in larvae released 

on days Middle and Late could also be explained by metabolic depression in the animal 

component of the larvae, which has been observed in response to High-pCO2 for this Moorea 

population (Rivest and Hofmann, 2014). 

Combining the results of all three comparisons of ΔWE, both temperature and pCO2 

have effects on WE consumption in P. damicornis larvae, and these effects were mediated by 

the influence of day of release. For Peak larvae and larvae in High-T, High-pCO2 treatments, 

greater consumption and lower final densities of WE in general may translate to greater 

mortality or faster settlement rates in these groups (e.g. Harii et al., 2010). The ΔWE per 

larva roughly translates to a loss of 20-50% of their buoyancy (WE density: 0.86 g WE L-1, 

Phleger, 1998; WE buoyancy: +0.165 g buoyancy mL WE-1, Sargent, 1976), which will 

likely affect dispersal potential of Peak larvae and larvae in High-T, High-pCO2 treatments. 

Finally, while coral lipid content, especially WE and TAG, is known to decrease in response 

to thermal bleaching (Stimson, 1987; Fitt et al., 2000; Oku et al., 2003; Grottoli et al., 2004), 

our study provides preliminary evidence that symbiont performance may play an important 

role in mediating the negative effects of exposures to single or multiple stressors.  

TAG levels were less sensitive to the effects of pCO2 and T. However, because 

turnover rates of this lipid class are more rapid, it is possible that equivalent consumption 

rates represent different rates of turnover of TAG pools. Even so, larvae under HTHC may 

have had greater energy demands, consuming TAG beyond turnover in control rates, 

particularly for Peak and Middle larvae. With respect to changes in symbiont density, 
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changes in symbiont abundance had an effect on changes in TAG, perhaps more so than the 

experimental treatments. Again, High-pCO2 was energetically costly to tolerate, with Peak 

larvae consuming TAG beyond the effect of symbiont abundance. Together with the 

observed changes in WE, Peak larvae are likely utilizing both WE and TAG pools to fuel 

responses to High-pCO2 conditions while larvae released later in the spawning period 

consume less.  

TAG is important for energy metabolism of coral larvae due to its likely double role 

as storage of saturated fatty acids (energy) and as a reservoir of poly-unsaturated fatty acids, 

which are used to build structural lipids and in metabolic pathways (Napolitano et al., 1988; 

Lee et al., 2006b). In other marine invertebrate larvae, TAG is essential fuel for major 

developmental changes, including metamorphosis (Holland and Walker, 1975; Gallager et 

al., 1986; Moran and Manahan, 2003). Because P. damicornis larvae can settle within hours 

of their release, TAG may be especially important as a rapid energy source. Consequently, 

larvae at HTHC may settle more quickly as they deplete TAG most rapidly (Fig. 14) and 

contain lower densities of TAG after 24 hours (Fig. 4); under these conditions, larval 

dispersal may be limited. 

Phospholipids are important for the structural function of coral larvae as well as for 

formation of cell membranes (Lee et al., 1971, 2006b). PL content of P. damicornis larvae 

remained unchanged over 24 hours in the different temperature and pCO2 treatments. Harii et 

al. (2007) found that PL did not vary over 30 days for Acropora tenuis planulae maintained 

in culture. However, changes in symbiont abundance within larvae could cause significant 

variation in PL content; loss of Symbiodinium during the exposure would remove their 

contribution to larval holobiont PL. Once variation in symbiont density was controlled for, P. 
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damicornis larvae exhibited an increase in PL at Ambient-pCO2 vs. High-pCO2, most 

noticeable for Late larvae. Lower PL at High-pCO2 could be explained by metabolic 

suppression; if larvae lowered their metabolic rates in response to OA, physiological 

processes involved with structural changes associated with development and preparation for 

settlement would likely be slowed or stopped altogether (e.g. Michaelidis et al., 2005). 

Traits of planulae related to size and growth also changed in response to elevated 

temperature and pCO2. For larvae of species like P. damicornis that are brooded and 

lecithotrophic, or non-feeding, potential for growth during planula dispersal comes from the 

contribution of their symbionts to their energy metabolism. Although this contribution can 

satisfy their metabolic needs, TL commonly declines during dispersal (Richmond, 1987; 

Harii et al., 2002, 2010). While less is known about whether coral larval size also changes 

during dispersal, size of temperate marine invertebrate larvae usually decreases during their 

planktonic duration (Kempf and Hadfield, 1985; Emlet, 1986; Highsmith and Emlet, 1986). 

Smaller larval size at time of metamorphosis and settlement could be due to delayed 

metamorphosis or an increase in energy expenditure during dispersal; regardless of the 

reason, small larval size can have carryover effects into later stages, resulting in lower 

settlement specificity, lower post-settlement survival and growth, and older age at first 

reproduction (Knight-Jones, 1953; Sebens, 1983; Emlet, 1986; Woollacott et al., 1989; 

Miller, 1993; Stevens et al., 1999; Olive et al., 2000; Marshall et al., 2003). Therefore, larger 

larval size at time of metamorphosis and settlement may have a fitness advantage (Sinervo, 

1990; Stearns, 1992; Williams, 1994; Bernardo, 1996). Larval energy metabolism during 

dispersal may have fitness consequences through depletion in total lipid and protein that may 

ultimately affect size and mortality. 
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Because larval area did not change significantly with respect to pCO2 and T, I can 

conclude that larval size was unaffected by the treatments imposed. Larvae size (volume) 

may not be a plastic trait in Pocillopora damicornis (Harii et al., 2010). However, larvae 

remained long and skinny, even elongating, under High-T, while larvae at Ambient-T 

became shorter and more circular. The morphological change in larvae at Ambient-T may 

indicate partial metamorphosis prior to settlement, which is common in scleractinian planulae 

(Fadlallah, 1983). Metamorphosis in P. damicornis larvae at High-T may be delayed due to 

stress caused by elevated temperature and low pH (Bassim and Sammarco, 2003; Randall 

and Szmant, 2009a, 2009b; Albright et al., 2010; Albright and Langdon, 2011; Kenkel et al., 

2011a; Nakamura et al., 2011). However, absolute lengths of larvae at the end of the 

exposures were similar across all treatments and cohorts (Fig. 15). Additionally, TL 

decreased under High-T, likely a combined result of slightly greater depletion of WE, TAG, 

and PL. This depletion of energetic resources under higher metabolic rates (Rivest and 

Hofmann, 2014) and a loss of ability to acquire more energy as seen here by loss of 

symbionts may contribute to the potential relative delay in development observed. 

Furthermore, this lipid depletion may be related to the increase in TP per symbiont density at 

High-T, suggesting an up-regulation of stress response pathways in the coral animal. 

Symbiont density, a fitness trait related to potential for growth, decreased at High-T, with an 

additive effect of High-pCO2 on this bleaching depending on the day of release. These results 

contrast with a study conducted in Taiwan that showed no differences in absolute values of 

total protein or symbiont density of P. damicornis in response to temperature and pCO2 

(Cumbo et al., 2013b). In summary, temperature and pCO2 influenced different portions of 
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traits that affect the fitness of P. damicornis larvae and can act additively to reduce overall 

fitness. 

 

The role of day of larval release in energy metabolism 

Effects of Day and its interactions with other independent variables explained most of 

the variation among groups of larvae exposed to the four treatments. For changes in energy-

related lipid classes, lipid consumption declined as the spawning period progressed, such that 

Late larvae consumed the least amount of lipid and contained the most lipid at the end of 24 

hours.  These changes occurred without a large shift in the amount of structural lipids 

present. ΔTL, ΔTP, and larval size were also sensitive to Day. Patterns of ΔTP reflected 

those of larval size, with negative change in response to treatments on day Middle and a 

general increase in absolute size as the spawning period progressed. Interestingly, changes in 

symbiont density did not vary significantly by Day, indicating that the sensitivities of 

Symbiodinium to the experimental treatments may be equivalent and that differences in 

response to High-pCO2 and High-T were perhaps due to the coral animal.  

This study along with previous work supports the idea that larvae released from adult 

colonies at different times exhibit different sensitivities to elevated temperature and pCO2 

(Cumbo et al., 2013a; Rivest and Hofmann, 2014). Specifically, Late larvae showed the least 

change in energy-related lipids overall. These Late larvae can have naturally lower 

respiration rates that are depressed further under High-pCO2 conditions, with respect to Peak 

larvae (Rivest and Hofmann, 2014). The naturally lower metabolic rate of Late larvae can 

account for their miniscule consumption of energy-related lipids. Already sluggish in 

metabolism, they may be limited in the physiological response they can launch to combat the 
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hypothesized stress associated with elevated temperature and pCO2, such as repair of heat-

damaged molecules (e.g. Black et al., 1995) and increased maintenance of acid-base 

homeostasis (e.g. Deigweiher et al., 2008; Portner, 2008). However, the maternal effects 

discussed earlier may have a larger influence on the physiological traits exhibited by P. 

damicornis larvae than their response to the temperature and pH of the surrounding seawater. 

 

A sinking ship? 

 Ocean acidification and warming have great potential to affect the dispersal and 

recruitment of P. damicornis planulae, as suggested here by changes in lipid utilization and 

physiological condition under elevated pCO2 and temperature. In particular, patterns of WE 

utilization suggest that the metabolic costs of tolerating projected future ocean conditions 

will be greatest under multiple stressor scenarios. Increased rates of utilization of energy-

storage lipids may cause planulae to reach the energetic threshold for metamorphosis and 

settlement more quickly. Maintaining normal function in a future ocean may therefore result 

in shorter dispersal distances, or if suitable habitat cannot be found or competency cannot be 

achieved, individuals may terminate as planulae. Beyond larval energetics, the physiological 

responses of P. damicornis planulae to OA and warming have indirect ecological 

consequences. Depletion of WE stores to fuel metabolism also deplete larval buoyancy 

(Nevenzel, 1970; Lee et al., 1971, 2006b; Arai et al., 1993; Villinski et al., 2002). Based on 

different physiologies between cohorts of planulae, Peak-release planulae, the largest cohort 

in terms of numbers of larvae produced, will experience the greatest changes in buoyancy. 

Lower buoyancy will remove larvae more quickly from surface currents and will increase 

their chance of interaction with benthic substrate, contributing to the likelihood of shorter 



 

 147

dispersal distances. In this way, my results highlight how OA and warming may affect future 

population dynamics of a reef-building coral, through the role of lipids as sources of energy 

and buoyancy for planula dispersal. 



 

 148

Part B: The role of biogeography and environmental history in the response of coral 

larvae to OA and warming 

 

Materials and methods 

Collection of coral larvae  

Larvae were collected from adult colonies following the lunar pattern of reproduction 

of P. damicornis (Fig. 10; Fan et al. 2006). Specifically, on the new moon in February and 

three days prior to the new moon in June 2012, eight colonies of P. damicornis were 

collected from respective fringing reef sites at ~1-3 m depth. Larvae in Moorea were 

collected as described previously (this chapter, Part A, p. 102). At the National Museum of 

Marine Biology and Aquarium (NMMBA) in Taiwan, each colony was maintained in an 

aquarium with indirect natural sunlight and a slow flow of coarsely filtered seawater. 

Overnight, larvae were captured in 100 μm mesh-lined cups that received the outflow of each 

aquarium. Daily at dawn, larvae from each colony were collected, counted, and pooled. 

These counts were performed daily so that the peak in the predicted release curve of the 

colonies was identified (e.g. Cumbo et al., 2013a; Rivest and Hofmann, 2014) and that these 

“peak” larvae could be used for the experiment. In Moorea, all larvae released were used in 

the experiments, resulting in unequal genotype ratios. In Taiwan, equal numbers of larvae 

from each colony were contributed to this pool. Larvae from this pool were immediately 

photographed and preserved to quantify larval quality and lipid metrics (see below) that 

represented the condition of freshly-released larvae. The remaining larvae in the pool were 

then randomly assigned to experimental treatments. Data presented here were collected 
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before and after manipulative experiments were conducted with larvae collected on the peak 

day of release, February 28, 2012 in Moorea and June 25, 2012 in Taiwan. 

 

Experimental incubations 

In preparation for the experimental incubations, larvae were divided among 8 tanks 

containing 4 treatment combinations of pCO2 and temperature. Larvae were incubated in 2 

400 mL containers per aquarium at ~0.15-0.25 larva mL-1. These containers had 100 µm 

mesh sides and a PAR-transparent lid and were anchored in place within the aquarium to 

ensure that PAR exposure was replicated across tanks (Fig. 11). Larvae were incubated for 

24 hours under experimental conditions. Due to the time needed to photograph and preserve 

larvae post-incubation, incubations were staggered by one hour per aquarium, with the order 

randomized. At the end of each incubation, larvae within tanks were pooled, and 10 larvae 

were randomly selected for size measurements (n = 20 per treatment). The remaining larvae 

were frozen at -80°C in aliquots for downstream analyses of lipid classes (3 x 25 larvae), 

total protein content (2 x 5 larvae), and symbiont density (2 x 5 larvae). Therefore, for 

comparisons between treatments, n = 6 for lipid classes, n = 4 for total protein, and n = 4 for 

symbiont density. 

In laboratories at both sites, two pCO2 treatments were prescribed. In Moorea, 

Ambient-pCO2 was ~450 μatm CO2 and High-pCO2 was ~1000 μatm CO2; in Taiwan, 

Ambient-pCO2 was ~500 μatm CO2) and High-pCO2 was ~900 μatm CO2. The low treatment 

approximated current environmental conditions of the water mass bathing the fringing reef 

where the adult corals were collected (confirmed by environmental data). The high treatment 

represents a level of dissolved pCO2 expected by the year 2100 under a business-as-usual 
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scenario (IPCC, 2013). pCO2 levels were combined with two experimental temperatures. In 

Moorea, the ambient and high temperature treatments were 28°C and 31°C, respectively; in 

Taiwan the ambient and high temperature treatments were 27.5°C and 30.5°C, respectively. 

The control temperatures approximated the multi-year average temperature for the fringing 

reefs close to the collection sites for adult P. damicornis (Leichter, 2014; T-Y Fan, unpubl. 

data). The elevated temperatures represent an average surface ocean temperature by year 

2100 as predicted by global temperature projections (IPCC, 2013). The experimental 

temperatures differed between sites in order to mimic present-day seawater temperatures: 

Taiwan had a lower mean seawater temperature than Moorea during the experiments 

(Chapter 6). The four treatments created by this experimental set-up are defined as ambient 

temperature-ambient pCO2 (ATAC), ambient temperature-high pCO2 (ATHC), high 

temperature-ambient pCO2 (HTAC), and high temperature-high pCO2 (HTHC). 

In Moorea, larval exposures were conducted as described previously (this chapter, 

Part A, p. 104). In Taiwan, treatments were created as described in Cumbo et al. (2013a) at 

the National Museum of Marine Biology and Aquarium coral husbandry facility, with two 

aquaria for each treatment combination of pCO2 and temperature. Atmospheric air was 

bubbled directly into 50 µm-filtered seawater in experimental aquaria to generate the 

Ambient-pCO2 treatment. A controlled gas mixture of atmospheric air and CO2 was bubbled 

into aquaria to create the high-pCO2 treatment. The closed-circuit treatment aquaria 

contained 30 L of 1-μm filtered seawater, 15% of which was changed daily. Temperature 

was controlled for each tank individually using heaters (100W, Taikong Corp., Changjhih, 

Taiwan), chillers (Aquatech Ac11), and aquarium pumps (Rio 1110). Metal halide lamps 

illuminated the aquaria on a 12:12 hr light:dark cycle, providing average intensity of 
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photosynthetically active radiation of 241 ± 16 μmol photons m-2 s-1, starting at 7:00 daily. 

Light levels were measured just below the seawater surface during the experiment using a 

cosine-corrected 4π quantum sensor (LI-193; Li-Cor Inc., Lincoln, NE, USA) and a LI-250A 

meter (Li-Cor Inc., Lincoln, NE, USA). 

To verify and monitor the physical parameters of the OA x temperature treatments, 

the chemistry of the seawater in the aquaria was analyzed during the experiment. pH, 

temperature, salinity, and total alkalinity of seawater in each aquarium were measured during 

the incubations. These analyses were conducted as previously described (this chapter, Part A, 

p. 107). In Taiwan, the following equipment was used: certified digital thermometer (meter 

15-077-8, probe 15-077-7, Thermo Fisher Scientific Inc., Waltham, MA, USA), conductivity 

meter (340i, WTW GmbH, Weilheim, Germany), automatic titrator (DL50 with DG101-SC 

pH probe, Mettler Toledo, LLC., Toledo, OH, USA).  

 

Analyses of larval quality 

To assess quality of incubated larvae, size, density of Symbiodinium, and total protein 

were quantified as described previously (this chapter, Part A, p. 108). In Taiwan, larvae were 

photographed using a compound light microscope (Zeiss Axiostar Plus, Zeiss, Thornwood, 

NY, USA) fitted with a camera (Nikon CoolPix 4500 4.0 megapixel, Nikon Corp., Melville, 

NY, USA). Larval area and maximum larval length were measured. To quantify total protein, 

the Bradford assay was used (Bradford, 1976; Jaeckle and Manahan, 1989b).  

 Aliquots of 25 larvae were homogenized and extracted as previously described (this 

chapter, Part A, p. 109; Bligh and Dyer, 1959; Luo, 2008). A portion of the raw homogenate 

was analyzed for total protein content using the BCA assay (Pierce Biotechnology Inc., 
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Rockford, IL, USA; Smith et al., 1985). Total protein concentrations were used to normalize 

lipid extracts for down-stream analysis. Ketone was not used as an internal standard for the 

Taiwan analyses as it could not be obtained at that location. Total lipid values were obtained 

from lipid extracts dried under inert gas. 

 Lipid classes of wax ester (WE), triacylglycerol (TAG), and phospholipid (PL) were 

quantified using two chromatography-based techniques. For larvae sampled in Moorea, a thin 

layer chromatography-flame ionization detection (TLC-FID) analyzer was used (Iatroscan 

MK-5, Iatron Laboratories, Inc., Tokyo, Japan). Refer to Part A, p. 110 for more information. 

For larvae sampled in Taiwan, these lipid classes were separated and quantified using thin 

layer chromatography (TLC) on silica gel plates. Lipid extracts were normalized to protein 

content of the original homogenate through resuspension in chloroform:methanol (2:1, v/v). 

Lipid extracts were applied at the origin of a TLC silica gel plate (60G, F254, Merck KGaA, 

Germany) in the volume corresponding to 20 μg total protein (3 technical replicates per 

extract). A standard curve was spotted on four lanes on each plate: 5-60 μg wax ester 

(palmityl palmitate, Sigma Aldrich), 5-35 μg triacylglycerol (mixture MDT12-1KT, Sigma-

Aldrich Corp., St. Louis, MO, USA). Once dry, the plates were developed halfway in 

chloroform:ethanol:water:triethylamine (35:35:7:35, v/v). After a 10-minute drying period, 

the plates were then developed fully in hexane. After a 10-minute drying period, the plates 

were developed fully in hexane:diethyl ether: acetic acid (70:30:1). Dried plates were stained 

for 2 hours in a solution of 20% methanol containing 0.03% Coumassie Blue and 0.5% acetic 

acid. After destaining overnight in 20% methanol, the plates were dried and then 

photographed using a document scanner.  Densitometry was performed using ImageJ 
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(Rasband, 1997) to calculate the standard curve and the quantities of lipid classes in 

experimental samples. 

 Phospholipids (PL) were quantified from extracts using a spectrophotometric assay 

for phosphorus determination (modified from Rouser et al., 1970). Lipid extracts (in 

chloroform) from homogenate volume equivalent to 50 μg total protein were placed in test 

tubes (n = 3 per extract), and the solvent was completely evaporated under Argon gas at 

37°C. A standard curve was generated using 1 mM KH2PO4 in water; 0- 50 nmol were used. 

To all tubes, 140 μL 70% perchloric acid, which were then covered and heated at 180°C for 1 

hour. In order, water (500 μL), 1.25% ammonium molybdate (200 μL) and 10% ascorbic 

acid (100 μL) were added, and tubes were mixed. All tubes were heated for 5 minutes at 

100°C while covered. The released inorganic phosphate reacted with the ammonium 

molybdate to generate a blue color. Tube contents were pipetted in triplicate into a 96-well 

plate; absorbance was measured at 820 nm using a Synergy H4 (BioTek Instruments Inc., 

Winooski, VT, USA) plate reader. The standard curve was used to calculate the amount of 

phosphorus in each sample (nmol), which is equivalent to the amount of phospholipid 

(nmol). For comparisons to larval phospholipid quantities measured in Moorea, nmoles of 

phospholipid was converted to μg using the molar mass of L-α-phosphatidylcholine, the 

standard used for Taiwan samples. 

 

Statistical analyses of biological data 

All data were analyzed using R version 3.0.1 (R Core Team 2013). Statistical 

assumptions of normality and homogeneity of variance were met based on Q-Q plots and 

Levene’s test, sometimes following a natural log or inverse transformation of the response 
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variable. Effects on physical conditions were estimated using linear mixed-effect models as 

described previously (this chapter, Part A, p. 111; nlme package in R; Pinheiro and Bates, 

2000). To compare physical conditions between treatments, pCO2 and temperature treatments 

were fixed factors, and tank was a random factor. For initial conditions of larvae, absolute 

values of lipid and quality metrics were analyzed for effect of Site using a one-way ANOVA. 

To describe how lipid levels and traits of physiological condition changed over 24 hours, 

mean pre-incubation levels were subtracted from post-incubation levels, henceforth referred 

to as ∆, “delta”. Therefore, a negative ∆WE per larva represents a net consumption of WE 

per larva during the 24-hr incubation. ∆WE, ∆TAG, and ∆PL quantities were standardized by 

larva, by total protein, and by symbiont density. Linear mixed-effect models (nlme package 

in R; Pinheiro and Bates, 2000) were used to estimate effects on standardized response 

variables, with pCO2, temperature, and site as fixed factors and aquarium (“tank”) as a 

random factor. Model selection was performed as previously described (this chapter, Part A, 

p. 108), following (Burnham and Anderson, 2002). To determine which factors in models 

were significant, a type III sum of squares was conducted on selected models fit using 

maximum likelihood (Zuur et al., 2009; Crawley, 2013). Post-hoc analyses were performed 

as described previously (this chapter, Part A, p. 111; Hothorn et al., 2008).  

 

Environmental data collection 

pH and temperature time series were generated on fringing reefs in Moorea, French 

Polynesia and in Taiwan, within 33 m from the collecting locations of adult P. damicornis 

parents. Refer to Chapter 6 for more details.  
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Results 

Condition of P. damicornis larvae immediately after release 

 To assess variation in maternal endowment of P. damicornis larvae, I measured traits 

of newly-released individuals and tested whether they differed based on the site of the 

population – Moorea or Taiwan. Lipid composition was assessed as the content of energy-

storage (WE and TAG) and structural (PL) lipids. General traits of TL, TP, symbiont density, 

larval area, and larval length were also measured. Overall, initial condition of larvae differed 

between biogeographic locations. 

 Larvae in Moorea contained on average 32.00 μg total lipid per larva-1, composed of 

58% WE, 11% TAG, and 17% PL. The total protein fraction of these larvae was less, a mean 

of 11.65 μg larva-1. Larvae in Taiwan contained on average 20.47 μg total lipid per larva-1, 

composed of 39% WE, 18% TAG, and 6% PL. The total protein fraction of these larvae was 

larger than that of total lipid, a mean of 22.37 μg larva-1. Average Symbiodinium density was 

7850 cells larva-1 in Moorea and 9008 cells larva-1 in Taiwan. 

 Initial WE per larva varied significantly with Site when normalized to number of 

larvae and to symbiont density, but not when normalized to total protein (Table 22). Larvae 

in Moorea contained significantly greater initial larval WE levels than in Taiwan (Tukey’s 

HSD, Table 23; Fig. 17). Regardless of the normalization procedure, initial TAG varied 

significantly by Site (Table 22). Larvae in Moorea had significantly less TAG per larva, per 

total protein, and per symbiont density than those in Taiwan (Tukey’s HSD, Table 23; Fig. 

17). Larval PL was significantly affected by Site across all types of normalization (Table 22). 

Consistently, PL per larva was significantly greater in Moorea than in Taiwan (Tukey’s 

HSD, Table 23; Fig. 17).   
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Table 22. Analysis of newly-released P. damicornis larvae among sites, standardized per 
larva (μg larva-1), per protein (μg μg total protein-1), and per symbiont density (μg cell-

1), unless otherwise noted. Comparisons were made using a one-way ANOVA, with 
biogeographic site (Site) as a fixed effect. Test statistic F, degrees of freedom (df) and p-
values (p) are reported.  

 
 

Response variable F df p 
WE per larva 68.651 1, 4 0.001 
WE per total protein 3.266 1, 4 0.145 
WE per symbiont density 131.13 1, 4 <0.001 
TAG per larva 22.115 1, 4 0.009 
TAG per protein 41.383 1, 4 0.003 
TAG per symbiont density 9.021 1, 4 0.040 
PL per larva 73.749 1, 4 0.001 
PL per protein 15.434 1, 4 0.017 
PL per symbiont density 104.114 1, 4 0.001 
TL per larva 22.250 1, 4 0.009 
TL per protein 173.760 1, 4 <0.001 
TL per symbiont density 41.206 1, 4 0.003 
TP per larva 3.518 1, 2 0.202 
TP per symbiont density 1.602 1, 2 0.333 
Symbiont density (cells larva-1) 0.040 1, 2 0.861 
Larval area (μm2) 18.492 1, 18 <0.001 
Larval length (μm) 33.836 1, 18 <0.001 
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Table 23. Post-hoc analyses (Tukey’s HSD) for significant differences in lipid content 
and physiological conditions of newly-released P. damicornis larvae among sites. Test 
statistic z and p-values (p) are reported for each comparison. 

 
 

Biological response Significant 
effect 

z p Summary 
description 

Initial WE per larva Site 6.430 0.003 Moorea > Taiwan 

Initial WE per symbiont density Site 11.450 <0.001 Moorea > Taiwan 

Initial TAG per larva Site 4.703 0.009 Moorea < Taiwan 

Initial TAG per protein Site 6.430 0.003 Moorea < Taiwan 

Initial TAG per symbiont density Site 3.004 0.040 Moorea < Taiwan 

Initial PL per larva Site 8.588 0.001 Moorea > Taiwan 

Initial PL per protein Site 3.929 0.017 Moorea > Taiwan 

Initial PL per symbiont density Site 10.200 0.001 Moorea > Taiwan 

Initial TL per larva Site 4.717 0.009 Moorea > Taiwan 

Initial TL per protein Site 13.180 <0.001 Moorea > Taiwan 

Initial TL per symbiont density Site 6.419 0.003 Moorea > Taiwan 

Initial larval area Site 4.300 <0.001 Moorea < Taiwan 

Initial larval length Site 5.817 <0.001 Moorea < Taiwan 
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Figure 17. Traits describing the status of newly-released P. damicornis larvae in two 
locations. Mean ± SE (n = 3) quantities of biochemical composition (left) and size (right) of 
larvae released in Moorea, French Polynesia and in Taiwan. Traits are standardized per larva 
(µg lava-1), per protein (µg µg total protein-1), and per symbiont density ([µg symbiont cell-

1]x10-3) unless otherwise noted. Means with the same lowercase letter are not significant 
different (p > 0.05). Refer to Tables 22 and 23 for statistical details.     
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Regardless of standardization method, initial levels of total lipid varied significantly 

by Site (Table 22); levels in Moorea were greater than those in Taiwan (Tukey’s HSD, Table 

2; Fig. 17). Neither total protein nor symbiont density differed by Site (Table 22). Larval area 

and length varied significantly by Site (Table 13), with larger larvae released in Taiwan 

(Tukey’s HSD, Table 23; Fig. 17).   

 

Responses of lipid composition and quality of larvae to pCO2 and temperature 

 At two sites and on several days during the monthly larval release, I measured the 

effects of OA and warming on lipid composition and quality of P. damicornis larvae, 

following a 24-hour exposure to treatment conditions. Because initial biological metrics of 

larvae often differed by day of release and site, I compared the change in these metrics over 

the first 24 hours of larval duration between pCO2 exposures, temperature exposures, day of 

release and site. 

In order to assess the response of coral larvae to different levels of temperature and 

pCO2, larvae were incubated under laboratory conditions where temperature and seawater 

chemistry were controlled (Table 12). Temperature varied significantly by T but not within 

each temperature level (Table 13). Salinity and total alkalinity did not vary significantly by 

pCO2 or T treatment (Table 13). pH and pCO2 both varied significantly by pCO2 treatment 

(Table 13). 

 Post-incubation levels of wax ester (WE) varied significantly by Site when 

normalized per larva and per protein (Table 24). Larvae from Taiwan contained more WE 

post incubation than larvae in Moorea (Tukey’s HSD, Table 25; Fig. 18). WE per symbiont 

density varied significantly by TxSite and Site (Table 24). In Taiwan, larvae contained more  
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Table 24. Analysis of absolute abundance of lipid classes (wax ester WE, triacylglycerol 
TAG, phospholipid PL) in P. damicornis larvae following a 24-hour exposure to 
seawater of controlled temperature and pCO2. Lipid content was compared among 
treatments and days of release, standardized to per larva (μg larva-1), per larval protein 
content (μg μg total protein-1), and per symbiont density (μg cell-1). Comparisons were made 
using type III sum of squares with pCO2, temperature (T), and biogeographic location (Site) 
as fixed effects. The final reduced model is shown, with test statistic Χ2, degrees of freedom 
(df) and p-values (p) reported. Interaction terms were removed from the model if the AIC 
value did not increase by 2 or more and if there was not a significant difference in the model 
log likelihood ratio; removed terms are not shown here. 

 
 

 Per larva Per protein Per symbiont density 
WE        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 2.930 1 0.087 3.290 1 0.070 0.192 1 0.661 
T 0.947 1 0.330 0.133 1 0.715 2.773 1 0.096 
Site 5.258 1 <0.001 8.685 1 <0.001 17.696 1 <0.001 
pCO2xT        
pCO2xSite        
TxSite     18.987 1 <0.001 
pCO2xTxSite        
TAG        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.938 1 0.334 0.234 1 0.629 10.799 1 0.001 
T 0.009 1 0.926 0.236 1 0.627 11.398 1 0.001 
Site 277.742 1 <0.001 114.753 1 <0.001 180.244 1 <0.001 
pCO2xT 6.710 1 0.010   7.283 1 0.007 
pCO2xSite        
TxSite   8.333 1 0.004 24.106 1 <0.001 
pCO2xTxSite        
PL        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.094 1 0.759 0.2337 1 0.629 1.431 1 0.232 
T 0.072 1 0.789 0.2362 1 0.627 2.095 1 0.148 
Site 61.172 1 <0.001 114.7527 1 <0.001 17.264 1 <0.001 
pCO2xT        
pCO2xSite        
TxSite   8.333 1 0.004 3.906 1 0.048 
pCO2xTxSite        
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Table 25. Post-hoc analyses for significant effects of treatment and site on absolute 
abundance of lipid classes (wax ester WE, triacylglycerol TAG, phospholipid PL) in P. 
damicornis larvae, standardized to per larva (μg larva-1), per larval protein content (μg 
μg total protein-1), and per symbiont density (μg cell-1). Post-hoc tests were either Tukey’s 
HSD or general linear hypothesis tests with Bonferroni corrections for multiple comparisons 
(GLHT). Test statistic z and p-values (p) are reported for each comparison. 
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Figure 18. Lipid composition of P. damicornis larvae following 24-hour exposures to 
combinations of pCO2 and temperature. Mean ± SE (n = 6) changes in abundance of wax 
ester (WE), triacylglycerol (TAG) and phospholipid (PL) classes for larvae released in 
Moorea, French Polynesia and Taiwan. Lipid quantities are standardized per larva (µg lava-

1), per protein (µg µg total protein-1), and per symbiont density ([µg symbiont cell-1]x10-3). 
Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-pCO2 
(HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). Refer to Tables 24 
and 25 for statistical details. 
 
 

 



 

 163

WE at Ambient-T than at High-T, but this difference was not significant in Moorea (GLHT, 

Table 25; Fig. 18). 

Per larva, ∆WE ranged from -11.468 μg larva-1 (MCR HTHC; 62% depletion of 

initial levels) to +17.640 μg larva-1 (TWN ATAC; >100% increase from initial levels). When 

normalized by number of larva and by protein content, ∆WE varied significantly only by Site 

(Table 26). Larvae consumed more WE in Moorea than in Taiwan (Tukey’s HSD, Table 27; 

Fig. 19). When WE content was standardized by symbiont abundance, effects of TxSite and 

Site were significant (Table 26). Post-hoc analyses revealed significant differences between 

temperature levels in Taiwan (GLHT, Table 27; Fig. 19) but not in Moorea (GLHT, Table 

27; Fig. 19). In Taiwan, WE levels increased more with respect to symbiont density at 

Ambient-T than at High-T.  

 Triacylglycerol (TAG) content of larvae was quantified to inform how this easily-

used source of energy is consumed under conditions of elevated pCO2 and temperature.  

pCO2xT and Site significantly affected post-incubation levels of TAG per larva (Table 24). 

At High-T, larvae contained more TAG at Ambient-pCO2 vs. High-pCO2 (GLHT, Table 25; 

Fig. 18). Larvae also contained more TAG in Taiwan than in Moorea (GLHT, Table 25; Fig. 

18). When normalized to protein content, TAG varied by TxSite and Site (Table 24). In 

Taiwan, larvae had greater TAG content at Ambient-T than at High-T (GLHT, Table 25; Fig. 

18). For TAG per symbiont density, significant effects included pCO2xT and TxSite (Table 

24). At Ambient-T, larvae contained more TAG at High-pCO2 than at Ambient-pCO2 

(GLHT, Table 25; Fig. 18). In Moorea, larvae contained more TAG at High-T than at 

Ambient-T (GLHT, Table 25; Fig. 18). 
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Table 26. Analysis of changes in abundance of lipid classes (wax ester WE, 
triacylglycerol TAG, phospholipid PL) in P. damicornis larvae among treatments and 
sites, standardized to per larva (μg larva-1), per larval protein content (μg μg total 
protein-1), and per symbiont density (μg cell-1). Comparisons were made using type III sum 
of squares with pCO2, temperature (T), and biogeographic location (Site) as fixed effects. 
The final reduced model is shown, with test statistic Χ2, degrees of freedom (df) and p-values 
(p) reported. Interaction terms were removed from the model if the AIC value did not 
increase by 2 or more and if there was not a significant difference in the model log likelihood 
ratio; removed terms are not shown here. 

 
 
 Per larva Per protein Per symbiont density 

ΔWE       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 2.930 1 0.087 2.830 1 0.093 0.192 1 0.661 
T 0.947 1 0.330 0.015 1 0.902 2.773 1 0.096 
Site 53.857 1 <0.001 13.124 1 <0.001 66.332 1 <0.001 
pCO2xT        
pCO2xSite       
TxSite     18.987 1 <0.001 
pCO2xTxSite        
ΔTAG        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 0.136 1 0.712 0.692 1 0.406 3.469 1 0.063 
T 0.946 1 0.331 9.4075 1 0.002 0.915 1 0.339 
Site 2.113 1 0.146 34.547 1 <0.001 4.069 1 0.044 
pCO2xT 2.048 1 0.152     
pCO2xSite 0.128 1 0.720   3.904 1 0.048 
TxSite 0.007 1 0.933     
pCO2xTxSite 3.792 1 0.052     
ΔPL       
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 1.179 1 0.278 0.008 1 0.927 0.001 1 0.972 
T 0.798 1 0.372 1.378 1 0.241 2.273 1 0.132 
Site 1.282 1 0.258 0.695 1 0.405 0.042 1 0.838 
pCO2xT       
pCO2xSite       
TxSite       
pCO2xTxSite       
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Table 27. Post-hoc analyses for significant effects of changes in abundance of lipid 
classes (wax ester WE, triacylglycerol TAG, phospholipid PL) in P. damicornis larvae 
among treatments and sites, standardized to per larva (μg larva-1), per larval protein 
content (μg μg total protein-1), and per symbiont density (μg cell-1). Post-hoc tests were 
either Tukey’s HSD or general linear hypothesis tests with Bonferroni corrections for 
multiple comparisons (GLHT).  For Tukey’s HSD tests, t-statistics are reported; for GLHT, 
z-statistics are reported. Test statistic z and p-values (p) are reported for each comparison. 
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Figure 19. Changes in lipid composition of P. damicornis larvae over 24-hour exposures 
to combinations of pCO2 and temperature. Mean ± SE (n = 6) changes in abundance of 
wax ester (WE), triacylglycerol (TAG) and phospholipid (PL) classes for larvae released in 
Moorea, French Polynesia and Taiwan. Negative Δ values indicate net consumption over the 
experimental exposure. Positive Δ values indicate net production over 24 hours. Lipid 
quantities are standardized per larva (µg lava-1), per protein (µg µg total protein-1), and per 
symbiont density ([µg symbiont cell-1]x10-3). Experimental treatments: Ambient-T, Ambient-
pCO2 (ATAC), High-T, Ambient-pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, 
High-pCO2 (HTHC). Refer to Tables 26 and 27 for statistical details. 
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∆TAG per larvae varied between -2.383 μg larva-1 (TWN HTHC; 42% depletion of 

initial levels) and +7.574 μg larva-1 (TWN ATHC; >100% increase from initial levels); the 

effect of pCO2xTxSite was significant (Table 26), but post-hoc comparisons of ∆TAG 

between groups were not significantly different (GLHT, Table 27). Protein-standardized 

∆TAG levels differed significantly by T and Site (Table 26). ∆TAG was more positive at 

Ambient-T vs. High-T (Tukey’s HSD, Table 27; Fig. 19). Larvae consumed TAG more in 

Moorea than in Taiwan (Tukey’s HSD, Table 27; Fig. 19). Significant effects included 

pCO2xSite and Site for ∆TAG per larval symbiont abundance (Table 26), though post-hoc 

analyses did not reveal any significant differences between pCO2 levels at each site (GLHT, 

Table 27; Fig. 19).   

 Phospholipids (PL) in larvae were quantified as a proxy for holobiont cell number 

because of their structural role within cell membranes. Following the 24-hour exposures, PL 

per larva and per protein varied significantly by Site (Table 24), with more PL in larvae from 

Moorea than from Taiwan (Tukey’s HSD, Table 25; Fig. 18). When normalized to symbiont 

density, PL levels varied significantly by TxSite and Site (Table 24), but post-hoc analyses 

did not reveal significant differences (GLHT, Table 25; Fig. 18). ∆PL per larva ranged from  

-4.004 μg larva-1 (MCR HTAC; 75% depletion) to +2.990 μg larva-1 (MCR HTAC; 56% 

increase). Regardless of the normalization procedure, ∆PL did not differ significantly by any 

effect tested (Table 26).  

 Changes in larval quality in response to different pCO2 and temperature levels were 

measured in the form of total lipid (TL), total protein (TP), and symbiont density. Following  
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the 24-hour incubations, TL varied significantly by effects including pCO2xT and Site (Table 

28). At Ambient-T, larvae contained more TL at High-pCO2 than at Ambient-pCO2 (GLHT, 

Table 29; Fig. 20). Larvae in Moorea had higher TL content than larvae in Taiwan (GLHT, 

Table 29; Fig. 20). When normalized to protein content, TL varied by TxSite, T, and Site 

(Table 28). Larvae contained more TL at Ambient-T in Moorea, but not in Taiwan (GLHT, 

Table 29; Fig. 20). Significant effects on TL per symbiont density included pCO2xT and Site 

(Table 28). TL content was greater at ATAC than at ATHC (GLHT, Table 29; Fig. 20). 

Larvae in Moorea contained more TL per symbiont density than larvae in Taiwan (GLHT, 

Table 29; Fig. 20). 

Per larva, ∆TL varied between -18.222 μg larva-1 (MCR HTAC; 57% depletion) and 

+21.653 μg larva-1 (MCR ATHC; 68% increase); pCO2xT and pCO2 were significant effects 

(Table 30). ∆TL per larva increased with pCO2 significantly at ambient temperature (GLHT, 

Table 31; Fig. 21) but did not change at High-T (GLHT, Table 31; Fig. 21). Effects of TxSite 

and Site caused significant changes in ∆TL when standardized by total protein (Table 30). 

Protein-specific ∆PL was significantly greater for larvae from Moorea when exposed to 

High-T vs. Ambient-T (GLHT, Table 31; Fig. 21); however, this difference was not 

significant for larvae from Taiwan (GLHT, Table 31; Fig. 21). When standardized to larval 

symbiont density, ∆TL varied significantly by effects including pCO2xT and Site. At 

Ambient-T, ∆TL normalized to symbiont density was significantly greater at High-pCO2 than 

at Ambient-pCO2 (GLHT, Table 31; Fig. 21); at High-T, the difference was not significant 

(GLHT, Table 31; Fig. 21). ∆TL per symbiont density was significantly greater for larva 

from Moorea than Taiwan (GLHT, Table 31; Fig. 21). 

Post-incubation TP per larva varied by Site (Table 28), with more TP present in 
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Table 28. Analysis of absolute values of indices of physiological condition in P. 
damicornis larvae following a 24-hour exposure to seawater of controlled temperature 
and pCO2. Physiological condition was compared among treatments and sites, standardized 
to per larva (μg larva-1), per larval protein content (μg μg total protein-1), and per symbiont 
density (μg cell-1), unless otherwise noted. Indices include total lipid (TL), total protein (TP), 
symbiont density, and larval size. Comparisons were made using type III sum of squares with 
pCO2, temperature (T), and biogeographic site (Site) as fixed effects. The final reduced 
model is shown, with test statistic Χ2, degrees of freedom (df) and p-values (p) reported. 
Interaction terms were removed from the model if the AIC value did not increase by 2 or 
more and if there was not a significant difference in the model log likelihood ratio; removed 
terms are not shown here. 

 
 

 Per larva Per protein Per symbiont density 
TL        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 12.374 1 <0.001 0.7031 1 0.402 22.636 1 <0.001
T 0.005 1 0.945 10.793 1 0.001 0.022 1 0.882 
Site 14.547 1 <0.001 45.958 1 <0.001 11.381 1 0.001 
pCO2xT 9.644 1 0.002   10.503 1 0.001 
pCO2xSite        
TxSite    4.187 1 0.041   
pCO2xTxSite        
TP        
Effect Χ2 df p   Χ2 df p 
pCO2 <0.001 1 0.999   6.353 1 0.012 
T 0.504 1 0.478   1.817 1 0.178 
Site 50.554 1 <0.001   55.133 1 <0.001
pCO2xT        
pCO2xSite        
TxSite      18.430 1 <0.001
pCO2xTxSite        

 Symbiont per larva 
(μg cell-1) 

Larval area 
(mm2) 

Larval length 
(mm) 

Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 4.730 1 0.030 1.944 1 0.163 5.645 1 0.018 
T 1.585 1 0.208 2.305 1 0.129 3.981 1 0.046 
Site 1.140 1 0.286 47.491 1 <0.001 87.055 1 <0.001
pCO2xT         
pCO2xSite         
TxSite 7.188 1 0.007      
pCO2xTxSite         
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Table 29. Post-hoc analyses for significant effects of treatment and site on absolute 
values of indices of physiological condition in P. damicornis larvae. Values were 
standardized to per larva (μg larva-1), per larval protein content (μg μg total protein-1), and 
per symbiont density (μg cell-1). Indices include total lipid (TL), total protein (TP), symbiont 
density, and larval size. Post-hoc tests were either Tukey’s HSD or general linear hypothesis 
tests with Bonferroni corrections for multiple comparisons (GLHT). Test statistic z and p-
values (p) are reported for each comparison.   
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Figure 20. Larval quality traits for P. damicornis larvae following 24-hour exposures to 
pCO2 and temperature. Mean ± SE (n = 6) changes in larval composition and size for 
larvae released in Moorea, French Polynesia and Taiwan. Quality traits are standardized per 
larva (µg lava-1), per protein (µg µg total protein-1), and per symbiont density ([µg symbiont 
cell-1]x10-3) unless otherwise noted. Experimental treatments: Ambient-T, Ambient-pCO2 
(ATAC), High-T, Ambient-pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-
pCO2 (HTHC). Refer to Tables 28 and 29 for statistical details. 
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Table 30. Analysis of changes in indices of physiological condition in P. damicornis 
larvae among treatments and sites, standardized to per larva (μg larva-1), per larval 
protein content (μg μg total protein-1), and per symbiont density (μg cell-1), unless 
otherwise noted. Indices include total lipid (TL), total protein (TP), symbiont density, larval 
size. Comparisons were made using type III sum of squares with pCO2, temperature (T), and 
biogeographic site (Site) as fixed effects. The final reduced model is shown, with test statistic 
Χ2, degrees of freedom (df) and p-values (p) reported. Interaction terms were removed from 
the model if the AIC value did not increase by 2 or more and if there was not a significant 
difference in the model log likelihood ratio; removed terms are not shown here. 

 
 

 Per larva Per protein Per symbiont density
ΔTL        
Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 12.374 1 <0.001 0.703 1 0.402 12.374 1 <0.001
T 0.005 1 0.945 10.795 1 0.001 0.005 1 0.945 
Site 3.036 1 0.081 0.432 1 0.511 10.647 1 0.001 
pCO2xT 9.644 1 0.002   9.644 1 0.002 
pCO2xSite        
TxSite    4.188 1 0.041   
pCO2xTxSite        
ΔTP        
Effect Χ2 df p   Χ2 df p 
pCO2 0.011 1 0.917   1.171 1 0.279 
T 0.433 1 0.511   0.020 1 0.888 
Site 1.951 1 0.162   2.976 1 0.085 
pCO2xT        
pCO2xSite        
TxSite        
pCO2xTxSite        

 Δ Symbiont per 
larva (μg cell-1) 

Δ Larval area 
(mm2) 

Δ Larval length 
(mm) 

Effect Χ2 df p Χ2 df p Χ2 df p 
pCO2 1.171 1 0.279 1.693 1 0.193 4.114 1 0.043 
T 0.020 1 0.888 2.013 1 0.156 0.888 1 0.346 
Site 2.976 1 0.085 20.136 1 <0.001 4.298 1 0.038 
pCO2xT        
pCO2xSite        
TxSite        
pCO2xTxSite        
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Table 31. Post-hoc analyses for significant effects of changes in indices of physiological 
condition in P. damicornis larvae among treatments and sites, standardized to per 
larva (μg larva-1), per larval protein content (μg μg total protein-1), and per symbiont 
density (μg cell-1). Indices include total lipid (TL), total protein (TP), symbiont density, and 
larval size. Post-hoc tests were either Tukey’s HSD or general linear hypothesis tests with 
Bonferroni corrections for multiple comparisons (GLHT). Test statistic z and p-values (p) 
are reported for each comparison. 
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Figure 21. Changes in larval quality traits for P. damicornis larvae following 24-hour 
exposures to pCO2 and temperature. Mean ± SE (n = 6) changes in larval composition 
and size for larvae released in Moorea, French Polynesia and Taiwan. Negative Δ values 
indicate net consumption over the experimental exposure. Positive Δ values indicate net 
production over 24 hours. Quality traits are standardized per larva (µg lava-1), per protein 
(µg µg total protein-1), and per symbiont density ([µg symbiont cell-1]x10-3) unless otherwise 
noted. Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-
pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). Refer to 
Tables 30 and 31 for statistical details. 
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larvae from Taiwan than from Moorea (Tukey’s HSD, Table 29; Fig. 20). Significant effects 

for TP per symbiont density included TxSite and pCO2 (Table 28). In Taiwan, larvae 

contained more TP at Ambient-T than at High-T, but this difference was not significant in 

Moorea (GLHT, Table 29; Fig. 20). Symbiont density varied significantly by TxSite and 

pCO2 (Table 28), but post-hoc analyses did not reveal any significant differences (GLHT, 

Table 29; Fig. 20). Larval area was significantly affected by Site (Table 28), with larger 

larvae in Taiwan (Tukey’s HSD, Table 29; Fig. 20). pCO2, T, and Site significantly affected 

larval length (Table 28). Longer larvae were found at High-pCO2, at Ambient-T, and in 

Taiwan, respectively (Tukey’s HSD, Table 29; Fig. 20). 

∆TP per larva ranged from -7.425 μg larva-1 (TWN HTHC; 56% depletion) to 

+7.529 μg larva-1 (TWN ATAC; 34% increase). When normalized to number of larvae and 

to symbiont density, total protein content of larvae did not vary significantly by pCO2, Temp 

or Site (Table 30). Per larva, changes in symbiont abundance ranged from -6614.05 cells 

larva-1 (TWN ATAC; 73% decrease) to +8558.33 cells larva-1 (TWN HTAC; 95% increase). 

However, symbiont density did not vary significantly by any of the effects tested (Table 30). 

Changes in larval area varied between 69% growth (TWN ATAC) and 64% decrease (TWN 

HTAC). Only the effect of Site explained a significant amount of variation in this parameter 

(Table 30), with significantly more growth in larval area in Taiwan than in Moorea (Tukey’s 

HSD, Table 31; Fig. 21). Changes in larval length ranged from -863.92 μm (TWN ATAC) 

to +784.81 μm (MCR ATHC); significant effects included pCO2 and Site (Table 30). Larvae 

became significantly shorter in length in Taiwan vs. Moorea (Tukey’s HSD, Table 31; Fig. 

21) and at Ambient-pCO2 vs. High-pCO2 (Tukey’s HSD, Table 31; Fig. 21). 
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Discussion 

This study enhances the ability to predict the effects of OA and warming on the 

successful dispersal and recruitment of P. damicornis larvae by comparing populations 

across the species’ biogeographic range. To assess the physiological responses of P. 

damicornis larvae to these co-occurring environmental stressors, I conducted laboratory 

experiments and measured lipid utilization and physiological condition of larvae. This 

comparison between coral populations in Moorea and Taiwan along with data on recent 

environmental history provides insight as to which of the populations is closer to its 

tolerance limits, tested using the physiological responses described here, and the role that 

environmental variability of pH and temperature may play in defining those limits. 

 

Variation in maternal investment of P. damicornis larvae 

Measurements of biochemical and biological traits of newly-released P. damicornis 

larvae provide critical contextual information about the physiological condition of freshly-

released larvae and help us draw a link between maternal endowment and larval 

performance. In general, newly-released larvae differed in their biochemical composition, 

but not symbiont density, based on their site of origin. P. damicornis larvae in Moorea 

received more TL, WE, and PL; these lipid-rich individuals may have greater dispersal 

potential than their counterparts in Taiwan, as WE plays a large role in the energy storage 

and buoyancy of coral larvae (Nevenzel, 1970; Lee et al., 1971, 2006b; Arai et al., 1993; 

Villinski et al., 2002). This greater dispersal potential may account for genetic similarity 

between populations of P. damicornis around the island of Moorea, but these larvae likely 

do not successfully recruit to other islands in French Polynesia (Adjeroud et al., 2013). 
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Elsewhere, brooded P. damicornis larvae also commonly disperse several kilometers away 

from the natal reef, though local retention is observed (Torda et al., 2013). Additionally, the 

concentration of energy in long-term storage (WE) vs. short-term storage (TAG) indicates 

that in order to mount a physiological response to environmental changes, such as OA, the 

larvae will likely need to mobilize part of their WE pool, sacrificing their buoyancy in the 

process. Larvae from corals of the Taiwan population contained more TAG and TP upon 

release. Maternal investment may prime these larvae for more immediate response to rapidly 

changing environmental conditions (see Chapter 6, Figs. 25, 27), but with fewer long-term 

lipid stores, their dispersal distance may be diminished. With equal symbiont densities upon 

release, larvae of the two populations had similar potential to produce new energy, in the 

form of fixed carbon, assuming they contained the same clade of Symbiodinium with similar 

photophysiology. Additionally, the clades of Symbiodinium may have differed between sites, 

likely appropriate for the local environmental conditions of each location. In southern 

Taiwan, Chen et al. (2004) found that P. damicornis harbors clades C1 and C2 that are 

typically more thermally sensitive. In Moorea, the predominant hosted clade is D (Putnam et 

al., 2012), which is considered the most stress-tolerant clade (e.g. Stat and Gates, 2011), but 

P. damicornis in Moorea can also host clades A and C. 

Larval size correlated with TP, not TL or PL, and was greater in larvae from Taiwan. 

In a study from a single population in Japan, large P. damicornis larvae can survive for a 

longer period of time in the plankton than small larvae (Isomura and Nishihira, 2001) and 

can therefore potentially disperse farther; however the authors did not examine whether 

planula size was correlated with lipid or protein content. A longer dispersal period may 

allow planulae to discover preferred or novel habitats for settlement, but at the cost of 
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extended predation risk and removal from the favorable parental habitat (Strathmann, 1974; 

Morgan, 1995; Pechenik, 1999; Marshall and Keough, 2003). In my study, while larvae 

from Taiwan may be larger in size, they may have a shorter dispersal distance due to smaller 

stores of long-term energy biomolecules (WE). 

 

Responses of larval lipid consumption and physiological condition to changes in pCO2 and 

temperature 

Brooded planulae, like P. damicornis, rely on parentally-derived lipids as well as 

translocated carbon from their endosymbionts to fuel their dispersal. Changes in lipid 

content of planulae therefore represent the balance between demands of holobiont 

metabolism and the carbon translocation by the Symbiodinium. When lipid utilization was 

quantified in P. damicornis planulae over 24 hours under experimental conditions, a range 

of responses across treatments and biogeographic sites was observed. In some cases, 

planulae depleted up to half of their energy-storage lipids while other planulae more than 

doubled their deposits of these lipids. Based on my measurements of aerobic metabolism of 

P. damicornis larvae from Moorea in Chapter 2, Peak larvae consumed ~0.08-0.13 nmol O2 

larva-1 min-1. Assuming constant rates of respiration over a 24-hour period and similar 

values for larvae from Taiwan, larvae would need to consume 1.33-2.16 µg WE over the 24-

hour incubation (Davies, 1991). Larvae in this study consumed ≤ 1 µg WE per symbiont 

density, but photosynthetic activities and consumption of TAG may have accounted for the 

remaining energy burned during respiration. The net production of WE and TAG during 

experimental exposures was likely due to the photosynthetic activities of their 

Symbiodinium. Given the ecological significance that energy-storage lipids play in the 
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successful dispersal of these lecithotrophic larvae (Richmond, 1987; Arai et al., 1993; Harii 

et al., 2002, 2007; Wellington and Fitt, 2003; Alamaru et al., 2009), the point when larvae 

stop accumulating lipid and start depleting lipid stores may be a useful indicator of stressful 

environmental conditions. 

Wax esters (WE) are particularly important for larval dispersal, as they confer 

buoyancy to planulae (Nevenzel, 1970; Lee et al., 1971, 2006b; Arai et al., 1993; Villinski et 

al., 2002). Because the larvae rely on cilia for swimming, their buoyancy may play an 

important role in where they can easily remain in the water column. Positive buoyancy will 

keep them closer to the surface where higher irradiance and stronger currents usually occur. 

A longer dispersal distance would be possible in this case if the currents transport planulae 

to more distant reefs. Less buoyancy may bring planulae closer to the reef, closer to 

predators and closer to settlement cues. Surviving larvae may recruit to the benthos more 

quickly. For Peak planulae used in this study, pCO2 and temperature often did not have a 

significant effect on utilization of WE. However, in general, planulae consumed more WE 

under HTHC (Fig. 10). In Taiwan, the co-occurrence of OA and warming created a negative 

balance in planula energy metabolism, causing net consumption of WE at HTHC while there 

was net production of this energy-storage lipid under all other conditions. An interesting 

trend, temperature seemed to have an opposite effect on WE utilization depending on the 

location. In Moorea, planulae consumed slightly more WE at Ambient-T, while in Taiwan, 

planulae produced slightly more WE. Metabolic rates of planulae increase with temperature 

(Cumbo et al., 2013a; Rivest and Hofmann, 2014), so utilization of lipids, from stores or 

from photosynthesis, would also be expected to rise. However, in Moorea, planulae at High-

T consumed less WE than at Ambient-T. Increased primary productivity of Symbiodinium at 
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High-T or increased rates of translocation may explain this pattern, as P. damicornis in 

Moorea tend to host a more thermotolerant Symbiodinium clade (Stat and Gates, 2011; 

Putnam et al., 2012) than P. damicornis in Taiwan (Chen et al., 2004). Putnam et al. (2013) 

observed no change in the photophysiology of P. damicornis planulae in response to 

elevated pCO2 and temperature; however, rates of translocation of fixed carbon can increase 

in response to low pH and elevated temperature (Loram et al., 2007; Tremblay et al., 2013). 

Translocated carbon could be used to satisfy immediate energy demands than oxidizing 

already-stored WE (Harii et al., 2010).  

The utilization of WE may occur when demand for energy surpasses the pool of 

triacylglycerol (TAG) (Lee, 1974; Patton et al., 1975; Sargent et al., 1977). Patterns of TAG 

consumption were similar to those for WE. In general, TAG was consumed in all treatments 

in Moorea; TAG provides short-term energy storage in the form of saturated fatty acids as 

well as storage of poly-unsaturated fatty acids, building blocks of structural lipids 

(Napolitano et al., 1988; Lee et al., 2006b). In Moorea, the energetic demands of early 

dispersal surpassed the combined resources of TAG synthesis and translocated fixed carbon, 

perhaps due to smaller initial TAG stores for larvae from Moorea (Fig. 17). The smaller pool 

of TAG is partially maintained as WE is oxidized (Patton and Benson, 1975; Bauermeister 

and Sargent, 1979). In Taiwan, planulae produced TAG in general, except at HTHC where 

net consumption occurred. While most of these relationships were not significant, the 

patterns indicate that P. damicornis planulae are launching a physiological response to OA 

and warming, fueled by the utilization of WE and TAG. As a result, planulae may have 

fewer resources for performing the developmental changes associated with metamorphosis 

and settlement (Holland and Walker, 1975; Gallager et al., 1986; Moran and Manahan, 
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2003), particularly for larvae in Taiwan that depleted WE and TAG stores under HTHC 

only. 

Our measurements of utilization of energy-storage lipids represent the net activity of 

the planula holobiont (animal + symbiont). However, the abundance of Symbiodinium within 

the planulae could affect the patterns observed. The symbiont cells themselves contain lipid 

that contributes to the measured amount for the holobiont (e.g. Harland et al., 1991). 

Additionally, the photosynthetic activities of the Symbiodinium as well as their translocation 

rates of glycerol and lipid bodies containing WE and TAG potentially change the amount of 

fixed carbon received by the host (e.g. Muscatine, 1967; Trench, 1971; Muscatine and 

Porter, 1977; Luo et al., 2009; Gordon and Leggat, 2010; Chen et al., 2012; Tremblay et al., 

2013) and therefore the amount of lipid available. When ΔWE and ΔTAG were standardized 

by symbiont abundance, patterns of lipid utilization did not differ for planulae released in 

Moorea; in this case, the physical presence of symbionts does not influence the response of 

lipid utilization. However, enhanced productivity of Symbiodinium at High-T may have 

supplemented use of existing lipid stores, as discussed above. In Taiwan, loss of symbiont 

abundance at High-CO2 (Fig. 21) contributed to changing levels of WE and TAG per larva 

(Figs. 18, 19). However, consumption of these energy-storage lipids remained greatest at 

HTHC. These results highlight the important roles, both direct and indirect, that 

Symbiodinium plays in the overall lipid content of P. damicornis planulae. 

Traits of size and growth were not significantly affected by elevated pCO2 and 

temperature, in general. For temperature marine invertebrate larvae, size usually decreases 

over the course of dispersal (Kempf and Hadfield, 1985; Emlet, 1986; Highsmith and Emlet, 

1986). Planula size in P. damicornis may not be sensitive to OA and warming due to the 
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contribution of Symbiodinium to larval energy metabolism; this input of exogenous energy 

may even allow them to grow in size during dispersal, a possibility not available to 

aposymbiotic lecithotrophic (non-feeding) larvae. First, phospholipid levels were assessed as 

a proxy for cell number, due to the structural role of this lipid class (Lee et al., 1971, 2006b). 

As shown before (this chapter, Part A), PL did not change significantly in response to pCO2, 

temperature, and site. Changes in symbiont density were similar across all sites but when 

ΔPL was normalized by symbiont density, PL content of planulae in Taiwan increased under 

Ambient-T but not in High-T. The increased costs of thermotolerance at elevated 

temperature may slow growth rates. Similarly, larval area and length did not differ by pCO2 

and temperature, though there was a significant effect of site. However, in Taiwan, larval 

size complemented ΔPL, with greater decrease in larval area observed at High-T. If this 

trend of reduced planula PL and size over the first 24 hours of dispersal continues 

throughout the larval stage, it may carry over to reduce the stringency of habitat selection for 

settlement, increase post-settlement survival and growth, and increase the age of first 

reproduction (Knight-Jones, 1953; Sebens, 1983; Emlet, 1986; Woollacott et al., 1989; 

Miller, 1993; Stevens et al., 1999; Olive et al., 2000; Marshall et al., 2003). However, even 

though larval size decreased over the 24-hour exposures in Taiwan, absolute larval size still 

remained larger than larvae in Moorea (Fig. 20). While smaller planula size at the beginning 

of settlement would be a fitness disadvantage (Sinervo, 1990; Stearns, 1992; Williams, 

1994; Bernardo, 1996), this may not be the case for planulae from Taiwan, which 

maintained their symbiont density, TL, and TP at High-T, despite the decrease in larval size.   

My results complement those of previous studies with P. damicornis and other coral 

species. Larval physiology is thought to vary across the release period of reproduction 
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(Edmunds et al., 2001; Putnam et al., 2010; Cumbo et al., 2013a; Rivest and Hofmann, 

2014), and Peak larvae may be more tolerant of elevated pCO2 and temperature than 

planulae released on other days (Rivest and Hofmann, 2014). Within their first hours-days of 

dispersal, coral larvae respond to elevated temperature through changes in size, symbiont 

density, rates of development, time to metamorphosis, gene expression, and rates of 

respiration (Edmunds et al., 2005; Nozawa and Harrison, 2007; Rodriguez-Lanetty et al., 

2009; Heyward and Negri, 2010; Rivest and Hofmann, 2014). The observed responses of 

coral larvae to elevated pCO2 have been more diverse. Conditions of OA are known to 

reduce larval respiration rates (Albright and Langdon, 2011; Rivest and Hofmann, 2014) but 

other species, populations, or larval cohorts are not affected by high pCO2 (Cumbo et al., 

2013a, 2013b; Putnam et al., 2013; Rivest and Hofmann, 2014). Low pH reduces larval 

metamorphosis and settlement for some species (Albright et al., 2010; Albright and 

Langdon, 2011; Nakamura et al., 2011) but not for others (Albright et al., 2008; Anlauf et 

al., 2011; Chua et al., 2013). While the energetic costs of tolerating high pCO2 may delay 

metamorphosis and settlement, it is also important to note that changes in the cues produced 

by the algal community on the settlement surface may contribute to the responses observed 

in these experiments (e.g. Albright and Langdon, 2011). 

 

The role of environmental history and geographic site in the physiology of planulae 

I compared the responses of P. damicornis planulae between two sites across their 

biogeographic range. The study sites in Moorea and Taiwan had different regimes of 

temperature and pH (Chapter 6) that have presumably persisted over the recent history of the 

study populations. Corals in Moorea experienced, on average, warmer temperatures with a 
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narrower range of values than corals in Taiwan. On the other hand, corals in Taiwan 

experienced lower mean pH and a greater range of pH values. In both sites, autonomous 

sensors deployed on natal fringing reefs (described in Chapter 6) confirmed that the 

Ambient treatment conditions were observed within the water mass bathing the fringing reef 

during the experiment. The High treatment conditions were not observed during this time.  

Overlaid on the between-site differences in environmental conditions are the genetic 

differences between P. damicornis populations. Firstly, high levels of phenotypic plasticity 

make P. damicornis difficult to distinguish between other species in its genus, and it is 

possible that the individuals used in the experiments were different, cryptic species. 

Although recent developments in morphological and molecular systematics have re-

organized and fine-tuned the taxonomy of the Pocillopora genus, the cumulative body of 

work confirms that P. damicornis is present from the Great Barrier Reef, to Taiwan, to 

Hawaii (Schmidt-Roach et al., 2014). Additionally, there are several haplotypes of P. 

damicornis found in Moorea that have not been found in Taiwan (Forsman et al., 2013). The 

genetic diversity between sites may indicate the possibility of local adaptation to 

environmental conditions.  

While my results cannot inform the potential of the study populations in Moorea and 

Taiwan to adapt or acclimatize to future environmental change, they shed light on the 

possibility that the physiological plasticity of P. damicornis planulae to tolerate future ocean 

conditions may be influenced by the environmental conditions to which its population is 

adapted or acclimatized (Kelly and Hofmann, 2012). In general, my results confirm 

expectations based on a local adaptation scenario: planulae from Moorea should perform 

better than those from Taiwan under High-T, and planulae from Taiwan should perform 
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better than those from Moorea under High-pCO2. I found that larvae from Taiwan were 

sensitive to High-T, producing fewer energy-storage lipids in this scenario. In Moorea, 

planulae at High-T consumed less lipid, suggesting that their demands for stored energy 

were diminished, perhaps due to increased carbon translocation from their symbionts. 

Planulae in Taiwan responded positively and negatively to High-pCO2, often producing the 

most lipid at ATHC. However, the presence of High-T enhanced their sensitivity to OA. For 

planulae in Moorea, High-pCO2 did not produce the same effects; consumption of lipid was 

consistent across temperature levels. Additionally, corals in the study sites with different 

environments produced larvae with different characteristics, which may play a role in the 

different physiological responses observed. Larger sized larvae were produced in Taiwan 

but larvae with more long-term energy stores were produced in Moorea. Notably, planulae 

in Taiwan increased their stores of WE and TAG in general over the first 24 hours of their 

dispersal with interactive effects among stressors whereas planulae from Moorea consumed 

energy-storage lipids in all cases with additive effects of stressors.  

 

Conclusion 

 Comparisons of physiological responses of P. damicornis larvae to OA and warming 

between sites across the species’ biogeographic range improve our understanding of the 

possible future success of this species. An overarching outcome of this study is that site-

specific aspects of planula physiology provide the framework within which manifest the 

consequences of environmental stress. For example, ΔWE in larvae from Taiwan was more 

positive than in larvae from Moorea, across all experimental treatments. Because larvae 

from Moorea are endowed with more total lipid and WE upon release, they may be able to 
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accommodate depletion of these stores without sacrificing their dispersal potential or the 

energy reserves required to complete metamorphosis and settlement. While there is still 

much to learn about the interplay of environmental history and population genetics, the 

variety of physiological responses maintained within P. damicornis may enhance the overall 

persistence of this species in the light of global climate change. 
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V. Transcriptomic responses of the larvae of Pocillopora damicornis to 

ocean acidification and warming 

 

Introduction 

Many of the core physiological responses to ocean acidification and elevated 

temperature will likely be subtle and potentially undetectable at the organismal to 

biochemical levels (i.e. through measures of lipid use and oxygen consumption). While 

physiological pathways can be regulated in a variety of ways, modulation of gene expression 

is a swift and resilient mechanism for responding to changes in the environment. The use of 

sensitive molecular approaches, such as gene expression studies, provides a powerful avenue 

for exploring the entire spectrum of impacts of anthropogenic change in the ocean, not just 

the ones easily observed from outside the black box of the organism. Exploring responses to 

a changing environment at the level of the transcriptome yields valuable information about 

the potential for physiological plasticity and thus tolerance (e.g. Hofmann et al., 2008; 

Todgham and Hofmann, 2009; Whitehead et al., 2010), mechanisms driving the response, 

and current physiological thresholds. Importantly, these transcriptomic techniques reveal 

how the organism is regulating its response to a changing environment before this response 

manifests at the whole organism level. Additionally, responsive genes can be adopted as 

targets for detecting stress response to provide better feedback information for making 

predictions about the future of ocean ecosystems.  

Genomic resources for corals have been limited in the past, but the advent of next-

generation high-throughput sequencing (e.g. RNASeq) has made studies of coral 

transcriptomes more approachable. In the last two years, more data and transcriptomes on 



 

 188

scleractinian corals and related cnidarians have emerged. Additionally, RNASeq and the 

accompanying bioinformatics tools have allowed transcriptomic studies to include symbiotic 

life history stages, allowing for better parsing of coral and symbiont gene expression (e.g. 

Shinzato et al., 2014). Two reference transcriptomes have been generated for adult 

Pocillopora damicornis (Traylor-Knowles et al., 2011; Vidal-Dupiol et al., 2013). Vidal-

Dupiol et al. (2013) showed an up-regulation of genes related to calcification and energy 

metabolism in response to low-pH conditions. For other corals, reference transcriptomes for 

aposymbiotic Acropora millepora larval and recruits have revealed pathways sensitive to 

heat and high-pCO2 exposure (Meyer et al., 2011; Moya et al., 2012). Annotated 

transcriptomes of symbiotic Favia and Porites australiensis coral adults are now available 

(Mehr et al., 2013; Shinzato et al., 2014). Additionally, RNASeq of Acropora hyacinthus 

and Symbiodinium has enabled the comparisons of gene expression profiles in response to 

temperature stress and between symbiont clades (Barshis et al., 2013, 2014; Palumbi et al., 

2014). A recently assembled transcriptome of sea fan Gorgonia ventalina has been used to 

elucidate immune response pathways (Burge et al., 2013).  

In this chapter, I explored the response of coral larvae to future conditions of OA and 

warming at the level of the transcriptome. This is the first study I am aware of that examines 

gene expression in symbiotic coral larvae in response to projected ocean conditions. I 

assessed broad patterns in the transcriptome in response to laboratory exposures of pCO2 

and temperature. Using next-generation high-throughput RNA sequencing (RNASeq), I 

generated a de novo transcriptome assembly and quantified differentially expressed genes 

(DE genes) between pCO2 and temperature levels. I complemented these molecular data 

with measurements of larval physiological condition, in this case, total protein, 
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Symbiodinium density, and size. The study described in this chapter was conducted on my 

study population in Moorea, French Polynesia. 

 

 

Materials and Methods 

Collection of coral larvae  

To obtain coral larvae, adult corals were brought to the laboratory, and larvae were 

captured upon their release. Specimens of adult Pocillopora damicornis were collected from 

two fringing reefs on Moorea, French Polynesia; eight colonies of P. damicornis were 

collected on the new moon in January 2012, from a depth of ~1-3 m. Colonies were 

maintained in individual aquaria that received indirect natural sunlight and coarsely filtered 

seawater (T ~ 29°C). Larvae were collected from adult colonies following their lunar pattern 

of reproduction (Fan et al., 2006). Larval release reached a peak in cohort size around 8 days 

after the new moon, followed by a decline. Overnight, larvae were captured in 100 μm 

mesh-lined cups that received the outflow of each aquarium. Daily at dawn, larvae from 

each colony were collected and counted in order to identify the day with the peak release of 

larvae. On the peak day, all larvae released were counted and pooled. The small numbers of 

larvae released from some colonies required the use of all larvae released, resulting in 

unequal genotype ratios in the pool. Larvae from this pool were immediately photographed 

and preserved to quantify larval quality metrics and gene expression (see below) that 

represented the condition of freshly-released larvae. The remaining larvae in the pool were 

then randomly assigned to experimental treatments. Data presented here were collected 

before and after manipulative experiments were conducted with the cohort of larvae released 

on January 30 (Lunar day 8, “Peak”). 
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Experimental incubations 

Larvae were divided among 8 tanks containing 4 treatment conditions and were 

incubated for 24 hours. Two pCO2 levels (475 and 1045 μatm pCO2) and two temperature 

levels (28 and 31°C) were used. Refer to Chapter 4 Part A for details on how the treatments 

were created and how the incubations were performed (p. 101). The four treatments created 

by this experimental set-up are defined as ambient temperature-ambient pCO2 (ATAC), 

ambient temperature-high pCO2 (ATHC), high temperature-ambient pCO2 (HTAC), and 

high temperature-high pCO2 (HTHC). To verify and monitor the physical parameters of the 

OA x temperature treatments, the carbonate chemistry (pH, salinity, and total alkalinity) and 

the temperature of the seawater in the aquaria was analyzed daily during the incubations (see 

Chapter 4 p. 103). At the end of each incubation, larvae within tanks were pooled, and 10 

larvae were randomly selected for size measurements (n = 20 per treatment). The remaining 

larvae were aliquoted and frozen at -80°C for downstream analyses of gene expression (2 x 

25 larvae), total protein content (2 x 5 larvae), and symbiont density (2 x 5 larvae). 

Therefore, for comparisons between treatments, n = 4 for gene expression, total protein, and 

symbiont density. 

 

Larval quality metrics 

 Larval size, protein content, and Symbiodinium density were measured as described 

in Chapter 4 (p. 108).  

 

Statistical analyses for physical conditions and larval quality 

All data were analyzed using R version 3.0.1 (R Core Team 2013). In all cases, 
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statistical assumptions of normality and homogeneity of variance were tested using quantile-

quantile (Q-Q) plots and Levene’s test and were met. Effects on physical conditions and 

larval quality variables were estimated using linear mixed-effect models (nlme package in 

R; Pinheiro and Bates, 2000) with pCO2 and temperature treatments as fixed factors and 

“tank” as a random factor. Refer to Chapter 4 (p. 112) for descriptions of model selection, 

determination of significant factors, and post-hoc analyses.  

 

RNA extraction  

 For RNA extraction, aliquots of 25 P. damicornis larvae were homogenized in 0.5 

mL TRIzol® (Thermo Fisher Scientific, Inc., Waltham, MA USA) using glass beads 

(Sigma-Aldrich Corp., St. Louis, MO, USA) and a bead-beater (Biospec Products, Inc., 

Bartlesville, OK, USA). Homogenates were brought to a total volume of 2 mL TRIzol® and 

split into two microcentrifuge tubes. Proceeding with one half of the homogenate, 200 μL 

chloroform was added to each tube. The samples were shaken vigorously, and the solutions 

were incubated at RT for 5 minutes. Then, the samples were centrifuged at 12,000xg for 15 

min at 4°C to separate the aqueous and organic layers. The aqueous phase containing RNA 

was carefully removed and transferred to a new 1.5 mL microcentrifuge tube. 250 μL 

isopropanol and 250 μL high salt buffer (0.8 M sodium citrate, 1.2 M sodium chloride) were 

added to each tube, and RNA precipitated for 10 minute at RT. The samples were 

centrifuged at 12,000xg for 10 min at 4°C and the supernatant was discarded. The RNA 

pellet was washed with 1 mL 75% ethanol followed by a centrifugation at 7600xg for 5 min 

at 4°C. The ethanol supernatant was discarded and the pellet was allowed to dry for several 

minutes. RNA pellets were dissolved in 100 μL DEPC-treated water and heated for 10 min 
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at 55°C. The concentration and quality of RNA in the purified solution was quantified using 

a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA USA). 

Concentrations ranged from 62.9-138.0 ng RNA/μL. The 260/280 values were slightly 

greater than 2, the generally accepted ratio for “pure” RNA. The 260/230 values were higher 

than the common range for “pure” nucleic acid (1.8-2.2). These deviations from expected 

values likely indicated the presence of protein or other contaminants that absorb strongly at 

260 nm, common for marine organisms. 

 To improve the quality of the RNA extracts, a Qiagen RNeasy® MinElute® Cleanup 

Kit was used, following the kit’s instructions for use of starting volumes ≤ 100 μL but with a 

final elution volume of 50 μL in DEPC-treated RNase-free water. After the clean-up, the 

extracts, now in half the volume of the original extract, contained 113.0-247.9 ng RNA/μL. 

The 260/280 and 260/230 values improved in general. To make a more precise assessment 

of RNA quality in the extracts before cDNA library construction, an Agilent RNA 6000 Pico 

Kit was used with a Bioanalyzer Agilent 2100 instrument (Agilent Technologies, Inc., Santa 

Clara, CA USA). Aliquots of the RNA extracts were diluted to 0.5-5.0 ng RNA/μL and 

RNA quality was assessed following the kit manual. The electropherograms showed clean, 

resolved peaks with no obvious signs of RNA degradation. Importantly, RNA quality was 

consistent across all extracts. 

 

cDNA library preparation 

 cDNA libraries were prepared from at least 1 μg total RNA from each extract using a 

TruSeq RNA Sample Prep Kit v.2 (Illumina, Inc., San Diego, CA USA), following the kit’s 

instructions. From the two tubes of larvae preserved from each aquarium, one was used to 



 

 193

prepare a library for paired-end RNA sequencing and the other was used to prepare a library 

for single-read RNA sequencing. First, poly-A containing mRNA molecules were purified 

using poly-T oligo-attached magnetic beads. The mRNA was then fragmented and primed 

for cDNA synthesis. The cleaned mRNA was reverse transcribed into first-strand cDNA 

using random primers. Then, the RNA templates were removed and a replacement cDNA 

strand was synthesized to generate double-strand cDNA. In this step, I used Qiagen Buffer 

EB instead of the kit’s Resuspension Buffer (both should be 10 mM Tris-Cl pH 8.5). Next, 

the cDNA strands were repaired to have blunt ends and the 3’ ends were adenlyated to 

prevent chimera formation during the next step. Then, a unique RNA Adapter Index was 

ligated to the cDNA fragments in each library. These adapters are used to index the data 

from the next-generation sequencing run, where libraries from multiple samples are mixed 

together on the same lane. Out of the pool of sequences generated, the indices are used to 

identify the original library for each sequence. Finally, the cDNA was enriched in a PCR 

step. Quality of cDNA libraries was assessed using NanoDrop analysis and gel 

electrophoresis, confirming the presence of cDNA and sufficient quality for sequencing. The 

libraries contained cDNA sequences of insert size ~260 bp.  

 

Next-generation high-throughput sequencing: RNASeq 

The concentration of cDNA in the libraries was adjusted to ~50 ng cDNA/μL, and 25 

μL of each was sent to the UC Davis Genome Center DNA Technologies Core 

(http://dnatech.genomecenter.ucdavis.edu/) for high-throughput sequencing. The HiSeq 

2500 Illumina sequencing platform was used, and 9 libraries were pooled in each of 2 lanes. 

One lane was used to generate 100 bp paired end reads, where each library insert was 
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sequenced from both ends. This type of sequencing is particularly useful for de novo 

transcriptome assembly because of the spatial relationship provided with each pair of reads. 

The second lane was used to generate 50 bp single reads, where each library insert was 

sequenced from one end.  

 

Reference transcriptome assembly and annotation 

 I assembled a transcriptome de novo from 100-nucleotide paired-end short sequence 

reads (SSRs). Published reference transcriptomes for P. damicornis were made utilizing old 

sequencing technology with adults (Roche 454; Traylor-Knowles et al., 2011) or made with 

RNA from adult specimens that had not been exposed to low pH (Vidal-Dupiol et al., 2013). 

Therefore, the published transcriptomes for P. damicornis may not include transcripts or 

spliced transcripts that are only expressed in larvae and under low pH, high pCO2 

conditions. As a result, I chose to assemble de novo a reference transcriptome from my 

RNASeq reads and did not map my sequences to the published transcriptomes.  

 All analyses were performed using command line and the Knot computing cluster at 

the UCSB Center for Scientific Computing (http://csc.cnsi.ucsb.edu/clusters/knot). 

187,925,419 paired-end short sequence reads (SSRs) and 157,325,043 short-read SSRs were 

generated. First, paired-end and single-read SSRs were trimmed to remove ends with Phred 

quality score < 20 and to remove any remaining adapter index sequences (Trim Galore!, 

Bioinformatics Group, Babraham Institute). The Trinity platform (Broad Institute, Hebrew 

University of Jerusalem) was used for de novo construction of the P. damicornis 

transcriptome from the 182,161,357 trimmed paired-end SSRs.  
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Differential gene expression analysis 

 To measure changes in gene expression associated with pCO2, temperature, and the 

interaction of these environmental stressors, paired-end SSRs were mapped against the 

transcriptome, and the number of reads that aligned to each genomic locus was counted 

using the RSEM package (B. Li and C. Dewey, University of Wisconsin, WI, USA). To 

identify genes that were significantly differentially expressed among treatment conditions, 

the edgeR package in R was used (Robinson et al., 2010; McCarthy et al., 2012). The data 

were first normalized for RNA composition to minimize the log-fold changes between the 

samples for most genes and to scale the library size for each sample. This normalization 

prevented highly expressed genes unique to one sample from causing the remaining genes in 

that sample to appear relatively down-regulated. Additionally, this normalization controls 

for the dependent relationship between counts, the molar concentration of the transcripts, 

and the transcript lengths. Differential expression was determined using the generalized 

linear model likelihood ratio test in EdgeR, which is recommended for experiments with 

multiple factors. The false discovery rate for each comparison (transcript) was adjusted 

using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). Common 

dispersion was calculated to get an idea of the overall degree of inter-library variability in 

the data. The log-fold-changes were plotted across expression levels (average log-counts-

per-million-reads), with DE genes highlighted. The biological CV, the coefficient of 

variation with which the true, unknown abundance of the genes varies between replicate 

samples, was also plotted across expression levels. To show the relationship of log-fold-

changes between all samples, a multi-dimensional scaling plot was generated where distance 

in two-dimensional space correlated with the root-mean-square of the largest absolute log-
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fold-changes between each pair of samples. As an alternative, hierarchical clustering was 

performed using the Ward method (hclust). In the plot, tighter clusters are displayed on the 

left. 

 

 

Results 

To assess how changes in the transcriptome might shape physiological plasticity in 

Pocillopora damicornis planulae in response to multiple abiotic factors, I performed 

laboratory microcosm experiments where larvae were exposed to variable levels of pCO2 

and temperature. I was able to maintain fairly stable conditions with physical conditions in 

each treatment group remaining within expected ranges (Table 32). For example, 

temperature varied significantly between and temperature treatments (Table 33), with higher 

temperature at High-T and at High-pCO2 (Tukey’s HSD). Salinity and total alkalinity did 

not vary significantly by temperature, pCO2 or their interaction (Table 33). pH and pCO2 

varied significantly between, but not within, pCO2 treatments (Table 33). 

Changes in larval quality in response to different pCO2 and temperature levels were 

measured in the form of total protein per larva, Symbiodinium density, larval length, and 

larval size. Larval total protein ranged from 9.07 µg larva-1 at ATAC to 29.00 µg larva-1 at 

HTAC (Fig. 22A). At the end of the 24-hour exposures, total protein did not differ 

significantly by pCO2, temperature (T) or their interaction (Table 34). Varying between 

6188 and 14,357 cells larva-1, Symbiodinium density was also least at ATAC and greatest at 

HTAC (Fig. 22B). Symbiodinium density was significantly affected by T and pCO2xT. 

However, post-hoc analyses did not confirm significant differences (Table 34). Larval area  
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Table 32. Summary of physical conditions in experimental aquaria. Data are presented 
as mean ± SE. For all parameters, n = 4. 

 
 

Treatment Temperature 
(°C) 

Salinity 
(psu) 

pH AT 
(μmol kg-1) 

pCO2 
(μatm) 

ATAC 28.40 ± 0.07 36.13 ± 0.08 7.988 ± 0.005 2356 ± 2 476 ± 7 
HTAC 31.10 ± 0.21 36.28 ± 0.08 7.697 ± 0.004 2363 ± 5 477 ± 6 
ATHC 27.93 ± 0.25 36.08 ± 0.03 7.981 ± 0.022 2352 ± 1 1059 ± 63
HTHC 30.73 ± 0.15 36.23 ± 0.08 7.705 ± 0.029 2359 ± 2 1030 ± 81
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Table 33. Statistical comparison of sea water treatment conditions using type III sum 
of squares with pCO2 and temperature (T) as fixed effects and Tukey’s HSD. 
Interaction terms were removed from the model if the AIC value did not increase by 2 or 
more and if there was not a significant difference in the model log likelihood ratio; removed 
terms are not shown here. Comparisons were performed using type III sum of squares, with 
test statistic Χ2, degrees of freedom (df) and p-values (p) reported. Post-hoc analyses were 
performed using Tukey’s HSD with test statistic z and p-values (p) reported. 

 
 

Parameter Effect Type-III 
SS Χ2 

df p Tukey’s 
HSD z 

p 

Temperature pCO2 7.027 1 0.008 2.390 0.017 
 T 294.225 1 <0.001 15.460 <0.001 

Salinity pCO2 0.421 1 0.516   
 T 3.790 1 0.052 1.539 0.124 

pHtotal pCO2 296.850 1 <0.001 15.530 <0.001 
 T <0.001 1 0.976   

AT pCO2 0.929 1 0.335   
 T 3.248 1 0.072   

pCO2 pCO2 160.235 1 <0.001 11.410 <0.001 
 T 0.098 1 0.754   
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Figure 22. Larval quality traits for P. damicornis larvae following 24-hour exposures to 
pCO2 and temperature. Mean ± SE changes in larval composition (n = 4) and size (n = 20) 
for larvae. Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), High-T, Ambient-
pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 (HTHC). Refer to 
Table 34 for statistical details.   
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Table 34. Analysis of total protein content, Symbiodinium density, and size of P. 
damicornis larvae following a 24-hour exposure to seawater of controlled temperature 
and pCO2. Lipid content was compared among treatments and days of release, standardized 
to per larva (μg larva-1), per larval protein content (μg μg total protein-1), and per symbiont 
density (μg cell-1). Comparisons were made using type III sum of squares with pCO2, 
temperature (T), and day of release (Day) as fixed effects. The final reduced model is 
shown, with test statistic Χ2, degrees of freedom (df) and p-values (p) reported. Interaction 
terms were removed from the model if the AIC value did not increase by 2 or more and if 
there was not a significant difference in the model log likelihood ratio; removed terms are 
not shown here. Post-hoc tests were either Tukey’s HSD or general linear hypothesis tests 
with Bonferroni corrections for multiple comparisons (GLHT). Test statistic z and p-values 
(p) are reported for each comparison. 

 
 

Response 
variable 

Effect Type-III 
SS Χ2 

df p Post-hoc 
z 

p 

Total protein pCO2 1.014 1 0.314   
(μg larva-1) T 0.053 1 0.818   

       
       

Symbiont density pCO2 0.680 1 0.410   
(cells larva-1) T 5.248 1 0.022   

 pCO2xT 5.081 1 0.034   
       
 ACAT vs. HCAT    0.825 1.000 
 ACHT vs. HCHT    2.166 0.121 
 ACAT vs. ACHT    2.291 0.088 
 HCAT vs. HCHT    0.700 1.000 
       

Larval area pCO2 0.522 1 0.470   
(mm2) T 1.965 1 0.161   

 pCO2xT 2.718 1 0.099   
       
       

Larval length pCO2 4.026 1 0.045 0.539 0.590 
(mm) T 1.200 1 0.273   
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did not differ significantly by pCO2, T or their interaction. Larval length varied significantly 

by pCO2, though post-hoc analyses did not confirm the significant difference (Table 34). 

Larvae had the smallest area and longest length at HTAC while having the biggest area at 

ATAC (Figs. 22C,D).  

 

Assembly of the reference transcriptome 

 To quantify changes in gene expression between High-T, High-pCO2 conditions and 

ambient conditions, I assembled a reference transcriptome de novo for P. damicornis larvae. 

The assembly yielded a transcriptome of 422.3 Mb with 379,263 contigs. The mean contig  

length was 1,114 bases, the N50 (the shortest sequence length such that 50% of the total 

sequence output is contained in sequences that are shorter) was 2,146 bases, and the GC 

content was 43.39%. 

 

Differential gene expression 

 To determine the genes that there significantly up- or down-regulated in responses to 

exposure to experimental conditions, mapped counts were analyzed using the EdgeR R 

package. Counts were analyzed for 52,352 out of 244,527 transcripts based on the 

requirement of at least 7 counts per million summed across all samples. For the entire 

dataset, the dispersion was estimated to be 0.069, and the biological coefficient of variation 

(BCV) was 26% (Fig. 23A). These dispersion estimates are within the range expected for 

human data (BCV = 40%) and model organism data (BCV = 10%). Sequences grouped by 

experimental treatment did not cluster in MDS or hierarchical plots by pCO2 or temperature 

level (Figs. 23B,C).  
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Figure 23. Attributes of the RNASeq dataset for P. damicornis larvae. A. Tag-specific 
dispersion estimates plotted as biological coefficient of variation (BCV) across the range of 
normalized transcript abundance (average log counts-per-million [CPM]). B. Relationships 
among samples based on multidimensional scaling of distances based on BCV. C. 
Hierarchical clustering of samples based on similarity. Samples are named by their 
experimental treatment. Experimental treatments: Ambient-T, Ambient-pCO2 (ATAC), 
High-T, Ambient-pCO2 (HTAC), Ambient-T, High-pCO2 (ATHC), High-T, High-pCO2 
(HTHC). 
 
 

 

 



 

 203

In response to 31°C, 1728 transcripts (3.3%) were down-regulated and 9 (<0.1%) 

were up-regulated (Fig. 24A). In response to 1045 µatm pCO2, 269 transcripts (0.5%) were 

down-regulated and 1 transcript (<0.1%) was up-regulated (Fig. 24B). In response to 31°C 

and 1045 µatm pCO2, 2 transcripts (<0.1%) were down-regulated and 1477 transcripts 

(2.8%) were up-regulated (Fig. 24C). 

 

 

Discussion 

 I used an RNASeq approach to compare the transcriptome profiles of P. damicornis 

larvae exposed to combinations of pCO2 and temperature levels. The small fraction of  

transcripts (<10%) that were differentially expressed in experimental conditions relative to 

the control indicated that a majority of the transcriptome was not altered in responses to the 

potential stressors, at least within the first 24 hours of exposure. It is possible that some DE 

genes were missed due to the coverage and depth of the sequencing and the counts-per-

million threshold used in the EdgeR analysis. Changes in gene expression in response to 

high pCO2 and high temperature were not reflected in larval quality traits, which were 

similar among all treatments. 

 

Changes in gene expression in response to high temperature 

 Unexpectedly, the majority of DE genes in P. damicornis at High-T were down-

regulated. It is unlikely that this is due to a loss of Symbiodinium cells within the larvae as 

symbiont densities were similar across all treatments (Fig. 22B). Gene expression in adults 

of some coral species is linked to their thermal habitat, with higher constitutive levels of 



 

 204

Figure 24. Differential gene expression between control samples and samples exposed 
to (A) High-T, (B) High-pCO2, and (C) both stressors. Each dot represents a transcript. 
Red dots are transcripts with significant differential expression based on a false discovery 
rate of 0.05 (adjusted p-value). Blue lines represent ±2 and ±4 fold-change (FC) reference 
thresholds. The x-axis, average log counts-per-million (CPM) represents the normalized 
abundance of the transcript. 
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certain genes in thermally resilient corals (Barshis et al., 2013; Kenkel et al., 2013). Once 

heat stress is ongoing, these genes are less up-regulated due to their higher levels of 

constitutively produced proteins, such as those involved in heat shock response, antioxidant 

defense, apoptosis, and innate immunity (Barshis et al., 2013). It is possible that the larvae 

used in my experiment were from adults who were acclimatized to warmer seawater, such 

that induced expression at 31°C was minimal for genes that are normally immediately up-

regulated under heat stress (e.g. heat shock proteins and antioxidant enzymes; Császár et al., 

2009; DeSalvo et al., 2010, 2008; Kenkel et al., 2011; Seneca et al., 2010). These types of 

genes are involved in short-term acclimatization that confers similar levels of 

thermotolerance to corals as does long-term adaptation to higher seawater temperatures 

(Palumbi et al., 2014).  

Additionally, it is possible that the down-regulation of genes in P. damicornis larvae 

in response to high temperature observed in my study indicates that the larvae were 

approaching the onset of bleaching. Vidal-Dupiol et al. (2009) identified two genes in P. 

damicornis whose expression was reduced dramatically during temperature stress prior to 

coral bleaching: PdC-lectin, whose encoded protein is involved in molecular host-symbiont 

communication and Pdcyst-rich, whose encoded protein is involved in biomineralization.  

The down-regulation of these genes foreshadowed the breakdown of symbiosis and 

calcification, respectively, related to coral bleaching. 

 Several RNASeq studies have examined transcriptomic responses of coral larvae to 

elevated temperature. In aposymbiotic larvae of the coral Acropora millepora, heat stress 

caused up-regulation of heat-shock proteins, ion transport, and metabolism (Meyer et al., 

2011). In aposymbiotic larvae of Acropora palmata, genes related to metabolism and cell 
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development were down-regulated in response to high temperature while genes related to 

protein chaperoning, calcium signaling and macromolecular repair (Polato et al., 2013). 

Another important result was that transcriptomic patterns changed through time in A. 

palmata larvae (Polato et al., 2013), but it is necessary to note that this species has multiple 

discrete developmental larval stages while P. damicornis does not. The Acroporid larvae 

used by Polato and co-authors were maintained as aposymbiotic to simplify the analysis of 

gene expression data, but the transcriptomic profiles assessed may not reflect changes in 

holobiont gene expression when host and symbiont are interacting in situ. My results may 

differ from those previously published due to the added complexity of the host-symbiont 

relationship present in the P. damicornis larvae I used. 

 

Changes in gene expression in response to high pCO2 

 P. damicornis larvae did not compensate for the challenges high pCO2 conditions 

imposed on physiology by up-regulating gene expression. Instead, the majority of their 

small number of DE genes (~3% of all transcripts) was down-regulated. Vidal-Dupiol et al. 

(2013) reported similar findings for P. damicornis adults:  only a small portion of the P. 

damicornis transcriptome was sensitive to low-pH (pH 7.4) conditions. Of the DE genes, the 

down-regulated portion was associated with cellular metabolic processes (Vidal-Dupiol et 

al., 2013). However, the study also documented that a smaller portion of DE genes were up-

regulated at pH 7.4, with ontologies related to calcification, heterotrophy, autotrophy, and 

photosynthesis. The absence of up-regulated genes in my experimental data set may reflect 

the fact that the calcification and heterotrophy are not engaged during the larval stage in P. 

damicornis life history. Additionally, the larvae in my experiment may have hosted a 
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different Symbiodinium clade that was less sensitive than the one(s) hosted in Vidal-Dupiol 

et al. (2013). With Acropora millepora adults, Kaniewska et al. (2012) found changes in 

gene expression in response to high pCO2 consistent with metabolic suppression. Up-

regulated genes coded for membrane transporters and proteins involved in the cytoskeleton. 

Changes in gene expression profiles from day 1 to day 28 of the exposure to high-pCO2 

suggest that a greater proportion of the transcriptome was affected over long-term vs. short-

term pCO2 stress (Kaniewska et al., 2012). Another study with A. millepora, but at the 

primary polyp stage (albeit aposymbiotic), found metabolic suppression and up-regulation of 

calcification-related pathways (Moya et al., 2012). These three studies are the only ones to 

date using RNASeq to examine the effects of ocean acidification on coral transcriptomes 

(Kaniewska et al., 2012; Moya et al., 2012; Vidal-Dupiol et al., 2013). 

 Similar results have been found in transcriptomic studies with sea urchin larvae. 

When Strongylocentrotus purpuratus urchin larvae were raised in acidic conditions, changes 

in gene expression suggested metabolic depression in response to ocean acidification as well 

as suppression of biomineralization, cellular stress response, acid/base and ion regulation, 

protein homeostasis, and apoptosis pathways (Todgham and Hofmann, 2009). A similar 

study with Lytechinus pictus larvae showed that under ocean acidification conditions, the 

expression of sea urchin genes involved in metabolism, protein synthesis, biomineralization, 

and the cellular defensome was suppressed; the expression of genes associated with 

acid/base and ion balance were also sensitive to acidic conditions (O’Donnell et al., 2010). 

Furthermore, ocean acidification hampered the induction of the heat shock response. Shown 

with larval sea urchins, expression levels of hsp70 were lower under temperature stress 

when larvae had developed under high pCO2 conditions (O’Donnell et al., 2009). 
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Synergistic effects of high temperature and high pCO2 

 While DE genes were down-regulated under single-stressor scenarios, the combined 

effect of high temperature and high pCO2 was up-regulation of most DE genes. The effects 

of neither stressor alone predicted the effects of the combined stressors. It is difficult to 

predict the identity of the P. damicornis DE genes at HTHC without a completed annotation. 

Additionally, there are no published transcriptomics studies which examine changes in gene 

expression in response to concurrent high pCO2 and high temperature. However, the initial 

results presented here highlight the importance of examining the interactions of multiple 

environmental stressors. Because coral reefs are bombarded with local and global stressors, 

in order to appropriately manage coral reefs for the future, it is essential to know how 

exposure to one stressor may affect the outcome of another stressor. 

 

Conclusion 

 Next-generation high-throughput sequencing represents a powerful approach to 

understand the complexity of expression-level responses to environmental stress. As wet lab 

and bioinformatics techniques continue to improve, the study of gene expression in corals is 

rapidly moving beyond an assessment of the behavior of a few genes to encompass 

comparisons of greater depth and breadth. Now, it is possible to sequence and parse 

holobiont transcriptomes. We are learning more about how gene expression profiles change 

through time during exposure to environmental stress. And we are beginning to better 

understand the different sensitivities of various life stages of coral to environmental stress. 

 The analysis of the de novo transcriptome assembly and the DE genes from this 

project is ongoing. I plan to annotate the assembly and the DE gene lists. I also intend to 
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blast my results to existing Symbiodinium genomic databases in an effort to partition the 

transcripts based on their origin, host or symbiont. Doing so will enable me to examine DE 

genes specific to each partner. These results will provide insight into the subtle controlled 

responses of P. damicornis larvae to high temperature and high pCO2. The DE genes will 

infer mechanisms of physiological plasticity to projected environmental conditions and will 

generate hypotheses for downstream organismal-level phenotypic responses to abiotic stress. 
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VI. Comparison of oceanographic conditions between two sites across the 

biogeographic range of the coral Pocillopora damicornis 

The data analysis for this chapter was performed in collaboration with Professor Tarik 

Gouhier (Northeastern University). 

 

Introduction 

As a final element in my thesis, I added a component of environmental context to 

complement my process-based studies in Chapter 4. Here, I deployed autonomous 

oceanographic sensors, including SeaFETs (Martz et al., 2010; Lunden, Rivest et al., in 

review), at my two study sites and qualitatively compared these field observations to 

laboratory experiments. The locations where I conducted this part of my dissertation 

spanned part of the reported biogeographic range of Pocillopora damicornis (Indian and 

Pacific oceans; Veron, 2000), and in addition to the oceanographic data, I compared the 

response of coral larvae to ocean acidification (OA) and warming between sites (Chapter 4, 

Part B). The oceanographic data not only provided context for the range of natural 

environmental exposures of the study populations used in laboratory experiments, but 

assessed whether pH and temperature variability differed between sites. Although the 

differences in physiology between study populations of P. damicornis in Moorea, French 

Polynesia and Taiwan could be due to genetic differences (i.e. different species or sub-

species), the corals could be locally adapted or acclimatized to the environmental 

characteristics at each site. Local adaptation and acclimatization of heat tolerance in corals 

has been recently demonstrated for Acropora hyacinthus in American Samoa using gene 

expression and Symbiodinium clade ratios (Palumbi et al., 2014). Additionally, laboratory 
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acclimation to elevated temperatures can improve the responses of some corals to future 

temperature exposures (Edmunds, 2014).  

Studies regarding the variability of pH and in situ biological response for coastal 

marine ecosystems are accumulating (e.g. Yates and Halley, 2006; Yates et al., 2007; Hall-

Spencer et al., 2008; Wootton et al., 2008; Chierici and Fransson, 2009; Gagliano et al., 

2010; Frieder et al., 2012; Guadayol et al., 2014). A few studies have linked natural 

variability of carbonate chemistry on coral reefs with community-level performance. Price et 

al. (2012) and Albright et al. (2013) have shown that in situ pH variability correlates with 

community succession and rates of net accretion and net production on coral reefs. Lower 

daily pH causes slower net accretion and results in greater relative abundance of non-

calcifying benthic taxa (Price et al., 2012). Shaw et al. (2012) reported community 

calcification rates across a wide range of carbonate chemistry, predicting future declines in 

accretion under OA. More recently, several studies have paired these physical measurements 

with direct measurements of biological response of resident organisms to future ocean 

conditions (Yu et al., 2011; Shaw et al., 2012; Evans et al., 2013; Kelly et al., 2013; Padilla-

Gamiño et al., 2013; Frieder, 2014; Hofmann et al., 2014). Yu et al. (2011) found that sea 

urchins in the Santa Barbara Channel experience high fluctuations of pH due to seasonal 

upwelling (about 8.2-7.7). When larvae from this population were raised under pH 7.7 and 

pH 7.5, they developed normally and showed similar morphological and growth responses. 

These results suggested that populations of sea urchins that naturally experience high 

variation of ambient pH may be more resilient to anthropogenic changes in acidity, though 

no comparison with a population of low-variability environmental pH was conducted. 
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Additionally, Kelly et al. (2013) found evidence for local adaptation to carbonate chemistry 

conditions in sea urchin populations on the Oregon coast.  

As described in Chapter 4, I found that P. damicornis larvae from French Polynesia 

and Taiwan responded differently to laboratory exposures to pCO2 and temperature levels. 

In this chapter, I tested the hypothesis that the study sites used are characterized by differing 

carbonate chemistry environments, which may have shaped their responses to environmental 

stress. The prediction is that coral may be locally acclimatized or adapted to the pH and 

temperature variation under which their populations have evolved, a process that is well 

known in terms of local adaptation to temperature in marine invertebrates (reviewed in 

Sanford and Kelly, 2011). Coral populations that have experienced high variability in pH or 

frequent pulses of low pH seawater, for example from upwelling, may have developed the 

physiological capacity to tolerate the global average low pH, high pCO2 conditions predicted 

to occur by the end of this century. Physiological adaptation to historical environmental 

conditions has been shown with Sockeye salmon in British Colombia, Canada. Population-

specific cardiorespiratory performance in these fish is optimized to the temperatures 

experienced during annual river migrations (Eliason et al., 2011). Similarly, though they are 

likely reproductively isolated, groups of coral at locations of differing pH conditions may 

have varying degrees of physiological plasticity reflecting the historical nature of their 

carbonate chemistry environment. I compared environmental conditions between fringing 

reef locations at Moorea, French Polynesia and Nanwan Bay, Taiwan. I predicted that pH 

and temperature would differ between reef locations because previous work has shown that 

Nanwan Bay experiences tidally-driven upwelling events (Lee et al., 1999), while the 

fringing reef in Moorea is more protected inside a lagoon. In addition, this geographic 
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comparison (Moorea-Taiwan) would likely include a difference in total alkalinity, perhaps 

by 100 µmol kg SW-1 (e.g. Lee et al., 2006). 

 

 

Materials and Methods 

Environmental data collection in Moorea 

From January 20 to March 16, 2012, time series of pH, temperature, and depth were 

recorded for a fringing reef on the north shore of Moorea (17°28’49.08S, 149°47’56.04”W). 

For a description of the study site, refer to Chapter 1. pH was recorded continuously using 

an autonomous data logger based on a Honeywell Durafet® pH sensor, called a SeaFET 

(Martz et al., 2010). The SeaFET was deployed at 3.3 m depth and suspended approximately 

0.6 m off the sandy bottom; the instrument measured pH voltage at 10-minute intervals, 

averaging data over 30-second periods. The deployment location was approximately 33 m 

from the collecting location of adult P. damicornis used in experiments described in 

Chapters 2, 4, and 5. Adjacent to the SeaFET were two thermisters (SBE 39, Sea-Bird 

Electronics, Bellevue, WA) and two HOBO® water level data loggers (U20, ONSET® 

Computer Corp., Bourne, MA), synchronized with the SeaFET to simultaneously record 

temperature and depth. SeaFET electrode surfaces and depth loggers were caged in copper 

mesh to deter fouling; cages were cleaned twice a month with a toothbrush when the sensor 

was idle between measurements. 

Following deployment, the SeaFET electrodes were allowed to stabilize and then 

were calibrated using discrete seawater samples collected in situ, a method based on ISFET 

electrode characteristics (Martz et al., 2010; Lunden, Rivest et al., in review). On February 
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16, 2012, a SCUBA diver using a Niskin bottle collected a single calibration sample 

adjacent to the SeaFET concurrently with its voltage reading. Temperature of the seawater 

in situ was measured using an alcohol thermometer. The seawater sample was used to rinse 

and fill two 500 mL borosilicate glass bottles with minimal contact of seawater and 

atmospheric air. The bottles were sealed with gas-impermeable grease and a ground-glass 

stopper (Dickson et al., 2007). Analyses of carbonate chemistry were performed within 1-2 

hours of sample collection 

 

Environmental data collection in Taiwan 

The study site in Taiwan is a fringing reef in Nanwan Bay, located at the southern tip 

of the island. For a description of the study site, refer to Chapter 1. From May 24 to July 12, 

2012, time series of pH, temperature, salinity, and depth were recorded for a fringing reef in 

Nanwan Bay, Taiwan (21°56’20.10”N, 120°44’45.80”E). pH was recorded continuously 

using a SeaFET (Martz et al., 2010), which was deployed at ~4 m depth and suspended 

approximately 0.6 m off the sandy bottom. The instrument measured pH voltage at 6-minute 

intervals, averaging data over 30-second periods. Adjacent to the SeaFET were two 

conductivity/temperature sensors (SBE 37, Sea-Bird Electronics, Bellevue, WA) and two 

HOBO® water level data loggers (U20, ONSET® Computer Corp., Bourne, MA), 

synchronized with the SeaFET to simultaneously record conductivity, temperature, and 

depth. SeaFET electrode surfaces and depth loggers were caged in copper mesh to deter 

fouling; cages were cleaned twice a month with a toothbrush when the sensor was idle 

between measurements. The deployment location for the sensors was located within 33 m of 
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the collecting locations of adult P. damicornis used in experiments described in Chapters 3 

and 4. 

Following deployment, the electrodes in the SeaFET sensors were allowed to 

stabilize and then were calibrated using discrete seawater samples collected in situ (Lunden, 

Rivest et al., in review; Martz et al., 2010). On July 2, 2012, a SCUBA diver using a Niskin 

bottle collected a single calibration sample adjacent to the SeaFET in concurrence with its 

voltage reading. Temperature of the seawater in situ was measured using an alcohol 

thermometer. The seawater in the Niskin bottle was used to rinse and fill two 500 mL 

borosilicate glass bottles with minimal contact of seawater and atmospheric air. The bottles 

were sealed with gas-impermeable grease and a ground-glass stopper (Dickson et al., 2007). 

Analyses of carbonate chemistry were performed within 1-2 hours of sample collection  

 

Seawater chemistry analyses of SeaFET calibration samples 

pH, total alkalinity (AT), and salinity from bottle samples were measured in four 

replicates within 1-2 hours of sample collection. Samples in Moorea were analyzed in 

collaboration with the Moorea Coral Reef Long Term Ecological Research facility at UC 

Berkeley’s Richard B. Gump South Pacific Research Station. Samples in Taiwan were 

analyzed in collaboration with Dr. PJ Edmunds (CSUN) and Dr. T-Y Fan at the National 

Museum of Marine Biology and Aquarium.  

Seawater salinity was measured using a conductivity meter (Moorea: YSI 3100, YSI 

Inc., Yellow Springs, OH, USA; Taiwan: 340i, WTW GmbH, Weilheim, Germany). 

Seawater pH was measured using a spectrophotometric method with indicator dye, m-cresol 

purple (SOP 6b, Dickson et al., 2007). Total alkalinity (AT) was measured using an 
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automated, closed-cell potentiometric titration (SOP 3b, Dickson et al., 2007) using an 

automatic titrator (Moorea: T50 with DG115-SC pH probe, Mettler Toledo, LLC., Toledo, 

OH, USA; Taiwan: DL50 with DG101-SC pH probe, Mettler Toledo, LLC., Toledo, OH, 

USA). Titrations were performed using certified acid titrant (~0.1M HCl, 0.6M NaCl; A. 

Dickson Laboratory, Scripps Institute of Oceanography), and AT was calculated following 

Dickson et al. (2007). Analyzed certified reference materials from A. Dickson Laboratory 

were titrated to confirm the precision and accuracy of the process; these reference titrations 

were accurate within 10 μmol kg SW-1 (0.1-0.3%).  

pH measured at 25°C was converted to pH at environmental temperature using AT, 

temperature, and salinity of the bottle samples via CO2calc (Robbins et al., 2010), with CO2 

constants K1, K2 from (Mehrbach et al., 1973) refit by (Dickson and Millero, 1987) and pH 

expressed on the total scale (mol kg-SW-1). The calculated bottle pH at environmental 

temperature was then compared with the voltage recorded by the sensor at the time points of 

sample collection to determine the value E* for the Nernst equation. This equation was then 

used to calculate pH from raw sensor voltage for he entire time series (Martz et al., 2010). 

Salinity was also used to calculate pH from raw sensor voltage. In Moorea, the value 

measured from the bottle sample was assumed constant and used for the entire time series. 

In Taiwan, the salinity time series was used for this calculation. 

After in situ pH was calculated, CO2CALC (Robbins et al., 2010) was used to 

estimate the remaining carbonate chemistry parameters, with CO2 constants K1, K2 from 

(Mehrbach et al., 1973) refit by (Dickson and Millero, 1987) and pH expressed on the total 

scale (mol kg-SW-1). For this calculation, AT was assumed constant throughout the 

deployment; average AT measured from the bottle samples was used. For the Moorea data 
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set, salinity was also assumed constant and the bottle sample average was used for 

CO2CALC calculations. For the Taiwan data set, the salinity time series was used for 

CO2CALC calculations. Assumptions of constant AT and/or salinity during the 1-2 month 

deployments were necessary because these parameters could only be measured using 

discrete samples. The assumptions could introduce errors of ± 1 psu in salinity and ± 50 

µmol kg SW-1 in AT (Rivest and Hofmann, 2014). 

 

Data analysis 

 Analyses were carried out using MatLab (v. 7.2.0; Mathworks, Inc.) and R (v. 3.0.1; 

R Core Team, 2013). 

First, time series of pH, temperature, salinity, and depth were processed through a 

series of quality control procedures following Lunden, Rivest et al. (in review). Briefly, the 

time series were trimmed and cleaned to exclude erroneous values. Due to the fact that there 

was only one calibration sample per time series, drift in SeaFET pH due to biofouling or 

internal sensor drift was not identifiable. The time series pH, temperature, salinity, and depth 

were then processed using a one-hour low-pass filter. 

 To better understand the composition of variance in the time series of pH, 

temperature, salinity, and depth, wavelet analysis was performed. Wavelet analysis was 

chosen over traditional spectral analyses because wavelet analysis does not assume that the 

properties of the time series do not vary through time (Cazelles et al., 2008). While the time 

series used here are very short, even for ecological time scales, dynamics in pH and 

temperature likely change with larger climate oscillations so an assumption of stationary 

behavior is not appropriate. Another advantage of wavelet analysis is that it allows 
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characterization of how frequency content of a signal changes with time (Cazelles et al., 

2008). I am particularly interested in this aspect of the analysis to examine changes in small-

scale variation in pH and temperature. Variance in the time and frequency domains was 

decomposed, and instances of significantly high temporal variation were identified. Then, 

wavelet power was averaged across the frequency (i.e. period) or time domains. The 

resulting synthesis described global wavelet power or changes in variance by frequency and 

scale-averaged power or changes in variance over time.  

To characterize differences in environmental variability between study sites in 

Moorea and Taiwan, I compared the mean and the variance of pH and temperature time 

series. Monte Carlo randomizations were performed, as the data violated the assumptions 

(e.g. normality) of more traditional parametric tests (Manly, 2006). Specifically, for each 

metric, the null hypothesis that the values from both sites came from a single statistical 

population characterized by the same mean and variance was tested. For each 

randomization, values from the statistical population were randomly assigned to each site 

and then the between-site difference in the metric of interest was computed (e.g. difference 

in mean or variance between sites). This generated a distribution of differences in the metric 

of interest under the null hypothesis. Then, the p-value was computed via a two-tailed test 

by determining the proportion of randomizations that yielded a difference in the metric of 

interest whose magnitude was greater than or equal to the one observed in the actual data. 

As with traditional parametric approaches, if the p-value generated via Monte Carlo 

randomizations is smaller than a predefined threshold (i.e. α = 0.05), then the null 

hypotheses can be rejected, and the difference between sites in the metric of interest is 

significant at the alpha level. In addition to this analysis testing the difference in 
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environmental parameters across the distribution of pH, temperature, and depth values 

recorded, histograms were used to visualize the distribution of pH across percentiles. Monte 

Carlo randomizations were also performed to test the difference between environmental 

parameters of Moorea and Taiwan for each percentile. This analysis allows me to describe if 

differences between sites are consistent for commonly occurring values as well as rarely 

occurring values. Additionally, cross-spectral analyses (wavelet coherence) were performed 

to measure the time-resolved correlation between simultaneous time series of temperature 

and pH.  Partial wavelet coherence was performed for pH, salinity, and temperature time 

series for Taiwan data sets. 

 

 

Results 

In Moorea and Taiwan, I used autonomous sensors to characterize the abiotic 

environment to which the resident corals were acclimatized, specifically to characterize the 

variability of pH and temperature. Use of the SeaFETs required the collection of discrete 

water samples for data calibration: the seawater chemistry for the bottle sample in Moorea 

was: pHtotal = 8.026; salinity = 35.65 psu; AT = 2353 µmol kg SW-1. The seawater chemistry 

for the discrete bottle sample in Taiwan was: pHtotal = 8.006, salinity = 33.43; AT = 2181 

µmol kg SW-1. The dates of these collections were February 16, 2012 at the Moorea study 

site and July 2, 2012 at the Taiwan study site. 

 The two sites had distinctly different profiles of seawater characteristics as assessed 

using summary statistics (Table 35). Mean seawater pH, temperature, Ωaragonite, Ωcalcite, and 

AT were greater in Moorea than in Taiwan. However, mean pCO2 was higher in Taiwan.  
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Table 35. Summary of oceanographic conditions at fringing reefs in Moorea, French 
Polynesia and Taiwan in 2012. pH (total scale) was measured by a SeaFET. Temperature 
was measured by duplicate thermistors in Moorea. Temperature and salinity were measured 
using a CT sensor in Taiwan. In Moorea, salinity was measured from a discrete water 
sample. AT was measured from a discrete seawater sample at each site. 
 

 
Site Summary 

Statistics 
Temperature 

(°C) 
Salinity 

(psu) 
pH AT 

(µmol 
kg SW-1) 

Ωarag Ωcalc pCO2 
(µatm) 

Moorea n 8001 1 8001 1 8001 8001 8001 
 Mean 28.76 35.65 7.989 2353 3.57 5.35 473 
 SD 0.61 NA 0.038 NA 0.26 0.38 53 
 Range 3.26 NA 0.233 NA 1.39 2.09 344 
 Maximum 30.63 NA 8.069 NA 4.10 6.13 718 
 Minimum 27.34 NA 7.836 NA 2.70 4.05 373 
 25% 28.32 NA 7.966 NA 3.53 5.30 431 
 75% 29.18 NA 8.019 NA 3.40 5.10 503 

Taiwan n 11012 11012 11012 1 11012 11012 11012 
 Mean 27.74 33.12 7.974 2181 3.03 4.57 467 
 SD 1.40 0.35 0.0315 NA 0.21 0.31 42 
 Range 10.47 4.52 0.255 NA 1.67 2.42 337 
 Maximum 30.01 34.56 8.105 NA 3.97 5.97 655 
 Minimum 19.54 30.04 7.850 NA 2.30 3.55 318 
 25% 27.14 32.96 7.953 NA 2.97 4.35 437 
 75% 28.70 33.34 7.996 NA 3.18 4.80 494 
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The extreme values and amplitude of fluctuations of abiotic factors were also different 

between the two sites. Temperature, Ωaragonite, and Ωcalcite reached higher maxima in Moorea, 

but lower minima in Taiwan, with 3x greater range of temperature in Taiwan. For seawater 

pH and pCO2, the range was similar between sites, but Moorea had lower maxima and 

minima.  

 

Dynamics of environmental pH 

 pH time series at both sites are characterized by strong and consistent daily 

fluctuations (Figs. 25A, B). A portion of the Moorea pH time series was removed because 

these data failed to meet quality control standards (Lunden, Rivest et al., in review). The 

plots of wavelet power (Figs. 25C, D) show areas delineated by black lines, which show 

variability or fluctuations in the signal that are significantly different than what would be 

expected from a null model. In these plots, the white line represents the cone of influence. 

Values inside the cone are reliable, and values outside the cone are less reliable because of 

edge effects in analysis of the finite time series. pH varied at different periods and the 

periodicity of the signal varied through time (Figs. 25C, D). Throughout the entire time 

series for both Moorea and Taiwan, high wavelet power was observed on a ~24-hour period, 

with some intermittent significant fluctuations occurring at lower periods (< 16 hours; Figs. 

25C, D). In Moorea, the dark blue portion of the figure corresponds to the section of the pH 

time series that was excluded from the analysis. Integrating across time, the global power in 

Moorea was concentrated at the 24-hour and ~10-hour periods (Fig. 25E), more consistent 

and with higher magnitude than in Taiwan. Global wavelet power for seawater pH in 

Taiwan also contained a significant 24-hour period but with greater power at lower  
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Figure 25. Time series and wavelet power analyses of seawater pH. Time series plots of 
seawater pH collected on a fringing reef in (A) Moorea [MCR], French Polynesia and (B) 
Taiwan [TWN]. Wavelet power quantifies the changes of relative contribution of each 
period in the pH signal to the overall variance of the signal for time series collected in (C) 
Moorea and (D) Taiwan. High power is represented in warm colors and low power is 
represented in cold colors. Black contours designate regions of significantly high temporal 
variation. The white line represents the cone of influence – values outside of this region are 
less reliable due to edge effects in the analysis. (E) A comparison between sites wavelet 
power integrated over time. Wavelet power was also integrated over period to describe 
changes in total variance over time for MCR (F) and TWN (G). 
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frequencies than in Moorea (Fig. 25E). When power was averaged over all periods, scale-

averaged power was greater in Moorea than in Taiwan (Figs. 25F, G). 

When considering the entire distribution of pH values, the Taiwan site spent more 

time at lower pH. When distributions of seawater pH were compared between Moorea and 

Taiwan, the Moorea time series contained more values of high seawater pH while the 

distribution in Taiwan was shifted lower, with more counts of lower seawater pH (Fig. 26A). 

Plotting the data as a distribution of pH over percentiles of the dataset, seawater pH in 

Moorea was greater than seawater pH in Taiwan for high percentiles but not low percentiles 

(Fig. 26B). Monte Carlo randomizations were used to test the difference between pH in 

Moorea and Taiwan for each percentile of the pH distributions. The observed differences in 

pH between sites at all but one quantile were statistically significant (Fig. 26C). The most 

rare pH values were significantly lower in Moorea than in Taiwan (Fig. 26C), as suggested 

by the summary statistics (Table 35). However, seawater pH was significantly lower in 

Taiwan for the majority of the distribution (Fig. 26C). The non-parametric Kolmogorov-

Smirnov test confirmed that there is a significant difference in the overall distribution of pH 

values between the sites (p < 0.001). Overall, the observed differences in mean and variance 

of pH were more extreme than those expected if the differences were drawn from a single 

statistical population, based on 999 Monte Carlo randomizations (p < 0.001 for both).  

 

Dynamics of environmental temperature 

Temperature time series at both sites were characterized by strong daily fluctuations, 

with some larger period depressions in temperature in Taiwan (Figs. 27A, B). The plots of 

wavelet power show that temperature varied at different periods and the periodicity of the  
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Figure 26. Comparisons of seawater pH between Moorea [MCR] and Taiwan [TWN]. 
(A) Histogram of the frequency densities of pH values observed during the deployments. (B) 
Distributions of frequencies of pH values during the deployments. (C) Differences in pH 
(TWN – MCR) for each percentile of the distribution of seawater pH, tested whether 
different from zero using Monte Carlo randomizations.  
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Figure 27. Time series and wavelet power analyses of seawater temperature. Time 
series plots of seawater temperature collected on a fringing reef in (A) Moorea [MCR], 
French Polynesia and (B) Taiwan [TWN]. Wavelet power quantifies the changes of relative 
contribution of each period in the pH signal to the overall variance of the signal for time 
series collected in (C) MCR and (D) TWN. See Figure 25 legend for details. (E) A 
comparison between sites wavelet power integrated over time. Wavelet power was also 
integrated over period to describe changes in total variance over time for MCR (F) and 
TWN (G). 
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signal varied through time (Figs. 27C, D). Throughout the entire time series for Moorea, 

high wavelet power was observed on a ~24-hour period, with some intermittent significant 

fluctuations occurring at lower periods (< 16 hours; Fig. 27C). In Taiwan, wavelet power at 

the 24-hour period was not consistently high, only significant during the second half of the 

time series (Figure 27D). In these cases, lower periods were also significantly high in 

wavelet power. During the first portion of the time series, there were no periods of signal 

that were significantly different from the null model (Fig. 27D). The Taiwan dataset also 

contained a unique feature of strong power on a 2-week period (Fig. 27D). Integrating 

across time, the global power in Moorea was concentrated at the 24-hour period (Fig. 27E), 

with lower magnitude than in Taiwan. Global wavelet power for seawater temperature in 

Taiwan was consistently higher than in Moorea, with peaks at 12-, 24- and 256-hour periods 

(Fig. 27E). When power was averaged over all periods, scale-averaged power was greater in 

Taiwan than in Moorea (Figs. 27F, G). 

Overall, the observed differences in mean and variance of temperature were 

significant between sites based on 999 Monte Carlo randomizations (p < 0.001 for both). 

When distributions of seawater temperature were compared between Moorea and Taiwan, 

the Moorea time series was concentrated around values of higher seawater temperature 

while the distribution in Taiwan had a tail with more counts of lower seawater temperature 

(Fig. 28A). Plotting the data as a distribution of temperature over percentiles of the dataset, 

seawater temperature in Moorea was greater than seawater temperature in Taiwan for all 

percentiles (Fig. 28B). Monte Carlo randomizations were used to test the difference between 

temperature in Moorea and Taiwan for each percentile of the temperature distributions. The  
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Figure 28. Comparison of seawater temperature between Moorea [MCR] and Taiwan 
[TWN]. (A) Histogram of the frequency densities of temperature values observed during the 
deployments. (B) Distributions of frequencies of temperature values during the 
deployments. (C) Differences in temperature (TWN – MCR) for each percentile of the 
distribution of seawater temperature, tested whether different from zero using Monte Carlo 
randomizations.  
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observed differences in temperature between sites were statistically significant for all 

quantiles (Fig. 28C). The most common and most rare temperature values were significantly 

higher in Moorea than in Taiwan (Fig. 26C), as suggested by the summary statistics (Table 

35).  

 

Correlation between pH and temperature variability 

The correlation between pH and temperature through time was determined for time 

series at each site using wavelet coherence. In Moorea, pH and temperature were 

significantly correlated through time on a ~24-hour period, with significant intermitted 

correlation at lower periods (<16 hours; Fig. 29A). In Taiwan, strong correlation between 

pH and temperature was sometimes present on a 24-hour period, but unlike Moorea, it was 

not consistent throughout the length of the time series. Lower periods were also sometimes 

significant in Taiwan (Fig. 29B). Similar to analyses of wavelet power, areas delineated by 

black lines in plots of wavelet coherence show correlation between pH and temperature 

signals that are significantly different than what would be expected from a null model. It is 

important to note that strong correlation does not imply that one signal is driving the other or 

vice versa (Cazelles et al., 2008). Both signals could have strong independent cycles of the 

same period. 

 

Dynamics of environmental salinity 

A salinity time series was generated in Taiwan, characterized by strong and 

consistent daily fluctuations, with some larger period dips that coincide with larger 

decreases in temperature (Figs. 30A, 27B). The distribution of salinity values was skewed,  
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Figure 29. Correlation between pH and temperature fluctuations in seawater. Wavelet 
coherence, measuring the time-resolved correlation at each frequency or period for time 
series collected in (A) Moorea [MCR] and (B) Taiwan [TWN]. Warm colors indicate 
regions of high correlation, while cool colors indicate regions of low correlation. Black lines 
outline regions with significantly greater correlation. 
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Figure 30. Time series and wavelet power analyses of seawater salinity in Taiwan. (A) 
Time series plot of seawater salinity collected on a fringing reef in Taiwan [TWN]. (B) 
Histogram of frequencies of salinity. (C) Wavelet power quantifies the changes of relative 
contribution of each period in the pH signal to the overall variance of the signal for time 
series collected in Taiwan. See Figure 25 legend for details. (D) Wavelet power integrated 
over time to describe changes in power over frequency. (E) Wavelet power was also 
integrated over period to describe changes in total variance over time. (F) Partial wavelet 
coherences of pH, salinity, and temperature describe correlation between the three 
parameters across frequency and time domains. High coherence is represented in warm 
colors and low power is represented in cold colors. Black contours designate regions of 
significantly high temporal variation. The white line represents the cone of influence – 
values outside of this region are less reliable due to edge effects in the analysis. 
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with a longer tail of lower values (Fig. 30B). The plot of wavelet power shows that salinity 

varied at different periods and the periodicity of the signal varied through time (Fig. 30C).  

Throughout the entire time series for Taiwan, wavelet power was inconsistently high 

on a ~24-hour period, with intermittent significant fluctuations occurring at lower periods (< 

16 hours) and at 64-hour to two-week periods (Fig. 30C). Integrating across time, the global 

power of salinity was concentrated at the 24-hour and two-week periods (Fig. 30D). When 

power was averaged over all periods, scale-averaged power was greatest for a discrete 

period in early June and elevated again around June 21 (Fig. 30E). The salinity time series 

was used to plot the correlation between pH, temperature and salinity through time at 

Taiwan, using partial wavelet coherence. pH, temperature, and salinity were not 

significantly correlated for the majority of the time-frequency space, indicated by the 

abundance of dark blue color in Figure 30C. However, at intermittent times, the coherence is 

significant around the 24-hour period (Fig. 30F). 

 

Dynamics of seawater depth 

Depth time series at both sites are characterized by strong and consistent daily 

fluctuations, with some larger period oscillations (Figs. 31A, B). Water depth oscillated with 

two minima and maxima per day at each location. However, in Moorea, each of the two 

oscillations had a consistent height, while in Taiwan, there was one large oscillation and one 

small oscillation per day (Figs. 31A, B). Based on observation of the raw time series, the 

signals appeared to contain strong daily and lunar tidal signals. Throughout the entire time 

series for Moorea, high wavelet power was observed on a ~12-hour period, with no 

significant fluctuations at other periods (Fig. 31C). In Taiwan, wavelet power at the 12-hour  
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Figure 31. Time series and wavelet power analyses of seawater depth. Time series plots 
of seawater depth collected on a fringing reef in (A) Moorea [MCR], French Polynesia and 
(B) Taiwan [TWN]. (C) Distributions of frequencies of depth values during the 
deployments. Wavelet power quantifies the changes of relative contribution of each period 
in the depth signal to the overall variance of the signal for time series collected in (C) 
Moorea and (D) Taiwan. See Figure 25 legend for details. (E) A comparison between sites 
of wavelet power integrated over time. Wavelet power was also integrated over period to 
describe changes in total variance over time for MCR (F) and TWN (G). 
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period was also consistently high, with evenly spaced high fluctuations at 24-hour periods 

(Figure 31D). Integrating across time, the global power in Moorea was low for all periods, 

while global power in Taiwan was elevated at 12- and 24-hour periods (Fig. 31E). When 

power was averaged over all periods, scale-averaged power was peaked every two weeks in 

Moorea and in Taiwan, with greater amplitudes in Taiwan (Figs. 31F, G). 

When distributions of seawater depth were compared between Moorea and Taiwan, 

the Moorea time series contained a much narrower range of values, while the distribution in 

Taiwan was much wider (Fig. 32A). Plotting the data as a distribution of depth over 

percentiles of the dataset, seawater depth in Taiwan was greater than in Moorea for all 

percentiles (Fig. 32B). Monte Carlo randomizations were used to test the difference between 

temperature in Moorea and Taiwan for each percentile of the depth distributions. The 

observed differences in depth between sites were statistically significant for all quantiles 

(Fig. 32C). The most common and most rare depth values were significantly higher in 

Taiwan than in Moorea (Fig. 32C).  

 

 

Discussion 

 In this chapter, I compared present-day environmental characteristics of the water 

masses bathing two fringing reefs, which contained the populations of coral used in my 

studies. Autonomous sensors generated datasets of pH, temperature, salinity, and depth that 

were analyzed to describe the abiotic conditions to which resident coral populations are 

potentially locally adapted or acclimatized, and further, to place the experimental treatments 

used in laboratory exposures in an ecologically-relevant context.  
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Figure 32. Comparison of seawater depth between Moorea [MCR] and Taiwan [TWN]. 
(A) Histogram of the frequency densities of depth values observed during the deployments. 
(B) Distributions of frequencies of depth values during the deployments. (C) Differences in 
depth (TWN – MCR) for each percentile of the distribution of seawater depth, tested 
whether different from zero using Monte Carlo randomizations. 
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 A variety of analyses all confirmed that pH and temperature regimes in Moorea and 

Taiwan were significantly different. The summary statistics (mean and variance) of pH and  

temperature differed significantly between fringing reefs in Moorea and Taiwan. In addition, 

the entire distribution of pH values differed between sites, not only the mean and median pH 

but also the extreme values (Fig. 26C). pH was higher in Moorea, for its mean and across 

almost all percentiles, but extreme values at this site were lower than in Taiwan. However, 

overall variance of pH was slightly greater in Moorea. Mean temperature was greater in 

Moorea, but variance of temperature was greater in Taiwan. Finally, wavelet analysis 

assessed composition and coherence of variance in pH, temperature, salinity, and depth 

across a range of frequencies at each site. For all parameters measured, changes in the 

contribution of the most important frequencies between sites suggest that the relative 

influence of biological processes versus oceanographic processes on environmental 

variability differs between the datasets collected in Moorea and Taiwan. 

 

Differences in environmental variability between Moorea and Taiwan 

 There are several reasons why pH and temperature regimes may differ between 

Moorea and Taiwan. Firstly, although both time series were collected during the austral 

summer at each site, they did not overlap in time. Therefore, it is possible that the 

differences in environmental variability attributed to space may be due to temporal changes 

in the regimes of pH and temperature. In a small-scale study along a 32 m slope of a fringing 

reef at Coconut Island, Oahu, Guadayol et al. (2014) found that spatial changes in variability 

of abiotic parameters like pH and temperature exceeded temporal changes in the regime of 

these variables. The Hawaii study employed a spatio-temporal sampling design with more 
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coverage than I had in this study with one set of sensors at each location. In comparison to 

the Hawaii study, my study encompassed a larger biogeographic spatial scale, where ratios 

between the variances of pH and temperature may not be constant through time (Guadayol 

et al., 2014). The ~6-week deployments likely did not capture temporal changes in pH and 

temperature regimes across the austral summer seasons. 

 Different oceanographic features in Moorea and Taiwan likely contributed to the 

observed differences in pH and temperature regimes. In Nanwan Bay in Taiwan, upwelling 

induced by internal tides is known to cause large drops in temperature within a few hours, a 

phenomenon that is exacerbated when monsoon winds raise the thermocline in the bay (Lee 

et al., 1999; Jan and Chen, 2009). During this study, Typhoon Mawar in early June and 

supertyphoon Guchol in late June may have caused upwelling in Nanwan Bay and 

subsequently drove the large-period depressions in seawater temperature observed at the 

Taiwan reef site (Fig. 27B). Additionally, the flood and ebb eddies established near the 

study site in Nanwan Bay during spring tides have been reported to cause two temperature 

drops per day (Lee et al., 1999). This phenomenon may account for the strong power of a 

~2-week period observed in fluctuations of seawater temperature in Taiwan (Fig. 27D). It 

was previously unknown whether the temperature-characterized upwelling in Nanwan Bay 

also caused changes in seawater pH. The results of this study suggest that fluctuations in 

temperature and pH in Taiwan at periods < 10 hours are not strongly correlated (Fig. 29B).  

 With respect to the site in French Polynesia, the Moorea site was more protected, due 

to its location inside a lagoon. Circulation patterns in Moorea are driven more by waves than 

by wind or tides (Hench et al., 2008). In general, the lagoon is flushed as water comes over 

the barrier reef and flows out through the passes (Hench et al., 2008). Because the Moorea 
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site is more protected, fluctuations in pH and temperature may be less affected by 

oceanographic features and thus dominated by a diel period attributed to biological 

processes and the light regime. 

 Differences in weather patterns between Moorea and Taiwan could have contributed 

to their unique environmental regimes. Due to the two typhoons, the Taiwan  site 

experienced ~1600 mm of rainfall during May-July, 2012 (Central Weather Bureau, 

Taiwan). In contrast, the island adjacent to Moorea (Tahiti) experienced ~1700 mm of 

rainfall during the entire year of 2012 (www.tutiempo.net), suggesting that heavy rainfall 

may have a more dramatic effect on the pH and temperature dynamics observed in Taiwan 

than in Moorea. In addition to inducing upwelling, the stormy weather in Taiwan could also 

have reduced seawater temperature due to decreased solar heating of the surface ocean. 

Interestingly, the coherence between pH and temperature was not strong during this time, so 

upwelling enhanced by the typhoons likely did not alter the pH regime in Taiwan. 

Additionally, high rainfall during typhoons likely caused the observed broad decreases in 

salinity in Taiwan (Fig. 30A).  

 Water depth plays an important role in the variability of pH and temperature. 

Mixing, turbulence, light intensity and quality, nutrient concentrations, and the influence of 

waves all vary by depth. Due to constraints in the specific deployment locations of the 

sensors, sensor depth differed between sites. Sensors were deployed at ~3 m in Moorea and 

at ~6 m in Taiwan. This difference may help explain why the 24-hour period in fluctuations 

of pH and temperature is much stronger and more consistent in Moorea. The deeper depth in 

Taiwan likely dilutes the signal of photosynthesis and respiration within the overall 

variability of pH and temperature. Similarly, Guadayol et al. (2014) also found that the 
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importance of daily fluctuations within pH and temperature signals decreases with water 

depth. Water depth was also affected by semidiurnal tides present at both sites. Here, I show 

that changes in water depth associated with waves and tides are much more diverse in 

Taiwan than in Moorea (Fig. 31C). The wide range of water depth may have weakened the 

power of the 24-hour period in the pH and temperature fluctuations in Taiwan (Figs. 25D, 

27D). 

 

An ecological perspective 

 The environmental data collected at my study sites, Moorea and Taiwan, confirmed 

that the Ambient experimental treatments used in Chapter 4 approximated conditions 

experienced at the reef scale during the time the experiments were conducted as well as 

conditions the coral larvae may have encountered in the water column shortly after release. 

Additionally, these datasets revealed that the High experimental treatments used were at the 

maxima or outside the range of exposure to pH and temperature on these fringing reefs 

during the time the experiment was conducted. It is important to note that the measurements 

of pH and temperature presented in this chapter cannot account for gradients in pH and 

temperature on the meter scale (e.g. Guadayol et al., 2014) or within the boundary layer of 

the corals themselves (Shashar et al., 1993).   

 The time series reported in this chapter revealed reef conditions for my study 

populations. At both sites, the mean pCO2 value calculated (467-473 µatm) was higher than 

the annual global atmospheric mean for 2012 (393 µatm; Conway and Tans, NOAA/ESRL 

[www.esrl.noaa.gov/gmd/ccgg/trends]). Temperature stress may be more common in 

Moorea, where seawater temperature passed the local bleaching threshold (30°C; Gleason, 
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1993) for several hours on three adjacent days in early March. In contrast, seawater 

temperature in Taiwan passed the local bleaching threshold (30°C; Wilkinson, 1998) only 

once, for 6 minutes in May. As pH and temperature fluctuated on a variety of periods, 

aragonite saturation state at Moorea was on average above what is adequate for coral reefs 

(>3.5; Kleypas et al., 1999b; Guinotte et al., 2003). However, Ωarag fell as low as 2.70, an 

extreme level for corals where accretion rates may be depressed (Kleypas et al., 1999b). 

Based on the summary statistics (Table 35), the study reef in Taiwan would be considered 

marginal and low- Ωarag, with 75% of the time spent below commonly observed levels for 

coral reefs (Kleypas et al., 1999b; Guinotte et al., 2003). It is important to note the limitation 

of our ability to conclude much about Ωarag at these sites as I collected limited datasets on 

salinity and total alkalinity. 

pH and temperature time series recorded at Moorea and Taiwan differed slightly 

from conditions at other coral reefs. At Moorea, the mean pCO2 value recorded (473 µatm) 

was higher than recorded in winter at this site in the previous year (374 µatm; Chapter 2, 

Rivest and Hofmann, 2014); lower wind stress in 2012 may have enhanced seawater 

retention in the lagoon, allowing the biological pCO2 signal to increase average pCO2 levels. 

In 2012 at Moorea, mean pH was higher and mean temperature was lower than in 2011 

(Chapter 2). Mean pH variability reported here is similar to SeaFET pH time series data 

collected from coral reefs in the Northern Line Islands (Price et al., 2012) but pH values at 

Moorea and Taiwan were lower than those reported for reef lagoons and reef flats on the 

Great Barrier Reef (Gagliano et al., 2010; Albright et al., 2013; Shaw and McNeil, 2014). 

More acidic carbonate chemistry was documented in a lagoon in Okinawa and at Heron 

Island, where pCO2 reached levels predicted in a worst-case scenario by the year 2100 
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(Ohde and van Woesik, 1999; Santos et al., 2011; IPCC, 2013). Temperature in Taiwan was 

similar to that reported in (Jan and Chen, 2009) for Nanwan Bay. 

 

Conclusion 

Regimes of pH and temperature differed between fringing reef sites in Moorea and 

Taiwan. My in-depth comparisons showed that these differences persisted across 

comparisons of summary statistics, frequency distributions, and signal dynamics. It is likely 

that the relative importance of biological processes of the coral reef community (i.e. 

photosynthesis, respiration, and calcification), oceanographic events, and weather at each 

site was distinct. As a result of the unique variability of pH and temperature between 

Moorea and Taiwan, there is potential that corals, including P. damicornis, are locally 

adapted and seasonally acclimatized to the observed conditions (Palumbi et al., 2014). 

Consequent population-specific physiological differences across the biogeographic species 

ranges may result in a range of responses to future changes in pH and temperature at these 

sites. In Chapter 4, I found that Moorea and Taiwan populations exhibit different 

physiological responses of P. damicornis larvae to OA and warming. Studies as this, which 

present measurements of the physical environment alongside metrics of biological 

performance, provide a valuable insight to the potential heterogeneity of phenotypes of 

tolerance to global ocean change. 
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