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ABSTRACT OF THE THESIS

Activity of Energy Metabolic Enzymes in Different Coral Species and Populations
Provides Evidence for Local Adaptation

by

Cameron Makan Hassibi
Master of Science in Marine Biology
University of California San Diego, 2020

Professor Martin Tresguerres, Chair

Anthropogenic alterations to the Earth system threaten the persistence of coral reef
ecosystems, yet pervasive knowledge gaps in basic coral biology prevent accurate measures of
coral health prior to mortality. The goal of this thesis is to characterize the metabolic signatures
of spatially distinct coral populations adapted to the light regimes of their microenvironments
using pathway-specific enzymatic assays. Shallow (3 meters) and deep (5-8 meters) Acropora
cervicornis and Porites astreoides populations were sampled at two distinct reef sites: Punta
Caracol—a turbid lagoon habitat with large influxes of terrestrial sediments—and Eric Reef—a
comparatively pristine open-ocean habitat characterized by greater water column clarity. Coral

tissues collected from Bocas del Toro, Panama were homogenized and prepared for analysis at
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Scripps Institution of Oceanography (San Diego). Malate dehydrogenase (MDH), lactate
dehydrogenase (LDH), strombine dehydrogenase (SDH), alanopine dehydrogenase (ADH), and
citrate synthase (CS) enzymatic assays were employed to represent maximum fermentative and
aerobic metabolic capacities by measuring changes in peak absorbance readings via
spectrophotometry. Maximum changes in absorbance were standardized against actual protein
concentrations in a novel methodology developed for this thesis. Calculated maximum enzymatic
activities indicate that the energy metabolic pathways of 4. cervicornis and P. astreoides are
tuned to local environmental conditions that, generally, favor fermentation in Punta Caracol as

suggested by the higher activities of the various opine dehydrogenases.
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INTRODUCTION

General Introduction

Well-observed trends in coral reef biology depict patterns of decline in ecosystem
biodiversity and function as a result of interacting anthropogenic stressors on local, regional, and
global scales!™. Due to the highly productive nature of reef systems>®, their continued
degradation is predicted to have extensive ecological and socioeconomic reprocussions®’
which will undoubtedly increase in the absence of drastic and consequential measures!?. Despite
the seemingly vast amount of resources allocated to research and conservation efforts thus far,
there remains a strong consensus among experts that more needs to be done to ensure the
persistence of coral reefs!!. This demands the urgent burgeoning of scientific inquiries to identify

and close pervasive knowledge gaps in basic coral biology!>!3

. These gaps have the potential to
severely hamper the efficacy of future policy measures intended to promote reef vitality!'*. Even
relatively straightforward management strategies such as the redistribution of resources to reduce

the mismatch between regions of high reef biodiversity and low conservation success rates

would likely prove futile without robust and definitive datasets that correctly identify these

10,11,15

gaps
Although the prospect of tackling the myriad of unknowns plaguing coral research is
undoubtedly daunting, such is the task necessary to limit future declines in reef structure,
function, and resiliency. Given that the combined negative effect of multiple anthropogenic
stressors including sedimentation, coastal development, pollution, overfishing, rising sea surface
temperatures, and ocean acidification is far greater in magnitude than the sum of its parts,
preserving existing reef system configurations is increasingly unlikely!®. Instead, efforts must be

properly reallocated across multiple disciplines to mitigate the inevitable shifts in coral reef



communities worldwide. An integral component of this multifaceted strategy involves improving
our understanding of corals at the cellular and molecular level and their downstream
physiological processes that drive coral stress responses—the mechanisms of which remain
largely unstudied!”-!8, But while such efforts have gained significant recognition in recent
years'?~2!, the integration between coral cell physiology with field work is still required .
Applying such integrative procedures in the framework of coral metabolism may help elucidate
the fine-scale signatures characterizing coral acclimation strategies, which may prove vital for
monitoring changes in coral health prior to mortality??. With this in mind, my thesis studied
molecular parameters involved in coral energy metabolism, which is intrinsically linked to
physiological health and status?*->*. Enzyme kinetic assays were utilized here to quantify
metabolic capacity in the context of local adaptation by examining depth- and location-specific
populations of the Caribbean corals Acropora cervicornis and Porites astreoides. This approach
may greatly enhance our ability to proactively recognize and neutralize anthropogenic threats to
coral reef systems on sufficiently-truncated timescales—thereby circumventing irreversible
habitat deterioration that may otherwise occur without timely and targeted intervention'®.
General coral biology and symbiotic association

Corals are members of the phylum Cnidaria, class Anthozoa. Different coral species are
scattered across a broad range of habitats and niches, which reflects their complex life histories
forged via adaptive responses to changing environmental conditions, disturbances, and stressors
over hundreds of millions of years*>-?7. Despite this diversity, most of our current knowledge
pertains to reef-building corals (Scleractinia) found throughout the oligotrophic shallows of the
low-latitude oceans?®>—due in large part to the importance of these ecosystems to human

populations®®. Through tightly regulated and highly integrated metabolic processes®®, these



underwater architects deposit calcium carbonate skeletons which form the massive three-
dimensional reef structures that dominate the endemic seascape. As is the case with all
cnidarians, corals are diploblastic organisms with two distinct germ layers: the ectoderm and the
endoderm (also referred to as ‘gastrodermis’ in the literature). These tissues interfold to form a
shared gastrovascular compartment known as the coelenteron. This fluid-filled cavity permits,
among other functions, the transport and exchange of metabolic intermediates, waste products,
endosymbiotic algae (discussed at length below and in subsequent sections), and nutrients
throughout the colony. Surrounding either side of the coelenteron is an ectodermal and
endodermal cell layer. Layers adjacent to the surrounding seawater are the oral ectoderm and
oral endoderm while those enveloping the coral skeleton are the aboral endoderm and aboral
ectoderm.

Coral colonies are comprised of genetically identical polyps interconnected by means of
the coelenteron and the skin-like coenosarc that covers its outermost surface. Surrounded by
feeding tentacles, mouths situated at the center of each polyp regulate contact between the
chemically distinct fluid of the coelenteron and the surrounding seawater. The polyp mouths are
also the point of initial acquisition and final expulsion of Symbiodinium, with which they form an
intracellular symbiotic association. Along with the complex assemblages of microbes—
analogous to that of the human gut microbiome—these photosynthetic endosymbionts form
unique partnerships with their coral hosts in what is often cited as the coral holobiont?!. Although
such mutualistic relationships are not uncommon in marine invertebrates, the coral-
Symbiodinium holobiont is unique in its role as an ecosystem engineer whose presence
profoundly influences the structural characteristics of dependent communities®!-*2, The exchange

of metabolites and nutrients is one of the defining features of the coral-dinoflagellate symbiosis



and elucidates the persistence of tropical reefs in traditionally nutrient-replete environments.
Algae-derived fixed carbon generated via photosynthesis is translocated from the symbiont to the
coral host for use in mucus generation, respiration, growth, and reproduction®3. Furthermore, the
oxygen waste generated by this same process may promote aerobic metabolism and calcification
rates in the coral host**. In return, corals provide their endosymbionts with protection and
nutrients in the form of host metabolic waste products'®*3.
General aerobic and fermentative metabolism

Key to the survival of all life is the balance between energy consumption and generation.
Adenosine triphosphate (ATP) is the universal currency in this exchange and is produced via
three basic pathways: phosphagen mobilization, fermentation, and oxidative metabolism?>. These
ATP-synthesizing mechanisms are categorized as either aerobic (oxygen-dependent) or
anaerobic (oxygen-independent) metabolic processes. Phosphagen mobilization is the simplest of
these pathways and is most closely associated with burst muscular work3®. The mobilization of
phosphagens is modulated by creatine phosphokinase and does not require oxygen. Fermentation
is also oxygen-independent and involves the partial catabolism of substrates to various anaerobic
end-products—with anaerobic glycolysis being the most prevalent and well-conserved of the
fermentative processes®>. Anaerobic glycolysis is a fermentative pathway by which a six-carbon
glucose molecule is converted into two three-carbon pyruvate molecules through a series of
enzyme-catalyzed reactions®’. Comprised of an energy investment phase and an energy
production phase, the glycolytic pathway provides multiple access points for regulatory agents to
intervene as dictated by the energy demands of the cell. The production of pyruvate from glucose
yields two molecules of ATP, two molecules of nicotinamide adenine dinucleotide (NADH), and

two molecules of pyruvate.



During aerobic conditions, adequate cellular oxygen concentrations favor the more
efficient and complete oxidation of pyruvate. The pyruvate provided by the glycolytic pathway is
transported into the mitochondria where it is oxidized by the pyruvate dehydrogenase complex
into acetyl coenzyme A (acetyl-CoA)—the starting material for the citric acid cycle or
tricarboxylic acid (TCA) cycle. As is the case with anaerobic glycolysis, the TCA cycle may be
modulated at various phases through complex molecular interactions. The TCA cycle, in relative
terms, begins with the condensation of acetyl-CoA and oxaloacetate by the enzyme citrate
synthase (CS) to form citrate and ends with the formation of oxaloacetate from malate via malate
dehydrogenase (MDH). In a single turn of the cycle, only one molecule of ATP is generated. The
true measure of energy generation, however, lies in the three molecules of NADH (four when
including the NADH produced from pyruvate dehydrogenase) and the one molecule of flavin
adenine dinucleotide (FADH>) formed alongside the single ATP molecule. These cofactors
provide the electrons utilized in the electron transport system of the inner mitochondrial
membrane where the bulk of ATP is generated. In addition to the glycolytic pool of cytoplasmic
NADH, the various cofactors produced by the TCA cycle are stripped of their electrons by a
series of complexes that form the respiratory chain involved in oxidative phosphorylation. The
transport of electrons through the various inner membrane-bound protein complexes fuels the
pumping of hydrogen ions (H") out of the mitochondrial matrix and into the intermembrane
space. The creation of a H" concentration gradient permits the downhill movement of protons
back into the mitochondrial matrix. This proton leak provides the driving force for ATP
synthesis from adenosine diphosphate (ADP) and phosphate ions (Pi)—a thermodynamically
unfavorable reaction catalyzed by the inner mitochondrial membrane-bound ATP synthase

enzyme. The net reaction for the complete oxidation of glucose is as follows:



glucose + 36(ADP + Pi) + 60, — 36ATP + 6CO; + 42H,0

The complete aerobic oxidation of 1 mole of glucose yields an estimated 36-38 moles of ATP—
drastically greater than that of fermentative glycolysis (Figure 1)3®,

However, during oxygen limitation leading to anaerobic conditions, mitochondrial
pyruvate oxidation is inhibited. Consequentially, the reoxidation of NADH to NAD" that would
normally occur aerobically must do so in the absence of oxygen. It is the role of the terminal
dehydrogenase enzyme to then facilitate the reductive condensation of pyruvate coupled to
NAD" regeneration. In vertebrate animals and some invertebrates experiencing oxygen
limitation, the pyruvate formed via glycolysis is not shuttled into mitochondria and instead is
converted to lactate by lactate dehydrogenase (LDH) in the cytoplasm?2. This reaction
regenerates the NAD™ co-factor necessary to facilitate a continuous flux of glycolysis for ATP

production during periods of oxygen-limitation*4%;

pyruvate + NADH + H* < lactate + H,O + NAD*

LDH

However, some invertebrates, rely upon alternative terminal pyruvate dehydrogenases known as
“opine dehydrogenases” (OpDHs). The functional role of opine dehydrogenases is the same as
LDH. (i.e. to regenerate NAD") However unlike LDH, these OpDHs) require an additional
substrate in the form of an amino acid to catalyze the reductive condensation of pyruvate,

yielding an imino acid (or opine) end-product*!~*3 as illustrated below:



pyruvate + amino acid + NADH + H" & opine + H,O + NAD*

OpDH

Possible advantages of OpDH use over the LDH equivalent include higher yields of ATP,
maintenance of constant intracellular osmotic pressure, lower NADH/NAD™ ratios, and reduced
acidosis?> 4443,

Further illustrating the exemplary adaptive capacity of this oxygen-independent
metabolic pathway is the presence of the diverse and functionally analogous OpDHs in many
marine invertebrate species and tissues®>*¢, These OpDHs include strombine dehydrogenase
(SDH) and alanopine dehydrogenase (ADH) among others, and function similarly to LDH in
maintaining the proper NADH/NAD" balance to drive anaerobic glycolysis*’. The switch from
aerobic to fermentative metabolism provides organisms with an rapid means of energy genesis at

the expense of efficiency*®+

and is, therefore, considered generally unsustainable over extended
periods of time*. Nonetheless, the flexibility inherent in glycolytic fermentation grants a key

evolutionary advantage to marine invertebrates and helps explain its wide phylogenetic

conservation>’.
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Figure 1: Edited from Hochacka and Somero (2002). Compilation diagram of the main processes involved in ATP
production under aerobic and anaerobic conditions. Under anaerobic conditions, (A) pyruvate generated via
glycolysis is fermented (B) to regenerate NAD" necessary to drive glycolysis. In addition to NAD", the
fermentation of pyruvate via dehydrogenase enzyme produces an imino acid end product—all of which are

functionally analogous. Under aerobic conditions, (C) pyruvate is transported to the mitochondria to generate ATP
via oxidative metabolism.

Coral metabolic biochemistry

At daytime, photosynthesis by coral symbiotic algae provides an ample supply of oxygen
that can sustain aerobic metabolism*3. However, at night, respiration by the coral holobiont can
deplete oxygen levels leading to hypoxia and increased reliance on fermentative pathways to
produce ATP>!. Additionally, shifts in the use of aerobic and fermentative energy metabolic
pathways can potentially also occur during exposure of other environmental conditions that

affect oxygen and fuel supply; in particular depth and water turbidity (which affect



photosynthesis), water flow, and prey availability. However, coral fermentative pathways and the
regulation of energy metabolism during aerobic and anaerobic conditions are surprisingly poorly
characterized. On the other hand, the fine-tuning of aerobic and fermentative pathway utilization
is a well-documented phenomenon in marine intertidal invertebrates*’, and can provide cues to
about some of the potential strategies utilized by coral. Intertidal invertebrates experience regular
bouts of environmental and functional hypoxia and anoxia>? at which time the generation of ATP
via aerobic metabolism is impaired and a compensatory shift to glycolytic fermentation is
observed?*393,

The existence of these alternative energetic mechanisms in marine invertebrates including
corals provides a unique opportunity for the improved characterization of metabolic pathway
plasticity in coral populations photoacclimated to their microenvironment. Similar techniques
were employed in a recent study to determine metabolic enzyme activities in response to oxygen
deprivation in the Hawaiian reef-building coral Montipora capitata, in which these enzymes
served as proxies for coral hypoxic stress??. This thesis sought to expand on the concept by
including the analysis of two additional metabolic enzymes, citrate synthase (CS) and malate
dehydrogenase (MDH)), to better resolve the unknowns persistent in coral adaptive physiological
responses. CS is a mitochondrial enzyme that catalyzes the condensation reaction of acetyl-CoA
and oxaloacetate to form citrate in the first step of the TCA cycle*®. Due to its specific role
within the mitochondria, CS is the ideal candidate to represent general aerobic capacity®*. MDH
differs from all other enzymes of interest due to its broad involvement in multiple metabolic
pathways>>-*, MDH plays a crucial role in both aerobic and fermentative metabolism as an
energy-supplying enzyme®’->°. The mitochondrial MDH isoenzyme (mMDH), which catalyzes

the oxidation of malate in the TCA cycle, and the cytoplasmic MDH isoenzyme (¢cMDH), which



primarily reduces oxaloacetate in the cytoplasm, function as transporters of reducing equivalents
through various shuttle systems>’-°-%2, This coordinated effort between mMDH and ¢cMDH helps
regulate the cytoplasmic redox state of a cell by continually shunting NADH generated in the
cytoplasm into the mitochondrial matrix for further ATP production via oxidative
phosphorylation*¢:6%-63, Despite lacking pathway specificity, observations of its maximum
activities in coral tissues are nevertheless valuable as supplementary indicators for general
metabolic scope.
Effect of light on coral metabolism

In ideal light conditions, photosynthesis contributes the overwhelming majority of
organic carbon used by the coral when compared to that of heterotrophy®*. In addition to
supplying fixed carbon to host tissues, photosynthesis generates oxygen as a waste-product
which is made available to the coral host. Oxygen is critical in its role as a direct and indirect
driver of many physiological processes in corals®, and its availability dictates the metabolic
pathways utilized by the coral host. As the prerequisite for ATP-synthesis via mitochondrial
oxidative phosphorylation, oxygen enables the complete oxidation of glucose via aerobic
metabolism®®. In the absence of adequate oxygen concentrations, cellular metabolism relies on
fermentative pathways to generate ATP. The relationship between photosynthesis and oxygen
production is therefore dictated primarily by the availability of light energy, wherein
photosynthetic activity affects the concentration of oxygen within the host tissue®’-¢.
Consequentially, the growth, reproduction, and survival of the coral-algal holobiont is dependent
on the spectral irradiance of light available®. For the sessile obligate zooxanthellae corals,
reliance on a highly variable resource such as light requires adaptive physiological responses to

changes in photosynthetically active radiation (PAR). While light has long been observed as a

10



major limiting factor in the depth-distribution of hermatypic corals’%"2, the intricacies of local
adaptation elucidated by intra-specific and population-based studies continue to illustrate a need
for a universal proxy which accurately depicts changes to corals’ aerobic and fermentative
capacities prior to mortality. To that end, efforts to bridge the gap between coral bioenergetics
and conservation have expanded—as evident by this thesis and in parallel research efforts—and,
coincidentally, aligns well with the growing threat of elevated sedimentation and nutrient stress

on coral reefs in Bocas del Toro, Panama’® (Figure 2).
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Figure 2: Bocas del Toro experimental locations are shown along with the location of the Smithsonian Tropical
Research Institute (STRI) station.
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Bocas del Toro is a western province in the Republic of Panama spanning an area of 8,917 km?
along a narrow continental shelf™. With a coastal zone reaching maximum depths of 20-50
meters divided between the two large lagoons Bahia Almirante and Laguna de Chiriqui, the
collection sites of Punta Caracol and Eric Reef sit on opposite sides of Isla Colon within the
north-western portion of Bahia Almirante”. Punta Caracol is a mainland-facing reef site within
the Bahia Almirante where terrestrial runoft and nutrient pollution—exacerbated by limited
ocean flushing—contribute to elevated water turbidity””. In contrast, Eric Reef is exposed to the
Caribbean Sea and, as a result, experiences less terrestrial influence and higher rates of water
exchange with the open ocean. Consequentially, water turbidity is low and diurnal CO»/pH
ranges more closely resemble that of the open ocean’>7¢.

The marine ecosystems of the Bocas del Toro archipelago are vulnerable due to abundant
peak regional rainfall of 287 cm per year and expanding land development, deforestation, and
agricultural works within the last decade. As a result, rates of sedimentation, heavy-metal
contaminants, and nutrient runoff into these local marine habitats via regional and seasonal rivers
has increased’”>. Mangrove forests, which offer protection to neighboring coral reefs from the
aforementioned terrestrial inputs, are threatened within both the Bahia Almirante and Laguna de
Chiriqui by coastal development and climate change’’. The combination of enhanced
sedimentation and eutrophication, compounded by the continued loss of natural buffer systems
like that of mangrove forests, threatens the critical light resource almost all hermatypic corals
need to survive®.

Suspended particles carried into coastal marine habitats by freshwater sources can alter
both the intensity and spectral quality of available light reaching individual corals, thereby

impacting their metabolism’®. Elevated nutrient inputs also support the overgrowth of algae

12



leading to reduced water transparency. A 5-week shading experiment of A. cervicornis at San
Cristobal Reef off southwest Puerto Rico notes decreases in net primary productivity and
respiration as a function of light exclusion”, which reflects the interplay of sufficient solar
radiation and water clarity on coral vitality. Similarly, an investigation involving turbidity stress
on coral reefs revealed that the energy state of corals is extremely sensitive to anomalies in
turbidity and depth®’. Turbidity-induced light attenuation may manifest in reef structures as a
shoaling of coral zonation over sufficient timescales, potentially resulting in short-term losses in
deeper coral populations®!. This phenomenon might be exacerbated in specific colonies that lack
the photo- and heterotrophic plasticity required to offset energetic deficiencies during periods of
high water column turbidity®?. Given the potential for future declines in water clarity and PAR
penetration, there is a need to further understand the species- and spatial-specific adaptive
capabilities of corals to light resource availability. While the number of available studies
investigating the photoacclimation potential of various coral species is substantial, the
application of metabolic enzymatic assay analysis in characterizing local metabolic adaptation
across both depth and habitat is novel. For the purposes of this study, depth is comparable to
water turbidity wherein an increase in depth is assumed to mimic an increase in water
turbidity®3#*. These results will augment those of the location analyses wherein the strongest
evidence for intraspecific metabolic photoacclimation signatures are anticipated to arise. This
inclination stems from the contrast in quality of shallow-water habitat between Punta Caracol
and Eric Reef. By comparing the various activities of major metabolic enzymes between depth-
and spatial-specific populations of 4. cervicornis and P. astreoides, baselines which characterize

the aerobic and fermentative capacities may be established.
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MATERIALS & METHODS

Sample Collection

A. cervicornis branch tips (~10 cm) were harvested from healthy colonies using stainless
steel bone cutters. Variations in depth zonation at the Punta Caracol site prevented collection of
field population samples at depths exceeding 5 meters. Consequentially, A. cervicornis fragments
(~10 cm) were collected from Punta Caracol populations at 3 meters and 5 meters rather than at
the planned 3 meters and 8 meters. However, A. cervicornis populations at Eric Reef and P.
astreoides did not exhibit this depth-limitation. Healthy colonies were identified at 3 meters and
8 meters, and samples (~4-6 cm) from these populations were harvested using a hammer and
chisel. Immediately following fragmentation, divers shuttled the samples in labeled plastic zip-
top bags to an accompanying vessel where they were rapidly frozen in dry ice for later analysis.
From each depth population, 7 samples were obtained for each coral species (n = 7).
Determination of enzymatic activity of metabolic enzymes

Enzymatic assays are very sensitive to the way samples are processed and to the method
used to normalize enzymatic activity as a function of mass. These issues become especially
important when working with samples with intrinsically low enzymatic activities such as coral
tissues. Thus, considerable effort was placed to optimize protocols to minimize experimental
variability as much as possible.
Tissue Homogenization

The order in which samples were homogenized was determined using a random-number
generator. Tissues were separated from their skeletons with homogenization buffer (100 mM
Tris buffer pH 7.5 at 20°C) propelled using an airbrush (Paasche Airbrush Company, MIL#3

Millennium Airbrush). Homogenates were sonicated using a cell disrupter (Branson Sonic Power
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Company, Sonifier W185D) on dry ice at low-power (45 W) over multiple rest-and-pause cycles
to limit any potential warming. The cycles consisted of 30 seconds of sonication followed by 10
seconds of rest on dry ice for a total of 2 minutes and 30 seconds. The resulting crude
homogenates were then centrifuged (Eppendorf AG, 5810 R Centrifuge) at 4°C for 15 minutes at
500 relative centrifugal force (RCF) to separate the coral fraction from the zooxanthellae.
Following centrifugation, the coral supernatant was transferred to multiple 1.5 mL Eppendorf
tubes and flash-frozen under dry ice for storage at -80°C. The zooxanthellae pellets were
discarded. Prior to analysis, frozen homogenates were allowed to thaw completely on ice.
Enzyme activity assays

Enzymatic assays for MDH (E.C. 1.1.1.37), LDH (E.C. 1.1.1.27), SDH (E.C. 1.5.1.22),
ADH (E.C. 1.5.1.17), and CS (E.C. 2.3.3.1) were performed in triplicate using a SpectraMax iD3
microplate reader (Molecular Devices, LLC) at 27.0 °C in 96-well plates (Corning, Costar* 96-
Well EIA/RIA plates). All enzymatic assays were optimized for corals from Linsmayer and
Tresguerres (unpublished)®. MDH (80 mM imidazole buffer pH 7.0 at 20°C, 100 mM KCl, 0.15
mM NADH, 0.3 mM oxaloacetate), LDH (50 mM imidazole buffer pH 7.0 at 20°C, , 100 mM
KCl, 0.15 mM NADH, 1.0 mM sodium pyruvate), SDH (100 mM Tris-HCI buffer pH 7.0 at
20°C, 100 mM glycine, 0.3 mM NADH, 0.3 mM sodium pyruvate), ADH (100 mM imidazole
buffer pH 7.0 at 20°C, 200 mM L-alanine, 0.2 mM NADH, 3.0 mM sodium pyruvate), and CS
(80 mM Tris buffer pH 8.0 at 20°C, 2.0 Mm MgCl,, 0.1 mM DTNB, 0.1 mM acetyl-CoA, 0.5
mM oxaloacetate) reagent concentrations were calculated using a final well reaction volume of
160 pL. Solutions were made fresh daily while sample aliquots thawed completely on ice. Prior
to being loaded onto the microplates, all solutions, buffers, homogenates, and dyes were mixed

using a vortex mixer (VWR International, Standard Heavy-Duty Vortex Mixer). Blanks
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consisted of 150 pL of appropriate enzyme assay medium and 10 pLL of homogenization buffer
(100 mM Tris buffer pH 7.5 at 20°C) were run in triplicate alongside their corresponding assay.
The addition of 10 pL of coral homogenate initiated the enzymatic reactions. MDH, LDH, SDH,
and ADH assays were monitored at 340 nm, corresponding to the oxidation of NADH to NAD".
CS assays, in contrast, were measured at 412 nm to reflect the formation of TNB from DTNB.
SDH and ADH reactions were allowed to run for 30 minutes, while all remaining assays ran for
only 10 minutes.

To obtain more accurate measurements, the Bradford protein assay (Bio-Rad
Laboratories, Inc., Bradford Assay) methodology was adapted and integrated with the enzymatic
assay protocol using a single 96-well plate—a novel development in the field. Containment on a
single plate may potentially improve control over spatial and temporal variables affecting
absorbance readings when compared to analysis using multiple plates. Further improvements
made on the protein assay involved measuring the protein concentration of each experimental
well immediately following enzymatic analysis. Doing so yields protein measurements that
reflect actual concentrations observed in each well, thereby increasing the accuracy of the final
maximum enzymatic activity calculations. On each plate, designated wells containing 150 pL of
the appropriate enzyme solution medium were set aside for the construction of a standard curve.
In these wells, 10 uL. of bovine serum albumin (BSA) of known dilutions (0, 0.138, 0.265, 0.525,
0.720, and 0.891 mg/mL) replaced the 10 uL. of coral homogenate used in the experimental
wells. The standards were also allowed to run in triplicate. The addition of 40 puL of room-
temperature (27.0°C) Bradford dye concentrate to all wells properly diluted the dye to a final
reaction volume of 200 pL. Following room-temperature incubation on a shaker (VWR

International, 120 V Microplate Shaker) for 5 minutes at 500 RCF, the 96-well plate was loaded
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into a microplate absorbance reader (Bio-Rad Laboratories, Inc., iMark Microplate Absorbance
Reader). Using the microplate desktop application (Bio-Rad Laboratories, Inc., Microplate
Manager 6 Software), absorbance measurements were made as a ratio of 595 nm to 450 nm to
better resolve issues of nonlinearity in the Bradford protein assay®®. Final experimental protein
concentrations were accepted when the generated standard curve 12 value exceeded 0.95.

From these measurements, maximum enzyme activity values were calculated for all
samples using Excel (Microsoft, Excel 2016). Enzymatic absorbance measurements spanning the
first 60 seconds were excluded to account for the initial fluctuations observed in the datasets.
Using a two-sided estimation, the three largest changes in absolute slope were averaged for each
replicate. This provided three separate absorbance measurements for each sample, at which point
these values were again averaged to yield the final maximum change in absorbance in each
individual sample. Blanks were subtracted from these sample averages when in excess of 5% of
the observed value. Once standardized to protein concentration, enzyme activities were
expressed as nanomole (nmol) substrate converted per milligram protein per minute (nmol™! mg
protein™! min!).

Statistical analysis

All analyses performed and all graphs generated for this study were done using the Prism
8 program (Graphpad Software). From the various packages available through Prism 8, the two-
way analysis-of-variance (ANOVA) using Tukey post-hoc test was chosen as the appropriate
statistical test to determine potential differences in mean enzyme activity maximums between
reef location, relative population depths, and their interaction effects across all assays. The
decision to employ a parametric test rather than a nonparametric equivalent or permutation is

multifaceted. First and foremost, parametric tests are more commonly used and, as a result, are
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also well-understood in the vast majority of scientific disciplines®’°. Additionally, parametric
tests are more robust than their nonparametric counterparts given that the data meets the criteria
of equal variance, normality, and sufficiently large and equal samples sizes®®?1-%3, Although
sample sizes here are relatively small (n < 30), an analysis of the available literature reveals the
prevalence of similar statistical assumptions made under experimental designs that closely
resemble that of this study. This reflects the notion that the distributions of the actual biological
populations are expected to be normal. To supplement, visual methods and evaluation of
skewness and kurtosis were used in conjunction with the more formal Shapiro-Wilk test as a
means to assess whether the assumptions of normality required for such parametric statistical
procedures were met’!**%, Results are shown as mean standard error of the mean (:SEM).
Graphical representations of these results are reported in Figure 2 and Figure 3. These graphs are
also presented alongside their corresponding two-way ANOVA tables in the Appendix. Tabular
results using Tukey’s multiple comparisons tests are also provided in the Appendix where

significant effects were detected.
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RESULTS

A. cervicornis

The enzymatic activities of 4. cervicornis from Punta Caracol and Eric Reef from the
different depths are shown in Figure 3. No significant differences (o = 0.05) in the main effects
of relative population depth and reef location, nor in the interaction effect, were detected in
LDH, SDH, and CS enzymatic activities for 4. cervicornis. While LDH, SDH, and CS activities
were comparable across both depth and reef location, SDH activity was highly variable with a
tendency for higher activities in Punta Caracol samples. On the other hand, there was a
significant main effect of reef location on MDH (p < 0.001) and ADH (p < 0.001) enzymatic
activities, both of which were higher in Punta Caracol samples compared to those in Eric Reef
(MDHpunta caracol ~30-40 % higher than MDHEric Reer ; ADHpunta Caracol ~1.5 to 2.0-fold higher than
ADHpunta caracol)-
P. astreoides

The enzymatic activities of P. asteroides from Punta Caracol and Eric Reef from 3
meters and 8 meters are shown in Figure 4. Overall, P. asteroids enzymatic activities were 5 to
10-fold higher compared to A. cervicornis. As in A. cervicornis, there were no significant
differences in P. astreoides LDH activity (o = 0.05) across both main and interaction effects.
There was, however, a significant main effect of reef location on the activities of MDH (p =
0.006), SDH (p <0.001), and ADH (p < 0.001) for this species. In terms of biologically
significant results, MDH activity in Eric Reef P. astreoides samples was ~1.2 to 1.5-fold higher
compared to their Punta Caracol counterparts. In contrast, SDH and ADH activities were >10-
fold higher in Punta Caracol compared to Eric Reef. Unique among my dataset was that CS

activity demonstrated significant interaction effect between depth and reef location (p < 0.001).
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To better resolve this interaction effect, a post hoc Tukey’s multiple comparisons test was
employed, which revealed ~5-fold significantly higher CS activity in shallow habitats at Eric
Reef (p < 0.001) compared to all other locations.
Fermentative to aerobic ratios

Finally, the ratios of fermentative enzymes activities to CS activity were calculated as
proxies for relative reliance on fermentative to aerobic capacity (Table 1). Maximum
fermentative capacity was represented as the sum of LDH, SDH, and ADH activities, while
maximum aerobic capacity was represented as CS activity®-!%, Smaller ratio values indicate
higher aerobic activity relative to fermentative activity and vice versa. A. cervicornis ratios are 6
to 7-fold larger in Punta Caracol populations compared to Eric Reef conspecifics. P. astreoides
ratios follow a similar pattern, although Punta Caracol population ratios are 7 to 40-fold higher in

magnitude.
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A. cervicornis
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Figure 3: Metabolic enzyme activities for A. cervicornis from Punta Caracol and Eric Reef. (A) Malate
dehydrogenase (MDH), (B) lactate dehydrogenase (LDH), (C) strombine dehydrogenase (SDH), (D)
alanopine dehydrogenase (ADH), and (E) citrate synthase (CS). Shallow and deep relative population depths
reflect sampling at 3 meters and 8 meters at the Eric Reef site, respectively. At Punta Caracol, shallow and
deep relative population depths reflect sampling at 3 meters and 5 meters, respectively. The letters indicate
statistical significance (2-way ANOVA; n = 7). Values are shown as mean + SEM.
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P. astreoides
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Figure 4: Enzymatic activity of malate dehydrogenase (MDH), lactate dehydrogenase (LDH), strombine
dehydrogenase (SDH), alanopine dehydrogenase (ADH), and citrate synthase (CS) for P. astreoides.
Shallow and deep relative population depths reflect sampling at 3 meters and 8 meters, respectively. The
letters indicate statistical significance (2-way ANOVA; n= 7). Values are shown as mean + SEM.
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Table 1: Ratios of fermentative to aerobic metabolic capacity for A. cervicornis and P. astreoides. Smaller
LDH+SDH+ADH:CS ratio values are representative of higher aerobic enzyme activity relative to that of
fermentative activity and vice versa. Values are shown as mean + SEM.

LDH + SDH + ADH €S Activit Enzyme
Coral Species | Reef Location Depth Activity . y . Activity
(nmol mg protein-1 min-1) (nmol mg protein- min-1) Ratio
(35}1‘1?2;2) 30.9+7.3 272462 1.9+0.9
Punta Caracol D
eep 27.8+4.6 232+52 20408
Acropora (5 meters)
cervicornis (5’1:1"1‘2;2) 97426 250+ 18 04+0.1
Eric Reef D
g m?tfirs) 82422 30.4+3.1 03+0.1
(35};?2;;:2) 220.1+22.8 36,1482 1794119
Punta Caracol D
4 cep 235.4+37.4 20.5+6.6 25.6+9.0
Porites (8 meters)
astreoides (381:1‘1’322) 7444186 190.0 + 38.6 0.6+02
Eric reef D
8 me:tgrs) 84.5 +45.4 40.1+2.9 25+ 1.4
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DISCUSSION

The results presented here indicate that the energy metabolic pathways of 4. cervicornis
and P. astreoides are tuned to local environmental conditions that, generally, favor fermentation
in Punta Caracol—suggested by the higher activities of the various OpDHs. As discussed
previously, Punta Caracol is a more turbid lagoon environment subject to elevated and highly
variable terrestrial inputs. In contrast, Eric Reef is exposed to the Caribbean, has limited
terrestrial influence, and lower turbidity. Consequentially, light dissipates more rapidly with
depth at Punta Caracol while the low-turbidity waters at Eric Reef allow for greater light
penetration through the water column. Since changes in marine irradiance fields from episodic
sediment resuspension on costal coral reefs may reduce the quality and availability of light for

weeks!0!

, expectations prior to data analysis maintained that Punta Caracol coral populations
would exhibit lower overall metabolic activity than those of Eric Reef. Interestingly, this
assumption proved invalid in 4. cervicornis—MDH results indicate ~30 to 40% higher
metabolic maximum capacities in Punta Caracol specimens compared to conspecifics from Eric
Reef.

Energetically, it is difficult to identify any potential benefits that may explain why 4.
cervicornis communities at Eric Reef, which presumably have access to a larger flux of high-
quality PAR, would exhibit lower metabolic maximum capacities compared to conspecifics at
Punta Caracol. It may be argued that the A. cervicornis populations sampled at Eric Reef are
exhibiting metabolic suppression—a physiological adaptation employed by representatives in
virtually all animal phyla to reduce energy costs associated with stressful conditions!?2,

However, the bioenergetic consequences of this response limits its implementation to short

periods!®-19, Furthermore, a recent study about the impacts of ocean acidification on Acropora
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millepora has suggested that long-term metabolic suppression is associated with elevated fitness
costs that makes it infeasible as a lifelong adaptive strategy!'%. A more fitting interpretation may
include the effects of ultraviolet light radiation (UVR). Historically, numerous studies have
identified UVR exposure as a determinant in the composition and structure of coral reef
communities with UVR penetration exceeding depths of 20 meters'’-!!!, Exposure of reef
organisms to UVR has severe physiological consequences that range from mortality to decreased
growth and calcification rates, reduced photosynthesis, changes in respiration, DNA and
cytoskeletal damage, oxidative stress, and photoinhibition!!%!!3, To combat this, corals have
evolved several defensive strategies that may be categorized as either those that prevent UVR
from damaging critical cellular constituents or those that counter the negative effects of UVR
once they have manifested!!'*. Of these preventative strategies, UVR-absorbing compounds are
by far the most investigated of the UVR protective mechanisms in corals. These include the
family of mycosporine-like amino acids which have been documented in a variety of marine
organisms'!> and act as a natural sunscreen and may also function as an antioxidant!!¢.
Antioxidants belong to the second classification of coral defense against UVR damage by
neutralizing reactive oxygen species produced through indirect photodynamic action!!”. While
some studies have shown that the manufacturing and maintenance of these various protective
compounds represent a significant energetic cost to the organism upon initial exposure to
UVR!"® this may not necessarily be the case for locally-adapted coral populations. One analysis
of Montipora verrucosa suggests that UVR-acclimated corals do not exhibit high long-term costs
associated with respiration'!®. It has been proposed that such conflicting patterns in the literature
may reflect differences in microhabitat conditions'?*—likely in combination with variable

species-specific responses to the abiotic factors that characterize their microenvironments.
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Given that dissolved organic carbon (DOC), suspended sediments, and elevated nutrient
loads are well-known absorbers of UVR in seawater!?!, it is unsurprising that these various
contributors to water turbidity account for an estimated 70% of UVR attenuation in tropical
shallow waters (<5 meters)'?2. To that end, the feculent environment at Punta Caracol may
provide resident coral populations sufficient protection from acute physiological stress associated
with chronic UVR exposure. However, the consistently higher fermentative capacities of A.
cervicornis at Punta Caracol relative to conspecifics at Eric Reef do not agree with this assertion.
Under such circumstances, metabolic enzyme activities would likely be higher in Eric Reef
populations where water column clarity would necessitate the production and maintenance of
appropriate UVR-protective compounds at potentially high energetic costs!?. Conflicting results
both here and in the available literature warrant further scientific inquiry regarding the effects of
UVR on the biological processes of corals.

Higher overall MDH, LDH, SDH, and ADH activities observed in the 4. cervicornis
populations at Punta Caracol may point to a greater demand for fermentative energy production
due to an abundance in available prey and rapid PAR attenuation with depth. Under such
conditions, photosynthetic rates are reduced, oxygen is limited, and algae-derived carbon
translocation is repressed. To meet survivorship costs, A. cervicornis populations at Punta
Caracol may be relying more heavily on heterotrophy as a result of increased prey abundance
and lower PAR availability. Evidence of heterotrophic feeding as a means to maintain a positive
energy balance under light limitation is substantial>*-8%-124-129 and fits well within the context of
the local adaptation hypothesis. For example, rapid responses in Turbinaria mesenterina to
perturbations in irradiance suggests that the underlying kinetics of photoacclimation is a

significant adaptive factor in the photo-physiology of turbid inshore reefs'*°, Extending this logic
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to conspecifics at Eric Reef may also help elucidate the lower maximum enzyme activities
detected at this site. Although PAR may be more readily available at Eric Reef, this does not
necessarily translate to greater metabolic capacity. It has been observed that zooxanthellae,
despite persistent and ideal light conditions, are unable to supply the coral host with a quality
food source in nutrient-replete conditions!3!. To that end, 4. cervicornis populations at Eric Reef
may be battling both the energetic costs associated with exposure to UVR and limited
availability of high-quality food resources—both of which are plausible conditions in habitats
defined by high water column clarity. While empirical evidence supporting direct connections
between photosynthesis and heterotrophic feeding is lacking, increased reliance on heterotrophic
carbon and nutrient acquisition by the coral host provides one of the more sensible explanations
behind the metabolic signatures observed in this thesis.

Unlike A. cervicornis, the results of P. astreoides enzymatic assays conform well within
the boundaries of the depth- and spatial-specific hypothesis. MDH activities are ~1.5-fold higher
at Eric Reef than their conspecifics at Punta Caracol-—with a dramatically higher mean in the
deep-water populations at Eric Reef. Despite its utility as a representative substitute for idealized
general metabolic scope, the extent to which the deep-water Eric Reef communities utilize MDH
relative to conspecifics and A. cervicornis may be elucidated by its role in multiple metabolic
pathways including the TCA cycle, gluconeogenesis, malate-aspartate shuttle, and glyoxylate
cycle. Nonetheless, trends in P. astreoides MDH and CS activities coincide with metabolic
interconnections that are worth noting. Published data pertaining to MDH kinetic mechanisms
show that citrate acts as both an activator and inhibitor of MDH in conjunction with L-malate
and oxaloacetate!*>!33, While the relationship between MDH and citrate may be a contributing

factor in the results presented, studies are limited and exclude coral organisms. Furthermore, the
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interplay of these various effectors is highly complex®” and requires further scientific inquiry
before any conclusions may be drawn with a reasonable degree of certainty.

Although LDH activity has been previously detected in anemones'** and cold-water
corals’®, it was absent in a recent study on the tropical reef-building coral Montipoar capitata®.
In contrast, the current study consistently detected LDH activity in A. cervicornis and P.
asteroides from all locations and depths and deserves further investigation. Interestingly, LDH
activities did not exhibit any significant differences across both factors of reef location and depth
in either coral species, suggesting a basal role that is not responsive to environmental variability.
The sum all three fermentative terminal dehydrogenases (LDH, SDH, and ADH) among both P.
astreoides and A. cervicornis from Punta Caracol suggest this environment favors fermentation
and may potentially be related to heterotrophic food source and PAR availability. CS results
from P. astreoides also agree with this assertion—most notably in sampled populations
inhabiting the shallow-waters of Eric Reef where CS activity is 136.2% greater than their Punta
Caracol conspecifics.

Seemingly contradictory results from A. cervicornis and P. astreoides sampled at Eric
Reef most likely reflect a combination of species-specific adaptive response, light availability,
and prey preference and abundance. Nevertheless, detectable activities in all enzymatic assays
across both coral species regardless of reef location illustrates the adaptability of the coral
holobiont to the variability of its local environment. By no means is this concept novel.
Experiments on the high-light-adapted corals Favia favus, Plerogyra sinuosa, and Goniopora
lobate suggest that these organisms possess and utilize a variety of acclimation mechanisms
including fluorescence yields, photosynthetic pigment content, and production of reactive

oxygen species protective enzymes as a means of adaptation to the light regimes of their

28



environment'3®, A comparison of deep water (40 meters) and shallow water (3 meters)
Stylophora pistillata corals revealed that these colonies are chromatically adapted to the
downwelling light of their environments'3® by producing pigments that modify the surface light

environment through emission, light scattering, and reflectance!?’

. Similarly, an investigation
into the differential effects of ultraviolet radiation on green and brown morphologies of P.
astreoides as a function of depth illustrated the ability of this species to photoacclimate via
differential tissue pigment expression'!8, Curiously, these compounds may play a dual role in the
photobiological regulation of the coral tissue light environment not only in a photoprotective
capacity, but also as photo-enhancers. It has been suggested that coral tissue green fluorescent
pigment may convert otherwise harmful UVR into light available for the photosynthesis of

zooxanthellae in the endoderm!38

. One study of Red Sea Leptoseris fragilis populations
postulates that pigments manufactured by the coral host provides its symbiotic algae with
additional light by transforming short wavelength light into wavelengths appropriate for
photosynthesis—thus elevating the transfer of photosynthetically-fixed carbon from the
zooxanthellae to the coral host'*°. The dualities associated with such adaptations denote the
magnitude by which abiotic factors shape coral reef communities while simultaneously
highlighting the extent in which corals are able to adapt to the highly variable conditions that
define their microenvironments.

To better resolve the relative capacities of aerobic and fermentative metabolic pathways,
LDH+SDH+ADH:CS ratios were calculated and are presented in Table 1. Smaller
LDH+SDH+ADH:CS ratio values are representative of higher aerobic enzyme activity relative

to that of fermentative activity and vice versa'#’. These calculations reinforce the dominance of

fermentation at Punta Caracol and, to a lesser extent, acrobic metabolism at Eric Reef—
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especially for P. asteroides. What is more impressive, however, is that the fermentative capacity
of P. astreoides at Punta Caracol is several-fold larger than that of any other observational group.
Interestingly, A. cervicornis populations, which historically dominated Caribbean reefs, have

141

been in dramatic decline over the last several decades'*'. While bleaching events and white band

142 it is worthwhile to consider the loss of 4.

disease are widely accepted as the principal culprits
cervicornis in a metabolic framework as well. In the scope and context of this study, the
relatively low metabolic capacity of locally-adapted A. cervicornis populations illustrate the
susceptibility of the species to anomalies in environmental conditions. Without a sufficiently
robust and adaptable energy production physiology capable of meeting elevated metabolic
demands, it may be possible that A. cervicornis numbers will continue to fall with mounting
anthropogenic earth and climate alterations. These changes include elevated sediment stress, as
A. cervicornis is known to lower its net productivity with respect to other coral species
studied'*. This is in stark contrast with P. astreoides, which has experienced 50% increased
percent reef coverage in Caribbean reefs over a similar timescale!4. This shift in reef community
composition to a more P. astreoides-dominated state also coincides with the larger metabolic
capacity of this species as determined here—matching known trends of resilience to general
stress.
Conclusions and future directions

As the degradation of the various earth systems presses onwards, so too does the
vanguard of marine biodiversity that is the coral reef. Acting on both local and global scales, the
interactions of multiple anthropogenic stressors threaten the very existence of coral reefs as we

know them. As in Bocas del Toro, Panama, reef ecosystems around the globe face similar threats

of sedimentation and eutrophication. The potential impact these pollutants have on limiting the
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critical light resource shallow-water corals depend on demonstrates the need to develop
methodologies and baselines to assess coral metabolic potential quickly, precisely, and
economically. Gaining this knowledge may prove key in identifying susceptible corals before
bleaching and death, thereby allowing the distribution of conservation and management efforts in
an effective and resourceful manner. The use of such enzyme assays as bioindicators of stress
has been described and shows potential in quantification of hypoxic metabolic stress®2,
highlighting the versatility of this approach.

The significance of this methodology for future coral research efforts lies in the highly
complex and interconnected relationships that exist between light, oxygen, and nutrition—all of
which help determine the survival of the coral holobiont. Since oxygen sustains highly efficient
aerobic metabolism, it is as integral to the vitality of the coral reef system as light. And like light,
oxygen availability is dynamic—though fluctuations in oxygen concentrations vary on far
greater spatiotemporal scales®. Alongside nutrient availability, the interplay of light and oxygen
defines almost all aspects of the reef environment, allotting a unique opportunity to detangle the
mysteries that have plagued coral researchers and conservationists alike. Enzymatic assay
analysis is unique in its potential biological applications across multiple abiotic and biotic
factors. The application of enzymatic assay methodologies in this thesis has revealed novel
metabolic signatures that may improve the characterization of local reef environments while

concomitantly advancing our understanding of coral adaptation to their unique microhabitats.
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Acropora cervicornis MDH
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P value 0.8416 0.2839 0.0004

P value summary ns ns bl

Significant? No No Yes

ANOVA table Interaction Relative Depth Reef Location Residual

SS 22.66 666.7 9180 13316

DF 1 1 1 24

MS 22.66 666.7 9180 554.8

F (DFn, DFd) | F (1,24)=0.04084 | F (1,24)=1.202 | F (1,24)=16.54

P value P=0.8416 P=0.2839 P=0.0004

Tukey's multiple comparisons test Mean Diff. | 95.00% CI of diff. | Significant? | Summary | Adjusted P Value
Shallow:Punta Caracol vs. Shallow:Eric Reef 34.41 -0.3191t0 69.15 | No ns 0.0528
Shallow:Punta Caracol vs. Deep:Punta Caracol | 7.960 -26.77 to 42.69 No ns 0.9206
Shallow:Punta Caracol vs. Deep:Eric Reef 45.97 11.24 t0 80.70 Yes > 0.0065
Shallow:Eric Reef vs. Deep:Punta Caracol -26.45 -61.19 to 8.279 No ns 0.1814
Shallow:Eric Reef vs. Deep:Eric Reef 11.56 -23.17 t0 46.29 No ns 0.7955
Deep:Punta Caracol vs. Deep:Eric Reef 38.01 3.279t072.74 Yes * 0.0283

Figure 5a: A. cervicornis MDH: Graphical representations of the results as reported in Figure 3 presented
alongside their corresponding two-way ANOVA tables. Tabular results of Tukey’s multiple comparisons tests
are also provided where significant effects were detected.
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Acropora cervicornis LDH
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P value summary ns ns ns

Significant? No No No

ANOVA table Interaction Relative Depth Reef Location Residual
SS 0.005599 2.698 28.83 460.8
DF 1 1 1 24
MS 0.005599 2.698 28.83 19.20
F (DFn, DFd) | F (1, 24) = 0.0002916 | F (1, 24) = 0.1405 | F (1, 24) = 1.501

P value P=0.9865 P=0.7111 P=0.2323

Figure 5b: 4. cervicornis LDH: Graphical representations of the results as reported in Figure 3 presented
alongside their corresponding two-way ANOVA tables.
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Acropora cervicornis SDH
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P value summary ns ns ns

Significant? No No No

ANOVA table Interaction Relative Depth Reef Location Residual
SS 5.596 0.01976 253.9 1450
DF 1 1 1 24
MS 5.596 0.01976 253.9 60.42
F (DFn, DFd) | F (1, 24) = 0.09260 | F (1, 24) = 0.0003271 | F (1, 24) = 4.202

P value P=0.7635 P=0.9857 P=0.0515

Figure 5c: A. cervicornis SDH: Graphical representations of the results as reported in Figure 3 presented
alongside their corresponding two-way ANOVA tables.
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Acropora cervicornis ADH
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% of total variation | 0.003079 1.185 68.11

P value 0.9613 0.3455 <0.0001

P value summary ns ns R

Significant? No No Yes

ANOVA table Interaction Relative Depth Reef Location Residual

SS 0.04847 18.65 1072 483.3

DF 1 1 1 24

MS 0.04847 18.65 1072 20.14

F (DFn, DFd) | F (1, 24) = 0.002407 | F (1, 24) = 0.9261 | F (1, 24) = 53.25

P value P=0.9613 P=0.3455 P<0.0001

Tukey's multiple comparisons test Mean Diff. | 95.00% CI of diff. | Significant? | Summary | Adjusted P Value
Shallow:Punta Caracol vs. Shallow:Eric Reef 12.29 5.676 to 18.91 Yes b 0.0002
Shallow:Punta Caracol vs. Deep:Punta Caracol | 1.549 -5.068 to 8.166 No ns 0.9160
Shallow:Punta Caracol vs. Deep:Eric Reef 14.01 7.392 to 20.63 Yes b <0.0001
Shallow:Eric Reef vs. Deep:Punta Caracol -10.74 -17.36 t0 -4.127 | Yes b 0.0008
Shallow:Eric Reef vs. Deep:Eric Reef 1.715 -4.901 to 8.332 No ns 0.8901
Deep:Punta Caracol vs. Deep:Eric Reef 12.46 5.843 to 19.08 Yes el 0.0001

Figure 5d: 4. cervicornis ADH: Graphical representations of the results as reported in Figure 3 presented
alongside their corresponding two-way ANOVA tables. Tabular results of Tukey’s multiple comparisons tests
are also provided where significant effects were detected.
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Acropora cervicornis CS
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ANOVA table Interaction Relative Depth Reef Location Residual
SS 150.7 3.551 44.04 3319
DF 1 1 1 24
MS 150.7 3.551 44.04 138.3
F (DFn,DFd) | F(1,24)=1.090 | F (1, 24) = 0.02568 | F (1, 24) = 0.3185

P value P=0.3069 P=0.8740 P=0.5778

Figure Se: A. cervicornis CS: Graphical representations of the results as reported in Figure 3 presented
alongside their corresponding two-way ANOVA tables.
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Porites astreoides MDH
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P value summary ns ns **

Significant? No No Yes

ANOVA table Interaction Relative Depth Reef Location Residual

SS 3485421 5258733 12942912 33676041

DF 1 1 1 24

MS 3485421 5258733 12942912 1403168

F (DFn,DFd) | F (1,24)=2.484 | F (1,24)=3.748 | F (1,24)=9.224

P value P=0.1281 P=0.0647 P=0.0057

Tukey's multiple comparisons test Mean Diff. | 95.00% CI of diff. | Significant? | Summary | Adjusted P Value
Shallow:Punta Caracol vs. Shallow:Eric Reef -654.1 -2401 to 1093 No ns 0.7320
Shallow:Punta Caracol vs. Deep:Punta Caracol | -161.1 -1908 to 1586 No ns 0.9941
Shallow:Punta Caracol vs. Deep:Eric Reef -2227 -3973 t0-479.8 Yes ** 0.0089
Shallow:Eric Reef vs. Deep:Punta Caracol 493.0 -1254 to 2240 No ns 0.8633
Shallow:Eric Reef vs. Deep:Eric Reef -1572 -33191t0 174.3 No ns 0.0883
Deep:Punta Caracol vs. Deep:Eric Reef -2065 -3812t0-318.7 Yes * 0.0163

Figure 6a: P. astreoides MDH: Graphical representations of the results as reported in Figure 4 presented
alongside their corresponding two-way ANOVA tables. Tabular results of Tukey’s multiple comparisons tests
are also provided where significant effects were detected.
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Porites astreoides LDH
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% of total variation 1.502 4.615 0.01286

P value 0.5413 0.2881 0.9548

P value summary ns ns ns

Significant? No No No

ANOVA table Interaction Relative Depth Reef Location Residual
SS 1757 5399 15.04 109801
DF 1 1 1 24

MS 1757 5399 15.04 4575

F (DFn, DFd) | F (1,24)=0.3840 | F (1,24)=1.180 | F (1, 24) =0.003287

P value P=0.5413 P=0.2881 P=0.9548

Figure 6b: P. astreoides LDH: Graphical representations of the results as reported in Figure 4 presented
alongside their corresponding two-way ANOVA tables.
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Porites astreoides SDH
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P value summary ns ns i

Significant? No No Yes

ANOVA table Interaction Relative Depth Reef Location Residual

SS 58.86 224.8 21455 14116

DF 1 1 1 24

MS 58.86 224.8 21455 588.2

F (DFn, DFd) | F (1,24)=0.1001 | F (1,24) = 0.3822 | F (1, 24) = 36.48

P value P=0.7545 P=0.5423 P<0.0001

Tukey's multiple comparisons test Mean Diff. | 95.00% CI of diff. | Significant? | Summary | Adjusted P Value
Shallow:Punta Caracol vs. Shallow:Eric Reef 58.26 22.50 to 94.02 Yes el 0.0008
Shallow:Punta Caracol vs. Deep:Punta Caracol | 8.566 -27.19 to 44.33 No ns 0.9107
Shallow:Punta Caracol vs. Deep:Eric Reef 61.03 25.27 t0 96.79 Yes bl 0.0005
Shallow:Eric Reef vs. Deep:Punta Caracol -49.70 -85.46t0-13.93 | Yes ** 0.0042
Shallow:Eric Reef vs. Deep:Eric Reef 2.767 -32.99 to 38.53 No ns 0.9965
Deep:Punta Caracol vs. Deep:Eric Reef 52.46 16.70 to 88.22 Yes > 0.0025

Figure 6c: P. astreoides SDH: Graphical representations of the results as reported in Figure 4 presented
alongside their corresponding two-way ANOVA tables. Tabular results of Tukey’s multiple comparisons tests
are also provided where significant effects were detected.
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% of total variation 0.9519 0.7806 74.46

P value 0.3371 0.3838 <0.0001

P value summary ns ns i

Significant? No No Yes

ANOVA table Interaction Relative Depth Reef Location Residual

SS 748.3 613.7 58533 18716

DF 1 1 1 24

MS 748.3 613.7 58533 779.8

F (DFn, DFd) | F (1,24)=0.9596 | F (1,24)=0.7869 | F (1, 24) = 75.06

P value P=0.3371 P=0.3838 P<0.0001

Tukey's multiple comparisons test Mean Diff. | 95.00% CI of diff. | Significant? | Summary | Adjusted P Value
Shallow:Punta Caracol vs. Shallow:Eric Reef 101.8 60.61 to 143.0 Yes i <0.0001
Shallow:Punta Caracol vs. Deep:Punta Caracol | 19.70 -21.47 t0 60.88 No ns 0.5597
Shallow:Punta Caracol vs. Deep:Eric Reef 100.8 59.63 to 142.0 Yes i <0.0001
Shallow:Eric Reef vs. Deep:Punta Caracol -82.08 -123.3t0-40.90 | Yes i <0.0001
Shallow:Eric Reef vs. Deep:Eric Reef -0.9765 -42.15 10 40.20 No ns 0.9999
Deep:Punta Caracol vs. Deep:Eric Reef 81.10 39.93t0 122.3 Yes i <0.0001

Figure 6d: P. astreoides ADH: Graphical representations of the results as reported in Figure 4 presented
alongside their corresponding two-way ANOVA tables. Tabular results of Tukey’s multiple comparisons tests
are also provided where significant effects were detected.
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Porites astreoides CS
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ANOVA table Interaction Relative Depth Reef Location Residual

SS 31560 47889 52644 67602

DF 1 1 1 24

MS 31560 47889 52644 2817

F (DFn, DFd) | F (1,24)=11.20 | F (1,24)=17.00 |F (1,24)=18.69

P value P=0.0027 P=0.0004 P=0.0002

Tukey's multiple comparisons test Mean Diff. | 95.00% CI of diff. | Significant? | Summary | Adjusted P Value
Shallow:Punta Caracol vs. Shallow:Eric Reef -153.9 -232.110-75.61 | Yes b <0.0001
Shallow:Punta Caracol vs. Deep:Punta Caracol | 15.57 -62.69 to 93.82 No ns 0.9460
Shallow:Punta Caracol vs. Deep:Eric Reef -4.009 -82.27 to 74.25 No ns 0.9990
Shallow:Eric Reef vs. Deep:Punta Caracol 169.4 91.17 to 247.7 Yes rxx <0.0001
Shallow:Eric Reef vs. Deep:Eric Reef 149.9 71.60 to 228.1 Yes o 0.0001
Deep:Punta Caracol vs. Deep:Eric Reef -19.57 -97.83 to 58.68 No ns 0.8999

Figure 6e: P. astreoides CS: Graphical representations of the results as reported in Figure 4 presented alongside
their corresponding two-way ANOVA tables. Tabular results of Tukey’s multiple comparisons tests are also
provided where significant effects were detected.

This Thesis is coauthored with Hassibi, Cameron M., Tresguerres, and Kline, David I. The
thesis author was the principle researcher/author of the Thesis.
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