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Abstract

The adaptive potential of heat tolerance in corals and their symbionts is a critical topic amidst
a rapidly changing climate and heightened marine heatwaves. Bleaching events have
increasingly affected reefs globally, both in frequency and magnitude. Therefore, separating
the effects of environmental acclimatisation, and host and symbiont genetic adaptation are
critical to determining the mechanisms which best predict tolerance of corals. These processes
enable a better consensus on how to manage and protect reefs into the future. The overarching
aim of this thesis investigates the environmental, symbiotic, and genetic mechanisms which
underpin coral heat tolerance. To achieve this, I: 1) quantify the spatial heterogeneity of heat
tolerance across reefs and coral taxa (Chapter 2); ii) describe the population structure of coral
taxa and the environmental predictors of genetic diversity and connectivity (Chapter 3); iii)
understand the host and genetic drivers of Symbiodiniaceae and the role of symbionts in coral
heat tolerance, and iv) detect genetic signals of heat tolerance adaptation in the coral host
(Chapter 4). Each of the chapters use experimental and genetic data collected from Australia’s
Coral Sea Marine Park, with information derived from one or more coral species, including

Acropora cf humilis, Pocillopora meandrina, and Pocillopora verrucosa.

In Chapter 2, I estimated empirical thresholds of coral heat tolerance as a quantitative metric
for bleaching. Using acute heat stress experiments, I quantified a 50% decline in photosynthetic
efficiency (ED50) to detect differences in heat tolerance across three coral species and spatially
heterogenous reefs. Heat tolerance was highly variable among the three species and across
spatially distinct reefs. Additionally, increased heat tolerance was highest at reefs that had
experienced mild marine heatwaves over the past 35 years. Conversely, heat tolerance was
lowest at reefs which had experienced severe marine heatwaves in the past five years;

indicating that corals can adapt, but only at a certain pace.

The remaining three chapters focus on expanding the understanding of heat tolerance
mechanisms across coral taxa and reefs. In Chapter 3, I examined the environmental and
genetic drivers of Symbiodiniaceae to uncover the interactions that shape Symbiodiniaceae
distribution, and whether thermal disturbances affect symbiont diversity and distribution
among reefs. Symbiont community structure was highly dependent on host species, host

population structure, and environmental gradients. However, the most important host and
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environmental predictors were strongly linked to the mode of symbiont transmission.
Horizontally acquired symbionts in Acropora were strongly driven by thermal history and
latitude, reflecting the symbiont community shifts in response to thermal disturbances. In
vertically transmitted Pocillopora symbionts, host population structure was a stronger
predictor of symbiont distributions. However, P. meandrina had 13 times stronger effect of
host genetic structure compared to P. verrucosa, highlighting interspecific variability in both

host and symbiont community structure.

In Chapter 4, I investigated how thermal and environmental gradients shape population
structure and local adaptation across multiple host taxa. Specifically, I analysed interspecific
trends of population structure in Pocillopora verrucosa and Pocillopora meandrina across the
Coral Sea and Great Barrier Reef to quantify differences in their connectivity and genetic
diversity. Pocillopora meandrina had stronger population structure than P. verrucosa across
both the GBR and Coral Sea. I found species-specific differences in gene flow and genetic
diversity, where P. meandrina had higher population structure across both regions compared
to P. verrucosa. Genetic isolation was strongest in high latitude, offshore reefs for both species,
indicating higher vulnerability to climate change based on less connectivity to source reefs.
However, there was evidence of gene flow between the Great Barrier Reef and Coral Sea

Marine Park for both Pocillopora spp., indicating connectivity among these regions.

In Chapter 5, I examined the relationship between genotype, phenotype, and environment and
their relative contributions to determining heat tolerance adaptation in corals. Using a seascape
genomics approach, I detected loci under selection in Acropora cf. humilis and identified the
environmental drivers associated with adaptation, which included only long term thermal
history metrics. I then modelled bleaching phenotype (ED50) against host genetics, symbiont
community structure, and environmental parameters and found that both thermal history and
Symbiodiniaceae were the best predictors of bleaching tolerance in corals. These contrasts
indicate that recent, severe heatwaves impact the structure of host phenotype and the
underlying symbiont community structure, but not that of host adaptive loci. Overall, my thesis
indicates strong evidence of host and symbiont adaptation in response to long-term thermal
history across a large environmental gradient. However, the lack of adaptive signal of the coral
host in response to recent, severe heatwaves indicates that adaptation is unlikely to occur at the
rate needed to sustain the diversity and function of reefs as we see them today. Overall, these

findings have highlighted populations harbouring high and low heat tolerant corals will be
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critical knowledge for management, restoration, and reef projections under various climate

change scenarios in the near future.
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include: Cape Grenville (CGR), Princess Charlotte Bay (PCB), Cairns (CNS), Townsville
(TSV), Swains (SWN), Capricorn Bunkers (CPB), Coral Sea Sector 1-6 (CS1-6). (b) Pairwise
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Maximum Monthly Mean climatology of each reef. Biogeographic patterns of thermal history
(c) and Environmental PC1 (d) vary across reefs in the GBR and Coral Sea.
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detected in the SNP genetic dataset. (B) Map of the Coral Sea Marine Park indicates admixture
proportion per reef as pie charts, with colours representing the three genetic lineages of 4. cf
humilis. (C) PCoA of allele frequencies indicates three distinct clusters which may indicate
cryptic species. (D) Admixture proportions using the optimal number of K ancestral lineages

(K=3) are coloured according to the three genetic clusters (AHCL1, AHCL2, and AHCL?3).

Figure 5.2. ED50 density plots structured by individuals within reefs, host cluster, and
symbiont community composition. (a). Density distribution of phenotypic performance in
Acropora cf humilis across the eight populations where experiments were conducted. ED50
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was reached per individual. (b). Density distribution of phenotypic ED50s relative to the three
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community clusters.

Figure 5.3. Candidate adaptive loci associated with Acropora cf humilis. Each point represents
a SNP (locus) which are coloured by the strongest thermal predictor of the relative locus,
including the number of DHW > 4 experienced between 1985-2020 (DHW4) and the return
time between DHW > 6 events (return DHW6) (a). Polygenic scores (PGS) were then
calculated based on the strongest environmental driver (return DHW6) using all candidate

adaptive SNPs (b).

Figure 5.4. A bleaching predictor model for phenotypic heat tolerance. ED50 estimates against
host adaptive genetic axes and the number of mild heatwaves (DHW4) for individuals
experienced less than 7 events where DHW >4 between 1986-2020 (a), and those experiencing
more than 7 events where DHW >4 between 1986-2020 (b).

Figure 6.1. The multifaceted nature of heat tolerance. (a) Heat tolerance variation occurs across
several biological scales including host species, populations, and individual levels. (b) The

thesis findings indicate increased heat tolerance in Pocillopora compared to Acropora, but
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greater symbiont flexibility in Acroporids. Extrinsic processes including thermal history also
mediate heat tolerance, where long-term, mild heatwaves provide increased heat tolerance, and
more recent, severe heatwaves result in less heat tolerant populations and individuals. (c¢) Heat
tolerance thresholds and the underlying factors influencing variation. Quantifying heat
tolerance thresholds among populations and understanding the associated predictors can allow

for the management and protection of both tolerant (red) and vulnerable reefs (blue).
Figure 6.2. Ecological bright spots show higher thermal tolerance in high latitude reefs (a) was

associated with thermal history (b), distinct symbiont communities (c), and strongly separated

host population structure (d).
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Chapter 1. General introduction
1.1 The vulnerability of coral reefs in the Anthropocene

Coral reefs are facing a rapid decline in response to anthropogenic climate change and
subsequent ocean warming (Hughes et al., 2017; Lough et al., 2018). Marine heatwaves are
now the leading selective pressure on reef-building corals, resulting in more severe and
frequent mass coral bleaching events (Oliver et al., 2018; Smale et al., 2019). The threat to
coral functionality, diversity, and cover is already apparent, demonstrated by five mass
bleaching events over the past 8 years (i.e., 2016, 2017, 2020, 2022, and 2024) across the Great
Barrier Reef and Coral Sea (Hughes, et al., 2018; Harrison et al. 2019; Pratchett and Heron,
2021) and globally (van Woesik et al., 2022). A current global mass bleaching event is
unfolding in the 2023/2024 summer, potentially representing the most devasting to date. Severe
bleaching events are expected to occur annually on Australia’s Great Barrier Reef by 2080
under high shared socioeconomic pathways (SSP) climate change emissions (McWhorter et
al., 2022). Both current and near future bleaching scenarios highlight the need to identify the
drivers and mechanisms of heat tolerance in corals, concomitant with the impacts of climate
change. One area in question is whether corals and their symbionts harbour the natural adaptive
capacity to keep pace with current rates of ocean warming. If they do, which populations,
species, and individuals maintain high adaptive capacity? And what mechanisms underpin this

functional variation in heat tolerance?

1.2 Evidence of heat tolerance adaptation in corals

Despite mass mortality attributed to recent bleaching events, some corals harbour a capacity to
withstand rapid or sustained increases in sea-surface temperatures. At a global scale, coral heat

tolerance has increased by 0.5 °C over the past decade (Sully et al., 2019), highlighting the



potential for acclimatisation and/or adaptation to thermal disturbances against a backdrop of
rapid climate change. Yet, it is unclear whether this evidence of increased heat tolerance is a
result of community-level shifts to more heat tolerant species (Guest et al., 2012), natural
selection eliminating heat-susceptible individuals from populations (Humanes et al., 2022), or
a combination of the two factors. The ecological memory (Hughes et al., 2019) and population
recovery time (Dietzel et al.,, 2021) can additionally influence the capacity for corals to
withstand marine heatwaves, but whether this is an adaptive or acclimatory response remains
unclear. Lachs et al. (2023) found population-level bleaching tolerance has historically
increased by 0.1°C per decade using reefs in Palau as a model system, indicating that adaptation
in these populations will occur under both low and middle climate change scenarios (SSP 2 —
5), but not under predicted high climate change scenarios (SSP 5 — 8.5). To link empirical
thermal tolerance of one population to broader scale findings, field or experimental studies
encompassing multiple populations would improve the understanding of the rate and
mechanisms of coral thermal adaptation, as well as future predictions of reef trajectories
(McManus et al., 2020). The integration of field-based data, molecular data, and spatial
predictive models will clarify some discrepancies found between in sifu and satellite-based

approaches to determine heat tolerant and more susceptible reefs (van Woesik et al., 2022).

1.3 The pillars of local adaptation

The three facets of adaptation: (1) genotype, (2) phenotype, and (3) environment, can be used
to collectively detect signatures and patterns of heat tolerance adaptation in corals (Rellstab et
al., 2015). Gene-environment associations assess the effects of variable environmental factors
in relation to both neutral and adaptive genetic variation. These techniques were originally
developed for terrestrial organisms, and more recently have extended to marine organisms,

where greater gene flow requires a shifted framework given the higher connectivity between



populations (hereafter referred to as seascape genomics) (Riginos et al., 2016; Selmoni, Bay,
et al., 2024). Applying seascape genomics is a critical approach to detect adaptive loci in corals
in response to environmental fluctuations (Riginos et al., 2016; Riginos & Liggins, 2013;
Selmoni, Bay, et al., 2024; Selmoni et al., 2020, 2021) allowing for a less intrusive method to
understand how adaptation varies along environmental gradients. Complementary to this
approach, genotype-phenotype studies can aid our understanding of the genetic architecture of
corals using approaches such as genome-wide association studies (GWAS) or quantitative
genetics (e.g., QTL mapping) (Quigley, 2023; Sardi & Gasch, 2017). Genotype-phenotype
studies in corals, using selective breeding or common garden experiments in sympatry with
examining the genetic architecture, have indicated that heat tolerance traits are both partially
heritable (Dixon et al., 2015) and/or locally adapted to their environment (Howells et al., 2013;
Quigley, Randall, et al., 2020).

To complete the G-P-E triangle, the relationships between environment and phenotype can
be explored through in-situ reciprocal transplant or experimentally controlled aquarium
experiments, where the adaptive capacity of corals is measured across individuals, species, and
populations (Evensen et al., 2022; Evensen et al., 2023; Grottoli et al., 2021; Voolstra et al.,
2020). To measure heat tolerance variation as a trait, a coral subjected to natural and
experimental heat stress can be studied with GWAS and GEA applied to identify and cross-
reference genes under selection. Similarly, phenotypic traits of interest can be cross-referenced

using common garden experiments in parallel with natural observations of bleaching in sifu.



Environment ‘

Common garden
experiments

S

Control +6°C +9°C

Gene environment
association

Genotype Phenotype

GWAS
Population genetics Natural bleaching

kB

Figure 1.1. Modified schematic from Rellstab et al. (2015) illustrating the interactions

B S

LR

+logo(P)

Chromosome

between genotype, phenotype, and environment (G-P-E triangle) of coral heat tolerance.
Specific themes and analyses required to understand links between some or all traits which
underpin coral heat tolerance adaptation are displayed. Map modified from ARC Centre of
Excellence for Coral Reef Studies. Coral and diver graphics sourced from Maryland Image

Bank.

1.4 The genetic architecture of heat tolerance

Heat tolerance in corals has been determined as a complex and polygenic trait, indicating that
multiple loci of small effect contribute to the heat tolerance trait, and that specific combinations
of these loci can increase heat tolerance potential (Fuller et al., 2020; Parkinson et al., 2019;
Selmoni, Bay, et al., 2024). The advantage of a polygenic trait is the ability to reach a more
heat tolerant physiological outcome through multiple mechanisms, increasing the likelihood to

adapt to rapidly changing environmental conditions. However, polygenic traits create higher



complexities in determining the mechanisms and genetic architecture of heat tolerance
requiring large sample sizes to draw meaningful conclusions (Fuller et al., 2020) compared to
other traits such as disease resistance (Vollmer et al., 2023.). As a trait, coral heat tolerance is
at least partly heritable (Dixon et al., 2015; Elder et al., 2022; Kenkel et al., 2013; Bairos-
Novak et al. 2022) and varies by coral taxa and environmental conditions (Drury & Lirman,
2021; Selmoni et al., 2021). The number of candidate loci attributed to heat tolerance can vary
across species; for example, putatively heat-tolerant loci explained over two-thirds of
variability in heat tolerance for Platygyra daedalea in the Persian Gulf (Kirk et al., 2018)
compared to only 27% in Acropora cervicornis from Florida reefs (Drury & Lirman, 2021),
indicating taxa- and region-specific trends in the mechanisms underlying phenotypic heat
tolerance (reviewed in Selmoni et al., 2024). Heat tolerance variation within species can also
be attributed to cryptic speciation or individual genotypes, which influence both thermal
tolerance (Rose et al., 2021) and the subsequent environmental-genotype associations (Meziere
et al., 2024; Starko et al., 2024). As genomic techniques (e.g., whole genome sequencing,
genotype-by-sequencing) become quintessential tools to identify the subtle trends associated
with heat tolerance adaptation in corals, so too does the need to examine patterns across

multiple taxa and environments.

1.5 The role of symbionts in heat tolerance

The role of symbionts mediates coral heat tolerance and is superimposed on the effects of host
adaptation and acclimatisation to environmental conditions (van Oppen & Medina, 2020).
Bleaching is the disassociation of symbionts from the coral host, which concomitantly results
in less photosynthetic derived nutrition to the coral (Morris et al., 2019; Weis, 2008; Weis et
al., 2008). Symbiodiniaceae are taxonomically diverse, and different genera and species can

contribute to the variable heat tolerance of symbionts and consequently their host (LaJeunesse



et al., 2018). The genetic and physiological differences in coral symbiont communities can
mediate the extent to which corals withstand bleaching events, thus, it is important to
incorporate analyses of Symbiodiniaceae in bleaching studies to elucidate the mechanisms of
thermal tolerance in corals. There is evidence that symbiont community composition harbours
a strong role in coral persistence against the effects of marine heatwaves (Manzello et al., 2019)
and the thermal tolerance ranges of coral taxa and individuals across biogeographic scales
(Turnham et al., 2023). For example, symbionts belonging to the genus Durusdinium often
possess greater heat tolerance than symbionts belonging to Cladocopium (Berkelmans & van
Oppen, 2006).

The diversity of symbiont assemblages within a coral host varies according to host taxa
and is mainly influenced by the mode of symbiont transmission. Vertically transmitted
symbionts maintain a higher host-fidelity, often resulting in lower levels of symbiont diversity
within a coral individual (Johnston et al., 2022; Turnham et al., 2021), while horizontally
transmitted symbionts represent a greater flexibility in symbionts and subsequently higher
symbiont diversity (Baird et al., 2007). However, the more recently described mixed-mode
transmission of symbionts has introduced a greater complexity of these interactions (Quigley
et al., 2017; Starko et al., 2024), warranting a need to test greater numbers of coral taxa with
similar life-history demographics to clarify patterns in the host-symbiont relationship. In
addition, understanding these patterns along strongly contrasting environments will better
reveal how symbionts interact with host taxa and population structure in defining coral heat

tolerance.

1.6 Isolated reefs and adaptive seascapes

Oceanic islands provide a lens to understand the ecological, evolutionary, and symbiotic

relationships underpinning speciation, adaptation, and distribution (Borregaard et al., 2017;



Santos et al., 2016). Patterns of adaptation can be better understood when populations are in
isolation, as opposed to highly connected reef systems which convolute the drivers of
adaptation. The Coral Sea Marine Park is a unique seascape, where the remote and isolated
nature of atoll reefs enable these reefs to act as ‘natural laboratories’ to elucidate the processes
which drive adaptation (MacArthur & Wilson, 1967). This reef system spans 13° in latitude,
11° degree in longitude, and ranges in 2° C range in Maximum Monthly Mean temperatures.
The Coral Sea is a physical bridge connecting the Great Barrier Reef (GBR), Coral Triangle,
and other western Pacific provinces, and therefore represents significant ecological importance
in connecting the flora and fauna between biodiversity hotspots (Bridge et al., 2019; Ceccarelli
etal., 2013). Despite covering 1 million km?, there is a paucity of data in the Coral Sea Marine
Park relating to connectivity, biodiversity, and function of coral reefs. To date, only a single
study has examined aspects of genetic structure or connectivity of corals in this region, with
van Oppen et al. (2008) reporting the connectivity of Seriatopora hystrix from a single reef in
the Coral Sea (Osprey reef) in relation to multiple reefs in the Great Barrier Reef. It is therefore
important to gain new insights on interactions between reefs in the Coral Sea Marine Park to
uncover patterns of adaptation and connectivity within the reef system, as well as with respect

to other regions (i.e., GBR and western Pacific provinces).
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Figure 1.2. The Coral Sea Marine Park spans nearly 1 million km? and provides an avenue for
connectivity of flora and fauna between western Pacific provinces and the Great Barrier Reef.
The Coral Sea Marine Park is shown in green, and the Great Barrier Reef Marine Park is shown

in purple.

1.7 Variable bleaching in the Coral Sea Marine Park

The Coral Sea Marine Park experienced severe, yet variable, bleaching during the mass
bleaching events of 2016, 2017 (Harrison et al., 2019) and 2020 (Burn et al., 2023). The events
in 2016 and 2017 revealed bleaching strongly correlated to the Degree Heating Weeks (DHW)
experienced at each reef. The bleaching event in 2016 resulted in more localised heat stress to

the central Queensland Plateau, compared to more geographically widespread, but less severe



bleaching in 2017 (Harrison et al., 2019). The experimental and genetic sampling collections
for this thesis occurred during the peak of the 2020 bleaching event, allowing for the collection
of samples of variable bleaching phenotypes, in tandem with ecological bleaching surveys. Of
the 16 reefs monitored in 2020, bleaching responses were variable, where two sites had only
10-30% bleaching, four sites exhibited 30-60% bleaching, eight sites showed 60-80%
bleaching, and two sites had over 80% bleaching overall (Burn et al., 2023). The bleaching
severity in the 2020 event did not follow a latitudinal or longitudinal gradient, indicating other
endogenous and/or exogenous factors attributed to shaping population-level bleaching
responses. In my thesis, I aim to examine these factors, both attributed to extrinsic factors
including past and current (2020) environmental and thermal conditions, as well as intrinsic
factors including the adaptive and symbiotic components facilitating greater bleaching

tolerance.

1.8 Thesis outline and aims

The overarching aim of this thesis is to disentangle the processes of coral heat tolerance
adaptation at the level of individuals, populations, and species. Throughout all chapters, I use
environmental gradients, symbiont community structure, experimental bleaching phenotypes,
and host genetic structure to describe the patterns and understand the processes of coral heat
tolerance. Chapter 2, published in the journal Global Change Biology, empirically investigates
how heat tolerance varies among coral species and spatially among reefs spanning a
heterogeneous environmental gradient. This chapter describes the patterns of species and
population level differences in heat tolerance and identifies the contemporary (5 years) and
historical thermal drivers (35 years) which underpin variability in tolerance. Chapter 3,
published in the journal Molecular Ecology, investigates the relationship between coral

symbiont (Symbiodiniaceae) diversity, the environment, coral host taxa, and host population



structure. Defining the host-environmental patterns of algal symbionts is critical to resolving
the interactions and mechanisms which predominantly affect whether a coral will adapt or
respond to changing thermal conditions. Chapter 4 assesses population demographics of
genetic diversity and connectivity of two Pocillopora species to detect patterns in gene-
environment associations. This chapter explicitly addresses the link between host genotype and
environment, and whether patterns of selection occur in response to an environmental
continuum. Finally, Chapter 5 investigates putative adaptive loci associated with heat tolerance
in the coral host and the strongest predictors of phenotypic heat tolerance. Specifically,
adaptive loci are identified in relation to environmental parameters to identify signals of
selection on heat tolerance. To integrate all chapters, I also include a bleaching predictor model,
where phenotypic heat tolerance from Chapter 2 (ED50) is modelled against symbiont
communities, adaptive loci (polygenic score), neutral population structure, and environmental
parameters. This final data chapter (Chapter 5) brings all these components together
(phenotype, genotype, environment, symbionts) and provides strong link between phenotype,

adaptive loci, and the influence of mild heatwaves.
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Chapter 2: The effects of marine heatwaves on acute heat tolerance in
corals

This chapter has been published as a peer-reviewed manuscript and the only text alterations
are with respect to thesis formatting requirements, but otherwise appears as in the published
version.

Marzonie, M. R., Bay, L. K., Bourne, D. G., Hoey, A. S., Matthews, S., V Nielsen, J. J., Harrison, H.
B. (2023). The effects of marine heatwaves on acute heat tolerance in corals. Global Change
Biology, 00, 1-13. https://doi.org/10.1111/gcb.16473

2.1 Introduction

Marine heatwaves have emerged as the principal threat to coral reef ecosystems (Oliver et al.,
2018; Smale et al., 2019), driving mass coral bleaching events and resulting in extensive coral
mortality throughout tropical oceans (Hughes et al., 2018; Lough et al., 2018). Recent
bleaching events have demonstrated a clear link between heat accumulation and coral
bleaching (Hughes et al., 2017), whereby photosynthetic symbionts (Symbiodiniaceae)
disassociate from the coral host during heat stress (either prolonged or acute), threatening the
health and survival of corals (Baker, 2003; Glynn, 1984). The increasing persistence of marine
heatwaves exposes corals to temperatures near, or above, their upper thermal limits (Heron et
al., 2016) and will continue to threaten coral reefs globally (van Hooidonk et al., 2016). Despite
the growing concerns of coral bleaching, there remains limited understanding of how different
species and individuals respond to heat stress or the ability for corals to adapt or acclimate to
changing environmental conditions. Therefore, investigating the phenotypic and genotypic
diversity that underpins heat tolerance in coral populations is critical to predict the capacity for

corals to acclimate and/or adapt to marine heatwaves.

Variation in bleaching susceptibility among coral species indicates there is considerable

phenotypic variation in heat tolerance, primarily driven by phenotypic traits and physiological
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trade-offs in metabolic costs (Grottoli et al., 2014; Loya et al., 2001; van Woesik et al., 2011).
However, even within species, individual genotypes can exhibit variation in heat tolerance
within the same environmental conditions (Barshis et al., 2013; Bay & Palumbi, 2014;
Morikawa & Palumbi, 2019; Schoepfet al., 2015). Differences among genotypes are attributed
to phenotypic plasticity (Oliver & Palumbi, 2011), underlying standing genetic variation of the
coral host (Dixon et al., 2015; Drury, 2020; Fuller et al., 2020; Torda et al., 2017), and/or
intraspecific variation in the symbiont community composition associated with individual
colonies (Berkelmans & van Oppen, 2006; LaJeunesse et al., 2009). However, there is a paucity
of data concerning the mechanisms or drivers of phenotypic variation in heat tolerance derived
from standardised experimental approaches (Grottoli et al., 2021; McLachlan et al., 2020), in

particular, those examining spatial variation in heat tolerance (Evensen et al., 2022).

Marine heatwaves on coral reefs are not evenly distributed in time and space and are key drivers
of local- and regional-scale differences in coral community composition (Dietzel et al., 2021;
Hughes et al., 2018; Oliver et al., 2018; Smale et al., 2019). Coral mortality associated with
these events can result in strong selection for individuals with greater tolerance to heat stress
(Palumbi et al., 2014; Sully et al., 2019). Therefore, heat tolerance in corals is expected to vary
in relation to thermal exposure, influencing phenotypic diversity at the level of individual
genotypes (Lundgren et al., 2013), fine-scale microhabitats (Cornwell et al., 2021;
Hoogenboom et al., 2017; Schoepf et al., 2015) and populations (Berkelmans & Willis, 1999;
Coles et al., 1976; Dixon et al., 2015; Guest et al., 2012; Howells et al., 2016). Meanwhile,
temporal variability in thermal gradients, such as annual temperature ranges, the rate of
summer warming, the frequency of warming events, and prior exposure to heat stress mediate
the thermal optimum and thermal range of corals across days, seasons and years (Ainsworth et

al., 2016; Jurriaans & Hoogenboom, 2020; Middlebrook et al., 2008). Overall, a complex
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interplay of spatial and temporal variation in environmental conditions is an important
determinant of the upper thermal limit in corals, which can lead to spatial variation in heat

tolerance.

Early studies of heat tolerance in corals used long-term experiments (weeks to months) to
simulate the accumulation of heat stress during natural bleaching events, establishing the
conditions that trigger bleaching and identifying the thermal maxima (Coles et al., 1976; Jokiel
& Coles, 1990). More recently, acute heat stress assays have demonstrated the capacity to
effectively establish relative thermal tolerance of corals over much shorter periods (Barshis et
al., 2013; Palumbi et al., 2014). While acute heat stress assays do not mimic natural bleaching
events, proof-of-principle experiments have identified short-term acute heat stress assays (7
hours) as comparable to longer-term (21-day) heat stress assays in bleaching responses using
dark-adapted maximum quantum yield (Fv/Fm) as a physiological metric, but not chlorophyll a
or Symbiodiniaceae densities (Evensen et al., 2021; Voolstra et al., 2020). Additional ground-
truthing has shown that estimates of absolute heat tolerance vary according to season and
should be considered when comparing across studies (Cunning et al., 2021). However, relative
estimates of heat tolerance rankings among coral genotypes remain consistent regardless of
seasonality (Cunning et al., 2021). Hence, short-term acute heat stress assays provide a flexible
and rapid approach to estimate heat tolerance for many individuals, populations and species,

over much greater temporal and spatial scale than previously possible.

To understand the drivers of heat tolerance and improve forecasting for how coral assemblages
will respond to future marine heatwaves, I quantified the spatial patterns of heat tolerance in
three scleractinian coral species (Acropora ct humilis, Pocillopora verrucosa and Pocillopora

meandrina) across nine widely separated populations in the Coral Sea Marine Park (CSMP),
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Australia. Coral populations spanned 7.7 degrees in latitude (860 km) along a 1.6 °C gradient
in maximum monthly mean sea surface temperatures, providing a range of environmental
conditions to investigate the possible drivers of heat tolerance. The isolated nature of reefs in
the CSMP makes it an ideal system to investigate the possibility of local adaptation in heat
tolerance, where the distance between reefs is likely to limit gene-flow between populations
and where reefs are removed from other anthropogenic stressors (e.g., poor water quality). To
investigate the possible drivers of phenotypic variation in heat tolerance, I compared spatial
patterns of heat tolerance against trends in sea surface temperatures and the occurrence of
marine heatwaves, consistent with local adaptation mediated by changing environmental

conditions.

2.2. Methods

2.2.1 Coral species and sampling locations
The Coral Sea Marine Park (CSMP) is a critically important and significant ecosystem owing
to its unique marine biodiversity and habitats (Ceccarelli et al., 2013). This seascape is
characterised by isolated reef atolls with fauna distinct from that of the Great Barrier Reef
(GBR). The geographic isolation of this reef system contributes to the genetic separation from
Australia’s GBR and other western Pacific biogeographic provinces (van Oppen et al., 2008),
as well as isolation from local anthropogenic stressors. Colony fragments from three species
of scleractinian corals were collected from nine reefs in the CSMP between February 16% and
March 12 2020 (Figure 2.1a). Acropora cf humilis (Dana, 1846; Figure 2.1b) is a digitate
coral species, susceptible to heat stress and commonly found on exposed upper reef slopes
(Hoogenboom et al., 2017). This species is denoted with ‘cf” as coral samples most closely
resemble Acropora humilis, but acknowledge that the complexities and rapidly changing

taxonomy within the family Acroporidae may indicate multiple cryptic species are present in
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the collection (Cowman et al., 2020). Pocillopora meandrina (Dana 1846; Figure 2.1c) and
Pocillopora verrucosa (Ellis & Solander, 1786; Figure 2.1d) are both branching corals,
distinguished by restriction fragment length polymorphism assays (Johnston et al., 2018), both
characterised with a moderate heat sensitivity and commonly found in shallow waters in
exposed and sheltered environments (Al-Sofyani & Floos, 2013). All three species are
abundant in shallow habitats on reefs in the CSMP.

A high incidence of coral bleaching was observed over the course of sampling, owing
to a severe marine heatwave in the CSMP in 2020. Sampled corals had therefore experienced
5.7 — 10.0 degree heating weeks (DHW) and exhibited different levels of bleaching prior to
collection (Table 2.1). To account for the accumulated heat stress at each sampling location,
the maximum DHW on the day each experiment took place was recorded (NOAA Coral Reef
Watch Skm product, Table 2.1) to account for the effects of the experiments coinciding with a

marine heatwave in all statistical analyses.
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Figure 2.1. Map showing the location of the nine sampled reefs within the Coral Sea Marine
Park (a). Coral fragments of each of the three coral species were collected from nine reefs
between February and March 2020. The dashed line indicates the boundary of the CSMP. The
three sampled coral species, Acropora cf humilis (b), Pocillopora meandrina (c) and

Pocillopora verrucosa (d) are common on reefs throughout the CSMP.

2.2.2. Sample collection and processing

All samples were collected on SCUBA at an average depth of 8.0 = 2.7 m, ranging between
1.9 — 16.4 m. Due to the ongoing bleaching event, colonies of all bleaching categories were
sampled to avoid biasing collections towards bleached or unbleached coral colonies (SOM, Fig
S1). During collection, each colony was assessed visually for bleaching from most bleached
‘1’ to least bleached ‘6’ using a Coral Watch Health Chart. Each coral colony was then
photographed at three scales in the field, recording: (1) the unique bag identification number,
(2) the whole colony and surrounding habitat with coral health chart and, (3) a detailed close-
up of the colony. Coral fragments were collected from coral colonies > 5Sm apart to minimise
the likelihood of collecting identical genotypes. Five fragments from each colony were
collected; four were used in the heat stress experiment and the fifth was preserved in 100%

ethanol for genetic analyses.

2.2.3 Experimental aquaria design and setup

The portable experimental aquaria system (National Sea Simulator, Australian Institute of
Marine Science) consists of independent heating, lighting, sump and flow control elements.
The system has four independent treatments with three 14L custom-made acrylic tanks per
treatment, with space for 24 coral fragments in each tank (72 per treatment). Each treatment
has independent custom lighting panels (600x340 mm, 300W white/blue LED) situated at a

height of 650 mm above the tanks, heating elements (Omega 2kW titatium) in the sump, and
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submersible pumps (Reefe RP2400LV 24v) to circulate water between the sump and insulating
jackets (SOM, Fig S2a). Ambient seawater is directed through a titanium heating coil (Wateco
56 titanium heat exchanger) to the corresponding tanks in each treatment. Water flow to each
tank was kept constant throughout each experimental heat stress assay (0.2 L min''). Tanks
were equipped with a powerhead to increase water circulation within each tank. Lights were
adjusted to maintain 600 PAR (umol photons.m2s!) per tank as per average, mid-day summer
light levels at 10 m at Lizard Island Research Station between 2012 — 2018 (Australian Institute
of Marine Science, 2020).

Each tank, sump and jacket are equipped with independent water temperature sensors
and two PAR sensors situated randomly within tanks to monitor and control temperature and
lighting throughout the experiment. The temperature control system consists of three main
elements: 1) a Programmable Logic Controller (PLC) system (Siemens S7 1511-1 PN PLC,
6ES7 511-1AK02-0AB0), 2) a Weidmuller UR20 Remote IO Signal Inputs & Outputs and 3)
a Human Machine Interface (Siemens Simatic Human Machine Interface (HMI) KTP700
(6AV2123-2GB03-0AX0)). The PLC unit controls the lighting, pumps and heaters, interfacing
with user parameters of the HMI to program parameter inputs, and to monitor and log

temperatures in each tank.

2.2.4 Experimental design of acute heat stress assays

I conducted individual experimental acute heat stress assays for each of nine reefs where corals
were collected. The planned experimental assay consisted of four temperature treatments: a
control temperature treatment at the local maximum monthly mean (MMM), and three
temperature treatments at +3 °C, +6 °C and +9 °C above the local MMM. The local MMMs
were calculated using sea surface temperature data obtained from the NOAA Coral Reef Watch

Operational Daily Near-Real-Time Global 5-km Satellite Coral Bleaching Monitoring Product
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Version 3.1 for each site within reef between 1986 to 2010. However, ambient temperatures
were 1.0 — 2.2 °C above local MMMs at the time of the experiments owing to a marine
heatwave in the CSMP (Table 2.1), so the control treatments were done at ambient
temperatures. A fragment of each sampled coral colony was placed randomly into each of the
four temperature treatments following each collection dive. All genotypes across all species
were present in each of the four treatments, and randomly placed in one of the three replicate
tanks per treatment to minimise the effect of tank. Each coral fragment was identified by a
unique clip and rack number corresponding to the original coral colony. Coral samples were
held at local ambient temperatures until the start of each experiment, which started between 8
am and 10 am.

Each treatment followed a standardised temperature profile previously established by
(Barshis et al. (2013), Palumbi et al. (2014), and Voolstra et al. (2020), to measure heat
tolerance in corals. It consisted of a 3-hour ramp up to the desired treatment temperature, a 3-
hour hold period at the treatment temperature and a 1-hour ramp down to ambient temperature
(SOM, Fig S2b). The treatment temperature of each sump was randomised between
experiments to control for any variability in ambient light among tanks. At the end of the
temperature profiles, corals were maintained at ambient temperature for 11 hours prior to

physiological measurements.

2.2.5 Measuring photochemical yield

Pulse amplitude modulated (PAM) fluorometry was used to measure photochemical yield
(hereafter F\/Fm), a non-obtrusive metric of chlorophyll-a fluorescence of the symbiotic algae
(Schreiber, 2004) widely used as a proxy to rapidly measure heat tolerance in corals (Evensen
et al., 2021; Nitschke et al., 2018; Suggett & Smith, 2011). Following the completion of the

temperature profiles, experimental tanks were covered with a tarp to block all light for a
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minimum of 5-hours. All measurements took place under indirect red light between 2am and
Samusing a Diving-PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany). A clear piece
of tubing was used to maintain a constant distance (2mm) between the fibre-optic probe (6mm
) and the coral tissue. PAM settings were adjusted between experiments to account for the
latitudinal gradient in light and temperature and maintain baseline Fo values between 130 — 500
units following standard procedures (Ralph et al., 2015). Detailed PAM settings for each
experiment are outlined in SOM Table S1.

The photochemical yield of all coral fragments in all temperature treatments was
measured three times to obtain average and median measures of F/F. False readings, where

no fluorescence was measured, were discarded prior to averaging.

2.2.6. Species identification in Pocilloporidae

Species of Pocillopora can be difficult to distinguish in situ and from photographs, therefore
all Pocillopora samples were identified to species level using a restriction fragment length
polymorphism (RFLP) assay modified from (Johnston et al., 2018). Firstly, the mitochondrial
open reading frame (mtORF) region was amplified with FatP6.1 primer (5-
TTTGGGSATTCGTTTAGCAG-3°) and RORF primer (5-
SCCAATATGTTAAACASCATGTCA-3") (Flot et al. 2008). The PCR mix included 0.4 pl
MyTaq Polymerase (5 u pl!, Meridian Bioscience), 4 pl Buffer (5x), 0.3 pl Purified BSA
(100x, New England Biolabs), 0.25 ul of each primer (10mM), 13.8 pul of PCR-grade water
and 1 pl of template DNA (5 ng ul"). PCR conditions were carried out with an initial
denaturation step for 60 seconds at 94 °C, followed by 30 cycles of 94 °C for 30 seconds, 53
°C for 30 seconds, and 72 °C for 75 seconds, followed by a final elongation step at 72 °C for 5
minutes. Secondly, PCR products were digested using one of two enzymes to confirm the

species identity of each sample. The Acil restriction enzyme was first used to distinguish P.
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verrucosa from all other species, and Sacl to distinguish P. meandrina from other
Pocilloporidae. A volume of 8.9 ul of the PCR product was transferred to a new 96-well plate
and 1.1 pl of Acil restriction enzyme and buffer (New England Biolabs) was added to each
sample. Samples were then incubated at 37 °C for 60 minutes and transferred to 65 °C for 20
minutes. The digest was run on a 2% agarose gel for 75 minutes at 70 volts. Samples with three
bands at 209, 338 and 431 base pairs were identified as P. verrucosa, with other species having
only two bands at 430 and 548 base pairs. Any remaining samples that were not identified as
P. verrucosa were then digested using Sacl to distinguish P. meandrina from other
Pocilloporidae. A volume of 8.95 pul of PCR product was transferred to a new 96-well plate
and 1.05 pl of Sacl restriction enzyme and buffer (New England Biolabs) were added to each
sample. Digestions followed the same protocol as above. Samples with two bands at 298 and
680 base pairs were identified as P. meandrina and samples with only one band at 978 base
pairs were identified as Pocillopora spp. From the 243 total collected Pocillopora, 49 samples
were identified as neither P. verrucosa nor P. meandrina and thus excluded from downstream

analyses.

2.2.7 Modelling ED50 parameters for species and reefs
All analyses were performed in R v. 4.1.1 (R Core Team 2021) and are fully reproducible

online (Appendix 1; https://github.com/HugoBH/CoralSea-ED50-GCB). To determine how

heat tolerance varied among species or sampled reefs, a dose response curve was fit to the
median yield of F\/Fu across temperature treatment and compared the effective temperature to
induce a 50% loss in median yield of F\/Fu (hereafter ED50). It is comparable to the ED50
metric presented in (Evensen et al., 2021) and applied to other rapid heat stress experiments
(Cunning et al., 2021; Evensen et al., 2022; Voolstra et al., 2021). First, measurements were
removed where F\ /Fm values > 0.75 or where Fy was < 110 to eliminate any false detections

of the Diving PAM. For all ED50 estimate models, median yield was modelled against
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temperature relative to local MMM (°C) using a three-parameter dose response curve. Relative
temperature was treated as a continuous variable and measured as the difference between the
average temperature during the 3-hour hold period, and the local MMM (SOM, Table S2). All
ED50 models were first constructed using the drm package to obtain reasonable starting
coefficients (Ritz et al., 2015), which were then used to fit models in the n/me package v3.1-
152 to account for random effects (Pinheiro et al., 2021). Model selection was informed by
comparing AICc scores in the MuMIn package version 1.43.17 (Barton, 2022) and post hoc
comparisons among fixed factors were performed using the emmeans package version 1.6.3
(Lenth, 2021).

To derive estimates of ED50 among the three coral species, I explored the importance
of including parameter estimates for the slope, upper asymptote, and inflection point, as well
as the influence of sampling depth, tank effects, and the severity of in situ bleaching of each
coral colony. Lower asymptotes were fixed at zero. Model selection indicated all three
parameters varied among species, with a small but non-negligible influence from the bleaching
condition, but not depth or tank (SOM, Table S3). The best model included the interaction
between ‘Bleaching Category’ and ‘Species’ for each parameter estimate of the dose response
curve (SOM, Fig S3) and the random effect of ‘Reef’ to capture variability in responses that
could be attributed to spatial variation. Plots of model residuals were visually inspected to
check for patterns with respect to fitted values and predictor variables. Post hoc comparisons
among fixed factors (‘Species’, ‘Bleaching Category’) were conducted to compare whether
ED50s were significantly different among species (SOM, Table S4 and S5).

Separate models were constructed to derive estimates of ED50 among reefs since all
species were not sampled at every reef. Model selection again included estimates for the slope,
upper asymptote, and inflection point. Models were informed from the A. cf humilis data, which

were the most comprehensive, and model parameters were then kept consistent for all species
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(SOM, Table S6). The best fit model included the fixed factor of ‘Reef” for the ED50 term and
random effect of ‘Bleaching Category’ on the upper asymptote and ‘Coral ID’ on the ED50
parameter. To check the effect of unbalanced sample design, I tested the ‘separate’ reef models
against a ‘combined’ model that incorporated all species but only with reefs in common
between all three species. Estimates of reef ED50 values were comparable between models
(SOM, Fig S4). Post hoc comparisons among fixed factors (‘Reef”) were conducted to compare
whether ED50s were significantly different among reefs (SOM, Table S7, S8, and S9). ED50
values were also calculated for ‘Absolute Temperatures’ for each reef and species combination
(SOM, Table S11) as an extension of the ‘Relative Temperature’ ED50 model values presented
in the results (SOM, Table S10). To obtain ‘Absolute Temperatures’ thresholds, I added the

local MMM of each reef to the Relative ED50 of each reef.

2.2.8 Environmental predictors of heat tolerance

To identify environmental drivers associated with coral heat tolerance, ED50 values derived
from the Reef and Species models were related to a range of environmental predictors in the
CSMP. These 24 environmental parameters represent recent (2016-2020) and historical (1986-
2020) trends in the frequency and severity of marine heatwaves and sea surface temperatures
in the CSMP (SOM, Table S12). The sea surface temperature and maximum degree heating
weeks (DHW) values were generated from the NOAA Coral Reef Watch Operational Daily
Near-Real-Time Global 5-km Satellite Coral Bleaching Monitoring Product Version 3.1 for
each site within reefs from 1986-2020. These were used to calculate metrics that represent the
temperature regimes and history of reefs in the CSMP. These included the historical (1986-
2020) and recent (2016-2020) maximum and average DHW, the number of events where DHW
exceeded 2, 3, 4, 6, 8 and 9 DHW (1986-2020), the average return time in years between these
events, the DHW during the experiment, along with latitude and longitude (SOM, Fig S5).

Each environmental predictor was individually fitted against ED50 values measured for each
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reef within species to assess the strength of their correlation. All predictors with a correlation
coefficient below 0.40 were removed from further candidate model selection (SOM, Fig S6).
This left ten remaining variables of interest, which were each tested for collinearity. Any
variables with a correlation > 0.80 were excluded from further analysis, including ‘minSST’,
‘meanSST’, ‘DHW2020°, ‘MMM, ‘Latitude’ and ‘rangeSST’ (SOM Table S12, SOM Fig
S10). After removing highly collinear variables, this left four variables to represent the
different climatic regimes between reefs: the number of events were DHW exceeded 4
(‘DHW4’), the average maximum DHW between 2016 and 2020 (‘recent.maxDHW?’), the
return time in years between events were DHW exceeded 6 DHW (‘returnDHW6’), and the
variance in SST (‘varSST’) (SOM, FigS7). These response variables were tested in candidate
model selection using the ‘dredge’ function in the package MuMIn (Barton 2022) and the
model with the lowest AICc score was chosen. The final model included an interaction between
Species and ‘DHW4’, and additional fixed effects of ‘returnDHW6’ and ‘recent.maxDHW’
(SOM, table S13). Results from the ‘dredge’ model were cross validated with a generalised
boosted model (GBM) approach (Greenwell et al. 2020). While the GBM approach did not
reach a parsimonious solution due to limited sample size, the results corroborated the
importance of the number of mild bleaching events (‘DHW4’) as the strongest driver of

increased ED50 values.

2.3 Results

2.3.1 Photochemical performance under natural heat stress

Our experiments were conducted during a severe marine heatwave in the CSMP that led to
widespread coral bleaching throughout the region. Accumulated heat stress ranged from 5.7
DHW (Wreck Reef) to 10.0 DHW (Bougainville Reef), with ambient water temperatures

between 1 to 2.2 °C above local MMM at the time of sampling (Table 2.1). The marine
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heatwave was ongoing and analysis of SST and DHW over the subsequent months suggests
the experiments were conducted at the peak of this event. I collected 182 A. cf humilis and 194
Pocillopora, identified as 101 P. verrucosa and 93 P. meandrina across all categories of
bleaching (SOM, Fig S8) from nine reefs in the CSMP. Fluorescence analysis using PAM
fluorometry of coral fragments kept at ambient temperature indicate a minor loss in
photochemical yield at higher levels of bleaching (Contrast Category 1 - 2 vs 3 - 6), consistent
with natural levels of heat stress (SOM, Fig S9). The minor effects of natural bleaching were
accounted for by including the Bleaching Category as an interaction for estimates in ED50

values for both species and reef predictions (see Methods Section 2.7).
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Table 2.1. Location and environmental conditions where corals were collected for acute heat
stress experiments in the CSMP. Ambient sea surface temperature (SST, °C) and degree
heating weeks (DHW) were measured at the time of each experiment. Maximum monthly mean
temperature (MMM, °C) is defined for each reef as the average SST of the hottest month in
each year between 1986 and 2010. Number of DHW4 events is measured as the number of
events where DHW > 4 (1986 — 2020), averaged among sites within a reef. The number of
corals of Acropora cf humilis, Pocillopora verrucosa and Pocillopora meandrina collected

from each reef that were included in the logistic regression model.

Experiment Lat Long Ambien MMM DHW A. cf P. P.
location (DD.ddd (DD.ddd tSST (°C) humilis meandrina  verrucosa
d) d) (°C) (n=182)  (n=101) (n=93)
Bougainvill  -15.4927 147.0863 29.99 28.96 10.00 23 10 17
(&
Moore -15.8921  149.1535 30.45 28.83 9.06 20 17 10
Chilcott -16.9315  149.9898 29.93 28.59 6.65 18 10 3
Herald -16.9434  149.1856 29.93 28.59 7.96 18 5 11
Lihou -17.5970 151.4895 30.48 28.44 7.72 32 6 18
Flinders -17.7135  148.4371 30.67 28.64 6.58 30 5 26
Frederick -21.0113  154.3504 29.98 27.77 7.01 17 13 2
Saumarez -21.8861 153.6476 29.63 27.90 5.50 - 22 -
Wreck -22.1926  155.3340 29.55 27.41 5.71 24 13 6

2.3.2 Photochemical performance under acute heat stress

The F\/Fm of coral fragments was measured across different temperature regimes to determine
the tolerance of species and reefs to acute heat stress. Temperature treatments were maintained
at ambient temperatures (29.55 — 30.67 °C), and +3 °C, +6 °C and +9 °C from local MMM
(27.41 — 28.96 °C). Temperatures exhibited some variability within and between experiments,

though closely matched target temperatures (SOM, Table S2).
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A greater inhibition of photochemical yield at the higher temperature treatments was
observed as anticipated, reflecting the decline in F\/Fm in response to increased temperature. A
median Fv/Fm yield of 0.61 (= 0.06) was observed for fragments maintained at ambient
temperatures. Relative to controls, a 1.3% increase in F\/Fm was detected in the +3 °C treatment
(median yield: 0.62 + 0.05). At +6 °C, F\/Fn decreased by 11.8% relative to controls (median
yield: 0.55 £ 0.11) with high levels of variation among coral colonies. At +9 °C, F\/Fn

decreased by 86.0% relative to controls (median yield: 0.09 + 0.09).

2.3.3 Heat tolerances (ED50) among species and reefs

The effective temperature to induce a 50% loss in F\/Fn (ED50) was used to compare heat
tolerance among three species of corals and among reefs within species. Overall, I measured a
0.69 °C range or 9% difference in ED50 between the most and least tolerant species (Fig 2a).
For Acropora cf humilis, a 50% reduction in F\/Fn (ED50) was observed at 7.05 °C above
MMM (95%CI: 6.75 — 7.35) compared to 7.42 °C above MMM in P. meandrina (95%CI: 7.11
—7.74),and 7.74 °C above MMM in P. verrucosa (95%CI: 7.43 —8.06). Non-overlapping 95%
confidence intervals in the estimated marginal mean for 4. cf humilis and P. verrucosa
indicates the differences in ED50 are very likely to indicate a true difference in heat tolerance
between species (SOM, Table S4). Within Pocillopora, ED50 was 0.32 °C greater in P.
verrucosa than in P. meandrina with Tukey’s pairwise comparison indicating the difference
was significant (t = 3.733, df = 1148, p = 0.006) (SOM Table S5).

Heat tolerance also varied amongst reefs within species whereby the range of ED50 values
was greater between the most and least tolerant reefs than it was between species (Fig 2b). In
A. cf humilis, | measured a 1.89 °C range in ED50 between the lowest value measured at Herald
Reef (ED50 = 6.37, 95%CI: 6.14 — 6.59) and highest value at Wreck Reef (ED50 = 8.26, 95%

CI: 8.08 — 8.43). In P. meandrina, there was a 1.15 °C range in ED50 between the lowest value
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measured at Lihou Reef (ED50 = 6.96, 95%CI: 6.61 — 7.31) and highest value at Flinders Reef

(ED50 = 8.11, 95% CI: 7.81 — 8.42). In P. verrucosa, I measured a 0.85 °C range in ED50

between the lowest value measured at Herald Reef (ED50 = 7.26, 95%CI: 7.01 — 7.51) and

Flinders Reef (ED50 =8.11, 95% CI: 7.93 — 8.28). Though spatial patterns were not consistent

between species, some reefs showed significantly higher (e.g., Wreck Reef) or lower (e.g.,

Herald Reef) heat tolerance that could not be explained by variation between individual

colonies alone (Tukey’s pairwise comparisons: Tables S7, S8 and S9).
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Figure 2.2. Temperature above local maximum monthly mean (MMM, °C) at which 50% loss
in F\v/Fm occurs (ED50) for three coral species. (a). Phenotypic variation in heat tolerance
among species measured throughout the CSMP. Points indicate measures of F\/Fm for
individual coral genets in each treatment. Confidence bands indicate 95% confidence intervals
(b). Phenotypic variation in heat tolerance among reefs for each species. Colour represents
samples collected from distinct reefs in the CSMP. Reefs are sorted by colour from lowest
ED50 values (blue) to highest (red) averaged across species. Vertical lines indicate the

temperature above MMM to induce 50% loss in F\/Fm (ED50).

2.3.4 Predictors of heat tolerance

Spatial variation in ED50 values (Fig 3a) was explored against environmental variables that
reflect the temperature regimes and exposure to temperature anomalies of reefs in the CSMP.
A linear model that included three long-term and short-term thermal history metrics resulted
in the best prediction of ED50 (SOM, Table S13). These environmental predictors included 1)
the number of mild heatwaves where DHW was above or equal to 4 from 1986-2020 at each
sampled reef (nDHW4), 2) the average maximum DHW experienced from 2016-2020 (recent
maxDHW), and 3) the return time in years between heatwaves where DHW was above or equal
to 6 (return DHW®6). The model’s total explanatory power was substantial (R? = 0.81). Species,
the number of mild heatwaves (nDHW4) and their interaction explained 62.0% of model
variance, while recent maximum DHW explained 21% of variation (recent maxDHW), and the
return time between more severe heatwaves (return DHW®6) accounted for 17% of variation.
Other interactions among predictors were explored and none improved the model. Other
variables, including reef complexity, longitude, reef area and a range of thermal history metrics
(SOM, Fig S5) were either poorly correlated or insufficient to explain the spatial variation in

heat tolerance.
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The heat tolerance of all three species was most strongly driven by the number of mild
heatwaves, the strength of which varied among species (Fig 3b) and for which spatial patterns
were highly heterogeneous throughout the CSMP (Fig 3c¢). The strongest effect was observed
for A. cf humilis, for which each mild heatwave increased ED50 by 0.25°C (Slope = 0.255, t =
4.2, p < 0.001). The effect was weaker and not significantly different from O for both P.
meandrina (Slope = 0.048, t = 0.83, p = 0.42) and P. verrucosa (Slope = 0.042,t=0.61, p =
0.55) (SOM, Table S13), though these were different to A. cf humilis (t=2.6, p=0.05). Overall,
greater exposure to mild heatwaves resulted in higher estimates of heat tolerance as measured
by ED50 only in A. cf humilis. Meanwhile, greater exposure to higher DHW values between
2016 and 2020 has an effect of decreasing ED50 values (Fig 3d-e; Slope =-0.176,t=-2.3,p
= 0.04), and greater intervals between more severe heatwaves (DHW > 6) had the effect of
increasing ED50 values (Fig 3f-g; Slope = 0.053, t = 2.4, p = 0.03). These patterns were
strongly influenced by Wreck Reef with the greatest exposure to mild heatwaves between 1986
and 2020 (n = 10) and the high ED50 for all three species (SOM, Table S10). In contrast,
Flinders reef appeared as an outlier with high ED50 for both Pocilloporidae despite low

exposure to mild heatwaves (n = 5) (SOM, Table S10).
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Figure 2.3. Spatial heterogeneity in heat tolerance (ED50) among reefs in the CSMP is strongly
associated with their exposure to the number of mild marine heatwaves. (a). Heat tolerance as
measured by the temperature above local MMM to induce a 50% loss in Fv/F» (ED50) varies
between species and between isolated reefs in the CSMP. Reefs are sorted by lowest ED50
values (left) to highest (right) averaged across species. Estimated marginal means of three
environmental predictors (b, d, f) while other parameters are held constant. (b-c). The number
of marine heatwaves between 1986 and 2020 where DHW was above or equal to 4 was the
best predictor of heat tolerance (ED50) of reefs in the CSMP. (d-e). The return time between
heatwaves where DHW was above or equal to 6 between 1986 and 2020 also explained
sufficient variation in heat tolerance of reefs in the CSMP. (f-g). The average maximum DHW
between 2016 and 2020 was the third environmental predictor to explain variance in heat
tolerance. Each of the three predictors vary spatially across the seascape (c, €, g), including at

the nine reefs where heat tolerance was quantified experimentally and depicted as white points.
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2.4 Discussion

Acute heat stress experiments identify phenotypic variation for heat tolerance

Identifying spatial mosaics of heat tolerance across climatic and disturbance gradients is key
to understanding the adaptative potential of corals to the increasing frequency of marine
heatwaves. To date, smaller reciprocal transplant experiments have identified genetic
mechanisms of the coral host (Kenkel et al., 2013) and symbiont community structure
(Marhoefer et al., 2021) that influence thermotolerance and signify local adaptation to thermal
regimes, but also indicate limits for corals to respond to temperatures outside of their local
conditions (Howells et al., 2013). Building on these principles, standardised acute heat stress
experiments have qualified as high throughput scans for phenotypic variation, successfully
demonstrating that heat tolerance variation exists across coral nursery gardens in the Florida
Keys (Cunning et al., 2021), thermally variable patch reefs across the Palau archipelago
(Cornwell et al., 2021) and among microhabitats (Voolstra et al. 2020), and contrasting reef
populations in the Red Sea (Evensen et al., 2022; Voolstra et al., 2021). The portability of the
field-based, acute heat stress experimental aquaria system (designed and built at National Sea
Simulator, AIMS) allowed us to quantify heat tolerance across a large spatial scale comprised
of variable thermal history in situ. These findings provide further evidence that inter-reef
differences in thermal tolerance broadly correspond with localised differences in thermal
exposure. Thus, providing evidence that coral populations may be locally adapted to the

increasing frequency of sub-lethal marine heatwaves they have been exposed to.

Phenotypic variation in heat tolerance among species within reefs
While knowledge of the mechanisms that confer heat tolerance in reef-building corals remains
limited, experimental studies demonstrate the capacity for short-term acclimation (DeCarlo et

al., 2019; Howells et al., 2013) and long-term adaptation in response to heat stress (Bay &

31



Palumbi, 2014; Dixon et al., 2015; Drury, 2020; Drury et al., 2017; Kenkel & Matz, 2017).
Such variability between species, particularly within the same environment, is typically
associated with gene-based adaptation (Fuller et al., 2020; Morikawa & Palumbi, 2019) and/or
variation in symbiont community structure (Oliver & Palumbi, 2011). In my experiments, three
coral species were exposed to the same local environmental and experimental conditions yet,
exhibited variable ED50 thresholds ranging up to 0.7 °C. In the case of two closely related
Pocillopora species (Johnston et al., 2017), the differences in heat tolerance may be attributed
to variation in heat tolerance among symbionts, as P. verrucosa and P. meandrina are highly
specific in symbiont community selection (Turnham et al.,, 2021), attributed to vertical
transmission of symbionts to offspring (Hirose et al., 2000). Heat tolerance differences in these
symbiont species can influence the ability of the host to respond to heat stress changes
(Mangzello et al., 2019), depending on the heat tolerance potential of the symbiont itself.
Phenotypic variation within 4. cf humilis may also be attributed to variation in symbiont
species, though I could not exclude cryptic host speciation in the CSMP, as these samples have
not been genetically confirmed as one species. The question of species identification may also
lend itself to the broad range of ED50 values for A. cf humilis compared to the relatively narrow
range for both species of Pocillopora, for which species identification has been confirmed.
These questions require additional genetic studies to fully disentangle species level patterns of

heat tolerance for Acropora.

Spatial variation in heat tolerance

Oceanic islands have served as model systems to evaluate the drivers of species richness,
assembly rules of ecological communities and adaptive speciation, and provide insights into
ecological and evolutionary processes (Borregaard et al., 2017; Santos et al., 2016). The

geographic separation of reefs in the CSMP and distinct thermal histories may promote
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phenotypic variation within species and adaptation to local thermal regimes, where limited
gene flow can reinforce processes of genetic drift and natural selection in spatially
heterogeneous environments (Kawecki & Ebert, 2004; Savolainen et al., 2013). Of the 24
environmental variables measured, three thermal history metrics were identified as possible
drivers of heat tolerance of reefs, driving responses more than latitude, sea surface temperature,
depth and the 2020 marine heatwave. Notably, the frequency of mild heatwaves in a local
environment was a key driver of increased heat tolerance in 4. cf humilis. Populations
harbouring the most heat tolerant corals (e.g., Wreck Reef) experienced historically higher
frequency of mild heatwaves over the past 35 years. Conversely, reefs which have evaded a
high frequency of mild heatwaves (e.g., Herald Reef) tended to harbour assemblages of less
tolerant individuals. For corals, a critical tipping point for bleaching-induced mortality occurs
when accumulated heat reaches 3 - 4 DHW, indicating that DHW above this threshold can
influence heat tolerance population-dynamics (Hughes et al., 2018). Acropora ct humilis in
particular displayed a strong exposure relationship to mild heatwaves, which may be linked to
this species’ higher sensitivity to heat stress. In addition to mild heatwaves, a longer return
time between severe heatwaves above or equal to 6 DHW aided acute heat tolerance, likely

allowing sufficient time for populations to recover from lasting effects of severe heatwaves.

The beneficial selection of mild heatwaves, as well as a longer return time between heating
events, may be hampered by recent severe heatwaves over the past five years, as indicated by
the strong effect of recent maximum DHW on acute heat tolerance (i.e., average maximum
DHW between 2016-2020). The effect of recent severe marine heatwaves over this period is
an indication that corals may not be able to keep up with the pace of rapidly reoccurring marine
heatwaves. Rapid environmental change, such as three mass bleaching events in five years,

does not support rates of phenotypic plasticity for most individuals and species (Lindsey et al.
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2013). Further, the lack of correlation between severe heatwaves (i.e., number of DHW events
exceeding 6 or 9) and higher heat tolerance, suggests significant limits to adaptation potential
in corals above a threshold where bleaching-induced mortality occurs (Ainsworth et al., 2016).
The lack of improved prediction may be due to severe heatwaves causing increased coral
mortality of all genotypes, rather than acting as a selective pressure. A similar phenomenon
was observed during the back-to-back bleaching events of 2016 and 2017 on the GBR and
Coral Sea, where a reduction in the incidence of bleaching in 2017 was attributed to extensive
bleaching-induced mortality of corals in 2016, leaving few corals left to bleach in severely
affected reefs (Harrison et al., 2019; Hughes et al., 2018). Thus, mild heatwaves provide
environmental pressure that is strong enough to select for heat tolerance but not too strong to

decimate entire populations.

Global comparisons of ED50 thresholds

There are several applications for colony-specific coral acute heat stress data. A few examples
include the ability to rank heat tolerance among individuals, to investigate genotype —
phenotype associations to identify molecular signatures of heat tolerance, and to explore cross-
study comparisons of heat tolerance thresholds of corals. The ED50 estimates calculated here
relate to ecologically meaningful temperatures, and the ranking of both relative and absolute
ED50s allows for direct comparisons within and between studies, overcoming a major
challenge in comparing heat stress experiments (Grottoli et al., 2021; McLachlan et al., 2020).
Coral populations experiencing historically higher temperature regimes are generally less
susceptible to bleaching than conspecifics in other regions (Howells et al., 2016). However,
the absolute ED50 thresholds for P. verrucosa in the CSMP were very similar to conspecifics
in the Red Sea (Absolute EDS0/ED50: CSMP = 36.1 °C; Red Sea = 36.0 °C) (Evensen et al.,

2022), despite the hotter conditions in the Red Sea, 1.3 °C above those in the CSMP.
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Interestingly, P. verrucosa in the CSMP maintained overall higher relative ED50s (i.e., °C
above local MMM temperatures) than P. verrucosa in the Red Sea by 1.2 °C (Relative
EDS0/ED50: CSMP = 7.7 °C; Red Sea = 6.3 °C) when comparing averages across each reef to
characterise a region. The relative tolerance of corals in the CSMP compared to corals in other
regions may indicate that corals in the CSMP are not living as close to their thermal limits as
predicted. Potentially, the high disturbance history of the past three decades, layered with
episodic heatwaves experienced in the last five years in the CSMP (Harrison et al., 2019) has
selected for more heat tolerant individuals. Across a latitudinal gradient, P. verrucosa in both
this study and Evensen et al. (2022) maintained higher relative thermal thresholds in high
latitude reefs compared to low latitude reefs, supporting previous evidence that high latitude
reefs may harbour higher heat tolerance and therefore serve as spatial refugia from bleaching
events (Osman et al., 2018). These comparisons provide valuable insight to identify reefs and
regions of high or low tolerance, albeit the comparisons across variable aquaria systems (e.g.,

lights, flow) may confound these interpretations and should also be considered.

Conclusions

Coral populations in this study demonstrated extensive phenotypic variation in heat tolerance
across large spatial gradients, predominantly driven by the frequency of mild heatwaves. I
identified that thermal regimes are a clear driving force in heat tolerance, explaining spatial
variation in heat tolerance among coral reef populations. The strong link between acute heat
tolerance and the frequency of mild heatwaves is evidence that coral populations are likely
adapting or acclimatizing to both recent and long-term thermal history in their local
environment. However, decreased coral heat tolerance in response to recent severe heatwaves
warrants concern for the potential adaptation and acclimation limits of coral populations to

marine heatwaves within ecologically relevant timeframes.
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Chapter 3. Symbiodiniaceae diversity varies by host and environment
across thermally distinct reefs

This chapter has been published as a peer-reviewed manuscript and the only text alterations
are with respect to thesis formatting requirements, but otherwise appears as in the published
version.

Marzonie, M.R., Nitschke, M.R., Bay, L.K., Bourne, D.G., Harrison, H.B. Symbiodiniaceae
diversity varies by host and environment across thermally distinct reefs (2024). Molecular
Ecology. https://doi.org/10.1111/mec.17342

3.1. Introduction

Tropical coral reefs rely on endosymbiotic algae, Symbiodiniaceae (LaJeunesse et al., 2018),
that provide nutrition to support the function and survival of reef-building corals (Baker, 2003;
Muscatine, 1990). Even a slight increase of 1-2 °C above current sea surface temperatures
(SST) can disrupt the delicate balance between corals and their symbionts (Weis, 2008; Weis
et al., 2008), resulting in cascading negative effects on reef ecosystems (Baker et al., 2008;
Graham et al., 2007). Symbiodiniaceae play a critical role in mediating coral susceptibility to
thermal stress through adaptive and acclimatory mechanisms (Manzello et al., 2019; Marhoefer
et al., 2021; Morikawa & Palumbi, 2019) that vary according to coral taxa (Quigley et al.,
2022) and divergent symbiont lineages (Abrego et al., 2008; Butler et al., 2023). The increased
frequency and duration of marine heatwaves have already impacted coral reefs globally
(Hughes et al., 2017; Oliver et al., 2018). Thus, understanding the evolutionary relationships
between corals and their symbionts can transform our understanding of adaptive traits in

response to rapid environmental change.

The stability and flexibility of the coral symbiosis relies on the mode of symbiont transmission

to coral offspring (Baker, 2003). Corals which vertically transmit symbionts directly to eggs

often mediate strong co-diversification over long evolutionary periods (Turnham et al., 2021),
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resulting in stronger host effects on symbionts and adaptive responses of corals to their
environment (Seah et al., 2017). In contrast, horizontally transmitting coral species produce
aposymbiotic larvae which acquire symbionts from the surrounding environment, promoting
greater flexibility in symbiont selection and enabling the rapid acquisition or exchange of
symbionts better suited for their environment (Baird et al., 2007; Cumbo et al., 2013). In the
face of a disturbance, horizontally transmitting corals harbour a greater ability to shuffle or
switch dominant and background symbiont species (Elder et al., 2023; Jones & Berkelmans,
2010), though can be disadvantageous during periods of stress if the symbionts are not well-
adapted to variable or extreme conditions due to a lesser ability for host-symbiont co-
diversification (LaJeunesse et al., 2010). There is also mounting evidence that some vertical
transmitting corals have a mixed-mode of symbiont transmission, complicating the symbiont-
host relationship over the lifespan of a coral (Quigley et al., 2017, 2018; Starko et al., 2024).
Therefore, resolving the effect of host species on symbiont community structure requires

parallel investigation of multiple species with similar demographics.

The transmission strategy of the coral host influences the extent to which the environment
structures symbiont communities (van Oppen & Medina, 2020). Vertically transmitting species
often maintain a stronger host genotypic effect as the primary driver of symbiont community
structure in comparison to strong environmental gradients (Hume et al., 2020; Voolstra et al.,
2021). In horizontally transmitting species, Symbiodiniaceac community changes are generally
structured by their environment, including variable thermal fluctuations or chronic thermal
disturbances (e.g., mass bleaching events) (Howells et al., 2020; Kennedy et al., 2016; Quigley
et al., 2022). In addition to strong environmental effects, there is evidence of secondary host
effects on symbiont community structure in horizontally transmitting corals such as Acropora

spp. (Cooke et al., 2020; Matias et al., 2023), alluding to both host and environment influences
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on symbiont community structure. Thus, it is likely that while vertical and horizontal
transmission of the host is the dominant structuring predictor in symbiont communities, there
are underlying influences of the environment which interact with host genotype. Analysing
both host and symbiont genetic diversity in parallel with contrasting environmental gradients
can provide insight into how host species, genotypes, and environment co-regulate the impacts

on Symbiodiniaceae community structuring.

To address this knowledge gap, 1 investigate the influence of coral host genetics and
environment on symbiont macroscale community structure. Here, symbiont macroscale
community structure is defined as the diversity of Symbiodiniaceae among conspecific hosts
living along an environmental continuum (hereafter defined as ‘symbiont communities’)
(Davies et al, 2023; Laleunesse et al., 2010). The diversity and distribution of
Symbiodiniaceae in relation to host population structure and the environment, in particular,
current and historical thermal stress, enables the identification of key genetic and
environmental drivers that affect the capacity for corals and their symbionts to cope with
climatic extremes into the future. To achieve this, [ used ITS2 metabarcoding and a supporting
genetic marker (psbA"") to analyse patterns of symbiont community composition, in parallel
with host genotype-by-sequencing, to describe trends of host population structure and host-
symbiont co-phylogeny. My approach targeted three coral species, two with vertical symbiont
transmission, Pocillopora verrucosa and P. meandrina, and one with horizontal transmission,
Acropora cf humilis. All coral species were sampled across a 1,300 km gradient in Australia’s
Coral Sea Marine Park. Specifically, I tested the effects of biogeographic variables (latitude),
historical thermal disturbances (maximum Degree Heating Weeks [maxDHW]), light
attenuation in seawater (kd490), and individual-specific variables (depth and host genetic

cluster). Samples were collected during the height of the mass bleaching event in 2020,
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therefore, I also accounted for accumulated heat of each reef (DHW at collection) and the

bleaching condition of each coral colony in relation to symbiont community structure.

3.2. Materials and Methods

3.2.1 Sampling location and study species

Coral samples were collected on SCUBA from 13 reefs within the Coral Sea Marine Park
(CSMP) between February 16th and March 12th, 2020 (SOM, Table S3.1). Reefs in the CSMP
have historically been exposed to a range of disturbances including regular and severe marine
heatwaves (Harrison et al., 2019). There are currently no records for Symbiodiniaceae genetic
diversity in the CSMP, despite this region covering nearly 1 million km? and connecting fauna
of the Great Barrier Reef to other western Pacific reefs (Payet et al., 2022; van Oppen et al.,
2008). For this study, a total of 609 coral samples were collected from two genera, including
346 Pocillopora samples and 262 Acropora samples. Samples were collected at an average
depth of 7.8 m (£ 2.7), ranging between 2-16 m and sampled during the 2020 bleaching event
where reefs had been exposed to between 5.7 and 10.0 DHW at the time of collection. Corals
were sampled during or immediately after the peak of the marine heatwave (SOM Figure S3.1).
Within each reef, a range of bleaching phenotypes for each coral species was collected. The
visual bleaching score of each coral colony was first scored against a six-point Coral Watch
health chart (Siebeck et al., 2006) and collection depth was recorded in situ. Corals were
photographed using an Olympus TGS at the whole colony level and at a macro-scale to assist
in species identification. Coral fragments were then collected using a hammer and chisel and
each individual coral fragment was placed into a resealable, numbered Ziploc bag. After each

dive, coral fragments were preserved in 100% ethanol and exchanged twice.
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3.2.2 DNA extractions and genetic markers for Symbiodiniaceae identification

DNA was extracted from coral samples of Pocillopora and Acropora using a modified version
of Wayne’s method (Wilson et al., 2002). Following extractions and after a minimum of 24
hours, DNA concentrations were quantified using a Qubit dsDNA High Sensitivity Assay Kit
(Invitrogen) with a Qubit 3 Fluorometer. Samples were then standardised to 10 ng pL! using
an automated pipettor (QIAgility, QIAGEN). Normalised DNA was used to amplify two

marker regions for Symbiodiniaceae species confirmation, the ITS2 and psbAncr regions.

3.2.3 ITS2 and psbA marker sequencing and Symbiodiniaceae identification
The Internal Transcribed Spacer 2 (ITS2) region was the primary marker used to distinguish
Symbiodiniaceae. Amplicon sequencing of the ITS2 region was performed on an Illumina
MiSeq platform at 2 x 300 bp paired-end V3 chemistry (Ramaciotti Centre for Genomics,
UNSW). One MiSeq run was conducted for Acropora ct humilis and a separate run was done
for Pocillopora spp., with each run conducted on one flow cell. Within each run, samples from
each reef were randomly distributed across each plate. The raw sequence data are available
under NCBI BioProject PRINA1001407. Demultiplexed forward and reverse Fastq files were
submitted to SymPortal.org for analysis of ‘Defining Intragenomic Variants’ (DIVs) and ITS2
type profiles (Hume et al., 2019). The SymPortal analytical pipeline assesses patterns of
intragenomic variation for the ITS2 marker as there can be multiple copies of each gene present
within Symbiodiniaceae genomes. These sequences are then partitioned as ‘defining
intragenomic variants’ (DIVS), from which ‘ITS2 type profiles’ are derived as discrete
biological entities. Using SymPortal outputs, three samples with < 1,500 reads were removed
from the data set prior to community analyses. Filtered datasets for DIVs and type profiles
were used in downstream statistical analyses.

Coupled with the ITS2 marker, the non-coding region of the plastid, mini-circle psbA

gene (psbAncr) often contains hyper-variable nucleotide sequences well suited to
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Symbiodiniaceae species confirmation, which can be used in tandem with the ITS2 marker
(LaJeunesse & Thornhill, 2011; Moore et al., 2003) to validate ITS2 type profiles (Smith et al.,
2017). Amplicons were sequenced in the forward and reverse direction using Sanger chemistry
(Macrogen Inc.) and sequences were manually trimmed and aligned using DECIPHER

(Wright, 2016).

3.2.4 Construction of phylogenetic trees, UniFrac distances, and ITS2-psbAncr tanglegrams
All statistical analyses were conducted in the R statistical environment (R Core Team, 2022)
and code is available online as a live GitHub repository

(https://github.com/magenamarzonie/CoralSeaSymbiont) and as a static release (Zenodo

Link). I used post-MED (Minimum Entropy Decomposition) sequences from SymPortal
outputs to incorporate rare variants into the analyses (Hume et al., 2019). A k-mer based
approach was opted for to produce pairwise sequence comparisons of SymPortal post-MED
sequences (Fujise et al., 2021), given the challenges of multiple sequence alignment of
Symbiodiniaceae ITS2 sequences. A k-size of 7 was used with default settings using
‘kdistance’ in the kmer package (Wilkinson, 2018). I then produced a UPGMA phylogenetic
tree of ITS2 sequences from the pairwise k-mer distances with ‘UPGMA” in Phangorn (Schliep
et al.,, 2011). This tree, along with post-MED sequence counts, was further analysed using
Generalised UniFrac (GUniFrac, a = 0.5) inter-sample distances, a method considered to apply
fair weighting to both rare and abundant sequences (Chen et al., 2012). The GuniFrac distance
approach was selected as it partitioned samples into clusters congruent with SymPortal ITS2
type profiles, while allowing for the non-DIV/non-profile sequences to contribute to inter-
sample distances. psbAncr trees were then generated using the k-mer based approach as above
and untangled using the step2side method in dendextend (Galili, 2015) to investigate psbAncr-

ITS2 congruence.
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3.2.5 Identification of coral host species of Pocillopora

Given the cryptic nature of Pocilloporids and their morphological plasticity in variable
environments (Johnston et al., 2022), specimens were genetically resolved to species-level after
collection. To confirm species identification, the mitochondrial open reading frame (mtORF
region) of the coral host was amplified, and I applied a Restriction Fragment Length
Polymorphism (RFLP) assay modified from Johnston et al. (2018) and detailed in Chapter 2.
Of the 346 Pocillopora samples, 152 were identified as P. verrucosa, 134 as P. meandrina,
and 61 ambiguous samples, which are referred to as ‘unknown’ Pocillopora spp. These
remaining unknown samples of Pocillopora that were not identified as P. meandrina or P.
verrucosa in the RFLP assay were then sequenced in both directions using Sanger Sequencing.
Using the amplified mtORF region, samples underwent bi-directional Sanger Sequencing
(Macrogen, South Korea). I manually applied sequence trimming parameters based on
sequence quality and generated consensus sequences using DECIPHER (Wright, 2016). These
sequences were aligned with the mtORF reference sequences collated from Forsman et al.
(2013), Gé¢lin et al.,, (2017), and Pinzén et al. (2013) using the ‘AlignSeqs’ function
(DECIPHER). Hamming distances were computed using the ‘dist.hamming’ function from
Phangorn to identify any unknown Pocillopora samples to previously described haplotypes or
species (SOM Figure S3.2). Of the 61 unknown Pocillopora samples, 39 were identified as
Pocillopora haplotype 8a, which is proposed to comprise a single species according to nuclear
DNA (Johnston et al., 2022). An additional 22 samples were either unable to be mapped to
previously described Pocillopora species, haplotypes, or were removed due to their low
representation (e.g., two samples of Pocillopora damicornis ct acuta). These 22 samples were

removed from downstream analyses.
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3.2.6 Coral host genotype-by-sequencing
To assess the effects of host genotype and population structure on symbiont communities, host
coral tissue was sequenced using a genotype-by-sequencing approach (DarT-sequencing;
Kilian et al., 2012) at Diversity Arrays Technology (Canberra, Australia). For Pocillopora, all
61 unknown samples from the RFLP analysis were removed from the genotype-by-sequencing
analysis, including host samples of haplotype 8a. A separate run was conducted for each host
species (4. cf humilis, P. verrucosa, and P. meandrina). To reduce technical bias, samples from
each reef were randomly distributed across 96-well plates. Libraries were constructed using
the Pstl and Hpall compatible adaptors with two restriction enzyme overhangs (Sansaloni et
al., 2011) and sequencing was performed on Illumina HiSeq2500 across two lanes. For
Acropora cf humilis, samples were mapped to the Acropora tenuis (Liew et al., 2016) and 4.
millepora (Fuller et al., 2020) genomes. For Pocillopora verrucosa and P. meandrina, samples
were mapped to the P. verrucosa reference genome (Buitrago-Lopez et al., 2020).

Quality filtering of SNPs was conducted for each host species separately in R software
using the dartR package (Gruber et al., 2018). Filtering parameters are detailed in Appendix 1.
Genetic pairwise comparisons (Fst) of Pocillopora were assessed using a DarT-seq co-analysis
to ensure the absence of cryptic species. Fst values between species were greater than between
host clusters within a species. The pairwise comparisons between P. verrucosa and P.
meandrina resulted in an Fst = 0.501, while the two clusters of P. meandrina had an FST range
between 0.00 — 0.06 (SOM Figure S3.3). Host population structure was visually checked using
unconstrained ordination (PcoA, vegan), then ADMIXTURE analyses were performed to
assess group membership probability of each individual sample using LEA (Frichot &
Frangois, 2015). The optimal K was determined by running cross-entropy models using the
‘snmf” function in LEA where K = 1:10 were tested. The K with the lowest cross-entropy value

was selected for each host species. The host PC1 and PC2 from each host species PCA were
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extracted and used as covariates to represent a host genetic predictor in downstream
multivariate analyses of symbiont communities (dbRDA). In addition, a Neighbour-Joining
tree was run on host individual pairwise genetic differences using the same genetic distances
as admixture and PCAs to identify variation among clusters using the ape package (Paradis &
Schliep, 2019). Clusters from the Neighbour-Joining trees were consistent with both PCAs and

admixture group membership probability (SOM Figure S3.4, S3.5, and S3.6).

3.2.7 Host-symbiont cophylogenetic analysis

To measure the degree of co-phylogeny between coral host and symbiont phylogenetic
structure, a Procrustean rotation analysis was implemented. This approach allows a quantitative
measurement of the degree of alignment between two distance matrices, where two ordinations
are overlaid and rotated to obtain the smallest distance between two points representing
different community structure. Specifically, Generalised Procrustean Analysis allows for the
rotation and transformation between two datasets with variable dimensions (i.e., host and
symbiont genetic distances) to measure the distance between two observations of the same
sample (Dray et al., 2003; Hutchinson et al., 2017). As dimensions of the host and symbiont
distance matrices must match in a Procrustes analysis, new phylogenetic trees were constructed
for symbionts using the same parameters and packages as per Methods Section 3.2.6, with a
subset of samples corresponding to the host DArT-seq genetic samples.

For each host genetic data set, a distance matrix of the filtered SNP data was constructed
in parallel using the ‘euclidean’ distance method (dartR). A Generalised Procrustes rotation
analysis was implemented to align the UniFrac distances of the symbiont with the SNP-based
Euclidean distances of the host (‘procrustes’, vegan). Residuals were checked and the distance
between each host and symbiont was plotted using RDA. Significance was tested using

‘protest’ with 999 permutations per analysis (vegan).
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3.2.8 Statistical analysis of environmental and host genetic predictors
A principal coordinates analysis was performed (PcoA; ‘cmdscale’ function, vegan [Oksanen
et al., 2019]) on the symbiont ITS2 GuniFrac distances separately for each host species.
Variation in symbiont communities were visualised by reef (SOM Figure S3.7) and by host
bleaching category (SOM Figure S8) as the first signals of underlying environmental drivers
relating to symbiont distribution. I then proceeded to test a suite of environmental variables
predicted to influence symbiont communities given signals of reef-level structuring among
PcoAs. To test additional environmental and host genetic covariates, ITS2 GuniFrac distances
of the symbionts were incorporated into a constrained, distance-based Redundancy Analysis
(‘dbRDA’, vegan). Thermal environmental variables were obtained for each reef from NOAA
Coral Reef Watch Operational Daily Near-Real-Time Global 5-km Satellite Coral Bleaching
Monitoring Product Version 3.1 from 1986-2020. As samples were collected during a
bleaching event, a range of metrics were included to represent both climatic and environmental
trends. The thermal metrics of the ‘Environment’ dbRDA model included accumulated Degree
Heating Weeks (DHW) at the time of field collection (DHW2020), maximum historical DHW
at each reef from 1986-2020 (maxDHW), and the bleaching condition of each coral individual
at the time of collection (bleaching category). Other non-thermal variables were obtained from
eReefs (Australian Institute of Marine Science) including kd490 (a measure of light attenuation
to represent water turbidity), chlorophyll a, and secchi depth. Finally, spatial metrics collected
during the expedition were incorporated, including collection depth, latitude, and longitude
(SOM, Table S3.2).

To run the distance-based RDA models, I ran two separate conditional models for each
species: an ‘Environment’ and a ‘Host Genetic’ model. Each model contained a subset of
individuals from the full Symbiodiniaceae dataset with matching host genetic data. For the

‘Environment’ models, host genetic PC1 and PC2 (from host genetic PCAs) were defined as
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conditional effects to account for the confounding influence of host genetics on the
environment. The model parameters were reversed for the ‘Host genetic’ models, where
significant environmental predictors were included as conditional effects. For both the
‘Environment’ and ‘Host Genetic’ models, correlation plots were inspected using ‘corrplot’
(Wei & Simko, 2021) and variance inflation factors (vegan). First, I removed one of two
collinear variables where r > |0.8|. Model parameters were adjusted to keep the most significant
factors, while concurrently removing any variables with high correlation (VIF score > 5) to
reduce the effects of variable collinearity in the models (SOM, Figure S3.9, S3.10, and S3.11).
A backward stepwise model was then run to further reduce parameters using the ‘ordistep’
function with 999 permutations until stopping criteria were met for each dbRDA model
(vegan). The marginal effects of each predictor were tested in the ordination to control for the
order of the included covariates. Significance was assessed by running a permutational analysis
of variance (PERMANOVA) on the ‘ordistep’ output (vegan). Scores and vector information

for each dbRDA were extracted and plotted in ggplot2 (Wickham, 2016).

3.3. Results

3.3.1 Characteristics of symbiont DIVs and type profiles among coral genera

Sequencing of the ITS2 locus yielded 15,336,586 total sequences of Symbiodiniaceae across
all host species and environments. The average per-sample depth of post-MED sequences was
52,523 reads (Acropora cf humilis: 50,979 reads; Pocillopora spp.: 53,761 reads). Over
99.98% of sequences were from the genus Cladocopium (15,335,016 sequences), with only
1,552 sequences in the genus Symbiodinium and only 13 sequences from the genus
Durusdinium (Table 3.1). Detailed SymPortal profiles for each coral host species can be found

in the SOM (Tables S3.3 — S3.6).
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Most coral samples had one ITS2 type profile associated with an individual. For
Pocillopora, 324 samples contained a single ITS2 type profile, compared to four samples
containing two ITS2 type profiles within a single host sample. Similarly, for Acropora, 250
samples contained a single ITS2 type profile, while 10 samples hosted two ITS2 type profiles.
Pocillopora sequences had a lower proportion of non-profile sequences within each sample,
on average making up 16.1% of each sample (Figure 3.1a) compared to 24.6% for Acropora
samples. Within Pocillopora, P. verrucosa had a lower proportion of non-profile sequences
(13.9%), while P. meandrina and haplotype 8a had a higher composition of non-profile

sequences at 17.9% and 17.6%, respectively.

Table 3.1. Library statistics for Symbiodiniaceae for samples grouped by each coral host

species.

Library Statistic Acropora cf Pocillopora Pocillopora Pocillopora
humilis verrucosa meandrina haplotype 8a

Total number of coral host 260 152 133 39
samples
Total number of sequences 6,627,245 4,171,390 3,512,508 1,025,443
Average sequencing depth per 50979 54887 52820 52587
sample (# reads)
Proportion profile sequences 0.7545413 0.8606516 0.8207196 0.8236049
Proportion non-profile sequences 0.2454587 0.1393484 0.1792804 0.1763951
Total number of ITS2 type 23 16 12 7
profiles
Majority sequence(s) C3k/C3 Cld C1/C42.2 C1/C42.2

3.3.2 Pocillopora symbiont communities

SymPortal analysis of ITS2 sequences from Pocillopora yielded a total of 23 ITS2 profiles
collectively and varied by host species (Table 3.1). The most common ITS2 type profile for P.
verrucosa was C1d/C1/C42.2/C3-C1b-C3¢cg-C115k-C45¢c-Clau-C41p. For P. meandrina and
haplotype 8a, the most common ITS2 type profile was C1/C42.2/C42g/C42a-C1b-Clau-Claz-
C42h-C3. Among Pocillopora samples, the greatest split in symbiont genetic diversity was
partitioned according to host species, where P. verrucosa samples formed a distinct lineage

compared to P. meandrina and haplotype 8a (Figure 3.1a). The majority sequence in 84.2% of

47



P. verrucosa samples was ‘Cld’, whereas the majority sequence found in 89.0% of P.
meandrina and haplotype 8a samples was ‘C1/C42.2°.

Across all Pocillopora species, the majority sequences, ‘C1°, ‘C42.2” and ‘C1b’, were
present in most samples, though the mean relative abundance varied by host species. Some
detected sequences were highly specific to a coral host species. For example, ‘C1d’ was
exclusive to P. verrucosa, found in 92.7% of samples, and averaged 37.2% relative abundance
of reads per sample. There was a major split in the right side of the UPGMA tree associated
with two distinct symbiont lineages in P. meandrina. Of the two lineages, ‘C42u’ was a
diagnostic sequence for the left branch associated with P. meandrina, found in 34.3% of
samples, but was present in high relative abundance, averaging 24% of reads per sample
(Figure 3.1a). In contrast, the right branch for P. meandrina was driven more by the presence
of ‘C42g’, found in 64.0% of samples but in a lower mean proportion of 15.7% of reads per
sample (Figure la). Hereafter, the symbiont lineage associated with P. verrucosa will be
referred to as C. pacificum (Turnham et al., 2021), while the two symbiont lineages associated
with P. meandrina will be referred to as C. latusorum (Turnham et al., 2021) ‘north” and ‘south’

to reflect the biogeographic pattern in their distribution (Figure 3.1a and read below).

3.3.3 Acropora symbiont communities

Sequencing of 4. cf humilis symbiont communities yielded 23 ITS2 type profiles across all
samples, the most common being C3k/C3-C50a-C29-C21ab-C3b. The co-dominant majority
sequences ‘C3k/C3’ were present in 99.2% of all Acropora samples, representing on average
74.8% of reads in these samples. There was a major split in the UPGMA tree for Acropora
samples (Figure 3.1b). The two branches within the Acropora UPGMA tree were generally
congruent with the proportion of non-profile sequences. The left branch had a relative

abundance of 20.7% non-profile sequences averaged across samples (Figure 3.1b, n = 122),
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significantly lower than 29.0% in the right branch (Figure 3.1b, n = 123) (t-test: p < 0.001, df
= 231, t = -16.5). Hereafter, these lineages will be referred to as C3k ‘max’ and C3k ‘min’.
There were eight outlier samples that did not conform to the two main groups of symbionts,
characterised by a high relative abundance of ‘C1’ and ‘Clc’ and found only in northern reefs,

Osprey and Moore (Figure 3.1b).
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Figure 3.1. Analysis of SymPortal post-MED ITS2 sequence data in Pocillopora (a) and
Acropora (b). Each vertical bar represents the symbiont structure of one coral sample. The top
third of each plot shows the UPGMA tree of the between-sample Generalised UniFrac
distances. The middle third represents ITS2 sequence composition, with the proportion of
individual sequences represented by different colours. The bottom third of each plot is coloured
according to an assigned SymPortal ITS2 type profile, with grey representing the proportion
of non-profile sequences found in each sample. For Pocillopora species (A), samples for P.
verrucosa, P. meandrina and haplotype 8a are represented by tree leaf colours (green, orange,
and blue, respectively) derived from the RFLP and mtORF molecular assays. Arrow 1 = C.
pacificum/C. latusorum branch, 2 = C. latusorum ‘north’ and ‘south’ branch, and 3 = C3k

‘max’ and ‘min’ branch.

3.3.4 psbA and ITS2 marker alignment indicates presence/absence of novel symbiont species

Sequencing of the psbA™" region allowed validation of ITS2 profiles as putative species (Smith
et al., 2017). Here, a low entanglement score (0.012) highlighted the congruency between the
ITS2 and psbA™" gene regions for C. latusorum in P. meandrina/haplotype 8a and C. pacificum
in P. verrucosa as previously reported (Turnham et al., 2021) (Figure 3.2a). The two lineages
belonging to C. latusorum in the ITS2-based UPGMA tree of GuniFrac distances (Figure 3.2a;
C. latusorum ‘north’ and C. latusorum ‘south’) were completely congruent with the psbA""
marker. P. meandrina and haplotype 8a samples (according to mtORF identification) were
distributed across the C. latusorum north and south lineages, therefore, these samples were
grouped for further analysis (hereafter: ‘P. meandrina’ sensu (Johnston et al., 2022). In
contrast, there was a higher entanglement score between the ITS2 and psbA™" markers of C3k
hosted by A. cf humilis (entanglement score = 0.199), and the psbA™" marker did not resolve
differences between the two phylogenetic clusters of 4. cf humilis for the ITS2 marker (Figure

3.2b).
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Figure 3.2. Tanglegram of ITS2 and psbA™" sequences. ITS2 sequences vs. psbA"™"
sequence UPGMA trees for Pocillopora spp. (A) and Acropora cf humilis (B). ITS2 sequence
UPGMA trees are according to k-mer = 7 + GUniFrac (0.5) distances and psbA"™" sequence
UPGMA trees use k-mer = 7 distances. Blue and red arrows correspond to the phylogenetic
split in each species tree shown in Figure 1a and b, respectively. Arrow 1 = C. pacificum/C.
latusorum branch, 2 = C. latusorum ‘north’ and ‘south’ branch, and 3 = C3k ‘max’ and ‘min’

branch.

3.3.5 Cophylogeny of host and symbiont communities

Admixture, PcoAs, and neighbour-joining trees revealed two host genetic clusters for P.
meandrina, two clusters for P. verrucosa, and three clusters for 4. cf humilis. A Procrustean
Rotation Analysis examined the relationship between the population structure of each coral
host species and their respective symbiont communities, revealing a significant degree of
cophylogeny for each host-symbiont partnership, the strength of which varied among host taxa.
P. meandrina demonstrated the highest degree of cophylogeny, indicated by a strong, positive

procrustean correlation (n = 66, Sum of Squares = 0.724, r = 0.52, p < 0.001) forming two
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distinct clusters of host plus symbiont (indicated by short distances between two given points
of the same sample, Figure 3.3a). In contrast, the degree of cophylogeny was weaker, yet
significant, for P. verrucosa (n= 130, Sum of Squares =0.882, r=0.34, p=0.02), characterised
by one primary cluster and less partitioning within the ordination (Figure 3.3b).

Patterns of cophylogeny in 4. cf humilis were significant when all three host genetic
clusters were included (n = 257, Sum of Squares = 0.954, r = 0.21, p = 0.01) (Figure 3.3c¢).
Symbionts were less organised than their respective host and formed one central cluster (SOM,
Figure S3.12). A reduced Procrustes Rotation Analysis with only the numerically dominant
host genetic cluster (AHCL1) did not yield a significant result (n = 201, Sum of Squares =
0.948, r = 0.22, p = 0.14) indicating a link between host genetic and symbiont cophylogeny

(SOM, Figure S3.13).
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Figure 3.3. Procrustean rotation analysis of host and symbiont genetic diversity.
Pocillopora verrucosa (a), Pocillopora meandrina (b) and Acropora cf humilis (c). Each point
represents a sample, with host samples (circle) and symbiont samples (triangle) from the same
individual linked by a line segment. Each point is coloured by reef. Inset shows symbiont points

without host points overlaid to indicate symbiont distribution by reef.
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3.3.6 Biogeographical distribution of Pocillopora hosts and their symbionts

The degree of host specificity lends itself to contrasting biogeographic patterns of host and
symbiont structuring among the three coral taxa. Pocillopora meandrina was more abundantly
sampled in high latitude reefs of the Coral Sea, while P. verrucosa was sampled abundantly in
lower latitude reefs, likely reflecting biogeographic patterns in species distribution.
Pocillopora meandrina comprised 77-100% of samples collected in the three highest latitude
reefs positioned at 21-22° and was sampled in high abundance within low latitude, farthest
offshore reefs, making up 72 and 81% of samples collected from Moore and Chilcott reefs,
respectively. In contrast, P. verrucosa made up 74% of samples collected from the lowest
latitude reef, Osprey, as well as 67-77% of samples collected from mid-latitude reefs in closest
proximity to Australia’s coast (Holmes and Flinders).

Intraspecific trends in host population structure were detected, with two sympatric
genetic clusters per species of Pocillopora. For P. meandrina, the two genetic clusters
confirmed by admixture analysis (PMCL1 and PMCL2) were divergent across a latitudinal
gradient (Figure 3.4a), with PMCL2 accounting for 55% (range: 35 — 71%) of population
structure in low latitude populations, compared to PMCL1, comprising 89% (range: 76 — 96%)
of individuals in high latitude reefs. The two symbiont lineages, C. latusorum ‘north’ and
‘south’ mirrored trends of host genetic structure, where C. latusorum ‘north’ was detected on
reefs where the host cluster PMCL2 was found. In three of the highest latitude reefs, corals
hosted 100% C. latusorum ‘south’, as well as 85% relative abundance at Saumarez reef (Figure
4a). In contrast, C. latusorum ‘north’ was found in higher relative abundance (88 — 100%) in
low latitude reefs closest to Australia’s coast (Bougainville, Osprey) but not reefs further

offshore (Moore: 33%).
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Of the two genetic clusters detected within P. verrucosa with admixture analysis,
(PVCL1 and PVCL2), PVCLI1 was dominant across all reefs except Wreck, making up
between 57 — 96% of individuals per reef population. PVCL2 was detected in highest
abundance from Wreck and Marion reefs, found in 61% and 31% of individuals, respectively.
I did not detect multiple lineages of the symbiont C. pacificum, which was ubiquitously found
across the ten reef populations where P. verrucosa was sampled (Figure 3.4b), in contrast to

patterns observed for symbionts hosted by P. meandrina.

3.3.7 Biogeographical distribution of Acropora hosts and their symbionts

The three genetic clusters of 4. cf humilis (referred to as AHCL1, AHCL2, and AHCL3) were
confirmed by admixture analysis. While the dominant cluster AHCL1 was detected across each
of the 11 sampled reefs, the range in relative abundance varied between 20-92% of sampled
individuals per population. The two less common clusters were more centralised to specific
reefs, where AHCL2 accounted for 30% of population structure within Marion reef. AHCL3
was specific to Bougainville, Frederick, and Wreck reefs, making up 70, 42, and 33% of
population structure, respectively (Figure 3.4c).

The two symbiont lineages detected in 4. cf humilis, C3k ‘max’ and ‘min’ were both
found in all 11 reefs where Acropora was collected and did not appear to be associated with
latitude or shelf position (Figure 3.4c). C3k ‘max’ was detected in the highest relative
proportion of samples (78 — 85%) in both low latitude reefs (Osprey, Bougainville, and Moore)
and the highest latitude reefs (Wreck: 67% abundance). In contrast, C3k ‘min’ was found in
highest proportion in central latitude reefs including Chilcott and Flinders reefs, detected in

93-94% of samples (Figure 3.4c).

54



a) P meandrina ¢) A. cf humilis

Haost cluster

AHCL 1
AHCL2
AHCLA

Host cluster

PMCL 1
PMCL 2

Symblont species

Figure 3.4. Schematic diagram depicting biogeographic patterns and relative proportion
of host population structure and symbiont lineages detected throughout the Coral Sea
Marine Park at 13 reefs. (a) Pie charts represent host genetic clustering (admixture
proportion) for P. meandrina (top) and symbiont lineage clustering (bottom) include C.
latusorum ‘north’ and C. latusorum ‘south’. (b) Host genetic clustering for P. verrucosa (top)
and one symbiont lineage of C. pacificum (bottom). (c) Pie charts show relative abundance of
three host genetic clusters of A. cf humilis (top) and symbiont lineage clustering (bottom)

include C3k ‘max’ and C3k ‘min’.

3.3.8 Environmental and host genetic drivers of Pocillopora symbiont communities

A distance-based RDA evaluated symbiont community structure for each host species, in
relation to environmental conditions and host genetic structure (Table 3.2; Figure 3.5a,b). Both
Pocillopora species had significant symbiont structuring attributed to host genetics, while
accounting for the conditional effects of environmental variables. Overall, the strongest

predictors of P. meandrina symbionts were driven by host genetic structure, explaining 14.9%
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of total model variance, compared to environment which explained 6.0% of total model
variance (Figure 3.5a). In contrast, Pocillopora verrucosa symbionts had a lesser, but
significant influence of host genetic structure, accounting for 3.4% of total variance, while all
environmental factors accounted for 1.3% of explained variance (Table 3.2; Figure 3.5b).

The predictors of community structure in C. latusorum hosted by P. meandrina
included host genetic cluster (df = 1, F = 16.985, p = 0.001), latitude (df =1, F=2.771, p =
0.021), bleaching condition (df = 1, F = 3.014, p = 0.001), and light attenuation (kd490; df =
I, F = 2371, p = 0.04) (Table 3.2). ITS2 sequence dissimilarities of C. pacificum in P.
verrucosa were significantly associated with host genetic clustering (df = 1, F = 5.055, p =
0.001). Of all environmental and thermal metrics, depth was the only significant covariate of
P. verrucosa symbiont community structure (df = 1, F = 2.142, p = 0.043), when accounting

for host genetics as a conditional effect in the model (Table 3.2).
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Table 3.2. Distance-based redundancy analysis (dbRDA) model outputs. The
Environmental model incorporates all symbiont samples, while the Environment + Host
Genetic model incorporates a reduced number of symbiont samples with matching DArT-
sequencing host data. The type of environmental predictor and their relative strength are
comparable between the two model types.

Environmental model Host Genetic model
Species Fixed effect DF F Pr(>F) AdjR2 | Fixed effect DF F Pr(>F) Adj R2
P. meandrina | Latitude 1 2.771 0.021 0.06 Host PC1 1 16.985 0.001 0.149
Bleach 1 3.0138 0.009 Residual 61
Condition
kd490 1 2.3708 0.04
Residual 60
P. verrucosa Depth 1 2.1429 0.04 0.013 Host PC1 1 5.0553 0.001 0.034
Residual 124 Residual 124
A. cf humilis | Max DHW 1 15.1981 0.001 Host PC1 1 1.7812 0.09 0.002
DHW 2020 1 6.0457 0.001 Residual 249
kd490 1 6.829 0.001
0.149
Latitude 1 5.0415 0.001
Depth 1 3.0089 0.015
Bleach
Condition 1 2.3774 0.048
Residual 248

3.3.9 Environmental and host genetic drivers of Acropora symbiont communities

Communities of C3k symbionts hosted by A. cf humilis were structured predominantly by a
suite of environmental factors, accounting for 15% of total model variance, compared to only
0.2% of total model variance explained by the host genetic model. For Acropora symbionts,
the significant environmental predictors included historical thermal stress (maxDHW; df = 1,
F=15.198, p=0.001), Degree Heating Weeks at the time of collection (DHW2020; df =1, F
= 6.046, p = 0.001), light attenuation (kd490; df = 1, F = 6.829, p = 0.001), latitude (df =1, F
=5.042, p=0.001), depth (df =1, F =3.009, p = 0.015), and host bleaching condition (df =1,

F = 2.377, p = 0.048) (Figure 5c). Additionally, a separate model was run using only the
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dominant host genetic cluster of A. cf humilis (Host cluster: AHCL1, n = 198). Comparable to
the full Acropora model, AHCLI symbionts were consistently driven by the same four
environmental predictors, except for bleaching category of the host, which was only significant
in the full model but not the AHCL1 model (p = 0.116), indicating an interaction between host

genotype and bleaching condition.
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Figure 3.5. Distance-based redundancy analysis (dbRDA) ordinations of GUniFrac (0.5)
ITS2 sequence composition. Pocillopora meandrina (a), Pocillopora verrucosa (b) and
Acropora cf humilis (c). Each circle is coloured by latitude. Blue arrows represent significant

environmental vectors derived from a backward stepwise model.

3.4 Discussion

Host specific trends of symbiont community structure among Pocillopora and Acropora

Symbiodiniaceae community structure can be driven by a suite of host and environmental
factors and varies by the host-symbiont partnership. Here, symbiont specificity was most
strongly driven by host genera and their mode of symbiont transmission (i.e., Acropora and
Pocillopora), with concomitant impacts of the environmental factors shaping their distribution.
Both Pocillopora species maintained symbionts congruent with host genetic structure, 2.5-fold

higher than structuring by their environment. The host genetic structure of P. meandrina was
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considerably stronger in partitioning symbiont communities than P. verrucosa, demonstrated
by 4-fold higher environment and host genetic influence, as well as high alignment between
the two host genetic clusters and two symbiont clusters. In contrast, symbiont communities in
A. cf humilis maintained an inverse trend, structured 75-times more by environmental
predictors than by host genetics. Specifically, symbionts were partitioned by thermal history
experienced at each reef. Both DHW experienced at the time of coral collection (DHW2020),
and historical thermal stress patterns over 35 years (maxDHW) were influential, indicating the
importance of historical and contemporary thermal stress in structuring symbiont communities
in Acropora. Similarly, the light attenuation coefficient (kd490) was a stronger factor in driving
Acropora symbionts, compared to either Pocillopora spp., further alluding to the higher
symbiont structuring in Acropora in response to both thermal and environmental conditions.
Our data are consistent with the hypothesis that corals with horizontal transmission of
symbionts have a greater capacity for adaptation via environmental sorting of symbionts
adapted to the environment, compared to corals with vertical transmission driven by co-
phylogeny (Chakravarti et al., 2017; van Oppen & Medina, 2020). The ability to validate such
differences in Symbiodiniaceae and their respective environmental drivers can be attributed to
the co-analysis of two genetic markers tested in this study. The congruence between the psbA""
and ITS2 markers for Pocillopora symbionts, but not Acropora, supports the evolutionary
stability of the symbiotic partnership in vertically transmitting coral species but not

horizontally transmitting corals.

Host genetic structure and cophylogeny as key traits for symbiont communities in Pocillopora
In Turnham et al. (2021), regionally distinct lineages of C. latusorum were presented across
the Indo-Pacific. Here, I show that C. latusorum lineages in P. meandrina arise at much smaller

spatial scales (< 2000 km), and with multi-gene congruence, these regionally differentiated
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lineages may warrant descriptions as mutually exclusive species. Further, the stronger co-
phylogeny in P. meandrina and symbionts indicates that host population structure attributes to
the species-specific differences in symbiont community structure and the degree of host
influence. Pocillopora host boundaries have previously been shown to vary among species,
with P. verrucosa localised to low latitude reefs and P. meandrina to high latitude reefs
(Johnston et al., 2018), similar to the species distribution ranges of Pocillopora in this study.
A myriad of biological factors can shape species ranges, including depth distribution and the
rate of larval development. In addition, abiotic factors including habitat heterogeneity or
geological features mediate a species’ ability to occupy space over a geographic break (Keith
et al., 2013), possibly explaining the two distinct host and symbiont groups in high and low
latitude populations observed in P. meandrina. The two host genetic clusters and two lineages
of C. latusorum correspond to the strong bifurcation in the South Equatorial Current at 16°S
(Ceccarelli et al., 2013). There is evidence that this oceanographic current acts as a defining
barrier to gene flow for organisms with larval dispersal (Payet et al., 2022), providing an
ecological context to study rates of cophylogenetic speciation rates in organisms with host-

symbiont diversification.

Acropora symbiont communities are primarily structured by thermal history

The symbionts detected in A. cf humilis were nearly exclusive to the C3k radiation of
Cladocopium, distinct from other C3-like species commonly found in Acropora within
Australia’s Great Barrier Reef and other Pacific islands (Butler et al., 2023). While symbionts
were overall partitioned by thermal history, the effect of historical thermal stress (DHW
between 1985-2020) explained twice as much variation as the concurrent bleaching event in
2020, suggesting that symbiont communities predominantly shift after, not during, a bleaching

event (Silverstein et al., 2015). The two main lineages of Acropora symbionts (C3k ‘max’ and
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‘min’) associated with reefs specifically experiencing high and low historical heat stress,
respectively. Thus, C3k ‘max’ may foster higher thermal tolerance given its detection on reefs
which have experienced historically higher DHW and highlight a potential source of increased
resilience of 4. cf humilis in response to rapid environmental change.

The predominant effect of environment and minimal effect of host genetic structure has
been observed in A. tenuis symbiont partitioning on the GBR, where communities were
structured primarily by reef shelf position (Matias et al., 2023) and their proximity to
freshwater plumes (Cooke et al., 2020), with a lesser effect of host genetic structure. Further,
the conspicuous absence of Durusdinium, a common genus found in horizontally transmitting
species such as Acropora in the GBR, highlights the niche requirements of Durusdinium to live
in marginal, in-shore environments or to be outcompeted in off-shore environments (Hoadley
et al., 2019; LaJeunesse et al., 2014), leaving Cladocopium to dominate oligotrophic, offshore
reefs such as those in the Coral Sea, explaining their detection in over 99.98% of samples

quantified in this study.

Effects of bleaching on immediate symbiont community restructuring varies by host taxa

The concurrent bleaching event during the collection period exposed corals to between 5.7 —
10.0 DHW, dependent on the sampling location. Correlations between the extent of bleaching
and the symbiont communities varied across the three host taxa and with respect to the
accumulated heat stress in the environment. Acropora was the most thermally sensitive species,
and it is thus consistent with Acropora symbiont community structure being predominantly
influenced by all thermal and irradiance parameters in the model, including DHW at the time
of collection, historical thermal stress (maximum DHW between 1986-2020), and light
attenuation. Host bleaching condition strongly dictated symbiont structure in 4. cf humilis

when accounting for the three host genetic clusters but not for the main host genetic cluster
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alone (AHCL1), indicating an interaction between host genetic lineages and bleaching
condition on symbiont community structure. In Quigley et al. (2022), repeat mass bleaching
events resulted in variable levels of symbiont restructuring among three species of Acropora
in the Great Barrier Reef, highlighting a host taxa-specific effect of bleaching on symbionts. I
found similar patterns of symbiont structuring at the host population level, applying not only
to species-specific, but possibly to the level of host populations or individual genotypes (Rose
et al., 2021).

In the case of Pocillopora, P. meandrina symbiont communities were in alignment with
host bleaching condition, but the communities harboured by P. verrucosa were not. Variable
physiological limits of the host may explain the disparities in symbiont responses to the
concurrent bleaching event. P. meandrina has demonstrated a 0.3 °C lower thermal threshold
in heat stress experiments compared to P. verrucosa across nine of the reefs measured here, as
presented in Chapter 2. Further, Acropora exhibited the greatest sensitivity to heat stress
evidenced by a 0.4 — 0.7 °C lower thermal threshold compared to both Pocillopora spp.,
corroborating the strong influence of multiple thermal disturbance and irradiance metrics (i.e.,
maxDHW, DHW2020, kd490, bleaching condition) for symbiont structure in Acropora
observed here. The degree of thermal and light sensitivity of the host may influence the
biogeography of symbiont communities, where lower tolerance to heat stress incurs higher
bleaching and consequently a more pronounced symbiont community restructuring in response
to recurrent thermal disturbances. However, due to the high collinearity between light
attenuation and other environmental variables (e.g., PAR), I acknowledge there may be other
environmental variables that contribute to shaping symbiont community structure in both

Acropora and Pocillopora, but maintain unaccounted for.
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Conclusion

This study provides evidence that the diversity of coral-symbiont assemblages is influenced by
a range of host-specific and environmental factors. The ability for the coral-symbiont
partnership to adjust to fluctuating environmental conditions may rely on a suite of both host
factors (i.e., host co-phylogeny, symbiont mode of transmission, population structure) and the
environment (i.e., thermal history, climatology, and irradiance). Contextualising both host and
symbiont genetic structure in response to environmental drivers is critical in the search for the
mechanisms of coral adaptation. As climate change continues to impact coral reefs in the
coming decades, there will undoubtedly be shifts in symbiont community structure. Tracking
these changes is essential to quantifying coral species and populations with both high and low
adaptive potential against a backdrop of rapid ocean warming and should be done with a

combination of molecular and environmental data for both hosts and their symbionts.
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Chapter 4. Seascape genomics reveal contrasting patterns of
population structure across a large thermal gradient

4.1 Introduction

Increasing sea surface temperatures and marine heatwaves are challenging corals to undergo
profound thermal adaptation beyond their current limits (McManus et al., 2021). In response
to increasing thermal pressures, phenotypic variation in bleaching responses (i.e., the
dissociation of the coral-Symbiodiniaceae relationship (Weis et al., 2008) can result from either
physiological acclimation within a generation (McRae et al., 2021; Yu et al., 2020),
evolutionary adaptation of the host across multiple generations (Kenkel et al., 2013), or shifts
in the coral’s community of algal symbionts (Symbiodiniaceae) (Berkelmans & van Oppen,
2006). In the case of host evolutionary adaptation, populations may benefit when the historical
climate better matches the predicted future conditions (Kawecki & Ebert, 2004;Torda et al.,
2017). As coral reef communities exist along an environmental continuum, adaptation can
occur to a range of local abiotic and biotic factors (Savolainen et al., 2013). This is evidenced
by variability in bleaching responses across a range of spatial scales, including within and
among populations (Dixon et al., 2015; Howells et al., 2016; Humanes et al., 2022), and among
species (Alvarez-Noriega et al., 2023), and habitats (Marhoefer et al., 2021). Phenotypic
variation occurs spatially across populations spanning vast latitudinal ranges (Ayre & Hughes,
2000; Thomas et al., 2017), or highly variable temperature environments (Barshis et al., 2013;
Bay & Palumbi, 2014; Palumbi et al., 2014; Safaie et al., 2018). This variation in heat tolerance
across spatial gradients highlights the potential for corals to adapt to changing environmental
conditions, although how taxa- and environment-specific interactions affects the adaptive

potential in corals remains unclear.
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The capacity for organisms to adapt to rapid environmental changes relies on specific
demographic traits (e.g., thermal optimum, thermal breadth) that facilitate their evolutionary
potential to environmental disturbances (Hoffmann & Sgro, 2011). However, underlying
processes that mediate population genetic structure across environmental gradients can also
contribute to the adaptive potential of coral populations. Genetic drift and migration can alter
the neutral and adaptive genetic structure among populations, while selection to extrinsic
factors can drive divergence between populations, therefore reinforcing the genetic
differentiation among populations (Riginos & Liggins, 2013). Disentangling the environmental
processes shaping population structure is complicated, particularly in broadcast spawning
marine organisms with prolonged larval dispersal (Lowe & Allendorf, 2010). To better
understand gene-environment associations, it is necessary to investigate corals across large
spatial gradients with contrasting environmental conditions or disturbance history. Doing so
can elucidate the environmental patterns that shape the neutral population structure and genetic
diversity of corals (Holderegger et al., 2006), and subsequently the potential for populations to

withstand or recover from the impacts of recurrent disturbances.

The levels of gene flow among coral reefs also shape population resilience and replenishment
following disturbances (Bernhardt & Leslie, 2013). Abiotic factors that influence connectivity
include the spatial distance between reefs, hydrodynamic water flow, and physical geographic
barriers (Keith et al., 2013; Wood et al., 2014). Biotic factors can also shape connectivity, the
development and behaviour of larvae, the duration of larval phases, and post-settlement
survivorship of new recruits (Graham et al., 2008; Miller & Mundy, 2003). Subsequently, reefs
and species with higher connectivity promote the redistribution of standing genetic variation
among populations and present an avenue for alleles comprising signatures of thermal selection

to enter a population (Matz et al., 2018). Such abiotic and biotic factors can result in

65



biogeographically isolated reefs with high population structure due to larger geographical
distances and a paucity of source reefs for recruitment and population replenishment (Thomas
et al., 2017). Isolated reefs therefore benefit from stronger local adaptation to present
environmental conditions in the absence of extensive dispersal (Borregaard et al., 2017; Santos
etal., 2016). At the same time, such geographically isolated reefs face heightened vulnerability
to environmental change, owing to lower connectivity and therefore lower larval replenishment

potential following disturbances.

Biotic factors including the reproductive mode of the host and subsequent migration potential
influence both taxa-specific genetic diversity and connectivity in corals. Species of brooding
corals release larvae, often settling closer to, or within their natal reef, resulting in higher rates
of genetic subdivision (Underwood et al., 2009; van der Ven et al., 2021). In contrast, broadcast
spawning corals with pelagic fertilisation have a longer larval duration period and dispersal
range, resulting in higher genetic connectivity and weaker population structure among reefs
(Buitrago-Loépez et al., 2023; Underwood et al., 2020). More subtle processes also play a role
in shaping taxa-specific patterns of genetic diversity and connectivity, including the extent to
which species boundaries (Keith et al., 2013) and cryptic species lineages (Sheets et al., 2018)
impact population demographics. Previously, most seascape genomic studies of corals have
targeted one species to identify the specific extrinsic factors which shape neutral genetic
structure (Selmoni et al., 2024). Differentiating the amount of genetic variation due to
connectivity compared to the environment presents a challenge when using one or multiple
study species. However, integrating multiple species sharing similar life history traits (e.g.,
mode of reproduction, morphology) can convey a more comprehensive view of the specific

environmental processes which drive genetic variation.
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Seascape genomics are a field where genetic variation in marine organisms are analysed in
relation to environmental gradients, providing an understanding of the demographic and
evolutionary processes that shape population structure and adaptation (Manel et al 2003;
Saenz-Agudelo et al. 2015; Riginos et al., 2016; Grummer et al. 2019; Selmoni et al., 2020).
Using a seascape genomics approach, I assessed population structure and connectivity for two
coral species, Pocillopora verrucosa and Pocillopora meandrina, across environmentally
heterogenous seascapes. | additionally investigated the predominant extrinsic factors that
influence genetic variation, including the effects of (1) thermal and (2) non-thermal
environmental predictors while controlling for spatial autocorrelation. The study systems
included thermally and spatially contrasting seascapes: Australia’s Coral Sea Marine Park,
which consists of geographically isolated atoll reefs forming distinct habitat patches, and the
adjacent Great Barrier Reef, which maintains greater spatial connectivity among reefs based
on a greater density of reefs per km? (Ceccarelli et al., 2013; Hoey et al., 2022). To my
knowledge, only a single study has quantified gene flow between the Coral Sea and GBR. This
work focused on a brooding coral species displaying minimal connectivity between Osprey
Reef and several reefs in the GBR (van Oppen et al., 2008), highlighting the paucity of
empirical data to determine the existing connectivity between these regions. Both seascapes
have been exposed to five recent mass bleaching events in 2016, 2017, 2020, 2022, and 2024
(Harrison et al., 2019; Hughes et al., 2018; Pratchett and Heron, 2021), where thermal stress
varied markedly across reefs and taxa (Burn et al., 2023). The detection of neutral population
structure in contrasting seascapes and species can provide a baseline to identify reefs which
harbour higher genetic resilience or vulnerability amidst rapidly changing environmental

conditions.
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4.2 Methods

4.2.1 Coral collection and sampling

Two common Pocilloporid coral species, Pocillopora meandrina and Pocillopora verrucosa,
were collected, both of which are mixed-mode (spawning/brooding) corals (Schmidt-Roach et
al., 2012) with vertical transmission of algal-symbionts (Hirose et al., 2000). Corals were
collected from Australia’s Great Barrier Reef (hereafter, GBR) and Coral Sea Marine Park
(hereafter, Coral Sea) (Figure 4.1a). Corals were collected from 16 sites among the GBR and
13 sites among the Coral Sea. In total, I collected tissue fragments from 188 P. meandrina and
255 P. verrucosa coral colonies across both regions that were used for downstream molecular
analyses. Tissue fragments were collected on SCUBA from the GBR between January 2019
and April 2021 on four separate expeditions, and samples from the Coral Sea were collected
on one expedition between February and March 2020. Reef coordinates and details for all 29
sampling locations are specified in SOM Table S4.1. Samples were collected from distinct
coral colonies > 5 m apart to minimise the likelihood of collecting duplicate genotypes, of
which none were detected. For each coral individual, photographs were taken at the colony and
macro-scale using an Olympus TG-5, and bleaching scores were recorded in sifu using a Coral
Health Chart (Siebeck et al., 2006). A branch of each coral individual was collected using a
hammer and chisel. Each individual fragment was placed into a separate, numbered Ziploc bag

and stored in 100% ethanol within one hour of collection.

4.2.2 Species identification and sample selection

Corals were genetically identified to species-level by amplification of the mitochondrial open
reading frame (mtORF) marker using two complementary approaches. First, I conducted a
Restriction Fragment Length Polymorphism (RFLP) assay modified from Johnston et al.

(2018) and detailed in Chapter 2. I then used Sanger sequencing of the mtORF region to resolve
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any unidentified samples and to confirm species-level identification from the RFLP assay.
Samples that were confirmed as either P. verrucosa (n = 255) or P. meandrina (n = 188) were

selected for a genotype-by-sequencing approach.

4.2.3 Genotype-by-sequencing approach

Coral tissue samples of P. verrucosa and P. meandrina were sent to Diversity Arrays
Technology (Canberra, Australia), where DNA extractions, library preparation, and
sequencing were performed. Briefly, DNA was extracted from Pocillopora samples using a
NucleoMag kit (Machery-Nagel). Libraries were constructed following a proprietary method
of reduced-representation sequencing (DArT-seq; Kilian et al., 2012) following a double
digestion with Psfl and Hpall to maximise the complementarity of reads between samples
(Sansaloni et al., 2011). The two Pocillopora species were subject to separate sequencing runs
on an Illumina NovaSeq 6000, each across two lanes. Sequencing reads from both Pocillopora
species were mapped to the P. verrucosa reference genome (Buitrago-Lopez et al., 2020) and
a DArT species database was developed for each of the two species. Data were initially filtered
using proprietary DArT-sequencing pipelines (DArTsoft14). Filtering was then performed on
raw sequences using a minimum Phred pass score of 30 for the barcode region, and a minimum
Phred score of 10 for the entire read. Of the 255 samples of P. verrucosa, 206 (80.8%) passed
initial quality control. Of the 188 samples of P. meandrina submitted, 115 (61.2%) passed

initial quality control and were used in downstream analyses.

4.2.4 QC filtering of SNPS
All statistical analyses were conducted in R (R Core Team 2015) and code can be found at the

live Github repository (https://github.com/magenamarzonie/Pocillopora_DartSeq). The initial

filtering was conducted using the ‘dartR’ package (Gruber et al., 2018) and filtering steps were

carried out separately for the two Pocillopora species with identical filtering parameters. SNPs
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were filtered for linkage disequilibrium to retain a single SNP within a fragment when more
than one SNP tag was detected. Loci were then filtered for reproducibility (< 0.98) to remove
clones or duplicate samples before being further filtered by call rate (< 0.80) to exclude loci
and/or individuals with more than 20% missing data. Further, loci with a read depth < 5x were
also removed from the analysis. SNPs with minor allele frequencies (MAF) below 0.05 were
filtered out to minimise the effects of rare variants. Monomorphic loci were excluded from
downstream analyses and missing data were imputed using the ‘nearest neighbour’ function
(dartR). The number of loci retained after each filtering step can be found in SOM Table S4.2.
Multiple call rate filtering scenarios were tested for downstream estimates of pairwise genetic
comparisons (Fst) and multidimension analyses to ensure that population estimates of Fst were

stable irrespective of filtering.

4.2.5 Neutral population structure analyses

Reefs were grouped into ‘sectors’ which were determined based on reefs with the closest spatial
proximity (Figure 4.1a) for pairwise comparisons of genetic structure to balance sample sizes
after molecular confirmation of P. verrucosa and P. meandrina. The partitioning into sectors
and additional collection metadata can be found in SOM Table S4.1. Heterozygosity (He and
Ho) and inbreeding (Fis) statistics for each sector were calculated using the package hierfstat
(Goudet & Jombart, 2022). Pairwise Fst values using the ‘WC84’ method (hierfstat) were
computed following Weir & Cockerham (1984). Additionally, samples were randomly selected
and subsampled (n=5) from each sector and Fst values were computed, where no strong effect
of unbalanced sample sizes among sectors was detected (SOM, Figures S4.1 and S4.2). An
Analysis of Molecular Variance (AMOVA) was run with 999 permutations in poppr (Kamvar
et al., 2015) to assess the proportion of genetic variance explained within samples, between
samples, and between sectors (SOM Tables S4.3 and S4.4). The relationship between the

linearised genetic distance and the log of geographic distance was then measured to explore
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patterns of isolation-by-distance (IBD) between reefs. Significance of IBD was assessed using
a Mantel test in vegan (Oksanen et al., 2022) (SOM Figure S4.3).

A principal component analysis (PCA) was performed to visualise genetic variation
among samples without predictor constraints on population structure (SOM Figure S4.4).
Group membership probabilities were then computed with admixture analysis using the ‘snmf’
function in LEA to define the number of K-clusters for each species and g-value proportions
per individual (Frichot & Francois, 2015). I selected the optimal number of K ancestral
populations between 1 and 10 and chose the model with the lowest cross-entropy value (SOM
Figure S4.5). Once the optimal K was selected, ten repetitions were performed, and the
repetition with the lowest cross entropy was selected. I then extracted O-coefficients for each
individual sample under the optimal number of K-clusters and plotted admixture coefficients

in ggplot2 (Wickham, 2016).

4.2.6 Environmental drivers of genetic structure

A redundancy analysis (RDA) was used to assess environmental covariates associated with
host population structure using genetic distances of each individual as the response variable in
the vegan package (Oksanen et al., 2022). The analysis was performed separately for each
species and using ‘reefs’ as populations instead of ‘sectors’ to account for finer spatial variation
in environmental predictors. I included several predictors related to 1) climatic (thermal
related), 2) environmental (non-thermal related), and 3) geographic distance between reefs.
Climatic predictors included the mean of monthly maxima Degree Heating Weeks (mean
DHW) from 1985-2020, average Sea Surface Temperature (SST) (1985-2020), and Maximum
Monthly Mean (MMM) climatology (1986-2012). The average number of maximum DHW
summarise heat stress trends per reef and correlates significantly both with heat wave
frequency and maximal intensity of heat waves (Selmoni, et al., 2024). Environmental

predictors were acquired from RECIFS; (Selmoni et al., 2023) and from eReefs (Australian
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Institute of Marine Science). The selected variables included light irradiance (kd490) and sea
current velocity (SCV) of each reef (Table 4.1), which likely influence patterns of thermal and
environmental variation among populations. To account for the geographic and spatial
proximity between reefs, I incorporated distance-based Moran’s Eigenvector Maps (db-
MEMs) to estimate spatial distribution across sites at multiple spatial scales. Db-MEMs were
extracted from each reef site using the ‘dbMEM’ function in adespatial (Dray et al., 2023) and
used as predictor variables to account for geographic structure in the dbRDA models (SOM
Fig S4.6 and S4.7).

After model construction, I checked for correlation among all climate, environment,
and geographic predictors to minimise the effects of collinearity and removed one of two
variables when r > |0.8| using ‘corrplot’ (Wei & Simko, 2021) (SOM Fig S4.8). Variance
inflation factor (VIF) scores of selected variables were < 5 and did not exhibit strong
collinearity. A backward stepwise model was run with the selected variables using the
‘ordistep’ function (vegan) which iteratively runs all factors and reduces the model until the
highest adjusted R? value is reached. The significant factors from the ordistep model were

selected as the final predictors in each distance-based RDA model (Table 4.1).
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Table 4.1. Climatic, environmental, and geographic metrics used in redundancy analyses to

determine the significant predictors of genetic variance in Pocillopora verrucosa and P.

meandrina.
Type of predictor ~ Variable Definition
Mean DHW The mean of monthly maxima Degree Heating Weeks from 1985-
2020.
Climatic Mean SST The average sea surface temperature experienced from 1985-
2020.
MMM Maximum Monthly Mean climatology (1986-2012)
Kd490 Light irradiance
Environmental SCV Mean sea current velocity
MEMI Moran eigenvector map (1)
Geographic MEM2 Moran eigenvector map (2)
MEM3 Moran eigenvector map (3)
4. 3. Results

4.3.1 Library statistics

Dart-sequencing analysis resulted in the detection of 43,980 single-nucleotide polymorphisms
(SNPs) across 108 individuals for P. meandrina, and 44,310 SNPs across 200 individuals for
P. verrucosa. After quality filtering, a total of 2,075 SNPs for P. meandrina and 3,722 SNPs
for P. verrucosa were retained. There were no instances of duplicate samples or clones
observed for either species, indicating the absence of clones or duplicate samples. The observed
heterozygosity estimates were 1.3 times higher for P. verrucosa compared to P. meandrina

across all samples (t-test; p < 0.001, F = 28.63, Df = 1).
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Table 4.2. Library statistics for P. verrucosa and P. meandrina across sectors in the Great
Barrier Reef and Coral Sea Marine Parks. The number of samples sequenced per species within
each sector (N) and the corresponding number of samples passing quality control (Nqc).
Population statistics calculated include observed heterozygosity (Ho), expected heterozygosity

(He), and population-level Fis statistics per coral species within each sector.

P. verrucosa P. meandrina
Region Sector N Nac Ho He Fis N Noc Ho He Fis

Cape Grenville 30 24 0.10 0.13 0.221 - - - - -
Princess Charlotte Bay 30 23 0.10 0.13 0.223 19 13 0.08 0.11 0.229

Cairns 8 5 0.09 0.13 0.192 - - - - -

GBR

Townsville 30 15 0.09 0.13 0.235 7 4 0.08 0.11 0.229
Swains - - - - - 24 8 0.07 0.12 0.325
Capricorn Bunkers 6 - - - - 24 14 0.08 0.12 0.26
CS1 29 29 0.10 0.13 0.239 14 8 0.07 0.12 0.285
CS2 46 38 0.10 0.13 0.229 12 4 0.08 0.12 0.227
Coral CS3 24 20 0.10 0.13 0.214 28 18 0.07 0.12 0.283
Sea CS4 14 10 0.13 0.14 0.082 15 8 0.07 0.12 0.276
CS5 31 31 0.10 0.13 0.225 17 8 0.08 0.12 0.223
CS6 8 5 0.09 0.14 0.229 48 23 0.08 0.11 0.257

4.3.2 Genetic structure among regions and sectors

Pairwise comparisons of global Fsr values revealed that P. meandrina exhibited stronger
overall population structure among reef sectors (Fst range: 0 — 0.146; mean Fst = 0.030 +
0.035), which were generally higher than pairwise comparisons among sectors for P. verrucosa
(Fst range: 0 — 0.024; mean Fst = 0.004 £ 0.007). The analysis of molecular variance
(AMOVA) indicated genetic differences between sectors were small but significant and
stronger for P. meandrina (P. meandrina = 0.7%, p = 0.04; P. verrucosa = 0.1%; p = 0.02).
For both species, higher genetic variation was attributed to variation between colonies sampled

within a sector (P. meandrina = 36.6%; P. verrucosa = 25.9%; p < 0.001), and most genetic
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variation occurred for both species within individual colonies (P. meandrina = 62.7%; P.
verrucosa = 74.0%, p < 0.001).

The species P. verrucosa demonstrated overall reduced population structure compared
to P. meandrina. Except for CS6, all sectors and regions displayed extremely low population
structure for P. verrucosa (Fst range: 0 — 0.009) (Figure 4.1c). The strongest genetic
differences were detected within reefs of the Coral Sea, between the highest latitude sector
(CS6) and the two lowest latitude sectors, CS1 and CS2 (Fst range: 0.021 — 0.024). Similar
levels of genetic differences were also observed between the lowest latitude sectors in the GBR,
Cape Grenville and PCB (Fst range: 0.021 — 0.022), suggesting comparably low rates of
genetic structure within and between regions for this species. Stronger sector-level genetic
differences for P. meandrina occurred between spatial extremes in the sampling, namely a low
latitude sector of the GBR (Princess Charlotte Bay) and the two highest latitude sectors of the
Coral Sea (CS5, CS6). The highest latitude Coral Sea sectors (CSS5, CS6) and the GBR were
genetically similar in population structure (Capricorn Bunkers; Fst range: 0.007 — 0.018).
Interestingly, there were greater genetic differences between CS5 and CS6 and the
geographically closer, offshore Swain reefs (Fst range: 0.084 —0.105) (Figure 4.1b), indicating
that geographic distance was not the predominant influence on population structure.

Isolation-by-distance (IBD) models revealed a significant relationship between
geographic and genetic distances for P. verrucosa (R*> = 0.325; p = 0.038) that was
predominantly driven by high latitude reef sectors in the Coral Sea (CS5 and CS6) and a weaker
trend in IBD resulted when removing these reefs from the analysis for P. verrucosa. There was

a weak, non-significant trend in IBD for P. meandrina (R?> = 0.058; p = 0.058) (Figure S4.3).

75



Sector b) P. meandrina
CGR @ CSt

pcB @ os2| Fstll |
CNS ® C3 0.00 0.09 0.18
TSV Cs4
SWN e CSs
CPB @ CS6
-SWN

R SN A R
SR SIS S

Latitude

¢) P. verrucosa

Fst I

o H 0.00 0.02 0.04

150°E 155°E ~ -CGR
Longitude P O A\ AN A ©
L FEF & LIPS

Figure 4.1. Population structure for Pocillopora meandrina and P. verrucosa across the
GBR and Coral Sea. (a) Map of sectors partitioned in Australia’s Great Barrier Reef (GBR)
and Coral Sea Marine Park (CSMP). Sectors considered in the analysis of population structure
include: Cape Grenville (CGR), Princess Charlotte Bay (PCB), Cairns (CNS), Townsville
(TSV), Swains (SWN), Capricorn Bunkers (CPB), Coral Sea Sector 1-6 (CS1-6). (b) Pairwise
comparisons of genetic diversity (Fst) between sectors for Pocillopora meandrina and (c) for

Pocillopora verrucosa.

4.3.3 Model-based estimation of ancestry

Admixture analyses indicated the presence of two distinct genetic clusters for P. meandrina,
PMCL1 and PMCL2, which were detected across all sectors within the GBR and Coral Sea
(Figure 4.2a,c). Although both genetic lineages were evenly present in the study area
(frequency of PMCLI1 = 47.0%; PMCL2 = 52.9%), their relative abundance varied markedly

by region. The two lineages were unevenly distributed throughout the two regions, where
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PMCLI1 was found in higher prevalence across the GBR (72.6%) compared to the Coral Sea
(32.6%). Conversely, PMCL2 was found more commonly in the Coral Sea (67.3%) compared
to the GBR (27.3%) (Figure 4.2a,c). Strong contrasts also occurred among sectors within
regions (Figure 4.2a,c). The strongest differences occurred between the high latitude sectors of
the Coral Sea (CS5 and CS6) and the low latitude sectors of the GBR (Princess Charlotte Bay
and Townsville). The genetic cluster PMCL1 comprised 69.9% of sampled colonies in Princess
Charlotte Bay and Townsville, compared to only 12.3% of sampled colonies in CS5 and CS6.
The detection of PMCLI1 increased in the Coral Sea in lower latitude reefs, comprising 70.0%
of group membership in CS1 and CS2. The Swains sector of the GBR represented surprisingly
high group membership to PMCLI1 (87.1%), compared to the Capricorn Bunker region
(62.9%), despite the Swains sector in geographical proximity to the CS5 and CS6 sectors where
high PMCL2 group membership occurred (87.7%) (Figure 4.2a,c).

Two distinct genetic clusters for P. verrucosa (PVCL1 and PVCL2) were detected through
admixture analysis across the GBR and Coral Sea (Figure 4.2b,d). There was less defined
spatial structuring in P. verrucosa compared to P. meandrina across both regions. The minimal
spatial structuring in P. verrucosa was attributed to a dominance of the lineage PVCL1 which
accounted for an average membership coefficient of 86.3% per individual across both regions.
In contrast, PVCL2 represented 13.6% of membership across all sectors. There were not
marked differences in the proportion of PVCL1 and PVCL2 between the GBR and Coral Sea,
where PCVLI made up 92.1% of group membership in samples across the GBR region and
83.5% of samples in the Coral Sea. The proportion of group membership to PVCL2 ranged
markedly from 6.2% in the lowest latitude GBR sector (Cape Grenville) to 72.5% in the highest

latitude Coral Sea sector (CS6) (Figure 4.2b,d).
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Figure 4.2. Genetic membership probability and clustering of Pocillopora meandrina and
P. verrucosa. Admixture analyses indicated two genetic clusters (K=2) for both species
including (a) P. meandrina (PMCL1 and PMCL2) and (b) P. verrucosa (PVCL1 and PVCL2).
Each vertical bar depicts one individual and the estimated ancestry coefficient to each cluster.
Admixture coefficients in relation to biogeographic patterns of structure for (¢) P. meandrina

and (d) P. verrucosa.
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4.3.4 Environmental correlations with individual genetic structure

A distance-based partial redundancy analysis (pRDA) revealed that genetic differences
amongst individuals were partially attributed to a combination of climatic and environmental
gradients throughout the two reef systems, while accounting for the conditional effects of
geographic structure using dbMEMs. The two main axes of variation explained 4.3% of genetic
variation in P. meandrina, compared to 0.2% of P. verrucosa. For P. meandrina, the first axis
alone explained 4.2% of genetic variation among samples and was significantly associated with
both thermal history (mean Degree Heating Weeks [DHW]) and sea current velocity (SCV).
The second axis had negligible influence from both significant predictors, explaining 1.0% of
variation (Figure 4.3a). The significant predictors in the RDA model included mean SCV (F =
2.77,Df =1, p <0.001) and mean DHW (F = 1.98, Df =1, p = 0.003) (Table 4.3). Individual
genetic differences between P. verrucosa were associated only with thermal metrics compared
to non-thermal predictors. However, the first axis explained only 0.1% of variation and
associated with mean Sea Surface Temperature (SST), while the second axis explained an
additional 0.1% of variation and associated with thermal disturbance history (mean DHW)

(Figure 3b). For P. verrucosa, genetic variation was significantly explained by mean SST (F =

1.71, Df =1, p < 0.001) and mean DHW (F = 1.15, Df =1, p < 0.001) (Table 4.3).
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Figure 4.3. Distance-based partial redundancy analysis (pRDA) for the environmental

drivers of genetic structure among individuals in (a) P. meandrina and (b) P. verrucosa.

Plots are coloured by sectors within the Great Barrier Reef (GBR) and Coral Sea Marine Parks.

Vectors indicate environmental predictors which are significant in the partial RDA models.

Table 4.3. Backward stepwise partial redundancy analysis outputs for the environmental

predictors of individual genetic structure for P. meandrina and P. verrucosa.

Species Variable Df Variance F Pr (>F)
P. meandrina mean DHW 1 11.15 1.9843 0.003
Mean SCV 1 15.59 2.7738 0.001
Residual 103 579.01
P. verrucosa Mean DHW 1 7.96 1.1463 0.001
Mean SST 1 11.86 1.7088 0.001
Residual 175 1214.50

4.3.5 Spatial distribution of environmental predictors across the Coral Sea and GBR

Strong climate history (mean DHW and mean SST; Figure 4.4a-b) and environmental history

(SCV; Figure 4.4c) were the strongest predictors of genetic structure across the two regions for

both P. meandrina and P. verrucosa when accounting for the conditional effects of geographic

distance. Notably, the high latitude reefs of the Coral Sea had contrasting patterns of thermal

and environmental variation compared to other adjacent reefs in the GBR (Fig 4.4a-c). The

80



maximum mean DHW ranged between 0.30-0.69 DHW in the GBR, and 0.54-0.88 DHW in
the Coral Sea and varied significantly by region (t-test; p < 0.001, F = 37.15, Df = 1). In
contrast, the average SST ranged between 24.39- 26.85 °C in the GBR, and 25.16- 27.11 °C in
the Coral Sea and were not significantly variable by region (t-test; p = 0.09, F =3.00, Df = 1).
Between the two sectors, the strength of sea current velocity was not significantly variable
between the GBR (0.06- 0.23 m/s) compared to the Coral Sea (0.07- 0.26 m/s) (t-test; p = 0.74,

F=0.11,Df=1).
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Figure 4.4. Spatial distribution of significant model predictors for P. meandrina and P.
verrucosa across the Great Barrier Reef and Coral Sea Marine Parks. (a) Mean DHW
refers to mean monthly maximum DHW experienced at each reef. (b) Mean SST refers to the
average sea surface temperature at each location. (c) Mean SCV refers to the strength of sea

current velocity at each reef. All variables are averaged between 1985-2020 using Skm

resolution.

4.4. Discussion

Few studies have assessed the population structure and connectivity of corals between the

Coral Sea and GBR, which are key metrics to quantify the genetic diversity and connectivity
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of these ecologically important seascapes. My analyses revealed the genetic structure of
Pocilloporids across reefs and regions in the Coral Sea and GBR spanning 12° in both latitude
and longitude. The presence of gene flow across large seascapes indicates the capacity for the
GBR and Coral Sea to act as reciprocal population replenishment sources, with important
implications for co-management of marine estates in both the GBR and Coral Sea Marine Parks
(Roberts et al., 2021). These taxa-specific patterns of population structure occurred for two
closely related Pocilloporids, where Pocillopora meandrina maintained higher population
structure compared to P. verrucosa. These taxa-specific contrasts in genetic structure
emphasise the importance of quantifying gene-environment trends in taxa with similar
demographic traits. The genetic structure of both species of Pocilloporids correlated with a
gradient in thermal history across the GBR and Coral Sea, as well as sea surface temperature

for P. verrucosa and sea current velocity for P. meandrina.

High latitude reefs are genetically distinct

High latitude, offshore reef populations maintained the strongest genetic isolation for both
Pocillopora species in this study. Specifically, high latitude reefs in the Coral Sea were most
genetically distinct from low latitude reefs in the GBR. This genetic structuring indicates
potential edge effects of species existing close to their environmental or thermal range limits
with cascading effects on their genetic structure (Ries et al., 2004). The geographic isolation
of high latitude reefs may promote greater local adaptation, but also vulnerability, following
disturbances (Hughes, et al., 2018). Empirical evidence from Chapter 2 shows that high latitude
reefs in the Coral Sea and GBR have experienced higher recent thermal history (recent
maximum DHW between 2016-2020) compared to lower latitude reefs in the Coral Sea and
GBR, leading to selection for more heat tolerant species and individuals. The observed genetic

differentiation of high latitude reefs may therefore reflect selection for traits associated with
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heat tolerance. Similar patterns of genetic differentiation have been demonstrated in high
latitude reef populations in Western Australia, where strong population structure has been
quantified compared to lower latitude and spatially proximate reefs (Thomas et al., 2017). This
study corroborates this evidence in Eastern Australian coral populations, highlighting local
adaptation, and isolation of high latitude reefs.

Despite reduced gene flow to the high latitude reefs of the Coral Sea, all populations
maintained comparable levels of genetic diversity. This suggests that even geographically
isolated reefs still comprise sufficient genetic diversity against a backdrop of climatic or
environmental disturbances. My results support that corals with mixed-mode reproduction
have the capacity to travel farther distances and maintain connectivity among reefs and regions
in the Coral Sea and GBR. This empirical evidence in two common coral species confirms the
genetic exchange among reefs in the GBR and Coral Sea, highlighting the importance of the
Coral Sea and GBR as reciprocal sources of population replenishment across spatially

separated regions.

Taxa specific trends in population structure

Comparisons across Pocilloporids with similar traits (e.g., mixed-mode reproduction with
vertical symbiont transmission) revealed the importance of quantifying population structure
and connectivity not only in distinct taxa, but also between similar taxa. There are several
biological and environmental factors that may attribute to the contrasts observed in closely
related species. First, P. verrucosa has a higher thermal tolerance than P. meandrina, which
has been empirically quantified through controlled heat stress experiments in Chapter 2, and is
evidenced by variable distribution across warmer and cooler reefs in both the Coral Sea and
GBR in this study, as well as across Hawaiian reefs in Johnston et al. (2018). The thermal limits

of these species may in part, explain the contrasting genetic patterns observed in this study.
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The strong population structure in P. meandrina may also be attributed to cryptic
speciation within this species complex compared to P. verrucosa, which has been reflected in
the strong division among two symbiont groups residing in the tissue of P. meandrina
(Cladocopium latusorum ‘north’ and ‘south’) compared to a more homogenous symbiont
community in P. verrucosa (Cladocopium pacificum) across the Coral Sea, as shown in
Chapter 3. The lack of empirical evidence for the reproductive mode in both P. meandrina and
P. verrucosa may also indicate that P. meandrina relies more on brooding as a reproductive
mechanism, contributing to higher population structure, compared to P. verrucosa which may
rely more on broadcast spawning (Hirose et al., 2000; Schmidt-Roach et al., 2012). Minimal
spatial structuring and panmictic populations have been observed in P. verrucosa across the
Western Indian Ocean (Oury et al., 2021), Eastern African coast (Gélin et al., 2017), and Red
Sea (Buitrago-Lopez et al., 2023), though less evidence exists specifically for the population
structure of P. meandrina. Species-specific population structure has also been observed in two
brooding Pocillopora species in New Caledonia, where P. damicornis comprised higher
population structure than P. acuta (Selmoni et al., 2021), reflecting the taxa-specific trends

observed here.

Climatic, environmental, and geographic drivers of genetic structure

Considering variable species-specific structure, climate maintained the strongest influence on
the population structure for both species. Maximum Degree Heating Weeks was a strong
predictor compared to non-thermal geographic predictors for both Pocilloporids. These
findings indicate the significant influence of marine heatwaves on population structure across
distinct regions and species over a short ecological timeframe (1985-2020). Additionally, the
co-dominant clusters of P. meandrina were influenced by sea current velocity, indicating that

non-thermal factors also play a role in shaping the higher partitioning of population structure
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observed. Mean current speed has been shown as a predictor of the brooding coral species,
Stylophora pistallata, across the GBR (Meziere et al., 2024), corroborating evidence of
oceanographic processes in driving population structure. The Southern Equatorial Current
bifurcates north and south in the Coral Sea and GBR at between 15 and 17° latitude dependent
on depth (Ceccarelli et al., 2013), and may explain the geographic partitioning in the two
genetic lineages of P. meandrina (PMCL1 and PMCL2) and the greater influence of non-
thermal predictors. However, P. verrucosa was distinctively influenced only by thermal
predictors including SST and DHW, where several genetically distinct individuals in the high
latitude, Coral Sea reefs strongly pulled this trend. This pattern indicates strong patterns of
local adaptation to variable environment in these reefs which have experienced stronger
thermal history (Burn et al., 2023; Harrison et al., 2019). Given samples were genetically
confirmed as P. verrucosa and P. meandrina with multiple genetic markers (mtORF marker,
SNPs), this trend is likely not an artefact of sampling or sequencing, but indeed a biological
signal of adaptation and/or this species reaching the end of their thermal range limits in high
latitude reefs.

An important caveat to note with gene-environment associations (i.e., partial RDAs) is
that many of the tested variables are likely correlated and signals of one predictor may also be
explained by the influence of other untested predictors that were removed due to high
collinearity (Capblancq & Forester, 2021). While significant efforts were made to reduce the
effects of strongly related variables while still accounting for as much variation explained as
possible, there is a challenge in pinpointing a specific non-thermal environmental predictor
without acknowledging that other factors may be contributing drivers to population structure.
Thus, there may be confounding effects with climate or environment that are masked through

this analysis and should be acknowledged as possible drivers of population structure.
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Conclusion

This study presented an opportunity to measure the population structure of two common
Pocilloporid coral species in the GBR and Coral Sea and demonstrates pervasive genetic
connectivity throughout the Coral Sea and GBR with implications for population
replenishment between reefs following disturbances. Pocillopora meandrina and P. verrucosa
were both strongly partitioned by thermal history, suggesting that neutral population structure
in Pocillopora spp. may have been influenced by the strong severity of disturbance history
experienced at reefs, as well as the variation in the frequency and magnitude of these
disturbances among reefs and regions. While not explicitly addressing the occurrence of loci
associated with heat tolerance across spatially distinct reefs, this study provides a strong
foundation for identifying the environmental predictors in alignment with genetic structure
across large marine seascapes. Detecting the environmental trends that shape the genetic
structure of coral populations and species can improve our understanding of how reefs are
naturally equipped to adapt or respond to the effects of thermal and environmental

disturbances.
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Chapter 5. Adaptive loci under selection correlate to thermal history
and symbiont community structure in a common Acropora coral
species

5.1. Introduction

Coral reefs are highly vulnerable to anthropogenic climate change pressures and increasingly
subjected to severe marine heatwaves (Hughes et al., 2018). Widespread coral bleaching has
already resulted in devasting impacts to coral reef ecosystems globally, driving mass-mortality
events (Oliver et al., 2018; Smale et al., 2019). Severe and annual coral bleaching events are
expected to occur globally under high carbon emission scenarios in the next decades
(McWhorter et al., 2022), reducing reef species diversity and compromising ecosystem
function. High temperatures result in dysbiosis in the relationship of corals and their
endosymbiotic algae, Symbiodiniaceae, driving the process of coral bleaching (Morris et al.,
2019; Weis et al., 2008). However, phenotypic bleaching responses do not always correlate
directly to the severity of marine heatwaves across large seascapes (Burn et al., 2023; Guest et
al., 2012; Harrison et al., 2019), indicating that other intrinsic and extrinsic factors mediate
heat tolerance. To understand the trajectories of reef health in the present and future, it is
essential to identify the intrinsic (host and symbiont adaptation) and extrinsic (climate and
environment) factors of adaptation underlying the variable patterns of heat tolerance among

corals.

The adaptive potential of reef corals and their symbionts are key biological mechanisms which
can elevate the heat tolerance of corals against selective pressures (Matz et al., 2018). The
ability for evolutionary adaptation at the rate of environmental change will depend on (1) how
rapidly ocean warming occurs and (2) the rate of adaptation compared to genetic fixation in

coral heat tolerance (Lachs et al., 2023). Specifically, low carbon emission scenarios combined
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with high adaptation rates will enable coral persistence, while high emission scenarios and
fixed rates of heat tolerance will result in the most concerning outlook on coral mortality (Lachs
et al.,, 2023). For corals to adapt, mechanisms must occur at the level of individuals,
populations, and species, yet modelling approaches are unable to discern whether increased
heat tolerance is due to population-level adaptation versus community level shifts in heat
tolerant species (Sully et al., 2019). To clarify adaptation in corals, this requires efforts across
several regions and coral species to confirm how climate change and coral heat tolerance

adaptation will interact.

Heat tolerance in corals can be shaped by acclimatisation over an individual’s lifespan or
through adaptation over generations (DeCarlo et al., 2019; Torda et al., 2017). The genetic
architecture of corals partially mediates coral heat stress, where some detected single
nucleotide polymorphisms (SNPs) in corals are correlated with heat stress gradients (Selmoni
et al., 2021) and natural bleaching resistance (Fuller et al., 2020). Cryptic speciation of the
coral host can also regulate thermal tolerance thresholds, where morphologically
indistinguishable species have shown differential bleaching responses to heat stress (Rose et
al., 2021; Starko et al., 2024). For example, the environmental drivers (i.e., temperature,
irradiance, currents) linked to cryptic speciation can vary in their relative role of shaping
species distribution (Meziere et al., 2024), highlighting the importance of distinguishing cryptic
species to better detect both environmental and genetic mechanisms of phenotypic variance in
heat tolerance. Unveiling cryptic speciation across multiple reef systems is valuable where
differential genetic lineages potentially mask other more subtle predictors (i.e., environmental,

symbiont communities, host adaptive loci).

Heat tolerance across coral species is a polygenic trait influenced by many genes with small

effect sizes (Fuller et al., 2020; Quigley et al., 2020; Rose et al., 2018). The polygenic nature
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of heat tolerance has been confirmed in corals through sampling during natural bleaching
events (Fuller et al., 2020), across temperature mosaics within thermally variable reef habitats
(Palumbi et al., 2014), and through exposure to controlled heat stress (e.g., common garden
experiments) (Thomas et al., 2022). Effectively pinpointing the genetic architecture of heat
tolerance in corals requires large sample sizes and/or higher gene coverage (i.e., whole genome
sequencing) to determine genes under selection compared to other traits such as disease
resistance (Vollmer et al., 2023). As such, there remains a challenge to effectively translate the
genetic mechanisms underpinning phenotypic heat tolerance. The additional adaptive capacity
of the symbionts residing in the coral host adds an additional layer to their heat tolerance
potential and needs to be examined in combination with the coral host genetics and

environmental gradients (Starko et al., 2024).

Seascape genomics is an approach increasingly used to understand coral adaptation, by
defining the patterns of population genetic structure along contrasting environment gradients
(gene-environment association; GEA) (Riginos et al., 2016; Selmoni, Bay, et al., 2024).
Examining genetic structure along an environmental gradient enables the detection of neutral
and adaptive population structure of corals to different thermal clines (e.g., climatic gradients
along latitude or populations with variable marine heatwave exposure) (Rellstab et al., 2015).
A seascapes genomics approach benefits from sampling high numbers of individuals across a
contrasting environmental gradient to detect loci associated with their environment. In tandem,
controlled experiments offer a complementary approach where experimentally derived heat
tolerance thresholds and genetic analyses (genotype-phenotype interactions) can ground-truth
the putatively adaptive loci derived from seascape genomics. However, experimental systems
are limited to reduced sample sizes, and it is still unclear whether experimental heat tolerance
accurately reflects natural heat tolerance. Therefore, a combination of seascape genomics and

controlled experimental studies can provide a complementary and more comprehensive
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understanding of the genetic basis of heat tolerance and better means to distinguish the

mechanisms that underpin thermal adaptation in corals.

Here, I investigated the adaptive (genetic and symbiont) and environmental drivers of coral
heat tolerance in a common Acropora species (Acropora cf. humilis) across an environmental
gradient. I used acute heat stress experiments to determine heat tolerance phenotype on 168
Acropora cf. humilis corals and sequenced the host and symbiont genetics of 260 A. cf humilis
individuals throughout the isolated atolls of the Coral Sea Marine Park. In this region, limited
gene flow between reefs is expected, allowing a greater resolution of adaptive and evolutionary
processes shaping heat tolerance (Thomas et al. 2017). First, a seascape genomics approach
was used to identify the environmental, thermal, and geographic predictors of putatively
adaptive loci. In parallel, I investigated how empirical heat tolerance (ED50) was predicted and
the relative contributions of symbionts, host genetics, environment. Identifying the strongest
predictors of heat tolerance among individuals and populations is a critical step to

understanding adaptive and acclimatory mechanisms in response to a rapidly changing climate.

5.2. Materials and Methods

5.2.1 Coral experimental approach and field genetic sampling

Corals were collected on SCUBA across 11 reefs in the Coral Sea Marine Park (CSMP)
spanning 1,300 kilometres and a 1.8°C range in Maximum Monthly Mean (MMM)
temperatures. Acute heat stress experiments were conducted for 8 of the 11 reefs using a
portable, flow-through seawater aquarium system to quantify thermal stress across individuals,
species, and reefs. Corals were exposed to an ambient temperature (control), as well as a +3,
+6, and +9 °C treatment above the local MMM of each reef. For each individual sampled (n =

5 branches per individual colony), one branch was placed in each of the four temperature
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treatments, with the remaining branch stored in 100% ethanol for genetic sequencing.
Photosynthetic efficiency of each coral branch across all treatments (Fv/Fm) was quantified
using dark-adapted PAM fluorometry as a proxy for bleaching. Using the Fv/Fm response for
the same individual across four treatments, a 50% bleaching threshold (ED50) was quantified
as a dose response curve. The 50% threshold was used as a heat tolerance metric for each
individual and population, and detailed statistical methods can be found in Chapter 2. Briefly,
individual-level dose response curves were calculated with a three-parameter log-logistic
model in the package medrc (Ritz et al., 2015). The median yield of Fv/Fm for each individual
was modelled against the ambient temperature relative to local MMM (°C). Each individual
colony was included as an additional random effect, as a branch of each colony was included
in each of the four experimental treatments.

Samples were collected during the February-March 2020 mass bleaching event in the
Coral Sea. The number of accumulated Degree Heating Weeks (DHW) ranged from 5.7-10.0
across reefs during the month of collection. Genetic samples of coral individuals were collected
from three reefs in addition to the eight reefs where experiments were conducted for molecular
identification of the coral host and associated endosymbiotic algae (Symbiodiniaceae).
Bleaching phenotype scores (Coral Watch Health Chart) and collection depth (m) were

recorded in situ for each individual colony prior to the collection of samples.

5.2.2 Host molecular sequencing methods

For host genetic sequencing, coral tissue from each coral individual was transferred to 70%
ethanol and sent to Diversity Arrays Technology (Canberra, Australia) for DNA extractions,
library preparation, and sequencing. A genotype-by-sequencing approach was used to obtain
single-nucleotide polymorphisms (SNPs). Coral samples were sequenced using DArT-
sequencing (Kilian et al., 2012), a proprietary form of restriction-site-associated sequencing.

Libraries were constructed using the Ps¢I and Hpall restriction enzymes (Sansaloni et al., 2011)
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and sequencing was performed on the Illumina HiSeq2500 platform. Samples from each reef
and region were randomly distributed across each 96-well plate to minimise the effect of plate
position. Sequences were mapped against the Acropora tenuis (Liew et al., 2016) and A.
millepora (Fuller et al., 2020) genomes. Data were initially filtered using proprietary DArT-
sequencing pipelines (DArTsoft14). Filtering was performed on raw sequences using a
minimum Phred score of 30 for the barcode region, and a minimum Phred score of 10 for the

entire read.

5.2.3 Identification of Symbiodiniaceae populations

To identify community composition of Symbiodiniaceae within coral host samples, DNA was
extracted using a modified version of Wayne’s method (Wilson et al., 2002). DNA
concentrations were quantified using a Qubit 3 Fluorometer and Qubit High Sensitivity Assay
Kit (Invitrogen), and samples were then standardised to 10 ng pL-! with an automated pipettor
(QIAgility, QTAGEN). The internal transcribed spacer 2 (ITS2) region in Symbiodiniaceae was
amplified using Polymerase Chain Reaction with forward and reverse primers from Pochon et
al. (2001). The thermal cycler conditions included an initial incubation for 7 minutes at 95 °C,
followed by 30 cycles at 95 °C, annealing at 59 °C, and extension at 72 °C for 30 seconds each.
A final elongation completed the PCR at 72 °C followed by a 4 °C hold. Amplified PCR
products underwent amplicon sequencing on the Illumina MiSeq platform at 2 x 300 bp paired-
end V3 chemistry (Ramaciotti Centre for Genomics, UNSW). ITS2 type profiles and ‘defining
intragenomic variants’ (DIVs) were analysed with SymPortal (Hume et al.,, 2019). A
Generalised-UniFrac (G-UniFrac; o= 0.5) score was calculated as a distance matrix to compare
the relatedness between each symbiont community between individual coral samples and
applies more even weighting to both rare and abundant sequences. A hierarchical clustering
tree was then modelled using the G-UniFrac distance (Chen et al., 2012) to define symbiont

clusters associated with each individual of A. cf humilis as per methods in Chapter 3.
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5.2.4 OC filtering of host SNPS
All statistical analyses were conducted in R (R Core Team 2015) and analyses can be found at

the Github link https://github.com/magenamarzonie/AcroporaDartseq. The initial host genetic

filtering was conducted using the ‘dartR’ package (Gruber et al., 2022). First, secondaries were
filtered out to lower the rate of linkage disequilibrium and retain a single SNP per locus. Loci
were then filtered for reproducibility (< 0.98), call rate (< 0.80), and read depth (< 5x) to call
by genotype. Multiple call rate scenarios were tested (0.80, 0.85, 0.90) and there were
comparable outcomes for Fsr and PCAs using the three scenarios (SOM Figure S5.1).
Therefore, the lowest call rate (0.80) was used in downstream analyses to maximise the number
of loci used in gene-environment association analyses. Call rates were also filtered at the level
of individuals (0.80) and four individuals with > 20% missing data were removed from the
analysis. Minor allele frequencies below 0.05 were then filtered out to retain only common
variants. Monomorphic loci were filtered out and missing data were imputed using the ‘nearest

neighbour’ function.

5.2.5 Population structure analyses

Neutral loci must first be detected prior to assessing adaptive loci under selection. Therefore, I
first assessed the neutral population structure of A. cf humilis across all 11 reefs where corals
were genetically sampled. Both expected and observed heterozygosity were calculated (He and
Ho), as well as inbreeding coefficient (Fis) statistics with hierfstat (Goudet & Jombart, 2022).
Global pairwise comparisons (Fst values) were then computed using the ‘WC84’ method
(hierfstat) following Weir & Cockerham (1984). A principal component analysis (PCA) was
performed to visualise genetic variation among individuals and reefs without underlying
assumptions on population structure (Figure S5.2). Isolation-by-distance models were run
using the log of geographic distance vs. genetic distance (Fst /1-Fst) and significance was

tested using a Mantel test in vegan (Oksanen et al., 2022) (Figure S5.3).
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The number of genetic clusters (n = 3) detected from the PCA was validated using
admixture analyses in LEA (Frichot & Frangois, 2015). The snmf function (LEA) was used to
run cross-entropy criterion models and estimate the optimal number of K ancestral populations
(Figure S5.4). Ten repetitions were performed for each K, and the repetition with the lowest
cross entropy was selected. A Q-value representing the proportion of each of the three lineages
per individual sample was calculated to estimate admixture coefficients across individuals and
averaged at the population (reef) level. Given three lineages of A. cf humilis were detected, all
filtering statistics were run on the main lineage (AHCL1), as well as for all combined lineages

(AHCL1, AHCL2, and AHCL3) (SOM Fig S5.5).

5.2.6 Genotype by environment association (GEA) analysis

RDA is a powerful approach to detect multi-locus signatures of adaptation, therefore the
appropriate choice to use on a polygenic trait such as heat tolerance. Here, the drivers of genetic
structure were tested using full and partial redundancy analysis (RDA) following Capblancq &
Forester (2021) to identify the predictors correlated with individual SNPs. All genotype-by-
environment association analyses were run in the package vegan (Oksanen et al., 2017). I first
ran a full RDA with thermal, non-thermal, spatial, and host genetic variables (Table 5.1).
Thermal variables were extracted from the NOAA Coral Reef Watch Skm resolution data set
(Liu et al., 2014). Non-thermal variables were extracted from the RECIFS database (Selmoni
et al., 2023). Geographic variables were calculated using distance-based Moran Eigenvector
Models (db-MEMs) to account for spatial autocorrelation using the ‘dbMEM’ function in the
adespatial package (Dray et al., 2023) (SOM Fig S5.6). Host PC1 and PC2 from the
multidimension analyses were also incorporated to account for both neutral population
structure and the three cryptic lineages identified (AHCL1, 2, and 3). When high correlation
between predictor variables occurred, one of two variables were removed when collinearity

was high (r > [0.8|) (corrplot) (Wei & Simko, 2021) (SOM Figure S5.7). Variance inflation
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factor (VIF) scores were then checked to ensure all model predictors had a VIF score less than
5 (Oksanen et al., 2017). A forward stepwise selection model was then run on all variables
using the ‘ordistep’ function to account for the simplest and best-fit model predictors using 999
permutations. Model variables with the highest adjusted R? value were selected for the partial
RDA to use as conditional effects.

As heat tolerance is the trait of interest in this study, a partial RDA was then run to assess
the thermal variables which most strongly predicted genetic structure in Acropora ct humilis.
The Euclidean SNP-based, genetic distance of each individual was included as the response
variable. The predictors included significant thermal variables from the RDA model, including
recent maximum DHW (2016-2020), the number of DHW events > 4 (1986-2020), and the
return time between DHW > 6 (1986-2020). In addition, conditional effects were included to
account for non-thermal, spatial, and host genetic variation in the model including depth, mean
sea current velocity, light attenuation, host cryptic species (neutral population structure), and

spatial factors (Moran eigenvector models; MEM1, MEM2, and MEM3) (Table 5.1).
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Table 5.1. Environmental, symbiont, and host genetic predictors and conditional effects

incorporated into both gene-environment associations and the bleaching predictor model.

Type of predictor Variable Definition
DHW4 The number of events where DHW > 4 between 1986-2020
o Return DHW6 The average return time between events where DHW > 6 between
Climatic
1986-2020
Recent max DHW  Maximum DHW experienced between 1986-2020
Kd490 Light irradiance
Environmental SCV Mean sea current velocity
Depth Collection depth (m) of each coral genotype
MEM1 Moran eigenvector map (1)
Geographic MEM?2 Moran eigenvector map (2)
MEM3 Moran eigenvector map (3)
Symbiont PC1 Symbiont principal component axis 1 of symbiont community
Symbiont structure
community Symbiont PC2 Symbiont principal component axis 2 of symbiont community
structure
Host PC1 Principal component axis 1 of neutral population structure
Host PC2 Principal component axis 2 of neutral population structure
Host genetic PGS Polygenic score calculated as a cumulative rating from host
adaptive loci per individual
Max Cluster The dominant host lineage representing cryptic speciation

5.2.7 Candidate adaptive loci from natural genetic samples

Candidate adaptive loci under selection were detected using partial redundancy analysis pRDA
with the thermal predictors tested above (vegan). Stringent filtering parameters were used,
where loci that occurred outside of 2.5 standard deviations of the mean were defined as outlier
loci using methods from Capblancq & Forester (2021). Loci were then plotted to the strongest
environmental co-variate per SNP. A polygenic score (PGS) was then calculated for each
individual using the pRDA results, against the strongest environmental predictor (return time
between DHWG6 events; Table 5.1). The PGS for each individual was calculated between 0-1,
where an average reading was scored using a nominal scoring per locus and whether the locus

was adaptive for the specific individual.
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5.2.8 Bleaching predictor model construction

To determine the relative contributions of host genetics, symbionts, and environment
associated with phenotypic heat tolerance, a generalised mixed effects model was constructed
using the package glmmTMB (Brooks et al., 2017). ED50 values were normally distributed
across all samples, therefore a gaussian family distribution was used. Data were filtered to only
include individuals that were subjected to heat stress experiments and therefore had a known
bleaching phenotype, or ED50 (n = 168), at a subset of reef populations (n = 8). Phenotypic
heat tolerance of each individual (ED50) was used as the response variable in the model.
Models were progressively built up with ED50 as the response variable, where the effects of
‘Reef’, ‘Host Cluster’, ‘Symbiont Cluster’, thermal predictors, and adaptive polygenic score
(PGS) were iteratively introduced into the model. The reef of coral collection was used as a
random effect in each model. Model selection was informed with AICc scores (MuMIin)
(Barton, 2022) and detailed parameters and AICc scores can be found in Table S5.3. Model
residuals were assessed using DHARMa (Hartig, 2018) and residuals were confirmed to be
normally distributed. Post hoc comparisons for predictor variables were then modelled using

emmeans (Lenth, 2021).

5.3 Results

5.3.1 Cryptic speciation and neutral population structure of A. ct humilis

The total library prior to sequencing yielded 74,335 loci across 260 individuals of Acropora cf
humilis. After filtering, 8,683 loci and 258 individuals were retained. Three distinct, genetic
lineages of Acropora cf humilis were detected (hereafter: AHCL1, AHCL2, and AHCLS3;
Figure 1) with AHCLI being the most sampled lineage across all reefs (n = 202) compared to

either AHCL2 (n = 24) and AHCL3 (n = 30). Analysis of Molecular Variance (AMOVA)
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revealed that for all three host lineages, genetic variation was significant within individuals
(72.5%, p < 0.001) and between individuals (27.4%, p < 0.001), but not between populations
(0.02%, p = 0.34) indicating low population structure. The genetic variance associated with the
dominant lineage (AHCL1) was also strongly partitioned by within sample variation (67.4%,
p < 0.001) and between sample variation (32.5%, p < 0.001). Population-level variation was
significant when assessing AHCL1 alone, however made up a very small proportion of
variance explained (0.07%, p = 0.03), reflecting low population structure within and among

host lineages across the Coral Sea Marine Park.

Table 5.2. Library statistics for Acropora cf. humilis, including the number of samples (N),

observed heterozygosity (Ho), expected heterozygosity (He), and population level Fis.

All clusters AHCL1 only

Reef N Ho H. Fis N H, H. Fis
Osprey 13 0.11 0.17 029 | 12 0.11 0.18 0.33
Bougainville | 5 0.08 0.18 0.44 6 0.1 0.19 0.36
Moore 20 0.11 0.17 029 | 20 0.11 0.18 0.32
Holmes 30 0.11 0.18 034 | 24 0.12 0.18 0.31
Chilcott 18 0.12 0.17 0.26 18 0.12 0.18 0.3
Herald 19 0.11 0.17 029 | 17 0.11 0.18 0.32
Lihou 31 0.11 0.17 0.30 30 0.11 0.18 0.33
Flinders 30 0.11 0.17 029 | 28 0.11 0.18 0.33
Marion 36 0.11 0.18 032 | 26 0.12 0.18 0.3
Frederick 15 0.10 0.18 0.36 8 0.11 0.18 0.32
Wreck 24 0.11 0.19 037 | 14 0.11 0.19 0.33

Global estimates of genetic relatedness (Fst) revealed the three cryptic lineages, evidenced by
high Fst values for AHCL3 and AHCL2 (Global Fst=0.17), and AHCL3 and AHCL1 (Global
Fst = 0.16). The lineages AHCL1 and AHCL2 were the most genetically similar (Global Fsr

=0.09) and had greater similarities in morphology compared to AHCL3 (Figure 1d). The three
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lineages occurred in sympatry and were detected at each of the 11 sampled reefs and the
number of sampled genotypes per reef did not follow a latitudinal or longitudinal gradient (Fig
5.1a-b). The lineage AHCL3 was sampled in the highest proportion at one of the lowest latitude
reefs (Bougainville) and the two highest latitude reefs (Frederick and Wreck) with very few
individuals sampled from any central reefs (Fig 5.1a-b).

The pairwise comparisons among reefs for the main genetic cluster, AHCLI1, were
minimal (Global Fst range: 0.001 — 0.01), indicating weak population structure compared to
pairwise comparisons accounting for all three cryptic lineages (Fig S5.2, S5.4, S5.5). Isolation-
by-distance patterns were significant for the main genetic cluster AHCL1 (R? = 0.244, p =
0.013), indicating a strong link between genetic and geographic distances for the dominant
lineage of Acropora (Fig S5.3). When all host genetic clusters were included, there was no
significant isolation-by-distance pattern (R? = 0.015, p-value = 0.279), indicating a stronger
influence of cryptic speciation in driving population structure compared to geographic distance

(Fig S5.3).
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Figure 5.1. Neutral population structure and cryptic speciation of Acropora cf humilis.
(A) Three morphotypes of Acropora ct humilis, which correspond to the three genetic clusters
detected in the SNP genetic dataset. (B) Map of the Coral Sea Marine Park indicates admixture
proportion per reef as pie charts, with colours representing the three genetic lineages of 4. cf
humilis. (C) PCoA of allele frequencies indicates three distinct clusters reflecting cryptic
speciation. (D) Admixture proportions using the optimal number of K ancestral lineages (K=3)

are coloured according to the three genetic clusters (AHCL1, AHCL2, and AHCL3).
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5.3.2 Individual phenotypic bleaching scores and the influence of reefs, host cryptic species,
and Symbiodiniaceae composition

Many individuals in this dataset were also exposed to heat stress experiments (nind = 181, npop
= 8) and heat tolerance thresholds of each individual have been quantified as a 50% threshold
to bleaching. Individual ED50 values varied significantly across the eight experimental reefs.
Individual ED50s varied between 4.91°C — 8.87°C above the Maximum Monthly Mean of each
reef (Figure 5.2a). Variation occurred within and among populations, however Wreck Reef
maintained consistently higher ED50 value ranges (ED50 range = 7.47 - 8.89) among
individuals compared to individuals from Lihou Reef (ED50 range = 5.64 - 7.38).

There was not a significant relationship between heat tolerance and the three genetic
lineages when accounting for the random effect of the reef where individuals were sampled
(Figure 2b), including between AHCL1 and AHCL2 (p = 0.58) and between AHCL1 and
AHCL3 (p = 0.08). Similarly, Symbiodiniaceae community structure and ED50 bleaching
phenotype were not correlated when accounting for the random effect of reef, including both

PCI1 (p =0.43) and PC2 (p = 0.37) of the Symbiodiniaceae Principal Coordinates Analysis.

7 8 9 AHCLA AHCL2 AHCLD
EDSO (°C) Host Cryptic Lineage

6

101




Figure 5.2. ED50 density plots structured by individuals within reefs, host cluster, and
symbiont community composition. (a). Density distribution of phenotypic performance in
Acropora cf humilis across the eight populations where experiments were conducted. ED50
represents the temperature above Maximum Monthly Mean where a 50% bleaching threshold
was reached per individual. (b). Density distribution of phenotypic heat tolerance (ED50)

relative to the three host genetic lineages (AHCL1, AHCL2, and AHCL?3).

5.3.3 Thermal predictors of adaptive genetic variation

The redundancy analysis revealed 230 putatively adaptive loci in A. cf humilis which were
correlated to two thermal metrics measured at the population level. The significant thermal
predictors included the number of DHW > 4 between 1986-2020 (p <0.01, Df =1, F=1.17)
and the return time between DHW > 6 between 1986-2020 (p <0.01, Df=1, F=1.15) (Figure
5.3). Both the return time between DHW®6 and the number of DHW4 comprised 7.5% of all
genetic variance explained in the RDA model, with 3.94 and 3.52% variance explained by
RDA Axes 1 and 2, respectively (Figure 5.3). The recent maximum DHW was not significant
in the model (p = 0.07, Df = 1, F = 1.08), indicating that thermal disturbances in the past five
years (2016-2020) were not influential in structuring the adaptive capacity of thermal tolerance

in corals compared to long-term thermal history metrics over the past 35 years (Figure 5.3).
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Figure 5.3. Candidate adaptive loci associated with Acropora cf humilis. (a) Each point
represents a SNP (locus) which are coloured by the strongest thermal predictor of the relative
locus, including the number of DHW > 4 experienced between 1985-2020 (DHW4) and the
return time between DHW > 6 events (return DHW®6). (b) Polygenic scores (PGS) were then
calculated based on the strongest environmental drivers (number of DHW4 and return DHW6)

using all candidate adaptive SNPs.

3.5 A polygenic score for heat tolerance

The effective dose to exhibit a 50% bleaching threshold in each coral individual (ED50) was
used as the response variable to understand the strongest predictors of heat tolerance in relation
to symbiont, host genetic, and environmental trends. The strongest heat tolerance predictors
included the interaction between the number of mild heatwaves between 1985-2020 (p <0.001)
and the number of recent, severe heatwaves between 2016-2020 (p < 0.035). The additive fixed
effects of symbiont community structure significantly influenced heat tolerance (Symbiont
PC2; p =0.014). Interestingly, there was no significant effect of host cryptic speciation (Host
PC1; p = 0.442) or host polygenic score (PGS; p = 0.928) in driving heat tolerance of A. cf

humilis.
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ED50 values were modelled in a redundancy analysis against (1) the two host adaptive
genetic axes, as well as the main thermal predictor, and (2) the number of long-term, mild
heatwaves experienced between 1986-2020. Individuals of lower phenotypic heat tolerance
tended to occur on reefs where mild heatwaves were not as frequent (Figure 5.4a). In contrast,
individuals with high phenotypic heat tolerance (ED50 > 8) only occurred on reefs where more
frequent, mild heatwaves had been experienced (Figure 5.4b). Genetic clustering also occurred
strongly for individuals with high ED50s on reefs experiencing more frequent, mild heatwaves

(Figure 5.4b).
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Figure 5.4. A bleaching predictor model for phenotypic heat tolerance. ED50 estimates
against host adaptive genetic axes and the number of mild heatwaves (DHW4) for individuals
experienced less than 7 events where DHW >4 between 1986-2020 (a), and those experiencing

more than 7 events where DHW >4 between 1986-2020 (b).
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5.4. Discussion

A bleaching predictor to understand phenotypic heat tolerance

Few studies have simultaneously examined both experimental and natural gene-environmental
associations to detect the drivers of heat tolerance in corals. Here, I used a complementary
approach, incorporating empirical heat tolerance phenotypes, as well as gene-environment
associations to determine the relative influence of host genetics, symbionts, and thermal drivers
in a common coral species. The number of mild heatwaves in the past 35 years explained both
phenotypic heat tolerance thresholds and adaptive loci of the host, indicating the importance
of mild heatwaves on coral heat tolerance. The return time between severe heatwaves over the
past 35 years was a stronger predictor of adaptive loci, whereas severe, recent heatwaves and
symbiont community structure were stronger determinants of phenotypic bleaching responses.
Fuller et al. (2020) also found that symbiont type and local environment were the strongest
predictors of phenotypic bleaching tolerance in Acropora millepora, with a negligible effect of

host adaptation.

Adaptive loci correlate with thermal history metrics

The gene-environment association analysis revealed that putative adaptive loci in Acropora cf
humilis correlated with the frequency of mild heatwaves (1985-2020) and the return time
between strong heatwaves (return DHW®6). In contrast, phenotypic population-level heat
tolerance thresholds of these same corals correlated strongly to the frequency, severity, and
return time between DHW, at both long-term (past 35 years) and short-term (2016-2020). The
lack of recent severe heatwaves in structuring host adaptive loci indicates that more long-term
predictors take several generations to select for more heat tolerant alleles, as adaptation occurs

over generations and not within generations (Drury, 2020; Torda et al., 2017). Therefore, any
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adaptive succession among populations will likely take multiple generations before adaptive
signals can be detected (e.g., 10-15 years).

Short-term heat tolerance variation is likely correlated more to plasticity and
acclimatisation among individuals and populations. Yet these strong marine heatwaves will
potentially manifest as ecological and evolutionary predictors of heat tolerance in the next
decades as climate change repeatedly affects reefs with higher frequency and severity (Selmoni
etal., 2024). By comparing the commonalities and disparities among phenotypic heat tolerance
and gene-by-environment interactions, it is possible to distinguish which predictors are
associated with plasticity within a generation (e.g., recent maximum DHW) compared to

genetic adaptation over generations (e.g., mild heatwaves over 35 years).

Minimal effects of cryptic host speciation or host symbionts on phenotypic heat tolerance
Three cryptic lineages within the Acropora cf humilis species complex were detected from
Australia’s Coral Sea Marine Park, with collected samples predominantly belonged to the
AHCLI1 lineage. When accounting for only the main lineage (AHCL1), minimal population
structure was detected, potentially attributed to the broadcast spawning mode of reproduction
and high gene flow in Acropora spp. (Thomas et al., 2020). Similar patterns of gene flow and
population structure have been observed among broadcast spawning Acroporid species in other
regions, Acropora millepora in the Great Barrier Reef (Fuller et al., 2020) and New Caledonia
(Selmoni et al., 2021), and Acropora spp. across isolated atolls in Western Australia (Thomas
et al., 2024). While greater spatial distance occurs between reefs in the Coral Sea Marine Park,
high gene flow occurs in broadcast spawning corals despite the isolated nature of these reefs.
Heat tolerance among individuals was not significantly affected by cryptic host species.
The effects of cryptic host speciation have previously shown an effect on heat tolerance and

environmental interactions for Stylophora pistillata across the Great Barrier Reef (Meziere et
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al., 2024), and Acropora hyacinthus in American Samoa (Rose et al., 2021). Stylophora
pistillata and A. hyacinthus have lower heat tolerance thresholds than the digitate species
examined in this study, Acropora cf. humilis (Loya et al., 2001), which may explain the lesser
interaction of cryptic speciation and heat tolerance in this study compared to more heat

susceptible coral taxa.

Considerations for bleaching as a heat tolerance metric

Bleaching responses are often a function of the health of the Symbiodiniaceae within the coral
host, corroborating the strong influence of symbiont community composition as a bleaching
predictor. The effect of the environment also potentially attributes to the horizontal mode of
symbiont transmission, where both the host and symbionts have been exposed to various
thermal disturbances prior to acquisition within the host, demonstrated in Chapter 3. While
evidence exists that heat tolerance has a genetic effect and is heritable (Dixon et al., 2015;
Elder et al., 2022; Howells et al., 2021), survival and mortality of coral individuals are
important response variables are likely needed to capture this effect. Therefore, symbiont
centric response variables including Fv/Fm and ED50, while rapid and non-obtrusive, are likely
not capable to detect adaptive signals in association with the genetic architecture of the coral

host.

Conclusion

Our findings indicate the importance of incorporating host adaptation, symbiont community
structure, and thermal history to understand heat tolerance thresholds among individuals and
populations. The lack of host adaptation influence for empirical heat tolerance thresholds
(ED50) indicates that heat stress assays are valid for symbiont-centric questions but may not

be representative as a reflection of host adaptation. Longer-term survival and mortality
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experiments will likely encompass and reflect the predictive nature of both host genetic
architecture and adaptation. However, the frequency of mild heatwaves was a strong predictor
for both experimental and gene-environment methods which highlights the importance of
repetitive, mild heatwaves as an indicator of population and individual level heat tolerance and

should be considered as a predictor across other species, populations, and regions.
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6. General Discussion

6.1 The multifaceted nature of heat tolerance

Understanding variation in the heat tolerance of corals is essential to predict the future of reefs
against a backdrop of climate change. My thesis explored several biological levels of
organisation (i.e., species, individuals, and populations) in relation to multiple drivers (i.e.,
environment, symbionts, and host genetics) to determine the primary factors that influence
coral heat tolerance. The overarching findings indicate that heat tolerance is influenced by
multiple biological and environmental factors, from molecules (host and symbiont genetics) to
seascapes (thermal and environmental history). The type of species emerged as a key trait
where heat tolerance variation occurred (Chapter 2), between genera (Pocillopora and
Acropora), which corroborates previous evidence of hierarchical thermal tolerance among host
taxa (Loyaetal., 2001; Van Woesik etal., 2011). However, different levels of thermal tolerance
emerged between closely related species (Pocillopora meandrina and P. verrucosa), despite
both species maintaining mixed-mode reproduction and vertical transmission of symbionts.
These patterns indicated that the ‘winners’ and ‘losers’ of recurrent coral bleaching events are
not as clear as once thought. While species-level variation is important to predicting
community-level shifts in response to climate change, understanding the genetic and
environmental interactions leading to adaptation can provide further context to understand heat
tolerance among populations over the next century (Lachs et al., 2023; Quigley, 2023).
Consistent patterns in heat tolerance thresholds occurred across populations for all three
species, warranting a deeper investigation into their symbiotic and genetic structure. While
recent and long-term climate history explained partial variation in heat tolerance (Chapter 2),
host and symbiont genetic diversity and adaptive mechanisms were also responsible for

variable patterns in individual and population-level heat tolerance (Chapters 3-5). Heat
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tolerance was significantly attributed to symbiont community composition, particularly for

Acropora cf. humilis which has horizontal transmission of symbionts, therefore allowing for

symbiont interface with the environment and subsequent adaptation to these fluctuating

climatic and environmental conditions (Chapter 3). The variability in Pocillopora heat

tolerance was better explained by differences in symbiont community structure between the

two coral host species (Chapter 3), as well as strong contrasts in population structure of the

host across a large and heterogenous environmental gradient (Chapter 4). Ultimately, this

indicates the importance of assessing species-specific trends in symbiont, host, and

environmental interactions to gain a holistic understanding of heat tolerance at community and

population levels (Figure 6.1).
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Figure 6.1. The multifaceted nature of heat tolerance. (a) Heat tolerance variation occurs across
several biological scales including host species, populations, and individual levels. (b) The
thesis findings indicate increased heat tolerance in Pocillopora compared to Acropora, but
greater symbiont flexibility in Acroporids. Extrinsic processes including thermal history also
mediate heat tolerance, where long-term, mild heatwaves provide increased heat tolerance, and
more recent, severe heatwaves result in less heat tolerant populations and individuals. (¢) Heat
tolerance thresholds and the underlying factors influencing variation. Quantifying heat
tolerance thresholds among populations and understanding the associated predictors can allow

for the management and protection of both tolerant (red) and vulnerable reefs (blue).

6.2 Detecting ecological bright spots

The isolated and remote nature of the Coral Sea atolls allowed for the opportunity to use coral
reefs as ‘natural laboratories’. Specifically, the extensive spatial distances between reefs
provided an opportunity to pinpoint reefs with high and low heat tolerance, as well as the
factors underpinning increased heat tolerance. Ecological bright spots refer to populations that
harbour greater resilience than what would be expected. The concept, first applied to reef fish
diversity and biomass (Cinner et al., 2016) and more recently to reef coral cover and function
(Sully et al., 2022), speaks to the ability (or inability) for populations to adapt to a rapidly
changing climate. In this thesis, several reefs of higher thermal tolerance were detected,
indicating potential sources of ecological ‘bright spots’ where reefs are adapting at a greater
rate, therefore enabling population stability. High latitude and geographically isolated reefs in
the Coral Sea (e.g., Wreck Reef) showed significantly higher heat tolerance ubiquitously across
the three species relative to local thermal conditions. This enhanced heat tolerance was partially
attributed to extrinsic factors such as the frequency and magnitude of historical bleaching

events at this reef (Figure 6.2a-b).
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In parallel with high heat tolerance, Wreck Reef demonstrated high divergence in
symbiont community composition and host population structure among all coral taxa
(Pocillopora meandrina, P. verrucosa, and A. cf. humilis) (Figure 6.2c-d). Environmental
history and population genetic patterns indicate signs of both host and symbiont adaptive
mechanisms. Local adaptation occurring at the distributional limits of coral reef communities
in high latitude reefs are potential attributors to higher heat tolerance or adaptability to
differential environmental fluctuations (Thomas et al., 2017; Underwood et al., 2009). Based
on the findings in this thesis, high latitude reefs in the Coral Sea should be managed and
monitored closely as potential thermal refugia, demonstrated by higher thermal tolerance in

this period of rapid climate change.
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Figure 6.2. Ecological bright spots show higher thermal tolerance in high latitude reefs (a)
was associated with thermal history (b), distinct symbiont communities (c), and strongly

separated host population structure (d).

6.3 Can coral species and populations adapt at the rate of a changing climate?

The experimental, genetic, and environmental data from this thesis indicate that corals can
adapt to marine heatwaves, but not at the rate of current and recent climate change (e.g., the
recent past with 5 bleaching events in 8 years). These data corroborate previous model-based

approaches to identify the rate of heat tolerance in parallel with empirically derived heat
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tolerance thresholds (Lachs et al., 2023; Quigley, 2023). Higher phenotypic heat tolerance at
the population level (Chapter 2), in tandem with shifting symbiont community composition
(Chapter 3) and host adaptive loci (Chapter 5) all correlated to the number of mild marine
heatwaves. This evidence indicates the capacity for coral species and populations to adapt over
generations (both host and symbiont generations). The genetic basis of heat tolerance was
reflected in genotype-environment analyses of Acropora cf. humilis (Chapter 5), where
adaptive loci were most strongly linked to a longer return time in between strong heatwaves,
as well as mild heatwaves (DHW4).

The comparisons between experimental and gene-environment analyses revealed that
longer-term, mild heatwaves were a predictor of phenotypic heat tolerance (measured as
ED50), as well as adaptive loci in the species Acropora ct humilis (Chapter 5). More recent,
severe heatwaves (maximum DHW between 2016-2020) did not influence the adaptive genetic
structure of 4. cf humilis, indicating that while phenotypic heat tolerance is influenced by
severe, recent heatwaves, a 5-year period is not substantial to invoke adaptive and evolutionary
changes. However, the adaptive structure of corals will likely shift in response to the recurrent
frequency and severity of marine heatwaves in the GBR and Coral Sea. This emphasises the
need to continually monitor the phenotypic responses, in parallel with host genetic and

symbiotic structure, to detect shifts in adaptive responses relative to environmental change.

6.4 Broader implications and future directions

There is growing interest among the coral community to combine genotype, phenotype, and
environmental data to predict the vulnerability of reefs in response to the unfolding climate
crisis. One key area of investigation moving forward is to understand genomic offsets in corals
(i.e., genomic vulnerability or maladaptation). Specifically, genomic offsets quantify how

much genetic change will be required for an individual or population to adapt at the rate of
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various climate change trajectories (Capblancq & Forester, 2021; Fitzpatrick & Keller, 2015).
Genomic offsets to 2050 and 2100 climate scenarios have been successfully modelled in the
lodgepole pine across North America to determine spatial areas of high and low genomic
vulnerability (Capblancq & Forester, 2021). This approach can be applied to marine organisms
including corals, with changing model assumptions based on quantitative rates of connectivity
and demographic rates in organisms with larval dispersal.

In tandem with genomic offset predictions for future climate change, proof-of-concept
phenotype-environment studies can validate model simulated predictions using common
garden or reciprocal transplant experiments (Quigley, 2023). This is an essential step to ground
truth accurate predictions of tolerant and vulnerable populations, which can be cross validated
using the same genotypes and populations under both contexts. Importantly, bleaching
projections into 2050 and 2100 will be highly variable based on a) carbon emission scenarios
and b) the rate of adaptation in coral populations. Whether adaptation and acclimation occur
will depend on if heat tolerance is genetically fixed (i.e., adaptation) or is more so driven by
phenotypic plasticity (i.e., acclimatisation) (Lachs et al., 2023; Matz et al., 2018) and the
severity and frequency of marine heatwaves. The information provided in this thesis begins to
uncover these patterns by providing a more comprehensive understanding of heat tolerance
adaptation using both empirical and theoretical knowledge for guiding future directions in

assessing heat tolerance across coral seascapes.

6.5 Concluding remarks

Coral reefs are increasingly threatened by climate impacts in the Anthropocene (Hughes et al.,
2018; Oliver et al., 2018; Smale et al., 2019). As coral reefs continue to face pressures that
threaten their persistence into the future, the factors that determine their survival are complex

but underpinned by interactions with the environment, host, and algal symbionts. My thesis
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builds on the investigation and interpretation of the biological and environmental mechanisms
of adaptation in corals, as measured by acute heat stress experiments and complementary
molecular approaches. Here, the incorporation of both molecules and seascapes clearly
demonstrates that these adaptive mechanisms work at both host and symbiont levels and
provides some hope for increasing thermal tolerance into the future. However, repetitive and
extreme heatwaves question whether the adaptive responses for both the coral host and
symbionts are enough to sustain coral populations and the reefs they build into the future.
Overall, this body of work provides a timely contribution to understanding spatial
heterogeneity in heat tolerance across reefs and species, and the underlying adaptive potential
of corals and their Symbiodiniaceae to historical and contemporary disturbances. Moving
forward, this knowledge can be incorporated in policy, conservation, and restoration to ensure

the best protection of coral reef diversity and function into the future.
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Appendices

Appendix A: Supplementary material to Chapter 2
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Figure S2.1. Coral colonies collected from the nine reefs of the Coral Sea Marine Park ranged in
conditions from healthy (1) to severely bleached (6). Due to an ongoing bleaching event, I sampled
colonies of all bleaching categories to avoid biasing collections towards bleached or unbleached coral
colonies. During collection, each colony was assessed visually for bleaching and scored along a 6-point
scale.
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Figure S2.2. Design of the experimental aquaria system. The system features four heat and light
independent treatments: the maximum monthly mean (MMM), and +3 'C, +6 ‘C and +9 "C from the
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MMM for each reef (a). Standardised temperature ramping profile of the acute heat stress system
includes a 3h ramp up to the treatment temperature, 3h hold at treatment temperature, 1h ramp down to
ambient and 11h hold overnight (b).

Table S2.1. Pulse amplitude fluorometry settings for each reef and experiment. For each experiment,
settings were specified for actinic light (AL, mmol photons m?s'), measuring light intensity (ML),
saturation light intensity (SI, mmol photons m?s™), saturation pulse width (SP, seconds), actinic width
(AW), gain and damp.

Reef AL ML SI SP AW Gain Damp
Saumarez 1 11 8 0.8 0.3 3 2
Wreck 1 11 8 0.8 0.3 3 2
Frederick 1 11 8 0.8 0.3 3 2
Flinders 1 11 8 0.8 0.3 3 2
Herald 1 11 8 0.8 0.3 3 2
Chilcott 1 11 8 0.8 0.3 3 2
Lihou 1 11 8 0.8 0.3 3 2
Moore 1 12 8 0.8 0.3 4 2
Bougainville 1 12 8 0.8 0.3 4 2

Table S2.2. Experimental target temperatures and actual temperature profiles (+ standard deviation)
recorded for the 3-hour hold.

Reef Experimental Targeto Temperature (3h Actual Experimental Temperature (3h hold, °C) (+ SD)

Ambient T3 ot C%6 T9 Ambient T3 T6 T9
Saumarez 29.63 30.9 33.9 36.9 30.40 (= 0.10) 30.95 (£ 0.04) 34.05(x0.33) 36.81(x0.18)
Wreck 29.55 30.41 3341 3641 | 29.71 (£0.13) 30.41 (£0.06) 33.20(£0.16) 36.24 (+0.33)
Frederick 29.98 30.77 33.77  36.77 | 30.02 (+0.17) 30.64 (£0.16) 33.47(£0.95) 35.73(x1.16)
Flinders 30.67 31.64 34.64 37.64 | 30.74 (£ 0.08) 31.66 (= 0.08) 34.74 (£ 0.45) 37.56 (+0.51)
Herald/Chilcott | 29.93 31.65 34.65 37.65 | 30.16 (£0.13) 31.66 (£ 0.19) 34.72 (£ 0.48) 36.83 (£ 0.94)
Lihou 30.48 31.44 3444  37.44 | 30.52 (+0.04) 31.43 (£0.16) 34.43 (£ 0.38) 37.28 (+0.39)
Moore 30.45 31.83 34.83  37.83 | 30.63 (+0.06) 3191 (£0.12) 3490 (£0.51) 37.32 (% 0.60)
Bougainville 29.99 31.96 3496  37.96 | 30.57 (+0.05) 32.06 (£0.24) 34.97(£0.36) 36.33(+0.90)
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1. Species Models

Table S2.3. Model parameters and Akaike’s Information Criteria (AIC) index for log-logistic ‘Species’
model selection.

Model Slope (b) Upper asymptote (d) ED50 (e) Random DF AlCc
name Factors
Species. 1 1 1 Species e ~ 1|Reef -2131.489
Species.2 1 Species Species e ~ 1|Reef -2179.997
Species.3 Species 1 Species e ~ I|Reef -2171.099
Species.4 Species Species Species e ~ 1|Reef 11 -2203.347
Species.5 1 Species Species e ~ Reef | 10 | -2177.997
Depth
Species.6 1 Species Species e ~Reef| Tank | 10 | -2177.081
Species.7 1 Species Species*catBleaching | e ~ 1|Reef 15 | -2181.960
Species.8 1 Species*catBleaching Species e ~ 1|Reef 15 | -2230.468
Species.9 1 Species*catBleaching Species*catBleaching | e~ 1|Reef 21 | -2244.262
Species.9.1 | 1 Species*catBleaching Species*catBleaching | d +e ~ 1|Reef 23 | -2277.888
Species9.2 | 1 Species*catBleaching Species*catBleaching | d + e ~ 1|Reef 23 | -2982.373
Species9.3 | Species*catBleaching Species*catBleaching Species*catBleaching | b+d+e~ 34 | -3109.717
1|Reef
Species9.5 | catBleaching Species*catBleaching Species*catBleaching | b+d+e~ 28 | -3034.841
1|Reef
Healthy Fair Poor

PSll-yield

3 6

9

Temp. above local MMM (°C)

A. cf humilis
® P. meandrina
® P. verrucosa

Fig S2.3. Model outputs of ‘Species’ ED50 models grouped by Bleaching Category at the time of coral
collection. PSllI-yield (F\/Fm) is modelled against relative temperature above local MMM to obtain
ED50 values. Corals were partitioned into three groups: Healthy (Bleaching Score 5-6), Fair (Bleaching
Score 3-4) and Poor (Bleaching Score 1-2). Coloured lines represent each of the three species.
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Table S2.4. Estimated marginal means for Species non-linear mixed effects model. See
https://github.com/HugoBH/CoralSea-ED50-GCB for contrast plots. (SE: Standard Error, df: degrees

of freedom, lower and upper CL: Confidence Limits)

Species Estimate SE df lower.CL upper.CL

A. cf humilis 7.05 0.154 1148 6.75 7.35

P. meandrina 7.42 0.159 1148 7.11 7.74

P. verrucosa 7.74 0.16 1148 7.43 8.06
Table S2.5. Pairwise contrasts for Species non-linear mixed effects model. See
https://github.com/HugoBH/CoralSea-ED50-GCB for contrast plots. (SE: Standard Error, df: degrees
of freedom)

Contrast Estimate SE df t.ratio p.value

A. cf humilis - P. meandrina -0.376 0.0765 1148 -4914 <.0001

A. cf humilis - P. verrucosa -0.696 0.0767 1148 -9.067 <.0001

P. meandrina - P. verrucosa -0.32 0.0857 1148 -3.733 0.0006

134



2. Reef Models

Table S2.6. Model parameters and Akaike’s Information Criteria (AIC) index for log-logistic ‘Reef’
model selection. Models were developed using A. cf humilis data to test model selection criteria. Model
outputs and descriptions of selection can be found at https://github.com/HugoBH/CoralSea-ED50-

GCB.
Model name Slope | Upper asymp (d) ED50 (e) Random Factors df AlCc
(b)
Reef.ahum.1 1 1 Reef e~ 1|Vial 10 -1177.798
Reef.ahum.2 | 1 Reef Reef e~ 1|Vial 15 -1221.154
Reef.ahum.3 1 Reef*catBleaching Reef*catBleaching | e ~ 1|Vial 39 -1220.852
Reef.ahum.4 1 Reef Reef*catBleaching | e ~ 1|Vial 27 -1221.605
Reef.ahum.5 1 Reef*catBleaching Reef e~ 1|Vial 27 -1225.515
Reef.ahum.6 | 1 Reef Reef d ~ ljcatBleaching + e ~ 15 -1221.154
1|Vial
Reef.ahum.7 1 Reef Reef e ~ 1|catBleaching 15 -1221.154
Reef.ahum.8 1 Reef Reef d ~ 1|catBleaching 15 -1221.154
Reef.ahum.9 1 Reef Reef d+e~1|Vial 17 -1217.154
Reef.ahum.10 | 1 Reef Reef d + e ~ 1|catBleaching/Vial 20 -1211.154
Reef.ahum.11 | 1 Reef Reef d + e ~ l|catBleaching 17 -1217.154
A. cf humilis P. meandrina P. verrucosa
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Figure S2.4. Comparisons of model outputs for ‘combined’ and ‘separate’ model outputs for reef
ED50s. Relative ED50 estimates (temperature above local MMM) are modelled for each species
(panels) and reef. Combined (grey) points show the combined model, which includes all reefs into a
single model, but only includes reefs that are present for all three species. Separate (blue) points show
the separate model ED50 estimates that are estimated separately for each species, in order to include all
reefs from the datasets.

135



Table S2.7. Tukey’s pairwise comparisons derived from emmeans for Acropora cf. humilis from the
‘Reef” non-linear mixed effects model.

Contrast Estimate SE df t.ratio p-value
Bougainville - Chilcott -0.2083 0.144 468 -1.447 0.8346
Bougainville - Flinders -0.2288 0.135 468 -1.69 0.6938
Bougainville - Frederick -0.0943 0.151 468 -0.626 0.9985
Bougainville - Herald 0.3385 0.148 468 2.287 0.3028
Bougainville - Lihou -0.3057 0.14 468 -2.187 0.3614
Bougainville - Moore 0.0612 0.145 468 0.423 0.9999
Bougainville - Wreck -1.5534 0.127 468 -12.208 <.0001
Chilcott - Flinders -0.0205 0.147 468 -0.139 1
Chilcott - Frederick 0.114 0.161 468 0.707 0.9968
Chilcott - Herald 0.5468 0.159 468 3.44 0.0146
Chilcott - Lihou -0.0974 0.151 468 -0.645 0.9982
Chilcott - Moore 0.2695 0.156 468 1.731 0.6672
Chilcott - Wreck -1.3451 0.14 468 -9.592 <.0001
Flinders - Frederick 0.1345 0.153 468 0.88 0.9877
Flinders - Herald 0.5673 0.151 468 3.756 0.0048
Flinders - Lihou -0.0769 0.139 468 -0.553 0.9993
Flinders - Moore 0.29 0.146 468 1.992 0.4881
Flinders - Wreck -1.3246 0.135 468 -9.834 <.0001
Frederick - Herald 0.4328 0.165 468 2.624 0.1499
Frederick - Lihou -0.2114 0.157 468 -1.349 0.8792
Frederick - Moore 0.1555 0.162 468 0.963 0.9793
Frederick - Wreck -1.4591 0.147 468 -9.897 <.0001
Herald - Lihou -0.6442 0.155 468 -4.156 0.001
Herald - Moore -0.2773 0.16 468 -1.737 0.6629
Herald - Wreck -1.8919 0.144 468 -13.113 <.0001
Lihou - Moore 0.3669 0.15 468 2.449 0.2203
Lihou - Wreck -1.2477 0.139 468 -8.98 <.0001
Moore - Wreck -1.6146 0.143 468 -11.293 <.0001
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Table S2.8. Tukey’s pairwise comparisons derived from emmeans for Pocillopora meandrina from the
‘Reef” non-linear mixed effects model.

Contrast Estimate SE df t.ratio p-value
Bougainville - Chilcott 0.00496 0.15 271 0.033 1

Bougainville - Flinders -1.02701 0.18 271 -5.717 <.0001
Bougainville - Frederick 0.02894 0.148 271 0.195 1

Bougainville - Herald -0.16248 0.211 271 -0.771 0.9975
Bougainville - Lihou 0.12858 0.203 271 0.633 0.9994
Bougainville - Moore -0.17636 0.149 271 -1.184 0.9593
Bougainville - Saumarez -0.7757 0.146 271 -5.298 <.0001
Bougainville - Wreck -0.94347 0.136 271 -6.951 <.0001
Chilcott - Flinders -1.03197 0.194 271 -5.318 <.0001
Chilcott - Frederick 0.02398 0.163 271 0.147 1

Chilcott - Herald -0.16743 0.22 271 -0.762 0.9977
Chilcott - Lihou 0.12362 0.208 271 0.594 0.9996
Chilcott - Moore -0.18131 0.161 271 -1.123 0.9704
Chilcott - Saumarez -0.78065 0.164 271 -4.758 0.0001
Chilcott - Wreck -0.94842 0.154 271 -6.144 <.0001
Flinders - Frederick 1.05595 0.188 271 5.603 <.0001
Flinders - Herald 0.86454 0.243 271 3.562 0.0128
Flinders - Lihou 1.15559 0.241 271 4.792 0.0001
Flinders - Moore 0.85065 0.191 271 4.445 0.0004
Flinders - Saumarez 0.25131 0.184 271 1.366 0.9095
Flinders - Wreck 0.08355 0.176 271 0.475 0.9999
Frederick - Herald -0.19141 0.22 271 -0.871 0.9943
Frederick - Lihou 0.09964 0214 271 0.465 0.9999
Frederick - Moore -0.20529 0.161 271 -1.273 0.9382
Frederick - Saumarez -0.80463 0.157 271 -5.132 <.0001
Frederick - Wreck -0.9724 0.147 271 -6.605 <.0001
Herald - Lihou 0.29105 0.258 271 1.128 0.9695
Herald - Moore -0.01388 0.219 271 -0.063 1

Herald - Saumarez -0.61322 0.219 271 -2.797 0.1212
Herald - Wreck -0.78099 0.212 271 -3.678 0.0085
Lihou - Moore -0.30493 0.211 271 -1.446 0.8788
Lihou - Saumarez -0.90427 0.218 271 -4.147 0.0015
Lihou - Wreck -1.07204 0.211 271 -5.09 <.0001
Moore - Saumarez -0.59934 0.16 271 -3.737 0.0069
Moore - Wreck -0.76711 0.151 271 -5.082 <.0001
Saumarez - Wreck -0.16777 0.141 271 -1.187 0.9587
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Table S2.9. Tukey’s pairwise comparisons derived from emmeans for Pocillopora verrucosa from the

‘Reef’ non-linear mixed effects model.

Contrast Estimate SE df t.ratio p-value
Bougainville - Flinders -0.5949 0.0938 229 -6.339 <.0001
Bougainville - Herald 0.2514 0.1373 229 1.83 0.4483
Bougainville - Lihou -0.224 0.1311 229 -1.709 0.5275
Bougainville - Moore -0.0317 0.1418 229 -0.224 0.9999
Bougainville - Wreck -0.5736 0.1311 229 -4.375 0.0003
Flinders - Herald 0.8463 0.1536 229 5.511 <.0001
Flinders - Lihou 0.3708 0.1314 229 2.822 0.0576
Flinders - Moore 0.5631 0.1481 229 3.801 0.0025
Flinders - Wreck 0.0212 0.1348 229 0.157 1
Herald - Lihou -0.4754 0.1798 229 -2.644 0.091
Herald - Moore -0.2832 0.1844 229 -1.535 0.6418
Herald - Wreck -0.825 0.1785 229 -4.623 0.0001
Lihou - Moore 0.1923 0.1728 229 1.112 0.8759
Lihou - Wreck -0.3496 0.1611 229 -2.17 0.2559
Moore - Wreck -0.5419 0.1746 229 -3.104 0.0259

Table S2.10. Summary tables derived from emmeans for relative temperature ED50 values related to
each reef and species combination (95% confidence intervals).

Reef A. cf humilis P. meandrina P. verrucosa
Frederick 6.8 (6.56-7.03) 7.06 (6.83-7.29) -

Herald 6.37 (6.14-6.59) 7.25 (6.88-7.62) 7.26 (7.01-7.51)
Chilcott 6.91 (6.7-7.13) 7.08 (6.85-7.31) -

Bougainville 6.7 (6.52-6.89) 7.09 (6.89-7.28) 7.51 (7.4-7.63)
Moore 6.64 (6.42-6.86) 7.26 (7.03-7.49) 7.54 (7.27-7.81)
Lihou 7.01 (6.8-7.22) 6.96 (6.61-7.31) 7.74 (7.48-7.99)
Flinders 6.93 (6.74-7.13) 8.11 (7.81-8.42) 8.11 (7.93-8.28)
Saumarez - 7.86 (7.63-8.09) -

Wreck 8.26 (8.08-8.43) 8.03 (7.83-8.23) 8.09 (7.83-8.34)

Table S2.11. Summary tables derived from emmeans for absolute temperature ED50 values related to
each reef and species combination (95% confidence intervals).

Reef A. cf humilis P. meandrina P. verrucosa
Frederick 34.57 (34.33-34.80) 34.83 (34.60-35.06) -

Herald 34.96 (34.73-35.18) 35.84 (35.47-36.21) 35.85(35.60-36.10)
Chilcott 35.50 (35.29-35.72) 35.67 (35.45-35.90) -

Bougainville 35.67 (35.48-35.85) 36.05 (35.85-36.24) 36.47 (36.36-36.59)
Moore 35.47 (35.26-35.69) 36.09 (35.86-36.32) 36.37 (36.10-36.64)
Lihou 35.45 (35.24-35.66) 35.40 (35.05-35.75) 36.18 (35.92-36.43)
Flinders 35.57 (35.38-35.77) 36.75 (36.45-37.06) 36.75 (36.57-36.92)
Saumarez - 35.76 (35.53-35.99) -

Wreck 35.67 (35.49-35.84) 35.44 (35.24-35.64) 35.50 (35.24-35.75)

138



3. Relative ED50 Environmental and Climatic Predictors Model

Table S2.12. Definitions for 24 environmental and thermal history (climatic) variables considered for
model parameters. Climatic and thermal history metrics were calculated from NOAA Coral Reef Watch
Operational Daily Near-Real-Time Global 5-km Satellite Coral Bleaching Monitoring Product Version
3.1 for each site within reef from 1986— 2020.

Parameter Definition (based on NOAA)

Complexity Averaged across 4 transects on a scale of 1-5

DHW2020 Number of Degree Heating Weeks (DHW )experienced during the time of
experiments conducted in 2020

DHW2 Number of DHW events greater than 2 °C-weeks between 1986 - 2020

DHW?3 Number of DHW events greater than 3°C-weeks between 1986 - 2020

DHW4 Number of DHW events greater than 4°C-weeks between 1986 - 2020

DHW6 Number of DHW events greater than 6C-weeks between 1986 - 2020

DHWS Number of DHW events greater than 8°C-weeks between 1986 - 2020

DHW9 Number of DHW events greater than 9°C-weeks between 1986 - 2020

Lat Latitude

Long Longitude

maxDHW Maximum DHW experienced between 1986 - 2020

maxSST Maximum Sea Surface Temperature (SST) between 1986 - 2020

meanDHW Average DHWs experienced between 1986 - 2020

meanSST Average Sea Surface Temperature (SST) between 1986 - 2020

minSST Max Sea Surface Temperature (SST) between 1986 - 2020

MMM Maximum Monthly Mean SST between 1986 - 2010

rangeSST Range between Max and Min SST values between 1986 - 2020

Recent.maxDHW Maximum DHW exposure between 2016 - 2020

Recent.meanDHW Average maximum DHW exposure between 2016 - 2020

ReefArea Size of reef polygons in hectares (3dGBR)

ReturnDHW3 The return time in years between events where DHW exceeded 3°C-weeks

ReturnDHW4 The return time in years between events where DHW exceeded 4°C-weeks

ReturnDHW6 The return time in years between events where DHW exceeded 6°C-weeks

varSST Variability in SST between 1986 - 2020
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Figure S2.5. Plots of 24 environmental and climatic variables measured against relative ED50 values
derived from ‘Species’ and ‘Reef” models. Coloured lines represent the three species. See Table S12
for detailed descriptions of how each climatic or environmental variable was calculated.
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Figure S2.6. Correlation matrix of relative ED50s for coral species (Acropora cf humilis, Pocillopora
meandrina, and Pocillopora verrucosa) against the 24 environmental and climatic variables.
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Figure S2.7. Climatic predictors that were included in the dredging model to obtain the model of best
fit for relative ED50s among reefs and species. These predictors were chosen based on their low
collinearity amongst other present variables, and high correlation to Species and Reef ED50 values.
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Figure S2.8. Number of individual colony fragments for each species and bleaching score. Bleaching
score of ‘1’ represents the most bleached, and score of ‘6’ the least bleached. Corals were collected
from Acropora cf. humilis, Pocillopora verrucosa and Pocillopora meandrina.
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Figure S2.9. Raw, un-transformed photosynthetic yield (Fv/Fm) data in relation to bleaching scores.
Each panel represents one of the three species: Acropora cf. humilis, Pocillopora verrucosa and
Pocillopora meandrina. Coloured lines represent each of the four experimental treatments at 0 °C, 3
°C, +6 °C and +9 °C above local MMM. Bleaching scores range from most bleached (‘1’) to least
bleached (‘6) as scored using a Coral Watch Health Chart ‘D’ Colour Chart.

Table S2.13. Estimates for environmental predictors of relative heat tolerance derived from a linear
model with three environmental predictors: the number of events where DHW >4, the recent mean
maximum DHW and the return time between events where DHW > 6. An interaction term between
each coral species x DHW4 is also included in the model.

Fixed effect Estimate SE t Pr(>f)
Species (4. cf humilis) 5.78952 0.76071 7.611 <0.001
Species (P. meandrina) 1.84012 0.55064 3.342  0.005
Species (P. verrucosa) 2.19242 0.60783 3.607 0.003
returnDHW6 0.05255 0.02162 2431 0.028
Species (4. c¢f humilis) x DHW4 0.25490 0.06028 4.229 <0.001
Species (P. meandrina) x DHW4 -0.20679 0.07812 -2.647 0.018
Species (P. meandrina) x DHW4 -0.21270 0.08280 -2.569  0.021
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Figure S2.10. Ten environmental variables that exhibited moderate to high collinearity with relative
EDS50 values (R > 0.40). Six of these variables were removed from the model selection criteria due to

high collinearity (> 0.80) with other variables in the model (DHW2020, Lat, meanSST, minSST,
MMM, rangeSST).
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4. Absolute ED50 Environmental and Climatic Predictors Model

A case can be made to use absolute ED50 values instead of relative ED50 values to consider
the effects of MMM on ED50 and its interaction with other environmental drivers. However, I
caution this experimental design is not necessarily fit to measure absolute ED50s since they
were conducted relative to MMM. To do so, I would suggest having consistent temperature
treatments across all sampled populations rather standardised to MMM. Nevertheless, I
explored the relationship between absolute ED50 values and this suite of environmental and
climatic variables to investigate whether it changes the drivers of heat tolerance in corals.
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Figure S2.11. Plots of 24 environmental and climatic variables measured against absolute ED50 values
derived from ‘Species’ and ‘Reef” models. Coloured lines represent the three species. See Table S12
for detailed descriptions of how each climatic or environmental variable was calculated.
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Figure S2.12. Correlation matrix of absolute ED50s for coral species (Acropora cf humilis, Pocillopora
meandrina, and Pocillopora verrucosa) against the 24 environmental and climatic variables.
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Figure S2.13. Nine environmental variables that exhibited moderate to high collinearity with absolute
ED50 values (R > 0.30). Five of these variables were removed from the model selection criteria due to
high collinearity (> 0.80) with other variables in the model (Lat, Long, maxSST, meanSST, maxDHW).
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Figure S2.14. Climatic predictors that were included in the dredging model to obtain the model of best
fit for absolute ED50s among reefs and species. These predictors were chosen based on their low
collinearity amongst other present variables, and high correlation to Species and Reef absolute ED50

values.

Table S2.14. Estimates for environmental predictors of absolute heat tolerance derived from a linear
model with the fixed effects of Species, Maximum Monthly Mean, the recent maximum DHW and the

return time between events where DHW > 6. No species interactions were included in this model.

Fixed effect Estimate SE Pr (> 7))
Species (4. cf humilis) 28.26421 6.56317 4306 <0.001
Species (P. meandrina) 0.38856 0.16961 2291 0.035
Species (P. verrucosa) 0.77659 0.19066 4.073 <0.001
MMM 0.30933 0.19298 1.603  0.127
recent. maxDHW -0.18039 0.12601 -1.432  0.170
returnDHW6 0.06616 0.02420 2733 0.015
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Figure S2.15. Absolute heat tolerance ED50s to induce a 50% loss in F,/Fy, relative to absolute
temperatures for nine reefs and three coral species.
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Appendix B: Supplementary material to Chapter 3

Library Statistics

Table S3.1. Reef sampling locations, GPS latitude (S) and longitude (E) coordinates and sample
collection dates. The number of samples for Pocillopora verrucosa, Pocillopora meandrina,
Pocillopora haplotype 8a and Acropora cf. humilis that were collected at each reef. Reefs are sorted
from lowest to highest latitude.

Reef GPS coordinates GPS coordinates Collection Number of samples collected
(S) (E) date (P. meandrina) (P. verrucosa) (Haplotype 8a) (A. cf humilis)

Osprey 13.88078 146.5588 11/3/2020 4 11 - 14
Bougainville 15.49273 147.08638 10/3/2020 10 18 10 22
Moore 15.89218 149.15359 7/3/2020 19 10 7 20
Willis 16.28728 149.9593 6/3/2020 9 14 1 -
Holmes 16.5045 147.99681 8/3/2020 7 20 3 30
Chilcott 16.9315 149.98988 1/3/2020 10 3 3 18
Herald 16.94348 149.18565 29/2/2020 5 11 3 19
Lihou 17.59707 151.48956 4/3/2020 6 18 4 32
Flinders 17.71357 148.43713 27/2/2020 5 26 3 30
Marion 18.98541 152.34488 23/2/2020 11 13 9 36
Frederick 21.0113 154.35043 22/2/2020 13 2 5 17
Saumarez 21.88607 153.64764 18/2/2020 22 - 6 -
Wreck 22.19267 155.33405 20/2/2020 13 6 7 24

148



30 4 Bougainvill Bougainvill Bougainvill Chilcott 1 A

281 %
? va

24 4

30 4 Chilcott 2 Chilcott 4 p Flinders 1 \ Flinders 2 /”R
i Wi~ W \
. / / /

244

30 1 Flinders 5 Flinders 6 Flinders 7 Flinders 8 A

24 4

30 4 Frederick 1 Frederick 2 Frederick 4 Herald 1

26 ¥

244

30 4 Herald 4 Herald 6 Lihou 1 Lihou 2
284
264

24 4

Sea Surface Temperature (°C)

Por
o
>
>

304 Lihou 4 Lihou 5 Lihou 7 Lihou 9

281 % N N w%
26 1

244

304 Moore 3 ,AA Moore 4 Moore 5 Wreck 1

281 \ ‘

264 y

244

304 Wreck 2 Wreck 3 Wreck 4 Nov Jan Mar May
284

26 1 3

24 1 /

Nov Jan Mar May Nov Jan Mar May Nov Jan Mar May

Line Colour: — SST — Climatology —— Threshold —— Experiment

Figure S3.1. Coral sampling during the mass bleaching event of 2020. Panels depict the average SST,
climatology (MMM), and thermal thresholds of each reef from November 2019 — May 2020. Red lines
depict the bleaching event at each reef, and the purple vertical line depicts when the coral sampling was
conducted at each reef. Note that sampling was conducted at the height of the 2020 bleaching event for
all reefs in the Coral Sea in Feb-March 2020.
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were mapped to mtORF reference sequences collated from Pinzon et al. (2013), Forsman et al. (2013),
and Gelin et al. (2017).

euouo %

Axis 1 (43.9 %)

Figure S3.3. Principal Coordinates Analysis (PCoA) illustrating differences between P. meandrina and
P. verrucosa host genetic clusters.
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Figure S3.4. Statistical tests used to measure the genetic differentiation of the coral host among
individuals in P. meandrina. Tests included (a) Principal coordinates analysis, (b) Neighbour-Joining
Tree and (c) Admixture proportion assignments. (a) and (b) are coloured by admixture proportion of
PMCLI.
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Figure S3.5. Statistical tests used to measure the genetic differentiation of the coral host among
individuals in P. verrucosa. Tests included (a) Principal coordinates analysis, (b) Neighbour-Joining
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Joining Tree and (c) Admixture proportion assignments. (a) and (b) are coloured by admixture
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Figure S3.7. Principal Coordinates Analysis (PCoA) results of symbiont community composition,
coloured by reef. Each panel is plotted per host species, including P. verrucosa (a), P. meandrina (b),
and A. cf. humilis (c) coloured by reef.
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Figure S3.8. Principal Coordinates Analysis (PCoA) results of symbiont community composition by
bleaching condition of the host. Each panel is plotted per host species, including P. verrucosa (a), P.
meandrina (b), and A. cf. humilis (c) and coloured by bleaching category of the coral host.

Table S3.2. Environmental Metrics Table. Definitions for 7 climatic and environmental parameters
which were included in the full distance-based redundancy analysis (dbRDA).
Environmental Definition

Parameter
catBleaching Bleaching category/condition of coral at time of coral collection, ranging
from ‘1’ (most bleached) to ‘6’ (least bleached) using Coral Watch Health
Chart D-scale.
Depth Collection depth of corals (m).
DHW2020 DHW experienced at each reef at the time of coral collection between Feb
— March 2020.
Latitude GPS South coordinates.
Longitude GPS East coordinates.
maxDHW Maximum DHW experienced between 1986 - 2020
MMM Maximum Monthly Mean SST between 1986 - 2010
Kd490 Light attenuation at 490 nm between 2010 - 2019.
Secchi Secchi depth at 488 nm between 2010 - 2019
Chla Overall mean chlorophyll g content between 2010 - 2019,
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Figure S3.9. Correlation plots for environmental and biogeographic drivers of symbiont communities
for P. meandrina. Only numeric factors are shown. Refer to SOM Table S2 for definitions of each
environmental variable.
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Figure S3.10. Correlation plots for environmental and biogeographic drivers of symbiont communities

for P. verrucosa. Only numeric factors are shown. Refer to SOM Table S6 for definitions of each
environmental variable.
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Figure S3.11. Correlation plots for environmental and biogeographic drivers of symbiont communities

for Acropora cf humilis. Only numeric factors are shown. Refer to SOM Table S2 for definitions of
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Table S3.3. SymPortal ITS2 Type Profiles for Pocillopora meandrina.

Number of Cumulative
ITS2 Type Profile samples Proportion of samples proportion
p_C1/C42.2/C42g/C42a-C1b-Clau-Claz-C42h-C3 74 0.548 0.548
p_C1/C42.2/C42u-C1b-C42a-Clau-C1151-Claz-C115d 33 0.244 0.793
p_C42u/C42a/C1/C42.2/C42b-C1b-Clau 9 0.067 0.859
p_C42.2/C1/C42a/C1b-Clau-Claz-C3-C115d 5 0.037 0.896
p_C42.2/C1/C42a-C1b-C42g-C42b-Clau-Claz 5 0.037 0.933
p_C42g/C42a/C42.2/C1-C42h-C42b-C1b-Clau 3 0.022 0.956
p_C42g-C42.2-C1-C1b-C42h-C42a-C42ba-C42b 1 0.007 0.963
p_C42a/C1/C42.2/C1b/C1j-Clau-C3-C1151 1 0.007 0.970
p_Al/Alh 1 0.007 0.978
p_Cl5h 1 0.007 0.985
p_C42.2/C1dh/C1/C1d-C1b-C3cg 1 0.007 0.993
p_Clag/C1/C42.2/C1bi-C3cg-C1b-C3cw-C45¢ 1 0.007 1.000
Table S3.4. SymPortal ITS2 Type Profiles for Pocillopora haplotype 8a.
Proportion of Cumulative
ITS2 Type Profile Number of samples samples proportion
p_C1/C42.2/C42g/C42a-C1b-Clau-Claz-C42h-C3 22 0.564 0.564
p_C1/C42.2/C42u-C1b-C42a-Clau-C1151-Claz-
C115d 9 0.231 0.795
p_C42u/C42a/C1/C42.2/C42b-C1b-Clau 2 0.051 0.846
p_C42g/C42a/C42.2/C1-C42h-C42b-C1b-Clau 2 0.051 0.897
p_C42u-C1-C42.2-C42a-C1b-Clau-C115k-C115d 2 0.051 0.949
p_C42.2/C1/C42a/C1b-Clau-Claz-C3-C115d 1 0.026 0.974
p_C1/C42.2/C42g/C42a-C1b-Claz-C3-Clau 1 0.026 1.000
Table S3.5. SymPortal profiles for Pocillopora verrucosa.
Number of Proportion of Cumulative
ITS2 Type Profile samples samples proportion
p_C1d/C1/C42.2/C3-C1b-C3cg-C115k-C45¢c-Clau-C41p 71 0.461 0.461
p_C1d/C1/C42.2-C3cg-C1b-C45¢c-C115k-Clau 36 0.234 0.695
p_C1d/C1/C1ba-C42.2-C3cg-C1b-C115k 13 0.084 0.779
p_C42.2/C1dh/C1/C1d-C1b-C3cg 8 0.052 0.831
p_Clag/C1/C1ah-C42.2-C3cg-Clb 6 0.039 0.870
p_C1d-C42.2-C1-C1k-C1b-C3cg 5 0.032 0.903
p_Clag/C1/C42.2-C3cg-C1b-C1bi 4 0.026 0.929
p_Clag-C1-C42.2-C1bi-C3cg-C1b-C1bk 2 0.013 0.942
p_C1d/C15h-C1-C42.2 2 0.013 0.955
p_C1/C42.2/C42g/C42a-C1b-Clau-Claz-C42h-C3 1 0.006 0.961
p_C1/C42.2/C42u-C1b-C42a-Clau-C1151-Claz-C115d 1 0.006 0.968
p_C3-C3k 1 0.006 0.974
p_Clag/C1-C42.2-C3cg-Clb 1 0.006 0.981
p Cld 1 0.006 0.987
p_Clag/C1/C42.2/C1bi-C3cg-C1b-C3cw-C45¢ 1 0.006 0.994
p_Clag/C1-C1m-C42.2-ClIr-C1bi-C3cg 1 0.006 1.000
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Table S3.6. SymPortal ITS2 Type Profiles for Acropora cf humilis.

Number of Proportion of Cumulative
ITS2 Type Profile samples samples proportion
p_C3k/C3-C50a-C29-C21ab-C3b 160 0.593 0.593
p_C3k/C3-C50a-C21ab-C50f-C3ba-C3dq 52 0.193 0.785
p_C3k/C3-C50a-C3ba-C50f-C3dq-C21-C3a 14 0.052 0.837
p_C3k/C3-C50a-C3jv-C3vx-C3vy 12 0.044 0.881
p_C3bo/C3k-C3-C3bp-C50a-C29 6 0.022 0.904
p_C3k/C3/C1-C50a-C21ab 4 0.015 0.919
p_C3k-C3-C50a-C21ab-C3b 3 0.011 0.930
p_C3k-C3-C50a-C21ab-C50f-C3ba 2 0.007 0.937
p_C1/C42.2 2 0.007 0.944
p_Cl/Clc 2 0.007 0.952
p_C1/C42.2/C42g/C42a-C1b-Clau-Claz-C42h-C3 1 0.004 0.956
p Al 1 0.004 0.959
p_C3/C3k-C29-C21ab-C3b-C3gj-C21.12 1 0.004 0.963
p_C3-C21-C3k-C3at-C3b-C3av-C3dp 1 0.004 0.967
p_C40/C1-C3-Cl115 1 0.004 0.970
p_C42.2/C42a/C1-Clb 1 0.004 0.974
p_C1d/C1 1 0.004 0.978
p_C1/C3k-C1b-C3-C42.2-C1bh-Clbr 1 0.004 0.981
p_C3/C21/C3av-C3at-C3b-C3dp 1 0.004 0.985
p_C3k-C50a-C3cz 1 0.004 0.989
p_C42a/C1-C42.2 1 0.004 0.993
p_C1/C3-Clc-Clb-Clw 1 0.004 0.996
p_C3k/C50a 1 0.004 1.000
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Figure S3.12. Procrustes rotation plots coloured by host cluster. Full Procrustes Rotation Analysis

coloured by host genetic cluster for 4. cf Aumilis.
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Figure S3.13. Procrustes rotation analyses comparisons. Reduced subset of only A. cf humilis cluster
AHCLI1 (left) and all three host genetic clusters (AHCL1, 2, and 3) are shown on the right. Points are
coloured by reef. Each line connects the same individual sample from host (circle) and symbiont

(triangle).
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Appendix C: Supplementary material to Chapter 4

Table S4.1. List of sample collection reefs, their assigned sector groupings, latitude, longitude, and
Maximum Monthly Mean for each reef.

Region Sector Reef Lat Lon MMM
Coral Sea Osprey 13.88078 146.5588 29.01
sl Bougainville 15.49273 147.08638 28.96
Holmes 16.5045 147.99681 28.75
€82 Flinders 17.71357 148.43713 28.64
Moore 15.89218 149.15359 28.83
€83 Willis 16.28728 149.9593 28.69
Chilcott 16.9315 149.98988 28.59
CS4 Herald 16.94348 149.18565 28.59
Lihou 17.59707 151.48956 28.44
85 Marion 18.98541 152.34488 28.08
Frederick 21.0113 154.35043 27.77
CS6 Saumarez 21.88607 153.64764 279
Wreck 22.19267 155.33405 2741
Great Barrier Lagoon 12.3922 143.7394 28.54
Reef Cape Grenville Mantis 12.33836 14386078 2844
Corbett 13.92266 144.24052 28.58
Princess Charlotte Davie 13.96772 144.44553 28.58
Bay 13-124 13.85169 144.09059 28.66
Sandbank 14.19803 144.9055 28.55
Cairns Mackay 16.0384 145.65137 28.63
Chicken 18.40233 147.42382 28.46
Townsville Davies 18.4962 147.37608 28.45
Kelso 18.254064 146.590664 28.63
Lady Musgrave 23.90737 152.38654 27.07
Capricorn Bunker Hoskyns 23.80801 152.2836 27.06
Fitzroy Reef 23.62972 152.13611
Chinaman 22.01369 152.65425 27.42
Swains 22-084 22.00282 152.45695 27.52
21-550 21.96184 152.31235 27.56
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Table S4.2. Number of loci retained after each filtering parameter.

Filtering Step P. meandrina P. verrucosa
All SNPs 43980 44310
Secondaries 27253 25796
Reproducibility (0.98) 22029 21945

Call Rate (0.80) 3696 7283

Read Depth (5x) 3608 6672

MAF (0.05) 2075 3722

0.00 0.05 0.10 0.15

Fst [ A

0.00 0.05 0.10 0.15
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Figure S4.1. P. meandrina genetic pairwise comparisons (Fsr) for a subset reduced to n = 5 randomly
subsampled from each sector (left) compared to the full model with all samples present (right).
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Figure S4.2. P. verrucosa genetic pairwise comparisons (Fsr) for a subset reduced to n = 5 randomly
subsampled from each sector (left) compared to the full model with all samples present (right).
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Table S4.3. Analysis of Molecular Variance (AMOVA) summary statistics for P. meandrina to assess
the proportion of genetic variance explained within samples, between samples, and among sectors.

Obs Std.Obs Alter p-value Sigma %

Variations within samples 118.38 -38.63 0.001 118.38 62.32
Variations between samples 70.13 27.54 0.001 70.13 36.92
Variations between Sector 1.44 2.01 0.035 1.44 0.76
Total variations 189.95 100

Table S4.4. Analysis of Molecular Variance (AMOVA) summary statistics for P. verrucosa to assess
the proportion of genetic variance explained within samples, between samples, and among sectors.

Obs Std.Obs Alter p-value Sigma %

Variations within samples 376.12 -44.03 0.001 376.12 74.07
Variations between samples 130.93 35.95 0.001 130.93 25.79
Variations between Sector 0.72 3.54 0.002 0.72 0.14
Total variations 507.77 100
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Figure S4.3. Isolation-by-distance models for P. meandrina (left) and P. verrucosa (right) using the
log of geographic distance vs. genetic distance (Fy /1-Fy), including significance and correlation using
a Mantel test.
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Figure S4.4. PCAs depicting neutral population structure of P. meandrina (left) and P. verrucosa
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Figure S4.7. Distance-based Moran Eigenvector Models (db-MEMs) for Pocillopora verrucosa.
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Appendix D: Supplementary material to Chapter 5

Fat 1
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Figure S5.1. Variable call rate filtering scenarios indicate comparable outcomes for population-level
global statistics (Fst) and PCAs. Fst call rate scenarios to filter loci with a call rate of 0.80 (a), 0.85 (b),
and 0.90 (¢).
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Figure S5.2. Comparisons of PCAs between all three host lineages (left) and only AHCLI (right).
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genetic lineage (AHCLI1, right) are shown.
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Figure S5.5. Global pairwise comparisons (Fst) among Coral Sea reefs for all host clusters (a) and for
the main cluster only, AHCL1 (b).
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Figure S5.6. Distance-based Moran Eigenvector Models (db-MEMSs) for Acropora cf. humilis. Models
were incorporated as a spatial indicator of geographic distance in gene-environment associations.
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Table S5.1. Akaike information criterion (AICc) scores for different model parameters using ED50 as
a response variable against environmental, host genetic, and symbiont community structure.

Random
Model name Model Parameters Factors AlCc
glm.1 EDS50 ~ Host PC1 + PC2 None 355.59
glm.2 ED50 ~ Host PC1 Reef 266.53
glm.3 EDS50 ~ Host PC2 Reef 267.01
glm.4 ED50 ~ Host PC1 + PC2 Reef 267.71
glm.5 EDS50 ~ Host PC1 + Symbiont PC1 Reef 268.46
glm.6 ED50 ~ Host PC1 + Symbiont PC2 Reef 268.43
glm.7 EDS50 ~ Host PC1 + Symbiont PC1 + Symbiont PC2 Reef 270.25
glm.8 EDS50 ~ Symbiont PC1 + Symbiont PC2 Reef 269.99
glm.9 ED50 ~ Symbiont PC2 Reef 268.48
EDS50 ~ Host PC1 + Symbiont PC2 + recent max
glm.10 DHW Reef 268.99
glm.11 ED50 ~ Host PC1 + Symbiont PC2 + DHW4 Reef 261.36
glm.12 EDS50 ~ Host PC1 + Symbiont PC2 + return DHW6 Reef 270.49
EDS50 ~ Host PC1 + Symbiont PC2 + recent max
glm.13 DHW + DHW4 Reef 263.49
EDS50 ~ Host PC1 + Symbiont PC2 + recent max
glm.14 DHW * DHW4 Reef 245.84
EDS50 ~ PGS + Symbiont PC2 + recent max DHW *
glm.15 DHW4 Reef 247.75
ED50 ~ Host PC1 + PGS + Symbiont PC2 + recent
glm.16 max DHW * DHW4 Reef 247.88
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ED50 ~ PGS(centred) + Symbiont PC2 (centred) +
Host PC1 (centred) + DHW4 (centred) + recent max

glm.17 DHW (centred) Reef 50.26
EDS50 ~ PGS(centred) + Symbiont PC2 (centred) +
Host PC1 (centred) + DHW4 (centred) * recent max

glm.18 DHW (centred) Reef 44.14
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Appendix E: Publications arising from thesis chapters
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