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General Abstract

Coral reefs are built by Scleractinian corals, whose association with intracellular algae
supports high levels of biodiversity and important ecosystem services. The partnership
between corals and their intracellular algal symbionts (family Symbiodiniaceae), supplies the
nutrition critical for tissue and skeletal growth in tropical oligotrophic oceans but makes them
sensitive to environmental change driven by anthropogenic stressors. This is realised on
Australia’s Great Barrier Reef (GBR), where corals are exposed to mass bleaching during
recurrent marine heatwaves and additional cumulative stress from poor inshore water
quality. Coral bleaching is currently understood to result from photo-oxidative stress, but
emerging hypothetical and empirical studies demonstrate that the destabilisation of nutrient
exchange, resulting from nutrient enrichment and/or heat stress, may also be central to the
breakdown of the coral-algal symbiosis. The aim of this thesis is to provide a timely
investigation into the impacts of nutrient availability and metabolism on the bleaching of
corals within the environmental context of the GBR, using the common coral model Acropora

millepora.

Chapter 1 assesses the evidence of nutritional mechanisms of bleaching, demonstrating how
the modulation of carbon translocation from symbiont to host is mediated by the forms and
ratios of environmental nutrients. It is hypothesised that impairment of autotrophic nutrient
provision from the symbionts shifts the symbiotic relationship to one that is detrimental to
the host, which manifests as bleaching. This nutritional model of bleaching is further
discussed in the context of coral heat tolerance, and how this is affected by acclimatisation

and the genetic adaptations of distinct coral-algal partnerships.

Chapter 2 surveys bleaching and recovery (through chlorophyll content) and the composition
of the algal symbiont communities (next-generation sequencing) in A. millepora sampled
from 12 central GBR reefs spanning latitudinal and cross-shelf gradients. Levels of bleaching
and recovery were similar across the cross-shelf sampling gradient throughout the central
GBR in 2017, meaning that inshore impacts of nutrient and sediment exposure did not

enhance the coral bleaching response under severe levels of heat stress (= 5 °C-weeks).



Bleaching and recovery was also largely unrelated to the algal symbiont communities, which
remained stable in their composition of Cladocopium type profiles over time in corals sampled
from most of the studied reefs. Spatial gradients were important drivers of algal symbiont
community structure, with distinct Cladocopium types separated by long-term average
temperatures, and a more diverse range of Cladocopium and Dursudinium type profiles
present on a subset of inshore reefs. Notably, an unprecedented shift from Durusdinium D2
to Cladocopium C21 was observed on one inshore reef, contradicting prior observations that
Durusdinium symbionts confer bleaching resilience. This chapter demonstrates that severe
levels of heat stress (= 5 °C-weeks), rather than local variation in the coral symbiont
communities or water quality conditions, were the predominant driver of coral bleaching

severity in the central GBR during a natural marine heatwave.

Chapter 3 exposes A. millepora sourced from inshore and mid-shelf reefs to ecologically
relevant levels of nutrient enrichment (nitrate and/or phosphate) during a simulated heat
stress event (31.5 °C) in a controlled aquarium experiment. Prior to heat stress, there was
little impact of prior shelf position or nutrient exposure on coral physiology. At elevated
temperatures, corals bleached regardless of nutrient availability, though mid-shelf corals
were clearly more susceptible to bleaching (chlorophyll loss) and damage to photosynthesis
(®PSII, Fy/Fm, respirometry) compared to their inshore counterparts. These patterns of
bleaching were likely explained by the thermal history of corals, which led to higher levels of
accumulated heat stress for the mid-shelf corals, at 3.9 °C-weeks compared to 2.9 °C-weeks
for inshore corals under the single experimental heating profile. Cross-shelf differences were
found in the Cladocopium communities hosted by corals which may have also contributed to
this differential temperature tolerance. This experiment confirms that the levels and duration
of nutrient enrichment which occurs on the inshore GBR during summer does not impact

bleaching susceptibility of A. millepora during mild to moderate heat stress.

Chapter 4 investigates the influence of the coral nutrient metabolism in thermal bleaching
and mortality, using A. millepora from the cross-shelf reefs as in Chapter 3 along with similar
nutrient (nitrate and/or phosphate) and ramp and hold temperature (31.5 °C) treatments.
Instantaneous nutrient cycling (*3C/*°N labelling) was applied alongside measurements of the

nutrient storage (C/N and host protein contents) after simultaneous nutrient and heat stress

X



exposure, and again after a period of “recovery” at ambient temperature (26.0 °C). The initial
suppression of 3C/™>N fixation and translocation was most severe within mid-shelf corals,
corresponding with their increased levels of bleaching. Following heat stress, cross-shelf
differences in the metabolic response continued with loss of carbon and nitrogen observed
in both the host and algal symbionts, along with severe loss of host proteins, continued
bleaching, and moderate levels of mortality. Inshore corals, by contrast, remained relatively
stable after heat stress. The heat stress response of A. millepora was therefore consistent
with the initial reversal of coral nutrient cycling from protein anabolism to catabolism, but
later diverged with coral starvation and mortality primarily limited to the temperature
sensitive mid-shelf corals. This study extends the photo-oxidative theory of thermal
bleaching, to show that nutritional destabilisation is present from the early stages of

bleaching through to the starvation and mortality of corals following severe heat stress.

The General Discussion provides a comprehensive synthesis of the role of nutrients in the
thermal bleaching of a GBR coral. Within the ecological context of the GBR, management to
reduce inshore levels of nutrient pollution will have many known benefits for coral health and
reef resilience. However, it appears unlikely to protect corals from mass bleaching and
mortality under severe heat stress. Overall, this thesis presents comprehensive evidence for
a cascade of nutritional destabilisation within the coral-algal symbiosis under heat stress,
which is likely to explain the patterns of mass bleaching and mortality observed during recent

pantropical marine heatwaves.
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General Introduction

Coral reefs

Tropical coral reefs are marine ecosystems which sustain global hotspots of marine
biodiversity (Fisher et al. 2015; Roberts et al. 2002) and productivity (Brandl et al. 2019; de
Goeij et al. 2013; Gove et al. 2016) in otherwise sparse oligotrophic oceans. As a result,
healthy coral reefs underpin essential ecosystem goods and services (Woodhead et al. 2019),
including fisheries (Newton et al. 2007), coastal protection (Ferrario et al. 2014) and tourism
(Spalding et al. 2017) which, together, are valued at an estimated 2.7 trillion USD per year
(International Coral Reef Initiative et al. 2021). Despite their significance, coral reefs are
suffering acute degradation due to anthropogenic stress (Eddy et al. 2021; Hughes et al.
2017a), primarily through the mass bleaching and mortality of reefs corals owing to global
climate change (Hughes et al. 2018a; Lough et al. 2018). These acute impacts of heat stress
are superimposed on local pressures including overfishing and nutrient pollution which
subsequently impede reef recovery and promote the transition of reefs to novel and
degraded states (Hughes et al. 2017a). Building a comprehensive and nuanced understanding
of the combined and interacting impacts of these global and local drivers (Hughes et al. 2017a)
is critical for informing targeted management actions to stem coral reef decline (Anthony et

al. 2017).

Coral-algal symbiosis: the strength and weakness of coral reefs

Shallow-water corals, which build the structural foundations of coral reefs, are the
amalgamation of a cnidarian host in symbiosis with intracellular algae (Symbiodiniaceae
(LaJeunesse et al. 2018)) and other associated microbiota (Bourne et al. 2016). The coral-algal
symbiosis has evolved highly efficient autotrophic nutrient assimilation, exchange, and
retention mechanisms (Ferrier-Pageés et al. 2016; Muscatine and Porter 1977; Radecker et al.
2015). In healthy corals that live in oligotrophic environments, the coral host environment
constrains inorganic nitrogen supply to the algal symbionts (Falkowski et al. 1993; Radecker

et al. 2021). In turn, these symbionts efficiently fix inorganic nutrients through



photosynthates and translocate these to the host (Muscatine et al. 1984). The constant supply
of nutrients enables the calcifying growth of corals and their production of the aragonite

structures which underpin the development of coral reef ecosystems (Tambutté et al. 2011).

Ironically, the highly optimised nature of the coral-algal symbiosis (Muscatine and Porter
1977) may also underpin its susceptibility to anthropogenic stress, leading to coral bleaching
(Morris et al. 2019; Radecker et al. 2021). Bleaching is the loss of algal symbionts and/or
photosynthetic pigments, and therefore their autotrophic function, from the coral host
tissues (Hoegh-Guldberg 1999). After bleaching corals must consequently rely on
heterotrophic feeding (Grottoli et al. 2006), or their own nutrient stores (Radecker et al.
2021), to survive. Recent evidence suggests that nutritional destabilisation between the host
and symbiont occurs during the early stages of bleaching, following exposure to elevated
temperatures (Baker et al. 2018; Radecker et al. 2021) and/or nutrient stress (see (Morris et
al. 2019) for review). This nutritional destabilisation is thought to lead into a later photo-
oxidative stress response (Weis 2008) and contribute to the mass bleaching of corals seen on
coral reefs (Hughes et al. 2018a). However, further experimental evidence is required to fully
characterise the cascade of nutritional processes (Morris et al. 2019; Radecker et al. 2015),
and potential effects on bleaching and mortality observed following marine heat waves

(Hughes et al. 2018a).

Unique coral host and algal symbiont combinations possess different metabolic and genetic
traits and hence vary in their resilience to thermal bleaching (Baird et al. 2009; Putnam et al.
2017; Suggett et al. 2017). For example, stress tolerant Durusdinium algal symbionts can
confer increasing resistance of corals to nutritional destabilisation (Baker et al. 2013),
bleaching (Berkelmans and van Oppen 2006; Fuller et al. 2020) and mortality (Baker 2001;
Bay et al. 2016) under heat stress. In contrast Cladocopium generally perform best under non-
stressful conditions (Cantin et al. 2009; Jones and Berkelmans 2010; Pernice et al. 2015). At
the same time, acclimatisation to marginal conditions (e.g. poor water quality and elevated
temperature) can increase the heat tolerance of corals (Kenkel et al. 2013a) potentially by
priming coral-algal nutrient cycling against destabilisation (Dixon et al. 2020; Gibbin et al.
2018). A study in the coral model Aiptasia suggests that host and symbiont co-adaptation

contributes the variation in metabolic traits observed in corals (Radecker et al. 2018). Overall,
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mechanisms of coral adaptation and acclimatisation which are known to impact heat
tolerance seem consistent with those mediating the stability of nutrient cycling within the

symbiosis, but this remains to be explicitly tested.

Nutrient and heat stress on the Great Barrier Reef

Australia’s Great Barrier Reef (GBR) represents a key location to study the combined impacts
of nutrient pollution and climate change, due to its current and historic exposure to both
stressors. The GBR has suffered five mass coral bleaching events in a little over two decades
(1998, 2002, 2016, 2017 and 2020), with the three most recent events occurring in rapid
succession (Hughes et al. 2021) due to short-term marine heatwaves superimposed on a
century-long trend of ocean warming (0.8 °C Lough et al. (2018)). This recurrent bleaching has
contributed to half of all coral colonies on the GBR being lost to mortality over a similar
timespan (1995-2017) (Dietzel et al. 2020). Despite the potential for corals to recover in the
absence of disturbance (Australian Institute of Marine Science 2021) further declines are
forecasted if climate change is allowed to continue unabated under current emissions
trajectories (Ortiz et al. 2018; Wolff et al. 2018). Therefore, conventional, and novel
management strategies are now required to ensure the best future for the GBR in the era of

ocean warming (Anthony et al. 2017; Hughes et al. 2017a).

European settlement of the Queensland coastline in the late 1800s led to significant changes
to land use in the catchments adjacent to the GBR (Lewis et al. 2021). It is estimated that,
since then, nutrient inputs into the GBR lagoon have increased 5.7- and 8.9-fold for nitrogen
and phosphorus respectively (Kroon et al. 2012), creating a strong inshore to mid-shelf
gradient of water quality (Waterhouse et al. 2021) relating to the proximity of reefs to major
rivers and their exposure to flood plume impacts. These inputs have physiological
consequences for the coral-algal symbiosis (Shantz and Burkepile 2014) through the
aforementioned destabilisation of internal nutrient cycling (Ezzat et al. 2015; Morris et al.
2019). Nutrient pollution is likely to persist in the GBR lagoon for years to decades after its
initial influx (Brodie et al. 2012), and has thus far resulted in chronically degraded inshore

reefs dominated by stress-tolerant corals (De'ath and Fabricius 2010; Fabricius et al. 2005).



Given the impacts of nutrient pollution on coral physiology and ecology it is unsurprising that
inshore reefs with degraded water quality feature reduced coral abundance and biodiversity

(De'ath and Fabricius 2010; Fabricius et al. 2005).

Concerted efforts are being made to manage GBR water quality through the Reef 2050 Water
Quality Improvement Plan 2017 - 2022 (Commonwealth of Australia and State of Queensland
2018). Modelling studies show that improving water quality can play a key role in building the
resilience of the GBR, given predictions that nutrient-rich riverine flows lowered bleaching
thresholds for inshore corals by > 1 °C during 1998 and 2002 (Wooldridge and Done 2009),
and inhibit the recovery of coral populations following acute stress like bleaching (MacNeil et
al. 2019; Ortiz et al. 2018; Wolff et al. 2018). If improvements to water quality can enhance
coral heat tolerance as proposed (Wooldridge 2009b; Wooldridge et al. 2011), then local
water quality management has the potential to prolong the persistence of reef-building corals
on the GBR, especially when combined with strong actions to curb ocean warming (Logan et

al. 2021).

The relationships between nutrient enrichment and thermal bleaching remain hard to detect
on reefs (Lesser 2021) and severe levels of heat stress have overwhelmed signals of nutrient-
mediated bleaching in French Polynesia (Donovan et al. 2020) and the GBR (Hughes et al.
2017b). Despite the clear importance of experimental studies in understanding nutrient
impacts on coral beaching (reviewed by (Morris et al. 2019)), only one such study investigating
nutrient impacts on GBR coral heat tolerance has been published to date (Fabricius et al.
2013). Uncertainty therefore remains with respect to the effectiveness that local nutrient and
sediment management strategies can have mitigating the effects of ocean warming related
heat stress events (Lesser 2021). Investigations into the physiological and metabolic
consequences of combined nutrient and heat stress are critical to unravel the extent to which

nutrient enrichment may exacerbate mass coral bleaching on the GBR.



Mechanistic interactions between nutrient and heat stress

Nutrient impacts on coral heat tolerance are complex and dependent on the concentrations,
forms, and stoichiometry of available nutrients (Morris et al. 2019). Identified mechanisms
which underpin the role of nutrients in modulating coral heat tolerance include: 1) disruption
to cellular growth and maintenance processes if over-enrichment of one key nutrient drives
limitation of another (Rodriguez-Casariego et al. 2018; Wiedenmann et al. 2013), 2)
modulation of energetic stress in the host where available nutrients stimulate or inhibit
carbon fixation and translocation (Ezzat et al. 2015) and, 3) the impacts of nutrient
enrichment in generating or abating oxidative and nitrosative stress (Fernandes de Barros
Marangoni et al. 2020). Laboratory experiments in which corals are exposed to varying
nutrient levels, generally show that nutrients provided in balanced stoichiometry do not
increase bleaching sensitivity (Dobson et al. 2021; Ezzat et al. 2016b; Hoadley et al. 2016;
Tanaka et al. 2014). In contrast, bleaching can be alleviated by ammonium (Béraud et al. 2013;
Ezzat et al. 2019; Fernandes de Barros Marangoni et al. 2020) or exacerbated by an oversupply
of nitrate relative to phosphate (Fernandes de Barros Marangoni et al. 2020; Wiedenmann et

al. 2013).

Drawing comparisons between laboratory enrichments and the natural environment is
challenging, as nutrient levels that are tightly controlled in aquaria do not necessarily
represent conditions on natural reefs (Lesser 2021), where nutrients are often rapidly
assimilated and transformed by plankton (D'Angelo and Wiedenmann 2014). Recent work on
coral reefs in Mo’orea, French Polynesia, do however associate nutrient enrichment with
coral bleaching. In these cases, existing nitrogen levels (Donovan et al. 2020) or experimental
nitrate enrichment (Burkepile et al. 2019) were found to increase coral bleaching prevalence,
severity, duration and/or resultant mortality, but only during mild heat stress events.
Together, these results suggest that there is mechanistic evidence that nutrient pollution can
exacerbate coral bleaching, however no studies to date have comprehensively linked
exogenous nutrient enrichment to a destabilisation of internal nutrient cycling and

exacerbation of bleaching under heat stress.



Thesis overview

The overarching goal of this thesis is therefore to investigate the role of nutrients in coral
bleaching at the organismal level, using physiological, metabolic, and molecular analyses. The
study specifically investigates the response of the common model GBR reef-building coral A.

millepora subjected to combined nutrient and heat stress.

Chapter 1, published in the journal Trends in Microbiology (Morris et al. 2019), undertakes a
comprehensive review and synthesis of the known experimental evidence implicating
nutritional mechanisms in the process of coral bleaching. The main hypothesises considered
are whether nutrient enrichment uniformly exacerbates bleaching or, if nutrient and heat
stress interactions are more nuanced by influencing symbiont growth, density and/or
function. These hypotheses are then applied to explain how nutritional mechanisms may
mediate coral bleaching across the heterogenous environmental and genetic seascape of

natural reefs.

Chapter 2 examines the evidence for local water quality mediating coral bleaching by
sampling A. millepora during a natural bleaching event. The spatial patterns of the
physiological bleaching response and algal symbiont communities in A. millepora are
investigated during the 2017 bleaching event, across six inshore and six mid-shelf reefs in the
central GBR. Corals were sampled across a latitudinal gradient and thus exposed long-term to
distinct environmental conditions, including water quality and temperature. These gradients
have the potential to profoundly shape the distribution of algal symbiont species and
therefore impact patterns of coral bleaching and recovery. Results from this chapter further
documents cross-shelf patterns in coral physiology and indirectly informs the extent to which
water quality management can be used to mitigate coral bleaching during severe marine

heatwaves.

Chapter 3 investigates how proximate nutrient exposure and the local adaptation of GBR
corals modulates their thermal bleaching response. A. millepora from inshore and mid-shelf

reefs (with distinct water quality and thermal regimes) were collected and exposed to GBR-



relevant levels of nutrient enrichment (nitrate and/or phosphate), followed by simulated heat
stress (31.5 °C) in highly controlled aquarium experiment. Physiological responses and
changes in the algal symbiont communities were followed over the course of the experiment,
identifying how anthropogenic nutrient ratios impacts the heat tolerance of corals among

shelf positions.

Chapter 4 directly tests the hypothesis that nutritional destabilisation leads to the bleaching
and mortality of corals under heat stress. Building upon the experimental design of Chapter
3, A. millepora corals from the same inshore and mid-shelf reefs were exposed to similar GBR-
relevant nutrient and heat stress conditions (nitrate and/or phosphate enrichment at 31.5 °C)
followed by a “recovery” period at a non-stressful temperature (26.0 °C). This experiment
focused on using short- and long-term measures of the coral-algal nutrient metabolism
(3C/*>N stable isotope labelling, coral-algal C/N content and host proteins), to characterise
the full cascade of nutritional destabilisation underpinning heterogeneity in the response of

corals to heat stress.

The General Discussion provides a comprehensive synthesis of the insights on the nutritional
mechanisms of coral bleaching and mortality delivered by this thesis. It also and provides
suggested avenues for future research into how nutrient availability and metabolism
underpin the stability of the coral-algal symbiosis. While there was a lack of evidence for
impacts of water quality impacts on the bleaching of a common GBR coral during a mass
event, a cascade of nutritional destabilisation was found to occur within the coral-algal
symbiosis during bleaching which manifests as the starvation and mortality of corals under
severe heat stress. The nutritional insights provided by this thesis can be applied to advance
the understanding of mass bleaching and mortality events on corals reefs and efforts to

mitigate to impacts of ocean warming through local management approaches.



Chapter 1: Nutrient Availability and Metabolism Affect the

Stability of Coral-Symbiodiniaceae Symbioses

This chapter is published as:
Morris LA, Voolstra CR, Quigley KM, Bourne DG, Bay LK (2019) Nutrient availability and
metabolism affect the stability of coral-Symbiodiniaceae symbioses Trends Microbiol 27:678-

689 doi:10.1016/j.tim.2019.03.004

Highlights

e Mass coral bleaching is occurring at an unprecedented rate due to anthropogenic
ocean warming and represents the greatest threat to coral reef ecosystems globally.

e Coral bleaching has been predominantly attributed to photo-oxidative stress under
elevated temperature and light, but recent experiments have unveiled nutritional
mechanisms that can regulate bleaching.

e Bleaching may result when the coral-Symbiodiniaceae symbiosis shifts from a
mutualistic to a parasitic relationship under thermal stress.

e Nutrient availability, specifically the forms and ratios of nutrients such as nitrogen and
phosphorus, mediates symbiont parasitism.

e Stable metabolic compatibility between the coral host and algal symbiont can

ameliorate bleaching and increase resilience to environmental stress.

Abstract

Coral reefs rely upon the highly optimised coral-Symbiodiniaceae symbiosis, making them
sensitive to environmental change and susceptible to anthropogenic stress. Coral bleaching
is predominantly attributed to photo-oxidative stress, yet nutrient availability and
metabolism underpin the stability of symbioses. Recent studies link symbiont proliferation
under nutrient enrichment to bleaching, however the interactions between nutrients and

symbiotic stability are nuanced. Here, we demonstrate how bleaching is regulated by the



forms and ratios of available nutrients and their impacts on autotrophic carbon metabolism,
rather than algal symbiont growth. By extension, historical nutrient conditions mediate host-
symbiont compatibility and bleaching tolerance over proximate and evolutionary timescales.
Renewed investigations of the coral nutrient metabolism are required to truly elucidate the

cellular mechanisms leading to coral bleaching.

Coral reefs under anthropogenic stress

Coral reef ecosystems are hotspots of biodiversity and productivity, which provide vital and
extensive ecosystem services (Crossland et al. 1991; Fisher et al. 2015; Moberg and Folke
1999). However, these values of coral reefs are under threat due to global mass bleaching
events triggered by ocean warming (Hughes et al. 2018a). Coral bleaching is a stress response
to elevated heat and light levels, where corals lose their algal symbionts (Symbiodiniaceae)
(Hoegh-Guldberg 1999; Laleunesse et al. 2018). Corals acquire most of their energy through
photosynthates translocated by the algal symbionts (Muscatine and Porter 1977) and the loss
of this energy source for long periods can result in starvation and mortality (Hoegh-Guldberg
1999). Bleaching mortality can result in reductions in coral cover, species, and genetic
diversity, leading to ecosystem changes away from a coral-dominated state, which impedes
ecosystem resilience (Graham et al. 2015; Hughes et al. 2018b). Although some reefs remain
resilient and there exists potential to adapt to warming oceans through natural means (Matz
et al. 2018) and human interventions (Anthony et al. 2017), strong reductions in
anthropogenic carbon emissions are ultimately required to ensure the persistence of coral

reefs.

Coral reefs are also impacted by local stressors, which reduce water quality and have the
potential to interact with warming to increase coral bleaching susceptibility (D'Angelo and
Wiedenmann 2014). Changes in land use adjacent to reefs result in primary nutrient
enrichment that can be further altered through biological and physical processes (D'Angelo
and Wiedenmann 2014). Organisms across a range of trophic levels can secondarily modify
the nutrient environment (D'Angelo and Wiedenmann 2014; Radecker et al. 2015) and

localised fishing results in the removal of significant nutrient subsidies from reefs (Allgeier et



al. 2017). Climate change also influences marine biogeochemistry at a global scale, where
increased storm activity intensifies enrichment events through riverine flux and water column
mixing (D'Angelo and Wiedenmann 2014; Knutson et al. 2010; Sinha et al. 2017). In contrast,
ocean warming increases water column stratification which reduces nutrient availability
(Behrenfeld et al. 2006; D'Angelo and Wiedenmann 2014). Synergistically, global and local
drivers and subsequent biological processes not only impact nutrient levels on coral reefs but
also change the forms and ratios of nutrients, making nutrient limitation possible (D'Angelo
and Wiedenmann 2014). Recent experiments suggest that nutrient limitation, rather than
nutrient enrichment per se, lowers the temperature at which coral bleaching occurs (Courtial

et al. 2018; Ezzat et al. 2019; Wiedenmann et al. 2013).

This review will therefore discuss and synthesise the direct impacts of external nutrient
availability on the health of tropical scleractinian corals and demonstrate how this, together

with internal nutrient metabolism, underpins the thermal tolerance of the coral holobiont.

Maintenance and breakdown of the coral-Symbiodiniaceae symbiosis

The nutritional interactions between corals and their algal symbionts permit the existence of
coral reefs in oligotrophic waters (Muscatine and Porter 1977). Tight nutrient recycling within
the symbiosis provides the algal symbionts with respiratory CO, and nitrogenous waste
products and in exchange the coral host receives photosynthetically fixed carbon (Davy et al.
2012). Additionally, the algal symbionts efficiently assimilate dissolved inorganic nitrogen and
phosphorus into the holobiont (Ferrier-Pages et al. 2016; Radecker et al. 2015). Corals also
acquire nutrients through heterotrophic feeding (Houlbréque and Ferrier-Pagés 2009) and
their microbiome through translocation and digestion (Bourne et al. 2016). The relative
modes of nutrient acquisition depend on the individual capabilities of each holobiont
member, for example nitrogen fixation by diazotrophs may compensate for limited inorganic
or heterotrophic nitrogen uptake (Bednarz et al. 2017; Pogoreutz et al. 2017b) and
heterotrophy may compensate for reduced autotrophic capabilities (Houlbreque and Ferrier-
Pages 2009). Metabolic compatibility between individual coral hosts and their algal symbiont

communities likely underpins holobiont performance and their tolerance to environmental
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stress (Radecker et al. 2018; Suggett et al. 2017). But when corals bleach, they are depleted
of their major nutrient source and their chances of recovery are partly determined by their
ability to restore algal symbiont autotrophy or compensate through heterotrophic nutrient
acquisition (Grottoli et al. 2006; Levas et al. 2018; Tremblay et al. 2016). Additionally, nutrient
acquisition and loss through the microbiome changes when corals bleach (Bednarz et al. 2017;
Cardini et al. 2016; Littman et al. 2011; Pogoreutz et al. 2017a; Pootakham et al. 2018). While
corals use heterotrophically-acquired nutrients to help maintain and recover their algal
symbiont populations (Lyndby et al. 2020; Tremblay et al. 2016), the relative contribution of

inorganic nutrient sources to coral autotrophic recovery are not well understood.

At the cellular level, the contemporary and widely accepted understanding of coral bleaching
is one triggered by temperature and light-induced photodamage to the algal symbionts,
leading to oxidative stress in both partners (Weis 2008). However, recent studies have shown
coral bleaching in the absence of heat, light and/or oxidative stress (Nielsen et al. 2018;
Pogoreutz et al. 2017a; Rosset et al. 2015; Rosset et al. 2017; Tolleter et al. 2013;
Wiedenmann et al. 2013) highlighting the existence of alternative pathways to coral bleaching
(Box 1). Importantly, there is now mounting evidence for the role of nutritional mechanisms
in the response of corals to thermal stress and the initiation of bleaching (Baker et al. 2013;
Baker et al. 2018; Ezzat et al. 2016a; Gibbin et al. 2018; Krueger et al. 2018; Krueger et al.
2017; Pogoreutz et al. 2017b; Rosset et al. 2017; Wiedenmann et al. 2013). Therefore, the
internal nutrient metabolism and external nutrient environment should be considered, in

addition to photo-oxidative stress, when predicting the response of corals to thermal stress.

Box 1.1 Coral bleaching in the absence of photo-oxidative stress

Coral bleaching is contemporarily understood to result from photo-oxidative damage to
both corals hosts and their algal symbionts (Weis 2008). More specifically, increased
temperatures render the algal symbionts susceptible to incoming light, resulting in
photodamage and the production of reactive oxygen species (ROS) that can cause cellular
damage to both host and symbiont tissues (Weis 2008). However, recent studies have
shown that coral bleaching can also occur without the characteristic photo-oxidative

stress response (Nielsen et al. 2018; Pogoreutz et al. 2017a; Rosset et al. 2017; Tolleter et

al. 2013).
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Tolleter et al. (Tolleter et al. 2013) observed that thermal bleaching of corals and the coral
model Aiptasia can occur in the dark, independently of ROS. Bleaching was similar in
nature to control organisms (kept under light), demonstrating that high temperatures can
directly damage the photosystems of the algal symbionts (Tolleter et al. 2013). Nielsen et
al. (Nielsen et al. 2018) later found that bleaching independent of ROS can also occur
under light. Although ROS were produced in the symbiont, they were not released to the
host tissues and no attributable physiological effects were detected in host or symbiont
(Nielsen et al. 2018), corroborating field observations that coral superoxide production is
unrelated to bleaching status (Diaz et al. 2016). Furthermore, corals can expel healthy
symbiont populations during thermal stress (Bhagooli and Hidaka 2004; Hill and Ralph
2007; Ralph et al. 2001; Ralph et al. 2005), highlighting that bleaching does not require
photo-oxidative stress and could instead result from a need to eject dividing symbionts

(Baghdasarian and Muscatine 2000).

Coral bleaching can also occur solely from the disruption of coral nutrient metabolism
(Pogoreutz et al. 2017a; Rosset et al. 2015; Rosset et al. 2017; Wiedenmann et al. 2013).
Corals kept under phosphate limitation can only sustain minimal symbiont communities,
with corresponding reductions in host biomass (Rosset et al. 2015; Rosset et al. 2017;
Wiedenmann et al. 2013). Furthermore, increasing the severity of phosphate limitation by
increasing N:P ratios (nitrate enrichment) results in moderate photodamage (Rosset et al.
2017; Wiedenmann et al. 2013). This pathway to bleaching can also originate internally,
for example when N:P ratios are skewed by increased microbial nitrogen fixation within

the coral holobiont (Pogoreutz et al. 2017a).

It is important to note that these examples are not mutually exclusive to the extensively-
characterised photo-oxidative mechanisms of bleaching (Weis 2008). Rather, they point
to nutritional mechanisms of bleaching which exacerbate a later photo-oxidative response
under heat and/or light stress (Pogoreutz et al. 2017a; Wiedenmann et al. 2013;
Wooldridge 2009a).
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The role of nutrients in the early stages of coral bleaching has long been hypothesised (Yonge
and Nicholls 1931), but it was Wooldridge (2009a) who first posited that temperature
increases could shift the algal symbiont populations from mutualism to parasitism. At
elevated temperatures, the relative contribution of the symbionts to the carbon metabolism
of the symbiosis is hypothesised to decrease (Wooldridge 2009a), due to reduced
photosynthate translocation and/or increased host metabolism. Additionally, the symbiont’s
heat/light protection mechanisms, including super-quenching, could halt carbon fixation
without oxidative stress (Slavov et al. 2016). Under these scenarios, the coral host is forced
to catabolise its own carbon reserves to maintain CO; and adenosine triphosphate (ATP)
delivery for symbiont photosynthesis. Once these stores diminish, photosynthetic
dysfunction ensues and triggers coral bleaching through the photo-oxidative pathway (Jones
et al. 1998; Slavov et al. 2016; Weis 2008; Wooldridge 2009a). Carbon limitation has often
been reported in cnidarian-Symbiodiniaceae symbioses (Goiran et al. 1996; Herfort et al.
2008; Marubini et al. 2008; Muscatine et al. 1989b; Radecker et al. 2017; Tansik et al. 2017;
Tremblay et al. 2013; Weis 1993) and the carbon limitation model of bleaching is supported
by recent empirical studies (Baker et al. 2018; Ezzat et al. 2016a; Kenkel and Bay 2018; Krueger
et al. 2018; Krueger et al. 2017; Lyndby et al. 2020; Slavov et al. 2016; Tremblay et al. 2016)
and extends the photo-oxidative theory. Furthermore, external nutrient availability may also
mediate coral bleaching susceptibility through these mechanisms (Ezzat et al. 2015; Ezzat et
al. 2016a; Lyndby et al. 2020; Rosset et al. 2017; Tremblay et al. 2016; Wiedenmann et al.
2013). Therefore, the nutritional status of corals, driven by external conditions and internal

metabolism, can have a profound influence on bleaching susceptibility.

The impacts of nutrient availability on coral health and thermal tolerance

The direct impacts of nutrient enrichment on coral holobiont physiology (Figure 1.1) were
initially controversial since coral reefs exist in a wide range of nutrient environments and
experimental studies failed to yield consistent results (Szmant 2002). However, recent
laboratory studies have clearly linked declines in coral holobiont health to specific nutrient
sources and the ratios they occur in (D'Angelo and Wiedenmann 2014; Houlbréque and

Ferrier-Pages 2009; Shantz and Burkepile 2014). These studies have primarily focused on
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three dissolved inorganic nutrient forms present in reef waters (ammonium, nitrate, and

phosphate) (D'Angelo and Wiedenmann 2014) and organic nutrients in the form of particulate

food (Houlbréque and Ferrier-Pagés 2009). Ammonium (NH4*) is derived from metabolic

processes of the coral host (Radecker et al. 2015) and other reef organisms (Allgeier et al.

2017) and is the preferred inorganic nitrogen source of the algal symbionts (Grover et al.

2003). In contrast, nitrate (NO3’) produced from anthropogenic sources is less favoured

(Grover et al. 2003), perhaps because its utilisation diverts electrons away from

photosynthesis (Ezzat et al. 2015). Phosphate (PO4*) is supplied through a mixture of natural

and anthropogenic sources (Ferrier-Pagés et al. 2016).

(A) Ambient conditions (B) Moderate ammonium and/
or moderate phosphate

(C) High nitrogen and high (D) High nitrate and/or
phosphate low phosphate
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Figure 1.1 Carbon metabolism and health of the coral-Symbiodiniaceae endosymbiosis under

different inorganic nutrient scenarios. (A) Oligotrophic conditions constrain Symbiodiniaceae

growth which stimulates carbon translocation to the host (Ezzat et al. 2015). The
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translocation of photosynthates as dissolved organic carbon (DOC) facilitates the reverse
translocation of inorganic carbon (CO3) and is hypothesised to be integral to the stability of
the symbiosis (Wooldridge 2009a). (B) Moderate enrichments of ammonium (NH4*) and/or
phosphate (PO4*) can increase Symbiodiniaceae abundance and promote photosynthetic
health, enhancing total carbon translocation and coral health (Ezzat et al. 2015; Ezzat et al.
2016a). (C) High dissolved inorganic nitrogen (DIN) and phosphate enrichments stimulate
rapid Symbiodiniaceae population growth, resulting in competition for resources, which
lowers photosynthetic performance and carbon translocation per cell (Ezzat et al. 2015). (D)
Nitrate (NOs’) enrichment and/or phosphate limitation can damage photosynthesis which
greatly reduces total carbon translocation and coral health (Ezzat et al. 2015; Rosset et al.
2017; Wiedenmann et al. 2013). Nutrient conditions which weaken the symbiosis (c, d) can
be expected to act synergistically with thermal stress to further reduce translocation and
induce bleaching (Cunning et al. 2017a; Tremblay et al. 2016; Wiedenmann et al. 2013).
Conversely, nutrient conditions which strengthen the symbiosis (b) may ameliorate

reductions in translocation to increase coral thermal tolerance (Béraud et al. 2013; Ezzat et

Particulate food and moderate levels of ammonium and phosphate tend to benefit coral
holobiont health (Figure 1.1) and increase thermal tolerance (Béraud et al. 2013; Ezzat et al.
2016a; Ezzat et al. 2019; Houlbréque and Ferrier-Pagés 2009; Shantz and Burkepile 2014),
whereas nitrate negatively impacts the coral holobiont (Figure 1.1) and reduces thermal
tolerance unless accompanied by phosphorus (D'Angelo and Wiedenmann 2014; Rosset et al.
2017; Shantz and Burkepile 2014; Wiedenmann et al. 2013). Corals with larger algal symbiont
populations due to enrichments of nitrogen and phosphorus are usually healthy (Shantz and
Burkepile 2014), despite some evidence that dense populations can become parasitic (Figure
1.1) (Anthony et al. 2009; Ezzat et al. 2015; Hoogenboom et al. 2010) and reduce coral thermal
tolerance (Cunning and Baker 2013; Cunning et al. 2015b; Cunning et al. 2017b). Therefore,
the effects of nutrient enrichment on the coral holobiont are mixed, but negative impacts are
largely attributed to increased N:P ratios (D'Angelo and Wiedenmann 2014; Shantz and
Burkepile 2014).
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Symbiodiniaceae growth rates and coral thermal tolerance

Wooldridge (2013) expanded the carbon limitation model of coral bleaching, suggesting that
growing algal symbiont populations under nutrient and thermal stress become parasitic and
induces bleaching. Elevated temperatures can directly stimulate cell division (through
increased metabolism) and the reductions in algal symbiont density during bleaching may free
up resources, including inorganic nitrogen, for the remaining population to grow (Baker et al.
2018; Hoegh-Guldberg and Smith 1989; Levas et al. 2018; Radecker et al. 2015). At the same
time, the dividing algal symbiont populations may retain more photosynthates for their own
growth (Baker et al. 2018; Wooldridge 2013), which could prevent the host from mediating
nitrogen provision to the symbionts (Cui et al. 2019; Radecker et al. 2015). However, this
hypothesis contradicts the finding that ammonium enlarges algal symbiont populations whilst
also increasing thermal tolerance, whereas nitrate increases bleaching susceptibility without
prior enlargement of symbiont density (Figure 1.1) (Shantz and Burkepile 2014). It is
important to note that nitrogen enrichments may not result in increased algal symbiont cell
division per se (Hoegh-Guldberg and Smith 1989; Muscatine et al. 1989a), but rather changes
to the stable density of symbiont populations (Shantz and Burkepile 2014). Therefore, coral
holobionts could simply reach a new and healthy equilibrium that balances nutrient

availability, symbiont growth and carbon translocation under nutrient enrichment.

The opposing impacts of ammonium and nitrate on coral thermal tolerance are better
explained by their relative effects on holobiont carbon metabolism and oxidative stress.
Ammonium stimulates photosynthesis and allows the algal symbionts to maintain
photoprotective pigmentation and carbon translocation to the host under thermal stress
(Figure 1.1) (Béraud et al. 2013; Ezzat et al. 2015; Ezzat et al. 2019). In contrast, increased
nitrate assimilation, due to external enrichment and/or thermal stress encourages symbiont
parasitism (Figure 1.1), where the algal symbionts pass the energetic costs of nitrate
utilisation onto the coral host (Baker et al. 2018; Ezzat et al. 2015; Tanaka et al. 2017).
Therefore, nitrogen enrichment mediates coral bleaching through the carbon limitation
model. However, this is realised through direct impacts on photosynthesis rather than

symbiont growth.
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Symbiodiniaceae density and coral thermal tolerance

An extension to the carbon limitation bleaching hypothesis is that very dense algal symbiont
populations become parasitic due to intercellular competition and thereby reduce coral
thermal tolerance (Cunning et al. 2017a; Wooldridge 2020). In this case, excess nutrients
which enlarge algal symbiont populations to levels at which other resources (e.g. COzand light
availability) limit photosynthetic output are linked to parasitism (Wooldridge 2020). Some
studies correlate algal symbiont density with coral bleaching susceptibility under ambient
nutrient conditions (Cunning and Baker 2013; Cunning et al. 2015b; Cunning et al. 2017b;
Kenkel and Bay 2018), citing increased oxidative stress. However, this is contradicted by
others which suggest that coral holobiont genetic identity is more important, or that self-
shading within dense algal symbiont populations protects against photo-oxidative damage
(Bay et al. 2016; Scheufen et al. 2017b). The impact of symbiont abundance on coral bleaching

susceptibility therefore remains difficult to resolve.

The impacts of algal symbiont abundance on coral carbon metabolism may better explain the
observed impacts on thermal tolerance. Symbiont densities above an optimal range (~1-3 x
106 cells cm depending on coral host species) have the potential to reduce carbon availability
within the coral holobiont (Anthony et al. 2009; Hoogenboom et al. 2010; Wooldridge 2020).
Balanced nutrient enrichments (nitrogen plus phosphorus) lead to the highest algal symbiont
densities but can also reduce carbon translocation per symbiont cell (Figure 1.1) (Ezzat et al.
2015; Shantz and Burkepile 2014). However, total carbon translocation to the host is
unaffected (Ezzat et al. 2015; Kenkel and Bay 2018; Tanaka et al. 2017), indicating that dense
populations remain mutualistic. In general, studies which combine nitrate and phosphate
enrichments with elevated temperature suggest that balanced nutrient enrichments have
little impact on coral thermal tolerance (Courtial et al. 2018; Ezzat et al. 2016b; Hoadley et al.
2016; Tanaka et al. 2014; Wiedenmann et al. 2013), although exceptions can occur (Hall et al.
2018; Vega Thurber et al. 2014). Conversely, corals that are depleted in both nutrients take
on a relatively bleached appearance (Rosset et al. 2015; Rosset et al. 2017; Wiedenmann et
al. 2013) and reduced thermal tolerance (Courtial et al. 2018; Ezzat et al. 2019). Based on

these studies, there is equivocal evidence that dense algal symbiont populations increase the

17



susceptibility of corals to thermal stress. No single study thus far has simultaneously linked
coral carbon metabolism and thermal tolerance with intraspecific variation in symbiont
population size, and/or exposure to balanced nutrient enrichment. This leaves major gaps in
our understanding of how algal symbiont density relates to thermal tolerance and should be

a focus for future research.

Phosphorus stabilises the coral-Symbiodiniaceae symbiosis

Phosphorus has beneficial impacts on coral growth (Shantz and Burkepile 2014) and is integral
to the stability of the coral holobiont (Ferrier-Pages et al. 2016). Without an adequate supply
of phosphate, coral holobionts that are enriched with nitrate can suffer reduced health
(Rosset et al. 2017; Wiedenmann et al. 2013) and impaired carbon metabolism (Figure 1.1)
(Ezzat et al. 2015; Tanaka et al. 2017); negatively impacting their thermal tolerance (Ezzat et
al. 2016b; Wiedenmann et al. 2013). However, corals also require a baseline supply of
phosphate (regardless of nitrogen levels) to maintain autotrophy and thermal tolerance
(Ezzat et al. 2016a; Rosset et al. 2017). A lack of phosphorus limits the synthesis and
maintenance of crucial molecules for cellular growth, including phospholipids (Wiedenmann
et al. 2013) and DNA (Rodriguez-Casariego et al. 2018), which could therefore inhibit cell
division in both coral hosts and the algal symbionts (Ferrier-Pagés et al. 2016; Wang et al.

2013).

The negative impacts of phosphate limitation (relative to nitrate) on the coral holobiont have
been mechanistically linked to the substitution of phospholipids with sulpholipids, which
compromises the stability of algal symbionts’ photosynthetic membranes and renders them
susceptible to heat and light stress (Rosset et al. 2017; Wiedenmann et al. 2013).
Furthermore, there is emerging evidence that high N:P ratios inhibit DNA repair in corals
during thermal stress (Rodriguez-Casariego et al. 2018). Under the high N:P condition, severe
competition for phosphorus can occur where the algal symbionts become parasitic, retain
nutrients (Li et al. 2016; Rosset et al. 2017) and potentially sequester ATP from their hosts
(Lin et al. 2015; Luo et al. 2017). In response, the coral host may digest its’ symbiont

population to recuperate lost nutrients (Tanaka et al. 2018; Thomas and Palumbi 2017). Shifts
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towards phosphorus limitation of the coral holobiont have the potential to severely
compromise the stability of the coral-Symbiodiniaceae symbiosis, leading to carbon

limitation, photo-oxidative stress, and an increased susceptibility to coral bleaching.

Heterotrophic feeding mediates inorganic nutrient availability

Heterotrophic feeding is known to improve the health of corals under ambient conditions
(Houlbréque and Ferrier-Pagés 2009) and when faced with thermal stress (Lyndby et al. 2020;
Tremblay et al. 2016). Heterotrophic food sources contain carbon, in addition to providing
nitrogen and phosphorus (Houlbréque and Ferrier-Pagés 2009), which prevents carbon
limitation under thermal stress and enhances coral resistance to bleaching (Lyndby et al.
2020; Tremblay et al. 2016; Wooldridge 2014). However, heterotrophic feeding is not always
beneficial, particularly under stressful inorganic nutrient conditions (Ezzat et al. 2019; Ezzat
et al. 2016b; Rosset et al. 2015) or when food is of poor quality (Conlan et al. 2018; Fabricius
et al. 2013; Lim et al. 2017; Pogoreutz et al. 2017a; Tagliafico et al. 2018; Tagliafico et al.
2017). When coral holobionts experience stressful inorganic nutrient conditions,
heterotrophic feeding can exacerbate the nutrient imbalance (Ezzat et al. 2016b; Ferrier-
Pages et al. 2018; Rosset et al. 2015) or alternatively, heterotrophic nutrient assimilation may
decrease (Ezzat et al. 2019). Changes to the nutritional composition of food may also have
negative implications for the coral holobiont, particularly when combined with thermal stress
(Conlan et al. 2018; Fabricius et al. 2013; Lim et al. 2017; Tagliafico et al. 2018; Tagliafico et
al. 2017). These findings are particularly relevant given that corals on productive nearshore
reefs rely more on heterotrophic feeding (Fox et al. 2018), due to increased organic nutrient
availability and/or nutrient stress (Ezzat et al. 2019; Ezzat et al. 2016b; Rosset et al. 2015;
Wiedenmann and D'Angelo 2018). Overall, heterotrophic feeding under oligotrophic
conditions provides benefits to the coral holobiont, but stressful inorganic nutrient
environments may decrease food quality or negatively interact with heterotrophy to impact

coral health and thermal tolerance.
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Nutrient availability and the coral microbiome

The coral microbiome (specifically bacteria and archaea) has been implicated in the cycling of
essential nutrients within the coral holobiont and may therefore play a role in the nutrient
metabolism of corals and influence their responses to environmental stress (Bourne et al.
2016). However, the microbial metabolic pathways integrated with the coral host and their
algal symbionts remain poorly characterised (Ferrier-Pageés et al. 2016; Rddecker et al. 2015).
Nitrogen fixation is perhaps the best characterised microbial metabolic function that supports
the coral-Symbiodiniaceae symbiosis (Radecker et al. 2015). Corals harbour a diverse
community of diazotrophs (Benavides et al. 2017) and nitrogen fixation has been observed in
a range of coral species (Cardini et al. 2015; Pogoreutz et al. 2017b) to potentially provide
nitrogen to both the host and algal symbiont tissues (Bednarz et al. 2017). Importantly,
nitrogen fixation is influenced by environmental conditions (Cardini et al. 2015; Cardini et al.
2016; Pogoreutz et al. 2017a; Santos et al. 2014) and has been suggested to both support and
hinder the stability of the coral-Symbiodiniaceae symbiosis (Rddecker et al. 2015). Nitrogen
fixation is known to increase in warm summer conditions, when both external nutrient
availability and algal symbiont populations are low, and putatively allows the coral holobiont
to maintain its productivity through these stressful conditions (Bednarz et al. 2018; Cai et al.
2018; Cardini et al. 2015; Cardini et al. 2016) much like ammonium enrichment (Béraud et al.
2013; Ezzat et al. 2015; Ezzat et al. 2019). However, other studies have linked elevated
nitrogen fixation to thermal stress and bleaching (Cardini et al. 2016; Pogoreutz et al. 20173;
Santos et al. 2014). The activity of nitrogen fixers in corals is known to be stimulated by
dissolved organic carbon (DOC) enrichment, which increases N:P ratios within the coral
holobiont and can lead to bleaching through carbon limitation and photo-oxidative stress
(Pogoreutz et al. 2017a). In the same way, summer conditions on coral reefs coupled with
increased nitrogen fixation could represent a ‘perfect storm’ for coral bleaching, where the
algal symbionts become overwhelmed by a combination of high temperatures, elevated
irradiance, and increased N:P ratios. Furthermore, diazotrophs may act as an additional sink
of carbon and bypass the host’s ability to restrict external nitrogen supply to the algal
symbionts, thereby enhancing the likelihood of coral bleaching. Microbial nitrogen fixation

therefore represents a highly dynamic pathway by which other coral holobiont members can
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acquire nitrogen, however, the consequences of this can differ depending on the

environmental context.

Changes to environmental nutrient conditions may impact the coral microbiome, manifesting
as microbial dysbiosis (Zaneveld et al. 2016) and resulting in coral disease (Vega Thurber et
al. 2014). For example, field and laboratory studies have linked nutrient enrichment to coral
disease, where enrichments of ammonium, nitrate and phosphate induced and/or enhanced
a range of coral diseases including black band disease (Voss and Richardson 2006), yellow
band disease (Bruno et al. 2003), and dark spot syndrome (Vega Thurber et al. 2014). In
addition, these combined nutrient enrichments triggered the production of herpes-like
viruses in Porites compressa (Vega Thurber et al. 2008), while both DOC and nutrient
enrichments were shown to shift the microbiome towards a pathogenic state (Vega Thurber
et al. 2009). However, other studies have shown that the coral microbiome structure does
not consistently respond to nitrate and/or phosphate enrichment (Wang et al. 2018), nor to
DOC or urea enrichment (Pogoreutz et al. 2018). These latter experiments suggest that coral
microbiomes can either shift into unique and random dysbiotic states (Wang et al. 2018), or
remain inflexible (Pogoreutz et al. 2018) under nutrient stress. Therefore, although nutrient
enrichment can be broadly associated with impacting coral health and increasing disease,

relationships with specific nutrient forms are unclear and should be a focus for future study.

Nutrient availability and coral bleaching recovery

It is well established that particulate nutrients ingested by the coral host promote recovery
following thermal bleaching (Grottoli et al. 2006; Levas et al. 2018; Tremblay et al. 2016).
However, information regarding the comparative impacts of inorganic nutrients is lacking.
Heterotrophic feeding can promote recovery from bleaching by alleviating coral carbon
limitation (Tremblay et al. 2016; Wooldridge 2014), whereas bio-energetic modelling
suggests that inorganic nitrogen enrichment has an opposite, detrimental effect (Cunning et

al. 2017a).
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Empirical studies testing inorganic nutrient impacts on corals following thermal stress are few
in number, but nitrate enrichment can either trigger the rapid growth of photodamaged algal
symbionts (Chumun et al. 2013; Ezzat et al. 2016b) or prolong coral bleaching and increase
mortality (Wang et al. 2018). Both responses are well explained by a bio-energetic model
(Cunning et al. 2017a). Firstly, dense algal symbiont communities can form naturally in corals
post-bleaching, owing to a sudden increase in resources per symbiont cell (Cunning et al.
2017a; Cunning et al. 2015b; Levas et al. 2018). Secondly, the growing algal symbiont
population retains photosynthates, delaying recovery of the coral host (Cunning et al. 20173;
Wooldridge 2013). External nitrogen enrichment could therefore be expected to prolong the
carbon-limited status of a bleached coral holobiont and increase the risk of mortality through
starvation. However, to date, the impacts of inorganic nutrient availability on bleaching
recovery have only been tested in experiments that enrich corals throughout thermal stress
(Chumun et al. 2013; Ezzat et al. 2016b; Wang et al. 2018). To fully understand the nutritional
processes involved in coral bleaching recovery, future experiments should apply nutrient
manipulations following thermal bleaching, rather than before, to explicitly separate pre- and

post-bleaching nutrient impacts.

Inorganic nutrient metabolism underpins coral stress tolerance

Evolutionary theory predicts that the stability of nutritional symbioses is controlled by finely
balanced conflict mediation between partners (Bronstein 2009). The same theory can be
applied to the coral holobiont, where selection favours symbiont cells which retain
photosynthates for their own growth, yet the coral host requires symbionts to translocate
photosynthates or else they are eliminated (Blackstone and Golladay 2018). Genetic and
phenotypic variation underpins the environmental stress tolerance of coral holobionts and
may manifest in processes such as the control of inorganic nutrient metabolism, which
mediates whether it is the coral host or the algal symbionts that benefits from autotrophic
carbon fixation (Baker et al. 2018; Blackstone and Golladay 2018; Radecker et al. 2015;
Suggett et al. 2017).
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The processes that regulate the supply of nutrients to the algal symbionts and the subsequent
translocation of carbon are still poorly understood (Davy et al. 2012; Radecker et al. 2015).
However, some coral hosts can actively decrease the N:P ratio of nutrients supplied to the
algal symbionts when at risk of bleaching (Ezzat et al. 2016a; Ezzat et al. 2019; Godinot et al.
2011; Pogoreutz et al. 2017a). Combined transcriptome-metabolome analyses in Exaiptasia
diaphana anemones, common name Aiptasia, also suggests that coral hosts may use
photosynthates to sequester their own ammonium wastes into amino acids (Cui et al. 2019).
Both these actions may represent host-derived mechanisms that act to maintain the algal
symbionts in a nitrogen-limited state and in turn prevent carbon limitation of the holobiont.
However, the algal symbionts have evolved to counteract nitrogen limitation (Aranda et al.
2016), rendering corals susceptible to symbiont parasitism under nitrate enrichment and
thermal stress (Baker et al. 2018; Ezzat et al. 2015; Tanaka et al. 2017). Despite this,
interspecific differences in the nutrient acquisition and utilisation of the symbionts offer a

potential avenue to holobiont stress tolerance (Aranda et al. 2016; Suggett et al. 2017).

Metabolic compatibility between coral and Symbiodiniaceae lineages

Coral holobionts containing high-performance ‘generalist’ algal symbionts (e.g. Cladocopium
goreaui) often outperform more ‘specialised’ stress-tolerant symbionts (e.g. Durusdinium
trenchii), in terms of key traits such as photosynthesis and host growth (Cantin et al. 2009;
Jones and Berkelmans 2012; Little et al. 2004; Mieog et al. 2009). This can be attributed to
the greater fixation and translocation of inorganic carbon and nitrogen by generalist types
(Baker et al. 2013; Cantin et al. 2009; Jones and Berkelmans 2011; Pernice et al. 2015).
However, these trends are reversed at elevated temperatures where stress-tolerant types
outperform generalists (Cunning et al. 2015a; Cunning et al. 2017b; Jones and Berkelmans
2010). These observations may be related to differences in nutrient metabolism, where
thermally tolerant types upregulate their nitrate intake to maintain carbon translocation
(Baker et al. 2013). Hence, thermally tolerant algal symbiont species may convey resistance
to nutrient and/or thermal stress, whereas corals hosting other algal species become carbon-
limited (Baker et al. 2018; Ezzat et al. 2015; Krueger et al. 2018; Krueger et al. 2017; Lyndby

et al. 2020; Tanaka et al. 2017; Tremblay et al. 2016). Furthermore, increased nitrogen

23



availability per symbiont following bleaching can promote recovery of corals with stress-
tolerant types (Levas et al. 2018). It is possible that thermally tolerant species direct additional
nitrogen towards carbon translocation, as their growth rates are low and stable across
environmental conditions compared to other species (Klueter et al. 2017), which may
proliferate and subsequently reduce overall holobiont health (Pogoreutz et al. 2018).
Therefore, the identity of the algal symbionts appears to alter holobiont tolerance to nutrient
and thermal stress through differences in inorganic nutrient metabolism, although this

remains to be fully determined.

Evidence from Aiptasia suggests that both host and algal symbiont identity mediate inorganic
nutrient metabolism and thermal tolerance. The photosynthetic response of Aiptasia to
thermal stress depends on both the host strain and algal symbiont genus: where heterologous

|II

(“novel”) holobionts outperform those that are homologous (“normal”) at elevated
temperatures (Goulet et al. 2005). Similar host-symbiont interactions can occur in corals,
where host species impacts the relative thermal tolerance of holobionts containing different,
yet homologous, algal symbiont genera (Abrego et al. 2008). At the nutritional level, carbon
fixation and nitrogen assimilation by the algal symbionts in Aiptasia has been shown to
depend solely on symbiont identity, whereas host benefits through carbon translocation are
co-dependent on host genotype (Radecker et al. 2018). In this case, the algal symbionts
retained a constant amount of fixed nutrients regardless of their host (Radecker et al. 2018).
In general, homologous holobionts outperform heterologous holobionts as evidenced by
reduced carbon translocation (Matthews et al. 2017; Matthews et al. 2018; Rddecker et al.
2018; Starzak et al. 2014) and growth (Gabay et al. 2018) in heterologous symbioses.
Furthermore, novel symbionts may sustain themselves by manipulating host nitrogen cycling
(Matthews et al. 2018). Although the later observations appear to contradict earlier findings

(Goulet et al. 2005), it remains to be seen how nutrient and thermal stress impact host-

symbiont interactions in nutrient metabolism.
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Phenotypic plasticity in nutrient metabolism

The ability of the coral holobiont to activate mechanisms which maintain and enhance
metabolic compatibility may be partly determined by adaptation or acclimation to their
environment. For example, algal symbionts in warm-acclimated coral holobionts assimilate
less nitrogen and translocate more carbon than their ambient-acclimated counterparts upon
exposure to acute thermal stress (Gibbin et al. 2018). Although both sets of coral holobionts
were physiologically unaffected by thermal stress in this experiment (Gibbin et al. 2018),
other studies have found that acclimation to elevated and variable temperatures prior to
acute thermal stress reduces the severity of coral bleaching (Ainsworth et al. 2016;
Middlebrook et al. 2008; Safaie et al. 2018). Therefore, as part of, or in addition to observed
genetic mechanisms (Barshis et al. 2013), temperature acclimation may help coral hosts to
resist bleaching, by invoking metabolic processes which act to maintain their symbionts in a

mutualistic state.

Similarly, prior exposure to different water quality environments may provide another avenue
for acclimation. Inshore reefs, despite increased exposure to elevated and variable nutrient
and thermal stress compared to those offshore, are often resistant to bleaching (Gintert et al.
2018; Guest et al. 2016; Morgan et al. 2017; van Woesik et al. 2012). In the Florida Keys, the
growth of inshore corals is reduced upon transplantation to new off- or along-shore
environments, suggesting that their thermal tolerance is linked to fine-scale nutritional
specialisation (Kenkel et al. 2015; Kenkel et al. 2013a; Kenkel and Matz 2016). In contrast, the
evolved thermal tolerance of corals in oligotrophic regions, such as the Red Sea, may be highly
sensitive to minor increases in nutrient availability (Fine et al. 2013; Hall et al. 2018).
Combined, these results suggest that the historical nutrient conditions (over proximate and
evolutionarily timescales) can prime coral hosts for the nutritional disruption that occurs

during acute stress.
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Concluding remarks

The coral bleaching process is currently mainly understood through photo-oxidative
pathways, though recent evidence indicates that nutritional mechanisms are involved. The
coral-Symbiodiniaceae relationship is primarily a trophic mutualism, therefore the stability of
this symbiosis is dependent on the balance and exchange of nutrients in response to
environmental conditions. In this review, an integration of novel experimental evidence has
been used to show how nutrient availability and metabolism can mediate coral bleaching with
and without photo-oxidative stress. Nutrient availability has previously been postulated to
influence bleaching susceptibility through increasing symbiont growth rates, however here
we demonstrate that bleaching is better attributed to changes to autotrophic carbon
metabolism, which depend on nutrient form and ratio. Furthermore, historical nutrient
conditions may influence host-symbiont metabolic capability and therefore bleaching
susceptibility. Future experiments should determine how nutrient and temperature
conditions alter the metabolic co-operation and stability of distinct coral-Symbiodiniaceae
combinations (see Outstanding Questions). An added focus should also be placed on
understanding how inorganic nutrients mediate the re-establishment of the coral-
Symbiodiniaceae symbiosis following bleaching. Nutrient metabolism within the coral
holobiont still remains poorly characterised beyond the identification of putative nutritional
pathways and therefore the specific metabolic pathways which destabilise the symbiosis
should be elucidated by manipulating the genes which encode enzymes and transporters
involved in nutrient cycling. To truly understand the cellular mechanisms leading to coral
bleaching, a renewed focus must be placed upon the nutrient metabolism of the coral

holobiont.

Outstanding questions

e How do nutrient and thermal stress interact to affect algal symbiont parasitism and
coral holobiont function? How does this impact coral bleaching susceptibility? Are the

impacts related to algal symbiont density?
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Do nutrient conditions that increase coral bleaching susceptibility, specifically high N:P
ratios, also impact recovery from bleaching? If so, do these facilitate or inhibit coral
recovery?

Do natural nutrient subsidies and anthropogenic nutrient pollution influence coral
thermal tolerance in similar or different ways? Are the impacts the same even when
the nutrients take the same form (e.g. nitrate from runoff versus natural
remineralisation)?

To what extent does the metabolic compatibility of the coral hosts and their algal
symbionts contribute to their thermal tolerance? Are compatible symbioses
susceptible to nutrient stress?

Do stress high-performance generalist symbioses and specialised stress-tolerant
symbioses have common metabolic responses to stress? Can nutrient stress be
unequivocally diagnosed through specific metabolic biomarkers?

Does coral acclimation to environmental stress occur through the reconfiguration of
internal nutrient metabolism? Can acclimation to nutrient stress also increase
resistance to thermal stress, and vice versa?

What are the outstanding mechanisms in which nutrient availability and metabolism

mediate coral holobiont health and stress tolerance?
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Chapter 2: Algal symbiont communities, but not bleaching
severity and recovery of Acropora millepora, vary across
water quality and temperature gradients on the Great Barrier

Reef

Abstract

Australia’s Great Barrier Reefs (GBR) is declining due to multiple anthropogenic stressors,
including the cumulative impacts of riverine nutrient and sediment efflux combined with mass
coral bleaching events which have increased in frequency, severity, and spatial extent.
Laboratory and field experiments demonstrate that ocean warming and inshore water quality
degradation can interact to enhance coral bleaching severity and reduce recovery. However,
links between local-scale stressors (e.g. water quality stressors including nutrient and
sediment pollution) and coral bleaching remain hard to detect, especially during severe
marine heatwaves (= 5 °C-weeks). Colonies of the common reef-building coral Acropora
millepora (n = 460) were sampled from paired inshore and mid-shelf reefs spanning 260 km
of the central GBR, first during the peak of the 2017 bleaching event (March/April) and then
six months later (September). These samples were analysed for their photosynthetic
pigmentation (chlorophyll) levels and/or ITS2 profiling of their algal symbiont communities,
which are known to mediate bleaching tolerance. Both cross-shelf comparisons and those
among individual reefs showed that chlorophyll levels (normalised to host protein) were
spatially homogenous across the central GBR, both during and after the 2017 bleaching event,
but pigment recovery rates following bleaching were greater across inshore reefs.
Cladocopium C3 was the most common algal symbiont for A. millepora, with two C3 type
profiles (C3/50c and C3/C3k) dominating most reefs during and following the bleaching event.
Within Cladocopium C3, C3/C50c was replaced at the cooler, southernmost mid-shelf reefs
by C3/C3k. Across the inshore reefs, A. millepora hosted either C3/C50c-dominated algal
symbiont communities or a more diverse consortia of Cladocopium (e.g. C1, C21) and
Durusdinium (D1 or D2) type profiles, which changed following the bleaching event. Most

notably, A. millepora at the North Barnard Islands were conspicuous in a shift from

28



Durusdinium D2 during bleaching to Cladocopium C21 six months later. This survey of A.
millepora indicates that local environment conditions structure the algal symbiont
communities, but not the severity of bleaching and recovery of corals during severe heat

stress events.

Introduction

Corals reefs are experiencing major declines due to ocean warming (Lough et al. 2018) that
triggers mass coral bleaching and mortality events (Hughes et al. 2018a). The world’s largest
living structure, Australia’s Great Barrier Reef (GBR), has now suffered from mass coral
bleaching on five occasions (1998, 2002, 2016, 2017, 2020), including three recent events
within five years (Hughes et al. 2021). Coral bleaching is a cellular process by which corals lose
their algal symbionts (Weis 2008), typically in response to anthropogenic ocean warming
(Hoegh-Guldberg 1999). Healthy corals derive substantial nutrition from the autotrophic algal
symbionts (Conti-Jerpe et al. 2020; Muscatine and Porter 1977). Under heat stress, this
nutrient source declines (Baker et al. 2018; Radecker et al. 2021) and bleached corals face
reduced fitness and potential mortality unless they compensate through alternative nutrient
sources (e.g. particulate food) or recover their symbiont communities (Grottoli et al. 2006;
Tremblay et al. 2016). As a result of repeated mass bleaching, coral abundance decreased by
50 % on the GBR from 1995-2017, with the steep declines in taxonomic diversity (Dietzel et
al. 2020; Hughes et al. 2018b). This decline of coral on the GBR is predicted to continue unless
abated by measures to rapidly address anthropogenic pressures and build reef resilience

(Condie et al. 2021; Wolff et al. 2018).

Coral reefs are also exposed to anthropogenic pressures at local scales including degraded
water quality. This occurs primarily through nutrient and sediment inputs and has the
potential to alter ecosystem functioning (Fabricius 2005). The GBR has experienced > 5-fold
increases in anthropogenic nutrient and sediment loading since European colonisation in the
mid-1800s (Kroon et al. 2012), owing to the wholesale transformation of adjacent land
primarily for agricultural purposes (Lewis et al. 2021). These water quality inputs are closely

monitored through annual in situ sampling for inshore reefs (Waterhouse et al. 2021)
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alongside satellite observations (Alvarez-Romero et al. 2013) and modelling (Baird et al. 2020)
of the entire ecosystem. Degraded inshore GBR water quality has been associated with
reduced coral abundance and/or diversity (Fabricius et al. 2005). Across the wider GBR,
reduced water quality lowers coral resilience following acute disturbances including coral
bleaching (Mellin et al. 2019; Ortiz et al. 2018), a trend which is predicted to continue over
the next 30 years (MacNeil et al. 2019; Wolff et al. 2018). These ecological impacts of water
quality stress occur through several mechanisms which include indirect pressures such as
competition from other benthic organisms (e.g. macroalgae, sponges) which benefit from
poor water quality, and direct weakening of fundamental aspects of coral fitness including

growth and reproduction (D'Angelo and Wiedenmann 2014; Fabricius 2005).

Ocean warming and water quality can interactively impact the spatial extent and severity of
mass coral bleaching events (D'Angelo and Wiedenmann 2014; Zweifler et al. 2021). On the
GBR, nutrient enrichment was associated with the spatial distribution of thermal stress and
coral bleaching during the 1998 bleaching event (Wooldridge et al. 2015) where the most
severe bleaching occurred on inshore reefs (Berkelmans et al. 2004; Berkelmans and Oliver
1999). In contrast, little relationship between water quality and bleaching was found in 2016
where heat stress was comparatively high and homogenous across both inshore and mid-
shelf reefs (Hughes et al. 2017b). The mechanisms by which water quality and bleaching
interactions may occur include nutrient enrichment (Donovan et al. 2020; Morris et al. 2019)
and high turbidity from suspended sediments (Morris et al. 2019; Sully and van Woesik 2020).
The contradictory relationships of bleaching severity with water quality gradients on the GBR
through past bleaching events may reflect differences in the spatial footprint of heat stress
over the different bleaching years (Hughes et al. 2021). It may also be reflective of the varying
levels of heat exposure which can overwhelm local nutrient impacts during strong marine

heat waves (Donovan et al. 2020).

The coral-algal partnership exhibits genetic variation at both the host and symbiont level and
can dictate bleaching outcomes under heat stress (Cleves et al. 2020; Suggett et al. 2017). For
the common reef-building coral Acropora millepora, a recent genome-wide association study
(GWAS) showed little spatial structure in the host genetics contributing to bleaching tolerance

during 2017 in the central GBR (Fuller et al. 2020). However, corals also host genetically
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diverse algal symbionts within and across multiple genera with different ecological niches
(LaJeunesse et al. 2018). Early work using Sanger sequencing and electrophoresis methods on
the ITS1 region of DNA showed that the algal symbionts hosted by GBR A. millepora 1) are
ecologically differentiated by temperature and water quality (Cooper et al. 2011; van Oppen
et al. 2005; van Oppen et al. 2001), 2) may (Bay et al. 2016; Jones et al. 2008) or may not (van
Oppen et al. 2005) change over the course of bleaching events, and 3) that Durusdinium
symbionts can increase bleaching tolerance by 1 °C or more, relative to Cladocopium
(Berkelmans and van Oppen 2006). The GWAS study of A. millepora indeed found that
accounting for proportion of Durusdinium symbionts hosted by corals significantly improved
prediction of bleaching (Fuller et al. 2020). Modern and dedicated methods now exist to
resolve inter- and intra-genomic variation in the algal symbiont communities and
simultaneously profile dominant and low abundance symbionts (Hume et al. 2019; Quigley et
al. 2014). Utilisation of these methods in studies going forward would build upon previous
analyses of environmental and bleaching related patterns in the distribution of A. millepora-
associated algal symbionts quality (Cooper et al. 2011; Jones et al. 2008; van Oppen et al.
2005; van Oppen et al. 2001). Such studies are now warranted given that it now known that
low abundance symbionts (Bay et al. 2016) and intra-genomic variation (Swain et al. 2017)

may contribute significantly to the heat tolerance of corals.

To assess the spatial patterns of coral bleaching severity, 460 Acropora millepora samples
were collected at the peak of thermal stress in 2017 during the GBR summer bleaching event
(March/April) and six months later at the start of September. The study region spanned
almost 250 km of the central GBR and included six pairs of inshore and mid-shelf reefs.
Bleaching severity was assessed through the levels of photosynthetic pigmentation and
genetic profiling of the algal symbionts through ITS2-amplicon sequencing. It was
hypothesised that poor water quality on inshore reefs would increase the diversity of the
coral-associated algal symbiont communities, while also increasing the severity of coral

bleaching and delaying coral recovery, relative to corals inhabiting mid-shelf reefs.
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Methods

Coral collection

Samples from a total of 460 A. millepora colonies were collected from 12 reefs in the central
GBR during peak heat stress in March/April 2017 and six months later in September 2017
(Figure 2.1, Table S2.1). Six reefs were located inshore and impacted by riverine outflow
(Waterhouse et al. 2021) and the remaining six were mid-shelf reefs primarily influenced by
oceanic waters rather than terrestrial inputs (Lough et al. 2015). The latitudinal gradient
between Townsville and Cairns was equally represented across the shelf, with paired inshore
and mid-shelf reefs proportionally spaced in latitude. For each A. millepora colony, one or
more branches were sampled after being haphazardly selected from the reef flat under
permit (GBRMPA G16/38488.1). The samples were brought to the surface in individual zip-

lock bags within 5 min of collection and fixed in liquid nitrogen before long-term storage at -

75 °C.

Latitude

Figure 2.1 Map of sampling reefs for A. millepora colonies in the central Greater Barrier Reef.

Inset map shows the study region relative to the landmass of Queensland, Australia.
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Most reefs were initially sampled in March 2017 prior to the intensification of severe tropical
cyclone (TC) Debbie. However, sampling at John Brewer Reef was delayed until the start of
April 2017 due to the crossing of this weather system 260 km to the south. Collections were
made on a different sample of colonies at the same locations in September 2017. September

samples from Feather Reef thawed in transit and were not analysed.

Coral tissue preparation

Coral processing for chlorophyll and protein analysis were conducted under dim light. First
the base of each sample was removed and preserved in 100 % ethanol for DNA analysis.
Remaining coral tissues were separated from the skeleton with pressured air into ~10 ml of
cold 0.04 uM ultra-filtered seawater (FSW) and homogenised for 30 s (Bio-Gen PRO200, PRO
Scientific, USA). A 1 ml aliquot was then taken, centrifuged (1,500 x g, 3 min, 4 °C) and the
resulting supernatant was discarded leaving the algal symbiont pellet. The remaining coral
homogenate was also centrifuged (1,500 x g, 3 min, 4 °C), and the resulting host supernatant
was aliquoted in triplicate of 500 ul into deep-well plates. Processed samples were then

returned to -75 °C for further analysis.

Chlorophyll and protein content

For chlorophyll content, the algal symbiont pellet was suspended in 700 pl of pre-chilled 95%
(v/v) ethanol and sonicated (3 min, 50 % power) in an ice bath attached to an ultrasound
generator (Sonic Power MU-600, Mirae Ultrasonic, South Korea). The samples were then
resuspended, incubated on ice (20 min), centrifuged (10,000 x g, 5 min, 4 °C) and aliquoted in
triplicate in 200 pl into clear 96-well microplates. Absorbance at 632, 649 and 665 nm was
measured on a microplate reader (Synergy H4, BioTek Instruments, USA) set to 25 °C. The
absorbance values were corrected against blanks and total chlorophyll was calculated using

established equations (Ritchie 2008).

For coral host protein analysis, NaOH was added to each sample well to reach a concentration
of 0.5 M. The samples were resuspended, sonicated (5 min), incubated (1 hr, 90 °C) and

centrifuged (1,500 x g, 10 min, 25 °C). The supernatant was then used to measure coral host
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protein in triplicate using the manufacturer’s microplate protocol for the DC Protein Assay
(Bio-Rad Laboratories, USA). Sample protein concentrations were calculated against a
standard curve (50-750 pg.ml?) of Protein Standard Il (Bio-Rad Laboratories, USA). Where a
sample measured with > 10 % coefficient of variation or outside of the standard curve range,
it was repeated (after dilution if necessary). The protein concentrations were used to
normalise total chlorophyll as a measure of coral bleaching, which may reflect the
photosynthetic potential of the algal symbionts relative to host biomass (Cunning and Baker
2014). Previous analysis using a subset of samples from March/April (Fuller et al. 2020)
showed that total chlorophyll correlated strongly with algal symbiont density (Spearman's p

=0.80).

Chlorophyll data analysis

Total chlorophyll data were analysed using Bayesian generalised linear mixed models
(BGLMMs) in R 4.0.4 (R Core Team 2021) and brms 2.15.0 (Burkner 2017; Burkner 2018) via
rstan 2.26.1 (Carpenter et al. 2017). Initial BGLMMs examined the two-way interaction
between shelf-position and sampling period with reef as the random effect. All models were
run with default priors, 5,000 iterations (2,000 warmup), three Markov chains and a thinning
rate of two. Diagnostics were performed in brms to check autocorrelation, chain mixing,
convergence, and effective sample size and residuals were simulated from the observed data
and compared to the model residuals using DHARMa 0.4.0 (Hartig 2021). Model fitting was
repeated to test the effects on alternative probability distributions, random effects, and
variance structures on the model fits. Model candidates were compared using loo 2.4.1
(Vehtari et al. 2017; Yao et al. 2018) to select the optimal model. Following this, the same
methods were used to examine the two-way interaction between reef and sampling period.

Feather Reef was excluded from the reef level model due to the missing September samples.

Both the shelf position and reef level models were fit to a student’s distribution. The shelf
position model incorporated the random intercepts of reef, whereas the reef model allowed
for heterogenous variances across each reef and sampling period combination. Finally, the

model results were summarised and Tukey’s pairwise comparisons were extracted using
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emmeans 1.5.5.1 (Lenth 2021). Statistical inferences were based on 95% Bayesian credibility

intervals (95% Cls) for the modelled posterior high density median effects.

DNA extraction, ITS2 amplicon sequencing and data analysis

Coral DNA was extracted from the ethanol-stored subsamples using the manufacturer’s
protocol of the E.Z.N.A. Tissue DNA Kit (Omega Bio-tek, USA) with modifications. Surface
material was removed from each sample, weighed to 20 + 2.5 mg (EX224, OHAUS, USA) and
combined with TL buffer, OB Protease, and 0.5 mm sterile glass beads. The sample solution
was homogenised three times at 4 m.s™ for 30 s (FastPrep-24 5G, MP Biomedicals, USA) and
incubated (30 rpm, ~16 hrs, 55 °C; Model 777, SciGene, USA). The remaining steps followed

the manufacturer’s protocol before eluting DNA into 50 pl of elution buffer.

The ITS2 gene marker associated with the coral algal symbionts was amplified using
polymerase chain reactions (PCRs). PCRs consisted of 1X AmpliTag Gold 360 Master Mix
(Thermo Fisher Scientific, USA), 0.4 uM each of forward and reverse primers (Quigley et al.
2014) incorporating Illumina sequencing adapters (Sigma-Aldrich, Australia), 50 ng DNA
template and PCR-grade water in reaction volumes of 25 pl. PCR conditions were 95 °C for 7
min, followed by 31 cycles of 95 °C for 30 s, 59 °C for 30s and 72 °C for 30 s, with a final
extension of 72 °C for 7 min. ITS2 amplicons were sent for bead clean-up, library preparation
and sequencing on the MiSeq v3 2 x 300 bp system (lllumina, USA) at the Ramaciotti Centre

for Genomics (UNSW Sydney, Australia).

Demultiplexed forward and reverse reads were submitted for remote analysis using
SymPortal (Hume et al. 2019). SymPortal utilises inter- and intra-genomic information in the
ITS2 reads to assign defining intragenomic variants (DIVs) which represent unique ITS2
sequences. Patterns within these sequences are then used to define ITS2-type profiles which
putatively represent distinct algal symbiont species (Hume et al. 2019). The 376 samples
returned 11,877,508 raw contigs (mean * s.d. 31,589 + 5,949 per sample), and 7,415,419
(19,722 + 4,413 per sample) remained after minimum entropy decomposition (MED) which is
comparable to other studies which leverage SymPortal (Damjanovic et al. 2019; Damjanovic

et al. 2020; Gardner et al. 2019; Howells et al. 2020; Smith et al. 2020).
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Prior to analysis, 270 DIVs (out of 515) each comprising < 0.002 % of total post-MED reads
were manually removed, and ITS2-type profile data were normalised to relative abundance.
All subsequent manipulations (e.g. rarefaction) and analyses (e.g. PERMANOVA) were
performed using vegan 2.5.7 (Oksanen et al. 2020) unless otherwise specified. Trimmed DIVs
were rarefied to the lowest sample sequencing depth (1,228 reads). Shannon’s (H’) and
Simpson’s (1-D) and indices of alpha diversity were calculated for the DIVs and modelled at
the reef level as described for chlorophyl. Both metrics were fit to a student’s distribution
with variances allowed to vary for each reef. Equivalent models for the impacts of shelf-

position were also tested but not considered further due to the high variability among reefs.

For beta diversity analyses, permutational multivariate analyses of variance (PERMANOVA)
was applied using the adonis2 function on Bray-Curtis dissimilarities of the DIV and ITS2-type
profile data with 9999 permutations of residuals. The PERMANOVAs were fit to test the
interactive impacts of sampling period at the spatial levels of shelf-position and reef. The
sampling design was unbalanced, meaning that the ordering of the variables within the
models had potential to influence the results. Therefore, multiple PERMANOVAs were fit to
isolate the interactive (marginal) effect, before shuffling the order of variables to test the

individual (main) effect of one variable while controlling for the other.

The imbalanced designs also meant that the PERMANOVAs were susceptible to homogeneity
in group dispersions (Anderson and Walsh 2013). These were tested using PERMDISP
(betadisper function). As the betadisper function does not support model interactions, each
variable (e.g. shelf-position or reef) was first subset to control for the impacts of the other
variable (sampling period) and vice versa. This same subset strategy was also used to test for
post-hoc PERMANOVA and PERMDISP for changes over time at the reef level. Finally, the beta

diversity of DIVs was visualised with non-metric multidimensional scaling (nMDS).

Characterisation of central GBR heat stress in 2017

Sea surface temperature data were taken from the National Oceanographic and Atmospheric

Administration (NOAA) Coral Reef Watch CoralTemp Version 3.1 (Liu et al. 2014) whichisa 5
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km resolution satellite product. These data included the maximum monthly mean (MMM)
climatology for each reef site and the derived degree heating week (DHW) metric of
accumulated heat stress which incorporates the severity and duration of thermal anomalies
> 1 °C above the MMM integrated over a 12-week window (Liu et al. 2003). For this study,
two DHW values were taken for each reef site: the DHW value at the time of sampling in

March/April, and the maximum DHW value if different.

Results

Accumulated heat stress on the Central GBR a during the 2017 autumn marine heatwave

All reefs sampled experienced severe levels of accumulated heat stress (2 5 °C-weeks) during
the 2017 marine heatwave across the central GBR (Table S2.1). Heat stress was imposed upon
a slight cross-shelf difference in the long-term climatology (MMM; mean + s.d. 28.85 + 0.16
°Cinshore and 28.63 + 0.14 °C mid-shelf), and respectively ranged from 5.81 t0 9.54 and 5.21
to 9.31 °C-weeks for inshore and mid-shelf reefs up to the initial sampling timepoint.
Additional heat stress accumulation resulted in respective maximum DHW ranges from 7.38
to 10.67 and 5.72 to 11.00 °C-weeks for inshore and mid-shelf reefs prior to the winter
recovery phase. Respective initial and maximum DHW averages (mean = s.d.) were 7.47 £ 1.63
and 9.05 £ 1.31 °C-weeks for the inshore reefs and 6.88 + 1.48 and 8.26 + 1.77 °C-weeks for
the mid-shelf reefs. The high variability of DHW exposure among the shelf positions meant
that a trend of increasing heat stress at lower latitudes for both inshore and mid-shelf reefs

(Table S2.1) prevailed over any the cross-shelf differences.

Physiological response of coral during and after 2017 heat stress event

Total chlorophyll levels in A. millepora (R? = 0.3680, 95 % Cls 0.3142-0.4222) did not vary
statistically between the sampled inshore and mid-shelf reefs both during and after the
bleaching event (Figure 2.2; Figure S2.1). Regardless, corals from inshore reefs tended to have
slightly lower chlorophyll content (6.95 pg.mg? protein, 4.36-9.71) during bleaching

compared to the mid-shelf (8.53 pg.mg? protein, 5.94-11.4), a trend which reversed six
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months later (inshore 21.0 pg.mg™? protein, 18.3-23.8; mid-shelf 17.9 pg.mg™ protein, 15.2-
20.7). More notably, the increase of chlorophyll between March/April and September (Figure
$2.1) was statistically higher for the inshore corals (+14.0 pg.mg™! protein, 12.5-15.6) relative

to mid-shelf corals (+9.4 ug.mg™ protein, 7.8-11.3).
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Figure 2.2 Total chlorophyll concentration (pug.mg? host protein) by shelf-position and
individual reef during the peak of bleaching in March/April 2017 and following six months of
recovery in September 2017. Coloured points show median model simulations with 95% Cis
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At the reef level, chlorophyll was statistically indistinguishable within each sampling point
across most inshore and mid-shelf reefs (R2 = 0.5375, 0.4353-0.6165; Figure 2.2; Figure S2.1).
Two key trends, however, were that corals at Arlington Reef did not increase their chlorophyll
following bleaching (Figure S2.1) and that those at North Barnard experienced a large increase
in chlorophyll levels with high variability (Figure 2.2; Figure S2.1). These trends meant that six
months after bleaching, corals at Arlington Reef had less chlorophyll, and corals at the North

Barnard Islands had more chlorophyll, compared to all other reefs (Figure 2.2).

Algal symbiont community dynamics

Cladocopium were the most abundant algal symbionts identified after trimming and
rarefaction, with 210 Cladocopium DIVs and 24 Cladocopium ITS2-type profiles making up
91.8 % of total DIVs (Figure 2.3). This was followed by 31 Durusdinium DIVs and six
Durusdinium type profiles comprising 8.1 % of DIVs and the remaining 0.1 % of DIVs spread

across four Symbiodinium DIVs and one Symbiodinium type profile (Figure 2.3).

Corals across all mid-shelf reefs almost exclusively associated with two Cladocopium type
profiles: C3/C50c-C3b-C50a-C21-C3gj-C21.12 and C3/C3k-C29-C21ab-C3b-C50a-C3gj-C21.12
(Figure 2.3). The former C3/C50c profile was most abundant at the four northern-most mid-
shelf reefs whilst A. millepora at the two southernmost reefs primarily hosted the C3/C3k
profile. Half of the inshore reefs predominantly shared this C3/C50c profile with the mid-shelf
reefs, but limited proportions of Symbiodinium A1, Cladocopium C1, C3/C3k, C3/C50c/C50a,
C3/C50c¢/C50a/C21 and Durusdinium Dlak and D2 were also present (Figure 2.3).

The remaining inshore reefs in the middle of the study region hosted more variable diversity
of type profiles characterised by Cladocopium C1, C3, C2 and Durusdinium D1 and D2 (Figure
2.3). Corals sampled from Pandora Reef were characterised mainly by two type profiles:
C3/C50c¢/C50a-C3b-C21-C3gj and D1-D1u-D2-D4-D2.2 which were common across multiple
samples in dominant-to-background proportions. Additional Cladocopium profiles
(characterised by DIVs from C1, C3/C50c or C3/C50¢/C50a/C21 DIVs) were also found in low
abundance. Dunk Island was co-dominated by Cladocopium C1-C1b-C1c-C42.2-C1bh-Clbr-
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Cl1cb-C3 and Durusdinium D1-D1u-D2-D4-D, with additional types also present (C1, C3, C21,
D1 or D2). Corals at the North Barnard Islands were distinguished by their dominance of the
Durusdinium D2-D1ak-D1-D2.2-D2h-D4 profile in March, with lower abundances of
Cladocopium profiles (C1, C1/C3, C1/C15/C3/C42.2, C3/C50c/C50a/C21 or C21). Six months
later, the Durusdinium profile was still present in many samples but C21-C3-C21aq had higher
relative abundance as the most dominant profile, with further Cladocopium types also

present (characterised by C1 or C21).
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Figure 2.3 Proportion normalised ITS2-type profiles of A. millepora at each reef (inshore =red,
mid-shelf = blue) during the peak of bleaching in March/April and following six months of
recovery in September. The size and opacity of points represent the mean percentage of each
type of profile within each reef population. Only type profiles with an abundance known to

influence coral bleaching resilience (> 0.3 % within a population) are shown (Bay et al. 2016).
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The alpha diversity of DIVs varied among reefs, with the North Barnard Islands being the only
site where alpha diversity declined between the peak of bleaching and September (Figure
S2.2). During both bleaching and recovery, alpha diversity tended to be lower at the inshore
reefs of the North Barnard and Dunk Islands compared to all other reefs (Figure S2.2).
Significant variation in DIV-level alpha diversity across the other inshore reefs, and the mid-

shelf reefs, was relatively low or absent (Figure S2.2).

PERMANOVA results showed that differences in the relative abundance and beta diversity of
algal symbiont DIVs (p < 0.0001, R? = 0.1202; Figure 2.4) and type profiles (p < 0.0001, R =
0.0805; Figure 2.3) varied cross-shelf but not over time (DIVs p = 0.4433, R? = 0.0021; profiles
p = 0.4640, R = 0.0021) or interactively (DIVs p = 0.5222, R? = 0.0018; profiles p = 0.2425, R?
=0.0031). At the reef level (Figure 2.4), there were significant interactions between reef and
sampling period (DIVs p < 0.0001, R? = 0.0418; profiles p = 0.0034, R? = 0.0271) with reef
identity explaining the greatest variation (DIVs p < 0.0001, RZ = 0.5074; p < 0.0001, R? =
0.4417) relative to the insignificant impacts of time (DIVs p = 0.1459, R? = 0.0021; p = 0.2062,
R2=0.0021). Due to the unbalanced design, the PERMANOVAs were confounded by unequal
dispersion across the spatial factors (DIVs p < 0.0001; profiles for shelf-position p = 0.0174
and reef p < 0.0001) but not over time (DIVs p = 0.4334; profiles p = 0.4957).

Post-hoc analyses of beta diversity per reef revealed that corals on all mid-shelf reefs and the
two southernmost inshore reefs maintained their algal symbiont community abundance,
diversity, and dispersion of DIVs and type profiles during bleaching and recovery. In contrast,
the four northernmost inshore reefs showed signs of change in their DIV abundance and
diversity over time (Figure 2.4): Fitzroy Island (p = 0.0508, R? = 0.0580, marginally
insignificant); Russell Island (p = 0.0391, R? = 0.0454); North Barnard Islands (p < 0.0001, R? =
0.3081); Dunk Island (p = 0.0651, R? = 0.0613, marginally insignificant). For the type profiles,
the changes over time were limited to Russell Island (p = 0.0141, R? = 0.0650) and the North
Barnard Islands (p = 0.0008, R? = 0.2195). Changes at Fitzroy Island (p = 0.1121, R? = 0.1016)
and Dunk Island (p = 0.2166, R? = 0.0333) were insignificant. Corresponding changes in

dispersion over time were limited to Russell Island (DIVs p = 0.0467; profiles p = 0.0149).
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Figure 2.4 nMDS plots of inshore and mid-shelf algal symbiont DIVs from Bray-Curtis

dissimilarities by shelf-position and individual reef during the peak of bleaching in March/April

2017 and following six months of recovery in September 2017.
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Discussion

The main finding of this field survey of A. millepora on the central GBR was that their algal
symbiont communities were largely stable following the 2017 bleaching event, and instead
structured by cross-shelf and latitudinal gradients. Corals on most inshore and mid-shelf reefs
hosted one of two Cladocopium type profiles depending on their thermal history, whereas a
subset of inshore reefs hosted more variable Cladocopium and Durusdinium communities.
The severity of coral bleaching and extent of recovery (in terms of chlorophyll pigmentation)
were largely consistent across the spatial gradients likely owing the exposure of all studied
reefs to severe levels of heat stress (> 5 °C-weeks). Inshore corals had a much greater increase
in chlorophyll content (49%) relative to mid-shelf corals between March/April and September.
Therefore, local water quality conditions and algal symbiont community composition did not
influence the susceptibility and resilience of A. millepora to bleaching in the central GBR

during the severe marine heatwave of 2017.

Cross-shelf patterns of bleaching and recovery

The 2017 marine heatwave represents an ideal opportunity to assess cross-shelf gradients in
how chronic stressors (e.g. water quality) impact the bleaching severity of corals, due to the
homogenous distribution of heat stress between the shelf positions (inshore and mid-shelf)
on the central GBR (Table S2.1). It has been proposed that inshore conditions of degraded
water quality can reduce coral heat tolerance and thus increase the risk of coral bleaching
and mortality on the GBR (Fabricius et al. 2013; Fernandes de Barros Marangoni et al. 2020;
Morris et al. 2019; Wiedenmann et al. 2013). This finding is supported by aquarium (Burkepile
etal.2019; Wang et al. 2018) and field (Hughes et al. 2017b) experiments conducted on corals
from reefs other than the GBR. Despite this, the observations of 2017 GBR bleaching event
presented here agree with ecological surveys conducted during the preceding 2016 event,
which found that local stressors such as water quality did not influence the relationship
between accumulated heat stress and the bleaching severity of corals under natural

conditions (Donovan et al. 2020). It therefore appears likely that during recent mass coral

43



bleaching events on the GBR were driven primarily by accumulated heat stress (generally > 4

°C-weeks), and not impacted by local water quality conditions at these levels.

The greater rate of increased chlorophyll concentrations for inshore A. millepora relative to
those on the mid-shelf following the bleaching event is suggestive of a larger increase in algal
symbiont density and/or pigment content (Fuller et al. 2020). This can increase the
autotrophic potential of corals (Cunning and Baker 2014) relative to the biomass of the coral
host, but within the context of the current study does not necessarily indicate the increase
fitness of inshore corals relative to those mid-shelf. It is possible that the pre-bleaching
pigmentation of corals may have differed cross-shelf prior to the 2017 bleaching event, as
inshore A. millepora in the central GBR are known to be highly pigmented compared to their
mid-shelf counterparts under non-bleaching conditions (Fabricius 2006). Environmental
reasons behind this inshore elevation of symbiont densities on inshore reefs bleaching may
include inorganic nutrient enrichment (Shantz and Burkepile 2014; Waterhouse et al. 2021)
and/or increased heterotrophic feeding (Anthony 2000; Conlan et al. 2018; Fox et al. 2018)
alongside photo-acclimation to low-light, turbid conditions (DiPerna et al. 2018; Jones et al.

2020).

The greater increase in chlorophyll content in colonies throughout the inshore reefs may
additionally, or alternatively, reflect a concurrent loss of host protein as observed for A.
millepora during thermal acclimation (Nielsen et al. 2020), heat stress (Hoadley et al. 2015;
Kochman et al. 2021; Rosic et al. 2020) and bleaching (Chapter 4; (Bourne et al. 2008)). It must
be noted that high algal symbiont densities in corals following bleaching (Cunning et al. 2015b;
Kemp et al. 2014; Levas et al. 2018), especially those exposed to nutrient enrichment
(Chumun et al. 2013; Ezzat et al. 2016b), may engage in “selfish” behaviour through which
they retain photosynthates for their own growth, leading to prolonged stress for the coral
host (Baker et al. 2018; Cunning et al. 2017a; Radecker et al. 2021). Overall, the broad
physiological consequences of accelerated increases to inshore coral pigmentation following

bleaching, relative to mid-shelf corals, are not clear.
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Algal symbionts of A. millepora in the central GBR during bleaching and recovery

This study significantly builds upon existing surveys of algal symbiont diversity in A. millepora
onthe GBR (Cooperetal. 2011; van Oppen et al. 2005; van Oppen et al. 2001) by incorporating
modern next-generation sequencing (Quigley et al. 2014) and bioinformatic methods (Hume
et al. 2019) to analyse algal symbiont diversity with higher sensitivity. This approach revealed
that the algal symbionts communities of A. millepora were stable following a severe bleaching
event on across most of the studied reefs in the central GBR. The exception to this rule was a
subset of inshore reefs (North Barnard, Dunk and Pandora), which showed changes in their
diverse consortia of Cladocopium (C1, C1/C3, C3/C50c/C50a, C3/C50c/C50a/C21 and/or C21)
and Durusdinium (D1 and/or D2) type profiles between the peak of heat stress and the
following six months. But on most reefs, including all mid-shelf reefs, there were high levels
of fidelity between A. millepora and Cladocopium C3/C50c and C3/C3k type profiles with an
increasing dominance C3/C50c at warmer locations (those more northernly or inshore). This
lack of diversity therefore highlights that changes in the algal symbionts of A. millepora,

through symbiont shuffling and/or selective mortality, may be limited in the central GBR.

Algal symbiont dynamics through bleaching

The stability in beta diversity of the C3-dominated algal symbiont communities on most of
the sampled reefs, and their persistence through bleaching, is notable when considering the
Anna Karenina Principle (AKP; Zaneveld et al. (2017)). AKP dictates that host organisms
experiencing dysbiotic reactions to stress vary more in their microbial communities than
those who remain healthy (Zaneveld et al. 2017). This trend has previously been identified in
the bacterial communities of multiple coral species (Zaneveld et al. 2016) and the algal
symbiont communities of GBR Acropora tenuis (Quigley et al. 2017b) and A. millepora (Howe-
Kerr et al. 2020) under multiple stressors or in the wild. In the latter study, A. millepora
colonies the were stress tolerant had low beta diversity of ITS2 ASVs, relative those that were

stress sensitive (Howe-Kerr et al. 2020).

It is notable that previous inferences of heat sensitivity in Cladocopium C3 were partly built

upon a sole observation of symbiont shuffling from Cladocopium to Durusdinium in A.
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millepora at inshore Keppel Islands of the southern GBR (Bay et al. 2016; Jones et al. 2008).
The current study contradicts this finding of symbiont shuffling by showing complete
persistence of C3/C3k or C3/C50c in most communities following the 2017 bleaching event,
agreeing with other studies which show continuous C3-dominance of A. millepora over time
and through bleaching events (Howells et al. 2013; Stat et al. 2009; van Oppen et al. 2005).
However, it must be noted that the SymPortal approach (Zaneveld et al. 2016) used here is
limited in identifying low abundance symbionts (Howe-Kerr et al. 2020; Quigley et al. 2019),
meaning that changes in the background communities of the algal symbionts remain possible.
Overall, the low and persistent levels of beta diversity observed here indicate that
Cladocopium C3 are high fidelity partners for A. millepora in the central GBR even after

exposure to severe levels of heat stress.

Although many of the inshore reefs showed minor changes to their algal symbiont
communities between the peak of heat stress (March) and following recovery (September),
there was a conspicuous shift from Durusdinium D2 to Cladocopium C21 type profiles at the
North Barnard Islands. This contradicts the general perception that Durusdinium improve
heat tolerance of A. millepora (and corals in general) relative to Cladocopium (Berkelmans
and van Oppen 2006) as well as a prior observations in A. millepora from the inshore central
GBR whereby a shift from Cladocopium to Durusdinium conferred resilience following

bleaching (Bay et al. 2016; Jones et al. 2008).

The unprecedented shift from Durusdinium to Cladocopium is somewhat analogous to the
selective mortality of Platygyra ryukyuensis colonies hosting Durusdinium after exposure to
extreme heat stress (> 20 °C-weeks) in Kiritimati (Howells et al. 2013; Stat et al. 2009; van
Oppen et al. 2005). There, Durusdinium-dominated corals were most common at
anthropogenically disturbed reefs whereas those at less disturbed reefs hosted Cladocopium
(Bay et al. 2016; Berkelmans and van Oppen 2006; Cooper et al. 2011; Jones et al. 2008; van
Oppen et al. 2005; van Oppen et al. 2001), consistent with the relative distribution of these
symbionts on the GBR (Bay et al. 2016; Berkelmans and van Oppen 2006; Cooper et al. 2011;
Jones et al. 2008; van Oppen et al. 2005; van Oppen et al. 2001). However, Cladocopium-
hosting corals in Kiritimati subsequently survived the prolonged heat stress by shuffling

towards Durusdinium (Cooper et al. 2011; Tonk et al. 2013; Ulstrup and van Oppen 2003; van
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Oppen et al. 2001). Overall, although shifts in the algal symbiont communities between
Cladocopium and Durusdinium can occur on coral reefs, questions remain over their
consistency and ability to confer bleaching resilience over large spatial scales as often hoped

(Logan et al. 2021).

Spatial patterns in the algal symbiont communities

High variation in the Cladocopium and Durusdinium communities associating with A.
millepora on the central inshore reefs may reflect of local water quality conditions.
Durusdinium, which were common components of these more variable algal symbiont
communities, are generally known to be restricted to corals living under challenging inshore
conditions of elevated temperatures, high nutrients, turbidity, and/or low light (Bay et al.
2016; Jones et al. 2008). Other common symbionts which were restricted to the inshore reefs
included Cladocopium C1 and C21 types, which likewise favour inshore conditions (Claar et al.
2020). Durusdinium is known to confer higher heat tolerance to A. millepora compared to the
more widely distributed Cladocopium C3 (Berkelmans and van Oppen 2006). Similarly,
Cladocopium C1 can outperform even Durusdinium at elevated temperatures in juveniles
Acropora tenuis (Claar et al. 2020), and Cladocopium C21 is known to outperform other
Cladocopium symbionts in terms of heat tolerance (Dove et al. 2006; Swain et al. 2017).
Regardless of these prior observations, neither Durusdinium nor Cladocopium C1 appeared to
confer greater bleaching tolerance (in terms of chlorophyll loss) to A. millepora on these
inshore reefs under the observed levels of severe accumulated heat stress. Cladocopium C21
was however associated with high levels chlorophyll pigmentation (during September at the
North Barnards Islands) consistent with a previous observation from the southern GBR (Dove
et al. 2006). But, as explained prior for inshore corals in general, hosting Cladocopium C21
may come with energetic trade-offs (Xu et al. 2020) and it is unclear whether it constitutes a
resilient (sensu Bay et al. (2016); Jones et al. (2008)) or opportunistic (sensu Baker et al.
(2018); Cunning et al. (2017a)) symbiont for A. millepora. Overall, the occurrence of distinct
and diverse Cladocopium and Durusdinium type profiles on this subset of inshore reefs are
more likely linked to the influence of local genetic or environmental factors (e.g. water

quality) rather than their provision of heat tolerance to A. millepora.
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The widespread presence of the C3/C3k type profile across the mid-shelf reefs, and C3/C50c
type profiles across mid-shelf and most of the inshore reefs, is consistent with previous
surveys highlighting the C3 and/or C3k DIVs as abundant partners for A. millepora and their
congenersin the central GBR (Alderdice et al. 2021; Camp et al. 2019; Chan et al. 2019; Epstein
et al. 2019; Howe-Kerr et al. 2020; Howells et al. 2013; Laleunesse et al. 2004; Nielsen et al.
2020; Ulstrup and van Oppen 2003; van Oppen et al. 2005; van Oppen et al. 2001).
Cladocopium C3 tends to associate with sun exposed Acropora colonies or those living in clear
waters overlying carbonate sediments (Bay et al. 2016; Jones et al. 2008). Although the C3
DIV is heat sensitive (Berkelmans and van Oppen 2006), substantial variation in heat tolerance
exists within Cladocopium (Swain et al. 2017) which may be resolved using other intragenomic
approaches (Howe-Kerr et al. 2020; Quigley et al. 2019) in addition to those used here (Hume
et al. 2019). Consistent with this, the relative distribution of C3/C3k and C3/C50c appear
related to the long-term thermal history of corals, as the C3/C3k type is most abundant at the
two southernmost mid-shelf reefs in our study are cooler (mean MMM = 28.49 °C) relative to
the more northernly reefs (MMM 2 28.65 °C). The C3k DIV is also largely absent from warmer,
inshore reefs (MMM 2= 28.77 °C), where A. millepora possess higher bleaching thresholds
(Chapters 3 and 4). Overall, the spatial distribution of the Cladocopium C3/C50c and C3/C3k
profiles may be driven by variation in long-term thermal history (MMM) of A. millepora across
the central GBR, however further investigations are warranted which consider a wider range
of thermal (e.g. temperature range and variability) and alternative (e.g. light levels, wave

exposure) parameters.

Conclusion

The recent GBR bleaching events are currently understood through large-scale ecological
surveys, which have led to the conclusion that patterns of coral bleaching and mortality are
almost exclusively driven by accumulated heat stress. The current survey of A. millepora
presented here builds on these observations to show that total chlorophyll levels (relative to
host protein) at the colony-level were not spatially influenced by inshore water quality
exposure during the peak of severe heat stress (= 5 °C-weeks), or six months later, following

a recovery period. These observations add to the evidence that local stressors, including
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water quality, do little to influence the severity of coral bleaching at moderate to high levels
of heat exposure. In contrast, the Cladocopium and Durusdinium communities hosted by A.
millepora appeared to be primarily distributed according to chronic environmental conditions
(long-term temperature and water quality) rather than acute heat stress. Corals at most reefs
associated with one of two Cladocopium types depending on temperature, but a wider range
of Cladocopium and Durusdinium types were additionally present at a subset of inshore reefs.
At one of these inshore reefs, an unprecedented shift occurred from Durusdinium D2 during
the peak of heat stress to Cladocopium C21 six months later. However, A. millepora at most
reefs exhibited high levels of fidelity through the bleaching event, and algal symbiont
communities did not appear to strongly relate to patterns of bleaching and mortality. The
association of A. millepora with a range of Cladocopium and Durusdinium symbiont warrants
further studies into their effects on coral host fitness under changing environmental

conditions.
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Chapter 3: Great Barrier Reef-relevant nutrient enrichment does
not impact Acropora millepora bleaching under moderate

heat stress

Abstract

Coral reef ecosystems are facing multiple threats from global and local stressors. While ocean
warming is regarded as the main trigger of coral bleaching, local pressures including nutrient
enrichment are thought to influence the severity of bleaching during heat stress events. The
links between nutrient availability and bleaching patterns on Australia’s Great Barrier Reef
(GBR) are potentially confounded by the local adaptation of corals to large cross-shelf
environmental gradients in temperature and water quality. To assess the relative impacts of
short-term nutrient exposure and environmental history on GBR coral heat tolerance,
Acropora millepora was collected from inshore and mid-shelf reefs on the GBR and subject to
ecologically relevant levels of nitrate and/or phosphate enrichment (N, P, NP) followed by
heat stress (31.5 °C). Prior to heat stress, there was little impact of any experimental nutrient
scenario on coral physiology. After temperatures were elevated, all corals bleached
regardless of nutrient availability, however chlorophyll loss was greatest in the mid-shelf
corals (73 to 78 % mid-shelf vs 52 to 60 % inshore). At the same time, while inshore corals
largely maintained photosynthetic performance under heat stress (12 and 11 % decreases in
®psil and Fv/Fm; unchanged photosynthetic rates), mid-shelf corals experienced greater levels
of photoinhibition (23 % ®PSII; 30 % F/Fm) and reduced net photosynthesis (by 40 %). These
cross-shelf differences in heat tolerance were matched by differences in the algal symbiont
communities: inshore corals primarily hosted two similar /TS2-type profiles whereas 75 % of
mid-shelf corals contained unique ITS2-type profiles and a greater diversity of intragenomic
variants. Overall, the cross-shelf differences in coral heat tolerance overwhelmed any impacts
of nutrient availability, and were largely driven by the local adaptation of inshore corals to
their higher maximum monthly mean temperature, resulting in differential exposure to
accumulated heat stress (2.9 °C-weeks inshore vs 3.9 °C-weeks mid-shelf) by the end of the

experiment.
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Introduction

Alarming declines in coral reef ecosystems are being reported globally due to increasing sea
temperatures which trigger mass coral bleaching events (Hughes et al. 2018a; Lough et al.
2018). Coral bleaching is a stress response whereby corals lose their symbiotic algae (Hoegh-
Guldberg 1999; Laleunesse et al. 2018), which are required to meet their nutritional needs
and enable the growth of coral reef ecosystems in oligotrophic waters (Muscatine and Porter
1977). Without the recovery of the algal symbionts or the provisioning of alternative nutrient
sources, bleached corals will likely suffer mortality (Grottoli et al. 2006; Tremblay et al. 2016).
Rapid restrictions to global carbon emissions are required to secure the best future for corals
reefs (van Hooidonk et al. 2016) and buy time for coral communities to adapt to warming
oceans (Logan et al. 2021; Matz et al. 2018). However, even if global warming is limited to 1.5
°Cin line with the Paris Agreement, local interventions including the management of nutrient
pollution will be necessary to promote reef resilience to climate change (Anthony et al. 2017;

D'Angelo and Wiedenmann 2014; Donovan et al. 2020; Donovan et al. 2021).

Coral bleaching is traditionally understood to result from photo-oxidative stress in response
to elevated temperatures and irradiance (Lesser 1997). Heat stress renders the algal symbiont
susceptible to photo-damage, and reactive oxygen and nitrogen species (ROS and RNS) are
rapidly produced at levels which exceed the corals antioxidant and anti-nitrosative
capabilities (Weis 2008). However, emerging studies are now challenging the photo-oxidative
dogma of bleaching by placing destabilisation of environment-coral-algal nutrient exchange
at the forefront of the coral heat stress response, as reviewed by Morris et al. (2019). This
nutritional impairment of the coral-algal symbiosis may be caused by heat stress alone
(Radecker et al. 2021) or in concert with external nutrient enrichment (Baker et al. 2018)
when triggering the later photo-oxidative response. These timely and important findings raise
the possibility that local actions to manage nutrient pollution (D'Angelo and Wiedenmann

2014) may partially protect coral reefs from bleaching under climate change.

The coral-algal symbiosis is thought to perform optimally under oligotrophic conditions which

restrict the growth of symbiont communities and stimulate the translocation of
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photosynthates their hosts (Falkowski et al. 1993). Local nutrient availability may therefore
perturb the symbiosis dynamics with strong implications for coral physiology (Morris et al.
2019; Shantz and Burkepile 2014) although a range of (sometimes contradictory) nutrient
effects on corals have been previously observed (Fabricius 2005). More recent studies have
clarified the impacts of nutrient availability on corals, by linking specific nutrient forms and
their ratios to distinct coral health outcomes (D'Angelo and Wiedenmann 2014; Shantz and
Burkepile 2014). Damaging forms of anthropogenic nitrogen combined with an undersupply
for beneficial phosphorus are now linked to the metabolic breakdown of the coral-algal
symbiosis (Morris et al. 2019). This nutrient-mediated bleaching can occur at sub-bleaching
temperatures if nutrient ratios are extremely skewed (211 N:P, Rosset et al. (2017)) or when
more realistic enrichments (17-43 N:P) are applied under heat stress (Fernandes de Barros
Marangoni et al. 2020; Wiedenmann et al. 2013). It is now clear that the response of corals
to nutrient pollution is more nuanced than originally anticipated and specifically dependent
on the exact nature of available nutrients, rather than the simply the magnitude of nutrient

enrichment (Morris et al. 2019).

Although most corals are typically sensitive to anthropogenic stressors, some coral
populations live in extreme environments (Camp et al. 2018). For example, corals of the
Persian/Arabian Gulf persist under extreme temperatures by hosting unique algal symbionts
(Hume et al. 2015) and producing antioxidants in response to high salinity (D'Angelo et al.
2015; Ochsenkiihn et al. 2017). Similar processes may exist on inshore reefs of the GBR where
anthropogenic stress has winnowed reef communities down to stress-tolerant species
(Fabricius et al. 2005). This idea of stress-tolerant inshore communities is supported by coral
communities in the Florida Keys, where inshore corals are more heat tolerant than their
offshore conspecifics (Kenkel et al. 2013a; Kenkel and Matz 2016), which likely results from
their exposure to stressful temperature and water quality conditions (Kenkel et al. 2015).
However, trade-offs in desirable physiological traits (e.g. high growth and heat tolerance) can
arise when these stress tolerant corals are removed from their natural environments
(D'Angelo et al. 2015; Kenkel et al. 2015). Therefore, locally adapted corals and their
symbionts may be paradoxically dependent on these marginal conditions to thrive, and

management actions to improve inshore water quality could have unexpected consequences.
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The idea that inshore corals and their symbionts are locally adapted and resistant to marginal
conditions (and conversely that those on the mid-shelf are susceptible) can be applied to
understand patterns of bleaching sensitivity along the GBR. Previous research shows that GBR
corals and their symbionts from warmer inshore environments are tolerant of higher
temperatures (Dixon et al. 2015; Howells et al. 2011; Quigley et al. 2020). Local adaptations
of the coral-algal symbiosis to other environmental conditions on the GBR, such as water
quality, are comparatively understudied. However, there is evidence from GBR corals that
genetic variation in the host (Jin et al. 2019) and symbiont (Cooper et al. 2011; Quigley et al.
2017a) are structured by water quality and temperature, with potential implications for coral
heat tolerance (Berkelmans and van Oppen 2006; Jin et al. 2016). This local adaptation has
the potential to mask the hypothesised impacts of nutrient enrichment on the bleaching of
GBR corals (Wooldridge 2020) and may help to explain why water quality did not appear to
influence the 2016 GBR bleaching event (Hughes et al. 2017b).

Despite decades of research into the impacts of nutrient enrichment on GBR corals (Koop et
al. 2001) the question over whether water quality increases the impacts of heat stress events
remains highly debated (Hughes et al. 2017b; Wooldridge 2020). Potential factors which
complicate the relationship between water quality and bleaching outcomes include 1) the
differential impacts of different nutrients sources on coral physiology (Shantz and Burkepile
2014) and heat tolerance (Morris et al. 2019), 2) along- and across-shelf gradients in nutrient
availability (Waterhouse et al. 2021) and 3) the local adaptation of corals their environment
(Jinetal. 2019). To tease apart these three factors and test their impacts on heat stress, corals
from inshore and mid-shelf regions of the GBR were exposed environmentally relevant levels
of nitrate and phosphate enrichment in a full-factorial design. The corals were then subject
to simulated heat stress and sampling for changes in coral physiological traits (chlorophyll,
protein, photosynthesis) alongside the genetic composition of their algal symbiont
communities. By accounting for the confounding impacts of environmental history and short-
term nutrient stress, it is shown, that local thermal adaptation, rather than nutrient
availability, is the main driver of bleaching in the GBR populations of A. millepora studied

here.
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Methods

Coral collection

A. millepora was collected from four reefs in the Burdekin region of the central GBR (Figure
3.1): Falcon Island Reef (18°46’S, 146°32’E; FAL), Havannah Island Reef (18°50’S, 146°32’E;
HAV), Hopkinson Reef (18°33’S, 147°12’E; HOP) and John Brewer Reef (18°38’S, 147°03’E;
JBR). Coral collections were carried out 5%-9™ June 2018 under permit (GBRMPA
GB12/35236.1). At each reef 12 partial colonies separated by > 5 m distance (to ensure
genetic diversity) were collected from approximately 4 m depth. Corals from Falcon and
Havannah Reefs were classified as inshore corals and those from Hopkinson and John Brewer
Reefs were mid-shelf corals. Inshore reefs are influenced by riverine outflow and therefore
corals from these reefs have a history of exposure to more stressful conditions (relative to
their mid-shelf counterparts), including nutrient and sediment pollution as well as elevated
and more variable temperature (Jin et al. 2016; Waterhouse et al. 2021). In contrast, mid-
shelf reefs are primarily influenced by oceanic water and fleetingly exposed to riverine inputs

during major flood events (Lough et al. 2015).

Following collection, the coral colonies were kept under shaded flow-through seawater
conditions until arrival at the outdoor aquarium facilities of the National Sea Simulator
(SeaSim) at the Australian Institute of Marine Science (AIMS) on 10t June 2018. At AIMS, they
remained shaded in flow-through filtered seawater (FSW) at 24.2 °C (the collection
temperature). Corals were fed daily with freshly hatched Artemia at a concentration of
approximately 0.5 nauplii.ml. Shortly after arrival, each colony was cut into 16 experimental
nubbins of approximately 2 cm height using a diamond band saw (AquaSaw XL, Grphyon,
USA). Cut nubbins were affixed to aragonite plugs using cyanoacrylate glue and held in racks

of 48 plugs under the same conditions as before.

Three weeks after fragmentation, the corals were transferred to an indoor experimental room
containing 16 individual 48 L tanks. Each tank was supplied with FSW at a rate of 48 L.hr?,

contained an internal circulation pump (Turbelle nanostream 6015, TUNZE, Germany), and
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was situated within an individual flow-through water jacket for additional temperature
control. Corals were initially supplied with 4.32 mol.m2.d? of light (peak 150 umol.m=2.s%; Sol,
Aqua Illumination, USA) which was doubled to 8.64 mol.m™2.d! (peak 300 pmol.m2.s1) over
nine days, and at the same time the temperature was increased from 24.2 °C to 26 °C (0.2
°C.d1). Corals were then kept under these conditions for four weeks prior to the experiment

and feeding with Artemia was maintained.
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Figure 3.1 Map of the inshore and mid-shelf collection sites for experimental A. millepora
colonies in the central Greater Barrier Reef. Inset map shows the position relative to the

landmass of Queensland, Australia.

Nutrient enrichment

The experiment was initiated (Day 1, 13/08/18) by exposing corals to four nutrient conditions:
individual nitrate (N) and phosphate (P) enrichment, combined enrichment (NP) and a control
condition (C). Heterotrophic feeding, as already described, was also maintained throughout
the experiment. Nutrient levels were nominally increased by 2 puM nitrate and/or 0.25 pM

phosphate by continuously dosing concentrated stock solutions (replenished twice weekly)
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of sodium nitrate (1 mM; Sigma-Aldrich, USA) and sodium phosphate monobasic (125 pM;
Sigma-Aldrich, USA) in FSW using a peristaltic pump (IPC 8, Ismatec, Germany), and each
nutrient condition was replicated across four tanks. These levels of nutrient enrichment
supplied (Table S3.1) were based on those found in secondary water types of river plumes
experienced in the study region (Alvarez-Romero et al. 2013; Waterhouse et al. 2021).
Inorganic nutrient availability was monitored up to three times per week by taking 0.45 puM-
filtered (Minisart NML, Sartorius, Germany) triplicate water samples from each tank.
Inorganic nutrients were determined spectrophotometrically (Ryle et al. 1981) using an auto-
analyser (AA3 HR, SEAL Analytical, UK). To minimise biological nutrient uptake by non-coral
organisms, tanks were emptied and cleaned thoroughly twice per week. The nutrient dosing
and cleaning regime was effective at providing enrichment of the relevant inorganic nutrients
in each treatment, despite natural variability in the nutrient content of the inshore FSW

supplied to the experiment (Table S3.1; Figure S3.1).

Acute heat stress

After six weeks of nutrient enrichment (Day 44, 25/09/18) the temperature in all experimental
tanks was raised by 1 °C.d™! until 30 °C (reached on Day 48, 29/09/18). Thereafter, ramping to
the final temperature of 31.5 °C (reached on Day 62, 13/10/18) was achieved by repeated
holding of the temperature for five days, followed by repeated increases of 0.5 °C (Figure 3.2).
The temperature of each tank was measured weekly (376 Datalogger RTD Thermometer,
CENTER Technology, Taiwan) during the nutrient exposure and daily during heat stress. The
final heat exposure of six days at 31.5 °C (Day 67, 18/10/18) amounted to mild-to-moderate
accumulated heat stress with the degree heating weeks metric (DHW) (Liu et al. 2003). The
inshore and mid-shelf corals were exposed up to 2.86 + 0.30 and 3.86 + 0.33 DHW respectively
(Figure 3.2) using Havannah and John Brewer Reefs as reference sites and taking the
maximum monthly mean (MMM) from the NOAA Coral Reef Watch 5 km satellite product
version 3.1. This level of heat stress was chosen to induce bleaching without significant

mortality (Fordyce et al. 2019).
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Experimental and sampling design

Within nutrient treatments, each tank contained four randomly placed nubbins from 12 coral
colonies, with 48 nubbins in total, and six colonies per shelf position, in each tank. This meant
that each replicate tank within a nutrient treatment contained a unique group of colonies.

These colony groupings were replicated exactly for all nutrient treatments.

Corals were sampled at two timepoints: 1) following one month of nutrient exposure at 26 °C
(Days 31-32, 12/09/18-13/09/18) and 2) and after 9.5 weeks of nutrient exposure and four
days at the peak temperature of 31.5 °C (Days 66-67, 17/10/18-18/10/18). At these
timepoints coral respirometry measurements were taken before samples were fixed in liquid
nitrogen and stored at -75 °C for /TS2 sequencing and analyses of chlorophyll and protein. At
each timepoint, four nubbins each from sixteen unique colonies were sampled from each
nutrient treatment. However, respirometry measurements and subsequent analyses were
only conducted on one nubbin per colony within each treatment, with the remainder kept as
spares. Nubbins were sampled evenly from the replicate tanks, meaning that 16 nubbins per
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tank, representing four genotypes (two per shelf position) per tank, were removed from at
each sampling point. The same genotypes were sampled across the nutrient treatments at

each timepoint, however different sets of 16 colonies were sampled between timepoints.

Repeated measures sampling of photosynthetic efficiency was carried out between to the
two timepoints described above (Days 39-65, 20/09/18-16/10/18). These measurements
were performed on all nubbins remaining in the experiment after the first sampling
timepoint. This meant that within each nutrient treatment, four nubbins were measured for
each of the 32 unique colonies (eight colonies per tank) that remained. This design was

replicated exactly across nutrient treatments, except where individual nubbins died.

The surface area and volume of each coral nubbin were calculated using modifications of a
previous method (Nielsen et al. 2020), to respectively enable the standardisation of
physiological metrics and volume correction of respirometry measurements. Digital callipers
were used to take multiple perpendicular diameter measurements along each nubbin, which
were then averaged, in addition a single measurement of nubbin height. The lateral surface
area and volume of each nubbin were then calculated assuming that they were cylindrical

(tr?h; 2mtrh).

Coral respirometry

To measure light photosynthesis and dark respiration, nubbins were transferred to 600 ml
transparent acrylic cylinders filled and sealed completely with treatment-specific seawater
(TSW). Within each cylinder, one coral nubbin was mounted above a magnetic stir bar which
was rotated with a magnetic pulley system (Strahl et al. 2019). Incubations were carried out
within an opaque flow-through water bath maintained at experimental temperatures. For
light incubations, corals were exposed to the same peak lighting conditions of the experiment
(300 umol.m=2.s1) for approximately 90 minutes. Following this, oxygen concentrations were
measured using a hand-held dissolved oxygen meter (HQ30D with Intellical LDO101 probe,
Hach, USA). For the dark incubations, cylinders were resealed using TSW and the procedure
was repeated exactly in the dark. Control incubations without corals were also performed and

used to correct coral measurements for background metabolic activity. Gross photosynthesis
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rates were estimated by adding net photosynthesis rates and respiration rates for each coral.
As a result of light-dependent effects on respiration, gross photosynthesis rates were likely

be underestimates (Schrameyer et al. 2014).

Coral tissue preparation, chlorophyll, and protein analysis

Coral tissue preparation and chlorophyll and protein content analysis were carried out as
described previously (Chapter 2), but with a reduced volume (~8 ml) of ultra-filtered seawater

in the air blasting step.

Photosynthetic efficiency

Pulse-amplitude-modulation fluorometry (MINI-PAM, Walz, Germany) was used as non-
invasive measurement of coral bleaching (Warner et al. 1999) during the application of heat
stress. Repeated measurements were taken using a 5.5 mm fibre optic (Walz, Germany)
spaced ~2 mm from the coral surface with the following settings: measuring light = 4; Gain =
1; Saturating intensity = 8; and Saturating width = 0.8. Effective quantum yield of PSII (®PSII)
was measured in the middle of the light cycle (starting Days 39-40, 20/09/18-21/09/18) and
maximum quantum yield of PSIl (Fv/Fm) was measured after one-hour of dark adaptation
(starting Day 43, 24/09/18), following the conclusion of the daily photoperiod. After these
initial measurements ®PSIl was measure daily (Day 43 onwards) and F,/Fm was measured

every other night (Day 48, 29/09/18 onwards).

DNA extraction and ITS2 amplicon sequencing

Coral DNA extraction was carried out as described previously (Chapter 2) and polymerase
chain reactions (PCRs) were performed using modifications to the previous method (Chapter
2) in terms of the PCR recipe (+1 mM MgCl,, 5 pul DNA template and 30 pl final volume) and
cycling conditions (initial denaturation extended to 10 min, cycle number reduced to 30,
annealing temperature reduced to 56 °C for a longer period of 60 s). ITS2 amplicons were sent
to the Ramaciotti Centre for Genomics (UNSW Sydney, Australia) for bead clean-up, library

preparation and sequencing on the MiSeq v3 2 x 300 bp platform (lllumina, USA).
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Statistical design for physiological data analysis

For analysis of chlorophyll, protein, and respirometry data, analyses were carried out using
the methods detailed in Chapter 2. Bayesian generalised linear mixed models (BGLMMs) were
fit (using brms) to examine the three-way interaction between nutrients, shelf position, and
temperature. After the model checking and selection procedures (Chapter 2), the optimal
models were gaussian in distribution with a random intercept in all instances, except for
respiration which was fit to a student’s distribution. Model results were interpreted as

detailed previously (Chapter 2).

Photosynthetic efficiency (Fv/Fm and ®PSIl) data were analysed using piecewise linear mixed
models fit in the “glmmTMB” 1.0.21 package (Brooks et al. 2017) for the interaction of
nutrients and shelf position over a time series of heat stress. Random effects of tank, coral
colony and coral nubbins were also included. Models were manually optimised regarding the
position of knots, random effects, and variance structures. Models were diagnosed with
DHARMa and compared using second order Akaike Information Criterion via MuMIn package
1.43.17 (Barton 2013). For F,/Fm, a single knot was placed at 62 days, the first slope allowed
to vary across tanks, and the second slope allowed to vary across genotypes and nubbins. An
Ornstein—Uhlenbeck (OU) variance structure was also fitted to control autocorrelation of
colonies and nubbins over time. For ®PSlI, knots were placed at 51 and 62 days with the third
slope allowed to vary across all random factors, and the second slope allowed to vary across
colonies and nubbins, and OU variance modelled for all random effects over time. Post-hoc
comparisons on the final selected models were made using emmeans and statistical

inferences were based on estimated means and p-values.

ITS2 amplicon sequence analysis

Fastq files were submitted to SymPortal (Hume et al. 2019) for bioinformatics analysis as
detailed in Chapter 2. The 128 analysed samples returned 7,937,097 raw sequencing reads or
an average (mean + s.d.) of 62,009 + 11,688 reads per sample, and 3,715,883 reads or 29,030

+ 8,193 reads per sample remained after minimum entropy decomposition (MED).
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For the analysis of DIVs and ITS2-type profiles, DIVs present in only one sample or comprising
< 0.005 % of total post-MED reads were manually removed, and /TS2-type profile data were
normalised to relative abundance. Further analyses were based in the vegan package as
detailed in Chapter 2, with rarefaction to 12,249 reads, and alpha diversity (Shannon’s H” and
Simpson’s 1-D) was again analysed using BGLMMs as described above for the physiological
data. H” and 1-D were fitted to gaussian and student’s distributions respectively, with a
random intercepts structure. PERMANOVAs were carried out to examine the three-way
interaction between nutrients, shelf position and temperature, but due to the balanced
experimental design, PERMANOVA was robust to the impacts of unequal variances (Anderson

and Walsh 2013) and therefore PERMDISP testing was not carried out.

Results

Physiological response of coral-algal symbiosis to nutrient and heat stress

The dark- (F/Fm) and light- (®PSII) adapted photosynthetic efficiencies of A. millepora were
tracked throughout heat stress until corals inshore and mid-shelf were exposed to 2.38 + 0.27
(mean £s.d.) and 3.28 £ 0.30 °C-weeks, respectively (Day 65). Piece-wise linear mixed models
(Fv/FmR%=0.9998; ®PSIl R? = 0.9641) showed that photoinhibition of corals under heat stress
was strongly related to shelf-position and seldom impacted by short-term nutrient exposure
(Figure 3.3). Therefore, unless stated, the following results represent cross-shelf pairwise

comparisons with collapsed nutrient treatments.

Initially, photosynthetic yields were slightly but significantly higher for mid-shelf corals
compared to their inshore counterparts (p < 0.05 for Fy/Fm and ®PSIl). This changed on days
62 and 63 respectively for Fv/Fm and ®PSII, when modelled estimates showed that yields were
equivalent between inshore and mid-shelf corals (Fv/Fm p = 0.1466; ®PSIl p = 0.8460). After
day 62, the rate of photoinhibition rapidly accelerated for mid-shelf corals (p < 0.0001 for
change in Fy/Fm and ®PSlI slopes) but remained unchanged for the inshore corals (Fv/Fmp =

0.0900; ®PSIl p = 0.2186). Notably, the increased rate of mid-shelf coral F,/Fm decline was
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partially mitigated by phosphate enrichment (vs control p = 0.0019; vs N p = 0.0081; vs NP p
< 0.0001). Beyond day 64, photosynthetic yields for mid-shelf corals were significantly lower
than their inshore counterparts (p < 0.05 F/Fm and ®PSIl). Ultimately, on day 65, modelled
estimates of photosynthetic yields for mid-shelf corals had declined to 0.523 (95 % Cls 0.488-
0.558) F/Fm and 0.549 (0.518-0.580) ®PSII, representing declines of 0.219 F,/Fm, and 0.162
below peak levels. Inshore corals were only half as much affected (-0.080 F,/Fm and -0.087
®psil), reaching minimum photosynthetic efficiency levels of 0.628 (0.593-0.662) F,/Fm and
0.600 (0.569-0.631) ®PSiII.

Modelled estimates of total chlorophyll content (R?> = 0.8916, 95 % Cls 0.8612-0.9125), gross
(R?=0.4534, 0.3156-0.5638) and net (R =0.5171, 0.3819-0.6147) photosynthesis of inshore
and mid-shelf corals (Figure 3.4), respectively exposed to up a maximum of 2.86 + 0.30 and
3.86 + 0.33 °C-weeks (Days 66-67), closely followed the prior observations of photosynthetic
efficiency whereby mid-shelf corals were most severely impacted by heat stress. Prior to heat
stress (Days 31-32), these physiological metrics were largely unimpacted by nutrient
treatment or shelf-position, with estimated values of 18.48 pg.cm2 (95 % Cls 17.07-19.77) for
chlorophyll (Figure $3.2), 3.21 umol 0,.ht.cm2 (2.88-3.56) for gross photosynthesis (Figure
$3.3) and 2.65 pmol 0,.ht.cm™ (2.36-2.94) for net photosynthesis (Figure S3.4). However,
within the mid-shelf corals, chlorophyll content tended to be slightly elevated in the nutrient-
enriched treatments (N: 19.2 ug.cm?, 16.7-21.7; P: 19.6 pg.cm, 17.1-22.2; NP: 20.0 pg.cm??,
17.4-22.5) compared to the control condition (16.6 pg.cm, 14.3-19.2).

Following heat stress, total chlorophyll levels decreased for all coral regardless of
experimental treatment, falling by 56 % to 7.97 pg.cm (6.12-9.70) for the inshore corals and
by 76 % to 4.46 pg.cm™ (2.58-6.21) for the mid-shelf corals. However, within the control
nutrient treatment, chlorophyll levels remained statistically indifferent between the inshore
(6.66 pg.cm, 4.20-9.04) and mid-shelf corals (4.46 pg.cm™, 2.18-6.97) after heat stress. In
contrast, mid-shelf corals in all nutrient-enriched treatments showed reduced levels of
chlorophyll compared to their inshore counterparts (Figure S3.2). Nutrient additions,
regardless of their form or ratio, therefore led to cross-shelf differences in the coral bleaching

response as measured through chlorophyll.
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Cross-shelf differences in the coral heat stress response were also found in their
photosynthetic rates. Although these remained unchanged for the inshore corals (Figure
S3.4), net photosynthetic rates of mid-shelf corals declined by 40 % following heat stress, to
1.72 pumol 0z.ht.em™? (1.33-2.13). Gross photosynthesis of mid-shelf corals also declined
across temperatures (Figure S3.3), but only in the nutrient-enriched treatments (by 32, 26

and 29 % respectively for N, P and NP-treated corals).
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Figure 3.5 Dark respiration (umol.h"t.cm) and host protein content (mg.cm) of inshore and
mid-shelf corals, according to temperature (left vs right) and nutrient treatment (colour).
Coloured points and error bars show median model simulations with 95% Cls. Grey dots show

the raw data points.

Modelled patterns (Figure 3.5) of experimental impacts on coral dark respiration (R2=0.3037,

0.1673-0.4645) and host protein content (R? = 0.5518, 0.4237-0.6419) were less clear than
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the symbiont-related metrics of bleaching. Prior to heat stress, corals had equivalent
respiration rates across the experiment (0.57 umol.ht.cm, 0.51-0.62). After heat stress,
respiration rates increased by 43 % for the N-treated inshore corals and by 29 and 37 %
respectively for the control and NP-treated mid-shelf corals (Figure S3.5). Regarding host
protein content, levels in the inshore P-enriched corals (0.96 mg.cm™, 0.82-1.10) were higher
than their mid-shelf counterparts (0.77 mg.cm, 0.63-0.91) prior to heat stress (Figure S3.6).
Within the inshore corals, protein declined due to heat stress in all but the N-enriched
treatment (by 18, 26 and 18 % respectively for C, P and NP corals), and, after heat stress,
inshore N-enriched corals retained higher protein (0.85 mg.cm2, 0.71-0.99) compared to the

control (0.67 mg.cm2, 0.54-0.82).

Algal symbiont communities

After trimming and rarefaction, 72 Cladocopium DIVs made up 99.9 % of the total with the
remainder shared across six Durusdinium DIVs. Model estimates (Figure S3.7) of Shannon’s
(H’; R = 0.7674, 0.7078-0.8103) and Simpson’s (1-D; R? = 0.6780, 0.5952-0.7376) diversity
indices of algal symbiont DIVs were higher for the mid-shelf corals (H” 2.15, 2.03-2.29; 1-D
0.804, 0.779-0.829) compared to the inshore corals (H” 1.79, 1.67-1.92; 1-D 0.755, 0.730-
0.7779) prior to heat stress, but were equal after heat stress, except for H”in the NP treatment
(Figure S3.8; Figure S3.9). PERMANOVA revealed significant differences in the community
structure (Figure S3.10) when accounting for changes in relative symbiont abundance and
composition in terms of algal symbiont DIVs due to the impacts of temperature (p = 0.0158,
R? = 0.0197), shelf position (p < 0.0001, R? = 0.5614) and their interaction (p = 0.0153, R =
0.0193). Nutrient treatment did not influence the community structure of DIVs on its own (p

=0.9837, R2=0.0013), or by interacting with shelf position and/or temperature.

Ten ITS2-type profiles were identified across all samples (Figure 3.6). These were significantly
impacted by shelf position (PERMANOVA p < 0.0001, R? = 0.2639), rather than nutrients of
temperature. The nine most abundant type profiles were Cladocopium with the remaining
profile being Durusdinium. Three dominant /TS2-type profiles made up 95.0 % of normalised
profiles: C3k/C50a-C3-C3ba-C50f-C50g-C3dg-C3a (33.5 %), C50c/C50a/C3-C50f-C3b-C50
(32.8 %) and C50c/C50a/C3/C1-C50f-C3b-C50u (28.80 %). For the inshore corals, 54.7 % of
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normalised profiles were C50c/C50a/C3-C50f-C3b-C50u and 43.8 % were C50c/C50a/C3/C1-
C50f-C3b-C50u. In contrast, C3k/C50a-C3-C3ba-C50f-C50qg-C3dg-C3a comprised of 66.9 % of
normalised profiles for the mid-shelf corals, followed by 13.9 % C50c/C50a/C3/C1-C50f-C3b-
C50u and 10.8 % C50c¢/C50a/C3-C50f-C3b-C50u. The remaining 8.4 % were made up of six
other profiles. Overall, 75.3 % of mid-shelf normalised profiles were unique to the mid-shelf

corals.

aloysu|
0,092

12345678 12345678

910111213141516

7
L 1]
L 1
L ]
L 1
L 1
L
1
L
I
Jous-pIN
9,092

91011121314 1516

Proportion
aloysu|
0.9'LE

X ]

J12US-pIN
2. 61€

2526272829303132 2526272829303132
Genotype

%J C3k/C50a-C3-C3ba-C50f-C50q-C3dg-C3a C3k/C3-C50a-C3ba-C3cz
s C50c/C50a/C3-C50f-C3b-C50u C3k

o C50c/C50a/C3/C1-C50f-C3b-C50u C50a

;? C3/C3k-C28-C21ab-C3b-C50a-C3gj-C21.12 C3/C3b

{é C3/C50c-C3b-C50a-C21-C3gj-C21.12 D2-D1ak-D1-D2.2-D4

Figure 3.6 Proportion normalised ITS2-type profiles for individual samples within each

experimental treatment. Genotype shows the unique coral colonies used in the experiment.
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Discussion

My study of the coral A. millepora sourced from inshore and mid-shelf reefs revealed that
there were minimal impacts of nutrient dosing or shelf position on the measured physiological
traits prior to heat stress. However, corals in all nutrient treatments bleached after exposure
to heat stress up to 31.5 °C. The stress response was most severe for the mid-shelf corals
likely due to increased levels of accumulated heat stress (DHW) they experienced at this
temperature. Inshore and mid-shelf corals also hosted distinct algal symbiont communities
which may partially explain these differences in absolute temperature tolerance. In contrast,
short-term nutrient enrichment had comparatively minor impacts on coral heat tolerance. It
is therefore unlikely that local actions to manage nutrient pollution will provide tangible
benefits in mitigating the initial intensity of coral bleaching during future marine heatwaves

on the GBR.

Coral heat stress response driven by cross-shelf environmental history

The primary finding was that the response of corals to heat stress was strongly determined
by cross-shelf differences in environmental history. Prior to heat stress, all photo-
physiological metrics were equal between inshore and mid-shelf corals, excluding minor
differences in photosynthetic efficiency. After heat stress, mid-shelf corals bleached more
strongly as measured through total relative declines in chlorophyll content compared to their
inshore conspecifics. This trend was closely followed the observations of greater declines in
photosynthetic efficiency and photosynthetic rates for the mid-shelf corals after heat stress,

while inshore corals were comparatively unaffected.

The cross-shelf patterns of bleaching and photoinhibition can be explained by the differences
in environmental conditions between source reef sites. Relevant conditions include average
temperatures and temperature variability (Safaie et al. 2018) and water quality impacts
including nutrients and sediments (D'Angelo and Wiedenmann 2014; Fabricius et al. 2013).
Inshore corals from the Palm Islands region of the GBR have a ~0.35 °C greater upper thermal

limit (MMM) compared to the mid-shelf collection sites, greater annual temperature
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variability (Jin et al. 2016), and more frequent exposure to nutrient and sediment loading
(Waterhouse et al. 2021). As temperature ramping profiles were applied equally to the same
maximum value (31.5°C), for the same duration, mid-shelf corals experienced ~1 °C-week
greater accumulated heat stress by the end of the experiment, compared to their inshore
counterparts. These differences in historical heat stress exposure were likely responsible for
the differential bleaching responses observed here and agree with field observations of
previous heat stress events, where °C-weeks were positively related to the probability of

severe coral bleaching in the central GBR (Hughes et al. 2021).

Cross-shelf gradients in coral heat tolerance could also be partially explained by phenotypic
differences prior to bleaching. Poor water quality conditions, including high nutrients and
turbidity, are typically associated with algal symbiont growth within corals (Fabricius 2006;
Shantz and Burkepile 2014). Dense algal symbiont communities are hypothetically linked to
an increased production of ROS (Cunning and Baker 2013) and reductions to the flow of
autotrophic carbon from the symbionts to the host (Ezzat et al. 2016b; Wooldridge 2020).
Both factors are implicated in the cellular mechanisms of coral bleaching (Morris et al. 2019;
Radecker et al. 2021). However, there were no cross-shelf differences in relevant
physiological traits prior to heat stress: chlorophyll content (a proxy for algal symbiont density
in A. millepora as shown in Fuller et al. (2020)) and rates of oxygen metabolism (related to
carbon fixation and translocation in branching coral by Ezzat et al. (2016b)) were equivalent
between the inshore and mid-shelf corals. Therefore, phenotypic differences resulting from
historical water quality exposure seem unlikely to explain to strong cross-shelf differences in

experimental bleaching.

Limited impacts of nutrient enrichment on coral physiology and heat tolerance

The nutrient enrichment treatments were designed to be reflective of the secondary water
type which occurs during the wet season in the inshore areas of the GBR (Devlin et al. 2012).
The duration of the experiment (9.5 weeks) matched well with the ~9-week exposure of the
inshore collection sites to secondary waters during the summer preceding the experiment
(Gruber et al. 2019). In these waters, mean nitrate levels of 3.3 uM were higher than the

experimental treatment (~2.4 uM), although the experimental phosphate enrichments (~0.32
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1M) were double those of secondary waters (0.15 uM) (Gruber et al. 2019). The experimental
treatments were also similar with previous work in terms of nutrient exposure (Table S1) and
led to strong variation in nitrate to phosphate ratios (from 2.3 to 21.8) which may be expected
to influence coral physiology before and during heat stress (Morris et al. 2019). Despite this,
the nutrient effects were subtle: a slight (15-20 %) increase in chlorophyll in mid-shelf corals
prior to heat stress, alongside increases in the cross-shelf differences of bleaching (mid-shelf
33 % lower than inshore in control, 41-54 % nutrient-enriched) and reductions to mid-shelf
gross photosynthesis (21 % control, 26-32 % nutrient-enriched) after heat stress. Regardless,
the final levels of bleaching and photo-physiological parameters were consistent within the

inshore and mid-shelf corals across all nutrient conditions.

Previous nutrient and heat stress experiments have demonstrated strong impacts of nutrient
form and ratio in dictating the coral bleaching response (Morris et al. 2019). Among these,
nitrate enrichment has been mechanistically identified to reduce coral heat tolerance through
mechanisms including photo-oxidative damage (Fernandes de Barros Marangoni et al. 2020;
Higuchi et al. 2015; Wiedenmann et al. 2013) and the impairment of carbon exchange within
the symbiosis (Baker et al. 2018; Ezzat et al. 2015). The equivalent impacts of phosphate
enrichment are comparatively unknown but can contrast with nitrate by promoting coral
autotrophic function during heat stress (Ezzat et al. 2016a). When the two nutrient sources
are applied together, they do not usually act synergistically with heat stress, but can instead
uniformly increase the algal symbiont density across temperatures (Dobson et al. 2021; Ezzat
et al. 2016b; Hall et al. 2018; Tanaka et al. 2014). Despite major differences in the nitrate to
phosphate ratios of the experimental treatments applied here, slight and uniform increases
in chlorophyll were observed across all nutrient-enriched (N, P, NP) treatments, matching the
typical response of corals to balanced nutrient enrichment (Morris et al. 2019). Although this
increase in pigmentation could be expected to negatively impact heat tolerance (Fuller et al.
2020) as discussed earlier, increased bleaching under nutrient enrichment did not occur in

the current experiment.

The relative lack of nutrient impacts on coral heat tolerance observed here may have been
due to differences in the experimental design compared to previous studies (Table S1). Similar

null results have been reported prior, likely due to factors including short exposure duration
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(Faxneld et al. 2010), confounding impacts of biological nutrient uptake (Fabricius et al. 2013),
pulsing of nutrients (Dobson et al. 2021; Hoadley et al. 2016) and the use of sub-bleaching
temperatures (Rice et al. 2019). None of these factors were relevant to the current study,
which was long-term in comparison to most previous experiments (Table S1) and effective in
providing continuous nutrient enrichment alongside a coral bleaching response. Many other
previous experiments which linked nutrient enrichment with coral bleaching often provided
treatments which were not realistic in their duration and/or magnitude (Chumun et al. 2013;
Higuchi et al. 2015; Nordemar et al. 2003; Schliéder and D'Croz 2004; Thummasan et al. 2021;
Wiedenmann et al. 2013) when considering the environmental context of the GBR

(Waterhouse et al. 2021) which provided the foundation for this experiment.

It is notable that the highest N:P ratio applied here (~22) is identical to that of inshore,
secondary GBR waters preceding the experiment (Gruber et al. 2019) and has been previously
associated with healthy coral-algal symbioses (Rosset et al. 2017; Wiedenmann et al. 2013).
In the latter case, high absolute phosphate availability of ~0.3 uM was suggested to buffer
corals against elevated nitrate levels of ~6.5 uM (Rosset et al. 2017). The current experiment
expands on these previous observations to show that that 0.11 uM phosphate is sufficient to

avoid stress in GBR corals at similarly elevated N:P ratios.

Biotic and abiotic factors which were fixed across this experiment may have also dictated the
coral response to nutrient and heat stress. Most studies which produced significant results
using nutrient treatments similar to the current experiment (Blanckaert et al. 2021; Ezzat et
al. 2016a; Ezzat et al. 2016b; Fernandes de Barros Marangoni et al. 2020; Hall et al. 2018;
Tanaka et al. 2014) were carried out on corals sourced from the Red Sea (Table S1), which
have been identified as particularly susceptible to nutrient enrichment due to their naivety to
eutrophic conditions (DeCarlo et al. 2020; Fine et al. 2019; Hall et al. 2018). In contrast, the
GBR corals used for this study are frequently exposed to inorganic nutrients during summer
either through inshore river runoff or mid-shelf upwelling (Waterhouse et al. 2021) and may
have adapted to cope with these conditions (Morris et al. 2019). Furthermore, branching
corals tend to cease nitrate assimilation and accelerate phosphate uptake under elevated
temperatures (Ezzat et al. 2016a; Godinot et al. 2011), in an apparent effort to combat high

internal N:P ratios which exacerbate bleaching (Pogoreutz et al. 2017a; Wiedenmann et al.
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2013). Potentially, branching A. millepora in this study also modified its nutrient uptake under
heat stress, which would explain why strong effects of nutrient enrichment were not
observed in the bleaching response of this species. Finally, fixed experimental conditions,
such as levels of ultraviolet radiation which were not measured here (Blanckaert et al. 2021)
and the provision of coral were particulate food (Ezzat et al. 2016b) may have also acted to
dampen the response of corals to inorganic nutrients. Therefore, further studies of nutrient
impacts on GBR coral bleaching are warranted to detect potential interacting impacts of

factors such as coral species, light and food availability.

Cross-shelf genetic drivers of heat tolerance overwhelm short-term nutrient impacts

The cross-shelf patterns in coral heat tolerance may have been related to genetic composition
of the algal symbiont communities which they host. Bleaching resistance is known to be
closely linked to the algal symbiont genera hosted by A. millepora (Berkelmans and van Oppen
2006; Fuller et al. 2020). However, Durusdinium spp., which is typically associated with coral
heat tolerance (Berkelmans and van Oppen 2006; Fuller et al. 2020), was almost absent from
corals in this experiment. Instead, all corals hosted Cladocopium spp. which are known to be
highly diverse (Laleunesse et al. 2018) and importantly, highly variable in their heat tolerance
(Beltran et al. 2021; Swain et al. 2017). Heat sensitive mid-shelf corals primarily hosted /752
type profiles containing C3k or C3 as the dominant DIV. In contrast, the inshore corals were
dominated by two similar type profiles sharing the C50c DIV. The C50c-led type profiles
putatively conferred heat tolerance to inshore A. millepora in an adaptive process, since
cross-shelf gradients in temperature and water quality are known to shape the distribution of
in the algal symbionts of A. millepora on the GBR (Cooper et al. 2011; Quigley et al. 2017a).
Overall, cross-shelf environmental gradients have likely driven the differences in the
Cladocopium communities observed within the corals collected for this experiment and

putatively explain the differential bleaching responses of inshore and mid-shelf corals.

The algal symbiont communities hosted by corals can also confer different nutritional traits
(Baker et al. 2013; Wong et al. 2021) in addition to heat tolerance. This includes differences
in nitrogen affinity (Wong et al. 2021), and therefore changing nutrient levels may be

expected to structure the algal symbiont communities through symbiont “shuffling” (Baker
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2003; Morris et al. 2019). Very little information is available on the impacts of inorganic
nutrients on algal symbiont community dynamics, although a release from inorganic nutrient
limitation in corals following bleaching (Levas et al. 2018) may facilitate symbiont shuffling
and the rapid recovery of the symbiont populations (Grottoli et al. 2014). My experiment
represents the first next-generation sequencing analysis of how the algal symbiont
communities of corals in response to inorganic nutrient enrichment. However, very little
evidence was found to suggest that symbiont community dynamics were substantially

impacted by nutrient availability.

Although not studied here, genetic adaptations of the coral host can contribute to coral heat
tolerance in addition to those in the symbiont population. A combination of host and
symbiont genetic variation has been identified to explain the bleaching responses of A.
millepora within same study region (Fuller et al. 2020) and in the Florida Keys, inshore coral
hosts exposed to more stressful water quality and temperature conditions have been
identified as more heat tolerant than their offshore counterparts (Kenkel et al. 2013a; Kenkel
and Matz 2016). On the inshore GBR, foraminifera-microalgal symbioses are naturally
resistant to nutrient and heat stress (Prazeres et al. 2017; Prazeres et al. 2016) and genetic
markers of heat tolerance in A. millepora have been associated with nitrate enrichment and
temperature variability (Jin et al. 2019; Jin et al. 2016). Therefore, local adaptation of the coral
host, in addition to the variability of host associations with heat tolerant symbionts, is an
additional factor which could contribute to variations in heat tolerance and should be a focus

for further study.

This experiment demonstrates only limited evidence for nutrient impacts on coral heat
tolerance. When heat tolerant corals are removed from their natural environmental
conditions, trade-offs in their physiology (Kenkel et al. 2015) and bleaching resistance
(D'Angelo et al. 2015; Ochsenkihn et al. 2017) may occur. Mechanisms behind these trade-
offs include a reliance on other environmental conditions (e.g. salinity) to produce heat
tolerant traits (D'Angelo et al. 2015; Ochsenkiihn et al. 2017) and the potential energetic costs
involved in mounting plastic responses to novel temperature and water quality environments
(Kenkel et al. 2015; Kenkel and Matz 2016). Subtle interactions of nutrients were apparent in

this experiment, where nutrient-enriched treatments relevant to inshore reefs (Waterhouse
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et al. 2021) increased mid-shelf chlorophyll content before heat stress and magnified cross-
shelf differences in bleaching and reductions in mid-shelf gross photosynthesis following heat
stress. These trends may be explained by the dependence of mid-shelf corals on oligotrophic
conditions for optimal stress tolerance, similar to corals from the Red Sea (DeCarlo et al. 2020;
Fine et al. 2019; Hall et al. 2018) and hypothesised for the GBR, where nutrient upwelling
events may contribute to coral bleaching (Berkelmans et al. 2010; DeCarlo and Harrison
2019). Conversely, inshore corals may perform best when exposed to a baseline level of
nutrient enrichment (Jin et al. 2019; Morris et al. 2019). Regardless, these minor nutrient
affects were not sufficient to substantially impact the coral bleaching as key metrics
(chlorophyll, photosynthesis) were constant across the nutrient treatments after heat stress,

in both inshore and mid-shelf corals

Conclusion

The influence of chronic water quality on the bleaching severity of GBR corals under acute
heat stress has long been debated. To address this, corals from inshore and mid-shelf reefs
were exposed to multiple nutrient conditions and heat stress in the under laboratory. Results
from this showed that coral bleaching primarily responded to cross-shelf differences in
historical thermal acclimation (MMM), rather than experimental nutrient enrichment.
Inshore corals were therefore more tolerant to elevated temperatures than mid-shelf corals,
and these cross-shelf patterns of bleaching may be partially explained by differences in the
genetic composition of the algal symbiont communities. While the current study suggests that
nutrient management is unlikely to prevent bleaching under heat stress, it does not preclude
the potential benefits of managing water quality to promote the recovery of corals (Donovan
et al. 2021) and coral reefs (MacNeil et al. 2019) following mass bleaching events. Instead,
strong and rapid action to both curb ocean warming, in combination with local management
approaches to build reef resilience and enhance recovery, will be required to deliver better

outcomes for the GBR under climate change (Knowlton et al. 2021).
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Chapter 4: Thermal bleaching leads to protein catabolism in the

coral Acropora millepora

Abstract

Evidence has demonstrated that coral bleaching predominately occurs through photo-
oxidative mechanisms, though recent studies indicate it can also be mediated by nutrient
cycling and regional water quality. In particular, the reversal of coral nitrogen cycling from
protein anabolism towards catabolism may encourage “selfish” growth of the algal symbionts
and trigger their expulsion from the coral host. To investigate whether coral nutrient cycling
underpins coral heat tolerance, coral fragments of the coral Acropora millepora collected
from different thermal and water quality regimes were exposed to heat stress and nutrient
enrichment (nitrate and/or phosphate). Physiological metrics of bleaching (chlorophyll,
photosynthetic efficiency) were combined with ITS2 amplicon sequencing of the algal
symbiont communities alongside short- (33C/*>N cycling) and long-term (protein, C/N content)
assays to explore the coral-algal nutrient metabolism. Results demonstrate that baseline
nutrient cycling in the corals was reversed towards protein catabolism during peak heat stress
as identified through suppression of exogenous inorganic 3C/*N assimilation and
translocation in corals, regardless of their environmental history or nutrient exposure.
However, initial bleaching and disruption to 3C/**N was most severe for more heat-sensitive
mid-shelf corals leading to divergent outcomes once heat stress was removed: mid-shelf
corals continued to bleach and lost substantial portions of their nutrient stores (carbon,
nitrogen, and host protein contents) leading to mortality while inshore corals remained
comparatively stable following the peak of heat stress. These cross-shelf patterns of nutrient
cycling and starvation following heat stress reveal that nutritional co-operation underpins the

thermal bleaching resilience of a reef-building coral.
Introduction
The highly efficient nutrient exchange between corals and their algal symbionts (Laleunesse

et al. 2018) provides the foundation for thriving coral reef ecosystems in tropical waters
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(Muscatine and Porter 1977). However, anthropogenic threats, principally recent ocean
warming (Lough et al. 2018), superimposed on local threats including nutrient pollution
(D'Angelo and Wiedenmann 2014), result in a rapid and mass decline in coral reefs through
coral bleaching (Eddy et al. 2021; Hughes et al. 2018a). Coral bleaching, the loss of a corals’
algal symbionts (Hoegh-Guldberg 1999), has long been understood to occur through light-
and heat-induced oxidative stress mechanisms (Weis 2008). However, subsequent
hypothetical (Morris et al. 2019; Wooldridge 2009a) and empirical research (Baker et al. 2018;
Radecker et al. 2021) now highlights how the destabilisation of coral-algal nutrient cycling

could be fundamental in triggering the process of coral bleaching.

Radecker et al. (2021) recently showed through measurements of nutrient flux and gene
expression, that the coral Stylophora pistillata catabolises amino acids to meet the increased
costs of living at elevated temperatures. A side effect of this is that the ammonium released
from amino acids stimulates growth in the algal symbionts, causing them to “selfishly”
sequester carbon and positively feedback on the escalating energetic stress of the host (Baker
et al. 2018; Radecker et al. 2021). Heat stress therefore triggers a complete reversal in the
regular processes of algal carbon translocation and host amino acid synthesis required for the
initiation and maintenance of cnidarian-Symbiodiniaceae symbioses (Cui et al. 2019; Xiang et
al. 2020). This dysbiosis in the coral-algal nutrient metabolism is therefore implicated in the
subsequent bleaching response (Radecker et al. 2021) and potentially contributes to the

large-scale decline of coral reefs following marine heat waves (Hughes et al. 2018b).

The breakdown of the coral-algal nutrient metabolism under heat stress may be modulated
by local factors including environmental nutrients (Morris et al. 2019), which can be altered
through anthropogenic activities including fishing (Allgeier et al. 2016) and pollution
(D'Angelo and Wiedenmann 2014). Particularly strong perturbations to the nutrient
environment through these drivers are most likely to occur on inshore reefs adjacent to
human populations which are exposed to flood plumes following major weather events
(Cinner et al. 2018; Waterhouse et al. 2021). Natural nutrient sources, such as ammonium
and phosphate released by fish populations (Meyer et al. 1983), are crucial in alleviating
photo-oxidative stress and the risk of the algal symbionts withholding photosynthates

(Béraud et al. 2013; Ezzat et al. 2015; Ezzat et al. 2016a; Fernandes de Barros Marangoni et
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al. 2020). In contrast, anthropogenic nitrate enrichment exacerbates oxidative stress in corals
under heat stress and actively encourages selfish growth in the algal symbiont communities
(Baker et al. 2018; Fernandes de Barros Marangoni et al. 2020; Wiedenmann et al. 2013).
Overall, it is emerging that nutrient availability can moderate coral bleaching by acting on the
processes of nutrient cycling and oxidative stress as previously hypothesised (Morris et al.

2019; Wooldridge 2009a).

Despite facing increased temperatures, corals may become resilient to heat stress after
previous exposure to higher temperatures (Ainsworth et al. 2016; Hughes et al. 2019), such
as those which occur on the inshore GBR (Berkelmans and van Oppen 2006; Cantin et al. 2021;
Jin et al. 2016). Warm acclimation can increase bleaching tolerance and host protein content
in Acropora corals (Ainsworth et al. 2016; Bellantuono et al. 2012; Middlebrook et al. 2008;
Yu et al. 2020) and may go further to modify the nutrient dynamics of the coral-algal
relationship (Morris et al. 2019). For example, Gibbin et al. (2018) showed how algal
symbionts in warm acclimated corals had reduced nitrate assimilation but increased rates of
carbon translocation under sub-bleaching heat stress. Host protein content was also elevated
compared to unacclimated controls (Gibbin et al. 2018). Further evidence for this effect can
be observed from a recent transcriptomic meta-analysis (Dixon et al. 2020), which found that
low intensity stress caused Acropora corals to downregulate genes involved in protein
degradation. These results suggest that the maintenance of algal carbon translocation and
host protein synthesis is a frontloading response to avoid the nutritional breakdown and

bleaching that can occur during heat stress (Morris et al. 2019; Radecker et al. 2021).

The co-adaptation of hosts and their symbionts may mediate nutrient exchange, and by
extension coral bleaching (Morris et al. 2019). It has been demonstrated in the cnidarian
model Aiptasia (Matthews et al. 2017; Matthews et al. 2018; Rddecker et al. 2018; Sproles et
al. 2020; Starzak et al. 2020; Starzak et al. 2014) and corals themselves (Baker et al. 2013;
Cantin et al. 2009; Pernice et al. 2015) that genetically distinct host-symbiont combinations
vary in their degree of metabolic co-operation in terms of carbon and nitrogen exchange. For
instance, Durusdinium symbionts are most common to A. millepora on the inshore GBR due
to higher temperatures and degraded water quality in these environments (Chapter 2; Cooper

et al. (2011)). Durusdinium are often touted for their superior bleaching tolerance relative to
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Cladocopium (Bay et al. 2016; Berkelmans and van Oppen 2006; Fuller et al. 2020; Jones et al.
2008), yet they can struggle to establish and maintain optimal nutritional relations with their
host in the absence of stress (Baker et al. 2013; Cantin et al. 2009; Matthews et al. 2017;
Matthews et al. 2018; Pernice et al. 2015; Sproles et al. 2020). The benefits of associating with
Durusdinium only manifest under heat stress where they increase or maintain C/N fixation
and translocation in contrast to the adversely affected Cladocopium (Baker et al. 2013). Algal
symbiont identity is therefore central to understanding how nutrient availability and
metabolism relate to bleaching risk, but few studies have examined this relationship to date

(Morris et al. 2019).

To examine how disruption to nutrient cycling may underpin coral bleaching resilience, corals
from inshore and mid-shelf reefs, with distinct algal symbiont communities and relative
temperature tolerance (Chapter 3), were exposed to heat stress along with nutrient
conditions (nitrate and/or phosphate) which are known to alleviate (phosphate) or
exacerbate (nitrate) bleaching. Traditional bleaching metrics (chlorophyll, photosynthetic
efficiency) and ITS2 amplicon sequencing to characterise diversity in the algal symbiont
communities were used alongside records of short-term, stable isotope enrichment (}33C/*°N)
and long-term indicators of metabolic tissue storage (proteins, C/N content), during the peak
of heat stress, to quantify how nutritional destabilisation relates to coral thermal tolerance.
The corals were then returned to ambient temperature and the sampling was repeated to
examine post-bleaching changes to their physiological and metabolic condition. The study
revealed that the extent to which the coral-algal metabolism is destabilised is strongly
determined by historical environmental conditions, rather than exposure to short-term
nutrient stress. Signs of a metabolic switch towards protein catabolism were observed early
in the bleaching process (through 3C/*N flux) for both inshore and mid-shelf corals, however
severe loss of nutrient stores (protein, C/N content) occurred primarily for mid-shelf corals

and led to the initiation of their mortality.
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Methods

Coral collection

Partial colonies of A. millepora were collected following the methods outlined in Chapter 3,
on the 23 and 24™ June 2019 at the same inshore and mid-shelf reef sites (permit GBRMPA
GB12/35236.1). On 25™ June 2019, the coral colonies were transferred to outdoor aquarium
facilities of the National Sea Simulator at the Australian Institute of Marine Science, where
they were kept at the temperature recorded at the time of collection (23.3 °C) and fed daily
(Chapter 3) in shaded flow-through filtered seawater (FSW). Corals were fragmented shortly
after collection (Chapter 3) and following this FSW temperatures were raised to 24.7 °C over
seven days. Fourteen days after fragmentation, corals were transferred to an indoor
experimental room containing 12 individual 48 L tanks (outfitted as described in Chapter 3).
Corals were supplied initially with 4.32 mol.m2.d! of light (peak 150 pmol.m2.s?) at 24.7 °C,
which were raised to 8.64 mol.m2.d! (peak 300 pmol.m?2.s!) and 26 °C over seven days.
Feeding was maintained in the experimental room where corals were held under these

conditions for a further six weeks.

Nutrient enrichment

The experiment was initiated by exposing corals to nutrient treatments (as per Chapter 3; +2
UM nitrate and/or +0.25 puM phosphate, and a control condition), with each nutrient
condition (N, P, NP, C) replicated across three tanks. Nutrient conditions were maintained

through repeated measurements and cleaning three times per week (Figure S4.1; Chapter 3).

Acute heat stress

Heat stress was initiated simultaneously with nutrient enrichment (Figure S4.2). All
temperature adjustments were made at a rate of 1 °C.d? unless stated. Initially, the
temperature across all tanks was raised from 26 °C to 30 °C (starting Day 0, 25/08/19) and
held for five days. Following this, it was decreased to 28 °C (starting Day 8, 02/09/19), held
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for eight days, and returned to 30 °C (starting Day 17, 11/09/19). Thereafter, the temperature
was increased by 0.5 °C every fifth day until 31.5 °C (reached on Day 34, 28/09/19), held for
six days and finally returned to 26.0 °C (starting Day 39, 03/10/19). The experiment ran for an
additional four weeks at 26.0 °C (until Day 74, 07/11/19) to assess coral recovery dynamics.
Temperatures were continuously monitored in each tank using in-water probes calibrated

against a mercury thermometer.

The heat exposure of corals during the experiment caused mild-to-moderate heat stress as
measured using the NOAA Coral Reef Watch degree heating week (DHW) methodology (Liu
et al. 2003) calculated following Chapter 3. Inshore and mid-shelf corals were exposed to a
maximum of 3.08 and 4.52 °C-weeks respectively (Figure S4.2), a level of heat stress designed
to induce bleaching without high levels of coral mortality (Fordyce et al. 2019). The
temperature profile, which exposed corals to temperatures above their maximum monthly
mean (MMM) before allowing them a brief respite prior to the main period of DHW
accumulation, to simulate typical warming patterns of heat stress in the central GBR

(Ainsworth et al. 2016).

Experimental and sampling design

One nubbin from each of the 48 collected colonies was placed randomly within each tank
such that each coral colony was represented thrice per nutrient condition. Discrete sampling
of corals occurred at two points: 1) during the initial stages of bleaching after five weeks
exposure to nutrient enrichment and three days exposure to 31.5 °C (Day 37,01/10/19), and
2) one month later, after continued nutrient enrichment and four weeks at 26 °C (Day 72,
05/11/19) to allow examination of longer-term responses following the peak of heat stress.
These sampling periods occurred over three consecutive days due to time constraints. At each
timepoint 3C/*°N incubations were carried out before samples were preserved for later
analyses of physiology, stable isotopes, and algal symbiont genetics. One nubbin from each
colony was sampled once from each nutrient condition at each timepoint. In total, 24 colonies
per shelf position and nutrient combination were sampled each time, with the sampling effort

evenly distributed across tanks except in cases where coral nubbins suffered mortality.
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All coral nubbins were monitored using non-invasive time series measurements of
photosynthetic efficiency (see Chapter 3), beginning four days prior to the experiment (Day -
3, 22/08/19). Measurements of ®PSll and F,/Fn, were taken three times per week throughout
the experiment, with ®PSIl measured in the middle of the photoperiod and F./Fn

measurements beginning after 45 minutes of dark adaptation.

Stable isotope incubations

Corals were incubated using respirometry equipment (described in Chapter 3) to measure
their autotrophic carbon and nitrogen metabolism. All incubations were carried out using
FSW from control tanks (CFSW) enriched with 1.2 mM sodium bicarbonate-3C (ISOTEC, USA)
and 3.5 uM sodium nitrate->N (Sigma-Aldrich, USA). Incubations lasted for approximately 130
minutes at the same temperature as the aquarium tanks and under peak experimental
irradiance. Afterwards, corals were placed in unlabelled CFSW for 10 minutes under dim light
to dissociate unassimilated 13C/*°N, rinsed in Milli-Q water and fixed in liquid nitrogen before
storage at -75 °C. Nitrate measurements of incubated CFSW (including controls without
corals) confirmed the effective addition and repletion of °N in each incubation chamber (data

not shown).

Coral tissue preparation

Coral tissues were processed according to previous protocol (Chapter 2) but with
modifications to improve sample yield and purity for DNA and stable isotope analyses. Briefly,
samples were removed from storage and air-blasted into approximately 8 ml Milli-Q water
into 15 ml tubes and homogenised for 10 s at 22,500 rpm (SilentCrusher M, Heidolph,
Germany). Both the airgun and homogeniser were decontaminated sequentially between
samplesin 10 % bleach, Milli-Q water, 100 % ethanol and Milli-Q water. The homogenate was
centrifuged (150 x g, 5 min, 4 °C) and the supernatant poured into a new 15 ml tubes before
repeated centrifugation. This supernatant was aliquoted in triplicate 100 ul into clear 96-well
microplates which were aluminium-sealed. The microplates and remaining supernatant were

stored at -75 °C for host protein and stable isotope analysis, respectively.
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The algal symbiont pellets remaining in the original 15 ml tubes were resuspended in 850 pl
Milli-Q water (final volume ~1 ml) and transferred to 1.5 ml tubes. From the suspension, 20
ul was aliquoted in duplicate for DNA extraction and 140 pl aliquoted into new 1.5 ml tubes
for chlorophyll analysis. Remaining cells were designated for stable isotope analysis. All 1.5
ml tubes were then centrifuged (1,000 x g, 5 min, 4 °C) and the supernatants discarded before

-75 °C storage.

Chlorophyll, host protein and surface area

Measurements of chlorophyll content, host protein content and skeletal surface area
followed previous methods (Chapters 2 and 3). For the protein assays, samples with low
protein concentrations (below the standard range) were repeated with double the amount of
sample material (10 pl) and to compensate for this 5 pl Milli-Q water was added to each

standard well.

Stable isotope analysis

Frozen coral host and algal symbiont samples designated for stable isotope analysis were
directly lyophilised and exported under permit (CITES PWS2021-AU-000077-000002) to the
Stable Isotope Laboratory at the University of Hong Kong. The samples were first weighed
into pre-tared tin capsules and then combusted in an elemental analyser (EA3028,
EuroVector, Italy) coupled in continuous flow to a stable isotope ratio mass spectrometer
(Perspective, Nu Instruments, UK) for measurements of % C/N and §*3C/6*°N. Samples were
normalised to an internal standard (acetanilide #1, Indiana University, USA) with repeated
measurements yielding results (mean * standard deviation: -29.50 + 0.48 %o §3C, 1.16 £ 0.41
615N, 70.80+2.09 % C,10.36 £ 0.20 % N) that were close to certified reference values (-29.53
+0.01 %o 6'3C, 1.18 £ 0.02 %0 615N) and expressed relative to Vienna Pee Dee Belemnite and
atmospheric N», respectively. Samples with inadequate mass after processing were either

excluded from further analysis or mixed with standard to facilitate measurement.
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Physiology and stable isotope data analysis

Statistical analyses for discrete physiological (chlorophyll, protein) and stable isotope (% C, %
N, C:N, 613C, 6'°N) data were performed as previously (Chapters 2 and 3), but with variance
across treatment factors modelled where appropriate. All Bayesian (generalised) linear mixed
models were fit with a fixed effects structure of the interactions between nutrient condition,
sampling period and shelf position and a random intercepts structure for tank and coral

colony. Further details on model design are given in Table S4.1.

For the continuous time-series’ of photosynthetic efficiency (®PSIl and F./Fm), gaussian
location scale additive mixed models were fit using the mgcv package 1.8-34 (Wood et al.
2016). Since additive models in mgcv do not allow for linear interactions (e.g. nutrient by
shelf-position) by continuous smoothing of the third factor (e.g. day), nutrient and shelf-
position were collapsed into a one-way “treatment” factor (e.g. inshore_C, mid-shelf_C,
inshore_N, etc). Models were fitted such that they allowed the treatment factor to vary over
time, and random factors of tank, coral colony, and replicate coral nubbin were considered.
Model fitting was repeated to test for the impacts of different random effects structures and
the number of knots for each smoother, until the optimal model was identified using the
“k.check” function from mgcv and the “appraise” function from gratia package 0.6.0
(https://cran.r-project.org/package=gratia). The final selected models were checked for

autocorrelation using the “acf_plot” function in itsadug package 2.4 (van RijJ et al. 2020).

For both parameters, a model with fixed effect of treatment was fitted with a thin-plate
regression spline (tprs) (Wood 2003) for measuring day by treatment, smooth factor
interactions (fs) for day by each individual coral nubbin with 3 knots and a variance structure
for day by treatment. Random factors of tank and coral colony were excluded as they did little
to improve the models and were computationally impractical to include alongside coral
nubbin. For ®PSlI, the tprs had 14 knots and the variance smooth 5 knots. For Fy/Fm, the
number of knots was 17 and 8, respectively. For the day effect within each treatment,
pairwise comparisons were made with emmeans as previously described (Chapter 2). For the
treatment effect within each measuring day emmeans was also used, but planned

comparisons were made with false discovery rate corrected p-values (Benjamini and Yekutieli
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2001) to compare nutrient effects within each shelf-position, and the shelf-position effects

within each nutrient treatment.

DNA extraction, ITS2 amplicon sequencing and analysis

DNA was extracted from one 20 ul algal symbiont aliquot per coral nubbin using modifications
of an established protocol (Wilson et al. 2002). Glass beads (G1152, Sigma-Aldrich, USA) were
added to each symbiont pellet with 730 pl homogenisation buffer plus 0.04 mg.ml?
Proteinase K. The sample solution was then homogenised three times at 4 m.s™* for 30 s
(FastPrep-24 5G, MP Biomedicals, USA) and incubated (1 h, 65 °C). Afterwards, 187.5 pl KOAc
(final concentration 1 M) was added to each sample which was then vortexed and incubated
on ice (30 min). Following this, samples were centrifuged (13,000 x g, 15 min) and 800 pl of
the resulting supernatant was transferred to a new 1.5 ml tube with 640 ul isopropanol. Each
tube was inverted slowly and rested (15 min, room temperature) before a second
centrifugation (20,238 x g, 15 min), after which the supernatant was carefully discarded and
replaced with 150 pl of 70 % ethanol. The samples were again inverted slowly and centrifuged
(20,238 x g, 5 min). The supernatant was carefully removed, and the resulting DNA pellet left
to dry. Finally, 40 pl DNA-grade water was added and the extracted DNA stored at -20 °C for
PCR.

PCRs were performed following conditions (Chapter 2) and constituents (Chapter 3) outlined
previously but with slight modifications: Reactions were made to 25 pl final volume with 2 pl
DNA template and conditions included an annealing temperature of 56 °C and 35 cycles. Half
of each reaction was then diluted with an equal volume of PCR-grade water and sent for

amplicon sequencing at the Ramaciotti Centre for Genomics (UNSW Sydney, Australia).

ITS2 sequences were submitted to SymPortal (Hume et al. 2019) as detailed previously
(Chapter 2). The 374 samples submitted for analysis yielded 16,777,488 raw reads (mean *
s.d. 44,860 * 15,0477 per sample) and 7,413,036 reads (19,821 + 9,436 per sample) after
minimum entropy composition (MED). Samples with < 1,000 post-MED reads were manually
removed along with DIVs comprising < 0.005 % of total post-MED reads, and ITS2-type profiles

were normalised to relative abundance. Further manipulations and analyses of alpha and beta
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diversity were carried out as described previously (Chapters 2 and 3), with the trimmed DIVs
randomly rarefied to 1,479 reads. Shannon’s (H’) and Simpson’s (1-D) diversity indices were
modelled with BLGMMs described in the previous section. For beta diversity, multiple
PERMANOVAs were fit to isolate interactive and individual treatment effects as the
experimental design was imbalanced, and PERMDISP and post-hoc testing was carried out on

subset data (see Chapter 2).

Results

Physiological response of coral to nutrient and heat stress

Measurements of light- (°PSIl) and dark- (Fv/Fm) adapted photosynthetic efficiency revealed
increased photoinhibition in mid-shelf corals compared to their inshore counterparts during
exposure to maximum accumulated heat stress levels (Day 41) of 4.52 and 3.08 °C-weeks,
respectively (Figure 4.1). Initially, mid-shelf corals had significantly higher ®PSIl and Fy/Fm
relative to the inshore corals (p < 0.0001), but this trend switched between 31 to 36 days
(corresponding to 1.16-2.19 °C-weeks inshore and 2.08-3.37 °C-weeks mid-shelf), depending
on nutrient treatment and metric. Photosynthetic yields of inshore and mid-shelf corals
continued to decline until approximately the point at which heat stress ceased to accumulate
(Day 40-45 depending on treatment and metric). Following reductions in temperature (Day
47 onwards), ®PSll recovery of inshore corals was strong and consistently significant between
measuring days (p < 0.05), but F,/Fm recovery was relatively limited. Recovery in mid-shelf
corals was comparatively limited for either metric. In terms of nutrient effects, inshore corals
under control conditions had significantly higher (p < 0.01) photosynthetic yields than any
nutrient-enriched treatment (N, P, NP), and yields of nitrate-enriched inshore corals were
significantly higher (p < 0.05) than in either phosphate-enriched treatment (P, NP) through
much of the post-heat stress period. Post-heat stress trends were similar for the mid-shelf
corals as those in phosphate-enriched treatments (P, NP) suffered significantly larger (p <
0.05) declines to ®PSIl compared with those without (C, N). For Fy/Fm, the most notable trend

was that mid-shelf phosphate-enriched (P) corals had significantly higher (p < 0.05) levels of
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photoinhibition for much of the post-bleaching period compared to the other treatments (C,

N, NP).
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Figure 4.1 Light- (®PSII; top row) and dark- (Fv/Fm; bottom row) adapted photosynthetic
efficiency according to shelf-position (columns) and nutrient exposure (colours). The gap in
measurements just prior to day 40 indicates the first experimental sampling point, just prior
to peak accumulated heat stress, and the second sampling point started following the final

measurements. Trendlines represent piecewise model estimates surrounded by 95 %

confidence intervals and raw data points.

Coral bleaching, as measured through changes in chlorophyll content, was consistently most

severe in mid-shelf corals relative to inshore corals (Figure 4.2). Bleaching occurred equally
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within the inshore and mid-shelf corals across the nutrient treatments. The BGLMM-
estimated chlorophyll of inshore corals (6.34 ug.cm™, 95 % Cls 4.45-8.46) was more than
double that of mid-shelf corals (2.59 pg.cm, 1.87-3.50) during the peak of heat stress (Days
38-40), and sixfold higher after heat stress (Days 72-74; inshore 4.86 ug.cm2; 3.23-6.50; mid-
shelf 0.81 pg.cm, 0.54-1.11). It was evident that all corals tended to lose pigmentation after
the peak of heat stress (Figure S4.3), except for the inshore control corals, however, the
chlorophyll content of inshore and mid-shelf corals was largely unaffected by nutrients within

experimental timepoint (Figure S4.3).
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Concurrent with continued bleaching after heat stress, mid-shelf coral hosts lost 59.6 % of
their protein over time regardless of nutrient condition (Figure 4.2). To a lesser extent, inshore
corals also lost protein (-18.3 %), although most of this loss was attributed to the phosphate-
enriched treatments (P: -26.6 %; NP: -21.6 %) as opposed to statistically marginal losses in the
other treatments (C: -10.6 %; N: -13.8 %). These trends meant that inshore and mid-shelf
corals went from having statistically equivalent respective protein levels of 0.62 mg.cm™
(0.55-0.67) and 0.57 mg.cm™ (0.41-0.62) during heat stress (apart from in the P treatment;
Figure S4.4), to inshore corals having more than double the protein content of their mid-shelf
counterparts after heat stress (inshore 0.50 mg.cm2, 0.44-0.56; mid-shelf 0.23 mg.cm™; 0.18-
0.28). Like chlorophyll measurements, the protein content of inshore and mid-shelf corals was

constant across the nutrient treatments at each timepoint (Figure S4.4).

The mortality rates of coral nubbins throughout the experiment were low to moderate,
following the moderate heat stress exposure of 3.08 and 4.52 °C-weeks for inshore and mid-
shelf corals respectively. Prior to the heat stress sampling period, only a single nubbin from
each shelf-position had died (0.3 % of all nubbins). Between the peak of heat stress and the
end of the experiment, 3.6 % of remaining inshore corals and 19.8 % of mid-shelf corals died.
Zero deaths were observed for inshore corals under control nutrient conditions, mirroring the
reduced mortality rates of control mid-shelf corals (8.3 %) relative to those that were

nutrient-enriched (N: 22.9 %; P: 27.1 %; NP: 20.8 %).

Coral and algal symbiont nutrient metabolism under nutrient and heat stress

Trends in the percentage carbon and nitrogen content of the algal symbionts (Figure 4.3)
closely mirrored those for chlorophyll content. Mid-shelf symbionts experienced greater
carbon and nitrogen loss from 41.5 (39.4-43.5) to 29.4 % C (27.0-32.1) and 7.63 (7.22-8.03) to
5.89 % N (5.30-6.54) over time (Figure S4.5; Figure S4.6), compared to those inshore which
had smaller declines from 47.7 (46.0-49.3) to 43.6 % C (39.4-43.5) and 8.81 (8.49-9.08) to 7.64
% N (7.26-8.04). Like chlorophyll, reductions to inshore symbiont % C were largely restricted
to the nutrient-enriched (N, P, NP) treatments, but there was little evidence of nutrient
impacts when controlling for the other factors (Figure S4.5). For the % N content of inshore

symbionts during bleaching, those in the N-enriched (N, NP) treatments tended to have
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slightly elevated % N contents (Figure S4.6). Overall, inshore symbionts tended to have

greater % C and % N than mid-shelf symbionts both during and after heat stress (Figure S4.5;

Figure S4.6).
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Declines to the carbon and nitrogen contents of the coral host tissues (Figure 4.4) over time

were comparable to host protein content. Consistent with other metrics, mid-shelf coral host

tissues experienced greater carbon and nitrogen loss following heat stress (Figure S4.7; Figure

S4.8), going from 22.6 (21.2-24.1) to 15.1 % C (13.5-16.5) and 3.65 (3.44-3.86) to 2.45 % N

(2.21-2.63). Inshore corals retained more of these key nutrients, declining from 25.2 (23.4-
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26.6)t021.0(19.4-22.4) % Cand 3.92 (3.73-4.15) t0 3.29 (3.10-3.50) % N. Accordingly, inshore
corals had greater carbon and nitrogen content than their mid-shelf counterparts after heat
stress, whereas during heat stress, cross-shelf differences were only apparent in the P-
enriched treatments (P, NP; Figure S4.7; Figure S4.8). However, within the inshore and mid-
shelf corals individually, there was no sign of nutrient impacts during and after heat stress

(Figure S4.7; Figure S4.8).
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Losses of carbon and nitrogen from the algal symbiont and host tissues (Figure $4.9) largely

occurred in fixed proportions since C:N ratios were relatively unimpacted by the experimental
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treatments (Figure S4.10, Figure S4.11). During heat stress, inshore algal symbionts in the N-

enriched (N, NP) treatments had slightly lower C:N ratios than those that were unenriched (C,

P), and this trend was also reflected in the host tissues to a lesser extent. Other differences

included inshore control corals and symbionts having slightly higher C:N than mid-shelf

control treatment after heat stress, and a slight increase for inshore symbiont C:N in the

control and nitrate treatments over time. Global estimated means for C:N were 5.46 (5.31-

5.59) for the algal symbionts and 6.31 (6.20-6.40) for the coral host.
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Inorganic carbon (H¥3COs3’) incorporation by the algal symbionts (Figure 4.5) tended to
increase between the peak of heat stress and the end of the experiment for both inshore and
mid-shelf corals (Figure S4.12). Carbon-13 enrichment was 1,092 %o §3C (961-1,232) for the
inshore symbionts during heat stress before later increasing to 1,439 %o 63C (1,258-1,613).
Respective values for the mid-shelf symbionts, which were lower than the inshore symbionts

both during and after heat stress, were 323 %o 6*3C (193-465) and 554 %o 63C (396-747).

Like patterns in the algal symbionts, host 13C enrichment (Figure 4.5) increased from 131 %o
813C (105-159) to 326 %o 6'3C (253-400) over time for the inshore corals (Figure S4.13). For
the mid-shelf host tissues, enrichment was initially 71 %o 63C (49-95) and therefore lower
than the inshore host (Figure S4.13). After heat stress, mid-shelf host enrichment increased
to 226 %o 8'3C (169-297) with estimates taken across the nutrient treatments. At this
timepoint, mid-shelf host '3C enrichment were equivalent to inshore samples when
phosphate was supplied (P: 297 %o 63C, 170-439; NP: 270 %o 6'3C; 169-411). In the other
treatments, mid-shelf 3C enrichment tended to be lower (mid-shelf C: 151 %o 8'3C, 95-225;
N: 171 %o 6%3C, 101-258) than the phosphate enriched treatments and the corresponding

inshore samples (Figure S4.13).

Nitrate (®NOs’) assimilation by the algal symbiont (Figure 4.6) definitively increased as the
corals were released heat stress (Figure S4.14). Nitrogen-15 enrichment during heat stress
was low at 68.0 %o 6°N (61.3-75.8) and 52.7 %o 6'°N (47.3-58.7) respectively for the inshore
and mid-shelf algal symbionts. After heat stress, °N enrichment tended to remain higher for
inshore symbionts compared to those from mid-shelf corals (Figure S4.14), however there
was variability within and across the nutrient treatments. Typically, symbionts with a history
of exposure to nitrate enrichment had depressed nitrate assimilation during the short-term
incubations after bleaching, a feature that was particularly apparent for the inshore control

corals (Figure S4.14).

During heat stress, low symbiont nitrate assimilation meant that >N enrichment in the host
(Figure 4.6) was minimal at 23.0 %o 6*°N for inshore (19.0-27.4) and 13.9 %o 6°N (11.7-16.3)
for mid-shelf corals. After heat stress, inshore host >N enrichment increased (Figure S4.15),

particularly for the control corals which tended to have higher *N than the nutrient-enriched
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(N, P, NP) treatments. In contrast, mid-shelf coral tissues in the P-enriched (N, NP) treatments
increased the most after heat stress and tended to have higher enrichment than the other
treatments (C, N). These contrasting trends indicated that for host >N enrichment after heat
stress, inshore corals were greater than their mid-shelf conspecifics in the control and nitrate

treatments (C, N) but tended to be less enriched when phosphate was added (P, NP).
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Algal symbiont communities

After trimming and rarefaction, 279 Cladocopium DIVs and 35 ITS2-type profiles represented

virtually all sequences (> 99.9 %) with the remainder being a single Symbiodinium DIV and

type profile (Figure 4.7).
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percentage of each type of profile within each treatment population. Type profiles are sorted
(top to bottom) based on their relative abundance within the entire experiment, and only
type profiles with an abundance known to influence coral bleaching resilience (> 0.3 % within

a population) are shown (Bay et al. 2016).

ITS2-type profiles which differentiated inshore and mid-shelf corals were the dominance of
C50c¢/C50a/C3-C50f-C3b-C50u-C3ad type profile (73.8 % of type profiles), followed by the
C3/C50a/C50c-C3b-C21-C3fk-C21.12-C3.10 (9.1 %) and C50c¢/C50a/C3/C1-C50f-C3b-C50u (7.5
%) profiles in the inshore samples, which were scarce by comparison in mid-shelf corals (6.7,
1.7 and 0.6 %, respectively). Mid-shelf corals instead hosted a greater diversity of ITS2-type
profiles which, during heat stress, included C3k/C50a/C3-C3ba-C50f-C50g-C3dg-C3a (32.4 %),
C3k/C3-C50a-C29-C21ab-C3b  (16.9 %), (C50a/C50c/C3/C3k-C3b-C50f-C21 (16.8 %),
C50c¢/C50a/C3-C50f-C3b-C50u-C3ad (the dominant inshore profile; 10.1 %), C1/C3k-C1b-C3-
C1c-C42.2-Clbr-Clbh (5.6 %) and C1/C50c¢/C50a/C3-C1b-Clc-C42.2-C1bh-Clbr-Clcb (5.5 %).
After heat stress, the relative abundance of these type profiles changed, mostly decreasing,
t011.2,9.0,13.5,3.4,11.1and 1.1 %, respectively. At the same time, several new type profiles
became compositionally important including: C3k/C3/C50a (13.5 %), C50¢c/C50a/C3 (7.3 %)
and C3k/C50a (5.1 %).

Treatment effects on alpha diversity (Shannon’s H” and Simpson’s 1-D; Figure S4.16) of DIVs
were minimal with the only clear trend being a tendency for phosphate-enriched (P) inshore
corals to have slightly reduced H’ and 1-D during heat stress (Figure S4.17; Figure S4.18) in
addition to a decrease in H’ for phosphate-enriched (P) mid-shelf corals over time (Figure

S4.17).

PERMANOVA analyses demonstrated significant differences in algal symbiont community
structure based on DIV (Figure S4.19) and ITS2-type profile abundance and composition
(Figure 4.7). An interaction between shelf-position and temperature was found for both DIVs
(p=0.0176, R?=0.0068) and ITS2-type profiles (p = 0.0106, R? = 0.0066). Most of this variance
was explained by shelf-position (DIVs p < 0.0001, R = 0.2666; profiles p < 0.0001, R?=0.1762)
rather than temperature (DIVs p = 0.0109, R? = 0.0079; profiles p = 0.0025, R? = 0.0083). A

small nutrient effect was also observed for type profiles (p = 0.0457, R2= 0.0108) but not for

95



DIVs observed (p = 0.7835, R? = 0.0039). Due to limited mortality of some fragments and
sequencing constraints, the PERMANOVAs were potentially confounded by differences in
dispersion of DIVs and type profiles between shelf-locations (p < 0.0001) but not across

temperatures (DIVs p = 0.1890; profiles p = 0.1654).

Post-hoc testing showed that community structure of DIVs and type profiles varied between
shelf-positions during (DIVs p < 0.0001, R? = 0.3557; profiles p < 0.0001, R? = 0.2074) and after
heat stress (p < 0.0001, R? =0.2115; p < 0.0001, R = 0.1628). Differences in dispersion were
also found between shelf-positions at each timepoint (all p < 0.0001). Changes in community
structure over time were limited to the mid-shelf corals (DIVs p = 0.0024, R2 = 0.0239; profiles
p =0.0002, R? =0.0244) which also differed in dispersion (DIVs p < 0.0001; profiles p =0.0069).
The inshore corals, therefore remained constant in their symbiont community structure (DIVs
p = 0.4520, R? = 0.0045; profiles p = 0.3667, R2 = 0.0053). Post-hoc comparisons across

nutrient treatments failed to locate the apparent nutrient effect regarding ITS2-type profiles.

Discussion

Coral bleaching response strongly driven by environmental history

The differential bleaching responses of inshore and mid-shelf corals following heat stress may
be explained by their prior thermal history (Hughes et al. 2019; Safaie et al. 2018), the distinct
algal symbionts that they host (Berkelmans and van Oppen 2006; Fuller et al. 2020) or local
co-adaptation of both partners. This result confirms findings from an experiment undertaken
a year earlier which exposed the same coral species from the same reefs to a similar nutrient
and temperature challenge (Chapter 3) showing coral sensitivity was relatively unimpacted
by short-term nutrient enrichment, though strong cross-shelf differences exist in the levels of
bleaching and photosynthetic disfunction experienced after heat stress. This inshore coral
thermal tolerance is a function of their approximately 0.35 °C greater maximum monthly
mean temperature (MMM). This may have been influenced further by cross-shelf water
quality gradients (Waterhouse et al. 2021), but there was little impact of short-term exposure

to ecologically relevant nutrient enrichment in the bleaching response, apart from a trend of
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nutrient-enriched (especially phosphate-enriched) corals suffering slightly elevated
photoinhibition relative to controls. As found previously (Chapter 3), inshore corals hosted a
limited range of algal symbiont type profiles, characterised by the C50c DIV, whereas mid-
shelf corals were more varied and associated with type profiles dominated by C3k. This study
also builds on previous results to show that the cross-shelf bleaching trends persist even after
heat stress is alleviated. While inshore corals were able to largely maintain their levels of
pigmentation following heat stress and showed signs of a release from photoinhibition, mid-
shelf corals suffered further as demonstrated by almost total chlorophyll loss and continued
photoinhibition during the experimental recovery period, coupled with changes to the
community structure of their algal symbiont communities. These contrasting impacts of coral
bleaching were matched by minimal mortality of inshore corals relative to the moderate

mortality of their mid-shelf counterparts.

Reversal of the coral-algal nitrogen cycling during heat stress

In healthy cnidarian-algae symbioses, the host limits nitrogen availability to the symbionts by
sequestering ammonium and photosynthates into amino acids through the glutamine
synthetase (GS)/glutamate synthetase (GOGAT) cycle (Cui et al. 2019; Wang and Douglas
1999; Xiang et al. 2020). However, with increasing levels of heat stress and bleaching, there
is now widespread transcriptomic, proteomic and metabolomic evidence that the GS/GOGAT
cycle is supressed and instead the host initiates protein and amino acid degradation
pathways, including glutamate dehydrogenase (GDH), which catalyses ammonium and a-
ketoglutarate release from glutamate (Avila-Magafia et al. 2021; Cui et al. 2019; Davies et al.
2016; Dixon et al. 2020; Hillyer et al. 20163; Li et al. 2021; Maor-Landaw et al. 2014; Oakley
et al. 2016; Petrou et al. 2018; Petrou et al. 2021; Rddecker et al. 2021; Rouan et al. ; Seneca
and Palumbi 2015; Traylor-Knowles et al. 2017; Wang and Douglas 1998; Williams et al. 2021;
Xiang et al. 2020; Zhang et al. 2021). The cross-shelf patterns of coral-algal 3C/*>N cycling
observed in the current study likely reflects coral nitrogen cycling being reversed from
ammonium sequestration to ammonium release under heat stress, proportional with levels

of initial coral bleaching.
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During the peak of heat stress, algal H3CO3" fixation and the translocation of organic 13C to
the host were supressed in the highly bleached mid-shelf corals relative to the more
temperature-tolerant inshore corals. Concurrent levels of ®NOs™ assimilation by the algal
symbionts were extremely low, especially within mid-shelf corals. This latter inhibition of
exogenous nitrate assimilation is common for coral-associated algal symbionts under
elevated temperatures (Ezzat et al. 2016a; Godinot et al. 2011; Radecker et al. 2021) and
highly suggestive of their saturation in ammonium, derived from the breakdown of host
proteins (Badgley et al. 2005; Grover et al. 2003; Radecker et al. 2021). The low translocation
of photosynthates from symbiont to host during initial heat stress and bleaching can
therefore be explained through 1) stimulation of symbiont growth after uncontrolled access
to ammonium (Baker et al. 2018; Ferrier-Pagés et al. 2001; Muscatine et al. 1998; Radecker
et al. 2021) and 2) the thermal impairment of photosynthetic carbon fixation (Baker et al.

2013; Ezzat et al. 2016a; Hughes et al. 2010; Tremblay et al. 2016).

The catabolism of proteins by the coral host to compensate for an inadequate supply of
autotrophic carbon is supported by previous observations of protein loss from corals during
heat stress and/or bleaching (Aichelman et al. 2021; Anderson et al. 2019; Bourne et al. 2008;
Hoadley et al. 2015; Kochman et al. 2021; Muller et al. 2021; Nielsen et al. 2020; Rodrigues
and Grottoli 2007; Rosic et al. 2020; van der Zande et al. 2020). Organic carbon substrates
released from these proteins may be converted to glucose via gluconeogenesis or utilised in
the citric acid cycle to help corals cope with energetic stress. This former process is
demonstrated by previous studies which found upregulation of key transcripts and
metabolites involved in gluconeogenesis in cnidarians subject to heat stress and bleaching

(Ganot et al. 2011; Hillyer et al. 2016b; Kenkel et al. 2013b; Lee et al. 2018).

Inshore and mid-shelf corals exhibited divergent metabolic responses after heat stress was
alleviated. Inshore corals largely avoided further bleaching, losses to their nutrient stores or
mortality. In contrast, mid-shelf corals lost more than two thirds of their remaining
chlorophyll, over half their host protein and substantial portions of their total carbon and
nitrogen content. This starvation of mid-shelf corals likely contributed to the observed levels
of mortality (19.8 %) and occurred despite corals having the oppoto buffer their losses and

survive through the provision of particulate food (Conlan et al. 2018; Connolly et al. 2012;
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Tremblay et al. 2016). Carbon-to-nitrogen ratios in the host and symbiont tissues were largely
consistent over time and among treatments, indicating that carbon and nitrogen were lost in
relatively fixed proportions around 6 C:N. This suggests that nitrogen-rich compounds,
including proteins, accounted for a substantial portion of the material lost from the coral host,
and is supported by previous studies showing that protein is one of the primary
macromolecules lost from corals under elevated temperatures (Kochman et al. 2021; Nielsen
et al. 2020). In the symbionts, the proportional C/N losses may have resulted from the
degradation of carbon-rich photosynthetic pigments (peridinin and chlorophyll) along with
their associated antennae proteins (Takahashi et al. 2008). This integration of short- and long-
term measures of coral-algal nutrient cycling, show that the reversal of nitrogen cycling
towards ammonium release (Radecker et al. 2021) is a common response of corals to elevated
temperature regardless of their heat tolerance. However, the initial destabilisation of nutrient
cycling does not necessarily translate to net losses of host carbon, nitrogen, and proteins
unless the nutritional disruption is particularly severe and prolonged, as was in the case for
the mid-shelf corals which began to perish. Therefore, while measures of nutrient flux capture
the ubiquitous response of corals to heat stress, bleaching resilience is more clearly reflected

by long-term biomarkers of the coral host fitness including protein content.

Restoration of nutrient cycling after a return to ambient temperature

Regardless of prior bleaching and protein loss, there were signs of recovery in the nutrient
cycling of both inshore and mid-shelf corals at the end of the experiment. The assimilation
and translocation of H*3COs and '°NOs  had increased from the peak of heat stress in
essentially all corals regardless of nutrient treatment or shelf-position, indicating a release
from ammonium saturation of the symbionts and protein degradation in the host. However,
fixation of both nutrients, but especially 13C, into the mid-shelf algal symbionts tended to
remain subdued compared to those in inshore corals. This trend is contrary to the expectation
that the low-density populations of algal symbionts in the mid-shelf corals (indicated by low
chlorophyll) would be subject to a release from resource limitation in terms of light and
nutrients (Enriquez et al. 2005; Krueger et al. 2020; Scheufen et al. 2017a; Wangpraseurt et
al. 2017; Wangpraseurt et al. 2012; Wangpraseurt et al. 2016) and therefore be highly

productive on a per cell basis. The lower performance of the mid-shelf symbionts therefore
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highlights potential lag effects of photoinhibition and/or protein catabolism during coral

recovery.

In contrast to 3C/**N enrichment in the symbionts, the patterns of organic carbon and
nitrogen translocation to the host were partly determined by nutrient exposure. Increases in
photosynthate translocation from the algal symbionts to the host tended to be higher in mid-
shelf corals in treatments where phosphate was supplied (P, NP) and therefore independent
of nitrate availability. Unexpectedly, the same nutrient treatments appeared to be those most
adversely photo-inhibited by heat stress initially. This trend meant that translocation from
phosphate-replete mid-shelf symbionts tended to outperform those lacking phosphate (C, N)
and matched symbionts of inshore corals. Phosphate supply is known to be essential for
maintaining photosynthetic carbon fixation and translocation under heat stress (Ezzat et al.
2016a; Wiedenmann et al. 2013) and may have been used to buffer the co-occurring excess
of host-derived ammonium (Ezzat et al. 2016a; Godinot et al. 2011; Radecker et al. 2021).
However, algal symbionts in corals (including Acropora) from the GBR are naturally
phosphorus limited (mean C:N:P 603:69:1, Blanckaert et al. (2020)) relative to the Redfield
ratio (106:16:1), suggesting that this is their natural condition (see also Krueger et al. (2020)),
and previous studies showing deleterious impacts of phosphorus limitation in corals applied
severe treatments that may not be ecologically relevant (Lesser 2021; Rosset et al. 2017;
Wiedenmann et al. 2013). These potential benefits of phosphate availability were not
apparent for inshore corals, potentially due to their relative heat tolerance (and therefore
inactivation of heat stress processes) or differences in their symbiont communities that were
not amenable to additional phosphate. Furthermore, phosphate limitation did not appear to
prevent initial bleaching or the consequent starvation and mortality of mid-shelf corals.
Overall, impacts of phosphorus are limited to stimulating the resumption of autotrophic
condition only in recovering mid-shelf corals that have experienced the greatest degree of
stress. Although the vitality of phosphorus for bleached corals warrants further study,
ecologically realistic phosphate subsidies do not appear to alleviate the initial mechanisms of

heat stress.
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Explaining patterns of nutrient cycling under heat stress

The short-term exposure of corals to changes in nitrate and phosphate availability did not
impact on the initial coral bleaching responses or any subsequent changes to nutrient stores.
Impacts on nutrient fluxes were mostly limited to recovery in mid-shelf corals. The lack of
strong nutrient impacts throughout the experiment is contrary to previous studies showing
that nitrate enrichment exacerbates coral bleaching (Fernandes de Barros Marangoni et al.
2020; Higuchi et al. 2015; Rosset et al. 2017; Wiedenmann et al. 2013) which suggest that
carbon stifles translocation from algal symbionts due to the energetic costs of its utilisation
(Baker et al. 2018; Ezzat et al. 2015). Interacting cryptic factors (e.g. ultraviolet radiation
shown by Blanckaert et al. (2021)) or those to do with the application of nutrient dosing may
explain the lack of nutrient response (see Chapter 3 for extensive discussion). Ammonium
released from proteins during and after heat stress potentially inhibited the uptake of nitrate
and its consequent impacts (Godinot et al. 2011; Grover et al. 2003; Radecker et al. 2021).
However, Radecker et al. (2021) demonstrates that symbiont assimilation of exogenous
ammonium and nitrate is still possible even during net release from the coral. In the current
experiment, slight trends towards lower C:N ratios and >NOs" assimilation of the nitrate-
exposed (N, NP) inshore algal symbionts during heat stress are potentially indicative of their
nitrate satiation (Grover et al. 2003). Regardless, nutrient-related differences were low and
experiment-wide C:N ratios of the symbionts were low (< 6), relative to symbionts in wild GBR
corals (Blanckaert et al. 2020). Potentially the baseline nutrient supply (CSFW + Artemia) in
the experiment kept corals in a state of nitrogen sufficiency, which would explain the lack of

nitrate impacts.

Adaptation of corals to their natural environment may explain the cross-shelf patterns of
bleaching and nutritional breakdown measured in this study. Previous studies show that
corals maintain higher protein levels under heat stress if they are acclimated to warm
conditions (Gibbin et al. 2018; Middlebrook et al. 2008). This may occur through a
frontloading downregulation of host protein degradation under low intensity stress (Dixon et
al. 2020), evidenced by reduced nitrate assimilation and increased carbon translocation in
algal symbionts following warm acclimation (Gibbin et al. 2018). Potentially, inshore corals,

given their history of exposure to warmer, more variable temperature conditions and
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increased nutrient loading (Jin et al. 2019; Waterhouse et al. 2021) used these frontloading
mechanisms to buffer their nutrient cycling from heat stress (Morris et al. 2019). Aside from
acclimation, genetic co-adaptation of the host and symbiont may have mediated coral
nutrient cycling (Morris et al. 2019; Radecker et al. 2018). A study of A. millepora on the GBR
during the 2017 bleaching event found that genes involved in heat tolerance were not
spatially structured across a cross-shelf gradient (Fuller et al. 2020). However, algal symbiont
genus was a strong contributor in explaining the severity of bleaching, with Durusdinium being
more tolerant than Cladocopium (Fuller et al. 2020). These same cross-genus patterns of heat
tolerance were also found in the response of coral nutrient cycling to heat stress in juvenile
Acropora tenuis (Baker et al. 2013). In the current study, distinct Cladocopium DIVs and ITS2-
type profiles were detected within inshore and mid-shelf corals. Inshore corals were
dominated by C50c/C50a/C3-characterised type profiles (e.g., C50c/C50a/C3-C50f-C3b-C50u-
C3ad) whereas mid-shelf corals primarily associated with type profiles involving the C3k DIV
(C3k/C50a/C3-C3ba-C50f-C50q-C3dg-C3a, C3k/C3-C50a-C29-C21ab-C3b and
C50a/C50c/C3/C3k-C3b-C50f-C21). Potentially, algal symbionts containing the C3k DIV
possess unique traits related to nutrient acquisition and translocation (Suggett et al. 2017;
Wong et al. 2021) which make them particularly “selfish” under heat stress (Baker et al. 2013;
Baker et al. 2018) and contribute to the heat sensitivity of mid-shelf corals, relative to inshore

corals hosting C50c/C50a/C3 symbionts.

Conclusion

This study of coral-algal nutrient cycling demonstrates a full cascade of nutritional
destabilisation leading to coral bleaching and mortality. Heat-stressed corals experienced a
shift from protein anabolism to protein catabolism regardless of their environmental history
and short-term nutrient exposure. However, whether the coral ultimately sheds its nutrient
reserves and risks mortality is strongly determined by initial levels of bleaching and metabolic
disruption. Regardless, after heat stress is alleviated, there are signs that the coral-algal
nutrient cycling begins to return to normal, especially if surviving corals are heat tolerant in
the first place or aided by a supply of phosphorus. Overall, the hypothesis that the breakdown

of fundamental nutrient exchange between corals and their algal symbionts underpins their
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stability (Morris et al. 2019) has been strengthened by this study, which links key adaptation
and acclimation mechanisms that regulate patterns of coral bleaching and mortality to the
reversal of coral-algal nitrogen cycling and corresponding losses to the coral and algal nutrient

reserves.
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General discussion

This thesis investigated the role of nutrients in coral bleaching using the common GBR coral
A. millepora sourced from inshore and mid-shelf reefs. Despite prior hypotheses and
laboratory studies demonstrating a strong role of nutrient enrichment in modulating coral
bleaching, results here demonstrated that the bleaching tolerance of A. millepora under mild
to moderate heat stress was largely unaltered in both the field and in laboratory conditions
under ecologically relevant nutrient conditions. Instead, differences in the thermal thresholds
for bleaching and mortality were found to relate to the historical exposure to summer
maximum temperatures and water quality regimes, and their associations with algal symbiont
communities. Importantly, the cross-shelf variation in coral heat tolerance was consistent
with an observed cascade of destabilisation in the carbon and nitrogen cycling of the coral-
algal symbiosis, which was ubiquitous in corals but only manifested as starvation and
mortality in the severely heat stressed mid-shelf corals. These novel insights into the roles of
nutrient availability and metabolism in the thermal stability of coral-algal symbioses advance
the understanding of the underlying mechanisms behind mass coral bleaching and mortality

events.

Nutrient destabilisation hypothesis of coral bleaching

Chapter 1 synthesised the existing evidence for the involvement of nutritional mechanisms in
coral bleaching. The established dogma of coral bleaching is centred around heat- and light-
induced damage to the photosynthetic machinery of the symbionts, leading to photo-
oxidative stress and the loss of the symbionts from the coral tissues (Weis 2008). However,
recent studies demonstrate thermal bleaching without photo-oxidative stress (Diaz et al.
2016; Nielsen et al. 2018), and bleaching due to nutrient stress (Pogoreutz et al. 2017a; Rosset
et al. 2017), highlighting alternative pathways to bleaching. Chapter 1 therefore builds on the
existing hypothesis (Pogoreutz et al. 2017a; Rosset et al. 2017) and emerging studies
(Wooldridge 2009a) to show how the impairment of coral nutrient cycling may be central to
the breakdown of the coral-algal symbiosis. It was shown how nutrient conditions that

enhance coral heat tolerance (ammonium and/or phosphate) are also those which enhance
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carbon translocation from algal symbiont to host (Baker et al. 2018; Tremblay et al. 2016).
Conversely, nitrate assimilation by symbionts possesses energetic costs which are imposed
on the host (Baker et al. 2018; Ezzat et al. 2015), leading to enhanced bleaching susceptibility
(Rosset et al. 2017; Wiedenmann et al. 2013). Further to this, it was hypothesised that the
nutrient exchange characteristics between genetically distinct coral-algal partnerships
(Béraud et al. 2013; Ezzat et al. 2016a; Wiedenmann et al. 2013) or acclimation (Gibbin et al.
2018) may mediate the tolerance of corals to bleaching under heat stress. Chapter 1 sets the
scene for the data chapters of the thesis which investigate how nutrient stress and the
environmental history interact with heat stress to impact bleaching tolerance, and the

mechanisms by which this occurs using the model coral species A. millepora.

Spatial profiling of algal symbiont physiology and genetics during bleaching

Chapter 2 examined spatial patterns of A. millepora bleaching and recovery, together with
the dynamics of the algal symbiont communities of corals sampled from the central GBR in
2017 following a mass coral bleaching event. Accumulated heat exposure was severe across
the study region and likely explained the observed homogeneity in coral bleaching and
recovery over cross-shelf and latitudinal gradients. Therefore, under the intensity of marine
heatwave events seen recently on the GBR (Hughes et al. 2021), the effect of local factors like
water quality are unlikely to influence the bleaching tolerance of corals as previously
hypothesised (Wooldridge 2009b). However, increases in coral pigmentation (chlorophyll)
following bleaching were stronger on inshore reefs, relative to the mid-shelf, likely related to
the increased exposure of inshore corals to water quality inputs (high nutrients, turbidity
and/or low light) which stimulate growth in the algal symbiont communities (Anthony 2000;

DiPerna et al. 2018; Shantz and Burkepile 2014).

Contrary to the patterns of bleaching, the algal symbiont communities were spatially
structured. Mid-shelf corals were dominated by Cladocopium C3/C50c symbionts on the
warmer, northerly reefs and transitioned to Cladocopium C3/C3k further south. Cladocopium
C3/C50c were present on many inshore reefs, but those in the middle of the study region

hosted more diverse and dynamic communities of Cladocopium C1, C3, C21 and Durusdinium
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D1 and D2, likely driven by local conditions including water quality (Cooper et al. 2011; Quigley
et al. 2017a). Notably, corals at one inshore reef transitioned from Durusdinium D2 to
Cladocopium C21 dominance, contrary to previous evidence that inshore A. millepora
populations can transition from Cladocopium to Durusdinium during bleaching on the GBR
(Bay et al. 2016; Jones et al. 2008). Although these previous studies on A. millepora helped to
validate the paradigm that shifts in the algal symbiont communities can confer bleaching
tolerance (Baker 2001), the potential for this to be an expansive mechanism of adaption to
ocean warming (Logan et al. 2021) appeared to be limited on the central GBR in the current

study.

Physiological response of GBR Acropora millepora to ecologically relevant

nutrient and heat stress

Chapter 3 examined the heat tolerance of A. millepora under exposure to ecologically
relevant levels of nutrient enrichment, and whether this was moderated by the long-term
exposure of corals temperature and water quality on the GBR. The nutrient conditions applied
(nitrate and/or phosphate) captured those which occur on the inshore GBR (Gruber et al.
2019) and matched previous experiments showing that elevated nitrate to phosphate ratios
enhance coral bleaching. However, physiological impacts of nutrient exposure were subtle in
the current study, supporting suggestions that GBR corals can adapt or acclimate to
phosphorus limitation (Blanckaert et al. 2020) and/or nitrate enrichment (Jin et al. 2019).
Instead, the environmental history of the corals dominated their response to heat stress,
where mid-shelf corals experienced greater photosynthetic declines (chlorophyll loss, gross
photosynthesis, photosynthetic efficiency) than their inshore counterparts. The underlying
mechanisms were likely related to the local thermal acclimatisation and/or adaptation of
inshore coral-algal symbioses to their historically warmer environment (Dixon et al. 2015),
resulting in reduced levels of accumulated heat stress (2.9 °C-weeks) relative to corals sourced
from the mid-shelf reefs (3.9 °C-weeks) under the single heat profile implemented.
Additionally, the patterns of bleaching may have been explained through the observed cross-
shelf differences in the identity of the Cladocopium symbionts hosted by A. millepora (Swain

etal. 2017). Overall, the bleaching response of corals was dictated by accumulated heat stress
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as previously identified (Hughes et al. 2017b) and the subtle nutrients effects observed here
would likely be obscured (Donovan et al. 2020) at the severe levels of heat stress (= 4 °C-

weeks) which increasingly threaten the GBR (Hughes et al. 2017b; Hughes et al. 2021).

Nutritional destabilisation during thermal bleaching and mortality of corals

Chapter 4 investigates whether the disruption of nutrient cycling is central to the processes
of coral bleaching and mortality during and following heat stress, and how these are
modulated by the environmental history and/or nutrient stress exposure of corals as outlined
in Chapter 3. A relative lack of strong nutrient impacts, and the heat sensitivity of mid-shelf
corals, were reconfirmed through measurements of chlorophyll and photosynthetic
efficiency. Suppression of inorganic carbon and nitrate cycling by the algal symbionts was
ubiquitous in corals under heat stress but most severe for mid-shelf corals. The divergent
responses of inshore and mid-shelf corals were compounded after temperatures were
reduced: mid-shelf corals experienced further chlorophyll loss, along with catabolism of host
proteins, and severe losses to the overall carbon and nitrogen content of both the symbiont
and host compartments. This nutritional starvation led to moderate levels of mortality in
these corals, whilst inshore corals remained relatively stable in their nutrient stores following
heat stress. The relative resilience of inshore corals to nutritional destabilisation may be
underpinned by their hosting of specific communities of Cladocopium symbionts which
remain relatively mutualistic under heat stress (Baker et al. 2013), or the thermal
acclimatisation of the symbiosis against parasitic nutrient cycling (Gibbin et al. 2018) and
protein catabolism (Dixon et al. 2020) after their exposure to warmer, inshore conditions.
Overall, this study supports earlier findings of heat-stress-induced amino acid catabolism and
destabilisation of nutrient cycling within corals (Radecker et al. 2021). Evidence of a similar
reversal of coral nitrogen metabolism from protein anabolism to catabolism during bleaching,
which manifests in the starvation and mortality of corals after exposure to severe
accumulated heat stress. These findings have broad implications for understanding
mechanisms involved in the mass bleaching of reef corals by a providing a clear picture of
how nutritional destabilisation extends from the onset of heat stress through to coral

mortality. There is now strong evidence that starvation of the host drives coral mortality.
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Further work should assess if the tolerance of reef corals to ocean warming can be predicted
by the thermal performance of coral-algal nutrient cycling and metabolic potential of the
hosts energy stores. Furthermore, a focus on the coral-algal nutrient cycling should be placed

at the centre of novel efforts to enhance the resilience of corals to thermal bleaching.

New perspectives on coral bleaching and future research directions

Taken together, the thesis provides new and timely evidence for the involvement of
nutritional mechanisms in coral bleaching. Existing hypotheses and experimental work
suggested that the disruption to the internal nutrient metabolism of the coral-algal symbiosis
by environmental nutrient enrichment can exacerbate the thermal bleaching response (Baker
et al. 2018; D'Angelo and Wiedenmann 2014; Radecker et al. 2021; Wiedenmann et al. 2013;
Wooldridge 2009a; Wooldridge 2013). Within the environmental context of the GBR (Hughes
et al. 2021; Waterhouse et al. 2021) the results of this thesis suggest that environmental
nutrient pollution has little, if any, impact on coral bleaching on the GBR under mild to severe
levels of heat stress, experimentally (2.9 to 4.5 °C-weeks) or in the field (5.2 to 11.0 °C-weeks).
Conversely, the internal destabilisation of the coral-algal nutrient cycling was found to be a
universal response of GBR A. millepora to heat stress and coincided with bleaching, as
previously suggested (Radecker et al. 2021). Mild to moderate heat stress (3.1 to 4.5 °C-
weeks) clearly initiated the reversal of critical carbon and nitrogen cycling between corals and
their algal symbionts, regardless of inshore or mid-shelf provenance. However, whether this
dysbiotic nutrient cycling translates to coral starvation and mortality following bleaching
appears to be determined by the initial severity of heat stress. It now seems likely that
nutritional mechanisms are an integral part of the coral bleaching process, alongside known
photo-oxidative stress pathways, and that impacts of environmental nutrient forcing can be

overwhelmed under moderate heat stress.

Differential nutritional destabilisation and bleaching resilience in corals

A key factor underlying the experimental patterns of bleaching and nutritional destabilisation

observed in this thesis was the environmental history of corals. Inshore corals, having
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experienced greater water quality and temperature challenge, were more resistant to mildly
elevated temperature than their mid-shelf counterparts. Local variation in temperature
tolerance may be of little relevance during intense marine heat waves that have the potential
to exceed the tolerance threshold of all coral populations on the GBR, leading to spatial
homogeneity in the severity of bleaching (Hughes et al. 2021). Regardless, mild heat stress
events are becoming increasingly common (Ainsworth et al. 2016), so it is important to
understand the factors which regulate temperature tolerance in corals and how these relate
to the nutritional mechanisms of bleaching. Differences in the Cladocopium species hosted by
A. millepora were likely driven by long-term exposure to temperature and water quality and
may contribute, in addition to host genetic effects, towards explaining the differences in coral
heat tolerance (Cooke et al. 2020; Jin et al. 2019; Quigley et al. 2020). Future studies would
benefit by surveying the baseline levels of metabolic compatibility within distinct coral-algal
partnerships, along with identification of the specific genes (Fuller et al. 2020), transcripts
(Radecker et al. 2021) and proteins (Petrou et al. 2021) related to nutritional destabilisation
in these diverse symbioses. These would enable characterisation of the pathways involved
and their attribution to the host and/or symbiont compartments, and thereby strengthen the
understanding of how dysbiotic nutrient cycling leads to heterogeneity in coral bleaching and

mortality as observed here.

The current thesis focuses on one common GBR coral A. millepora, though at least 600 species
that inhabit the GBR (Veron 2000). Each of these species likely vary in their degree of
sensitivity to thermal bleaching and mortality (Hughes et al. 2017b; Hughes et al. 2018b;
Marshall and Baird 2000), with A. millepora classified as moderately sensitive (Baird and
Marshall 2002). Species-specific differences in tolerance to nutrient enrichment may also
exist (Fox et al. 2021) and mediate potential interactions with heat stress (Burkepile et al.
2019; Donovan et al. 2020). To increase the generality of the findings presented here to
diverse coral communities, further studies should include species with a broad range of stress
tolerance (Hoey et al. 2016; Swain et al. 2016) as realised through variation in physiology,
morphology and trophic plasticity (Conti-Jerpe et al. 2020; Loya et al. 2001; Putnam et al.
2017). Itis likely that corals with large energy reserves and/or alternative nutrient acquisition
strategies will be better equipped to maintain autotrophic nutrient cycling (Tremblay et al.

2016) and resist starvation and mortality (Grottoli et al. 2006) following nutritional
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destabilisation. Future studies on the role of nutrients in the bleaching of GBR corals would
therefore benefit from considering a range of taxa with increased and reduced susceptibility
to environmental stress, to determine whether resistance to nutrient enrichment and the

thermal impairment of nutrient cycling are universal for GBR corals.

Extending the ecological relevance of nutrient enrichment studies on corals

Although the conceptual links between nutrient availability and coral bleaching are clear
(D'Angelo and Wiedenmann 2014; Morris et al. 2019; Wooldridge 2014), they are mainly
restricted to observations of corals exposed to inorganic nitrogen and phosphorus along with
carbon provided through heterotrophic feeding on zooplankton. Yet, corals can also derive
nutrition from and be impacted by other nutrient sources including dissolved and particulate
organic matter (Fabricius et al. 2013; Ferrier-Pages et al. 2016; Pogoreutz et al. 20173;
Pogoreutz et al. 2018). These diverse nutrient sources are available on the GBR (Waterhouse
et al. 2021) yet their impacts on coral physiology are poorly understood. In a similar vein, the
experimental aspects of the thesis were highly controlled, yet for logistical reasons control
corals were provided with a fluctuating inorganic nutrient supply through filtered inshore
seawater, which may have obscured impacts of the nutrient-enriched treatments (Ezzat et al.
2019). Although experimental nutrient variation may be mitigated through additional
filtration steps or alcohol enrichment (Ezzat et al. 2019; Wiedenmann et al. 2013) these may
be difficult to implement at scale or have unintended impacts on coral physiology.
Experiments were also conducted at a single light level, whereas on the GBR downwelling
irradiance naturally covaries with nutrient availability and turbidity across water quality
gradients on the GBR (Waterhouse et al. 2021) and has the potential to interact with nutrients
and heat stress in determining the coral bleaching response (Rosic et al. 2020; Weis 2008;
Wiedenmann et al. 2013). Future studies should consider a broad range of nutrient sources
and light levels to further examine the relationship between anthropogenic nutrients and
coral bleaching. These could take place outside of the laboratory using field plots (Burkepile
et al. 2019) or portable aquarium systems (Voolstra et al. 2020) which would enable direct

comparison of nutrient-enriched treatments to offshore oligotrophic reef waters.
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Concluding remarks

The thesis finds that nutrient metabolism, but not nutrient availability, is an important factor
in the bleaching and mortality of GBR corals exposed to heat stress. That is not to say that the
water quality management is unimportant, since there is ample evidence that good water
guality is crucial to coral health and reef ecology under non-bleaching conditions. Therefore,
the best future for the GBR will require strong global actions to curb ocean warming,
alongside local management actions to build reef resilience and enhance coral recovery. This
comprehensive study has provided novel hypotheses and evidence for nutritional
destabilisation of the coral-algal symbiosis as a fundamental mechanism of the coral heat
stress response, extending the established photo-oxidative paradigm of bleaching and the
role in which local adaptation plays in shaping coral physiology. Although cellular damage
triggered by photo-oxidative stress is important to the bleaching process, it is now apparent
that the reversal of coral-algal nutrient cycling is an initiating factor in coral bleaching and can
later manifest in the starvation and mortality of the coral host. These nutritional insights can
be applied to understand and predict mass bleaching and mortality events on coral reefs

globally.
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Appendix S2: Supplementary material for Chapter 2

Table S2.1 Reefs from which Acropora millepora was sampled from during coral bleaching and recovery, including metadata on exact collection

dates, sampling numbers used for each analysis, and the thermal characteristics of each reef.

Reef Shelf- Latitude Longitude  Bleaching Recovery March/April September March/April September MMM  DHW DHW
position chlorophyll chlorophyll ITS2 ITS2 (°C) March/April max
Fitzroy Inshore -16.9253 145.9891 24/03/17 13/09/17 17 20 18 12
25/03/17 28.77 9.54 10.55
Russell Inshore -17.2236 146.0897 23/03/17 14/09/17 21 26 19 24 28.78 9.37 10.67
North Inshore -17.7400 146.1562 20/03/17 15/09/17 19 20 8 15
Barnard 28.83 7.33 8.89
Dunk Inshore -17.9558 146.1483 17/03/17 09/09/17 28 20 24 18 28.93 5.81 7.38
Pandora Inshore -18.8136 146.4324 15/03/17 02/09/17 13 20 14 16 28.95 6.73 8.54
Havannah Inshore -18.8395 146.5345 14/03/17 03/09/17 19 19 17 17 28.86 6.03 8.24
Arlington Mid-shelf -16.7047 146.0473  24/03/17 12/09/17 4 21 3 18 28.65 9.31 11.00
Coates Mid-shelf -17.1888 146.3698 22/03/17 11/09/17 17 13 15 11
23/03/17 28.72 7.44 8.89
Feather Mid-shelf -17.5286 146.3869  21/03/17 N/A 20 N/A 20 N/A 28.72 7.35 N/A
Taylor Mid-shelf -17.8147 146.5678  18/03/17 07/09/17 19 21 17 21
28.68 6.25 7.74
Rib Mid-shelf -18.4811 146.8713  16/03/17 05/09/17 20 21 19 19 28.49 5.21 7.42
John Mid-shelf -18.6400 147.0415 01/04/17 04/09/17 12 20 16 15
Brewer 02/04/17 28.50 5.72 5.72
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Appendix S3: Supplementary material for Chapter 3

Table S3.1 List of laboratory heat stress studies on the physiological responses of corals to nitrate and/or phosphate enrichment followed by
heat stress. Details of coral species, source location and the application of nutrient treatments are included, with the current experiment and
conditions on inshore and mid-shelf reefs of the central GBR A. millepora collection included for context. Physiological traits that increase or

decrease due to nutrients during heat stress are noted in the last two columns. The Results from corals post-heat stress are not considered.

Study Species Source Nutrients (days)  Nutrient + Heat  Nutrient DIN /NOs~ PO4* N:P Physiological Physiological
(days) treatment (uMm) (uMm) increases decreases
Chapter 3 A. millepora GBR 32 67 Control 0.76 £ 0.12+ 7.19+ Cross-shelf Gross
Burdekin Mean +s.d. 0.21 0.03 3.38 differencein photosynthesis (all
region NOs 240+ 0.11+ 21.80+ chlorophyll mid-shelf
0.54 0.03 11.56 (all treatments) treatments)
PO4* 0.74 + 0.33+ 2.28
0.25 0.05 0.81
NO3 + POg3 233+ 032+ 732+
0.36 0.04 1.08
Gruber et al. N/A GBR Inshore ~63 N/A  2017-2018 3.30 0.15 22.11 N/A N/A
(2019) Burdekin secondary
region waters
Nordemar et Porites Philippines 12 14  Control <2.10 N/A N/A  None Gross
al. (2003) cylindrica photosynthesis
NOs- +15.00 N/A N/A
Schléder and Pocillopora Panama 30 30 Control 2.00 0.70 2.86 None Algal density
D'Croz (2004)  damicornis (P. damicornis)
NOs >20.81 0.70 >29.73

Porites lobata
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Faxneld et al. Turbinaria Vietnam 1 1 Control 0.30 N/A N/A  None None
(2010) mesenterina NO3- +5.00 N/A N/A
Chumunetal.  P. damicornis Japan 2 2 Control 0.90 0.05 18.00 PSll excitation None
(2013) NOs 10.00 0.05 200.00 pressure
Fabricius etal. A. millepora GBR A. millepora 33 A. millepora 33  Control 0.44 0.08 5.79 None None
(2013) Montipora M. tuberculosa M. tuberculosa

tuberculosa 59 59 NOs 048 0.06 828
Wiedenmann  Acropora Unknown > 912 > 921 NO; +PO4* 6.50 0.30 21.67 Mortality Algal density and
etal. (2013) microphthalma (control) (A. microphthalma, Fu/Fm

Acropora M. foliosa) (A. polystoma)

polystoma NOs- (stress) >3.00 0.07 >42.86

Montipora

foliosa
Tanaka et al. Acropora Japan 25 34  Control 0.48 0.06 8.00 Algal density, None
(2014) tenuis NO3~ + PO4> 5.05 0.28 18.04 chlorophyll
Higuchi et al. Montipora Japan 6 6 Control <1.00 N/A N/A  Host oxidative Algal density
(2015) digitata NO3- 10.00 N/A N/A  stress
Ezzat et al. P. damicornis Red Sea 28 45  Control 0.50 0.10 5.00 Carbon None
(2016a) translocation,

electron transport,
PO43*- 0.50 2.00 0.25 non-photochemical
quenching
Ezzat et al. T. reniformis Red Sea 21 38 Control <0.50 <0.10 5.00 N/A N/A
(2016b) (fed and
unfed)
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Ezzat et al. T. reniformis Red Sea 21 38 NOs3- 2.00 0.10 20.00 None Protein, host growth
(2016b) (fed and (fed)
continued unfed) Gross
photosynthesis,
respiration (both)

NO;3 + PO43" 2.00 0.50 4.00 Algal density, host None

(fed and growth (fed)

unfed) Chlorophyll (both)
Dobsonetal.  A. millepora Fiji 33 33 Control 0.84 0.21 4.00 Chlorophyll (A. None
(2021); T. reniformis millepora)
Hoadley et al. NOs™ + PO43 3.87 0.32 13.82
(2016)
Hall et al. Stylophora Red Sea 10 10 Control N/A N/A N/A  Algal density, Host growth
(2018) pistillata NOy + PO43 +1.00 +0.06 +16.67 respiration
Rice et al. Pocillopora French 21 21 Control 0.55 0.15 3.67 None None
(2019) meandrina Polynesia NOs 4.00 0.15 26.67
Fernandes de S. pistillata Red Sea 35 35 Control 0.50 0.20 2.50 Nitric oxide Fu/Fm
Barros production, lipid
Marangoni et peroxidation,
al. (2020) NO3- 3.50 0.20 17.50 protein nitration,

lactate
concentration

Blanckaert et P. damicornis Unknown 56 56 Control 0.50 0.20 2.50 None Non-enzymatic
al. (2021) NOT 350 020 1750 antioxidant capacity
Thummasan P. damicornis Japan 2.5 2.5 Control 1.05 0.08 12.56 None Algal density
et al. (2021) NOs3- 11.42 0.38 30.32
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Appendix S4: Supplementary material for Chapter 4

Table S4.1 Key details regarding the Bayesian (generalised) linear mixed models fit to each trait, including the model distributions, variance
structures and R? values. Trait responses marked with an asterisk were made positive to conform with a Gamma distribution by adding a number

just larger than the most negative value.

Trait Compartment Distribution  Variance structure R% (95 % Cls)
Chlorophyll content (pg.cm™) Algal symbiont Gamma Sampling period x Shelf-position 0.73 (0.69-0.76)
Protein content (mg.cm™) Coral host Gaussian Sampling period x Shelf-position 0.65 (0.61-0.68)
Carbon content (%) Algal symbiont Student Sampling period x Shelf-position 0.50 (0.44-0.55)
Coral host Student Homogeneous 0.42 (0.35-0.48)
Nitrogen content (%) Algal symbiont Student Sampling period x Shelf-position 0.33(0.25-0.41)
Coral host Student Homogenous 0.36 (0.29-0.43)
Ratio of carbon to nitrogen content (C:N) Algal symbiont Student Sampling period x Shelf-position 0.13 (0.09-0.18)
Coral host Student Homogenous 0.22(0.16-0.27)
Inorganic carbon metabolism (5%3C) Algal symbiont Student Sampling period x Shelf-position 0.64 (0.60-0.67)
Coral host* Gamma Sampling period x Shelf-position 0.44 (0.36-0.51)
Nitrate metabolism (§*°N) Algal symbiont*  Gamma Nutrient condition x Sampling period 0.49 (0.37-0.59)
Coral host Gamma Nutrient condition x Sampling period x Shelf-position 0.39 (0.31-0.47)
Shannon’s diversity index (H’) Algal symbiont Student Nutrient condition x Sampling period * Shelf-position 0.30 (0.24-0.36)
Simpson’s diversity index (1-D) Algal symbiont Student Sampling period x Shelf-position 0.27 (0.22-0.33)
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comparisons of interactions between treatments.
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Figure S4.6 Algal symbiont percentage nitrogen median effects size and 95% Cls for pairwise

comparisons of interactions between treatments.
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Figure S4.7 Coral host percentage carbon median effects size and 95% Cls for pairwise

comparisons of interactions between treatments.
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Figure S4.8 Coral host percentage nitrogen median effects size and 95% Cls for pairwise

comparisons of interactions between treatments.
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Figure S4.10 Algal symbiont carbon-to-nitrogen ratio median effects size and 95% Cls for

pairwise comparisons of interactions between treatments.

160



Inshore

Mid-shelf

=
0]
Q . . O 2 m—
D o
£ 3
= 8 :
o o
" o
u— C _@_ _@_
O c
9 ©
2a
g —O— O
c
o]
&}
Bleaching Recovery

I |

I

=
2. —— Q
Q2
]
i ne
» = |
5 o
o g —O0— O
7B
® =
[®)
N
Inshore Mid-shelf
o
z—
o
oo
=
g2
2o 0
sz| —O— O
o O
g & __@_ _@p_
c
o) EII-“ ._._ '
O . O —_—O—
= +
" - .
o O O
-0.5 0.0 0.5 -0.5 0.0 0.5

Coral host C:N

Nutrient
®c
O N
P
QO np

Nutrient

®c

L 2 2
° =2

Z
o

Sampling period

@ Bleaching
. Recovery

Figure S4.11 Coral host carbon-to-nitrogen ratio median effects size and 95% Cls for pairwise

comparisons of interactions between treatments.
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comparisons of interactions between treatments.
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comparisons of interactions between treatments.
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165



Bleaching Recovery

3.0
2.0 Q$@¢ .Q@‘ .®¢ .¢+
1.5 '

0.51 Nutrient

0.0 @®c
® N
1.0 Qr

o . L ety | @
] 009@ @00¢ ©000 00p0

0.6

Shannon's diversity index ( H")

0.4

0.2

Simpson's diversity index (1- D)

0.0

Inshore Mid-shelf Inshore Mid-shelf
Shelf-position

Figure S4.16 Shannon’s (H’) and Simpson’s (1-D) diversity indices of algal symbiont DIVs,
according to sampling period (left vs right) and nutrient treatment (colour). Coloured points
and error bars show median model simulations with 95% Cls. Grey dots show the raw data

points.

166



Inshore Mid-shelf
=
0]
- o
o o
£ 3
a 9 —O+ —_—
€
[4»
22
5 £ 0 —O—
>
w2
go —0—
c
[e)
O
Bleaching Recovery
% —to—
i+
T3 —O—
7] E.‘
Y—
oo _@_—
@82
a2
gE
c r T
=)
'
Inshore Mid-shelf
< =~
=
o
o
o - -0+
82 —O—
20 —O-
e
5 2 —O0—
23] —O—
g 6 -—@—
6o
Oo
= _.__
13 -Or

2050 -025 000 025 050 075-050 -0.25 000 025 050 0.75

Shannon's diversity index ( H')

Nutrient

®c
O N
Ovr
Q P

Nutrient
Q c
O N
Qvr

O NP
~

Sampling period
@ Bleaching
. Recovery

Figure $4.17 Shannon’s diversity index (H’) of algal symbiont DIVs median effects size and 95%

Cls for pairwise comparisons of interactions between treatments.
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Figure S4.18 Simpson’s diversity index (1-D) of algal symbiont DIVs median effects size and

95% Cls for pairwise comparisons of interactions between treatments.
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