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Abstract

Anthropogenic climate change affects coral communities globally, exposing them
to increasingly frequent disturbances. Thermal stress events might differentially
compromise the recovery capacity of coral taxa across biogeographic scales.
While changes in total coral cover are used extensively to monitor the status of
many tropical coral reefs, relatively little information is available on high latitude
coral communities, yet understanding population structure is essential for the
forecasting of population dynamics under climate change. This thesis links size-
based demographic approaches and coral-symbiont genetics to further our
understanding of ecological processes affecting coral communities in

biogeographic transition zones.

The population size structure (or size spectra) of communities encompasses
valuable information on the vital rates of populations. | explored how the
population size structure of coral communities change along an approximately
900 km environmental gradient on the east coast of Australia, from the warmer
and brighter southern Great Barrier Reef to the colder and more turbid rocky reefs
of northern New South Wales. | found that there were fewer but bigger corals in
the high latitude marginal reefs, implying that population persistence is reliant on
fundamentally different demographic strategies along the gradient. Using
compositional functional regression, | predicted the effect of increasingly marginal
environments on entire coral size distributions. | further explored size spectra of
fishes as well as corals along this environmental gradient, challenging the
widespread assumption that the size-abundance relationship in ecological
communities followed a (bounded) power law relationship. | also considered the
common, but rarely-addressed issue of minus-sampling using photo-quadrats. |
found that log-normal distributions might provide a better description to ecological
size spectra, especially at the upper tails of the distribution. Finally, to understand
the identity of coral taxa behind observed demographic differences along
environmental gradients, | explored the genetic diversity of the Pocillopora
species complex, and their Symbiodiniaceae endosymbiont community along a
1000 km environmental gradient in Japan. | found that high latitude corals are low
in diversity and genetically distinct from their tropical congeners. This finding
challenges the extent of tropicalisation in marine environments under climate

change, with respect to sessile organisms such as corals.
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Overall, this thesis sought to improve our understanding of demographic
processes in coral communities across biogeographic transition zones. Using a
combination of high-quality size abundance and genetic data, | highlight
fundamental differences in tropical coral reefs and their high latitude counterparts.
| use and present methods that incrementally improve our ability to describe and
model ecological size spectra, which has wider conservation and management
applications. As climate change continues to affect communities worldwide,
guantitative demographic approaches such as those presented in this thesis will
continue to shape our ability to capture and predict population viability and

persistence.
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A note on style

Chapters 2-4 of this thesis have been written in manuscript format intended for
publication. | am the lead author on these data chapters, but | acknowledge the
contributions of the co-authors by using ‘we’ and ‘our’ throughout these
chapters. Chapters 1 and 5, the general introduction and discussion are my sole

work, and the terms ‘I’ and ‘my’ are used throughout.
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Chapter 1 : General Introduction

Climate change influences communities over large spatial scales, affecting the
functioning of entire socio-ecological systems such as coral reefs (Williams et al.,
2019). Such global drivers affect large-scale, multi-species ecological patterns
and processes (Brown, 1995; Beck et al., 2012; Keith et al., 2012), whose
distribution transcends national boundaries (van Woesik et al., 2022),
necessitating the upscaling of ecological mechanisms underpinning small-scale,
local processes to those relevant to regional and global contexts (McGill et al.,
2019). Analysing statistical relationships between abiotic (environmental)
variables and biotic (organismal) responses has many modern theoretical and
practical applications. For example, such work aids the identification of critical
biodiversity trends, conservation priorities and species responses to
environmental change (Beck et al., 2012; Rapacciuolo, 2019). To understand and
accurately predict population persistence under climate change, the demographic
rates survival, growth and reproduction of populations (Easterling et al., 2000;
Merow et al., 2014) must be considered across the entire geographic range of
the species. In marine communities, demographic approaches call for size-based
investigations to infer population size structure, which can better determine
population viability than simply population size (Caswell, 2001). However, it
remains unclear whether and how such demographic responses vary along
environmental gradients, which limits the ability to differentiate between the
correlation and causation of biodiversity patterns, and to identify the processes
that drive them (Beck et al., 2012; Dornelas et al., 2023).

The magnitude and rapid rise of greenhouse gas emissions by human activities
in the Anthropocene (Crutzen, 2006; Summerhayes et al., 2024) has led to
thermal conditions which surpass species physiological limits at the warm edge
of their distribution (Pinsky et al., 2019), exposing populations to dangerous
temperatures that lead to decline (Pigot et al., 2023). Although coral reefs have
been characterised by disturbance regimes and environmental change through
geological time (Connell, 1978; Nystrom et al., 2000), reef species are not exempt
from the effects of anthropogenic change. One-third of known species are under
heightened extinction risks (Carpenter et al., 2008) and the status of entire
lineages cannot be ascertained due to a lack of data (Dietzel et al., 2021; Muir et

al.,, 2022). Earlier this year (2024), the fourth global bleaching event was
1



announced, which concurrently was also the fifth mass bleaching event for the
Great Barrier Reef (AIMS, 2024b; Henley et al., 2024; NOAA, 2024). Bleaching
occurs when zooxanthellate corals lose their endosymbiotic algae due to
suboptimal conditions, which is detrimental to corals as the endosymbionts
provide a primary energy source (Ainsworth & Brown, 2021). The survival and
recovery rates of this bleaching event is an area of active monitoring and research
(AIMS, 2024a), but without urgent interventions, annual summer bleaching
(“back-to-back bleaching”) is likely (Hoegh-Guldberg, 1999; Henley et al., 2024),
jeopardising the recovery process. Reefs also face a plethora of local, direct
threats including but not limited to: pollution from land-based run-off (Dubinsky &
Stambler, 1996), physical damage from human activities (Giglio et al., 2020),
overfishing (Zaneveld et al., 2016) and predation by crown-of-thorns starfish in
the Indo-Pacific (Deaker & Byrne, 2022). The combined impact of these threats
is the long-term decline in coral cover, notably in the Caribbean (Gardner et al.,
2003; Cramer et al., 2020) and in the Great Barrier Reef (De’ath et al., 2012),
with a shift towards macro/turf/crustose-coralline algae dominated reef states
(Tebbett et al., 2023). These conditions can put reef species that fail to adapt,
acclimate and reproduce at risk of at the minimum, local extinctions (Capdevila
et al.,, 2020). It is important to understand the demographic features of reef
populations affected by disturbances to tease out mechanisms driving reef

recovery and persistence.

Reef species responses to anthropogenic stressors could vary due to divergent
recovery dynamics based on taxa identity (Brown et al., 2023). For example, reefs
in the East Asian Seas maintain stable coral cover over decades (up to 40% of
the total benthic cover) despite mass bleaching events (Chan et al., 2023). This
suggests that site-specific bio-physical differences might be driving these
differential responses: for example, reefs with high habitat complexity and
primary productivity (Rogers et al., 2015) might be able to support higher
biomass. Differences in existing management strategies (Cinner et al., 2016) and
disturbance regimes (Emslie et al., 2024) could affect the resilience of reefs.
Although these studies of benthic cover are insightful, only monitoring coral cover
can mask patterns such as underlying shifts in taxonomic composition (Darling et
al., 2013; Edmunds et al., 2014), and it would not provide enough resolution for

change detection, especially when population sizes are small (Edmunds & Rieg|,
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2020). Monitoring beyond coral cover by measuring demographic parameters is
needed to understand how populations in different locations respond to
anthropogenic stressors (Edmunds & Riegl, 2020; van Woesik et al., 2022).
Identifying and protecting reefs that are demographically resilient to
environmental stressors, e.g., through resistance to and/or recovery from
disturbances (Capdevila et al., 2020), and ensuring their connectivity to other
reefs, could be central to spatial planning in coral reef conservation (Harrison et
al., 2012; Muenzel et al., 2023).

1.1 Size-based demography in corals and reef fishes

Since survival, growth and reproduction rates follow allometric scaling in corals
(e.g., Dornelas et al., 2017) and in fishes (e.g., Hadj-Hammou et al., 2024), the
structure of a population contains important features regarding individual
differences that are better predictors of population viability than estimates of
population size (Easterling et al., 2000). Population size structure (size spectra),
i.e. the number of individuals at a given size, and how that changes is especially
useful for understanding impacts of disturbances such as bleaching events (e.qg.,
Lachs et al., 2021) and pressures such as size-selective fishing (e.g.,
Charbonneau et al., 2018) on populations. Besides being impacted by fishing,
heightened sea water temperatures can affect metabolism and cause earlier
maturation in fishes (Neuheimer & Grgnkjeer, 2012), which affects the population
size structure by reducing the abundance of fish at the largest size classes (Tu
et al., 2018). Bak and Meesters (1999) hypothesised that increasingly degraded
or marginal conditions would lead to a shift in coral size structure to one that has
more larger corals, because recruitment would be reduced. This hypothesis was
corroborated by e.g., Dietzel et al. (2020); Sommer et al. (2024), but e.g., Riegl
et al. (2012); Pisapia et al. (2019) found that size spectra shifted to be dominated
by smaller corals than pre-disturbance, mainly as a result of partial mortality and
crown-of-thorns outbreaks. The loss of larger corals and their reproductive
capacity would reduce the recovery potential of reefs (Hughes et al., 2019); while
the lack of small corals would suggest recruitment bottlenecks. Since most
studies are limited in their biogeographic scope, these incongruences might not
be surprising due to context specificity; they highlight a need for large-scale,

gradient approaches that can simulate increasing abiotic stress for us to



understand how population size structure respond (Kreyling et al., 2014;
Dornelas et al., 2023).

A power law relationship often describes the scaling of demographic rates, and
other physiological rates, such as respiration and fish maximum ingestion
(Andersen, 2019, table 2.2). Thus, body size is an important feature that defines
predator-prey interactions and energy flows (Heather et al., 2021), as well as
population viability. Because of metabolism and resource use limits (White et al.,
2007), individual body size and abundance (size spectra) in communities have
also been observed to follow a power law relationship, in which the abundance
(N) and body size (M) follow N « M*, where the exponent A should be roughly -2
(Andersen, 2019, equation 2.10). However, A varies depending on the system
investigated (e.g., Yoda et al., 1963; Sheldon & Parsons, 1967; Muller-Landau et
al., 2006; Robinson et al., 2017), demonstrating that exceptions are common.
Despite this, the consistency of the exponent within the same system has inspired
a long history of modelling abundance size distributions (size spectra) in forestry
and in fisheries, where substantial deviations from the power law exponent hold
information on the ecosystem and indicate effects of perturbations. For example,
fishing that selectively removes larger individuals would steepen the size
spectrum and give a more negative 4, it thus follows that fishing impacts and
stock recovery after management, could also be assessed by monitoring

changes in the 1 (Jennings & Blanchard, 2004).

Whilst both coral and fish population ecologists describe population size
structure, historically, log-normal distributions are favoured in describing coral
community size distributions (Bak & Meesters, 1998), where single metrics such
as mean size and skewness are compared between populations. There has been
no work using power law distributions to describe coral population size structure,
despite the apparent utility of the exponent A . Testing which statistical
distributions better describe community size spectra in both coral and fishes
would be important for applications such as population structure reconstruction
(Dietzel, 2020, chapter 4; Bernard et al., 2024), as well as projecting population
structure into the future to inform population viability (Cant et al., 2020; Pisapia et
al., 2020). The ability to elegantly capture and retain information from the entire

size distribution would be useful and have further applications beyond
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demography, such as facilitating the calculation of population level calcification
and photosynthesis rates (Carlot et al., 2022), which are properties linked to the

provision of ecosystem functions, such as carbon fixation.

1.2 Coral communities in biogeographic transition zones

While the effect of climate change is well-studied in tropical coral reef populations,
relatively little is known about the ecology of marginal reef ecosystems and their
responses to climate change. Marginal reefs include high latitude cold reefs that
host coral communities (e.g., Abrego et al., 2021; Toth et al., 2021), turbid reef
systems (e.g., Zweifler et al., 2021; Santana et al., 2023), and mesophotic reefs
(e.g., Rocha et al., 2018; Eyal et al., 2021). Scleractinian corals surviving in
marginal conditions, i.e. darker, colder and productive waters, prompted many
guestions on the demographic differences between marginal reef corals and their
tropical counterparts, and whether they could act as refugia for tropical corals
(e.g., Bongaerts et al., 2010; Beger et al., 2014; Soares, 2020) in the
Anthropocene. How are tropical and marginal reef coral populations different to
each other? What are the demographic strategies of corals that live in these
varied conditions: out of survival, growth and reproduction, what processes do
marginal and tropical corals expend more energy on to ensure population
persistence (e.g., Cant et al., 2022; Cant et al., 2023)? What roles do the
relationships between scleractinian coral host and symbiont communities play in
the persistence of corals in marginal environments (e.g., Wicks et al., 2010)? How
will they fare under further abiotic disturbances? These questions continue to
highlight gaps in our knowledge in the population dynamics of marginal coral
populations, and large-scale demographic investigations in biogeographic

transition zones are urgently needed.

Tropicalisation is an emerging process that affects coral reefs and marginal coral
communities in biogeographic transition zones. Biogeographic transition zones
are defined as “a geographic area of overlap, with a gradient of replacement and
partial segregation between biotic components” (Ferro & Morrone, 2014). The
tropical and subtropical (marginal) coral communities are connected by poleward
flowing currents that transfers warm, oligotrophic waters to colder, more
productive high latitude seas (Imawaki et al., 2013). Physical drivers such as light

availability and temperature, and biological factors such as larval connectivity and
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competition determine the distribution of scleractinian coral communities at their
poleward limits (Sommer et al., 2018; Abrego et al., 2021). Under climate change,
some currents are projected to intensify by increasing their warm water transport
poleward (Sen Gupta et al., 2021), which could increase the connectivity of
tropical reefs to high latitude marginal reefs. Coupled with intensifying marine
heat waves and storms (Wernberg et al., 2024), high latitude subtropical and
temperate ecosystems might be “tropicalising”, which is when (sub)tropical taxa
expand their ranges into latitudes that were previously unsuitable, while the
ranges of temperate taxa recede (Zarzyczny et al., 2024). For example,
temperate foundation species like kelp stands are increasingly replaced by
increases in hard corals and turf algae (Vergés et al., 2016; Kumagai et al., 2018).
These tropicalising reef states are reinforced by increases in the abundances of
tropical grazing herbivores (Ling et al., 2009; Zarzyczny et al., 2022). In Japan,
the loss of seaweed beds and the resultant barren bottom is termed ‘isoyake’
(Yendo, 1903), which translates to ‘burnt rock’. This phenomenon has been
known for over a century, but has become more widespread in the 20" and the
215t century. The reduction of associated temperate coastal fisheries, such as
abalone, lobster and commercial seaweed have dramatic economic impacts,
making seaweed bed restoration one of the priorities of the Japanese fishery
agency (Fujita, 2010). Yet, coral-dominant, tropicalised high latitude reefs might
bring new benefits and opportunities, such as new fisheries of tropical grazers
such as rabbitfish (Siganus spp.), and increased underwater tourism for
communities with higher diversity of corals and fishes, resembling tropical coral
reefs (Vergés et al., 2019). It is thus important to understand the processes
controlling turnover in biogeographic transition zones, to monitor and predict the

progress of coral population persistence going ahead.

Tropicalisation in biogeographic transition zones implies that coral loss in the
tropics might be compensated by gains in the higher latitude marginal reef
environments, with subsequent implications for ecosystem functioning (Vergés et
al., 2019). However, population viability of coral and fish communities in these
transitional zones remain uncertain, especially when considering the
establishment of any range shifting tropical taxa. While the demographic
behaviour of corals grouped by genera or life-history appear different between

the tropics and the high latitude reefs (Cant et al., 2023), one fundamental
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guestion remains: are the tropical coral taxa found at high latitudes: 1) tropical
range expanders that are able to adapt and survive in novel conditions under
climate change, or 2) high latitude sister species of the tropical taxa that managed
to capitalise on the warmer conditions brought on by climate change? A
contemporary baseline of genetic relatedness of coral and symbiont communities
along biogeographic transition zones is necessary to understand evolution and
adaptation as a result of tropicalisation and environmental change in the
Anthropocene (Wogan & Wang, 2018).

1.3 Thesis aims and objectives

The overarching aim of this thesis is to advance our understanding of
demographic processes in biogeographic transition zones at a community level,
and to provide a demographic and genetic baseline for further monitoring under
anthropogenic climate change. The first two data chapters aim to improve our
understanding of population dynamics of communities along environmental
gradients, by trialling improvements on methodologies currently used. | also
provide assemblage level genetic data on Pocillopora and endosymbiont
Symbiodiniaceae along an environmental gradient to further our understanding

on how abiotic drivers structure genetic diversity.

Chapter 2 explores the population size structure of coral communities in twenty
reefs in the east Australian biogeographic transition zone, following a 900 km
tropical — marginal latitudinal gradient from the southern Great Barrier Reef to the
kelp-dominated rocky reefs of New South Wales. By highlighting the differences
in coral population structure, in which fewer but larger corals are found at the
marginal reefs, | ask how coral populations respond or adapt to increasing
environmental stress. This chapter also demonstrates the use of a new method,
‘compositional functional regression’, which models the entire size frequency
distribution function based on predictor variables (e.g., environmental
parameters) of interest, which is more insightful than modelling a choice summary

statistic such as mean or median, which disregards the rest of the distribution.

Chapter 3 further explores population size structure in the east Australian reefs
using the size spectrum (abundance-body size) theory and models commonly
favoured in fisheries. Using fish and coral community data, this chapter compares

the model performance of a bounded power law distribution versus a log-normal
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distribution, both distributions are known for their ability to handle data spanning
magnitudes. The chapter demonstrates that the conventionally used bounded
power law might not be the best fit for ecological size-abundance data, despite
the fact that for a given size interval, it offers a single parameter that appears to
capture the size-abundance status of entire communities. This chapter also
provides methods to deal with minus sampling biases of larger corals in the

benthic photo quadrats, commonly used by coral ecologists.

Chapter 4 investigates the diversity, distribution and phylogenetic relationships of
coral and symbionts in the Pocillopora species complex, along a tropical-marginal
gradient from the southern islands of Japan to the south-eastern shores of
mainland Japan, following the Kuroshio current. This chapter aims to qualify the
extent of tropicalisation of subtropical / temperate environments by species with
tropical lineages, and provide a contemporary baseline for the monitoring of

potential tropicalisation in marginal high latitude reefs.



Chapter 2 : High-latitude marginal reefs support fewer
but bigger corals than their tropical counterparts

2.1 Abstract

Anthropogenic impacts are typically detrimental to tropical coral reefs, but the
effect of increasing environmental stress and variability on the size structure of
coral communities remains poorly understood. This limits our ability to effectively
conserve coral reef ecosystems because size specific dynamics are rarely
incorporated. Our aim is to quantify variation in the size structure of coral
populations across 20 sites along a tropical-to-subtropical environmental gradient
on the east coast of Australia (~23°S to 30°S), to determine how size structure
changes with a gradient of sea surface temperature, turbidity, productivity and
light levels. We use two approaches: 1) linear regression with summary statistics
(such as median size) as response variables, a method frequently favoured by
ecologists; and 2) compositional functional regression, a novel method using
entire size-frequency distributions as response variables. We then predict coral
population size structure with increasing environmental stress and variability.
Together, we find fewer but larger coral colonies in marginal reefs, where
conditions are typically more variable and stressful, than in tropical reefs. Our
model predicts that coral populations may become gradually dominated by larger
colonies (> 148 cm?) with increasing environmental stress. Fewer but bigger
corals suggest low survival of smaller corals, slow growth, and / or poor
recruitment. This finding is concerning for the future of coral reefs, as it implies
that current marginal populations, or future reefs in increasingly stressful
environmental conditions may have low recovery potential. We highlight the
importance of continuously monitoring changes to population structure over

biogeographic scales.



2.2 Introduction

Population size has been a primary metric of population persistence and viability
for decades (Shaffer, 1981; Dietzel et al., 2021). However, the size structure of a
population (i.e., how many individuals of a given size range there are in the
population) is as important, if not more so, for determining persistence and
viability, especially in slow growing, sessile organisms (e.g., McClanahan et al.,
2008; Riegl et al., 2012; Cousins et al., 2014). The structure of a population
details important features regarding individual heterogeneity that ultimately
predict population outcomes better than simply population size (Hunter et al.,
2010; Radchuk et al., 2013). Consequently, in recent decades, population
structure has become the focus of demographic models (Easterling et al., 2000;
Caswell, 2001; Merow et al., 2014).

External abiotic factors such as climate change (e.g., Radchuk et al., 2013; Vetter
et al., 2020) can lead to shifts in population structure when the underlying vital
rates (e.g., survival, change in size, reproduction) are affected differently. For
example, Radchuk et al. (2013) showed that increases in temperature improve
the fecundity of female bog fritillary butterflies (Boloria eunomia) and the survival
of most life stages, except for the overwintering larvae. Yet the viability of the
butterfly population is highly sensitive to the survival of overwintering larvae
(Radchuk et al., 2013), meaning that low larval survival, as a result of warming,
would be detrimental to the viability of this population. However, warming is not
constant, and is only one of many aspects of climate change (Dixon et al., 2021),
to which species and population responses are complex and poorly understood
(Lawson et al., 2015; Tavecchia et al., 2016). Therefore, creating meaningful and
realistic experimental manipulations to understand future anthropogenic impacts
on population structure might be resource-intensive and not always practical
(Kreyling et al., 2014), and especially logistically challenging in the marine
environment. An alternative approach to understand the directional effect of
environmental change on populations is to sample from natural populations
exposed to a gradient of environmental conditions (shift in mean conditions,
increased variability and extremes), e.g., at the biogeographic scale (Beier et al.,
2012; Kreyling et al., 2014; Elmendorf et al., 2015). Gradient approaches have
been shown to give larger estimated effects than experimental studies conducted

in terrestrial grassland ecosystems, likely because they reflect long-term
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responses, while experiments highlight short term plasticity (Wolkovich et al.,
2012; Elmendorf et al., 2015). Since changes to population processes can take
years before detection is possible (Evers et al., 2021), it is a reasonable approach
for predicting the long-term effects of environmental change on population

viability.

Coral reefs are challenged by many anthropogenic perturbations, with climate
change being the dominant threat (Pandolfi, 2015; Hoegh-Guldberg et al., 2017;
Hughes et al., 2017a). Climate change will continue to increase thermal stress
(Dixon et al., 2022), flooding (Vitousek et al., 2017) and storm intensity (Reguero
et al., 2019). These disturbances directly and indirectly influence coral mortality,
changes in community composition (Hughes et al., 2012; Ceccarelli et al., 2020;
Brunner et al., 2021) and coral population size structure (e.g., Hughes et al., 2018;
Pisapia et al., 2019; Dietzel et al., 2020; Lachs et al., 2021). Considering that the
vital rates of survival, growth, and reproduction follow consistent allometric
scaling in corals (Dornelas et al., 2017; Madin et al., 2020), changes to coral
population size structure will have major consequences for their population
dynamics and viability. Indeed, small corals tend to have a higher probability of
whole-colony mortality, while larger corals have higher partial mortality (i.e.,
shrinkage) and fission (Hughes & Connell, 1987; Hughes & Tanner, 2000; Madin
et al., 2020). Large corals also have higher reproduction, but lower relative growth
rates (Connell, 1973; Dornelas et al.,, 2017). Because of these allometric
relationships, investigating differences in size structure across populations
experiencing increased disturbance can help reveal the ecological mechanisms
that underlie population viability, such as differences in survival, growth and
reproduction rates. For example, over the length of the entire Great Barrier Reef,
Dietzel et al. (2020) found decadal declines in the abundance of large coral
colonies in the northern and central regions, but an increase in the southern
region compared to historical baselines. The spatial variation in the decline of
large corals might indicate the depletion of coral brood stocks in some regions
(Hughes et al., 2019) but not others, thereby affecting population viability
differently.

Previous studies have examined changes in coral population size structure using
summary statistics such as mean size, variance, skewness, and kurtosis (e.g.,

Bak & Meesters, 1998; Anderson & Pratchett, 2014). These metrics characterize
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aspects of the shape of the size-frequency distribution. However, the summary
statistics approach involves making arbitrary choices about which statistics to
include, and does not use all the information in the distribution (Talska et al.,
2018). Also, the ecological interpretation of measures such as kurtosis is not
straightforward. Adjeroud et al. (2007) observed negative kurtosis (a flattened
distribution, with a wide peak around the mean) for a fast-growing species, and
the opposite for a slow-growing species. Since then, coral reef ecologists have
related this metric to population growth and turnover rates (e.g., Anderson &
Pratchett, 2014; Kramer et al., 2020), but the conditions under which the
proposed relationship between kurtosis and growth rate holds are unclear. The
assessment and comparison of entire coral size-frequency distributions as
probability density functions can overcome these challenges. Recent advances
in functional data analysis (Ramsay et al., 2009; Talské& et al., 2018) remove the
need to arbitrarily select a few summary statistics as response variables. Since
the entire probability density function is treated as the response variable (Talska
et al., 2018), the method can accurately quantify which coral sizes are most
affected by the explanatory variables. This approach is likely to better capture the
effects of long-term environmental stress on coral size-frequency distributions
than summary statistics, allowing for improved comparisons and understanding

of their dynamics.

Here, we examine the changes of scleractinian coral population size structure
over 900 km in eastern Australia. Using the tropical to subtropical gradient as a
proxy for increasing environmental stress (Kreyling et al., 2014), we aim to
understand how coral population size structure responds to, or is locally adapted
to increasingly marginal conditions. We use two methodologies: 1) linear
regression with summary statistics as response variables, an approach
classically favoured by coral reef ecologists, and 2) a novel compositional
functional regression approach (Talska et al., 2018) that has never been used in
this context. We use both methods here to demonstrate their respective strengths
and weaknesses. At higher latitudes, where conditions are harsh due to extremes
in temperature, light levels and storm events, we expect fewer small coral
colonies, because coral mortality rates are generally highest for the smallest
corals (Connell, 1973), and sexual recruitment rates are low in these

comparatively harsher conditions (Harriott & Banks, 1995; Abrego et al., 2021;
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Cantetal., 2022). Potential differences in population size structure of corals along
this environmental gradient might indicate the effect of stress on coral population
dynamics, providing a lens to the future, where reefs might be affected by

increased disturbances as a result of climate change.

2.3 Methods

2.3.1 Data collection

The eastern Australian biogeographic transition zone is a unique region in which
to observe coral population dynamics. There, coral communities occur from
tropical Queensland’s Great Barrier Reef (GBR) to the temperate, sometimes
kelp-dominated rocky reefs in New South Wales (~23°S to 30°S). With increasing
latitude, sea surface temperature and incident light intensity decline, while storm
intensity and frequency increase (Pepler & Coutts-Smith, 2013), making the reef
habitat increasingly marginal for tropical hard corals (Harriott & Smith, 2000;
Sommer et al., 2018). Multiple oceanographic currents are present in the region,
with the Eastern Australian Current (EAC) being the largest (Baird et al., 2008).
The EAC runs approximately 50 km offshore (Malcolm et al., 2011), transporting
warm, tropical waters from the Coral Sea poleward. The current may also be a
source of fresh genetic material for the downstream reefs (Beger et al., 2014;
Sommer et al., 2014). Though we note that a recent study suggested that coral
larvae dispersed from the southern GBR have a low probability of being received
at higher latitude reefs (Mizerek et al., 2021), where endemic coral species are
increasingly found (e.g., Schmidt-Roach et al., 2013; Baird et al., 2017).
Nonetheless, the eastern Australian biogeographic transition zone represents a
natural laboratory that allows the examination of differences in coral population

size structure with increasing marginality.

We sampled coral populations across 20 sites in the eastern Australian
biogeographic transition zone using underwater photographic benthic transect
surveys. 12 sites were sampled in September 2018, while the eight other sites
were sampled in either 2010, 2011, 2012 or 2016 (Figure 2.1; Table A-1). At each
site, three 30 m belt transects were haphazardly run at 8-10 m water depth.
Downward-facing photographs were taken every metre, from approximately 70
cm above the benthos. Each included a 50 cm calibration stick held at the level
of the substrate (as in Sommer et al., 2011). Two cameras were used: a Canon

S90 with a wide-angle lens at most sites, and a Sony RX100V with a Nauticam
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WWL-1 wide angle lens at Julian Rock Nursery, Cook Island and Flinders Reef.
Since the field of view of the two cameras varied, images from the Sony RX100V
were batch processed and cropped in ImageJ (Schindelin et al., 2012) to ensure

comparability, such that each frame captured approximately 1 m? of seabed.

On each image, coral species were visually identified to the lowest taxonomic
classification possible (usually genus) using Coral Finder 2021 (Kelley, 2021) and
Corals of the World (Veron et al., 2016). Coral morphological types were also
included and standardised following the classification of Sommer et al. (2021).
Where variable growth forms are observed for the genera Montipora, Porites and
Turbinaria, they were placed into categories of ‘branching,” ‘encrusting, ‘laminar’
and ‘massive’. For Acropora, the categories were ‘arborescent,’” ‘corymbose,’
‘digitate,” ‘hispidose’ and ‘tabular,’ following Kelley (2021). For each coral colony,
the following were recorded: 2D planar area, taxonomic identity, and whether the
colony was patrtially out of frame. This procedure was conducted using the freely
available ‘SizeExtractR’ (Lachs et al., 2022) workflow in ImageJ (Schindelin et al.,
2012) and R (R Core Team, 2021). We traced each coral colony manually, added
relevant alphanumeric annotations, and compiled the resulting size data into a
single database. Transect images that did not visibly contain corals were skipped.
In total, 16,598 coral colonies were examined across 1,426 images, capturing 41
coral taxonomic entities (species, genera, family, or groups with uniquely
identifiable morphological characteristics; see S2: Coral taxonomic identity along

the environmental gradient).

Light limitation, temperature minima, and fluctuations determine the distribution
and abundance of corals in our study region (Sommer et al., 2018). To
characterise and compare long-term environmental trends among our study sites,
we extracted 4 km monthly chla (chlorophyll a concentration — a proxy for
productivity), kd490 (diffuse attenuation coefficient at 490 nm — a proxy for
turbidity), and PAR (photosynthetically available radiation) from January 2003 to
April 2019 (NOAA, 2012a, 2012b, 2022); and 1 km monthly Sea Surface
Temperature (SST) from June 2002 to May 2019 (NOAA, 2022). The minima,
maxima, means, and standard deviations of each environmental variable were
calculated for each site, resulting in a total of 16 variables. A principal component
analysis (PCA) was used for dimension reduction of these environmental factors

(Figure 2.2.2). The first axis (PC1) explains 63% of the observed variance and
14



reflects a gradient from warmer, brighter environments with low turbidity and
productivity (negative PC1 scores) to darker, colder environments with high
turbidity and productivity (positive PC1 scores). The second axis (PC2),
explaining 17% of the variance, is driven by minimum productivity, turbidity, and
variation in light availability. Negative PC2 scores reflect environments that have
the lowest productivity and turbidity, yet unstable light regimes, while positive
scores reflect sites whose lowest turbidity and productivity is the least extreme

and have the most stable light regimes.

2.3.2 Coral taxonomic identity along the environmental gradient

For the purpose of quantifying population size structure, we did not differentiate
between taxonomic groups and consider all corals from the same site a
‘population’ to overcome having small sample sizes in some marginal reefs. We
acknowledge the limitations of this in the discussion. We used Canonical
Correspondence Analysis (CCA) to examine differences in taxonomic
composition along the environmental gradient (PC1 and PC2 scores), as
environmental tolerances vary among species (Sommer et al., 2014). We showed
that some taxa were shared among sites but along the gradient there were likely
different dominant taxa for each morpho-taxa group (Appendix A; Figure A-1; S2:

Coral taxonomic identity along the environmental gradient).

2.3.3 Data analyses

Colony sizes were natural log-transformed to normalise their distribution for
subsequent analyses and increase the resolution of the highly abundant smaller
size classes (Bak & Meesters, 1998). Throughout, log refers to natural logarithm.
Colonies marked partially out of frame were excluded as we lacked their true size.
This filter resulted in 12,224 coral colonies from 1,321 images, corresponding to
41 coral taxonomic entities. We used two methods to characterise the coral
population size structure and establish its relationship with environmental
covariates. The first was the calculation of summary statistics (Bak & Meesters,
1998; Adjeroud et al., 2007; Anderson & Pratchett, 2014) followed by linear
regression with the scores of PC1 and PC2 and their interaction as explanatory
variables. The model combinations were evaluated using Akaike’s Information
Criterion (AIC). For each site, the summary statistics calculated were: 1) average
coral size (both mean and median), a surrogate for coral age and fecundity

(Soong & Lang, 1992). We used the median in linear regressions as it is not
15



strongly influenced by extreme colony sizes, which are common in our study
populations. 2) Coefficient of variation, which allows the comparison of size
variation across different sites. 3) Skewness, which measures the asymmetry of
size-frequency distributions, with left or right skew indicating the dominance of
larger and smaller corals, respectively. 4) Kurtosis, which measures the relative
peakedness of a distribution, and has been used to represent growth and
recruitment rates (Bak & Meesters, 1998; Adjeroud et al., 2007; Anderson &
Pratchett, 2014).

We then used compositional functional regression (Talsk& et al., 2018) to test the
effect of environmental covariates (PC1 and PC2 scores) on the entire size-
frequency distribution. The benefit of this approach is that it is possible to examine
how the entire distribution changes, as opposed to a single summary statistic,
which does not capture all relevant properties of the size distribution.
Compositional functional regression is needed here because our response
variable (coral size-frequency distribution) is a probability density function.
Probability density functions must be non-negative everywhere and integrate to
one (note that non-negativity is a property of the function, the probability density,
rather than the value of the argument to the function, log coral size). Standard
functional regression (where the response variable is a continuous function
instead of a number (e.g., Yen et al., 2015) is already familiar to some ecologists,
but does not ensure that the predicted response is a valid probability density
function. Compositional functional regressions overcome this problem by working
in a real vector space (Bayes space) (Egozcue et al., 2013), whose elements are
continuous probability density functions (Egozcue et al., 2006; van den Boogaart
et al., 2014) on which we can do “addition” and “scalar multiplication” operations,
such that the result is always a probability density function (S3: Bayes Space for
more details). Once these operations are defined, we can write down a linear
regression model for probability density functions. Consider the standard linear
regression response = intercept + explanatory variable x coefficient + error; then

the analogous compositional functional regression equation takes the form

response function = intercept function

@ (explanatory variable © coefficient function) @ error function,
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where the error function has a mean of zero. In our particular case, the regression

model is

Yi=Bo® (x1; OB1) B (x2; OB2) D g, (D
where y; is the response, a probability density function representing the log coral
size-frequency distribution at the ith site, the explanatory variables x;; and x, ;
are the PC1 and PC2 scores at the ith site, the intercept B, is the size-frequency
distribution when each explanatory variable has the value 0, coefficients 8, and
B, are probability density functions describing the effect of a unit increase in PC1
and PC2 respectively on the size-frequency distribution, and the error ¢; is a

probability density function representing the residual or error at the ith site.

Estimating densities (continuous size-frequency distributions) to use as the
response variable is a necessary step in compositional functional regression. We
binned the individual log coral area observations from each site into a histogram,
and smoothed the data to obtain a continuous approximation to the histogram,
over the entire observed range across all sites (Talské et al., 2018). The number
of bins for each site was chosen using Sturges’ rule (Sturges, 1926). Where there

were empty bins, we replaced the zeros by G) X (ni) where n; is the number of

corals observed at that site (Martin-Fernandez et al., 2003; Machalova et al.,
2021, p. 1053). We followed typical practice in the field, but the theory on how
density estimation affects subsequent results is not yet well developed (Petersen
et al., 2022, sections 3 and 5). We therefore checked the robustness of our
compositional functional regression results to different bin numbers used in
histogram smoothing, as well as to sites with only very few corals (S6: Testing

compositional functional regression model robustness).

Then, the size-frequency distributions were centred log-ratio (clr) transformed to
give standard addition and scalar multiplication operations, which allows for
easier computation (van den Boogaart et al., 2014). The clr transformed size-
frequency distributions were smoothed using cubic compositional splines (ZB
spline basis functions (Machalova et al., 2021)) with four knots. The optimum
smoothing parameter alpha was chosen by generalized cross validation for each
site. The compositional regression model given in Equation 1 was fitted to the
binned and smoothed size-frequency distributions (Machalova et al., 2021).
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Approximate 95% confidence bands were obtained using bootstrap
approximations. We calculated pointwise and global R? which measure
proportions of variation explained by the model in an analogous way to the usual

coefficient of determination (Talska et al., 2018).

To determine whether the estimated effects of PC1 and PC2 could be
distinguished from zero (no effect), pointwise and global permutation F-tests were
performed with the observed pointwise F-statistic, and its maximum over the
whole interval, respectively (Ramsay et al., 2009, p. 168). The F-tests were
carried out by permuting rows of the ZB-spline coefficients and re-estimating the
regression model 9,999 times. We compared observed pointwise and max F-
statistics with the distributions of these statistics from permutations. The residual
functions were plotted (and coloured by PC1 score) to check for systematic
departures from the model. The coefficient functions By, 1 and B, on the clr
scale were plotted to visualize the size-frequency distribution at the mean of PC1
and PC2 (B,) and the effects of each. On the clr scale, positive values of the
coefficient functions g, and B, suggest an increase in density at a given log area
per unit increase in the explanatory variable, and vice versa. Because PC1
seemed to capture most of the environmental variability in our study region, we
visualised its effect by plotting the predicted coral size-frequency distributions at
the mean value (0) of PC2, for ten equally spaced values of PC1 from its minimum

to its maximum.

2.3.4 Size-biased sampling

Size-frequency distributions estimated from photographs are subject to sampling
bias. The larger a coral colony, the less likely it is to fit entirely in the sampling
window. Thus, including only those colonies that fit in the sampling window
(“minus sampling” (Baddeley, 1998, p. 40)) as we have in this study, biases the
estimated size-frequency distribution towards smaller colonies. There are ways
to avoid such sampling bias but these require information from outside the
sampling window (Baddeley, 1998; sections 2.2-2.4, 2.6; Zvuloni et al., 2008),
which is unavailable in our data. In S4: Size-biased sampling, we show that this
sampling bias does not affect estimates of the coefficient functions for the effects
of explanatory variables (B, and ) in a compositional functional regression,
although the bias does affect the estimated intercept function B,. These

coefficient functions are only defined over the interval of sizes that could fit in the
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sampling window, so we have no information about effects on the density of
colonies larger than the window. Summary statistics and the effects of
explanatory variables on the summary statistics will also be subject to sampling

bias, but we currently do not have simple solutions to account for these biases.

2.3.5 Model sensitivity to the 2016 bleaching event

In 2016, severe coral bleaching was recorded in northern and central GBR
(Hughes et al., 2017b). Although bleaching was less severe in the southern GBR
and at the high latitude Eastern Australian reefs (Hughes et al., 2017b; Kim et al.,
2019), the anomalous thermal stress in the region could have had unobserved
impacts on corals leading to potential changes in population size structure. For
this reason, we examined the temporal effect of our data by adding a categorical
explanatory variable of pre- or post- bleaching to both the linear regression and
the compositional functional regression analyses (S7: Model sensitivity to the
2016 bleaching event).

2.4 Results

2.4.1 Summary statistics and linear regression

Sites had between 38 (Woolgoolga Reef) and 2,101 (Lady Musgrave Island)
colonies (median 526, first quartile 148, third quartile 718). Statistical summaries
of the coral size-frequency distributions are reported in Table A-2. Colder, darker
reefs with higher turbidity and productivity (high PC1 scores) had fewer coral
colonies (F2,17 = 6.80, P = 0.007, R? = 0.379; Figure 2.3a; Table A-3), but with
larger median sizes (F1,18 = 10.7, P = 0.004, R? = 0.338; Figure 2.3c; Table A-4),
and were more negatively (left) skewed (F2,17=7.45, P = 0.005, R?>= 0.404; Figure
2.3-Figure 2.4; Table A-5). Reefs with more constant light levels and less extreme
minima in turbidity and productivity (high PC2 scores) were associated with more
coral colonies and a positive skew in the population size structure (Figure 2.3b
and e; Table A-3 and Table A-5). Weak evidence showed that CV and kurtosis
were lower at high PC1 scores, suggesting that colony size variation was lower
(F118=2.35; P = 0.143; R?=0.066), and that coral population size structure was
flatter (F1,18 = 2.54; P = 0.128; R? = 0.075) at colder, darker reefs with higher
turbidity and productivity compared to warmer, brighter and less turbid
environments (Table A-6 and Table A-7; Figure A-2 and Figure A-3).
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2.4.2 Compositional functional regression

Compositional functional regression showed that as PC1 increased, reflecting the
transition from warmer, brighter environments to more productive and turbid
environments, a higher proportion of corals were bigger: the mode of the
predicted distribution of log coral area moved to the right, and the predicted
distribution became broader and flatter (Figure 2.5, red to blue lines). At the
lowest PC1 score, the predicted modal log coral area was approximately 3.5 log
cm? (33.1 cm?, Figure 2.5, red), while at the highest PC1 score, the predicted
modal log coral area was approximately 5 log cm? (148 cm?, Figure 2.5, blue).
Thus, large changes in coral size-frequency distributions along the environmental
gradient were plausible. We further showed that increases in PC1 may be
associated with lower densities of small to moderate sized corals (~2-4 log cm?)
(Figure 2.6, interval where the 95% confidence band did not cross zero). The
global R? for our model was 0.18, so that the model explained relatively little of
the variation in size-frequency distributions, although with higher amounts of
variation explained at coral sizes 2-4 log cm? (Figure A-7). Similar peaks were
observed for the pointwise F test statistics (Figure A-8). However, because the
maximum pointwise F statistic (Figure A-8, dotted line) did not exceed the 0.95-
quantile of the distribution of such maxima anywhere (Figure A-8, dashed line;
functional F-test, observed maximum F =0.83, P =0.08 from 9,999 permutations),
it was plausible that from the compositional functional regression alone, neither
PCL1 nor PC2 affected coral size-frequency distributions (see discussion). For the
effect of the intercept and PC2, model fit and residual diagnostics, see S5: Further

compositional functional regression results and model diagnostics.

2.5 Discussion
Understanding the drivers of change in population size structure is fundamental
to robust predictions of population dynamics (Edmunds & Riegl, 2020; Edmunds,
2021). Here, examining population size structure of corals across 20 reefs along
the tropical to subtropical transition zone in Eastern Australia, we found fewer but
bigger corals in sites characterised by greater environmental stress and temporal
variability compared to sites that have a more stable environmental regime. It is
plausible that the high coral cover in Australian high-latitude coral communities
(Harriott et al., 1994; Sommer et al., 2014) is created by few large coral colonies.
This supports the idea that the lower growth rates and higher fission rates of
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larger corals (Dornelas et al., 2017) could be the main driver of coral persistence
in marginal reefs (Cant et al., 2022). We hypothesise that future reef persistence
might be governed by low growth and recruitment, and be reliant on the survival
and higher fecundity of larger corals (Bak & Meesters, 1999; Cant et al., 2020;
Dietzel et al., 2020).

This is the first study to use compositional functional regression (Talska et al.,
2018) to examine population size structure changes along a large biogeographic
gradient. The ability to model the entire probability density curve allows us to
determine the effects of environmental drivers on corals of different sizes.
Specifically, we show that with increasing environmental stress and variability,
we risk losing small to medium sized corals at 7-55 cm?. This cannot be
concluded from linear regressions of summary statistics. Furthermore, many
ecologically important properties are functions of size, including carbonate
production and linear extension for corals (Carlot et al., 2021). Compositional
functional regression will allow us to link predictions about changes in size
distributions to changes in these ecologically important properties. For example,
given a predicted change in size distribution with respect to an environmental
variable (e.g., increasing SST), and the relationship between the property of
interest (e.g., carbonate production) and size, we can calculate the predicted
population-level change in the value of the property (e.g., mean carbonate
production per colony) with respect to the environmental variable. In contrast,
generally it is not possible to do such calculations given estimated effects on a
summary statistic. Similarly, size distributions, rather than summary statistics, are
required for modern demographic techniques such as Integral Projection Models
(IPMs) (e.g., Kayal et al., 2018; Cant et al., 2020).

Both linear regression and compositional functional regression results identified
fewer but bigger corals in marginal reefs, although the evidence from the latter
was weaker. Nevertheless, the observed change in summary statistics such as
the median (for which there is strong evidence) imply changes in the size-
frequency distribution, so that the combined evidence from both methods
suggests an effect. The difference in strength of evidence could simply be
methodological, i.e., having to consider the effect of the environmental covariates
on the entire size-frequency distribution at each reef in compositional functional

regression, as opposed to just a single value (of a summary statistic) in linear
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regression. It is possible that there is simply a relatively large amount of (random)
variation in the density functions (size distributions) among our twenty sites.
Although we did not find strong support for temporal effects considering the
results from both methods, there was weak evidence that median coral size was
smaller and CV was greater at sites surveyed after the 2016 bleaching event (S7:
Model sensitivity to the 2016 bleaching event). This finding suggests that where
time series data are available, exploring how major disturbances affect size
structure over time will be a worthwhile endeavour. Indices summarising local
threat levels from human activity (e.g., Burke et al., 2011) might also explain

some of the variation in size distributions.

In addition to the environmental parameters examined, other variables could also
have acted on the coral size-frequency distributions. For example, storm waves
can differentially overturn corals of different sizes and growth forms (Madin et al.,
2014), indicating that high latitude environments could well select for larger, more
stable horizontally spreading morphologies in our study region (Sommer et al.,
2014); and the morphology, taxonomic identity and life-history of corals (Darling
et al., 2012) can determine the sizes to which they could grow. There is already
some evidence of this across our sites (Figure A-1, S2: Coral taxonomic identity
along the environmental gradient). For example, both the encrusting Micromussa
lordhowensis, and laminar Turbinaria are commonly observed on subtropical
reefs in this region, but M. lordhowensis colonies are generally much smaller.
Recent observations of speciation of endemic corals also indicate that
evolutionary processes are at play in this region (Schmidt-Roach et al., 2013b;
Baird et al., 2017). Where sample sizes are large enough, it will be meaningful to
investigate taxa specific population size structure (e.g., Rich et al., 2022; Bernard
et al., 2023) along this environmental gradient. Reefs with higher rugosity and
thus complexity could support more smaller corals (Crabbe, 2010), meaning reef
topography could also be relevant. Competition for space can also reduce the
rate at which corals grow (Chadwick & Morrow, 2011), including competition with
other non-coral, sessile benthic organisms like algae, corallimorpharians and
zoanthids that are abundant on high-latitude reefs (Abrego et al., 2021; Reimer
et al., 2021).

Our work assessing coral population size structure over a large biogeographic

scale offers a glimpse into a possible response of coral assemblages to
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environmental change. Our main finding of increasingly marginal conditions
selecting for fewer but larger coral colonies, echoes previous findings that larger
corals remain post-disturbance (Bak & Meesters, 1998; Dietzel et al., 2020; Lachs
et al., 2021), but see also Pisapia et al. (2020) for examples of colonies becoming
smaller. The demographic mechanisms that can lead to the prevalence of fewer
but bigger corals are likely a combination of low recruitment, partial mortality and
slow growth. As ongoing climate change leads to more variable and extreme
environmental conditions (Spady et al., 2022), it is possible that some corals in
biogeographic transition zones are adapting to changing conditions. Through this
observational study, we hypothesise that on a population level, marginality could
select mechanisms that shift the population size structure of reef corals towards
a larger proportion of bigger individuals, or towards a composition with species
that can reach larger sizes. Such a shift is concerning because coral populations
with fewer smaller corals (juveniles) suggest recruitment failure, and thus a
lowered recovery potential following further disturbances (Riegl et al., 2012;
Pisapia et al., 2019; Dietzel et al., 2020; Lachs et al., 2021). In addition, small
coral fragments broken off from mature colonies retain their reproductive capacity
(Rapuano et al., 2023), but have a higher relative growth rate compared to the
original colony, due to a reduction in size. This indicates that smaller corals (both
coral recruits and those fragmented from larger corals by natural processes)
could be disproportionately important for population persistence. Thus, we
recommend improving our understanding of coral reproduction, dispersal and
recruitment dynamics along latitudinal gradients (e.g., Mizerek et al., 2021), as it
can provide an insight into how coral populations persist and recover despite
suboptimal conditions. Further demographic work in this region would be

insightful for continuous monitoring and the ground-truthing of our hypothesis.

Climate change will continue to affect population dynamics worldwide (Lawson et
al., 2015). Thus, it remains pertinent for ecologists to examine changes in
population size structure at biogeographic scales through time (e.g., Riegl et al.,
2012; Dietzel et al., 2021). Advances in compositional functional regression
(Talska et al., 2018) provide a comprehensive tool for ecologists to examine
population size structure, allowing us to gain insight into how environmental
extremes and variabilities affect population dynamics (Kreyling et al., 2014).

Collectively, our work on the coral population size structure of reefs in the Eastern
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Australian biogeographic transition zone highlights fundamental differences
along the ~ 900 km tropical to subtropical gradient, where bigger corals are likely
selected for in marginal conditions. While the survival of larger corals allows for
the persistence of reef habitats, the lack of smaller corals indicates recruitment
failure and could signify a lowered resilience to further disturbances.
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Figure 2.1. Survey design of the study, showing a) the location of the 20 sampling
sites in eastern Australia; image examples of the outlined coral communities from
b) Lady Elliot Island and c) Black Rock. The 0.5 m black and yellow graduated
calibration stick is visible. Corals that were not completely in frame, like the

largest one in c) were not included in the final dataset.
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Figure 2.2. Biplot showing the PCA ordination of our 20 coral populations (Figure
2.1a) using the 16 environmental variables. Reef names are labelled in grey, the
blue arrows are the environmental factors which include the minima (min),
maxima (max), means and standard deviations (sd) of chlorophyll a concentration
(chla), diffuse attenuation coefficient at 490 nm (kd490), sea surface temperature
(sst) and photosynthetically available radiation (PAR). The first and second axes

jointly explain 80% of the environmental variation in this region.
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Figure 2.3a) The number of coral colonies decreases with PC1 and b) increases
with PC2. c¢) Median coral colony size increases with PC1. d) Skewness of the
coral size-frequency distribution decreases with increasing PC1 and e) increases
with PC2. The black line is the line of best fit, and the grey region is the 95%
confidence band. The explanatory variables plotted here were chosen based on
model selection (Table A-3 to Table A-5). For a), ¢) and d), more positive PC1
scores represent lower sea surface temperature and photosynthetically available
radiation (PAR), i.e., colder and darker, and high chlorophyll a concentration and
turbidity (kd490), i.e., more productive and more turbid. In b) and e) more positive
PC2 scores represent higher minima of chlorophyll a concentration and kd490
i.e., lowest turbidity and productivity is least extreme; and lower standard

deviations of PAR i.e., more stable light regimes.
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Figure 2.4. Histograms showing coral colony size structure for each of the 20 reefs.
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mean log coral colony size (3.82 log cm?) over all 12,224 coral colonies. Panels (a-t)
are ordered from low to high PC1 scores. Increases in PC1 represents increasingly

marginal conditions (colder, darker, more turbid and productive waters).
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Figure 2.5. As PC1 increases, the predicted distributions of log coral area become
broader and flatter, and the mode increases from ~3.5 to 5 log cm?. Increases in
PC1 represents increasingly marginal conditions (colder, darker, more turbid and
productive waters). Red to blue lines correspond to predicted distributions for ten
equally spaced PC1 scores, from the minimum (-4.33, darkest red) to the
maximum (6.11, darkest blue). PC2 values are kept constant at 0O (the mean).
The coefficient function g, determines how the shape of the distribution changes
with PC1 but individual distributions are also affected by B, (the intercept) and

thus by the sampling bias (S3: Size-biased sampling).
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Figure 2.6. Increases in first axis (PC1) scores mean lower densities of corals at
~2-4 log cm?. Increases in PC1 represents increasingly marginal conditions
(colder, darker, more turbid and productive waters). The black line is the
estimated centred log-ratio (clr) transformation of the coefficient function g,
which measures the effect of a unit increase in PC1 on the probability density of
a given log coral area. Positive values on the y-axis suggest that the
corresponding log coral area on the x-axis becomes more likely as PC1 increases,
and negative values suggest that the corresponding log coral area becomes less
likely. The shaded region is the bootstrap 95% confidence band. The horizontal
dashed line represents no effect of PC1 on the probability density of log coral

area.
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Chapter 3 : Model choice and sampling bias in fish and
coral size spectra

3.1 Abstract

Projecting future population growth requires knowledge of population size spectra,
because vital rates such as growth, survival and reproduction are size-dependent.
An ecological size spectrum is the distribution of body sizes in an ecological
community, and is typically assumed to follow a power law distribution. Changes
to ecological size spectra are used as indicators for many processes, such as
measures of primary productivity and recovery from anthropogenic disturbances.
Using coral and fish data from the East Australian biogeographic transition zone,
we test if alternative statistical distributions better describe ecological size spectra.
We show that bounded power law might not be the best fit for size-abundance
data, as it overestimates the abundance of large organisms and that the log-
normal distribution is generally a better fit. To examine potential sampling biases
of commonly used field methods, we also adjusted for the size-biased sampling
of coral colonies from benthic photo transects, which occurs because larger
colonies are less likely than smaller colonies to fit entirely in the field of view.
Because large organisms have disproportionate influence on the vital rates of a
population, such as high fecundity, an overestimation of the largest individuals
can lead to overly optimistic conclusions about the community or population of
interest. Our results suggest that ecologists should consider the choice of
distribution used in their size spectra modelling carefully, and consider multiple

model outputs before informing conservation and management decisions.

3.2 Introduction

Organism size is a biological property that is simultaneously a response to the
environment, and a consequence of ecological processes happening at individual,
population and community levels. Size can be any meaningful measure of
organism body extent such as length, area or volume. Because many biological
rates scale allometrically with body size, e.g., metabolism (Kigrboe & Hirst, 2014),
growth (Dornelas et al., 2017) and reproductive output (Barneche et al., 2018),
the abundance-size distribution of communities provides useful insights into
demographic processes (Bak & Meesters, 1998), energy fluxes in food webs
(Heather et al., 2021) and ecosystem functioning (Yvon-Durocher & Allen, 2012).

Understanding what statistical distribution best describes the size spectra is
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important for the reconstruction of past population structure (Dietzel, 2020,
chapter 4), for example, to understand population trends. Conventionally, the
bounded power law and log-normal distributions are used to model the
abundance-size distribution of fish (Edwards et al., 2017) and coral (Bak &
Meesters, 1998) populations respectively. However, it remains unclear why one

was favoured over the other, even though the same properties are modelled.

The size spectrum, or individual size distribution, is a frequency distribution, or
probability density function of sizes in a community (White et al., 2007; Edwards
et al., 2017). There has been a long history of modelling community size spectra
using power law relationships, attributed to physiological rates that are observed
to scale with size described by a power law relationship, in which the abundance
(N) and body size (M) follow N « M* (Andersen, 2019, chapter 2). However, the
exponent A often varies: stands of competing plants ‘self-thin’, such that as
individual plant biomass increases, the number of plants decreases to the
exponent of -1.5 (Yoda et al., 1963; Adler, 1996). Damuth (1981) observed that
population density of small herbivorous mammals decreases with increasing
body mass with an exponent of -0.75, while marine plankton concentration
decreases with increasing cell diameter to the exponent of roughly -2 (Sheldon &
Parsons, 1967). The power exponent varies across guilds and communities
(Muller-Landau et al., 2006; Hatton et al., 2019; Tekwa et al., 2023), but within a
community, the exponent can be used as an indicator of ecosystem health
(Jennings & Blanchard, 2004; Petchey & Belgrano, 2010; Gjoni et al., 2024). For
example, in fish communities subject to varying fishing intensity (e.g., Graham et
al., 2005; Carvalho et al., 2021), removal of larger fish species leads to the
steepening of the size spectra and thus a decrease in its exponent. It follows that
size spectra changes are useful ecological indicators for processes of interest to
ecologists and resource managers alike across the terrestrial, aquatic and marine
realms. For example, accurate approximations of size distributions are key to
keeping track of population recovery from disturbances and the effectiveness of

management strategies (e.g., Coomes et al., 2003; Jennings & Blanchard, 2004).

The analyses of size spectra rely on the assumption that a bounded power law is
a good descriptor of the ecological size spectrum (Reuman et al., 2008; Edwards

et al., 2017). Power law distributions may be reasonable choices when the data
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span a few orders of magnitude (Newman, 2017), which may be the case for
cross-phylum or cross-class body size data. Power law distributions are heavy
tailed, not exponentially bounded and have a higher probability for the largest
values, i.e., at the upper tail, than the Gaussian or exponential distributions (Pinto
et al., 2012). Its cumulative distribution function gives a simple linear relationship
when plotted on a log-log scale (White & Kearney, 2014), which makes it easy to
identify. The bounded power law is, however, preferable when considering
ecological size spectra, because organism size typically has an upper limit. Also,
there are usually upper and lower limits to the sizes of organisms sampled (e.g.,
the mesh size of fishing gear) determined by sampling methods and limitations
(Reuman et al., 2008; Edwards et al., 2017). The bounded power law may
capture a size distribution elegantly: for a fixed size range x,,i, 10 X4, @ large
exponent b indicates a population or a community with more larger individuals.
However, the bounded power law might not be the best fit, especially in the upper
tail (largest sizes) of the distribution (see model fits in e.g., Robinson et al., 2017,
Carvalho et al., 2021; Pomeranz et al., 2022), and questions are raised as to how
common (bounded) power law distributions are (Muller-Landau et al., 2006;
Stumpf & Porter, 2012). Blindly using a single, potentially poorly-estimated
parameter to describe the status of a community could therefore lead to incorrect
conclusions about its health, and hide demographic processes and indicators that
might be gleaned from assessing changes to the entire size spectrum (Chong et
al., 2023; Canty et al., 2024).

The log-normal distribution may also be an appropriate description for size
spectra. It has been widely used to understand ecological abundances (Preston,
1962; Pennington, 1996; Talis et al., 2023), and notably also to model coral
population size structure (e.g., Bak & Meesters, 1998; Dietzel et al., 2020) which
is usually positively skewed (there are usually more smaller corals relative to
large ones). Under the log-transformation, coral size frequency often follows a
normal distribution. The log-normal distribution has two parameters, the mean pu
and the standard deviation o, which can be tuned independently, affording a
higher degree of flexibility than the bounded power law. Despite this, the log-
normal distribution is typically not used to model community size spectra in
fisheries. This might be because of the apparent ubiquity of power law
relationships in biological rates, like the Gill Oxygen Limit Theorem (GOLT)
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(Pauly, 2021) in fishes. In addition, within a fixed size range, having one
parameter (the exponent b) that describes the distribution might be more

convenient than estimating two in the log-normal distribution.

Sampling biases stemming from limitations of commonly used field
methodologies also need to be considered when studying size distributions. In
particular, sampling biases often affect estimates of size distributions of sessile
organisms from quadrat data in ecology (Baddeley, 1998; Zvuloni et al., 2008),
yet this issue is rarely acknowledged. For example, larger corals are less likely to
fit entirely within quadrat sizes (e.g., 0.5 m x 0.5 m) commonly used in the field,
or within a camera’s field of view for benthic photo transects. In many cases,
organism sizes are only known when the organism fits entirely in the quadrat or
sampling unit. Thus, the exclusion of objects that do not fit entirely is often
necessary, a process called minus-sampling (Baddeley, 1998, p. 40). Because
larger objects are more likely to be excluded, the observed (minus-sampled) size
distribution will underestimate the density of larger objects. Applying a minus-

sampling correction should therefore improve the data fit.

The distribution chosen to model size spectra influences how we understand,
quantify, and predict the viability of populations. Here, we aim to examine the fit
of distributions for both sessile and motile marine taxa. Using coral and reef fish
data from the East Australian biogeographic transition zone, we ask 1) whether
the bounded power law or log-normal distribution is a better description of coral
and fish size distributions; 2) for coral data, whether the minus-sampled versions
of the two distributions are better fits, since our coral data were affected by a
minus-sampling bias; and 3) whether the observed data fit patterns hold across

taxa along the entire gradient of tropical to temperate reefs.

3.3 Methods

3.3.1 Data collection

We collected fish and coral data from 20 coral communities along the tropical to
temperate transition zone of eastern Australia between 2010-2018 (Table B-1),
at 8-10 m water depth. These 20 sites can be characterized by a tropical-to-
marginal environmental gradient, from warm, bright environments with low
turbidity to darker and colder environments with high turbidity (Chong et al., 2023),
which broadly correlates with latitude but is also affected by the East Australian
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Current which flows roughly 50km offshore (Archer et al., 2017). At each site, fish
assemblages were sampled using underwater visual census (UVCs) along three
to five 50 m long x 5 m wide transects. Species identification, abundance and
length estimates (to the nearest cm) for all non-cryptic, mobile fish fauna were
recorded in-situ. We estimated the biomass for each fish following the length-
weight equation of weight = a x length?, where « is the intercept and g is the
slope. We retrieved the parameters a and g for each species from FishBase
(Froese & Pauly, 2024). For coral assemblages, downward-facing photos of the
benthos were taken at every metre for 30 m, with a 50 cm calibration stick in
frame (Sommer et al., 2014). The resulting image sampled approximately 1.4 m?
(1.37 m x 1.02 m) of the seabed. We then extracted coral taxa and sizes (2D
planar area) using ImageJ (Schindelin et al., 2012) following the SizeExtractR
work-flow (Lachs et al., 2022). Only measurements from coral colonies that fitted
entirely into the camera field of view were included in the subsequent analyses.
Summaries of coral (Figure B-1, Table B-2) and fish abundance and sizes (Figure
B-2, Table B-3) are provided.

3.3.2 Fish data from Indonesia

In the interest of using data from more than one UVC observer, we also used fish
data from Carvalho et al. (2021). We also fitted the log-normal distribution to reef
fish biomass data from three regions in Indonesia: Raja Ampat (Eastern
Indonesia), Wakatobi (South-East Sulawesi) and Lombok (East of Bali) (for
sampling details, see Carvalho et al., 2021). These three regions have varying
levels of fishing pressure. Model comparisons and visualisations were performed

as described below.

3.3.3 Distributions, the theory on minus-sampling and parameter
estimation

For data from each site, we fitted separately: 1) bounded power law and 2) log-
normal distributions to fish biomass and coral area data; and 3) minus-sampled
bounded power law and 4) minus-sampled log-normal distributions to the coral
area data, as the coral data were subject to a minus-sampling bias. Throughout,
coral sizes are in cm?, fish biomass is in kg, and mentions of log refer to natural

logarithm.

3.1.1.1 Bounded power law
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The bounded power law distribution has a probability density function f(x) for

size x lying between minimum x,,;, and maximum x,,,4, given by

fx) =Cx,  Xpin <X < Xpmaxs (D
where
%' b# -1,
caj HIEE T o

lOg Xmax — lOg Xmin ’

(Edwards et al., 2017). We estimated the parameter b by maximum likelihood
using R code adapted from Edwards et al. (2017), in which the log-likelihood is
minimized numerically using the R function nlm(). The parameters x,,,, and x,,i»
are estimated by the maximum and minimum values of the data (Edwards et al.,
2017, supporting information A.1.2). Under the assumption that each coral colony

or fish is an independent observation, the log-likelihood log L is given by

n
logL =nlogC + BZlogxi, 3)
i=1

where n is the number of corals or fish at a given site, C is the normalization
constant (Equation 2), b is the estimated exponent of the bounded power law,
and x; is the size of the ith coral or fish at a given site (Edwards et al., 2017,
supporting information A.1.2). A more negative b, i.e., a steeper slope, indicates

a population with a higher proportion of small corals or fish.

3.1.1.2 Log-normal
The probability density function of the log-normal distribution is

1 —(log(x)—p)*
e 202 ,  (4)

f&) =

XOV 2T

where o is the scale parameter (standard deviation of log size at the site), and u

is the location parameter (mean log size at a given site) (Forbes et al., 2010, p.
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131). Under the assumption that each coral or fish is an independent observation,
the log likelihood for a set of n sizes is given by
_m\2
logh = — Y, logx; —nlogd — glogZE —% i (M) , (5)

o

where the maximum likelihood estimate i of the location parameter is the usual

sample mean of the log sizes, and the maximum likelihood estimate & of the scale

parameter is /nT_l times the usual sample standard deviation of the log sizes. We

used the dlnorm() function in R to calculate the log likelihood. For two log-normal
size distributions whose ¢ are different, the one with the larger & predicts a larger
proportion of organisms with sizes greater than a given threshold, regardless of
their 1. This makes 6 a potentially useful parameter to compare the size structure
between populations by highlighting the proportion of corals that are greater than

a given size.

3.1.1.3 Minus sampling in coral data
As we only observed the sizes of corals that were completely within the frame,

the distribution of sizes sampled by our methodology under-samples the larger
corals, and will be different from the distribution of all coral sizes. To tackle this
issue, we made some simplifying assumptions: 1) corals are circular (Zvuloni et
al., 2008), 2) coral colony size does not depend on location, and 3) quadrats are
randomly located, so that the probability a coral lies in the frame is a function of

size alone.

Let 6 be the event that we observe a coral (where the entire colony fits in the
frame). It can be shown that the probability an object of area x lies entirely within

a randomly-placed rectangular frame with width w and height v<w is

(w-r)(w-13)
wv

aligned with the frame that contains the object (Baddeley, 1998, p. 50). For a

, Where r; and r, are the width and height of the smallest rectangle

circular colony with area x, the smallest rectangle aligned with the frame that
contains the object is a square with side length 2\/%, so the conditional probability

P(0]x) that a coral of area x lies entirely in the frame is
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(v=2) (=)

P(@|x) = -

if x < 12 6)
Jif x < —v?,
4

0, otherwise.

We assume that %vz is the area of the largest coral that can fit in the frame, and

that %vz < Xmax (i-€. that some corals are too big to fit within the frame). Note

that v and w are known constants of image dimensions, not parameters

estimated from the data (Figure B-3).

Let £(6, x) be the joint density of event 8 and area x. Then

f(8,x) = P(O]x)f (x)
= f(x]6) P(6), ()

where f(x) is the underlying size distribution without sampling bias, P(8) is the
probability of observing a coral of any area (assumed not to be zero), and f(x|0)
is the conditional density of observing a coral of area x. We then use Bayes’
Theorem to find the conditional density of observed coral area. Dividing both
sides of Equation 7 by P(0) gives

POIFG) _ PO
PO) PO

f(x|0) = ®)
where the integral in the denominator is over all areas x that could possibly be

observed in the given frame of size w X v.

3.1.1.4 Minus-sampled bounded power law
We account for the size bias caused by minus sampling using a ‘minus-sampled’

bounded power law. Following Equation 7, the conditional density f(x|8) is given

by

fO) = F X (), xmm <X <7V (9)

P(6]x)

W corrects

where f(x) is given by Equation 1 and the factor g(x) =

for minus-sampling bias and is given by
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) -1

ZU
g(x) = P(6]x) U fx) xP@|x) dx[ , (10)
Xmin

where P(6|x) is given by Equation 6. Note that x,,,, from Equations 1 and 2 is
no longer a parameter, because of the assumption that there are some corals too
large to fit in the frame, so is replaced by the area of the largest observable coral,

%vz. Then the log-likelihood for the minus-sampled bounded power law is the

sum of the log of Equation 10 over all observed colonies (S2: Probability density
function for the minus-sampled bounded power law). The maximum likelihood
estimate of b was found numerically by minimizing the log-likelihood with respect
to b over the interval (-3, 0), using the optimize() function in R. This interval was
chosen because it must be negative and for most real world applications it falls
between -2 and -3 (Clauset et al., 2009). As with the bounded power law, the
smallest coral observed is the maximum likelihood estimator of x,,;,. This is
because the integrand in the denominator is always non-negative, so increasing
Xmin reduces the denominator, up to the point where x,,;, equals the area of the

smallest coral.

3.1.1.5 Minus sampled log-normal
We obtained the minus sampled log-normal distributions similarly to minus-

sampled bounded power law described in section 3.1.1.4, with f(x) in
equations (9) and (10) given by equation (4):

—(In(x)—pw)?

f(x16) = 20° xgx) (1),

ex
XoV 2T P

The integral in the denominator of equation (10) was computed numerically

using integrate() in R. The maximum likelihood estimate of the parameters u
and ¢ of the minus-sampled log normal was obtained by minimizing the log-
likelihood numerically using the optim() function in R with the default Nelder-
Mead method.

3.3.4 Data visualisation and model comparison
For each site, we plotted histograms of log-transformed data for the size
frequency distribution. We used quantile-quantile (Q-Q) plots to visualise model

fits for the ordinary bounded power law, ordinary log-normal, and the minus-
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sampled versions (for corals only), plotting sample quantiles against theoretical
quantiles from each fitted distribution. We obtained theoretical quantiles by
inverting the cumulative distribution functions (CDFs) of the respective
distributions. We calculated the inverse CDF for the bounded power law
analytically as in Edwards et al. (2017, Section A.1.3), and the CDF for the log-
normal was calculated using the plnorm() function in R. For the minus-sampled
distributions, we obtained CDFs by integrating the minus-sampled density
functions up to the observed area x. We obtained inverse CDFs numerically by
finding the zero of the difference between the value of the CDF and the target

value, using the uniroot() function in R.

We also produced ‘rank plots’ at each site, in which the number of observed fish
and coral colonies with size = x is plotted against x. Rank plots are a standard
approach in size spectra studies to visualize the fitted models. For corals, we
showed all four distributions (bounded power law, minus-sampled bounded
power law, log-normal and minus-sampled log normal) fitted by maximum
likelihood. For fishes, we only fitted and show bounded power law and log-normal
distributions. For each fitted distribution, the value on the y-axis is the survival

function (1 - CDF) multiplied by the total number of colonies or fish.

3.3.5 Model comparison using log-likelihoods

We used log-likelihoods to measure the performance of each model. A larger log-
likelihood indicates a better fit, although it does not account for the number of
parameters. In general, adding more parameters is expected to improve the fit of
a model. We also calculated the Akaike Information Criterion (AIC) that is
commonly used for model comparison and accounts for the number of
parameters. For a given dataset, the lower the AIC, the more parsimonious the

model. The AIC is given by
AIC = 2k —2In (L)

where k is the number of parameters per distribution and L is the maximum
likelihood. The value of k is two for log-normal (1 and ¢), minus-sampled log-
normal (u and ¢) and minus sampled bounded power law (b and x,,;,), and three

for bounded power law (b, X, and x4, ). Although an AIC value can be
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calculated for all distributions, it is not valid for the bounded power law, because
the assumption that the log-likelihood is locally quadratic (Mitchell et al., 2022) is
not met with respect to x,,;, and x,... However, since the other three
distributions have the same number of parameters, we made decisions about the
best-fitting model amongst those by comparing log-likelihoods and AICs. In cases
where the bounded power law has the largest log-likelihood, it is unclear which
would be the best-fitting model, because it has one more parameter than the
other distributions. In those cases, we rely on visual inspections of the data fit. All

analyses were done in R version 4.2.1 (R Core Team, 2022).

3.4 Results

Rank plots showed that for most sites, the (minus-sampled) log-normal
distributions more closely tracked the coral (green and purple lines, Figure 3.1)
and fish (green lines, Figure 3.2) observations than the power law distributions
throughout the sampled size range. Bounded power law and the two minus-
sampled models for corals systematically predict more larger organisms than we

observed (corals: black and orange lines, Figure 3.1; fish: black lines, Figure 3.2).

The rank plots and log-likelihoods jointly demonstrated (Table 3.1; Figure 3.1)
that, with the exception of four sites (Wolf Rock, Cook Island, Woolgoolga Reef
and North Rock), the log-normal distribution best described the coral size data
(green lines on Figure 3.1; log-likelihood values on Table 1). The minus sampled
log-normal distribution was better for Wolf Rock and Cook Island. For Wolf Rock,
the differences between minus-sampled and ordinary log-normal AIC were ~0.1
and ~0.3 respectively; these small differences (< 2) suggest that the log-normal
models were comparable (using the rule of thumb in Burnham & Anderson, 2004,
p. 271); for Cook Island, the difference in AIC was ~3.3, suggesting the minus-
sampled version was comparable to slightly better (Burnham & Anderson, 2004,
p. 271) than the ordinary log-normal version. The bounded power law and the
minus-sampled bounded power law had the largest log-likelihoods for
Woolgoolga Reef and North Rock, respectively, but as noted in the methodology,
the best model is therefore unclear for Woolgoolga Reef. Q-Q plots agreed with
the model comparison results, in which there were least departures from the
theoretical distribution (solid lines, Figure B-4 to Figure B-23) whose log-

likelihood was the highest.
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Comparing minus-sampled to the ordinary versions for coral data, the minus-
sampled bounded power law was almost always better than the ordinary bounded
power law (Table 1: 17 out of 20 sites), while the minus sampled log-normal
distribution was only better than the ordinary log normal for three out of 20 sites
(Table 1). The bounded power law generally predicted more of the largest
colonies than observed, even considering minus sampling (Figure 1, black and
orange lines generally above the dots in the right tail). The minus-sampled
bounded power law gave a less negative estimate of the parameter b (less steep
slope) across all sites (Figure 1, numbers), and thus predicted more large corals
than the ordinary bounded power law, but fewer of the largest corals (Figure 1,
purple lines below green lines in the right tail). This was as expected, because
the minus-sampled model deals with the sampling bias against large corals.
Compared to the ordinary log-normal, the minus-sampled log-normal also
predicted more larger corals, as the estimated standard deviation of the minus-

sampled version are all higher than the ordinary log-normal (Table B-4).

For fish community biomass, the log-normal distribution had higher log-
likelihoods for all sites but Black Rock (Figure 3.2 and Table 3.2). Black Rock
records showed over 700 small Atypichthys strigatus estimated to be 1 cm in
length, giving large quantities at a small biomass. Q-Q plots agreed with the
model comparison results, in which there were least departures from the
theoretical distribution (solid lines, Figure B-24 to Figure B-43) whose log-
likelihood was the highest. For both bounded power law and log-normal
distributions however, there were considerable departures at the lower and upper

guantiles.

3.4.1 Fish data from Indonesia

Rank plots showed that neither bounded power law nor log-normal appeared to
be great fit for the data from Raja Ampat, Wakatobi and Lombok (Carvalho et al.,
2021) (Figure B-44). At Raja Ampat and Lombok (Figure B-44a and c), there were
very prominent stacking at fish biomass approx. 5kg and 3kg respectively, which
were at the upper tail of the distribution. Bounded power law log-likelihoods were
higher for Raja Ampat and Lombok (Table B-5), but because it has one more
parameter, it is unclear if it was truly better. Visual examinations of the rank plot

(Figure B-44a, c) and Q-Q plots do not support a large improvement for either
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distribution choice (Figure B-45Figure B-47). The log-normal log-likelihood was
higher for Wakatobi (Table B-5).

3.5 Discussion

Accurately estimating population size spectra is critical for predicting population
trends, which has a number of applications, including informing management of
fish stocks, and monitoring population recovery from disturbances. Our results
demonstrate that the log-normal distribution is generally a better description of
coral and fish size distributions, and this result holds for sites across tropical-
temperate reef communities. For coral size-abundance data affected by minus-
sampling, the minus-sampled bounded power law and log-normal distributions
were able to correct for the under sampling of larger corals. The minus- sampled
bounded power law generally performed better than the ordinary version, but this
adjustment generally did not improve model fit for the log-normal distribution.
Ecological size spectra studies commonly employed in fisheries research heavily
rely on the assumption of a (bounded) power law relationship between organism
abundance and size (Edwards et al., 2017; Andersen, 2019). We showed that
there is a need to consider alternative distribution fits to characterise size spectra
models for the best descriptor. Notably, the bounded power law tended to over-
estimate the abundance of the largest organisms, while the log-normal
distribution did so to a lesser extent. This has important ecological and
conservation implications. For instance, large organisms have disproportionately
higher fecundity and reproductive outputs (Alvarez-Noriega et al., 2016; Evans-
Powell et al., 2024), and an overestimation of their abundance would lead to an
overestimation of reproductive rates. This could affect estimates of stock
replenishment and recovery capacity post-disturbance (e.g., Hughes et al., 2019)
or sustainability assessments of stocks, which could in turn influence

management strategies (Carvalho et al., 2021; Edgar et al., 2024).

For coral and fish data from most sites in the East Australian biogeographic
transition zone, the log-normal distribution was generally a better fit compared to
bounded power law. In addition to the behavioural differences of the distributions,
log-normal has two parameters (¢ and u) that describe the shape and scale of

the distribution, allowing more flexible fit around the data, compared to the only
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parameter, the exponent b, which controls the slope of the bounded power law
distribution for a known size range. A steeper slope b indicates a population or
community of interest with fewer larger organisms and/or more smaller organisms,
which provides useful biological insights. In a coral population dynamics context,
b shows to what extent the community is dominated by larger individuals, which
can indicate recruitment or recovery bottlenecks (Lachs et al., 2021; Chong et al.,
2023; Sommer et al., 2024). In a fisheries context, b demonstrates the proportion
of small to large fish, which mirrors lower to higher trophic level fish (Robinson &
Baum, 2016; Heather et al., 2021), and is a useful indicator for energy flow in an
ecosystem. Changes to b thus allow the quantification of impact from human
overexploitation, and the tracking of recovery (Blanchard et al., 2014; Robinson
et al., 2017; Carvalho et al., 2021).

We argue that although b is convenient, its use as a standalone metric without
the inspection of model fit is questionable. The two parameters of the log-normal
distribution are not intuitive in the same manner, but it is possible to compare the
standard deviations (o) between log-normal distributions (e.g., ordinary and
minus-sampled). Generally, a distribution with a larger standard deviation has a
higher probability of observing corals above a given size threshold. This was the
case for all minus-sampled log-normal distributions compared to the ordinary log-
normal distribution for corals, where the former predicted more larger corals. In
addition to these distribution parameters, the large fish indicator (LFI; e.g.,
biomass of fish > 1kg divided by the total biomass of the fish assemblage)
(Greenstreet et al.,, 2012) might present a more direct measure of large
fish/organism quantity in an ecosystem, and could be used in conjunction with
size spectra models, without having to reduce entire distributions to a single

parameter.

For minus-sampled coral size data from benthic photo quadrats, applying the
minus-sampling correction generally improved the fit of the bounded power law
distribution to the data, but the correction made little difference to the fit of the
log-normal distribution (Figure 3.2). The minus-sampled adjustment improved the
model fit by predicting fewer of the largest corals, while increasing the proportion
of mid-large corals, thereby flattening the slope (more positive b) of the bounded

power law size spectrum. The considerable difference observed in the estimates
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of b shows that sampling biases should be considered and incorporated in
ecological size spectra studies. However, the lack of improvement in the log-
normal distribution suggests that alternative distribution functions and their
suitability for size spectra models should be explored. A possible candidate is the
gamma distribution, also with two parameters, and is known for its effectiveness
in modelling positively skewed, non-negative data. Gamma distributions have
been used to model fresh-water stream macroinvertebrate community biomass
(Pomeranz et al., 2022) and in global species abundance distributions, because
of its flexibility (Callaghan et al., 2023).

Size spectrum models are useful ecological indicators in many ecological
contexts. Their ability to link individual level biological processes to population
and community level responses to external stressors, such as fishing pressure,
is invaluable. However, their assumption of a bounded power law relationship
between the abundance and size of organisms needs re-evaluation, as it might
over-estimate the sustainability of a population or community, by predicting more
large organisms than present. The log-normal distribution more commonly used
in the coral population structure literature is generally a better statistical
distribution to fit to both coral (sessile) and fish (motile) size-abundance data
across tropical to temperate reef communities in eastern Australia. Our findings
show that it is important for studies to consider multiple model outputs when using

size spectra to inform conservation and management priorities.
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Figure 3.1 The number of colonies with coral area = x plotted against coral colony area x on logarithmic scales at each of the 20 sites

(A-T). Sites are ordered from tropical (A) to marginal (T) conditions. The number of corals sampled from each site is indicated by “n=".

Dark grey circles are data points. Black lines: bounded power law, orange lines: minus-sampled bounded power law, green lines:

log-normal, purple lines: minus-sampled log normal. All lines are fitted by maximum likelihood estimation. The estimated exponent

b for the bounded power law (bPLB) and minus-sampled bounded power law (bMSBPL) are also displayed.

Table 3.1. Log-likelihoods and AIC for each distribution fitted to coral size data. BPL: bounded power law; MSBPL: minus-sampled

bounded power law; LN: log-normal; MSLN: minus-sampled log-normal. A larger log-likelihood indicate a better model fit. Bold

numbers show the better model between ‘ordinary’ and minus-sampled bounded power law. Underlined numbers show the better

model between ‘ordinary’ and minus-sampled log-normal. Green-shaded boxes indicate the best overall model for each site. Numbers

are rounded to the nearest whole number or to two decimal places.

BPL log- MSBPL log- LN log- MSLN log- AICB | AICMS | AlClogn | AlICmslogn
Site likelihood likelihood likelihood likelihood PL BPL orm orm
Lady Elliot Island -2858 -2826 -2809 -2818 | 5723 5656 5623 5640
Lady Musgrave 2311
Island -11554 -11294 -10848 -10865 5 22593 21700 21735
1954
Libbies Lair -9767 -9556 -9141 -9156 0 19115 18287 18315
1286
Tenements -6430 -6323 -6140 -6151 5 12651 12283 12307
Flat Rock -4072 -4025 -3815 -3816 | 8150 8054 7633 7636
Henderson Rock -377 -375 -372 -374 760 754 749 753
Flinders Reef -2544 -2507 -2436 -2437 | 5095 5018 4877 4878
Inner Gneering 1609
Shoals -8046 -7877 -7615 -7622 8 15759 15235 15247
Wolf Rock -1352.32 -1352.97 -1292.46 -1292.34 | 2711 2710 2589 2589
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Cook Island -1511 -1498 -1457 -1455 | 3029 3001 2917 2914
Mudjimba Island -3784 -3713 -3543 -3544 | 7575 7429 7090 7093
North Solitary

Island -4103 -4017 -3864 -3867 | 8212 8039 7733 7738
Julian Rock False

Trench -613.85 -613.89 -613.62 -618.72 | 1234 1232 1231 1241
Julian Rock

Nursery -919 -909 -884 -885 | 1843 1823 1772 1774
Black Rock -385.67 -381.65 -380.01 -380.16 777 767 764.02 764.32
South Solitary

Island -4351 -4260 -4158 -4164 | 8708 8524 8320 8332
North West Solitary

Island -3899 -3828 -3755 -3759 | 7803 7661 7514 7522
Woolgoolga Reef -257 -258 -261 -259 519 520 525 523
North Rock -511 -510 -512 -513 | 1028 1023 1028 1030
South West Solitary

Island -4441 -4348 -4260 -4263 | 8888 8699 8525 8531
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Figure 3.2. The number of fish with biomass = x plotted against biomass x in kg on logarithmic scales at each of the 20 sites (A-T).
Sites are ordered from tropical to marginal conditions. The number of fish sampled from each site is indicated by “n=". Dark grey
circles are data points. Black lines: bounded power law; green lines: log-normal distribution. All lines are fitted by maximum likelihood

estimation. The exponent b for bounded power law is displayed.

Table 3.2. Log-likelihoods for each distribution on fish biomass data. BPL: bounded power law; LN: log-normal. A larger log-likelihood

indicate a better model fit. Green-shaded box indicate the better model. Figures rounded to the nearest whole number.

Site BPL log-likelihood | LN log-likelihood AICBPL AlClognorm
Lady Elliot Island 6206 7498 -12407 -14992
Lady Musgrave Island 2952 3396 -5898 -6787
Libbies Lair 2852 3595 -5698 -7186
Tenements 4793 5261 -9579 -10517

Flat Rock 791 1004 -1576 -2004
Henderson Rock 296 586 -586 -1169
Flinders Reef 1897 2654 -3788 -5305
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Inner Gneering Shoals 2594
Wolf Rock 400
Cook Island 3664
Mudjimba Island 493
North Solitary Island -264
Julian Rock False Trench -659
Julian Rock Nursery 1059
Black Rock

South Solitary Island 1487
North West Solitary Island 4932
Woolgoolga Reef 248
North Rock 921
South West Solitary Island 2049

-5183 -7993
-794 -933
-7322 -7418
-979 -1401
533 -1326
1324 698
-2113 -3657
-12615 -10974
-2968 -3354
-9859 -10832
-489 -528
-1835 -2237
-4093 -4355
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Chapter 4 : Subtropical specialists dominate a coral
range expansion front

4.1 Abstract

Potential range expansion of scleractinian corals in high latitude reefs is critically
dependent on the coral host-symbiont relationship that determines coral growth
and survival. Although increases in coral cover have been observed at higher
latitudes, the identities of habitat-building reef corals and their symbionts are
underreported. Here, we examine how scleractinian host and symbiont
Symbiodiniaceae diversity changes along a tropical-temperate environmental
gradient. We use Pocillopora spp. and associated symbiont communities as a
model to understand whether they are expanding their range poleward, and the
role of symbionts in this process. Along the Kuroshio Current, which carries warm
equatorial waters northward along the Pacific coast of Japan, we collected coral
tissues from 23 (sub)tropical to temperate reefs, from southern Iriomote in the
Ryukyu Islands (24°N) to northernmost Kushimoto on mainland Japan (33°N).
We examined host identities through direct sequencing of the mitochondrial open
reading frame (MtORF), and symbiont identities with next-generation sequencing
of the internal transcribed spacer 2 (ITS2) region of the ribosomal DNA. Our
results show a dramatic reduction of Pocillopora haplotypes and a marked
change in dominant symbiont types northward (poleward) from Cape Sata
(30°N), Kagoshima. ‘Tropical’ Pocillopora haplotypes were absent from mainland
Japan sites. We also demonstrate high host specificity between the subtropical
Pocillopora haplotype and Cladocopium symbiont types. Our findings question
how common ‘coral tropicalisation’ is, and the location of the coral range
expansion front. The specificity of hosts and symbionts in high-latitude corals
suggests that high-latitude reefs are unlikely to support the persistence of tropical

zooxanthellate corals.
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4.2 Introduction

Tropicalisation of marine environments is a relatively recent phenomenon arising
from anthropogenic climate change (Zarzyczny et al.,, 2024), where global
warming causes species to shift their distributions as suitable environmental
conditions shift. For example, subtropical-temperate regions at high latitudes
become increasingly more suited for the growth and survival of tropical species
(Kumagai et al., 2018). This process predicts a poleward range expansion of
some tropical species, accompanied by a reduction in abundance and extent of
temperate species (Vergés et al., 2014; Messer et al., 2020). Areas of prolific
tropicalisation are typically biogeographic transition zones associated with
western boundary currents (Vergés et al., 2014). These currents carry warm,
oligotrophic waters from the equator to temperate latitudes, such as the Kuroshio
Current in the North Pacific, and the East Australian Current in the South Pacific
(Imawaki et al., 2013; Sen Gupta et al., 2021), extending suitable conditions for
some tropical species beyond the tropics. For example, reefs in New South Wales,
Australia, now host more tropical herbivorous fish species than in the early 2000s
(Smith et al., 2021). In Japan, Acropora coral distribution is estimated to have
expanded poleward at ~14 km/year since records began in the 1930s (Yamano
et al., 2011). However, the extent to which ‘tropicalisation by range shift’ occurs
in scleractinian coral communities remains a contentious topic, as changes in
coral community composition could instead be a result of the increased growth
(or proliferation, sensu Keshavmurthy et al. (2023)) of native
subtropical/temperate corals that are often cryptic or undescribed (Fifer et al.,
2022; Keshavmurthy et al., 2023). This hypothesis is supported by the ongoing
discovery and description of subtropical endemic coral species (e.g.,
coralprojectphoenix.org) with molecular tools (Cowman et al., 2020). In addition,
despite having a critical role on the physiology and survival of the coral host
(Starko et al., 2023), the identities of symbiotic dinoflagellate Symbiodiniaceae in
corals affected by climate change and potential tropicalisation in biogeographic
transition zones remains largely unexamined (but see Wicks et al., 2010; Lien et
al., 2013).

The tropicalisation of temperate reefs by range expansion is driven by rising
ocean temperatures, favouring hard coral growth in previously colder waters, and

the deforestation of macroalgal beds by tropical herbivorous fishes (Kumagai et
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al., 2018; Zarco-Perello et al., 2020), urchins (Ling et al., 2009) or environmental
pulses such as storms and heatwaves (Wernberg et al., 2013; Wernberg et al.,
2024). The loss of foundation species, such as kelp at higher latitudes, results in
more physical space becoming available for other benthic competitors such as
turf algae and hard corals (Vergés et al., 2016; Zarco-Perello et al., 2021). Fossil
records from the Holocene, where sea surface temperatures were on average
1.5°C warmer than today, demonstrated that high latitude reefs in Tateyama,
Japan (~35°N) 6,000 years ago had twice the number of coral species as
compared to coral communities in the vicinity today (Veron & Minchin, 1992;
Buddemeier et al., 2004). Drawing on this analogue, the observed increase in
coral cover at higher latitudes as a result of warming oceans has fueled the
debate around the temperate and subtropical reefs acting as climate change
refugia for tropical corals (Beger et al., 2014; Muir et al., 2015; Soares, 2020), in
which range expansion into marginal environments preserves genetic diversity

under climate change.

An alternative to ‘tropicalisation by range shift’ explaining the observed increase
in coral cover at high latitudes is the proliferation of subtropical species in their
existing range (Keshavmurthy et al., 2023). Range expansion is strongly reliant
on the corals’ ability to withstand prolonged periods of low winter temperatures
(~13°C), which can cause cold bleaching and subsequent mortality (Suzuki et al.,
2013; Higuchi et al., 2015), while proliferation of existing subtropical species
relies on individuals that must already have this ability. Range expansion by
tropical species also relies on a consistent tropical to temperate larval supply to
ensure population connectivity (Mizerek et al., 2021; Nakamura et al., 2021). A
growing body of evidence suggests that high latitude reefs host more endemic
species than previously thought, and these corals could be responsible for the
observed ‘subtropical proliferation’. For example, Pocillopora aliciae, Cyphastrea
salae and Plesiastrea versipora (Schmidt-Roach et al., 2013b; Baird et al., 2017,
Juszkiewicz et al., 2022) are corals that were originally thought to be subtropical
members of different, more cosmopolitan species. In Japan, the same pattern
has been observed in the Acropora hyacinthus and Goniopora lobata species
complexes (Nakabayashi et al., 2019; Yasuda et al., 2021; Fifer et al., 2022).
Observations of morphologically distinct ‘tropical’ Acropora spp. having expanded

into previously unrecorded high latitudes (30°S) (Baird et al., 2012) were deemed
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inconsequential, as subsequent benthic surveys concluded there was a lack of
an overall increase in the abundance of tropical/cosmopolitan corals compared
to the coral assemblage in 1992 (Mizerek et al., 2021). Since the growth, survival
and recruitment rates of subtropical corals are different to their tropical
counterparts (Cant et al., 2023; Chong et al., 2023), range expansion of tropical
corals poleward would lead to differential population level responses to
environmental disturbances, in turn affecting the persistence and ecological
functioning of high latitude reefs. It is therefore important to identify whether
habitat forming species in ‘tropicalising’ biogeographic transition zones consist of
poleward range expanding tropical species, or whether they are proliferating
subtropical species, in addition to monitoring changes in coral and symbiont

diversity and abundances.

Pocillopora is a genus of morphologically-plastic scleractinian corals that are
known to adjust their morphological structure based on environmental conditions
(Paz-Garcia et al., 2015; De Palmas et al., 2018), making them difficult to visually
identify to species level based on morphological features alone. The flexible
characteristics of Pocillopora corals suggest that they should be good candidates
for both range expansion and subtropical proliferation at niche boundaries
(Hoogenboom et al., 2008), and are therefore ideal to test between these two
alternative hypotheses. However, genetic data are crucial for species delineation.
Delineating haplotypes (clusters of genetic material co-located in the genome and
are typically inherited together) based on known DNA markers (Gélin et al., 2017)
gives intraspecific resolution for the visualization of genealogical relationships.
This allows the inference of biogeography and history of coral populations (Leigh
& Bryant, 2015). Species in Pocillopora span a wide spectrum of coral life-history
traits: some are considered weedy and some competitive (Darling et al., 2012;
Madin et al., 2016), while some are stress-tolerant (Haryanti et al., 2015; Fox et
al., 2021). Pocillopora corals are able to recover rapidly after disturbances
through high recruitment (Holbrook et al., 2018) and have been observed to
dominate settlement panels at high latitude reefs across different ocean basins
(Table 1 in Nakamura et al. (2021)). The obligate coral-symbiont relationship
might also play an important role in ensuring a good nutritional strategy for
different environments in which Pocillopora corals are found. Photosynthetic

Symbiodiniaceae dinoflagellates (hereafter symbionts) are essential for the
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growth and survival of corals. One coral colony may harbour several species of
symbionts, and may be able to adjust the abundances of their dominant
symbionts based on the required thermal, light and oxygen sensitivity (Jones et
al., 2008; Putnam et al., 2012; Wang et al., 2022), often with some Durusdinium
spp. considered to be more beneficial under heightened heat stress. Pocillopora
are brooders as well as broadcast-spawners (Ward, 1992; Schmidt-Roach et al.,
2012), suggesting a mixed transmission mode of symbionts in this genus (both
horizontal and vertical) (Baird et al., 2009). This affords a higher degree of
flexibility, which might be especially beneficial for coral persistence and survival
under changing environmental conditions (Quigley et al., 2018; Quigley et al.,
2019; Baird et al., 2021). Indeed, P. aliciae (a subtropical endemic), previously
thought to be P. damicornis, has proliferated at higher latitudes (33°S) off Sydney,
Australia (O’Connell et al.,, 2023), and hosts endemic symbiont lineages
(Schmidt-Roach et al., 2013a). Understanding Pocillopora range expansion
and/or proliferation in other regions, such as the Kuroshio Current region in the
northern Pacific Ocean, will therefore help promote better understanding of
mechanisms of coral persistence at high latitudes under global climate change.

Despite being one of the most well studied genera of scleractinian corals, there
is limited work linking the identities of Pocillopora host and symbionts (but see
Wicks et al. (2010); Johnston et al. (2022)) to how tropical-temperate populations
respond to increasing environmental stress: either by the range expansion of
tropical lineages, or by the proliferation of subtropical specialists. For any group
of zooxanthellate corals, range expansion versus existing proliferation should
show different genetic signatures in common coral genetic markers. The
hypothesis of tropicalisation by recent range expansion predicts closely related
haplotypes along the range expansion front, while range increasing via
proliferation is expected to show a longer history of mutation accumulation and
population structure (Slatkin & Hudson, 1991). These patterns are likely to also
be reflected in their dinoflagellate symbionts in co-phylogeny and host specificity
(Johnston et al., 2022). Because of the symbionts’ crucial role in facilitating the
survival of coral hosts, we expected corals that inhabit high-latitude range limits
to harbour distinctly different Symbiodiniaceae communities to those at lower
latitudes. Here, we genotyped Pocillopora and its symbionts along a ~1500 km

environmental gradient (24.3-33.5°N), from Iriomote Island in southern Japan, to
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Kushimoto, Wakayama on the Pacific coast of mainland Japan, following the
Kuroshio Current. We aimed to 1) understand the identity of Pocillopora host and
symbiont diversity along the environmental gradient, and 2) test whether the
genetic structure of Pocillopora and symbionts imply a range-expansion poleward,
or a proliferation of subtropical lineages. Our results facilitate understanding and
accurately projecting change in high-latitude coral assemblages under climate

change.

4.3 Material and Methods

4.3.1 Specimen collection

We collected coral tissues from 332 Pocillopora colonies from June to August
2023 from 26 sites: from the tropical coral reefs in Iriomote, Okinawa in southern
Japan to the subtropical communities of Kushimoto, Wakayama (Figure 4.1,
Table C-1). At each site, following three 30 m transects at 5-10 m water depth,
we aimed to sample at least five colonies per transect. Colonies sampled were at
least 1 m away from each other in an attempt to avoid sampling clones. However,
this was not always possible at sites where Pocillopora corals were not common.
At those sites, fewer samples were obtained at similar water depths
opportunistically. For each coral, we removed three to five verrucae from the
branches using a bone cutter, avoiding growing tips. We also took two scaled
photographs of each sampled colony: one showing the details of the corallites
and one showing the gross morphology of the coral colony, using an Olympus
Tough TG-6 camera (Olympus Corporation, Tokyo, Japan). We stored coral

tissue samples in 99.1% ethanol until DNA extraction in October 2023.

4.3.2 Characterising the Kuroshio Current environmental gradient

In Japan, the Kuroshio Current is a directional driver of the extension of tropical
reef environments. We characterised the environmental gradient of all sites with
a focus on seawater temperature and turbidity, due to their known influences on
coral physiology which might drive coral distribution (Sully & van Woesik, 2020;
Abrego et al.,, 2021). We extracted monthly 1km-resolution sea surface
temperature (SST) (‘jpIMURSST41mday’; Nasa/Jpl, 2015) and 4km-resolution
kd490 (diffuse attenuation coefficient at 490 nm) as a proxy for turbidity
(‘nesdisVHNSQkd490Monthly’; NOAA, 2012b), from CoastWatch using the
packages ‘rerddap’ (Chamberlain, 2024) and ‘rerddapXtracto’ (Mendelssohn,

2024). We calculated the minima, maxima, means, and standard deviations for
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the monthly SST and kd490 over the period January 2012 to July 2023. We
performed a principal component analysis (PCA) on these eight variables for
dimension reduction (Figure 4.2). The first axis (PC1) explained 50.3% of the
observed variance, where positive scores reflect warmer sites that experienced
less temperature fluctuations than colder, more variable sites. The second axis
(PC2) explained 35.0% of the variance and captured a turbidity gradient. Positive
PC2 scores indicated sites with murkier waters that also experienced higher
variations in turbidity (Figure 4.2). The PC1 and PC2 scores were then extracted
for subsequently statistical analyses.

4.3.3 DNA extraction, Pocillopora host sequencing & Symbiodiniaceae NGS
We extracted total genomic DNA from tissue using the DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific), we quantified the
quality and the concentrations of extractions, and diluted each sample to a
concentration of 1 ng/pl using UltraPureTM DNase/RNase free water (Invitrogen).
We amplified the mitochondrial open reading frame (ORF) gene of the Pocillopora
hosts with the FATP6.1 (forward) and RORF (reverse) markers, following the
recommended Polymerase Chain Reaction (PCR) cycles (Flot et al., 2008) (Table
C-2). DNA from 311 samples were successfully amplified and sent to FASMAC
(Kanagawa) to be Sanger sequenced in both directions with 3730xI DNA
Analyzer (Applied Biosystems, Thermofisher) in December 2023 and January
2024.

For the symbionts, we amplified the internal transcribed space 2 region of
ribosomal DNA (ITS2 rDNA) from the same DNA extractions, with the primer pair
SYM_VAR_5.8S2/SYM_VAR_REV, following the recommended PCR cycles
(Hume et al., 2018) (Table C-3), using TaKaRa ExTaq® Hot Start version (Takara
Bio Inc., Shiga, Japan). After purification using Ampure XP beads (Beckman
Coulter, Brea, CA, USA), we sequenced the amplified and indexed PCR products
on the lllumina MiSeq platform at the National Institute of Advanced Industrial
Science and Technology (AIST; Tsukuba, Japan), using a MiSeq Reagent Nano
(v2-500 cycle) kit to generate 2 x 250 bp paired-end reads. We processed the
obtained FASTQ files using the SymPortal analytical framework version 0.3.20 to
determine Symbiodiniaceae genotypes (Hume et al., 2019). Briefly, individual

corals may host Symbiodiniaceae from more than one genus, as well as different
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species and types from the same genus. Each Symbiodiniaceae cell contains
multiple copies of the ITS2 gene, giving high intragenomic diversity. In SymPortal,
recurring sets of ITS2 sequences are called defining intragenomic variants (DIVs)
and their abundances are catalogued. The relative abundance and combinations
of DIVs then contribute to the definition of unique ITS2 profiles, which can be
considered symbiont ‘taxa’ (Hume et al., 2019). In SymPortal, sequence quality
control is performed using mothur, the BLAST + suite, and minimum entropy
decomposition (MED). The sequences obtained here are deposited in GenBank
under the submission number DRA019949.

4.3.4 Haplotype network and Phylogenetic tree of Pocillopora ORF
haplotypes

We trimmed and aligned 311 forward and reverse sequences of Pocillpora using
MUSCLE on Geneious 11.0.5 (https://www.geneious.com), inspecting single
nucleotide changes manually to verify sequence base calling. We drew a
haplotype network with median joining network (Bandelt et al., 1999) using
PopART (Leigh & Bryant, 2015). Using the Geneious Tree Builder, we built a
phylogenetic tree (HKY Model, neighbor-joining tree build method, with bootstrap
resampling (random seed) and 100 replicates to create consensus trees), to
examine the relationship amongst mitochondrial ORFs found in our study region
(Figure C-1). The GenBank accession numbers of the haplotypes are PQ766765-
PQ767075.

4.3.5 Testing the effect of the environmental gradient on coral and symbiont
diversity

To understand the effect of environmental conditions on the number of
haplotypes present at a given site, we ran an ordinal logistical regression using
the function polr () from the ‘MASS’ package (Venables, 2002). We used PC1
and PC2 scores as predictor variables, and the number of Pocillopora haplotypes
as a categorical response variable to predict the probability of finding a given
number of haplotypes at a site. Using chisqg.test () and the option to simulate
p-values, we checked the goodness of fit, and generated a Nagelkerke pseudo
R2 value using PseudoR2 () from the package ‘DescTools’ (Signorell, 2024). We
also calculated p-values and confidence intervals for each parameter estimate
(Table C-5). Holding PC2 scores at the mean, we predicted the probabilities of

the number of haplotypes found over the range of PC1 scores.
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Similarly, to test the effect of environmental conditions (PC1 and PC2 scores) on
the diversity and abundance of symbiont communities (DIVS) at each site, we ran
a distance-based redundancy analysis (dbRDA) using capscale () with Bray-
Curtis distance from the package ‘vegan’ (Oksanen et al., 2022). The model

significance was tested using anova () .
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Figure 4.1. (A) The 26 sample sites superimposed on sea surface temperature
(SST) data from 16 June 2023 (CoastWatch, Nasa/Jpl, 2015). The Kuroshio
Current can be traced northwards following the warmer temperatures (yellow)
along the Ryukyu Islands and the coast of Japan. Country names are in italics.
Sample site circles are coloured by region / major island with a total of seven
regions from north to south: Wakayama, Kochi, Sata, Yakushima, Amami,

Okinawa, Iriomote. Insets (B-E) show sampling sites that are too close to see
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clearly in (A). (B): Kochi, (C): Amami, (D): Okinawa, (E): Iriomote. For more

information see Supplementary Information.
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Figure 4.2. Principal component analysis of environmental conditions along the
tropical to temperate transition in Japan. The eight environmental variables (blue
arrows): sea surface temperature (sst) and turbidity (kd490) variables (minima,
maxima, mean, standard deviation) on two principal component axes, which
jointly explained 85.3% of the temperature-turbidity regime along this gradient.
Site names (dots) coloured by geographic region as in Fig. 1. Positive PC1 scores
represent hotter and less variable sites, while positive PC2 scores represent sites

with more turbid waters that experienced high variability in turbidity.

4.4 Results

4.4.1 Haplotype diversity and changes along the environmental gradient

We found a total of fifteen Pocillopora haplotypes, of which ten have previously
been recorded (Gélin et al., 2017) (Figure 4.3). ORF09 and ORF53 were the two
haplotypes found with the highest frequencies, while ORF53 was found

exclusively in the southern islands (Iriomote, Okinawa, Amami and Yakushima).
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These two haplotypes were separated by 22 base pair differences, which
corresponded to a separation of over 1.16 million years (average time for a
mitochondrial genome mutation to occur is approximately 53,000 years in
Pocillopora corals; (Palumbi et al., 2023)). The southern island sites had high
haplotype diversity (n=15), while mainland Japanese sites (Sata, Kochi and
Wakayama) only had one haplotype (ORFQ09; Figure 4.4). On Yakushima Island
(the island closest to mainland Japan), the site Yudomari also hosted mostly
ORF09, with one sample of ORF18. According to Gélin et al. (2017)’s primary
species hypothesis (PSH) species delimitation method, the ten known haplotypes
constituted seven ‘PSH’s (species), with a range of possible morphological
classifications (Table C-4). Specifically, ORF09 was considered to be damicornis-
like, while ORF53 had at least five different morphotypes including verrucosa-like
morphotypes.

The number of Pocillopora haplotypes decreased with increasingly colder and
more variable environments (negative PC1 scores) (Figure 4.5). Ordinal logistic
regression showed that PC1 scores, reflecting a sea surface temperature
gradient, was a significant predictor of the number of haplotypes, while PC2
scores (capturing a turbidity gradient) was not significant (Nagelkerke pseudo R2
= 0.726, Table C-5). Most changes in the number of haplotypes were predicted
to occur at sites with PC1 values around 0-2, (i.e., the islands of Okinawa, Amami
and Yakushima), where the probability of finding only one haplotype fell
dramatically, and finding two to six haplotypes peaks. At the warmest sites (PC1
scores of > 2; Iriomote island), there was a higher probability of finding seven or

more haplotypes.

4.4.2 Symbiont defining intragenomic variants (DIVs) & ITS2 type profile along the
Kuroshio

Symbiont DIVs were different between the southern islands and mainland Japan.
While the lower latitude sites had more Cladocopium Cld and C1bi, mainland
reefs mainly hosted unnamed Cladocopium species with the unique identifiers
6597 _C and 6601_C (Figure 4.6A). The corresponding ITS2 type profiles also
mirrored the pattern observed for DIVs (Figure 4.6B). Only two ITS2 type profiles
were found on mainland Japan with UIDs 89 and 94, and were both Cladocopium
6597 _C and 6601_C dominant; while 11 other ITS2 type profiles were found on
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the southern islands, mostly consisting of combinations of DIVs Cladocopium
Clb, C1d, C42a, C1 (for the dominant DIVs of each ITS2 type profile, see Table
C-6). Durusdinium glynnii, a heat adapted species (93), was found at Nakano
Beach on Iriomote. Yudomari (Yakushima) corals hosted a unique ITS2 type
profile (84) made up of a majority sequence of an unnamed Cladocopium DIV
25378 C and Clc. dbRDA showed that both PC1 and PC2 (SST and turbidity)
were significant predictors for the symbiont DIV community composition with an
adjusted R? = 0.354 (Figure 4.7). Higher SSTs (positive PC1) increased the
proportion of Cladocopium C1d, C1bi, Cl, C42a and C42.2, but limited
Cladocopium 6597 _C, while the remaining 932 DIVS were clustered near the

origin with a high degree of overlap (See supplementary data for all DIVs).
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5 algorithm. The size of each pie indicates the number of samples found to have that haplotype. The colours correspond to the seven
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(B) The haplotypes and abundances are displayed by sampling location on a map, with sample sites coloured by region as in Fig 1.
Haplotypes are coloured as in (A).
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along the temperature gradient: more positive PC1 scores represent warmer water
temperatures and less variability in water temperatures. PC2 score was held at its
mean value for the regression. Number of haplotypes are 1-2, 4-8, because there were

no sites with three haplotypes in our dataset.

67



C_ o C_ C, © 2
- { @ — oD~ m = sw
Sgog _goasdbis
WC%CMCM%CCMM%M g
= -3
s PHERTENERTEEE PouoTCcOooOW e ThA®
N ORI 0DD
n
ooy e  pmEmEEEEECE N

sjo(d ewilemiysey
- ™

BUIIYSNYEA ‘04ONYS

s1o/d ewifemiysey|

Figure 4.6. (A) The relative abundances of the top 12 most abundant Symbiodiniaceae

sjoid HewopiysiN
14o0Y ‘IGNYOULO L
14O} "BUIYSSLIH

ejes ‘ulle]

[ e eungsroe ‘oroms
INEEEEEI . ameuo euunoy
....l——____ I EMBUDIO ‘BlIBABeS
I——___ BUIYSNYE A ‘HEWOPNA
P N | [

O TR CIN R oo o
I Y o z o
L e I R
A I v ez e
R | T
I-II . I lwewy ‘lueg
II- _ I sjo|d euojusH
0 I o v oveven
DI oo oo
DT R oo weuecoros
[ U o o

EemeuO ‘ewifunoy

emeupQ ‘eweliyes

EMEUD|Q ‘| BUUQ
emeun|Q ‘g euuQ

IWewy ‘eqeiyuy
emeunQ ‘ezusH ‘nieqanin
IWewy ‘Uowo |

Iwewy ‘lueg

sj0|d BUOJUBH

ajowol| ‘yoeag oueyen
ajowol| ‘HQ-oueyeN
ajowou| ‘ueuedojos

SloWou| ‘Lo

> —_ e} o rel =)
— o o =} o o =] ~ o 3 S
<€ asuepunge aAle|ay - =} = o =
—~ ~ aouepunge aAneRy

68

Sites by PC1 score
PC1; high PC1 means higher SST). The remainder DIVs were all classified under the

defining intragenomic variants (DIVs), ordered by PC1 score (left to right: high to low
group ‘others’. The most abundant DIVs were all of the genus Cladocopium. A number
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followed by C e.g., 6598 C are unnamed species of Cladocopium. (B) The relative
abundances of the dominant ITS2 type profiles, ordered by PC1 score (left to right:
high to low PC1; high PC1 means higher SST). For the DIVs that make up each ITS2
type profile, see Table C-6. All ITS2 type profiles are dominated by Cladocopium,

except for 93, which was Durusdinium glynii dominant.

CAP2 (2.05%)

Figure 4.7. Distance-based redundancy analysis (dbRDA) (Bray-Curtis distance,
capscale ()) triplot showing the symbiont DIVs (response variables) against PC1
and PC2 scores (predictor variables). The circles are coral samples coloured by the
geographic region that they were collected from along the tropical-to-temperate
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4.5 Discussion

Tropicalisation and the resultant reorganisation of benthic communities could
transform ecological processes and interactions at tropical-temperate
biogeographic transition zones. While benthic changes have been recorded
along western boundary currents at tropicalisation hotspots (Vergés et al., 2014;
Vergés et al., 2016; Kumagai et al., 2018), the identity of scleractinian corals that
have the potential to expand and proliferate has not often been clearly
ascertained, leading to claims that tropical corals could find refugia at higher
latitudes (Soares, 2020). In this study, we established that Pocillopora corals and
their symbionts along the Kuroshio Current are different in the southern Ryukyu
Islands compared those at mainland Japan sites, which has only one Pocillopora
haplotype and a distinct symbiont profile. Our results are consistent with the idea
that temperate coral communities may largely consist of subtropical endemics
and specialists, rather than representing extensions of tropical species that are
expanding their range (i.e., tropicalisation) due to anthropogenic climate change
(Keshavmurthy et al., 2023). Indeed, Pocillopora corals have been recorded on
mainland Japan since the 1930s (Yabe & Sugiyama, 1935). As climate change
leads to ocean warming, it is unclear how subtropical endemics and specialists
will fare, due to their lower thermal threshold for high temperatures and thus
increased susceptibility to bleaching (Kim et al., 2019). We find no evidence that
other haplotypes of Pocillopora can tolerate the colder and more variable
conditions in subtropical/temperate regions along the Kuroshio Current off

mainland Japan, adding nuance to the general marine tropicalisation discussion.

The subtropical Pocillopora haplotype ORF09 was the only haplotype found in
the colder waters of mainland Japan, although they were also present in much
lower relative abundances at the southern island sites of this study. We
hypothesise that the warmer and milder sea conditions from Yakushima Island
southwards benefit more competitive Pocillopora haplotypes and their associated
symbionts, allowing them to outcompete ORF09, which might be more cold
stress-tolerant and is thus the only haplotype that persists in high-latitude
marginal reefs. Our evidence also points towards a mis-match between the
location of the ‘“Tokara Gap’ (a biogeographic boundary) and coral diversity in this
region, and we join the call for more careful examination of biodiversity in

biogeographic transition zones (Komaki, 2021). Our haplotype network did not
70



form a single “starburst” as would be expected if a single population had recently
evolved and rapidly expanded along an increasingly suitable environmental
gradient (Slatkin & Hudson, 1991). ORFQ9 is genetically different to its closest
relative ORF18 by six base pairs, suggesting that the populations of these
haplotypes have been separated for approximately 318,000 years (53,000
years/mitochondrial mutation in corals, at 0.1% per million years (Palumbi et al.,
2023)), while haplotypes found in the southern islands are more closely related,
many with only one base pair difference between them. ORFO09 is also host to
subtropical unnamed Cladocopium symbiont DIVs 6597_C and 6601_C, whose
dominance in the DIV composition gave unigue subtropical combinations of ITS2
types. This finding is in broad agreement with Lien et al. (2013, Figure 5), who
had previously found distinctly different symbiont ITS2 types in P. damicornis
colonies sampled from Shirahama on mainland Japan, and the southern islands
of Amami and Sesoko. Symbiodiniaceae differences along the Kuroshio current
have also been observed in other zooxanthellate anthozoans (Reimer et al.,
2006).

As one would expect to find many closely related haplotypes on a range
expansion front, it is possible that tropicalisation of Pocillopora is happening, but
has not yet reached the subtropical/temperate reefs of mainland Japan. It is
theoretically possible that the southern islands (e.g., Okinawa, Amami) hosted
fewer Pocillopora haplotypes until recently, and might host different symbiont
communities. If historical samples are available, it will be worthwhile to extract,
amplify and sequence ‘ancient’ DNA to understand the effect of anthropogenic
environmental change (Baker et al., 2013). Continual monitoring in the entire
Kuroshio region would improve our understanding of the mechanisms of coral
population persistence along biogeographic transition zones. From our results,
Yakushima Island might represent the best location to monitor for tropical
haplotype expansion. Of the two Yakushima sites visited, Yudomari hosted
predominantly the subtropical haplotype (ORF09) and a unique symbiont ITS2
type profile (84) dominated by 25378 C and C1c, while Shitoko hosted no ORF09,
but other haplotypes that were found in the southern island groups, with symbiont
ITS2 profiles that resemble those from Okinawa. Reefs on Yakushima Island thus
may be one of the potential stepping stones (Saura et al., 2014) for poleward
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northward expansion of the ‘tropical’ Pocillopora haplotypes and associated

symbionts under climate change.

Although we did not explicitly test the physiological performance of the different
haplotypes and their symbionts (e.g., Edmunds et al., 2024), environmental
differences clearly predict haplotype diversity and distribution (e.g., Figure 4.5,
Figure 4.7). The subtropical symbiont DIVs recorded in this study demonstrate
that there are specific coral symbiont types and communities that are better suited
to colder and more turbid temperate sites. In addition to heat stress experiments
that are more commonly employed to understand coral-symbiont physiology, low
temperature, light availability and salinity stress experiments (e.g., Kerswell &
Jones, 2003; Jones et al., 2020) with different symbiont communities could be a
worthy endeavor in understanding the physiology of corals in marginal reefs. For
instance, it would be useful to establish the survival rates of tropical-subtropical
symbionts in the water column to see if they remain viable under different
environmental conditions, to be taken up by prospective coral hosts. It is also
pertinent to understand the reproductive and survival strategies of these different
Pocillopora haplotypes on the range expansion front, to predict if beneficial
symbionts can be taken up from the environment (horizontal transmission) as well
as inherited from the mother (vertical transmission). Although we show that there
is host specificity between Pocillopora haplotype and associated symbionts,
poleward range expansion of tropical haplotypes might be promoted if there can
be an active uptake of subtropical symbiont communities from the environment.
Understanding these physiological differences could improve our ability to project

population performances under climate change (Cant et al., 2022).

To our knowledge, Wakayama is the most northern location that Pocillopora has
been observed in Japan. But based on environmental parameters, coastal
locations are likely to experience more marginal (colder, more turbid) conditions.
For example, in Nahari, Kochi, coral communities experienced heavy mortality in
a 2018 cold bleaching event, when the Kuroshio Current meandered away from
the coast (Leriorato & Nakamura, 2019). Climate change is expected to affect the
strength of western boundary currents (WBCs), and the Kuroshio Current is
projected to weaken (Sen Gupta et al., 2021). It is therefore possible that
extremely cold winter conditions could appear in sites on mainland Japan in the

future, leading to heavy coral mortality that could take years to recover from. This
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further hampers the likelihood of tropicalisation by range expansion of tropical
lineages at poleward limits. Adding genetic data from more tropical sites, such as
in Taiwan (Hsiao et al., in review) and the Philippines (Torres & Ravago-Gotanco,
2018) could improve our understanding of the level of connectivity, diversity and
distribution of Pocillopora along the Kuroshio environmental gradient. Such
research would help identify regions of high genetic diversity, or potential
stepping stones of any poleward range expansion. In other parts of the world,
WBCs such as the Brazil Current and the East Australian Extension are predicted
to strengthen (Sen Gupta et al., 2021). The increased transport of warmer waters
poleward could encourage the range expansion of coral taxa in those regions.
This process could have unknown or potentially negative effects on native
subtropical and temperate endemics (Martello et al., 2024) by augmenting
benthic composition with knock-on effects on ecosystem functioning of high

latitude reefs.

Climate change and ocean warming will continue to affect ecological
communities, including via tropicalisation, where tropical taxa expand their range
poleward for more favourable environmental conditions. Although frequently
observed in mobile taxa such as marine fish (Vergés et al., 2016; Miller et al.,
2023; O’Connell et al., 2023), there is mixed evidence for tropicalisation by range
expansion in zooxanthellate reef corals, likely due to cold extremes during winter
months in poleward locations, making those sites unviable even for subtropical
corals, let alone tropical lineages. Recent observations of coral expansion in the
subtropics could be due to the scientific community’s increased awareness of
(subtropical endemic) corals at high latitudes, and/or increasingly favourable
conditions for subtropical coral proliferation due to warming. Our study of
Pocillopora spp. and their symbionts in the Kuroshio region highlights the
taxonomic distinctness of subtropical endemics, and their long evolutionary
history adapting to local environments (Thomas et al., 2017). It is unclear whether
high latitude regions can support tropical corals and act as climate refugia for
tropical coral reef biodiversity, but we show that the evolutionary distinctness of
subtropical communities (Budd & Pandolfi, 2010) underpins fundamental

differences to their tropical counterparts.
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Chapter 5 : General Discussion

Anthropogenic climate change continues to threaten the existence of coral reef
ecosystems (Hoegh-Guldberg et al., 2017). In many parts of the world, the effects
of mass bleaching events due to warming ocean temperatures, as well as local
stressors have led to coral cover declining dramatically over the last few decades,
affecting adult brood stock levels, which threatens recruitment and thus
population recovery (Hughes et al., 2019). These extreme thermal conditions are
projected to continue until the end of this century, even if carbon emissions
reached net zero today (Palazzo Corner et al., 2023; Summerhayes et al., 2024).
While ecological processes underpinning tropical coral reef ecosystems are well-
understood, relatively little is known about the coral communities at high latitude
range limits. Specifically, how do they differ in their genetic identity, species
composition, biological and population level responses to environmental stress,
when compared to their tropical counterparts? Anthropogenic climate change
effects are pronounced in biogeographic transition zones (Mieszkowska &
Sugden, 2016; Zarzyczny et al., 2024) with little-known changes affecting its
resident population dynamics. Since climate change effects are not isolated, and
affect all coral populations, there is an urgent need for large-scale,
macroecological approaches to coral reef demography to understand population
persistence and the dynamics of coral communities in biogeographic transition

Zones.

This thesis explored population dynamics along environmental gradients from
tropical coral reefs to high latitude coral communities, and filled gaps in our
understanding of population size structure. | highlighted macroecological patterns
and evaluated statistical assumptions that underpin community size spectra
models. | also investigated the extent to which tropicalisation by range shift is
occurring in scleractinian corals, using the Pocillopora species complex and their

Symbiodiniaceae endosymbiotic algae as a model.

| first focused on the coral reefs and marginal reef communities off the east coast
of Australia, following the East Australian Current. | demonstrated that the
population size structure of coral communities differed along a tropical to marginal
environmental gradient (chapter 2). Coral communities in colder, more turbid and

productive waters (thus more marginal environments) had a higher proportion of
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larger individuals, which could be indicative of recruitment bottlenecks in an
ageing population (Sommer et al., 2024). To further tease out differences in
population dynamics, | explored individual size distributions, or size spectrum
models, a method favoured in fishery science (chapter 3). | explored the
assumption that the size-abundance relationship is a bounded power law
distribution. | found that the log-normal distribution, commonly used in coral
population studies, better describes both coral and reef fish size abundance data
than the power law. A bounded power law fit might lead to inaccurate inferences
about population dynamics. Finally, to understand the extent of coral
tropicalisation under climate change, | used genetic sequencing to examine the
diversity and distribution of corals along the Pacific coast of Japan, following the
Kuroshio current (chapter 4). | found that these high latitude temperate reefs have
unique, specialist coral populations associated with endosymbiont communities
distinctly different to the more genetically diverse populations in the tropical reefs,
which is in broad agreement with other studies discovering endemics in high

latitude reefs.

5.1 Ecological findings and implications

The findings of this thesis highlight fundamental differences between the
population dynamics of coral communities at the low latitude tropical
environments and the high latitude marginal reefs. Population size structure is
more informative than coral cover because allometric scaling relationships are
biologically important — survival, growth and reproduction rates are all size
dependent. Previous work found that post-disturbance, e.g., thermal stress driven
bleaching events (Dietzel et al.,, 2020; Lachs et al., 2021), coral population
structure becomes more left-skewed, where the population contains more large
individuals (Bak & Meesters, 1998). This suggests that high latitude marginal
reefs might be persisting under relative stress: although there were more bigger
corals, there were fewer corals all together (Chong et al., 2023, chapter 2 of this
thesis). The persistence of marginal coral populations is thus reliant on the
survival of these larger individuals and their capacity to act as brood stock for
recruitment (Hughes et al., 2019). Due to apparently different life-histories and
demographic responses to a changing environment (Cant et al., 2022; Cant et al.,
2023), questions are raised as to the genetic relatedness of corals that appear to

inhabit both tropical and subtropical reefs. Because marine organisms live close
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to their thermal limits, they are highly sensitive to ocean warming, and are
expected to experience range contraction if unable to track the rate of warming
(Pinsky et al., 2020). Although benthic community changes from kelp reefs to turf
algae/hard coral dominant reefs indicate tropicalisation is occurring to some
extent (Fujita, 2010; Vergés et al., 2014), | showed that the scleractinian coral
species at high latitudes in Japan are specialists with distinctly different
endosymbiont communities (Chapter 4). Our genetic examination of Pocillopora
corals and their endosymbionts along the Kuroshio current confirmed that coral
populations found in the tropics are phylogenetically distinct from their high
latitude counterparts, despite the current transporting warm water and genetic
materials poleward. Despite ongoing ocean warming, there is a clear
biogeographic break that separates the southern islands and mainland Japan,
implying that abiotic conditions at high latitude range limits (low winter
temperatures, high turbidity) continue to exert control on the poleward range limits
of tropical coral taxa. Altogether, the demographic and genetic differences
suggest that high latitude marginal reefs are unique entities, with corals that are
vulnerable to climate change effects, due to the suite of physiological adaptations
that is required for survival at high latitudes. As such, these reefs are unlikely to

serve as refugia for tropical taxa (Soares, 2020).

5.2 Methods progress and implications

The approaches used in this thesis sought to improve our ability in detecting
changes in population size structure (size distributions) of ecological communities.
Most studies calculate, compare and regress summary statistics (e.g., the
geometric mean) against some predictor variable to assess how size distributions
differ, reducing entire probability density functions to single numbers. This means
that valuable, nuanced information such as multimodality in a distribution is lost.
In chapter 2, | used compositional functional regression (Talsk& et al., 2018) to
predict how entire size distributions change along the East Australian coast,
providing direct estimates of coral sizes that appear most affected by abiotic
differences along the environmental gradient along the east coast of Australia.
Beyond demographic inferences and insights that can be gained from using size
distributions (e.g., Kayal et al., 2018; Pisapia et al., 2020), this method allows
other size-dependent rates, such as photosynthesis, respiration and calcification
rates to be estimated at a population/community level (Carlot et al., 2021; Carlot
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et al.,, 2022). Size spectrum modelling is another cost-effective way of
summarizing and assessing population states under different conditions, typically
used in fishery assessments (Blanchard et al., 2005). With the assumption of an
underlying bounded power law distribution (Edwards et al., 2017), the value of
exponent b of the distribution can indicate the proportion of small to larger
individuals in a population or assemblage. However, my findings in chapter 3
indicate that the log-normal distribution describes reef fish and coral abundance
data much better. BPL also systematically over-estimates the sizes of the largest
individuals in a population. Because large individuals have disproportionate
effects on vital rates such as fecundity and reproductive output, skewed estimates
of the largest sizes could propagate serious errors and result in excessively
positive assessment of stock status, wrongly informing fisheries
recommendations (Edgar et al.,, 2024), in assessing the impact of human
activities on populations (Carvalho et al., 2021), or in estimating recovery
potential of populations (Pisapia et al., 2020). | add evidence to the call for using
ensemble techniques that compare outputs of multiple models (Edgar et al.,
2018).

5.3 Future research directions

This thesis uses the strength of a dataset that covers a large spatial scale to
answer demographic questions using a macroecological approach. While a
snapshot of the population size structure of coral and fish provides insight into
the main drivers of biodiversity patterns, capturing long-term patterns through
repeated monitoring, especially pre- and post- disturbance to track population
recovery would be critical following projected back-to-back mass bleaching
events. In addition, repeated monitoring could also be used in other applications
to assess the effectiveness of various large-scale interventions and mitigations
(Anthony et al., 2020; Voolstra et al., 2023), such as regional scale cloud
brightening, which might be employed to keep solar radiation low, and crown-of-
thorns starfish control to reduce the extent of coral mortality from predation
(Condie et al., 2021). The effectiveness of these interventions would be especially
suitable for testing using a demographic approach, as outlined in chapter 2.
However, some limitations must be considered to make large-scale investigations
realistic and achievable. Firstly, coral size abundance data is collected through

benthic photo transects, which means that the data collected is subject to a minus
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sampling bias, in which large corals are less likely to be sampled (chapters 2 and
3). Secondly, | do not currently differentiate between coral taxa. Challenges in
field taxonomy needs to be overcome by having enough individuals — thus data
points — to compare across the entire environmental gradient. A solution to both
issues would be to employ photogrammetry (Ferrari et al., 2021) to survey reefs
along environmental gradients by building 3D photo-mosaics, and to incorporate
machine learning techniques (e.g., ReefCloud, reefcloud.ai; TaglLab,
taglab.isti.cnr.it) for image annotation and data analysis. Photo-mosaics would
capture more data, as well as more accurate sizes/volumes of entire colonies,
reducing the likelihood of sampling biases across size spectra. Having more data
across taxa allows for conducting population level studies that are taxa specific.
Although the initial cost and time investment of photogrammetry techniques might
be higher, a semi-automated procedure that can be improved incrementally
would make long-term monitoring easier better and scalable (e.g., Lange & Perry,
2020; Sauder et al., 2024). Efforts should also be put into understanding the error
margins associated with transforming 2D planar areas to 3D volumes across all
coral taxa (House et al., 2018), to ensure continuity and that historical data are

not lost due to a change in methodology.

A limitation to macroecological approaches is that it is generally difficult to tease
out processes from observable patterns, especially since multiple processes can
give the same pattern (Beck et al., 2012; Damgaard, 2019). Biological processes
and their effects on population dynamics, e.g., density dependence and
competition between taxa, have not been addressed in this thesis, but would be
a worthy endeavour. For example, Kayal and Adjeroud (2022) hypothesised that
differences in coral competitive performance across environment gradients can
indicate their ecological niches and windows, which could aid the prediction of
response to environmental stressors. Similarly, using static co-occurrence and
abundance data of coral communities along gradients could highlight species
pairs that show facilitative interactions, which might allow the prediction of
diversity and distributions with increasing environmental stress (Gallien et al.,
2018). Efforts to quantify and understand the intra- and inter-specific density
dependence would provide important insights into the recruitment and survival

dynamics of corals (Cameron & Harrison, 2020; Fundakowski et al., 2024), and
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potentially aid any human interventions, such as coral restoration efforts (Suggett
& van Oppen, 2022).

Finally, while there is currently no strong evidence for coral tropicalisation in
Pocillopora, this could change in the near future. It will be worthwhile to resample
and examine likelihood and progress of coral poleward range expansion, as well
as to link genetic diversity to population size structure. As techniques such as
Oxford Nanopore Technologies mature and costs reduce, in-situ molecular
characterisation of coral holobionts (Carradec et al., 2020) could become
commonplace, guiding sampling efforts in research programmes by clarifying the
genetic identity of cryptic species and/or species complexes of interest.
Understanding spatial and temporal patterns of genetic variation can reveal the
driving forces of genetic turnover, mechanisms of divergent selection, local

adaptation and population viability (Wogan & Wang, 2018).

Linking genetics and demography should be at the centre of understanding
population resilience to climate change. Careful quantitative analyses of size
spectra, such as those outlined in this thesis, provide the most holistic insight into
the growth, survival and recruitment dynamics of a population. Genetic data at an
appropriate resolution provides an ecological baseline to understand the effect of
demographic changes at different levels of organisation: from individual, species,
population to community (Capdevila et al., 2021). Where resources are available,
the development and upscaling of demographic research programmes that
combine developments in genetics and quantitative techniques could give better
predictions of population viability than current methods, which still strongly relies
on expert opinion, e.g., the IUCN SSC Coral Specialist Group (Carpenter et al.,
2008).

5.4 Conclusions

To summarise, this thesis provides 1) new ecological insights into the population
dynamics of reef coral communities in two biogeographic transition zones in the
western Pacific, one along the east coast of Australia, and one on the Pacific
coast of Japan, and 2) methodological improvements in detecting changes in
population size structure. At these large spatial scales, | highlight fundamental
demographic and genetic differences in reef corals along environmental

gradients spanning approximately 1000 km. Fewer but larger corals are found at
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high latitude reefs, in which the genetic diversity is low and unique. Methods
currently used to quantify differences in population structure could be improved
by considering entire probability distributions, and acknowledging poor model fits
where they exist. Anthropogenic climate change will continue to threaten coral
reef communities along environmental gradients. In addition to curbing carbon
emissions to allow for longer windows of recovery from heat stress, continual
monitoring of population structure, organismal diversity and distribution using
modern technological advances is paramount to understanding the resilience of

populations, and the recovery potential of affected reef communities.
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Appendices

Appendix A: Supporting information for Chapter 2

S1: Supplemental tables and figures from the main analyses

Table A-1. GPS coordinates and sampling date of the 20 sites, and whether it
was sampled before/during (pre-) or after (post-) the 2016 bleaching event. The

sites are ordered by decreasing latitude.

Site name Latitude (°) | Longitude | Sampling Pre- or
®) date post-
(dd/mml/yyyy) | bleaching

1 | Black Rock -30.94837 | 153.0761 | 10/09/2018 Post

2 | South Solitary Island | -30.20478 | 153.2652 | 13/09/2018 Post

3 | South West Solitary | -30.15921 | 153.2281 | 09/09/2018 Post
Island

4 | Woolgoolga Reef -30.09374 | 153.2056 | 19/10/2016 Post

5 | North West Solitary | -30.01897 | 153.2697 | 12/09/2018 Post
Island

6 | North Rock -29.97339 | 153.2572 | 16/04/2016 Pre

7 | North Solitary Island | -29.92772 | 153.3896 | 11/09/2018 Post

8 | Julian Rock False -28.61257 | 153.6286 | 31/05/2016 Pre
Trench

9 | Julian Rock Nursery | -28.61087 | 153.6281 | 14/09/2018 Post

10 | Cook Island -28.19627 | 153.5763 | 07/09/2018 Post

11 | Flat Rock -27.39306 | 153.5522 | 15/08/2010 Pre

12 | Henderson Rock -27.13161 | 153.4781 | 18/03/2011 Pre




13 | Flinders Reef -26.97765 | 153.4841 | 18/09/2018 Post

14 | Inner Gneering -26.64858 | 153.1834 | 29/08/2012 Pre
Shoals

15 | Mudjimba -26.61614 | 153.1130 | 28/08/2012 Pre

16 | Wolf Rock -25.91667 | 153.2000 | 09/08/2010 Pre

17 | Lady Elliot Island -24.11500 | 152.7095 | 27/09/2018 | Post

18 | Lady Musgrave -23.90603 | 152.3870 | 26/09/2018 Post
Island

19 | Libbies Lair -23.43458 | 151.9336 | 23/09/2018 Post

20 | Tenements -23.43274 | 151.9293 | 24/09/2018 Post
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Table A-2. Statistical summaries of the size-frequency distribution at the twenty reefs. All areas are in log cm?2. Numbers are rounded

to three decimal places where appropriate. Sites are ordered from the lowest to the highest PC1 scores from top to bottom. Increasing

PC1 scores represent lower sea surface temperature and photosynthetically available radiation (PAR), i.e., colder and darker, and

high chlorophyll a concentration and turbidity (kd490), i.e., more productive and more turbid.

Site Number  of | Number Mean Median Standard | Coefficient | Skewness | Kurtosis

images of  coral | coral area | coral area | deviation | of variation

sampled colonies of coral | (CV)

area

Lady Elliot Island 63 449 4.374 4.196 1.593 36.42 0.302 2.385
Lady Musgrave Island 78 2101 3.379 3.224 1.441 42.646 0.434 2.776
Libbies Lair 77 1757 3.469 3.335 1.37 39.493 0.421 2.967
Tenements 66 1117 3.814 3.648 1.302 34.137 0.499 3.023
Flat Rock 82 705 3.711 3.659 1.325 35.705 0.171 2.724
Henderson Rock 30 56 4.683 4.489 1.742 37.198 0.243 2.521
Flinders 72 448 3.599 3.592 1.524 42.345 0.076 2.521
Inner Gneering Shoals | 90 1310 4.131 4.04 1.301 31.494 0.211 2.729




Wolf Rock 51 224 4.216 4.296 1.147 27.206 -0.016 2.721
Cook Island 69 258 3.794 3.752 1.546 40.749 -0.273 3.094
Mudjimba 90 641 4.008 4.019 1.106 27.595 0.068 3.044
North Solitary Island 88 670 3.988 3.961 1.436 36.008 0.057 2.897
Julian Rock False 92 4.624 4.541 1.881 40.679 0.14 2.303
Trench 49

Julian Rock Nursery 55 166 3.588 3.643 1.378 38.406 0.215 3.018
Black Rock 41 59 4.695 4.693 1.398 29.776 0.004 2.481
South Solitary Island 90 757 3.661 3.658 1.511 41.273 0.15 2.696
North West Solitary 602 4.475 4.343 1.41 31.508 0.102 2.647
Island 88

Woolgoolga Reef 21 38 4.949 5.02 1.654 33.421 -0.281 2.361
North Rock 33 76 4.857 4.793 1.597 32.88 0.096 2.308




South West Solitary

Island

88

698

4.294

4.233

1.48

34.467

0.127

2.496
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Table A-3. Linear regressions showing the relationship between number of coral
colonies and the PC1 and PC2 scores. The best model (lowest AIC) is in bold. PC1

captures the differences in sea surface temperature, photosynthetically available

radiation, high chlorophyll a concentration and turbidity (kd490). More positive PC2

scores mean higher minima of chlorophyll a concentration and kd490, but lower

standard deviations of PAR. Values unless stated otherwise are corrected to three

significant figures.

Model Predictor | Estimate | Std. tvalue | P value | Adjusted | AIC (2
formula Error R? d.p.)
Coral count | Intercept | 611 116 5.24 <0.001 |0.185 252.16
~PC1

PC1 -86.9 37.7 -2.31 0.0333
Coral count | Intercept | 611 118 5.20 <0.001 |0.173 252.46
~PC2

PC2 162 72.8 2.23 0.0388
Coral Intercept | 611 102 6.00 <0.001 |0.379 247.59
count ~
PCL + PC2 PC1 -87.0 32.9 -2.64 0.0171

PC2 162 63.1 2.57 0.0198
Coral count | Intercept | 611 101 6.05 <0.001 |0.388 248.07
~ PC1 *
PC2 PC1 -61.4 39.8 -1.54 0.142

PC2 151 63.4 2.39 0.0298

PC1:PC2 | -27.8 24.8 -1.12 0.278

Vi
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16
17
18
19
20

21

22

Table A-4. Linear regressions showing the relationship between the median coral
colony size and the PC1 and PC2 scores. The best model (lowest AIC) is in bold. PC1

captures the differences in sea surface temperature, photosynthetically available

radiation, high chlorophyll a concentration and turbidity (kd490). More positive PC2

scores mean higher minima of chlorophyll a concentration and kd490, but lower

standard deviations of PAR. Values are corrected to three significant figures.

Model Predictor | Estimate | Std. tvalue | Pvalue | Adjusted | AIC
formula Error R?
Median size | Intercept | 4.06 0.0902 |45.0 <0.001 | 0.338 -34.4
~PC1

PC1 0.0954 |0.0292 |3.27 0.00422
Median size | Intercept | 4.06 0.113 35.9 <0.001 |-0.0366 |-25.4
~PC2

PC2 -0.0402 | 0.0700 |-0.574 |0.573
Median size | Intercept | 4.06 0.0915 |44.3 <0.001 | 0.319 -33.0
~PC1+PC2

PC1 0.0955 |0.0296 |3.23 0.00494

PC2 -0.0402 | 0.0567 |-0.708 |0.488
Median size | Intercept | 4.06 0.0902 |45.0 <0.001 | 0.339 -32.8
~PC1*PC2

PC1 0.0706 | 0.0355 | 1.99 0.064

PC2 -0.0293 | 0.0566 |-0.518 |0.611

PC1:PC2 | 0.0272 |0.0221 |1.23 0.237

VII




23 Table A-5. Linear regressions showing the relationship between skewness and the
24  PC1 and PC2 scores. The best model (lowest AIC) is in bold. PC1 captures the

25 differences in sea surface temperature, photosynthetically available radiation, high

26  chlorophyll a concentration and turbidity (kd490). More positive PC2 scores mean

27  higher minima of chlorophyll a concentration and kd490, but lower standard

28 deviations of PAR. Values are corrected to three significant figures.

Model Predictor | Estimate | Std. tvalue | Pvalue |Adjuste | AIC
formula Error d R?
Skewness ~ | Intercept | 0.137 0.0371 | 3.70 0.00163 | 0.306 -70.0
PC1

PC1 -0.0367 0.0120 | -3.06 0.00675
Skewness ~ | Intercept | 0.137 0.0430 |3.21 0.00486 | 0.0763 -64.3
PC2

PC2 0.0425 0.0265 | 1.60 0.126
Skewness ~ | Intercept | 0.137 0.0344 | 4.00 <0.001 |0.404 -72.2
PC1 + PC2

PC1 -0.0367 0.0111 |-3.30 0.00420

PC2 0.0425 0.0213 | 2.00 0.0622
Skewness ~ | Intercept | 0.137 0.0354 | 3.87 0.00134 | 0.367 -70.1
PC1*PC2

PC1 -0.0369 | 0.0139 |-2.65 0.0176

PC2 0.0426 0.0222 |1.92 0.0733

PC1:PC | 0.000230 | 0.00869 | 0.0260 | 0.979
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Table A-6. Linear regressions showing the relationship between the coefficient of
variation and the PC1 and PC2 scores. The best model (lowest AIC) is in bold. PC1

captures the differences in sea surface temperature, photosynthetically available

radiation, high chlorophyll a concentration and turbidity (kd490). More positive PC2

scores mean higher minima of chlorophyll a concentration and kd490, but lower

standard deviations of PAR. Values are corrected to three significant figures.

Model formula | Predictor | Estimate | Std. tvalue | Pvalue | Adjusted | AIC
Error R?
CV ~PC1 Intercept | 35.7 1.02 35.0 <0.001 |0.0660 |62.6
PC1 -0.505 0.330 -1.53 0.143
CV ~PC2 Intercept | 35.7 1.06 33.5 <0.001 |-0.0155 |64.3
PC2 -0.555 0.660 -0.842 | 0.411
CV ~ PC1l + | Intercept | 35.7 1.03 34.7 <0.001 |0.0535 |63.7
PC2
PC1 -0.505 0.332 -1.52 0.147
PC2 -0.555 0.637 -0.872 | 0.395
CV ~ PC1 *|Intercept | 35.7 1.05 33.9 <0.001 |0.00795 |65.5
PC2
PC1 -0.428 0.414 -1.03 0.317
PC2 -0.598 0.660 -0.906 |0.378
PC1:PC2 | -0.0942 | 0.258 -0.365 | 0.720
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Table A-7. Linear regressions showing the relationship between kurtosis and the PC1

and PC2 scores. The best model (lowest AIC) is in bold. PC1 captures the differences

in sea surface temperature, photosynthetically available radiation, high chlorophyll a

concentration and turbidity (kd490). More positive PC2 scores mean higher minima of

chlorophyll a concentration and kd490, but lower standard deviations of PAR. Values

are corrected to three significant figures.

Model Predictor | Estimate | Std. Error | t value P value Adjusted | AIC
formula R?
Kurtosis | Intercept | 2.69 0.0557 48.2 <0.001 |0.0749 -53.7
~PC1

PC1 -0.0287 | 0.0180 -1.59 0.129
Kurtosis | Intercept | 2.69 0.0594 45.2 <0.001 -0.0527 |-51.1
~PC2

PC2 0.00820 | 0.0368 0.223 0.826
Kurtosis | Intercept | 2.69 0.0572 46.9 <0.001 0.0236 -51.8
~ PC1 +
PC2 PC1 -0.0287 | 0.0185 -1.55 0.139

PC2 0.00820 | 0.0355 0.231 0.820
Kurtosis | Intercept | 2.69 0.0536 50.1 <0.001 0.143 -53.6
~ PC1 *
PC2 PC1 -0.00656 | 0.0211 -0.311 0.760

PC2 -0.00146 | 0.0336 -0.043 0.966

PC1:PC2 | -0.0242 | 0.0132 -1.84 0.848
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Figure A-1. Canonical Correspondence Analysis (CCA) biplot of the 41 coral taxa,
sites and PC1 and PC2 scores. The two CCA axes jointly explain 21.7% of the
variation. Coral taxa are coloured based on four broad morphological groups:
‘branching’ (brown circles), ‘enc_mass’ (encrusting/massive; blue squares), ‘fol_lam’
(foliose/laminar; violet diamonds) and ‘solitary’ (black triangle). High PC1 scores
represent lower sea surface temperature and photosynthetically available radiation
(PAR), i.e., colder and darker, and high chlorophyll a concentration and turbidity
(kd490), i.e., more productive and more turbid. High PC2 scores represent higher
minima of chlorophyll a concentration and kd490, but lower standard deviations of
PAR. The overall permutation test was significant F2,17 = 2.36, P = 0.009. For more
detail on the methods and interpretation, see section S2: Coral taxonomic identity

along the environmental gradient.
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Figure A-2. The colony size coefficient of variation (CV) decreases with PC1. PC1 is
fitted as the explanatory variable here because of model selection (Table A-6). Black
line is the line of best fit, and the grey region is the 95% confidence band. More positive
PC1 scores represent lower sea surface temperature and photosynthetically available
radiation (PAR), i.e., colder and darker, and high chlorophyll a concentration and

turbidity (kd490), i.e., more productive and more turbid.
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Figure A-3. Kurtosis of the coral size-frequency distribution decreases with PC1. PC1
is fitted as the explanatory variable here because of model selection (Table A-7). Black
line is the line of best fit, and the grey region is the 95% confidence band. More positive
PC1 scores represent lower sea surface temperature and photosynthetically available
radiation (PAR), i.e., colder and darker, and high chlorophyll a concentration and

turbidity (kd490), i.e., more productive and more turbid.
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Figure A-4. Centred log-ratio (clr) transformed densities of log coral area for the
20 reefs, ordered from low to high PC1 scores (left to right; top to bottom). Grey
dots are binned raw data points, black solid lines are smoothed densities and
dotted lines are predicted clr densities from a compositional functional regression.
For each site, a is the value of the smoothing parameter and n;is the number of

corals at the site.
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Figure A-5. When the mean values of PC1 and PC2 are both zero, the coral size-
frequency distribution is symmetrical. The black line is the estimated centred log-
ratio (clr) transformation of the coefficient function g, (the intercept), which is the
prediction when PC1 and PC2 are both equal to zero. The grey shaded region is

the bootstrap 95% confidence band.
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Figure A-6. Increases in second axis (PC2) scores might mean lower densities of
corals at the extreme sizes but a higher density of corals ~ 1-7 log cm?, however
no effect is plausible as the grey shaded region (bootstrap 95% confidence band)
almost always crossed the dashed line (no effect on the probability densities),
except for ~ 3 log cm?. Increases in PC2 represent higher minimum chla and
kd490 and lower standard deviation of PAR. The black line is the estimated
centred log-ratio (clr) transformation of the coefficient function B, , which
measures the effect of a unit increase in PC2 on the probability density of a given
log coral area. Positive values on the y-axis mean that the corresponding log
coral area on the x-axis becomes more likely as PC2 increases, and negative

values mean that the corresponding log coral area becomes less likely.
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Figure A-7. The proportion of variation in probability density explained by the
model (pointwise R?) at each log coral area, with most explanatory power at
approx. 3 log cm?. Global R? (the total proportion of variation explained by the
model) is 0.18.
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Figure A-8. Permutation F test for the predictive relationship between log coral
area and the PC scores (PC1 and PC2). The observed F statistic (solid line) is
highest at 3 log cm?, suggesting that the explanatory variables PC1 and PC2 had
the most effect there; however, because the observed F statistic did not cross the
maximum critical value (dashed line) anywhere in the distribution, it was plausible
that neither of the explanatory variables affected coral size-frequency
distributions. Dotted line: pointwise 0.05 critical values such that only one
permuted F statistic in 20 exceeds this value at a given log coral area. Dashed
line: maximum 0.05 critical value such that only one permuted F statistic in 20
exceeds this value at any log coral area. Functional F-test, maximum F =

observed maximum F = 0.83, P = 0.08 from 9,999 permutations.
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Figure A-9. Centred log-ratio (clr) residuals for the predictive relationship between
log coral area and the PC scores (PC1 and PC2). Little systematic pattern in the
residual functions can be seen, except that they tended to be further from zero at
the extreme coral sizes. Line colours go from blue to red in eight steps, where
the darkest blue indicates the site with the highest PC1 scores (more turbidity
and chlorophyll a) and the darkest red are sites with the lowest PC1 scores (high
PAR and SST).
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S2: Coral taxonomic identity along the environmental gradient

We examined the potential shifts in community composition along the gradient
using Canonical Correspondence Analysis (CCA) using R package ‘vegan’
(Oksanen et al., 2020). For easier comparison, the 41 taxa were placed into four
morphological  groups: branching, encrusting/massive (enc_mass),
foliose/laminar (fol_lam) and solitary. Most corals (22) were encrusting/massive,
twelve were branching, six were foliose/laminar and one was solitary. For the full
list of taxa names, see the supplementary data file ‘ROI type classification.xIsx’.
The two CCA axes together explain 21.7% of the variation. The overall
permutation test was significant (F2,17 = 2.36, P = 0.009; 999 permutations). The
CCA biplot (Figure A-1) show that the taxa cloud cluster in the middle, suggesting
that some taxa were shared among sites. Encrusting/massive corals were found
throughout the entire gradient. However, sites that have more negative PC1
scores (more ‘tropical’ sites, e.g. Tenements, Libbies Lair, Lady Musgrave and
Lady Elliot Islands) are likely characterised by different branching and
foliose/laminar corals compared to marginal reefs. For example, Acroporids are
the common branching corals in the tropical sites, while Pocilloporids (Stylophora,
Pocillpora aliciae, P. damicornis) are more common in marginal reefs. For
laminar/foliose corals, Mycedium, Pavona, and laminar Montipora were found in

the tropical reefs, while laminar Turbinaria was more common in marginal reefs.
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S3: Bayes Space

A vector space is an algebraic structure with an addition operation defined for the
elements of the space (known as vectors), and a scalar multiplication operation
defined for a scalar (such as a real number) and a vector, where the operations
must satisfy familiar axioms such as commutativity of addition and distributivity of
scalar multiplication (Judson, 2019, pp. 310-311). The most familiar example of
a vector space is n-dimensional Euclidean space, in which the vectors are the n-
tuples of real numbers, vector addition of two vectors v = (v, v,, ..., v,) and w =
(Wi, Wy, ...,wyp) is defined by v + w = (v; + wy, v, + wy+, ..., v, + Wy,), the scalars
are real numbers, and the scalar product of a scalar r and a vector v is defined
by rv = (rvy,rv,, ...,rv,) . However, there are many other vector spaces
satisfying the same axioms. In Bayes space, the vectors are probability density
functions whose support is a closed interval, the addition operation is perturbation,
and the scalar multiplication operation is powering (Egozcue et al., 2006). Let
fi, f> be continuous probability density functions whose support is a closed
interval I = [a,b] c R, and let x € R. Then the addition operation in Bayes space

is perturbation f; @ f,, defined by

[ f2(0)
[} fi()fa(s)ds

(i D)) =

for t € I, The addition operation is Bayes’ Theorem (Egozcue et al., 2013), hence
the name “Bayes space”, but this does not imply the use of Bayesian statistics.

The scalar multiplication operation is powering x © f;, defined by

fi'(®)

xO @) = m

fort € I (Talska et al., 2018). These operations can be thought of as infinite-
dimensional versions of the perturbation and powering operations for
compositional data, which have been used previously in analyses of the effects
of environmental disturbances on coral reef composition and stability (e.g., Gross
& Edmunds, 2015; Vercelloni et al., 2020).
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S4: Size-biased sampling

We assume that sampling probability is a function of size alone. This is the case
for minus sampling provided that colony shape does not vary systematically with
the values of explanatory variables (Baddeley, 1998b, p. 50). Let g(s) be the
probability density for sampling colonies of size s. Then the size-frequency
distribution of sampled colonies, when the true size-frequency distribution has

density function y(s), is

y(s)g(s)

[Ty(Og®de oo

(Baddeley, 1998a, p. 20). We can show using the change-of-variables formula
that the same result holds when the size measure of interest (e.g., log colony
area) is a strictly monotone transformation of the size measure that determines

sampling bias. Thus, with size-biased sampling, Equation 1 becomes

Yi®g=Bo® (x1; OB1) B (22 OB2) Pe) D g
=Bo® 9 B (x1; OB1) B (x2; OB2) B s,
by associativity and commutativity of perturbation. Thus, instead of the true
intercept function B,, we will estimate the perturbed intercept 8, @ g, and the
overall shape of the estimated response distribution will be biased. However, the

estimates of 4 and B, which are of primary interest, will not be affected.



S5: Further compositional functional regression results and model
diagnostics

It was plausible that PC2 had little effect on coral sizes except for corals at ~ 3
log cm?, as the 95% confidence band included zero almost everywhere (Figure
A-6). The predicted distribution of log area at the mean values of PC1 and PC2
(given by the intercept function B,) was symmetrical, with a mode of

approximately 4 log cm?, corresponding to 54.6 cm? (Figure A-5).

The smoothed centred log-ratio (clr) densities (Figure A-4; analogous to Figure
4) were generally a good representation of our data, except for some sites (e.g.,
Henderson Rock, North Rock and Wolf Rock), where estimated densities were
artificially high at the lowest log areas. This could be due to those sites supporting

small numbers of colonies.

Residual plots showed little systematic pattern in the residual functions, except
that they tended to be further from zero at the smallest or largest coral areas
(Figure A-9). This might be associated with smoothing artefacts (Machalova et

al., 2021), where there are lower numbers of colonies at the extreme sizes.



S6: Testing compositional functional regression model robustness
The effect of varying bin numbers

In our original analysis, we used Sturges’ Rule to select the number of histogram
bins at each site. This rule gave between seven and thirteen bins. To check
whether the results were sensitive to the number of bins, we refitted the models
using either seven bins at all sites or thirteen bins at all sites. The resulting
coefficient functions (Figure A-10; Figure A-15) were similar to our original
estimates. Previous simulation studies on the methods we used (Talska et al.,
2018, section 7; Machalova et al., 2021, section 6) also suggest that these

methods are not very sensitive to the number of bins used in histogram smoothing.
The effect of removing sites with the fewest coral colonies

We tested the effect of removing sites with the fewest number of coral colonies
to determine the potential effect of a higher sampling variability in histogram fitting
at these sites. Through the inspection of Figure A-4, it seems that sites with more
than 400 corals fitted well, and did not appear to have artefacts where the density
functions are increasing at the extreme values, which seems biologically unlikely
(e.g., Cook Island and Wolf Rock, with 258 and 224 colonies respectively (Figure
A-4i-j))). Removing sites with fewer than 400 corals resulted in twelve sites, with
at least 448 colonies each. We refitted the model including only those sites. The
shapes of the estimated coefficient functions (Figure A-16; Figure A-18) are
similar to the results of when all 20 sites were included. Furthermore, although
the pointwise R? is higher at some points, the global R? is now a bit lower (0.13;
Figure A-19). This suggests that the low proportion of variation explained was not
because of sampling variability in histogram fitting.
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Figure A-10. When the mean values of PC1 and PC2 are both zero, the coral
size-frequency distribution is symmetrical. The black line is the estimated centred
log-ratio (clr) transformation of the coefficient function g, (the intercept), which is
the prediction when PC1 and PC2 are both equal to zero. The grey shaded region
is the bootstrap 95% confidence band. Seven bins were used at all sites for

histogram smoothing.
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Figure A-11. Increases in first axis (PC1) scores mean lower densities of corals
at ~1-4 log cm?. Increases in PC1 represents increasingly marginal conditions
(colder, darker, more turbid and productive waters). The black line is the
estimated centred log-ratio (clr) transformation of the coefficient function g,
which measures the effect of a unit increase in PC1 on the probability density of
a given log coral area. Positive values on the y-axis suggest that the
corresponding log coral area on the x-axis becomes more likely as PC1 increases,
and negative values suggest that the corresponding log coral area becomes less
likely. The shaded region is the bootstrap 95% confidence band. The horizontal
dashed line represents no effect of PC1 on the probability density of log coral

area. Seven bins were used at all sites for histogram smoothing.
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Figure A-12. Increases in second axis (PC2) scores might mean lower densities
of corals at the extreme sizes but a higher density of corals ~ 1-7 log cm?,
however no effect is plausible as the grey shaded region (bootstrap 95%
confidence band) always crossed the dashed line (no effect on the probability
densities). Increases in PC2 represent higher minimum chla and kd490 and lower
standard deviation of PAR. The black line is the estimated centred log-ratio (clr)
transformation of the coefficient function 8,, which measures the effect of a unit
increase in PC2 on the probability density of a given log coral area. Positive
values on the y-axis mean that the corresponding log coral area on the x-axis
becomes more likely as PC2 increases, and negative values mean that the
corresponding log coral area becomes less likely. Seven bins were used at all

sites for histogram smoothing.
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Bo with 13 bins at all sites
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Figure A-13. When the mean values of PC1 and PC2 are both zero, the coral
size-frequency distribution is symmetrical. The black line is the estimated centred
log-ratio (clr) transformation of the coefficient function g, (the intercept), which is
the prediction when PC1 and PC2 are both equal to zero. The grey shaded region
is the bootstrap 95% confidence band. Thirteen bins were used at all sites for

histogram smoothing.
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Figure A-14. Increases in first axis (PC1) scores mean lower densities of corals
at ~1-4 log cm?. Increases in PC1 represents increasingly marginal conditions
(colder, darker, more turbid and productive waters). The black line is the
estimated centred log-ratio (clr) transformation of the coefficient function g,
which measures the effect of a unit increase in PC1 on the probability density of
a given log coral area. Positive values on the y-axis suggest that the
corresponding log coral area on the x-axis becomes more likely as PC1 increases,
and negative values suggest that the corresponding log coral area becomes less
likely. The shaded region is the bootstrap 95% confidence band. The horizontal
dashed line represents no effect of PC1 on the probability density of log coral

area. Thirteen bins were used at all sites for histogram smoothing.
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Figure A-15. Increases in second axis (PC2) scores might mean lower densities
of corals at the extreme sizes but a higher density of corals ~ 1-7 log cm?,
however no effect is plausible as the grey shaded region (bootstrap 95%
confidence band) almost always crossed the dashed line (no effect on the
probability densities), except for ~ 3 log cm?. Increases in PC2 represent higher
minimum chla and kd490 and lower standard deviation of PAR. The black line is
the estimated centred log-ratio (clr) transformation of the coefficient function g,
which measures the effect of a unit increase in PC2 on the probability density of
a given log coral area. Positive values on the y-axis mean that the corresponding
log coral area on the x-axis becomes more likely as PC2 increases, and negative
values mean that the corresponding log coral area becomes less likely. Thirteen

bins were used at all sites for histogram smoothing.
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Figure A-16. When the mean values of PC1 and PC2 are both zero, the coral
size-frequency distribution is symmetrical. The black line is the estimated centred
log-ratio (clr) transformation of the coefficient function g, (the intercept), which is
the prediction when PC1 and PC2 are both equal to zero. The grey shaded region
is the bootstrap 95% confidence band. Fitted to the twelve sites that had more

than 400 coral colonies.
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Figure A-17. Increases in first axis (PC1) scores mean lower densities of corals
at ~2-3 log cm? and a high density of corals 5-6 log cm?. Increases in PC1
represents increasingly marginal conditions (colder, darker, more turbid and
productive waters). The black line is the estimated centred log-ratio (clr)
transformation of the coefficient function g, which measures the effect of a unit
increase in PC1 on the probability density of a given log coral area. Positive
values on the y-axis suggest that the corresponding log coral area on the x-axis
becomes more likely as PC1 increases, and negative values suggest that the
corresponding log coral area becomes less likely. The shaded region is the
bootstrap 95% confidence band. The horizontal dashed line represents no effect
of PC1 on the probability density of log coral area. Fitted to the twelve sites that

had more than 400 coral colonies.
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Figure A-18. Increases in second axis (PC2) scores might mean lower densities
of corals at the extreme sizes but a higher density of corals ~ 2-7 log cm?,
however no effect is plausible as the grey shaded region (bootstrap 95%
confidence band) always crossed the dashed line (no effect on the probability
densities). Increases in PC2 represent higher minimum chla and kd490 and
lower standard deviation of PAR. The black line is the estimated centred log-
ratio (clr) transformation of the coefficient function B,, which measures the
effect of a unit increase in PC2 on the probability density of a given log coral
area. Positive values on the y-axis mean that the corresponding log coral area
on the x-axis becomes more likely as PC2 increases, and negative values mean
that the corresponding log coral area becomes less likely. Fitted to the twelve

sites that had more than 400 coral colonies.
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Figure A-19. The proportion of variation in probability density explained by the
model (pointwise R?) at each log coral area, with most explanatory power at

approx. 3 and 6 log cm?. Global R? (the total proportion of variation explained by
the model) is 0.13.
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S7: Model sensitivity to the 2016 bleaching event

To check whether the bleaching event of 2016 in Eastern Australia affected size
distributions of our sites, we added a categorical explanatory variable,
distinguishing sites visited before the 2016 bleaching event, and after it. North
Rock and Julian Rock False Trench were visited in April and May 2016, during
the period of peak heat stress in the region (Kim et al., 2019). Since the effect of
bleaching (if any) does not immediately reflect in population size structure
changes, we have classified the data from these two sites as ‘pre’ bleaching
(Table A-1).

In linear regression, adding the categorical bleaching variable (Table A-8) to the
best model for each summary statistic improved the model fit (lowered AIC) and
explained more variation (higher adjusted R?) for median colony size (Table A-4)
and coefficient of variation (Table A-6). Sites surveyed post 2016 bleaching had
smaller median coral sizes (F2,17=7.31; P = 0.005, R?= 0.399; Figure A-20), and
a higher CV (F2,17=2.96; P = 0.0790, R?= 0.171; Figure A-21). For number of
coral colonies, the model not considering bleaching remained a better fit (Table
A-3), but more of the variation was explained with the bleaching model (Table A-
8). Adding bleaching did not improve the model fit nor variation explanation for
skewness or kurtosis (Table A-5; Table A-7). Nonetheless, the bleaching variable
was not a significant explanatory variable in any of the additional linear

regressions (Table A-8).

In compositional functional regression, the coefficient function for the effect of
being post-bleaching suggested that post-bleaching sites may have relatively
more small corals Figure A-25), while the other coefficient functions were fairly
similar to the original versions (Figure A-22; Figure A-24) and the global R?
increases to 0.23 (Figure A-26). However, the observed maximum pointwise F
was almost unchanged, while the maximum 0.05-critical value was substantially
higher, so that the permutation P-value increases from 0.08 to 0.20 (Figure A-27).
This suggests that the increase in global R? was simply because of the presence
of another explanatory variable, rather than because of any clear association

between that variable and size distributions.
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Table A-8. Linear regression with the bleaching explanatory variable added to the
best models of the five summary statistics: 1) number of coral colonies, 2) median
coral size, 3) skewness, 4) coefficient of variation (CV) and 5) kurtosis (Figure A-
3Figure A-7). Median coral size and CV (bolded) have a lower AIC with the
bleaching variable included. PC1 captures the differences in sea surface
temperature, photosynthetically available radiation, high chlorophyll a
concentration and turbidity (kd490). More positive PC2 scores mean higher
minima of chlorophyll a concentration and kd490, but lower standard deviations
of PAR. Values are corrected to three significant figures.

Model Predictor | Estimat | Std. t P value | Adjuste | AIC (2
formula e Error | value d R? d.p.)
Coral Intercept | 445 170 2.62 |0.0185 |0.396 247.8
count ~ 3
PC1L N PC1 -86.0 32.4 -2.65 | 0.0175
PC2  +Tpc2 163 62.3 |2.63 |0.0182
bleaching

Bleachin | 256 210 1.21 | 0.243

g

Median Intercept | 4.25 0.145 | 29.3 | <0.001 | 0.399 -35.47

size ~

PC1 N PC1 0.0944 |0.027 | 3.40 |0.0034

bleachin 8 4

g Bleachin | -0.302 0.180 |-1.68 | 0.112
g

Skewnes | Intercept | 0.132 0.059 |2.21 |0.0421 |0.368 -70.19
s~PC1+ 9

PC2 +
: PC1 -0.0367 | 0.011 |-3.20 | 0.0055
bleaching
4 4
PC2 0.0426 |0.021 |1.94 |0.0704
9
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Bleachin | 0.00781 | 0.074 | 0.10 | 0.918
g 3 5
CV ~ PC1 | Intercept | 33.3 1.63 205 |<0.001 [0.171 61.09
+
. PC1 -0.492 |0.310 |-1.58 | 0.132
bleachin
g Bleachin | 3.649 2.02 1.81 | 0.0880
g
Kurtosis ~ | Intercept | 2.62 0.095 |27.6 |<0.001 |0.0561 |-52.44
PC1 + 1
bleaching
PC1 -0.0284 | 0.018 |-1.56 | 0.138
2
Bleachin | 0.0945 |0.118 |0.80 |0.434
g 1
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Figure A-20. Median coral colony size increases with PC1 and sites surveyed
after the 2016 bleaching event tend to have smaller median sizes. PC1 is fitted
as the explanatory variable here because of model selection (Table A-6). The
sites were coloured based on whether it was surveyed after the 2016 bleaching
event, light blue triangles for post-bleaching (‘TRUE’) and pink circles for pre-
bleaching (‘FALSE’). Black lines are the respectively lines of best fit, and the
shaded regions are the 95% confidence bands. More positive PC1 scores
represent lower sea surface temperature and photosynthetically available
radiation (PAR), i.e., colder and darker, and high chlorophyll a concentration

and turbidity (kd490), i.e., more productive and more turbid.
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Figure A-21. The colony size coefficient of variation (CV) decreases with PC1.
PCL1 is fitted as the explanatory variable here because of model selection (Table
A-6). The sites were coloured based on whether it was surveyed after the 2016
bleaching event, light blue triangles for post-bleaching (‘TRUE’) and pink circles
for pre-bleaching (‘FALSE’). Black lines are the respective line of best fit, and the
shaded regions are the 95% confidence bands. More positive PC1 scores
represent lower sea surface temperature and photosynthetically available
radiation (PAR), i.e., colder and darker, and high chlorophyll a concentration and

turbidity (kd490), i.e., more productive and more turbid.
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Bo with bleaching variable included

clr(density)

0 2 4 6 8
log(coral area/cm?)

Figure A-22. When the mean values of PC1 and PC2 are both zero, the coral
size-frequency distribution is symmetrical. The black line is the estimated centred
log-ratio (clr) transformation of the coefficient function g, (the intercept), which is
the prediction when PC1 and PC2 are both equal to zero. The grey shaded region
is the bootstrap 95% confidence band. The horizontal dashed line represents no

effect of the intercept on the probability density of log coral area.
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Figure A-23. Increases in first axis (PC1) scores mean lower densities of corals
at ~2-4 log cm?. Increases in PC1 represents increasingly marginal conditions
(colder, darker, more turbid and productive waters). The black line is the
estimated centred log-ratio (clr) transformation of the coefficient function g,
which measures the effect of a unit increase in PC1 on the probability density of
a given log coral area. Positive values on the y-axis suggest that the
corresponding log coral area on the x-axis becomes more likely as PC1 increases,
and negative values suggest that the corresponding log coral area becomes less
likely. The shaded region is the bootstrap 95% confidence band. The horizontal
dashed line represents no effect of PC1 on the probability density of log coral

area.
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B2 with bleaching variable included

0.0

clr(density)

-0.5

-1.0

0 2 4 6 8
log(coral area/cm?)

Figure A-24. Increases in second axis (PC2) scores might mean lower densities
of corals at the extreme sizes but a higher density of corals ~ 1-7 log cm?,
however no effect is plausible as the grey shaded region (bootstrap 95%
confidence band) almost always crossed the dashed line (no effect on the
probability densities), except for ~ 3 log cm?. Increases in PC2 represent higher
minimum chla and kd490 and lower standard deviation of PAR. The black line is
the estimated centred log-ratio (clr) transformation of the coefficient function f,,
which measures the effect of a unit increase in PC2 on the probability density of
a given log coral area. Positive values on the y-axis mean that the corresponding
log coral area on the x-axis becomes more likely as PC2 increases, and negative

values mean that the corresponding log coral area becomes less likely.
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B3, bleaching variable

clr(density)

0 2 4 6 8
log(coral area/cm?)

Figure A-25. Bleaching might lead to higher densities of smaller corals at ~ 0-2
cm?. The black line is the estimated centre log-ratio (clr) transformation of the
bleaching coefficient function B85, which measures the effect of pre or post
bleaching on the probability density of a given log area. Positive values on the y-
axis mean that the corresponding log coral area on the x-axis becomes more
likely because of bleaching, and negative values mean that the corresponding

log coral area becomes less likely.
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Figure A-26. The proportion of variation in probability density explained by the
bleaching model (pointwise R?) at each log coral area, with most explanatory
power at approx. 3 log cm?. Global R? (the total proportion of variation explained
by the model) is 0.23.
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Figure A-27. Permutation F test for the predictive relationship between log coral
area and the PC scores (PC1 and PC2) and the bleaching explanatory variable.
The observed F statistic (solid line) is highest at 3 log cm2, suggesting that PC1,
PC2 and the bleaching variable had the most effect there. However, because the
observed F statistic did not cross the maxima (dashed line) anywhere in the
distribution, it was plausible that neither of the explanatory variables affected
coral size-frequency distributions. Dotted line: pointwise 0.05 critical values such
that only one permuted F statistic in 20 exceeds this value at a given log coral
area. Dashed line: maximum 0.05 critical value such that only one permuted F
statistic in 20 exceeds this value at any log coral area. Functional F-test,

maximum F = observed maximum F = 0.83, P = 0.2 from 9,999 permutations.
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Appendix B: Supporting information for Chapter 3

S1: Supplementary information

Table B-1. GPS coordinates and survey dates of the 20 sites. Sites are ordered
from the lowest to the highest first principal component (PC1) scores of the PCA
of means, maxima, minima and standard deviations of sea surface temperature
(SST), photosynthetically available radiation (PAR), chlorophyll a concentration
and kd490 (diffuse attenuation coefficient at 490 nm, a proxy for turbidity)
(Chong et al., 2023). Increasing PCL1 scores represent lower SST and PAR, i.e.,
colder and darker, and high chlorophyll a concentration and kd490, i.e., more

productive and more turbid waters.

Site Latitude | Longitude | Sampling date PC1

°) °) (dd/mmlyyyy) scores
Lady Elliot - 152.7095 | 27/09/2018
Island 24.11500 -4.325
Lady Musgrave | - 152.3870 | 26/09/2018
Island 23.90603 -4.250
Libbies Lair - 151.9336 | 23/09/2018

23.43458 -4.121
Tenements - 151.9293 | 24/09/2018

23.43274 -4.114
Flat Rock - 153.5522 | 15/08/2010

27.39306 -2.600
Henderson Rock | - 153.4781 | 18/03/2011

27.13161 -2.499
Flinders Reef - 153.4841 | 18/09/2018

26.97765 -2.386
Inner Gneering - 153.1834 | 29/08/2012
Shoals 26.64858 -0.413
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9 | Wolf Rock - 153.2000 | 09/08/2010
25.91667 -0.319

10 | Cook Island - 153.5763 | 07/09/2018
28.19627 -0.189

11 | Mudjimba - 153.1130 | 28/08/2012
26.61614 0.595

12 | North Solitary - 153.3896 | 11/09/2018
Island 29.92772 0.658

13 | Julian Rock - 153.6286 | 31/05/2016
False Trench 28.61257 0.833

14 | Julian Rock - 153.6281 | 14/09/2018
Nursery 28.61087 0.833

15 | Black Rock - 153.0761 | 10/09/2018
30.94837 1.121

16 | South Solitary - 153.2652 | 13/09/2018
Island 30.20478 2.245

17 | North West - 153.2697 | 12/09/2018
Solitary Island 30.01897 3.592

18 | Woolgoolga - 153.2056 | 19/10/2016
Reef 30.09374 4.150

19 | North Rock - 153.2572 | 16/04/2016
29.97339 5.078

20 | South West - 153.2281 | 09/09/2018
Solitary Island 30.15921 6.112
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Table B-2. Statistical summaries of coral size-frequency distribution at the twenty reefs. All areas are in log cm?. Numbers are

rounded to three decimal places where appropriate. Sites are ordered from the lowest to the highest first principal component (PC1)

scores (Chong et al., 2023) of the PCA of means, maxima, minima and standard deviations of sea surface temperature (SST),

photosynthetically available radiation (PAR), chlorophyll a concentration and kd490 (diffuse attenuation coefficient at 490 nm, a

proxy for turbidity). Increasing PC1 scores represent lower SST and PAR, i.e., colder and darker, and high chlorophyll a

concentration and kd490, i.e., more productive and more turbid.

Site Number of Number Mean Median Standard | Coefficient | Skewness | Kurtosis | PC1
images of coral coral area | coral area | deviation | of scores
sampled colonies of coral variation

area (CV)

Lady Elliot Island 63 449 4.374 4.196 1.593 36.42 0.302 2.385 -4.325

Lady Musgrave Island 78 2101 3.379 3.224 1.441 42.646 0.434 2.776 -4.250

Libbies Lair 77 1757 3.469 3.335 1.37 39.493 0.421 2.967 -4.121

Tenements 66 1117 3.814 3.648 1.302 34.137 0.499 3.023 -4.114

Flat Rock 82 705 3.711 3.659 1.325 35.705 0.171 2.724 -2.600

Henderson Rock 30 56 4.683 4.489 1.742 37.198 0.243 2.521 -2.499
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Flinders 72 448 3.599 3.592 1.524 42.345 0.076 2.521 -2.386
Inner Gneering Shoals 90 1310 4.131 4.04 1.301 31.494 0.211 2.729 -0.413
Wolf Rock 51 224 4.216 4.296 1.147 27.206 -0.016 2.721 -0.319
Cook Island 69 258 3.794 3.752 1.546 40.749 -0.273 3.094 -0.189
Mudjimba 90 641 4.008 4.019 1.106 27.595 0.068 3.044 0.595
North Solitary Island 88 670 3.988 3.961 1.436 36.008 0.057 2.897 0.658
Julian Rock False 92 4.624 4.541 1.881 40.679 0.14 2.303

Trench 49 0.833
Julian Rock Nursery 55 166 3.588 3.643 1.378 38.406 0.215 3.018 0.833
Black Rock 41 59 4.695 4.693 1.398 29.776 0.004 2.481 1.121
South Solitary Island 90 757 3.661 3.658 1.511 41.273 0.15 2.696 2.245
North West Solitary 602 4.475 4.343 141 31.508 0.102 2.647

Island 88 3.592
Woolgoolga Reef 21 38 4.949 5.02 1.654 33.421 -0.281 2.361 4.150
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North Rock 33 76 4.857 4.793 1.597 32.88 0.096 2.308 5.078
South West Solitary 698 4.294 4.233 1.48 34.467 0.127 2.496
Island 88 6.112

Table B-3. Statistical summaries of fish abundances and sizes at the twenty reefs. Standard deviation, skewness and kurtosis of fish

data were calculated from the log-transformed biomass (kg). Numbers are rounded to three decimal places where appropriate. Sites

are ordered from the lowest to the highest PC1 scores as in Table B-1 and Table B-2.

Site Number of Mean fish | Mean fish | Median Mean log | Median Standard Skewnes | Kurtosis
fishes length biomass | fish fish log fish deviation S
(cm) (kg) biomass | biomass | biomass of log fish
(kg) (kg) (kg) biomass
(kg)

Lady Elliot Island 2941 9.57 0.115 0.006 -4.753 -5.063 2.192 -0.084 4.31
Lady Musgrave Island 1605 11.297 0.067 0.028 -4.309 -3.568 2.169 -0.387 2.12
Libbies Lair 1299 9.176 0.132 0.006 -4.797 -5.063 1.842 0.916 4.092
Tenements 2416 12.301 0.21 0.004 -4.486 -5.427 2.434 0.837 2.605
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Flat Rock 1057 16.497 0.217 0.06 -3.1 -2.806 2.079 -0.353 2.506
Henderson Rock 912 19.09 1.058 0.083 -3.157 -2.486 2.992 -0.377 2.293
Flinders 2151 14.79 0.182 0.026 -3.302 -3.666 1.914 -0.099 2.882
Inner Gneering Shoals | 2481 12.922 0.114 0.028 -3.35 -3.581 1.377 0.398 3.344
Wolf Rock 720 18.865 0.32 0.06 -2.927 -2.81 2.36 -0.249 1.892
Cook Island 1362 9.82 0.074 0.003 -4.976 -5.744 2.3 0.457 1.887
Mudjimba 623 15.345 0.138 0.047 -3.06 -3.053 1.672 -0.601 4.015
North Solitary Island 1293 18.428 0.365 0.073 -2.541 -2.622 1.836 -0.934 4.34
Julian Rock False 790 24.737 1.007 0.32 -1.717 -1.139 2.09 -0.851 3.291
Trench

Julian Rock Nursery 1240 14.838 0.247 0.035 -3.57 -3.362 1.963 -0.807 4.637
Black Rock 1264 9.348 0.127 0 -7.229 -10.82 4.338 0.505 1.45
South Solitary Island 767 10.4 0.067 0.021 -4.367 -3.864 2.138 -0.208 1.888
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North West Solitary 2343 11.82 0.234 0.004 -4.601 -5.488 2.386 0.851 2.712
Island
Woolgoolga Reef 222 15.216 0.176 0.073 -3.397 -2.624 2.185 -0.487 2.165
North Rock 585 12.487 0.079 0.027 -3.937 -3.599 1.829 -0.092 2.353
South West Solitary 1842 15.163 0.161 0.048 -3.353 -3.031 2.119 -0.219 1.893
Island
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Figure B-1. Histograms showing the size frequency distribution of log-transformed coral area. Blue dashed lines are kernel density
estimates, red dashed lines are site-wise mean log coral area. The number of corals sampled from each site is indicated by “n=".

Sites are ordered by PC1 scores as on Table B-1.
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Figure B-2. Histograms showing the size frequency distribution of log-transformed fish biomass (kg). Blue dashed lines are kernel

density estimates, red dashed lines are site-wise mean fish biomass (kg). The total number of fish counted from each site are indicated

by “n=". Sites are ordered by PC1 scores as on Table B-1.
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The largest coral (assumed to be circular, indicated by the blue circle in Figure B-3)

that can fit entirely in the frame of width w and height v, has a radius ofg , and an

2
area of (g) = %vz. Let the area of a coral with radius r (indicated by the red

circle in Figure B-3) be x. Then

nrs = x
X
r = |-
T
X
2r =2 |—
T

The diameter (2r) of the coral, 2\/% , is also the side length of the smallest square

(blue outlines) that contains the entire coral.

Do
SR

w

Figure B-3. Schematic showing the largest circular coral (blue circle) that could fit
entirely within a rectangular frame of area v x w. The red circle demonstrates how for
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a given circular coral with area x, its diameter is 2\/% and can be used to calculate the

probability of the coral fitting entirely within the frame (Equation 6 in the main text).

Table B-4. Maximum likelihood estimates of the log-normal and minus-sampled log

normal coral size standard deviation &. Sites are ordered from the lowest to the

highest PC1 scores as in Table B-1.

Site Log-normal & | Minus-sampled log-normal &
Lady Elliot Island 1.59 1.92
Lady Musgrave Island 1.44 1.54
Libbies Lair 1.37 1.45
Tenements 1.30 1.39
Flat Rock 1.32 141
Henderson Rock 1.73 2.39
Flinders 1.52 1.67
Inner Gneering Shoals 1.30 1.41
Wolf Rock 1.14 1.22
Cook Island 1.54 1.72
Mudjimba 1.11 1.16
North Solitary Island 1.43 1.59
Julian Rock False Trench 1.87 2.79
Julian Rock Nursery 1.37 1.47
Black Rock 1.39 1.63
South Solitary Island 151 1.66
North West Solitary Island 1.41 1.62
Woolgoolga Reef 1.63 2.31
North Rock 1.59 2.12
South West Solitary Island 1.48 1.70

S2: Probability density function for the minus-sampled bounded power law

From Equation 8 in the main text, the conditional density in the minus-sampled

bounded power law for x,,,;, < x < Xy, Where x,,, = %vz, is given by

fxloy = PE@

JP(O1x)f(x)dx
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S3: Quantile-quantile plots of coral data for all sites

(A) Lady Elliot Island : Power law (B) Lady Elliot Island : Minus-sampled bounded power law
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(C) Lady Elliot Island : Log-normal (D) Lady Elliot Island : Minus-sampled log-normal
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Figure B-4. Lady Elliot Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded

power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Lady Musgrave Island : Power law (B) Lady Musgrave Island : Minus-sampled bounded power law
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(C) Lady Musgrave Island : Log-normal (D) Lady Musgrave Island : Minus-sampled log-normal
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Figure B-5.Lady Musgrave Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled

bounded power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Libbies Lair : Power law (B) Libbies Lair : Minus-sampled bounded power law
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(C) Libbies Lair : Log-normal (D) Libbies Lair : Minus-sampled log-normal
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Figure B-6. Libbies Lair coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Tenements : Power law (B) Tenements : Minus-sampled bounded power law
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(C) Tenements : Log-normal (D) Tenements : Minus-sampled log-normal
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Figure B-7. Tenements coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Flat Rock : Power law (B) Flat Rock : Minus-sampled bounded power law
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(C) Flat Rock : Log-normal (D) Flat Rock : Minus-sampled log-normal
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Figure B-8. Flat Rock coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power law;

(C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.



(A) Henderson Rock : Power law (B) Henderson Rock : Minus-sampled bounded power law
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Figure B-9. Henderson Rock coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded

power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Flinders : Power law (B) Flinders : Minus-sampled bounded power law
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(C) Flinders : Log-normal (D) Flinders : Minus-sampled log-normal
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Figure B-10. Flinders coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power law;
(C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Inner Gneering Shoals : Power law (B) Inner Gneering Shoals : Minus-sampled bounded power law
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Figure B-11. Inner Gneering Shoals coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled

bounded power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Wolf Rock : Power law (B) Wolf Rock : Minus-sampled bounded power law
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Figure B-12. Wolf Rock coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Cook Island : Power law
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Figure B-13. Cook Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Mudjimba : Power law (B) Mudjimba : Minus-sampled bounded power law
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(C) Mudjimba : Log-normal (D) Mudjimba : Minus-sampled log-normal
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Figure B-14. Mudjimba coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) North Solitary Island : Power law
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(C) North Solitary Island : Log-normal
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Figure B-15. North Solitary Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled

bounded power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Julian Rock False Trench : Power law (B) Julian Rock False Trench : Minus-sampled bounded power law
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(C) Julian Rock False Trench : Log-normal (D) Julian Rock False Trench : Minus-sampled log-normal
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Figure B-16. Julian Rock False Trench coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled

bounded power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Julian Rock Nursery : Power law (B) Julian Rock Nursery : Minus-sampled bounded power law
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Figure B-17. Julian Rock Nursery coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded

power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Black Rock : Power law (B) Black Rock : Minus-sampled bounded power law
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(C) Black Rock : Log-normal (D) Black Rock : Minus-sampled log-normal
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Figure B-18. Black Rock coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) South Solitary Island : Power law
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(C) South Solitary Island : Log-normal
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Figure B-19. South Solitary Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded

power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) North West Solitary Island : Power law (B) North West Solitary Island : Minus-sampled bounded power law

N F 4
&
[ o N w [en]
@ [ [iF] [an]
fomd u e o
5 - 5
3 S+ 5 ©
[i}] - — Li}] N
= o
£ 8- £ R
w _ w
w £ [Tyl
o~ - ; o &
T T T T T T T T T T T T T T T T T T T T
2 5 10 20 50 100 200 500 1000 2000 2 5 10 20 50 100 200 500 1000 5000
Theoretical Quantiles Theoretical Quantiles
(C) North West Solitary Island : Log-normal (D) North West Solitary Island : Minus-sampled log-normal
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Figure B-20. North West Solitary Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled

bounded power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) Woolgoolga Reef . Power law (B) Woolgoolga Reef : Minus-sampled bounded power law
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(C) Woolgoolga Reef : Log-normal (D) Woolgoolga Reef : Minus-sampled log-normal
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Figure B-21. Woolgoolga Reef coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded

power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) North Rock : Power law (B) North Rock : Minus-sampled bounded power law
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Figure B-22. North Rock coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled bounded power

law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
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(A) South West Solitary Island : Power law (B) South West Solitary Island : Minus-sampled bounded power law
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(C) South West Solitary Island : Log-normal (D) South West Solitary Island : Minus-sampled log-normal
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Figure B-23. South West Solitary Island coral quantile-quantile (Q-Q) plots with the four distributions: (A) bounded power law (B) minus-sampled

bounded power law; (C) log-normal; (D) minus-sampled log-normal. The axes of the Q-Q plots are in log scale.
LXV



S4: Quantile-quantile plots of fish data for all sites

(A) Lady Elliot Island : Power law Q-Q plot (B) Lady Elliot Island : Log-normal Q-Q plot
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Figure B-24. Lady Elliot Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-
Q plots are in log scale.
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(A) Lady Musgrave Island : Power law Q-Q plot (B) Lady Musgrave Island : Log-normal Q-Q plot
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Figure B-25. Lady Musgrave Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the

Q-Q plots are in log scale.
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(A) Libbies Lair : Power law Q-Q plot (B) Libbies Lair : Log-normal Q-Q plot
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Figure B-26. Libbies Lair fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) Tenements : Power law Q-Q plot (B) Tenements : Log-normal Q-Q plot
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Figure B-27. Tenements fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) Flat Rock : Power law Q-Q plot (B) Flat Rock : Log-normal Q-Q plot

o o
o o
+ + —
()] ()]
-— -—
b b
< Q@ |
(0] [0)]
oo oo

Sample Quantiles
1e-02

Sample Quantiles
1e-02

1e-03
1e-03

1e-04
1e-04

I I I I I I I I I I I
1e-04 1e-03 1e-02 1e-01 1e+00 1e-04 1e-03 1e-02 1e-01 1e+00 1e+01

Theoretical Quantiles Theoretical Quantiles

Figure B-28. Flat Rock fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) Henderson Rock : Power law Q-Q plot (B) Henderson Rock : Log-normal Q-Q plot
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Figure B-29. Henderson Rock fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q

plots are in log scale.
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(A) Flinders : Power law Q-Q plot (B) Flinders : Log-normal Q-Q plot
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Figure B-30. Flinders fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots are

in log scale.
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(A) Inner Gneering Shoals : Power law Q-Q plot (B) Inner Gneering Shoals : Log-normal Q-Q plot
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Figure B-31. Inner Gneering Shoals fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the

Q-Q plots are in log scale.
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(A) Wolf Rock : Power law Q-Q plot (B) Wolf Rock : Log-normal Q-Q plot
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Figure B-32. Wolf Rock fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots
are in log scale.
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(A) Cook Island : Power law Q-Q plot (B) Cook Island : Log-normal Q-Q plot
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Figure B-33. Cook Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) Mudjimba : Power law Q-Q plot (B) Mudjimba : Log-normal Q-Q plot
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Figure B-34. Mudjimba fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) North Solitary Island : Power law Q-Q plot (B) North Solitary Island : Log-normal Q-Q plot
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Figure B-35. North Solitary Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the

Q-Q plots are in log scale.
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(A) Julian Rock False Trench : Power law Q-Q plot (B) Julian Rock False Trench : Log-normal Q-Q plot
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Figure B-36. Julian Rock False Trench fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of

the Q-Q plots are in log scale
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(A) Julian Rock Nursery : Power law Q-Q plot (B) Julian Rock Nursery : Log-normal Q-Q plot
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Figure B-37. Julian Rock Nursery fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the

Q-Q plots are in log scale.
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(A) Black Rock : Power law Q-Q plot (B) Black Rock : Log-normal Q-Q plot
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Figure B-38. Black Rock fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) South Solitary Island : Power law Q-Q plot (B) South Solitary Island : Log-normal Q-Q plot

1e+00
|

1e+00
|

1e-01
1e-01

Sample Quantiles
1e-02
|
Sample Quantiles
1e-02
|

1e-03

1e-03

1e-04
1e-04

I I I I I I I I I I I I
1e-04 1e-03 1e-02 1e-01 1e+00 1e-05 1e-04 1e-03 1e-02 1e-01 1e+00 1e+01

Theoretical Quantiles Theoretical Quantiles

Figure B-39. South Solitary Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the

Q-Q plots are in log scale.
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(A) North West Solitary Island : Power law Q-Q plot (B) North West Solitary Island : Log-normal Q-Q plot
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Figure B-40. North West Solitary Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes

of the Q-Q plots are in log scale.
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(A) Woolgoolga Reef : Power law Q-Q plot (B) Woolgoolga Reef : Log-normal Q-Q plot
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Figure B-41. Woolgoolga Reef fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-
Q plots are in log scale.
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(A) North Rock : Power law Q-Q plot (B) North Rock : Log-normal Q-Q plot
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Figure B-42. North Rock fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
LXXXIV



(A) South West Solitary Island : Power law Q-Q plot (B) South West Solitary Island : Log-normal Q-Q plot
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Figure B-43. South West Solitary Island fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes

of the Q-Q plots are in log scale.
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S5: Indonesian fish data from Carvalho et al. (2021)

A

z X

MNumber of fish with sizes

raja_ampat

bpg=-158

B

wakatobi

bg=-H71
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bpg =206

n= 5807

Fish biomass, x (kg)

Figure B-44. The number of fishes with biomass = x plotted against biomass x in kg on logarithmic scales at (A) Raja Ampat, (B) Wakatobi and (C)

Lombok. The number of fishes sampled from each site are indicated by “n=". Dark green circles are data points. Black lines: bounded power law;

green lines: log-normal distribution. All lines are fitted by maximum likelihood estimation. The exponent b for bounded power law is displayed.
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(A) raja_ampat : Power law (B) raja_ampat : Log-normal
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Figure B-45. Raja Ampat fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) wakatobi : Power law (B) wakatobi : Log-normal
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Figure B-46. Wakatobi fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots

are in log scale.
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(A) lombok : Power law (B) lombok : Log-normal
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Figure B-47. Lombok fish quantile-quantile (Q-Q) plots with (A) bounded power law and (B) log-normal distributions. The axes of the Q-Q plots are

in log scale.
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Table B-5. Log-likelihoods for each distribution on fish biomass data. BPL.:

bounded power law; LN: log-normal. A larger log-likelihood indicates a better

model fit. Green-shaded boxes indicate the better model.

Site

Raja Ampat

Wakatobi

Lombok

References

BPL log-likelihood | LN log-likelihood

BPL AIC | LN AIC
-7383 -5306
-5810 -5825
-16568 | -12677

Carvalho, P. G., Setiawan, F., Fahlevy, K., Subhan, B., Madduppa, H., Zhu, G.,
& Humphries, A. T. (2021). Fishing and habitat condition differentially
affect size spectra slopes of coral reef fishes. Ecological Applications,
31(5), e02345. https://doi.org/https://doi.org/10.1002/eap.2345

Chong, F., Sommer, B., Stant, G., Verano, N., Cant, J., Lachs, L., Johnson, M.
L., Parsons, D. R., Pandolfi, J. M., Salguero-Gémez, R., Spencer, M., &
Beger, M. (2023). High-latitude marginal reefs support fewer but bigger
corals than their tropical counterparts. Ecography, 2023(12), e06835.
https://doi.org/https://doi.org/10.1111/ec0g.06835

Appendix C: Supporting information for Chapter 4

Table C-1. The 26 sampling site names, their geographic regions, their GPS co-

ordinates in decimal degrees, the sampling date (yyyy/mm/dd) and the number of coral

individuals sampled per site. Asterisks (*) indicate the sites that were sampled

opportunistically.

Site name Region Latitude | Longitude | Sampling Coral
date individuals
(yyyy/mm/dd) | sampled
Nakano Beach I[riomote 24.43152 | 123.7924 | 2023/06/09 15
Amitori Iriomote 24.34577 | 123.69 2023/06/10 15
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https://doi.org/https:/doi.org/10.1002/eap.2345
https://doi.org/https:/doi.org/10.1111/ecog.06835

Sotopanari I[riomote 24.38228 | 123.7196 | 2023/06/10 15
Nakano-Oki Iriomote 24.43522 | 123.7993 | 2023/06/11 16
Ukibaru Okinawa 26.34987 | 127.9936 | 2023/06/08 | 10
Sakiyama Okinawa 26.70673 | 127.9662 | 2023/06/13 15
Kourijima Okinawa 26.71213 | 128.0281 | 2023/06/13 16
Onnal Okinawa 26.51351 | 127.8627 | 2023/06/15 16
Onna2 Okinawa 26.50093 | 127.8409 | 2023/06/15 15
Hentona plots* Okinawa 26.75058 | 128.1848 | 2023/08/12 2

Tomori Amami 28.46129 | 129.7186 | 2023/07/08 15
Saneku Amami 28.19227 | 129.1905 | 2023/07/09 15
Ankyaba Amami 28.11133 | 129.3473 | 2023/07/09 16
Sani Amami 28.51297 | 129.667 | 2023/07/10 15
Shitoko Yakushima | 30.44893 | 130.5214 | 2023/07/11 16
Yudomari Yakushima | 30.23356 | 130.4736 | 2023/07/12 15
Owase Sata 31.03699 | 130.6757 | 2023/07/14 |2

Tajiri Sata 31.00671 | 130.6765 | 2023/07/14 | 14
Amaji2 Kochi 32.80153 | 132.63 2023/07/18 15
Amajil Kochi 32.81577 | 132.6438 | 2023/07/18 | 15
Himeshima Kochi 32.74289 | 132.4923 | 2023/07/19 12
Torinokubi Kochi 32.75311 | 132.5493 | 2023/07/19 12
Kashiwajima plots* | Kochi 32.77418 | 132.6244 | 2023/08/24 1
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Nishidomari plots* | Kochi 32.77917 | 132.7327 | 2023/08/22 11
Nahari Kochi 33.41154 | 134.0309 | 2023/07/21 1
Kushimoto Wakayama | 33.47938 | 135.7461 | 2023/07/24 21

Table C-2. Pocillopora PCR reagents and volumes used per sample, and PCR

conditions following (Flot et al., 2008).

Reagent Volume (ul) Stages Temperature Time

(°C) (minute:
second)

HotStarTaq 10 1 94 1:00

master mix

FATP6.1 1 2 (40 94 0:30

cycles)

RORF 1 53 0:30

CoralLoad 2 72 1:15

H20 5 3 72 5:00

Genomic DNA |1

Total volume 20

Table C-3. Symbiodiniaceae PCR reagents (* indicates items that are part of the

TaKaRa Ex Taq® Hot Start kit) and volumes used per sample and PCR

conditions used, adapted from Hume et al. (2018).

Reagent

Volume (ul)

Stages

Temperature
(°C)

Time
(minute:

second)
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10x ExTaq 2 1 98 2:00
buffer*

dNTP mixture* 1.6 2 (35 cycles) | 98 0:10
SYM_VAR _5.852 [ 1.2 56 0:30
SYM_VAR_REV | 1.2 72 0:30
ExTaq HS* 0.2 3 72 7:00
H20 12.8

Genomic DNA 1

Total volume

20
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Figure C-1. Phylogenetic tree showing the relationship between selected known
haplotypes (Gélin et al., 2017). Large, dark brown fonts indicate haplotypes that
were found in this work, followed by the number of corals in brackets found to be
in that haplotype. Coloured fonts mark previously unrecorded
sequences/haplotypes found in this study, showing the sample number and the
location. ‘a’ was found in three samples, ‘b’ in five, ‘C’ in two; while ‘unknown 1’

and ‘unknown 2’ are singletons

Table C-4. ORF haplotypes found in this study and the associated PSH, SSH and
possible morphotypes according to Table 3 of Gélin et al. (2017).

ORF | PSH | SSH | Possible morphotypes according to SSH
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09 4 4 damicornis

18 5 5a-d | acuta, brevicornis, eydouxi, verrucosa

23 6 6 damicornis, verrucosa, elegans, meandrina

27 9 9a-c | eydouxi, meandrina, woodjonesi, verrucosa, molokensis,
damicornis, zelli

43 13 13a | verrucosa, damicornis, meandrina, eydouxi, molokensis,
kelleheri, zelli

46 13 13b | verrucosa, damicornis, eydouxi, meandrina, molokensis,
kelleheri

47 13 13c | verrucosa, kelleheri, damicornis, meandrina

52 15 15 damicornis

53 16 16 verrucosa, damicornis, kelleheri, lingulata, meandrina

54

Table C-5. Parameter estimates, p value and confidence interval of the ordinal

logistical regression (model <- polr(rank ~ PC1+PC2)), where PC1 and PC2

scores are predictor variables, and ‘rank’ (the different number of haplotypes) is

the response variable. All values are rounded to three significant figures.

Cl (2.5%,
Value Std. Error | t value p value 97.5%)
0.890,
PC1 1.61 0.440 3.66 <0.001 2.65
-0.150,
PC2 0.409 0.288 1.42 0.156 0.997
1|2 -1.06 0.804 -1.32 0.188

XCV



2|4 0.213 0.711 0.300 0.764
4|5 0.692 0.706 0.980 0.327
5|6 2.162 0.753 2.872 0.004
6|7 3.362 0.862 3.899 <0.001
7|8 5.826 1.438 4.052 <0.001
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Table C-6. Defining Intragenomic Variants (DIVs) that make up symbiont ITS2 type profiles, ordered from high to low abundance. The total

number of samples included are 325. Note that sample P26 fed into both type 88 and 92.

ITS2 type 85 89 94 86 96 88 90 95 91 84 87 92 93
profile UID
Clade C C C C C C C C C C C C D
ITS2 type Clbi/ | 6597- |6597- | C42a- | Clbi- | Cld/C | C42u/ | C42a- | Clag/ | 25378 | C42a- | Clbb |D1
profile Cld- |6601- |6601- |C42.2-|Cl1- 1- C42a- | C1- C42.2- | _CIC1 | C1-
C1- 8157- | C42.2- | C1- 10319 | C42.2- | C1- C42.2- | C1- c- C42.2-
C42.2- | 8156- |8157- | Clb- |- C3cg- | C42.2 | C42b- | C3cg | C42.2- | Clb-
C3cg- | C42.2 | C1- Clau |C42.2- | Clb Cib- C1- 8236
C3cw- 8181 10334 8149 4390 _
Cilb C-
6682_
C
Majority Clbi/ | noNa |noNa |C42a |Cilbi Cl1d/C | C42u/ | C42a |Clag/ |noNa |C42a |Clbb |D1
ITS2 cid me me 1 C42a C42.2 | me/C1
sequence c

XCVII



Associated None None None None None S. None None None None None None S.

species gorea glynnii
ui

ITS2 profile 115 64 48 23 19 15 11 11 9 5 4 1 1

abundance

local
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