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Abstract

Climate change is exposing coral reefs worldwide to increasingly recurrent
disturbances. However, with current knowledge of coral population dynamics focused
on long-term (i.e., asymptotic) characteristics, our capacity to forecast the resilience
of coral communities, specifically, their resistance and recovery following
disturbances, is restricted. Recurrent disturbances ensure that populations never
achieve a stable equilibrium and will thus never attain their asymptotic trajectories.
Instead, it is imperative that we quantify the performance of coral populations within
non-stationary environments using their transient (i.e., short-term) dynamics, and
evaluate the determinants of variation across these transient dynamics as conditions
change. Here, | utilise state-structured demographic approaches and transient
demographic theory to explore the association between abiotic variation and measures
of demographic resilience. | illustrate how patterns in demographic resilience across
animal and plant populations do not correlate with gradients in their exposure to
abiotic variability, and thus recent experience of variable environments does not
guarantee resilience to future climate variability. Next, | explore these insights in the
context of resistance and recovery in coral populations to enhance understanding of
coral community resilience. Using an Integral Projection Model framework, I show
how, despite enduring more variable seasonal climates, subtropical coral communities
remain vulnerable to future recurrent thermal stress. | also demonstrate how spatial
variation in the transient dynamics of acroporid coral populations in southern Japan
underpins the establishment of populations at higher latitudes. Finally, to further
explore the mechanisms facilitating the establishment of subtropical coral
populations, | evaluate spatial patterns in the impact of environmental variability on
the long-term performance and transient dynamics of coral populations across coral
taxa. Overall, this research represents a crucial step in quantifying the transient
dynamics of coral populations, an approach which requires greater commitment if we
are to anticipate the future resilience, viability, and condition of global coral

communities.
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Introduction

Disturbances are a natural part of all ecological systems and, by influencing resource
availability and the structural composition of natural populations, play a fundamental
role in the assembly of biological communities (Connell 1978; Pickett & White 1985;
Turner 2010). However, climate change and human activity are exposing ecosystems
worldwide to historically novel variability, changing the frequency, intensity and
severity of local disturbance regimes (Turner 2010; Thornton et al. 2014). Across
terrestrial and marine environments localised warming is increasing the frequency of
heat stress events, droughts, and heavy rainfall, whilst processes such as urbanisation,
deforestation and overfishing diminish resource and habitat availability (Easterling et
al. 2000a; Wilson et al. 2008; Hughes et al. 2018a). Subsequently, the future
management of global biodiversity requires assessments into the performance and
viability of natural populations that consider their tolerance and responses to repeated
disturbances (Park 2019).

Alongside tropical rainforests, coral reefs represent a posterchild for the
impacts of climate change and anthropogenic pressure on the functioning of natural
ecosystems and the economies they uphold (Franca et al. 2020). Despite covering less
than 300,000 km (0.1%) of the Earth’s surface, coral reefs sustain a substantial
proportion of marine biodiversity, and carry considerable economic value (Costanza
& Folke 1997; Spalding et al. 2001; Cinner 2014). Valued at US$ 375 billion per
annum, coral reef ecosystems provide employment and subsistence opportunities for
coral reef fishers (Teh et al. 2013), and reduce coastal flooding and storm damage
(Ferrario et al. 2014); a provision which, in the US alone, is estimated to prevent US$
1.8 billion worth of damage each year (Reguero et al. 2021). Equally, coral reefs
support a large and rapidly expanding tourism industry providing further employment
opportunities and helping to redistribute global wealth (Spalding et al. 2017). Indeed,
coral reefs directly sustain the nutritional, economic, and cultural needs of more than
500 million people globally (Moberg & Folke 1999; Hoegh-Guldberg et al. 2019).
However, despite their economic and intrinsic importance, or perhaps because of it,
the ongoing vulnerability of coral reef ecosystems cannot be overstated, with coral
ecosystems worldwide threatened by human exploitation and changing climate
regimes (Riegl et al. 2009; Bruno & Valdivia 2016).
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Historical evidence illustrates a long association between human activity and
declines in global coral coverage (Pandolfi et al. 2003). However, the rate and extent
of coral reef degradation has accelerated in recent decades, such that pristine examples
of coral reef habitat no longer exist (Hughes et al. 2003, 2010). Coral communities
are susceptible to a range of natural and human-induced disturbances including storm
damage, zoonotic disease, sedimentation, and overfishing (Nystrém et al. 2000). Yet,
by far the greatest threat to the persistence of coral reef environments is the increase
in ocean temperatures driven by global climate change (Hoegh-Guldberg et al. 2007).
Coral bleaching, arising from a breakdown in the relationship between corals and their
zooxanthellae algal symbionts following thermal stress, is rapidly becoming an
increasingly common phenomenon (Hoegh-Guldberg 2011). Following initial
observations of large-scale bleaching in the 1980’s, recurrent thermal stress events
have increased in both frequency and severity resulting in mass coral mortality events
and the restructuring of global reef ecosystems (Hoegh-Guldberg et al. 2007; Hughes
et al. 2018a, b; Sully et al. 2019). This warming of shallow ocean waters is expected
to exacerbate existing stressors and to soon exceed the thermal tolerances of many
coral species, rendering many tropical regions inhospitable (Hoegh-Guldberg et al.
2007; Descombes et al. 2015). Already, 36% of the worlds reefs are considered in a
critical state or beyond their threshold for recovery, with the most impacted reefs
having experienced an 80-90% decline in coral cover since the late 1970s (Gardner et
al. 2003; C6té et al. 2005; Wilkinson 2008).

Corresponding with this bleak outlook for global coral reefs, there have been
numerous calls for an increased commitment towards evaluating and predicting the
resilience of coral communities (Hughes et al. 2010; Pandolfi et al. 2011; Lam et al.
2020). Climate change is challenging ecologists to develop frameworks to forecast
where and how environmental change will impact species, populations, and
ecosystems (Wolkovich et al. 2014). Predicting the dynamics of biological systems
exposed to changing environments is fundamental for anticipating their vulnerability,
and designing effective conservation strategies (Petchey et al. 2015). To forecast the
future condition and dynamics of coral communities, we require an understanding of
the mechanisms driving the varied responses of coral populations to environmental
stressors (Hughes et al. 2010; Pandolfi et al. 2011). However, many reef monitoring

programs, and assessments into the response of coral communities following
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disturbance, typically rely on correlative assessments of coral cover (see Selig &
Bruno 2010; Ateweberhan et al. 2011; De’Ath et al. 2012; Johns et al. 2014), therefore
masking the true implications of environmental change (Edmunds et al. 2014; Madin
& Madin 2015). Consequently, our limited knowledge of the mechanisms
underpinning the resilience, or lack of it, in global coral assemblages has restricted
our capacity for recognising and preventing the collapse of many coral reef

ecosystems (Bellwood et al. 2004).

1.1. Expanding the toolbox of coral reef science.

The work presented in the following section comprises a jointly authored research
perspective currently under development for publication in Coral Reefs and is available as a
preprint article on BioRxiv at https://doi.org/10.1101/2021.04.08.438926.

Coral populations are sensitive to a range of biotic and abiotic pressures (Riegl 2020),
many of which will be exacerbated by future climatic change and human exploitation
(Wolff et al. 2018; Riegl & Glynn 2020). The future resilience of coral populations
subsequently comprises their capacity for enduring, and recovering from, this
increased disturbance (Holling 1973). Accordingly, a resilience-orientated focus is
becoming commonplace in reef management (Mcleod et al. 2019; McLeod et al.
2021), although this requires the ability for anticipating the responses of coral
populations to varying biotic and abiotic regimes (Lam et al. 2020). Appropriately,
state-structured demographic models are being increasingly utilised for quantifying
the mechanisms supporting or preventing the persistence and revival of disturbed coral
communities (e.g. Kayal et al. 2018; Cant et al. 2021). Indeed, understanding how
patterns in the survival, size, and reproduction of individual colonies influences
population-level characteristics is paramount for effectively managing conservation
resources (Riegl et al. 2018; Pisapia et al. 2020). However, the contemporary
application of state-structured demographic approaches to ascertain the viability of

coral populations does not reflect our need to evaluate their resilience.

Structured population approaches examine how variation at the level of
individuals translates to population-level attributes (Caswell 2001). The state of
individuals (typically their size, age, or developmental stage [Caswell 2001])
arbitrates their survival and reproduction, which in turn shape the responses of their

populations to local biotic and abiotic conditions (Benton et al. 2006). Within natural
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populations, the diversity of individual-level characteristics can be expressed through
the state-structured vital rates of survival, progression (growth & development),
retrogression (shrinkage [Salguero-Gémez and Casper 2010] & rejuvenation
[Salguero-Gomez et al. 2013]), and reproduction (Metcalf & Pavard 2007). Patterns
across these vital rates, and their response to changing population structures,
subsequently underpin the characteristics of populations and define their capacity for
tolerating various environments (Boyce et al. 2006; Ehrlén et al. 2016). Equally,
combined with an explicit consideration for the interaction between multiple
populations, structured population analyses also facilitate the exploration of
community recovery (Kayal et al. 2018) and coexistence (Adler et al. 2010).
Evaluating the vital rates and structure of numerous populations, and their association
with abiotic regimes, has thus proven instrumental in calculating the extinction risk of
highly threatened populations (Mace et al. 2008), and the management, and
conservation of natural communities (Morris & Doak 2002; Jongejans et al. 2008).

With many coral communities facing imminent reassembly and population
collapse, the demand for an improved understanding of coral population dynamics has
never been greater (Edmunds & Riegl 2020). Although limited, the application of
demographic theory within coral research is not a novel concept (Edmunds et al.
2014). Veritably, there is a growing appreciation for how the size structure of coral
populations influences their dynamics and endurance, with recent appeals for
demographic approaches to be concentrated towards gauging the resilience of coral
communities (Dietzel et al. 2020; Pisapia et al. 2020; Cant et al. 2021; Lachs et al.
2021). However, prevailing knowledge of coral population dynamics centres around
isolated patterns in colony survival, changes in size, or recruitment, and long-term
(asymptotic) population characteristics. Quantifying the asymptotic characteristics of
various populations presents a valuable comparative tool for exploring abiotic
tolerances (Beissinger & Westphal 1998). Yet, to achieve their asymptotic dynamics,
populations typically require stable conditions, which seldom occur naturally, and are
becoming increasingly unlikely given current climate projections (Hastings et al.
2018; Francis et al. 2021). Consequently, a focus towards exploring the asymptotic
characteristics of populations limits our appreciation of their dynamics within natural
environments (Ezard et al. 2010), and will inhibit our capacity to accurately predict

the future condition of global coral assemblages.



19

Cyclic abiotic and biotic disturbances (e.g. seasonality in temperature or
resource availability) ensure that natural environments rarely exist at a stable
equilibrium (Williams et al. 2011). The perpetual instability generated by regular
disturbances ensures that natural populations rarely attain their asymptotic trajectories
(Hastings 2001; Hastings et al. 2018). Instead, the short-term or transient
characteristics of populations, which reflect their dynamics within non-equilibrate
environments, play a fundamental role in the assembly of biological communities
(Hastings 2004). With the transient dynamics of populations defining their
performance following disturbance, these characteristics also represent quantifiable
measures of population resilience (Capdevila et al. 2020). Globally, coral
communities are being exposed to increasingly recurrent disturbance events (Hughes
et al. 2018a), with various species shifting their distributions poleward or establishing
populations within marginal habitats (Beger et al. 2014; Camp et al. 2018; Vergés et
al. 2019). Here, we discuss why enhancing our capacity for anticipating the future
resilience of coral communities requires an understanding of the transient dynamics

in their constituent populations.
1.1.1. Transient versus asymptotic population dynamics.

Population dynamics characterise and define the trajectories of populations according
to the individual-level allocation of resources towards survival, changes in size (or the
state of interest), and reproduction (Box 1). Any population can be structured
according to the distribution of its individuals across some state variable, be that age,
size, developmental stage, or a combination. The transition of individuals across state
classes is, in turn, mediated by selection gradients that emerge from the state-specific
patterns of survival and reproduction (Groenendael et al. 1988; van Tienderen 2000).
In state-structured demography, patterns across these multiple vital rates can
subsequently be condensed into a population projection matrix (A), with each matrix
element (aij) expressing the expected transition of individuals into state class i from
state class j during the time interval t to t+1, or the per-capita a/sexual contributions
of state j individuals into state class i during that same interval (Caswell 2001). This
population matrix can then be used to project the size of a population (N, number of

individuals) over time, using the change in its state structure (n):

Nep1 = Xy = X An,. (1.1)
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Within a stable environment, the state structure of a population is expected to
converge towards an equilibrium state (Caswell 2001). At equilibrium, the size of a
population is then expected to change at a constant rate over time, termed its
asymptotic population growth rate (1, Caswell 2001). The value of 4, for any state-
structured population, is equal to the dominant eigenvalue of its corresponding
population matrix A. Estimates of 1 represent the proportional change in the size of
populations over time and exist on a non-negative scale reflecting population growth
(4> 1), decline (1 < 1), or stasis (1 = 1).

Box 1: Scaling from individuals to communities.

Following individual corals over time facilitates the calculation of vital rate patterns
relating to colony survival, size, and reproduction, and how they govern the
characteristics of populations and their wider community interactions (Fig. I). As
corals mature and grow, they experience changes in their resource demands, with
the capacity of corals for continually meeting these changing demands subsequently
influencing their ability to maintain their somatic condition and tolerate local biotic
and abiotic stressors (Hughes 1984). The repeated survey of individual colonies
allows for documenting how the size of individuals regulates their survival,
development, and reproductive contribution over time, and how this is shaped by
changing environmental conditions. Condensing these temporal observations from
across multiple tagged colonies then allows population ecologists to explore how
individual-level vital rates underpin the dynamics of populations.

Crucially, state-structured demographic approaches enable the
quantification of the relationship between abiotic conditions and population-level
characteristics. Such an understanding is necessary if ecologists are to accurately
predict the impact of recurrent disturbances and simulate populations under varying
climate scenarios. Similarly, by understanding interactions across the dynamics of
various co-occurring populations, and their differential responses to changing
conditions, ecologists can better understand the mechanisms driving coexistence
(Adler et al. 2010), and predict the transition of coral communities amidst changing
climatic conditions (Hughes 1996; Kayal et al. 2018; Cant et al. 2021). Indeed,

although more time consuming, demographic approaches transcend the correlative
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techniques previously used for evaluating the viability of coral populations and

communities, and for predicting their resilience to future climatic stressors
(Edmunds et al. 2014; Edmunds & Riegl 2020).

Individuals

Populations

Size (y)

1. Survival (s,)
2. Growth (g,, )
3. Shrinkage (iy, x)

4. Reproduction (f,)

1'51 1'52 1'53
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o
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o
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Figure 1. Records of survival, size, and reproductive output, collected from

tagged coral colonies over time, can be used to enhance predictions of population

trajectories and community reassembly under future climate scenarios. Here,

subscript notation is used to reflect how the changing state of individuals

corresponds with changes in individual-level characteristics. In this schematic the

state of individuals refers to colony size and thus the growth (g) of individuals

between size x and y is expressed as gyx.
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Crucially, though, with populations rarely exposed to stable conditions or
equilibria, deterministic estimates of 1 are unlikely to represent a true reflection of a
population’s trajectory (Boyce 1992; Beissinger & Westphal 1998). To achieve their
asymptotic growth rate populations require a stable population structure, at which
their vital rate patterns will maintain a consistent distribution of individuals across
state classes over time (Caswell 2001). Yet, for their stable structure to manifest,
populations typically require time in a constant environment to allow the state
distribution of individuals to convergence towards equilibrium, without displacement
by local disturbances (Fig 1.1; Bierzychudek 1999). Additionally, the vital rate
patterns used in constructing population projection matrices are themselves not
consistent, and contingent on the environmental conditions in which they are observed
(Benton & Grant 1996; Boyce et al. 2006). Equally, as populations change in size
their dynamics are subject to density—dependant processes that regulate their
trajectories within shared environments (Engen et al. 1998; Lande et al. 2003). Thus
the dynamics of populations can be expected to vary over time as environmental

conditions change (Tuljapurkar & Orzack 1980; Tuljapurkar 1989).

Unstable structure

Population
growth rate

Time

Figure 1.1. At stationary equilibrium, populations are expected to change size at a

constant rate, termed their asymptotic growth rate (A). However, to display
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asymptotic characteristics, populations need a stable state structure and so require
time at equilibrium to enable the development of this stable structure. In the absence
of a stable state structure, populations will display varying growth rates as they
converge towards asymptotic expectations, even within equilibrate environments.
Note that, although in this schematic the populations growth rate is increasing

towards its asymptotic trajectory, estimates of A can also reflect asymptotic decline.

Recurrent perturbations prevent populations from acquiring, or preserving, a
stable state structure (Bierzychudek 1999; Williams et al. 2011). Instead,
environments persist within a non-equilibrate condition maintaining populations
within a transient state during which their trajectories can radically differ from
asymptotic expectations (Stott et al. 2010, 2011; Hastings et al. 2018). Accordingly,
anticipating the future condition and endurance of populations requires an awareness
for their transient characteristics (Box 2; Ezard et al. 2010). Moreover, with the
transient characteristics of populations reflecting their response to disturbance and
instability, they represent quantifiable measures of population resilience (Capdevila
et al. 2020). Transient shifts in the state structure of populations can elevate
(amplification) or diminish (attenuation) their growth rates relative to asymptotic
projections (Townley et al. 2007). Equally, for populations existing in a transient state,
there is a natural tendency for their state structure to converge towards a stable
structure (Caswell 2001). Intuitively, with population resilience comprised of the
attributes of resistance (the ability to withstand disturbances), compensation (the
ability to benefit from disturbances) and recovery (the speed and ability to reattain
stability), the transient characteristics of populations resemble these features of

resilience (Hodgson et al. 2015; Capdevila et al. 2020).

Evaluating the transient characteristics of populations, and therefore their
demographic resilience, is possible through the calculation of transient measures
readily accessible from population projection matrices (Box 2; see Stott et al. [2011]
for a detailed review). Briefly, measures of reactivity (p) and first-timestep

attenuation (p) reflect the initial behaviour in a population’s growth rate following a

perturbation, with the damping ratio (p) describing the rate at which a population is

expected to reacquire a stable state structure (Caswell 2001; Stott et al. 2011).
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Box 2: Measuring transient population characteristics.

Within natural environments, abiotic and biotic perturbations generate constant
shifts within the state structure of populations ensuring they persist within a
transient state, rather than converging towards equilibrium (Hastings et al. 2018).
Within this transient state, the growth rate of populations can differ dramatically
from their asymptotic trajectories, with populations undergoing amplification
(increases in growth rate) or attenuation (declines in growth rate), which can
subsequently influence the viability of a population in the longer-term (Fig. II).
Accordingly, it is necessary to explore the transient characteristics of populations
to gain insights into their responses to disturbance, and therefore better understand
their resilience (Ezard et al. 2010; Capdevila et al. 2020). Evaluating the transient
dynamics of populations is made possible through the calculation of transient
indices from population projection matrices (Stott et al. 2011). These measures

include population reactivity (p) and first-timestep attenuation (p) which describe

the increase or decline in a populations growth rate within one time interval of a
perturbation, relative to 4 (Stott et al. 2011). Equally, the measures of maximal

amplification (p,,,,) and maximal attenuation (p,q,) can be used to evaluate the

maximum amplification or attenuation expected in the growth rate of populations,
relative to A (Townley et al. 2007; Townley & Hodgson 2008).
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Figure I1. VVarious measures exist for quantifying the transient characteristics of
populations, and how the short-term responses of populations following a

disturbance (*) will modify their trajectories relative to asymptotic expectations.

The damping ratio (p) of a population defines the rate at which at population will
converge back to a stable equilibrium following a perturbation to its stable structure
(Caswell 2001). Finally, upper & lower population inertia (Inertiaupper & Inertiaiower
respectively) can be used to explore the extent to which the transient characteristics
of populations influence their long-term trajectories, also known as a populations
transient envelope (TE) (Koons et al. 2005; Stott et al. 2011).

Alternatively, estimates of maximal amplification (p, . ), maximal attenuation

(BmOLX)’ and population inertia (Inertiax) illustrate the magnitude by which the growth

rate of a population can be expected to fluctuate, and the influence of this short-term
variation on the population’s long-term trajectory (Koons et al. 2005; Townley et al.
2007; Stott et al. 2011). Furthermore, with population projection matrices providing
a link between each transient characteristic and a population’s vital rates, sensitivity
analyses can be applied to evaluate the mechanistic drivers underlying the short-term
characteristics of populations (Stott 2016; Caswell 2019). Overall, transient
demographic approaches present an effective tool for explicitly evaluating the
resilience of natural populations (Capdevila et al. 2020), and have proven instrumental
in our understanding of the establishment of populations within novel and variable
environments (lles et al. 2016; McDonald et al. 2016, 2017; Jelbert et al. 2019).

1.1.2. Coral population dynamics: Current knowledge.

To examine the advancement of state-structured population approaches within coral
research, we conducted a review of the relevant ecological literature. Specifically, we
searched for the term coral* AND demograph* across the titles, abstracts, and
keywords of research literature within the SCOPUS database. We applied our search
across all indexed peer-reviewed journals published between 1960 and 2020,
inclusive. This search initially returned 781 studies, from which we retained all studies
that explicitly measured or quantified state-structured patterns in the survival, size

transitions (including shrinkage via partial mortality or fission), and/or reproduction
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(e.g., fecundity) of coral colonies. We also retained studies measuring larval
settlement rates, as the recruitment of early life stage individuals is a key demographic
aspect within coral communities (Adjeroud et al. 2017). Following this refinement,
we retained a total of 145 studies (~19% of our original search), which we then
categorised according to whether they involved the presentation of (i) asymptotic
dynamics/simulations, (ii) transient characteristics, or (iii) an assessment of vital rate

patterns only.

Following the seminal work of Hughes and Jackson (1980), the application of
state-structured demographic assessments has increased within coral research, with a
particularly rapid growth in popularity since 2007 (Fig. 1.2). However, much of this
research (97%) has focused on either exploring the asymptotic dynamics of coral
populations (34%; 50 studies) or solely evaluating patterns across one or more of the
vital rates of survival, changes in size, or reproduction (63%; 91 studies). Presently,
the majority of knowledge regarding the dynamics of coral populations centres around
their long-term trajectories. Thus, our current understanding regarding the dynamics
of coral populations assumes that these populations will experience the stable

environments necessary for achieving optimum population structures.

A limited amount of previous research has considered the unpredictable nature
of natural environments when evaluating the future trajectories of coral populations.
Our search identified nine studies that either included estimates of stochastic
population growth (4s; Lewontin and Cohen 1969) or explicitly parameterised the
density-dependant regulation of vital rates within their population models (Fig. 1.2;
see Linares et al. 2007; Linares and Doak 2010; Hernandez-Pacheco et al. 2011; Vardi
et al. 2012; Bramanti et al. 2015; Mercado-Molina et al. 2015; Kayal et al. 2018;
Montero-Serra et al. 2019). Estimates of As describe the average periodic change in
the size of a population over a series of successive time intervals (Engen & Saether
1998). As such, this metric of population performance provides a more accurate
consideration of vital rate and environmental variation when evaluating future
population trajectories, compared to deterministic 2. However, with estimates of s
often derived using a series of population sizes estimated over numerous time intervals
or with initial inconsistent estimates of population size omitted, As is still
fundamentally a long-term measure of population viability (Ellner & Rees 2007).

Consequently, this measure still neglects the short-term characteristics of populations,
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Figure 1.2. The cumulative number of studies that explicitly explore the state-
structured demographics of coral populations as identified by our search for the term
coral* AND demograph* across the peer-reviewed literature within the SCOPUS
database. The colour scale differentiates between studies that focus on only
investigating patterns in colony survival, growth, and/or reproduction, and those that
utilised estimates of either deterministic population growth (1), stochastic asymptotic
characteristics (1s), or transient population characteristics, to evaluate the dynamics

of coral populations.

and thus, our capacity to fully anticipate the future dynamics of coral populations

remains restricted.

Whilst state-structured demographic approaches are being adopted within
coral research, our review of the literature demonstrates how prominently the
assumption of stable equilibria dominates our understanding of coral population
dynamics. Subsequently, we lack the understanding necessary for accurately
projecting the future reassembly and persistence of coral communities under
increasingly recurrent disturbance regimes. Only three of the 145 studies in our

literature search calculated measures of the transient characteristics of coral
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populations (Fig. 1.2; see Hughes and Tanner 2000; Linares et al. 2007; Bruno et al.
2011). Alongside asymptotic population characteristics, these studies estimated
population damping ratios to outline the rate at which their focal populations would
converge back to a stable state structure following a perturbation. Yet, the damping
ratio represents a dimensionless, mathematical property of population projection
matrices, and alone is of limited use to population managers seeking to predict the
short term responses of populations to disturbance (Stott et al. 2011). Forecasting the
resilience of coral populations is essential for the future conservation of various reef
communities (Roche et al. 2018; Lam et al. 2020). We have illustrated here, however,
that current approaches used in coral population ecology to evaluate population
growth rates do not constitute measures of population resilience. Our understanding
of coral population dynamics needs to be further expanded in order to meet our need
for quantifying the resilience, and responses, of coral communities to increasingly

frequent disturbances.
1.1.3. Transient dynamics and the resilience of coral communities.

Exploring the transient characteristics of coral populations will enhance our
understanding regarding the future diversity, condition, and resilience, of coral
communities. The frequency of widespread thermal stress events is increasing across
global coral communities, and soon expected to exceed the recovery time required by
most coral species (Hughes et al. 2018a; Sully et al. 2019). Presently, considerable
value is placed on classifying coral species according to their morphological and
functional traits, with the subsequent categorisation of coral taxa offering proxies for
the vulnerability of various coral communities to said recurrent stress events (Darling
etal. 2012, 2019). Quantifying the relative affinities of different coral populations for
demographic recovery presents the opportunity for justifying these assumptions;
helping to distinguish the species and populations most vulnerable and or resilient to

projected recurrent disturbance regimes.

Intuitively, the amplification and attenuation characteristics of populations
simultaneously reflect their stability following a disturbance. However, recognising
the differential attributes of compensation and resistance in different populations is
important for managing the future condition of biological communities (Capdevila et

al. 2020). Assessments of coral communities following repeated disturbances have
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demonstrated divergent shifts in species compositions (Adjeroud et al. 2009; Pratchett
et al. 2011, 2020). With knowledge of the capacity for various coral populations to
undergo demographic amplification or for avoiding demographic attenuation, we can
begin to forecast and anticipate the reassembly of coral communities, thereby
improving the effectiveness of adaptive reef management. Alternatively, a disturbance
does not necessarily imply a negative impact, merely a change to a system (Pickett &
White 1985). Disturbances to the structure of populations can be brought about by the
cessation of a continuous pressure, changes in resource availability, or establishment
within a novel environment. The transient characteristics of populations offer insights
into their invasive potential (lles et al. 2016), with the ability of natural populations
for undergoing demographic compensation underpinning their capacity for exploiting
changes within their local environments (Jelbert et al. 2019). Accordingly,
comprehending and quantifying demographic compensation within coral populations
will aid predicting the winners and losers in reef communities targeted by
conservation initiatives, restoration strategies, or climate induced range shifts.
Assessing coral reef community resilience within such a framework requires an
increased focus on the temporal nature of resilience, a view that would transcend
current approaches of conducting single reef assessments to determine resilience
(Maynard et al. 2015; McLeod et al. 2021).

Complexities in the modelling approaches used to explore the dynamics of
natural populations have resulted in these techniques remaining largely overlooked
within coral research (Edmunds et al. 2014). Indeed, parametrising the demographic
models needed to quantify population characteristics requires considerable amounts
of data (Ellner et al. 2002). Although, despite the data demanding nature of state-
structured demographic models, the collection of the necessary data regarding the
survival, transitions in size, fragmentation, and recruitment, of individual coral
colonies is possible alongside current reef monitoring efforts (Edmunds & Riegl
2020). Furthermore, new techniques for analysing the demographic characteristics of
populations structured by a continuous state variable like size (Integral Projection
Models [IPMs; Easterling et al. 2000]) have reduced the data demands of demographic
assessments (Ramula et al. 2009). As a result, IPM frameworks are growing in
popularity throughout coral research (e.g. Bruno et al. 2011; Madin et al. 2012;
Zychaluk et al. 2012; Elahi et al. 2016; Kayal et al. 2018; Precoda et al. 2018; Scavo
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Lord et al. 2020; Cant et al. 2021; Carlot et al. 2021). Finally, studying the dynamics,
particularly the transient characteristics, of coral populations is made increasingly
accessible by the development of demographic analysis packages such as popdemo
(Stott et al. 2012).

It is not our intention to dismiss previous efforts to evaluate the dynamics of
coral populations using asymptotic characteristics. Changes in individual vital rates
can of course have critical repercussions on the dynamics of populations (e.g. Bellier
et al. 2018), and asymptotic characteristics provide valuable insights for the
management of threatened populations (e.g. Johnson et al. 2010). However, as we
have illustrated here, the asymptotic characteristics of populations do not represent
indicators of population resilience. Here, we advocate for a greater commitment
towards investigating the transient dynamics of coral populations that more accurately
reflect their dynamics within natural environments (Ezard et al. 2010; Stottetal. 2011;
Capdevila et al. 2020). With changing climatic regimes and increased anthropogenic
interference exposing global reef ecosystems to increasingly frequent disturbances
(Hoegh-Guldberg et al. 2017), evaluating the transient dynamics of coral populations,

and their mechanistic drivers, will provide a new effective lens on coral reef resilience.
1.2. Thesis aims and objectives.

The overarching objective of this thesis is to explore patterns in demographic
resilience, with a particular focus on how variation in the dynamics of coral
communities between tropical and subtropical assemblages mediates the
establishment and performance of coral populations at higher latitudes. Forecasting
the response of natural communities to changing climate regimes requires an explicit
understanding for how abiotic drivers regulate the dynamics of their constituent
populations (Merow et al. 2017). Many future climate predictions represent no-
analogue scenarios in comparison to current local climate regimes (Williams et al.
2007). However, investigating the characteristics and dynamics of marginalised
populations that inhabit supposedly suboptimal conditions, can provide vital insights
into the capacity for populations to endure future environmental stress (Rastrick et al.
2018). Accordingly, by exploring the characteristics of subtropical coral populations

and, crucially, how they differ from those of tropical populations, we can begin to
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decipher the mechanisms underpinning coral community persistence (Camp et al.
2018).

More specifically, the research within this thesis aimed to investigate spatial
patterns in the demographic resilience of coral populations, and how these correspond
with trends in abiotic variation. Compared to tropical coral reefs, subtropical coral
communities experience enhanced abiotic variation, cooler seasonal temperatures, and
reduced photosynthetic radiation (Yamano et al. 2012; Sommer et al. 2014, 2017;
Muir et al. 2015). Despite these apparent constraints, subtropical coral communities
continue to thrive and are considered among potential avenues for conserving future
coral biodiversity (Hughes et al. 2010; Beger et al. 2011). State-structured
demographic approaches permit the calculation of various measures of population
performance and resilience (Crone et al. 2011; Capdevila et al. 2020), yet, these
approaches remain neglected within coral research (Edmunds & Riegl 2020).
Adopting state-structured demographic modelling techniques, the research presented
throughout this thesis aims to enhance our capacity to predict the winners and losers
within coral communities following future climate shifts. Subsequently, this work will
help enable us to better forecast changes in coral species compositions and manage

shifting and deteriorating coral communities.

This thesis consists of four research chapters, each building on the previous,
to advance understanding of spatial patterns in demographic resilience, particularly
exploring the association between abiotic variation and demographic resilience and
how this influences the dynamics of coral populations across a tropical-subtropical
gradient (Fig. 1.3). Accordingly, Chapter 1 discusses comparative research into broad
spatial patterns in demographic resilience across a range of taxa and populations.
Using Matrix Population Models (MPMs) extracted from the COMPADRE and
COMADRE databases (Salguero-Gomez et al. 2015, 2016) and the application of
transient demographic theory (Caswell 2001; Stott et al. 2010, 2011), this chapter
investigates the association between exposure to abiotic variability and the capacity
for populations to resist, or recover from, further disturbances. Consequently, this
chapter asks whether past experience of enhanced variability infers a greater capacity
for tolerating future climatic variability. Chapter 2 then presents research quantifying
variation in the response of subtropical coral taxa towards thermal stress and

simulating their future viability using an Integral Projection Model (IPM) framework.
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Investigate spatial variation
in the resilience attributes of

coral populations

Chapter 1

Objective: To explore the
mechanistic drivers of resilience.

How do abiotic and demographic
characteristics influence the
resilience attributes of natural
populations?

Chapter 2
Objective: To quantify variation in
the performance characteristics of
subtropical coral populations
following thermal stress.

How will future recurrent stress
regimes influence the viability of
high latitude coral communities?

Chapter 3
Objective: To investigate variation
between the transient dynamics of
tropical and subtropical Acropora
spp. populations.

How do the transient dynamics of
coral populations mediate their
exploitation of high-latitude
coastlines?

\

Chapter 4

Objective: To investigate if patterns in the
demographic variation between tropical
and subtropical coral populations are
consistent across coral taxa and locations.

Are spatial patterns in the transient
dynamics of coral taxa consistent with
their exposure to increased abiotic
variability?

Figure 1.3. Schematic diagram reflecting the evolution of the research presented in
this thesis. The primary aim of this thesis was to explore how the demographic
performance and resilience of coral communities varies between tropical and
subtropical assemblages. This aim is then divided into four research chapters

focused on developing understanding of transient dynamics and demographic

resilience in coral populations.
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Data regarding the survival, growth, and recruitment patterns of individual colonies
were collected from subtropical corals tagged in the Solitary Islands Marine Park
(SIMP), Australia, both during and after the 2015/16 global bleaching event. These
data were then used to parametrise IPMs investigating how the performance of
different coral populations was affected during the stress event, and the demographic
mechanisms supporting any subsequent recovery. Combined with future temperature
projections, these IPMs were then used to project the dynamics of the different
populations under varying recurrent thermal stress cycles to evaluate their

vulnerability to different forecasted climate scenarios.

Chapter 3 represents a detailed exploration of the transient dynamics of hard
coral populations. Transient demographic theory has been instrumental in our
understanding of invasive populations, revealing the key processes facilitating the
exploitation of non-native environments (lles et al. 2016; Jelbert et al. 2019). Focusing
on Acropora spp. populations in southern Japan, the research presented in Chapter 3
evaluates how variation between the transient dynamics of tropical and subtropical
coral populations mediates the establishment of coral populations at higher latitudes.
Finally, combining data collected across demographic surveys conducted in Japan and
Australia between 2017 and 2019, Chapter 4 evaluates whether the patterns observed
in the transient dynamics of Acropora spp. presented in Chapter 3 are consistent across
coral taxa along tropical and subtropical transitional zones. Consequently, this final
chapter explores the association between the transient dynamics, and therefore
resilience, of coral populations and their exposure to increased abiotic variability, and
how this link can be used to inform the future management of coral reef environments.
This thesis then concludes with a discussion illustrating how this work will help to
enhance our understanding of coral community dynamics, before highlighting key

areas of research that require continued attention.

As climate change and anthropogenic disturbances place natural environments
under increasing pressure, managing the future viability of biological communities
requires an improved understanding of the resilience of various populations towards
repeated disturbances. This notion is particularly true in the context of global coral
reef environments which carry considerable biological and economic value and yet,
without a detailed understanding of resilience in coral communities, many

contemporary reef conservation efforts are likely to prove ineffective (Kleypas et al.
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2021). Consequently, this thesis represents a key step in evaluating the mechanistic
drivers of resilience in coral populations; providing insights into the capacity of coral
populations for enduring climatic variability and thereby enhancing our ability to

forecast the future resilience, viability, and condition of global coral communities.
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Evolutionary processes, not environmental drivers, determine

demographic resilience

2.1. Abstract

Our capacity to forecast the persistence of natural populations despite climatic change
is impeded by our limited understanding for how environmental stochasticity shapes
the resilience of natural populations to disturbances. Here, we explore variation across
different dimensions of resilience in 2,242 populations of 369 terrestrial and aquatic
animal and plant species from diverse climate regimes. We hypothesised that the
mechanisms shaping the ability for populations to resist, recover, and, occasionally,
benefit from disturbances are defined by local environmental regimes. Unexpectedly,
however, recent-past climatic disturbance regimes do not correlate with the short-term
dynamics of natural populations. Instead, our analyses reveal a strong evolutionary
component to population resilience, and the key role played by individual survival and
development patterns in shaping population responses to disturbance. We conclude
that recent exposure to environmental stochasticity does not guarantee the resilience
of populations to the future intensification of abiotic disturbances. Rather, the capacity
for populations to endure future climatic change is determined by their evolutionary

history.

2.2. Introduction

Identifying the determinants of population resilience is of paramount importance in
conservation biology (Standish et al. 2014; Angeler & Allen 2016). Resilience
comprises the capacity for systems to resist and recover from disturbances (Holling
1973), factors that push systems away from their stationary equilibrium. In reality
though, resilience is beset by the often conflicting attributes of stability, exposure,
resistance, persistence, recovery, and robustness (Donohue et al. 2013, 2016; Hodgson
et al. 2015; Ingrisch & Bahn 2018). Complex interactions between the dynamics of
populations and the biotic and abiotic features of their local environments then serve

to further obscure the mechanistic drivers underpinning their resilience attributes
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(Benton et al. 2006; Paniw et al. 2021). Predicting the resilience of ecological systems,
therefore, remains controversial (Standish et al. 2014) and challenging (Kéfi et al.
2019). Yet, with climate change disrupting seasonal abiotic patterns and exposing
populations worldwide to unprecedented environmental stochasticity (Thornton et al.
2014; Paniw et al. 2019; Cordes et al. 2020), forecasting the future performance and
viability of natural populations requires an explicit consideration for the drivers

mediating their resilience to repeated disturbances (Park 2019).

The response of populations following disturbances can be explored through
their short-term (i.e., transient) dynamics (Ezard et al. 2010). In stable environments,
the long-term performance of a population is reflected in its long-term (i.e.,
asymptotic) dynamics (Caswell 2001). Within unstable environments, however,
disturbances regularly perturb the structure of populations, forcing them into a
transient phase during which their dynamics can vary considerably from their stable
asymptotic trajectories (Hastings 2004; Koons et al. 2005; Fig. 2.1). The exact
duration and form of this transient phase depends on the form of disturbance, as well
as a populations’ resilience attributes of recovery and demographic stability. Here,
recovery constitutes the time taken for populations to converge back to a stationary
equilibrium following disturbance, whilst demographic stability encompasses two
further attributes: (1) resistance, the ability to oppose change following a disturbance
by avoiding declines/attenuation in population size, and (2) compensation, the extent
to which a population expands following a disturbance through
increases/amplification in population size (Hodgson et al. 2015; Capdevila et al.
2020b). Quantifying these transient dynamics provides insight into the inherent ability
for populations to be displaced (or not) from their stable state, and the time then
needed for reobtaining an equilibrate structure (Koons et al. 2005; Stott et al. 2011).
Thus, transient dynamics present an ideal framework for evaluating the resilience of
populations to repeated disturbances (Stott et al. 2011; Capdevila et al. 2020b).
Indeed, transient characteristics have recently been found to promote the persistence
of populations within variable, and suboptimal, environments (Ellis & Crone 2013;
McDonald et al. 2016). Yet, for this understanding to inform future resilience-based
management, we require a deeper understanding for the drivers of the transient

responses of populations within stochastic environments (Francis et al. 2021).



51

Recovery
.
A _
A pmax

<

=} - .
- Compensation
N _
E P

5]

—

0 S

. N Al

n A

g

=) P
2 F
= .

= ™ Resistance
8“ (or lack thereof)
=¥
Pmax
—— >

Time

Figure 2.1. Within variable environments the dynamics of populations can vary
considerably from long-term (i.e., asymptotic) expectations. Under stable conditions,
populations display asymptotic growth trajectories whereby the size of a population
changes at a constant rate (4). However, following a disturbance (*), populations
enter a transient state during which their growth rate can change unexpectedly from
asymptotic expectations. The development of transient demographic theory offers
the opportunity for quantifying these short-term dynamics of populations, thus
unlocking the potential for comparative studies exploring patterns in demographic
resilience. Transient increases in population size (compensation) can be evaluated
using metrics of population reactivity (jp; increase in growth size within one time
step following perturbation) and maximal amplification (p,, ,..; maximum increase
in size during transient period). Equally, the magnitude of transient declines in
population size (resistance), can be assessed using the metrics of first-step

attenuation (p; decrease in size within one time step following perturbation) and
maximal attenuation (p,,,4,; Maximum decrease in size during transient period).

Finally, the damping ratio (p; rate of convergence back to stability), and period of

oscillation (y; time between corresponding phases of the largest oscillatory cycle in
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population size) of populations offer insights into their capacity to recover back to a

stable equilibrium.

Climate drivers shape population performance (Compagnoni et al. 2021). It is
logical, therefore, that the current ability of individuals for responding to disturbances
has been shaped by disturbance regimes they have experienced in the past (Boyd et
al. 2016; Walker 2020). Indeed, coral individuals inhabiting coastal lagoons that
experience daily variability in thermal regimes, display fewer symptoms of thermal
shock when exposed to heat stress in comparison with individuals from more stable
environments (Oliver & Palumbi 2011). Natural selection acts upon the inheritable
traits of individuals, imposing selection pressures that, over time, result in
evolutionary change (Lande & Arnold 1983). Thus, exploring patterns in trait
variation can offer insights into how selection pressures define population
characteristics (Horvitz et al. 2018). For instance, it is now well known that
individuals operate under a strong trade-off that regulates investments in survival vs.
reproduction to maximise the long-term performance of their population (Stearns
1989, 1992). Research into these trade-offs has shown how life-history traits (i.e., key
events along the life cycle of an organism such as age at maturity) can be effectively
coordinated along two key axes of variation: the fast-slow continuum (Promislow &
Harvey 1990; Stearns 1992), and the reproductive parity continuum (Gaillard et al.
1989; Salguero-Gdémez et al. 2016b; Riiger et al. 2018). Together, these two continua
reflect how life-history variation is constrained by respective trade-offs between
survival and somatic development (i.e., growth), and semelparous (i.e., one
reproductive episode) and iteroparous (i.e., multiple reproductive cycles) reproductive
schedules (Stearns 1983, 1989, 1992; Gaillard et al. 1989; Salguero-Gomez et al.
2016b; Paniw et al. 2018; Healy et al. 2019).

Within stochastic environments, recurrent disturbances reshape optimum
population characteristics by modifying the existing trade-off profiles between the
fitness components of individuals (Park 2019). The vital rates of survival, progression
(e.g. growth, development), retrogression (e.g. shrinkage [Salguero-Gomez & Casper
2010], rejuvenation [Salguero-Gémez et al. 2013]), and reproduction describe how

fitness trade-offs at the individual-level translate into population characteristics (van
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Tienderen 1995; Metcalf & Pavard 2007). How these vital rates manifest across life
cycles then underpins not only the long-term performance of populations
(Groenendael et al. 1988; Caswell 2001), but also their transient dynamics (Fox &
Gurevitch 2000; Caswell 2001). Subsequently, vital rates provide an explicit link
between individual-level fitness and population characteristics (van Tienderen 2000),
such as their attributes of recovery, resistance, and compensation. Therefore, by
examining the sources of variation in resilience attributes across gradients in
environmental stochasticity, we can investigate the determinants mediating

population resilience.

To evaluate drivers of population resilience, we calculate the resilience
attributes of recovery, resistance, and compensation in 2,242 natural populations,
across 61 animal, 305 plant, and 3 algae species using the COMPADRE (Salguero-
GOmez et al. 2015) and COMADRE (Salguero-Goémez et al. 2016a) databases
(Appendix 1.1 & 1.2; Table S1.1 & Fig. S1.1). We explore how patterns within these
resilience attributes correspond with the relative exposure of populations to
environmental stochasticity across a 50-year period. Specifically, with frequently
perturbed populations often displaced further from their stable state (Hastings et al.
2018), we hypothesise that exposure to a higher frequency in stochastic oscillations
will select for enhanced recovery. By contrast, we anticipate that broader spectra in
environmental conditions will select for transient responses maximising demographic
stability (i.e., resistance and compensation). We also expect that these potential effects
of environmental stochasticity on the resilience attributes of populations will manifest
through the underlying fitness components of their individuals (Metcalf & Pavard
2007). Concurrently, we also apply sensitivity analyses to assess how environmental
stochasticity mediates trade-offs between survival, development, and reproduction to
determine the resilience attributes of populations (van Tienderen 2000). Overall, we
provide a detailed insight into the determinants of population resilience that will

inform predictions into the future continuity of biodiversity.
2.3. Methods

2.3.1. Demographic data extraction & transient indices

To evaluate the selection pressures on the resilience attributes of natural populations,
we extracted Matrix Population Models (MPMs) from the open-source COMPADRE
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Plant Matrix Database (v. 5.0.1; Salguero-Gémez et al. 2015) and COMADRE
Animal Matrix Database (v. 3.0.1; Salguero-Gémez et al. 2016a). MPMs are discrete
time, structured population models where the lifecycle is categorised into discrete
state classes (i.e., age, size, and/or developmental stages [Caswell 2001]). Combined,
COMPADRE and COMADRE contain over 12,000 MPMs from more than 1,100
animal and plant species. However, here we only retained MPMs satisfying the
following six criteria to test our hypotheses: (1) MPMs reflecting the demographic
characteristics of individual populations recorded across a single time period
(individual MPMs). We did, however, select MPMs consisting of demographic
information averaged across multiple populations and/or time periods (mean MPMs),
for populations for which no individual matrices were available (330 populations after
applying the additional criteria below); (2) MPMs based on annual surveys to ensure
all subsequent metrics obtained reflected identical units of time, thus allowing for their
comparability; (3) MPMs representing wild, un-manipulated populations, to guarantee
investigating the selection pressures underpinning the resilience of natural populations
and the possibility to link their dynamics to their local environmental regimes; (4)
MPMs comprised of three or more life stages, as lower dimension MPMs typically
lack the necessary resolution for estimating vital rates (Salguero-Gomez & Plotkin
2010) and transient dynamics (Tenhumberg et al. 2009); (5) MPMs from populations
with known latitude and longitude information to allow us to link their demographic
properties to local environmental regimes; and finally (6) MPMs describing full life
cycles (e.g., no missing data on survival, progression, retrogression, and reproduction)
to ensure the correct calculation of vital rates and transient metrics. Following these
criteria, we retained 3,890 MPMs corresponding with 3,204 populations across 441
plant species, 665 populations across 113 animal species, and 21 populations across

six algae species (Appendix 1.1; Table S1.1).

We further refined our list of MPMs according to their transient, asymptotic,
and species-specific properties. All MPMs were tested for irreducibility (i.e., all life
cycle stages are either directly, or indirectly connected to one another), ergodicity (i.e.,
asymptotic dynamics are independent of the initial population structure), and
primitivity (i.e., MPMs consist of non-negative elements [Caswell 2001]). A total of
1,203 reducible, imprimitive, and/or non-ergodic MPMs were excluded from further

analyses on the basis that they represent untenable life-cycles that defy logical



55

biological processes (Stott et al. 2010). MPMs with population growth rates 1 > 2,
indicating that the population is projected to increase two-fold or more every year,
were also rejected as they represent unlikely realisations of population performance
in our experience. Equally, MPMs from highly migratory (e.g., > 1,000 km) species
were discarded, since their vital rate schedules are unlikely to be mostly shaped by the
environment in which they were measured. We also note here that, across our initial
population sample, the vital rate of clonality (x) was rare, with only 140 populations
across 37 plant species, and two populations from one animal species (Amphimedon
compressa [Mercado-Molina et al. 2011]) explicitly exhibiting this demographic
process. Thus, to focus our analyses on common demographic currencies, we
excluded all populations exhibiting clonality. Overall, our strict selection criteria
resulted in a final sample of 2,242 MPMs, corresponding with 369 species: 402
populations from 61 animal species, 1,830 populations from 305 plant species, and 10

populations from three species of algae (Appendix 1.1; Table S1.1).

For each retained MPM, we calculated six transient metrics quantifying each
population’s potential for demographic recovery (damping ratio, p & period of

oscillation, ), resistance (first-timestep attenuation, p & and maximal attenuation,
pmax), and compensation (reactivity, p & maximal amplification, pmax) following a

disturbance (Capdevila et al. 2020b; Fig. 2.1). Firstly, with estimates of transient
dynamics known to be contingent on the reproductive strategies of populations, it was
necessary to convert all post-reproductive matrices into a pre-reproductive format by
adjusting patterns of reproduction to include a measure of adult survival (Jelbert et al.
2019). All MPMs were then standardised to separate their transient and asymptotic
properties by dividing each matrix element by the MPM’s dominant eigenvalue, 4
(Caswell 2001; Koons et al. 2005). Following standardisation, estimates of the
aforementioned transient metrics were obtained using the R package ‘popdemo’ (Stott
et al. 2012), except the period of oscillation (), which was calculated using the
subdominant eigenvalue (12) of each MPM (Caswell 2001)

_ 2m ch e (1(2)
Y = G Where: 6, = tan (R()lz))' (2.1)

To explore how the fitness components of individuals mediate the selection
gradients placed on demographic resilience by environmental stochasticity, we

calculated the sensitivity of each transient metric towards the vital rates of survival
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(o), progression (y), retrogression (t), and fecundity (¢). For each MPM, we first
estimated all vital rate sensitivities from their element-level constituents. Individual
elements aij within the MPM A typically describe combinations of multiple vital rates
(Franco & Silvertown 2004). Subsequently, calculating the sensitivity of each
transient metric (sx) with respect to underlying vital rates requires the decomposition
of element-level sensitivities into their vital rate components (Franco & Silvertown
2004). Briefly, this decomposition requires the estimation of stage-specific survival
probabilities (o;) for each MPM. These estimates of g; are then used to determine the
proportion of each matrix element aij corresponding with survival (o), progression (y),
retrogression (1), and fecundity (¢; Franco & Silvertown 2004). Accordingly, we
initially calculated the sensitivity of each transient metric at the matrix element-level
(sij). The sensitivities of the damping ratio (p) and period of oscillation (y) were
determined as follows, using the real (R) and imaginary (I) components of the

element-level sensitivity matrices of the dominant (s ;) and subdominant (Sl])

eigenvalues (Caswell 2001),

Spij = |/11 |( [R(SU) + I(Su)]) (2.2)

Spij = 92_|in|z( (sf) - R(SU)) (2.3)

The sensitivities of reactivity, amplification, and attenuation (s; ;) with respect
to element a;; were then estimated as the magnitude of change (&) in each transient

metric (x) following a small change (here 0.01) in a;; (Morris & Doak 2002).

Sy = 68X __ Xperturbed— XOriginal (2 4)
U™ §a;;  gPerturbed_,0riginal '
ij aU l]

The distributions of each transient metric and its corresponding vital rate
sensitivities were checked prior to subsequent regression analyses. Across each
distribution, outliers, defined as values outside the 95% confidence intervals of the
distribution, were omitted. Each distribution was then checked for normality and
transformed if necessary. For each transient metric, power transformations (y*) were
used to achieve approximate normality using the Box-Cox transformation functions
of the R package ‘caret’(Kuhn 2020) to estimate x. The distributions of damping ratio,

period of oscillation, reactivity, and maximal amplification raised negative x values,
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and so their transformations took the form 1/yX. Inverse and log transformations were
also necessary for several of the vital rate sensitivity variables (See Table S1.2 for
further details).

2.3.2. Phylogenetic correction

Evaluating the selection pressures exerted on attributes of demographic resilience
across multiple species requires an explicit consideration for how traits are expected
to covary due to ancestral relationships (Freckleton et al. 2002; Freckleton 2009;
Revell 2010). To account for such relationships in our analyses, we constructed a
population-within-species level phylogenetic tree using taxonomic data extracted
from the Open tree of Life (OTL; Hinchliff et al. 2015; Appendix 1.4). Our approach
here also allowed us to accommodate studies that included multiple, separate
populations for the same species (see below). Firstly, the scientific names of each
species associated with our extracted MPMs were checked against current taxonomy
records using the R package ‘taxize’ (Chamberlain et al. 2020). Next, we extracted
information regarding the taxonomic classification and phylogeny of each species
from the OTL database with the R package ‘rotl’ (Michonneau et al. 2016).
Subsequently, using the ‘ape’ (Paradis & Schliep 2018) and ‘phyrools” packages
(Revell 2012), this phylogenetic information was used to construct a species-level

phylogenetic tree corresponding with the 369 unique species within our MPM list.

Beyond accounting for phylogenetic signals in trait variance-covariance across
our population sample, it was necessary to ensure that our phylogenetic tree reflected
the influence of spatial signals in the development of traits within species. Thus, we
expanded our phylogenetic tree by adding branch tips to incorporate multiple
population entries per species (sensu Freckleton & Jetz 2009), generating a
population-level tree comprising our full sample of 2,242 populations (Appendix 1.4).
Finally, we calculated the branch lengths for our phylogenetic tree using the function
compute.brlen in the R package ‘ape’ (Paradis & Schliep 2018). These branch lengths
were estimated using Grafen’s arbitrary branch lengths (Grafen 1989), assuming a
Brownian motion model with the variance between species directly proportional to
time since divergence (Revell et al. 2008). Importantly, we constrained branch lengths
between populations of the same species to approximately zero (0.0000001) under the

assumption of negligible phylogenetic distance between species replicate populations.
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2.3.3. Quantifying environmental stochasticity

To investigate the role of environmental selection pressures on the compensation,
resistance, and recovery attributes of resilience in natural populations, we used a pPLS
regression exploring the association between transient characteristics and metrics of
environmental stochasticity. We quantified the magnitude and frequency of
environmental variation to which each population was exposed using the GPS location
information extracted with each MPM from COMPADRE & COMADRE (Appendix
1.5). Since temperature and precipitation rates are universal drivers of biological
community assembly across terrestrial environments (Howard et al. 2020), we
selected data describing temporal trends in thermal and precipitation regimes as a
measure of the environmental stochasticity experienced by each population. Crucially,
however, with precipitation not directly influencing marine environments (although
see Haapkyla et al. 2011), we excluded marine populations (29 populations from six
animal species, and 10 populations from three algal species) from this portion of our

analyses.

We quantified environmental variance through the metrics of autocorrelation,
abiotic range, and frequency spectrum using long-term temperature and precipitation
records sourced from the CHELSA climate database (Karger et al. 2017). For each
population, we extracted monthly records of maximum and minimum temperatures
(°C) and mean precipitation rates (kg m?) corresponding with the specific time period
during which the population was surveyed as detailed in COMPADRE and
COMADRE, plus an additional 50 years prior to the onset of censusing to account for
environmental legacy effects (Evers et al. 2021). We condensed maximum and
minimum temperature readings into monthly estimates of mean temperatures and
thermal range. Next, as a gauge of disturbance magnitude (m), we estimated the mean
thermal range experienced by each population across their associated temporal
records. We then arranged our monthly mean temperature and precipitation estimates
into time series depicting the temporal environmental regimes to which each
population was exposed. Using the ‘colorednoise’ package (Pilowsky 2019), we
calculated the autocorrelation of each temperature (ar) and precipitation (ar) time

series as a measure of environmental predictability (Ruokolainen et al. 2009).
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The colour of environmental variation is depicted on a red to blue colour scale,
from lower to higher frequencies, respectively (Ruokolainen et al. 2009). The
frequency spectrum of a time series is expressed by its spectral exponent (), which is
calculated as the negative slope of the linear regression between the log spectral
density and log frequency of the time series (Vasseur & Yodzis 2004). We calculated
the frequency spectrum of each precipitation (fp) and temperature (1) time series as
an indicator of the colour of environmental variation experienced by each population
(Vasseur & Yodzis 2004). The spectral exponent for each time series was estimated

using the spectrum function from the R package ‘stats’ (R Core Team 2019).
2.3.4. Partial Least Squares Regression

We utilised a phylogenetically corrected Partial Least Squares regression (pPLS)
framework to test our hypothesis that the resistance, recovery, and compensatory
attributes of natural populations correspond with gradients in environmental
stochasticity and evaluate how this is mediated by fitness investments. Using a pPLS,
we evaluated the relationship between estimates of transient dynamics, and both
associated environmental stochasticity regimes and their vital rate sensitivities. The
pPLS technique is considered a more powerful comparative tool than other available
multivariate regression methods (Carrascal et al. 2009), as it simultaneously
condenses the variation among numerous predictors whilst maximising the variance
explained among response variables. Subsequently, we investigated the selection
pressures on the compensation, resistance, and recovery attributes of natural
populations, and therefore the capacity for environmental legacies, and vital rate

characteristics, to serve as predictors of resilience attributes.

We first applied a phylogenetically corrected Pearson’s correlation test and
pPLS to analyse the correlation between environmental stochasticity and transient
demographic characteristics. This approach enabled us to test for covariation between
the transient characteristics of populations and gradients in their exposure to
environmental stochasticity. pPLS tests were carried out for each transient measure
with the predictor variable set comprised of our five metrics of environmental
stochasticity. From each test, we then extracted component scores and loadings, which
describe the arrangement of the environmental predictor variables within a

multivariate space. We also obtained the percentage variance (%var) among the
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predictors explained by each regression component and the proportion of variance in
the transient response variable explained by each component (r?) to estimate the
strength of any association between environmental stochasticity and the transient

dynamics of our population sample.

Finally, phylogenetically corrected correlation tests and pPLS analyses were
used to examine for patterns between each transient characteristics and its associated
vital rate sensitivities. Again, test coefficients (r), component scores, loadings, %var,
and r? values were calculated to quantify the influence of the fitness components of
survival, progression, retrogression, and reproduction towards the transient
characteristics of natural populations. All pPLS analyses were conducted using the
‘pls’ R package (Mevik et al. 2019), with modifications included to ensure our
analyses accounted for any evolutionary covariance between the sensitivity patterns
and transient characteristics of different populations (Revell 2009, 2012; Adams &
Felice 2014; Appendix 1.6).

We carried out all pPLS analyses using only complete entries, omitting
populations missing estimates for any one variable. However, to provide further
clarity regarding any patterns we observed between the transient characteristics of
populations and their environmental legacies and vital-rate sensitivities we repeated
each analysis twice. During these repeated tests, we first evaluated whether
considering the life expectancies of populations influenced any observed patterns
(Appendix 1.8). Within a given time period, long-lived species will likely experience
fewer generations than shorter-lived species diminishing the relative impact of
existing selection pressures on their trait characteristics (Robert et al. 2004). Thus, it
was necessary to ensure that the inclusion of long-lived species within our population
sample did not limit our capacity for exploring environmental selection pressures. We
categorised each population within our sample as either long- or short-lived according
to their associated mean life expectancy (ne) calculated from each extracted MPM
using the R package ‘IPMpack’ (Metcalf et al. 2013). Next, we repeated our pPLS
analyses using only ‘short-lived’ populations for which ne < 10 years (n = 1606
populations). This threshold was selected as a balance between maximising the
number of generations experienced by populations during the 50-year time series used

in calculating environmental legacies and maximising our sample size.
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We also repeated our initial analyses with all missing demographic
measurements estimated using phylogenetic imputation (Appendix 1.7). We
calculated the phylogenetic signal (Pagel’s 4 [Pagel 1999]) of each transient and
sensitivity variable using the phylosig function from the ‘phytools’ package (Revell
2012). Pagel’s 4 exists on the scale 0 < 4 > 1, with 0 indicating traits have evolved
independently of phylogeny, and 1 representing a high phylogenetic signal (Pagel
1999). For any variable exhibiting a strong phylogenetic signal (i.e., Pagel’s 1 > 0.65),
we then imputed all missing values assuming a Brownian motion evolutionary model,

before repeating our pPLS analyses.
2.4. Results and Discussion

Frequently, it is assumed that the periodic exposure of systems to disturbance will
promote their resilience towards future disturbances (Boyd et al. 2016; Rivest et al.
2017; Walker 2020). However, we found no evidence that past exposure to
environmental stochasticity predicts population resilience. Using phylogenetically
corrected partial least squares regression, we explored the relationship between the
demographic resilience attributes of natural populations, as defined by their transient
dynamics (Fig. 2.1), and their exposure to environmental stochasticity. Indeed,
variation across measures of the demographic resilience attributes of recovery,
resistance, and compensation does not correspond with patterns in the exposure of
populations to environmental stochasticity during the 50-years prior to demographic
assessment (Fig. 2.2). Accordingly, this finding suggests that contemporary exposure
to varying degrees of environmental stochasticity neither limits nor guarantees the

resilience of populations towards future recurrent disturbances.

Instead, we illustrate how the resilience attributes of the examined natural
populations are determined by selection pressures acting on their long-term
performance. The sensitivities of the transient dynamics across our population sample
to underlying vital rates (e.g., survival, reproduction) reveal that the resilience
attributes of populations are constrained by the relative energetic investments of their
individuals (Fig. 2.3). Estimating the phylogenetic signal within the transient
dynamics of our population sample, we further illustrate how patterns in demographic
resilience, particularly resistance and compensation, are distinctly coordinated by

evolutionary history (Table 2.2). Yet, with attributes of resilience, therefore,
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Figure 2.2. Variation across measures of the demographic resilience attributes of
compensation (blue), resistance (green), and recovery (pink) does not correspond
with patterns in the exposure of populations to environmental stochasticity. Scores
and loadings of a phylogenetically-weighted Partial Least Squares regression
analysis exploring the correlation between patterns in the variation of the six

transient metrics of (A) reactivity (p), (B) maximal amplification (o, . ), (C) first-
step attenuation (p), (D) maximal attenuation (pmay), (E) damping ratio (p), and (F)

period of oscillation (), and the five metrics of environmental stochasticity:
temperature frequency spectrum (f), temperature autocorrelation (ar), thermal
range/magnitude (m), precipitation frequency spectrum (fp), and precipitation
autocorrelation (ar). Colour gradation reflects the relative magnitude of each
transient metric recorded from each population, with darker shades indicating higher
estimates. Associated bar plots are the standardised regression coefficients (b)
highlighting the relative weighting of each abiotic variable in the overall capacity of

each model to explain variation within each transient metric (r?).

developing irrespective of a populations’ recent exposure to environmental variability,
these characteristics of resilience may undermine the capacity for many populations

to endure future increases in environmental stochasticity.
2.4.1. Limited environmental regulation of demographic resilience

None of our measures of environmental stochasticity consistently predicted patterns
across population resilience (Fig. 2.2), a finding that was insensitive to phylogenetic
imputation (Fig. S1.4), and population longevity (Fig. S1.6). We used six transient
metrics to quantify the attributes of compensation (reactivity, p & maximal

amplification, p_ ), resistance (first-step attenuation, p & maximal attenuation,
Pmax), @nd recovery (damping ratio, p & period of oscillation, ) in populations

following disturbance (Caswell 2001; Stott et al. 2011; Capdevila et al. 2020b; Fig.
2.1). Next, we calculated the exposure of populations to environmental stochasticity
using measures of mean thermal range [m], and the spectral frequency and
autocorrelation of temperature [fr & ar] and precipitation [fr & ar] regimes during

the 50 years preceding each study. To evaluate the selection pressures placed on the
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resilience attributes of populations by environmental stochasticity, we then performed
a pPLS exploring the coordination between our demographic and abiotic variables.
Overall, we report little association between the six transient metrics and our measures
of environmental stochasticity (r?> <0.001; Fig. 2.2). This limited association between
demographic resilience and environmental stochasticity is further reflected in a
phylogenetically corrected Pearson’s test of correlation between each transient metric
and estimates of the frequency and magnitude of environmental stochasticity (|r| <
0.015; Table 2.1).

Table 2.1. Patterns across the resilience attributes of compensation (blue), resistance
(green), and recovery (pink) of natural populations do not correlate with their
relative exposure to environmental stochasticity. Using a phylogenetically-corrected
Pearson’s test of correlation, we explored the association between transient metrics
of demographic compensation (reactivity, p & maximal amplification, pmax),

resistance (first-timestep attenuation, p & and maximal attenuation, pmax), and

recovery (damping ratio, p & period of oscillation, y) and five metrics of
environmental stochasticity: temperature frequency spectrum (), temperature
autocorrelation (ar), thermal range (m), precipitation frequency spectrum (fr), and
precipitation autocorrelation (ar). Correlation displayed using Pearson’s correlation

coefficient (r).

Transient Pr ar m Pp ap
metric

Our findings, here, warn that past exposure to environmental stochasticity does
not ensure the continued resilience of populations to increasingly frequent
disturbances. Increased exposure to disturbances can filter out vulnerable individuals,
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Figure 2.3. The resilience attributes of compensation (blue), resistance (green), and
recovery (pink) in natural populations are determined by the relative energetic
investments of their individuals. Scores and loadings of a phylogenetically weighted
Partial Least Squares regression analysis exploring the sensitivity patterns of the six

transient metrics of (A) reactivity (p), (B) maximal amplification (p,, . ), (C) first-
step attenuation (B)’ (D) maximal attenuation (Bmax)v (E) damping ratio (p), and (F)

period of oscillation (), towards the vital rates of survival (), progression (y),
retrogression (z), and reproduction (¢). Colour gradation reflects the magnitude of
each transient metric estimated for each population, with darker shades indicating

higher estimates. Associated bar plots are the standardised regression coefficients (b)
highlighting the relative weighting of each vital rate in the overall capacity of each

model to explain variation within each transient metric (r?).

thereby cultivating populations capable of successfully navigating further
disturbances (Betts et al. 2019). Populations and ecosystems in variable environments,
or those having overcome past extreme disturbance events, are often regarded as
refuges and considered more resilient to future climatic stress (Camp et al. 2018;
Darling & C6té 2018). Simultaneously, however, frequent and repeated disturbances
can quickly exceed the recovery potential of populations, diminishing their resilience
over time and pushing them towards ecological tipping points (Oliveras & Malhi
2016; van de Leemput et al. 2018). These contradictory observations of the localised
influence of stochasticity regimes on the resilience of populations agree with our
broader findings that local environmental stochasticity does not directly influence

population resilience.

Caution is necessary when interpreting our findings regarding the selection
pressures maintained by environmental stochasticity. Our exploration into the
environmental drivers of demographic resilience focuses only on terrestrial
populations. Marine species typically inhabit conditions close to their physiological
limits, making them sensitive to abiotic shifts (Paniw et al. 2018; Blowes et al. 2019).
Conversely, physiological adaptations such as thermoregulation, and the ability to

seek out tolerable microclimates, affords terrestrial populations with broader abiotic
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margins thus reducing their susceptibility to environmental stochasticity (Blowes et
al. 2019). More crucially, however, quantifying abiotic exposure is contingent on the

time-scale under consideration, with shorter timeseries providing lower resolution

(Gilljam et al. 2019).

Table 2.2. A strong phylogenetic signal exists across the resilience attributes
of compensation (blue), resistance (green), and recovery (pink) in natural
populations. However, whilst a strong signal is also evident across the vital rate
sensitivities of measures of compensation and resistance, there is a negligible signal
across the vital rate sensitivities of measures of demographic recovery. To quantify
the strength of statistical non-independence in the resilience attributes of natural
populations due to common ancestry, we estimated the phylogenetic signal (Pagel’s
285) across our transient metrics of demographic compensation (reactivity, p &

maximal amplification, pmax), resistance (first-timestep attenuation, p & and maximal
attenuation, pmax), and recovery (damping ratio, p & period of oscillation, y), as well

as their sensitivities to the vital rates of survival (), progression (y), retrogression
(7), and reproduction (¢). Pagel’s A% ranges between 0, indicating that traits have
evolved independently of phylogeny, and 1, representing a high phylogenetic signal.
Colour gradation highlights the relative strength of the phylogenetic signal across
each transient metric and its vital rate sensitivities, with darker shades representing

stronger signals.

Transient Vital rate sensitivities

metric

0.003  <0.001  0.005 <0.001
<0.001  0.179  <0.001 <0.001

Using abiotic records covering the 50 years prior to demographic census, we

illustrate how recent-past exposure to environmental stochasticity does not predict
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demographic resilience. Yet, it is entirely plausible that deeper-time environmental
stochasticity regimes offer greater predictive potential. Whilst environmental
stochasticity is known to influence population dynamics (Lande et al. 2003), its
observable effects on population characteristics can remain negligible until
compounded by external factors such as changing habitat configurations (Fraterrigo
et al. 2009). Any direct impacts of stochasticity on the resilience attributes of natural
populations may, therefore, become detectable overtime. Accordingly, our
appreciation for the abiotic determinants of resilience would likely benefit from an
understanding for the historical climate legacies of populations, although sourcing
climatic records at the necessary temporal and spatial resolution presents a
considerable challenge (Kwiatkowski et al. 2014; Dixon et al. 2021). Meanwhile, the
challenges associated with evaluating the historical climate legacies of populations
ensure that the susceptibility of species to future climatic change is often inferred from
their contemporary abiotic exposure (Foden et al. 2019). Thus, it is still worthwhile
to highlight the limitations for using the recent exposure of populations to

environmental stochasticity in predicting their resilience to future climatic change.
2.4.2. Indirect selection and population resilience

The responses of populations towards climatic drivers are often the consequence of
covariation across numerous demographic properties compelled by interactions
between biotic and abiotic drivers (Benton et al. 2006; Urban et al. 2016). To
investigate how investment patterns across the fitness components of individuals
underpin the resilience of their populations, we calculated the sensitivities of our six
transient metrics towards each of the vital rates of survival (o), progression (y),
retrogression (t), and fecundity (). These vital rate sensitivities reflect how much
each transient metric changes following an infinitesimally small change in each vital
rate (de Kroon et al. 1986, 2000; Caswell 2001). Thus, these sensitivities highlight
how investments into any one vital rate influences a populations’ capacity to
compensate, resist, or recover following disturbances, providing a measure of the
absolute importance of each vital rate in shaping demographic resilience. We focused
on sensitivities here, rather than elasticities (proportional sensitivities (de Kroon et al.
2000)), as they provide a closer representation of selection gradients (van Tienderen
2000).
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Overall, selection gradients across the fitness investments of individuals
display greater predictive capacity for the resilience attributes of populations than
environmental stochasticity, particularly compensation and resistance (Fig. 2.3).
Crucially, these findings are insensitive to phylogenetic imputation (Appendix 1.7;
Fig. S1.5), and correspond with a strong phylogenetic signal (i.e., Pagels 4 > 0.94)
detected across the transient metrics of reactivity, maximal amplification, first-
timestep attenuation, maximal attenuation, and their vital rate sensitivities (Table 2.2).
A phylogenetic signal reflects the proportion of variation in a trait that can be
explained using evolutionary history, and represents the extent to which evolution
refines the expression of population traits (Pagel 1999; Freckleton et al. 2002). That
the resilience attributes of populations have evolved regardless of whether or not
populations need to endure frequent disturbances is indicative of indirect selection.
Indirect selection occurs when selective forces operate simultaneously on multiple
trait characteristics (Lande 1979; Lande & Arnold 1983; Conner 2001). In the event
that population characteristics are contingent on similar underlying mechanisms,
directional selection can promote covariance across a combination of trait
characteristics (Lande & Arnold 1983). Accordingly, non-adaptive and maladaptive
trait characteristics can appear contrary to expected selection pressures due to
responses driven by selective forces acting upon other trait characteristics (Lande
1979).

We observe that demographic compensation displays a strong sensitivity
towards individual-level growth and development patterns. Reactivity and maximal
amplification are negatively correlated with the vital rate of progression (Fig. 2.3A &
B), such that faster development at the individual-level corresponds with reduced
reactivity (r: 0 =-0.11, y =-0.49, = 0.39, ¢ = -0.04) and maximal amplification (r: o
= -0.02, y = -0.49, 7z = -0.13, ¢ = -0.14). Populations of fast growing individuals
typically exhibit shorter generation times, enabling them to possess the high turnover
rates needed to rapidly colonise new environments (Gaillard et al. 2005). However,
the development of fast-growth strategies also suggests a need to escape vulnerable
early life stages (Arendt 1997), and can make populations vulnerable to periodic
climatic disturbances (Ouédraogo et al. 2013). Alternatively, reactivity is positively
associated with retrogressive strategies (r = 0.39), although this remains a secondary

influence compared with investments into progression (Fig. 2.3A). Retrogressive
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strategies, such as vegetative dormancy, facilitate the propagation of plant populations
following fire and storm disturbances (Miller & Chesson 2009). Similarly, following
physical disturbances, the on-growth of colony fragments has been demonstrated to
replenish the density of coral populations faster than sexual recruitment (Connell
1997).

Meanwhile, populations demonstrating greater survival investments exhibit
enhanced short-term resistance, whilst long-term resistance is less influenced by any
one vital rate (Fig. 2.3C & D). High investment into the survival of individuals enables
populations to tolerate temporal variation in resource availability by prioritising the
persistence of the most viable individuals (Gaillard & Yoccoz 2003). The transient
metrics of first-timestep attenuation, and maximal attenuation describe the inclination
for populations to decline in size following a disturbance, and thus present inverse
measures of demographic resistance (Stott et al. 2011; Capdevila et al. 2020Db).
Estimates of first-timestep attenuation strongly correlate with survival investments,
with enhanced survival diminishing population attenuation (r: ¢ = -0.70, y = -0.07, 7
= 0.28, ¢ = -0.39). Although, patterns in the maximal attenuation characteristics of
populations do not align with any one vital rate in particular (r: ¢ =-0.17, y = -0.07, ¢
=0.31, ¢ = -0.34; Fig 2.3D), suggesting less of an influence of survival on long-term

resistance.

A small association between demographic resistance and both retrogression
and reproductive investments also persists for both first-timestep attenuation and
maximal attenuation (Fig 2.3C & D). With retrogression associated with enhanced
demographic compensation (Fig 2.3A), it is perhaps unsurprising that this component
would serve to reduce overall demographic stability. However, that demographic
resistance can be enhanced in populations placing an emphasis on reproduction
contradicts conventional understanding of the fast-slow continuum of life histories
(Stearns 1989, 1992). Traditionally, a strong selection gradient between maintaining
body condition vs. reproductive investment was presumed to restrict high reproductive
outputs to ‘fast’ species (Stearns 1992). However, our findings support views that the
continuum exists as two separate axes, with a secondary axis, the reproductive parity
continuum, allowing for higher reproductive output in species also associated with
low mortality (Franco & Silvertown 1996; Salguero-Gomez et al. 2016b; Riiger et al.

2018; Capdevila et al. 2020a). Although energetically expensive, combining survival
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and reproduction does not situate species within an unsustainable region on the fast-
slow continuum (Law 1979). Rather, this scenario reflects the shift of individuals
along the continuum as they develop. Our population sample included numerous coral
and tree species, many of whom exhibit high individual survival, yet also display high
reproductive outputs to counteract elevated mortality during early life stages (Lorimer
et al. 2001; Vermeij & Sandin 2008; Capdevila et al. 2020a). Subsequently,
simultaneous investments into both survival and reproduction can be associated with

resistant populations.

Patterns in the resilience attributes of compensation and resistance aligned
with investments into the fithess components of somatic development and survival,
and are therefore consistent with the selection pressures imposed on the coordination
of life-history strategies along the fast-slow continuum (Stearns 1989, 1992; Salguero-
Gomez et al. 2016b; Healy et al. 2019). However, we show no evidence for
demographic selection pressures on attributes of recovery (r, p: o =-0.06, y =-0.06, z
=0.11, ¢ =-0.01; y: 6 =< 0.01, y = 0.06, = - 0.08, ¢ = 0.08; Fig. 2.3E & F) nor
evidence of a strong phylogenetic influence on the vital rate sensitivities of our
recovery metrics (damping ratio & period of oscillation; Table 2.2). Previous work
has reported a trade-off between stability and recovery (Hillebrand & Kunze 2020);
although we argue that this result depends on how recovery is being defined. If the
enhanced population growth associated with population amplification following a
disturbance is defined as a measure of recovery (Jelbert et al. 2019), then our reported
gradient between the attributes of compensation and resistance would represent a
trade-off between recovery and resistance. However, from a demographic perspective
distinguishing between the characteristics of compensation, resistance, and recovery,
is important for the development of effective management and conservation strategies
(Capdevila et al. 2020b). Accordingly, in this context demographic recovery describes
the transition back to a stable equilibrium (Hodgson et al. 2015), thereby reinforcing

our original interpretation.
2.5. Conclusions

Although, resilience is a complex concept, intervening and reversing global declines
in biodiversity require an understanding for the drivers underpinning the resilience of

populations and their communities to future climate shifts (Standish et al. 2014;
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Angeler & Allen 2016; Kéfi et al. 2019; Francis et al. 2021). Impacting upon the
periodicity of phenological drivers, and reducing the return times between severe
disturbance events, climate change is exposing natural populations to increased
environmental stochasticity (Thornton et al. 2014; Paniw et al. 2019; Cordes et al.
2020). Consequently, many natural communities face regime shifts or imminent
collapse and, if we are to avoid the ensuing catastrophic loss of biodiversity and
natural resources, forecasting the resilience and response of populations to future
disturbances is imperative (Standish et al. 2014; Angeler & Allen 2016). Here we have
presented a comprehensive assessment into the role environmental stochasticity plays
in determining the resilience attributes of populations, a crucial insight needed for the

future management of biological communities.

Considerable emphasis is often placed upon using the past exposure of
populations to varying levels of environmental stochasticity as a predictor for their
future resilience potential (Darling & Coté 2018; Willis et al. 2018; Walker 2020).
Our results show that this assumption is inappropriate and, therefore, its application
may lead to undesirable outcomes from biodiversity predictions and management.
Alternatively, it appears that selective forces, acting on other adaptive population
characteristics, have indirectly refined the compensation, resistance, and recovery
attributes of natural populations. Selection pressures constrain how individuals
allocate finite resources across survival, somatic development, and reproduction, thus
mediating the capacity for populations to exploit and prevail within their local
environments (Lande & Arnold 1983; Stearns 1989). Over time, these selective forces
have moulded the demographic resilience attributes of populations, which govern their
capacity to resist and recover from disturbances (Hodgson et al. 2015; Capdevila et
al. 2020b). Consequently, the resilience of populations, and their communities, is

rooted in their evolutionary history and not their recent environmental legacies.
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The projected degradation of subtropical coral assemblages by

recurrent thermal stress

3.1. Abstract

e Subtropical coral assemblages are threatened by similar extreme thermal stress

events to their tropical counterparts. Yet, the mid- and long-term thermal stress

responses of corals in subtropical environments remain largely unquantified,

limiting our capacity to predict their future viability.

e The annual survival, growth, and recruitment of 311 individual corals within

the Solitary Islands Marine Park (Australia) was recorded over a three-year
period (2016 — 2018), including the 2015/16 thermal stress event. This data
was used to parameterise Integral Projection Models quantifying the effect of

thermal stress within a subtropical coral assemblage. Stochastic simulations

were also applied to evaluate the implications of recurrent thermal stress

scenarios predicted by four different Representative Concentration Pathways.

e We report differential shifts in population growth rates (1) among coral

populations during both stress and non-stress periods, confirming contrasting

bleaching responses amongst taxa. However, even during non-stress periods,

the observed dynamics for all taxa were unable to maintain current community

composition, highlighting the need for external recruitment sources to support

the community structure.

e Across all coral taxa, projected stochastic growth rates (1s) were found to be

lowest under higher emissions scenarios. Correspondingly, predicted increases

in recurrent thermal stress regimes may accelerate the loss of coral coverage,

species diversity, and structural complexity within subtropical regions.

e We suggest that these trends are primarily due to the susceptibility of

subtropical specialists and endemic species, such as Pocillopora aliciae, to

thermal stress. Similarly, the viability of many tropical coral populations at

higher latitudes is highly dependent on the persistence of up-current tropical

systems. As such, the inherent dynamics of subtropical coral populations

appear unable to support their future persistence under unprecedented thermal

disturbance scenarios.
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3.2. Introduction

Climate change and anthropogenic disturbance are reshaping the structure of
biological communities and modifying the global distribution of abiotic regimes (Pecl
et al. 2017; Newman 2019). These disturbances are exposing many organisms to
increasingly novel environments to which they are often not adapted (Hoffmann &
Sgro 2011). In coral reef ecosystems, shifts from natural reef systems towards
alternative degraded states are becoming commonplace (Hughes et al. 2003; Pandolfi
et al. 2003; Graham et al. 2014). Despite comprehensive evidence of climate stress
impacting reefs (Hughes et al. 2018b, 2019), we lack the mechanistic understanding
to predict how changing environments will affect global coral population dynamics
(Edmunds & Riegl 2020). Thus, it is crucial we define the link between environmental
conditions and population performance, and identify drivers enhancing the resilience
of corals to future environmental shifts (Benton et al. 2006; Darling & Cété 2018).

State-based demographic modelling allows for examining whether, which, and
how the characteristics of individuals reflect on the viability and condition of natural
populations (Caswell, 2001; Lefkovitch, 1965). These demographic approaches can
therefore quantify the resilience of natural populations following environmental
disturbance (Ellner et al. 2016; Kayal et al. 2018). In the 1980s, state-based
demographic tools were first used to investigate the relationship between coral size
and demographic characteristics, and thereby the varying population-level
contributions of individual colonies (see Hughes 1984; Hughes & Connell, 1987).
Demographic approaches applied to corals have since served to identify trends in
vital-rates that underpin localised population trajectories (Hughes & Tanner 2000;
Precoda et al. 2018; Riegl et al. 2018). However, few coral studies use these models
to project the future impacts of changing environmental regimes on the viability of
coral populations (Edmunds & Riegl 2020; but see Kayal et al. 2018). Without
simulations that embrace the heterogeneity of coral assemblages, assessments of the
future status of global coral populations will lack realism (Madin et al. 2012; Edmunds
et al. 2014).

Local environmental regimes, together with physiological limitations, enforce
trade-offs within an individual’s vital-rate characteristics of survival, growth, and

reproduction (Stearns 1992). Thus, environmental filtering influences the relative
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abundance of local populations based on differential abiotic tolerances and increases
the prevalence of characteristics best suited to local conditions (Gallego-Fernandez &
Martinez 2011). However, demographic characteristics can undergo various
adjustments (Pfister 1998; Jongejans et al. 2010), and the extent to which organisms
can modify their vital-rate trade-offs defines the capacity of different populations to
exploit new environments and respond to varying conditions (Benton et al. 2006;
Tuljapurkar et al. 2009).

Extensive subtropical coral assemblages can be found at latitudes far beyond
the typical range of coral reef development (>23.5°; Harriott & Smith 2000; Beger et
al. 2014). At higher latitudes, enhanced seasonality, broader spectra in abiotic
conditions, a high frequency of storm events, and reduced light availability exposes
corals to stronger environmental filtering than their tropical counterparts (Beger et al.
2014; Sommer et al. 2014, 2017, 2018; Muir et al. 2015; Mizerek et al. 2016).
Subtropical assemblages, therefore, represent ideal systems for quantifying the
mechanistic link between coral dynamics and ecological performance (Kleypas et al.
1999; Mizerek et al. 2016; Camp et al. 2018). Yet, with the impacts of thermal stress
becoming increasingly apparent within subtropical communities (Celliers & Schleyer
2002; Harrison et al. 2011; Abdo et al. 2012; Goyen et al. 2019; Kim et al. 2019),
how does the ability of subtropical corals to tolerate natural variability influence their

capacity to withstand increasingly frequent acute disturbances?

Many studies have assessed the response of tropical coral assemblages to
thermal stress (e.g., Adjeroud et al. 2018; Hughes et al. 2018b; Kayal et al. 2018;
Hughes et al. 2019). However, there exist multiple fundamental differences between
the dynamics of tropical and subtropical coral species (Baird et al. 2009; Woolsey et
al. 2015). Presently, the genus-specific collapse and recovery responses of subtropical
corals and their drivers, following thermal stress events, remain largely unknown
(Kim et al. 2019). This limited perspective regarding the future viability and condition
of subtropical coral communities around the globe is hindering our capacity to predict

their future and manage them effectively.

Here, we utilised Integral Projection models (IPMs; Easterling et al. 2000) and
stochastic simulations to examine the impact of recurrent thermal stress on subtropical

coral assemblages, providing insight into the potential future trajectories of
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subtropical coral assemblages. IPMs provide a robust framework for incorporating
individual heterogeneity into population-level assessments and projections (Merow et
al. 2014). As such, IPMs are ideal for quantifying and simulating population responses
to varying environments and gaining insight into the viability of natural populations
faced with changing climates (Ellner et al. 2016; Kayal et al. 2018). Thermal stress is
expected to reduce the size and condition of different populations, whereas non-stress
conditions may allow for recovery and population growth (see Adjeroud et al. 2018).
We therefore also conducted stochastic projections to investigate the effects of future
thermal stress patterns, predicted by the different Representative Concentration

pathways (RCPs), on the long-term condition of a subtropical coral assemblage.

3.3. Methods

3.3.1. Field site description and census design

The Solitary Islands Marine Park (SIMP; -30.3°, 153.143°; Fig. 3.1a) is located off
the coast of New South Wales, Australia. The SIMP consists of rocky coastal islands
and shallow benthic communities characterised by a relatively high cover (up to 50%)
of scleractinian corals (Dalton & Roff 2013). During the 2015/16 global bleaching
event, extensive bleaching occurred throughout subtropical eastern Australia (Kim et
al. 2019). Within the SIMP, the extent of bleaching was comparable to that of the
Great Barrier Reef (Hughes et al. 2017).

In April 2016, during the 2015/16 bleaching period, we set up 31 permanent coral
plots across four islands within the SIMP (Fig. 3.1a). Each plot consisted of a
numbered tag fixed into an area of bare reef substrate, surrounded by coral colonies
(Fig. 3.1b). At each location, plots were placed haphazardly in the coral habitat, at
depths between 8-11 metres to capture the diversity and spatial arrangement of this
subtropical coral assemblage. Photographs were used to identify corals within each
plot and capture their initial size and position. During these primary surveys, plots
were classified as either offshore or inshore depending on location. We initially
surveyed 149 individual coral colonies, belonging to 24 species. We revisited all
tagged colonies in October 2016, and again in August 2017, recording their survival,
size, and fragmentation, to capture the dynamics of this community during and after a
bleaching event (Fig. 3.1b & c). During surveys in August 2017, new plots and corals

were added to replace those lost due to storms and mortality (Appendix 2.1), which
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Figure 3.1. (a) The Solitary Islands Marine Park (SIMP) in New South Wales
(NSW), Australia, showing the location of North Solitary Island, North West
Solitary Island, South Solitary Island and South West Solitary Island, with Black
Rock at South West Rocks (SWR) located to the south. (b) The general layout of a
permanent coral plot with tagged colonies (numbered) arranged around a numbered
tag, and the process of resurveying plots with new colonies added to track
recruitment and to supplement the loss of tagged colonies. (c) Census schedule
showing the frequency at which the different demographic variables of survival,
growth, fragmentation and recruitment were measured, allowing for the construction
of models comparing the dynamics of the population between thermal stress and

non-stress periods.
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increased the number of tagged colonies to 311 and included the setup of additional
plots at Black Rock, to the south of the SIMP (Fig. 3.1a). During August/September
2018, the survival, size, and fragmentation of all tagged colonies were re-measured,

on this occasion reflecting dynamics during a non-stress period (Fig. 3.1c).
3.3.2. Demographic measurements

During each census, demographic information was collected from each individual
colony. We recorded the size of each colony using top-down photographs including a
mm scale bar to minimise measurement error. Colony sizes were then measured as the
visible horizontal surface area (z, see equation 3.1; cm?), using the area calculation
function in ImageJ (Schneider et al. 2012). Colony growth (y) was then defined as the
difference in size between successive surveys. Prior to use in analyses, the size data
collected in April 2016 required ‘advancing’ by four months. This adjustment was
necessary to standardise an inconsistency in the census intervals between April 2016
— August 2017 (16 months) and August 2017 — August/September 2018 (~12 months).
To correct for this mismatch, a grouped mean monthly growth rate of tagged corals
was calculated for the 16-month period between April 2016 and August 2017
(Appendix 2.2). We then used this monthly growth rate to estimate the size of each
coral in August 2016 given their size in April 2016. Carrying out the size adjustment
in this way ensured that all further analyses represented annual intervals and
accounted for any seasonal variation in colony growth. Finally, colony size data were

log transformed.

Colony survival (¢) and fragmentation (x) were measured as the
presence/absence of each colony and whether fragmentation had occurred,
respectively. As with growth, the survival and fragmentation probabilities recorded
for the period between April 2016 and August 2017 required adjusting to account for
mismatches in census timings. This adjustment was carried out during model
construction (see Demographic model construction). In the event of fragmentation,
colony fragments were measured and included as new individuals, but marked as a
product of colony fragmentation, with the largest fragment retaining the parent

colony’s identity.

Finally, during each of the 2017 and 2018 surveys, the size of new recruits

within the tagged plot areas was recorded to capture a measure of recruitment (Fig.
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3.1c). Here, we assumed that all new recruits were produced during the census interval
in which they were observed. The fecundity (¢) of tagged colonies was not directly
measured as part of the field surveys. Instead, a relationship between colony size and
fecundity was obtained using data collected from tropical corals by Hall & Hughes
(1996) sourced from the Coral Trait Database (Madin et al. 2016; see Appendix 2.3).
This relationship described an exponential association between fecundity and colony
size and allowed us to estimate the fecundity of our tagged colonies based on their
size. We defined fecundity as combined egg & teste density (Hall & Hughes 1996),
so per capita larval density (¢) was estimated to be half a colony’s fecundity
(Appendix 2.3).

Our methods for measuring recruitment and colony fecundity involved making
several key assumptions regarding the reproductive biology of scleractinian corals.
Firstly, we assume that recruits are produced during the annual phase in which they
are observed. Yet, with coral recruits only discernible at a size that may reflect a longer
growth period than the frequency of our surveys (~4cm?), this may not be the case.
Secondly, we are assuming a relationship between larval output and colony size
measured in tropical corals can be applied to subtropical assemblages. The
formulation of this fecundity-size relationship also involves the grouping of
gonochoristic and hermaphroditic taxa and uses larval density (combined density of
eggs & testes/mm?) as a measure of colony fecundity. Thirdly, including fecundity in
our demographic assessments in this way implies the assumption that we are dealing
with a closed system; this is despite both local and external recruitment processes
occurring within the SIMP (Harriott & Banks 1995; Harriott 1998). However, these
assumptions were addressed through the inclusion of a recruit settlement factor () in
our demographic models (see Demographic model construction). This settlement
factor operates as a ratio that weights all reproductive functions by the actual number
of observed recruits for each taxon/coral group. Subsequently, fecundity enabled us
to include a link between adult and recruit dynamics, with the settlement factor then
translating larval density estimates into a taxon-specific measure of ‘the number of

individuals surviving to an observable size in a subtropical setting’.
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3.3.3. Demographic model construction

We used Integral Projection Models (IPMs) to evaluate the impact of thermal stress
on the dynamics of different coral populations within the SIMP and to assess the future
implications of different disturbance scenarios. IPMs bypass the need to artificially
force continuous state variables (e.g. size) into discrete classes, a requirement in size-
based matrix population models (Easterling et al. 2000). IPMs are therefore well
suited for populations structured by continuous state variables where small state

transitions can result in large changes in demographic characteristics (Burgess 2011).

With many unresolved taxonomic inconsistencies occurring throughout the
Scleractinia, the identification of coral species can be problematic (Fukami et al.
2004), particularly without voucher specimens. Consequently, coral studies tend to
focus on higher taxonomic levels (Darling et al. 2019). Compared to species identity,
functional traits provide a superior capacity for understanding patterns and processes
at the community- or assemblage-level, and the implications of changing abiotic
conditions (McGill et al. 2006). Coral colony morphology strongly correlates with
demographic characteristics and dictates how individuals interact with their
environment, underpinning their success and vulnerability to varying abiotic
conditions (Alvarez-Noriega et al. 2016; Zawada et al. 2019). Thus, to evaluate the
dynamics of the coral assemblage in the SIMP, we pooled tagged colonies based on
distinct morphological characteristics to construct separate IPMs for four coral groups
reflecting the structural diversity of subtropical coral communities. Whilst we
recognise these morphological clusters do not resemble true ‘populations’, we will
henceforth refer to them as such, to aid clarity when discussing the outputs of our

IPMs in a demographic context.

The four morphological coral groups we used accounted for approximately
90% of our tagged sample (88% of corals tagged in April 2016, and 90.5% of colonies
surveyed in August 2017). Three of these groups comprised the three most common
coral taxa found within the SIMP: Acropora spp., Turbinaria spp., and Pocillopora
aliciae. For our fourth group (henceforth “Encrusting”) we pooled corals exhibiting
sub-massive/encrusting growth forms from multiple genera (Acanthastrea, Astrea,
Dipsastraea, Goniopora, Micromussa, Montipora, and Paragoniastrea). The coral

species found within the SIMP belonging to these encrusting genera exhibit
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cosmopolitan distributions and are found across 41-74% of global coral habitats
(Veron et al. 2016). Therefore, although this final coral cluster represents a diverse

range of species, it does not reflect contrasting abiotic tolerances.

The remaining ~10% of our tagged sample consisted of Porites heronensis and
Stylophora pistillata colonies. During the 2015/16 thermal stress event, we lost 85%
of our tagged P. heronensis colonies through mortality. With low survival
unrepresentative of its closest morphological group (Encrusting), including P.
heronensis would unreasonably skew patterns for the ‘Encrusting’ group; therefore,
this species was excluded from this group. Equally, despite both belonging to the
Pocilloporidae and sharing similar morphological traits, S. pistillata could not be
grouped with P. aliciae. Stylophora pistillata is a characteristic tropical species, with
the Solitary Islands located close to the southern extent of this species’ geographical
range (Veron et al. 2016). Pocillopora aliciae is instead a subtropical endemic
(Schmidt-Roach et al. 2013), and therefore grouping these two coral species together
would mask the differences underlying their contrasting distributions. Hence colonies

of both P. heronensis and S. pistillata were excluded from further analyses.

An IPM (equation 3.1) describes changes in the structure and size of a
population n over discrete time periods (time t to t+1). This model is defined by the
IPM kernel K, which in this study was formulated from three sub-kernels P, H, and F
(equation 3.2). The sub-kernel P outlines the probabilities of non-fragmenting corals
surviving and retaining or changing their size (from z to z"). H combines the likelihood
of corals undergoing fragmentation, and the eventual quantity, and size, of any
fragments produced. F is the recruitment contribution of established individuals at
time t+1. L and U are then the minimum and maximum size over which these
properties of survival, growth, fragmentation, and reproduction were modelled, and
are typically 10% above and below actual observed size boundaries (Merow et al.
2014)

n(z',t+1)= fLUK(z’,Z)n(Z, t)Az (3.1)
K(z',z) = P(z',z)+ H(z',z) + F(z',z). (3.2)

Here, we incorporated a discrete size class representing the dynamics of the

largest colonies into our IPMs (Fig. 3.2). This was done to overcome statistical
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challenges in model convergence of vital rates due to the limited sample size for
colonies at the large end of the size spectrum (Acropora: z > 665cm?; Turbinaria: z >
330cm?; Pocillopora: z > 244cm?; Encrusting: z > 706cm?; see Appendix 2.4 for
details on how this size threshold was imposed for the continuous and discrete parts
of the IPM, and for assessments of model sensitivity to threshold positioning).
Correspondingly, additional vital rates were incorporated into our IPM sub-kernels to

include between-stage transitions (Fig. 3.2).

In our models, sub-kernel P contains the size-based probability of survival
(o4), and colony growth (y) from size z to size z’, for non-fragmenting colonies within
the continuous stage class (equation 3.3). Sub-kernel P then also describes the size-
based probability of colonies surviving and progressing into the discrete (large) size
class (o), and the survival of large discrete-size colonies (o) (equation 3.3). Lastly,
sub-kernel P also outlines colony shrinkage from the large discrete size class into the
continuous size class (p), as well as the size distribution of corals produced by this
retrogression (S,) (equation 3.3). Sub-kernel H consists of the probability of
fragmentation (x;), and the number (z,), and size of any fragments (f;) produced by
colonies in the continuous class (equation 3.4). These rates are combined with the
likelihood of fragmentation within the discrete class (k,), and the quantity (z,), and
size (f;), of any fragments produced (equation 3.4). Sub-kernel F contains the per
capita larvae density production by colonies in both the continuous (¢,) and discrete
stages (¢,) (equation 3.5). These demographic processes are combined with a factor
that converts larval density into a number of successfully settling recruits (), and the
size distribution of surviving recruits (C1) (neither of which are dependent on the size
class of the parent colony) (equation 3.5). Lastly, with data collection occurring post-

breeding, colony survival is also built into both sub-kernels H and F.

(1= 8@)((1-1@) (D) y(z',2))

o 5(2) 0,(2)
P(2',7) = 3.3
=2) { (1= p)(1 — k)0 (3:3)

p oy Sp(2")

H(Z’,Z) — {(1 - 6(2))(K1(Z)0-1(Z) Tl(z) fl(Z,)) (34)

Ky 03 T f2(2")
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Figure 3.2. (a) Diagram depicting the coral life cycle structure used in this study,
containing both a continuous (A) and a discrete (E) size class. (b) The representation
of this life cycle in a two stage IPM format. Here the demographic characteristics of
the life cycle are represented by the growth (B) and reproduction (C) of individuals
within the continuous size class, the progression of individuals from the continuous

class into the discrete stage (D), the survival of discrete stage individuals (E), and

the retrogression (F), fragmentation (G) and reproduction (H) of discrete stage
individuals back into the continuous class. The dashed line represents null growth
within the continuous class. The threshold size between continuous and discrete size
classes in each model was calculated as the point of intersection between bleaching
and non-bleaching growth trends for each species. This two-stage format ensured the

accurate representation of large colony dynamics.
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Given the low density of the coral assemblages within the SIMP (Appendix
2.4, Fig S2.6), all vital rates were modelled as density independent. Growth (y) was
analysed as the relationship between size z at time t and size at time t+1. The variance
in growth was then fitted as a function of size at time t, using a gamma distribution to
allow for a quadratic relationship whilst ensuring variance remained positive. Survival
(g,) and fragmentation (x,) were both modelled as a function of colony size using
logistic regressions. For the period between April 2016 and August 2017, these
probabilities were also multiplied by the exponent 1.333 to ensure they were adjusted
to represent transitions during a 12-month interval rather than the observed 16 months.
The number of eggs produced was determined using a non-linear least squares
regression, which allowed for an exponential relationship with colony size. Fragment
size and quantity were modelled as a linear function of initial colony size, with the
variance in fragment size modelled as a function of initial colony size using a gamma
distribution. Recruit size distributions were also calculated, though kept independent
of parent colony size as parental lineage could not be determined for each recruit. We
then determined the recruit settlement factor (), using the estimated density of larvae

produced per colony (¢) and the total number of observed recruits (R)

P =220 (3.6)

R

All vital rate analyses were conducted with time as a fixed effect to allow us
to separate models for both thermal stress and non-stress periods; this ensured we
could empirically measure the effects of thermal stress and forecast the future
implications of recurrent stress events. Then, to ensure that all analyses accounted for
similarities resulting from random nesting in the data, island identity, island location
(Inshore or Offshore; see Appendix 2.1), bleached state, and colony ID were also
included as random effects in vital rate regressions. AIC scores were used to determine

the most appropriate model structures.
3.3.4. Population growth rates and Life Table Response Experiments

To quantify the effect of thermal stress on the coral assemblage within the SIMP, we

calculated the growth rate (1) for each of our constructed IPMs. Values of 4 exist on a
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scale of 0 to 2, with A <1 reflecting decline and A > representing growth. We obtained
estimates of the variance in 1 by repeating jack-knife resampling 1000 times, each
time omitting 5% of our sample without replacement. One-way Life Table Response
Experiment analyses (LTREs; Caswell 1989) were then used to quantify the vital-rate
drivers behind any differences in A observed between bleached and non-bleached
models. For LTRE analysis, the non-stress state was set as the control group. Our
LTRE analysis therefore defined A during thermal stress as approximately equal to the
sum of its corresponding value during non-stress, plus the relative contributions (a)) of
any changes in the different vital-rate regression parameters used to construct our
IPMs

}\bleaching ~ Anon—bleaching + a(parameterl) + a(parameterz) L+ a(parameteri)l

(3.7)

To determine o for each parameter, we first constructed an IPM equal to the mean of
our associated bleaching and non-bleaching models K(). The parameter-level
sensitivities (S) of K(-) were then calculated (equation 3.8), using the stepwise change
in A for the mean model (4/) following small perturbations to each parameter (Ai).
Multiplying these sensitivities of mean model K() by the observed differences in each
parameter (i) between associated bleaching and non-bleaching models then returned

the parameter-level contributions

s = 2 (3.8)

Ai
a= S(ibleaching - inon—bleaching)- (39)
3.3.5. Model projections and bleaching simulations

Stochastic projections were used to evaluate the long-term viability of our subtropical
coral assemblages given the dynamics observed during regular and thermal stress
periods. The value of 4 calculated from an IPM refers to asymptotic growth trends
(Caswell 2001) and assumes environments are constant. Thus, 4 is unlikely to reflect
the true dynamics of systems exposed to varying environments (Ellner et al. 2016).
For each of our coral groups, we therefore also calculated As (equation 3.10). This
variable is a stochastic measure of growth rate accounting for the transient nature of
natural environments (Ellner et al. 2016), with Nt the total population size at time t,

and equal to ), n;
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log (1s) = E[log (va_tl)] (3.10)

We used sea surface temperature (SST) data from an ensemble of CMIP5
climate models (Appendix 2.5) to simulate future temperature trajectories for the
Solitary Islands region. The model ensemble we used was selected to ensure our future
SST estimates were comparable with projections used in other studies simulating
future thermal stress responses in corals (see van Hooidonk et al. 2014).
Corresponding with Liu et al. (2003), we used these simulations to determine Degree
Heating Week (DHW) projections for the period 2018 to 2100 under each of the four
different IPCC RCP scenarios (2.6, 4.5, 6.0 and 8.5; Appendix 2.5; IPCC, 2014).
Typically, estimating DHWSs only involves mean weekly SSTs that exceed the mean
monthly maximum (MMM) by a threshold of 1°C (Liu et al. 2003). However,
following the work of Kim et al. (2019), we removed the 1°C threshold, as this
alternative approach captures the impact of low-level thermal stress found to affect
subtropical corals (see also van Hooidonk & Huber 2009). Binomial regression
analysis was then used to determine the annual likelihood of DHWSs > 4, from which
we constructed a series of future annual thermal stress probabilities for each RCP

scenario.

For each of our coral groups, we used these thermal stress simulations to
investigate the relative impact of recurrent thermal stress regimes of varying
intensities on the future condition of their population. Colony size distributions
recorded in August 2018 for each population were set as the initial size distributions
(ny) for each projection. Then, using the corresponding IPMs, we projected each

population to the end of the century to determine their future n: distributions
N1 = Kng. (3.11)

Here nt is a probability distribution defining the size of individuals in the population
at time t as a function of their size, and K is a discretised IPM matrix, with the number
of iterations relating to the time frame over which the population is being assessed.
During each annual iteration, the thermal stress probability associated with that step
was used to determine whether the bleached or non-bleached IPM was selected.
Following each iteration, the vector nt+1 was retained, allowing for a series of Nt values
to be calculated and used in determining s, and enabling us to record the temporal

change in the coverage of each coral population. The coefficients of variance for all
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calculated metrics were also estimated, and a one-way ANOVA was used to test the

effect of RCP scenario selection on the estimates of s for each coral group.
3.4. Results

3.4.1. Population growth rates (1) and LTRE analysis

The impact of thermal stress on population performance varied, with A differing
between non-stress and thermal stress periods across all four coral groups. Values of
A for both Acropora and P. aliciae reflected a state of population decline during the
thermal stress period (4 <1; Acropora: Ableaching = 0.8688, [95% CI: 0.8685, 0.8692];
Pocillopora: Apleaching = 0.2989 [0.2980, 0.2998]). Despite a large increase in A for P.
aliciae during non-bleaching, both the Acropora and P. aliciae populations then
remained in a state of decline throughout the non-stress period (Acropora: Anon-bleaching
= 0.8767 [0.8752, 0.8782]; Pocillopora: Anon-bleaching = 0.8126 [0.8110, 0.8142]). In
contrast, the Turbinaria group maintained relatively stable dynamics during the
thermal stress period (4 =1; Ableaching = 0.9989 [0.9983, 0.9995]), though experienced
aslight decline in population growth during the non-stress period (Anon-bleaching = 0.9859
[0.9857, 0.9862]). Lastly, the Encrusting group remained at equilibrium through-out
both thermal stress and non-stress periods, showing marginal improvements during
the non-stress phase (Ableaching = 1.0002 [0.9998, 1.0007], Anon-bleaching = 1.0008 [1.0002,
1.0014)).

Our LTRE analysis provided an approximation as to the relative contribution
changes in the processes of growth, survival and recruitment had on the observed
differences in A reported between the stress and non-stress periods. In the Acropora
and P. aliciae populations, differences in /1 between bleached and non-bleached
periods involved changes in the parameters relating to survival (Fig. 3.3a & c). For
Acropora, the survival of very large colonies (c2) was highest during thermal stress
(Fig. 3.3a), however this corresponded with a decline in estimates of 4. This disparity
indicates that improvements in large colony survival were unable to counteract the
cumulative impacts of changes in the survival and growth dynamics of smaller
colonies (Fig. 3.3a). In contrast, in P. aliciae the survival of both large colonies (o2),
and those within the continuous size class (c1), were considerably lower during
bleaching, prompting a large decline in A (Fig. 3.3c). This LTRE analysis also shows
that P. aliciae did not benefit from improvements in recruitment dynamics, despite
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Figure 3.3. Life Table Response Experiment (LTRE) analysis showing the

standardised parameter-level contributions of each vital-rate, towards the observed
differences in population growth rates (A1) between bleaching and non-bleaching for
the (a) Acropora, (b) Turbinaria, (c) Pocillopora aliciae and (d) Encrusting

populations. Each parameter corresponds with a regression coefficient (left:

intercept; right: slope) used in determining the size structured vital rates of survival

(o1), growth (y), growth variance (yvar), fragmentation (1), and recruitment within

the continuous class, (p) progression into discrete class, and the survival (c2),

fragmentation (k2), and recruitment of discrete class individuals. Inset panels

highlight the contributions relative to each coral population. Panel colours reflect the

absolute magnitude of A4, with darker shades representing greater dissimilarity

between bleaching and non-bleaching dynamics.

an elevation in the number of P. aliciae recruits reported during the non-bleaching

period (Table S2.2). Alternatively, the change in A reported for the Turbinaria

population, albeit small, appears to have been largely a result of changes in the growth
(y) dynamics of this population (Fig. 3.3b). Estimates of 1 for the Encrusting
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population varied little between the stress and non-stress periods. This consistency in
Ais reflected in the LTRE analysis, with vital-rate parameters for the Encrusting group
remaining stable throughout both the stress and non-stress periods, at least compared

to the scale of the changes observed in the other three coral groups (Fig. 3.3d).
3.4.2. Stochastic growth rate (4s) and community projections

Regional CMIP5 model projections indicate that the frequency of future thermal stress
leading to bleaching responses will increase over time within SIMP, but that the exact
prevalence of thermal stress will differ among the four RCP pathways (time: p <
0.001; RCP: p < 0.001; time * RCP: p < 0.001; Nagelkerke r?: 0.593. Appendix 2.5).
Under RCP pathways 2.6, 4.5 and 6.0, future increases in the frequency of thermal
stress events will be less severe than those predicted under RCP 8.5 (TukeyHSD: RCP
2.6 = 4.5 =6.0 <8.5). In both the 6.0 and 8.5 RCP scenarios, annual thermal stress
events that are capable of inducing bleaching within the SIMP are expected before the
end of the current century (Appendix 2.5: Fig. S2.7), although under both scenarios
annual bleaching is not expected until after 2090. The RCP 4.5 scenario presents a
more optimistic outlook with a maximum annual bleaching probability of 46%
expected by the year 2100 within the SIMP. Unsurprisingly, RCP 2.6 offers the most
encouraging future for the SIMP with thermally induced bleaching remaining low,

and forecast once every 6.8 years by the end of the century.

RCP scenario selection was found to have a statistically significant effect on
the stochastic growth rate of each coral group (ANOVA: Acropora: F = 6124, p
<0.001; Turbinaria: F = 4962, p <0.001; Pocillopora: F = 29808, p <0.001;
Encrusting: F = 2738, p <0.001). However, the relative impact of this effect differed
among populations (Table 3.1). The greatest effect occurred in P. aliciae, with
scenarios of heightened carbon emissions resulting in a severe reduction in As (Table
3.1) (TukeysHSD: RCP 2.6 > 4.5 > 6.0 > 8.5). Similarly, for each of the other coral
groups, scenario RCP 2.6 always resulted in larger s values; however, higher
emission scenarios resulted in only minimal declines, with the exact trend varying
among populations (Table 3.1) (TukeysHSD: Acropora = RCP 2.6 > 4.5 > 6.0 < 8.5;
Turbinaria = RCP 2.6 > 4.5 < 6.0 > 8.5; Encrusting = RCP 2.6 > 4.5 > 6.0 = 8.5).
Across all populations, only Turbinaria was projected to exhibit positive population

growth under any of the emissions scenarios (Table 3.1).
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Table 3.1. The impact of the future thermal stress regimes predicted under each

Representative Concentration Pathway scenario on the stochastic growth rates (1s) of

each coral population. Variance displayed as 95% CI.

Population RCP 2.6 RCP 4.5 RCP.6.0 RCP 8.5

Acropora 0.8725[0.8727, 0.8636 [0.8637, 0.8604 [0.8604, 0.8632 [0.8633,
0.8722] 0.8634] 0.8603] 0.8632]

Turbinaria 1.0157 [1.0157, 1.0150[1.0150, 1.0151[1.0151, 1.0137[1.0137,
1.0157] 1.0149] 1.0151] 1.0137]

Pocillopora aliciae | 0.7212[0.7230, 0.6395 [0.6415, 0.5243[0.5254, 0.4123[0.4133,
0.7193] 0.6376] 0.5232] 0.4113]

Encrusting 0.9863 [0.9866, 0.9804 [0.9807, 0.9759[0.9759, 0.9758 [0.9759,
0.9860] 0.9802] 0.9758] 0.9758]

In comparison to projected population size, simulations of coral cover reveal
a different future outlook for the diversity and condition of coral assemblages within
the SIMP (Fig. 3.4). At present, coverage within our plots is primarily dominated by
Turbinaria and Encrusting colonies, with Acropora and P. aliciae together
contributing < 30% cover. Given the dynamics we observed across our tagged corals,
coral cover within our plots is projected to decline to approximately half its current
level, regardless of RCP scenario (Fig. 3.4a.i). Across all simulations this loss of
coverage initially occurs very rapidly, driven by declines in all of our coral groups
(Fig. 3.4a.ii - v). These declines result in the loss of Acropora and P. aliciae
populations from the plots (Fig. 3.4). However, projected cover does eventually
plateau as the cover of the Turbinaria and Encrusting groups achieves more stable
levels (Fig. 3.4a). For the Encrusting group the stable coverage level remains uniform
across RCP scenarios; yet for Turbinaria the threshold is highly dependent on the RCP
scenario, with the higher emission scenarios of RCP 6.0 and 8.5 resulting in minimal
coverage levels (Fig. 3.4). Ultimately, it is the variation in Turbinaria coverage that
drives the projected variance in overall plot diversity and coverage under the different
RCP scenarios (Fig. 3.4).
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Figure 3.4. (a) Simulated trends in coral coverage within tagged plots under the
different Representative Concentration Pathway scenarios showing (i) overall
coverage, and the coverage of each separate population (ii) Acropora, (iii)
Turbinaria, (iv) Pocillopora aliciae, and (v) Encrusting. (b) Comparison of the
relative contribution towards overall coverage by each population between present
coverage and projected coverage in 2100 under the four different Representative

concentration pathway scenarios (RCP).

3.5. Discussion

Our capacity to manage global coral reef ecosystems in the face of rapidly changing
climates relies on robust predictions of how environmental shifts influence the long-
term viability of coral communities (Edmunds et al. 2014; Edmunds & Riegl 2020).
Here, we show that within a subtropical assemblage, Turbinaria spp. and most corals
displaying encrusting and massive morphologies possess enhanced resistance towards
thermal stress events. In comparison, populations of Acropora spp. and Pocillopora
aliciae are particularly sensitive to thermal stress. However, we illustrate that,
regardless of this taxon-specific resistance, an increasing frequency of recurrent
thermal stress events will reduce the coverage, complexity, diversity, and viability of

subtropical coral assemblages.

3.5.1. Contrasting trajectories among coral groups

The contrasting responses of coral taxa to thermal stress needs to be considered in
future ecosystem-level assessments and predictions for high-latitude coral
communities. Indeed, P. aliciae is the least viable population within the Solitary
Islands Marine Park (SIMP) due to a high susceptibility to thermal stress (Kim et al.
2019) and limited recovery during non-stress conditions. Pocillopora aliciae is a
subtropical specialist, endemic to the east coast of Australia (Schmidt-Roach et al.
2013) between the Cook Island Aquatic Reserve (-28.1956, 153.5781; B. Sommer
2017, personal observation), and Sydney (-33.8688, 151.2093; Booth & Sears 2018).
Corals adapted to a subtropical existence tolerate greater seasonal variance, and
broader scales in abiotic measures than tropical assemblages (Camp et al. 2018;
Sommer et al. 2018). However, the response of P. aliciae within the SIMP, following

elevated temperature stress, illustrates that the enhanced stress tolerance expected of
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corals exposed to frequent abiotic variability (Oliver & Palumbi 2011) appears not to
have benefitted this subtropical population. The accumulated thermal exposure
experienced by corals in the SIMP during the 2015/2016 bleaching event exceeded
the thermal tolerances of some subtropical corals (Kim et al. 2019); as such
subtropical and other marginal species are highly vulnerable to future recurrent heat
stress (Schoepf et al. 2015). Nevertheless, with P. aliciae exhibiting recent poleward
range expansions (Booth & Sears 2018), our results may also reflect the reduced
ability of this coral species to further alter its energetic trade-offs at the northern extent
of its distribution (Sheth & Angert 2018).

Through our stochastic projections, the emerging models predict a reduction
in the coverage of Acropora spp. within the SIMP. Acropora spp. typically constitute
a large majority of the structural complexity in global reef environments (Nystrém
2006). With P. aliciae also providing a considerable structural contribution (Harriott
et al. 1994), a decline in the coverage of these corals will reduce benthic complexity
within the Solitary Islands region where there is already a low diversity of branching
coral species (Sommer et al. 2014). This loss of structural complexity will likely have
cascading effects on the diversity of other taxa associated with these coral
assemblages, and subsequently the overall resilience of the local ecosystem (Graham
& Nash, 2013). However, this perspective assumes that other branching, more
thermally tolerant tropical species will be unable to establish subtropical populations
capable of fulfilling this structural role (Baird et al. 2012).

Thermal stress is not the only impact acting upon coral assemblages within the
SIMP. The subtropical coastline of eastern Australia experiences frequent
extratropical cyclones known as east coast lows (ECLs) (Harley et al. 2017).
Therefore, it is not possible to fully attribute our projected reduction in Acropora spp.
coverage to the consequences of thermal stress. During the 2015/16 thermal stress
event, the observable symptoms of bleaching were minimal within the Acropora spp.
assemblage of the SIMP (Kim et al. 2019). In June 2016, the coastline of NSW was
subjected to a non-typical ECL system which produced uncharacteristic wave patterns
and resulted in high levels of coastal erosion and coral damage (Mortlock et al. 2017).
With their brittle, tabular structure highly susceptible to physical damage and

abrasion, it is likely that this subtropical storm event contributed to the diminished
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survival of Acropora spp. reported in this study and must also be remembered when

evaluating survival patterns across the other coral groups.

Corals exhibiting encrusting morphologies are forecasted to experience
relative stability in terms of substrate coverage within the SIMP. The less complex
morphologies of sub-massive and encrusting corals may provide them with a
physiological advantage during thermal stress events (van Woesik et al. 2012),
enhancing their viability under future recurrent thermal stress scenarios. However,
Porites heronensis, which exhibits sub-massive and encrusting growth forms (Veron
et al. 2016), was excluded from the Encrusting group for this analysis. The cause of
this exclusion was the high mortality recorded for this species during the 2015/16
bleaching event, which was unrepresentative of the rest of the Encrusting group and
prevented us modelling this species independently. Therefore, whilst relative stability
is expected for the encrusting coral assemblage within the SIMP, the high level of
bleaching vulnerability observed for P. heronensis does not follow this trend (Kim et
al. 2019).

The subtropical Turbinaria spp. assemblage within the SIMP also appeared to
display high resistance during the 2015/16 thermal stress event. Turbinaria spp. are
known to possess a high tolerance threshold for a range of abiotic stressors (Sofonia
& Anthony 2008; Morgan et al. 2017). Whilst Turbinaria spp. are capable of
maintaining relatively stable population dynamics, our simulations indicate that
extended, recurrent thermal disturbance will still elicit a decline in the coverage of this
taxon. These contrasting trends suggest an accumulation of smaller sized colonies,
which is a scenario often observed in coral communities following disturbance (Loya
et al. 2001; Riegl & Purkis 2015). Akin to corals with reduced morphological
complexity, increased rates of mass transfer in smaller colonies can enhance their
survival during thermal stress events in comparison to larger conspecifics (Shenkar et
al. 2005). Yet, a reduction in average colony size can also result in a decline in
reproductive output (Alvarez-Noriega et al. 2016). Reef communities increasingly
dominated by small and intermediately sized corals are therefore expected to display
reduced recovery potential following future disturbances (Riegl & Purkis 2015;
Pisapia et al. 2019).
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3.5.2. Climate simulations for the Solitary Islands region

Relative to other subtropical communities, the Solitary Islands region may be afforded
more time before bleaching becomes an annual occurrence. Under RCP 8.5
simulations, annual bleaching conditions in the subtropics could be expected from
2054 (van Hooidonk et al. 2014), whereas annual bleaching conditions under RCP 4.5
will occur ~25 years later (van Hooidonk et al. 2016). In contrast, our climate
simulations suggest that under RCPs 4.5, 6.0 and 8.5 annual thermal stress events are
not expected within the SIMP until much closer to the end of the 21t century
(Appendix 2.5, Fig S2.7). Therefore, within the SIMP, corals may experience more
buffered thermal regimes over the next century. This restrained warming of SSTs
could provide corals in the SIMP with marginally more time to adapt to warming
conditions. However, future shifts in the activity of destructive storms may offset this

adaptive potential (Ji et al. 2015).
3.5.3. Recruitment limitation

The dynamics observed in our tagged coral populations, following the 2015/16
bleaching event, point to a future reduction in the coverage of coral assemblages
within the SIMP, even under low emissions scenarios. The continued viability of
subtropical coral assemblages is highly dependent on larval supply from lower
latitudes (Beger et al. 2014), which supplements their existing genetic diversity and
enhances their ability to recover from disturbance events (Noreen et al. 2009). Thus,
evaluation of recruitment patterns is necessary when predicting trends in the future

viability of subtropical corals.

Within the Solitary Islands region, recruitment at a scale large enough to
support growing populations may be reliant on larval supply from the north (Harriott
& Banks 1995; Sommer et al. 2014). Throughout our study, recruitment across all
coral groups remained low, except in the endemic P. aliciae population. With larval
supply in the subtropics often sporadic and asynchronous (Harrison 2011), our
simulations could potentially be under-representing recruitment dynamics. However,
the 2015/16 bleaching event caused a severe reduction in recruitment on the Great
Barrier Reef (GBR) (Hughes et al. 2019). With the GBR a key contributor to the larval
influx in eastern Australia’s subtropical coral assemblages (Noreen et al. 2009), it is

unlikely the viability of coral populations in the SIMP will improve following future
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recurrent bleaching events of similar or greater magnitudes. Alternatively, with P.
aliciae a known brooding species, new recruits typically settle close to their parent
colony, enhancing colonisation potential whilst reducing dependency on external
recruitment sources (Harriott & Banks 1995; Figueiredo et al. 2013; Schmidt-Roach
etal. 2013).

Globally, coral populations have extended the poleward limits of their
distributions into higher latitudes (Precht & Aronson 2004; Yamano et al. 2011; Baird
et al. 2012). These expansions have occurred despite the presence of numerous abiotic
restrictions, which limit the genetic and species diversity of the shifting assemblages,
and reduce the continual supply of larvae to higher latitudes (Sommer et al. 2014;
Nakabayashi et al. 2019). Coral species originating from the tropics are likely to be
rarer in the subtropics and so more dependent on external sources of recruitment for
maintaining viability, whereas for species with subtropical orientated distributions
locally sourced larvae are likely more important in maintaining populations and
genetic diversity (Ayre & Hughes 2000; Keith et al. 2015). It is important, therefore,
to consider the role of local limitations on the larval stock dynamics within the SIMP

when defining the observed trends in the viability of the local coral populations.
3.5.4. Environmental legacy effects

Some aspects of coral physiology, particularly those relating to the production of
viable larvae, can require multiple years to recover from thermal stress (Hagedorn et
al. 2016). Correspondingly, recovery of corals within the SIMP may have been
incomplete during the collection of data reflecting population dynamics during a non-
stress period. Our simulations would therefore be underestimating the viability of
subtropical coral assemblages within the Solitary Island region. However, with the
return times of thermal stress events decreasing, corals are unlikely to be afforded

sufficient recovery time in the future (Hughes et al. 2018a).

Delayed effects can also apply to the negative impacts of thermal stress, as
often the full extent of bleaching is not observed until well after the actual thermal
stress event (McClanahan et al. 2009). Indeed, across each of the four coral groups
we examined in this study, fragmentation was more readily observed during the non-
stress phase (Appendix 2.4). Though, with the thermal stress period occurring first in

our survey sequence, increasing colony fragmentation likely represents delayed partial
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mortality in response to the thermal stress, rather than a reaction to the conditions
experienced during the non-stress period. Subsequently, the more resilient dynamics
reported here for both the Encrusting and Turbinaria groups may not persist, over

extended timeframes.
3.5.5. The caveats of an IPM framework

Whilst IPMs represent a powerful mathematical tool, the findings we present here
must be considered in the context of the challenges encountered when implementing
an IPM framework for a coral community. Our survey, conducted over two
consecutive years, represents a comparatively restricted timeline. However, IPMs
demand a data heavy approach which, coupled with the operational challenges facing
the collection of long-term demographic data in coral communities, restricts the
feasibility of this technique for use in assessments of scleractinian coral populations
(Edmunds & Riegl 2020). To that extent, the temporal coverage of our work is
comparable with previous efforts to construct IPM frameworks for coral populations
using empirically derived data (Elahi et al. 2016; Kayal et al. 2018; Precoda et al.
2018; Scavo Lord et al. 2020). Additionally, in contrast to much of this previous work,
we collected data for all vital rates simultaneously, thereby ensuring all estimates are
subject to identical abiotic pressures. Although no model can completely satisfy the
complexity of natural environments (Gertsev & Gertseva 2004), we need to
understand the demographic characteristics of coral populations if we are to
comprehend their responses, and viability, to future climate shifts (Edmunds et al.
2014). We have therefore endeavoured to ensure logistical obstacles have not hindered
the efficacy, or pertinence of our study, whilst advocating for the expanded use of

IPMs in coral research.
3.6. Conclusions

We have quantified the impact of thermal stress within a subtropical coral assemblage
to evaluate the long-term viability of subtropical corals in the SIMP. The demographic
approach we have applied transcends the purely correlative approaches previously
used to evaluate the thermal stress responses of global coral assemblages (Edmunds
& Riegl 2020). We demonstrate that despite prior exposure to variable abiotic
environments, and a slow pace of thermal stress increase, subtropical coral

assemblages will likely be subject to substantial degradation by future recurrent
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thermal stress events. In fact, the future reduction in complex morphologies that we
forecast for the subtropical coral assemblage within the SIMP closely resembles
observations in tropical reef communities (Loya et al. 2001); although poleward shifts
in tropical coral species may temper this loss of complexity in the short term (Yamano
et al. 2011; Mcllroy et al. 2019).

Whilst there was considerable variation in the actual responses observed
among different coral taxa, the overall expected loss of coverage, diversity and
complexity in this subtropical region will hinder the functioning of the wider
ecosystem that relies on this coral community (Graham & Nash 2013). Abiotic
conditions within the SIMP may provide some buffering against the detrimental
impacts of future warming. However, the susceptibility of subtropical specialist
species to thermal stress (Kim et al. 2019), coupled with the high dependency on larval
supply from tropical environments for many species with tropical origins (Sommer et
al. 2014), is ultimately impeding the viability of subtropical coral assemblages. This
vulnerability presents a challenge for the future management of these marginal
environments and diminishes the potential for high-latitude locations to act as climate

refugia for many coral species.
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Transient amplification enhances the persistence of tropicalising

coral assemblages in marginal high latitude environments

4.1. Abstract

Predicting the viability of species exposed to increasing climatic stress requires an
appreciation for the mechanisms underpinning the success or failure of marginal
populations. Rather than traditional metrics of long-term population performance,
here we illustrate that short-term (i.e., transient) demographic characteristics,
including measures of resistance, recovery, and compensation, are fundamental in the
poleward range expansion of hard corals, facilitating the establishment of coral
populations at higher latitudes. Through the annual census of tropical and subtropical
Acropora spp. colonies in Japan between 2017-2019, we show how transient
amplification (i.e., short-term increases in population growth following disturbance)
in a subtropical coral assemblage supports its persistence within unstable
environmental conditions. The transient dynamics of both the tropical and subtropical
assemblages were strongly influenced by their corresponding recruitment patterns.
However, we demonstrate that variation in colony survival and fragmentation patterns
between the two assemblages determines their relative capacities for transient
amplification. This latitudinal variation in the transient dynamics of Acropora spp.
assemblages emphasizes that coral populations can possess the demographic plasticity

necessary for exploiting more variable, marginal conditions.

4.2. Introduction

The latitudinal diversity gradient, or poleward decline in biodiversity (von Humboldt
1808), is a fundamental macroecological pattern evident across all major taxa
(Hillebrand 2004; Fine 2015). This pattern emerges partly due to increased climatic
variation at higher latitudes (Willig et al. 2003; Archibald et al. 2010; Mannion et al.
2014). Increased environmental variation exerts a strong filter on the assembly of
biological communities, selecting for species with broader ecological niches (Janzen

1967). Yet, corresponding with the changing global climate, many ecosystems face
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imminent reassembly as species distributions shift to track favourable conditions (Pecl
et al. 2017; Williams & Blois 2018). Along shifting distributional boundaries, the
endurance of populations depends on their ability to withstand abiotic fluctuations
(Valladares et al. 2014). Across a given species’ range, its populations are exposed to
a series of environmental pressures giving rise to contrasting abilities between core
and peripheral populations for tolerating abiotic variation (Angert 2009; Purves 2009).
However, whilst the extent to which marginal populations can embrace environmental
variation underpins the continued viability of numerous species, it is poorly
understood how variation in the attributes that define the life cycles of species, such
as longevity and age at reproduction, influences the persistence of populations along
range boundaries (Valladares et al. 2014; Paniw et al. 2018; Healy et al. 2019).

Assessments of population viability typically explore long-term asymptotic
dynamics, such as estimates of population growth rate (1) (Beissinger & Westphal
1998; Crone et al. 2011; Selwood et al. 2015). However, evaluating the transient, or
short-term, dynamics of natural populations is as important, if not more so, for
anticipating the persistence of various species (Hastings 2001, 2004; McDonald et al.
2016). The transient dynamics of populations reflect their dynamics within unstable
environments, describing how a population’s trajectory can change in the short-term
relative to its asymptotic growth rate (Stott et al. 2011; Table 4.1). Transient dynamics
therefore provide a convenient means for quantifying population resilience,
specifically, the ability of populations to resist and recover after disturbances
(Capdevila et al. 2020). Driven by rapidly changing climate regimes and intense
anthropogenic pressure, many ecosystems are at risk of bifurcation, i.e. the loss of an
equilibrium state (sensu Poincaré 1885). Following a bifurcation, transient dynamics
can provoke the increase (amplification) or decline (attenuation) of a population.
Thus, understanding and predicting the transient dynamics of populations has become
a priority for pest management and conservation (Ezard et al. 2010; Hodgson et al.
2015; Capdevila et al. 2020).

Global warming, together with strengthening poleward boundary currents, are
driving the rapid tropicalisation of marine communities along tropical to temperate
transition zones (Vergeés et al. 2014; Kumagai et al. 2018). Consequently, tropical
taxa, including many zooxanthellate hard coral species, are becoming increasingly

prevalent in high-latitude subtropical environments (Denis et al. 2013; Vergés et al.
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Table 4.1. Summary of the metrics used here to describe the transient (short-term)

dynamics of tropical and subtropical Acropora spp. populations. Each metric is

displayed alongside their corresponding disturbance response descriptor (resistance,

compensation, and recovery) and demographic interpretation.

Transient measure

population responses

post disturbance

Descriptor of

Demographic

interpretation

DAMPING RATIO (p) Recovery

The rate at which a population converges

back to equilibrium post disturbance

REACTIVITY (p)

Compensation

MAXIMAL

AMPLIFICATION (Bra)

Maximum population growth rate
achieved in a single timestep post

disturbance.

Maximum rate of population growth
achieved, assuming transient conditions

are able to persist post disturbance.

FIRST-STEP

ATTENUATION (o)

Resistance

MAXIMAL

ATTENUATION (fnax)

Minimum population growth rate
achieved in a single timestep post-

disturbance.

Minimum rate of population growth
achieved, assuming transient conditions

are able to persist post disturbance.
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2019). This establishment of coral populations along subtropical coastlines draws
many similarities from the dynamics of invasive populations following their
relocation, which, economic and ecological costs aside, represent the growth of small
populations within novel environments (lles et al. 2016). Particularly relevant in this
context is evidence that the transient dynamics of plant populations are effective
predictors of invasive potential (lles et al. 2016). Indeed, populations possessing the
capacity for rapid amplification following a perturbation (reflected here by the
introduction of a novel environment) are more capable at exploiting new habitats
(Jelbert et al. 2019). It can, therefore, be expected that the capacity of coral
populations for establishing at higher latitudes may be dictated by their transient
dynamics, rather than asymptotic population trajectories. Nevertheless, the transient

dynamics of coral populations remain unexplored (Cant et al. 2021a).

Here, we explore if and how variation in the transient dynamics of coral
assemblages is consistent with their exposure to abiotic variability. Specifically, we
compare the relative stability (attenuation and amplification; see Table 4.1) and
recovery attributes of tropical and subtropical Acropora spp. assemblages in southern
Japan; a region considered an epicentre of tropicalisation (Vergés et al. 2014;
Kumagai et al. 2018). Transient dynamics are thought to buffer the effects of
environmental variability and are therefore accentuated in populations exposed to
more frequent disturbances (Ellis & Crone 2013). Accordingly, we investigate
whether coral assemblages at higher latitudes exhibit more pronounced transient
dynamics than their tropical counterparts. Equally, the reproductive isolation
associated with high-latitude coral assemblages ensures that they are typically
supported by sporadic recruitment from up-current tropical reefs, with their endurance
instead reliant on the dynamics of existing colonies (Cant et al. 2021b). Subsequently,
we also conduct a transient Life Table Response Experiment (Koons et al. 2016)
decomposing variation in the transient dynamics of tropical vs. subtropical Acropora
spp. assemblages to test whether the transient dynamics of subtropical coral

populations are indeed sustained by the dynamics of existing colonies.
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4.3. Materials and Methods

4.3.1. Model parameterisation

To explore the influence of environmental variability on the transient dynamics of
coral populations, we utilised an Integral Projection Model (IPM) framework
(Easterling et al. 2000) to quantify the respective dynamics of Acropora spp.
assemblages from a tropical and subtropical environment. An IPM describes how size-
specific vital rates (e.g., survival, recruitment) observed at the individual-level

translate into population characteristics:
n(z',t+1) = fLUP(z’,Z) + F(z',z) n(z,t)Az. 4.2)

Here, the size (z; in this case, colony surface area, cm?) structure, n(z’, t +1), of a
population at time t+1 is a function of its structure at time t, n(z, t), and the
demographic patterns outlined by the sub-kernels P and F. P describes size-specific
patterns relating to colony survival probability (o), transitions in size (y; growth, stasis,
and shrinkage), the probability of fragmentation (x), and the number and size of

fragments produced (xn and xo, respectively):

P(z',2) = [1 - k(D]a(2)y(z',2) + k(2)Kn(2)Ko(2"). (4.2)

F describes the recruitment of new, sexually produced individuals (Cz1), which are the
outcome of larval production per colony (colony fecundity, fn). Crucially, we also
included measures of larval settlement probability (), and post-settlement survival

probability (T), within our parameterisation of F:

F(z',2) =y fu(2) T C1(2"). (4.3)

Incorporating larval settlement and post-settlement survival ensured that, with
Acropora spp. assemblages influenced more by larval dispersal than local colony
fecundity patterns (Hughes et al. 2000), recruitment within our models was
determined by empirical settlement observations and not colony fecundity. The
inclusion of fecundity instead enabled us to close the loop between adult and recruit
colony dynamics, necessary for quantifying transient population characteristics
(Caswell 2001). All size-specific vital rates reflect patterns estimated across a size

range (Az) equal to 10% above and below the maximum (U) and minimum (L)
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observed sizes for the studied populations to avoid accidental eviction (Williams et
al. 2012).

We empirically parameterised our IPMs through the annual census of tropical
and subtropical Acropora spp. assemblages in southern Japan (Fig. 4.1). The in situ
identification of Acropora colonies to species level is complicated by the widespread
occurrence of morphologically cryptic subspecies and species hybridisation (Richards
& Hobbs 2015; Richards et al. 2016). Thus, working at the genus-level we pooled
data from across repeated surveys of tagged colonies in September 2017, August
2018, and August 2019 to quantify the regional dynamics of tropical and subtropical
Acropora spp. assemblages. Although restricted, the temporal extent of our
demographic assessment here, corresponds with timelines applied across previous
work evaluating the performance characteristics of coral populations (e.g. Precoda et
al. 2018; Shlesinger & van Woesik 2021) ensuring comparability between our

findings and those of past research.

During our surveys we recorded region- and size-specific patterns in colony
survival (o), transitions in size (y), and fragmentation (x; Appendix 3.1). Colony
survival represented the continued presence of tagged colonies over time and was
modelled as a function of colony size at time t. Alternatively, transitions in colony
size reflected the difference between colony surface areas recorded during successive
annual surveys. In this context, transitions in colony size reflected both growth due to
colony extension, and shrinkage following partial mortality (Madin et al. 2020), and
was calculated using the relationship between colony size at time t and at time t+1.
Next, using data pooled from both the tropical and subtropical assemblages, we
modelled the probability of colony fragmentation as a function of colony size at time
t. This approach was necessary due to the low frequency of annual fragmentation
events (number of events reported, n) observed within our tropical assemblage,
although we weighted fragmentation probabilities according to the relative proportion
of annual events recorded across the tropical and subtropical assemblages (nf*/n
see Appendix 3.1 for further details). We acknowledge that irrespective of the
approach used, the likelihood of fragments dispersing away from our plots means that
our estimates of fragmentation patterns are likely underestimates. Finally, we

estimated patterns in fragment production (xn) and fragment size (xo) as a function of
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Figure 4.1. The locations of the surveyed tropical and subtropical Acropora spp.

assemblages in Japan, separated by a distance of 990 km. (A) Mediated by the
Kuroshio Current, the coastline of southern Japan aligns with a distinct gradient in
environmental variability (coefficient of variation, CV) in monthly sea surface
temperatures (SSTs) recorded during our sampling years between 2017 and 2019.
We tagged individual Acropora spp. colonies at four locations within the tropical
reef communities of Okinawa (Red): (i) Miyagi Channel, (ii) Oura Bay, (iii)
Hentona, and (iv) Onna (only visited for deploying settlement tiles used to quantify

recruitment patterns), and at three locations within the subtropical coral communities
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of Kochi (Blue): (v) Okinoshima, (vi) Kashiwajima, and (vii) Nishidomari.
Representative photographs of surveyed tropical and subtropical coral assemblages
at (B) Hentona, Okinawa, and (C) Kashiwajima, Kochi. Photograph credits: K.
Cook.

initial colony size, using the number and recorded size of all observed colony

fragments.

In our IPMs, recruitment encompassed patterns in colony fecundity (fn), and
the probabilities of larval settlement (y) and post-settlement survival (henceforth
recruit survival probability [7]). Although we did not directly measure colony
fecundity due to the logistical challenges involved (Gilmour et al. 2016), we estimated
annual larval output (volume of larvae produced, cm®) as a function of colony size
using a relationship reported for Acropora spp. on the Great Barrier Reef (Hall &
Hughes 1996; Appendix 3.2). Additionally, we determined the probabilities of larval
settlement and recruit survival, using larval counts made during prior tropical (2011-
13; Nakamura et al. 2015) and subtropical (2016—18; Nakamura, unpublished data)
settlement tile surveys in southern Japan (see Appendix 3.2 for further details).
Combining the larval counts per unit area from these earlier surveys with our regional
estimates of larval output and observed recruit densities enabled us to estimate ratios
translating colony larval output from a measure of larval volume into expected counts
of settling larvae (y; sensu Bramanti et al. 2015), and to define a series of post-
settlement survival probabilities reflecting temporal trends in the survival of coral
larvae between settlement and the point of observation within both a tropical and
subtropical setting (#; Appendix 3.2). Finally, consistent with evidence that larval
settlement and survival are coordinated by interactions between local biotic and
abiotic drivers (Vermeij et al. 2009; Doropoulos et al. 2016), we modelled the size
distribution (C1) of tropical and subtropical recruits independently of parent colony

size.

4.3.2. Quantifying transient dynamics

We used our IPMs to test our hypothesis of variation in the transient dynamics of
tropical vs. subtropical coral populations. We focused on transient measures depicting

the demographic resilience attributes described in Table 4.1: recovery (damping ratio
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[p]), resistance (first-step attenuation [p] & maximal attenuation [pmax]), and

compensation (reactivity [p] & maximal amplification [pmax]). To obtain estimates of
variance in these transient metrics, we generated 1,000 variants of our tropical and
subtropical IPMs using Jack-knife resampling; each time omitting 5% of our data
without replacement whilst allowing the modelled probabilities of larval settlement
(w) and recruit survival (7) to vary within observed limits. Next, we integrated the
kernel of each model variant into a high-dimension matrix (200x200 cells) using the
‘midpoint rule’ (Ellner & Rees 2006; Zuidema et al. 2010), with the probability of
individuals transitioning from one cell to the next estimated at the cell midpoint and
multiplied by the cell width. In our case cell width corresponded with colony size
increments of 0.716 cm? on the log-scale. Following this discretisation, we calculated
the distribution (mean and variance) of each transient metric for the tropical and

subtropical assemblages using the R package popdemo (Stott et al. 2012).

We calculated the amplification and attenuation characteristics of the tropical
and subtropical assemblages as population structure-specific measures. Population
structure-specific transient measures provide the predicted transient dynamics of a
population given its current state distribution; as opposed to transient bounds which
reflect the potential dynamics of a population irrespective of its state distribution (Stott
et al. 2011). For these calculations, we derived the state distributions of both the
tropical and subtropical Acropora spp. assemblages using the size distributions of
tagged colonies recorded during our 2019 census. Across our Jack-knife model
variants, some combinations of resampled vital rate schedules lacked the capacity for
eliciting either amplification or attenuation in their corresponding population relative
to asymptotic growth rates. We therefore present the percentage of model variants
from which predictions of amplification and attenuation could be obtained as an
additional indication of the transient potential of the tropical and subtropical Acropora
spp. assemblages. Finally, to contextualise our estimates of transient dynamics against
the long-term trends of each population, we calculated mean and variance estimates
of their asymptotic growth rates (1), with 2 < 1 or > 1 reflecting negative or positive

population growth (Caswell 2001).
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4.3.3. Model decomposition

We tested our hypothesis that the transient dynamics of subtropical coral populations
are sustained by the survival, transitions in size, and fragmentation patterns of existing
colonies rather than patterns in recruitment using a transient Life Table Response
Experiment (transient LTRE; Koons et al. 2016). The amplification characteristics of
populations define their capacity to exploit and thrive within novel, variable
environments (McDonald et al. 2016; Jelbert et al. 2019). Thus, we decomposed the
vital rate influences of the relative maximal amplification characteristics (pmax) of the
tropical vs. subtropical Acropora spp. assemblages. The transient dynamics of our
focal coral assemblages (¢) are contingent on three components: the size-specific vital
rate patterns of established colonies (©), and the probabilities of larval settlement ()
and recruit survival (7). Variation in these components between the tropical and
subtropical assemblages consequently drives any variation between their

characteristics:
Sz(tropical) — 5[0(1)’ w(l)’ T(l)] (4,4)
f(subtropical) — E[@(Z), lp(Z)’ T(Z)]' (4.5)

Within coral populations, rates of larval settlement and survival oscillate
considerably over time (Davidson et al. 2019). Thus, we incorporated this variability
into our IPMs by allowing the probabilities of larval settlement and recruit survival to
fluctuate within observed boundaries, therefore introducing an element of within—
assemblage variability to our models. Using the transient LTRE approach detailed
below, we combined a traditional Life Table Response Experiment with a Kitagawa
& Keyfitz decomposition (Kitagawa 1955; Keyfitz 1968; Caswell 2019). Briefly, this
decomposition approach allowed us to account for within- assemblage variability
when evaluating the vital rate mechanisms underlying the differences between the
transient dynamics of the two assemblages (Maldonado-Chaparro et al. 2018; Layton-
Matthews et al. 2021).

We first paired up tropical and subtropical model variants to evaluate the
overall contributions (C) of the vital rate patterns of established colonies (©), larval
settlement (), and recruit survival (#), towards variation in pmax using a Kitagawa &

Keyfitz decomposition. The overall contribution of each component was obtained by
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averaging the effect on pmax Of substituting the tropical and subtropical form of the
selected component against a fixed background of the other components (Caswell
2019):

1 _ _
C(O) % 5 Pl OV 9,4V = 5, [0@,p®, V)]

+75  [00yp@,4@] — 5 [9®,p®,$O)]

max [ pmax

+ 5max[

oW,y $@] — 5

max[

0@, ™, 4]

+ 'Bmax[g(l)'lp(Z)'T(l)] _ 15max[@(2),¢(2)'1\(1)])_ (4.6)

Across all decomposition analyses, we defined the tropical assemblage as our control
model. Subsequently, positive contributions reflect greater influence towards the
dynamics of the tropical assemblage, whereas negative contributions imply a greater

importance towards the subtropical assemblage.

Next, we decomposed the separate contributions of the vital rates of survival,
changes in size, and fragmentation, observed in established colonies, towards
variation in pmax. The contribution of each vital rate (C[@i]) corresponds with the
change in that vital rate between paired tropical and subtropical models combined with

the environmental-specific elasticity matrices of pmax (Caswell 2019):

(65max [6, »™, 1]
a8 u=i

<6ﬁmax[ 0, p®, 1®)]

)(Qi(l) _ gi(z)) +

c8,) ~ ; 1 o
)(Qi( )~ 6,@)

(4.7)

00

u=i

Pmax [0, ¥, 'I‘i])

: . . - : _ 0
Here, the tropical- and subtropical-specific elasticity matrices of pmax ( 5

were comprised of the proportional sensitivities (e;;) of pmax towards the matrix

elements (a;;) of a discretised IPM kernel parameterised using the mean vital rates

across our tropical and subtropical assemblages (0):

_ aij dx _ aij (xPeTturbed_XOTiginal) _
ejj = 7;” = T(ag'erturbed - aiojriginal) where X = pPmax. (48)
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4.4. Results

4.4.1. Trends in transient dynamics: Tropical vs. subtropical

The transient characteristics of the subtropical Acropora spp. assemblage were more
pronounced than those of its tropical counterpart (Fig. 4.2). Of the two populations,
the tropical Acropora spp. assemblage displayed the highest asymptotic growth rate
(A: Tropical = 0.916 [95% CI: 0.914, 0.918]; Subtropical = 0.655 [0.654, 0.655]).
However, the subtropical assemblage is expected to exhibit a reactive (p) transient
response to perturbation, experiencing an increase in its growth rate relative to its
asymptotic trajectory (p: 1.033 [1.027, 1.039]). Although, across all Jack-knifed
model variants, the subtropical variants presented more heterogenous responses to
perturbations, than the tropical variants (Fig. 4.2A). Alternatively, post disturbance,

the tropical assemblage was predisposed to experience attenuation (p), resulting in a

decline in its asymptotic growth rate (p: 0.985 [0.983, 0.986]).

Notably, in comparison with the tropical assemblage, the transient dynamics
of the subtropical assemblage demonstrated a superior capacity for maintaining
elevated growth within unstable environments (Fig. 4.2B). Amplification was
observed in 84.5% of subtropical model variants as opposed to in just 23.1% of
tropical variants. Indeed, expected maximal amplification (p,,,,) Was also highest
within the subtropical assemblage, and reflected a potential ~22% increase in
population growth rate following a disturbance relative to asymptotic expectations
(Pmax- Tropical = 1.019 [1.012, 1.026]; Subtropical = 1.228 [1.215, 1.241]). The
tropical assemblage did, however, display a higher damping ratio (p) than the
subtropical assemblage (p. Tropical = 1.638 [1.634, 1.641]; Subtropical = 1.429
[1.424, 1.433]), indicating a faster convergence rate to an equilibrium state. Yet, in
this context, this disparity in convergence rate corresponds with the more prominent
transient displacement observed in the subtropical model variants relative to their

asymptotic characteristics (Fig. 4.2B). Conversely, maximal attenuation (p.,q4x)

estimates for the tropical and subtropical assemblages suggest that, whilst attenuation
was more readily observed within tropical model variants (observed in 96% and
40.3% of tropical and subtropical variants respectively), both assemblages are only

expected to experience a <10% reduction in their growth rates relative to asymptotic
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Figure 4.2. The subtropical Acropora spp. assemblage displays an enhanced
capacity for demographic amplification compared to its tropical counterpart. We
estimated measures of transient (short-term) dynamics describing the dynamics of
the tropical (Red) and subtropical (Blue) Acropora spp. assemblages following
disturbance across a series of Jack-knifed model variants. (A) The distribution of
transient responses within one time—step of a perturbation, observed across the
model variants. (B) Illustrates how the transient dynamics of the model variants
manifest over 40 years post-disturbance modifying population trajectories relative to
original asymptotic expectations. Solid lines represent the mean population trends
with shaded areas reflecting the range of observed transient patterns for each
population. Across both panels all transient responses in population size are
displayed relative to each assemblage’s corresponding asymptotic growth rate (4,

dashed line).

expectations should attenuation occur (Bmax- Tropical = 0.919 [0.916, 0.923];
Subtropical = 0.940 [0.935, 0.946]).
Considering the prevalence of uncertainties within coral taxonomy (Fukami et

al. 2004), there is a precedence for assessments into the characteristics of coral

populations to operate at higher taxonomic levels (Darling et al. 2019; Edmunds
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2020). Thus, we present here a demographic assessment of Acropora spp.
assemblages focused at the genus level. Interpretating our observed demographic
variation therefore assumes a consistency in species configurations across our tropical
and subtropical Acropora spp. assemblages. However, species records from both
Okinawa and Kochi (see Nishihira & Veron [1995]; Veron et al. [2016]) indicate that
there is considerable overlap in the composition of these tropical and subtropical
Acropora spp. assemblages (Appendix 3.3). Equally, there is minimal variation in the
morphological and functional traits of acroporid species associated with the coastal
communities of Okinawa and Kochi (Appendix 3.3), reinforcing the validity of the

demographic variation we describe here.
4.4.2. Transient LTRE decomposition

Despite clear evidence that recruitment patterns shape the transient dynamics of the
tropical and subtropical Acropora spp. assemblages, the differential vital rate
schedules of existing colonies are responsible for the variation observed between the
amplification capacities of the two assemblages (Fig. 4.3). Patterns in larval settlement
(w), recruit survival (7), and the vital rates of existing colonies (®) varied significantly
in their contributions towards variation in the maximal amplification (p,,ux)
(ANOVA: F2, 2997 = 29557, p < 0.001; Tukey: w > @ > 7). Overall, larval settlement
(w) and recruit survival (7) exerted the greatest influence on estimates of p,,qx,
although the influence of these two properties was not consistent across the tropical
and subtropical assemblage (Fig. 4.3A). The amplification characteristics of the
tropical assemblage were underpinned by patterns in larval settlement, whereas the
corresponding characteristics in the subtropical assemblage were guided by patterns
in recruit survival (see Appendix 3.2). Ultimately, these contrasting trends served to
nullify the proportional contribution of recruitment dynamics towards variation in

Pmax DEtWeen the tropical and subtropical populations.

Consequently, disparity in the dynamics of existing tropical and subtropical
colonies, specifically their survival and fragmentation characteristics, underpinned the
contrasting amplification capacities of their corresponding assemblages (Fig. 4.3B).
Although variable, the relative contribution of colony survival towards variation

iN prmqx decreased with increasing colony size, such that regional variation in the
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Figure 4.3. Size-specific patterns in colony survival and fragmentation
underpin the varying amplification characteristics of the tropical and subtropical
Acropora spp. assemblages. We used a transient Life Table Response Experiment to
explore the vital rate contributions underpinning variation between the transient
dynamics of tropical and subtropical Acropora spp. assemblages. (A) The
proportional contribution of patterns in larval settlement (), recruit survival (7), and
the vital rate schedules of existing colonies (®) towards differences in the maximal
amplification characteristics between the two assemblages (49,4, )- (B) The relative
size-specific contributions of the vital rates of survival, growth, and fragmentation
towards differences between the maximal amplification characteristics of the
subtropical Acropora spp. assemblage compared with its tropical counterpart as a
baseline. Solid lines represent mean contribution patterns. Across both panels,
positive contributions reflect greater influence of a given vital rate towards the
transient characteristic reported for the tropical assemblage (Red), whilst negative
values reflect greater influence towards the subtropical assemblage (Blue). All error
displayed represents the full range of observations observed across tropical and

subtropical model variants.
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survival patterns of colonies sized between 0.37 and 55 cm? (-1 to 4 cm? on the log
scale) strongly influenced estimates of p,,,., (Fig 4.3B). Alternatively, the
contribution of colony fragmentation towards variation in p,,,,, increased with colony
size, with the fragmentation patterns of large (>1097 cm?, >7 cm? on the log scale)
subtropical colonies serving to enhance the amplification capacity of their assemblage
(Fig 4.3B). By contrast, the influence of colony growth characteristics on the transient
amplification potential of either assemblage was negligible (Fig. 4.3B). Evidently, the
enhanced amplification capacity of the subtropical coral assemblage is associated with
the fragmentation characteristics of larger colonies. Meanwhile, the elevated survival
of smaller tropical colonies, relative to subtropical colonies, serves to diminish the

amplification potential of the tropical assemblage.
4.5. Discussion

Global climatic change is reassembling coral reef communities worldwide (Hughes et
al. 2017, 2018). Accordingly, understanding the mechanisms underpinning the
establishment and persistence of range-shifting coral species in subtropical and
temperate locations is imperative for anticipating the future success or failure of global
coral assemblages, and their continued provision of essential ecosystem services
(Hoegh-Guldberg et al. 2017; Camp et al. 2018; Sommer et al. 2018). Comparing
between the dynamics of tropical and subtropical Acropora spp. assemblages we
reveal a higher asymptotic growth rate in the tropics. However, we illustrate that the
expansion and endurance of a coral assemblage within a highly variable and
comparatively stressful, subtropical environment corresponds with its superior
capacity for amplified growth following disturbance compared to a down current
tropical assemblage (Fig. 4.2). We also highlight how the transient dynamics of a
subtropical Acropora spp. assemblage are contingent on the survival and
fragmentation dynamics of existing colonies, highlighting key drivers underpinning
the fitness of coral populations at higher latitudes. Recruitment had the largest overall
effect on the dynamics of both the tropical and subtropical Acropora spp. assemblage.
Yet, divergent larval settlement and recruit survival probabilities between the two
assemblages ensures that the dynamics of existing colonies underpin the relative
differences between their transient dynamics (Fig. 4.3). Overall, our findings here are
consistent with insights from invasive populations whose transient demographic

characteristics facilitate the colonisation of non-native environments (lles et al. 2016;
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Jelbert et al. 2019), evidencing mechanisms that shape the ability for coral species to

shift their distributions into subtropical and temperate environments.
4.5.1. Transient versus asymptotic dynamics

Understanding within-species demographic variation across climatic gradients is
essential for forecasting the success of populations at tracking favourable conditions
and establishing themselves within novel environments (Merow et al. 2017). Our
findings display an emergent latitudinal trade-off between the long-term viability and
short-term exploitation potential of Acropora spp. assemblages in southern Japan.
Similar divergent latitudinal patterns in stability and variability have been observed
across various biological scales (Hillebrand et al. 2018; Antdo et al. 2020), and are
thought to underpin the vulnerability of lower-latitude populations to future climatic
change (Barlow et al. 2018). Across tropical and subtropical Acropora spp.
assemblages, asymptotic population growth was highest in the tropics, aligning with
traditional expectations that population growth rates will decline towards species
range boundaries as populations encounter increasingly demanding environments
(Vucetich & Waite 2003). However, the strength and universal nature of this
expectation is widely refuted (Sagarin & Gaines 2002; Sexton et al. 2009; Villellas et
al. 2013). Instead, peripheral populations have been demonstrated to exhibit greater
temporal variability in population growth rates (Villellas et al. 2013). Indeed,
maximising transient amplification potential is considered a more beneficial strategy
than prioritising long-term population growth for enhancing population persistence
within unstable, marginal, environments (McDonald et al. 2016). Thus, whilst the
tropical Acropora spp. assemblage appears more viable under stable conditions, the
subtropical assemblage displays demographic strategies associated with the enhanced

exploitation of more variable environments.

Peripheral populations inhabiting sub-optimal or more varied environments
compared to core populations are becoming increasingly crucial for species
persistence under climate change (Valladares et al. 2014). The mechanisms behind
the long-term viability of coral populations at higher latitudes have long been disputed
(Beger et al. 2014). At higher-latitudes coral populations are susceptible to bioerosion
(Nozawa et al. 2008), thermal stress (Kim et al. 2019; Cant et al. 2021b), reproductive
and genetic isolation (Thomas et al. 2017; Precoda et al. 2018; Nakabayashi et al.
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2019), and are exposed to cooler, highly seasonal abiotic regimes, and reduced
irradiance (Yamano et al. 2012; Muir et al. 2015; Sommer et al. 2017). However,
legacies of exposure to variable environments affords populations with greater
adaptive capacity, as abiotic variability cultivates and filters the traits necessary for
the tolerance of further disturbances (Kroeker et al. 2020). In subtropical coral
communities, the maintenance of diverse gene pools largely relies on their
connectivity with up-current tropical reefs, a characteristic that is restricted in many
of these systems (Noreen et al. 2009; Beger et al. 2014). However, sporadic larval
supply into subtropical coral communities may benefit their adaptation to abiotic
variability, preventing genetic swamping from tropical ecosystems that experience
radically different selection pressures (Galipaud & Kokko 2020). However, as
marginal populations become increasingly fragmented or isolated, their diminished
genetic diversity inhibits their durability within variable environments (Pearson et al.
2009). Thus, although we have demonstrated that coral populations display the
demographic plasticity necessary for exploiting more variable regimes, the continued
success of high-latitude coral populations is likely contingent on continued support

from core populations (Cant et al. 2021b).
4.5.2. Decomposing latitudinal contrasts within vital rate patterns

The size structure of coral populations has considerable repercussions on their
dynamics and interactions within their wider reef communities (Dietzel et al. 2020;
Pisapia et al. 2020). The heightened amplification characteristics we observed in the
subtropical Acropora spp. assemblage were primarily supported by the survival and
fragmentation patterns of larger individuals (Fig. 4.3). This pattern reflects our
expectation that, with subtropical coral populations reliant on sporadic recruitment
events, their endurance is conditional on the vital rates of existing colonies. Colony
fragmentation is commonly observed within disturbed environments (Pisapia et al.
2019), and is a common trait amongst acroporid species enabling the rapid
colonisation of available substrate (Roth et al. 2013). Indeed, the growth of colony
remnants following fragmentation has been shown to support faster rates of recovery
in coral cover than the growth of recruits and younger colonies of equal size (Connell
1997). Along tropicalising coastlines, colonisation through individual fragmentation
could prove particularly effective, with rising temperatures and grazing tropical

migrants reducing macroalgal competition (Vergés et al. 2016; Kumagai et al. 2018),
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and limited accretion reducing the density of existing coral communities (Kleypas et
al. 1999). However, increased fragmentation also implies an accumulation of smaller
sized colonies, and is attributed with the diminishing capacity for coral populations to
persist during recurrent climatic disturbances (Riegl et al. 2012; Riegl & Purkis 2015;
Pisapia et al. 2019).

It is not unusual for the dynamics of coral communities to revolve around the
vital rates of the largest colonies (Dietzel et al. 2020), yet the reliance of subtropical
Acropora spp. populations on the dynamics of larger individuals could render it
sensitive to future climate shifts. In Japan, the frequency of severe typhoon storms is
increasing (Hoshino et al. 2016). These storms are known to disproportionally impact
upon the largest individuals within coral communities, particularly those with delicate
tabular and branching structures such as Acropora spp. (Bries et al. 2004; Madin &
Connolly 2006). During September 2018, Typhoon Jebi, possessing wind speeds
upwards of 158km/h, made landfall along the southern coastline of Shikoku Island
(Mori et al. 2019). This storm exerted considerable structural damage within the
subtropical coral communities of Kochi (Cant, Cook & Reimer, 2019, pers. obs.), and
is deemed responsible for a decline in mean colony size we observed within the
subtropical Acropora spp. assemblage during 2019 (Appendix 3.1). The dominance
of larger sized colonies in this subtropical assemblage (Appendix 3.1) suggests that
this assemblage has successfully navigated past typhoon storms. However, with the
intensity of future storms increasing (Hoshino et al. 2016), destructive events on the
scale of Typhoon Jebi will become more frequent, possibly undermining the success

of coral populations reliant on the characteristics of larger individuals.

Overall, differences between the transient dynamics of the tropical and
subtropical Acropora spp. assemblages were underpinned by variation in the vital rate
patterns of existing colonies. However, recruitment is a fundamental component in the
dynamics and resilience of coral communities (Adjeroud et al. 2017). Accordingly,
we observed that recruitment patterns actually exerted the largest absolute influence
on the transient dynamics of the two populations, although this influence was masked
by contrasting patterns in larval settlement and recruit survival (Fig. 4.3A). We
observed that the settlement of Acropora spp. larvae was lower in the subtropics
compared with the tropics. With abiotic barriers limiting the dispersal and survival of

coral larvae at higher latitudes this pattern is to be expected (Nakabayashi et al. 2019),
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despite conflicting evidence of recent warming induced increases in the densities of
settling subtropical larvae (Price et al. 2019). Intriguingly though, we report that the
survival of coral larvae following successful settlement appeared highest in the
subtropics. Whilst consistent with expected density dependant patterns in the survival
of newly settled larvae (Cameron & Harrison 2020), our finding disagrees with
previous reports of extremely high annual post-settlement larval mortality within a
subtropical environment (Wilson & Harrison 2005). Seawater temperatures at the time
of settlement influence the survival of coral larvae (Randall & Szmant 2009). Equally,
acroporid corals are known to be highly sensitive to cold shock (short-term exposure
to cold temperatures; Roth et al. 2012). Therefore, with our assessment of recruitment
patterns reliant on settlement plates and plot surveys occurring during boreal summer
months we acknowledge that our estimates of subtropical recruit survival may
represent overestimates arising from the inclusion of individuals yet to experience the

selective pressures of cooler subtropical seasons.
4.6. Conclusions

Understanding both the extent to which marginal populations can embrace
environmental variation, and the mechanisms that underpin the success or failure of
populations along range boundaries, is necessary if we are to anticipate the continued
viability of crucial species, communities, and ecosystems (Valladares et al. 2014;
Merow et al. 2017). Equally, distinguishing how vital rate characteristics manifest
under differing environmental regimes will help resolve the climate envelopes of
different species and ecosystems, allowing for more accurate predictions of population
persistence or collapse (Trisos et al. 2020). Climatic warming is facilitating the
poleward expansion of coral populations into subtropical coastal ecosystems (Beger
etal. 2014; Vergés et al. 2019). The dynamics of coral populations establishing within
tropicalising environments offer valuable insights into the ability of coral
communities for persisting within suboptimal habitats and adapting to future, more
variable, climates (Camp et al. 2018). However, our lack of an appreciation for the
demographic characteristics of coral populations and their abiotic drivers (Edmunds

et al. 2014; Edmunds & Riegl 2020) inhibits our capacity for exploring these insights.

The transient dynamics of populations define their responses to disturbance,

and ultimately their dynamics within variable environments (Hastings 2004; Stott et
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al. 2011; McDonald et al. 2016; Hastings et al. 2018). Transient demographic theory
has advanced our understanding of invasive potential, allowing us to forecast the
ability of species to establish populations outside their core range (lles et al. 2016;
Merow et al. 2017; Jelbert et al. 2019). We have illustrated here how the transient
dynamics of coral populations coordinate their establishment at higher latitudes,
mediating their response to enhanced seasonal variation. Equally, Acropora spp.
assemblages in southern Japan display the demographic plasticity necessary for the
continued exploitation of higher latitude environments. However, with this work we
have only begun to gather evidence of the mechanisms supporting the redistribution
of coral populations. It is crucial we continue evaluating how patterns in the transient
dynamics of coral populations translate across various species, and over broader
spatial scales. Without improving current knowledge regarding the dynamics of coral
populations we will be unable to predict the persistence and future reassembly of coral
communities and their associated reef taxa (Edmunds & Riegl 2020; Pisapia et al.
2020; Cant et al. 2021a).
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Coral assemblages at higher latitudes favour short-term potential

over long-term performance

5.1. Abstract

The current exposure of species assemblages to high environmental variability may
grant them resilience to future increases in climatic variability. In globally threatened
coral reef ecosystems, management seeks to protect resilient reefs within variable
environments. Yet, our lack of understanding for the determinants of coral population
performance within variable environments hinders forecasting the future reassembly
of global coral communities. Here, using Integral Projection Models, we compare the
short- (i.e., transient) and long-term (i.e., asymptotic) demographic characteristics of
tropical and subtropical coral assemblages to evaluate how thermal variability
influences the structural composition of coral communities over time. Exploring
spatial variation across the dynamics of functionally different competitive, stress-
tolerant, and weedy coral assemblages in Australia and Japan, we illustrate that coral
populations trade-off long-term performance for transient potential in response to
exposure to thermal variability. We illustrate how, by exploiting volatile short-term
demographic strategies, coral assemblages can reduce their susceptibility towards
environmental variation, thus enhancing their persistence within variable
environments. However, we also reveal considerable variation across the vulnerability
of competitive, stress-tolerant, and weedy coral assemblages towards future increases
in thermal variability, with stress-tolerant and weedy corals possessing an enhanced
capacity for elevating their transient potential in response to environmental variability.
Accordingly, despite their current exposure to high thermal variability, future climatic
shifts threaten the structural complexity of coral assemblages, derived mostly from
competitive coral taxa within highly variable subtropical environments, emulating the

degradation expected across global coral communities.
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5.2. Introduction

Coral reefs worldwide are threatened by unprecedented climatic and anthropogenic
disruption (Hughes et al. 2018, 2019). The conservation of coral reef ecosystems now
relies on enhancing the resilience of coral communities, specifically their capacity to
resist and recover from increased climatic variability (Kleypas et al. 2021; McLeod et
al. 2021). Changes in environmental regimes provoke spatial shifts in the performance
and distribution of populations, which ultimately upscale to the compositional
reassembly of biological communities (Totland & Nyléhn 1998; Pecl et al. 2017).
Exposure to increased variability is, however, expected to indirectly augment the
capacity for populations to resist and recover from repeated disturbances (Boyd et al.
2016; Rivestetal. 2017). Yet, nuanced interactions between population characteristics
and biophysical conditions ensure inconsistent responses towards climate shifts, even
across populations within the same region (Parmesan & Yohe 2003; Chen et al. 2011).
For instance, differential sensitivities to habitat change can accelerate or reverse
expected poleward range shifts in response to climate warming (Chen et al. 2011).
Thus, anticipating the future resilience of natural communities requires understanding
the collective vulnerabilities of their constituent populations (Williams et al. 2008)
and the determinants underpinning their resilience to increasing environmental
variability (Vazquez et al. 2017; lles et al. 2019). However, regional variations in the
response of coral assemblages to climatic disturbances have generated misconceptions
in our interpretation of the status of coral communities worldwide, with global
population sizes of many species perhaps larger than previously anticipated (Dietzel
et al. 2021). Only by linking the mechanisms underpinning heterospecific variation
across the responses of populations to environmental variability can one predict the
resilience of biological communities to increased climatic variability (Williams et al.
2008; Dawson et al. 2011; Foden et al. 2013). Evidently, to accurately forecast the
ongoing reassembly of global coral communities we must improve our understanding
for how environmental variability shapes coral population performance across

community- and regional-scales (Rivest et al. 2017).

To explore the performance of populations exposed to recurrent disturbances
within variable environments, one needs to consider their transient (i.e., short-term)
dynamics (Hastings 2004; Ezard et al. 2010; Hastings et al. 2018; Cant et al. 2021b).

Yet, the asymptotic (i.e., long-term) population growth rate (1), a metric that describes
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temporal changes in population size at stationary equilibrium (Caswell 2001), is the
predominant metric used to quantify population performance (Caswell 2001; Crone et
al. 2011). In reality, though, natural populations are exposed to repeated disturbances
that favour the persistence of transient conditions, preventing the emergence of
stationary equilibria (Hastings 2001, 2004; Hastings et al. 2018). Within variable
environments, repeated disturbances impose short-term changes upon the structure of
populations that can elevate (amplification) or diminish (attenuation) their growth
rates, resulting in population performance characteristics deviating from long-term
expectations (Ezard et al. 2010; Stott et al. 2011). Quantifying how transient
population performance deviates from long-term expectations (henceforth transient
potential) is therefore crucial for predicting the success or failure of natural
populations (Koons et al. 2005); an approach that remains neglected within coral
research (Cant et al. 2021b).

Located at the intersection of tropical and temperate ecoregions, subtropical
coral communities provide an opportunity for evaluating the abiotic determinants of
coral population perform