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Abstract

The persistent exposure of coral assemblages to more variable abiotic regimes is

assumed to augment their resilience to future climatic variability. Yet, while the

determinants of coral population resilience across species remain unknown, we

are unable to predict the winners and losers across reef ecosystems exposed to

increasingly variable conditions. Using annual surveys of 3171 coral individuals

across Australia and Japan (2016–2019), we explore spatial variation across the

short- and long-term dynamics of competitive, stress-tolerant, and weedy assem-

blages to evaluate how abiotic variability mediates the structural composition of

coral assemblages. We illustrate how, by promoting short-term potential over

long-term performance, coral assemblages can reduce their vulnerability to
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stochastic environments. However, compared to stress-tolerant, and weedy assem-

blages, competitive coral taxa display a reduced capacity for elevating their

short-term potential. Accordingly, future climatic shifts threaten the structural

complexity of coral assemblages in variable environments, emulating the degrada-

tion expected across global tropical reefs.
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INTRODUCTION

Anticipating the resilience of natural communities requires
an in-depth understanding for the determinants underpin-
ning their constituent populations’ responses to recurrent dis-
turbances (V�azquez et al., 2017; Williams et al., 2008).
Changes in environmental regimes provoke spatial shifts in
the performance and distribution of populations, which
upscale to the compositional reassembly of biological
communities (Pecl et al., 2017; Totland & Nyléhn, 1998).
Exposure to more variable environments is expected to indi-
rectly augment community resilience (Boyd et al., 2016;
Rivest et al., 2017). However, nuanced relationships between
population characteristics and biophysical conditions ensure
inconsistent responses to climate shifts (Parmesan &
Yohe, 2003); with differential population sensitivities to habi-
tat change having both accelerated and reversed expected
poleward range shifts in response to climate warming (Chen
et al., 2011). By linking the mechanisms driving
heterospecific variation across population responses to envi-
ronmental change, one can predict the resilience of whole
communities to increased climatic variability (Dawson
et al., 2011; Foden et al., 2013; Williams et al., 2008).

Located at the interface between tropical and temperate
ecoregions, subtropical coral assemblages provide an
opportunity for exploring the determinants of population
resilience (Beger et al., 2014; Burt et al., 2020;
Camp et al., 2018). Recently, subtropical coral assemblages
have undergone transformation, with tropical coral taxa
undergoing poleward range expansions in response to
shifting thermal regimes (Baird et al., 2012; Booth &
Sears, 2018; Precht & Aronson, 2004; Tuckett et al., 2017;
Yamano et al., 2011). At higher latitudes, however, coral
assemblages are exposed to enhanced seasonality and cooler
temperatures and, thus, experience greater abiotic variability
relative to their tropical counterparts (Sommer et al., 2018).
Subsequently, corals in subtropical regions offer insight
into how differing coral populations utilize strategies to
mediate their performance in response to environmental
stochasticity across community- and regional-scales.

Exploring the performance of populations exposed
to environmental stochasticity requires a consideration

of their transient (i.e., short-term) dynamics (Cant,
Cook, et al., 2022; Ezard et al., 2010; Hastings, 2004;
Hastings et al., 2018). Asymptotic (i.e., long-term) popula-
tion growth rate (λ), which describes temporal changes in
population size at stationary equilibrium (Caswell, 2001), is
the predominant metric used to quantify population perfor-
mance (Caswell, 2001; Crone et al., 2011). However, sto-
chastic conditions maintain natural populations within a
transient state, preventing the emergence of stationary equi-
libria (Hastings, 2001, 2004; Hastings et al., 2018). Within
stochastic environments, recurrent disturbances impose
short-term changes upon the structure of populations that
can elevate (i.e., demographic amplification) or diminish
(i.e., demographic 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 (hence-
forth short-term potential) deviates from long-term expecta-
tions therefore is crucial for predicting the success or failure
of natural populations (Koons et al., 2005), an approach
that remains neglected within coral research (Cant,
Salguero-G�omez, & Beger, 2022).

In species rich communities, evaluating ecological
dynamics requires a trait-based approach to condense
vast quantities of demographic detail (Chalmandrier
et al., 2021). Given the diversity of coral assemblages,
exploring patterns across the demographic characteristics
of co-occurring species presents a logistical challenge
(Madin, Anderson, et al., 2016). Yet, this is a challenge
that can be navigated by pooling individuals based on
shared trait characteristics. Morphological, physiological,
and phenological functional traits influence the fitness of
individuals and thus determine the demographic charac-
teristics of their populations (Violle et al., 2007), their
responses to disturbances (Grime & Pierce, 2012), and sub-
sequently the assembly of biological communities (Cadotte
et al., 2011; Falster et al., 2017; McGill et al., 2006).
Indeed, functional trait characteristics impact upon the
demographic properties of coral populations (e.g., colony
growth and reproduction [Álvarez-Noriega et al., 2016;
Madin et al., 2012]), mediating their ability to respond to
local abiotic patterns (Sommer et al., 2014). Given such
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strong links between coral traits and demographic perfor-
mance, the categorization of coral taxa into competitive,
stress tolerant, generalist, and weedy life-history assem-
blages (sensu Darling et al., 2012) can be used to evaluate
broadscale patterns in coral community reassembly (Darling
et al., 2013, 2019; Zinke et al., 2018). Trait-based assessments
of coral community assembly also better inform upon the
wider implications of ongoing community shifts than
taxonomic-based assessments, thereby aiding the manage-
ment of coral reef ecosystems (Darling et al., 2019).

Here, we investigate how the demographic character-
istics of competitive, stress-tolerant, and weedy coral
assemblages map onto patterns of abiotic variability asso-
ciated with the transition between tropical and sub-
tropical environments. Exploiting gradients across the
differing dimensions of thermal variability (monthly
mean sea surface temperature [SST], monthly SST vari-
ance, and monthly SST frequency spectrum) as a key
measure of abiotic variability (McIlroy et al., 2019; Toth
et al., 2021), we used integral projection models (IPMs;
Easterling et al., 2000) to quantify the association
between abiotic variability and the short-term potential
and long-term performance characteristics of tropical and
subtropical coral assemblages across both the northern
and southern hemispheres (Figure 1). Describing how
state-specific patterns in individual survival, develop-
ment, and reproduction translate into population-level
characteristics, IPMs offer an approach for quantifying
how abiotic environments influence population viability
(Merow et al., 2014). Specifically, we anticipate that, com-
pared to their tropical counterparts, subtropical coral
assemblages will prioritize short-term potential over
long-term performance, corresponding with the need for
subtropical coral populations to endure periodically dis-
turbed environments. Thus, we expect that characteristics
associated with enhanced short-term potential will align
with more variable abiotic conditions, whereas measures
of long-term performance will be greater in more consis-
tent environments; a pattern that will persist irrespective
of functional strategy and geographic location.

METHODS

Modeling population dynamics

IPMs capture how the state composition of individuals
influences the performance of populations over discrete
time periods (t to t + 1; Easterling et al., 2000). IPMs
build upon the well-established framework of Matrix
Population Models, which are used to project population
characteristics using a discrete matrix categorizing the
survival, developmental, and reproductive rates of

individuals depending on their position along a series of
discrete state classes (e.g., age or developmental stage;
Rees et al., 2014). However, an IPM offers greater flexibil-
ity, as it allows for quantifying the performance of
populations in which the state of individuals is character-
ized along a continuous scale (e.g., size; Easterling
et al., 2000). Here, to quantify the long-term performance
characteristics and short-term potential of coral populations,
we used IPMs describing patterns in colony survival (σ),
transitions in size (growth and shrinkage, γ), fragmenta-
tion probability (κ), fecundity (φ), and recruitment (ϕ),
each as a function of colony size (z; visible horizontal sur-
face area, square centimeters). Specifically, our IPMs took
the form

n z0, t+1½ � ¼
ðU

L

Pz0z +Fz0z n z, t½ �δzð Þ, ð1Þ

Pz0z ¼ 1− κzð Þσz γz0z + κz κbz κ0z
� �

, ð2Þ

Fz0z ¼φz ϕC0, ð3Þ

with [L, U] representing the range of possible colony
sizes; calculated as 10% above and below observed maxi-
mum and minimum colony sizes to avoid accidental
exclusion (Williams et al., 2012). Accordingly, the struc-
ture of a population at time t + 1 (n[z0, t + 1]) is a product
of its structure at time t (n[z0, t]) subject to the survival (σz)
and transition of individual colonies from size z to size z0

(γz0z); the probability of colony fragmentation (κz) and the
number (κbz) and size distribution of any colony remnants
produced (κ0z ); and colony fecundity (φz) combined with
the probability of successful recruitment (ϕ) and the size
distribution of surviving recruits (C0).

Data collection

We parameterized our IPMs using data collected during
annual surveys of 3171 tagged colonies within tropical and
subtropical coral assemblages in southern Japan and east-
ern Australia (Figure 1). We tagged individual colonies
using permanent plots arranged haphazardly throughout
four focal coral assemblages (Australian subtropics [AS],
Australian tropics [AT], Japanese subtropics [JS], Japanese
tropics [JT]) and demarcated with numbered tags (Cant
et al., 2021; Cant, Cook, et al., 2022). Repeated surveys of
these four assemblages were carried out between 2016 and
2019, although survey length was not equal across each
assemblage with, (1) the date of initial colony tagging dif-
fering across each region (AS = 2016, AT = 2018, JS and
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F I GURE 1 Legend on next page.
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JT = 2017; Appendix S1: Section S1), and (2) the coronavi-
rus (COVID-19) pandemic preventing further surveys in
2020. All tagged colonies were identified either in situ or
from photographs to the lowest possible taxonomic level
(either genus or species). No samples were taken from
tagged colonies, as although this would have allowed us to
resolve species identity, we wanted to avoid any lasting
interference with the processes of colony survival, growth,
and fragmentation.

To facilitate comparing population characteristics
observed across spatially distinct regions in Australia and
Japan with varying degrees of species overlap (Veron
et al., 2016), we grouped tagged colonies across each region
according to shared life-history strategies (sensu Darling
et al., 2012, 2013; Zinke et al., 2018). Specifically, we catego-
rized colonies as “competitive,” “weedy,” “stress-tolerant”
or “generalist” based on their morphology, growth rate and
reproductive mode, following the genera classifications of
Darling et al. (2012), with minor adaptions made based on
local expertise (see Appendix S1: Section S2 for a detailed
list). In the event that genera represented species classified
across multiple categories (19 cases), we randomly assigned
individuals across the relevant categories in proportion with
the number of species within each category known to occur
in the area (sensu Zinke et al., 2018). Following the pooling
of colonies according to their life-history strategies, we
omitted all individuals defined as generalists from subse-
quent analyses due to their limited representation across
our regional samples (n: AS = 22 colonies, AT = 31,
JS = 17, JT = 65). Consequently, we constructed IPMs
concerning the dynamics of each functional coral assem-
blage (competitive, stress-tolerant, and weedy; Figure 1) at
each of the four geographical locations.

Photographs capturing the visible horizontal extent of
tagged colonies were used to follow individuals over suc-
cessive surveys and obtain longitudinal records of colony
surface area (square centimeters; transformed to a log
scale) over time. Using generalized linear mixed models
(GLMMs), we estimated size-specific patterns in colony
survival (σ), transitions in size (γ), and fragmentation

probability (κ) for each population (Appendix S1:
Section S1). In each case, our GLMMs included random
effects (colony identity and survey location) to account
for any autocorrelation between observations and
within-subject variability associated with our pooling of
data recorded from individuals followed across multiple
years, and at different sites. Colony survival (σ) reflected
the continued presence of tagged individuals across sur-
vey intervals (t to t + 1) and was modeled as a logistic
function of colony surface area at time t. Colony size
transitions (γ), representing both growth through colony
extension, and shrinkage through partial mortality
(Madin et al., 2020), were modeled using the polynomial
relationship between initial colony surface area at time
t and subsequent surface area at time t + 1. Colony frag-
mentation probability (κ) was then modeled as a polyno-
mial logistic function of colony size at time t. During our
surveys, we recorded fragmentation in the event of
observed colony breakage, recording the size (surface
area, square centimeters) of all remnants produced in
each case. Subsequently, we also modeled the number
(κbz) and size (κ0z ) of remnant colonies produced during
fragmentation as a function of colony size at time t, using
Poisson and polynomial GLMMs, respectively.

Alongside our surveys of tagged individual colonies,
we also monitored colony recruitment within our perma-
nent coral plots. During each annual survey, we recorded
the number and size of all new corals <5 cm diameter
appearing within each plot (encompassing both new
recruits and colonies that were undetectable during pre-
vious years) to quantify annual and regional variability in
the density of corals newly establishing/recruiting into
our plots (Appendix S1: Table S2), as well as estimate
population-specific new colony size distributions (C0;
Appendix S1: Section S1). Prior to incorporating recruit-
ment dynamics into our IPMs, however, we first deter-
mined patterns in colony fecundity (φ). Using data
relating colony size and larval output (larval density,
cubic centimeters) extracted from the Coral Trait Database
(Hall & Hughes, 1996; Madin, Hoogenboom, et al., 2016),

F I GURE 1 Using repeated annual surveys of tagged individual colonies, conducted between 2016 and 2019, we quantified the

influence of environmental stochasticity on the long-term performance and short-term potential of tropical and subtropical coral populations

in southern Japan and eastern Australia. (A) As climate shifts induce range expansions in many coral species worldwide, their populations

are increasingly exposed to a gradient in thermal regimes, illustrated here by mean monthly sea surface temperatures (x̄sst; degree Celsius;

sst, sea surface temperature) recorded between 1950 and 2019 (Rayner et al., 2003). (B) Between 2016 and 2019, we documented the survival,

growth, fragmentation, and recruitment patterns of 3171 tagged coral individuals within the tropical reef communities (▲) of Okinawa

(Japan) and Heron Island (Australia), and within the subtropical communities (●) of Kochi (Japan) and the Solitary Islands Marine Park

(Australia). (C) Using these data, we parameterized integral projection models (IPMs) describing the dynamics of tropical and subtropical

assemblages of competitive, stress-tolerant, and weedy coral taxa. Combining outputs obtained from these models with measures of the

thermal regimes experienced by each population, we then explored the relationships between the long-term performance and short-term

potential of coral populations, and their exposure to gradients in abiotic variability.
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we calculated colony fecundity (φ) as the polynomial
relationship between colony size at t and expected larval
output (Appendix S1: Section S1). This approach enabled us
to complete the life cycle loop, linking the dynamics of
existing individuals with the introduction of new, geneti-
cally distinct individuals within our IPMs; a necessary step
when evaluating population performance (Caswell, 2001).
However, to ensure our modeled recruitment dynamics,
and therefore, our modeling framework, reflected empirical
observations, we parameterized a new colony settlement
function (ϕ) into our IPMs. As a probability-based function,
this new colony settlement function converts modeled
larval outputs into proportional newly establishing
colony densities corresponding with our empirical
counts. We determined this new colony settlement func-
tion by dividing total expected larval output in any given
year by the corresponding annual new colony count
(Appendix S1: Section S1, sensu Bramanti et al., 2015;
Cant et al., 2021).

Quantifying population characteristics

From our IPMs, we obtained estimates of long-term per-
formance (asymptotic population growth, λ), generation
time (T), and short-term potential (damping ratio [ρ],
maximal amplification [ρmax ] and transient envelope
[TE]) for each tropical and subtropical coral assemblage
(Capdevila et al., 2020; Caswell, 2001; Gaillard
et al., 2005; Stott et al., 2010, 2011). Estimates of λ are
typically used as a measure of long-term population via-
bility (Crone et al., 2011), and reflect whether a popula-
tion is expected to grow (λ>1) or decline (λ<1) when at
stationary equilibrium (Caswell, 2001). Generation time is a
measure of population turnover, describing the time needed
for individuals of a population to be replaced (Gaillard
et al., 2005). Alternatively, our measures of short-term
potential describe the expected characteristics of
populations following their displacement from stationary
equilibrium due to disturbances. The damping ratio consti-
tutes a measure of demographic recovery (Capdevila
et al., 2020; Hodgson et al., 2015), describing the rate at
which a population perturbed from its stationary equilib-
rium converges back to its asymptotic growth trajectory
(Caswell, 2001). Meanwhile, maximal amplification quan-
tifies the greatest increase in population size following a dis-
turbance, relative to its asymptotic growth trajectory (Stott
et al., 2010, 2011). Finally, the TE quantifies the magnitude
by which the short-term dynamics of a population deviate
from its long-term trajectory (Capdevila et al., 2020).

To calculate the aforementioned demographic charac-
teristics, we discretized our IPMs into large matrices.
Applying the “midpoint rule,” we integrated each IPM

into a high-dimension matrix (200 × 200 cells), with the
probability of transitioning from one cell to the next
approximated at the cell midpoint and multiplied by the
cell width as per Zuidema et al. (2010). Estimates of λ were
then identified as the dominant eigenvalue of each
discretized matrix, while we estimated damping ratios as
the ratio between each matrice subdominant and domi-
nant eigenvalues. With the R package Rage (Jones
et al., 2021), we then calculated generation time using esti-
mates of net reproductive rate (R0) and λ obtained from
each matrix,

T¼ log R0ð Þ
log λð Þ : ð4Þ

Next, we determined the TE of each assemblage using
their associated Kreiss bounds of amplification (K

�
λ) and

attenuation (K�
λ),

TE¼K
�
λ −K�

λ: ð5Þ

Respectively, the Kreiss bounds of amplification and
attenuation reflect the largest and smallest expected
long-term densities of a population following the dissipa-
tion of transient conditions, relative to its asymptotic
growth trajectory (Kreiss, 1962; Townley et al., 2007;
Townley & Hodgson, 2008). We acknowledge here that
this definition is more commonly applied to measures of
population inertia (Stott et al., 2011), which are more
typically used in estimating TEs (Capdevila et al., 2020).
However, Kreiss bound estimates have been demon-
strated to align with corresponding estimates of popula-
tion inertia and, unlike estimates of population inertia,
are not sensitive to imprimitive population models
(i.e., non-negative models permitting transitions between
all state classes, but with transitions between certain
stages occurring only at periodic intervals [Caswell, 2001;
Stott et al., 2011]), hence their selection here. We derived
these Kreiss bounds, alongside estimates of maximal
amplification, using their corresponding functions in the
R package popdemo (Stott et al., 2012).

Across each demographic measure, we determined the
variance in our assemblage-specific estimates through
Jack-knife resampling. During resampling, we generated
1000 IPM variants for each assemblage, each time using
95% of our original data sample without replacement, while
permitting recruit survival probabilities (ϕ) to vary within
observed limits. Finally, prior to their inclusion in further
analyses, the jack-knifed distributions of λ, generation time,
TE, and maximal amplification each required transforming
to ensure approximate normality. We omitted 26 variants
for which λ > 2, as these presented unrealistic illustrations
of population performance (i.e., more than doubling
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population size every year), before applying a log transfor-
mation to the generation time variable and a power trans-
formation (yx) across the damping ratio (y−2.0), TE (y−0.1),
and maximal amplification variables (y−0.5).

Evaluating spatial trends in population
characteristics

To test for patterns in the spatial variation of long-term
performance and short-term potential across tropical and
subtropical coral assemblages, we utilized partial least
squares regression (PLSR), analysis of variance
(ANOVA), and Type 2 linear regression. Initially, we
applied PLSR to test whether contrasting patterns in the
long-term performance characteristics and short-term
potential of coral assemblages align with their exposure
to abiotic variability. A PLSR regression quantifies the
association between multiple predictor variables and one
or more dependant variables (Carrascal et al., 2009).
Subsequently, using this technique we simultaneously
evaluated the relationships between mean estimates of λ,
damping ratio, and TE obtained for each assemblage, and
their correlation with patterns in abiotic variability, to
provide an insight into the demographic trade-offs of
coral assemblages and their mechanistic drivers.

To evaluate how abiotic variability mediates the selec-
tion of short- and long-term performance characteristics
in coral assemblages, within our PLSR analyses, we
represented the abiotic variability experienced by each
coral assemblage using three measures of local SST vari-
ability: mean monthly SST (x̄sst), monthly SST variance
(cvsst), and monthly SST frequency spectrum (βsst;
Appendix S1: Section S3). Focusing on the four geographical
regions in which our focal coral assemblages were sur-
veyed (GPS: AS = −30.3�, 153.1�; AT = −23.4�, 151.9�;
JS = 32.8�, 132.6�; JT = 26.5�, 128.1�; Figure 1), we
extracted monthly SST readings (degree Celsius; overlaid
on a 1� latitude-longitude grid) taken between January 1950
and December 2019, inclusive, from the HadISST dataset
(Rayner et al., 2003). Arranging these SST records into
69-year timeseries for each location, we then calculated
the mean (x̄sst) and coefficient of variance (cvsst) for each
timeseries. Next, we estimated the frequency spectrum
of each time series. Spectral analysis is used to quantify
the periodicity of recurrent variability within a
timeseries, with higher frequencies associated with
shorter-term fluctuations (Greenman & Benton, 2005).
The frequency spectrum of a time series is represented
by its spectral exponent (β) and equal to the slope
between its log spectral density and log frequency
(Gilljam et al., 2019), which we calculated using the
package stats (R Core Team, 2019). After testing these

abiotic predictor variables for collinearity (Appendix S1:
Section S3), we performed our PLSR analyses using the
R package plsdepot (Sanchez, 2012).

Finally, we assessed how patterns in the long-term per-
formance and capacity for coral assemblages to benefit
from recurrent disturbance vary between tropical and sub-
tropical regions, and how this variation manifests across
coral taxa. Using a three-way ANOVA, we separately inves-
tigated variation in our estimates of λ and maximal amplifi-
cation across the three factors of country (Australia vs.
Japan), ecoregion (tropical vs. subtropical), and assemblage
classification (competitive, stress-tolerant, or weedy).
Prior to this analysis, data transformations applied to our
estimates of maximal amplification (see Quantifying
population characteristics) resulted in an inverted distribu-
tion for this variable. For the purposes of clarity, we hence-
forth refer to this reversed scale as a demographic stability
index (DSI), whereby lower values correspond with an
enhanced capacity for undergoing demographic amplifica-
tion. We evaluated drivers of short- and long-term perfor-
mance, by using Type 2 linear regression to separately
evaluate the relationship between generation time (T)
and estimates of λ and TE. Type 2 linear regression is an
approach for quantifying the relationship between two
non-independent variables, such that both variables include
an element of error (Sokal & Rohlf, 1995). Here, due to differ-
ences in the magnitude of variance (σ2) across our variables
of generation time, λ, and TE (σ2: T = 1.139; λ = 0.009;
TE = 0.016) we performed a Ranged Major Axis Type 2
regression using the R package lmodel2 (Legendre, 2018).

RESULTS

We reveal contrasting patterns in long-term performance
and short-term potential corresponding with the exposure
of coral populations to abiotic variability, along a gradient
from warmer, more stable environments to cooler, more
variable conditions (Figure 2). Notably, coral assemblages
exposed to more variable abiotic conditions display
enhanced short-term potential. Explaining 92.17% of the
variance across our three measures of thermal exposure (x̄sst,
cvsst, and βsst), our PLSR captures 37.43% of variance in our
measures of long-term performance (λ), demographic recov-
ery (ρ), and short-term potential (TE; Figure 2, r2y½ �). The
first PLSR component depicts a gradient in SST variabil-
ity, describing 60.97% of the variance in thermal condi-
tions experienced by our examined coral assemblages. It
is along this component that divergent patterns within
estimates of λ and TE are most pronounced.
Consequently, estimates of TE correlate positively with
the measures of thermal variability (cvsst) and frequency
spectrum (βsst), while higher λ estimates are associated
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with warmer mean monthly SSTs (x̄sst; Figure 2).
Meanwhile, damping ratio (ρ) estimates align with the
second PLSR component that describes patterns in mean
SST (x̄sst) and SST frequency (βsst).

Although evident across taxa, the contrasting pattern we
observe between long-term performance and short-term
potential does not manifest consistently between paired trop-
ical and subtropical coral assemblages (Figure 3A and
Table 1). Our three-way ANOVA highlighted significant
interactions between the factors of assemblage classifi-
cation (competitive, stress-tolerant, or weedy), ecoregion
(tropical vs. subtropical), and country (Australia vs. Japan;
ANOVAλ: F2,11,562 = 5698.47, p < 0.001; ANOVADSI:
F2,11,581 = 589.8, p < 0.001). Despite this, the tropical
assemblages routinely possess higher estimates of λ relative
to their subtropical counterparts (Tukey: p < 0.001 in all
cases; Table 1). The one exception was weedy corals in
Japan, where λ is highest in the subtropics (λ[t] = 0.760

[95% confidence intervals {CI}: 0.750, 0.770], λ[s] = 0.807
[0.802, 0.812]; p < 0.001). Alternatively, our subtropical
coral assemblages typically possess a greater capacity for
undergoing demographic amplification following a dis-
turbance than our tropical assemblages (Figure 3A).
Yet, this pattern is not consistent across life-history
strategies, with competitive assemblages exhibiting the
opposite trend in Australia (p < 0.001) and no variation
in Japan (p = 0.999). Instead, the relative long-term per-
formance and short-term potential of our examined
tropical and subtropical coral assemblages correspond
with patterns in their generation time (Figure 3B,C).
Our Type 2 regression model shows generation time (T)
to be a strong predictor of long-term population growth
rate (r 2 = 0.704), with long-term performance increas-
ing with generation time (Figure 3B). Conversely, longer
generation times are associated with reduced short-term
potential (Figure 3C; r 2 = 0.409).

F I GURE 2 Contrasting patterns in long-term performance and short-term potential across our examined coral populations,

corresponding with their relative exposure to abiotic variability. Partial least squares regression score plot illustrating the association

between measures of abiotic variability, and the long-term performance (λ) and short-term potential (transient envelope [TE] and damping

ratio [ρ]) of tropical (▲) and subtropical (●) populations of competitive (blue), stress-tolerant (yellow), and weedy (red) coral taxa. We

quantified the abiotic variability experienced by each coral population using representative measures of local sea surface temperature (SST)

regimes (McIlroy et al., 2019; Toth et al., 2021). Specifically, we used SSTs recorded between 1950 and 2019 to calculate regional estimates of

mean monthly SST (x̄sst), monthly SST variance (cvsst), and monthly SST frequency spectrum (βsst). Component scores illustrate the relative

degree of variance explained in the abiotic predictor variables, whereas r2y½ � reflects the cumulative variance explained across the

demographic characteristics. The shaded polygons reflect the clustering of tropical and subtropical populations, whereas the dotted lines

delineate regions of association to facilitate the visualization of patterns in correlation between the abiotic and demographic variables.
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F I GURE 3 Inter-specific variation within the contrasting patterns observed between long-term performance and short-term potential

across tropical and subtropical coral assemblages correlates with patterns in population turnover rate. (A) Interaction plot showcasing how

estimates of demographic stability index (DSI) vary between associated tropical (▲) and subtropical (●) assemblages of competitive (blue),

stress-tolerant (yellow), and weedy (red) coral taxa in Australia and Japan. We present DSI, as an inverse measure of maximal amplification

(ρmax ), describing the ability for populations to undergo elevated growth following disturbance. Thus, lower DSI estimates correspond with a

greater capacity for demographic amplification. We also applied Type 2 linear regression to separately explore the association of population

turnover characteristics with (B) long-term performance (asymptotic population growth rate; λ), and (C) short-term potential (transient

envelope, TE) across tropical and subtropical populations of competitive, stress-tolerant, and weedy coral taxa in Australia and Japan. We

note here that TE estimates were reversed during transformation to achieve normality, thus higher values reflect diminished short-term

potential. We have therefore displayed short-term potential on a reversed scale to facilitate comparisons with patterns in long-term

performance (λ). We used generation time (years; displayed here on the log scale) as a measure of population turnover rate, with higher

estimates reflecting slower rates of population turnover. Across panels (B) and (C), r 2 values are provided as a measure of model fit. Across

all panels error is displayed using 95% confidence intervals.
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DISCUSSION

Transient buffering in variable
environments

Principally, contrasting patterns between long-term perfor-
mance and short-term potential imply that long-term per-
formance does not predict the capacity for populations to
endure repeated disturbances. Also, although enhanced
short-term potential may enable natural populations to
persist within variable environments, it comes at a cost to
their long-term performance. Historically, variability in
population growth rate was thought to diminish individual
fitness (Pfister, 1998), thus hindering the persistence of
populations (Lande, 1993). This understanding formed the
basis of the demographic buffering hypothesis, whereby
populations can minimize the influence of environmental
stochasticity on their long-term performance by limiting
temporal variability in crucial vital rates (e.g., survival,
development, and reproduction [Morris & Doak, 2004]).
Thus, variable environments were assumed to select for
populations with the ability to buffer key vital rates,
thereby reducing temporal variation in performance char-
acteristics (Hilde et al., 2020; Morris & Doak, 2004;
Pfister, 1998). More recently, however, enhanced
short-term potential has been presented as an adaptive
mechanism allowing populations to exploit more stochas-
tic environments (McDonald et al., 2016). Ellis and Crone
(2013) demonstrated how increased short-term potential
can buffer the effects of stochastic conditions on popula-
tion growth rates, an effect that was increasingly evident
in populations possessing lower λ estimates. Thus, it is not
unexpected that coral assemblages established within vari-
able environments would possess enhanced short-term
potential (Figure 2), but the energetic cost associated with
this strategy would likely inhibit their long-term perfor-
mance characteristics.

Our finding that short-term potential is greatest in coral
assemblages displaying reduced long-term performance

contrasts with previous work on mammals and plants
showcasing a positive association between population
growth rates and short-term potential (e.g., Gamelon
et al., 2014; Morris et al., 2008). Higher population growth
rates are assumed of populations characterized by faster
individual development and high fecundity (Oli, 2004),
with these populations also expected to exhibit greater
variability in size following disturbances (Gamelon
et al., 2014). While each of our surveyed assemblages are
in, or close to, a state of long-term decline (λ < 1; Table 1),
projected long-term performance was highest in the tro-
pics, where relative capacities for demographic amplifica-
tion were lowest (Figure 3A). Populations exhibiting longer
generation times typically display reduced temporal vari-
ability in size due to higher investment in individual sur-
vival reducing the need to counteract disturbances (Morris
et al., 2008); a pattern that we show to be evident in our
examined coral assemblages (Figure 3C).

Interspecific variation in short-term
potential

Variation in short-term potential across our assemblages
of differing coral taxa (Figure 3) suggests that exposure to
abiotic variability alone does not assure resilience
towards future climatic variability. Using data focused on
a single taxon, Cant, Cook, et al. (2022) suggested that a
capacity for short-term increases in population growth
observed in a subtropical Acropora spp. assemblage may
underpin its viability in more variable high-latitude envi-
ronments. Here, we present evidence that this compensa-
tory strategy is not just isolated to competitive coral taxa,
but that stress-tolerant and weedy coral taxa appear to
possess a more pronounced capacity for demographic
amplification at higher latitudes (Figure 3A). Weedy
corals typically exhibit smaller colony sizes, faster growth
rates, and brooding reproductive strategies, producing
larvae that settle quickly after release (Darling

TAB L E 1 Population growth rates (λ) obtained from corresponding tropical and subtropical assemblages of competitive, stress-tolerant,

and weedy coral taxa in Australia and Japan.

Country Life-history group Tropical Subtropical

Australia Competitive 0.983 [0.981, 0.984] 0.958 [0.957, 0.959]

Stress-tolerant 0.983 [0.980, 0.985] 0.899 [0.898, 0.899]

Weedy 0.981 [0.980, 0.982] 0.686 [0.684, 0.687]

Japan Competitive 1.001 [0.999, 1.004] 0.640 [0.639, 0.641]

Stress-tolerant 0.913 [0.909, 0.917] 0.885 [0.877, 0.894]

Weedy 0.760 [0.750, 0.770] 0.807 [0.802, 0.812]

Note: Bold text used to highlight the highest estimate of population growth across each tropical-subtropical pairing. Error displayed using 95% confidence
intervals.
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et al., 2012; Knowlton, 2001). Together, these strategies
support faster population turnover, enabling weedy coral
species to proliferate within highly disturbed environ-
ments (Adjeroud et al., 2018). Conversely, stress-tolerant
corals display slower growth rates, longer life expectan-
cies, high fecundity, and broadcast spawning strategies
(Darling et al., 2012; Klepac & Barshis, 2020). The larger,
more robust, morphologies associated with stress-tolerant
coral taxa maximize energy storage, promoting their per-
sistence within challenging environments (van Woesik
et al., 2012). Longer lifespans and elevated fecundity
allow stress-tolerant corals to endure stochastic condi-
tions by taking advantage of sporadic improvements in
local conditions (Darling et al., 2012). Consequently, our
findings support existing projections that weedy and
stress-tolerant coral taxa are likely to become increas-
ingly prevalent throughout disturbed coral assemblages
(Cant et al., 2021; Loya et al., 2001). However, these pro-
jections herald the future loss of the structural complexity
considered essential to the functioning of reef ecosystems
(Graham & Nash, 2013).

We note that, while long-term performance was
typically highest in the tropics across each of our
tropical-subtropical assemblage pairings, the Japanese
weedy coral assemblages show the opposite trend
(Table 1). One possible explanation is that, in contrast to
all other tropical-subtropical assemblage pairings, the
taxonomic composition of the Japanese weedy coral
assemblages changed little between the tropics and sub-
tropics (Appendix S1: Table S3). Consequently, we
acknowledge that our observed patterns in the long-term
performance characteristics of each tropical and subtropi-
cal assemblage may result from their differing species
compositions. However, it can also be argued, therefore,
that the species compositions of subtropical coral assem-
blages allow them to exhibit an enhanced short-term
potential, relative to their tropical counterparts.
Crucially, this scenario points to a potential driving
mechanism responsible for the variation in species com-
position typically observed between tropical and subtrop-
ical coral assemblages. Abiotic stress generated by the
more variable conditions associated with higher latitude
environments selects for traits conferring a competitive
advantage, filtering the species composition of subtropi-
cal coral assemblages (Sommer et al., 2018). From this
perspective, our findings here support the environmental
filtering hypothesis in subtropical coral assemblages, and
present evidence that the selected traits relate to
enhanced short-term potential; a capacity that is not
selected for in tropical environments.

Crucially, our findings here do not wholly reflect
the current reality for many coral assemblages within
regions of high abiotic variability, suggesting that the

composition of coral assemblages is not solely mediated
by the interplay between their short-term dynamics and
abiotic variability. Despite the reduced capacity for demo-
graphic amplification seen in subtropical competitive
corals compared to subtropical weedy and stress-tolerant
populations, competitive coral taxa dominate many sub-
tropical coral assemblages (Harriott et al., 1995; Nozawa
et al., 2008; Sugihara et al., 2009). Utilizing fast growth
strategies, colonies of competitive coral taxa are capable
of rapidly colonizing available substrate, quickly
outcompeting heterospecifics for both space and light
(Darling et al., 2012). Whereas this competitive nature
explains their dominance across contemporary subtropi-
cal communities, the sensitivity of many competitive
coral taxa to environmental shifts means that these
assemblages are often regarded as early successional,
dominating only within optimal environments, and
receding as reef ecosystems approach climax states (Ohba
et al., 2008; Wilson et al., 2019). Within subtropical envi-
ronments, coral community composition is mediated by
environmental pressures and dispersal barriers that filter
the occurrence of species according to their trait charac-
teristics (Mizerek et al., 2021; Sommer et al., 2014). As a
result, subtropical coral assemblages typically consist of
a subset of tropical species found on tropical coral reefs
(Sommer et al., 2017), as well as subtropical specialists
and endemics. The dominance of competitive coral taxa
within subtropical coral assemblages, despite their
reduced short-term potential relative to other coral taxa,
may therefore imply that competitive interactions pro-
foundly influence the performance of coral populations
(Brito-Mill�an et al., 2019; Idjadi & Karlson, 2007).
Certainly, further investigation into the influence of com-
petitive interactions upon the short-term dynamics of
coral populations is needed to disentangle how coexis-
tence between coral populations facilitates their persis-
tence within variable environments.

Conclusions

A limited understanding for the abiotic determinants
driving the dynamics of coral assemblages inhibits our
capacity to predict their future performance and, there-
fore, manage global coral community reassembly
(Edmunds, 2020; Edmunds et al., 2014; Edmunds &
Riegl, 2020). Here, we demonstrate how coral
populations can adopt demographic strategies associated
with enhanced short-term potential to improve their via-
bility when exposed to greater abiotic variability.
However, strategies of enhanced short-term potential
come at a cost to the long-term demographic perfor-
mance characteristics of coral populations. Despite
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presenting a framework for quantifying population resil-
ience (Capdevila et al., 2020), the short-term demo-
graphic characteristics of coral assemblages remain
largely overlooked (Cant, Cook, et al., 2022). Yet, our
findings emphasize that the winners and losers in coral
assemblages exposed to more variable environments cannot
be predicted using measures of long-term performance.
Moreover, our observed heterogeneity in the short-term
demographic characteristics of coral assemblages can help
to explain why different assemblages display varying
responses to periodic disturbances (Kim et al., 2023). This
insight will benefit future predictions into the compositional
reassembly of reef communities worldwide under future
global change scenarios.

Consistent with documented shifts in the species
composition of coral assemblages exposed to increased
abiotic variability, our findings here highlight a key
mechanism underlying the differential susceptibilities of
coral species to periodic disturbance. Correlative assess-
ments of community change over time illustrate how
weedy and stress-tolerant coral taxa in the Caribbean
and tropical Atlantic have, in the past, fared better in
periodically disturbed environments relative to competi-
tive coral taxa (Cramer et al., 2021). Complementing
these assessments, the variation we observed in the
short-term demographic potential of competitive, stress
tolerant, and weedy coral taxa implies that enhanced
short-term demographic characteristics offer weedy and
stress-tolerant corals a greater capacity for enduring
within frequently disturbed environments, relative to
competitive coral species. With competitive coral taxa
often considered paramount for supporting the struc-
tural complexity of coral reefs worldwide (Graham &
Nash, 2013), this indictment compounds concerns for
the future functioning and viability of global coral reef
ecosystems. Crucially, by adopting a novel framework
for quantifying demographic resilience, our work here
contributes to disentangling the biotic and environmen-
tal drivers underpinning the diversity of coral responses
to ongoing global change.
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Álvarez-Noriega, M., A. H. Baird, M. Dornelas, J. S. Madin, V. R.
Cumbo, and S. R. Connolly. 2016. “Fecundity and the
Demographic Strategies of Coral Morphologies.” Ecological
Society of America 97: 3485–93.

Baird, A. H., B. Sommer, and J. S. Madin. 2012. “Pole-Ward Range
Expansion of Acropora Spp. along the East Coast of Australia.”
Coral Reefs 31: 1063.

Beger, M., B. Sommer, P. L. Harrison, S. D. A. Smith, and J. M.
Pandolfi. 2014. “Conserving Potential Coral Reef Refuges at
High Latitudes.” Diversity and Distributions 20: 1–13.

Booth, D. J., and J. Sears. 2018. “Coral Expansion in Sydney and
Associated Coral-Reef Fishes.” Coral Reefs 37: 995.

Boyd, P. W., C. E. Cornwall, A. Davison, S. C. Doney, M. Fourquez,
C. L. Hurd, I. D. Lima, and A. McMinn. 2016. “Biological
Responses to Environmental Heterogeneity under Future
Ocean Conditions.” Global Change Biology 22: 2633–50.

Bramanti, L., M. Iannelli, T. Y. Fan, and P. J. Edmunds. 2015.
“Using Demographic Models to Project the Effects of Climate
Change on Scleractinian Corals: Pocillopora Damicornis as a
Case Study.” Coral Reefs 34: 505–515.

Brito-Mill�an, M., B. T. Werner, S. A. Sandin, and D. E. McNamara.
2019. “Influence of Aggregation on Benthic Coral Reef
Spatio-Temporal Dynamics.” Royal Society Open Science
6: 1–14.

Burt, J. A., E. F. Camp, I. C. Enochs, J. L. Johansen, K. M. Morgan,
B. Riegl, and A. S. Hoey. 2020. “Insights from Extreme Coral
Reefs in a Changing World.” Coral Reefs 39: 495–507.

Cadotte, M. W., K. Carscadden, and N. Mirotchnick. 2011. “Beyond
Species: Functional Diversity and the Maintenance of
Ecological Processes and Services.” Journal of Applied Ecology
48: 1079–87.

Camp, E. F., V. Schoepf, P. J. Mumby, L. A. Hardtke,
R. Rodolfo-Metalpa, D. J. Smith, and D. J. Suggett. 2018. “The
Future of Coral Reefs Subject to Rapid Climate Change:
Lessons from Natural Extreme Environments.” Frontiers in
Marine Science 5: 1–21.

Cant, J. 2023. “Code: Coral Resilience at Higher Latitudes.”
Zenodo. https://doi.org/10.5281/zenodo.8059229.

Cant, J., K. Cook, J. D. Reimer, T. Mezaki, M. Nakamura,
C. O’Flaherty, R. Salguero-G�omez, and M. Beger. 2022.
“Transient Amplification Enhances the Persistence of
Tropicalising Coral Populations in Marginal High Latitude
Environments.” Ecography 2022: e06156.

Cant, J., J. Reimer, B. Sommer, K. Cook, S. W. Kim, C. A. Sims,
T. Mezaki, et al. 2023. “Dataset: Colony-Level Coral
Demographic Data from Japan & Australia (2016–2019).”
Dryad. https://doi.org/10.5061/dryad.w0vt4b8xd.

Cant, J., R. Salguero-G�omez, and M. Beger. 2022. “Transient
Demographic Approaches Can Drastically Expand the Toolbox
of Coral Reef Science.” Coral Reefs 41: 885–896.

Cant, J., R. Salguero-G�omez, S. W. Kim, C. A. Sims, B. Sommer,
M. Brooks, H. A. Malcolm, J. M. Pandolfi, and M. Beger. 2021.
“The Projected Degradation of Subtropical Coral Assemblages by
Recurrent Thermal Stress.” Journal of Animal Ecology 90: 233–247.

Capdevila, P., I. Stott, M. Beger, and R. Salguero-G�omez. 2020.
“Towards a Comparative Framework of Demographic
Resilience.” Trends in Ecology & Evolution 35: 776–786.

Carrascal, L. M., I. Galv�an, and O. Gordo. 2009. “Partial Least
Squares Regression as an Alternative to Current Regression
Methods Used in Ecology.” Oikos 118: 681–690.

Caswell, H. 2001. Matrix Population Models: Construction, Analysis
and Interpretation, 2nd ed. Oxford: Oxford University
Press Inc.

Chalmandrier, L., F. Hartig, D. C. Laughlin, H. Lischke, M. Pichler,
D. B. Stouffer, and L. Pellissier. 2021. “Linking Functional
Traits and Demography to Model Species-Rich Communities.”
Nature Communications 12: 1–9.

Chen, I. C., J. K. Hill, R. Ohlemüller, D. B. Roy, and C. D. Thomas.
2011. “Rapid Range Shifts of Species Associated with High
Levels of Climate Warming.” Science 333: 1024–26.

Cramer, K. L., M. K. Donovan, J. B. C. Jackson, B. J. Greenstein,
C. A. Korpanty, G. M. Cook, and J. M. Pandolfi. 2021. “The
Transformation of Caribbean Coral Communities since
Humans.” Ecology and Evolution 11: 10098–118.

Crone, E. E., E. S. Menges, M. M. Ellis, T. Bell, P. Bierzychudek,
J. Ehrlén, T. N. Kaye, et al. 2011. “How Do Plant Ecologists
Use Matrix Population Models?” Ecology Letters 14: 1–8.

Darling, E. S., L. Alvarez-Filip, T. A. Oliver, T. R. Mcclanahan, and
I. M. Côté. 2012. “Evaluating Life-History Strategies of Reef
Corals from Species Traits.” Ecology Letters 15: 1378–86.

Darling, E. S., T. R. McClanahan, and I. M. Côté. 2013. “Life
Histories Predict Coral Community Disassembly under
Multiple Stressors.” Global Change Biology 19: 1930–40.

Darling, E. S., T. R. McClanahan, J. Maina, G. G. Gurney, N. A. J.
Graham, F. Januchowski-Hartley, J. E. Cinner, et al. 2019.
“Social–Environmental Drivers Inform Strategic Management
of Coral Reefs in the Anthropocene.” Nature Ecology and
Evolution 3: 1341–50.

Dawson, T. P., S. T. Jackson, J. I. House, I. C. Prentice, and G. M.
Mace. 2011. “Beyond Predictions: Biodiversity Conservation in
a Changing Climate.” Science 332: 53–58.

Easterling, M. R., S. P. Ellner, and P. M. Dixon. 2000. “Size-Specific
Sensitivity: Applying a New Structured Population Model.”
Ecology 81: 694–708.

Edmunds, P. J. 2020. “Vital Rates of Small Reef Corals Are
Associated with Variation in Climate.” Limnology and
Oceanography 66: 1–13.

Edmunds, P. J., S. C. Burgess, H. M. Putnam, M. L. Baskett,
L. Bramanti, N. S. Fabina, X. Han, et al. 2014. “Evaluating the
Causal Basis of Ecological Success within the Scleractinia: An
Integral Projection Model Approach.” Marine Biology 161:
2719–34.

Edmunds, P. J., and B. Riegl. 2020. “Urgent Need for Coral
Demography in a World where Corals Are Disappearing.”
Marine Ecology Progress Series 635: 233–242.

Ellis, M. M., and E. E. Crone. 2013. “The Role of Transient
Dynamics in Stochastic Population Growth for Nine Perennial
Plants.” Ecology 94: 1681–86.

Ezard, T. H. G., J. M. Bullock, H. J. Dalgleish, A. Millon,
F. Pelletier, A. Ozgul, and D. N. Koons. 2010. “Matrix Models
for a Changeable World: The Importance of Transient
Dynamics in Population Management.” Journal of Applied
Ecology 47: 515–523.

Falster, D. S., Å. Brännström, M. Westoby, and U. Dieckmann.
2017. “Multitrait Successional Forest Dynamics Enable
Diverse Competitive Coexistence.” Proceedings of the National

ECOLOGY 13 of 16

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4138 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [31/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.8059229
https://doi.org/10.5061/dryad.w0vt4b8xd


Academy of Sciences of the United States of America 114:
E2719–E2728.

Foden, W. B., S. H. M. Butchart, S. N. Stuart, J. C. Vié, H. R.
Akçakaya, A. Angulo, L. M. DeVantier, et al. 2013.
“Identifying the world’s Most Climate Change Vulnerable
Species: A Systematic Trait-Based Assessment of all Birds,
Amphibians and Corals.” PLoS One 8: e65427.

Gaillard, J., N. G. Yoccoz, J. Lebreton, C. Bonenfant, S. Devillard,
A. Loison, D. Pontier, and D. Allaine. 2005. “Generation Time:
A Reliable Metric to Measure Life-History Variation among
Mammalian Populations.” The American Naturalist 166: 119–123.

Gamelon, M., O. Gimenez, E. Baubet, T. Coulson, S. Tuljapurkar,
and J. M. Gaillard. 2014. “Influence of Life-History Tactics on
Transient Dynamics: A Comparative Analysis across
Mammalian Populations.” American Naturalist 184: 673–683.

Gilljam, D., J. Knape, A. Lindén, M. Mugabo, S. M. Sait, and M. S.
Fowler. 2019. “The Colour of Environmental Fluctuations
Associated with Terrestrial Animal Population Dynamics.”
Global Ecology and Biogeography 28: 118–130.

Graham, N. A. J., and K. L. Nash. 2013. “The Importance of
Structural Complexity in Coral Reef Ecosystems.” Coral Reefs
32: 315–326.

Greenman, J. V., and T. G. Benton. 2005. “The Frequency Spectrum
of Structured Discrete Time Population Models: Its Properties
and their Ecological Implications.” Oikos 110: 369–389.

Grime, J. P., and S. Pierce. 2012. The Evolutionary Strategies that
Shape Ecosystems. New York: John Wiley and Sons Ltd.

Hall, V. R., and T. P. Hughes. 1996. “Reproductive Strategies of
Modular Organisms: Comparative Studies of Reef-Building
Corals.” Ecology 77: 950–963.

Harriott, V. J., P. L. Harrison, and S. A. Banks. 1995. “The Coral
Communities of Lord Howe Island.” Marine and Freshwater
Research 46: 457–465.

Hastings, A. 2001. “Transient Dynamics and Persistence of
Ecological Systems.” Ecology Letters 4: 215–220.

Hastings, A. 2004. “Transients: The Key to Long-Term Ecological
Understanding?” Trends in Ecology and Evolution 19: 39–45.

Hastings, A., K. C. Abbott, K. Cuddington, T. Francis, G. Gellner,
Y. C. Lai, A. Morozov, S. Petrovskii, K. Scranton, and M. L.
Zeeman. 2018. “Transient Phenomena in Ecology.” Science
361: 1–9.

Hilde, C. H., M. Gamelon, B. E. Sæther, J. M. Gaillard, N. G.
Yoccoz, and C. Pélabon. 2020. “The Demographic Buffering
Hypothesis: Evidence and Challenges.” Trends in Ecology and
Evolution 35: 523–538.

Hodgson, D., J. L. McDonald, and D. J. Hosken. 2015. “What Do
you Mean, “Resilient”?” Trends in Ecology and Evolution 30:
503–6.

Idjadi, J. A., and R. H. Karlson. 2007. “Spatial Arrangement of
Competitors Influences Coexistence of Reef-Building Corals.”
Ecology 88: 2449–54.

Jones, O. R., P. Barks, I. Stott, T. D. James, S. Levin, W. K. Petry,
P. Capdevila, et al. 2021. “Rcompadre and Rage—Two
R Packages to Facilitate the Use of the COMPADRE and
COMADRE Databases and Calculation of Life History Traits
from Matrix Population Models.” Methods in Ecology and
Evolution 13: 770–781.

Kim, S. W., B. Sommer, M. Beger, and J. M. Pandolfi. 2023.
“Regional and Global Climate Risks for Reef Corals:

Incorporating Species-Specific Vulnerability and Exposure to
Climate Hazards.” Global Change Biology 29: 1–12.

Klepac, C. N., and D. J. Barshis. 2020. “Reduced Thermal Tolerance
of Massive Coral Species in a Highly Variable Environment:
Reduced Heat Tolerance of Massive Corals.” Proceedings of the
Royal Society B: Biological Sciences 287: 19–21.

Knowlton, N. 2001. “The Future of Coral Reefs.” Proceedings of the
National Academy of Sciences 98: 5419–25.

Koons, D. N., J. B. Grand, B. Zinner, and R. F. Rockwell. 2005.
“Transient Population Dynamics: Relations to Life History and
Initial Population State.” Ecological Modelling 185: 283–297.

Kreiss, H. O. 1962. “Über Die Stabilitätsdefinition Für
Differenzengleichungen Die Partielle Differentialgleichungen
Approximieren.” BIT Numerical Mathematics 2: 153–181.

Lande, R. 1993. “Risks of Population Extinction from Demographic
and Environmental Stochasticity and Random Catastrophes.”
American Naturalist 142: 911–927.

Legendre, P. 2018. “lmodel2: Model II Regression.” https://cran.r-
project.org/web/packages/lmodel2/lmodel2.pdf.

Loya, Y., K. Sakai, K. Yamazato, Y. Nakano, H. Sambali, and
R. van Woesik. 2001. “Coral Bleaching: The Winners and the
Losers.” Ecology Letters 4: 122–131.

Madin, J. S., K. D. Anderson, M. H. Andreasen, T. C. Bridge, S. D.
Cairns, S. R. Connolly, E. S. Darling, et al. 2016. “The Coral
Trait Database, a Curated Database of Trait Information for
Coral Species from the Global Oceans.” Scientific Data 3: 1–21.

Madin, J. S., A. H. Baird, M. L. Baskett, S. R. Connolly, and M. A.
Dornelas. 2020. “Partitioning Colony Size Variation into
Growth and Partial Mortality.” Biology Letters 16: 1–5.

Madin, J. S., M. O. Hoogenboom, and S. R. Connolly. 2012.
“Integrating Physiological and Biomechanical Drivers of
Population Growth over Environmental Gradients on Coral
Reefs.” Journal of Experimental Biology 215: 968–976.

Madin, J. S., M. O. Hoogenboom, S. R. Connolly, E. S. Darling, D. S.
Falster, D. Huang, S. A. Keith, et al. 2016. “A Trait-Based
Approach to Advance Coral Reef Science.” Trends in Ecology
and Evolution 31: 419–428.

McDonald, J. L., I. Stott, S. Townley, and D. J. Hodgson. 2016.
“Transients Drive the Demographic Dynamics of Plant
Populations in Variable Environments.” Journal of Ecology
104: 306–314.

McGill, B. J., B. J. Enquist, E. Weiher, and M. Westoby. 2006.
“Rebuilding Community Ecology from Functional Traits.”
Trends in Ecology and Evolution 21: 178–185.

McIlroy, S. E., P. D. Thompson, F. L. Yuan, T. C. Bonebrake, and
D. M. Baker. 2019. “Subtropical Thermal Variation Supports
Persistence of Corals but Limits Productivity of Coral Reefs.”
Proceedings of the Royal Society B: Biological Sciences 286:
20190882.

Merow, C., J. P. Dahlgren, C. J. E. Metcalf, D. Z. Childs, M. E. K.
Evans, E. Jongejans, S. Record, M. Rees, R. Salguero-G�omez,
and S. M. Mcmahon. 2014. “Advancing Population Ecology
with Integral Projection Models: A Practical Guide.” Methods
in Ecology and Evolution 5: 99–110.

Mizerek, T. L., J. S. Madin, F. Benzoni, D. Huang, O. J. Luiz,
H. Mera, S. Schmidt-Roach, S. D. A. Smith, B. Sommer, and
A. H. Baird. 2021. “No Evidence for Tropicalization of Coral
Assemblages in a Subtropical Climate Change Hot Spot.”
Coral Reefs 40: 1451–61.

14 of 16 CANT ET AL.

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4138 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [31/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cran.r-project.org/web/packages/lmodel2/lmodel2.pdf
https://cran.r-project.org/web/packages/lmodel2/lmodel2.pdf


Morris, W. F., and D. F. Doak. 2004. “Buffering of Life Histories
against Environmental Stochasticity: Accounting for a
Spurious Correlation between the Variabilities of Vital Rates
and their Contributions to Fitness.” American Naturalist 163:
579–590.

Morris, W. F., C. A. Pfister, S. Tuljapurkar, C. V. Haridas, C. L.
Boggs, M. S. Boyce, E. M. Bruna, et al. 2008. “Longevity Can
Buffer Plant and Animal Populations against Changing
Climatic Variability.” Ecology 89: 19–25.

Nozawa, Y., M. Tokeshi, and S. Nojima. 2008. “Structure and
Dynamics of a High-Latitude Scleractinian Coral Community
in Amakusa, Southwestern Japan.” Marine Ecology Progress
Series 358: 151–160.

Ohba, H., K. Hashimoto, K. Shimoike, T. Shibuno, and Y. Fujioka.
2008. “Secondary Succession of Coral Reef Communities at
Urasoko Bay, Ishigaki Island, the Ryukyus (Southern Japan).”
In Proceedings of the 11th International Coral Reef Symposium
321–25. Fort Lauderdale: National Coral Reef Institute.

Oli, M. K. 2004. “The Fast-Slow Continuum and Mammalian
Life-History Patterns: An Empirical Evaluation.” Basic and
Applied Ecology 5: 449–463.

Parmesan, C., and G. Yohe. 2003. “A Globally Coherent Fingerprint
of Climate Change.” Nature 421: 37–42.

Pecl, G., M. B. Araujo, J. D. Bell, J. Blanchard, and T. C. Bonebrake.
2017. “Biodiversity Redistribution under Climate Change:
Impacts on Ecosystems and Human Well-Being Publication
Details.” Science 355: 1–9.

Pfister, C. A. 1998. “Patterns of Variance in Stage-Structured
Populations: Evolutionary Predictions and Ecological
Implications.” Proceedings of the National Academy of Sciences
95: 213–18.

Precht, W. F., and R. B. Aronson. 2004. “Climate Flickers and
Range Shifts of Reef Corals.” Frontiers in Ecology and the
Environment 2: 307–314.

R Core Team. 2019. R: A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical
Computing.

Rayner, N. A., D. E. Parker, E. B. Horton, C. K. Folland, L. V.
Alexander, D. P. Rowell, E. C. Kent, and A. Kaplan. 2003.
“Global Analyses of Sea Surface Temperature, Sea Ice, and
Night Marine Air Temperature since the Late Nineteenth
Century.” Journal of Geophysical Research 108: 1–37.

Rees, M., D. Z. Childs, and S. P. Ellner. 2014. “Building Integral
Projection Models: A user’s Guide.” Journal of Animal Ecology
83: 528–545.

Rivest, E. B., S. Comeau, and C. E. Cornwall. 2017. “The Role of
Natural Variability in Shaping the Response of Coral Reef
Organisms to Climate Change.” Current Climate Change
Reports 3: 271–281.

Sanchez, G. 2012. Plsdepot: Partial Least Squares (PLS) Data
Analysis Methods. Vienna: R Foundation for Statistical
Computing.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry: The Principles and
Practice of Statistics in Biological Research, 3rd ed. New York:
W. H. Freeman & Co.

Sommer, B., M. Beger, P. L. Harrison, R. C. Babcock, and J. M.
Pandolfi. 2018. “Differential Response to Abiotic Stress
Controls Species Distributions at Biogeographic Transition
Zones.” Ecography 41: 478–490.

Sommer, B., P. L. Harrison, M. Beger, and J. M. Pandolfi. 2014.
“Trait-Mediated Environmental Filtering Drives Assembly at
Biogeographic Transition Zones.” Ecology 95: 1000–1009.

Sommer, B., E. M. Sampayo, M. Beger, P. L. Harrison, R. C.
Babcock, and J. M. Pandolfi. 2017. “Local and Regional
Controls of Phylogenetic Structure at the High-Latitude Range
Limits of Corals.” Proceedings of the Royal Society Biological
Sciences Series B 284: 1–13.

Stott, I., M. Franco, D. Carslake, S. Townley, and D. Hodgson. 2010.
“Boom or Bust? A Comparative Analysis of Transient Population
Dynamics in Plants.” Journal of Ecology 98: 302–311.

Stott, I., D. J. Hodgson, and S. Townley. 2012. “Popdemo: An
R Package for Population Demography Using Projection
Matrix Analysis.” Methods in Ecology and Evolution 3:
797–802.

Stott, I., S. Townley, and D. Hodgson. 2011. “A Framework for
Studying Transient Dynamics of Population Projection Matrix
Models.” Ecology Letters 14: 959–970.

Sugihara, K., N. Sonoda, T. Imafuku, S. Nagata, T. Ibusuki, and
H. Yamano. 2009. “Latitudinal Changes in Hermatypic Coral
Communities from West Kyushu to Oki Islands in Japan.”
Journal of the Japanese Coral Reef Society 11: 51–67.

Toth, L. T., W. F. Precht, A. B. Modys, A. Stathakopoulos, M. L.
Robbart, J. H. Hudson, A. E. Oleinik, B. M. Riegl, E. A. Shinn,
and R. B. Aronson. 2021. “Climate and the Latitudinal Limits
of Subtropical Reef Development.” Scientific Reports 11: 13044.

Totland, Ø., and J. Nyléhn. 1998. “Assessment of the Effects of
Environmental Change on the Performance and Density
of Bistorta Vivipara: The Use of Multivariate Analysis and
Experimental Manipulation.” Journal of Ecology 86: 989–998.

Townley, S., D. Carslake, O. Kellie-Smith, D. Mccarthy, and
D. Hodgson. 2007. “Predicting Transient Amplification in
Perturbed Ecological Systems.” Journal of Applied Ecology
44: 1243–51.

Townley, S., and D. J. Hodgson. 2008. “Erratum et Addendum:
Transient Amplification and Attenuation in Stage-Structured
Population Dynamics.” Journal of Applied Ecology 45: 1836–39.

Tuckett, C. A., T. de Bettignies, J. Fromont, and T. Wernberg. 2017.
“Expansion of Corals on Temperate Reefs: Direct and Indirect
Effects of Marine Heatwaves.” Coral Reefs 36: 947–956.

van Woesik, R., A. Irikawa, R. Anzai, and T. Nakamura. 2012.
“Effects of Coral Colony Morphologies on Mass Transfer and
Susceptibility to Thermal Stress.” Coral Reefs 31: 633–39.

V�azquez, D. P., E. Gianoli, W. F. Morris, and F. Bozinovic. 2017.
“Ecological and Evolutionary Impacts of Changing Climatic
Variability.” Biological Reviews 92: 22–42.

Veron, J. E. N., M. G. Stafford-Smith, E. Turak, and L. M.
DeVantier. 2016. “Corals of the World.” http://www.
coralsoftheworld.org/page/home/.

Violle, C., M. Navas, D. Vile, E. Kazakou, C. Fortunel, I. Hummel,
and E. Garnier. 2007. “Let the Concept of Trait be
Functional!” Oikos 116: 882–892.

Williams, J. L., T. E. X. Miller, and S. P. Ellner. 2012. “Avoiding
Unintentional Eviction from Integral Projection Models.”
Ecology 93: 2008–14.

Williams, S. E., L. P. Shoo, J. L. Isaac, A. A. Hoffmann, and
G. Langham. 2008. “Towards an Integrated Framework for
Assessing the Vulnerability of Species to Climate Change.”
PLoS Biology 6: e325.

ECOLOGY 15 of 16

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4138 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [31/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.coralsoftheworld.org/page/home/
http://www.coralsoftheworld.org/page/home/


Wilson, S. K., J. P. W. Robinson, K. Chong-Seng, J. Robinson, and
N. A. J. Graham. 2019. “Boom and Bust of Keystone Structure
on Coral Reefs.” Coral Reefs 38: 625–635.

Yamano, H., K. Sugihara, and K. Nomura. 2011. “Rapid Poleward
Range Expansion of Tropical Reef Corals in Response to Rising
Sea Surface Temperatures.” Geophysical Research Letters 38: 1–6.

Zinke, J., J. P. Gilmour, R. Fisher, M. Puotinen, J. Maina,
E. Darling, M. Stat, et al. 2018. “Gradients of Disturbance and
Environmental Conditions Shape Coral Community Structure
for South-Eastern Indian Ocean Reefs.” Diversity and
Distributions 24: 605–620.

Zuidema, P. A., E. Jongejans, P. D. Chien, H. J. During, and
F. Schieving. 2010. “Integral Projection Models for Trees:
A New Parameterization Method and a Validation of Model
Output.” Journal of Ecology 98: 345–355.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Cant, James, James
D. Reimer, Brigitte Sommer, Katie M. Cook, Sun
W. Kim, Carrie A. Sims, Takuma Mezaki, et al.
2023. “Coral Assemblages at Higher Latitudes
Favor Short-Term Potential over Long-Term
Performance.” Ecology e4138. https://doi.org/10.
1002/ecy.4138

16 of 16 CANT ET AL.

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4138 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [31/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/ecy.4138
https://doi.org/10.1002/ecy.4138

	Coral assemblages at higher latitudes favor short-term potential over long-term performance
	INTRODUCTION
	METHODS
	Modeling population dynamics
	Data collection
	Quantifying population characteristics
	Evaluating spatial trends in population characteristics

	RESULTS
	DISCUSSION
	Transient buffering in variable environments
	Interspecific variation in short-term potential
	Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


