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Predicting the viability of species exposed to increasing climatic stress requires an 
appreciation for the mechanisms underpinning the success or failure of marginal pop-
ulations. 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 subtropical and temperate Acropora 
spp. colonies in Japan between 2017 and 2019, we show how enhanced transient 
amplification (i.e. short-term increases in population growth following disturbance) 
supports the persistence of coral assemblages within more variable high-latitude envi-
ronments. The transient dynamics of both the subtropical and temperate 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.

Keywords: Acropora spp., amplification, integral projection model (IPM), Kitagawa 
and Keyfitz decomposition, subtropical, transient life table response experiment

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 
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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 commu-
nities, selecting for species with broader ecological niches 
(Janzen 1967). Yet, corresponding with the changing global 
climate, many ecosystems face imminent reassembly as species 
distributions shift to track favourable conditions (Pecl et al. 
2017, Williams and 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 tolerat-
ing 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 lon-
gevity and age at reproduction, influences the persistence of 
populations along range boundaries (Valladares et al. 2014, 
Paniw et al. 2018, Healy et al. 2019).

Transient dynamics describe the characteristics of popu-
lations following their displacement from a stable equilib-
rium (Hastings 2001, Stott et al. 2011). Population viability 
assessments typically explore long-term asymptotic dynam-
ics, such as estimates of population growth rate (λ; Beissinger 
and Westphal 1998, Crone et al. 2011, Selwood et al. 
2015). However, this approach assumes that natural popula-
tions are able to maintain a stable structural composition, 
whereby the proportion of individuals across state classes 
(i.e. age, developmental class and/or size) remains consis-
tent. Instead, evaluating the transient, or short-term, dynam-
ics of natural populations is as important, if not more so, 
for anticipating the persistence of various species (Hastings 
2004, McDonald et al. 2016, Hastings et al. 2018). With 
the inherent instability of natural environments ensuring that 
populations are unable to persist at their stable equilibrium 
(Hastings 2001), transient population dynamics describe 
how a population’s trajectory is expected to change in the 
short term relative to its asymptotic growth rate (Stott et al. 
2011; Fig. 1). Transient dynamics therefore provide a con-
venient means for quantifying population resilience, spe-
cifically, the ability of populations to resist and recover after 
disturbances (Capdevila et al. 2020). Following a distur-
bance, transient dynamics can provoke the increase (ampli-
fication) or decline (attenuation) of a population, relative to 
its long-term characteristics. With these transient dynamics 
underpinning population viability within variable environ-
ments (McDonald et al. 2016), and the ability for species to 
colonise new environments (Jelbert et al. 2019), understand-
ing and predicting transient population dynamics is a prior-
ity for ecosystem management and conservation (Ezard et al. 
2010, Hodgson et al. 2015, Capdevila et al. 2020).

Global warming and strengthening poleward bound-
ary currents are driving the rapid tropicalisation of marine 
communities along tropical to temperate transition zones 
(Vergés et al. 2014, Kumagai et al. 2018). Consequently, 

tropical taxa, including many zooxanthellate hard coral spe-
cies, are becoming increasingly prevalent in higher-latitude 
subtropical and temperate environments (Denis et al. 2013, 
Vergés et al. 2019). This establishment of tropical coral pop-
ulations along higher-latitude coastlines has many similari-
ties to the dynamics of invasive populations following their 
relocation, which, economic and ecological costs aside, rep-
resent the growth of small populations within novel environ-
ments (Iles et al. 2016). Particularly relevant in this context 
is evidence that the transient dynamics of plant popula-
tions are effective predictors of invasive potential (Iles 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 
of exploiting new habitats (Jelbert et al. 2019). It can be 
expected, therefore, that the capacity of coral populations 
for establishing at higher latitudes may be dictated by their 

Figure 1. Disturbances disrupt the structural composition of natural 
populations, causing their trajectories to deviate from long-term 
expectations. At a stable equilibrium populations are expected to 
change in size at a constant rate (λ, dashed line). However, following 
disturbance (!) populations can experience a transient phase during 
which their trajectories are determined by their propensity for ampli-
fication (increases in population growth) and attenuation (declines 
in population growth). By revealing the potential for populations to 
grow (compensation), persist (resistance) and recover following distur-
bance, relative to their long-term trajectories, estimates of transient 
population characteristics represent key measures of population resil-
ience. Specifically, the measures of reactivity ( r ) and maximal 
amplification ( rmax ) describe the initial growth, and maximum 
increase, in population growth rate expected during transient condi-
tions. Meanwhile, first-step attenuation ( r ) and maximal attenua-
tion ( rmax ) describe the initial decline, and minimum rate of 
population growth expected during transient conditions. Finally, 
damping ratio (ρ) estimates reflect the rate at which a population is 
expected to reobtain a stable equilibrium post-disturbance. Note, for 
consistency, changes in population size are displayed here relative to 
long-term population growth rate; in reality, population growth can 
reflect both increases and declines in population size.
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transient dynamics, rather than asymptotic population tra-
jectories. Nevertheless, the transient dynamics of coral popu-
lations remain unexplored (Cant et al. 2021a).

Here, we explore if and how variation in the transient 
dynamics of coral assemblages is consistent with their expo-
sure to abiotic variability. Specifically, we compare the relative 
stability (attenuation and amplification; Fig. 1) and recovery 
attributes of subtropical and temperate Acropora spp. assem-
blages in southern Japan (Fig. 2), 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 
and 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 

Figure 2. The locations of the surveyed subtropical and temperate 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 annual sampling between 2017 and 2019. We tagged indi-
vidual Acropora spp. colonies at four locations within the subtropical 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 temperate coral communities of Kochi (Blue): (v) Okinoshima, (vi) Kashiwajima and (vii) Nishidomari. Representative photographs of 
surveyed subtropical and temperate coral assemblages at (B) Hentona, Okinawa, and (C) Kashiwajima, Kochi. Photograph credits: K. Cook.
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by sporadic recruitment from up-current reef communi-
ties, 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 (transient 
LTRE) (Koons et al. 2016) decomposing variation in the 
transient dynamics of subtropical versus temperate Acropora 
spp. assemblages, to test whether the transient dynamics of 
coral populations at higher latitudes are indeed sustained by 
the dynamics of existing colonies.

Material and methods

Model parameterisation

To explore the influence of environmental variability on the 
transient dynamics of coral populations, we utilised an inte-
gral projection model (IPM) framework (Easterling et al. 
2000) to quantify the respective dynamics of Acropora spp. 
assemblages from a subtropical and a temperate environment. 
An IPM describes how size-specific vital rates (e.g. survival, 
recruitment) determine the transition of individuals from size 
z at time t, to size zʹ at time t + 1, and how these individual-
level patterns translate into population characteristics (Eq. 1):

n z t P z z F z z n z t z
L

U

¢ ¢ ¢+( ) = ( ) + ( )é
ë

ù
û ( )ò,   ,  ,  , 1 D   (1)

The size (in this case colony surface area, cm2) structure, n(zʹ, 
t + 1), of a population at time t + 1 is a function of its struc-
ture at time t, n(z, t), and the demographic patterns estimated 
across a size range (Δz) outlined in the sub-kernels P and F. 
Here, Δz ranges between 10% above and below the maxi-
mum (U) and minimum (L) observed sizes to avoid acciden-
tal eviction (Williams et al. 2012). P describes size-specific 
patterns relating to colony survival probability (σ), transi-
tions in size (γ; growth, stasis and shrinkage), the probability 
of fragmentation (κ) and the number and size of fragments 
produced (κn and κ0, respectively) (Eq. 2):

P z z z z z z z z zn¢ ¢ ¢( ) = - ( )é
ë

ù
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F describes the recruitment of new, sexually produced indi-
viduals (C0), which are the outcome of larval production per 
colony (colony fecundity, fn). Crucially, we also included 
measures of larval settlement probability (ψ), and post-set-
tlement survival probability (Ϯ), within our parameterisation 
of F (Eq. 3):

F z z f z C zn¢ ¢( ) = ( ) ( ), y 0Ϯ  (3)

Incorporating larval settlement and post-settlement survival 
ensured that, with Acropora spp. assemblages influenced 

more by larval dispersal than by local colony fecundity pat-
terns (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 dynam-
ics, necessary for quantifying transient population character-
istics (Caswell 2001).

We empirically parameterised our IPMs through the 
annual census of subtropical and temperate Acropora spp. 
assemblages in southern Japan (Fig. 2). The in situ identi-
fication of Acropora colonies to species level is complicated 
by the widespread occurrence of morphologically cryptic 
subspecies and species hybridisation (Richards and Hobbs 
2015, Richards et al. 2016). Thus, working at the genus level 
we pooled data from across repeated surveys of tagged colo-
nies in September 2017, August 2018 and August 2019, to 
quantify the regional dynamics of subtropical and temperate 
Acropora spp. assemblages. Although restricted, the temporal 
extent of our demographic assessment here corresponds with 
timelines applied across previous work evaluating the per-
formance characteristics of coral populations (Precoda et al. 
2018, Shlesinger and van Woesik 2021), ensuring compara-
bility between our findings and those of past research.

During our surveys we recorded region- and size-specific 
patterns in colony survival (σ), transitions in size (γ) and 
fragmentation (κ; Supporting information). 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 differ-
ence between colony surface areas recorded during succes-
sive 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 cal-
culated using the relationship between colony size at time t 
and at time t + 1. Next, using data pooled from both the sub-
tropical and temperate assemblages, we modelled the prob-
ability 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, 
ni
k ) observed within our subtropical assemblage, although we 

weighted fragmentation probabilities according to the relative 
proportion of annual events recorded across the subtropical 
and temperate assemblages ( n ni

k k/ total ; see Supporting infor-
mation 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 fragmenta-
tion patterns are likely to be underestimates. Finally, we esti-
mated patterns in fragment production (κn) and fragment size 
(κ0) as a function of initial colony size, using the number and 
recorded size of all observed colony fragments.

In our IPMs, recruitment encompassed patterns in col-
ony fecundity (fn), and the probabilities of larval settlement 
(ψ) and post-settlement survival (henceforth recruit survival 
probability [Ϯ]). Although we did not directly measure col-
ony fecundity, owing to the logistical challenges involved 
(Gilmour et al. 2016), we estimated annual larval output 
(volume of larvae produced, cm3) as a function of colony size 
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using a relationship reported for Acropora spp. on the Great 
Barrier Reef (Hall and Hughes 1996; Supporting informa-
tion). Additionally, we determined the probabilities of lar-
val settlement and recruit survival, using larval counts made 
during prior subtropical (2011–2013; Nakamura et al. 2015) 
and temperate (2016–2018; Nakamura, unpubl.) settlement 
tile surveys in southern Japan (see Supporting information 
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 lar-
val volume into expected counts of settling larvae (ψ; 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 observa-
tion within both a subtropical and a temperate setting (Ϯ; 
Supporting information). Finally, consistent with evidence 
that larval settlement and survival are coordinated by interac-
tions between local biotic and abiotic drivers (Vermeij et al. 
2009, Doropoulos et al. 2016), we modelled the size distribu-
tion (C0) of tropical and subtropical recruits independently of 
parent colony size.

Quantifying transient dynamics

We used our IPMs to test our hypothesis of variation in 
the transient dynamics of coral assemblages at increasingly 
higher latitudes. We focused on transient measures depicting 
the demographic resilience attributes of recovery (damping 
ratio [ρ]), resistance (first-step attenuation [ r ] and maximal 
attenuation [ rmax ]), and compensation (reactivity [ r ] and 
maximal amplification [ rmax ]; Fig. 1). To obtain estimates 
of variance in these transient metrics, we generated 1000 
variants of our subtropical and temperate IPMs using jack-
knife resampling, each time omitting 5% of our data without 
replacement whilst allowing the modelled probabilities of 
larval settlement (ψ) and recruit survival (Ϯ) to vary within 
observed limits. Next, we integrated the kernel of each model 
variant into a high-dimension matrix (200 × 200 cells) using 
the ‘midpoint rule’ (Ellner and Rees 2006, Zuidema et al. 
2010), with the probability of individuals transitioning from 
one cell to the next estimated at the cell midpoint and mul-
tiplied by the cell width. In our case the cell width corre-
sponded with colony size increments of 0.716 cm2 on the 
log-scale. Following this discretisation, we calculated the dis-
tribution (mean and variance) of each transient metric for the 
subtropical and temperate assemblages using the R package 
popdemo (Stott et al. 2012).

We calculated the amplification and attenuation char-
acteristics of the subtropical and temperate 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 subtropical and temperate Acropora 

spp. assemblages using the size distributions of tagged colo-
nies 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 indica-
tion of the relative transient potential of the two Acropora 
spp. assemblages. Finally, to contextualise our estimates of 
transient dynamics against the long-term trends of each pop-
ulation, we calculated mean and variance estimates of their 
asymptotic growth rates (λ), with λ < 1 or > 1 reflecting 
negative or positive population growth (Caswell 2001).

Model decomposition

We tested our hypothesis that the transient dynamics of 
temperate coral assemblages are sustained by the survival, 
transitions in size and fragmentation patterns of existing 
colonies, rather than by patterns in recruitment, using a tran-
sient LTRE (Koons et al. 2016). The amplification charac-
teristics 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 charac-
teristics ( rmax ) of the subtropical versus temperate Acropora 
spp. assemblages. The transient dynamics of our focal coral 
assemblages (ξ) are contingent on three components: the 
size-specific vital rate patterns of established colonies (Θ), 
and the probabilities of larval settlement (ψ) and recruit sur-
vival (Ϯ). Variation in these components between the tropical 
and subtropical assemblages consequently drives any varia-
tion between their characteristics (Eq. 4 and 5):

x x ysubtropical( ) ( ) ( ) ( )= é
ëê

ù
ûú

Q 1 1 1, , Ϯ  (4)

x x ytemperate( ) ( ) ( ) ( )= é
ëê

ù
ûú

Q 2 2 2, , .Ϯ  (5)

Within coral populations, rates of larval settlement and sur-
vival oscillate considerably over time (Davidson et al. 2019). 
Thus, we incorporated this variability into our IPMs by allow-
ing the probabilities of larval settlement and recruit survival 
to fluctuate within observed boundaries, therefore introduc-
ing an element of within-assemblage variability to our mod-
els. Using the transient LTRE approach detailed below, we 
combined a traditional LTRE with a Kitagawa and 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).
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We first paired up subtropical and temperate model vari-
ants to evaluate the overall contributions (C) of the vital rate 
patterns of established colonies (Θ), larval settlement (ψ) 
and recruit survival (Ϯ), towards variation in rmax  using a 
Kitagawa and Keyfitz decomposition. The overall contribu-
tion of each component was obtained by averaging the effect 
on rmax  of substituting the subtropical and temperate form 
of the selected component against a fixed background of the 
other components (Caswell 2019) (Eq. 6):
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Across all decomposition analyses, we defined the subtropi-
cal assemblage as our control model. Subsequently, positive 
contributions reflect greater influence towards the dynam-
ics of the subtropical assemblage, whereas negative contri-
butions imply a greater importance towards the temperate 
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 rmax . 
The contribution of each vital rate (C[θi]) corresponds with 
the change in that vital rate between paired subtropical and 
temperate models combined with the environmental-specific 
elasticity matrices of rmax  (Caswell 2019) (Eq. 7):
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Here, the subtropical- and temperate-specific elasticity matrices  

of rmax (
¶

¶
r y

q
max[ , , ]Q i iϮ

) were composed of the proportional 

sensitivities ( eij ) of rmax  towards the matrix elements ( aij ) of 
a discretised IPM kernel parameterised using the mean vital 
rates across our subtropical and temperate assemblages ( r ) 
(Eq. 8):
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Results

Trends in transient dynamics: subtropical versus 
temperate

Considering the prevalence of uncertainties within coral tax-
onomy (Fukami et al. 2004), there is a precedent for assess-
ments into the characteristics of coral populations to operate 
at higher taxonomic levels (Darling et al. 2019, Edmunds 
2020). Thus, we present here a demographic assessment of 
Acropora spp. assemblages focused at the genus level. The 
subsequent interpretation of our results therefore assumes 
a consistency in species configurations across the subtropi-
cal and temperate assemblages. Species records from both 
Okinawa and Kochi (Nishihira and Veron 1995, Veron et al. 
2016) indicate a considerable overlap in the composition of 
these subtropical and temperate Acropora spp. assemblages 
(Supporting information). Equally, there is minimal varia-
tion in the morphological and functional traits of acroporid 
species associated with the coastal communities of Okinawa 
and Kochi (Supporting information), reinforcing our inter-
pretations of the observed demographic variation between 
the two assemblages described below.

The transient characteristics of the temperate Acropora 
spp. assemblage were more pronounced than those of its 
subtropical counterpart (Fig. 3). Of the two assemblages, 
the subtropical Acropora spp. assemblage displayed the high-
est asymptotic growth rate (λ: subtropical = 0.916 [95% CI: 
0.914, 0.918]; temperate = 0.655 [0.654, 0.655]). However, 
despite exhibiting a higher long-term population growth 
rate, following perturbation the subtropical assemblage is 
predisposed to experience attenuation ( p ), resulting in a 
post-disturbance decline in its growth rate ( p : 0.985 [0.983, 
0.986]). Alternatively, the temperate assemblage is expected 
to exhibit a reactive ( r ) transient response to perturbation, 
experiencing an increase in its growth rate relative to its 
asymptotic trajectory ( r : 1.033 [1.027, 1.039]). However, 
across all jack-knifed model variants, the temperate variants 
presented more heterogenous responses to perturbation than 
the subtropical variants (Fig. 3A).

Notably, in comparison with the subtropical assemblage, 
the transient dynamics of the temperate assemblage demon-
strated a superior capacity for maintaining elevated growth 
within unstable environments (Fig. 3B). Amplification was 
observed in 84.5% of temperate model variants as opposed to 
in just 23.1% of subtropical variants. Indeed, expected max-
imal amplification ( rmax ) was also highest within the tem-
perate assemblage, and reflected a potential ~22% increase 
in population growth rate following a disturbance relative to 
asymptotic expectations ( rmax ; subtropical = 1.019 [1.012, 
1.026]; temperate = 1.228 [1.215, 1.241]). The subtropi-
cal assemblage did, however, display a higher damping ratio 
(ρ) than the temperate assemblage (ρ; subtropical = 1.638 
[1.634, 1.641]; temperate = 1.429 [1.424, 1.433]), indi-
cating a faster convergence rate to an equilibrium state. 
Yet, in this context, this disparity in convergence rate cor-
responds with the more prominent transient displacement 
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observed in the temperate model variants relative to their 
asymptotic characteristics (Fig. 3B). Conversely, maximal 
attenuation ( rmax ) estimates for the subtropical and temper-
ate assemblages suggest that, whilst attenuation was more 
readily observed within subtropical model variants (observed 
in 96% and 40.3% of subtropical and temperate variants, 
respectively), both assemblages are only expected to expe-
rience a < 10% reduction in their growth rates relative to 
asymptotic expectations should attenuation occur ( rmax
; subtropical = 0.919 [0.916, 0.923]; temperate = 0.940 
[0.935, 0.946]).

Transient LTRE decomposition

Despite evidence that recruitment patterns impact upon the 
transient dynamics of the subtropical and temperate Acropora 
spp. assemblages, the differential vital rate schedules of exist-
ing colonies are responsible for shaping the variation observed 
between the amplification capacities of the two assemblages 
(Fig. 4). Patterns in larval settlement (ψ), recruit survival (Ϯ) 
and the vital rates of existing colonies (Θ) varied significantly 
in their contributions towards variation in the maximal 
amplification ( rmax ) (ANOVA: F2,2997 = 29557, p < 0.001; 
Tukey: ψ > Θ > Ϯ). Overall, larval settlement (ψ) and recruit 
survival (Ϯ) exerted the greatest influence on estimates of 
rmax ; however, these two properties had contrasting impacts 

across the subtropical and temperate assemblages (Fig. 4A). 
Amplification in the subtropical Acropora spp. assemblage 
appears enhanced by higher rates of larval settlement, whilst 
higher post-settlement larval survival elevates amplification 
in the temperate assemblage (see Supporting information 
for details on the recruitment patterns observed across each 
assemblage). Combining these contrasting patterns, and their 
relative augmentation of the amplification characteristics of 
each assemblage, results in a net zero contribution and, ulti-
mately, nullifies the proportional contribution of recruitment 
dynamics towards variation in rmax  between the subtropical 
and temperate assemblages.

Consequently, the cumulative contribution of the vital 
rate patterns of existing subtropical and temperate colonies, 
specifically their survival and fragmentation characteristics, 
underpins the contrasting amplification capacities of the two 
assemblages (Fig. 4B). Inter-assemblage variation in the sur-
vival patterns of smaller colonies (< 4 cm2 on the log scale) 
benefitted the amplification characteristics of the subtropical 
assemblage, whilst variation in the survival patterns of larger 
colonies (4–7 cm2 on the log scale) enhanced the amplifica-
tion characteristics of the temperate assemblage (Fig. 4B). 
Broadly, however, the relative contribution of colony sur-
vival towards rmax  decreased with increasing colony size 
(Fig. 4B). Alternatively, the contribution of colony fragmen-
tation towards rmax  increased with colony size; and although 

Figure 3. The temperate Acropora spp. assemblage displays an enhanced capacity for demographic amplification compared to its subtropical 
counterpart. We estimated measures of transient (short-term) dynamics describing the dynamics of the subtropical (red) and temperate 
(blue) Acropora spp. assemblages following disturbance across a series of jack-knifed model variants. (A) Variation in the transient responses 
observed across jack-knifed model variants within one time-step of a perturbation. (B) Illustrates how the transient dynamics observed 
across model variants manifest over 40 years post-disturbance to modify 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 transient responses (TR) are displayed in their standardised form (i.e. TR/λ) such that all changes in population size (δ) 
are displayed relative to corresponding asymptotic growth rate estimates (λ, dashed line).
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variation in the fragmentation patterns of larger colonies (> 
4 cm2 on the log scale) does benefit amplification in the 
subtropical assemblage, the fragmentation dynamics of very 
large colonies (> 7 cm2 on the log scale) enhances the ampli-
fication capacity of the temperate assemblage (Fig. 4B). 
Meanwhile, the influence of colony growth characteristics 
on the transient amplification potential of either assemblage 
was negligible (Fig. 4B). Consequently, the enhanced ampli-
fication capacity of the temperate coral assemblage appears 
associated with the survival and fragmentation characteris-
tics of larger colonies.

Discussion

Global climatic change is reassembling coral reef commu-
nities worldwide (Hughes et al. 2017, 2018). Accordingly, 
understanding the mechanisms underpinning the estab-
lishment and persistence of range-shifting coral species in 
subtropical and temperate locations is imperative for antici-
pating the future success or failure of global coral assem-
blages, 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 
subtropical and temperate Acropora spp. assemblages we reveal 

a decrease in asymptotic growth rate with increasing latitude. 
However, we illustrate that the expansion and endurance of 
a coral assemblage within a highly variable – and compara-
tively stressful – temperate environment corresponds with its 
superior capacity for amplified growth following disturbance 
compared to an up-current subtropical assemblage (Fig. 3). 
We also highlight how the transient dynamics of a temper-
ate Acropora spp. assemblage are contingent on the survival 
and fragmentation dynamics of existing colonies, highlight-
ing key drivers underpinning the fitness of coral populations 
at increasingly higher latitudes. Recruitment had the largest 
overall effect on the dynamics of both the subtropical and 
temperate Acropora spp. assemblages. Nevertheless, divergent 
larval settlement and recruit survival probabilities between 
the two assemblages ensure that the dynamics of existing 
colonies underpin the relative differences between their tran-
sient dynamics (Fig. 4).

Overall, our findings here are consistent with insights 
from invasive populations whose transient demographic 
characteristics facilitate the persistence of a small number of 
individuals following their introduction within non-native 
environments (Iles et al. 2016, Jelbert et al. 2019). Thus, we 
present evidence for the mechanisms helping to shape the 
ability for coral species to shift their distributions into sub-
tropical and temperate environments.

Figure 4. Size-specific patterns in colony survival and fragmentation underpin the varying amplification characteristics of the subtropical 
and temperate Acropora spp. assemblages. We used a transient life table response experiment (LTRE) to explore the vital rate contributions 
underpinning variation between the transient dynamics of subtropical and temperate Acropora spp. assemblages. (A) The proportional 
contribution of patterns in larval settlement (ψ), recruit survival (Ϯ) and the vital rate schedules of existing colonies (Θ) towards differences 
in the maximal amplification characteristics between the two assemblages ( Drmax ). (B) The relative size-specific contributions of the vital 
rates of survival, growth and fragmentation towards the maximal amplification characteristics of the temperate Acropora spp. assemblage 
compared with its subtropical counterpart as a baseline. Solid lines represent mean contribution patterns. Across both panels, positive con-
tributions reflect greater influence of a given vital rate towards enhancing maximal amplification in the subtropical assemblage (red), whilst 
negative values reflect greater influence towards enhanced amplification in the temperate assemblage (blue). All error displayed represents 
the full range of observations observed across tropical and subtropical model variants.
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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 establish-
ing themselves within novel environments (Merow et al. 
2017). Our findings display an emergent latitudinal trade-
off between the long-term viability and short-term exploi-
tation 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, Antão et al. 2020), and are thought 
to underpin the vulnerability of lower-latitude populations 
to future climatic change (Barlow et al. 2018). Across sub-
tropical and temperate Acropora spp. assemblages, asymptotic 
population growth was higher at lower latitudes, aligning 
with traditional expectations that population growth rates 
will decline towards species range boundaries as populations 
encounter increasingly demanding environments (Vucetich 
and Waite 2003). However, the strength and universal nature 
of this expectation is widely refuted (Sagarin and 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 ampli-
fication potential is considered a more beneficial strategy 
than prioritising long-term population growth for enhancing 
population persistence within unstable, marginal, environ-
ments (McDonald et al. 2016). Thus, whilst the subtropical 
Acropora spp. assemblage appears more viable under stable 
conditions, the temperate assemblage displays demographic 
strategies associated with the enhanced exploitation of more 
variable environments.

Peripheral populations inhabiting suboptimal 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 bioero-
sion (Nozawa et al. 2008), thermal stress (Kim et al. 2019, 
Cant et al. 2021b), and reproductive and genetic isolation 
(Thomas et al. 2017, Precoda et al. 2018, Nakabayashi et al. 
2019), and are exposed to cooler, highly seasonal abi-
otic 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 distur-
bances (Kroeker et al. 2020). In higher-latitude subtropical 
and temperate coral communities, the maintenance of diverse 
gene pools largely relies on connectivity with up-current trop-
ical reefs, a characteristic that is restricted in many of these 
systems (Noreen et al. 2009, Beger et al. 2014). However, 
sporadic larval supply into higher-latitude coral communities 
may benefit their adaptation to abiotic variability, prevent-
ing genetic swamping from lower-latitude communities that 

experience radically different selection pressures (Galipaud 
and Kokko 2020). However, as marginal populations become 
increasingly fragmented or isolated, their diminished genetic 
diversity may inhibit their durability within variable envi-
ronments (Pearson et al. 2009). Thus, whilst we have dem-
onstrated that coral populations could display the necessary 
demographic plasticity for exploiting more variable regimes, 
the continued success of high-latitude coral populations is 
likely to be contingent on continued support from core pop-
ulations (Cant et al. 2021b).

The different strategies exhibited by corals at higher lati-
tudes, compared to their tropical counterparts, could be 
explained by either inherent plasticity within the dynamics 
of coral populations, adaptation in response to selective pro-
cesses or biological interactions. Without detailed genomic 
assessments, however, we are unable to evaluate whether 
adaptive processes are at play. We also must acknowledge 
here the omission of spatial measures within our modelling 
approach. The demographic traits of coral populations are 
closely tied to their morphological characteristics (Álvarez-
Noriega et al. 2016). Considering the gradient in diversity 
and density that exists between tropical, subtropical and tem-
perate coral communities (Harriott et al. 1994, Harriott and 
Banks 2002, Sommer et al. 2014), it is therefore logical that 
an increased availability of space may reveal traits in higher-
latitude coral assemblages that would otherwise remain 
inhibited by intense competitive interaction.

In sessile communities, the spatial arrangement of het-
ero- and con-specific individuals influences the performance 
of coexisting populations (Buss and Jackson 1979, Hart 
and Marshall 2009, McWilliam et al. 2018). For instance, 
the spatial aggregation of species can inhibit the growth of 
more dominant individuals and facilitate the persistence 
of more inferior competitors (Idjadi and Karlson 2007, 
Álvarez-Noriega et al. 2020). Indeed, the spatial arrange-
ment of reef communities does influence their resilience to 
coral–algal phase shifts (Brito-Millán et al. 2019). However, 
even within tropical reef assemblages, it is debated whether 
spatial aggregation occurs naturally at sufficient intensities 
for inhibiting competitive dominance (Alvarez-Noriega et al. 
2018). Equally, previous spatially implicit assessments into 
the dynamics of reef systems following disturbance (Sandin 
and McNamara 2012, Brito-Millán et al. 2019) have focused 
at the functional group level, thereby masking the changing 
implications of competition and coexistence across the size 
spectrum of co-occurring individuals. Accordingly, whilst 
there is a clear and worthwhile need for implementing spa-
tially implicit size-structured assessments of coral communi-
ties (Adler et al. 2010), our work here represents an important 
advancement in understanding coral population dynamics.

Decomposing latitudinal contrasts within vital rate 
patterns

The size structure of coral populations has consider-
able repercussions on their dynamics and interactions 
within their wider reef communities (Dietzel et al. 2020, 
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Pisapia et al. 2020). The heightened amplification character-
istics we observed in the temperate Acropora spp. assemblage 
were primarily supported by the survival and fragmentation 
patterns of larger individuals (Fig. 4). This pattern reflects 
our expectation that, with these temperate 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 colonisa-
tion 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, colonisa-
tion through individual fragmentation could prove particu-
larly effective, with rising temperatures and grazing tropical 
migrants reducing macroalgal competition (Vergés et al. 
2016, Kumagai et al. 2018), and limited accretion reduc-
ing the density of existing coral communities (Kleypas et al. 
1999). However, increased fragmentation can imply the 
accumulation of smaller-sized colonies, to which has been 
attributed the diminishing capacity for coral populations to 
persist during recurrent climatic disturbances (Riegl et al. 
2012, Riegl and Purkis 2015, Pisapia et al. 2019). Equally, 
investments into the process of fragmentation, and how it is 
utilised for growth and reproduction, differ across coral spe-
cies (Kayal et al. 2015). Accordingly, variation in how coral 
taxa utilise fragmentation may represent a key determinant 
in delineating gradients in species composition across tropi-
cal–temperate transition zones.

It is not unusual for the dynamics of coral communi-
ties to revolve around the vital rates of the largest colo-
nies (Dietzel et al. 2020), yet the reliance of the temperate 
Acropora spp. assemblage on the dynamics of larger indi-
viduals could render it sensitive to future climate shifts. In 
Japan, the frequency of severe typhoon storms is increas-
ing (Hoshino et al. 2016). These storms are known to dis-
proportionally 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 and Connolly 2006). During September 2018, 
Typhoon Jebi, possessing wind speeds upwards of 158 km 
h−1, made landfall along the southern coastline of Shikoku 
Island (Mori et al. 2019). This storm caused considerable 
structural damage within the temperate coral communities 
of Kochi (Cant et al. unpubl.), and is deemed responsible for 
the decline in mean colony size we observed within the tem-
perate Acropora spp. assemblage during 2019 (Supporting 
information). The dominance of larger-sized colonies in this 
temperate assemblage (Supporting information) suggests 
that this assemblage has successfully navigated past typhoon 
storms. However, with the intensity of future storms increas-
ing (Hoshino et al. 2016), destructive events on the scale of 
Typhoon Jebi will become more frequent, possibly under-
mining the success of coral populations overly reliant on the 
characteristics of larger individuals.

Overall, differences between the transient dynamics of the 
subtropical and temperate Acropora spp. assemblages were 
underpinned by variation in the vital rate patterns of exist-
ing colonies. However, recruitment is a fundamental com-
ponent in the dynamics and resilience of coral communities 
(Adjeroud et al. 2017). Accordingly, we observed that recruit-
ment patterns actually exerted the largest absolute influence 
on the transient dynamics of the two assemblages, although 
this influence was masked by contrasting patterns in larval 
settlement and recruit survival (Fig. 4A). We observed that the 
settlement of Acropora spp. larvae was lower in the temperate 
region compared with the subtropics. With abiotic barriers 
limiting the dispersal and survival of coral larvae at higher 
latitudes this pattern is to be expected (Nakabayashi et al. 
2019), despite the conflicting evidence of recent warming-
induced increases in the densities of settling larvae at higher 
latitudes (Price et al. 2019). Intriguingly, though, we report 
that the survival of coral larvae following successful settlement 
appeared highest in the temperate region. Whilst consistent 
with expected density-dependent patterns in the survival of 
newly settled larvae (Cameron and Harrison 2020), our find-
ing disagrees with previous reports of extremely high annual 
post-settlement larval mortality within higher- latitude envi-
ronments (Wilson and Harrison 2005). Seawater tempera-
tures at the time of settlement influence the survival of coral 
larvae (Randall and 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 settle-
ment plates and plot surveys occurring during boreal sum-
mer months, we acknowledge that our estimates of temperate 
recruit survival may represent overestimates arising from the 
inclusion of individuals yet to experience the selective pres-
sures of cooler temperate seasons.

Conclusions

It is necessary to understand both the extent to which mar-
ginal populations can embrace environmental variation, 
and the mechanisms that underpin the success or failure 
of populations along range boundaries, if we are to antici-
pate the continued viability of crucial species, communities 
and ecosystems (Valladares et al. 2014, Merow et al. 2017). 
Equally, distinguishing how vital rate characteristics mani-
fest under differing environmental regimes will help resolve 
the climate envelopes of different species and ecosystems, 
allowing for more accurate predictions of population persis-
tence or collapse (Trisos et al. 2020). Climatic warming is 
facilitating the poleward expansion of coral populations into 
subtropical and temperate coastal ecosystems (Beger et al. 
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 
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populations and their abiotic drivers (Edmunds et al. 2014, 
Edmunds and 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 al. 
2011, McDonald et al. 2016, Hastings et al. 2018). Transient 
demographic theory has advanced our understanding of inva-
sive potential, allowing us to forecast the ability of species to 
establish populations outside their core range (Iles et al. 2016, 
Merow et al. 2017, Jelbert et al. 2019). We have illustrated 
here how the transient dynamics of coral populations coor-
dinate their establishment at increasingly higher latitudes, 
mediating their response to enhanced seasonal variation. 
Equally, Acropora spp. assemblages in southern Japan display 
the demographic plasticity necessary for the continued exploi-
tation of higher-latitude environments. However, with this 
work we have only begun to gather evidence of the mecha-
nisms 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 
and Riegl 2020, Pisapia et al. 2020, Cant et al. 2021a).
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