Received: 19 April 2023

Revised: 28 September 2023

'.) Check for updates

Accepted: 6 October 2023

DOI: 10.1111/ele.14332

LETTER

ECOLOGY LETTERS [crRVNAE

Natural recovery of corals after severe disturbance

Juliano Morais'

'Research Hub for Coral Reef Ecosystem
Functions and College of Science and
Engineering, James Cook University,
Townsville, Queensland, Australia

%Paris Sciences et Lettres Université, Ecole
Pratique des Hautes Etudes, EPHE-UPVD-
CNRS, UAR 3278 CRIOBE, University of
Perpignan, Perpignan, France

Correspondence

Juliano Morais, Research Hub for Coral
Reef Ecosystem Functions and College
of Science and Engineering, James Cook
University, Townsville, Queensland 4811,
Australia.

Email: juliano.morais@my.jcu.edu.au

Funding information

| Sterling B. Tebbett!

| Renato A. Morais">© | David R. Bellwood'

Abstract

Ecosystem recovery from human-induced disturbances, whether through natural
processes or restoration, is occurring worldwide. Yet, recovery dynamics, and their
implications for broader ecosystem management, remain unclear. We explored
recovery dynamics using coral reefs as a case study. We tracked the fate of 809
individual coral recruits that settled after a severe bleaching event at Lizard Island,
Great Barrier Reef. Recruited Acropora corals, first detected in 2020, grew to coral
cover levels that were equivalent to global average coral cover within just 2years.
Furthermore, we found that just 11.5 Acropora recruits per square meter were
sufficient to reach this cover within 2 years. However, wave exposure, growth form
and colony density had a marked effect on recovery rates. Our results underscore
the importance of considering natural recovery in management and restoration
and highlight how lessons learnt from reef recovery can inform our understanding
of recovery dynamics in high-diversity climate-disturbed ecosystems.
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INTRODUCTION

Human-induced ecosystem stressors, such as climate
change, are intensifying and reconfiguring ecosys-
tems globally (Arrigo et al., 2020; Betts et al., 2017; Pecl
et al., 2017). These stressors have affected almost all eco-
systems, including those in terrestrial (Field et al., 2007;
Mason et al., 2022), freshwater (O'Reilly et al., 2003)
and marine realms (Hoegh-Guldberg & Bruno, 2010),
via their impacts on plant, faunal and microbial bio-
diversity and abundance, across all trophic levels (van
Moorsel et al., 2023). In turn, these stressors are com-
promising the capacity of ecosystems to sustain func-
tions and services and to resist future global changes
(Dakos et al., 2015). However, ecosystems are inherently
self-regulating systems that have developed mechanisms
for self-repair (Holling, 1973; Jones & Schmitz, 2009).
After a disturbance, or upon the removal of human-
induced pressures, natural processes often bring the
system back to a near-equilibrium state, if given enough
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time (Arnoldi et al., 2018; O'Neill, 1998). However, as
the temporal (shortening) and spatial (growing) scales
of climate change-induced stress changes rapidly, the
capacity of ecosystems to recover is becoming increas-
ingly limited (Trisos et al., 2020; Vercelloni et al., 2020).
Therefore, a better understanding of ecosystem recovery
processes in the context of climate change is increas-
ingly important for implementing relevant management
strategies to enhance natural recovery and establishing
priorities for ecosystem restoration efforts (Clewell &
McDonald, 2009; Jones et al., 2018; Montoya, 2021).

Of all the world's ecosystems being impacted by cli-
mate change, coral reefs provide one of the most iconic ex-
amples (Graham et al., 2015; Hughes, Barnes, et al., 2017;
Sully et al., 2019). Indeed, bleaching-induced coral mor-
tality has resulted in widespread concerns, with changes
in coral reef structure, biodiversity, functioning and pro-
ductivity (Grahametal., 2015; Hughes et al., 2019; Morais
et al., 2022). In turn, this rapidly unfolding situation
has raised questions about our approach to ecosystem
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management on coral reefs (Bruno et al., 2019; Hughes,
Barnes, et al., 2017; Morrison et al., 2020). Traditionally,
interventions aimed at mitigating climate impacts on
coral reefs have focused on reducing chronic pressures,
to preserve ecosystem resilience and to enhance coral
survival (Graham et al., 2013; Harvey et al., 2018; Mcleod
et al., 2019). However, given the recent shortening of re-
covery periods (Sully et al., 2019; Vercelloni et al., 2020),
active management interventions such as coral res-
toration have grown in popularity among politicians
and coral reef managers (Anthony et al., 2017; McLeod
et al., 2022; Quigley et al., 2022).

Coral reef restoration is increasingly viewed as a
promising tool to enhance coral reef resilience (McLeod
et al., 2022). However, coral restoration can be expensive
(Hughes et al., 2023), with the median cost per hectare
for coral gardening estimated to be over 60 times higher
than intertidal mangrove restoration and over 90 times
greater than for sea grasses (Bayraktarov et al., 2016).
Interestingly, in the last 2 years since the last major coral
mortality event, some regions of the Great Barrier Reef
are showing signs of extensive, natural recovery of coral
cover, driven primarily by Acropora spp. (AIMS re-
port 2022). This increase in coral cover is likely driven by
two processes: (a) growth of remnant (surviving) colonies
and/or (b) coral recruitment with subsequent survival
and growth (Graham et al., 2011; Linares et al., 2011;
Pearson, 1981).

Coral colony growth can drive rapid increases in coral
cover (Diaz-Pulido et al., 2009; Kayal et al., 2018), yet
this process depends on colony survival. Unfortunately,
survivors are often scarce following coral bleaching
mass-mortality events (Gilmour et al., 2013; Hughes
et al., 2019; Morais et al., 2021). In these cases, re-
cruitment, survival and growth of new corals are the
main processes underpinning coral cover recovery
(Edmunds, 2023; Evans et al., 2020; Gilmour et al., 2013;
Gouezo et al., 2019). In Moorea, for example, multiple
studies have shown that fast coral cover recovery after
disturbances largely depends on the successful growth
and survival of new recruits, with recruitment in this lo-
cation being predominantly driven by Pocillopora spp.
(Bramanti & Edmunds, 2016; Holbrook et al., 2018;
Kayal et al., 2018). Similarly, in Palau, dormant recruits
from before a typhoon disturbance that killed almost
100% of adult corals have been identified as the drivers of
subsequent fast recovery to pre-disturbance coral cover
levels (Doropoulos et al., 2022). Thus, the rapid increase
in coral cover, from 13% in 2017 to 36% in 2022, in the
northern region of the GBR (AIMS report 2022), seems
to be at odds with the reported failure of coral recruit-
ment (Hughes et al., 2019) following the regional collapse
of coral cover (Hughes, Kerry, et al., 2017). Given this
apparent mismatch, the challenge now is to understand
the capacity of local reefs to support natural short-term
coral recovery following widespread thermal distur-
bances. Against the backdrop of continued global coral

demise, with contemporary global average coral cover
sitting at just 25% (Tebbett et al., 2023), it is important
to understand, and to quantify, the potential for natural
recovery processes in order to inform ecosystem man-
agement and to place multimillion dollar restoration
projects in context.

In this study, we take advantage of a unique opportu-
nity in a GBR location where there was local extirpation
of fast-growing Acropora corals after the back-to-back
bleaching events in 2016 and 2017 (i.e. a 95% decline in
Acropora cover at the scale of the whole island (Madin
et al., 2018) and 100% mortality of branching and tabular
Acropora colonies in our study area (Morais et al., 2021)).
Following this extirpation, we were able to closely track
the natural recovery of the reef system, which appears
to have been tightly linked to recruitment in 2018/2019
(Tebbett et al., 2022). Specifically, by using an extensive
spatial design of fixed photo-quadrats, we were able to
record and track the growth of 809 individual Acropora
recruits over 2 years across the 16km? wide Lizard Island
reef complex on the GBR (Figure 1; Figure SI). Our goal
was to evaluate the potential for natural coral recovery
driven by fast-growing Acropora spp. and to examine
how the physical setting (wave exposure), traits (growth
form) and colony density affected the growth of recently
settled recruits. In quantifying this process our study
provides insights into the potential of Acropora to in-
crease coral cover after bleaching events.

MATERIALS AND METHODS
Study area and sampling

Tracking of individual coral recruits was based on a wide-
spread photo-quadrat census at Lizard Island (14°40’S,
145°28'E), a mid-shelf island in the northern region of
the GBR. In recent years this region was impacted by
two prolonged thermal events. First from February to
April 2016, leading to the most severe coral bleaching re-
corded on the GBR, and second from January to March
2017, leading to additional bleaching-induced coral mor-
tality (Madin et al., 2018; Richards et al., 2021; Tebbett
et al., 2022). In February 2016, immediately before the
onset of major bleaching, a series of 19 permanent tran-
sects (between 50 and 210m in length, as constrained
by reef morphology) along the reef crest/edge (at 0—4m
below chart-datum) were established around Lizard
Island (Figure SI). Along each transect, between 12 and
38 quadrats (1 m? area), approximately 5m apart, were
photographed. For the present study, these transects
were photographed: in January 2018 (24 months after the
2016 bleaching event); January 2020 (after 48 months),
January/February 2021 (after 60months) and January/
February 2022 (after 72months). Photo-quadrat meth-
ods follow (Wismer et al., 2019) (see Text S1 for a full
description).
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FIGURE 1 (a)Relative colony size of Acropora spp. coral recruits across the 24-month sampling period (2020-22). Each line represents a

single colony, with colours representing the different growth forms. Relative size (cm?) is the planar area of each colony relative to the size at
first detection. The small bar graph inset in each panel represents the number of colonies from each growth form in each exposure level. (b)
Example of a sequence of photo-quadrats from 2018 (before recruits were detected) to 2022 showing the growth of individual colonies and the

increase of coral cover over time.

In the photo-quadrats, we considered recruits to be all
Acropora colonies that were first seen in photographs from
the 2020 sampling campaign (i.e. they were not visually de-
tectable in the photographs from the previous sampling in
2018). Recruits were defined as new colonies in our pho-
tographs that were larger than 3cm? (*2c¢m in diameter).
The mean size of Acropora recruits at the first detection in
our study was ~70 cm?. The growth form of larger recruits
was apparent at first detection; however, when this was
unclear, growth form was readily identified in the subse-
quent photographs of the same recruits in 2021 and 2022
(see Text S2 for full details of coral recruits).

Following the identification of new Acropora spp. re-
cruits in the photo-quadrats, we measured the planar
surface area of each colony. To do this, planar colony live
tissue area was measured (in cm?) by tracing around the
live coral tissue of each colony using the software ImageJ
and the quadrat as a scale (Schneider et al., 2012). This
process was repeated for each colony in each sampling
period. When colonies were partially covered, we esti-
mated their size by tracing the natural shape of the col-
ony based on the previous sampling photograph. Coral
cover of each quadrat was considered to be the sum of
individual Acropora colony areas relative to the 1 m? area
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of the quadrat. However, we classified colonies as ‘par-
tially covered’ if they had a major part (50% or more)
of their area covered by a neighbouring colony. These
colonies (6% of all colonies) were excluded from our es-
timates of coral cover to reduce colony overlap effects.
Our comparison of coral cover was solely focused on the
cover of the recruits tracked within our sampling area.
To contextualise our findings with recruitment levels ob-
served across the Indo-Pacific, we utilised a large-scale
dataset available from the supplementary material of
Koester et al. (2021). This dataset comprises estimates
of coral recruitment (i.e. counts of recently settled coral
colonies) on natural reef substrata across 106 reefs in 11
different locations throughout the Indo-Pacific realm.

Data analyses

Initially, we examined the relationship between Acropora
coral cover change and recruit density to determine the
minimum number of recruits needed to reach global av-
erage coral cover (i.e. 25%; cf. Tebbett et al., 2023) within
24months (note all mentions of ‘global average coral
cover’ refer to this level of 25% hereafter). To do this, we
utilised a Bayesian generalised linear mixed effects model
(GLMM) with a gaussian distribution. In this model the
change in Acropora cover (i.e. final—initial planar sur-
face area per quadrat) during the 24 month period was
treated as the response variable, while recruit density
(individuals m~?) was fitted as a continuous fixed effect.
Transect identity was also incorporated as a random ef-
fect in the model to account for any lack of spatial inde-
pendence in the data. In addition to this model, we also
wanted to examine how a range of factors were related
to the growth rates of individual colonies. To do this, we
used a second Bayesian GLMM. In this second model,
we considered the growth rate of individual Acropora
colonies as the difference in live tissue area between the
first time each colony (recruit) was seen (2020) and sub-
sequent observations (i.e. in 2021 and 2022). Note, data
were only derived from recruits first detected in 2020
and all growth data were based on repeated measures of
the exact same individual colonies. We then divided this
difference by the sampling period (years) to obtain indi-
vidual coral colony growth rate in cm2year_1. We then
tested if the density of recruits (number of recruits m?),
level of wave exposure (see Figure Sl1), coral growth form
and initial colony size (recruit size when first recorded
in our sampling) influenced the subsequent growth rates
of coral recruits at Lizard Island. This second GLMM
was based on a Gamma distribution with a log-link
function. Growth rate of individual coral colonies was
the response variable, while recruit density, wave expo-
sure and the interaction between growth form and ini-
tial colony size were fitted as fixed effects. We also fitted
quadrat identity, nested in transect identity, as a random
effect to account for any lack of spatial independence.

In both cases, the models were based on three MCMC
chains with 5000 iterations, including 1000 iterations to
warm-up and a thinning interval of 5, to avoid within-
chain auto-correlation, with weakly informative pri-
ors. Model fit and assumptions were evaluated using
residual and auto-correlation plots, supplemented by
metrics of sampling efficiency (rhat) and effective sam-
ple size (neff) scores, all of which were satisfactory and
suggested that the MCMC chains were well mixed and
converged in both models. All Bayesian models were
performed in Stan (Stan Development Team, 2021) via
the hrms package (Biirkner, 2017) in the software R (R
Core Team, 2020).

RESULTS

By tracking the growth of 809 Acropora colonies that set-
tled after severe back-to-back bleaching events in 2016
and 2017, we were able to examine the capacity of these
corals to lead ecosystem recovery as they quickly drive
coral cover increases (Figure 1). Remarkably, Acropora
corals have the potential to increase coral cover to levels
that reach, or even exceed, the global average coral cover
in coral reef habitats (25%) in just 2 years. However, this
ability was strongly dependent on the number of re-
cruits that had successfully settled, and survived, on the
benthos. In this respect, we observed very low mortal-
ity rates. Only 18 of the 809 (2.2%) initial colonies died,
while 114 (14.1%) were completely covered by neighbour-
ing colonies. We found a strong positive relationship be-
tween recruit density and changes in coral cover over the
subsequent 2-year period (Figure 2; Figure S2; Table S1).
Based on this relationship, our model suggests that, on
average, a density of just 11.5 Acropora recruits m™—> will
yield 25% coral cover after 2years (Figure 2a; Table S1).
However, in areas with recruit densities lower than 11.5
individuals m™ coral cover increase was slow and is
likely to remain low (<10%) even after 2 years (Figure 2b).

The recovery of coral cover in areas with high
Acropora recruitment appears to be strongly location
dependent. In our study area, semi-exposed sites not
only supported most of the recruits (78%; Figure 1), but
also recruits that grew approximately twice as fast as on
lagoonal and back reefs and about 30% faster than ex-
posed sites (Figure 3a,b; Table S2). This was mediated
by species traits (Figure 3c) since our model detected an
interaction between coral growth form and initial col-
ony size (Figure 3c; Table S2). In general, tabular cor-
als had the highest growth rates, followed by branching
forms, while digitate forms had the slowest growth rates
(Figure 3c; Figure S3). However, only exposed, and semi-
exposed sites had Acropora recruits from all four growth
forms: back reefs lacked tabular forms; lagoonal sites
lacked digitate corals. Finally, our model also revealed
a location-independent negative effect of recruit density
on the growth rate of individual colonies (Figure 3d;

85U80|7 SUOWWIOD @A Fea10 (e (dde auy Aq peuseno afe sejone VO @sn Jo sajnJ Joj A%eiqi8uljuO 8|1 UO (SUORIPUD-pUe-SWLR)AL0D A8 |1 AeIq 1 U1 UO//:SANY) SUORIPUOD pUe Swie 1 8U) 885 *[7202/20/5z] Uo AriqiTaulluo A8|im ‘Ariqi] ode N MI0X 81pp3a A ZEEYT@R/TTTT OT/I0p/L0D A8 |im AeIq Ul |UO//:SANY WOy pepeojumoq ‘T ‘v20Z ‘8vZ0TIVT



MORALIS et al.

| 50f 12

—
Q
~

[
o

IN
o

N
(6]

Increase in % cover over 24 months

o

5 15 15 20 25
Density of recruits (recruits/mz)

o4

(b)

== More than 11 recruits/m’

40 == Less than 11 recruits/m*

w
o
L

Global average coral cover (25%)

Coral cover (%)
N
o

—_
o
L

0 6 12 18 24
Months

FIGURE 2 (a) The relationship between Acropora recruit density
(individuals m ) and the change in Acropora coral cover (%) in each
quadrat over the 24-month study period. The black line and coloured
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from the same point, facilitating comparisons between the two.

Table S2). Specifically, within localities with relatively
high recruitment, coral colonies grew less, on average,
than colonies in less occupied areas (Figure 3d; Table S2).

Throughout our study area, only 7.2% of the 428 quad-
rats (including those that did not have any coral recruits)
had more recruits than the identified threshold for rapid
coral cover recovery (i.e. 11 recruits m?) (Figure 4a).
Indeed, average recruit density across all quadrats was
just 1.5 recruits m 2. The proportion of quadrats with
high recovery capacity herein (> 11 recruits m~2) was vir-
tually identical to values in an Indo-Pacific wide data-
set of post-bleached reefs (Figure 4b), showing that high
post-bleaching coral recruitment is relatively rare. This
observation contrasts starkly with recruitment rates in
the same Indo-Pacific dataset for pre-bleached reefs,
where 27% of transects had at least 11 recruits m ™. The

average recruit density for pre-bleached reefs was 9.96
recruits m2. This represents a more than three-fold de-
cline, from 27% to 7.4%, in the proportion of samples fea-
turing recruitment rates sufficient for rapid short-term
coral recovery following bleaching events (Figure 4b).

DISCUSSION

Rapid recovery driven by early-successional
species

Globally, disturbed ecosystems show inherent self-repair
mechanisms, often with a recovery trajectory driven by
early-successional species (Arnoldi et al., 2018; Connell
& Slatyer, 1977; O'Neill, 1998). While these abundant spe-
cies with high growth and colonisation rates typically drive
short-term recovery, such early-successional species are gen-
erally less prominent over longer-term recovery trajectories
(Arnoldi et al., 2018; Connell, 1978; Jentsch & White, 2019).
Thus, species-specific traits, combined with location con-
texts, significantly influence temporal and spatial recov-
ery scales (Hewitt et al., 2022). In the Amazon rainforest,
for example, early-successional species play a pivotal role
in early recovery due to their fast growth and ability to
establish in direct sunlight. Later, ‘intermediate’ species
grow underneath early-successional species and eventu-
ally pave the way for ‘climax’ species in the final recovery
stages (Mausel et al., 1993; Uhl et al., 1981). In the context
of coral reefs, we quantified and highlighted the capacity of
the early-successional Acropora to generate coral cover in a
high-diversity tropical system (i.e. coral reefs around Lizard
Island, Great Barrier Reef), following their local extirpation
after back-to-back bleaching events in 2016 and 2017 (Madin
etal., 2018; Morais et al., 2021). This marked recovery capac-
ity was clearly dependent on the density of Acropora colonies
that successfully settled to, and survived on, the benthos.
These densities correlated strongly with coral cover in subse-
quent years. Indeed, we found that, on average, 11.5 recruits
per m?” were sufficient to recover coral cover to levels that are
equivalent to the global average for coral reefs, in just 2 years.
Importantly, our results from Lizard Island strongly align
with those from a recent long-term monitoring report from
the Australian Institute of Marine Science (AIMS), which
showed that for the entire northern GBR coral cover rapidly
rose from a record low level (following the 2016 bleaching
event) to its highest level (>75% coral cover on some reefs)
since the beginning of the monitoring program (AIMS re-
port 2022). This rapid recovery aligns with past research,
which has suggested that recovery in marine benthic sys-
tems can outpace recovery rates of other ecosystems (Jones
& Schmitz, 2009), although as recovery was heavily driven
by one group of corals (Acropora) it also has implications for
our understanding of ecosystem restoration and recovery
debts (e.g. Moreno-Mateos et al., 2017).

The capacity for marine benthic systems to recovery
rapidly is underpinned by the demographic processes
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a Bayesian generalised linear mixed effects model: (a) model predicted colony growth rates for the different exposure levels; (b) pairwise
comparisons (ratio) of coral growth rates between the different exposure levels. Ratios were obtained using the draw values from our Bayesian
generalised linear mixed effects model. Distributions with values predominantly exceeding 1 indicate that the exposure level in the numerator
had higher colony growth rates, while distributions with values predominantly lower than I indicate that the exposure level in the numerator
had lower colony growth rates; (c) the interaction between initial colony size and coral growth form in determining colony growth rate (average
initial sizes: branching=91.8 cm?; corymbose=_84 cm?; digitate=43 cm?; tabular=64cm?); (d) the relationship between colony growth rate and
recruit density. The black points in (a), and lines in (c) and (d) represent model estimated marginal means, the red lines in (a) and ribbons in (c)

and (d) denote the 95% high posterior density intervals.

regulating the organisms that comprise these ecosystems
(Carpenter & Turner, 2000; Thrush & Whitlatch, 2001).
In this respect, the capacity for rapid coral cover recovery
described in our study aligns with the results of a number
of previous studies, which have examined the links be-
tween demographic processes (i.e. recruitment, growth
and survival) of corals and the rapid recovery of coral
cover (e.g. Bramanti & Edmunds, 2016; Edmunds, 2021;
Holbrook et al., 2018; Kayal et al., 2018). For example, on
reefs around Moorea, Holbrook et al. (2018) highlighted
substantial variation in the rate and extent of recovery
across different sites following disturbances, with some
locations not only regaining their pre-disturbance coral
cover but even surpassing it within Syears. However, it

should be noted that in this case, coral cover recovery
was driven by Pocillopora spp. recruitment (i.e. brooding
corals) rather than Acropora spp. (i.e. broadcast spawn-
ers) (Holbrook et al., 2018). In addition, another study
in the same region examining coral demographic rates
revealed that rapid recovery of coral cover is not solely
dependent on recruitment, but also on the growth and
survival of these recruits (Kayal et al., 2018). Such pro-
cesses also appear to be important in our study system,
as mortality rate of the colonies we tracked was very
low (just 2.2% of colonies died during the study period).
While this apparent coral recovery on the GBR appears
to be positive, and contrary to some previous predic-
tions, it raises a number of concerns.
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FIGURE 4 Histograms showing frequency distributions of recruit density and the proportion of locations with more than 11 recruits per
m> (percent values and the red dashed lines). (a) Histogram with data from our study, which includes all quadrats from our sampling area,
including those without colonies (#=428). Note that to enhance visibility, given the zero-inflated nature of the data, we limited the y-axis.

(b) Histograms with data from 106 reefs at 11 Indo-Pacific locations, before and after local bleaching events (locations in which there was no
mention of bleaching events were assumed to represent pre-bleaching conditions). For panel (b) we used data compiled in Koester et al. (2021).

One of the primary concerns has to do with the use
of ‘coral cover’ as the metric of interest. This metric,
analogous to commonly used forest metrics such as
‘canopy cover’, is broadly used to quantify coral reef de-
clines (e.g. Bellwood et al., 2004; Gardner et al., 2003),
yet it provides limited information concerning key as-
pects of ecosystem recovery (Connell, 1973; Edmunds
& Riegl, 2020; Hughes, 1984) and can mask recovery
debts (see below). This information includes recruit-
ment, size structure and community composition, all of
which are critical if one wishes to determine the demo-
graphic drivers underpinning coral cover changes and,
most importantly, their functional implications (Dietzel
et al., 2021; Edmunds & Riegl, 2020; Gonzalez-Barrios
et al., 2021; McWilliam et al., 2020). For example, it is
well known that most of the early recovery of hard coral
cover reported on Indo-Pacific reefs is mainly driven
by one group of corals, fast-growing Acropora (Emslie
et al.,, 2008; Gilmour et al.,, 2013; Johns et al., 2014;
Roff, 2020; Tanner et al., 1996). Here, we specifically fo-
cused on this group of corals to quantify the extent to
which this group alone can increase coral cover. In doing
so, we revealed that Acropora has the capacity to rapidly
drive marked increases in coral cover in just 2years, po-
tentially underpinning the apparent ‘recovery’ in coral
cover on the northern GBR.

Instability and potential for
boom-and-bust dynamics

Itisimportant to note that the ‘recovery window’ between
disturbances is expected to shrink in the near future be-
cause of the intensification of human-induced impacts

(Trisos et al., 2020; Vercelloni et al., 2020). Consequently,
only short-term recovery will be possible in the new
Anthropocene configuration. Thus, our results, in terms
of coral reefs, are key to understanding how these short-
term recovery dynamics may play out. Furthermore, it
is also critical to place our findings of rapid coral cover
recovery in a broader spatial context. Notably, only 7.2%
of investigated quadrats in our study, including those
with no recruits, had over 11 Acropora recruits per m>
and thus the potential to reach 25% coral cover within
2years. Indeed, the mean recruit density herein, across
all quadrats, was just 1.5 recruits per m? meaning it
would take at least a decade to achieve the same 25%
coral cover. This situation is very similar to data derived
from 106 post-bleached reefs at 11 reef locations across
the Indo-Pacific (see tab. S5 in Koester et al., 2021),
where only 7.4% of surveyed transects had the poten-
tial for rapid recovery (i.e. >11 recruits m?) (Figure 4).
Thus, nearly 93% of the impacted sites will take more—
and often much more—than 2years to display the same
degree of coral cover recovery after bleaching-induced
mortality. A period of time that these coral reefs may not
have as the median return time between severe bleach-
ing events is already only 6 years, with this time forecast
to become increasingly shorter (Hughes, Anderson,
et al., 2018; Vercelloni et al., 2020). Consequently, only
a limited number of locations may have the opportu-
nity for effective recovery, and these areas that do un-
dergo recovery are expected to be subject to a cycle
of rapid growth followed by disturbance-induced de-
clines (Morais et al., 2021; Pratchett et al., 2020; Wilson
et al., 2019). As such, these increases in coral cover may
be the beginning of regional-scale boom-and-bust coral
dynamics.

85U80|7 SUOWWIOD @A Fea10 (e (dde auy Aq peuseno afe sejone VO @sn Jo sajnJ Joj A%eiqi8uljuO 8|1 UO (SUORIPUD-pUe-SWLR)AL0D A8 |1 AeIq 1 U1 UO//:SANY) SUORIPUOD pUe Swie 1 8U) 885 *[7202/20/5z] Uo AriqiTaulluo A8|im ‘Ariqi] ode N MI0X 81pp3a A ZEEYT@R/TTTT OT/I0p/L0D A8 |im AeIq Ul |UO//:SANY WOy pepeojumoq ‘T ‘v20Z ‘8vZ0TIVT



8 of 12 |

NATURAL RECOVERY OF CORALS

Importantly, the potential for boom-and-bust dynam-
ics of Acropora colonies is also likely to be embedded in a
distinct spatial context that is delineated by environmen-
tal variation; the recovery process was not evenly spread
across coral growth forms nor exposure. Indeed, as for
recruitment rates (cf. Tebbett et al., 2022), there was dis-
tinct spatial patchiness in the growth rates of individual
colonies across exposure regimes, with the rapid growth
of tabular Acropora in semi-exposed locations being par-
ticularly notable. In this respect, our results support pre-
vious studies which suggest that tabular corals have one
of the highest coral growth rates (Gold & Palumbi, 2018;
Pratchett et al., 2015) and, when combined with their
shape and large size, can disproportionately enhance
recovery rates of coral cover (Ortiz et al., 2021; Tanner
et al., 1996). Hence, reefs dominated by tabular Acropora
tend to recover rapidly in terms of coral cover (Johns
et al., 2014; Linares et al., 2011; Osborne et al., 2011).
However, the sensitivity of these corals to heat-induced
bleaching means that these reefs also experience some of
the most severe declines during marine heatwaves (Burn
et al., 2023; Hughes, Kerry, et al., 2018). The spatially
patchy boom-and-bust coral dynamics may, therefore,
typify Anthropocene reefs, or habitats, that are domi-
nated by tabular Acropora (Pratchett et al., 2020).

Restoration initiatives and recovery debt

The findings presented herein, in terms of coral recov-
ery, also have important implications for reef restoration
initiatives. Since restoration of reefs is a nascent prac-
tice, it is essential to transfer knowledge amassed in ter-
restrial ecosystems from decades of experience (Quigley
etal., 2022). For example, facilitation of natural recovery
is widely recognised as a key factor determining the suc-
cess, or failure, of forest restoration initiatives (Clewell &
McDonald, 2009; Higgs et al., 2018; Shono et al., 2007).
Thus, careful consideration of the appropriate scales of
the interventions, as well as their location, has been iden-
tified as crucial for effective restoration efforts on coral
reefs (Hughes et al., 2023; Madin et al., 2023; Quigley
et al., 2022; Vardi et al., 2021). Indeed, in many cases,
a spatial-temporal mismatch exists between the stress-
ors acting on coral reef ecosystems that reduce coral
cover (e.g. marine heatwaves, crown of thorns starfish
outbreaks, cyclones) and restoration actions (Bellwood
et al., 2019). It is often not logistically or economically
feasible to restore corals at large scales, although resto-
ration could make a contribution at small scales, espe-
cially on high-value reefs (Hughes et al., 2023). In this
endeavour, quantitative criteria may be important in
determining the suitability of restoration interventions
in different areas. This may include factors such as the
likelihood of coral colony survival under future climate
change conditions (Beyer et al., 2018), target coral den-
sity and the growth rates of the selected coral species

(Edmunds & Putnam, 2020; Ladd et al., 2018; Madin
et al., 2023).

As in forest restoration initiatives (Stanturf et al., 2014),
coral restoration often prioritises fast-growing coral
species, which may enhance the rapid recovery of coral
cover and re-establish some reef functions and structures
(Bramanti & Edmunds, 2016; Kayal et al., 2015; Ortiz
et al., 2021). In this respect, our results provide invaluable
guidance, as they suggest that if densities of just 11-12
Acropora recruits are established m™ this can yield 25%
coral cover after 2 years. A coral colony target that appears
to also represent a good middle-ground when density de-
pendent effects are fully considered (see Text S3 for a full
discussion). Nevertheless, any intervention needs to be
placed in the context of natural recovery phenomena and
the existing cover of corals (Clewell & McDonald, 2009).
Indeed, when considering the extent and speed of natural
recovery the question may shift from ‘how to restore’ to ‘if
to restore’, especially as the primary cause of declines (i.e.
climate change), has yet to be addressed. In this respect,
it is valuable to consider what prioritising fast-growing
early-successional species can mean for the recovery debts
that ecosystems experience during disturbance.

Species that are rare and exhibit slow growth and
low colonisation rates tend to face a greater risk of local
or even global extirpation after disturbance due to in-
sufficient time for recovery (Ledo et al., 2014; Morais
et al., 2021). For example, while marine ecosystems
have one of the quickest recovery rates among six major
ecosystem categories (i.e. forests, grasslands, wetlands,
rivers, lakes and marine), they also incur a substan-
tial recovery debt in terms of reduced biodiversity and
functions during the recovery process (Moreno-Mateos
et al., 2017). Coral reefs may be at the forefront in facing
this issue, with most of the short-term recovery driven
by fast-growing early-successional Acropora corals,
which are also the primary corals replanted in coral res-
toration (Bostrom-Einarsson et al., 2020). Meanwhile,
species with slower growth and lower colonisation rates
are experiencing protracted population declines (Morais
et al., 2021; Pratchett et al., 2020) and are rarely prior-
itised in restoration initiatives (Bostrom-Einarsson
et al., 2020). Therefore, the combined influence of rapid
natural recovery in fast-growing species and the en-
hanced recovery of such species via restoration, may ac-
centuate recovery debts as slower-growing rare species
are increasingly overlooked. This could indicate the fu-
ture trajectory for numerous other ecosystems, aligning
with a broad new framework of high turnover recovery
dynamics in climate-disturbed systems (e.g. Donohue
et al., 2010; Jones & Schmitz, 2009; Wilcox et al., 2020;
Yim et al., 2020). Therefore, the fast, yet potentially un-
stable, recovery reported herein, driven by abundant and
fast-growing species, may become progressively more
common among climate-disturbed ecosystems, making
coral reefs a perfect case study for the understanding of
recovery dynamics in high-diversity systems.
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CONCLUSION

Overall, our data revealed the marked capacity of
Acropora corals to recolonise reefs following severe
mortality, with reefs regaining high coral cover within
a few years. While such a result may offer grounds for
optimism, we must be cautious when interpreting reef
recovery based solely on coral cover. Furthermore, it
is critical to note that Acropora are highly vulnerable
to disturbances, which may lead to boom-and-bust
dynamics; an emerging phenomenon in disturbed eco-
systems globally. Coral reefs have remarkable natural
recovery potential, drawing a strong parallel with for-
ests that quickly recover canopy cover as a result of
fast-growing trees. However, there are concerns per-
taining to recovery debts and the logistics of restora-
tion in both systems, especially as restoration projects
often focus on species that already exhibit a high poten-
tial for natural recovery. Going forward, reef manage-
ment, like management in terrestrial systems, may need
to operate within an increasingly dynamic framework.
Rapid recovery on coral reefs may not be a cause for
optimism; it may simply reflect high-speed boom-and-
bust dynamics.
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