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1  |  INTRODUC TION

Coral reefs are the most biodiverse marine ecosystems in the world 
and provide key services that support human well-being such as pro-
tecting coasts, providing habitats for commercially important spe-
cies, and producing sediments (Moberg & Folke, 1999). The benefits 

of these services are intimately linked to the capacity of scleractinian 
corals to accumulate calcium carbonate and create complex three-
dimensional structures (Woodhead et al.,  2019). However, coral 
reefs currently exist in environments dominated by human activi-
ties, which has affected natural disturbance regimes. The influence 
of anthropogenic activities on these regimes has created compound 
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Abstract
Rapidly changing conditions alter disturbance patterns, highlighting the need to bet-
ter understand how the transition from pulse disturbances to more persistent stress 
will impact ecosystem dynamics. We conducted a global analysis of the impacts of 
11 types of disturbances on reef integrity using the rate of change of coral cover as 
a measure of damage. Then, we evaluated how the magnitude of the damage due to 
thermal stress, cyclones, and diseases varied among tropical Atlantic and Indo-Pacific 
reefs and whether the cumulative impact of thermal stress and cyclones was able to 
modulate the responses of reefs to future events. We found that reef damage largely 
depends on the condition of a reef before a disturbance, disturbance intensity, and 
biogeographic region, regardless of the type of disturbance. Changes in coral cover 
after thermal stress events were largely influenced by the cumulative stress of past 
disturbances and did not depend on disturbance intensity or initial coral cover, which 
suggests that an ecological memory is present within coral communities. In contrast, 
the effect of cyclones (and likely other physical impacts) was primarily modulated by 
the initial reef condition and did not appear to be influenced by previous impacts. Our 
findings also underscore that coral reefs can recover if stressful conditions decrease, 
yet the lack of action to reduce anthropogenic impacts and greenhouse gas emissions 
continues to trigger reef degradation. We uphold that evidence-based strategies can 
guide managers to make better decisions to prepare for future disturbances.
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perturbations, which have resulted in the rapid decline of corals in 
many reefs around the world (Bellwood et al., 2019; Hughes, Kerry, 
Connolly, et al., 2019; Williams et al., 2019).

There are multiple drivers of coral reef degradation, which inher-
ently vary in intensity, spatial scale damage, and frequency (Nyström 
& Folke, 2001). Climate change is a major driver of coral loss. For 
example, elevated thermal stress that manifests as mass bleaching 
events has resulted in coral cover and reshaped coral assemblages 
worldwide (Hughes, Kerry, et al., 2018). Climate change also alters 
the frequency, intensity, and spatial scales of other disturbances 
(Emanuel, 2021; Hughes, Anderson, et al., 2018). For example, cy-
clones, which have shaped reef ecosystems over geological time 
scales (e.g., Medina-Valmaseda et al., 2022), are becoming more se-
vere and frequent, which has contributed to coral decline (Mudge & 
Bruno, 2021; Wang et al., 2022). As climatic conditions continue to 
rapidly change, the intensity of thermal stress events and cyclones 
will increase while the intervals between these events appear to be 
shrinking (Hughes, Anderson, et al., 2018; Mudge & Bruno, 2021).

However, climate change is not the only threat to the integrity 
of coral reefs. Many other disturbances have been linked to wide-
spread coral mortality and ecological phase shifts at both local 
and regional scales such as coral disease, coastal eutrophication, 
fishing pressure, and crown of thorn starfish outbreaks (Hughes 
et al.,  2010; Vega Thurber et al.,  2014; Vercelloni et al.,  2017). In 
the tropical Atlantic, coral disease is a leading driver of the major 
declines of important reef-building corals with drastic consequences 
for reef functionality (Alvarez-Filip et al.,  2022). At smaller spatial 
scales, acute disturbances, such as dredging or grounding, physically 
damage coral colonies while increasing turbidity and sedimentation 
in the water column with devastating consequences (Erftemeijer 
et al., 2012). Given the multiple existing threats to reef integrity, it is 
critical to understand how reef dynamics across large spatial scales 
are impacted as pulse-like stressors transition into more persistent 
forms of stress.

In addition to the contemporary environment, the legacy effects 
of past disturbances shape ecological dynamics, the recovery po-
tential of reefs, and ecosystem resilience (Hughes, Kerry, Connolly, 
et al., 2019; Peterson, 2002). Commonly, the mounting stress of mul-
tiple transient disturbances impairs reef recovery and compromises 
reef functionality (Bowman et al., 2015; Ortiz et al., 2018). This is 
the case in the tropical Atlantic region, where many reefs exhibit 
compositional shifts in coral communities that are characterized by a 
lack of recovery of key reef-building species and a newfound domi-
nance of opportunistic species, many of which are relatively tolerant 
to changing environmental conditions (González-Barrios et al., 2021; 
Molina-Hernández et al.,  2020). However, the cumulative stress 
of past disturbances is also a key determinant of the responses of 
organisms and ecological communities to stress. This is known as 
the ecological memory of previous events and can be generated 
by various biological mechanisms, including acclimatization, adap-
tation, or even shifts in species composition (Drury & Greer, 2022; 
Nyström & Folke, 2001). In the Great Barrier Reef, it has been re-
cently shown that the severity of coral bleaching depends on the 

heat exposure of previous thermal stress events (Hughes, Kerry, 
Connolly, et al., 2019). It has also been observed that reefs that have 
been impacted by thermal stress exhibit less bleaching in subsequent 
thermal stress events (Hughes et al., 2021). This raises the question 
of whether reef integrity, which is often defined as coral cover, can 
also be modulated by the cumulative impact of past disturbances. 
Thus, reefs that have experienced cumulative disturbances may be 
predisposed to respond more favorably to future disturbance events 
than reefs that have not.

In a context of rapidly increasing human pressures (Williams et al., 
2019), it is critical that we understand the consequences of different 
forms of stress and how reefs in different ecoregions respond to the 
cumulative stress of multiple climate-driven disturbances such as 
coral thermal stress events and cyclones. To gain insights into the ef-
fects of disturbances on reef integrity, we first used a quantitative-
based approach to conduct a global analysis of the impacts of 11 
types of acute disturbances on reef integrity using initial coral cover 
as a means to gauge the resulting damage. Then for thermal stress 
and cyclones, the most data extensive disturbances, we evaluated 
(i) the manner in which the magnitude and extent of the damage 
caused by these disturbances varied according to the intensity of 
the disturbance, (ii) whether cumulative stress exerted a legacy ef-
fect on reef response, and (iii) whether coral reefs are still capable 
of recovering in the absence of cumulative stress due to multiple 
disturbances. To explore these questions, we compiled an extensive 
global data set composed of studies that measured changes in coral 
cover after large-scale disturbances, such as storms, predator out-
breaks, thermal stress, or disease, and local-scale events such as oil 
spills or grounding.

2  |  METHODS

2.1  |  Data collection

We used peer-review and synthesis articles to identify acute dis-
turbances (i.e., short-term stochastic events) that were reported as 
the main drivers behind changes in coral cover (e.g., Ban et al., 2014; 
Wilkinson, 1999). We identified 11 types of disturbances that were 
commonly referred to in the literature and had clear start and end 
times (Figure 2a; Table S1). The effects of these drivers could thus 
be evaluated with before and after comparisons (often referred as 
Before-After Control-Impact analysis). Some disturbances had very 
clear and descriptive names, which were adopted (i.e., Acanthaster 
and cyclones). In addition, others had different origins but similar 
characteristics or effects and were thus grouped into a single cat-
egory (i.e., flood events or coastal runoff; Table S1).

To better understand the effects of disturbances, we did not 
include data of chronic stressors (longer-term underlying sources 
of stress) or those with unclear temporal delimitations (e.g., 
coastal development, watershed-based pollution, or fisheries 
pressure). We then conducted a systematic electronic literature 
search to identify the primary literature of the effects of these 
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11 disturbances on coral cover. Our systematic assessment fol-
lowed the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses guidelines (Appendix  S1). This resulted in a total 
of 157 documents that identified the disturbance and reported 
mean coral cover at the reef-site level for at least two well-defined 
dates (Figure S1). From these documents, we obtained the survey 
years, type of disturbance, and coral cover estimates (before and 
after a given disturbance). When available, we also recorded the 
sample size, variance estimator, depth, and site coordinates of the 
study. Data were collected from the text, tables, supplementary 
data, and graphs (in most cases), which were extracted using Web 
Plot Digitizer (Rohatgi, 2020). This tool has been proven to facili-
tate accurate and timely data extraction by producing results that 
show small absolute differences with respect to the true values 
while exhibiting excellent consistency (Burda et al., 2017). When 
geographic coordinates were not provided, we obtained them 
from Google Earth based on the location descriptions in either the 
maps or text.

Many studies covered multiple years (i.e., time series), and in 
some cases, the same time series included the effects of differ-
ent disturbances. Therefore, we decided to use the term risk-sets, 
which is defined as a specific period in the times series that in-
cludes information of coral cover from before and after a distur-
bance. Risk-sets formed the sampling units of our analyses. When 
a secondary disturbance occurred within one time series, a new 
risk-set was created with well-defined pre- and post-disturbance 
coral cover. For studies with long-term time series that included 
multiple disturbance events, we defined the before values as the 
data points closest to the impacts of the disturbances for each 
risk-set.

We removed the risk-sets from the analyses that contained (a) 
initial coral cover estimates below 5%, (b) unreliable sample sizes, 
or (c) multiple disturbances within the same period. We did not con-
sider time series that had initial live coral cover values below 5% 
because these low coverage values could not be related to any pre-
vious disturbance. Furthermore, coral communities with cover val-
ues below 5% are likely representative of non-accretional habitats 
or alternative states (e.g., hard grounds, seagrasses, or gorgonian 
fields; see Perry et al., 2013) and are therefore not representative 
of the objectives of this study. To ensure adequate and reliable rep-
resentation of a study area, we also did not consider risk-sets with 
less than three replicates per survey period (Hill & Wilkinson, 2004). 
Given that it was not possible to separate the effects of multiple 
disturbances that occurred within the same period (e.g., a bleaching 
event and a cyclone), we also did not consider risk-sets that met this 
third criterion.

A total of 1000 time series and 1609 risk-sets from 136 studies 
(for a full list of references, see Appendix S2) remained in our data-
base after evaluating the three criteria. In 90% of risk-sets, 3 years 
or less had elapsed between the starting and end points of a dis-
turbance. The data set is publicly available in a DRYAD repository 
(González-Barrios et al., 2023).

2.2  |  Intensity indicators

We used the intensity of each thermal stress and cyclone event in 
our database to evaluate the manner and extent to which the mag-
nitude of thermal stress and cyclone damage varied according to 
disturbance intensity.

To evaluate thermal stress intensity, we used degree heating 
weeks (DHW), which has been widely used to evaluate heat stress 
in reef systems (Eakin et al., 2010; Hughes, Anderson, et al., 2018). 
We obtained DHW values from the NOAA Coral Reef Watch prod-
uct (CRW, V 3.1) and estimated the thermal stress intensity for 
each risk-set (see Appendix S1, Supporting Methods 1 for details). 
We classified the DHW data for 484 risk-sets containing ther-
mal stress events using the Liu et al. (2014) system to evaluate 
the relationship between the DHW values and the severity of 
coral bleaching. The following three categories were employed: 
(1) low intensity indicative of possible bleaching (DHW < 4°C-
weeks), (2) medium intensity associated with significant bleach-
ing (DHW between 4°C and 8°C-weeks), and (3) high intensity 
associated with widespread bleaching and significant mortality 
(DHW > 8°C-weeks).

Cyclone data were also obtained from IBTrACS v. 04 (Knapp 
et al., 2010) and subsequently classified using the Saffir–Simpson 
Hurricane Wind Scale (Table S2). We identified the highest inten-
sity of each cyclone that passed within a radius of 100 km of each 
site in 617 risk-sets containing cyclone events (see Appendix S1, 
Supporting Methods 1 for details). In 25 risk-sets, we were not 
able to identify a cyclone that passed within 100 km of the site 
in question. In these cases, the studies reported that the site 
had been affected by a cyclone. In light of this information, we 
expanded the radius to 200 km and were able to identify the cy-
clone in question for those risk-sets. For 11 of these risk-sets, no 
cyclone was identified within the 200-km radius of the site, and 
therefore these risk-sets were not considered in the analyses, as 
this distance is far greater than the distances employed in other 
studies (Gardner et al., 2005).

2.3  |  Data analysis

For the pre- and post-disturbance data, we estimated the change 
in coral cover after a disturbance as the change in the annual rate 
of absolute coral cover (Vf −Vi)

t
, where Vi and Vf are coral cover be-

fore and after the disturbance, respectively, and t is the time elapsed 
between measurements. This metric provides a transparent, directly 
interpretable measure of coral cover change and matches a formula 
often used in the coral literature to assess the resistance and re-
covery of coral communities (e.g., Baumann et al.,  2021; Graham 
et al., 2011). We used the closest coral cover survey available after 
the impact of a disturbance to represent the damage as accurately 
as possible and avoid including confounding effects from other 
disturbances or coral recovery. Then, we used generalized linear 
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mixed-effects models to estimate the severity of the impact of 11 
disturbance types on coral cover.

For the generalized linear mixed-effects models, we used reef-
site nested within latitude (in bins of 1°) as a random effect given 
that each site could have more than one risk-set (i.e., a time series 
with more than one disturbance with well-defined pre- and post-
coral cover), to account for temporal correlations within each site, 
and because has been demonstrated that latitude is an important 
predictor of ecosystem change (Chaudhary et al., 2021). In addition, 
we weighted the models by incorporating the sources of two vari-
ables that could influence their robustness. First, we considered the 
number of years from the time of a disturbance impact to the post-
disturbance survey of coral cover (i.e., the sooner the reef was sur-
veyed after a disturbance, the more credible the data). Second, we 
considered the sampling effort (e.g., number of transects) as a mea-
sure of the representativeness of a site. The larger the sample size 
(i.e., more replicas), the more reliable the data (e.g., Côté et al., 2005). 
We multiplied the number of years elapsed since the disturbance by 
the sample size and obtained the natural logarithm of the product, 
which was used as a weighting factor to account for the potential 
effects of time and effort in our analysis. Model assumptions were 
validated with residual plots. All analyses were conducted in R (R 
Team, 2020) with the lmer function from the “lme4” package (Bates, 
Mächler, et al., 2015). The predicted categorical estimates and con-
fidence intervals of the models were calculated using the ggpredict 
function from the “ggeffects” package in R (Lüdecke, 2018).

Calculating p-values in mixed models is ambiguous due to the 
null distribution not being t-distributed (Bates, Kliegl, et al., 2015), 
and thus p-values are not a good measure of evidence of a model 
or hypothesis (American Statistical Association, 2016). For this rea-
son, changes in coral cover within disturbances were assessed using 
model coefficients and the 95% CIs around the coefficients. If the 
95% CIs do not overlap with zero, the result is significant (Bates, 
Kliegl, et al., 2015). To illustrate the differences among the effects 
of disturbances on reefs, we plotted the estimated slopes with their 
confidence intervals at 95% confidence of the annual rate of change 
in absolute coral cover as a response variable for each disturbance.

2.4  |  Global effect of disturbances on coral cover

Global-level models were constructed with the 11 types of distur-
bances as explanatory variables (i.e., fixed factors). Here, tropical de-
pressions and storms were gathered into one category as “storms,” 
and category 4 and 5 cyclones were grouped as “major cyclones.” 
Thermal stress was classified into three DHW categories (see 
Intensity indicators section for details). Thus, we obtained 17 distur-
bance categories which were included in the analysis.

Given that the change in coral cover is often dependent on the 
initial coral cover (Baumann et al.,  2021), we used this variable as 
a covariate in the model (i.e., survey before disturbance). Reefs 
with ~20% coral cover are considered proper models to investigate 
the thresholds of coral reef resilience after disturbances (Bozec & 

Mumby,  2015). In our study, this coral cover percentage was the 
average of our post-disturbance data. We then measured how dis-
turbances affected reefs that exhibited either less or more than 
20% initial coral cover (Appendix  S3; Equation S1). In the models, 
Acanthaster spp. and high coral cover were used as arbitrary cate-
gorical variable references.

Furthermore, we contrasted the severity of thermal stress 
events, cyclones, and disease outbreaks among the two major reef 
regions: the Indo-Pacific and tropical Atlantic. We focused on these 
disturbances because they have resulted in global declines in coral 
cover and are comparable between regions (Harvell et al.,  2007; 
Hughes, Anderson, et al., 2018; Precht et al., 2020). Disturbances 
resulting from direct human impacts, such as oil spills, ship activ-
ity, and grounding, were not considered in this comparison, as their 
impacts on reef integrity are largely related to the specific condi-
tions of the event and not the biogeographic region in which they 
occurred. We also did not include disturbances (i.e., tsunamis, low 
tides, flood events, and plankton blooms) with low sample sizes 
(n < 10 risk-sets) for both regions in this analysis. Given the reduced 
sample sizes in some categories, tropical depressions and tropical 
storms were grouped as “storms” (maximum sustained winds of 15–
64 knots). All cyclones were classified as “cyclones” (> 64 knots), and 
thermal stress events were classified into one of two DHW groups 
(<4°C-DHW or ≥4°C-DHW; Appendix S3; Equation S2).

2.5  |  Thermal stress and cyclone intensity

We used a subset from our database to explore the effects of ther-
mal stress (i.e., DHW) and cyclone intensity (i.e., maximum sustained 
winds). We contrasted their effects using the initial coral cover 
and depth (m) of each reef site at the global level in 562 risk-sets 
included in the subset. Bleaching and cyclones accounted for the 
disturbances in 158 and 404 of these risk-sets, respectively, while 
the regions of the Indo-Pacific and tropical Atlantic accounted for 
276 and 286 of these risk-sets, respectively. For this analysis, all pre-
dictors were used as continuous covariates in the generalized linear 
mixed-effects models (Appendix S3; Equations S3 and S4).

2.6  |  Cumulative impacts of climate-driven 
disturbances and recovery potential

The existence of multiple time series in our database with informa-
tion for multiple impacts allowed us to also explore the temporal 
dynamics of coral cover in three different scenarios. First, we ex-
amined the cumulative effect of multiple disturbances of the same 
type (i.e., cyclones or thermal stress) in reef sites. Second, we tested 
for evidence of coral recovery in sites free of disturbance for at least 
4 years. Lastly, we estimated the change in coral cover in reef sites 
that were not impacted by any disturbance throughout the time 
series (i.e., free of disturbance for 4–14 years). For this, we consid-
ered the studies that reported that no imminent damage to the site 

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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



    |  3289GONZÁLEZ-­BARRIOS et al.

occurred within the given period due to disturbances. The time se-
ries used for each of these scenarios were independent and were 
only used in one scenario.

To evaluate cumulative effects, we only selected time series with 
cumulative impacts for the same type of disturbance (i.e., cyclones 
or thermal stress). We focused on those disturbances because they 
occur globally and their intensity and frequency have increased due 
to climate change (Hughes et al., 2021; Mudge & Bruno, 2021). In 
addition, these disturbances allowed for a robust sample size of mul-
tiple impacts. We tested the cumulative impacts of individual dis-
turbances (cyclones or thermal stress) to recognize the footprint of 
each disturbance instead of the signature of a combination of mul-
tiple disturbances (e.g., Vercelloni et al., 2020). When another type 
of disturbance was present between two cyclone or thermal stress 
events, they were not considered in the time series for this analysis.

A total of 169 time series were used to assess the cumulative 
effect of multiple impacts. For each time series, we classified the im-
pacts as being the first, second, or third event of the same type that 
impacted the site. To control the intrinsic variation in the capacity to 
respond to disturbances among reef sites, we restricted our analysis 
using the same time series (i.e., reef sites) for the first and second 
impacts (n = 169; Appendix S3; Equation S5). We must note that due 
to the lack of consecutive impacts after two cumulative impacts, we 
obtained a lower sample size for the third impact (n = 40); however, 
this is a subgroup of time series linked to the first and second im-
pacts. We restricted our analyses to three impacts to retain statisti-
cal power and control assumptions given the low sample size of time 
series with more than three impacts (n = 12), which might be related 
to the decreasing probability of subsequent disturbances impacting 
the same reef especially when the intensity of climate-driven distur-
bance events becomes severe (Cheung et al.,  2021). Furthermore, 
we also compared cumulative effects using only the subsets of the 
time series that contained three impacts of the same disturbance 
type (n = 40) to explore whether this smaller data set exhibited the 
same trend. The time intervals between the impacts of one distur-
bance and another ranged from 0 to 23 years. However, 99.7% and 
91.8% of the data showed time intervals between disturbances of 
0–10 years and 0–5 years, respectively.

We also fitted generalized linear mixed-effects models using the 
annual rate of change in absolute coral cover each time a disturbance 
impacted a reef to investigate cumulative impacts at regional (i.e., 
Indo-Pacific and tropical Atlantic) and global levels (Appendix  S3; 
Equation S6). We also investigated the dynamics of pre- and post-
coral cover associated with each of the three disturbance events 
at global and regional levels (Appendix  S3; Equations S7 and S8). 
Furthermore, to gain insights into the legacy effects of individual 
climate-driven disturbances, we explored cyclone intensity (i.e., 
maximum sustained winds) and thermal stress (i.e., DHW) for each 
disturbance (Appendix  S3; Equations S9 and S10). Here, we re-
stricted our analysis to two impacts because of the low sample size 
of the third impact, which increased the uncertainty of the model. 
We further restricted the effect of cyclones by excluding storms 
with intensities <34 knots.

We also fitted generalized linear models to investigate the recov-
ery potential of reefs following cyclones or coral bleaching events 
due to thermal stress. We estimated the change in coral cover after 
a disturbance as the annual rate of absolute change in coral cover 
(Vrecovery −Vpost)

t
, where Vpost is the coral cover obtained from post-

disturbance survey data, Vrecovery is the coral cover peak reported 
in the time series after the disturbance, and t is the time elapsed be-
tween measurements (Graham et al., 2011). We used thermal stress 
and cyclones given that we were interested in investigating the 
recovery potential after climate-driven disturbances and because 
each group showed a robust sample size when we gathered the 
disturbances into major groups (thermal stress = 62, cyclones = 22). 
We used time series that included data for at least 3 years post-
disturbance to retain sites that were in recovery regimes (Graham 
et al., 2011). Finally, we used a subset of reefs without registered 
impacts in the time series (n = 42) as a control model to evaluate reef 
trends in the absence of disturbance (Appendix S3; Equation S11). 
Using this framework, we were able to evaluate the potential trends 
of coral reefs in recovery regimes. This analysis was conducted using 
the glm function in R (R Team, 2020).

3  |  RESULTS

Our global analysis comprised 1000 reef sites (unique coordinates) 
and included 1609 pre- and post-disturbance surveys (i.e., risk-sets) 
spanning more than 55 years from 1965 to 2021 and 11 disturbance 
types across all major reef regions (Table S1; Figure 2a; Figure S2). 
Nearly 70% of the risk-sets showed a decrease in coral cover, while 
29% of the risk-sets showed an increase in cover. The coral cover 
of only 2.4% of risk-sets remained unchanged after a disturbance. 
Cyclones and thermal stress events, which were the disturbance 
types that were best represented within the database, comprised 
38.37% and 34.43% of the risk-sets, respectively. Seven of the 11 
disturbances were found in multiple regions (Figure 2a), and 4 dis-
turbances showed limited representation. For example, Acanthaster 
spp. and plankton blooms were only reported for Indo-Pacific and 
eastern tropical Pacific reefs, while tsunamis and dredging were 
only reported in the Indo-Pacific (Figure  2a). Thermal stress and 
cyclone events were the only disturbance types with worldwide 
representation.

Overall, we observed that the distribution of coral cover data 
before a disturbance was consistently higher compared to the 
distribution of coral cover data after a disturbance (Figure  1). 
However, the initial condition and magnitude of change before 
and after a disturbance were markedly different among regions 
(Figure  1). The median coral cover for the tropical Atlantic and 
Indo-Pacific regions decreased from 16.9% to 14.2% and 32.4% 
to 20.53%, respectively, after disturbance events (Figure  1a). 
Within the four Indo-Pacific realms with available information, a 
more consistent pattern was observed. The median coral cover 
decreased from 39.1% to 25.4% in the western Indo-Pacific, from 
28.6% to 21.7% in the Tropical Eastern Pacific, from 29.3% to 
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18.5% in the eastern Indo-Pacific, and from 29.8% to 19.0% in the 
central Indo-Pacific (Figure 1b).

3.1  |  Global impacts on coral cover

Our findings show that most of the disturbances resulted in a signifi-
cant reduction of coral cover regardless of the spatial extension of 
the disturbance (Figure 2b). However, there was an apparent differ-
ence in the reduction in coral cover that appeared to depend on ini-
tial coral cover or type of disturbance. Overall, reefs with >20% initial 
coral cover showed higher reductions in cover (mean annual rate of 
change = −18.50, CI = 20.35, −16.64) than reefs with low initial coral 
cover (<20%; −4.01, CI = −6.58, −1.45; Figure 1b). Reefs with high in-
itial coral cover showed negative and significant (i.e., not intercepted 
by the zero line) change for all disturbance types, whereas reefs with 
low initial coral cover exhibited consistently lower losses of coral 
cover (many not significant). Severe disturbances, such as ship activ-
ity, major cyclones, and intense thermal stress events, resulted in the 
greatest changes in coral cover when comparing low and high coral 
treatments (Figure 2b). Overall, the most severe disturbances were 

ship activity (−24.71, CI = −30.45, −18.97), plankton blooms (−15.50, 
CI = −19.83, −11.17), and thermal stress (−18.50, CI = −20.35, −16.64) 
in the high coral cover treatment, although it should be noted that 
the sample sizes for ship activity and plankton blooms were rela-
tively small (Figure 2b).

A detailed comparison of widespread disturbances revealed that 
thermal stress events, cyclones, and diseases had different effects 
on Indo-Pacific and tropical Atlantic reefs (Figure 3). Diseases had 
a greater impact on the loss of coral cover in the tropical Atlantic, 
whereas disease did not significantly affect the rates of coral cover 
loss in the Indo-Pacific. On the contrary, the impacts of tropical 
storms and cyclones were considerably more severe in Indo-Pacific 
reefs when compared to those of the tropical Atlantic (Figure 3). The 
effect of tropical storms was not significant for the tropical Atlantic. 
The greater degree of change in coral cover detected in the Indo-
Pacific after a tropical cyclone when compared to that of the tropical 
Atlantic may be related to the fact that coral cover tended to be 
higher in this region prior to disturbance (Figure 3).

Thermal stress that caused coral bleaching was the only distur-
bance that resulted in significant coral cover declines in both major 
regions. Interestingly, no evident difference between the effects of 

F I G U R E  1  Pre- and post-coral cover in the tropical Atlantic and Indo-Pacific regions. Plot density represents coral cover pre-disturbance 
(blue) and post-disturbance (orange). (a) Plot density of the coral cover (%) in the Tropical Atlantic and Indo-Pacific reefs. Vertical black lines 
represent the median of each pre- and post-disturbance period. (b) Plot density of the coral cover (%) for four Indo-Pacific realms (according 
to Spalding et al., 2007).
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low-intensity thermal stress events (<4 DHW) and high-intensity 
thermal stress events (>4 DHW) was present in the tropical Atlantic 
(Figure 3). This is probably due to the high variability associated with 

the low sample size of high thermal stress events in this region (n = 9) 
and the fact that there are no data for sites with more than 7.3 DHW. 
On the contrary, a clear difference in the effects of low and high 

F I G U R E  2  Worldwide changes in coral cover in 1609 risk-sets associated with 11 disturbance types. (a) Colors indicate the average 
change in coral cover (%) associated with disturbances at the ecoregion level (according to Spalding et al., 2007). (b) Predicted values of 
the annual rate of change in absolute coral cover among disturbances at the global level. Effect sizes are the mixed models in which dots 
represent the average slope of the risk-sets used in the analysis within each disturbance type and the lines represent the 95% CIs. The 
purple and blue lines represent reefs with high (>20%) and low (<20%) initial coral cover, respectively. The slopes are significantly different 
from zero if their 95% CIs do not overlap with the vertical dashed line centered on zero. Disturbances are organized as the spatial extension 
of damage (in grey) from left (major extension) to right (minor extension). Tropical depressions (wind below 34 knots) and tropical storms 
(wind between 34 and 64 knots) were grouped as “Tropical storms.” Cyclones were grouped by category: Category H1 (wind ≤64 and >83 
knots), Category H2 (wind greater ≤83 and >96 kn), and Category H3 (wind ≤96 and >113 knots), with Category 4 (wind ≤ to 113 and <137 
knots) and Category 5 (wind ≤137 knots) being grouped together as “Major Cyclones.” We classified the DHW data for the 484 risk-sets 
using the system proposed by Liu et al. (2014) to visualize the relationship between the DHW values and the severity of coral thermal stress. 
The Liu et al. (2014) classification system is as follows: (1) low intensity indicative of possible thermal stress (DHW > 4°C-weeks), (2) medium 
intensity associated with significant thermal stress (DHW between 4 and 8°C-weeks), and (3) high intensity associated with widespread 
thermal stress and significant mortality (DHW < 8°C-weeks). The sample size used for each disturbance in the mixed model is shown in 
brackets in panel B.
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thermal stress events on coral cover decline was evident in the Indo-
Pacific, with low-intensity thermal stress resulting in relatively minor 
losses in coral cover (10.0%–3.6%).

A detailed analysis of the relationship between the rates of 
change in coral cover and the intensity of thermal stress and cyclones 
using intensity, initial coral cover, and depth as continuous variables 
revealed a clear relationship between increases in coral cover loss 
and increases in event intensity (Figure  4). In the case of thermal 
stress, the number of DHW had a greater effect on changes in coral 
cover than initial coral cover or depth (Figure 4a–d). However, initial 
coral cover was the main predictor of change after a cyclone, with 
cyclone intensity (maximum sustained wind) contributing to a lesser 
degree to the observed trend. This suggests that thermal stress 
events have more severe effects on coral cover than cyclones, even 
in reefs with low initial coral cover. Depth was not a significant pre-
dictor in either the cyclone or thermal stress analyses, yet shallow 
reefs tended to be more susceptible to cyclone damage than deeper 
reefs (Figure 4e–h).

3.2  |  Cumulative impacts of climate-driven 
disturbances

Overall, the cumulative effects of past disturbances consistently 
indicated that the first impact produced the most notable declines 
in coral cover, which gradually decreased with the second and 

third impacts (Figure 5a). The greatest decrease from pre- to post-
disturbance coral cover occurred after the first impact, while coral 
cover remained fairly stable following the second and third impacts 
(Figure  5b). Although the pattern is consistent for both major re-
gions, reefs in the tropical Atlantic showed markedly lower declines 
after the first impact when compared with the substantial changes 
observed in the Indo-Pacific after the first impact (Figure 5c). This 
is likely because the tropical Atlantic exhibited considerably lower 
levels of coral cover at any given time (before or after disturbances) 
compared to those of the Indo-Pacific and showed a slight tendency 
of coral cover decline even though acute events did not appear to 
drastically reduce coral cover (Figure  5d). Furthermore, when we 
only focused on the time series containing three impacts (n = 40), 
we found that the same overall pattern was observed (Figure S3). 
Similarly, when we tested for relative changes (instead of absolute 
changes; see methods for details) we found that the same overall 
trend depicted in (Figure 5; Figure S4).

The coral cover patterns of Tropical Atlantic reefs are in part ex-
plained by the data included in the analysis given that most data sets 
began in the late 1990s (Figure S2) when most Tropical Atlantic reefs 
were already impaired. Furthermore, the cumulative effects in trop-
ical Atlantic reefs were mainly explained by the cumulative effect of 
cyclones and storms, as we only have one reef with two consecutive 
impacts due to thermal stress events in our data set for that region. 
Conversely, the cumulative effect in Indo-Pacific reefs tended to be 
based on the relatively greater sample sizes for both the thermal 
stress and cyclone events, although sites were only impacted twice 
by cyclones (Table S3).

The relationship between the annual rate of change of thermal 
stress and cyclone intensity was explored using the first and sec-
ond consecutive impacts. For thermal stress (bleaching), we found 
marked differences in coral responses when comparing the changes 
in coral cover after the first and second impacts (Figure 6a,c). For 
the first impact, we found a negative and steep relationship be-
tween the intensity of the thermal stress event and the annual rate 
of coral cover loss. However, the second event resulted in consid-
erably less and non-significant damage, regardless of high thermal 
stress (Figure 6a,c) and despite the intensity of thermal stress events 
being fairly similar during the first and second events for the major-
ity of sites and at times being even higher during the second event 
(Figure  S6). When evaluating cyclone events, we observed a very 
similar negative relationship to that of thermal stress between wind 
intensity and coral cover loss during the first and second events 
(Figure 6b,d), and cyclone intensity (wind speed) was similar between 
the first and second impacts in most cases (Figure S6). Furthermore, 
we did not find considerable differences in the trends when estimat-
ing changes with a relative rate of change (Figure S5).

Our analyses also revealed that coral cover can recover in the 
absence of recurrent disturbances (Figure 7). We found that coral 
cover increased in nearly 80% of reef sites impacted by cyclones 
and bleaching events, albeit at different rates. Reef sites impacted 
by cyclones increased in coral cover by 2.82% (CI = 1.86, 3.78) per 
year, while reefs impacted by bleaching events increased by 1.30% 

F I G U R E  3  Predicted annual rates of change of absolute coral 
cover due to disturbances at the regional level. Effect sizes are 
the mixed models in which dots represent the average slope of 
the risk-sets used in the analysis within each disturbance and 
lines represent the 95% CIs for the Indo-Pacific (blue) and tropical 
Atlantic (orange). The slopes are significantly different from zero if 
their 95% CIs do not overlap with the vertical dashed line centered 
on zero. Disturbances are organized as the spatial extension of 
damage from top (minor extension) to bottom (major extension). 
The sample size used for each disturbance in the mixed model is 
shown in brackets. IP, Indo-Pacific; TA, tropical Atlantic.
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(0.73, 1.87) per year. Furthermore, we showed that in the absence of 
any acute disturbance, reefs exhibited significant increases in coral 
cover but at relatively low rates (0.83%, CI = 0.15, 1.50).

4  |  DISCUSSION

Coral reefs are highly dynamic ecosystems. Our findings show that 
the effects of disturbances largely depend on the condition of the 
system before the impact, disturbance severity, cumulative effect of 
previous impacts, and biogeographic region, with the latter reflect-
ing differences among life-history traits of geographically distinct 
coral assemblages, such as those between the Tropical Atlantic and 
Indo-Pacific reefs (e.g., McWilliam et al.,  2020). Reefs with higher 
initial coral cover underwent the most severe losses in coral cover, 
regardless of the disturbance type. Despite the numerous sources 
of stress, both natural and anthropogenic, our findings confirm that 
thermal stress is the leading driver of change in coral reefs, as it 
causes high coral cover declines that do not depend on the previous 
condition of a reef and because thermal stress can occur over very 
large spatial scales. However, we have also shown that losses in coral 

cover after a bleaching event are modulated by the cumulative stress 
of previous impacts, regardless of the bleaching intensity or initial 
coral cover, which suggests that previous events of thermal stress 
determine to some degree the response of reef systems to future 
events of the same type. On the contrary, the effect of a cyclone 
(and likely other physical impacts) is primarily modulated by the ini-
tial condition of a reef. Moreover, the system does not seem to de-
velop a predisposition to better adapt to future disturbance events 
in the short term (Cheal et al., 2017). Lastly, our findings show that in 
the absence of disturbance, almost 80% of coral reefs were capable 
of recovery.

Pre-disturbance coral cover was strongly related to the ability 
of a reef to resist disturbance, with reefs with lower levels of coral 
cover tending to be more resistant than reefs with higher levels of 
coral cover (Guest et al., 2012; Mudge & Bruno, 2021; Figure 1). This 
was confirmed by the observed differences in coral cover trends 
between the Indo-Pacific and tropical Atlantic. In the Indo-Pacific, 
initial coral cover was considerably higher (mean ± standard devia-
tion; 32.4 ± 18.81% versus 16.9 ± 12.61% in the tropical Atlantic; 
Figure 1) and consequently was considerably more affected by 
thermal stress events and cyclones, although not by diseases, which 

F I G U R E  4  Predicted values of the annual rate of change of absolute coral cover due to the intensity of thermal stress and cyclone events. 
Changes in coral cover (%) in reef sites driven by thermal stress events with the indicators of (a) degree heating weeks, (b) initial coral cover 
(%), and (c) depth (m). Changes in coral cover (%) in reef sites driven by cyclone events with the indicators of (e) maximum sustained wind 
(kn), (f) initial coral cover (%), and (g) depth (m). Dots represent risk-sets within time series, and the lines represent the mixed models fitted 
by the changes in coral cover. Effect sizes of the regression model for (d) degree heating weeks (DHW) and (h) maximum sustained wind (kn), 
in which points represent the mean of the general linear mixed model used in the analysis and lines represent the 95% CIs. Red and black 
slopes indicate significant and non-significant effects, respectively. Slopes are significantly different if their 95% CIs do not overlap.
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are more pervasive in the tropical Atlantic region (Figure 3; Alvarez-
Filip et al.,  2022). Furthermore, the cumulative effect analysis re-
vealed consecutive losses in coral cover in the Indo-Pacific after 
the first and second impacts of climate-driven disturbances, which 
were not observed in the reefs of the tropical Atlantic (Figure 5c). 
This trend is likely due to two circumstances. First, most of our 
data for the tropical Atlantic were collected beginning in the late 
1990s (Figure S1) when most reefs were already severely degraded 
(Jackson et al., 2014). Therefore, there was already little left in this 
region to be affected by disturbance. Second, regimes of chronic 
and acute disturbances in many sites have resulted in non-random 
losses of coral species, and many of these impaired systems are now 
dominated by opportunistic species (González-Barrios & Alvarez-
Filip,  2018; Green et al.,  2008). Although these species are more 
likely to resist stressful conditions, they also tend to lock ecosystems 
into low functional states (González-Barrios et al., 2021; McWilliam 
et al.,  2020; Molina-Hernández et al.,  2020). Overall, our findings 
suggest that tropical Atlantic reefs are not more resistant than those 
in the Indo-Pacific but rather are more degraded and thus have less 
coral cover to lose.

In addition to reef condition, we have shown that cumulative 
effects and the disturbance type determine the trajectory of coral 
cover following future impacts. For thermal stress, we found that 
the greatest losses in coral cover occurred during the first impact, 

while no significant changes in coral cover were observed after the 
second impact regardless of the intensity of the subsequent events 
(Figure 6a). Our findings are consistent with recent reports that coral 
communities can acclimatize to increasing levels of thermal stress 
(Hughes et al., 2021; Hughes, Kerry, Connolly, et al., 2019), which 
can be explained by the potential ability of corals to enhance their 
thermal tolerance through multiple mechanisms (Coles et al., 2018; 
Drury,  2019). For example, shifts in gene expression enable cor-
als to acclimate to thermal stress (Drury & Greer, 2022; Thomas & 
Palumbi, 2017). Such acclimatization processes can be anticipated 
at community scales or even regions, such as in the eastern tropical 
Pacific, in which reefs have been shown to be highly resilient after 
encountering acute thermal stress (Romero-Torres et al.,  2020). 
However, these acclimatization processes may vary among reef 
zones (Tebbett et al., 2022) and there is growing uncertainty regard-
ing whether corals will resist or acclimatize to the impacts of thermal 
stress given a lengthening of warm periods and a shortening of the 
intervals between them (Li & Donner, 2022). Moreover, reefs that 
experience more infrequent bleaching events are more susceptible 
to coral loss (Guest et al., 2018). As such, it is likely that the ecolog-
ical memory of past disturbances in ecological systems fades over 
time (Hughes et al., 2021; Peterson, 2002).

The lack of significant losses after the second or third impacts of 
thermal stress (Figures 5and 6) can also arouse by shifts in species 

F I G U R E  5  Coral reef responses to the cumulative stress of past climate-driven disturbances at global and regional levels. Changes in coral 
cover following cumulative past climate disturbances (cyclones and thermal stress) at global (a) and regional (c) levels. Associated changes 
in pre- and post-disturbance coral cover at global (b) and regional (d) levels. Effect sizes are the mixed models in which dots represent the 
average slope of the risk-sets used in the analysis and lines represent the 95% CIs. The slopes are significantly different from zero if their 
95% CIs do not overlap with the vertical dashed line centered on zero. The vertical axes in (b) and (d) each have their own scale. The sample 
sizes used in the mixed models in (a; same in b) and (c; same in d) are shown in brackets. IP, Indo-Pacific; TA, tropical Atlantic.
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composition, with some species being capable of resisting and 
adapting to more extreme disturbances while species with limited 
abilities to escape warming are compromised (González-Barrios 
et al.,  2021; McWilliam et al.,  2020). Although species reshuffling 
after thermal stress might buffer coral cover losses in the short 
term, an increase in the frequency and intensity of thermal stress 
events will likely increase the intrinsic vulnerability of reefs and 
possibly lead to local extirpations (Sunday et al., 2015). Moreover, 
if shifts in species composition are determined by the replacement 
of reef-building coral species by generalist forms, some ecological 
processes, including calcium carbonate deposition and the provision 
of architecturally complex structures, will be disrupted in the novel 
ecological communities and consequently compromise ecosystem 
functioning (Alvarez-Filip et al.,  2013; Hughes, Kerry, et al.,  2018; 
McWilliam et al., 2020). Furthermore, coral species that are vulner-
able due to thermal stress can exhibit altered metabolic processes 
and physiological functioning that affect their ability to accumulate 
calcium carbonate (Carricart-Ganivet et al., 2012) and reproductive 
output (Baird & Marshall,  2002), which can dampen coral recruit-
ment and compromise recovery processes in reef systems (Cheung 
et al., 2021; Hughes, Kerry, Baird, et al., 2019).

Contrary to what was observed with multiple thermal stress 
events, changes in coral cover following the cumulative impact of 
tropical cyclones (and potentially other physical disturbances) hardly 

F I G U R E  6  Coral reef responses due to cumulative thermal stress and cyclone events. Changes in coral cover (%) driven by (a) thermal 
stress in the form of degree heating weeks (DHW) and (b) cyclones in the form of maximum sustained winds (kn). The dots in (a) and (b) 
represent risk-sets within time series, and the lines represent the mixed models fitted by the changes in coral cover due to the first (red) and 
second (blue) impacts with 95% coefficient intervals (shading). Effect sizes associated with the first and second impacts of (c) thermal stress 
and (d) cyclones are the mixed models in which dots represent the average slope of the risk-sets used in the analysis and the lines represent 
the 95% CIs. The slopes are significantly different from zero if their 95% CIs do not overlap with the vertical dashed line centered on zero. 
The sample size used in the mixed models is shown in brackets.

F I G U R E  7  Predicted values of the mean annual recovery 
rate after thermal stress and cyclone events and in the absence 
of disturbance. Effect sizes are the generalized linear model in 
which dots represent the average slopes of the risk-sets used 
in the analysis and lines represent the 95% CIs. The slopes are 
significantly different from zero if their 95% CIs do not overlap with 
the vertical dashed line centered on zero. The sample size is shown 
in brackets.
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reflected any potential mechanisms of acclimatization or adaptation 
within reefs. This might be explained by the fact that the effects of cy-
clones on coral communities largely depend on the life-history traits, 
biophysical features, and initial cover of the coral assemblages prior 
to disturbance (Guest et al., 2012; Madin & Connolly, 2006; Figure 6; 
Figure S5). Although our database did not allow us to consider the 
identity of species and their susceptibility to disturbance, ample 
evidence has shown that morpho-functional traits and life-history 
strategies are related to the ways in which coral species respond to dis-
turbance (González-Barrios et al., 2021). These factors are particularly 
relevant for our findings in the tropical Atlantic, in which the effects 
of cyclones were relatively small (Figure 3). Most of our data from this 
region were representative of times in which most reefs had already 
undergone several ecological and structural changes (Alvarez-Filip 
et al., 2011), and some of the most fragile species, such as the branch-
ing acroporids, already exhibited very low abundance values across 
the region (Cramer et al., 2020; Estrada-Saldívar et al., 2020). Thus, the 
tropical Atlantic reefs included in our analysis are most likely largely 
represented by shifted coral assemblages that are defined by low-
coral cover and dominated by low-relief species (Cramer et al., 2021; 
González-Barrios et al., 2021), which are less susceptible to physical 
damage. On the contrary, the Indo-Pacific reefs were composed of a 
wide variety of branching, tabular, and digitate morphologies, which 
are prone to breakage (McWilliam et al., 2018). Consequently, the high 
coral cover of those reefs tends to be in greater danger of decline due 
to breakage after the passing of a tropical cyclone when compared to 
the danger present in tropical Atlantic corals (Figure 3).

Coral disease outbreaks are also a primary driver of coral decline 
across many reef sites worldwide (Harvell et al., 2007). Similarly, to 
thermal stress events, disease outbreaks can occur over large spa-
tial scales and are often associated with widespread coral mortality 
that can rapidly and drastically reduce populations over short peri-
ods of time (Alvarez-Filip et al., 2022; Van Woesik & Randall, 2017). 
Our findings show that in the tropical Atlantic, the impact of dis-
ease outbreaks is a significant driver of coral cover decline, which is 
comparable to the effect of major bleaching events (Figure 3). This 
is consistent with a large body of evidence that has highlighted that 
the tropical Atlantic is a hotspot of coral diseases (Weil, 2004), which 
are linked to the major ecological and structural changes occurring 
in this region (Alvarez-Filip et al., 2022; Aronson & Precht, 2001). In 
the Indo-Pacific, the consequences of coral disease outbreaks are less 
evident, which may be due to the high variability observed among 
studies of the effects of disease outbreaks (Figure 3). Historically, the 
Indo-Pacific region has had fewer reports of disease, which could be 
due to the expansiveness of the area. Nonetheless, certain diseases 
have also been observed in epizootic proportions that greatly affect 
coral cover (Bruckner, 2016). At present, the role of disease as a signif-
icant driver of reef degradation is not prominent in the Indo-Pacific; 
however, these events require greater consideration given the strong 
links between anthropogenic stress and disease susceptibility, which 
will likely result in increases in the prevalence and severity of coral 
diseases worldwide (Maynard et al., 2015). This is particularly import-
ant given the strong connection between the frequency and intensity 

of disease outbreaks and the rapidly increasing frequency of human-
induced pressures such as rising sea temperatures, decreased water 
quality, and nutrient enrichment (Bruno & Selig, 2007; Vega Thurber 
et al., 2014). Indeed, it is necessary to note that management actions 
that reduce anthropogenic stress are also likely to reduce the preva-
lence and severity of coral disease (Maynard et al., 2015).

Our findings show that coral reefs are still able to recover in the 
absence of disturbance (Figure 7). Although we did not compare 
recovery processes in different regions (given the low sample size), 
the evidence suggests that the coral reefs of the Indo-Pacific have a 
much greater potential to recover than those in the tropical Atlantic 
(Graham et al.,  2011; Souter et al.,  2021), which can be explained 
by various processes. Marked recovery following disturbances, even 
to pre-disturbance levels of coral cover, has been observed in the 
Indo-Pacific (Adjeroud et al., 2018; AIMS, 2022; Gilmour et al., 2013; 
Souter et al., 2021). In contrast, tropical Atlantic coral recovery has 
been only reported in a few areas and is influenced by management 
strategies (Steneck et al., 2019). In part, this is due to the higher re-
cruitment rates of the Indo-Pacific compared to those of the tropical 
Atlantic, which promote recovery and are driven by the diversity of 
coral morphologies in the region that promote the recovery of key 
functions (Roff,  2021). In contrast, the lack of recruitment of key 
reef framework corals in the tropical Atlantic may partially explain 
the functional lockdown that has been observed in the coral reefs 
of the region (González-Barrios et al.,  2021; Roff,  2021). Reef re-
covery can also drive species reconfigurations within reefs, which 
may either positively or negatively affect reef functionality. For ex-
ample, in many reefs worldwide, reef recovery has been driven by 
low-relief opportunistic species and other foliose or digitate corals, 
which can contribute to the three-dimensional complexity of the 
reef at fine scales (González-Barrios et al., 2021; Speare et al., 2019). 
Ultimately, coral recovery following disturbance events will depend 
on the adaptive capacity of coral communities to disturbances. This 
is particularly relevant for temperature-induced bleaching events. 
Although there is still some degree of uncertainty as to how corals 
will respond to increasing heat stress levels, the lengthening of warm 
periods and shortening of the intervals between them will likely di-
minish the capacity of corals to recover from previous impacts. For 
example, as marine heatwaves become more frequent and intense, 
larger colonies and the most fecund corals are likely to become in-
creasingly vulnerable, which may reduce the capacity of coral reefs 
to recover after stressful events (Speare et al., 2019).

Reversing reef degradation will require a reduction in human pres-
sure, yet the lack of action to reduce anthropogenic impacts and the 
failure of immediate global action regarding greenhouse gas emissions 
will exacerbate reef degradation and erode resilience. In light of this, 
understanding the relative importance of various risks is necessary 
to properly guide reef management efforts. Our findings contribute 
to the broader understanding of how disturbance shapes coral reef 
ecosystems and allow for management actions to be adequately pri-
oritized to mitigate severely stressful events. If the signs or precursors 
of rapid ecological change can be reliably detected, managers may be 
able to take early preventative action (Ban et al., 2014). Furthermore, 
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we expect our findings to aid reef managers in making financial as-
sessments and decisions regarding where and how to invest scarce 
resources to ensure that coral reefs are restored and protected 
(Secaira Fajardo et al.,  2019). In this context, a clear message from 
our study is that special attention should be allocated to reefs with 
the highest live coral cover, as these are likely to be more vulnera-
ble to disturbance. For example, ensuring that these reefs, which are 
often referred to as reef oases, are well managed (e.g., inside func-
tional marine protected areas) should be a conservation priority, as 
local conditions can increase the capacity to resist and recover from 
coral bleaching in response to widespread thermal stress (Donovan 
et al., 2021). This is particularly relevant given the growing spatial mis-
match between the scales of potential threats and planned responses 
(Good & Bahr,  2021). In addition, risk financing and insurance are 
becoming increasingly relevant (Schelske et al., 2021), as these tools 
are critical when absorbing financial losses in the wake of disasters 
and natural catastrophes. Thus, notable opportunities for restoration 
may lie in risk financing associated with risk reduction services for 
reefs (Reguero et al., 2019). Finally, the integration of multiple prop-
erties of contemporary disturbances, such as their spatial extension, 
frequency, intensity, and cumulative effects, into our perceptions of 
coral reef dynamics is the key to improving our understanding of how 
legacy impacts transform coral reefs worldwide.

AUTHOR CONTRIBUTIONS
Conceptualization, Funding acquisition, and Project administration: 
F. Javier González-Barrios and Lorenzo Álvarez-Filip. Contributed 
new reagents/analytic tools: F. Javier González-Barrios and Lorenzo 
Álvarez-Filip. Data curation: F. Javier González-Barrios, Nuria 
Estrada-Saldívar, and Esmeralda Pérez-Cervantes; Formal analysis: 
F. Javier González-Barrios, Nuria Estrada-Saldívar, Lorenzo Álvarez-
Filip, and Esmeralda Pérez-Cervantes. Write original draft: F. Javier 
González-Barrios, Lorenzo Álvarez-Filip, Nuria Estrada-Saldívar, and 
Esmeralda Pérez-Cervantes. Review and editing: F. Javier González-
Barrios, Lorenzo Álvarez-Filip, Nuria Estrada-Saldívar, Fernando 
Secaira-Fajardo, and Esmeralda Pérez-Cervantes.

ACKNOWLEDG MENTS
This study was conducted with the financial support of the 
Government of Canada provided through Global Affairs Canada and 
the Ocean Risk and Resilience Action Alliance. We thank Mariana 
Alvarez for her contribution to the literature search. We thank Nick 
Graham and two anonymous reviewers for their comments and 
suggestions that greatly improved our manuscript. We also thank 
Andrea Lievana for editing the manuscript.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly avail-
able in a DRYAD repository at https://doi.org/10.5061/dryad.z8w9g​
hxhm.

DATA SOURCE S
The references of all the studies included in the analysis can be 
found in the Supporting information in section Appendix S2.

ORCID
F. Javier González-Barrios   https://orcid.
org/0000-0001-5089-0687 
Nuria Estrada-Saldívar   https://orcid.org/0000-0001-9588-2955 
Esmeralda Pérez-Cervantes   https://orcid.
org/0000-0002-4244-9004 
Fernando Secaira-Fajardo   https://orcid.
org/0009-0001-6767-0477 
Lorenzo Álvarez-Filip   https://orcid.org/0000-0002-5726-7238 

R E FE R E N C E S
Adjeroud, M., Kayal, M., Iborra-Cantonnet, C., Vercelloni, J., Bosserelle, 

P., Liao, V., Chancerelle, Y., Claudet, J., & Penin, L. (2018). Recovery 
of coral assemblages despite acute and recurrent disturbances on a 
south Central Pacific reef. Scientific Reports, 8(1), 9680. https://doi.
org/10.1038/s4159​8-018-27891​-3

AIMS. (2022). Annual summary report of background coral reef condi-
tion 2021/2022.

Alvarez-Filip, L., Carricart-Ganivet, J. P., Horta-Puga, G., & Iglesias-
Prieto, R. (2013). Shifts in coral-assemblage composition do not 
ensure persistence of reef functionality. Scientific Reports, 3, 3486. 
https://doi.org/10.1038/srep0​3486

Alvarez-Filip, L., Gill, J. A., Dulvy, N. K., Perry, A., Watkinson, A. R., & 
Côté, I. M. (2011). Drivers of region-wide declines in architectural 
complexity on Caribbean reefs. Coral Reefs, 30(4), 1051–1060. 
https://doi.org/10.1007/s0033​8-011-0795-6

Alvarez-Filip, L., González-Barrios, F. J., Pérez-Cervantes, E., Molina-
Hernández, A., & Estrada-Saldívar, N. (2022). Stony coral tissue loss 
disease decimated Caribbean coral populations and reshaped reef 
functionality. Communications Biology, 5(440), 1–10. https://doi.
org/10.1038/s4200​3-022-03398​-6

American Statistical Association. (2016). American Statistical Association 
releases statement on statistical significance and p-values. https://
www.Amstat.org/Asa/Files/​pdfs/p-value​state​ment.pdf

Aronson, R. B., & Precht, W. F. (2001). White-band disease and the 
changing face of Caribbean coral reefs. Hydrobiologia, 460, 25–38. 
https://doi.org/10.1023/A:10131​03928980

Baird, A. H., & Marshall, P. A. (2002). Mortality, growth and reproduc-
tion in scleractinian corals following bleaching on the great bar-
rier reef. Marine Ecology Progress Series, 237, 133–141. https://doi.
org/10.3354/meps2​37133

Ban, S. S., Graham, N. A. J., & Connolly, S. R. (2014). Evidence for multi-
ple stressor interactions and effects on coral reefs. Global Change 
Biology, 20(3), 681–697. https://doi.org/10.1111/gcb.12453

Bates, D., Kliegl, R., Vasishth, S., & Baayen, H. (2015). Parsimonious 
mixed models. http://arxiv.org/abs/1506.04967

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1 SE-Articles), 1–48. https://doi.org/10.18637/​jss.v067.i01

Baumann, J. H., Zhao, L. Z., Stier, A. C., & Bruno, J. F. (2021). Remoteness 
does not enhance coral reef resilience. Global Change Biology, 1–12. 
https://doi.org/10.1111/gcb.15904

Bellwood, D. R., Pratchett, M. S., Morrison, T. H., Gurney, G. G., Hughes, 
T. P., Álvarez-Romero, J. G., Day, J. C., Grantham, R., Grech, A., 
Hoey, A. S., Jones, G. P., Pandolfi, J. M., Tebbett, S. B., Techera, 
E., Weeks, R., & Cumming, G. S. (2019). Coral reef conservation in 
the Anthropocene: Confronting spatial mismatches and prioritizing 

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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/10.5061/dryad.z8w9ghxhm
https://doi.org/10.5061/dryad.z8w9ghxhm
https://orcid.org/0000-0001-5089-0687
https://orcid.org/0000-0001-5089-0687
https://orcid.org/0000-0001-5089-0687
https://orcid.org/0000-0001-9588-2955
https://orcid.org/0000-0001-9588-2955
https://orcid.org/0000-0002-4244-9004
https://orcid.org/0000-0002-4244-9004
https://orcid.org/0000-0002-4244-9004
https://orcid.org/0009-0001-6767-0477
https://orcid.org/0009-0001-6767-0477
https://orcid.org/0009-0001-6767-0477
https://orcid.org/0000-0002-5726-7238
https://orcid.org/0000-0002-5726-7238
https://doi.org/10.1038/s41598-018-27891-3
https://doi.org/10.1038/s41598-018-27891-3
https://doi.org/10.1038/srep03486
https://doi.org/10.1007/s00338-011-0795-6
https://doi.org/10.1038/s42003-022-03398-6
https://doi.org/10.1038/s42003-022-03398-6
https://www.amstat.org/Asa/Files/pdfs/p-valuestatement.pdf
https://www.amstat.org/Asa/Files/pdfs/p-valuestatement.pdf
https://doi.org/10.1023/A:1013103928980
https://doi.org/10.3354/meps237133
https://doi.org/10.3354/meps237133
https://doi.org/10.1111/gcb.12453
http://arxiv.org/abs/1506.04967
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/gcb.15904


3298  |    GONZÁLEZ-­BARRIOS et al.

functions. Biological Conservation, 236(June), 604–615. https://doi.
org/10.1016/j.biocon.2019.05.056

Bowman, D. M. J. S., Perry, G. L. W., & Marston, J. B. (2015). Feedbacks 
and landscape-level vegetation dynamics. Trends in Ecology 
and Evolution, 30(5), 255–260. https://doi.org/10.1016/j.
tree.2015.03.005

Bozec, Y. M., & Mumby, P. J. (2015). Synergistic impacts of global warm-
ing on the resilience of coral reefs. Philosophical Transactions of 
the Royal Society B: Biological Sciences, 370(1659), 1–9. https://doi.
org/10.1098/rstb.2013.0267

Bruckner, A. W. (2016). History of coral disease research. In C. M. 
Woodley, C. A. Downs, A. W. Bruckner, J. W. Porter, & S. B. 
Galloway (Eds.), Diseases of coral (pp. 52–84). Wiley Online Library.

Bruno, J. F., & Selig, E. R. (2007). Regional decline of coral cover in the 
Indo-Pacific: Timing, extent, and subregional comparisons. PLoS 
One, 2(8), e711. https://doi.org/10.1371/journ​al.pone.0000711

Burda, B. U., O'Connor, E. A., Webber, E. M., Redmond, N., & Perdue, L. 
A. (2017). Estimating data from figures with a web-based program: 
Considerations for a systematic review. Research Synthesis Methods, 
8(3), 258–262. https://doi.org/10.1002/jrsm.1232

Carricart-Ganivet, J. P., Cabanillas-Terán, N., Cruz-Ortega, I., & Blanchon, 
P. (2012). Sensitivity of calcification to thermal stress varies among 
genera of massive reef-building corals. PLoS One, 7(3), 1–8. https://
doi.org/10.1371/journ​al.pone.0032859

Chaudhary, C., Richardson, A. J., Schoeman, D. S., & Costello, M. J. (2021). 
Global warming is causing a more pronounced dip in marine species 
richness around the equator. Proceedings of the National Academy 
of Sciences of the United States of America, 118(15), 1–6. https://doi.
org/10.1073/pnas.20150​94118

Cheal, A. J., MacNeil, M. A., Emslie, M. J., & Sweatman, H. (2017). The 
threat to coral reefs from more intense cyclones under climate 
change. Global Change Biology, 23(4), 1511–1524. https://doi.
org/10.1111/gcb.13593

Cheung, M. W. M., Hock, K., Skirving, W., & Mumby, P. J. (2021). 
Cumulative bleaching undermines systemic resilience of the great 
barrier reef. Current Biology, 1–8, 5385–5392.e4. https://doi.
org/10.1016/j.cub.2021.09.078

Coles, S. L., Bahr, K. D., Rodgers, K. S., May, S. L., McGowan, A. E., Tsang, 
A., Bumgarner, J., & Han, J. H. (2018). Evidence of acclimatization or 
adaptation in Hawaiian corals to higher ocean temperatures. PeerJ, 
2018(8), 1–24. https://doi.org/10.7717/peerj.5347

Côté, I. M., Gardner, T. A., Gill, J. A., & Watkinson, A. R. (2005). Measuring 
coral reef decline through meta-analyses. Philosophical Transactions 
of the Royal Society B: Biological Sciences, 360, 385–395. https://doi.
org/10.1017/cbo97​80511​804472.011

Cramer, K. L., Donovan, M. K., Jackson, J. B. C., Greenstein, B. J., Korpanty, 
C. A., Cook, G. M., & Pandolfi, J. M. (2021). The transformation of 
Caribbean coral communities since humans. Ecology and Evolution, 
11(15), 10098–10118. https://doi.org/10.1002/ece3.7808

Cramer, K. L., Jackson, J. B. C., Donovan, M. K., Greenstein, B. J., 
Korpanty, C. A., Cook, G. M., & Pandolfi, J. M. (2020). Widespread 
loss of Caribbean acroporid corals was underway before coral 
bleaching and disease outbreaks. Science. Advances, 6(171). https://
doi.org/10.1126/sciadv.aax9395

Donovan, M. K., Burkepile, D. E., Kratochwill, C., Shlesinger, T., Sully, S., 
Oliver, T. A., Hodgson, G., Friewald, J., & van Woesik, R. (2021). 
Local conditions magnify coral loss following marine heatwaves. 
Science, 372(6545), 977–980.

Drury, C. (2019). Resilience in reef-building corals: The ecological and evolu-
tionary importance of the host response to thermal stress. Molecular 
Ecology, 29(3), 448–465. https://doi.org/10.1111/mec.15337

Drury, C., & Greer, J. B. (2022). Expression plasticity regulates intra-
specific variation in the acclimatization potential of a reef-building 
coral. Nature Communications, 13, 1–9. https://doi.org/10.1038/
s4146​7-022-32452​-4

Eakin, C. M., Morgan, J. A., Heron, S. F., Smith, T. B., Liu, G., Alvarez-
Filip, L., Baca, B., Bartels, E., Bastidas, C., Bouchon, C., Brandt, M. 
E., Bruckner, A. W., Bunkley-Williams, L., Cameron, A., Causey, B. 
D., Chiappone, M., Christensen, T. R. L., Crabbe, M. J. C., Day, O., … 
Yusuf, Y. (2010). Caribbean corals in crisis: Record thermal stress, 
bleaching, and mortality in 2005. PLoS One, 5(11), e13969. https://
doi.org/10.1371/journ​al.pone.0013969

Emanuel, K. (2021). Atlantic tropical cyclones downscaled from climate 
reanalyses show increasing activity over past 150 years. Nature 
Communications, 12(1), 1–8. https://doi.org/10.1038/s4146​7-021-
27364​-8

Erftemeijer, P. L. A., Riegl, B., Hoeksema, B. W., & Todd, P. A. (2012). 
Environmental impacts of dredging and other sediment distur-
bances on corals: A review. Marine Pollution Bulletin, 64(9), 1737–
1765. https://doi.org/10.1016/j.marpo​lbul.2012.05.008

Estrada-Saldívar, N., Molina-Hernández, A., Pérez-Cervantes, E., 
Medellín-Maldonado, F., González-Barrios, F. J., & Alvarez-Filip, 
L. (2020). Reef-scale impacts of the stony coral tissue loss disease 
outbreak. Coral Reefs, 39, 861–866. https://doi.org/10.1007/s0033​
8-020-01949​-z

Gardner, T. A., Gill, J. A., Grant, A., Watkinson, A. R., & Côté, I. M. (2005). 
Hurricanes and Caribbean coral reefs: Immediate impacts, recovery 
trajectories and contribution to long-term decline. Ecology, 86(1), 
174–184. https://doi.org/10.1890/04-0141

Gilmour, J. P., Smith, L. D., Heyward, A. J., Baird, A. H., & Pratchett, M. S. 
(2013). Recovery of an isolated coral reef system following severe 
disturbance. Science, 340(6128), 69–71. https://doi.org/10.1126/
scien​ce.1232310

González-Barrios, F. J., & Alvarez-Filip, L. (2018). A framework for mea-
suring coral species-specific contribution to reef functioning in the 
Caribbean. Ecological Indicators, 95(April), 877–886. https://doi.
org/10.1016/j.ecoli​nd.2018.08.038

González-Barrios, F. J., Cabral-Tena, R. A., & Alvarez-Filip, L. (2021). 
Recovery disparity between coral cover and the physical func-
tionality of reefs with impaired coral assemblages. Global Change 
Biology, 27(3), 640–651. https://doi.org/10.1111/gcb.15431

González-Barrios, F. J., Estrada-Saldívar, N., Pérez-Cervantes, E., 
Secairia-Fajardo, F., & Alvarez-Filip, L. (2023). Data for: “Legacy 
effects of anthropogenic disturbances modulate dynamics in the 
world's coral reefs”. https://doi.org/10.5061/dryad.z8w9g​hxhm

Good, A. M., & Bahr, K. D. (2021). The coral conservation crisis: 
Interacting local and global stressors reduce reef resiliency and 
create challenges for conservation solutions. SN Applied Sciences, 3, 
1–14. https://doi.org/10.1007/s4245​2-021-04319​-8

Graham, N. A. J., Nash, K. L., & Kool, J. T. (2011). Coral reef recovery 
dynamics in a changing world. Coral Reefs, 30, 283–294. https://doi.
org/10.1007/s0033​8-010-0717-z

Green, D. H., Edmunds, P. J., & Carpenter, R. C. (2008). Increasing relative 
abundance of Porites astreoides on Caribbean reefs mediated by 
an overall decline in coral cover. Marine Ecology Progress Series, 359, 
1–10. https://doi.org/10.3354/meps0​7454

Guest, J. R., Baird, A. H., Maynard, J. A., Muttaqin, E., Edwards, A. J., 
Campbell, S. J., Yewdall, K., Affendi, Y. A., & Chou, L. M. (2012). 
Contrasting patterns of coral bleaching susceptibility in 2010 sug-
gest an adaptive response to thermal stress. PLoS One, 7(3), 1–8. 
https://doi.org/10.1371/journ​al.pone.0033353

Guest, J. R., Edmunds, P. J., Gates, R. D., Kuffner, I. B., Andersson, A. J., 
Barnes, B. B., Chollett, I., Courtney, T. A., Elahi, R., Gross, K., Lenz, 
E. A., Mitarai, S., Mumby, P. J., Nelson, H. R., Parker, B. A., Putnam, 
H. M., Rogers, C. S., & Toth, L. T. (2018). A framework for identi-
fying and characterising coral reef “oases” against a backdrop of 
degradation. Journal of Applied Ecology, 55(6), 2865–2875. https://
doi.org/10.1111/1365-2664.13179

Harvell, C. D., Jordán-Dahlgren, E., Merkel, S., Rosenberg, E., Raymundo, 
L., Smith, G., Weil, E., & Willis, B. L. (2007). Coral diseases, 

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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/10.1016/j.biocon.2019.05.056
https://doi.org/10.1016/j.biocon.2019.05.056
https://doi.org/10.1016/j.tree.2015.03.005
https://doi.org/10.1016/j.tree.2015.03.005
https://doi.org/10.1098/rstb.2013.0267
https://doi.org/10.1098/rstb.2013.0267
https://doi.org/10.1371/journal.pone.0000711
https://doi.org/10.1002/jrsm.1232
https://doi.org/10.1371/journal.pone.0032859
https://doi.org/10.1371/journal.pone.0032859
https://doi.org/10.1073/pnas.2015094118
https://doi.org/10.1073/pnas.2015094118
https://doi.org/10.1111/gcb.13593
https://doi.org/10.1111/gcb.13593
https://doi.org/10.1016/j.cub.2021.09.078
https://doi.org/10.1016/j.cub.2021.09.078
https://doi.org/10.7717/peerj.5347
https://doi.org/10.1017/cbo9780511804472.011
https://doi.org/10.1017/cbo9780511804472.011
https://doi.org/10.1002/ece3.7808
https://doi.org/10.1126/sciadv.aax9395
https://doi.org/10.1126/sciadv.aax9395
https://doi.org/10.1111/mec.15337
https://doi.org/10.1038/s41467-022-32452-4
https://doi.org/10.1038/s41467-022-32452-4
https://doi.org/10.1371/journal.pone.0013969
https://doi.org/10.1371/journal.pone.0013969
https://doi.org/10.1038/s41467-021-27364-8
https://doi.org/10.1038/s41467-021-27364-8
https://doi.org/10.1016/j.marpolbul.2012.05.008
https://doi.org/10.1007/s00338-020-01949-z
https://doi.org/10.1007/s00338-020-01949-z
https://doi.org/10.1890/04-0141
https://doi.org/10.1126/science.1232310
https://doi.org/10.1126/science.1232310
https://doi.org/10.1016/j.ecolind.2018.08.038
https://doi.org/10.1016/j.ecolind.2018.08.038
https://doi.org/10.1111/gcb.15431
https://doi.org/10.5061/dryad.z8w9ghxhm
https://doi.org/10.1007/s42452-021-04319-8
https://doi.org/10.1007/s00338-010-0717-z
https://doi.org/10.1007/s00338-010-0717-z
https://doi.org/10.3354/meps07454
https://doi.org/10.1371/journal.pone.0033353
https://doi.org/10.1111/1365-2664.13179
https://doi.org/10.1111/1365-2664.13179


    |  3299GONZÁLEZ-­BARRIOS et al.

environmental drivers and the balance between corals and micro-
bial associates. Oceanography, 20(1), 172–195.

Hill, J., & Wilkinson, C. (2004). Methods for ecological monitoring of 
coral reefs. Australian Institute of Marine Science. https://doi.
org/10.1017/CBO97​81107​415324.004

Hughes, T. P., Anderson, K. D., Connolly, S. R., Heron, S. F., Kerry, J. T., 
Lough, J. M., Baird, A. H., Baum, J. K., Berumen, M. L., Bridge, T. C., 
Claar, D. C., Eakin, C. M., Gilmour, J. P., Graham, N. A. J., Harrison, 
H., Hobbs, J. P. A., Hoey, A. S., Hoogenboom, M., Lowe, R. J., … 
Wilson, S. K. (2018). Spatial and temporal patterns of mass bleach-
ing of corals in the Anthropocene. Science, 359(6371), 80–83. 
https://doi.org/10.1126/scien​ce.aan8048

Hughes, T. P., Graham, N. A. J., Jackson, J. B. C., Mumby, P. J., & Steneck, 
R. S. (2010). Rising to the challenge of sustaining coral reef resil-
ience. Trends in Ecology and Evolution, 25(11), 633–642. https://doi.
org/10.1016/j.tree.2010.07.011

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Chase, T. J., Dietzel, 
A., Hill, T., Hoey, A. S., Hoogenboom, M. O., Jacobson, M., Kerswell, 
A., Madin, J. S., Mieog, A., Paley, A. S., Pratchett, M. S., Torda, G., 
& Woods, R. M. (2019). Global warming impairs stock–recruitment 
dynamics of corals. Nature, 568(7752), 387–390. https://doi.
org/10.1038/s4158​6-019-1081-y

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., 
Eakin, C. M., Heron, S. F., Hoey, A. S., Hoogenboom, M. O., Liu, 
G., McWilliam, M. J., Pears, R. J., Pratchett, M. S., Skirving, W. J., 
Stella, J. S., & Torda, G. (2018). Global warming transforms coral 
reef assemblages. Nature, 556, 492–496. https://doi.org/10.1038/
s4158​6-018-0041-2

Hughes, T. P., Kerry, J. T., Connolly, S. R., Álvarez-Romero, J. G., Eakin, C. 
M., Heron, S. F., Gonzalez, M. A., & Moneghetti, J. (2021). Emergent 
properties in the responses of tropical corals to recurrent cli-
mate extremes. Current Biology, 1–7, 5393–5399.e3. https://doi.
org/10.1016/j.cub.2021.10.046

Hughes, T. P., Kerry, J. T., Connolly, S. R., Baird, A. H., Eakin, C. M., 
Heron, S. F., Hoey, A. S., Hoogenboom, M. O., Jacobson, M., Liu, G., 
Pratchett, M. S., Skirving, W., & Torda, G. (2019). Ecological mem-
ory modifies the cumulative impact of recurrent climate extremes. 
Nature Climate Change, 9(1), 40–43. https://doi.org/10.1038/s4155​
8-018-0351-2

Jackson, J. B. C., Donovan, M. K., Cramer, K. L., Lam, V., & Lam, W. (2014). 
Status and trends of Caribbean coral reefs: 1970–2012 (p. 306). Global 
Coral Reef Monitoring Network.

Knapp, K. R., Kruk, M. C., Levinson, D. H., Diamond, H. J., & Neumann, C. 
J. (2010). The international best track archive for climate steward-
ship (IBTrACS). Bulletin of the American Meteorological Society, 91(3), 
363–376. https://doi.org/10.1175/2009B​AMS27​55.1

Li, X., & Donner, S. D. (2022). Lengthening of warm periods increased 
the intensity of warm-season marine heatwaves over the past 
4 decades. Climate Dynamics, 59(9–10), 2643–2654. https://doi.
org/10.1007/s0038​2-022-06227​-y

Liu, G., Heron, S. F., Mark Eakin, C., Muller-Karger, F. E., Vega-Rodriguez, 
M., Guild, L. S., de la Cour, J. L., Geiger, E. F., Skirving, W. J., Burgess, 
T. F. R., Strong, A. E., Harris, A., Maturi, E., Ignatov, A., Sapper, J., 
Li, J., & Lynds, S. (2014). Reef-scale thermal stress monitoring of 
coral ecosystems: New 5-km global products from NOAA coral 
reef watch. Remote Sensing, 6(11), 11579–11606. https://doi.
org/10.3390/rs611​11579

Lüdecke, D. (2018). Ggeffects: Tidy data frames of marginal effects from 
regression models. Journal of Open Source Software, 3(26), 772. 
https://doi.org/10.21105/​joss.00772

Madin, J. S., & Connolly, S. R. (2006). Ecological consequences of major 
hydrodynamic disturbances on coral reefs. Nature, 444(7118), 477–
480. https://doi.org/10.1038/natur​e05328

Maynard, J., Van Hooidonk, R., Eakin, C. M., Puotinen, M., Garren, M., 
Williams, G. J., Heron, S. F., Lamb, J., Weil, E., Willis, B., & Harvell, 
C. D. (2015). Projections of climate conditions that increase coral 

disease susceptibility and pathogen abundance and virulence. 
Nature Climate Change, 5, 688–695. https://doi.org/10.1038/
NCLIM​ATE2625

McWilliam, M., Hoogenboom, M. O., Baird, A. H., Kuo, C., Madin, J. S., 
& Hughes, T. P. (2018). Biogeographical disparity in the functional 
diversity and redundancy of corals. Proceedings of the National 
Academy of Sciences of United States of America, 115(12), 3084–
3089. https://doi.org/10.1073/pnas.17166​43115

McWilliam, M., Pratchett, M. S., Hoogenboom, M. O., & Hughes, T. P. 
(2020). Deficits in functional trait diversity following recovery on 
coral reefs. Proceedings of the Royal Society B: Biological Sciences, 
287(1918), 20192628. https://doi.org/10.1098/rspb.2019.2628

Medina-Valmaseda, A. E., Blanchon, P., Alvarez-Filip, L., & Pérez-
Cervantes, E. (2022). Geomorphically controlled coral distribution 
in degraded shallow reefs of the Western Caribbean. PeerJ, 10, 1–
22. https://doi.org/10.7717/peerj.12590

Moberg, F., & Folke, C. (1999). Ecological goods and services of coral 
reef ecosystems. Ecological Economics, 29(2), 215–233. https://doi.
org/10.1016/S0921​-8009(99)00009​-9

Molina-Hernández, A., González-Barrios, F. J., Perry, C. T., & Álvarez-
Filip, L. (2020). Two decades of carbonate budget change on 
shifted coral reef assemblages: Are these reefs being locked into 
low net budget states?: Caribbean reefs carbonate budget trends. 
Proceedings of the Royal Society B: Biological Sciences, 287(1940). 
https://doi.org/10.1098/rspb.2020.2305r​spb20​202305

Mudge, L., & Bruno, J. F. (2021). Degraded coral reefs are becoming more 
resistant to hurricanes. Preprint 1–17.

Nyström, M., & Folke, C. (2001). Spatial resilience of coral reefs. Ecosystems, 
4(5), 406–417. https://doi.org/10.1007/s1002​1-001-0019-y

Ortiz, J. C., Wolff, N. H., Anthony, K. R. N., Devlin, M., Lewis, S., & Mumby, 
P. J. (2018). Impaired recovery of the great barrier reef under cumu-
lative stress. Science Advances, 4(7), 1–9. https://doi.org/10.1126/
sciadv.aar6127

Perry, C. T., Murphy, G. N., Kench, P. S., Smithers, S. G., Edinger, E. N., 
Steneck, R. S., & Mumby, P. J. (2013). Caribbean-wide decline 
in carbonate production threatens coral reef growth. Nature 
Communications, 4, 1402. https://doi.org/10.1038/ncomm​s2409

Peterson, G. D. (2002). Contagious disturbance, ecological memory, and 
the emergence of landscape pattern. Ecosystems, 5(4), 329–338. 
https://doi.org/10.1007/s1002​1-001-0077-1

Precht, W. F., Aronson, R. B., Gardner, T. A., Gill, J. A., Hawkins, J. P., 
Hernández-Delgado, E. A., Jaap, W. C., McClanahan, T. R., McField, 
M. D., Murdoch, T. J. T., Nugues, M. M., Roberts, C. M., Schelten, C. 
K., Watkinson, A. R., & Côté, I. M. (2020). The timing and causality 
of ecological shifts on Caribbean reefs. Advances in Marine Biology, 
1–30. https://doi.org/10.1016/bs.amb.2020.08.008

Reguero, B. G., Secaira, F., Toimil, A., Escudero, M., Díaz-Simal, P., Beck, 
M. W., Silva, R., Storlazzi, C., & Losada, I. J. (2019). The risk reduc-
tion benefits of the mesoamerican reef in Mexico. Frontiers in Earth 
Science, 7(May), 1–21. https://doi.org/10.3389/feart.2019.00125

Roff, G. (2021). Evolutionary history drives biogeographic patterns 
of coral reef resilience. Bioscience, 71(1), 26–39. https://doi.
org/10.1093/biosc​i/biaa145

Rohatgi, A. (2020). WebPlotDigitizer V 4. https://autom​eris.io/WebPl​
otDig​itizer

Romero-Torres, M., Acosta, A., Palacio-Castro, A. M., Treml, E. A., 
Zapata, F. A., Paz-García, D. A., & Porter, J. W. (2020). Coral reef 
resilience to thermal stress in the eastern tropical Pacific. Global 
Change Biology, 26(7), 3880–3890.

Schelske, O., Bohn, J. R., & Fitzgerald, C. (2021). Insuring natural eco-
systems as an innovative conservation funding mechanism: A case 
study on coral reefs. In Handbook of disaster risk reduction for resil-
ience (pp. 435–452). Springer.

Secaira Fajardo, F., Baughman McLeod, K., & Tassoulas, B. (2019). A 
guide on how to insure a natural asset. https://doi.org/10.13140/​
RG.2.2.23778.27848

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1016/j.tree.2010.07.011
https://doi.org/10.1016/j.tree.2010.07.011
https://doi.org/10.1038/s41586-019-1081-y
https://doi.org/10.1038/s41586-019-1081-y
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1016/j.cub.2021.10.046
https://doi.org/10.1016/j.cub.2021.10.046
https://doi.org/10.1038/s41558-018-0351-2
https://doi.org/10.1038/s41558-018-0351-2
https://doi.org/10.1175/2009BAMS2755.1
https://doi.org/10.1007/s00382-022-06227-y
https://doi.org/10.1007/s00382-022-06227-y
https://doi.org/10.3390/rs61111579
https://doi.org/10.3390/rs61111579
https://doi.org/10.21105/joss.00772
https://doi.org/10.1038/nature05328
https://doi.org/10.1038/NCLIMATE2625
https://doi.org/10.1038/NCLIMATE2625
https://doi.org/10.1073/pnas.1716643115
https://doi.org/10.1098/rspb.2019.2628
https://doi.org/10.7717/peerj.12590
https://doi.org/10.1016/S0921-8009(99)00009-9
https://doi.org/10.1016/S0921-8009(99)00009-9
https://doi.org/10.1098/rspb.2020.2305rspb20202305
https://doi.org/10.1007/s10021-001-0019-y
https://doi.org/10.1126/sciadv.aar6127
https://doi.org/10.1126/sciadv.aar6127
https://doi.org/10.1038/ncomms2409
https://doi.org/10.1007/s10021-001-0077-1
https://doi.org/10.1016/bs.amb.2020.08.008
https://doi.org/10.3389/feart.2019.00125
https://doi.org/10.1093/biosci/biaa145
https://doi.org/10.1093/biosci/biaa145
https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
https://doi.org/10.13140/RG.2.2.23778.27848
https://doi.org/10.13140/RG.2.2.23778.27848


3300  |    GONZÁLEZ-­BARRIOS et al.

Souter, D. W., Planes, S., Wicquart, J., Logan, M., Obura, D. O., & Staub, 
F. (2021). Status of Coral Reefs of the World: 2020. https://gcrmn.
net/2020-repor​t/

Speare, K. E., Duran, A., Miller, M. W., & Burkepile, D. E. (2019). Sediment 
associated with algal turfs inhibits the settlement of two endan-
gered coral species. Marine Pollution Bulletin, 144(January), 189–
195. https://doi.org/10.1016/j.marpo​lbul.2019.04.066

Steneck, R. S., Arnold, S. N., Boenish, R., de León, R., Mumby, P. J., Rasher, 
D. B., & Wilson, M. W. (2019). Managing recovery resilience in coral 
reefs against climate-induced bleaching and hurricanes: A 15 year 
case study from Bonaire, Dutch Caribbean. Frontiers in marine. 
Science, 6(June), 1–12. https://doi.org/10.3389/​fmars.2019.00265

Sunday, J. M., Pecl, G. T., Frusher, S., Hobday, A. J., Hill, N., Holbrook, N. 
J., Edgar, G. J., Stuart-Smith, R., Barrett, N., Wernberg, T., Watson, R. 
A., Smale, D. A., Fulton, E. A., Slawinski, D., Feng, M., Radford, B. T., 
Thompson, P. A., & Bates, A. E. (2015). Species traits and climate ve-
locity explain geographic range shifts in an ocean-warming hotspot. 
Ecology Letters, 18(9), 944–953. https://doi.org/10.1111/ele.12474

Team, R. C. (2020). R: A language and environment for statistical computing. 
R foundation for statistical computing. https://www.R-proje​ct.org/

Tebbett, S. B., Morais, J., & Bellwood, D. R. (2022). Spatial patchiness in 
change, recruitment, and recovery on coral reefs at Lizard Island 
following consecutive bleaching events. Marine Environmental 
Research, 173(November 2021), 105537. https://doi.org/10.1016/j.
maren​vres.2021.105537

Thomas, L., & Palumbi, S. R. (2017). The genomics of recovery from coral 
bleaching. Proceedings of the Royal Society B: Biological Sciences, 
284(1865), 20171790.

Van Woesik, R., & Randall, C. J. (2017). Coral disease hotspots in the 
Caribbean. Ecosphere, 8(5), 1–10. https://doi.org/10.1002/ecs2.1814

Vega Thurber, R., Burkepile, D. E., Fuchs, C., Shantz, A. A., Mcminds, R., & 
Zaneveld, J. R. (2014). Chronic nutrient enrichment increases prev-
alence and severity of coral disease and bleaching. Global Change 
Biology, 20(2), 544–554. https://doi.org/10.1111/gcb.12450

Vercelloni, J., Caley, M. J., & Mengersen, K. (2017). Crown-of-thorns star-
fish undermine the resilience of coral populations on the great bar-
rier reef. Global Ecology and Biogeography, 26(7), 846–853. https://
doi.org/10.1111/geb.12590

Vercelloni, J., Liquet, B., Kennedy, E. V., González-Rivero, M., Caley, M. J., 
Peterson, E. E., Puotinen, M., Hoegh-Guldberg, O., & Mengersen, K. 
(2020). Forecasting intensifying disturbance effects on coral reefs. 
Global Change Biology, 26(5), 2785–2797. https://doi.org/10.1111/
gcb.15059

Wang, G., Wu, L., Mei, W., & Xie, S. P. (2022). Ocean currents show global 
intensification of weak tropical cyclones. Nature, 611(7936), 496–
500. https://doi.org/10.1038/s4158​6-022-05326​-4

Weil, E. (2004). Coral reef diseases in the wider Caribbean. Coral Health 
and Disease, 35–68.

Wilkinson, C. R. (1999). Global and local threats to coral reef function-
ing and existence: Review and predictions. Marine and Freshwater 
Research, 50(8), 867–878. https://doi.org/10.1071/MF99121

Williams, G. J., Graham, N. A. J., Jouffray, J. B., Norström, A. V., Nyström, 
M., Gove, J. M., Heenan, A., & Wedding, L. M. (2019). Coral reef 
ecology in the Anthropocene. Functional Ecology, 33(6), 1014–1022. 
https://doi.org/10.1111/1365-2435.13290

Woodhead, A. J., Hicks, C. C., Norström, A. V., Williams, G. J., & Graham, 
N. A. J. (2019). Coral reef ecosystem services in the Anthropocene. 
Functional Ecology, 33(6), 1023–1034. https://doi.org/10.1111/136
5-2435.13331

DATA S O U RC E S
Adjeroud, M., Augustin, D., Galzin, R., & Salvat, B. (2002). Natural disturbances and 

interannual variability of coral reef communities on the outer slope of Tiahura 
(Moorea, French Polynesia): 1991 to 1997. Marine Ecology Progress Series, 237, 
121–131.

Adjeroud, M., Gilbert, A., Facon, M., Foglia, M., Moreton, B., & Heintz, T. (2016). 
Localised and limited impact of a dredging operation on coral cover in the 
northwestern lagoon of New Caledonia. Marine Pollution Bulletin, 105(1), 
208–214.

Adjeroud, M., Michonneau, F., Edmunds, P. J., Chancerelle, Y., Lison de Loma, 
T., Penin, L., Thibaut, L., Vidal-Dupiol, J., Salvat, B., & Galzinet, R. (2009). 
Recurrent disturbances, recovery trajectories, and resilience of coral assem-
blages on a South Central Pacific reef. Coral Reefs, 28, 775–778.

Alhababy, A. M. Y. (2006). An assessment of grounding, anchoring and fishing methods 
on coral reef structures and reef fish near Kamaran and Uqban Seghir Islands, west 
coast of Yemen, Red Sea (Doctoral dissertation).

Anticamara, J. A., & Go, K. T. B. (2017). Impacts of super-typhoon Yolanda on 
Philippine reefs and communities. Regional Environmental Change, 17(3), 
703–713.

Arceo, H. O., Quibilan, M. C., Aliño, P. M., Lim, G., & Licuanan, W. Y. (2001). Coral 
bleaching in Philippine reefs: Coincident evidences with mesoscale thermal 
anomalies. Bulletin of Marine Science, 69(2), 579–593.

Aronson, R. B. W. F., Precht, W., Toscano, M., & Koltes, K. H. (2002). The 1998 
bleaching event and its aftermath on a coral reef in Belize. Marine Biology, 
141(3), 435–447.

Aronson, R. B., Precht, W. F., Macintyre, I. G., & Toth, L. T. (2012). Catastrophe and 
the life span of coral reefs. Ecology, 93(2), 303–313.

Ayling, A. M., & Ayling, A. L. (1998). The effect of the Daintree River flood plume on 
Snapper Island coral reefs. Great Barrier Reef Marine Park Authority.

Bachok, Z., Safuan, C. D. M., Roseli, N. H., & Akhir, M. F. (2020). Quantitative 
dataset of shallow water reef in Pulau Bidong, Southern of South China sea 
during pre and post of tropical storm (Pabuk-January 2019). Data in Brief, 
32, 106182.

Baird, A. H., Álvarez-Noriega, M., Cumbo, V. R., Connolly, S. R., Dornelas, M., & 
Madin, J. S. (2018). Effects of tropical storms on the demography of reef corals. 
Marine Ecology Progress Series, 606, 29–38.

Bartlett, L., Brinkhuis, V., Ruzicka, R., Colella, M., Lunz, K., Leone, E. & Hallock, 
P. (2018). Dynamics of stony coral and octocoral juvenile assemblages following 
disturbance on patch reefs of the Florida reef tract. https://doi.org/10.5772/intec​
hopen.71606.

Bauman, A. G., Burt, J. A., Feary, D. A., Marquis, E., & Usseglio, P. (2010). Tropical 
harmful algal blooms: An emerging threat to coral reef communities? Marine 
Pollution Bulletin, 60(11), 2117–2122.

Bégin, C., Schelten, C. K., Nugues, M. M., Hawkins, J., Roberts, C., & Côté, I. M. 
(2016). Effects of protection and sediment stress on coral reefs in Saint Lucia. 
PLoS ONE, 11(2), e0146855. https://doi.org/10.1371/journ​al.pone.0146855

Booth, D., & Beretta, G. (2002). Changes in a fish assemblage after a coral bleaching 
event. Marine Ecology Progress Series, 245, 205–212.

Brandt, M. E., Ruttenberg, B. I., Waara, R., Miller, J., Witcher, B., Estep, A. J., & 
Patterson, M. (2012). Dynamics of an acute coral disease outbreak associated 
with the macroalgae Dictyota spp. in Dry tortugas national park, Florida, USA. 
Bulletin of Marine Science, 88(4), 1035–1050.

Brown, B. E., & Phongsuwan, N. (2004). Constancy and change on shallow reefs 
around Laem Pan Wa, Phuket, Thailand over a twenty year period. Phuket 
Marine Biological Center Research Bulletin, 65, 61–73.

Brown, B. E., Dunne, R. P., Somerfield, P. J., Edwards, A. J., Simons, W. J. F., 
Phongsuwan, N., & Naeije, M. C. (2019). Long-term impacts of rising sea tem-
perature and sea level on shallow water coral communities over a~ 40 year pe-
riod. Scientific Reports, 9(1), 1–12.

Brown, B., Le Tissier, M., Scoffin, T., & Tudhope, A. (1990). Evaluation of the envi-
ronmental impact of dredging on intertidal coral reefs at Ko Phuket, Thailand, 
using ecological and physiological parameters. Marine Ecology Progress Series, 
65(3), 273–281. Retrieved February 3, 2021, from http://www.jstor.org/stabl​
e/24844801

Brown, E., Lee, S. J., Tice, K., & McKenna, S. A. (2014). Kalaupapa National Historical 
Park. Benthic marine community monitoring trend report for 2006-2010: 
Pacific Island Network. Natural Resource Technical Report NPS/KALA/
NRTR—2014/913. National Park Service, Fort Collins, Colorado.

Carriquiry, J. D., Cupul-Magaña, A. L., Rodríguez-Zaragoza, F., & Medina-Rosas, P. 
(2001). Coral bleaching and mortality in the Mexican Pacific during the 1997–
98 El Niño and prediction from a remote sensing approach. Bulletin of Marine 
Science, 69(1), 237–249.

Ceccarelli, D. M., Evans, R. D., Logan, M., Mantel, P., Puotinen, M., Petus, C., & 
Williamson, D. H. (2020). Long-term dynamics and drivers of coral and mac-
roalgal cover on inshore reefs of the Great Barrier Reef Marine Park. Ecological 
Applications, 30(1), e02008.

Chak, S. T., Dumont, C. P., Adzis, K. A. A., & Yewdall, K. (2018). Effectiveness of 
the removal of coral-eating predator Acanthaster planci in Pulau Tioman 

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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://gcrmn.net/2020-report/
https://gcrmn.net/2020-report/
https://doi.org/10.1016/j.marpolbul.2019.04.066
https://doi.org/10.3389/fmars.2019.00265
https://doi.org/10.1111/ele.12474
https://www.r-project.org/
https://doi.org/10.1016/j.marenvres.2021.105537
https://doi.org/10.1016/j.marenvres.2021.105537
https://doi.org/10.1002/ecs2.1814
https://doi.org/10.1111/gcb.12450
https://doi.org/10.1111/geb.12590
https://doi.org/10.1111/geb.12590
https://doi.org/10.1111/gcb.15059
https://doi.org/10.1111/gcb.15059
https://doi.org/10.1038/s41586-022-05326-4
https://doi.org/10.1071/MF99121
https://doi.org/10.1111/1365-2435.13290
https://doi.org/10.1111/1365-2435.13331
https://doi.org/10.1111/1365-2435.13331
https://doi.org/10.5772/intechopen.71606
https://doi.org/10.5772/intechopen.71606
https://doi.org/10.1371/journal.pone.0146855
http://www.jstor.org/stable/24844801
http://www.jstor.org/stable/24844801


    |  3301GONZÁLEZ-­BARRIOS et al.

Marine Park, Malaysia. Journal of the Marine Biological Association of the United 
Kingdom, 98(1), 183–189.

Cheheltani, N. (2011). Impact of marina construction on scleractinian corals in 
Kampung Tekek. Tioman Island.

Coles, S. L., & Brown, E. K. (2007). Twenty-five years of change in coral coverage 
on a hurricane impacted reef in Hawai 'i: The importance of recruitment. Coral 
Reefs, 26(3), 705–717.

Cortés, J., Fonseca, A. C., Nivia-Ruiz, J., Nielsen-Muñoz, V., Samper-Villarreal, J., 
Salas, E., & Zamora-Trejos, P. (2010). Monitoring coral reefs, seagrasses and 
mangroves in Costa Rica (CARICOMP). Revista de Biología Tropical, 58, 1–22.

Couch, C. S., Burns, J. H., Liu, G., Steward, K., Gutlay, T. N., Kenyon, J., & Kosaki, 
R. K. (2017). Mass coral bleaching due to unprecedented marine heatwave in 
Papahānaumokuākea Marine National Monument (Northwestern Hawaiian 
Islands). PloS ONE, 12(9), e0185121.

Crabbe, M. J. (2010). Coral ecosystem resilience, conservation and management on 
the reefs of Jamaica in the face of anthropogenic activities and climate change. 
Diversity, 2010(2), 881–896. https://doi.org/10.3390/d2060881

Crabbe, M. J. C. (2016). Comparison of Two Reef Sites on the North Coast of 
Jamaica over a 15-year period. American Journal of Climate Change, 5, 2–7.

Creary, M., Smith, L. J., & Green, S. (2014). The results of long term coral reef moni-
toring at three locations in Jamaica: Monkey Island, “Gorgo City” and Southeast 
Cay. Revista de Biología Tropical, 62(Suppl. 3), 65–73.

Darling, E. S., McClanahan, T. R., & Côté, I. M. (2010). Combined effects of two 
stressors on Kenyan coral reefs are additive or antagonistic, not synergistic. 
Conservation Letters, 3(2), 122–130.

De Bakker, D. M., Meesters, E. H., Bak, R. P. M., Nieuwland, G., & Van Duyl, F. 
C. (2016). Long-term shifts in coral communities on shallow to deep reef 
slopes of Curaçao and Bonaire: Are there any winners? Frontiers in Marine 
Science, 3, 247.

Done, T., Turak, E., Wakeford, M., DeVantier, L., McDonald, A., & Fisk, D. (2007). 
Decadal changes in turbid-water coral communities at Pandora Reef: Loss of 
resilience or too soon to tell? Coral Reefs, 26(4), 789–805.

Edward, J. P., Mathews, G., Raj, K. D., Laju, R. L., Bharath, M. S., Arasamuthu, A., & 
Malleshappa, H. (2018). Coral mortality in the Gulf of Mannar, southeastern 
India, due to bleaching caused by elevated sea temperature in 2016. Current 
Science, 114(9), 1967.

Emslie, M. J., Cheal, A. J., & Johns, K. A. (2014). Retention of habitat complexity 
minimizes disassembly of reef fish communities following disturbance: A large-
scale natural experiment. PLoS One, 9(8), e105384.

Estrada-Saldívar, N., Quiroga-García, B. A., Pérez-Cervantes, E., Rivera-Garibay, 
O. O., & Alvarez-Filip, L. (2021). Effects of the stony coral tissue loss disease 
outbreak on coral communities and the benthic composition of cozumel reefs. 
Frontiers in Marine Science, 8, 632777.

Forrester, G. E., Flynn, R. L., Forrester, L. M., & Jarecki, L. L. (2015). Episodic dis-
turbance from boat anchoring is a major contributor to, but does not alter the 
trajectory of, long-term coral reef decline. PLoS ONE, 10(12), e0144498.

Foster, K. A., Foster, G., Tourenq, C., & Shuriqi, M. K. (2011). Shifts in coral commu-
nity structures following cyclone and red tide disturbances within the Gulf of 
Oman (United Arab Emirates). Marine Biology, 158, 955–968.

Francini-Filho, R. B., Moura, R. L., Thompson, F. L., Reis, R. M., Kaufman, L., Kikuchi, 
R. K., & Leão, Z. M. (2008). Diseases leading to accelerated decline of reef cor-
als in the largest South Atlantic reef complex (Abrolhos Bank, eastern Brazil). 
Marine Pollution Bulletin, 56(5), 1008–1014.

Galzin, R., Lecchini, D., Lison de Loma, T., Moritz, C., Parravicini, V., & Siu, G. (2016). 
Long term monitoring of coral and fish assemblages (1983–2014) in Tiahura 
reefs, Moorea, French Polynesia. Cybium, 40, 31–41.

Gilmour, J. P., Smith, L. D., Heyward, A. J., Baird, A. H., & Pratchett, M. S. (2013). 
Recovery of an isolated coral reef system following severe disturbance. 
Science, 340(6128), 69–71.

Graham, N. A., Chong-Seng, K. M., Huchery, C., Januchowski-Hartley, F. A., & Nash, 
K. L. (2014). Coral reef community composition in the context of disturbance 
history on the Great Barrier Reef, Australia. PloS ONE, 9(7), e101204.

Graham, N., Jennings, S., MacNeil, M. A., Mouillot, D., & Wilson, S. K. (2015). 
Predicting climate-driven regime shifts versus rebound potential in coral reefs. 
Nature, 518, 94–97.

Guest, J. R., Edmunds, P. J., Gates, R. D., Kuffner, I. B., Andersson, A. J., Barnes, B. 
B., & Lenz, E. A. (2018). A framework for identifying and characterizing coral 
reef “oases” against a backdrop of degradation. Journal of Applied Ecology, 55(6), 
2865–2875.

Guillemot, N., Chabanet, P., & Le Pape, O. (2010). Cyclone effects on coral reef hab-
itats in New Caledonia (South Pacific). Coral Reefs, 29(2), 445–453.

Guzmán, H. M., & Cortés, J. (2001). Changes in reef community structure after fif-
teen years of natural disturbances in the eastern Pacific (Costa Rica). Bulletin of 
Marine Science, 69(1), 133–149.

Guzmán, H. M., Cortés, J., Glynn, P. W., & Richmond, R. H. (1990). Coral mortality 
associated with dinoflagellate blooms in the eastern Pacific (Costa Rica and 
Panama). Marine Ecology Progress Series, 299–303.

Guzmán, H. M., Jackson, J. B., & Weil, E. (1991). Short-term ecological consequences 
of a major oil spill on Panamanian subtidal reef corals. Coral Reefs, 10(1), 1–12.

Haapkylä, J., Melbourne-Thomas, J., Flavell, M., & Willis, B. L. (2013). Disease out-
breaks, bleaching and a cyclone drive changes in coral assemblages on an in-
shore reef of the Great Barrier Reef. Coral Reefs, 32(3), 815–824.

Haapkylä, J., Unsworth, R. K., Seymour, A. S., Melbourne-Thomas, J., Flavell, M., 
Willis, B. L., & Smith, D. J. (2009). Spatio-temporal coral disease dynamics in 
the Wakatobi Marine National Park, south-east Sulawesi, Indonesia. Diseases 
of Aquatic Organisms, 87(1-2), 105–115.

Haapkylae, J., Melbourne-Thomas, J., & Flavell, M. (2015). The association between 
coral communities and disease assemblages in the Wakatobi Marine National 
Park, south-eastern Sulawesi, Indonesia. Marine and Freshwater Research, 
66(10), 948–955.

Hamylton, S. M. M., & Mallela, J. (2019). Reef development on a remote coral atoll 
before and after coral bleaching: A geospatial assessment. Marine Geology. 
https://doi.org/10.1016/j.margeo.2019.106041

Haywood, M. D. E., Dennis, D., Thomson, D. P., & Pillans, R. D. (2016). Mine waste 
disposal leads to lower coral cover, reduced species richness and a predom-
inance of simple coral growth forms on a fringing coral reef in Papua New 
Guinea. Marine Environmental Research, 115, 36–48.

Hongo, C., & Yamano, H. (2013). Species-specific responses of corals to bleach-
ing events on anthropogenically turbid reefs on Okinawa Island, Japan, over a 
15-year period (1995–2009). PLoS ONE, 8(4), e60952. https://doi.org/10.1371/
journ​al.pone.0060952

Huang, H., Yang, Y., Li, X., Yang, J., Lian, J., Xinming, L., Wang, D., & Zhang, J. (2014). 
Benthic community changes following the 2010 Hainan flood: Implications for 
reef resilience. Marine Biology Research, 10(6), 601–611.

Jameson, S. C. M. S., Ammar, A., Saadalla, E., Mostafa, H. M., & Riegl, B. (2007). 
A quantitative ecological assessment of diving sites in the Egyptian Red sea 
during a period of severe anchor damage: A baseline for restoration and sus-
tainable tourism management. Journal of Sustainable Tourism, 15(3), 309–323.

Jokiel, P. L., Hunter, C. L., Taguchi, S., & Watarai, L. (1993). Ecological impact of 
a fresh-water “reef kill” in Kaneohe Bay, Oahu, Hawaii. Coral Reefs, 12(3-4), 
177–184.

Jones, A. M., & Berkelmans, R. (2014). Flood impacts in Keppel Bay, southern Great 
Barrier Reef in the aftermath of cyclonic rainfall. PLoS One, 9(1), e84739.

García-Sais, J. R., Castro, R., Sabater-Clavell, J., Esteves, R., Williams, S., & Carlo, 
M. (2009). Monitoring of coral reef communities from natural reserves in Puerto 
Rico: Isla Desecheo, Isla de Mona, Rincon, Guanica, Ponce, Caja de muerto and 
Mayaguez, 2008–2009. NOAA.

Keshavmurthy, S., Kuo, C. Y., Huang, Y. Y., Carballo-Bolaños, R., Meng, P. J., Wang, 
J. T., & Chen, C. A. (2019). Coral reef resilience in Taiwan: Lessons from long-
term ecological research on the coral reefs of Kenting National Park (Taiwan). 
Journal of Marine Science and Engineering, 7(11), 388.

Koester, A., Migani, V., Bunbury, N., Ford, A., Sanchez, C., & Wild, C. (2020). Early 
trajectories of benthic coral reef communities following the 2015/16 coral 
bleaching event at remote Aldabra Atoll, Seychelles. Scientific Reports, 10(1), 
1–14.

Kulkarni, S., Patankar, V., & D'Souza, E. (2008). Status of earthquake and tsu-
nami affected coral reefs in the Andaman and Nicobar Island, India. In D. O. 
Obura, J. Tamelander, & O. Linden (Eds.), Ten years after bleachin–facing the 
consequences of climate change in the Indian Ocean (pp. 173–184). CORDIO 
Status Report.

Kumaraguru, A. K., Jayakumar, K., Jerald Wilson, J., & Ramakritinan, C. M. (2005). 
Impact of the tsunami of 26 December 2004 on the coral reef environment of 
Gulf of Mannar and Palk Bay in the southeast coast of India. Current Science, 
89(10), 1729–1741.

Kuo, C. Y., Yuen, Y. S., Meng, P. J., Ho, P. H., Wang, J. T., Liu, P. J., & Chen, C. A. 
(2012). Recurrent disturbances and the degradation of hard coral communities 
in Taiwan. PLoS ONE, 7(8), e44364.

Lam, V. Y. Y., Chaloupka, M., Thompson, A., Doropoulos, C., & Mumby, P. J. 
(2018). Acute drivers influence recent inshore Great Barrier Reef dynamics. 
Proceedings of the Royal Society B, 285, 20182063. https://doi.org/10.1098/
rspb.2018.2063

Lamy, T., Galzin, R., Kulbicki, M., De Loma, T. L., & Claudet, J. (2016). Three decades 
of recurrent declines and recoveries in corals belie ongoing change in fish as-
semblages. Coral Reefs, 35(1), 293–302.

Lane, D. J. (2012). Acanthaster planci impact on coral communities at permanent 
transect sites on Bruneian reefs, with a regional overview and a critique on out-
break causes. Journal of the Marine Biological Association of the United Kingdom, 
92(4), 803.

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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/10.3390/d2060881
https://doi.org/10.1016/j.margeo.2019.106041
https://doi.org/10.1371/journal.pone.0060952
https://doi.org/10.1371/journal.pone.0060952
https://doi.org/10.1098/rspb.2018.2063
https://doi.org/10.1098/rspb.2018.2063


3302  |    GONZÁLEZ-­BARRIOS et al.

Lange, I. D., & Perry, C. T. (2019). Bleaching impacts on carbonate production in the 
Chagos Archipelago: Influence of functional coral groups on carbonate budget 
trajectories. Coral Reefs, 38(4), 619–624.

Ledlie, M. H., Graham, N. A. J., Bythell, J. C., Wilson, S. K., Jennings, S., Polunin, 
N. V. C., & Hardcastle, J. (2007). Phase shifts and the role of herbivory in the 
resilience of coral reefs. Coral Reefs, 26, 641–653.

Li, X., Huang, H., Lian, J., Yang, J., Ye, C., Chen, Y., & Huang, L. (2013). Coral com-
munity changes in response to a high sedimentation event: A case study in 
southern Hainan Island. Chinese Science Bulletin, 58(9), 1028–1037.

Loya, Y. (2004). The coral reefs of Eilat—past, present and future: Three decades 
of coral community structure studies. In Coral health and disease (pp. 1–34). 
Springer.

Lozano-Montes, H. M., Keesing, J. K., Grol, M. G., Haywood, M. D., Vanderklift, 
M. A., Babcock, R. C., & Bancroft, K. (2017). Limited effects of an extreme 
flood event on corals at Ningaloo Reef. Estuarine, Coastal and Shelf Science, 191, 
234–238.

Madin, J. S., Baird, A. H., Bridge, T. C., Connolly, S. R., Zawada, K. J., & Dornelas, 
M. (2018). Cumulative effects of cyclones and bleaching on coral cover 
and species richness at Lizard Island. Marine Ecology Progress Series, 604, 
263–268.

Pereira, M. A., & Gonçalves, P. M. (2004). Effects of the 2000 southern Mozambique 
floods on a marginal coral community: The case the case at Xai-Xai. African 
Journal of Aquatic Science, 29(1), 113–116.

McAdoo, B. G., Ah-Leong, J. S., Bell, L., Ifopo, P., Ward, J., Lovell, E., & Skelton, P. 
(2011). Coral reefs as buffers during the 2009 South Pacific tsunami, Upolu 
Island, Samoa. Earth-Science Reviews, 107(1-2), 147–155.

McClanahan, T. R., Maina, J., Starger, C. J., Herron-Perez, P., & Dusek, E. (2005). 
Detriments to post-bleaching recovery of corals. Coral Reefs, 24, 230–246.

Miller, J., Rogers, C., & Waara, R. (2003). Monitoring the coral disease, plague type 
II, on coral reefs in St. John, US Virgin Islands. Revista de Biologia Tropical, 51(4), 
47–55.

Mohammed, S. M., Muhando, C. A., & Machano, H. A. J. I. (2002). Coral reef deg-
radation in Tanzania: Results of Monitoring 1999–2002. In O. Linde, D. Souter, 
D. Wilhelmsson, & D. Obura (Eds.), Coral Reef Degradation in the Indian Ocean. 
Status Report 2002 (pp. 21–30).

Montefalcone, M., Morri, C., & Bianchi, C. N. (2020). Influence of local pressures on 
maldivian coral reef resilience following repeated bleaching events, and recov-
ery perspectives. Frontiers in Marine Science, 7, 587. https://doi.org/10.3389/
fmars.2020.00587

Morri, C., Montefalcone, M., Lasagna, R., Gatti, G., Rovere, A., Parravicini, V., & 
Bianchi, C. N. (2015). Through bleaching and tsunami: Coral reef recovery in 
the Maldives. Marine Pollution Bulletin, 98(1-2), 188–200.

Motta, H. E. L. E. N. A., Pereira, M. A., & Schleyer, M. H. (2002). Coral reef degrada-
tion in Mozambique, results of the monitoring 1999-2000. Coral Reef Degradation 
in the Indian Ocean. Status Report.

Muhando, C. A. (2009). Coral reef monitoring in Tanzania: An analysis of the last 
20 years. Western Indian Ocean Journal of Marine Science, 8(2).

Muko, S., & Nadaoka, K. (2020). Ecological disturbances and their relative impacts 
on coral cover: Analysis of monitoring data in Sekisei Lagoon (Okinawa, Japan). 
Bulletin of Marine Science, 96(1), 195–216.

Nañola, C. L., Jr. (2013). Spatio-temporal distribution and abundance of crown-
of-thorns starfish (Acanthaster planci L.) in three marine protected areas 
(MPAs) around the Island Garden City of Samal, Philippines. BANWA, 10(1), 
33–49.

Norström, A. V., Nyström, M., Lokrantz, J., & Folke, C. (2009). Alternative states 
on coral reefs: Beyond coral–macroalgal phase shifts. Marine Ecology Progress 
Series, 376, 295–306.

Obura, D. (2002). Status of coral reefs in Eastern Africa: Kenya, Tanzania, 
Mozambique and South Africa. In O. Lindén, D. Souter, D. Wilhelmsson, & D. 
Obura (Eds.), Coral reef degradation in the Indian ocean (p. 47).

Obura, D. A. V. I. D. (2002). Status of coral reefs in Kiunga Marine reserve, Kenya. In 
O. Lindén, D. Souter, D. Wilhelmsson, & D. Obura (Eds.), Coral reef degradation 
in the Indian ocean (p. 47).

Obura, D., & Mangubhai, S. (2011). Coral mortality associated with thermal fluctua-
tions in the Phoenix Islands, 2002–2005. Coral Reefs, 30(3), 607–619.

Osborne, K., Dolman, A. M., Burgess, S. C., & Johns, K. A. (2011). Disturbance and 
the dynamics of coral cover on the Great Barrier Reef (1995–2009). PloS One, 
6(3), e17516.

Ostrander, G., Armstrong, K., Knobbe, E., Gerace, D., & Scully, E. (2000). Rapid tran-
sition in the structure of a coral reef community: The effect of coral bleaching 
and physical disturbance. Proceedings of the National Academy of Sciences of the 
United States of America, 97, 5297–5302. https://doi.org/10.1073/pnas.09010​
4897

Pancrazi, I., Ahmed, H., Cerrano, C., & Montefalcone, M. (2020). Synergic effect 
of global thermal anomalies and local dredging activities on coral reefs of the 
Maldives. Marine Pollution Bulletin, 160, 111585.

Pante, E., King, A., & Dustan, P. (2008). Short-term decline of a Bahamian patch 
reef coral community: Rainbow Gardens Reef 1991–2004. Hydrobiologia, 596, 
121–132.

Pengsakun, S., Yeemin, T., Sutthacheep, M., Samsuvan, W., Klinthong, W., & 
Chamchoy, C. (2019). Monitoring of coral communities in the inner Gulf of 
Thailand influenced by the elevated seawater temperature and flooding. Acta 
Oceanologica Sinica, 38(1), 102–111.

Pérez-Cervantes, E., Pardo-Urrutia, F.; Alvarez-Filip, Lorenzo; Secaira, F., Ruiz, C. 
Y., & Álvarez, M. 2020. Daños causados por huracanes a los arrecifes de coral 
en el Caribe y su correlación con las características de los huracanes y los ar-
recifes. Iniciativa Mesoamericana de Rescate de Arrecifes—MAR Fund, UNAM and 
The Nature Conservancy.

Perry, C. T. (2003). Reef development at Inhaca Island, Mozambique: Coral commu-
nities and impacts of the 1999/2000 southern African floods. AMBIO: A Journal 
of the Human Environment, 32(2), 134–139.

Phongsuwan, N., & Brown, B. E. (2007). The influence of the Indian Ocean tsunami 
on coral reefs of western Thailand, Andaman Sea, Indian Ocean. Atoll Research 
Bulletin, 544, 79–91.

Phongsuwan, N., & Chansang, H. (2012). Repeated coral bleaching in the Andaman 
Sea, Thailand, during the last two decades. Phuket Marine Biological Center 
Research Bulletin, 71, 19–41.

Phongsuwan, N., Chankong, A., Yamarunpatthana, C., Chansang, H., Boonprakob, 
R., Petchkumnerd, P., & Bundit, O. A. (2013). Status and changing patterns on 
coral reefs in Thailand during the last two decades. Deep sea research part II: 
Topical Studies in Oceanography, 96, 19–24.

Pratchett, M. S. (2010). Changes in coral assemblages during an outbreak of 
Acanthaster planci at Lizard Island, northern Great Barrier Reef (1995–1999). 
Coral Reefs, 29(3), 717–725.

Pratchett, M. S., Baird, A. H., McCowan, D. M., Coker, D. J., Cole, A. J., & Wilson, S. K. 
(2009). Protracted declines in coral cover and fish abundance following climate-
induced coral bleaching on the Great Barrier Reef. In B. Riegl (Ed.), Proceedings of 
the 11th International Coral Reef Symposium (pp. 1042-1046). Ft Lauderdale.

Pratchett, M. S., Schenk, T. J., Baine, M., Syms, C., & Baird, A. H. (2009). Selective 
coral mortality associated with outbreaks of Acanthaster planci L. in Bootless 
Bay, Papua New Guinea. Marine Environmental Research, 67(4–5), 230–236.

Pratchett, M. S., Trapon, M., Berumen, M. L., & Chong-Seng, K. (2011). Recent dis-
turbances augment community shifts in coral assemblages in Moorea, French 
Polynesia. Coral Reefs, 30, 183–193.

Quod, J. P., Dahalani, Y., Bigot, L., Nicet, J. B., Ahamada, S., & Maharavo, J. (2002). 
Status of coral reefs at Réunion, Mayotte and Madagascar. In O. Lindén, D. 
Souter, D. Wilhelmsson, & D. Obura (Eds.), Coral Reef Degradation in the Indian 
Ocean (p. 185).

Rajasuriya, A. (2005). The status of coral reefs in Sri Lanka in the aftermath. In 
D. Souter & O. Lindén (Eds.), Coral Reef Degradation in the Indian Ocean Status 
Report 2005 (p. 83).

Ridgway, T., Inostroza, K., Synnot, L., Trapon, M., Twomey, L., & Westera, M. (2016). 
Temporal patterns of coral cover in the offshore Pilbara, Western Australia. 
Marine Biology, 163(9), 182.

Riegl, B. (2001). Degradation of reef structure, coral and fish communities in the 
Red Sea by ship groundings and dynamite fisheries. Bulletin of Marine Science, 
69(2), 595–611.

Riyas, C. A., Idreesbabu, K. K., Marimuthu, N., & Sureshkumar, S. (2020). Impact 
of the tropical cyclone Ockhi on ecological and geomorphological structures 
of the small low-lying Islands in the Central Indian Ocean. Regional Studies in 
Marine Science, 33, 100963.

Roff, G., Chollett, I., Doropoulos, C., Golbuu, Y., Steneck, R. S., Isechal, A. L., & 
Mumby, P. J. (2015). Exposure-driven macroalgal phase shift following cata-
strophic disturbance on coral reefs. Coral Reefs, 34(3), 715–725.

Rogers, C., & Miller, J. (2001). Coral bleaching, hurricane damage, and benthic cover 
on coral reefs in St. John, U.S. Virgin Islands: A comparison of surveys with the 
chain transect method and videography. Bulletin of Marine Science, 69, 459–470.

Rogers, S. C., & Miller, J. (2006). Permanent ‘phase shifts’ or reversible declines in 
coral cover? Lack of recovery of two coral reefs in St. John, US Virgin Islands. 
Marine Ecology Progress Series, 306, 103–114.

Rongo, T., & van Woesik, R. (2013). The effects of natural disturbances, reef state, 
and herbivorous fish densities on ciguatera poisoning in Rarotonga, southern 
Cook Islands. Toxicon, 64, 87–95.

Satapoomin, U., Phongsuwan, N., & Brown, B. E. (2006). A preliminary synopsis of 
the effects of the Indian Ocean tsunami on the coral reefs of western Thailand. 
Phuket marine Biological Center Research Bulletin, 67, 77–80.

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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/10.3389/fmars.2020.00587
https://doi.org/10.3389/fmars.2020.00587
https://doi.org/10.1073/pnas.090104897
https://doi.org/10.1073/pnas.090104897


    |  3303GONZÁLEZ-­BARRIOS et al.

Sato, Y., Bell, S. C., Nichols, C., Fry, K., Menéndez, P., & Bourne, D. G. (2018). Early-
phase dynamics in coral recovery following cyclone disturbance on the inshore 
Great Barrier Reef, Australia. Coral Reefs, 37(2), 431–443.

Schleyer, M. H., Kruger, A., & Celliers, L. (2008). Long-term community changes on 
a high-latitude coral reef in the Greater St Lucia Wetland Park, South Africa. 
Marine Pollution Bulletin, 56(3), 493–502.

Sheppard, C., Al-Husiani, M., Al-Jamali, F., Al-Yamani, F., Baldwin, R., Bishop, J., & 
Zainal, K. (2012). Environmental concerns for the future of Gulf coral reefs. In 
Coral reefs of the gulf (pp. 349–373). Springer.

Sheppard, C. R. C., Spalding, M., Bradshaw, C., & Wilson, S. (2002). Erosion vs. re-
covery of coral reefs after 1998 El Niño: Chagos Reefs, Indian Ocean. AMBIO: 
A Journal of the Human Environment, 31(1), 40–48.

Spalding, M., Fox, H. E., Allen, G. R., Davidson, N., Ferdaña, Z. A., Finlayson, M., 
Halpern, B. S., Jorge, M. A., Lombana, A., Lourie, S. A., Martin, K. D., McManus, 
E., Molnar, J., Recchia, C. A., & Robertson, J. (2007). Marine ecoregions of the 
world: A bioregionalization of coastal and shelf areas. BioScience, 57(7), 573–
583. https://doi.org/10.1641/B570707

Sukhraj, N. C. (2014). Coral reef recovery and resilience on patch reefs in Kane'ohe 
Bay, O'ahu (Doctoral dissertation, University of Hawai'i at Manoa).

Tavakoli-Kolour, P., Kavousi, J., & Rezai, H. (2015). Outbreak of growth anoma-
lies in coral communities of Qeshm Island, Persian Gulf. International Aquatic 
Research, 7(2), 151–156.

Tebbett, S. B., Morais, J., & Bellwood, D. R. (2022). Spatial patchiness in change, 
recruitment, and recovery on coral reefs at Lizard Island following consecutive 
bleaching events. Marine Environmental Research, 173, 105537.

Thompson, A., Costello, P., & Davidson, J. (2018). Port of Abbot Point Ambient 
Monitoring Program: Report 2017. Report prepared for North Queensland 
Bulk Ports. Australian Institute of Marine Science, Townsville. (39 pp).

Thompson, A., Davidson, J., Uthicke, S., Schaffelke, B., Patel, F., & Sweatman, H. 
(2011). Reef Rescue Marine Monitoring Program. Report of AIMS Activities 
– Inshore coral reef monitoring 2010. Report for Reef and Rainforest Research 
Centre. Australian Institute of Marine Science, Townsville. (123 pp.).

Tilot, V., Leujak, W., Ormond, R. F. G., Ashworth, J. A., & Mabrouk, A. (2008). 
Monitoring of South Sinai coral reefs: Influence of natural and anthropo-
genic factors. Aquatic Conservation: Marine and Freshwater Ecosystems, 18(7), 
1109–1126.

Tkachenko, K. S. (2012). The northernmost coral frontier of the Maldives: The coral 
reefs of Ihavandippolu Atoll under long-term environmental change. Marine 
Environmental Research, 82, 40–48.

Tkachenko, K. S., Huan, N. H., Thanh, N. H., & Britayev, T. A. (2020). Extensive coral 
reef decline in Nha Trang Bay, Vietnam: Acanthaster planci outbreak: The final 
event in a sequence of chronic disturbances. Marine and Freshwater Research.

Torda, G., Sambrook, K., Cross, P., Sato, Y., Bourne, D. G., Lukoschek, V., & Willis, B. 
L. (2018). Decadal erosion of coral assemblages by multiple disturbances in the 
Palm Islands, central Great Barrier Reef. Scientific Reports, 8(1), 1–10.

Victoria-Salazar, I., Hernández-Arana, H. A., Meave, J. A., Ruiz-Zárate, M. A., 
Vega-Zepeda, A., Carricart-Ganivet, J. P., & López-Adame, H. (2017). Did the 
community structure of a coral reef patch affected by a ship grounding re-
cover after 15 years? Merging historical and recent data sets. Ocean & Coastal 
Management, 144, 59–70.

Viyakarn, S. C. V., Sojisuporn, P., Siripong, A., & Menasveta, P. (2008). Patterns 
of coral damage associated with the 2004 Indian Ocean tsunami at Mu Ko 
Similan Marine National Park, Thailand. Journal of Natural History, 42(3–4), 
177–187.

Wakeford, M., Done, T. J., & Johnson, C. R. (2008). Decadal trends in a coral com-
munity and evidence of changed disturbance regime. Coral Reefs, 27(1), 1–13.

Wen, C. K., Bonin, M. C., Harrison, H. B., Williamson, D. H., & Jones, G. P. (2016). 
Dietary shift in juvenile coral trout (Plectropomus maculatus) following coral 
reef degradation from a flood plume disturbance. Coral Reefs, 35(2), 451–455.

Wilkinson, C., Souter, D., & Goldberg, J. (2005). Status of coral reefs in tsunami-
affected countries: 2005. Australian Institute of Marine Science; Global Coral 
Reef Monitoring Network.

Wilson, S. K., Dolman, A. M., Cheal, A.j., Emslie, M. J., Pratchett, M. S., & Sweatman, 
H. P. A. (2009). Maintenance of fish diversity on disturbed coral reefs. Coral 
Reefs, 28, 3–14.

Worachananant, S., Carter, R. W., & Hockings, M. (2007). Impacts of the 2004 tsu-
nami on Surin Marine National Park, Thailand. Coastal Management, 35(2-3), 
399–412.

Yang, H., Yu, K., Zhao, M., Shi, Q., Tao, S., Yan, H., & Liu, G. (2015). Impact on the 
coral reefs at Yongle Atoll, Xisha Islands, South China Sea from a strong ty-
phoon direct sweep: Wutip, September 2013. Journal of Asian Earth Sciences, 
114, 457–466.

Zahir, H., Quinn, N., & Cargilia, N. (2009). Assessment of Maldivian coral reefs in 
2009 after natural disasters. Ministry of Fisheries Agriculture and Marine 
Resources.

Zapata, F. A. (2017). Temporal dynamics of coral and algal cover and their drivers on 
a coral reef of Gorgona Island, Colombia (Eastern Tropical Pacific). Revista de la 
Academia Colombiana de Ciencias Exactas, Físicas y Naturales, 41(160), 306–310.

Zheng, X., Li, Y., Liang, J., Lin, R., & Wang, D. (2020). Performance of ecological res-
toration in an impaired coral reef in the Wuzhizhou Island, Sanya, China. Journal 
of Oceanology and Limnology, 1–13.

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: González-Barrios, F. J., Estrada-
Saldívar, N., Pérez-Cervantes, E., Secaira-Fajardo, F., & 
Álvarez-Filip, L. (2023). Legacy effects of anthropogenic 
disturbances modulate dynamics in the world's coral reefs. 
Global Change Biology, 29, 3285–3303. https://doi.
org/10.1111/gcb.16686

 13652486, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16686 by C

ochrane C
olom

bia, W
iley O

nline L
ibrary on [24/11/2025]. 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/10.1641/B570707
https://doi.org/10.1111/gcb.16686
https://doi.org/10.1111/gcb.16686

	Legacy effects of anthropogenic disturbances modulate dynamics in the world's coral reefs
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Data collection
	2.2|Intensity indicators
	2.3|Data analysis
	2.4|Global effect of disturbances on coral cover
	2.5|Thermal stress and cyclone intensity
	2.6|Cumulative impacts of climate-­driven disturbances and recovery potential

	3|RESULTS
	3.1|Global impacts on coral cover
	3.2|Cumulative impacts of climate-­driven disturbances

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	DATA SOURCES


