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Abstract  Anthropogenic climate change combined with 
the 2023–24 El Niño-Southern Oscillation triggered the 
fourth global bleaching event, affecting coral reefs world-
wide. However, the extent of its impacts on the unique and 
extensive reef environments in the Southwestern Atlantic 

remained unquantified. Here, we report results from the first 
large-scale, standardized bleaching monitoring effort in the 
Southwestern Atlantic, encompassing 18 reef sites across a 
broad latitudinal range (3°-27°S). The intensity and dura-
tion of the thermal stress experienced were evaluated using 
the Degree Heating Week metric, obtained through remote-
sensing data. Bleaching and coral cover loss were monitored 
through photoquadrat surveys conducted before, during, 
and after the event. Our results revealed widespread ther-
mal anomalies that often exceeded 20 °C-weeks and lasted 
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3–5 months. Bleaching incidence reached 96% in Mara-
gogi, 84% in Porto de Galinhas, and > 70% in nearby sites 
on the northern coast (~ 3°–9°S). In contrast, southern sites 
(~ 22°–27°S) such as Alcatrazes Archipelago and Arraial 
do Cabo experienced < 5% bleaching. Coral mortality was 
highest in Maragogi (88%) and São José da Coroa Grande 
(53%), both within the largest nearshore Brazilian marine 
protected area. The species Millepora alcicornis and Mussis-
milia harttii experienced the highest declines, repeating pat-
terns observed during the 2019–20 bleaching event. As key 
providers of structural complexity, their continued degrada-
tion threatens overall biodiversity. These results highlight 
the increasing impacts of global warming in a region that 
is generally neglected in global bleaching assessments, and 
underscore the urgency of sustained, standardized monitor-
ing to track change and support effective climate conserva-
tion efforts across the Southwestern Atlantic.

Keywords  Brazil · Climate change · El Niño · Global 
warming · Marginal · Thermal stress

Introduction

Since the Industrial Revolution, the atmospheric CO2 con-
centration has risen ~ 140 ppm, contributing to an increase 
in Earth’s temperature by 1.4 °C (IPCC 2021). With the 
continuous increase in CO2 and temperature across the 
planet, record-breaking thermal anomalies have been 
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registered in the ocean, making recent years the warm-
est on record (Hoegh-Guldberg et al. 2023; Blunden and 
Boyer 2024; Rodrigues et al. 2025a). As such, many cli-
mate-driven tipping points—when critical thresholds are 
crossed and cause systemic shifts—have been identified in 
marine systems, including the collapse of polar ice sheets, 
the thawing of permafrost, disruptions in thermohaline cir-
culation, and the widespread loss of coral reef ecosystems 
(Barnard et al. 2021; Heinze et al. 2021; Wunderling et al. 
2024). In 2023–24, anthropogenic global warming and the 
warm phase of the most recent El Niño-Southern Oscil-
lation (ENSO) cycle produced multiple marine heatwaves 
across the globe (Cheng et al. 2025). This triggered wide-
spread coral bleaching, a stress response driven by the 
thermally-induced loss of symbiotic dinoflagellates, lead-
ing to energetic deficit and increased risk of mortality for 
the coral hosts (Glynn 1993; Brown 1997; Rädecker et al. 
2021; Helgoe et al. 2024). This latest large-scale bleaching 
event has exacerbated the ongoing global loss of more than 
50% of coral cover over the past four decades (Gardner 
et al. 2003; Dietzel et al. 2020; Tebbett et al. 2023).

As global warming advances, mass coral bleaching epi-
sodes have become more frequent and intense, occurring 
on larger spatial scales and affecting a broader array of 
species (Hughes et al. 2018). Large-scale events, known as 
"Global Bleaching Events" (GBE), affect extensive regions 
of the Atlantic, Pacific, and Indian Oceans and are typically 
associated with the ENSO warm phase (Oliver et al. 2018; 
Skirving et al. 2019). In recent decades, three GBE were 
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documented in 1997–98, 2009–10, and 2014–17 (Hughes 
et al. 2017; 2018; Oliver et al. 2018), alongside numerous 
regional-scale bleaching events in between them (Kleypas 
et al. 2008; Le Nohaïc et al. 2017; Sully et al. 2019). More 
recently, in 2023–24, coral reefs worldwide underwent yet 
another GBE, also associated with the ENSO warm phase 
(Reimer et al. 2024). Although still in its early stages of 
documentation, the fourth GBE has already produced severe 
effects, including the bleaching of 88% of the Great Barrier 
Reef (Cantin et al. 2024) and mass mortality at reef sites 
along the Tropical Eastern Pacific and Caribbean (Goreau 
and Hayes 2024; López-Pérez et al. 2024).

In the South Atlantic Ocean, however, the severity and 
extent of the impacts caused by the fourth GBE remained 
unassessed. Reports of bleaching in the region are lim-
ited, and are frequently overlooked in global comparisons 
(Banha 2025). The reef environments in the South Atlantic 
are primarily located along the Brazilian coast (Southwest-
ern Atlantic) and span approximately 3,000 km in latitude 
(~ 30°). These reefs are separated from the Caribbean by the 
Amazon-Orinoco plume and the northward-flowing North 
Brazil Current, which combine to act as a major biogeo-
graphic filter (Geyer et al. 1996; Floeter et al. 2008; Tosetto 
et al. 2022). The Brazilian continental shelf is under the 
influence of the Brazil and North Brazil currents (Rocha 
et al. 2014), which bring warmer waters that support the 
development of reef environments (Leão and Kikuchi 2001) 
including true coral reefs, coralline algal reefs, sandstone 
reefs, and rocky reefs (Mies et al. 2025a). However, both 
Holocene sea-level regression along the Brazilian coast and 
the discharge of several large rivers onto portions of the 
inner continental shelf are key drivers of elevated turbidity 
and nutrient concentrations (Dominguez 2004; Costa et al. 

2006; Silva et al. 2013; Leão et al. 2016; Santana et al. 2023; 
Mies et al. 2025a). This creates a marginal environment that 
is generally challenging for the development of typical reef 
communities (Leão et al. 2003; Soares et al. 2021; Schoepf 
et al. 2023). Within this unique oceanographic context, a 
robust coral fauna with low diversity and high endemism 
emerged (Leão et al. 2003; 2016; Bleuel et al. 2024), pre-
dominantly composed of massive species with an enhanced 
ability to feed heterotrophically (Mies et al. 2017, 2018, 
2024; Marangoni et al. 2019; Godoy et al. 2021).

Severe bleaching was first documented in the Southwestern 
Atlantic in 1998 during the first GBE, although relevant mor-
tality was documented only in the northernmost portion of the 
Brazilian state of Bahia (Leão et al. 2010; Kelmo and Attrill 
2013). During the second GBE (2009–10), bleaching was 
recorded at only a few locations and coral mortality was gener-
ally minimal (Ferreira et al. 2013; Miranda et al. 2013; Soares 
et al. 2019). The third GBE in 2016 caused extensive bleaching 
but still relatively low mortality (Teixeira et al. 2019). How-
ever, the 2019–20 regional-scale heatwave marked the most 
intense and prolonged bleaching event ever documented in 
the Southwestern Atlantic, with thermal anomalies exceeding 
20 °C-weeks and persisting for almost five months (Banha 
et al. 2020; Ferreira et al. 2021; Gaspar et al. 2021; Braz 
et al. 2022; Pereira et al. 2022; Rodrigues et al. 2025b). Such 
anomalies caused extensive coral mortality, especially for the 
endemic and threatened scleractinian coral Mussismilia hart-
tii, as well as for the hydrocorals Millepora braziliensis (also 
endemic) and Millepora alcicornis, the only branching spe-
cies found in the South Atlantic (Duarte et al. 2020; Ferreira 
et al. 2021; Pereira et al. 2022; Corazza et al. 2024). Therefore, 
bleaching severity and associated mortality are clearly rising 
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in Southwestern Atlantic reefs due to the increasing thermal 
stress in the last decades (Destri et al. 2025).

Despite the escalating impacts of global warming on 
Southwestern Atlantic reefs, no organized, standardized, and 
large-scale monitoring effort was conducted during any of 
the previous bleaching events. Thus, within the context of 
the 2023–24 ENSO, we performed a coordinated effort to 
document (i) the intensity and duration of thermal stress, (ii) 
bleaching incidence, and (iii) coral mortality during the fourth 
GBE across a broad latitudinal range (3° to 27° S) encompass-
ing nearly the entire tropical Southwestern Atlantic.

Materials and methods

In response to the growing impacts of global warming on 
Southwestern Atlantic reefs, the Integrated National Pro-
gram for Bleaching Monitoring was established in 2021. 
Led by the Coral Vivo Institute, the program is supported 
by the Brazilian Ministry of Environment and Climate 
Change (MMA) and Chico Mendes Institute for Biodiver-
sity Conservation (ICMBio—the federal agency for pro-
tected areas), with the contribution of researchers from 
20 institutions, including 15 Brazilian universities (Uni-
versidade de São Paulo, Universidade Federal da Bahia, 
Universidade Federal de Alagoas, Universidade Federal 

de Pernambuco, Universidade Federal de Santa Catarina, 
Universidade Federal de São Carlos, Universidade Fed-
eral de Sergipe, Universidade Federal do Ceará, Univer-
sidade Federal do Rio de Janeiro, Universidade Federal 
do Rio Grande, Universidade Federal do Rio Grande do 
Norte, Universidade Federal do Sul da Bahia, Universi-
dade Federal Fluminense, Universidade Federal Rural de 
Pernambuco, and Universidade Federal de São Paulo), one 
French university (Université de Bordeaux), three non-
governmental organizations (Coral Vivo Institute, Con-
servação Recifal Project, and Vida no Oceano Institute), 
and the ICMBio.

Bleaching monitoring was performed at 18 reef sites 
(Table 1) distributed in nine different Brazilian states 
across a broad latitudinal gradient ranging from Cau-
caia (Ceará State, ~ 3° S) to Galé Island (Santa Catarina 
State, ~ 27° S) and including two oceanic islands (Rocas 
Atoll and Fernando de Noronha Archipelago, located 250 
and 350 km from the coast, respectively). An additional 
site at the northernmost Parcel do Manuel Luís State Park 
(~ 1° S) was considered, but a lack of logistical support 
and infrastructure prevented any assessments. Fifteen 
of the investigated sites are located within marine pro-
tected areas that are part of the Brazilian SNUC (National 
System of Nature Conservation Units) (Table 1). SNUC 
encompasses federal, state, and municipal protected areas 

Table 1   The 18 reef sites assessed by the Integrated National Pro-
gram for Bleaching Monitoring during the 2023–24 global bleaching 
event, spanning approximately 24° of latitude. Information is shown 
for their location, Marine Protected Area (MPA) category within the 
Brazilian SNUC system, reef type (based on Mies et al. 2025a), and 

geographical coordinates. All sites are coastal, except for the oceanic 
islands of Rocas Atoll and Fernando de Noronha Archipelago. Some 
of the reef sites remain unassesed regarding their geomorphological 
type

# Reef site State MPA category Reef type Latitude Longitude

1 Caucaia Ceará none Sandstone reef −3.6861 −38.6102
2 Fernando de Noronha Archipelago Pernambuco National Park Rocky reef −3.8378 −32.4275
3 Rocas Atoll Rio Grande do Norte Biological Reserve Algal reef −3.8644 −33.8047
4 Rio do Fogo Rio Grande do Norte Environmental Protection Area sandstone reef −5.2229 −35.3392
5 Porto de Galinhas Pernambuco none Sandstone reef −8.5125 −35.0003
6 São José da Coroa Grande (Costa dos 

Corais)
Pernambuco Environmental Protection Area Sandstone reef −8.9025 −35.1358

7 Maragogi (Costa dos Corais) Alagoas Environmental Protection Area Sandstone reef −9.0307 −35.1937
8 Pedra do Abaís Sergipe none Unassessed −11.3703 −37.1715
9 Itaparica Island (Todos os Santos Bay) Bahia Environmental Protection Area True coral reef −13.1205 −38.7247
10 Recife de Fora Bahia Municipal Park Unassessed −16.4040 −38.9600
11 Corumbau Bahia Extractive Reserve Unassessed −17.0044 −39.1200
12 Abrolhos Archipelago Bahia National Park True coral reef −17.9586 −38.7125
13 Tartaruga Beach (Armação dos Búzios) Rio de Janeiro Municipal Park Rocky reef −22.7558 −41.9044
14 Forno Beach (Arraial do Cabo) Rio de Janeiro Extractive Reserve Rocky reef −22.9658 −42.0100
15 Anchieta Island São Paulo State Park Rocky reef −23.5308 −45.0844
16 Alcatrazes Archipelago São Paulo Wildlife Refuge Rocky reef −24.0910 −46.1811
17 Laje de Santos São Paulo State Park Rocky reef −24.3214 −45.6925
18 Galé Island (Arvoredo) Santa Catarina Biological Reserve Rocky reef −27.1810 −48.4100
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(Brasil 2002; Schiavetti et al. 2013) and includes multi-
ple protection categories, reflecting the wide variation in 
ecosystems, biodiversity, and human uses across the coun-
try. Overall, the monitoring program spans approximately 
24° of latitude, covering around 2,700 km in a straight 
north–south line and more than 4,000 km of coastline.

Field surveys

A simple, standardized, and comparable protocol was 
applied at each reef site by a small team of three or four 
divers. At each site, three 20-m fixed transects were estab-
lished haphazardly, generally spaced around 50 m apart, 
although exact distances varied slightly. A 50 × 50-cm PVC 
pipe frame was positioned alongside the transect, with a 
Coral Health Chart attached to it. This chart uses a color-
coded palette to track changes in coral pigmentation, which 
is directly linked to the concentration of symbiotic dinoflag-
ellates present on the coral tissue (see Siebeck et al. 2006). 
The PVC frame containing the chart was photographed 
along each transect using a digital camera, resulting in 40 
images per transect. All transects were located at 3 to 7 m of 
depth, except at the Pedra do Abaís site in Sergipe, where a 
deeper, previously unexplored and submerged reef was sur-
veyed at 20 m. Surveys were carried out at three key phases 
of the GBE at each site—before (August to December 2023), 
during (April to June 2024), and after (September to Decem-
ber 2024) the thermal stress period induced by the fourth 
GBE in the Southwestern Atlantic. Surveys were performed 
under the authorization of SISBIO license #96,895–2.

Image analysis

A total of 6,360 images were generated, and benthic cover 
was quantified using the PhotoQuad® software (Trygonis 
and Sini 2012). The perimeter of each benthic feature was 
determined for all images, and its area was then calculated 
by the PhotoQuad® algorithm, with the 50 × 50-cm PVC 
frame serving as a metric reference. Benthic cover features 
identified were divided into eight categories: live coral 
(including all photosymbiotic corals identified at the spe-
cies level), bleached coral, zoantharians, turf algae, frondose 
algae, crustose coralline algae, other benthic invertebrates, 
bare substrate, and unidentified. Coral bleaching incidence 
was determined as the percentage of bleached coral cover 
relative to the total live coral cover. A coral colony (or a 
portion of it) was considered bleached if its pigmentation 
decreased by at least one category on the Coral Health Chart 
(except when it was reduced from category 6 to 5) or if it 
matched categories 1 or 2. Coral mortality was calculated 
for each site and species based on reductions in relative live 
coral cover between the before and after survey periods.

Thermal stress intensity and duration

The intensity and duration of the thermal stress across the 
18 reef sites in the Southwestern Atlantic were evaluated 
using the Degree Heating Week (DHW) metric developed by 
the U.S. National Oceanic and Atmospheric Administration 
Coral Reef Watch program (NOAA CRW). DHW, one of the 
most used metrics for evaluating cumulative thermal stress, 
quantifies the accumulation of thermal anomalies exceed-
ing the maximum monthly mean sea surface temperature 
for a given site over the past 12 weeks (Liu et al. 2014; 
Skirving et al. 2017). Another metric used was HotSpot, a 
measure of how much the current sea surface temperature 
exceeds the maximum monthly mean for a given location 
(Liu et al. 2014). A + 1 °C HotSpot threshold is used for 
thermal stress accumulation in DHW (NOAA Coral Reef 
Watch 2018). Daily DHW and HotSpot data at a 5-km 
resolution were obtained for each reef site, based on their 
latitude and longitude (see Table 1), from NOAA CRW’s 
FTP server (NOAA Coral Reef Watch 2018) for the period 
between January 1st and December 12th, 2024. Thermal 
stress intensity was assessed by obtaining the maximum 
DHW value recorded for each of the 18 surveyed reef sites. 
The duration of thermal stress for each site was determined 
by counting the number of days with DHW ≥ 0.1 °C-weeks 
and HotSpot ≥ 1.0 °C—i.e., whenever thermal anomalies 
were present.

Exploratory data analyses

The distribution of benthic cover data was evaluated to 
define the most adequate modeling technique to apply to our 
data. Initial data exploration showed that total site cover data 
was always greater than zero and never reached 1 or 100%, 
thus our observed data ykϵ(0,1) (Fig. S1). Nonetheless, some 
individual species could be completely absent at some sites, 
but none of them alone ever covered an entire area, thus 
data of individual species was in the interval ykϵ[0,1) (Fig. 
S2). Overall, these data distributions show that Beta regres-
sion and Zero-Inflated (ZI) Beta regression, fully described 
below, are suitable considering our data (Ferrari and Cribari-
Neto 2004; Douma and Weedon 2019).

Beyond identifying the distribution of cover data, the 
exploratory analyses indicated some plausible model struc-
tures to be compared. For instance, the average (Fig. S1) 
and standard deviation (SD) of total cover varied between 
periods (SDbefore = 0.136, SDafter = 0.152). Variability was 
caused by the increase in the frequency of values near to 
zero after the bleaching event. As such, it seems reasonable 
to compare Beta regressions where the precision � and the 
probability of zero observations � are either constant or vary 
across periods (Table S3). Since variability in coral cover 
within sites (among replicated transects) was detected (Fig. 
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S4), we compared Beta regression models either account-
ing (transect ID as a random intercept in the model of the 
response average � ) or not for the effect of the transects 
(Table S3). We also identified site-specific variation in total 
coral cover between periods (Fig. S2). Because species var-
ied in cover between periods, it seemed reasonable to evalu-
ate models where period and site interact to determine total 
coral cover and the cover of individual species/functional 
groups (Table S3).

Beta regression analysis

Beta regression is a modeling technique designed to handle 
proportional data (Ferrari and Cribari-Neto 2004; Douma 
and Weedon 2019) such as the benthic cover data. The 
usual parameterization of the Beta regression includes the 
average μ and precision ϕ parameters (Douma and Weedon 
2019). The response average μ given a set of covariates � is 
assumed to be linear on the logit-transformed scale (as in a 
logistic regression), as shown in Eqs. 1–3:

where yk is a vector of k = 1,… ,K  observations. The 
parameters � and � are the linear predictors of the average 
and precision models, respectively. � and � are vectors of 
regression coefficients (intercept and slopes) to be estimated, 
and X and Z are the design matrices of covariates (Douma 
and Weedon 2019). In our case, X had the factors period, 
site, period � site interaction for total cover analyses, and 
period, species/functional group, period � species/functional 
group interaction for analyses at the species/functional group 
level (see Table S3 for a list of model structures and covari-
ates per model). Z included period in models where we allow 
precision to vary between periods. Estimates from these two 
models can be interpreted in the proper response interval by 
back transforming the linear predictors using the inverse of 
link functions of the linear predictors—i.e., logit−1 ( � ) and 
exp(�).

In comparison to the Beta regression presented in Eqs. 1 
to 3, there is one additional parameter in the ZI Beta regres-
sion, � , which is the probability that one observation is 
zero or not. As � and � , the � can be constant (e.g., � ∼ 1 , 
where only the intercept—the average—is estimated) or vary 
in function of covariates (in our case period) in a logistic 
regression such as Eq. 2. The function logit−1(� ) provides 
an estimate of the proportion of zeroes in the data set. The ZI 
Beta regression was fitted to data of 15 individual species/

(1)�k ∼ Beta(μ,ϕ)

(2)log it (�) = log (� ∕ 1 − �) = � = X′�

(3)log (�) = � = ���

functional groups observed in at least eight different sites 
across all periods (corals: Agaricia humilis, Favia gravida, 
Madracis decactis, Millepora alcicornis, Montastraea cav-
ernosa, Mussismilia braziliensis, Mussismilia harttii, Muss-
ismilia hispida, Porites astreoides, Siderastrea sp.; zoanthar-
ians: Palythoa caribaeorum, Zoanthus sp.; algae: crustose 
coralline algae, frondose macroalgae, turf algae).

Posterior-predictive checks were done to analyze model pre-
dictive performance to new data, using the Leaving-One-Out 
cross-validation method—LOO-CV. Models were compared 
using the Leaving-One-Out cross-validation criterion (Vehtari 
et al. 2017). An absolute difference of 4 ELPD (expected log 
pointwise predictive density) units was used to elect the sin-
gle or multiple models with highest predictive performance 
and fit to data. Models were fitted to data and parameters esti-
mated in a Bayesian framework, thus enabling to calculate 
the probability associated to each result being produced or 
hypothesis being tested. All these analyses were done using the 
‘brms’ (Bürkner 2017) and ‘loo’ (Vehtari, et al. 2017) pack-
ages in the R Programming Environment (R Core Team 2024). 
Parameters were estimated using the Hamiltonian Monte Carlo 
(HMC) with No-U-Turn-Sampling, run with 10,000 interac-
tions in four independent chains, warm-up of 5,000 iterations 
and a thinning each ten iterations, yielding 2,000 posterior dis-
tribution draws of each parameter. The HMC control param-
eter ‘adapt_delta’ was set to 0.99, enabling successful model 
convergence. Models were initialized using weakly informa-
tive or flat priors for parameters ( Normal(μ = 0, σ = 1 ) for 
regression slopes, student − t(3, 0, 2.5) for intercepts and 
standard deviation of � model, Logistic(0, 1) for � intercept 
and improper flat priors for � coefficients, and improper flat 
priors for � intercept and slopes).

From the best-ranked model we extracted posterior distribu-
tion draws to plot, and calculated statistics summarizing the 
2,000 posterior distribution draws of each parameter, using the 
‘emmeans’ package of R (Lenth 2024). Using ‘emmeans’ we 
could estimate the isolated effect of period and site or period 
and species/functional group while accounting for interac-
tions (period � site or period � species/functional group). We 
used histograms and density plots to visualize the distribution 
of posterior samples, highlighting the median value across 
all draws. These tools were used to illustrate the difference 
between before and after the bleaching event in total coral 
cover regionally, per site, and species/functional group (while 
considering the interactions). We used boxplots to illustrate the 
total coral cover per site and period, along with 1st, median, 
3rd quantiles of the 2,000 posterior distribution draws. The 
probability of before-after bleaching cover differences being 
different from zero was calculated as the number of draws 
above or below zero relative to the total of 2,000 posterior 
draws. A complete workflow of the analyses is described in 
Supporting Information Figure S5.
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Results

Thermal stress

Along the entire Brazilian coast, thermal stress anomalies 
persisted for approximately five months, from early Janu-
ary to mid-June 2024 (Figs. 1, S6). However, their intensity 
and duration varied along the coast, with some sites expe-
riencing higher thermal stress than others. Thermal stress 
was more intense to the north of Itaparica Island (Todos 
os Santos Bay, Bahia State), where all reef sites recorded 

DHW values of approximately 16  °C-weeks or higher 
(Figs. 1 and 2; Table 2). The highest levels were observed 
at Caucaia (21.3 °C-weeks), Rio do Fogo (20.9 °C-weeks), 
Maragogi (20.6 °C-weeks), and São José da Coroa Grande 
(20.2 °C-weeks), indicating that the northern portion of the 
coast was the most affected. The reef sites that experienced 
the lowest thermal stress intensity were Tartaruga Beach 
(Armação dos Búzios) and Forno Beach (Arraial do Cabo), 
both of which were subjected to less than 4.0 °C-weeks. 
Three clearly distinct patterns are evident in Fig. 1: south-
ern sites experienced shorter and earlier thermal stress 

Fig. 1   The temporal progression of cumulative thermal stress 
(Degree Heating Weeks) in 18 Southwestern Atlantic reef sites dur-
ing the fourth global bleaching event in 2024. Sites and correspond-
ing latitudes are listed on the right panel.The sites are Caucaia, Fer-
nando de Noronha Archipelago, Rocas Atoll, Rio do Fogo, Porto de 
Galinhas, São José da Coroa Grande (Costa dos Corais), Maragogi 

(Costa dos Corais), Pedra do Abaís, Itaparica Island (Todos os San-
tos Bay), Recife de Fora, Corumbau, Abrolhos Archipelago, Tar-
taruga Beach (Armação dos Búzios), Forno Beach (Arraial do Cabo), 
Anchieta Island, Alcatrazes Archipelago, Laje de Santos, Galé Island 
(Arvoredo)

Fig. 2   Maximum Degree Heating Weeks (DHW) values for the periods before (A, August to December 2023), during (B, April to June 2024), 
and after (C, September to December 2024) thermal stress in the Southwestern Atlantic coast during the fourth global bleaching event in 2024
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compared to northern sites, whereas central sites experi-
enced thermal stress that was both later and less intense.

On average, the 18 monitored reef sites experienced 
88.2 ± 6.3 (mean ± standard error) days of thermal stress, 
equivalent to roughly three consecutive months under 
anomalous temperatures. Caucaia (147  days), Rio do 
Fogo (136 days), Itaparica Island (114 days), Maragogi 
(104 days), and Porto de Galinhas (104 days), all located 
on the northern coast, are among the sites that experienced 
longer-lasting thermal stress (Table 2). Once again, some 
southern sites experienced a shorter duration of thermal 
stress, with 34 days recorded for Forno Beach (Arraial do 
Cabo) and 59 for Laje de Santos. Therefore, thermal stress 
was considerably more intense and prolonged in the north-
ern portion of the Southwestern Atlantic coast. The central 
coast of Brazil experienced milder levels, and the southern 
coast exhibited the lowest intensity and shortest duration of 
thermal stress.

Bleaching incidence

Bleaching was first detected in Forno Beach (Arraial do 
Cabo) in February 2024 before progressing northwards 
along the coast. Thirty-six percent of the whole area 

surveyed along the Brazilian coast displayed signs of coral 
bleaching during the fourth global bleaching event (Table 3). 
The most affected sites were located on the northern coast: 
Maragogi (96% of coral cover bleached), Porto de Galinhas 
(84%), Rio do Fogo (72%), and São José da Coroa Grande 
(71%). The least affected sites, however, were located further 
south, including Anchieta Island, Alcatrazes Archipelago, 
and Forno beach (Arraial do Cabo), all of which experienced 
bleaching incidence of less than 5%.

Twenty-three photosymbiotic cnidarian species were 
detected in our surveys (15 scleractinians, 3 milleporid 
hydrocorals, 3 alcyonaceans, and 2 zoantharians). Across 
all sites, the most frequently observed species with signs of 
bleaching were S. wellsii (78%), M. braziliensis (54%), A. 
humilis (53%), M. harttii (52%), Siderastrea sp. (46%), and 
M. alcicornis (43%) (Table 4). Other massive species such 
as M. hispida, M. cavernosa, and Siderastrea sp. also expe-
rienced bleaching at the northern sites (Fig. 3). The species 
that faced little to no bleaching were M. decactis, Mussis-
milia leptophylla, Porites branneri, Phyllogorgia dilatata, 
Plexaurella grandiflora, and Zoanthus sp. The last three are 
either alcyonaceans (soft corals) or zoantharians, and, in 
the case of P. branneri, bleaching was challenging to detect 
given its naturally white-colored coenosarc.

Table 2   Descriptive summary of the thermal stress experienced by 
the 18 Southwestern Atlantic reef sites, monitored for bleaching inci-
dence and coral mortality during the fourth global bleaching event. 
Thermal stress intensity, measured by the maximum Degree Heating 
Week (DHW) value recorded; thermal stress duration, determined by 

the number of days spent under moderate and severe thermal stress 
(0 < DHW < 8  °C-weeks and DHW ≥ 8  °C-weeks, respectively, with 
HotSpot ≥ 1  °C); and the total number of days under thermal stress. 
Data cover the period from January 1st to December 12th, 2024

# Reef site Maximum DHW 
value

Days under 
0 < DHW < 8

Days under 
DHW ≥ 8

Total days 
under thermal 
stress

1 Caucaia 21.35 39 108 147
2 Fernando de Noronha Archipelago 17.89 40 46 86
3 Rocas Atoll 19.17 38 52 90
4 Rio do Fogo 20.91 56 80 136
5 Porto de Galinhas 20.18 42 62 104
6 São José da Coroa Grande (Costa dos Corais) 20.24 44 54 98
7 Maragogi (Costa dos Corais) 20.58 49 55 104
8 Pedra do Abaís 15.97 35 42 77
9 Itaparica Island (Todos os Santos Bay) 18.16 60 54 114
10 Recife de Fora 7.61 93 0 93
11 Corumbau 6.76 69 0 69
12 Abrolhos Archipelago 6.90 67 0 67
13 Tartaruga Beach (Armação dos Búzios) 3.00 74 0 74
14 Forno Beach (Arraial do Cabo) 2.95 34 0 34
15 Anchieta Island 10.10 61 18 79
16 Alcatrazes Archipelago 9.77 59 19 78
17 Laje de Santos 5.60 59 0 59
18 Galé Island (Arvoredo) 16.92 37 42 79
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Relative coral cover change

The relative loss in coral cover, calculated as the ratio of 
after- to before-thermal stress cover, was about 5% across 
the 18 sites combined (Table 3). However, mirroring the 
geographic pattern of bleaching incidence, most northern 
sites experienced greater losses in coral cover, while sites 
along the central and southern coasts showed minimal to no 

decline (Fig. 4; Table 3). Seven sites underwent reduction in 
live coral cover, with Maragogi (88% relative loss), São José 
da Coroa Grande (53% relative loss), Rio do Fogo (38% rela-
tive loss), and Porto de Galinhas (28% relative loss) being 
the most affected (Fig. 5).

Seven species underwent benthic cover decline (Table 4), 
with S. wellsii (66% reduction), M. alcicornis (54%), and M. 
harttii (28%) being the most affected. The high mortality 

Table 3   Relative bleaching incidence (proportion of bleached coral 
cover) and live coral cover data for 18 Southwestern Atlantic reef sites 
before, during, and after the thermal stress associated with the fourth 
global bleaching event in 2024. Relative change indicates the varia-
tion in mean coral cover between the periods before and after thermal 

stress (except for Pedra do Abaís, for which it was considered the dif-
ference between the periods during and after thermal stress). Data are 
expressed as mean ± standard error. “n/a” = data not available

# Reef site BLEACHING 
INCIDENCE

LIVE CORAL 
COVER

Before thermal 
stress

During thermal 
stress

After thermal 
stress

Before thermal 
stress

During thermal 
stress

After thermal 
stress

Relative change

1 Caucaia 0.01 ± 0.00 0.43 ± 0.05 0.00 ± 0.00 0.25 ± 0.05 0.24 ± 0.03 0.25 ± 0.04  = 
2 Fernando de 

Noronha 
Archipelago

0.09 ± 0.04 0.65 ± 0.11 0.02 ± 0.02 0.23 ± 0.05 0.25 ± 0.04 0.23 ± 0.05  = 

3 Rocas Atoll 0.09 ± 0.02 0.45 ± 0.05 0.19 ± 0.04 0.15 ± 0.01 0.13 ± 0.01 0.15 ± 0.05  = 
4 Rio do Fogo 0.17 ± 0.05 0.72 ± 0.08 0.15 ± 0.05 0.13 ± 0.02 0.12 ± 0.00 0.08 ± 0.00 ↓ 38%
5 Porto de Gal-

inhas
0.09 ± 0.07 0.84 ± 0.15 0.17 ± 0.08 0.18 ± 0.01 0.19 ± 0.02 0.13 ± 0.02 ↓ 28%

6 São José da 
Coroa Grande 
(Costa dos 
Corais)

0.01 ± 0.01 0.71 ± 0.11 0.16 ± 0.04 0.36 ± 0.06 0.40 ± 0.02 0.17 ± 0.01 ↓ 53%

7 Maragogi 
(Costa dos 
Corais)

0.05 ± 0.05 0.96 ± 0.02 0.16 ± 0.10 0.18 ± 0.01 0.18 ± 0.02 0.02 ± 0.00 ↓ 88%

8 Pedra do Abaís n/a 0.70 ± 0.13 0.26 ± 0.05 n/a 0.46 ± 0.07 0.43 ± 0.08 ↓ 6%
9 Itaparica Island 

(Todos os 
Santos Bay)

0.03 ± 0.02 0.22 ± 0.06 0.05 ± 0.02 0.18 ± 0.02 0.16 ± 0.03 0.17 ± 0.03 ↓ 4%

10 Recife de Fora 0.04 ± 0.01 0.13 ± 0.05 0.02 ± 0.01 0.47 ± 0.10 0.44 ± 0.14 0.45 ± 0.06 ↓ 3%
11 Corumbau 0.01 ± 0.01 0.18 ± 0.06 0.05 ± 0.03 0.33 ± 0.05 0.34 ± 0.05 0.35 ± 0.09 ↑ 3%
12 Abrolhos 

Archipelago
0.03 ± 0.02 0.13 ± 0.03 0.08 ± 0.05 0.34 ± 0.09 0.36 ± 0.03 0.35 ± 0.08 ↑ 2%

13 Tartaruga 
Beach 
(Armação dos 
Búzios)

0.00 ± 0.00 0.14 ± 0.10 0.06 ± 0.06 0.19 ± 0.03 0.19 ± 0.04 0.19 ± 0.05  = 

14 Forno Beach 
(Arraial do 
Cabo)

0.00 ± 0.00 0.04 ± 0.03 0.07 ± 0.03 0.17 ± 0.01 0.18 ± 0.03 0.17 ± 0.04 ↑ 1%

15 Anchieta Island 0.03 ± 0.03 0.01 ± 0.01 0.08 ± 0.06 0.15 ± 0.04 0.21 ± 0.05 0.15 ± 0.03 ↑ 1%
16 Alcatrazes 

Archipelago
0.03 ± 0.02 0.03 ± 0.01 0.00 ± 0.00 0.12 ± 0.02 0.13 ± 0.2 0.12 ± 0.02  = 

17 Laje de Santos 0.04 ± 0.01 0.07 ± 0.06 0.07 ± 0.04 0.25 ± 0.05 0.28 ± 0.02 0.26 ± 0.04 ↑ 3%
18 Galé Island 

(Arvoredo)
0.01 ± 0.00 0.05 ± 0.03 0.02 ± 0.01 0.36 ± 0.04 0.32 ± 0.07 0.37 ± 0.04 ↑ 1%

- OVERALL (all 
sites)

0.04 ± 0.01 0.36 ± 0.05 0.09 ± 0.01 0.21 ± 0.03 0.23 ± 0.03 0.19 ± 0.02 ↓ 5%
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Table 4   Relative bleaching incidence (proportion of bleached coral 
cover) and live benthic cover for all photosymbiotic cnidarian spe-
cies observed across all fixed transects combined at 18 Southwestern 
Atlantic reef sites before, during, and after the fourth global bleach-

ing event in 2024. Data for other benthic functional groups are also 
included. Relative change compares the variation in mean benthic 
cover between the before and after thermal stress periods. Data are 
expressed as mean ± standard error. “-’’ = not applicable

Taxon or func-
tional group

Bleaching Inci-
dence

Benthic Cover Benthic Cover

Before thermal 
stress

During thermal 
stress

After thermal 
stress

Before thermal 
stress

During thermal 
stress

After thermal 
stress

Relative change

Scleractinia
Agaricia fragilis 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 
Agaricia humilis 0.03 ± 0.01 0.53 ± 0.09 0.07 ± 0.03 0.0053 ± 0.0020 0.0057 ± 0.0019 0.0058 ± 0.0021 ↑ 9%
Favia gravida 0.01 ± 0.00 0.17 ± 0.07 0.01 ± 0.00 0.0010 ± 0.0005 0.0014 ± 0.0007 0.0010 ± 0.0003  = 
Madracis decactis 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.0227 ± 0.0116 0.0204 ± 0.0107 0.0229 ± 0.0117  = 
Meandrina brasil-

iensis
0.17 ± 0.13 0.50 ± 0.22 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 

Montastraea 
cavernosa

0.01 ± 0.00 0.37 ± 0.08 0.04 ± 0.02 0.0219 ± 0.0057 0.0228 ± 0.0058 0.0211 ± 0.0048 ↓ 3%

Mussismilia bra-
ziliensis

0.00 ± 0.00 0.06 ± 0.03 0.02 ± 0.02 0.0071 ± 0.0029 0.0087 ± 0.0035 0.0068 ± 0.0028 ↓ 4%

Mussismilia harttii 0.09 ± 0.05 0.52 ± 0.09 0.03 ± 0.01 0.0177 ± 0.0049 0.0198 ± 0.0059 0.0128 ± 0.0054 ↓ 28%
Mussismilia 

hispida
0.01 ± 0.00 0.20 ± 0.05 0.04 ± 0.01 0.0287 ± 0.0084 0.0272 ± 0.0081 0.0271 ± 0.0088  = 

Mussismilia lepto-
phylla

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 

Porites astreoides 0.02 ± 0.02 0.26 ± 0.09 0.02 ± 0.00 0.0025 ± 0.0012 0.0024 ± 0.0008 0.0023 ± 0.0008 ↓ 8%
Porites branneri 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 
Scolymia wellsii 0.00 ± 0.00 0.78 ± 0.28 0.01 ± 0.00 0.0003 ± 0.0001 0.0003 ± 0.0001 0.0001 ± 0.0000 ↓ 66%
Siderastrea sp. 0.04 ± 0.01 0.46 ± 0.06 0.09 ± 0.02 0.0864 ± 0.0160 0.0827 ± 0.0157 0.0892 ± 0.0164 ↑ 3%
Stephanocoenia 

intersepta
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 

Milleporidae
Millepora alci-

cornis
0.01 ± 0.00 0.43 ± 0.09 0.01 ± 0.00 0.0242 ± 0.0058 0.0256 ± 0.0056 0.0111 ± 0.0041 ↓ 54%

Millepora brazil-
iensis

0.00 ± 0.00 0.54 ± 0.27 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 

Millepora nitida 0.00 ± 0.00 0.13 ± 0.05 0.03 ± 0.02 0.0006 ± 0.0003 0.0008 ± 0.0005 0.0006 ± 0.0004  = 
Octocorallia
Muriceopsis 

sulphurea
0.00 ± 0.00 0.09 ± 0.05 0.02 ± 0.01 0.0022 ± 0.0013 0.0035 ± 0.0019 0.0025 ± 0.0015 ↑ 13%

Phyllogorgia 
dilatata

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.0040 ± 0.0018 0.0039 ± 0.0019 0.0037 ± 0.0010 ↓ 7%

Plexaurella gran-
diflora

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 

Zoantharia
Palythoa carib-

aeorum
0.08 ± 0.02 0.30 ± 0.07 0.12 ± 0.02 0.0438 ± 0.0112 0.0575 ± 0.0139 0.0444 ± 0.0125 ↑ 1%

Zoanthus sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00  < 0.0001  < 0.0001  < 0.0001  = 
Others
Turf algae – – – 0.5694 ± 0.0276 0.5613 ± 0.0273 0.5871 ± 0.0234 ↑ 3%
Frondose algae – – – 0.0147 ± 0.0064 0.0062 ± 0.0025 0.0101 ± 0.0026 ↓ 31%
Crustose coralline 

algae
– – – 0.0107 ± 0.0019 0.0095 ± 0.0030 0.0131 ± 0.0033 ↑ 22%

Other benthic 
invertebrates

– – – 0.0166 ± 0.0038 0.0093 ± 0.0018 0.0133 ± 0.0017 ↓ 20%

Bare rock or sand – – – 0.0956 ± 0.0192 0.0922 ± 0.0211 0.0790 ± 0.0157 ↓ 17%
Unidentified – – – 0.0329 ± 0.0044 0.0369 ± 0.0056 0.0348 ± 0.0049 ↑ 5%
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recorded for S. wellsii was confined to São José da Coroa 
Grande, the only site where it occurred in relevant numbers 
along the surveyed transects. Among other benthic groups, 
turf algae cover remained relatively stable at 55–60%, while 
frondose algae declined by 31%. In contrast, crustose coral-
line algae increased by 22%, primarily colonizing the dead 
skeletons of scleractinian and milleporid corals. A summary 
of the changes in benthic cover for each species at each site 
is presented in Table S7.

Data analysis for absolute coral cover change

The LOO criterion indicated that the Beta regression model 
with a constant � and a transect-level random effect had the 
strongest support from the total coral cover data, yet there 
was similar fit among the first three models (ELPD differ-
ence < 4) (Table S3). The third model showed an ELPD 
difference of 3.2 and a very large SE, so it is reasonable to 
leave it out of further analyses. Density plots of posterior 
predictive checks also showed that all models being com-
pared had a good predictive performance (they overall fitted 
well to the data and could predict well new data according 
to the LOO method) (Fig. S1). For inference on total coral 
cover change between periods, we used the model with ran-
dom intercept and constant � which showed a subtle better 
predictive performance than the other models (Fig. S8).

We estimated that the total coral cover before the bleach-
ing event was 25.4% (lower and upper 95% High Probability 
Density (HDI) interval: 14.6%, 39.4%), decreasing to 22.9% 
(95% HDI: 12.6%, 35.1%) after the bleaching event. The 
absolute loss (calculated as the difference between coral 
cover before and after thermal stress) of coral cover was 
-2.53% (95% HDI: -5.18%, 0%) (Fig. S9), with a 97.5% 
probability that this decline differs from zero. Among the 
sites, São José da Coroa Grande (-17.1% absolute coral 
cover, HDI: -28.4, -6.62%), Maragogi (-14.5%, HDI: -25, 
-5.37%), Porto de Galinhas (-5.02%, HDI: -15, 3.22%) and 
Rio do Fogo (-4.85%, HDI: -13.3, 2.46) were those show-
ing the most intense losses of coral cover (i.e., those whose 
estimated loss was different from zero loss with probabil-
ity > 88%) (Fig. S9). The standard deviation of the random 
intercept (i.e., variation in cover caused by replicated tran-
sects) was 0.42 (95% HDI: 0.002, 1.19). The precision of 
the Beta distribution was �̂  = 39.4 (95% HDI: 27.26.84, 
52.38.19). We did not find convergence issues in this model 
(Rhat < 1.1 for all parameters).

Considering species-level models (ZI Beta regressions), 
we found that all models had similar support and predictive 
performance (ELPD difference < 4 with small SE) (Table S3, 
Figs. S4, S10-11). Therefore, we did inference with the 
best-ranked and most parsimonious model (Table S3). This 
model showed that the average absolute cover across all spe-
cies/functional groups before the bleaching event was 9.6% 
(HDI: 8.9, 10.45%), and it reduced to an average of 8.75% 
after the event (HDI: 8.1, 9.5%) (Fig. S12). The average 
absolute difference in species/functional group cover across 
species/functional group was -0.88% (95% HDI: -1.84, 
0.032%) (Fig. S13), with 96.45% probability of this loss be 
lower than zero loss. The species/functional groups showing 
cover loss with ≥ 80% probability were M. alcicornis (dif-
ference between periods: -2.74% absolute coral cover, HDI: 
-6.11, 0.8%), M. harttii (-2%, HDI: -5.8, 1.7%), and Palythoa 
caribaeorum (-1.85%, HDI: -5.27, 1.63%). The cover of turf 

Fig. 3   Multiple coral species experiencing bleaching in Southwest-
ern Atlantic reefs during the fourth global bleaching event in 2024: 
Agaricia humilis (A), Millepora alcicornis (B), Montastraea caver-
nosa (C), Mussismilia harttii (D), Mussismilia hispida (E), Porites 
astreoides (F), Scolymia wellsii (G), and Siderastrea sp. (H). Pho-
tographs by Ricardo Miranda at Maragogi (A, F), Pedro Henrique 
Pereira at São José da Coroa Grande (B, C, D, G), Carlos Henrique 
Lacerda at Recife de Fora (E), and Priscilla Campos at Pedra do 
Abaís (H)
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algae showed a consistent increase of 1.83% of cover (HDI: 
-3.56, 7.55) between periods, with 74% probability of an 
increase higher than zero. The precision of this model was 
�̂  = 9.35 (95% HDI: 8.19, 10.49), and the zero-inflation 
term was hat �̂ = 0.59 (HDI: 0.56, 0.61) (i.e., 59% of the 
data were zeroes). We did not find convergence issues in this 
model (Rhat < 1.1 for all parameters).

Discussion

This work reports the results of the largest coordinated 
bleaching monitoring effort ever conducted in Brazil and the 
Southwestern Atlantic, carried out during the fourth global 

bleaching event in 2024. We demonstrate that thermal stress 
was both intense and prolonged, with sites experiencing up 
to 21 °C-weeks and three to five months of elevated tempera-
tures. Bleaching affected 36% of the surveyed area combined 
for the 18 sites, and while mean coral cover loss across all 
sites was low (5%), some northern reefs experienced relative 
losses exceeding 50% and up to 88%. Overall, the effects 
on coral assemblages were spatially heterogeneous: the 
northern coast (mainly Rio Grande do Norte, Pernambuco, 
and Alagoas states) was severely impacted, a transitional 
zone with substantially less impacts was observed along the 
central coast, and reefs in the southern sector underwent 
no coral mortality despite being exposed to moderate to 
high levels of thermal stress. This geographic variation in 

Fig. 4   Relative coral cover 
change for each of the 18 
Southwestern Atlantic reef sites 
monitored during the fourth 
global bleaching event in 2024. 
Sites with stable or increased 
cover are shown in blue; those 
with relative losses of 1–19% 
are shown in yellow; and those 
with losses exceeding 20% are 
shown in red. Numbers within 
parentheses indicate the maxi-
mum Degree Heating Weeks 
value (°C-weeks) experienced 
by the reef site. The sites 
(numbered latitudinally from #1 
to #18) are Caucaia, Fernando 
de Noronha Archipelago, Rocas 
Atoll, Rio do Fogo, Porto de 
Galinhas, São José da Coroa 
Grande (Costa dos Corais), 
Maragogi (Costa dos Corais), 
Pedra do Abaís, Itaparica Island 
(Todos os Santos Bay), Recife 
de Fora, Corumbau, Abrolhos 
Archipelago, Tartaruga Beach 
(Armação dos Búzios), Forno 
Beach (Arraial do Cabo), 
Anchieta Island, Alcatrazes 
Archipelago, Laje de Santos, 
Galé Island (Arvoredo)
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responses likely reflects not only differences in cumulative 
thermal stress across reef sites but also distinct coral species 
composition at each location.

The mechanisms underlying the greater heat accumula-
tion in the northern areas of the Southwestern Atlantic dur-
ing the fourth global bleaching event remain unclear from 
a meteo-oceanographic perspective. Still, it is well-docu-
mented that the northern region has higher vulnerability to 
warming and thermal stress than the south. First, the Brazil 
and North Brazil Currents and their many rings transport 
warm equatorial waters mainly along the northern Brazil 
coast (Silveira et al. 1994; Bueno et al. 2022; Fernández 
et al. 2024). Additionally, the continental shelf north of the 
Abrolhos Bank (< 15°S) is considerably narrow—often 
only a few dozen kilometers wide—resulting in a smaller 
water volume over the shelf that warms more rapidly (Vital 
et al. 2010; Dominguez et al. 2013; Amaya et al. 2023). Fur-
thermore, the lower latitudes on the northern coast are also 
subject to higher solar irradiance and low cloud coverage, 

further intensifying surface heating (Lean 2010; Rodrigues 
et al. 2025b). In contrast, the southern coast experiences 
mitigating processes, such as higher turbidity, the preva-
lence of upwelling zones in the Rio de Janeiro region and the 
seasonal subsurface intrusion of the colder South Atlantic 
Central Water (SACW) during spring and summer (Castelao 
and Barth 2006; Castro 2014; Sasaki et al. 2024). In general, 
these oceanographic features may explain why the northern 
coast underwent higher thermal stress and, consequently, 
higher coral bleaching and mortality compared with the 
southern coast.

Although most of the northern sites were heavily affected, 
the northernmost site, Caucaia, suffered no coral mortality 
despite experiencing the highest thermal stress intensity and 
duration. The reasons for this resilience remain uninvesti-
gated, however the enclosed reefs in Caucaia experience 
tidal dynamics similar to those of tide pools, which may 
promote higher thermal tolerance in local corals (Schoepf 
et al. 2015). In addition, there is a monotypic dominance 

Fig. 5   Bubble plot with a fitted curve displaying the relative live 
coral cover change for 18 Southwestern Atlantic reef sites after the 
fourth global bleaching event in 2024. Bubble size accounts for the 
number of photosymbiotic cnidarian species observed for each site 
(numbered latitudinally from #1 to #18). The sites are Caucaia, Fer-
nando de Noronha Archipelago, Rocas Atoll, Rio do Fogo, Porto de 

Galinhas, São José da Coroa Grande (Costa dos Corais), Maragogi 
(Costa dos Corais), Pedra do Abaís, Itaparica Island (Todos os San-
tos Bay), Recife de Fora, Corumbau, Abrolhos Archipelago, Tar-
taruga Beach (Armação dos Búzios), Forno Beach (Arraial do Cabo), 
Anchieta Island, Alcatrazes Archipelago, Laje de Santos, Galé Island 
(Arvoredo)
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of Siderastrea sp., a generally stress-tolerant massive coral 
species (Leão et al. 2003; Barros et al. 2021; Gaspar et al. 
2021). Maragogi and São José da Coroa Grande, the two 
sites located within the Costa dos Corais Marine Protected 
Area (MPA), the largest coastal MPA in Brazil, experi-
enced the highest levels of coral mortality. This is particu-
larly concerning, as this nearshore area was also heavily 
affected during the 2019–20 bleaching event (Pereira et al. 
2022). Endemic and threatened species in the region, such 
as Millepora braziliensis, are now facing an increased risk 
of extinction (Silva et al. submitted). This species has not 
been detected in belt transects at Maragogi and São José da 
Coroa Grande after suffering nearly 100% of mortality in 
the 2019–20 bleaching event (Pereira et al. 2022). However, 
it has been shown that effective local zoning processes in 
the area may promote coral recovery (Pereira et al. 2024). 
The reefs at Pedra do Abaís, only recently described in Ser-
gipe State (Campos 2025) and found near the upper edge 
of mesophotic depths, exhibited minimal mortality despite 
experiencing 70% bleaching. This could also be explained 
by the dominance of stress-tolerant massive species such 
as Siderastrea sp. and M. cavernosa, along with the higher 
depth and turbidity in the region (Martello et al. 2024; Cam-
pos 2025).

In addition to the coastal reefs, the two oceanic islands of 
Rocas Atoll and Fernando de Noronha Archipelago provide 
important insight into regional bleaching dynamics. Despite 
their clearer waters and geographic proximity to heavily 
impacted northern sites, both exhibited moderate bleaching 
incidence and minimal coral mortality. Rocas Atoll supports 
unique benthic assemblages that have shown resilience to 
thermal anomalies (Gaspar et al. 2021). Likewise, Fernando 
de Noronha Archipelago, although exhibiting 65% bleach-
ing, showed no significant decline in coral cover, reinforcing 
the relative stability in coral health even during the 2019–20 
event (Vieira and Longo 2025). In both cases, low mortality 
likely results from dominance of a few massive, stress-toler-
ant species. In the central part of the Southwestern Atlantic 
coast, reefs in Bahia State (Itaparica Island, Recife de Fora, 
Corumbau, and the Abrolhos Archipelago) showed little 
change in coral cover during the fourth global bleaching 
event. Despite suffering significant coral cover losses during 
the 2019–20 bleaching event (Duarte et al. 2020; Ferreira 
et al. 2021; Corazza et al. 2024), they were generally sub-
jected to lower-intensity and shorter-duration thermal stress 
in the latest event. This likely mitigated mortality in these 
highly diverse reef systems, which are considered the richest 
in the Southwestern Atlantic (Castro and Pires 2001; Dutra 
et al. 2006; 2025; Bleuel et al. 2024).

Southern reefs were mostly spared during the fourth 
global bleaching event. Reef assemblages in this region are 
emerging as some of the most tolerant along the Brazilian 
coast due to a combination of oceanographic conditions and 

biological traits. For example, Tartaruga Beach (Armação 
dos Búzios) and Forno Beach (Arraial do Cabo) benefit from 
an upwelling system that prevents heat accumulation (Caste-
lao and Barth 2006; Ribeiro et al. 2011). In São Paulo State, 
reefs such as those at Anchieta Island, Alcatrazes Archi-
pelago, and Laje de Santos are dominated by the massive, 
stress-tolerant M. hispida, which exhibited minimal mor-
tality despite facing over 20 °C-weeks during the 2019–20 
bleaching event (Banha et al. 2020; Roos et al. 2024). Addi-
tionally, the high turbidity of the region offers further protec-
tion for corals, as suspended sediment particles absorb part 
of the irradiance and heat (Mies et al. 2018; Sully and van 
Woesik 2020). Despite the advances of global warming and 
tropicalization, the low-diversity rocky reefs in São Paulo 
will likely remain suitable habitats for coral survival in the 
coming decades due to the tropicalization effect—when sub-
tropical communities become more dominated by species 
with tropical affinity (Vergés et al. 2014; Bleuel et al. 2021; 
Príncipe et al. 2021; Martello et al. 2024).

The geographic pattern observed suggests that the 
2023–24 bleaching event in the Southwestern Atlantic, 
although severe, was not as impactful as the 2019–20 epi-
sode. In 2019–20, thermal stress was more uniformly dis-
tributed along the Southwestern Atlantic coast, leading to 
widespread bleaching and significant coral mortality, par-
ticularly in the northern and central portions of the Brazilian 
coast, with even some mortality observed in southern sites 
(Banha et al. 2020; Duarte et al. 2020; Ferreira et al. 2021; 
Gaspar et al. 2021; Pereira et al. 2022; Corazza et al. 2024; 
Rodrigues et al. 2025b). In contrast, the 2023–24 event was 
marked by more heterogeneous impacts in terms of spatial 
distribution, thermal stress intensity, and associated coral 
mortality, all of which were more intense in the northern 
part of the Southwestern Atlantic coast. The less widespread 
and more varied nature of the impacts in 2023–24, when 
compared to the prior major heatwave, could suggest an ele-
ment of acquired environmental memory within some coral 
communities following the 2019–20 episode, potentially 
modulating their physiological responses or resilience to the 
subsequent thermal stress (Hackerott et al. 2021). Nonethe-
less, the 2023–24 bleaching event marks the second major 
and geographically extensive mass bleaching episode ever 
documented in the Southwestern Atlantic, occurring just five 
years after the first one.

Concerning species-level damage, the 2023–24 bleach-
ing episode compounded the damage caused by the 
2019–20 event, with both M. alcicornis and M. harttii 
among the species experiencing the greatest declines in 
benthic cover (see Duarte et al. 2020; Ferreira et al. 2021; 
Pereira et al. 2022). Branching scleractinians, which play 
the key role of increasing habitat complexity because of 
their three-dimensional morphology (Graham and Nash 
2013; Darling et al. 2017), are absent from shallow and 
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mesophotic reefs in the South Atlantic Ocean (Leão et al. 
2016; Mies et al. 2020). In the Southwestern Atlantic, 
this role is almost exclusively fulfilled by M. alcicornis, 
a widespread branching and calcifying hydrozoan (Coni 
et  al. 2013; Leal et  al. 2012; Luza et  al. 2023; Bleuel 
et al. 2024). However, this species suffered declines of 
50–90% at multiple sites during the 2019–20 bleaching 
event (Duarte et al. 2020; Ferreira et al. 2021; Corazza 
et al. 2024; Vidal et al. 2025). M. harttii, an endemic and 
threatened species with a limited geographic distribution, 
showed the second-greatest decline during the 2019–20 
event (Braz et al. 2022; Pereira et al. 2022; Corazza et al. 
2024). Although not a branching species, its phaceloid 
morphology is characterized by wide spaces between cor-
allites that offer habitat for a diverse invertebrate com-
munity (Nogueira et al. 2015; 2021). As a result, the two 
primary coral species responsible for promoting habitat 
complexity have experienced increased mortality within 
a short time span. This places the functional role of struc-
tural complexity provision on Southwestern Atlantic reefs 
at risk, jeopardizing their entire structure and functioning 
(see Luza et al. 2024). Furthermore, a notable difference 
from the 2019–20 event is that the 2023–24 bleaching 
episode caused severe mortality of S. wellsii, a solitary 
scleractinian species. Although its presence was largely 
restricted to São José da Coroa Grande within the sur-
veyed transects, mortality reached 66%, with dozens of 
individuals lost along the transects and likely hundreds 
(if not more) throughout the Costa dos Corais MPA. This 
species is now found in extremely low numbers in the area, 
with a strong risk of local extinction. Thus, after the mor-
tality produced by the fourth global bleaching event, the 
conservation status of some Southwestern Atlantic species 
may require revision.

Although Southwestern Atlantic reefs and species may 
display several resilience features (Mies et al. 2020), ther-
mal stress in the region is increasing in intensity, dura-
tion, and frequency (Destri et al. 2025; Rodrigues et al. 
2025b; Silva et al. 2025). The increasing proximity of 
severe bleaching events is diminishing the capacity of 
Southwestern Atlantic reefs to recover, exacerbated by 
the slow growth rates of most coral species, which are 
typically massive and grow only millimeters per year (Bar-
ros and Pires 2006; Kikuchi et al. 2013; Pinheiro et al. 
2017; Silva et al. 2019). Evidence for this is the absence of 
coral cover recovery in Bahia reefs in the period between 
the 2019–20 and 2023–24 bleaching events (Corazza 
et al. 2024). However, this vulnerability to global warm-
ing is likely amplified by chronic local anthropogenic 
stressors. These include overfishing, which has altered 
fish community structures and depleted key stocks along 
the Brazilian coast, and pollution from various sources, 
such as land-based runoff containing metals and organic 

matter, contamination from maritime activities, and the 
pervasive issue of plastic debris, largely originating from 
fishing activities (Pinheiro et al. 2023; Eggertsen et al. 
2024; Mello et al. 2025). Within this context, the ability 
to withstand and recover from future bleaching events is 
quite likely to be spatially heterogeneous, given the unique 
oceanographic and biological features across distinct reefs 
within the Southwestern Atlantic. Therefore, the conserva-
tion strategies and efforts must not only address the over-
arching threat of climate change but also be tailored to 
mitigate compounding local stressors effectively at each 
site.

Conclusions

This study documented the widespread impacts of the 
2023–24 ENSO-related bleaching event on Southwest-
ern Atlantic reefs, revealing a heterogeneous pattern of 
responses along the coast. While some regions showed signs 
of resilience, others experienced elevated coral mortality, 
particularly among species with key functional roles such 
as M. alcicornis and M. harttii. These findings highlight 
the crucial importance of sustained and standardized moni-
toring efforts, not only to enable meaningful comparisons 
across regions and timeframes, both within and beyond the 
Southwestern Atlantic, but also to support effective, evi-
dence-based conservation actions (see Magris et al. 2021; 
Mies et al. 2025b). Given the accelerating degradation of 
this unique reef system and its role in providing essential 
ecosystem services (Giglio et al. 2024), understanding its 
regional responses is critical. Our findings also underscore 
the urgent need for climate resilience strategies and con-
servation efforts in areas across the northern portion of the 
coast (e.g., Rio Grande do Norte, Pernambuco, and Alagoas 
states, including Costa dos Corais, the largest nearshore Bra-
zilian MPA), which were the most severely impacted in the 
last two major bleaching events.
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