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Abstract: Threatened by global warming and extreme climatic events, such as El Nifio Southern Oscillation (ENSO)
and Marine Heatwaves (MHW), coral reefs worldwide faced the worst bleaching and mortality event between 2014
and 2017, induced by the 2015/2016 ENSO. We evaluated the impacts of ENSO and MHW episodes on bleaching and
mortality frequencies of Siderastrea stellata at Rocas Atoll, Southwestern Atlantic, using visual censuses conducted in
2016,2017 and 2019. Bleaching rate varied significantly along the sampling period (11.71% in 2016, 1.52% in 2017,
and 88% in 2019), but mortality was always less than 4%. Bleaching events in Atlantic reefs have been constantly
associated with ENSO, until these recent events of the last two years. We suggest that MHW were probably the
primary driver of the observed bleaching, especially in 2019, when much higher bleaching rates were observed than
in ENSO periods. Although Southwestern Atlantic massive corals are considered more resistant to thermal stress
than reefs corals worldwide, the strong events registered since 2019 highlight the need for continuous monitoring to
better understand coral bleaching dynamics and improve predictions on the effects of global change in the region.
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Branqueamento severo de Siderastrea stellata no tnico atol do Atlintico Sul
impulsionado por ondas de calor marinhas sequenciais

Resumo: Ameagados pelo aquecimento global e eventos climaticos extremos, como El Nifio Oscilagdo Sul (ENSO) e
Ondas de Calor Marinhas (MHW), os recifes de coral em todo o mundo enfrentaram o pior evento de branqueamento
¢ mortalidade entre 2014 e 2017, induzido pelo ENSO 2015/2016. Nesse estudo, avaliamos os impactos dos episodios
de ENSO e MHW nas frequéncias de branqueamento e mortalidade de Siderastrea stellata no Atol de Rocas, Atlantico
Sudoeste, a partir de censos visuais realizados em 2016, 2017 e 2019. O branqueamento variou significativamente ao longo
do periodo de amostragem (11,71% em 2016, 1,52% em 2017, e 88% em 2019), mas a mortalidade ndo, sendo sempre
inferior a 4%. Eventos de branqueamento em recifes do Atlantico tém sido constantemente associados ao ENSO, até os
eventos recentes dos ultimos dois anos. Nos sugerimos que as MHW foram provavelmente o principal impulsionador do
branqueamento observado, especialmente em 2019, quando as taxas de branqueamento observadas foram maiores do que
nos periodos de ENSO. Embora os corais massivos do Atlantico Sudoeste sejam considerados mais resistentes ao estresse
térmico quando comparados com corais recifais de outros oceanos, os fortes eventos registrados desde 2019 destacam a
necessidade de monitoramento continuo para entender melhor a dindmica do branqueamento de corais e melhorar
as previsdes sobre os efeitos das mudangas globais na regido.

Palavras-chave: Mudangas climaticas; Mortalidade de corais; El Nitio (ENSO); Recifes brasileiros; Atol das Rocas.
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Introduction

Coral reefs are among the most diverse and economically important
environments on the planet, as they harbor most of the marine
biodiversity and provide a large number of ecosystem services (Graham
& Nash 2013). Consequently, these systems face a number of local and
global anthropogenic impacts, such as overfishing, pollution, habitat
destruction, introduction of exotic species, and ocean acidification
(Hughes et al. 2003). However, global warming is undisputedly the
biggest threat to coral reefs worldwide, especially taking into account
that global climate models predict an average increase in sea surface
temperature (SST) 0f 0.027 °C per year from 1990 to 2090 (Bopp et al.
2013). The major negative effect caused by the increase in SST on coral
reefs is the disruption of the symbiotic relationships between corals and
dinoflagellates of the family Symbiodiniaceae, in a phenomenon known
as “coral bleaching” (Glynn 1993). In this relationship, microalgae can
provide most of the energy requirements of the coral host (Muscatine
et al. 1984), and its disruption damages the physiology and energy
budget of the coral (Lesser 2011). If prolonged, this disruption may lead
to high levels of coral mortality (Berkelmans et al. 2004, Oliver et al.
2009, Eakin et al. 2019). Since the twentieth century, coral bleaching
has been reported in scattered localities and was related to small-scale
stressors such as sedimentation, freshwater supply, and colder or
hotter than normal weather (Vaughan 1914, Glynn 1993, Hughes et al.
2003). However, after the 1980s coral bleaching became more frequent
worldwide (Hughes et al. 2017), with three major global scale coral
bleaching events: 1997-1998, 2010 and 2014-2017 (Eakin et al. 2019).

The average annual global temperatures of the ocean and atmosphere
0f 2015, 2016, and 2017 were the highest ever recorded since the 1800s
(Hughes et al. 2017). During 2015/2016 a strong and prolonged ENSO
(El Nifio Southern Oscillation) raised the global mean SST by 0.5 °C,
and remarkably, 2017 was the warmest non-El Nifio year ever registered
(Eakin et al. 2019). This severe warm period sparked the most intense
massive bleaching of corals worldwide and became known as the third
global coral bleaching event (GCBE) (Hughes et al. 2018, Eakin et al.
2019). During this event, the highest incidence of coral bleaching and
mortality in the Atlantic was recorded in the Caribbean (Hughes et al.
2017). In Brazil, some reefs showed up to 73% bleaching for some coral
species, but mortality was overall lower than 3% (Teixeiraetal. 2019). In
addition, Southwestern Atlantic reefs faced a record-breaking heatwave
event in 2019, which, together with the ENSO positive phase, increased
SST and triggered mass coral bleaching (Banha et al. 2019, Duarte et al.
2020). These bleaching episodes have been reported in the Southwestern
Atlantic reefs since 1993 (Migotto 1997), but while most of them have
been related to ENSO (Kelmo & Atrill 2013, Ferreira et al. 2013, Miranda
et al. 2013, Dias & Gondim 2016, Ledo et al. 2016, Lisboa et al. 2018),
there is still no consensus about the main drivers generating recent thermal
anomalies that trigger coral bleaching in the region (Soares et. al. 2019).

Besides ENSO, another climatic factor that has impacted the
Brazilian marine ecosystem are the Marine Heatwaves — MHW —
(Rodrigues et al. 2019), which probability of occurrence has already
increased more than 20 times due to global warming (Laufkétter et al.
2020). Defined as a period of at least five days wherein the temperature
is above the 90™ percentile of the values historically observed for a
given location and at a certain time of the year, the MHW are extreme
climatic events in oceanic systems (Hobday et al. 2016). The impacts
of MHW on marine ecosystems reported so far include, for example,
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mass mortality of seabirds in the Northeast Pacific (Jones et al. 2018),
biomass decrease, and shifts in the distribution of fish stocks (Cheung
& Frolicher 2020). However, the relationship between MHW and coral
bleaching has been only recently reported (Fordyce et al. 2019, Smale
et al. 2019), with MHW promoting immediate mortality and microbial
biofilm formation over dead coral skeletons (Leggat et al. 2019). In
view of all the impacts to coral reefs, studies that evaluate the effects
of thermal anomalies on coral communities, whether by ENSO or
MHW, are key to understand the dynamics of coral bleaching and to
predict these impacts (Hughes et al. 2017). This is especially critical
in the Southwestern Atlantic, where bleaching studies are still scarce,
endemism in reef corals is high (Ledo et al. 2016) and unprecedented
thermal stresses have been reported (Rodrigues et al. 2019). Thus,
we assessed the frequency of bleaching and mortality of the coral
Siderastrea stellata Verrill, 1868 at the Rocas Atoll from 2016 to 2019,
and evaluated its relation with the 2015/2016 ENSO and other climatic
events, such as MHW. Rocas is potentially one of the most “pristine”
areas of the Southwest Atlantic, and figures as a natural laboratory to
understand the effect of thermal stress on corals, since it is not directly
exposed to other anthropogenic impacts, such as pollution, urbanization
and fishing (Longo et al. 2015).

Material and Methods

1. Study area

Located 230 km off the northeastern coast of Brazil, Rocas Atoll
(03°50°’S, 33°49°W, Figure 1a) is the only atoll in the South Atlantic,
and is the first no-entry marine protected area in Brazil, created in 1979.
The biological reserve encompasses about 360 km? of strictly protected
area managed for research, where fishing activities and tourism are not
allowed, leading to low human impact (Kikuchi & Ledo 1997, Soares
2018). The reef substrate is mainly formed by coralline algae, vermetid
gastropods and encrusting foraminifera (Kikuchi & Ledo 1997), but
seven species of scleractinian corals and one hydrocoral occur there
(Ledo et al. 2016). The atoll is subjected to intense wave action in
comparison to coastal systems and is characterized by a semi-diurnal
and mesotidal regime (Kikuchi & Ledo 1997). During the low tide,
two main habitats can be distinguished, open pools that constantly
communicate with the exterior of the atoll and are more exposed to
wave action than closed pools, which remain completely isolated from
the exterior area of the atoll during low tides (Figure 1b). The benthic
community in Rocas is dominated by the abundant reef-building coral
Siderastrea stellata (Echeverria et al. 1997, Longo et al. 2015). This
species is highly tolerant to thermal stress and widely distributed and
common on Brazilian coastal reefs (Ledo etal. 2016, Garcia et al. 2017).

2. Data collection

We conducted the sampling in four tide pools (Cemitério,
Tartarugas, Ancoras and Falsa Barreta; Figure 1b) during low tides in
May 2016 and 2017, and in June 2019. In each pool, we performed
five visual censuses along 20 x 1 m (20m?) belt transects, at depths
up to 5 m, to estimate the frequency of bleaching and dead corals,
according to ReBentos Protocol (Ledo et al. 2015). All colonies of S.
stellata with more than 3 cm in diameter within the transect area were
visually counted (Nmin = 1533; Nmax = 1791) and classified into three
categories: (1) no bleaching = with no sign of affected color, (2) bleached
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Figure 1. A) Geographic location of the Rocas Atoll and B) Position of study
sites, at the tide pools: Falsa Barreta, Cemitério, Saldo, Tartarugas, and Ancoras.
Adapted from Longo et al. (2015)

= lighter in color than normal, with different degrees of discoloration,
including patches of bleaching and whiteness, and (3) recently dead
= bare skeleton without living tissue and minimal algal overgrowth.

3. Abiotic factors

To examine the effect of thermal stress events on S. stellata bleaching and
mortality, we compiled a set of ocean temperature data during the sampling
period at Rocas Atoll, and analyzed the coral’s response considering these
thermal stresses in the four months prior to the surveys. This 4 month-period
was previously indicated as the time of response seen in Rocas Atoll corals
(Ferreira et al. 2013). We collected the daily mean SST between 2016 and
2019 from the US National Oceanic and Atmospheric Administration -
Advanced Very High Resolution Radiometer (NOAA - AVHRR) (http://www.
esrl.noaa.gov/psd/). Then, we obtained the Monthly Multivariate ENSO Index
(MEI) values (Wolter & Timlin 1993) from NOAA’s Earth System Research
Laboratory (esrl.noaa.gov/psd/enso/mei) from January 2015 to December
2019 to evaluate the effect of ENSO phases on the bleaching observed at
Rocas Atoll. Considering the SST and MHW, we built an event curve between
2016 and 2019 with the Marine Heatwave Tracker, which uses the daily
Optimally Interpolated Sea Surface Temperature (OISST) from the NOAA,
available at http://www.marineheatwaves.org/tracker.html, (Schlegel 2018).
To assess cumulative intensity, we obtained the maximum degree heating
week (DHW) value during each time interval of 4 months before sampling,
from NOAA Coral Reef Watch (CRW’s), available at https://coralreefwatch.
noaa.gov/product/vs/gauges/fernando_de noronha.php. These values, based
on CRW’s Regional Virtual Station time series data, reflect the observed and
forecasted bleaching alert level surrounding Rocas Atoll.

4. Data analysis

To examine whether the bleaching and mortality frequencies varied
among 2016, 2017 and 2019, we performed two Kruskal-Wallis tests.
We transformed the bleaching and mortality frequencies using the
arcsine square root transformation before the analyses. We used this
approach because bleaching and mortality data are percentages with
a non-normal distribution, thus precluding the use of parametric tests.
Additionally, we used Dunn tests for testing the difference observed
in Kruskal-Wallis tests. All the analyses were performed with the R
software (R Core Team 2018).

Results and Discussion

We observed a significant difference in the bleaching frequency
among years (Kruskal-Wallis test: X? = 47.7, df = 2, p-value < 0.01),
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in contrast to the mortality frequency (Kruskal-Wallis test: X*> = 0.51,
df =2, p-value = 0.77; Figure 2). During all sampled years, bleaching
episodes were underway, which may underestimate mortality. In
2016, average bleaching (11.71% + SD 13.81) and mortality (0.97% =+
SD 2.39) frequencies at Rocas Atoll (Figure 2b and 2c, respectively)
were small compared to the severe global trend observed during
the 2015/2016 ENSO (Hughes et al. 2017). This pattern was also
observed in another less abundant coral species (e.g. Favia gravida,
Montastraea cavernosa and Porites astreoides,), which presented few
signs of bleaching during this year (authors pers. obs.). In 2017, average
bleaching frequency (1.52% + SD 1.89) was almost eight times smaller
than 2016 (Dunn test: z = 2.30, p-value < 0.01; Figure 2b), but the
frequency of dead colonies was three times higher (3.2% + SD 6.6),
despite no significant difference (Figure 2c).

Average bleaching frequency in 2019 was 88.01% (+ SD 8.97), almost
sixty times higher than 2016 (Dunn test: z=-4.68, p-value <0.01) and 2017
(Dunn test: z=-6.82, p-value < 0.01) (Figure 2b). Unlike the upward trend
in bleaching frequency, the number of dead colonies has halved (1.31% +
SD 4.12) when comparing 2017 to 2019, despite the lack of statistically
significant difference (Figure 2c). Although 2019 was a non-El Niflo year,
the most severe bleaching event to date at the Southwestern Atlantic was
recorded at that time, with high bleaching but low coral mortality (Banha et
al. 2019, Duarte et al. 2020, Mies et al. 2020), similar to Rocas Atoll. The
bleaching history at Rocas Atoll coincides with the ENSO years, such as the
2003 event that caused bleaching in less than 4% of the colonies studied by
Ferreira et al. 2006, while during ENSO 2010, less than 20% of the colonies
bleached, but up to 60% showed signs of disease (Ferreira et al. 2013).

In 2016, thermal stress events in the four months preceding the survey
reached a maximum SST of 29.5 °C and a high frequency of positive
thermal anomalies that did not exceed 1 °C (Figure 3a), with a maximum
DHW value less than 1 °C-week. In the same period, there were three
moderate MHW (Figure 3b) with an average duration of 6.6 days and
average intensities, maximum and cumulative averages of 0.85 °C, 1.06
°C and 5.67 °C, respectively. Therefore, coral bleaching at Rocas Atoll
in 2016 may not have been triggered only by ENSO (Figure 3c), but also
by MHW that occurred before the sampling period. Soares et al. (2019)
highlighted a bleaching event in the Southwestern Atlantic triggered by
anomalous SST in 2010 that was not correlated with the ENSO, but with
lower wind speeds and water turbidity.

In 2017, the daily average SST during the four months prior to the
survey was similar to that observed in 2016, with maximum DHW
value less than 1 © C-week, and a maximum SST of 29.5 °C (Figure
3a), characterizing a hot year even without ENSO (Figure 3c). However,
during this period a lower frequency of positive thermal anomalies was
observed, with two episodes reaching 1 °C (Figure 3a). Two moderate
MHW occurred before sampling in 2017, with an average duration of
12 days, mean accumulated intensity of 10.57 °C, average intensity of
0.89 °C, and maximum average of 1.04 °C. The MHW events during the
pre-sampling period in 2017 were less frequent and more interspaced,
despite being longer, than the pre-sampling period in 2016 (Figure
3b), which may have influenced the low bleaching frequency in 2017.

In 2019, SST reached a maximum of 30.0 °C, and presented higher
frequency and intensity (1.5 °C) of positive anomalies than in 2016, with
more thermal anomalies than 2017 (Figure 3a). The maximum DHW value
in the period was higher than previous years, reaching 7.5 ° C-week. Two
MHW were registered in 2019, with an average duration of 31.5 days and
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Figure 2. A) Coral communities at Rocas Atoll over sampling period (2016, 2017 and 2019), at the sampled areas. Note a few bleaching colonies of
Siderastrea stellata in 2016, and several bleached colonies in 2019, while 2017, colonies were mostly healthy. B) Bleaching frequency of Siderastrea
stellata at Rocas Atoll, as a function of sampling years: 2016, 2017 and 2019. Box plot center = median, outerlimit = 75% percentile, and range is
shown by the whiskers. In each case, data from N=20 belt transects are shown. C) Mortality frequency of Siderastrea stellata at Rocas Atoll, as a
function of sampling years: 2016, 2017 and 2019. Box plot center = median, outerlimit = 75% percentile, and range is shown by the whiskers. In each

case, data from N=20 belt transects are shown

acumulative intensity of 31.51 °C, both three times higher than in previous
years (Figure 3b). The intensity and maximum averages of MHW were
similar to those of previous years: 1.02 °C and 1.46 °C, respectively. A much
lower ENSO index was detected in 2019 compared to 2016 (Figure 3c).
Regarding the three sampling years, 2019 reached the highest SST, presented
larger and more frequent thermal anomalies, as well as more intense MHW,
which may explain the severe bleaching frequency (i.e. >50% of bleached
colonies, according to Donner et al. 2017) in 2019 (Figure 2a and 2b).
Bleaching events may have distinct outcomes, from full recovery
to mass mortality, depending on the intensity and duration of the
environmental stress (Glynn 1996, Baker et al. 2008), as well as the
overall health state of the ecosystem (Hoegh-Guldberg 1999). Thermal
stress in the South Atlantic has historically been lower than in other
regions such as the Caribbean and the Indo-Pacific (Skirving etal. 2019),
and its reefs have escaped multiple thermal stress events which have
plagued reefs elsewhere. Despite the massive coral loss observed around
the world, Southwestern Atlantic reefs have remained relatively stable
in terms of mortality (Perry et al. 2013, Banha et al. 2019, Teixeira et al.
2019). Between 2014 and 2017, when the most severe, widespread, and
longest-lasting global-scale coral bleaching event was recorded (Eakin
et al. 2017, 2019), Abrolhos reef, in Brazil, suffered less than 3% of
coral cover loss due to bleaching and mortality (Teixeira et al. 2019).
Coral species from the Southwestern Atlantic, including S. stellata,
have been considered highly resistant to thermal stress, which is possibly
related to associations with thermotolerant endosymbionts (Marshall &
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Baird 2000, Loya etal. 2001, Costa et al. 2004, 2008). Colonies of S. stellata
from the Northeastern Brazilian reefs harbors mainly symbionts from the
genus Cladocopium (Costa et al. 2008, Monteiro et al. 2013), a genus
whose lineages most frequently found on corals are thermotolerant (Swain
et al. 2017). Coral colony morphology is also often related to bleaching
susceptibility, with massive forms less susceptible to bleaching (Brown et
al. 1990, Gleason 1993). Most Brazilian coral species, such as S. stellata,
have a massive growth form (Ledo et al. 2003), that is also associated with a
higher thermal stress tolerance (Loya et al. 2001, Schloder & D’Croz 2004) in
comparison to branching corals (Brown et al. 1990, Glynn 1996, Smith et al.
2014). These traits of Brazilian coral may drive the higher resistance during
thermal stress events registered so far, especially for S. stellata at Rocas Atoll,
due to its massive morphology, possible thermal tolerant symbiont diversity
(Costa et al. 2008) inhabiting shallow and warm tide pools (Echeverria et al.
1997). In addition, Rocas Atoll is isolated from the mainland and is the most
effective marine protected area in Brazil, lacking local stressors (Brandao
et al. 2017) that could act in concert with global drivers that promote coral
bleaching. On the other hand, Rocas Atoll is a shallow and non-turbid reef,
therefore more susceptible to bleaching due to thermal stress than coastal
ones (Glynn 1996, Takahashi et al. 2004).

This scenario may have started to change from 2019, when the incidence
of severe MHW in some reefs, such as at Rocas Atoll, Abrolhos coral reefs
and Sdo Paulo rocky reefs, triggered the highest bleaching events registered
so far in the Southwestern Atlantic (Banha et al. 2019, Duarte et al. 2020).
Impacts of MHW on coral reefs have been reported in Australia (Le Nohaic
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Figure 3. Temporal thermal series. A) Daily mean values of sea surface
temperature (red line) and thermal anomaly (blue line) reported for Rocas Atoll.
Numbers (1-3) within a small square indicate the sampling moment in each year
and the big dashed square shows the four months prior to the survey, when thermal
stresses were analyzed. The x-axis represents time, with monthly intervals, from
January 2016 to June 2019. The main y-axis represents the SST (°C) and the
secondary the anomaly (°C). Data extracted from the satellite (AVHRR) and
made available by NOAA (http://www.esrl.noaa.gov/psd/). B) Marine Heatwaves
at Rocas Atoll, between 01/01/2016 and 05/31/2019. The red dotted line is the
threshold value for each location for each day of the year and is defined based
on the 90th percentile value. A thermal stress event that is at least five days or
more above this threshold value represents a MHW (orange areas). The lightest
orange areas represent moderate MHW, and the darkest strong events. The
dashed blue line represents the climatological mean. Numbers (1-3) within a
small square indicate the sampling moment in each year. The x-axis represents
time, with monthly intervals, and the y-axis represents the SST (°C). Available
at http://www.marineheatwaves.org/tracker.html. C) Multivariate ENSO indices
(y-axis) from 1979 to 2020 (x-axis). El Nifio (positive phase) in red; La Nifa
(negative phase) in blue. Numbers (1-3) within a small white square next to the
arrows indicate the sampling years (1 =2016;2=2017; 3 =2019). Data source:
(esrl.noaa.gov/psd/enso/mei)

etal. 2017, Clarke et al. 2019) and some Pacific islands, with different coral
species being affected (Rubio-Portillo et al. 2016, Falter et al. 2016, Couch
et al. 2017). Unlike large spatial and temporal scale ENSO events, MHW
represents the most extreme and “rare” incidences of thermal stress relative
to a seasonally dependent historical baseline (Hobday et al. 2016). However,
similarly to ENSO, the duration and frequency of MHW has increased
significantly since the early twentieth century (Oliver et al. 2018, Laufkétter
et al. 2020). It is worth mentioning that the effects of MHW on coral reefs
are distinct from how coral bleaching has been understood to date, resulting
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in an immediate heat-induced coral mortality, rapid dissolution of the coral
skeleton, and loss of the three-dimensional reef structure (Leggat et al. 2019).

This work highlights the need to re-think our understanding of
coral bleaching events in Southwestern Atlantic reefs, its drivers and the
immediate impact on corals, especially in Brazilian reefs whose responses
to thermal stress are still poorly understood (Mies et al. 2020). Maintaining
time series for monitoring coral population parameters and environmental
drivers is crucial for understanding coral bleaching phenomena in the
Southwestern Atlantic and better addressing the coral reef crisis. Rocas
Atoll is one of the most effective marine protected areas in Brazil, with
minimal local anthropogenic impacts and may be used as a natural model
system for evaluating global impacts on its reef community. Indeed, a
better understanding of what are the main drivers of coral bleaching in
Southwestern Atlantic can be useful to improve predictions and anticipate
impacts on Brazilian reefs related to global change.
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