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Coral reefs are threatened by climate change on a global scale with thermal stress
events and mass coral bleaching being widely reported. The reefs off the east coast of
Brazil (and other turbid areas) have, however, historically escaped such thermal stress
events, with relatively low levels of background coral mortality (5-10%). This has recently
changed. Here we show that, in 2019, degree heating weeks (DHW) of 19.65 coincided
with catastrophic declines in coral cover, especially in the major reef building hydrocoral
Millepora alcicornis. The decline was due to bleaching associated with exposure to high
temperature stress culminating in DHW values exceeding 15 for a period of 50 days.
At two independent sites, surveys showed upwards of 83.5 + 9.0 and 89.1 + 3.9%
mortality, and a third site showed relatively lower (albeit still high) mortality rates of
43.3 + 12.0%. The mass die-off in 2019 is unprecedented in the South Atlantic reefs
and coincides with increased heating events.

Keywords: coral mortality, Millepora alcicornis, mass bleaching, turbid reefs, coral reefs, global warming

INTRODUCTION

A large proportion of all marine life is supported by coral reefs (Paulay, 1997). Such ecosystems
also benefit, either directly or indirectly, approximately 500 million people around the globe
(Burke et al., 2011). These ecosystems, however, are under direct threat, with climate change being
identified as the major force affecting coral health on a global scale (Hughes et al., 2017). The
impacts of climate change on coral reefs have been widely reported (National Academies of Sciences
and Medicine, 2019), and it is now known that corals in different regions differ in their susceptibility
to this global threat (Hughes et al., 2018; Banha et al., 2019; Teixeira et al., 2019).

A number of reef “oases” have been identified at sites that positively deviate from regional
means (Guest et al., 2018). In these sites, several physical and biological mechanisms allow corals to
survive and even thrive despite the global increases in sea surface temperatures (Coté and Darling,
2010). For instance, nearshore reefs seem to be more resistant to coral bleaching during thermal
stress events (Morgan et al., 2016, 2017), potentially due to greater turbidity that reduces solar
irradiance (De’ath et al., 2012; Cacciapaglia and van Woesik, 2015). In addition, turbid reefs have
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higher loads of suspended particulate matter, which can favor
coral heterotrophic feeding in some coral species (Anthony
and Fabricius, 2000) and, therefore, could contribute to higher
resistance and recovery after temperature anomalies.

South Atlantic reefs appear to be one of those refuges, as
they have escaped multiple thermal stress events which have
plagued the Indo-Pacific and Caribbean. Despite massive coral
loss seen throughout the world, coral reefs in the South Atlantic
have remained relatively stable (Perry et al., 2013; Banha et al,,
2019; Teixeira et al., 2019). The relatively high turbidity present
throughout most of the year along the Brazilian coast (Teixeira
et al., 2019) provides corals with potential refuge against the
rising sea surface temperature (SST). For example, during the
Third Global Bleaching Event between 2014 and 2017, Brazilian
reefs only suffered a loss of 3% due to bleaching and disease,
much lower than the majority of other sites (Miranda et al., 2013;
Teixeira et al., 2019).

Here, however, we documented the first mass die-off recorded
in South Atlantic reefs during a record breaking heat wave event
(in 2019) across three sites: two reefs within the Abrolhos Bank,
consisting of the more pristine Itacolomis Reef Complex (IRC)
and the Coroa Vermelha (CV) reef, which is more impacted by
local anthropogenic activities (Costa, 2007).

MATERIALS AND METHODS
Study Region

Three sites were chosen, in order to characterize the extent and
intensity of bleaching during the 2019 heat wave in Brazil. Two
of these were within the Itacolomis Reef Complex (IRC, 16°55’ S,
39°03” W) within the Marine Extractive Reserve of Corumbau
(MERC). The IRC is the largest reef complex in the MERC
(~50 km?), comprised of a dozen reef areas interspersed by
canals. We chose two sites separated by ~6 km to survey in the
IRC: Pedra do Silva (PS, 16°53’16” S, 39°05'30” W) and Virada de
Fora (VE 16°54'02” S, 39°02'28” W). The third location surveyed
was Coroa Vermelha (CV, 16°20'41” S, 38°58'25” W), located
in Santa Cruz de Cabralia which is ~3 km offshore outside
the marine protected area and exposed to intense fishing (Ledo
et al., 2008). The CV and IRC are 70 km apart north to south
(Figure 1, map). All surveys were conducted between June 25th,
2019 and July 5th, 2019.

Sampling Design and Field

Measurements

A slightly modified belt transect method (Hill and Wilkinson,
2004) was used to assess the percentage of bleached corals and
hydrocorals as well as to estimate the mortality caused by the
2019 heat wave. Twenty-meter long transects were used to suit
the structure of the reefs. The video transects were taken with
a 4K underwater camera recording at 40 cm above the reef
structure, following the tape measure through surface roughness,
at 10 m/min. Video transects were performed in each of the three
sites: 10 in VF reef, 11 in PS reef and 9 in CV reefs. All transects
were between 4 to 8 m depth, and their sites were randomly
chosen representing both reef crest and wall.

Each transect was divided into non-overlapping frames.
Benthic organisms were estimated by relative cover through
identification to lowest possible taxonomic level using ~2,000
randomly distributed points per transect with the Coral Point
Count Excel Extensions Software (Kohler and Gill, 2006). Corals
and hydrocorals were classified as “healthy” (R, without bleaching
signal), “partially bleached” (PB, when pigmentation was >50%
of the intensity of resistant colonies) and “severely bleached” (B,
when pigmentation was <50%). Corals with recent secondary
algae colonization on exposed skeleton and/or tissue loss above
90% were labeled as recently dead corals (RDC). The final
category included colonies where the skeleton was colonized by
turf algae, crustose coralline algae or macroalgae for example, and
were referred to as “old dead corals” (ODC).

Environmental Variables

Daily SST and degree heating week values (DHW) were obtained
from the Abrolhos reef station using data collected from January
2010 to July 2019 via the NOAA Coral Reef Watch program,
using CoralTemp Version 1.0 SST data product, with 5 km?
resolution dataset. DHW is a mass bleaching index and represents
the accumulation of the exceeding temperature on the maximum
mean SST in a monthly interval (Kayanne, 2017). This index is
calculated according to the local temperature average, making
regions with different temperatures comparable. Corals exposed
to 4.0 DHW usually bleach at a percentage of 30-40%, whereas
corals exposed to DHW above 8.0 result in severe bleaching
(>70%) with subsequent higher rates of coral mortality (Donner
et al., 2005; Kayanne, 2017).

The Abrolhos reef station was selected to analyze the weather
patterns in the region due to its proximity to the sampling sites.
The accumulation of DHW 1is a measure of thermal stress and
has been monitored by NOAA since January 1985'. One DHW
is equal to a week of SSTs that are one degree higher than
the warmest monthly mean temperature of the site climatology
(Donner et al., 2005). Average DHW values were compared using
the non-parametric Kruskal-Wallis test.

Other environmental parameters (temperature, conductivity,
pH and dissolved oxygen) were obtained using a YSI Professional
multiparameter probe deployed in the field at the time of the
surveys (Yellow Springs Instruments, United States). Nitrate
and orthophosphate values were obtained with a portable
colorimeter (Hach Portable Colorimeter, model DR900, Hach
Co., Loveland, CO, United States). The summary statistics
analysis was performed using the Paleontological Statistics
Software (PAST) version 3.20.

Data Analysis

All statistical analyses were conducted with the R software
(Version 3.6.1; R Core Team, 2017). Among sites, we calculated
the average (£SE) percent coverage of each taxon (see
Supplementary Information for all species identified and
recorded). We used the Kruskal-Wallis test (R package FSA for
non-normal data; Ogle et al,, 2019) to determine if there were
differences in the percent coverage of coral species or in the

'https://coralreefwatch.noaa.gov/product/5km
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FIGURE 1 | Map of study areas. Samples were collected from the Coroa Vermelha reefs and Pedra do Silva and Virada de Fora reefs within the Itacolomis Reef
Complex from June 25, 2019 to July 5, 2019. The Itacolomis Reef Complex is in the protected Marine Extractive Reserve of Corumbau.
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FIGURE 2 | Sea surface temperatures (SST) and degree heating weeks (DHW) in the last decade using daily temperature readings from the Abrolhos reef. The
bleaching threshold for the region is 27.9°C. The year 2019 contained the highest recorded SST and DHW values of the last decade.

TABLE 1 | Summary statistics of physical-chemical parameters from Santa Cruz de Cabralia and Corumbau.

Temperature (°C) Dissolved oxygen (%) Salinity (g/L) Condutivity (uS/cm) pH NO3 (mg/L) PO4 (mg/L)

Santa Cruz de Cabralia (CV)

Mean 27.47 94.63 36.55 57.97 8.17 0.00 0.22
Std. error 0.03 1.12 0.05 0.02 0.01 0.00 0.09
Min 27.40 92.50 36.50 57.93 8.15 0.00 0.12
Max 27.50 96.30 36.60 58.00 8.19 0.01 0.40
Corumbau (PS and VF)

Mean 27.13 98.22 36.06 56.89 8.16 0.00 0.17
Std. error 0.07 1.35 0.22 0.22 0.02 0.00 0.06
Min 26.90 93.60 35.60 56.29 8.10 0.00 0.08
Max 27.30 100.80 36.80 57.57 8.19 0.02 0.39

health states of colonies of the dominant reef building hydrocoral, = richness and diversity among all corals identified across sites
M. alcicornis, between and within sites (i.e., apparently healthy = were also characterized with the Chaol richness and Shannon
colonies, partially bleached, bleached, and recently dead). The and Simpson diversity indices using the vegan package (Oksanen
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TABLE 2 | Average coral cover percentage, corals bleaching rates and mortality

rates in Coroa Vermelha, Pedra do Silva, and Virada de Fora reefs, Abrolhos

Region, Brazil.
Relative  Healthy Partially Bleached Dead
abundance (%) Bleached (%) (%)
(%) (%)
Coroa Vermelha
Coral
Millepora alcicornis 12.9 29.3 2.1 253 43.3
Millepora braziliensis 0.0 0.0 0.0 0.0 0.0
Agaricia agaricites 0.2 61.8 14.7 13.5 10.0
Agaricia fragilis 0.0 50.0 0.0 50.0 0.0
Favia gravida 0.0 72.2 0.0 27.8 0.0
Madracis decactis 0.0 0.0 0.0 0.0 0.0
Montastraea cavernosa 1.8 50.0 0.0 50.0 0.0
Mussismilia braziliensis 0.2 66.7 5.6 27.8 0.0
Mussismilia harttii 0.5 44.8 1.7 45.3 8.2
Mussismilia hispida 2.2 54.2 6.2 38.9 0.6
Porites astreoides 2.8 55.8 12.7 28.9 2.6
Siderastrea stellata 1.4 56.2 28.1 13.3 2.3
Octocorals
Muricea flamma 0.2 100.0 0.0 0.0 0.0
Muriceopsis sulphurea 1.8 89.3 3.7 4.3 2.7
Neospongodes atlantica 2.0 100.0 0.0 0.0 0.0
Phyllogorgia dilatata 11 97.5 0.0 0.0 25
Plexaurella grandiflora 0.1 75.0 25.0 0.0 0.0
Plexaurella regia 0.2 82.1 0.0 17.9 0.0
Zoanthids
Palythoa caribaeorum 3.9 53.7 19.5 26.8 0.0
Zoanthus sociatus 0.0 100.0 0.0 0.0 0.0
Pedra Do Silva
Coral
Millepora alcicornis 12.0 6.0 0.8 4.1 89.1
Millepora braziliensis 0.0 100.0 0.0 0.0 0.0
Agaricia agaricites 0.2 83.5 4.0 0.0 12.5
Agaricia fragilis 0.0 100.0 0.0 0.0 0.0
Favia gravida 0.1 77.8 0.0 22.2 0.0
Madracis decactis 0.0 53.6 0.0 46.4 0.0
Montastraea cavernosa 0.3 100.0 0.0 0.0 0.0
Mussismilia braziliensis 0.3 56.3 8.3 35.4 0.0
Mussismilia harttii 4.6 44.8 1.8 40.5 12.9
Mussismilia hispida 1.4 52.2 1.3 44.0 2.5
Porites astreoides 0.4 82.2 9.7 2.6 5.6
Siderastrea stellata 2.5 57.0 17.0 25.2 0.8
Octocorals
Muricea flamma 0.0 0.0 0.0 0.0 0.0
Muriceopsis sulphurea 3.7 69.6 9.8 8.8 11.9
Neospongodes atlantica 3.6 88.3 0.2 4.3 7.2
Phyllogorgia dilatata 0.2 856.1 3.1 10.0 1.8
Plexaurella grandiflora 0.0 100.0 0.0 0.0 0.0
Plexaurella regia 0.0 0.0 0.0 0.0 0.0
Zoanthids
Palythoa caribaeorum 19.5 68.1 23.2 6.7 2.1
Zoanthus sociatus 0.0 100.0 0.0 0.0 0.0
(Continued)

TABLE 2 | Continued

Relative  Healthy Partially Bleached Dead
abundance (%) Bleached (%) (%)
(%) (%)
Virada De Fora

Coral
Millepora alcicornis 1.1 8.4 0.0 8.1 83.5
Millepora braziliensis 0.0 0.0 0.0 0.0 0.0
Agaricia agaricites 0.1 75.0 5.0 6.7 13.3
Agaricia fragilis 0.0 0.0 0.0 0.0 0.0
Favia gravida 0.1 96.4 3.6 0.0 0.0
Madracis decactis 0.0 0.0 0.0 0.0 0.0
Montastraea cavernosa 0.0 0.0 0.0 0.0 0.0
Mussismilia braziliensis 2.1 84.4 5.2 10.2 0.2
Mussismilia harttii 2.8 76.9 6.4 1.5 5.2
Mussismilia hispida 1.1 66.2 7.9 22.0 3.9
Porites astreoides 0.2 56.7 16.7 26.7 0.0
Siderastrea stellata 14.4 50.9 15.4 33.2 0.5
Octocorals
Muricea flamma 0.0 0.0 0.0 0.0 0.0
Muriceopsis sulphurea 0.1 100.0 0.0 0.0 0.0
Neospongodes atlantica 0.0 0.0 0.0 0.0 0.0
Phyllogorgia dilatata 0.0 0.0 0.0 0.0 0.0
Plexaurella grandiflora 0.0 100.0 0.0 0.0 0.0
Plexaurella regia 0.0 0.0 0.0 0.0 0.0
Zoanthids
Palythoa caribaeorum 1.9 55.0 411 3.9 0.0
Zoanthus sociatus 0.0 100.0 0.0 0.0 0.0

et al.,, 2019) in the R Statistical Software (R Core Team, 2017).
We then used the non-parametric Kruskal-Wallis test to compare
these indices among sites.

RESULTS

Thermal Stress in Abrolhos Bank

During the 2019 survey period (January to July), there were
9 days with temperatures above 29°C and the highest temperature
recorded was 29.33°C (see text footnote 1 Figure 2). The
average temperature through July 2019 was 27.64°C, 1.3°C
higher than the average temperature for this month from
2010 to 2018 (26.34°C). Records were broken with the
highest single day temperature documented since 1989 and the
highest ever recorded number of DHW in the region (NOAA
Abrolhos reef station).

The highest DHW value recorded at the Abrolhos reef station
was 19.65, from May 10th, 2019. This almost doubles the historic
high of 10.95 DHW, which occurred in 2016 (see text footnote
1 Figure 2). During our survey period, DHW values were above
15 for 50 consecutive days (April 12th-May 31st), and there were
102 total days with DHW values above 10. In contrast, during
the period between 2010 and 2018, there were only 61 days
with DHW values above 10, and none of these events lasted
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more than 35 consecutive days. The average DHW in 2010-
2018 was 2.77 £ 0.09 (average =+ se), whereas during the 2019
survey period it was 10.50 & 0.44 (average =+ se). Historic highs
(prior to 2019) peaked at 6.34 & 0.31 (average =+ se), which was
recorded from February to July 2016. The average DHW value for
2019 was therefore significantly higher than both the combined
averages during heat stress events from 2010 to 2018 (p < 0.05)
and the 2016 heat stress event (p < 0.05). Using the regional
bleaching threshold of 27.9°C?, there were 114 days recorded
above this threshold in 2019 and only 250 such days over the
previous 9 years. The mean temperature in CV and in the IRC
are shown in Table 1, as well as other important physical and
chemical water parameters.

Relative Abundance, Coral Bleaching
Rates and Mortality Rates

Benthic cover by species, coral bleaching rates, and mortality
rates for all coral species observed was calculated for the three
sampling sites (Table 2). In the two sampling sites in the IRC,
the mortality rate for the hydrocoral Millepora alcicornis averaged
~86%, (going up to almost 90% in VF) while in Coroa Vermelha
the reef mortality rate was ~ 43% (Figure 3). In the three
sampling sites, the species belonging to the Mussismilia genus

Zhttps://coralreefwatch.noaa.gov

presented bleaching rates between 10 and 45%, but mortality rates
between 0 and 12.9%. Of the three Mussusmilia species, M. hartii
had the highest mortality rates in all reefs.

Major Groups Total Cover and Total
Coral Mortality

Of the three reefs analyzed, total live coral cover was 9.7 & 2.3%
in CV Reefs, 8.5 & 2.0% in PS, and 14.5 & 0.9% in VF (Table 3).
Although CV and PS reefs presented a higher coral cover before
the heat event, VF reef currently presents a higher coral cover
(14.5 £ 2.9%) while having a lower mortality (1.2 £+ 0.5%).
Recently dead corals represent a majority of the dead corals that
were found in the region. In CV, RDC represent 9.1 £ 3.6%,
the same coverage percent of the live corals. In PS, the percent
of RDC (15.5 & 3.2%) is almost twice the percent of live corals
(8.5 £ 2.0%) (Table 3).

DISCUSSION

Here we report a high mortality rate for the hydrocoral species
Millepora alcicornis, and the first event on record of heat-related
massive coral mortality in the western South Atlantic. This record
breaking mortality was recorded during the 2019 heatwave event.
M. alcicornis is a branching hydrocoral and one of the major reef
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TABLE 3 | Benthic cover by major groups and total coral mortality rates in Coroa Vermelha, Pedra do Silva, and Virada de Fora reefs (se = standard error).

Coroa Vermelha

Pedra do Silva Virada de Fora

pct_mean pct_se pct_mean pct_se pct_mean pct_se
Live Coral 9.7 2.3 8.5 2.0 14.5 0.9
Recently Dead Coral 9.1 3.6 15.6 3.2 1.2 0.5
Old Dead Coral 0.3 0.1 4.9 0.8 0.3 0.1
Octocorals 6.3 3.0 7.6 2.0 0.2 0.1
Zoanthids 2.6 1.9 16.8 3.6 1.2 1.0
Macroalgae 32.8 6.0 13.0 1.8 67.5 3.3
Coralline Algae 23.7 4.7 3.8 0.8 1.5 0.8
Sponges 0.1 0.0 0.5 0.1 0.0 0.0
Others 0.4 0.1 0.2 0.1 0.3 0.1
Unknowns 0.6 0.2 0.3 0.1 0.5 0.2
Sand, Pavement, Rubble 14.4 3.0 29.0 3.2 13.0 3.3

builders in the area (Amaral et al., 2008). The species occupies
the windward borders of the majority of reefs in this region, in a
similar manner to the habitat where Acropora palmata dominated
in Caribbean reefs (Ledo et al., 2003). Although M. alcicornis
has shown a sensitivity to bleaching, low mortality rates have
been previously observed in Brazil (<8%) (Miranda et al., 2013;
Teixeira et al., 2019). In contrast, here we observed (across two
independent sampling sites in the IRC), a staggering increase
in mortality of this reef builder — with highs of ~ 84 and 89%
in Virada de Fora and Pedra do Silva, respectively, and ~ 43%
in Coroa Vermelha.

The 2019 bleaching event therefore became the most
detrimental thermal stress event since records began, not only
on the reefs surveyed but throughout the western South Atlantic.
DHWs peaked in this location at a high of 19.65, a record for the
Abrolhos region, and the second highest value ever documented
in the western South Atlantic. This peak has only been surpassed
once before where 20.5 DHW were recorded in Alcatrazes, off the
Sao Paulo coast (Banha et al., 2019). Interestingly, although the
stress event was higher during the episode in Alcatrazes (higher
DHW value) and, despite 70% of the corals bleaching, mortality
was low (<2%) (Banha et al., 2019). At the same site as our
surveys, 70% of corals bleached during a 2016 thermal stress
event (with DHW peak at only 9.7), however, less than 3% of
total coral cover was lost (Teixeira et al.,, 2019). Although we
recognize that the use of local temperature loggers would be the
most recommended approach, for us to compare all the studied
areas with higher resolution, satellite-derived SST surveys have
been extensively applied as a reliable alternative (Donner et al.,
2005; Skirving et al., 2019; Teixeira et al., 2019).

The significant die off observed is worrying for the entire
ecosystem, as Millepora alcicornis is a major reef builder of
Brazilian reefs and they provide an important nursery habitat
for a number of reef species (Coni et al., 2013). Although
M. alcicornis has a relatively fast growth rate (when compared
with other coral species), extending approximately 2.4 cm/year
(Oliveira et al., 2008), due to the size of the dead colonies,
we believe that reef recovery will take decades. The knock on
effect of such an event may therefore result in not only loss

of biodiversity, but local extinctions of other reef taxa and
declines in fisheries productivity (Rogers et al., 2014). This
die off also raises concerns about the status of this reef as a
refuge. The previous absence of significant mortality of corals
in this area may not actually indicate a higher resilience or
resistance, instead, such observations may have been solely due
to the lack of major heatwaves in the past. In fact, comparing
the temperature history of different areas, heat stress in the
Southern Atlantic has been historically lower than in other
oceans (Skirving et al., 2019). It is also possible that corals
living in these areas have simply not yet reached their threshold
because light stress is lower in this region due to turbidity.
However, in accentuated heatwave events like in 2019, these
corals might be as sensitive as other species on other reefs.
Indeed, it was demonstrated that Mussismilia harttii colonies
from the same region bleached when exposed to increased water
temperature (2.0 and 4.5°C above the ambient temperature)
(Santos et al., 2014).

Despite the increased mortality observed in 2019, there is a
glimmer of hope associated with such devastation. First, we still
need to follow up and monitor the natural recovery of the affected
coral groups. Besides, one promising approach for the recovery
of damaged reefs is the use of active coral restoration. In this
context, it is important to also look at the survival rate during
major heatwave events. In the case of M. alcicornis restoration,
despite the overall high number of dead corals, a few colonies did
not die or suffer, due to the intense heat stress. These resistant
colonies may be the key to understanding and preserving corals
in this area. Individual coral colonies from the same species
are well known to react differently to stress (Hughes et al,
2017) with survivors appearing resilient and/or acclimated to
heat stress (Supplementary Figure S1). These thermo-tolerant
colonies, or colonies that bleach and recover (i.e., resilient), can
be studied and used as donors for coral restoration strategies in
the field (Oliveira et al., 2008; Calderon et al., 2015), as part of
mitigatory actions. However, even naturally heat-resistant corals
are significantly threatened by periods of sustained heatwaves
(Le Nohaic et al., 2017) and the only permanent solution is the
reduction of CO, emissions.
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Unlike the M. alcicornis mortality rates, all the other species
of hydrocorals, corals, octocorals, and zoanthids showed low
mortality rates (Table 1 and Figure 3). This event also led
to the highest mortality rate ever reported for the genus
Mussusmilia due to a heatwave event in the South Atlantic.
Previous mortality rates for M. hispida varied between 0.5 and
3.9%. These results show that, although some reef builders
from the WSA are susceptible to bleaching, some may also
be resilient and recover from the heat stress. These thermo-
tolerant corals could become important genetic stocks in the near
future and should be urgently and continuously monitored. The
microbiome associated with local coral species, especially when
comparing thermal resistant and sensitive colonies, should also
be investigated further for the potential development of coral
probiotics (Peixoto et al., 2017; Rosado et al., 2019). However, it
is also important to highlight that although the total mortality
was low in some species, the most important reef-building
hydrocorals had the highest mortality. Also, the highest ever
recorded rates of mortality for other coral species were observed
and are consistent with higher DHW in this region.

Finally, we highlight that following this documented mass-
bleaching event, the same reefs surveyed were hit by an oil spill,
of which impacts are still unknown (Escobar, 2019). Therefore,
considering the high mortality and sensitivity of M. alcicornis
to the 2019 bleaching event, and secondary threats that may
impact and threaten Brazilian reefs, we suggest that the species
is added to the Brazilian list of endangered species. Interestingly,
M. alcicornis was already listed as “endangered” in the Ministry
of the Environment Ordinance No. 005 (MMA, 2004), but lost
the status in 2014 (MMA, 2014). and was downgraded to “Least
Concern.” Together with the evaluation of restoration projects
(Oliveira et al., 2008; Calderon et al., 2015), we suggest the
implementation of policies that lead to the decline in carbon
emissions, stricter environmental rules, and extra monitoring of
potential environment-damaging activities in the region, as well
as to monitor and evaluate the natural recovery of these reefs.
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