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a b s t r a c t

The health of the coral species Siderastrea stellata was investigated as an indicator of climate changes
impacts at the Fernando de Noronha Marine National Park, southwestern Atlantic Ocean. Chlorophyll
a maximum quantum yield and Rapid Light Curves (RLCs) were produced using a red-light pulse
amplitude modulated fluorometer, Mini-PAM in S. stellata colonies. We collected genetic material from
the same colonies in order to identify Symbiodineaceae hosted in each of them, considering that the
colonies showed very different pigmentations between them. Our findings showed that colonies with
pink pigmentation may be associated with higher temperatures, while indicating a high saturation
point (Ek) and consequent greater efficiency in the dissipation of radiant energy. Our genetic analysis
also demonstrated a high fidelity in association with Cladocopium spp. predominantly. Despite this, we
hypothesized that this association may be the result of changes in populations of Breviolum spp. due
to stressful events.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Global temperatures of oceans’ surface were the warmest in
015 and 2016 since the 19th century. Thus causing, by far, the
hird longest and most widespread coral bleaching episode in
ecorded history, estimated to have affected 38% of reefs and
xtinguished >12,000 km2 of corals (Swain et al., 2017). Climate
hange currently affects tropical coral reefs around the world (An-
hony et al., 2020; Goreau and Hayes, 2021; Soares et al., 2021).
n fact, great mass bleaching events have been occurring with
ncreasing intensity and frequency all around the world and have
een considered a major threat to the resilience, productivity and
unctioning of coral reefs (Hughes et al., 2017, 2018). And this
s atypical (Coffroth et al., 1990; Eakin et al., 2019; Wilkinson,
000). Before 1980’s mass death of corals was uncharted and
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climate change was not on agenda as it is today (Coffroth et al.,
1990; Eakin et al., 2019; Suggett and Smith, 2020). However,
increases in global temperature, mainly caused by fossil fuel
burning, has increased the temperature in the oceans, making
them slightly too warmer to be sustainable (Morrison et al.,
2020). To support coral reefs in the long term, reduction of green-
house gas emissions will be required (Van Hooidonk et al., 2016).
Notwithstanding, global emissions have been increasing in recent
years (Eakin et al., 2019; Friedlingstein et al., 2019). Bleach-
ing events occurs when coral expels the symbiotic microalgae
– Symbiodineaceae – or their pigments (Anthony, 2016; Hoegh-
Guldberg and Smith, 1989; Howells et al., 2012). This damage is
a stress response to several oceanographic parameters, such as
high or low temperatures, intense irradiation, changes in salin-
ity, sedimentation or other physical or chemical stresses, even
those caused by accelerated industrialization and urbanization
(Lapointe et al., 2019; Winter et al., 2016).

Symbiodiniaceae has been performing a powerful role in nu-
tritional support of scleractinian corals over millions of years
(Stanley, 2003) and is a cornerstone of the prosperity of reef
building corals (Decelle et al., 2018). As a Family, Symbiodiniaceae
seems to have high plasticity in photoacclimation and potential
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Fig. 1. Fernando de Noronha Archipelago map. Located (3◦50′24′S, 32◦24′48′W) in Atlantic Ocean, at 345 km far from Brazilian coast with the main island (17 km2

in area, about 10 km long and 3 km wide). Blue dots refer to sampling sites. From right to left: Raquel, Caieiras, Atalaia and Leão.
photoadaption (Iglesias-Prieto and Trench, 1994). Photoacclima-
tion provide dynamic changes in photosystems according to the
light condition in which species better performs (Dubinsky and
Stambler, 2009; Suggett et al., 2007). Boundaries of photosyn-
thetic improvement to the variation in light availability, light
intensity or spectral quality are defined by photoadaption. Just
as well, photoacclimation can be remarkably variable between
microalgal species and, indeed, between distinct genetic variation
in the same species (Robison and Warner, 2006; Suggett et al.,
2007). Besides that, there is a large manifoldness of physiological
plasticity as a result of thermal disturbance between several Sym-
biodiniaceae species (Warner and Suggett, 2016). Symbiodinium
microadriaticum (Freudenthal, 1962) – until 70’s, but now Family
Symbiodiniaceae (LaJeunesse et al., 2019) – were considered a
single pandemic specie in which all symbiotic dinoflagellates
were included Freudenthal (1962) and Taylor (1974). Afterwards,
extensive research was able to classify Symbiodinium diversity
at levels of clades and types (LaJeunesse, 2001; LaJeunesse and
Thornhill, 2011; Pochon and Gates, 2010; Rowan and Powers,
1991b; Van Oppen et al., 2001). Rowan and Powers (1991b)
assessed DNA sequences diversity of the small ribosomal subunit
(SSU rDNA) in Symbiodinium. Their phylogeny revealed divergent
lineages from the genus.

Consideration of the light harvesting capacity has presented
a primary framework for improving our knowledge about how
some Symbiodiniaceae genotypes (Iglesias-Prieto and Trench,
1997; Suggett et al., 2015; Warner and Suggett, 2016) have
adapted different strategies for alloting resources and light niche
improve performance. Active chlorophyll a fluorometry defines
the balance of absorbed light that is dissipated as photochem-
istry versus heat (Björkman and Demmig-Adams, 1995). Likewise,
Symbiodiniaceae genotypes look as if it has similarly expressed
differences in their own ratio of heat and photochemistry (Ro-
bison and Warner, 2006; Suggett et al., 2007). Although these
2

differences seem to present some relationship with phylogenetic,
they also appear to be related to shallow versus deeper corals
(Iglesias-Prieto et al., 2004; Suggett et al., 2015). However, these
interactions are still largely unexplored.

Therefore, we aimed to evaluate the photosynthetic potential
of S. stellata through chlorophyll a fluorescence and to relate them
to the Symbiodiniaceae. It is necessary and extremely important
to investigate how the ecological value of symbiotic dinoflag-
ellates is threatened by increasing environmental pressures, as
they can provide us with an overview of the status of the coral
community in reef environments.

2. Material and methods

2.1. Study site

Fernando de Noronha Archipelago (FNA; 3◦50′24′S,
32◦24′48′W) is located approximately 345 km off north-eastern
Brazil. The archipelago is composed by a main volcanic island (17
km2 in area, about 10 km long and 3 km wide) and 20 small
islets (Moreira and Guimarães, 2014) (Fig. 1). The FNA is divided
into two protection areas: a Marine National Park (PARNAMAR)
fully protected and an Environmental Protection Area (APA) for
sustainable use. The Archipelago’s reefs are predominantly rocky,
wave-exposed, with macroalgae and rhodoliths beds (Amado-
Filho et al., 2012; Eston et al., 1986). Krajewski and Floeter
(2011) described the presence of Siderastrea stellata Verril, 1868,
Montastraea cavernosa Linnaeus, 1767 and Mussismillia hispida
Verril, 1902 as the main representatives of the archipelago’s
coral cover. S. stellata occurs on all Brazilian reefs and in coral
communities from Maranhão to Rio de Janeiro State (Castro and
Pires, 2001; Laborel-Deguen et al., 2019) and is the major reef-
building coral in Brazilian reefs (Leão et al., 2016). This species is

a colonial, massive and zooxanthellate coral and is considered a
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reat environmental indicator, due to their ability to resistant to
edimentation, variations in temperature and salinity, as well as
trong wave action (Laborel-Deguen et al., 2019; Segal and Castro,
000).
Four study sites were selected within PARNAMAR:
(a) Atalaia: sandy bottom, low coral diversity, with predom-

nance of S. stellata. Some occurrences of Favia gravida Verril,
1868 on the edge of the tide pool. This pool undergoes a seasonal
natural sedimentation process, where colonies of S. stellata are
exposed in the months of late summer (February and March,
mainly) and autumn. Visiting is allowed under the control and
guidance of monitors.

(b) Caieiras: rock beach with tide pool bottom composed of
high diversity of macroalgae, mainly turf and calcareous algae.
Visiting is allowed under the control and guidance of monitors.

(c) Raquel: tide pool bottom composed mainly by rhodoliths
and calcareous algae, an environment with greater complexity
and deeper than the previous ones. Strong wave action and high
turbidity with a lot of grain particles on water column. Visitation
is not permitted, restricted to scientific research.

(d) Leão: a rock beach with high complexity when compared
to Atalaia and Caieiras previous mentioned. Zoanthids like Pa-
ythoa caribaeorum Duchassaing and Michelotti, 1860 are abun-
ant and also fishes. Visitation is not allowed, restricted to scien-
ific research.

.2. Sampling

Colonies of S. stellata (N = 60) up to 10 cm in diameter were
ollected by snorkeling in each sample site (15 colonies/site).
amples were carried to a plastic tray with local sea water. Water
emperature in this container was monitored throughout the
eriod of measurements. We also took note of irradiance intensity
i.e. PAR, in µmol m−2 s−1) obtained with a Mini Quantum/Temp.
Sensor (Mini PAM accessory, Walz) at the time of experimenta-
tion and at the depth of the water column in which samples were
collected. Colonies were photographed and categorized according
to a color gradient (1 to 5 colors), following the standards of
Coral Health Chart (Siebeck et al., 2006) (Fig. 2). In addition,
we maintained a sensor HOBO Pendant

®
Temperature/Light 64K

Data Logger for 5 days at Atalaia and monitored the other sites
with a second similar sensor during the period when we were
taking the chlorophyll a fluorescence measurement, in order to
understand the dynamics during sampling period (i.e. dry tide,
peak light in the day and in the summer with clear skies, without
cloudiness). This sensor recorded temperature at every second.

For data acquired by HOBO Pendant
®

Temperature we calcu-
late the ‘‘Time Period Mean’’ (Tp) from the average temperature
of the filtered period, that is, temperature between the average
(with all data) and the maximum, and time interval that was in
the Tp in minutes. These calculations were performed by Python
Software.

2.3. Genetic analysis

For zooxanthellae (Symbiodiniaceae) genetic analysis, 10
corals were sampled at each site (N = 40) by scraping a part
(<1 cm2) of S. stellata tissue using razor blade and gloves. All
material was previously sterilized with 70% ethanol between
samples. Tissue was transferred to tubes containing 0.25 mL of
CHAOS lysis-buffer and stored at room temperature for at least
five days (Picciani et al., 2016). Then, total DNA was extracted
using a phenol/chloroform protocol according to Picciani et al.
(2016). DNA purity and quantity were assessed by Thermo Sci-
entific™ NanoDrop 2000 spectrophotometer. PCR was carried out
using specific primers ss3Z and ss5Z which amplified 18S rDNA
3

fragments (∼1600 bp) (Rowan and Powers, 1991b). Reaction
mixtures contained 1X GoTaq

®
Green Master Mix (Promega), 0.5

µM of each primer, 4 ng of template DNA and sterile ddH2O to
volume. Cycling conditions were as follows: 5 min at 94 ◦C (1
cycle); 1 min at 94◦, 1 min at 55 ◦C and 2:30 min at 72 ◦C (1
cycle); 1 min at 92 ◦C, 1 min at 55 ◦C and 2:30 min at 72 ◦C
(29 cycles); final extension at 72 ◦C for 10 min. PCR products
and DNA ladder (100 bp DNA Ladder, Promega) were run on 1%
agarose gels in 0.5X TBE buffer stained with Gel Red (Biotium)
and visualized under E-Gel™ Imager UV Light Base (ThermoFisher
Scientific).

Additionally, PCR products were purified with AxyPrep PCR
Cleanup Kit (Axygen Bioscience) and then used for sequencing
and Restriction Fragment Length Polymorphism (RFLP) profiling,
as previously described in the literature (Karako-Lampert et al.,
2004; Rowan and Powers, 1991b). Sequences were manually
edited using BioEdit software (7.2 version; Hall, 1999), consensus
sequences were generated for each sample and deposited in
GenBank (vouchers numbers MT653596, MT653693, MT655952,
MT656012, MT657269, MT657270, MT657274, MT657321,
MT657960, MT659934, MT657981, MT657982, MT664801,
MT661487, MT664801, MT661525, MT664810, MT661604,
MT662117, MT662134, MT663216, MT663217, MT663279,
MT663344, MT669028, MT668630, MT668704, MT668706,
MT668713, MT668714, MT668715 and MT668913). Blast analyses
were performed to confirm.

2.4. Chlorophyll a fluorescence

The photosynthetic performance of S. stellata was accessed
using a portable pulse amplitude modulated fluorometer (Mini-
PAM, Walz GmbH, Effeltrich, Germany). Determinations of the
maximal quantum yield of PSII (Fv/Fm) were made adapting coral
colonies for 20 min (Perkins et al., 2001) in a black plastic box.
The maximal fluorescence (Fm) was measured within a satu-
rating light pulse (SLP) (800 ms, PAR > 4000 µmol m−2 s−1)
ust after acquiring the ground state fluorescence in the dark
F0). Fv/Fm was calculated as (Fm-Fo)/Fm (Genty et al., 1989).
apid light response curves (RLCs) were performed to access
he photosynthetic potential for photochemistry. The internal
rogram of Mini-PAM was used to apply 9 steps of increasing
ctinic irradiances of 10 s duration. Within each irradiance step,
he Mini-PAM recorded the steady state fluorescence and the
aximal fluorescence (within a SLP) of light adapted sample

F and Fm’, respectively). The effective quantum yield of PSII
∆F/Fm’) was calculated as (Fm’-F)/Fm’. The relative rate of the
hotosynthetic electron transport (rETR) was calculated as ∆F/Fm’
PAR x 0.5, where PAR is the photosynthetically active radiation,
nd the factor 0.5 assumes that 50% of PAR was absorbed by
SII (Ralph et al., 2002). The regression of rETR by PAR was done
itting the equation rETR = rETRm × tanh(α × PAR/ rETRm) (Jassby
nd Platt, 1976), where the parameter rETRm is the maximum
elative electron transport rate, α corresponds to the rise of the
urve in the light-limiting region (Schreiber, 2004), and Ek is
he saturating irradiance calculated as rETRm/α (Sakshaug et al.,
997). All regressions and parameter extractions were made in
language and environment for statistical computing (Team,

015a) under RStudio (Team, 2015b) using the non-linear least
quare Levenberg–Marquardt minimization algorithm with the
ackage ‘‘minpack.lm’’ (Elzhov et al., 2016).

.5. Statistical data analysis

For chlorophyll a fluorescence data parametric statistical anal-
sis was chosen after performing Shapiro and Wilk’s W test for
ormality and Levene’s test for homogeneity of variances (Zar,
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Fig. 2. Color gradient classification with coral colonies specimens conform with the Coral Health Chart at all sample sites. This categorization was defined based
n predominant pigmentation in each colony. All fluorescence measurements and collection of genetic material were carried out in the colonies’ areas with the
efinition established for each color category. All samples were classified as E2, E4, C2, C5 and D5. . (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
010). The Fv/Fm data and the critical points from regression
nalysis of RLCs were assessed by ANOVA followed by Tukey’s
SD. Correspondence analysis (CA) was also performed for Fv/Fm
ata (FactoMineR and FactoExtra packages in R). The contingency
able for CA with binary values was built by the categorization of
v/Fm values to each decimal place from 0.3 until 0.7.

. Results

.1. Symbiodiniaceae taxon identification

Analysis of ten S. stellata individuals of each sampling site
(N = 40) through RFLP fingerprinting produced SSU rDNA frag-
ments for Brevolium spp. and Cladocopium spp. (Fig. 3) in accor-
dance with the data published by Karako-Lampert et al. (2004)
and Rowan and Powers (1991a). Comparison of the 18S rDNA se-
quences obtained showed that 38/40 (98%) coral samples hosted
Cladocopium spp., while 02 samples (5%) hosted Brevolium spp.,
one from the Atalaia and one from the Raquel sites. All sequences
showed at least 98% similarity when compared to sequences in
GenBank through Blast analysis, confirming the genus identified
by RFLP.

3.2. S. stellata photosynthetic performance

3.2.1. Potential quantum yield
The Fv/Fm mean value for all samples in all sites together was

0.463 ± 0.098, with maximum of 0.657 and minimum of 0.171.
Highest average was observed at Atalaia with mean of 0.509, but
the highest overall value of 0.657 was observed at Caieiras. The
lower Fv/Fm mean value occurred at Raquel (0.371). Tukey’s mul-
tiple comparisons of means test showed high similarity between
Atalaia and Leão (p = 0.919). However, Raquel showed a highly
significant difference (ANOVA F = 26.88, p = 2.31−14).
4

Fig. 3. RFLP patterns of Taq I digested 18S rDNA gene fragments amplified from
S. stellata hosted Symbiodiniaceaea. Lane 1 shows 100bp DNA ladder; Lanes 2
and 3, Brevolium spp. samples from Atalaia and Raquel site, respectively; Lanes
4 and 5, represents Cladocopium spp. from Caieiras and Leão sites, respectively.
Representative gel for all samples, clades were confirmed by sequence analyses.
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Fig. 4. Chlorophyll a maximum quantum yield (dark-adapted samples) in relation to each sampled site, depth (m), pigmentation and temperature (◦C). Vertical bars
t each point represent standard deviations from the mean. Letters above each bar represent the ANOVA results, where ‘‘a’’ are equal to each other (p > 0.05) and
ifferent from ‘‘b’’ (p < 0.05). Raquel had the lowest overall values, while Caieiras had the lowest raw data. Atalaia and Leão had a very similar distribution. The ‘‘b’’
t the depths of 0.1 m and 1 m, both refer to Raquel. The pigmentation gradient from E2, C2, C5, E4 and D5 showed mean ± sd of 0.484 ± 0.091, 0.402 ± 0.142,
.451 ± 0.062, 0.481 ± 0.084 and 0.436 ± 0.138, respectively. Temperatures (◦C) recorded in containers during the period of fluorescence measurements. We observe
hat with increasing temperature we have lower FvFm values. During measurements we recorded water temperature at that time, which reached the values of 30, 31
nd 32 ◦C. For each of them we observed mean values of 0.504 ± 0.067, 0.474 ± 0.117 and 0.371 ± 0.061, respectively. Highly significant difference was observed
etween 32 ◦C and the other temperatures (ANOVA F = 40.26, p = 3.89−15).
Regarding sampled depths, we detected the same variation
ound for all sample sites. Significative differences were found
or fluorescence yield for 1 m and 0.1 m, which are both ref-
rent to Raquel (Fig. 4). The highest averages were for 0.6 m
epth (Atalaia) and 0.5 m depth (Leão) with 0.509 ± 0.088 and
.498 ± 0.037, respectively. No significant differences were found
etween 0.1 m and 1 m.
The pigmentation gradients from E2, C2, C5, E4 and D5 showed

ean ± sd of 0.484 ± 0.091, 0.402 ± 0.142, 0.451 ± 0.062,
.481 ± 0.084 and 0.436 ± 0.138, respectively. Among them,
ome significant differences were found (ANOVA F = 3.754, p =

.0058). Tukey’s multiple comparisons of means test identify high
issimilarity for pallet C2, mainly between E2 (p = 0.008) and E4
p = 0.01). Tukey’s test also showed a high similarity between
igments E2 and E4 (p = 0.999) and D5 and C5 (p = 0.989),
aking the difference of pigment C2 in relation to the others even
ore evident.
The temperatures recorded in containers during the period of

luorescence measurements had a clear pattern: with higher tem-
eratures we have lower Fv/Fm values (Fig. 4). Container water
emperature reached the values of 30, 31 and 32 ◦C. For each of
hem we observe mean values of 0.504 ± 0.067, 0.474 ± 0.117
nd 0.371 ± 0.061, respectively. A high significant difference was
bserved between 32 ◦C and the other temperatures (ANOVA
= 40.26, p = 3.89−15).
Temperature mean and standard deviation for each sampled

ite were 35.18 ± 1.16, 35.78 ± 1.23, 34.6 ± 1.17 and
2.37 ± 0.7 ◦C for Atalaia, Caieira, Raquel and Leão, respectively,
nd their maximum temperatures reached to 36.62, 37.82, 36.4
nd 33.64 ◦C for each one (Table 1). Raw data of the temperatures
ampled in situ at each of sites are shown in Fig. 5. The black line
efers to data from temperature sensor which was used as a form
f control to compare the sites amongst themselves and was fixed
t Atalaia. Data for February 7 was not included in our analysis,
ecause it was a rainy and cloudy day. The other days of sampling
ere cloudless days of full sun.
We also build a correspondence map, displaying a two-way

able by calculating the coordinates representing its rows and
 f

5

Table 1
Temperature (◦C) data registered by HOBO Pendant

®
Temperature/Light 64K

Data Logger at each one of sampling sites. For Atalaia, the sensor monitored for
5 days and a second sensor with the same settings was installed in the other
sites with during the period when we were taking the chlorophyll a fluorescence
measurement, recording temperature at every second. Atalaia, Caieira, Raquel
and Leão maximum recorded temperatures reached to 36.62, 37.82, 36.4 and
33.64 ◦C, respectively.
Site T ◦C mean T ◦C max Tp (◦C) Time (min)

Atalaia 35.18 ± 1.16 36.62 35.88 108
Caieira 35.78 ± 1.23 37.82 36.68 81
Raquel 34.6 ± 1.17 36.4 35.51 98
Leão 32.37 ± 0.7 33.64 32.97 134

columns, as a primary output to explore relationships among
categorical variables (Fig. 6). Fig. 6 allowed the visualization of
the relationship between the sets, where the proximity of the
points referring to the line and the column indicated association,
and the distance a repulsion. The correspondence graph in the
two dimensions for the two largest eigenvalues explained about
43% of the total variability. From the decomposition of the total
inertia, an estimation of the right number of axis to interpret
suggests restricting the analysis to the description of the first 6
axis. These axis present an amount of inertia greater than those
obtained by the 0.95-quantile of random distributions (79.57%
against 50.83%). This observation suggests that only these axis
are carrying a real information. Nevertheless, inertia of the first
dimensions shows that there is a strong relationship between
variables, and the first two dimensions of analysis express 42.6%
of the total dataset inertia (Fig. 6), i.e., total variability is explained
by the plane. Thus, we were able to observe 3 very well-defined
data sets, in which the numbers represented by the points are
each of the samples and the triangles are our categorical variables.

3.3. Rapid light curves

The results of rETR are presented in Fig. 7. The rETRm mean
or all samples was 30.87 ±12.51 µmol photons m−2 s−1. For
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Fig. 5. Raw data of temperatures sampled in situ at each site. The black line refers to data from temperature sensor as control to compare the sites with each other
and was fixed at Atalaia. The time axis is described as month-day and day period in hours (00 in the night or 12 in the day). Data for February 7 was not included
in our analysis because was a rainy and cloudy day. Other days of sampling were cloudless with complete sun exposure.

Fig. 6. Correspondence map. The map displays a two-way table by calculating coordinates representing its rows and columns, as a primary output of Correspondence
Analysis (CA) to explore relationships among categorical variables. The sidebar ‘‘Ctr’’ refers to the degree of contribution of each of the variables, in which the red
represents the largest contribution and blue the lowest contribution. . (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the irradiance values. All factors showed a significant difference (p > 0.05) represented by the letters above each bar, with exception of pigmentation. All graphs of
alpha values showed the same pattern verified for the mean values of Fv/Fm and the ANOVA results.
e
v
i
2
t
s
z
f
s
b
(
w
c
s
d
l
t
a
e
g

and Ek values were 0.173 ± 0.058 and 190.13 ± 84.19 µmol
hotons m−2 s−1, respectively. rETRm exhibited significant dif-
erences between locations (ANOVA F = 8.343, p = 0.0001)
nd also αETR (ANOVA F = 16.48, p = 8.54 × 10−8) and Ek
ANOVA F = 4.039, p = 0.011). Atalaia was significantly different
rom Caieiras (p = 0.006) and Raquel (p = 0.00007), while
eão it intersected with the two groups of well-defined locations,
eing similar to Atalaia and Caieiras, but different from Raquel
p = 0.045). It means that Caieiras and Raquel were remarkably
imilar. For alpha only Raquel was significantly different from the
ther locations and Ek analysis clustered Raquel and Leão, when
talaia × Caieiras (p = 0.014) and Caieiras × Raquel (p = 0.360)
ere significantly different.
Regarding depths alpha presented two groupings that are

losely linked to sampled sites. Depths in 0.1 m and 1.0 m
associated to Raquel) grouped together while 0.2, 0.5 and 0.6 m
epth were similar to each other. Significant differences between
he depth groups (ANOVA F = 12.2, p = 3.63 × 10−7) occurred
n 0.1 × 0.2 (p = 0.00007), 0.1 × 0.5 (p = 0.004), 0.1 × 0.6
p = 0.005), 1.0 × 0.2 (p = 0.000003), 1.0 × 0.5 (p = 0.0008)
nd 1.0 × 0.6 (p = 0.0012). Ek values also presented differences
ANOVA F = 2.976, p = 0.026), which was only between
.6 × 0.2 m depth.
Regarding temperature, we had significant differences for all

LC factors (ETRm ANOVA F = 9.695, p = 0.0002, alpha ANOVA
= 25.13, p = 1.49 × 10−8, Ek ANOVA F = 4.572, p = 0.014).
hese differences occurred for ETRm at 30 ◦C, to alpha at 32 ◦C
nd for Ek at 31 ◦C. Graphs of the RLCs are represented in Fig. 7.

. Discussion

We used two combined methods to evaluate the physiolog-
cal characters of zooxanthellae linked to their genetic features.
enetic analysis demonstrated a high fidelity in association with
ladocopium spp. predominantly. Despite this, we hypothesized
hat this association may be the result of changes in populations
f Brevolium spp. due to stressful events such as the rise in
cean temperatures associated with extreme conditions found
n a tidepool. Our findings also showed that colonies with pink
igmentation may be associated with higher temperatures, thus
ndicating a high saturation point (Ek) and consequent greater
fficiency in the dissipation of radiant energy. We also consid-
red that pigmentation expression may reflect stress events and
otential bleaching events which took place.
7

Flattened reef tops in the Brazilian coastline are subaerially
xposed along low tides and the only corals species that sur-
ive in this adverse environment (temperature fluctuation, high
rradiance and salinity) are S. stellata and F. gravida (Leão et al.,
016). Furthermore, Costa et al. (2008) evidenced that the stress-
olerant S. stellata is associated with zooxanthellae Cladocopium
pp., which is considered one of the most bleaching-resistant
ooxanthellae groups. Despite these findings, in which they show
idelity in the relationship between S. stellata and Cladocopium
pp., our results suggest that they do not, as well as reported
y Toller et al. (2001a,b) and Glynn et al. (2001). Monteiro et al.
2013) also revealed high specificity between Siderastrea spp.
ith Cladocopium C46 in East Atlantic, although in the Brazilian
oast Siderastrea spp. samples were associated with Cladocopium
pp. and Breviolum spp. and some of sampled colonies co-hosted
ifferent species of Symbiodineaceae (Cladocopium C3 + Brevio-
um B5). Cladocopium spp. is widely distributed and shows great
olerance for temperature changes (Karako-Lampert et al., 2004)
nd based on photochemical efficiency measurements. Abrego
t al. (2008) also indicated that Cladocopium spp. exhibited much
reater thermal tolerance than Durusdinium spp., for example. Al-

though Cladocopium spp. made up most of our samples, Brevolium
spp. was also found. Also, some authors have reported the oc-
currence of Brevolium spp. for corals of the genus Siderastrea
(LaJeunesse, 2002; Santos et al., 2004; Thornhill et al., 2006).

These findings made us consider some works that reported
that a marjority of scleractinian corals (about 75%) acquire their
dinoflagellates symbionts from the environment each new gen-
eration (Baird et al., 2009). The authors confirmed that external
environmental conditions, in many cases, promote certain pair-
ings between partners, including combinations that vary with
temperature, irradiance or depth gradients, latitude and longitude
and host ontogeny (LaJeunesse and Trench, 2000). Thus, several
authors have reported changes in the symbiont clades of these
corals (Toller et al., 2001a,b; Glynn et al., 2001). Another relevant
aspect to consider is the colorful bleaching (Bollati et al., 2020).
They consider a mechanism in which loss of symbiont pigments
causes internal blue light fluxes to increase in bleached colonies.
Then, it induces upregulation of host pigments and, consequently,
recovery of symbiont population.

These considerations lead us to hypothesize that zooxanthel-
lae in Breviolum spp. may be being replaced by those in Clado-
copium spp. over generations or from stressful events. Because
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reviolum spp. possess the greatest ability to photo-acclimate
o high and low irradiances (Iglesias-Prieto and Trench, 1997),
t may be an advantage for S. stellata to host Cladocopium spp.
which is the ability to be more thermotolerant than Breviolum
spp. LaJeunesse et al. (2010) verified that Breviolum spp. un-
er temperature changes did not persist and was displaced by
ladocopium spp. If we see a scenario where the temperature

factor promotes over time, a higher determining influence on
performance coral-zooxanthella association, then this may be a
viable strategy to ensure the prevalence of coral. This relationship
can be explained by the ‘‘adaptative bleaching hypothesis’’ from
Buddemeier and Fautin (1993), which postulated that shifts on
Symbiodiniaceae communities occur in response to environmen-
tal perturbations (Baker, 2001; Howells et al., 2013; LaJeunesse
et al., 2009; Hoadley et al., 2021). Moreover, harboring a diverse
symbiont community potentially provides physiological versatil-
ity, offering hosts a buffer when facing a changing environment
(Silverstein et al., 2012; Howells et al., 2013). It is necessary
to consider that although our analysis of zooxanthellae genetic
material was based on the classification proposed by Pochon and
Gates (2010). Despite this, a review for a new classification has
been proposed, in which the A-G clades have been reorganized
as species, considering the divergent Symbiodinium clades equiv-
lent to genera in the Family Symbiodiniaceae, using the ITS-2
arker (LaJeunesse et al., 2018).
The Coral Health Chart brought us precious information re-

arding coral pigmentation. According to Siebeck et al. (2006), it
an point out symptoms of stress in reef-building corals: changes
n scale reflect shift in symbiont density and chlorophyll a con-
ent, and therefore the bleaching state of the coral. Thus, in
ddition to the findings in genetic aspects, our general results
evealed that colonies with pink pigmentation may be associated
ith higher temperatures, however indicating a high saturation
oint (Ek) and consequent greater efficiency in the dissipation of

radiant energy. Furthermore, variables such as turbidity seem to
interfere with photosynthetic efficiency.

When we grouped samples for each of sampled sites, we ob-
erved highly significant differences between all sites in relation
o Raquel (Fig. 4). Although Caieiras had the highest number
f fluorescence measurements below 0.3, averages and medians
f measurements obtained in Raquel were lower. That is, the
easurements were grouped significantly below the other loca-

ions. If we consider environmental characteristics that distin-
uish these four locations, we observe that Raquel was a deeper
nvironment with the greatest turbidity, i.e., with particles in
uspension visibly at rates higher than the other sampled sites, for
his time of year, although the southeastern side of the island is
almer from January to May (Maida and Ferreira, 1997). Also, vis-
ble forms of marine erosion are present and can be observed at
aquel (Moreira and Guimarães, 2014). Tunala et al. (2019) found
ower Fv/Fm values for scleractinian coral colonies under different
evels of sedimentation and observed that higher sediment levels
ecrease their photosynthetic efficiency. S. stellata exposed to
otal burial likewise exhibited a tissue discoloration (Tunala et al.,
019), beyond which irreversible bleaching and tissue damage
ccurred (Philipp and Fabricius, 2003; Erftemeijer et al., 2012).
urthermore, in the field we observed that colonies sampled
t Raquel seemed to produce more mucus than those at other
ocations when we manipulated them. Sediment severely inter-
eres with coral energetics (Abdel-Salam et al., 1988) and directly
isturbs the coral’s energy budget through the increasing energy
emand for active rejection, in other words, mucus production
Aller and Dodge, 1974; Erftemeijer et al., 2012; Stafford-Smith
nd Ormond, 1992; Wild et al., 2004).
Moreover, RLC parameters for Raquel were also distinct from
he others sampled sites. A lowest alpha (α) values were detected

8

– except for one of temperatures (32 ◦C) that was even lower,
but we will see later – at Raquel. Alpha is the coefficient of max-
imum use of light by PSII, i.e., the initial rate at which increased
light induces the transport of electrons. Also, Cruz and Serôdio
(2008) confirmed the very strong association between the light
responses of Non-Photochemical Quenching (NPQ) and alpha. De-
crease in α follows proportionally the build-up of NPQ and a clear
inverse relationship was consistently found. Higher NPQ values
may also be caused by an increase of photoinhibitory damages to
the photosynthetic apparatus (Cruz and Serôdio, 2008).

RLC patterns found for depth said little about this variable
because ETRm, α and Ek did not explain the significant differences
observed, but repeated patterns very similar to those presented
by location. Values of ETRm and Ek showed a proportional in-
crease, although not statistically significant (the depths of 0.2 m
and 0.6 m showed differences between them in relation to Ek,
though), with the increase in depth, except for the depths of
0.1 m and 1.0 m, referring to Raquel. ETRm and Ek values are ex-
pressions of actual photochemical capacity. Measurements from
corals over a continuum of light environments have described
that coral photobiological patterns seems to be highly conserved
(Suggett et al., 2012; Warner and Suggett, 2016). Specifically,
key parameters describing photoacclimation, such as intensity
of light-saturated photosynthesis (Ek) and the maximum rate of
photochemistry (the electron transport rate, ETR), follow a simple
linear relation with irradiance levels (Nitschke et al., 2018; Sug-
gett et al., 2012). Thus, in the case of our current research, values
obtained for ETR and Ek from the samples grew linearly, as ex-
pected from their intrinsic relationships to the RLCs. Despite the
pattern, we found a decrease in electron transport rate accord-
ing to the increase in temperatures. Thus, according to Hoadley
et al. (2021), the opposite would indicate acclimation to warming
for Cladocopium spp. However, different functional traits among
closely related symbionts have already been evidenced (Hoadley
et al., 2021). This may indicate that, despite resilience, mainly
C2, C5 and E4 colonies are not fully acclimatized to temperature
stress.

Therefore, Symbiodiniaceae in high depths, i.e., low light
regimes, maximizes light absorption and utilization by increas-
ing photosynthetic pigments and photosynthetic efficiency (An-
thony and Hoegh-Guldberg, 2003; Falkowski and Dubinsky, 1981;
Iglesias-Prieto et al., 2004; López-Londoño et al., 2021), as ob-
served in our results. However, it would be untrustworthy to say
that a depth less than 1 m is high, so we do not attribute these
differences found only to the depth. When we observed values
found for the maximum quantum efficiency (Fv/Fm), there was no
significant difference for each of these three depths (0.2, 0.5 and
0.6 m), which reiterates the hypothesis that more than one factor
may be influencing the response of measurements of the light
curve for the groups of colonies evaluated, such as temperature,
for instance.

When ocean water becomes too warm for corals, some indi-
viduals produce a brightly colored ‘‘chemical sunscreen’’ to try to
protect themselves against fatally high-water temperatures and
sun exposure (Bollati et al., 2020; Gittins et al., 2015; Ramesh
et al., 2020; Salih et al., 2000; Smith et al., 2013). Some research
has verified that this phenomenon is a final line of defense before
the coral bleaches to white and dies (Bollati et al., 2020; Roth and
Deheyn, 2013). Our results showed that C2 presented a behavior
pattern different from other color palettes, mainly about Fv/Fm.
C2 presented the lowest raw data, reaching <0.2 Fv/Fm values.
According to Tunala et al. (2019), values found below 0.2 can
be considered highly harmful and – depending on the intensity
and duration of the stress – can be a point of no return for
the recovery of its photosynthetic efficiency, which can induce

coral to die. In a dark-adapted sample, Fv/Fm values correspond
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o the fraction of reaction centers which are able to convert
bsorbed light to photochemical energy, thus it has been used
s an indicator for extensive environmental stresses (Krause and
eis, 1991). In addition, C2 also showed the lowest α values,

hat may be representing a photoinhibition due to damage to
he photosynthetic apparatus (Cruz and Serôdio, 2008). However,
espite the α values being the lowest for C2, Ek did not show
his same course for the pigmentation parameter. This means
hat its saturation point has also remained high as well as its
lectron transport rate (ETRm), maintaining its relative quantum
fficiency even at high levels of irradiance exposure. Irradiance
alues measured in the field – at midday in a clear summer sky,
t 0 m in the dry tide, leaving C2 pigmentation colonies exposed,
ainly – reached a maximum of 1548 µmol photons m−2 s−1.
orals and their symbionts require mechanisms for acclimation
nd adaptation to diverse irradiances and temporal fluctuation in
ight field. Even at the scale of a single colony, there are extensive
ariations in light exposure of coral tissues (Falkowski et al.,
993; Smith et al., 2013). These mechanisms can be expressed
hrough pigmentation (Smith et al., 2013). These pigments apply
photoprotective function in corals by absorbing photons or de-

ivering them away from the main absorption bands of symbionts
hotosynthetic pigments, converting light’s wavelength (Ben-Zvi
t al., 2022). A photoprotective function of green fluorescent
rotein (GFP)-like pigments has been considered and are divided
nto two major groups: the fluorescent proteins (FPs), in charge
or cyan to red hues and the non-fluorescent chromoproteins
CPs), which produce pink, purple and blue pigmentation (Dove
t al., 2001; Roth et al., 2010). It is proposed that these pigments
ct through screening (Bollati et al., 2020; Salih et al., 2000), a
rocess whereby the light received by the photosynthetic pig-
ents has passed through a layer containing the photoprotective
igments, i.e. convert short energetic wavelengths into longer,
ess harmful wavelengths (Ben-Zvi et al., 2022; Roth et al., 2010;
alih et al., 2000). There is evidence that under high irradiance
nd temperature stress, symbiont capacity for photoprotection
an be exceeded and photodamage can occur (Iglesias-Prieto
t al., 1992; Warner et al., 1999). Furthermore, CPs could ad-
itionally act to promote survival during occasional periods of
xtraordinary stress (Dove et al., 2001; Smith et al., 2013). In this
ay, we believe that it is possible that colonies classified as C2
ay be expressing these proteins, suggested by the photobiology
resented together with the color character expressed by them
nd the extreme environmental conditions observed in the field,
equiring studies with appropriate techniques to test this hypoth-
sis. Intraspecific variability in expression of coral pigments from
FP-family elucidates the genomic basis for the plasticity of stress
esponses among reef corals (Gittins et al., 2015). In addition,
aximum Fv/Fm values followed the order where E2 > D5 > E4
C2 = C5. In this way, we can suggest that the expression of GFP

roteins in C5 can also be considered. Ek values were even higher
han C2, indicating a high saturation point and, consequently,
reater efficiency in the dissipation of radiant energy. Also, Sassi
t al. (2015) monitored colonies of Siderastrea spp in seasonal-
ty patterns and found that pink colonies are associated with
leaching events. Pink colonies persistence for long periods can
ncrease both the host and zooxanthellae mortalities. This host
igmentation response phenomenon to a variety of stressors is
ossibly an immune response and the presence of purple pigment
ccurs due the pocilloporin fluorescent pigments (GFPs)in tissue
fter the loss of zooxanthellae (Bongiorni and Rinkevich, 2005).
Analyzing our temperature measurements made during the

hlorophyll a fluorescence measurement, we noticed a very clear
attern: the increase in temperature leads a gradual drop in the
aximum photosynthetic efficiency sampled. When photosyn-
hesis is working at peak efficiency, Fv/Fm values, as measured by w

9

AM fluorometry, are usually in the range of 0.50–0.70, according
o the species of coral and its depth location (Warner et al.,
996; Tunala et al., 2019). In this study we obtained about 0.4
or Fv/Fm at higher temperatures. Bleaching events have been
bserved in coral reefs around the world, and most of them have
een associated with changes in water temperature (Glynn, 1993;
ielsen et al., 2020). Studies have demonstrated a disruption of
hotosynthesis in zooxanthellae during exposure to temperatures
bove 32 ◦C (Coles and Jokiel, 1978; Iglesias-Prieto et al., 1992).
igh temperatures can lead to a decrease in Fv/Fm in zooxanthel-
ae (Hoegh-Guldberg and Smith, 1989; Iglesias-Prieto et al., 1992;
arner and Suggett, 2016) and significant photoinactivation can
e noted (Hoegh-Guldberg and Smith, 1989; Warner et al., 1996),
hich was also observed in this study. In zooxanthellae, pho-
odamage to PSII is a fundamental reaction to prevent rising of
hotoinhibition of PSII (Takahashi and Murata, 2008; Warner and
uggett, 2016). A repair process which consists of several steps
degradation of the D1 protein; synthesis of the precursor to

he D1 protein; inclusion of the synthesized precursor into the
hylakoid membrane; maturation of the D1 protein and assembly
f the oxygen-evolving machinery (Aro et al., 1993, 2005) – it
s the balance between the rate of photodamage to PSII and the
ate of repair. Thus, excess of light energy absorbed in elevated
emperatures by photosynthetic pigments accelerates photoin-
ibition through suppressing the repair of photodamaged PSII
Takahashi and Murata, 2008). Reduced Fv/Fm was accompanied
y lower ETRm and increased NPQ similarly to Hoadley et al.
2019). Instead, Ek had the highest rates found in this study
mong all the factors analyzed, when under 32 ◦C. On the other
and, α represents the lowest values for 32 ◦C, performing values
or the light-limited coefficient for PSII photochemistry. As previ-
usly mentioned, α has an intrinsic and inversely proportional
elationship with NPQ and some studies have documented a
ignificant rise in NPQ shortly after exposing corals to elevated
emperature (Warner et al., 1996; Hill et al., 2004).

Regarding the temperatures experienced in the tidepools,
orals in PARNAMAR Fernando de Noronha, endure summer
emperatures of up to 37 ◦C, making them ideal subjects to study
he mechanisms underlying thermal tolerance. Caieiras had the
ighest temperatures in the field. However, the persistence of
igh temperatures above the average lasted less time than in
he other places (81 min). When comparing data on Fig. 4, we
bserved a clear pattern of occurrence of the lowest values of
v/Fm in colonies with C2 pigmentation occurring in Caieiras. This
omparison allows us to reaffirm that this pigmentation can be an
ndication of high photoinhibition and, consequently, a pathway
o bleaching events.

In correspondence analysis, three very well-defined groupings
an be identified, at first. These groups are strongly connected
o sampled sites, where Raquel and Caieiras are grouped sepa-
ately, and Atalaia and Leão form a large group, showing high
imilarity between samples, as well as that previously detected
y ANOVA. Dimension 1 opposes the samples in the right side of
he graph characterized by a strongly positive coordinate on the
xis. There, a highly connected group is formed. This cluster refers
o Raquel’s samples, proving to be very well defined by their
ocal characteristics and quite distinct from the other groups,
here samples with a tendency to values in the range 0.3–0.4 of
v/Fm prevailed. Inside this group, where samples characterized
y a positive coordinate on the axis is, sharing high frequency
or the factors Fv/Fm on interval of 0.3–0.4, at 32 ◦C at Raquel,
olor gradient E4 and 1 m depth. Note that the Raquel site
nd temperature 32 ◦C are highly correlated with the dimension
respective correlation of 0.97 and 0.97). We also see a relatively
igh frequency for the factors D5 and 0.1 m. Furthermore, we

ere able to detect high frequency for the pigment factor C5 with
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talaia and 0.4–0.5 Fv/Fm values. When we look at the CA factor
map, we see that the temperature factor contributes strongly to
the map distribution, according to the scale bar that concerns the
contribution of the factors, where the red represents greater and
the blue the lesser contribution of factors (triangles) in relation
to the samples (circles). That is, it reaffirms temperature as an
important factor for the maximum quantum efficiency of the
samples of S. stellata in the four sampled places.

. Conclusions

Our results showed that colonies with different pigmentations
o not necessarily imply a different quantum yield. Photoinhi-
ition mechanisms and other strategies such as the production
f proteins such as those of GFP-family can play a fundamental
ole in resilience of coral species. Thus, we strongly recommend
hat research around this approach be applied to these corals that
ive in extreme conditions like those of tidepools at PARNAMAR
ernando de Noronha. Furthermore, we were able to observe that
he duration of a heat event can be more aggravating than the
emperature increase itself, to some extent. Colonies exposed to
eat waves for a longer period have a lesser capacity to main-
ain themselves with high yield. This can directly reflect on the
rganism’s resilience in face of a bleaching event. Our genetic
nalysis also indicated a strong association between S. stellata and
ladocopium spp. However, we suggest that monitoring studies
e implemented to assess whether this association is of fidelity
r if there may be fluctuations in zooxanthella hosting according
o climatic events. Finally, we suggest that visitation activities in
he Caieiras Pools be closely monitored and that a new proposal
or carrying capacity for visitation be carried out, especially on
ays of greater tide variation and intense heat and irradiance,
o that other factors do not act in synergy with climatic factors.
specially, considering that the temperatures observed on this
ite were the highest observed and, consequently, may be the
ost worrying.
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