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The healthy status of corals in the isolated atolls of the central South China Sea (SCS) remains unclear. Sym-
biodiniaceae density (SD) can effectively reflect the thermal tolerance and health of hard corals. Here, the SDs of
238 samples from the Huangyan Atoll (HA) were analyzed. The results revealed significantly intergeneric and
geomorphological differences in SD. Intergeneric variation may reflect that corals with high SD have stronger
thermal tolerance. Geomorphic analysis showed that the SDs at the outer reef slope were higher than in the
lagoon. Hydrodynamics and sea surface temperature were likely the main influencing factors. Most notably,

corals in SCS HA had higher SDs than those at neighboring reefs, indicating that their thermal tolerance were
strong, which may be related to HA’s local upwelling. These results suggest that the HA has the potential to serve
as a refuge for corals, but increasing human disturbance limit its function.

1. Introduction

Coral reef ecosystems possess extremely high biodiversity and eco-
nomic value (Bellwood et al., 2004; Costanza et al., 2014; Anthony,
2016). In their ecosystem, reef-building corals mainly rely on their
relationship with the symbiotic dinoflagellates (i.e., Symbiodiniaceae)
that provide them with essential nutrients for growth, calcification, and
reproduction (Li et al., 2008; Oliver and Palumbi, 2011). Nevertheless,
the increasing frequency and severity of abnormal sea surface temper-
atures (SST) and other local stresses could disrupt this symbiotic rela-
tionship. These can cause the Symbiodiniaceae to be expelled (Hoegh-
Guldberg, 1999; Ban et al., 2014), which can eventually lead to coral
bleaching and even mortality (Baker et al., 2004; Hughes et al., 2017;
Hughes et al., 2018). Generally, this process also affects the growth and
reproduction of reef-building corals, increases their susceptibility to
various diseases, posing a serious threat to reef survival (Douglas, 2003;
Hoegh-Guldberg et al., 2007; Baker et al., 2008; McClanahan et al.,
2014). Furthermore, coral susceptibility to thermal bleaching is related
to Symbiodiniaceae density (SD), and the higher the SDs, the stronger
the resistance to bleaching (Baker et al., 2008; Li et al., 2008; Xu et al.,

2017). Therefore, SD is considered to be a key indicator of corals’
thermal tolerance and health (Jones, 1997; Wooldridge, 2014).

A growing number of studies highlight the influence of environ-
mental factors on SD, including SST, salinity, solar radiation, nutrients,
hydrodynamic regimes, and human activities (Smith et al., 2005; Wie-
denmann et al., 2013; Ben-Zvi et al., 2019), leading to variations of SDs
on interspecific, spatial and temporal scales (Xu et al., 2017; Qin et al.,
2019a). In general, coral species that are more thermally tolerant or
more adaptable exhibit higher SDs and are healthier (West and Salm,
2003; Berkelmans and van Oppen, 2006; Muir et al., 2015; Xu et al.,
2017; Qin et al.,, 2019b). For example, in different species, SDs of
branching Acropora species, which are the most vulnerable to bleaching,
have been shown to be significantly lower than those of the massive
corals (Marshall and Baird, 2000; Xu et al., 2017). Additionally, analyses
of the SDs in different regions revealed that corals showed higher SDs in
environments that could reduce the threat of thermal exposure (Qin
etal., 2019a). Nevertheless, corals in shallower lagoons can also adapt to
the fluctuating environmental conditions they endure on a daily basis
and have become more resistant to bleaching stress, showing higher SDs
(Grimsditch et al., 2010; Barshis et al., 2013). Variations in SDs
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therefore, reflect the corals’ response to different environments (Wool-
dridge, 2014; Xu et al., 2017; Qin et al., 2019a, 2019b). Under the threat
of global warming, it is necessary to identify more representative reefs
worldwide by SD and, for each reef, describe the traits of present species,
and the variation in local SST and current environmental conditions
(Logan et al., 2014).

The South China Sea (SCS) with the highest coral diversity, borders
the Coral Triangle, is an important part of the world’s coral reefs
(McManus et al., 2010; Yu, 2012). However, corals throughout the SCS
have experienced several abnormal temperature events, leading to
extensive coral bleaching and significant mortality, and its reefs are
rapidly degrading (Hoegh-Guldberg, 1999; Hoegh-Guldberg et al., 2007;
Zhao et al., 2012). Additionally, the El Nino events during 2015-2016,
which was one of the most severe episodes since 1998, combined with
the risks of overfishing, sedimentation, and marine-based pollution,
seriously threatening the health of coral reefs in this area (Burke et al.,
2011; Zhao et al., 2016; Tkachenko and Soong, 2017). Therefore, recent
studies have focused on determining the SD in corals of nearly all of the
coral reefs in the SCS, as these reflect, to some extent, the health status of
coral reefs in the SCS (Li et al., 2008; Xu et al., 2017; Qin et al., 2019a).
However, little attention has been paid to the coral reefs in the
Huangyan Atoll (i.e., Scarborough Shoal), especially their Symbiodi-
niaceae of corals (Zhao et al., 2013, 2016; Ke et al., 2016; Li et al., 2018).
This serious knowledge gap is detrimental to the evaluation and pro-
tection of the entire coral reef ecosystems of the SCS (Harithsa et al.,
2005; Berkelmans and van Oppen, 2006). Furthermore, studies have
also found that despite the high susceptibility of reefs on remote atolls in
the SCS to extensive bleaching and mortality due to various stressors, the
potential for recovery of these isolated reefs is remarkable (Mora et al.,
2016; Safaie et al., 2018; Chen et al., 2019b; Tkachenko et al., 2020). In
short, the lack of research limits our ability to understand the ecological
status of these reefs and predict their fate in a future subjected to
increased warming and otherwise aspects of a changing climate. It may
also overlook some reefs with potential functions.

The objective of this study is thus to analyze the SDs of corals
collected in the Huangyan Atoll in May 2015, and to explore the effects
of abnormally high temperatures on the coral reefs in this region,
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thereby, assessing the current ecological status and developmental trend
of reef-building corals in the Huangyan Atoll under the climate change
scenario.

2. Material and methods
2.1. Study sites

The Huangyan Atoll (HA; 117°40'-117°52'E, 15°05'-15°13'N), also
named Scarborough Shoal or Democracy Reef, is located in the central
SCS (Fig. 1). Its coral reef is roughly triangular, partially encircles a
lagoon, and comprises an area of approximately 133 km? with depths of
10-20 m. In the southeast, there is a passage (approximately 370 m wide
and 3-11 m deep) connecting the lagoon and the open sea. Due to the
micro-tidal regime (approximately 1.2 m), many coral reefs are sub-
merged at high tide (Li et al., 2018). In addition, extensive patches of
healthy corals are scattered throughout the reef flats and are most
abundant on the outer reef slope. Here, the corals are exposed to well-
flushed and highly turbulent waters and are relatively undisturbed by
local conditions. In contrast, the lagoon environment is generally quiet
and shallow (mostly 9-11 m, with a maximum depth of 19.5 m). In this
area, most of the substrate is sand, mud and reef, and water exchange
with the open sea occurs only through the passage in the southeast or
during high or low tides (Lowe and Falter, 2015). Thus, the lagoon’s
hydrodynamic regime is relatively weak, and a particular local envi-
ronment is established within it. Nonetheless, it is important to note that
these corals are still in relatively good health (Ke et al., 2016, 2018; Li
et al., 2018).

The circulation of the HA is mostly driven by the southwest monsoon
in Summer, which pushes the water northward (Hu et al., 2000).
Furthermore, there exists an unstable eddy in the north of the SCS,
which may also reach the HA in Summer (Fig. S1 in the supporting in-
formation) (Fang et al., 1998; Hu et al., 2000). Moreover, according to
the NOAA database (https://coralreefwatch.noaa.gov/satellite/compos
ites/index.php), the average annual SST during 2005-2015 was
28.6 °C, and showed an overall upward trend. In particular, relatively
high SST appeared in the summers of 2010, 2013, 2014, and 2015
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Fig. 1. Map of the study sites (right) and location of the Huangyan Atoll (HA) and several coral reefs in the South China Sea (left). Several coral reefs in the South
China Sea include the Nansha Islands, the Xisha Islands and Sanya in Hainan Island. A total of five sites were sampled within the HA, two of which were located in the
lagoon (L2, L3), whereas the remaining three were located on the outer reef slope (S1-S3).
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(Fig. S2). The average monthly SST in 2015 varied from 26.8 °C to
30.1 °C, and the SST reached a maximum of 30.7 °C in June (Fig. S2). In
addition, the hotspot map (Fig. S3) shows that the HA began to have
high SST anomalies in the range of 0.5-0.75 °C since May 7, 2015. The
warmest month throughout 2015 for the HA was June, when the
anomaly ranged from 1.5-1.75 °C. During our investigation (May 19 to
24), this region was in the middle stage of an extremely high SST event
(Goreau et al., 2010), and an on-the-spot measurement recorded SST >
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31 °C (the SST of the outer reef slope and the lagoon were 31.2 °C and
31.5 °C, respectively), which is close to the highest SST period in 2015.

2.2. Coral sampling

In the HA, sampling was conducted across the northeastern, south-
eastern, and southern regions of the outer reef slope and lagoon (Fig. 1).
Three different depths (2 m, 10 m and 15 m) were set at each station in

Table 1
Symbiodiniaceae densities in the corals collected from the different geomorphology of the Huangyan Atoll.
Family Genus Species Symbiodiniaceae density (x 10° cells.cm2) Number of samples Geomorphological sites Morphology
Poritidae Porites P. lutea 4.74 + 0.32 19 Outer reef slope Massive
3.35% 1 Lagoon Massive
P. lobata 5.84 + 0.42 19 Outer reef slope Massive
4.24 +£ 0.2 3 Lagoon Massive
Faviidae Favia F. speciosa 4.32 + 0.42 3 Outer reef slope Massive
F. palauensis 4.64 + 0.51 2 Outer reef slope Massive
F. stelligera 1.68 + 0.05 2 Outer reef slope Massive
F. matthaii 6.35 + 1.05 2 Outer reef slope Massive
Favites F. halicora 3.58 +0.18 2 Outer reef slope Massive
3.06 £ 0.16 3 Lagoon Massive
F. pentagona 5.11 + 0.31 5 Outer reef slope Massive
F. flexuosa 3.1° 1 Outer reef slope Massive
F. abdita 3.7° 1 Outer reef slope Massive
Goniastrea G. aspera 4.66 + 0.72 4 Outer reef slope Massive
G. yamanarii 2.77 + 0.06 2 Outer reef slope Massive
G. pectinata 2.96 + 0.26 5 Outer reef slope Massive
G. retiformis 3.35+0.16 7 Outer reef slope Massive
Leptoria L. phrygia 3.34 £ 0.93 3 Outer reef slope Massive
Platygyra P. crosslandi 3.78 + 0.46 2 Outer reef slope Massive
P. sinensis 3.77 £ 0.76 3 Outer reef slope Massive
Plesiastrea P. curta 3.41 +£0.38 6 Outer reef slope Massive
P. versipora 4.29 + 0.41 4 Outer reef slope Massive
Cyphastrea C. serailia 3.73 +£0.58 4 Outer reef slope Encrusting
3.18 £ 0.47 3 Lagoon Encrusting
Acroporidae Montipora M. efflorescens 1.6 £ 0.1 2 Outer reef slope Encrusting
M. turgescens 1.5+0.31 2 Outer reef slope Encrusting
M. foveolata 3.86 + 0.32 2 Outer reef slope Encrusting
M. grisea 2.77% 1 Outer reef slope Encrusting
M. danae 1.21% 1 Outer reef slope Encrusting
M. digitata 3.84 +0.33 3 Outer reef slope Encrusting
M. hispida 2.41° 1 Outer reef slope Encrusting
Acropora A. nasuta 2.8 £0.11 5 Outer reef slope Branching
A. humilis 3.09 +0.23 3 Outer reef slope Branching
A. echinata 2.36" 1 Outer reef slope Branching
1.37¢ 1 Lagoon Branching
A. florida 2.55% 1 Outer reef slope Branching
A. aculeus 2.52% 1 Outer reef slope Branching
A. cytherea 1.61 £ 0.3 2 Outer reef slope Branching
1.29° 1 Lagoon Branching
A. rosaria 2.35 + 0.32 2 Outer reef slope Branching
A. selago 1.58 + 0.26 6 Outer reef slope Branching
1.58 + 0.09 2 Lagoon Branching
A. brueggemanni 1.77 £ 0.53 2 Outer reef slope Branching
0.52 +0.11 3 Lagoon Branching
A. azurea 2.02 + 0.25 3 Outer reef slope Branching
A. cerealis 2.39" 1 Outer reef slope Branching
A. abrotanoides 4.18" 1 Outer reef slope Branching
A. verweyi 3.3 +1.69 2 Outer reef slope Branching
A. gemmifera 2.54 £0.12 10 Outer reef slope Branching
A. palifera 1.74 £ 0.51 2 Outer reef slope Branching
A. digitifera 2.84 + 0.54 3 Outer reef slope Branching
A. robusta 2.57¢ 1 Outer reef slope Branching
A. hyacinthus 2.78 + 0.39 6 Outer reef slope Branching
A. pulchra 0.76 + 0.14 2 Lagoon Branching
A. muricata 1.21 +£0.03 2 Lagoon Branching
Pocilloporidae Pocillopora P. verrucosa 1.98 +0.16 18 Outer reef slope Branching
P. meandrina 2.14 +£0.17 16 Outer reef slope Branching
P. woodjonesi 2.06 + 0.17 17 Outer reef slope Branching
P. eydouxi 1.52 +£0.16 6 Outer reef slope Branching
Total 3.21 +£0.11 217 Outer reef slope
2.19 £0.30 21 Lagoon
3.12+0.11 238
Note.

 Indicates that there is only one sample, and the variance cannot be calculated.
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the outer reef slope (S1, S2, S3), whereas two depths (2 m, 4 m) were set
at each station in the lagoon (L2, L3). During 19 to 24 May 2015, coral
samples with a surface area of approximately 50 cm? were collected
from each depth at each sample site by diving. These samples were
immediately placed in a sealed container at a temperature below 0 °C.

2.3. Determination of Symbiodiniaceae densities

We followed the standard procedure for determining coral SDs (Li
et al., 2008; Xu et al., 2017; Qin et al., 2019a). The samples with a
surface area of about 50 cm? were sealed into a container and Sym-
biodiniaceae were separated from coral skeletons using a high-pressure
water jet (WaterPik irrigator) powered by on 0.45 pm filtered seawater
(Fitt et al., 2000; Zhang et al., 2006). To achieve thorough homogeni-
zation, we vigorously shook the rinsing liquid containing Symbiodi-
niaceae and placed it into a measuring barrel. The slurry was then
homogenized and subsampled into four 3-ml aliquots, then centrifuged
at 4000 rpm for 3 min. SDs were calculated using replicate hemocy-
tometer counting (n = 8) under a microscope. The surface areas of the
coral skeletons were determined based on the relationship between the
aluminum foil weight and the surface area. Moreover, for further anal-
ysis and comparison, we collected data from previous studies regarding
the SDs of other coral reefs in the SCS, including the Nansha Islands (i.e.,
Spratly Islands, 9-11°N, SST: ~23 °C), Xisha Islands (i.e., Paracel
Islands, 15-17°N, SST: ~24.6 °C), and Sanya in Hainan Island (18-20°N,
SST: ~25 °C; Fig. 1) (Qin et al., 2019a).

2.4. Data analyses

All data were statistically analyzed using SPSS version 22. A two—
way factorial analysis of variance (ANOVA) was used to test the effect of
geomorphological differences on the response variables. Levene’s,
Durbin-Watson'’s, and Shapiro-Wilk’s tests were used to assess whether
the data met the assumptions of homogeneity, normality, and inde-
pendence, respectively. Subsequently, the intergeneric, geomorpholog-
ical and spatial diversities of SDs were investigated by one-way ANOVA
tests, and the Student-Newman-Keuls post-hoc test was used to examine
significant differences between the data. All data were presented as
mean + standard error (SE), and the statistical significance level was set
at p < 0.05 for all analyses.

3. Results

A total of 238 coral samples comprising 51 species of 11 genera
within four families collected from the HA were analyzed in the present
study (Tables 1 and S1). The SDs obtained for all species and geo-
morphologies ranged from 0.76 x 10° to 6.35 x 10° cells.cm ™2, with an
average of 3.12 £+ 0.11 x 10° cells-cm 2 (n = 238), among which the
Favia matthaii exhibited the highest average SDs while Acropora pulchra
displayed the lowest. Overall, SDs varied greatly between corals in
different genera and within each geomorphology, but an interaction
effect was not observed between coral SDs of the same genera in
different geomorphologies (Table 2, two-way ANOVA, geomorphology:
F = 11.01, p < 0.001; genera: F = 24.96, p = 0.001; interaction: F =
0.27, p > 0.05).

Table 2
Two-way ANOVA results on the effects of geomorphology and coral genera on
Symbiodiniaceae densities.

Symbiodiniaceae densities (x10° cells.cm~2)

df F p
Geomorphology (G1) (1,124) 11.01 <0.001
Genera (G2) (3,124) 24.96 =0.001
Gl x G2 (3,124) 0.27 >0.05

Abbreviations: ANOVA, analysis of variance; df, degrees of freedom.
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For corals of different genera and morphology, their SDs were
markedly different (Table 1; Fig. 2, ANOVA, p < 0.001). Clearly, the SDs
were significantly higher in Porites than in Cyphastrea, Montipora,
Acropora, and Pocillopora. Furthermore, the SDs in Cyphastrea and
Pocillopora significantly differed (Fig. 2). In general, SDs also signifi-
cantly differed between corals of different morphologies (Fig. 2,
ANOVA, p < 0.001). The SDs in massive corals (such as Porites and Favia)
were the highest (4.37 + 0.16 x 108 cells.cm’z, n = 99), followed by
those in encrusting corals (2.96 + 0.27 x 10° cells.cm’z, n = 19) and
branching corals (2.11 =+ 0.08 x 10° cells.cm™2, n = 120). Specifically,
SDs in massive corals were more than twice those of branching corals.
Altogether, these results suggest that there are significant differences in
SDs between different coral species.

With regard to different geomorphologies, the average SDs of corals
were higher on the outer reef slope (3.21 + 0.11 x 10° cells.cm 2, n =
217) than in the lagoon (2.19 £ 0.30 x 10° cells.cmfz, n = 21), showing
considerable variation (Fig. 3, ANOVA, p = 0.001). In detail, any genera
in the outer reef slope, such as Porites, Acropora, Cyphastrea, and Favites,
consistently showed higher SDs than the same genera within the lagoon
(Table 1, Fig. 3).

Compared with the data from the other reefs in the SCS (Fig. 1), such
as the Nansha Islands, at lower latitude, and the Xisha Islands and Sanya
at higher latitudes (Qin et al., 2019b), we found the SDs of corals in the
HA were at a relatively high levels, showing significant spatial variation
(Fig. 4, ANOVA, p < 0.001). Specifically, the SDs of corals in the HA
were significantly higher than those in the Nansha or Xisha Islands.
Although their SDs were lower than those of Sanya, there was no sig-
nificant difference (Fig. 4). In short, the SD varies according to coral
species, geomorphological environment and location.

4. Discussion

4.1. Intergeneric variation of SDs and their relationships with coral
tolerance to thermal stress

The results of the present study reveal that SDs vary greatly between
coral genera in the HA, which is consistent with previous findings in the
SCS (Li et al., 2008, 2011; Xu et al., 2017). In general, the SD among
coral genera is often linked to their thermal tolerance. Corals with strong
tolerance to thermal stress tend to have high levels of SDs (Wooldridge,
2014; Xu et al., 2017). Therefore, we suggest that the SD variations in
HA can also reflect the thermal tolerance of corals.

This relationship can be explained using previous empirical evidence
(Loya et al., 2001; McClanahan, 2004; Wooldridge, 2014). On the one
hand, corals species with high SDs are more resistant to thermal stress
(Marshall and Baird, 2000; Xu et al., 2017). For example, the thermal
tolerance of massive corals is greater than that of branching species,
showing higher SDs. Surviving branching corals have relatively high SDs
in comparison with branching species during bleaching events (Glynn,
1993; Stimson et al., 2002). On the other hand, the corals with higher
SDs also have substances (Salih et al., 2000; Lesser, 2006; Baird et al.,
2008; Wang, 2012; Rosic et al., 2015) or structures (Liang et al., 2017;
Qin et al., 2020) that enhance the tolerance of corals to thermal stress,
such as thicker tissue (Qin et al., 2020) and more abundant bacterial
diversity (Liang et al., 2017; Chen et al., 2019a). In our study, SDs were
significantly higher in massive species (e.g., Porites lutea, Porites lobate,
and Pavona varians) than in encrusting species (e.g., Montipora and
Cyphastrea) or branching species (e.g., Acropara selago and Acropora
pulchra). As such, these findings from present and previous studies
illustrate that the thermal tolerance of corals is positively correlated
with their SDs. Hence, the thermal tolerances of corals in the HA can be
assessed using their SDs.

4.2. Geomorphological differences between SDs and their drivers

Our analysis demonstrates the SDs of corals are higher in the outer
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regards to SDs (Student-Newman-Keuls test, P < 0.05).

reef slope than in the lagoon (e.g., Porites, Acropora, Cyphastrea and
Favites had the higher SDs in the outer reef slope, respectively), appears
highly variable between geomorphological regions. This implies that the
SDs of coals vary in their responses to the geomorphic environment. The
geomorphological differences of SDs in the HA may be related to char-
acteristics of the local environment, such as the hydrodynamic condi-
tion, SST and solar radiation (Finelli et al., 2006; Schmidt et al., 2016;
Rogers et al., 2017).

With regard to hydrodynamics, in the lagoon, the hydrodynamic
conditions of this shallow and closed local environment are relatively
weak, which could easily amplify damage to the photosynthetic system
of the Symbiodiniaceae from solar radiation (Nakamura et al., 2005),
resulting in the reduction of the passive diffusion of heat from the coral
surface, and finally exacerbating the expulsion of Symbiodiniaceae
(Nakamura and van Woesik, 2001; Suzuki et al., 2008; Sawall et al.,
2014). By contrast, the outer reef slope, with its well-flushed and highly
turbulent waters, could reduce the effects of light inhibition and thermal
stress on Symbiodiniaceae (Finelli et al., 2006; Suzuki et al., 2008;

Schmidt et al., 2016; Rogers et al., 2017), which in turn exhibiting
higher SDs in the outer reef slope than in the lagoon.

In addition to hydrodynamics, the differences in SST and solar ra-
diation between the outer reef slope and the lagoon may also affect the
SD (Fitt et al., 2000). During our investigation, although there was no
significant difference in the SST between the outer reef slope and the
lagoon, the latter is an especially such shallow and closed lagoon envi-
ronment, its monthly mean temperatures should be higher than that of
the former (Ke et al., 2016), and it has more extreme thermal and light
environments, which may limit Symbiodiniaceae reproduction and
possibly reduce their density. It may even lead to coral bleaching
(Hoegh-Guldberg, 1999; Fitt et al., 2000; Grimsditch et al., 2010).
Indeed, we also observed several bleached corals in the lagoon, but none
in the outer reef slope. Nevertheless, specific information regarding the
monthly mean temperatures and solar radiation of the outer reef slopes
and lagoons in the HA is not available. Thus, further research is required
to confirm these factors and their influence on geomorphologically
controlled variations of SD in this region.
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4.3. Spatial differences of SDs in the SCS and the potential of the HA to
act as a refuge

The present results suggest that corals in the HA have a high level of
SDs, which is significantly higher than that of the Nansha Islands in the
south and the Xisha Islands in the north. In addition, it is worth nothing
that although the SDs of the Sanya in higher latitude are higher than
those of in the HA, there is no obvious difference.

According to the research of Qin et al. (2019a), the variation in SDs
of corals among coral reefs in the SCS was mainly related to SST and

levels of nutrients. The results showed that relatively low SST and high
nutrient levels in the high-latitude reefs contribute to high SDs. In
contrast, the high SST and the poor nutrient levels in the low-latitude
reefs limit Symbiodiniaceae reproduction and reduce their density,
thus showing a trend of increase with latitude. Similarly, our results
support this finding. The average annual SST of the HA in 2015 and
chlorophyll a concentration was just between Xisha Islands and Sanya
(Ke et al., 2016, 2018; Qin et al., 2019a, 2019b). Therefore, the SDs in
the HA is significantly higher than those in Nansha and Xisha Islands.
However, it is worth nothing that the SD is significantly higher in the
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HA than in the Xisha Islands with the similar thermal stress, and there is
no significant difference between with the Sanya in higher latitude.
Therefore, we suggest that the corals of the HA may be the same as the
Sanya, with less thermal stress. Wind stress in Summer induces the water
northward in the HA. However, when the northern eddy is strong
enough, it may also pass over the HA, causing local upwelling (Fang
etal., 1998; Hu et al., 2000; Xie et al., 2003). This may reduce the impact
of thermal anomalies, as coral reefs with upwelling areas have been
shown to be less susceptible to heat bleaching (Nakamura, 2010; Osinga
et al., 2017). During our investigation, the HA was in the middle stage of
an extremely high SST event, but the corals did not appear to bleach
widely despite the SST exceeding 30.3 °C (the average SST of large-scale
bleaching of 47 coral reefs in 1998) (Lough, 2000). This tolerance of
corals also demonstrates our points. Indeed, analysis of the Degree
Heating Week data of the study region further reveal that the cumulative
thermal stress was insufficient to drive bleaching on its own at this time
(Fig. S4) (Strong et al., 2011). Most notably, the SST in the summer of
2015 was not the highest that has been recorded, the SST in the summers
of 2010, 2013 and 2014 were higher than that in 2015. If widespread
coral bleaching occurred in 2015, theoretically, more severe coral
bleaching should have occurred two years previously, but no large-scale
bleaching of corals has been observed in the HA. In contrast to the HA,
coral bleaching occurred in Nansha Islands (SST: ~23 °C) and in Sanya,
Hainan Island (SST: ~25 °C) with lower SST (Gong et al., 2019).
Consequently, different environmental conditions among reefs in the
SCS, such as SST, nutrients level, and local environment, caused the
variation in SDs. The environmental factors of the HA may mitigate the
negative effects of temperature anomalies and contribute to the thermal
resistance and faster recovery of reef-building corals after periods of
thermal stress.

A growing number of studies demonstrate that potential coral ref-
uges are identifiable through specific features, such as lack of thermal
anomalies, higher thermal tolerance, and higher coral species diversity
(Yamano et al., 2011; Cacciapaglia and van Woesik, 2015; Osman et al.,
2017; Tkachenko and Soong, 2017). For example, the reefs of the
Dongsha Atoll, a refuge for reef-building corals in the northern SCS,
have developed resilience and resistance to global climate change
(Tkachenko and Soong, 2017). Similarly, reef-building corals in the
thermal refuge of the northern Red Sea exhibit higher thermal tolerance
(Osman et al., 2017). Our results also demonstrate a similar potential in
the HA, where the corals have higher SDs and thermal tolerance. In
addition, the HA may have a unique local upwelling that reduces their
coral exposure to thermal stress. In the light of these results, the HA may
serve as a potential refuge for reef-building corals in the SCS under
global warming.

However, several studies have shown that the HA is currently under
severe pressure from overfishing, which is likely to result in a significant
decline in live coral coverage and SDs (Ke et al., 2016; Zhao et al., 2016).
This suggests that the function of the refuge in the HA is currently
compromised. Overall, although this atoll could potentially serve as a
refuge for corals from future global warming, severe anthropogenic
disturbance may largely compromise this function. Taken together,
these analyses indicate that it is critical to strengthen the surveillance of
coral reef ecosystems and conduct further research on the ecological
integrity and biodiversity of coral reefs in the HA.

5. Conclusions

The analysis results of the SDs in corals showed that there were
significant intergeneric and geomorphological differences in the HA.
Specifically, SDs in massive corals were significantly higher than those
in encrusting and branching corals, which may reflect a greater thermal
tolerance of the former. In addition, Geomorphic analysis showed that
the SDs of corals in the outer reef slope were higher than in the lagoon.
Environmental conditions, such as hydrodynamic conditions and SST
were likely the main influencing factors. Most notably, the SDs of corals
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in HA were at a high level compared with that in reefs of different lat-
itudes in the SCS, indicating that their corals have strong thermal
tolerance. Further analysis showed that there may be local upwelling in
the HA, which can reduce the thermal exposure of corals. These results
suggest that the HA has the potential to serve as a coral refuge against
future global warming. However, increasing human disturbance may
limit this function.

CRediT authorship contribution statement

This manuscript has not been submitted to other journals. All authors
have seen the manuscript and agree to its submission to Marine Pollution
Bulletin. The authors declare no competing financial interests.

Declaration of competing interest

The authors declare that there are no competing financial interests to
the research.

Acknowledgements

This research was supported by the National Natural Science Foun-
dation of China (Nos. 42090041, 42030502 and 41806139), the
Guangxi Scientific Projects (Nos. AD17129063 and AA17204074), the
Bagui Fellowship from Guangxi Province of China (2014BGXZGX03),
and Science and Technology Planning Project of Guangzhou City, China
(202002030345). The authors thank editor Paul Shin and two anony-
mous reviewers for their constructive comments which greatly helped
the improvement of this manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.marpolbul.2020.111946.

References

Anthony, K.R.N., 2016. Coral reefs under climate change and ocean acidification:
challenges and opportunities for management and policy. Annu. Rev. Environ.
Resour. 41, 59-81.

Baird, A.H., Bhagooli, R., Ralph, P.J., Takahashi, S., 2008. Coral bleaching: the role of
the host. Trends Ecol. Evol. 24, 16-20.

Baker, A.C., Starger, C.J., McClanahan, T.R., Glynn, P.W., 2004. Corals’ adaptive
response to climate change. Nature 430, 741.

Baker, A.C., Glynn, P.W., Riegl, B., 2008. Climate change and coral reef bleaching: an
ecological assessment of long-term impacts, recovery trends and future outlook.
Estuar. Coast. Shelf S. 80, 435-471.

Ban, S.S., Graham, N.A.J., Connolly, S.R., 2014. Evidence for multiple stressor
interactions and effects on coral reefs. Glob. Chang. Biol. 20, 681-697.

Barshis, D.J., Ladner, J.T., Oliver, T.A., Seneca, F.O., Traylor-Knowles, N., Palumbi, S.R.,
2013. Genomic basis for coral resilience to climate change. P. Natl. Acad. Sci. Usa.
110, 1387-1392.

Bellwood, D.R., Hughes, T.P., Folke, C., Nystr, M., 2004. Confronting the coral reef crisis.
Nature 429, 827-833.

Ben-Zvi, O., Eyal, G., Loya, Y., 2019. Response of fluorescence morphs of the mesophotic
coral Euphyllia paradivisa to ultra-violet radiation. Sci. Rep-UK 9, 5245.

Berkelmans, R., van Oppen, M.J.H., 2006. The role of zooxanthellae in the thermal
tolerance of corals: a ‘nugget of hope’ for coral reefs in an era of climate change.
P. Roy. Soc. B-Biol. Sci. 273, 2305-2312.

Burke, L., Reytar, K., Spalding, M., Perry, A., 2011. Reef at Risk. Revisited. World
Resource Institute, Washington, DC, p. 114.

Cacciapaglia, C., van Woesik, R., 2015. Reef-coral refugia in a rapidly changing ocean.
Glob. Chang. Biol. 21, 2272-2282.

Chen, B., Yu, K,, Liang, J., Huang, W., Wang, G., Su, H., et al., 2019a. Latitudinal
variation in the molecular diversity and community composition of Symbiodiniaceae
in coral from the South China Sea. Front. Microbiol. 10, 1278.

Chen, X., Yu, K., Huang, X., Wang, Y., Liao, Z., Zhang, R., et al., 2019b. Atmospheric
nitrogen deposition increases the possibility of macroalgal dominance on remote
coral reefs. J. Geophys. Res-Biogeo. 124, 1355-1369.

Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S.J., Kubiszewski, L.,
et al., 2014. Changes in the global value of ecosystem services. Global Environ.
Chang 26, 152-158.

Douglas, A.E., 2003. Coral bleaching-how and why? Mar. Pollut. Bull. 46, 385-392.

Fang, G.H., Fang, W.D., Fang, Y., Wang, K., 1998. A survey of studies on the South China
Sea upper ocean circulation. Acta Oceanogr. Taiwan. 37, 1-16.


https://doi.org/10.1016/j.marpolbul.2020.111946
https://doi.org/10.1016/j.marpolbul.2020.111946
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0005
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0005
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0005
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0010
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0010
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0015
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0015
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0020
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0020
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0020
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0025
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0025
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0030
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0030
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0030
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0035
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0035
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0040
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0040
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0045
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0045
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0045
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0055
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0055
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0060
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0060
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0065
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0065
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0065
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0070
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0070
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0070
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0075
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0075
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0075
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0080
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0085
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0085

Y. Liang et al.

Finelli, C.M., Helmuth, B.S.T., Pentcheff, N.D., Wethey, D.S., 2006. Water flow influences
oxygen transport and photosynthetic efficiency in corals. Coral Reefs 25, 47-57.

Fitt, W.K., Mcfarland, F.K., Warner, M.E., Chilcoat, G.C., 2000. Seasonal patterns of
tissue biomass and densities of symbiotic dinoflagellates in reef corals and relation to
coral bleaching. Limnol. Oceanogr. 45, 677-685.

Glynn, P.W., 1993. Coral reef bleaching: ecological perspectives. Coral Reefs 12, 1-17.

Gong, S., Xu, L., Yu, K., Zhang, F., Li, Z., 2019. Differences in Symbiodiniaceae
communities and photosynthesis following thermal bleaching of massive corals in
the northern part of the South China Sea. Mar. Pollut. Bull. 144, 196-204.

Goreau, T., Mcclanahan, T., Hayes, R., Strong, A., 2010. Conservation of coral reefs after
the 1998 global bleaching event. Conserv. Biol. 14, 5-15.

Grimsditch, G., Mwaura, J.M., Kilonzo, J., Amiyo, N., 2010. The effects of habitat on
coral bleaching responses in Kenya. Ambio 39, 295-304.

Harithsa, S., Raghukumar, C., Dalal, S.G., 2005. Stress response of two coral species in
the Kavaratti atoll of the Lakshadweep archipelago, India. Coral Reefs 24, 463-474.

Hoegh-Guldberg, O., Mumby, P.J., Hooten, A.J., Steneck, R.S., Greenfield, P., Gomez, E.,
et al., 2007. Coral reefs under rapid climate change and ocean acidification. Science
318, 1737-1742.

Hoegh-Guldberg, O., 1999. Climate change, coral bleaching and the future of the world’s
coral reefs. Mar. Freshw. Res. 50, 839-866.

Hu, J., Kawamura, H., Hong, H., et al., 2000. A review on the currents in the South China
Sea: seasonal circulation, South China Sea warm current and Kuroshio intrusion.

J. Oceanogr. 56, 607-624.

Hughes, T.P., Barnes, M.L., Bellwood, D.R., Cinner, J.E., Cumming, G.S., Jackson, J.B.C.,
et al., 2017. Coral reefs in the Anthropocene. Nature 546, 82-90.

Hughes, T.P., Anderson, K.D., Connolly, S.R., Heron, S.F., Kerry, J.T., Lough, J.M., et al.,
2018. Spatial and temporal patterns of mass bleaching of corals in the Anthropocene.
Science 359, 80.

Jones, R., 1997. Zooxanthellae loss as a bioassay for assessing stress in corals. Mar. Ecol.
Prog. Ser. 149, 163-171.

Ke, Z., Liu, H., Wang, J., Liu, J., Tan, Y., 2016. Abnormally high phytoplankton biomass
near the lagoon mouth in the Huangyan Atoll, South China Sea. Mar. Pollut. Bull.
112, 123-133.

Ke, Z., Tan, Y., Huang, L., Liu, H., Liu, J., Jiang, X., et al., 2018. Spatial distribution
patterns of phytoplankton biomass and primary productivity in six coral atolls in the
central South China Sea. Coral Reefs 37, 919-927.

Lesser, M.P., 2006. Oxidative stress in marine environments: biochemistry and
physiological ecology. Annu. Rev. Physiol. 68, 253-278.

Li, S., Yu, K., Shi, Q., Chen, T., Zhao, M., Zhao, J., 2008. Interspecies and spatial diversity
in the symbiotic zooxanthellae density in corals from northern South China Sea and
its relationship to coral reef bleaching. Chin. Sci. Bull. 53, 295-303.

Li, S., Yu, K., Chen, T., et al., 2011. Assessment of coral bleaching using symbiotic
zooxanthellae density and satellite remote sensing data in the Nansha Islands, South
China Sea. Chinese Sci. Bull. 56, 1031-1037.

Li, K., Ke, Z., Tan, Y., 2018. Zooplankton in the Huangyan Atoll, South China Sea: a
comparison of community structure between the lagoon and seaward reef slope.

J. Oceanol. Limnol. 36, 1671-1680.

Liang, J., Yu, K., Wang, Y., Huang, X., Huang, W., Qin, Z., et al., 2017. Distinct bacterial
communities associated with massive and branching scleractinian corals and
potential linkages to coralsusceptibility to thermal or cold stress. Front. Microbiol. 8,
1-10.

Logan, C.A., Dunne, J.P., Eakin, C.M., Donner, S.D., 2014. Incorporating adaptive
responses into future projections of coral bleaching. Glob. Chang. Biol. 20, 125-139.

Lough, J.M., 2000. 1997-98: unprecedented thermal stress to coral reefs? Geophys. Res.
Lett. 27, 3901-3904.

Lowe, R.J., Falter, J.L., 2015. Oceanic forcing of coral reefs. Annu. Rev. Mar. Sci. 7,
43-66.

Loya, Y., Sakai, K., Yamazato, K., Nakano, Y., Sambali, H., van Woesik, R., 2001. Coral
bleaching: the winners and the losers. Ecol. Lett. 4, 122-131.

Marshall, P.A., Baird, A.H., 2000. Bleaching of corals on the Great Barrier Reef:
differential susceptibilities among taxa. Coral Reefs 19, 155-163.

McClanahan, T.R., 2004. The relationship between bleaching and mortality of common
corals. Mar. Biol. 144, 1239-1245.

McClanahan, T.R., Graham, N.A., Darling, E.S., 2014. Coral reefs in a crystal ball:
predicting the future from the vulnerability of corals and reef fishes to multiple
stressors. Curr. Opin. Env. Sust. 7, 59-64.

McManus, J.W., Shao, K., Lin, S., 2010. Toward establishing a Spratly Islands
International Marine Peace Park: ecological importance and supportive collaborative
activities with an emphasis on the role of Taiwan. Ocean Development and
International Law. 41, 270-280.

Mora, C., Caldwell, L.R., Birkeland, C., McManus, J.W., 2016. Dredging in the Spratly
Islands: gaining land but loosing reefs. PLoS Biol. 14 (3), €100242.

Muir, P.R., Wallace, C.C., Done, T., Aguirre, J.D., 2015. Limited scope for latitudinal
extension of reef corals. Science 348, 1135-1138.

Nakamura, T., 2010. Importance of water-flow on the physiological responses of reef-
building corals. Galaxea, Journal of Coral Reef Studies. 12, 1-14.

Nakamura, T., van Woesik, R., 2001. Water-flow rates and passive diffusion partially
explain differential survival of corals during the 1998 bleaching event. Mar. Ecol.
Prog. Ser. 212, 301-304.

Nakamura, T., Woesik, R.V., Yamasaki, H., 2005. Photoinhibition of photosynthesis is
reduced by water flow in the reef-building coral Acropora digitifera. Mar. Ecol-Prog
Ser. 301, 109-118.

Marine Pollution Bulletin 163 (2021) 111946

Oliver, T.A., Palumbi, S.R., 2011. Do fluctuating temperature environments elevate coral
thermal tolerance? Coral Reefs 30, 429-440.

Osinga, R., Derksen-Hooijberg, M., Wijgerde, T., et al., 2017. Interactive effects of
oxygen, carbon dioxide and flow on photosynthesis and respiration in the
scleractinian coral Galaxea fascicularis. J. Exp. Biol. 220, 2236-2242.

Osman, E.O., Smith, D.J., Ziegler, M., Kiirten, B., Conrad, C., Elhaddad, K.M., et al., 2017.
Thermal refuge against coral bleaching throughout the northern Red Sea. Glob.
Chang. Biol. 24, E474-E484.

Qin, Z., Yu, K., Wang, Y., Xu, L., Huang, X., Chen, B., et al., 2019a. Spatial and
intergeneric variation in physiological indicators of corals in the South China Sea:
insights into their current state and their adaptability to environmental stress.

J. Geophys. Res-Oceans 124, 3317-3332.

Qin, Z., Yu, K., Chen, B., Wang, Y., Liang, J., Luo, W., et al., 2019b. Diversity of
Symbiodiniaceae in 15 coral species from the southern South China Sea: potential
relationship with coral thermal adaptability. Front. Microbiol. 10, 2343.

Qin, Z., Yu, K., Liang, Y., Chen, B., Huang, X., 2020. Latitudinal variation in reef coral
tissue thickness in the South China Sea: potential linkage with coral tolerance to
environmental stress. Sci. Total Environ. 711, 134610.

Rogers, J.S., Monismith, S.G., Fringer, O.B., Koweek, D.A., Dunbar, R.B., 2017. A coupled
wave-hydrodynamic model of an atoll with high friction: mechanisms for flow,
connectivity, and ecological implications. Ocean Model 110, 66-82.

Rosic, N.N., Braun, C., Kvaskoff, D., 2015. Extraction and analysis of Mycosporine-like
amino acids in marine algae. Methods Mol. Biol. 1308, 119-129.

Safaie, A., Silbiger, N.J., McClanahan, T.R., Pawlak, G., Barshis, D.J., Hench, J.L., et al.,
2018. High frequency temperature variability reduces the risk of coral bleaching.
Nat. Commun. 9, 1671.

Salih, A., Larkum, A., Cox, G., Kiihl, M., Hoegh-Guldberg, O., 2000. Fluorescent pigments
in corals are photoprotective. Nature 40, 850-853.

Sawall, Y., Al-Sofyani, A., Banguera-Hinestroza, E., Voolstra, C.R., 2014. Spatio-temporal
analyses of Symbiodinium physiology of the coral Pocillopora verrucosa along large-
scale nutrient and temperature gradients in the Red Sea. PLoS One 9, e103179.

Schmidt, G.M., Wall, M., Taylor, M., Jantzen, C., Richter, C., 2016. Large-amplitude
internal waves sustain coral health during thermal stress. Coral Reefs 35, 869-881.

Smith, D.J., Suggett, D.J., Baker, N.R., 2005. Is photoinhibition of zooxanthellae
photosynthesis the primary cause of thermal bleaching in corals? Glob. Chang. Biol.
11, 1-11.

Stimson, J., Sakai, K., Sembali, H., 2002. Interspecific comparison of the symbiotic
relationship in corals with high and low rates of bleaching-induced mortality. Coral
Reefs 21, 409-421.

Strong, A.E., Liu, G., Skirving, W., et al., 2011. NOAA’s coral reef watch program from
satellite observations. Ann. GIS 17, 83-92.

Suzuki, A., Nakamura, T., Yamasaki, H., Minoshima, K., Kawahata, H., 2008. Influence of
water flow on skeletal isotopic composition in the coral Pocillopora damicornis. Coral
Reefs 27, 209-218.

Tkachenko, K.S., Soong, K., 2017. Dongsha Atoll: a potential thermal refuge for reef-
building corals in the South China Sea. Mar. Environ. Res. 127, 112-125.

Tkachenko, K.S., Duong, T.H., Hoi, N.D., 2020. Ecological status of coral reefs in the
Spratly Islands, South China Sea (East sea) and its relation to thermal anomalies.
Estuar. Coast. Shelf. S. 238, 106722.

Wang, D., 2012. Redox chemistry of molybdenum in natural waters and its involvement
in biological evolution. Front. Microbiol. 3, 427.

West, J.M., Salm, R.V., 2003. Resistance and resilience to coral bleaching: implications
for coral reef conservation and management. Conserv. Biol. 17, 956-967.

Wiedenmann, J., D’Angelo, C., Smith, E.G., et al., 2013. Nutrient enrichment can
increase the susceptibility of reef corals to bleaching. Nat. Clim. Chang. 3, 160-164.

Wooldridge, S.A., 2014. Differential thermal bleaching susceptibilities amongst coral
taxa: re-posing the role of the host. Coral Reefs 33, 15-27.

Xie, S.P., Xie, Q., Wang, D.X., Timothy, L., 2003. Summer upwelling in the South China
Sea and its role in regional climate variations. J. Geophys. Res. 108, 1-13.

Xu, L., Yu, K., Li, S,, Liu, G., Tao, S., Shi, Q., et al., 2017. Interseasonal and interspecies
diversities of Symbiodinium density and effective photochemical efficiency in five
dominant reef coral species from Luhuitou fringing reef, northern South China Sea.
Coral Reefs 36, 1-11.

Yamano, H., Sugihara, K., Nomura, K., 2011. Rapid poleward range expansion of tropical
reef corals in response to rising sea surface temperatures. Geophys. Res. Lett. 38,
155-170.

Yu, K., 2012. Coral reefs in the South China Sea: their response to and records on past
environmental changes. Sci. China Earth Sci. 55, 1217-1229.

Zhang, Q., Shi, Q., Chen, G., Fong, T., Wong, D., Huang, H., et al., 2006. Status
monitoring and health assessment of Luhuitou fringing reef of Sanya, Hainan, China.
Chinese Sci. Bull. 51, 81-88.

Zhao, M., Yu, K., Zhang, Q., Qi, S., Price, G.J., 2012. Long-term decline of a fringing coral
reef in the northern South China Sea. J. Coastal Res. 28, 1088-1099.

Zhao, M., Yu, K., Shi, Q., Chen, T., Zhang, H., Chen, T., 2013. Coral communities of the
remote atoll reefs in the Nansha Islands, southern South China Sea. Environ. Monit.
Assess. 185, 7381-7392.

Zhao, M., Yu, K., Shi, Q., Yang, H., Riegl, B., Zhang, Q., et al., 2016. The coral
communities of Yongle atoll: status, threats and conservation significance for coral
reefs in South China Sea. Mar. Freshw. Res. 67, 1888.


http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0090
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0090
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0095
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0095
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0095
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0100
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0105
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0105
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0105
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0110
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0110
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0115
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0115
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0120
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0120
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0125
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0125
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0125
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0130
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0130
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0135
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0135
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0135
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0140
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0140
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0145
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0145
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0145
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0150
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0150
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0155
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0155
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0155
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0160
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0160
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0160
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0165
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0165
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0170
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0170
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0170
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0175
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0175
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0175
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0180
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0180
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0180
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0185
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0185
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0185
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0185
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0190
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0190
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0195
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0195
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0200
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0200
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0205
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0205
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0210
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0210
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0215
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0215
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0220
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0220
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0220
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0225
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0225
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0225
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0225
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0230
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0230
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0235
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0235
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0240
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0240
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0245
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0245
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0245
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0250
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0250
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0250
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0255
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0255
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf2005
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf2005
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf2005
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0260
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0260
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0260
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0265
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0265
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0265
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0265
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0270
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0270
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0270
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0275
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0275
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0275
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0280
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0280
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0280
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0285
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0285
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0290
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0290
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0290
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0295
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0295
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0300
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0300
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0300
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0310
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0310
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0320
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0320
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0320
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0325
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0325
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0325
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0330
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0330
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0335
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0335
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0335
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0340
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0340
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0345
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0345
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0345
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0350
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0350
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0355
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0355
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0360
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0360
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0365
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0365
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0370
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0370
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0375
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0375
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0375
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0375
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0380
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0380
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0380
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0385
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0385
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0390
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0390
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0390
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0395
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0395
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0400
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0400
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0400
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0405
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0405
http://refhub.elsevier.com/S0025-326X(20)31065-1/rf0405

	Intergeneric and geomorphological variations in Symbiodiniaceae densities of reef-building corals in an isolated atoll, cen ...
	1 Introduction
	2 Material and methods
	2.1 Study sites
	2.2 Coral sampling
	2.3 Determination of Symbiodiniaceae densities
	2.4 Data analyses

	3 Results
	4 Discussion
	4.1 Intergeneric variation of SDs and their relationships with coral tolerance to thermal stress
	4.2 Geomorphological differences between SDs and their drivers
	4.3 Spatial differences of SDs in the SCS and the potential of the HA to act as a refuge

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


