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Abstract
As climate change poses an ever increasing threat to coral reefs globally, understanding why particular corals are resistant to
bleaching is paramount to their continued survival. The coral reefs of Ofu Island, American Samoa, provide a living laboratory to
examine mechanisms of coral adaptation to extreme thermal conditions and serve as an analog for a future environment impacted
by climate change. Three backreef pools exhibit remarkably different temperature regimes, which consequently results in varying
levels of coral thermal tolerance. In pool 300, temperatures can reach 35 °C and fluctuate up to 6 °C throughout the day. Pools 400
and 500 are less variable, with temperatures rarely exceeding 32 °C. Yet, the pools contain a highly diverse community of corals,
including an abundance of thermally sensitive species. This review summarizes the results of nearly two decades of research into
the mechanisms contributing to differential bleaching resistance among pools. Factors examined include the effects of intermit-
tent water flow, previous exposure to subbleaching temperatures, Symbiodinium genotype, modifications of genetic expression
within the polyp, and the associated bacterial microbiome. Corals within the highly variable pool 300 appear to be more
adequately adapted to thermal extremes by retaining chlorophyll concentrations during frequent heat pulses, associating with
thermally tolerant endosymbionts, upregulating gene expression associated with heat acclimatization, and potentially possessing
an advantageous microbiome composition. Though encompassing a small geographic area, the findings from Ofu’s reefs have
widespread implications for coral conservation as they serve to elucidate the impacts of these many confounding factors and their
contributions to bleaching resistance.
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Introduction

Coral reefs are vital ecosystems that support immense bi-
ological diversity and provide ecological goods and ser-
vices totaling nearly $30 billion USD globally [1, 2].
They are also one of the ecosystems most heavily impact-
ed by climate change and rising ocean temperatures.
Nearly 27% of the world’s coral reefs have been effective-
ly lost, with little or no chance at recovery [3].
Widespread coral bleaching events due to thermal stress,

rare only 20–30 years ago, have become a commonplace
phenomenon, leading to coral death and overall reef de-
cline [4–6]. Bleaching occurs when the coral host expels
its symbiotic zooxanthellae (Symbiodinium sp.) due to ad-
verse environmental conditions. If conditions improve rap-
idly, the coral polyps are able to restore this vital symbi-
osis; however, if adverse conditions persist, the coral will
likely die of starvation (for a full review of coral
bleaching, see [7–10]). Even when corals are capable of
recovering from bleaching events, they often experience a
decline in growth rates, reproductive potential, and overall
health [11, 12]. As tropical corals already exist within 1–
2 °C of their thermal maxima, it is expected that
bleaching events will increase both in frequency and in-
tensity as ocean temperatures continue to rise [13].

However, there is hope for corals in the struggle against
thermally induced bleaching. On Ofu Island, a remote island
in the Samoan archipelago, corals routinely experience ex-
treme temperatures without widespread bleaching and
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mortality. American Samoa is located in the south central
Pacific Ocean, approximately 4700 km southwest of Hawaii.
The US territory is composed of five volcanic islands and two
remote atolls: Tutuila, Aunu’u, Ta’ū, Ofu, Olosega, Rose
Atoll, and Swains Island. Combined total land area is small,
comprising only 196 km2 [14]. The remote island of Ofu, the
site of these exceptional coral reefs, is only 7.3 km2 in size
[14].

A fringing reef surrounds the island of Ofu, extending 80–
180 m wide [15]; however, most research has been conducted
in a shallow (< 2.5 m) lagoon on the southeastern side of the
island, within the boundaries of the National Park of
American Samoa (NPSA) [14–16]. Within this lagoon are
several backreef pools, which have been the sites of extensive
study. At low tide, the pools (referred to in the literature as
pool 300/HV, 400/MV, and 500/LV) are cut off from oceanic
currents by a high reef crest, and during daytime low-tide
events, the water temperature rises dramatically (see Table 1
for physical characteristics). While all of the pools are subject-
ed to elevated temperatures, pool 300 is the most variable. In
this pool, water temperatures reach over 35 °C, well above the
established regional coral bleaching threshold (approx.
32 °C), and temperatures have been recorded fluctuating over
6 °C throughout the day (see Figs. 1, 2, and 3 for long-term
temperature datasets) [15, 16]. Over 85 species of corals have

been identified within the pools, with Acropora, Pocillopora,
Porites, and Millepora species present in high numbers [15,
16]. Live coral coverage ranges from 25 to 30% and is dom-
inated by massive Porites colonies forming microatolls
surrounded by large sandy patches [16, 18].

Exceptional thermal tolerance has previously been
displayed by corals living in extreme temperature environ-
ments such as the Persian Gulf [19] and Australia [20].
However, often only Bhardy^ coral genera such as Pavona
and Cyphastrea are able to withstand these high temperatures
[21, 22]. Meanwhile, thermally susceptible corals, such as
Acropora and Pocillopora, are often disproportionately affect-
ed [23, 24]. Ofu is exceptional in that a diverse assemblage of
corals is thermally resistant to bleaching, with almost the en-
tire coral community surviving these temperature extremes.
The factors behind the corals’ thermotolerance has been the
basis of extensive study for nearly two decades. Research
suggests that intermittent water flow, previous exposure to
elevated, sub-bleaching temperatures, the genetics of endo-
symbiotic Symbiodinium, modified coral gene expression,
and the associated bacterial microbiome may all contribute
to bleaching resistance. This review discusses these various
factors in detail and critically evaluates their contribution to
the thermal tolerance of corals in Ofu.

Water Flow Rates

Constant high flow environments have been shown to influ-
ence coral growth rates [25], calcification rates [26], metabo-
lism [26], reproductive rates [25], recovery post-bleaching
[27], and mortality [25]. High flow rates also reduce oxidative
stress on the photosynthetic apparatus of Symbiodinium,
which may enhance coral resilience and minimize bleaching
[28, 29]. A laboratory study testing calcification rates of
Acropora formosa (now A. muricata) concluded that dark
calcification rates were reduced by nearly 60% and light-

Table 1 Physical characteristics of Ofu backreef pools. Data from [15,
17] and NPSA (unpublished metadata).

Pool 300 Pool 400 Pool 500

Latitude − 14.18287 − 14.17888 − 14.17159

Longitude − 169.65951 − 169.65416 − 169.64381

Area (m2) 874 14,889 2938

Mean depth (m) 1.1 1.8 1.4

Area values are approximations. The pools are not well defined and
values vary dramatically between reports, journal articles, and GIS meta-
data. Area values provided in this table are reported in [15]

20

22

24

26

28

30

32

34

36

T
em

p
er

a
tu

re
 (
°C

)

Fig. 1 Record of temperature
fluctuations in pool 300. Data
spikes due to logger malfunction
were manually removed. Data
gap exists between 9/7/2003 and
12/25/2003 due to logger drift
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enhanced calcification rates were reduced by around 25% in
calm conditions [26]. The authors suggested that this was due
to increased metabolism in energetic conditions, which result-
ed in faster skeletal growth. Testing this in situ on Ofu, Porites
cylindrica growth increased by nearly 7 cm/year when corals
were transplanted from their original source pool 400 (mean
water flow 10 cm/s) to highly variable pool 300 (mean water
flow 16 cm/s) [30]. In a reciprocal transplant study,
Pocillopora eydeuxi fragments were transplanted from mod-
erate pool 400 to highly variable pool 300, where the coral
doubled its growth during the 18-month experiment [17]. Due
to this result, the authors suggested that growth rate of P.
eydeuxi in the Ofu pools was dictated by environmental fac-
tors rather than genetics.

Rather than being a constant high flow environment, the
flow regime in the Ofu pools is often one of intermittent high
flow, characterized by semi-diurnal flushing during high tides

(flow rate ~ 25 cm/s) followed by periods of low or no flow
during low tide (flow rate ~ 5 cm/s) [31]. It was unknown if
this intermittent high flow regime confers the same positive
impact on bleaching resistance as constant high flow regimes.
Therefore, Porites lobata and P. cylindrica were exposed to
elevated temperatures with varying flow treatments [31]. The
first treatment was an intermittent high-low-flow treatment
which replicated the natural diurnal tidal cycle of the Ofu
pools. This treatment exposed corals to high flow (15–
20 cm/s) for 6 h alternated with low flow (2–5 cm/s) for 6 h.
A second, constant low-flow treatment maintained water flow
between 2 and 5 cm/s for the duration of the experiment. After
4 days at elevated temperatures (31.5 °C), the density of zoo-
xanthellae in P. lobata dropped from 3.14 × 106 zooxanthallae
cells/cm2 to 1.08 × 106 zooxanthallae cells/cm2 in the constant
low-flow treatment but only 1.97 × 106 zooxanthallae cells/
cm2 in the high-low-flow treatment. A similar result occurred
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Fig. 2 Record of temperature
fluctuations in pool 400. Data
spikes due to logger malfunction
were manually removed. Data
gaps exist between 2/11/2014–9/
13/2014 and 5/13/2015–12/11/
2015
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Fig. 3 Record of temperature
fluctuations in pool 500. Data
spikes due to logger malfunction
were manually removed. Data
gaps exist between 9/21/2011–5/
15/2012 and 2/11/2014–8/13/
2014
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with the samples of P. cylindrica [31]. Increased symbiont
retention under thermal stress may be enhanced due to inter-
mittent water flow but this area of study has been limited to a
small number of species. More research is needed before any
widespread conclusions can be made regarding the efficacy of
an intermittent high flow tidal regime in mitigating bleaching
across the entire coral community.

Despite the positive Ofu results, there is little consensus in
the literature regarding the impact of water flow on bleaching
resilience. Field studies in Mauritius found the opposite rela-
tionship, with a correlation between higher water flow and
more severe bleaching [32]. The authors suspect that high
flow reduces background environmental stress on the coral
during periods of moderate temperatures. Therefore, less ac-
climation occurred to thermal extremes. Meanwhile, laborato-
ry studies on high versus low-flow environments have dem-
onstrated higher growth rates and reduced bleaching for
Pocillopora damicornis and Stylophora pistillata under con-
stant high flow environments [33]. The intermittently strong
water flow displayed in the Ofu pools may play a key role in
enhancing bleaching resistance, yet it is a variable that re-
quires additional examination at other thermally resilient sites
around the world as the majority of work in this area has been
conducted in the Ofu pools. However, in Ofu, it appears that
this tidally driven flow regime may confer some level of pro-
tection from extreme thermal stress, at least for particular
species.

Previous Short-term Exposure to Elevated
Temperatures

Another line of research suggests that elevated, sub-bleaching
temperatures may serve to protect corals from acute bleaching
stress [34, 35]. This sub-lethal pulse of heat preconditions
corals for subsequent bleaching events. Variable heat stress
of this type occurs regularly in pool 300 over a strong tidal
cycle, when ocean temperatures spike at low tide. In one field
study, a widespread transcriptional response that involved
hundreds of genes was observed in colonies of Acropora
hyacinthus at temperatures above 30.5 °C [36]. These genes
are vital to the unfolded protein response, an ancient eukary-
otic cellular response to physiological stress. During the
course of the experiment, these genes were only expressed
on days of strong tides, elevated temperatures, and large pH
and salinity fluctuations. After the temporary heat pulse, ex-
pression of these genes returned to baseline levels. When this
response was tested in a laboratory setting, the gene expres-
sion increased as corals paled and then bleached, suggesting
that the unfolded protein response becomes more dramatic as
physiological stress increases [36].

Pool 300 corals also appear to be able to regulate their
Symbiodiniummore effectively due to previous thermal stress

events. When A. hyacinthus nubbins from pool 400 were
placed in pool 300 for 12–18 months, they retained less chlo-
rophyll following subsequent heat stress than the pool 300
natives (67.5% and 80%, respectively) [37]. The pool 400
individuals were eventually able to acclimate to the more ex-
treme environment but never reached the level of chlorophyll
retention of the native corals. Yet, when pool 300 natives were
transplanted into pool 400, they dropped their chlorophyll
retention to the same level exhibited by pool 400 natives
[37]. In another study, Acropora nana fragments were ex-
posed to ambient temperatures (29 °C), constant elevated tem-
peratures (31 °C), or a variable temperature regime (ranging
from 29 to 33 °C) [38]. Fragments that had previously been
acclimated to the elevated and variable heat treatments had a
more muted stress response to subsequent simulated heat
stress than those kept at ambient temperatures, thus displaying
increased thermal resilience [38]. This suggests that precondi-
tioning corals to sub-bleaching stress through variable temper-
ature regimes might be vital to their resiliency and survival.
This trend has also been observed in the field in massive
Porites sp. in the Gilbert Islands [39] and in heat stress exper-
iments of Acropora millepora from Heron Island, Australia
[40].

Coral mortality may also be affected by variable tempera-
ture regimes. When nubbins of A. hyacinthus from both pools
300 and 400 were placed in elevated (31.5 °C) and ambient
(28 °C) experimental tanks, mortality varied depending upon
the source pool [41]. Corals taken from pool 400 experienced
nearly 50% mortality, regardless of Symbiodinium type.
Corals from pool 300, which regularly experiences a wide
range of thermal variability, experienced low mortality
(16.6 ± 8.8%), statistically indistinguishable from the control
group [41]. It has been suggested that the harsher environ-
ment found in pool 300 acts as a Bselective sieve^ for poorly
adapted individuals, which are quickly removed from the
population [42]. In one analysis, a large range in daily tem-
peratures was found to be the most important variable in
predicting future bleaching prevalence [43]. The authors con-
cluded that a 1 °C increase in diel temperature fluctuations
reduced the risk of severe bleaching by a factor of 33. In pool
300, temperatures can fluctuate over 6 °C during a strong
tidal cycle [16], which may be a critical component to the
corals’ thermotolerance.

Dinoflagellate Endosymbionts

The advent of new genetic sequencing technologies has
allowed researchers to examine the unique genetic structure
of endosymbiotic Symbiodinium and determine how various
clades enhance coral health and bleaching resistance. It is
generally concluded that Symbiodinium clade D confers en-
hanced thermal tolerance to the coral host and can increase
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post-stress survival [44–47]. Clade D has been shown to as-
sociate with a wide-variety of scleractinian coral genera in-
cluding branching Acropora, massive Montastrea, encrusting
Montipora, as well as free living Fungia [48]. Clade D is a
relatively rare clade that represents less than 10% of total
dinoflagellate endosymbionts [48] but is prevalent in
American Samoa, particularly at the backreef pools [49].

The Symbiodinium makeup of the Ofu corals is primarily
composed of one genotype of clade D and four genotypes of
clade C, which may exist in the same colony at various abun-
dances [50]. In one study, 88% of corals tested hosted multiple
genotypes (for a full list of clade differentiation by species, see
Table 2) [50]. In another, 9 out of 10 sampled coral species
associated with multiple clades, with only Porites annae ex-
clusively containing clade C in both pools 300 and 400 [51].
Hosting multiple clades may allow for rapid acclimatization to
changing temperatures [54] but clade D’s thermotolerance
was clear: only clade D was detected within A. hyacinthus in
pool 300, while the less variable pools 400 and 500 contained
a mix of both clades C and D [49]. In another study, clade D
made up a higher proportion of Symbiodinium associated with
pool 300 corals in 8 out of 9 species examined [50]. In an
extreme example, Acropora pulchra showed 100% of sam-
ples dominated by clade C in pool 400 and 100% of samples
dominated by clade D in pool 300 (p = 0.005, Table 2).

It is poorly understood how different clades vary physio-
logically under thermal stress and how these variations may
impact coral bleaching resistance. While the coral hosts can
modify their gene expression in response to heat stress ([55],
see BHost Genetics^), Symbiodinium do not appear to do the
same [56]. Neither clade C nor D Symbiodinium exhibited a
transcriptome-wide response to short-term heat stress after
3 days of elevated temperatures [56]. However, between
clades, hundreds of genes naturally exhibit different expres-
sions as the result of divergent genotypes. This paradox has
been termed the Btranscriptional conundrum^; different clades
of Symbiodinium result in differing thermal tolerances yet dis-
play little to no short-term response to heat stress. The answer
may lie in environmental constraints, as it is likely that
Symbiodinium are limited in their ability to respond to tem-
perature changes by modifying their gene expression.

While the prevalence of clade D Symbiodinium is promis-
ing, there are still concerns about which corals it associates
with, particularly regarding abundantPorites species. TheOfu
pools contain at least six known species ofPorites including P.
lobata, P. lichen, P. cylindrica, P. annae, and Porites mound
sp., as well as an unknown species designated Porites sp. 2
(recently classified as P. randalli) [16, 51, 57]. All samples of
P. lobata, P. annae, and Porites mound sp. tested contained
primarily clade C Symbiodinium [17, 51]. This trend has also
been observed in a habitually warm marine lake in Palau,
where 6 out of 7 Porites species tested harbored clade C
[58]. The authors suggest that Porites may be unique in this

Table 2 Symbiodinium composition of coral species in the Ofu
backreef pools. When multiple clades were detected, an asterisk (*)
indicates which clade was dominant

Species Location Symbiodinium
clade(s) present

Citation

Acropora austera Pool 300 A, C, D* [51]

Pool 400 C*, D [51]

Acropora formosa Pool 300 D* [50]

Pool 400 D* [50]

Acropora hyacinthus Pool 300 D* [49]

Pool 300 D* [50]

Pool 300 C, D* [52]

Pool 400 C, D* [49]

Pool 400 C, D* [50]

Pool 400 C*, D [52]

Pool 400 C*, D [53]

Pool 500 C, D [49]

Acropora pagoensis Pool 300 A, C, D*, F [51]

Pool 400 A, C, D* [51]

Acropora pulchra Pool 300 D* [50]

Pool 400 C* [50]

Favia matthaii Pool 300 A, C*, D [51]

Pool 400 A, C*, D [51]

Gonaistrea retiformis Pool 300 A, C*, D [51]

Pool 400 A, C*, D [51]

Leptoria phyrgia Pool 300 A, C*, D [51]

Pool 300 C*, D [50]

Pool 400 A, C* [51]

Pool 400 C* [50]

Pavona cactus Pool 300 C*, D [50]

Pool 400 C*, D [50]

Pavona venosa Pool 300 A, C*, D [51]

Pool 400 C*, D [51]

Pocillopora damicornis Pool 300 A, C*, D [51]

Pool 300 D* [50]

Pool 400 A, C*, D [51]

Pool 400 C*, D [50]

Pocillopora eydeuxi Pool 300 C*, D [17]

Pool 300 C*, D [50]

Pool 400 C* [17]

Pool 400 C*, D [50]

Pocillopora verrucosa Pool 300 C*, D [50]

Pool 400 C* [50]

Porites annae Pool 300 C* [51]

Pool 400 C* [51]

Porites lobata Pool 300 C* [17]

Pool 400 C* [17]

Porites mound sp. Pool 300 C* [51]

Pool 400 A, C*, D [51]

Psammocora contigua Pool 300 A, C*, D [51]

Pool 400 A, C* [51]
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respect as zooxanthellae are passed down maternally to the
gametes. Therefore, the Symbiodinium makeup of juvenile
Porites sp. is determined in part by the clade composition
within the maternal colony, rather than the composition in
the surrounding water column [58].While clade Dmay confer
thermal tolerance, it appears to be selectively associating with
coral hosts, which could leave a large portion of the Ofu com-
munity vulnerable to thermal bleaching.

For corals that are not associated with a high abundance of
clade D, some may partake in symbiont swapping to favor
more thermally tolerant individuals and selectively expel more
sensitive symbionts [59]. Pre-bleaching, coral polyps may
contain a variety of Symbiodinium clades, which may or
may not confer thermal tolerance. Yet, when examined post-
bleaching, clade D often becomes dominant. In a study con-
ducted on Keppels Island, Australia, 93.5% of A. millepora
sampled before bleaching contained clade C2, a thermally
sensitive clade of Symbiodinium. After bleaching, genetic
analyses showed that 71% of the surviving colonies had
switched to clade D or clade C1 being dominant [60]. This
trend has been consistently observed on reefs in Australia
[46], Panama [61, 62], and the Persian Gulf [62], though esti-
mates of how many species can successfully swap symbionts
vary widely [50, 63–65].

In order to determine where these newly associated symbi-
onts originate, the Symbiodinium make up of Ofu lagoon’s
water, sediments, and ten species of corals was examined
[51]. While clade D was only present in small amounts in
water samples, it made up a high proportion of the
Symbiodinium population detected in sediment samples from
both pools. Clade D was more abundant in the sediments of
pool 300 than pool 400, which was often, though not always,
reflected in the corals’ Symbiodinium composition (see Table
2).

Though specific Symbiodinium clades may increase coral
survival of extreme heat stress events, after the temperature
stressor is removed, coral colonies often revert back to their
original symbionts within 7–12 months [47, 66]. Clade D
Symbiodinium are thermotolerant but this ability comes with
an energetic cost. Clade D appears to slow coral growth rates
by up to half in Acropora tenuis [67] and A. millepora [67,
68]. Though the mechanism behind this depressed coral
growth is still unclear, it has been postulated that the faster
population growth rate of clade C Symbiodinium provides
more nutrition to the coral, facilitating faster growth rates
[67]. However, the opposite effect has been found in colonies
of P. eydeuxi on Ofu [17]. Individuals in pool 300 actually had
greater skeletal growth than their pool 400 conspecifics, de-
spite the presence of clade D Symbiodinium. These contrasting
results may have to do with environmental factors. The au-
thors postulate that high water flow in pool 300 during rough
conditions may have had an effect on growth rate and that
high growth rates are essential to give P. eydeuxi colonies a

distinct advantage in the Ofu pools, where space is limited
[17].

However, it has also been suggested that symbiont type
explains Ba negligible fraction^ of the variation in bleaching
resistance [37]. In transplantation studies, the introduction of
coral fragments to a more extreme environment would suggest
that the corals would partake in symbiont swapping, favoring
a more thermotolerant clade. However, only a minimal shift in
clade composition (< 1 to around 2%) was observed when A.
hyacinthus fragments were transplanted from pool 400 to pool
300 [37]. Another study conducted in pool 400 found that
only one of seven colonies of A. hyacinthus modified its as-
sociated Symbiodinium composition to include a higher per-
centage of clade D during a natural bleaching event [53]. Ten
months later, the colony had returned to its pre-bleaching
proportions.

There is also evidence of corals living in extreme thermal
environments that associate with more generalist clades and
still experience minimal visible bleaching [19]. In a compari-
son of the endosymbiotic makeup of 9 coral species in the
Arabian/Persian Gulf, none were found to associate with clade
D, despite summer temperatures reaching up to 36 °C [19].
These results bring into question the importance of
Symbiodinium clade and postulate that association with ther-
mally tolerant endosymbionts is not the sole determining fac-
tor in coral thermotolerance. Clearly, the effects of Clade D
Symbiodinium on their coral hosts is more nuanced than the
widely held belief that clade D is ideal for enhancing coral
thermotolerance but poor for accelerated growth. More re-
search is needed to determine under which environmental
conditions Clade D is advantageous and how this impacts
other physiological aspects of the coral host.

Host Genetics

The coral host is capable of modifying its gene expression
under conditions of thermal stress [55, 69, 70]. This is a
transcriptome-wide response, influencing the expression of
hundreds of genes related to heat acclimatization, including
those regulating apoptosis, antioxidant enzymes, and heat
shock proteins [37, 55]. These changes occur widely through-
out the coral tissue, with both epidermal and symbiont-
containing gastrodermal cells impacted [71]. When compar-
ing gene expression between coral individuals in the different
Ofu pools, A. hyacinthus in pool 300 appears to Bfrontload^
many of these protective genes, expressing them at higher
levels under control conditions than pool 400 conspecifics
[55].

Transcriptome-wide changes occur rapidly after the onset
of heat stress. For instance, 14% of the A. hyacinthus tran-
scriptome was differentially expressed after 120 min at 34–
35 °C [70]. In another study, twenty-seven percent of the A.
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hyacinthus transcriptome was significantly regulated after 1 h
at 35 °C [69]. However, after 15 h of heat exposure, only 12%
of the transcriptome was significantly regulated, despite visi-
ble bleaching. This return to normal levels of gene expression
after acute stress has been deemed Btranscriptome resilience^
and it could play a key part in determining bleaching severity
[69]. When gene expression levels dropped off quickly, the
coral generally experienced limited bleaching. However, if
these high levels of gene expression were sustained over a
long period of time, bleaching was often severe [69].
Therefore, it may not only matter which genes are impacted
but the rate at which they return to baseline levels which
determines bleaching severity.

It is important to note that early signs of cellular degener-
ation can occur several days before bleaching is observed [72]
and transcriptome-wide stress responses may persist for
months after [53]. Even when corals do not appear visibly
bleached, they exhibit cellular effects with severe necrosis of
both the coral and Symbiodinium cells [71]. After only 5 h of
elevated temperatures, Symbiodinium appeared misshapen,
with shrunken and lysed nuclei [71]. Further, genetic effects
in the coral host are felt long after the bleaching event has
subsided. Nearly 20% of the transcriptome of A. hyacinthus
colonies was impacted during the 2015 bleaching event and a
large proportion remained perturbed for up to 6 months later,
even after temperatures had fallen and Symbiodinium popula-
tions had rebounded [53]. Hundreds of genes remained upreg-
ulated for a full year after the bleaching event, including those
associated with apoptotic and stress response proteins [53].
Therefore, any sustained temperatures above the meanmonth-
ly maximum should be treated as potentially damaging, even
when bleaching is not evident or the coral appears to be fully
recovered.

Analysis of coral gene expression demonstrates that
bleaching resistance is at least partially the result of many
small genetic changes working in concert. The Ofu studies
have been conducted primarily on A. hyacinthus but A.
millepora [73], A. palmata [74], Porites astreoides [75], and
Montastrea faveolata [76] have also been shown to differen-
tially express genes associated with thermotolerance during
heat stress events. One study even suggests that dramatic var-
iations in gene expression can differentially occur at the same
time within the same coral colony [73], indicating that small
scale variation in gene expression may be important to coral
survival and post-bleaching recovery.

Microbiome

The microbiome associated with Ofu corals varies between
pools and may shift during periods of heat stress. A.
hyacinthus colonies within pools 300 and 400 were deter-
mined to have a significantly different assemblage of bacterial

microbiomes (p < 0.001) [77]. Pool 300 microbiomes were
charac te r ized by three main bacte r ia l fami l ies :
Alteromonadaceae (~ 15%), Rhodospirillaceae (~ 15%), and
Hahellaceae (13%). Pool 400 microbiomes were dominated
by Hahellaceae (27%) and Alteromonadaceae (24%), but
were lacking in Rhodospirillaceae (< 2%). In a 17-month re-
ciprocal transplant study, pool 400 natives altered their micro-
bial composition when placed in the thermally variable pool
300, yet pool 300 natives retained their original microbiomes
when transplanted. In a follow-up laboratory study, the pool
400 microbiomes were significantly affected by stress within
20 h and the corals were visibly bleached [77]. Very little
experimentation has been conducted to determine if particular
bacteria enhance coral thermotolerance; however, the dramat-
ic difference in bacterial community composition between
pools 300 and 400 suggests that the microbiome is similarly
affected by heat stress. Microbiome composition may be a
novel component to examine in understanding coral bleaching
physiology and resilience.

Managing Ofu Coral Reefs in the Time
of Climate Change

Ofu corals face a myriad of natural and anthropogenic chal-
lenges but climate change is the most concerning and wide-
spread. One third of corals are already at an elevated risk of
extinction due to climate change-related events and as ocean
temperatures continue to rise, bleaching events are expected to
occur more frequently and with more devastating effects [13,
78]. During the 2015–2016 mass bleaching event, corals on
the island of Tutuila were heavily impacted, with some sites
showing nearly 100% bleaching, particularly of thermally sen-
sitive genera such as Acropora and Pocillopora [79]. Follow-
up surveys in a backreef pool by the Pago Pago International
Airport estimated Acropora sp. mortality at nearly 80%, likely
due to the bleaching event. Corals in the Ofu pools were im-
pacted by the bleaching event as well, though to a lesser ex-
tent. Surveys conducted in February 2015 indicated low to
moderate bleaching withAcropora,Millepora, and somemas-
sive Porites species impacted. Additional surveys were not
conducted again until February 2017, when widespread
bleaching was observed by the American Samoa Coral Reef
Advisory Group (CRAG) scientists. Bleaching prevalence ap-
peared nondiscriminatory as affected corals included both
branching and plating Acropora, massive Porites, Isopora,
Montipora, Pocillopora, Favia, and Favites species [79].
Percent mortality from this bleaching event is unknown.
NPSA bleaching surveys conducted in September and
November 2017 indicate continued bleaching with
Acropora, Montipora, Goniastria, Pocillopora colonies af-
fected [79].
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Whether or not corals will be able to survive the changing
climate is unknown. The number of reefs globally that are
impacted by bleaching stress has tripled since 1985 and 97%
of reef areas examined display an increasing trend in sea sur-
face temperatures [4]. One evolutionary model based upon the
prevalence of heat-adapted alleles in A. hyacinthus from
Rarotonga, Cook Islands, suggests that those corals will be
able to genetically adapt to tolerate temperatures predicted
under IPCC Representative Concentration Pathways (RCPs)
low CO2 emission plans RCP2.6 and RCP4.5 [80]. However,
simulated populations were unable to adapt quickly enough to
survive the dramatic temperature increases predicted in
RCP6.0 or RCP8.5. It is projected that the Pacific Ocean will
continue to warm under RCP4.5 – RCP8.5 trajectories [81],
and therefore, under this evolutionary model, A. hyacinthus
population collapse will occur when the average temperature
reaches 29 °C, or approximately 2040 under RCP8.5 [80].
Therefore, it seems likely that without massive reductions in
greenhouse gas emissions, many corals will potentially face
extinction in the coming century. The Ofu pools serve as an
analog for a future environment impacted by climate change,
simulating the thermal extremes projected to occur as the plan-
et continues to warm. They therefore serve as a valuable re-
source in determining how to mitigate future thermal
bleaching.

However, climate change is unlikely to be solved with
short-term, local scale management solutions and instead will
rely on sweeping changes in national and international policy
[82, 83]. Therefore, resource managers at the National Park of
American Samoa are working to improve reef resiliency by
mitigating local stressors, such as outbreaks of crown of
thorns seastars and terrestrial nutrient runoff, which are more
responsive to local management. They are also taking a pas-
sive monitoring approach by measuring environmental vari-
ables such as sea surface temperature, salinity, ocean acidity,
etc. in order to quickly respond to any future algae outbreaks
or sources of nutrient eutrophication.Well-managed coral eco-
systems can recover from bleaching events more quickly and
more successfully than their degraded counterparts, which
may reduce the time required for full reef recovery by years
or even decades [82]. American Samoa’s coral reefs and as-
sociated mangroves provide nearly $6 million annually in
fisheries, recreation, and shoreline protection, accounting for
1.2% of the territory’s gross domestic product [84]. This
makes their management a top priority for marine resource
managers and the local community. In order to achieve long-
term success, the local drivers of coral bleaching need to be
carefully understood and monitored so that resource managers
can predict future bleaching events and adopt an adaptive
management style based on environmental fluctuations and
trends.

One possible method of reducing physiological stress dur-
ing bleaching events would be the introduction of shading. To

date, only one study has explored the potential of using shad-
ing techniques to protect Ofu corals from intense sunlight
under elevated water temperatures [85]. Fragments of A.
muricata, P. damicornis, and P. cylindrica from pool 400 were
placed in aquaria where the corals were subjected to various
temperature and light regimes: a control (28.5 °C, approxi-
mately the mean seawater temperature of pool 400), and ele-
vated thermal conditions (31.5 °C) with no shading, 50%
shading, and 75% shading. It was found that a higher the
degree of shading resulted in a reduction in bleaching severity.
Statistically significant changes in coral coloration from the
control were detected as early as DHW 1 for thermally sensi-
tive A. muricata fragments under elevated temperatures with
no shading. All corals under elevated water temperatures grew
slower than the controls, with non-shaded corals growing less
than those in the 50% or 75% shade. This study indicates that
shading corals can reduce their risk of bleaching under elevat-
ed water temperatures, particularly for thermally sensitive spe-
cies such as A. muricata and P. cylindrica [85]. However, very
little research has been done in this area and the efficacy of
coral shading during a bleaching event has yet to be tested in
the field. Further, one important consideration regarding shad-
ing is whether or not it is practical at the scale of an entire reef.
It would likely be difficult, if not impossible, to adequately
shade corals across the entirety of pool 400, or even a small
subsection, due to logistical concerns. Therefore, while shad-
ing has been shown to reduce light intensity and subsequent
bleaching, far more work is needed to determine if this method
is realistic to offset the effects of thermal stress.

One potential long-term goal of the National Park may be
to spread the genetic basis of these Bsuper corals^ by enhanc-
ing outside populations through transplantation. The hydro-
graphic isolation of the Ofu pools and the amount of time
spent cut off from the broader currents of the area limit the
feasibility of coral recruitment into the wider region. While no
current studies have been conducted to determine the success
of larval transport and dispersal to neighboring islands, Ofu
corals are genetically distinct from corals found on the nearby
island of Tutuila, despite being less than 100 km apart [86].
Therefore, while Ofu may not serve as a viable Bseed^ reef for
other islands in the region, it serves as a stronghold of ther-
mally tolerant genetic diversity and could function as a nurs-
ery site for future coral transplantation work. Due to the finan-
cial and logistical complications involved in remote coral
transplantation, robust species with high rates of survivorship
post-transplantation should be selected for, such as slow-
growing massive Porites species [87]. Corals thriving in ad-
verse thermal conditions are found only in a few places around
the world and their predisposition to rising ocean temperatures
may prove vital in restoring heavily impacted, higher latitude
reefs. Coral larvae have been shown to experience a tenfold
increase in survival during heat events (35.5 °C) when their
parents came from warm, low latitude environments, which is
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likely due to inherited differences in the expression of
thermotolerant genes [88]. Therefore, Ofu corals could serve
as a reserve of thermotolerant diversity, to be transplanted on
imperiled reefs into the future.

The success of Ofu’s corals offers a beacon of hope for
corals globally in the face of climate change and rising ocean
temperatures. The many interconnected factors associated
with bleaching resilience make it difficult to determine the
proportion that each factor contributes to overall reef resil-
iency. While a small number of studies have focused on
multiple factors such as the role of water flow and the sym-
biont genotype on bleaching prevalence [17], we are still far
from a holistic understanding of how all of these factors
interact. However, the distinctive abiotic environment, pre-
vious exposure to elevated temperatures, thermotolerant en-
dosymbionts, modification of coral gene expression, and the
associated bacterial microbiome all appear to contribute to
Ofu corals’ thermal tolerance. In one resiliency model, hav-
ing an abundance of heat-tolerant coral species was deter-
mined to be themost important indicator for predicting long-
term reef success and survival [89]. The second most impor-
tant indicator was previous exposure to temperature vari-
ability [89]. Therefore, it is likely that Ofu corals are at a
distinct advantage and may fare better than many reefs glob-
ally. However, from 2015 to 2017, bleaching was observed
within the Ofu backpool reefs [79], making the need for
immediate global mitigation of climate change not only nec-
essary but critical to coral survival. The Ofu corals face a
unique predicament; while they are highly adapted to high-
temperature environments, when will they too reach their
thermal limits?
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