Correspondence to:
J. P. D'Olivo,
juan.dolivocordero@uwa.edu.au

Erschienerin: GeochemistryGeophysicsieosystems20 (2019),6. - S.2936-2954

https://dx.doi.org/10.1029/2019GC008312

Long-Term Impacts of the 1997-1998 Bleaching Event
on the Growth and Resilience of Massive Porites
Corals From the Central Red Sea

Juan P. D'Olivo™* (", Lucy Georgiou™?, Jim Falter"* /"), Thomas M. DeCarlo"*?, Xabier Irigoien>**,
Christian R. Voolstra® ("), Cornelia Roder>°, Julie Trotter’, and Malcolm T. McCulloch'?

'Oceans Graduate School, The University of Western Australia, Crawley, Western Australia, Australia, 2ARC Centre of
Excellence for Coral Reef Studies, The University of Western Australia, Crawley, Western Australia, Australia, Red Sea
Research Center, Biological and Environmental Sciences and Engineering Division, King Abdullah University of Science
and Technology, Thuwal, Saudi Arabia, 4AZTI - Marine Research, Spain, 5 IKERBASQUE, Basque Foundation for Science,
Bilbao, Spain, SAlfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Shelf Sea System Ecology,
Helgoland, Germany, ’School of Earth Sciences, The University of Western Australia, Crawley, Western Australia,
Australia

Abstract This study investigates the impact of extreme heat wave events on long-lived massive corals
(Porites spp.) from the central Saudi Arabian Red Sea using trace element (Sr/Ca, Li/Mg, Mg/Ca, U/Ca,
B/Ca, and Li/Ca) records preserved in the coral skeleton for the period between 1992 and 2012. Prior to 1998,
the trace element records show strong correlations with sea surface temperature. However, during the
prolonged high temperature phase associated with the 1998 El Nifio event, the seasonal trace element
signals were disrupted, which also coincided with a reduction in extension rates. This disruption in normally
highly correlated seasonal trace element ratios-sea surface temperature relationships was unusually long,
lasting for approximately 2 years in the inner-shelf reef site and nearly 4 years in the outer-shelf reef site.
Although the seasonal signal of trace element ratios in both cores eventually stabilized, for the inner-shelf
core the amplitude and absolute values in most trace element ratios remained significantly different
compared to pre-1998 levels. This suggests that prolonged thermal stress can induce subtle but potentially
long-lasting physiological changes that affect the elemental composition of the coral's calcifying fluid.

The lack of indication of stress in the core records during later bleaching events (2003, 2005, and 2010)
suggests that some of these physiological changes could have induced increased thermal tolerance,
particularly for inner-shelf corals, lending support to the capacity for corals to acclimatize.

Plain Language Summary The future of coral reefs is jeopardized by global warming,
particularly by marine heat waves and mass bleaching events, as evidenced by the 2016 and 2017 events.
In this study the geochemical composition of the skeleton of two long-lived massive corals from the Red Sea
was used to evaluate possible long-term acclimatization or changes in sensitivity to thermal stress. We
detected a clear disturbance in the biomineralization process of the two corals following the 1998 bleaching
event. However, posterior thermal stress events of similar magnitude were not registered in the skeletal
growth or geochemical signature of the same corals hinting toward a possible long-term acclimatization
following the exposure to the 1998 event.

1. Introduction

Discrete episodes of anomalously elevated temperature can severely affect the health of coral communities,
even in areas exposed to naturally high temperatures (Schoepf et al., 2015). In the Red Sea, coral commu-
nities were severely affected by the 1997/1998 El Nifio (DeVantier et al., 2000), which until the recent
2015/2016 El Nifio was the most intense stress event in the region (Monroe et al., 2018). The 1997/1998 El
Nifio event began in the winter of 1997 and continued until the summer of 1998, causing prolonged periods
of elevated sea surface temperature (SST) and mass coral bleaching worldwide. As a result, approximately
16% of reefs worldwide were destroyed by this single event alone (Wilkinson, 2000), with areas of the Red
Sea experiencing up to 14-degree heating weeks (DHWs), well above the typical 4 DHW bleaching threshold
(National Oceanic & Atmospheric Administration, 2000). Although in many places El Nifio and La Nifia
result in opposing temperature trends (e.g., colder than average temperatures in response to La Nifia and
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warmer than average temperatures in response to El Nifio), there are regions where both La Nifia and
El Nifio can result in thermal anomalies of the same sign (positive or negative). In the summer of 2010,
during the second strongest La Nifia on record, corals of the Thuwal coastal region in the central eastern
Red Sea experienced 9 to 11 DHWs of stress (Furby et al., 2013). This event resulted in mass coral bleaching
followed by a drastic shift in coral community composition (Furby et al., 2013). Bleaching events not only
result in the mass mortality of corals but also negatively affect the rates of calcification of the surviving indi-
viduals, threatening the future persistence of these unique ecosystems (Cantin & Lough, 2014; D'Olivo et al.,
2013). Despite recent progress (T. M. DeCarlo et al., 2019; Gintert et al., 2018; Guest et al., 2012; Palmer,
2018; Pratchett et al., 2013; Putnam et al., 2017) not enough is known about the possible long-term adapta-
tion or acclimatization of corals to thermal stress on the timescales relevant to global warming and how such
adaptive responses could potentially improve the resistance of coral calcification, and thus the persistence of
the coral reef framework, to climate change. Consequently, it is imperative that we develop a better under-
standing of how coral reefs will respond to periods of severe thermal stress as these events become more
frequent and intense.

The skeletal geochemistry of long-lived massive corals such as Porites spp. has provided valuable informa-
tion on both climate variability (Alibert & McCulloch, 1997; Beck et al., 1992; K. L. DeLong et al., 2007;
Felis et al., 2000) and the response of coral calcification to these changes (Clarke et al., 2017; D'Olivo &
McCulloch, 2017; Hetzinger et al., 2016). The translation of coral skeletal geochemistry into robust records
of past climate has, however, been limited by an incomplete understanding of the mechanisms governing
biogenic calcification and its influence on the incorporation of trace elements into the crystal lattice of the
precipitated minerals (G. Gaetani & Cohen, 2006; Goreau, 1977; Sinclair & Risk, 2006). Thus, while the
incorporation of trace elements like strontium (Sr) into the coral's aragonite skeleton is strongly correlated
with SST, their partitioning can also be affected by a range of physiological processes or vital effects (Cohen
et al., 2002; Marshall & McCulloch, 2002; Sinclair, 2005; Tanaka et al., 2015), particularly during periods of
climate extremes and the associated physiological stress they cause. Although Sr/Ca, the most widely used
coral paleothermometer, can be measured in the skeletons of massive corals with an analytical precision
of better than 0.1% (Alibert & McCulloch, 1997; Beck et al., 1992; Kristine L. DeLong et al., 2013;
Malcolm T. McCulloch et al., 1994; Moreau et al., 2015), its specific relationship with temperature for any
given coral is still subject to physiological controls, which can become altered during periods of environmen-
tal stress. For example, Sr/Ca is typically inversely correlated to SST, but positive anomalies have been
observed during periods of anomalously high temperature, such as those that occur during coral bleaching
events (Hetzinger et al., 2016; Nurhati et al., 2009; Sagar et al., 2016). This disruption was originally asso-
ciated with an inhibition of the enzyme (Ca** ATPase) that selectively affected the transport of Ca into
the site of calcification (Marshall & McCulloch, 2002). Recent studies suggest that, in general, the common
response of most trace element ratios to thermal stress appears to be a suppression of the typical
temperature-driven seasonality (D'Olivo & McCulloch, 2017), even though the response of specific trace ele-
ments may exhibit different sensitivities to the degree of stress (D'Olivo & McCulloch, 2017). It is thought
that thermal stress likely causes changes in calcifying fluid carbonate chemistry which then, in turn, alter
the trace element composition of biomineralized calcium carbonate (Clarke et al., 2017; D'Olivo &
McCulloch, 2017; T. M. DeCarlo & Cohen, 2017; Marshall & McCulloch, 2002).

Additionally, other geochemical temperature proxies, although not directly affected by the activity of the
Ca?*ATPase, still show disruptions following stress events (D'Olivo & McCulloch, 2017). For instance, it
has been suggested that Mg®* and Li* are both transported to the site of calcification via the direct para-
cellular transport of ambient seawater before being incorporated into the aragonite crystal by similar physi-
cochemical mechanisms that still remain the subject of active debate (Case et al., 2010; Paolo Montagna
et al., 2014; Rollion-Bard & Blamart, 2015). While inorganic experiments suggest that Li* is incorporated
into aragonite through heterovalent substitution for Ca** (as opposed to homovalent substitution by
Mg2+; Hathorne et al., 2013; Marriott et al., 2004), other experimental and theoretical evidence suggests that
both Li and Mg are incorporated through defects of the aragonite crystal (Paolo Montagna et al., 2014)
and/or some other entrapment processes (Finch & Allison, 2008; Watson, 1996, 2004). Regardless of the
specific mechanisms, differences in biogenic crystal growth mechanics appear to have little direct effect
on the Li/Mg ratio in the coral skeleton, thus making this a relatively robust proxy for ambient seawater
temperature that is essentially independent of vital effects (Marchitto et al., 2018; Paolo Montagna et al.,
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2014; P. Montagna et al., 2009). The reliability of Li/Mg as a paleo-temperature proxy has been well validated
for cold- and temperate-water corals (Case et al., 2010; Paolo Montagna et al., 2014; P. Montagna et al., 2009)
but has received more limited use in corals living at higher (i.e., tropical) temperatures (D'Olivo et al., 2018;
Fowell et al., 2016; Zinke et al., 2019). Nonetheless, the analysis of this proxy in tropical corals that have
experienced periods of thermal stress has shown a clear disruption of the seasonal variability (D'Olivo &
McCulloch, 2017). Interestingly, despite the very different mechanisms of incorporation for Sr/Ca and
Li/Mg, the relationship between Sr/Ca and Li/Mg appears to remain constant even during periods of
thermal stress, indicating that changes to the activity of the Ca®>*ATPase are not the sole driver of the
anomalies in these elemental ratios.

Here we use a suite of trace element ratios (Sr/Ca, Mg/Ca, U/Ca, Li/Mg, B/Ca, and Li/Ca) to document the
response of two massive Porites coral colonies from the inner shelf and outer shelf of the central eastern Red
Sea to a strong cycle that occurred between 1997 and 2001. We first examine the impact of these events on
the incorporation of trace elements into the aragonite lattice and then examine how thermal stress affects
the relationships of these trace element ratios with SST. This is achieved by measuring each trace element
at near monthly intervals for an ~18-year period starting from the year 1995 in the inner shelf, and for a
~21-year period in the outer shelf starting in 1992. The changes in trace element and skeletal growth are
evaluated during multiple periods of elevated regional SSTs.

2. Materials and Methods
2.1. Site Description and Climatology

The Red Sea is a semienclosed water body roughly 2,000 km long and 200- to 300-km wide, where depths
reach below 2,500 m in the central axis. It is highly saline (>39 ppm) due to low levels of rainfall in the
surrounding region and limited exchange of water with rivers or other seas (Rasul et al., 2015). The Red
Sea can be divided into three ecologically distinct regions: (1) the northern region that is connected to the
Mediterranean Sea via the Suez Canal in the northwest and to the Gulf of Agaba in the northeast; (2) the
central region (20-24°N) that is extremely arid with minimal rainfall and riverine input, causing a nutrient
poor environment; and (3) the southern region that is most heavily influenced by the Indian Ocean via
exchange through the narrow Bab-al-Mandeb Strait (Rasul et al., 2015). SST in the southern part of the
Red Sea is influenced by the incursion of Indian Ocean waters governed by the Asian monsoon system
(and El Nifio-Southern Oscillation [ENSO], Ionita et al., 2014; Klein et al., 1997), while the northern part
is influenced by the North Atlantic Oscillation (NAO) and Arctic Oscillation (AO, Felis et al., 2000;
Rimbu et al., 2001). Our work was conducted in the central region of the Red Sea, close to the coast of
Saudi Arabia (around 22°N, Figure 1), which is mainly influenced by ENSO. The coastal area is composed
of a narrow shelf ranging from 30 to 90 m in depth, which supports a complex set of reef systems and
island features.

Daily local satellite SST data (1980-2013) derived from the Pathfinder Advanced Very High Resolution
Radiometer (AVHRRV2) (Reynolds et al., 2007) were obtained online from the National Aeronautics and
Space Administration THREDDS (v5.2) data server (http://thredds.jpl.nasa.gov/thredds/catalog_oceantem-
perature.html) at a spatial resolution of 0.25° X 0.25°. The King Abdullah University of Science and
Technology obtained daily resolution in situ SST data from loggers fixed at the inner-shelf and outer-shelf
reef sites from September 2012 to September 2013 (Figure S1 in the supporting information, Roik et al.,
2015; Roik et al., 2016). Comparisons between the two data sets indicates a general good agreement between
the satellite and in situ temperature with the AVHRR temperatures being approximately 0.5 °C colder com-
pared to the in situ temperatures recorded in the outer-shelf reef (Figure S1). SSTs in the central Red Sea
range from around 25 °C in February to 31 °C in September, with strong diurnal variability around reef plat-
forms (Davis et al., 2011; Reynolds et al., 2007). Wave exposed areas of reefs can typically vary by 0.5 to 1.5
°C, while the wave protected side of the same reef will experience changes of 2 to 5 °C over the same diurnal
period (Davis et al., 2011). Spatial temperature variability on reefs in the central Red Sea has been attributed
to a combination of regional climate forcing, such as wind-driven cooling, wave-driven circulation, and
large-scale buoyancy-driven circulation (Davis et al., 2011; Monismith et al., 2006).

DHWs, a measure of the accumulation of thermal stress over a period of 12 weeks, were calculated using the
AVHRRv2 daily data based on the methodology described by the National Oceanic and Atmospheric
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Figure 1. Study site in the central Red Sea highlighting the two sampled reefs. Red Box represents locality of sampling
area (insert), stars indicate the locations of the reef sites where the Porites coral cores were retrieved: Abu Shosha (inner
shelf) and Shi'b Nazar (outer shelf).

Administration Coral Reef Watch website (https://coralreefwatch.noaa.gov/satellite/methodology/
methodology.php). Briefly, DHWs were calculated as the accumulation of HotSpots over a 12-week
window, where the coral bleaching HotSpot product highlights SST values greater than 1.0 °C above the
maximum monthly mean (MMM) SST. The maximum monthly mean was calculated for the reference
period of 1985 to 1993 (excluding 1991 and 1992) according the National Oceanic and Atmospheric
Administration Coral Reef Watch methodology (Figure 2).

The 1997/1998 El Nifio was associated with a worldwide bleaching event, although the three regions of the
Red Sea were not affected equally by this event. No bleaching was observed in the northern region of the Red
Sea due to the cooler conditions and notable upwelling in the region (DeVantier et al., 2000). However,
severe bleaching was documented in the southern region of the Red Sea, particularly around the central
Saudi Arabian coast (DeVantier et al., 2000; Rasul et al., 2015). Here ~14 DHWSs were experienced during
the summer of 1998, with seawater temperatures that were ~1.3 °C higher than normal from the summer
of 1997 to the summer of 1998 (AVHRR V5.2, Figure 2; W. Liu et al., 2015). Given that widespread bleaching
and mortality is likely to occur at around eight DHWs (G. Liu et al., 2013), this created a thermally stressful
environment for shallow-water corals, which periodically experienced temperatures that were > 1 °C above
the MMM (Figure 2). Following the 1997/1998 El Nifio event, summer SST anomalies remained above the
MMM during five of the next seven years (1999, 2001, 2002, 2003, and 2005). In addition to the episodic El
Nifio related events, the Red Sea's average SST is increasing at a faster rate than most tropical regions, with
models forecasting a 2 to 3 °C SST rise in the central Red Sea by the end of the 21st century (Cantin et al.,
2010; Monroe et al., 2018; Stocker et al., 2013).

2.2. Coral Core Sampling

Coral cores were collected near Thuwal in the central Red Sea from two sites: Abu Shosha on the inner shelf
(~5 km from shore, 6.6-m depth, 39°02’59.7”E, 22°18'13.1”N) and Shi'b Nazar on the outer shelf (~25 km
from shore, 5-m depth: 38°53'55.99”E, 22°2220.12"N) (Fig. 1). Core samples (5 cm in diameter and up to
50 cm in length) were taken in April 2013 from living massive colonies of Porites lutea (RED4; outer shelf)
and Porites australiensis (RED2; inner shelf) identified based on corallite structure following Veron (2000).
Cores were first cleaned with fresh water and then dried and packed for transport to the University of
Western Australia for processing and analysis. The cores were cut into slices 6- to 7-mm thick along the
length of the core using an automatic core cutter fitted with a diamond blade. The resulting slices were
bleached overnight in a 1:1 NaClO solution before being washed thoroughly in deionized water, ultrasoni-
cated 3 times, and dried at ~50 °C in a laboratory oven. A set of slices from the middle of each coral core was
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Figure 2. Records of temperature and linear extension. (top) Annual records of coral linear extension for cores inner-shelf
RED?2 and outer-shelf RED4, compared to summer (July-September) average temperature and annual (January-
December) average temperature near Thuwal. (bottom) High-resolution daily sea surface temperature AVHRRv2 data
near Thuwal and corresponding degree heating weeks. DHWs = degree heating weeks; AVHRRv2 = Advanced Very High
Resolution Radiometer.

taken for X-radiography, and digital images were obtained using Clarity Pacs (jJCRco) software. Profiles of
optical density along each core were digitized and extracted using the software CoralXDS (Ver 4.6, NOVA
Southeastern University). Powder samples were taken at 1.25-mm intervals for both cores with a
computer controlled Zenbot drill. This sampling strategy resolved 10 to 11 samples per year for the outer-
shelf core and 12 to 13 samples per year for the inner-shelf core during years unaffected by temperature
anomalies. Samples were collected along the axis of growth established from the X-radiographies
following the directions of the corallites.

2.3. Geochemical Analysis

Powdered coral samples were processed in the Advanced Geochemical Facility for Indian Ocean Research
Clean Laboratory based at University of Western Australia following established methods (D'Olivo et al.,
2018; Holcomb et al., 2015). All sample and standard solutions were prepared using subboiling distilled
HNO; (Savillex DST-1000) and 18.2 MQ water (Millipore). Coral powder samples were weighed (10 + 0.2
mg) and dissolved in 0.5 M HNO; before being centrifuged. An aliquot of 31 uL was pipetted into 2.97 mL
of 2% HNOj3 (= 100 ppm Ca for B, Li, and Mg analysis) and further diluted to 10 ppm Ca using 2% HNO;
spiked solution containing 0.095 ppb Bi, 0.19 ppb Pr, ~19 ppb Sc, and 19 ppb Y (to correct for variable
instrumental mass bias) for Ca, Mg, Sr, and U analysis (Holcomb et al., 2015). One aliquot of the JCp-1 coral
standard was processed along with every 30 samples in order to assess the quality and reproducibility of our
full chemical treatment.
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2.4. Analytical Procedure

Trace element measurements were carried out on a Thermo Fisher Scientific (Bremen, Germany) X Series I1
quadrupole inductively coupled plasma mass spectrometer using the standard Xt interface with the plasma
screen fitted. The sample introduction system consisted of an autosampler (Elemental Scientific SC4 DX)
attached to a self-aspirating Teflon microflow nebulizer (Elemental Scientific PFA-ST) using a 100
uL/min capillary fitted to a quartz spray chamber cooled to 2 °C (Elemental Scientific PC3). All analyses
were then carried out in peak-hopping pulse counting mode; washout and uptake times were 20 and 100
s per sample, respectively. Typical sensitivity of the instrument was ~300-500 kcps for **Ca aspirating a solu-
tion containing 10-ppm Ca. For the determination of Li/Mg and B/Ca, "Li, 'B, and **Mg were acquired in
100 sweeps and 6 repetitions for a total acquisition time of 112 s per sample ([Ca] = 100 ppm). >>Mg, **Ca,
86Sr, and 2**U were acquired for the determination of metal to Ca ratios in 100 sweeps and 8 repetitions for a
total acquisition time of 224 s per sample ([Ca] = 10 ppm). Long-term reproducibility (representative of ~1
year of data collection) of Me/Ca derived from repeated analyses of individual aliquots of the JCp-1 coral
powder is as follows: Li/Mg = 1.5%, B/Mg = 8.7%, Mg/Ca = 0.9%, Sr/Ca = 0.4%, and U/Ca = 1.2% (2 s
Relative Standard Deviation; n = 17, D'Olivo et al., 2018). These uncertainties are assumed to be represen-
tative for individual analysis of sample powders and are comparable to the interlaboratory precisions defined
by Hathorne et al. (2013). The B/Ca data were estimated from combining B/Mg and Mg/Ca data, while Li/Ca
was estimated by combining the Li/Mg with Mg/Ca data. The reliability of these procedures has been further
confirmed by occasional repeat analyses of sample powders.

2.5. Coral Chronology and Skeletal Growth Parameters

An initial chronology was ascertained from X-radiograph images based on visual inspection of the annual
high- and low-density band patterns (Figure 3). Establishing the chronology from X-ray images was particu-
larly challenging in these cores due to double banding and density band changes associated with the cessa-
tion or slow growth occurring in late 1998 to 1999. Distinct fluorescent lines formed by river runoff events,
which provide chronological markers in other systems (D'Olivo et al., 2013; Isdale, 1984), are absent in corals
from this region; however, faint annual luminescent bands assisted assigning a chronology. Slices were cut
along the axis of maximum growth to expose the most appropriate surface for geochemical sampling as iden-
tified from the X-ray images. Breaks and fissures along the core were avoided to provide the most homoge-
nous sampling areas.

The final age model was assigned using AnalySeries (Paillard et al., 1996) by fixing the timing of maxima
(minima) in Sr/Ca and Li/Mg ratios to the known timing of minima (maxima) in SST records and interpo-
lating the resulting chronologically fixed trace element time series at near monthly resolution. Both Sr/Ca
and Li/Mg were checked synchronously to maximizing the correlation of both trace element ratios with
the SST time series, based on the built-in correlation function included in AnalySeries (K. L. DeLong
et al., 2007). Linear extension rates were then calculated using the trace element chronology and the
sampling distance.

Development of the chronology during 1997/1998 proved especially challenging due to anomalies in the geo-
chemical signal during, and for up to ~ 4 years after, the ENSO event. As with the full chronology, we made
an initial estimate of the location of the 1997/1998 event within each core based on visual inspection of
annual density banding in the X-ray images, counting high/low density band pairs downward from the
top of the core. We then confirmed that the apparent 1997/1998 density bands corresponded to the faint
luminescence bands (Figure S2). Our monthly linear extension rates (based on the apparent timing of
element/Ca ratios) were also used to assess the growth rates implied by our 1997/1998 chronology. For
example, if our initial chronology were missing a full year between 1998 and 2000, then linear extension
during this time would have been 60% higher than that during the rest of the record. Finally, we indepen-
dently evaluated monthly linear extension rates using dissepiments, thin sheets of skeleton located at the
base of the tissue layer that are accreted once per lunar cycle (~29.4 days) (Barnes & Lough, 1993; T. M.
DeCarlo & Cohen, 2017). We prepared petrographic thin sections of the skeleton corresponding to approxi-
mately 1998-2000, constructed photomosaics of the thin sections with a ScanScope XT digital slide scanner
using 20X magnification, traced the dissepiments visible in the compiled images, and measured the distance
between them following the procedures described in T. M. DeCarlo and Cohen (2017).
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U series dating (M. T. McCulloch & Mortimer, 2008) was applied on coral
core samples from both the inner and outer reef locations in an attempt to
independently constrain the start and end dates of the anomalous trace
element patterns observed in these cores during the late 1990s. From each
core a sample of ~200 mg was dated prior to the commencement of the
anomalous period, with a second reference sample dated from the
younger upper portion of the core whose age was clearly constrained from
the density bands and trace element seasonality. The purpose of the refer-
ence samples (February 2006 for the inner core and February 2003 for the
outer core) was to provide constraints on the initial **°Th/***Th ratio
whose value is critical to obtaining accurate age estimates at subannual
resolution (M. T. McCulloch & Mortimer, 2008). The uncertainty asso-
ciated with these corrections is however still significant (see Table S1),
being equivalent to ~2 years in this region.

2.6. Statistical Analysis

The most recent (from the top of the core) measurements back to 2012
were omitted from any statistical analysis as these include residue from
the coral tissue layer (D'Olivo et al., 2018). The response of a variable to
a predictor was assessed using robust regressions, with weighted linear
regressions employing bisquare-weighting function. The location of
abrupt changes in the trace element signal was detected using a para-
metric global change-point function based on the mean. One change point
was allowed for the inner-shelf data, while two change points were
allowed for the outer-shelf data, as this provided the best fit with the data
(see supporting information). Analyses of covariance (ANCOVA) were
performed to test if the relationship between different elemental ratios
changed over time. For this test, the data were divided into three groups:
prior to 1998, 1998 to 2001, and post-2001; and the relationship between
all the combinations of trace element ratios was compared. All statistical
analyses (regressions, change point, and ANCOVA) were performed using
Matlab version R2017b.

3. Results

The annual average AVHRR SST data suggested the waters near Thuwal
in the central Red Sea have experienced an increase of ~0.6 °C from the
1980s to the present (Figure 2). Average summer temperatures (July to
September) were highest between 1998 and 2005, with 2001 correspond-
ing to the warmest summer on record (1981 to 2017). Average summer
temperatures in 1998, 1999, 2001, 2002, 2003, and 2005 were higher than
1 SD of the historical (1981 to 2017) average summer values. The DHW
metric suggested recurrent events of high thermal stress between 1995
and 2005, with more than 4 °C weeks in 1995, 1999, and 2002; and more
than 8 °C weeks in 1998, 2001, 2003, and 2005.

Monthly records of trace elements (Li/Mg, Li/Ca, B/Ca, Mg/Ca, Sr/Ca,
and U/Ca) showed clear seasonal variations in both cores RED2 (inner
shelf, Figure 4) and RED4 (outer shelf, Figure 5). However, the geochem-
ical signals of both cores were characterized by abrupt changes in mean
values and periods in which the seasonal amplitude was reduced or
disappeared in most trace element ratios. In both coral records, there
was a disruption in the geochemical seasonal signal of all trace element
ratios in the late 1990s. The duration and pattern of this disruption, how-
ever, varied between the two cores and between trace element ratios.
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Figure 4. Monthly records for coral trace element ratios and linear extension (red) for the inner-shelf core from Abu Shosa
Reef in the central Red Sea compared to AVHRR SSTv2 data (light blue). Also included is near monthly linear
extension estimated from the dissepiment data over 1998-2000 (black). Detected change points (vertical green line) and
mean values for the data included between each change point (horizontal green line). Gray shaded area highlights the
period of maximum stress detected in inner-shelf and outer-shelf (see Figure 5) geochemical records. AVHRR = Advanced
Very High Resolution Radiometer; SST = sea surface temperature.

Coinciding with this disruption, annual linear extension reconstructed from the geochemical age model
recorded minimum values in 1999 for both cores.

3.1. Difference Between Inner-Shelf and Outer-Shelf Sites

The Porites australiensis inner-shelf core showed a disruption in the seasonality for Mg/Ca, U/Ca, and
B/Ca starting around 1998, whereas for Sr/Ca, Li/Mg, and Li/Ca the disruption was only clear a year later
(1999), with all trace element ratios recovering a clear seasonality by 2002 (Figure 4). Despite the recovery
of seasonality by 2002, change-point analysis suggests that changes in the mean values of Mg/Ca, Sr/Ca,
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Figure 5. Monthly records for coral trace element ratios and linear extension (dark blue) for the outer-shelf core from
Shi'b Nazar Reef in the central Red Sea compared to AVHRR SSTv2 data (light blue). Up to two detected change points
(vertical green line) and mean values for the data included between each change point (horizontal green line). Gray
shaded area highlights the period of maximum stress detected in inner-shelf (see Figure 4) and outer-shelf geochemical
records. AVHRR = Advanced Very High Resolution Radiometer; SST = sea surface temperature.

U/Ca, B/Ca, and Li/Ca occurred as a result of this disturbance (Figure 4). Comparison of the relationship
between the different elemental ratios prior to 1998, during the stress events (1998 to 2001) and after
recovery (post 2001), highlights two main patterns. The elemental ratios Mg/Ca, Sr/Ca, Li/Mg, and
Li/Ca appear to maintain similar relationships over the whole length of the records (Table 1). In
comparison, U/Ca and B/Ca show a breakdown of the relationship with other elements between 1998
and 2001, and a markedly different relationship post-2001, compared to pre-1998. The ANCOVA
indicated that the relationships of U/Ca and B/Ca with the other trace element ratios changed
significantly in slopes between the three periods, while the relationship between the other elements
remained essentially unchanged (Table 2).
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Table 1
Correlations Coefficients and Significance for the Relationship Between the Different Trace Element Ratios for Porites spp. Coral Core RED2 From the Inner-Shelf Reef
Abu Shosha (Top) and Core RED4 From the Outer-Shelf Reef Shi'b Nazar (Bottom)

Sr/Ca U/Ca Li/Mg B/Ca Li/Ca

Period r p r p r p r p r p
Inner shelf (RED2)

Pre-1998 Mg/Ca —0.684 0.000 —0.149 0.373 —0.732 0.000 —0.619 0.000 —-0.393 0.015
1998-2001 —0.701 0.000 0.054 0.738 —0.571 0.000 0.275 0.082 -0.275 0.082
Post-2001 —0.660 0.000 —0.770 0.000 —0.655 0.000 —0.279 0.002 —0.348 0.000
Pre-1998 Sr/Ca 0.436 0.006 0.953 0.000 0.690 0.000 0.880 0.000
1998-2001 0.046 0.774 0.947 0.000 —0.144 0.370 0.820 0.000
Post-2001 0.898 0.000 0.931 0.000 0.636 0.000 0.836 0.000
Pre-1998 U/Ca 0.254 0.124 0.107 0.522 0.268 0.104
1998-2001 0.064 0.690 0.543 0.000 0.132 0.412
Post-2001 0.849 0.000 0.446 0.000 0.688 0.000
Pre-1998 Li/Mg 0.821 0.000 0.914 0.000
1998-2001 —0.003 0.983 0.935 0.000
Post-2001 0.754 0.000 0.930 0.000
Pre-1998 B/Ca 0.737 0.000
1998-2001 0.099 0.536
Post-2001 0.799 0.000
Outer shelf (RED4)

Pre-1998 Mg/Ca —0.907 0.000 —-0.976 0.000 —0.938 0.000 —0.700 0.000 —0.468 0.000
1998-2001 —0.591 0.000 —0.758 0.000 —-0.419 0.006 —0.263 0.097 0.222 0.162
Post-2001 —0.745 0.000 —0.854 0.000 —0.755 0.000 —0.597 0.000 —0.095 0.290
Pre-1998 Sr/Ca 0.898 0.000 0.986 0.000 0.856 0.000 0.772 0.000
1998-2001 0.706 0.000 0.632 0.000 0.518 0.001 0.496 0.001
Post-2001 0.719 0.000 0.929 0.000 0.790 0.000 0.522 0.000
Pre-1998 U/Ca 0.922 0.000 0.659 0.000 0.467 0.000
1998-2001 0.363 0.020 0.290 0.066 —0.058 0.719
Post-2001 0.727 0.000 0.516 0.000 0.198 0.026
Pre-1998 Li/Mg 0.844 0.000 0.741 0.000
1998-2001 0.231 0.146 0.433 0.005
Post-2001 0.821 0.000 0.591 0.000
Pre-1998 B/Ca 0.799 0.000
1998-2001 0.426 0.005
Post-2001 0.602 0.000

Note. Trace element ratios divided into time intervals, pre-1998 ENSO years, post-2001, and ENSO affected years (1998-2001). Lack of significant relationship
(p > 0.05) is highlighted in red. ENSO = El Nifio-Southern Oscillation.

The Porites lutea outer-shelf coral also showed a disruption in the seasonality of all trace elements starting
around 1998 (Figure 5), with the timing for the onset of this disruption less clear in Mg/Ca, U/Ca, and
Li/Ca, possibly starting in 1996. For similar reasons, the exact timing of the recovery is not definitive. The
change-point analysis suggests a change in the mean of most elements occurred between 1996 and 2005,
but the disruption in the seasonality appears more evident between 1998 and 2001. Compared to the
inner-shelf core, the outer-shelf showed no consistent change in the relationship between the different trace
element ratios. The ANCOVA showed a significant change in the slope of the relationships of Li/Mg with
Sr/Ca, B/Ca, and Li/Ca between the three periods (pre-1998, 1998 to 2001, and post-2001; Table 2).

3.2. Chronology During 1998 to 2001

Establishing the chronology of the coral records during the period of stress (~1998 to 2001) was particularly
challenging due to the lack of seasonality in the geochemical proxies. Our determinations of ages using U-Th

2945



Table 2

ANCOVA Results Comparing the Relationships Between the Different Trace
Element Ratios (TER) During the Three Periods (Pre-1998, 1998 to 2001,

dating indicated the disruption lasted 6 + 2 years for the outer-shelf
coral (Shi'b Nazar) and 2 + 2 years for the inner reef sample (Abu
Shosha), thus the analytical uncertainties associated in estimating the

and Post-2001) A0t 1232
TER - - e - e initial ~>"Th/~>“Th are too large to accurately constrain the duration of
e a ke 2 V™% the event. To better resolve the chronology during this period, we relied
Inner shelf - Abu Shosha (RED2) on the information from the annual density bands and luminescent
g’l% Ca 0.875 0.000 0.705 0.000 0911 pands, which was independently confirmed by dissepiment counts. The
r/Ca 0.000 0.565 0.000 0.201 . . . . . . .
U/Ca i - P dissepiments of the 1nner-s}.1elf coral (REDZ) in the section 1dent.1ﬁed as
Li/Mg 0.000 0.066 1998 to 2000 from the density and luminescent bands were particularly
B/Ca 0.000 clear (Figures 3 and S2). The 3 years of growth identified based on the den-
Outer shelf - Shi'b Nazar (RED4) sity and luminescent bands closely coincided with the 42 dissepiments
Mg/Ca 0.431 0.178 0.054 0.339 0.080  jdentified over the same period (3.3 years, based on ~12.4 dissepiments
Swte 0.094 0.001 0.126 0.895 er year; Figure S3). Furthermore, a clear reduction in the distance
U/Ca 0.229 0.172 0.643 per year, . J . ) § .
Li/Mg 0.000 0.004 between dissepiments for the year 1999 confirms the estimates of reduced
B/Ca 0.978 linear extension during this year based on the geochemical age model (i.e.,

Note. Differences in the slopes for the relationship between trace element
ratios over different periods are significant in cases of p < 0.05 (high-
lighted in italics). ANCOVA = analyses of covariance.

the timing between each 1.25-mm subsample, Figure 2). Between 1998
and 2000, the average dissepiment-based linear extension (1.06 mm per
lunar month or 1.3 cm per year) is similar to that derived from the element
ratios (1.2 cm per year), which clearly demonstrates the validity of our
chronology. The dissepiments in coral RED4 (outer shelf) formed blistering patterns in which dissepiments
connect to each other (see Barnes & Lough, 1993), precluding their use for developing a chronology
(Figure S4). Additionally, the luminescent bands were less clear, preventing us from confirming the age
model obtained based on density bands for this coral. However, in total, the agreement between the density
bands, the U-Th dating, and the partial seasonality observed for Sr/Ca and Mg/Ca during this period pro-
vides confidence in our age model.

4. Discussion

Summer SST anomalies and DHW highlight a decade of unprecedented warm temperatures from 1995 to
2005 near Thuwal, in the central Red Sea (Figure 2). During this period, summer temperatures exceeded
the nominal bleaching threshold in multiple years (6 out of 11) indicating that the corals in this region were
exposed to repeated thermal stress events. The earliest reports of coral bleaching for the region correspond to
1998 with 30% mortality reported around Rabigh, ~40-km north of our study site (DeVantier et al., 2000;
Osman et al., 2018). This extended period of stress was reflected in the two coral cores studied here and pre-
sented itself as a reduction in linear extension and a major disruption in seasonality in all trace element
ratios during or immediately after 1998 and lasting for 2 to 4 years (Figures 4 and 5). Disruption of coral geo-
chemical signal in response to thermal stress has previously been documented but typically lasted only a few
months (Clarke et al., 2017; D'Olivo & McCulloch, 2017; T. M. DeCarlo & Cohen, 2017; Hetzinger et al.,
2016; Marshall & McCulloch, 2002; Sagar et al., 2016; Suzuki et al., 2003). While the duration of the effects
of thermal stress reported here is uncommonly long, there is at least one other study that documented trace
element disruptions associated with the 1998 event lasting up to 5 years in a coral from the Japanese Islands
of Ogasawara in the western North Pacific Ocean (Felis et al., 2009). Similarly, growth in Porites sp. from the
inner Great Barrier Reef took 3 to 4 years to return to pre-ENSO El Nifio rates (Cantin & Lough, 2014;
D'Olivo et al., 2013). The effect of the 1997/1998 El Nifio-instigated warming event on trace element ratios
has also been documented in coral core records from other locations, such as the Lakshadweep
Archipelago in the Indian Ocean and the Arabian Sea, where trace element seasonality recovered over
annual timescales (Nurhati et al., 2009; Sagar et al., 2016).

Though the high correlations between most trace element ratios and SST returned after 3 to 4 years following
the breakdown at both shelf sites, they were generally more robust on the outer-shelf than on the inner-shelf
core (Figures 6 and 7 and Table 1). This was especially true for the Li/Mg-SST correlation as in both cores it
returned to the same level as prior to the 1997-2001 phase of the ENSO cycle. By 2004, the relationship
between Sr/Ca and SST in the outer-shelf core also returned to levels prior to the ENSO cycle of 1997-
2001, despite erroneous indications of cooling (equivalent to ~6 °C) during the thermal stress period.
Additionally, Sr/Ca showed a mean change of >0.08 mmol/mol (equivalent to ~2 °C) for the inner shelf
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Figure 6. Trace element relationships for the inner-shelf core RED2. Scatterplots showing the relationships between the different trace element ratios pre-1998,
between 1998 and 2001, and post-2001 for the inner-shelf core RED2 from Abu Shosha. Also included are the robust linear regressions when significant (p < 0.05).

after the stress event compared (Figure 8). The differences in trace element patterns recorded between the
inner and outer reef sites are indicative of physiological changes that affect the mechanism by which trace
elements are incorporated into the coral skeleton. Disruptions to temperature-sensitive element ratios
(e.g., Sr/Ca) during and after peak temperatures cast doubt on their ability to accurately reconstruct such
high-temperature events in paleo records. The data here further support the notion that coral physiology
strongly influences the geochemical composition of the skeleton, including single element/Ca ratios like
Sr/Ca. Our finding that Li/Mg was the most robust proxy of seawater temperature measured in corals
from both the inner and outer shelfs further reinforces the role that the dynamics of Ca®* transport
and/or Rayleigh fractionation plays in controlling the reliability of trace element/Ca-based thermometry.
We also note that the shifts in interannual mean Sr/Ca during and after the stress period are mirrored by
U/Ca, consistent with predictions that U/Ca tracks the nontemperature physiological effects imparted by
the coral on Sr/Ca (Thomas. M. DeCarlo et al., 2016). Therefore, alternative temperature proxies, such as
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Figure 7. Trace element relationships for the outer-shelf core RED4. Scatterplots showing the relationships between the different trace element ratios pre-1998,
between 1998 and 2001, and post-2001 for the outer-shelf core RED4 from Shi'b-Nazar. Also included are the robust linear regressions when significant (p < 0.05).

those recently proposed based on Li/Mg (Paolo Montagna et al., 2014) and Sr-U (Thomas. M. DeCarlo et al.,
2016), may be more reliable over a wider range of climatic conditions.

The major disruption in trace element-SST relationships observed in the Red Sea Porites corals coincided
with, and was clearly initiated by, the intense 1997/1998 ENSO cycle, but the reason the disturbance lasted
2 to 4 years is less certain. It may have been a result of additional regional thermal stress associated with the
strong ensuing La Nifia which, in this case, also caused an extended period of elevated ocean temperatures
and consequent mass coral bleaching in other regions (Zinke et al., 2015). Although there are no records of
bleaching in the Red Sea during the following La Nifia phase from 1998 to 2001, high summer SSTs are
evident from satellite data (Figure 2), with the most extreme summer conditions documented in 2001.
Following 2001, both cores showed a recovery of the seasonality in their trace element ratios.
Remarkably, no clear signs of stress were observed in either core after this event, despite the fact that
DHWs were higher in 2003 and 2005 than in 1998. The lack of clear signs of stress in the coral geochemistry
points to either some degree of acclimatization in which exposure to stress primes corals to future stress
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Figure 8. Residuals for the coral trace element ratios temperature reconstructions from inner-shelf and outer-shelf cores.
Residuals were calculated as the difference between the temperatures calculated from each trace element and the AVHRR
temperature data. The trace element temperatures were calculated using the calibration period of 2002 to 2012.

events, resulting in an increase in thermal tolerance (T. M. DeCarlo et al., 2019; Maynard et al., 2008). This
could happen through either physiological adaptation, such as symbiont shuffling (Baker, 2003), bacterial
restructuring (Ziegler et al., 2017), or regulation in gene expression (Kenkel & Matz, 2017)—in particular
front loading (Barshis et al., 2013) whereby corals alter the relative levels of expression of housekeeping
genes governing normal physiological maintenance and environmentally responsive genes that help
protect the coral against unfavorable conditions (Dixon et al., 2018). If this was the case, Porites in the
Red Sea respond differently from those in the equatorial Pacific that appear to bleach and recover during
nearly every major ENSO event (Barkley et al., 2018).

Similarly, a major bleaching event was reported during the summer of 2010 in the central Red Sea with
bleaching levels of 85% and 17% reported for Porites corals near Abu Shosha (inner shelf) and Shib
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Nazar (outer shelf), respectively (Furby et al., 2013). Yet again the corals in this study showed no evidence
of reduced growth or trace element disruption during that year, with only a minor disruption of some trace
elements in 2009. The lack of a clear response in the geochemical record during 2010 could suggest that
any acclimatization that may have taken place after the 1997-2001 event increased the resilience of these
corals to subsequent thermal stress events on a long-term scale (~decadal). Alternatively, it could have
been a combination of the strength and duration of the 1997-2001 ENSO event that caused the noticeable
disruption in calcification and trace element incorporation that was not replicated during the milder 2010
La Nifna event. For example, while the Coral Reef Watch virtual station that includes our study site (Al
Madinah and Makkah) suggests 9 to 11 °C weeks of stress (Furby et al., 2013) in 2010, the AVHRR SST
data for the grid point closest to our study sites showed low DHW (0.2 °C weeks) for 2010. Similarly, in
2015/2016 when bleaching was also reported in the region (Monroe et al., 2018), the site-specific DHWs
were 0.1 °C weeks while the Coral Reef Watch station suggests >10 °C weeks. The discrepancy
between the regional and local temperatures (Figure S5) impedes our ability to determine whether the lack
of stress signal in the coral cores during 2010 was due to increased thermal tolerance or simply due to
lower levels of thermal stress. Nevertheless, the direct observations of bleaching during 2010 (Furby
et al., 2013) support the notion of an increase in thermal tolerance in the sampled corals. Although the
present approach does not provide direct information whether a coral bleached or not, from a biominera-
lization perspective the data suggest that after the stress events of 1997-2001, these corals were not severely
disrupted by subsequent stress events. This highlights the need to establish the differences in the geochem-
ical signature between bleached and unbleached corals during bleaching events, in the context of their
natural variability.

During stress events, a reduction in extension rate could result in a bio-smoothing of the trace element
seasonal amplitude. The bio-smoothing model implies the progressive precipitation of aragonite over the
thickness of the tissue layer attenuating the geochemical signal (Barnes et al., 1995; Taylor et al., 1993). If
a coral reduces its rate of extension or increases the tissue thickness, then it would dampen the geochemical
signal; therefore, the amplitude of the geochemical signal depends on the relationship between skeletal
growth rate and mass accumulation within the tissue layer (Gagan et al., 2012). In this sense, a smoothing
of 12 months (i.e., the tissue covers a full year of growth) and a constant rate of precipitation will remove
all seasonality in the trace element ratios. The dampening of the seasonal signal could be further reduced
by a decrease in sample resolution during periods of slow growth when samples are taken at fixed intervals.
Nevertheless, D'Olivo and McCulloch (2017) identified trace element anomalies in a Porites coral core asso-
ciated with a thermal stress event even when the sample resolution was adjusted to account for the reduction
in extension rate. This bio-smoothing and reduction in resolution appears to, in general, explain the main
changes observed in both coral records during the stress event, which was characterized by a reduction in
seasonality but preservation of the relationship between different trace elements, independent of their differ-
ent incorporation mechanisms. While most element ratios appear to maintain a constant relationship
between each other (Figures 6 and 7), consistent with the smoothing model, U/Ca and B/Ca, particularly
in the inner-shelf coral (RED2), showed a departure from the relationship observed with other trace ele-
ments between 1998 and 2001. In addition to the disruption of the geochemical seasonal signal, permanent
and clear baseline changes were observed for all trace element ratios in the inner-shelf core following the
1998-2001 event. These overall changes in observed trace element ratios are generally consistent with an
increase in Rayleigh fractionation during biomineralization (G. Gaetani & Cohen, 2006; G. A. Gaetani
et al., 2011) resulting in a decrease in Sr/Ca, an increase in Mg/Ca, and no change in Li/Mg.

A permanent shift in the physiology of coral biomineralization was also manifest as a gradual increase in
B/Ca over time; a shift that typically indicates a decrease in dissolved inorganic carbon (DIC) or carbonate
ion concentration ([CO5;*7]) in the calcifying fluid (T. M. DeCarlo et al., 2018; Holcomb et al., 2016).
Similarly, U/Ca, considered to be influenced by [CO53*~] (T. M. DeCarlo et al., 2015), showed a significant
change in the inner-shelf coral. However, B/Ca and U/Ca show opposing behaviors after 1998-2001, that
is, ~20% increase in B/Ca and ~15% reduction in U/Ca, indicative of further complications to the incorpora-
tion of these elemental ratios that are beyond the scope of this paper to determine. The divergence between
the B/Ca and U/Ca signals precludes us from conclusively establishing the nature of the change in [CO;*7]
or DIC but is nevertheless indicative of a permanent change in the coral biomineralization process. In con-
trast, no clear changes in the relationship between different trace elements were observed for the outer-shelf
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core. Furthermore, while the change point analysis reveals that discrete shifts in most trace element ratios
occurred between 1996 and 1998, these same ratios appear to return to predisturbance levels between
2002 and 2005 with much smaller changes (<5%) for both B/Ca and U/Ca data when compared to the
inner-shelf coral data. This suggests that compared to the inner-shelf coral, no significant change in the
DIC available for calcification occurred in outer-shelf coral. Differences in the response between the two
cores could be related to lower levels of stress during bleaching events due to oceanographic differences
or to different levels of acclimatization. Species-specific effects could also affect the incorporation of trace
elements (D'Olivo et al., 2018), and possibly the response and recovery following thermal stress events,
further complicating the comparisons between the two cores and highlighting the need for further studies.
While results from the outer-shelf coral are less conclusive, the response from the inner-shelf coral suggests
that stress-induced changes could have a relatively long term impact that potentially increases thermal tol-
erance of some corals.

5. Conclusions

Our data reveal how extreme thermal stress events can alter the incorporation of multiple trace elements
into coral aragonite skeletons. Trace elements are known to be influenced by the physiological controls
on biomineralization under normal conditions, but they are even more sensitive to alterations of coral phy-
siology during periods of prolonged stress—such as when the zooxanthellae-coral host relationship is com-
promised. These stress events appear capable of producing permanent or long-term physiological changes
that affect the incorporation of the trace elements into the skeleton, thereby compromising the extrapolation
of these paleothermometers across periods of elevated physiological stress. The lack of signs of stress in the
Porites corals studied following documented bleaching events (e.g., 2010) suggests that some level of acclima-
tization might have occurred following earlier stress events (~1997-2001); however, the underlying mechan-
isms remain elusive at this point. Nevertheless, the high levels of mortality observed in 2010 clearly
demonstrate that this acclimatization is limited in its overall effect as most coral species remain highly
vulnerable to increasingly more extreme marine heat waves.
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