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Abstract Ocean warming is negatively impacting coral
reef ecosystems and considerable effort is currently
invested in projecting coral reef futures under 21st century
climate change. A limiting factor in these projections is
lack of quantitative data on the thermal thresholds of dif-
ferent reef communities, due in large part to spatial and
temporal gaps in bleaching observations. Here we apply a
coral bleaching proxy, skeletal stress bands, to reconstruct
the history of bleaching on eight coral reefs in the central
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equatorial Pacific (CEP) and use this information to con-
strain the thermal thresholds of their coral communities.
First, three genera of massive corals collected on both
Pacific and Caribbean reefs are used to derive a calibration
between the proportion of corals that form stress bands
during a bleaching event, and the total observed bleaching
incidence in the community of mixed coral taxa. The
correlation is highly significant, indicating that stress bands
in massive corals reflect community-level bleaching
severity (R* = 0.945, p < 0.001). We applied the calibra-
tion to stress band records from eight Pacific reefs,
reconstructing their bleaching histories over the period
1982 to 2015. A percentile-based method of estimating
thermal stress (Degree Heating Weeks) for CEP reefs was
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developed and applied. Comparing the level of thermal
stress experienced by each coral community during each
event with the reconstructed bleaching response, we char-
acterized the thermal sensitivities of each reef community
and quantified the thermal threshold (b.,) at which 50% of
the coral community bleached. Our analysis reveals a
unique non-linear thermal response curve for each reef.
The most thermally tolerant reefs in the study (Jarvis and
Kanton Islands) experienced 50% bleaching at seven to
nine times more thermal stress than did the least resistant
reef in the study (Maiana Island). An exploration of the
potential drivers of thermal tolerance revealed a strong
correlation between b, and the history of thermal stress
events in each reef system. Thermal tolerance was also
correlated with concentrations of dissolved inorganic
nitrate in the water column and with estimates of coral
energetic reserve.

Keywords Coral reef - Coral bleaching - Coral skeleton -
Stress bands - Thermal tolerance - Equatorial pacific

Introduction

Reef-building corals exist in an obligate symbiosis with
single-celled dinoflagellates called zooxanthellae, which
provide a significant component of the host energetic
needs. When sea surface temperatures (SSTs) exceed a
physiological threshold, the relationship between corals
and zooxanthellae breaks down, the symbionts are expel-
led, and the coral loses pigmentation in a process called
“bleaching” (e.g., Coles and Jokiel 1977). Prolonged or
severe bleaching can lead to coral starvation and, eventu-
ally, death. Regional-scale or mass bleaching of coral
communities and reefs was first reported during the
1982/1983 El Nifio (Hoegh-Guldberg and Smith 1989). As
the oceans continued to warm over the subsequent three
decades, episodes of mass bleaching increased in frequency
and extent, and now occur with each strong El Nifio
(Hughes et al. 2018). By 2008, bleaching had caused
irretrievable loss of an estimated 19% of coral reef area
worldwide (Wilkinson 2008), and losses following the
2015-2016 El Nifio are expected to exceed this estimate.
As global temperatures rise, by a projected 1-2.5 °C over
this century (IPCC AR5 2014), there is mounting concern
that coral communities will soon experience bleaching at a
frequency that precludes recovery.

Significant effort is currently invested in identifying
coral reef ecosystems or communities that might survive
ocean warming (Pratchett et al. 2008; Frieler et al. 2012;
van Hooidonk et al. 2016; Beyer et al. 2018). These efforts
are limited in large part, however, by two unknowns. First,
the spatial resolution of general circulation models (GCMs)
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is too coarse to resolve reef-scale hydrodynamics, meaning
that projections of future open ocean conditions may not
apply to many shallow water reef systems. Statistical and
dynamical downscaling of GCM output is one approach
taken to specifically address this issue (Donner 2009;
Frieler et al. 2012; van Hooidonk et al. 2016). Second, the
thermal thresholds for bleaching of different reef systems
are not well characterized. Currently, a single bleaching
threshold based on 1 °C warmer than the maximum
monthly mean (MMM) SST is used to predict whether, and
with what severity, bleaching will occur during heat waves
and in model projections of future global change scenarios
(Heron et al. 2015). However, thermal thresholds vary
between individuals of the same species (e.g., Coles and
Jokiel 1977), between populations within and among reefs
(e.g., Fisk and Done 1985; Rowan et al. 1997; Van Woesik
et al. 2011), and examples exist of thermal thresholds
changing over time (Maynard et al. 2008). A few studies
have incorporated inter-reef differences in thermal toler-
ance (van Hooidonk and Huber 2009; Donner 2011) and
the potential for coral acclimatization (e.g., Logan et al.
2014) into projections of coral reef futures. Nevertheless,
these efforts have all been limited by a paucity of obser-
vational bleaching data which precludes accurate and
comprehensive estimates of bleaching thresholds (van
Hooidonk and Huber 2009).

Bleaching histories for reef locations around the globe
have been compiled (e.g., Donner et al. 2017; Hughes et al.
2018), but all are limited by the paucity of observational
data, especially but not limited to, remote reef locations.
Here, we make a start at filling spatial and temporal gaps in
bleaching records using signatures of bleaching archived in
the skeletons of massive long-lived corals that survived,
and recorded multiple bleaching events extending back in
time (Fig. 1). Skeletal “stress bands” have long been
linked, qualitatively, with anomalously high summertime
SSTs and coral bleaching (Smithers and Woodroffe 2001;
Hendy et al. 2003; Cantin et al. 2010; Carilli et al.
2010, 2012; Cantin and Lough 2014; Mallela et al. 2015).
Recently, Barkley and Cohen (2016) and Barkley et al.
(2018) demonstrated a statistically significant relationship
between the prevalence of stress bands in massive Porites
spp. corals and the severity of observed bleaching in the
coral community on multiple reefs within the Palau
archipelago and on Howland and Jarvis Islands in the CEP.
These observations support the utility of skeletal stress
bands as proxies for historical bleaching severity in the
absence of observational data.

In this study, we first build on the original calibration of
bleaching incidence within a coral community (hereafter
“observed bleaching incidence”) against the prevalence of
stress bands in massive coral skeletons (hereafter “stress
band prevalence”) (Barkley et al. 2018) by including new
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Fig. 1 Incorporation of
signatures of bleaching into a
coral skeleton. a Porites lobata
colony #1032 (Phoenix Islands)
bleached in 2015. b The CT
image of a core removed from
the bleached colony revealed a
high-density stress band at the
top of the core. The density
anomaly associated with the
stress band is quantified using
an automated image analysis
routine written in MATLAB
(CoralCT, DeCarlo and Cohen
2016). Here, the stress band is
identified as a 20 excursion
above the mean skeletal density
(red shading). ¢ If the coral
recovers and continues to grow,
the stress band is incorporated
into the skeleton and serves as a
record of the bleaching event
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data from the Pacific and the Caribbean. The new cali-
bration includes 11 reef systems, multiple massive coral
genera, and represents multiple coral community compo-
sitions. Second, we apply the calibration to stress band
records constructed from eight central Pacific reef systems,
spanning the time period 1982-2015. Third, we refine the
NOAA thermal stress index (Degree Heating Weeks,
DHW) calculation to enable estimates of thermal stress in
the CEP, where SST variability on inter-annual timescales
is dominant. We use a percentile-based method, indepen-
dent of seasonality, to calculate the DHWs and cumulative
thermal stress (total Hotspot) for each heat wave at each
site over the corresponding time period 1982-2015. We
then compare the severity of the bleaching response with
the level of thermal stress imposed on each reef during
each event and construct reef-specific thermal sensitivity
curves and a thermal tolerance index (b,) for each reef
system. Finally, we assess the thermal tolerance indices
against multiple physiological and climatological factors to
evaluate the potential mechanisms underpinning the dif-
ferent thermal tolerances exhibited by different reefs.
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Materials and methods

Collection of coral cores and identification of stress
bands

A total of 247 skeletal cores were collected and analyzed
from colonies of three massive coral genera (Porites spp.,
Orbicella spp., and Siderastrea siderea) on 11 coral reefs
in the Pacific Ocean and Caribbean (Fig. 2). A subset of
data from each core, specifically those years for which
observational bleaching data exist, was used in the cali-
bration. These cores are listed in Table S2. 122 Porites
cores were then used to construct thermal histories for the
eight Pacific reefs back to 1982 and generate the thermal
sensitivity curves. These cores are listed in Table S3.

All cores were collected and analyzed using the same
methods. Only live colonies were cored, establishing the
top age. Cores were removed vertically, i.e., parallel to the
upward growth axis, using either a pneumatic drill fitted
with 3-cm-diameter diamond tip coring bit or a hydraulic
drill fitted with an 8-cm-diameter bit. Core holes were
sealed with a cement cap and underwater epoxy, secured
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Fig. 2 Location of coral reefs included in this study. Cores collected
on reefs denoted by black circles contributed to the stress band-
bleaching severity calibration only. White triangles denote reefs that
did not contribute to the calibration due to absence of observational

flush with the colony surface to facilitate overgrowth of
tissue and wound closure (e.g., Matson 2011), a 6- to
36-month process depending on the rate of coral growth
and diameter of core. All cores were first air-dried in the
field, then oven-dried at 60 °C, and CT-scanned intact,
together with density standards, on the Siemens Volume
Zoom Helical Computerized Tomography (CT) Scanner at
Woods Hole Oceanographic Institution or the Siemens
Biograph mCT scanner at the Biomedical Research Imag-
ing Center (BRIC) at the University of North Carolina
(protocol as per Barkley et al. 2015; DeCarlo et al. 2015).

Stress bands and annual growth bands were identified in
the CT scan images of each core and quantified using the
automated code coralCT for MATLAB which traces the
density of individual corallites within the three-dimen-
sional core (DeCarlo and Cohen 2016). Revisions to ver-
sion 1.1 of coralCT, which was designed primarily for
Porites spp., were made to accommodate the skeletal
architecture of the Atlantic corals which have more
prominent thecal walls than Porites. Specifically, a linear
quadratic estimation algorithm (i.e., Kalman filtering)
improved polyp tracing along the core axis. The code was
also revised to enable automated identification of stress
bands (Barkley et al. 2018). Specifically, the density time
series for all corallites in the core (see DeCarlo et al. 2015,
Data Repository Figure DR2) were averaged to create an
“ensemble” mean density time series for all traceable
corallites. The averaged density profile time series was then
detrended to account for shifts in mean density that may
occur over time. Regions where skeletal density exceeded 2
standard deviations above the whole-core mean, a thresh-
old chosen to account for the range in natural seasonal and
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data, but for which bleaching histories were reconstructed. Black
triangles denote reefs that both contributed to the calibration and for
which bleaching histories were reconstructed. Kan./Raw./End. refers
to the Kanton, Rawaki, and Enderbury Islands

inter-annual density variability, were identified as stress
bands (Fig. 1c). To exclude fine-scale density anomalies,
stress bands were defined as having a minimum width of
1 mm. Each CT scan was visually inspected to validate the
presence and location of stress bands identified by the
automated program.

The age model for each core was developed using
annual growth bands also identified in the CT images. In
corals with clear annual banding, the age model was con-
structed by counting the bands from the top of the core.
Where banding was unclear or ambiguous, the band-based
age model was validated using dissepiments. Specifically,
the distance between successive monthly dissepiments was
quantified from photographs taken under a dissecting
microscope (Fig. S2). The estimate of annual extension
derived from dissepiments was used to confirm the esti-
mate derived from annual bands, following DeCarlo and
Cohen (2017) (i.e., 12.4 dissepiments per year).

The thickness of the tissue in each core used in the
bleaching history reconstruction was measured as an index
of biomass or energetic reserve. The vertical distance
between the top of the core and the topmost dissepiment
upon which the base of the tissue rests (e.g., Barnes and
Lough 1992) was measured on a cut slab using a Nikon
SMZ1500 stereomicroscope and SPOT imaging software
(e.g., Barkley et al. 2018).

Bleaching survey data
Published bleaching accounts were used to calibrate the

proportion of skeletal stress bands per event identified in
the suite of cores against the observed bleaching incidence
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(represented by the percent coral cover observed to be
bleached) recorded during that event (Table S4). In all
cases, with the exception of the Phoenix Islands surveys in
2015 (Kanton, Rawaki, Enderbury, Nikumaroro Islands),
bleaching was observed during or after the peak SST
anomaly obtained during each event. In the Phoenix
Islands, ecological surveys and skeletal cores were
obtained two months prior to the peak SST anomaly, and it
is likely that the full extent of bleaching in 2015-2016 was
not captured by those surveys. However, since coring and
surveys were conducted simultaneously, we expect the
stress bands to track the severity of bleaching at the time,
and we used this information in the calibration.

On Dongsha Atoll and Jarvis Island, bleaching estimates
were obtained from photographic surveys conducted in
June 2015 (DeCarlo et al. 2017) and November 2015
(Barkley et al. 2018), respectively. On Jarvis and Howland
Islands in 2010, bleaching severity was assessed from
Rapid Ecological Assessments (REA) and towed-diver
surveys (Vargas—Angel et al. 2011). In the Phoenix Islands
(Kanton, Rawaki, Enderbury, and Nikumaroro) in 2015,
bleaching information was estimated from photographic
surveys (Mangubhai et al. 2015; Table S4). In the Car-
ibbean, coral bleaching observations on Martinique, Bar-
bados, and Curacao in 1998, 2005, and 2010 were used in
the calibration (Wilkinson 2008; Eakin et al. 2010; Estep
et al. 2017). Because results were reported as percent coral
cover bleached (Jarvis, Howland, Dongsha, and the Car-
ibbean sites), or percent colony bleached (Phoenix Islands),
we standardized the data as follows:

bleached coral (m?)

Observed Bleaching Incidence = total coral (m?)

Sea surface temperature data and data products

We used daily satellite SSTs (November 1981-December
2016) from the AVHRR Pathfinder Version 5.3, 4 km
dataset (nighttime only) (Casey et al. 2010). For reefs from
which cores were collected across multiple cells, the grid
cells were averaged. Average weekly SSTs were calcu-
lated, and temporal gaps in the Pathfinder data were filled
with mean-adjusted values from the IGOSS OIv2 1° x 1°
resolution dataset (Reynolds et al. 2002). In situ tempera-
ture loggers deployed at Jarvis by Barkley et al. (2018), as
well as our loggers deployed at Kanton, Enderbury,
Nikumaroro, and Rawaki from June 2012 to September
2015, were used to validate satellite-derived SSTs for these
central Pacific sites (Fig. S3). Average in situ temperatures
were within £ 0.25 °C of satellite SSTs, with two excep-
tions. First, on the west side of Jarvis Island, upwelling of
the Pacific Equatorial Undercurrent (EUC) lowers local

temperatures relative to the east side of the island and
satellite-derived SSTs, which consistently capture east-side
SSTs (Alpert et al. 2016). However, during El Nifo,
weakening of the EUC occurs, upwelling is diminished or
entirely absent, and temperatures are homogenous around
the island. Thus, during bleaching events, temperatures on
Jarvis® west side are consistent with satellite-derived SSTs
(Barkley et al. 2018). Second, in Kanton Lagoon, loggers
deployed during the 2015 El Nifio revealed that daytime
temperatures in the lagoon consistently exceeded both
satellite-derived SSTs and logged outer reef SSTs by up to
1 °C. Kanton lagoon cores were used in the calibration
because bleaching severity in the lagoon was recorded in
2015 at the same time the cores were collected. However,
we did not include lagoon cores in the down-core historical
bleaching reconstruction to evaluate thermal sensitivity
because we could not accurately constrain historical lagoon
SST back to 1982 from the satellite data alone.

Estimation of the error on the calibration of stress
band proportion against observed bleaching

The presence of a stress band in a single core during a
known thermal stress event indicates that bleaching
occurred, and stress bands have been used as a binary
indicator of historical bleaching (e.g., Smithers and Woo-
droffe 2001; Carilli et al. 2010). Here, we use stress bands
to determine when reef-scale bleaching occurred and
quantify its severity. However, significant uncertainty
exists in estimating the proportion of stress bands in the
population of the sampled massive genera (e.g. Porites
spp.) based on cores extracted from a relatively small
number of colonies. Further, because bleaching is variable
even on small spatial scales within a reef, there are non-
trivial uncertainties associated with both the stress band
proportion and the observed bleaching incidence. To best
account for these uncertainties in calibrating the proxy, we
used the Mantel-Haenszel estimator of the common odds
ratio, tﬁ (Mantel and Haenszel 1959) (see SI for detailed
methods). To use the odds ratio to predict bleaching inci-
dence, a functional estimate of bleaching incidence was
constructed by inverting the odds ratio:

—1
] —

Pvi = (l +— pr>
VDb

where py,; is the proportion of reef community bleached and
Psb 18 the proportion of stress bands (sb) observed. From the

variance in both pg, and lﬁ, the associated variance of the
prediction was calculated as follows:
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We use the variance on the predicted bleaching incidence
(Var py;) to define a 2¢ confidence interval for recon-
structed bleaching incidence levels. The width of this
confidence interval depends therefore on three things: the
number of cores collected, the prevalence of stress bands
among those cores, and the effectiveness of the common
odds ratio at explaining the calibration data (or the quality
of the fit).

Development and application of a percentile-based
estimate of thermal stress

The NOAA Coral Reef Watch Degree Heating Week
(DHW) index uses the amplitude and duration of the SST
anomaly to estimate levels of thermal stress experienced by
corals (Gleeson and Strong 1995) and assumes that ther-
mally stressful conditions occur when temperatures exceed
1 °C above the maximum monthly mean SST (MMM) to
which corals are normally exposed. However, in the CEP,
the SST regime is dominated by inter-annual variability
rather than regular seasonal cycles, and consequently the
maximum temperature to which corals are normally
exposed does not occur during the same month every year.
This means that the MMM does not effectively describe the
“upper end” of temperatures in the CEP or other regions
where seasonal variability is not dominant. The traditional
DHW metric, therefore, consistently overestimates the
level of thermal stress in such regions.

To address this issue, we developed a percentile-based
bleaching threshold which is independent of the timescale
of SST variability and can be applied in any oceanographic
environment. First, we calculated gap-filled Pathfinder
SSTs from 1982 to 2016 for each grid cell containing the
reef locations represented in the global bleaching database
of Donner et al. (2017). To establish the maximum heat to
which corals are exposed during “normal” or non-extreme
years, SSTs during ENSO neutral years between 1982 and
2012 (.e., 1985-1986, 1990, 1993-1996, 2001,
2003-2006, 2012 based on years when — 1.25 < Nino
3.4 < 1.25 (Trenberth 1997)) were extracted and the site-
specific distribution of weekly SSTs evaluated. A threshold
percentile (e.g., 94th, 95th, 96th) was chosen to represent
the high end of SSTs typically experienced by each coral
community, and the SST value corresponding to that per-
centile at that site was substituted for the MMM + 1 °C
threshold. We used the new threshold to calculate DHW:s at
each site. We repeated the exercise with different per-
centiles and compared the resulting DHWs with the
observed bleaching levels at each site during bleaching
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years (Donner et al. 2017). The quality of each set of
predictions was evaluated using the Gilbert Skill Score (or
Equitable Threat Score, ETS) which maximizes predictive
power while accounting for the increase in type 2 errors
associated with lower thresholds (Fig. S1). A percentile of
94 .4th resulted in the maximum ETS (0.68 on a scale of
0-1, see SI). It is important to note that this method is
calibrated to maximize the predictive power of the 4 DHW
alert level. Other commonly used alert levels, e.g. alert
level 2 (8 DHW), under which mortality is likely have not
yet been estimated (Liu et al. 2006).

Total Hotspot as an index of cumulative thermal
stress

The DHW index was developed as a 3-month running
forecasting metric to predict where bleaching is likely to
occur. In this study, we compare the cumulative level of
thermal stress, experienced by the reef during each event,
with the resulting bleaching severity. Thus, rather than
DHW, we use the total Hotspot (TH), which is the total
number of weeks during which the site-specific thermal
threshold is exceeded (Gleeson and Strong 1995). TH is
calculated using the percentile-based threshold of 94.4th
instead of the traditional MMM +-1 threshold as follows:

TH, = iHW
w=1

where TH is the total Hotspot, for event e from the first
week (w=1) to the last week (n) during which SST
exceeded the bleaching threshold. We use the TH index
below to assess the sensitivity of each coral community to
thermal stress.

Results
Stress band: bleaching calibration

Stress bands were identified in the majority of cores (with
the notable exception of those collected from Kingman
Reef) and only occurred in years in which SSTs were
anomalously warm and TH exceeded zero (Table S4,
Table S5). No stress bands occurred in years during which
thermal stress was zero. For sites and years in which
observational bleaching data are available, we regressed
the proportion of stress bands against the observed severity
of coral bleaching incidence at the same site during the
same year (Fig. 3). Stress bands are highly correlated with
bleaching severity (r2 = 0.945, p < 0.001), consistent with
Barkley and Cohen (2016) for Palau, and Barkley et al.
(2018). The common odds ratio regression, used to
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Fig. 3 Stress band prevalence in three massive Pacific and Caribbean
coral genera versus observed bleaching incidence at each site for the
matching time periods. Vertical error bars show = 1 standard
deviation on the observational bleaching data, and horizontal error
bars represent the standard error of a proportion of stress bands in the
population of massive corals. The magnitude of the error is a function
of the sample size (n = 10 to n = 38). The regression was computed
using the Mantel-Haenszel common odds ratio. Shaded region shows
95% prediction interval in predicting bleaching incidence from a
sample of n = 15 cores

estimate the error on the relationship between bleaching
severity and stress band proportions (Methods, Eq. 1), was
Y = 1.11 &£ 0.10 (20), implying a near 1 to 1 relationship
(Fig. 3). We use this regression to predict bleaching levels
at sites and during times where no observations were made.
The error on these predictions is calculated using Equa-
tion 2 (methods) using the variance in the common odds
ratio (1), the number of cores sampled, and the fraction of
cores that exhibit stress bands. For a sample size of 15
cores, the maximum uncertainty on the estimate of
bleaching severity is 28.7% (2¢), which occurs at a stress
band proportion of 48.3% (Fig. 3 shaded region).

Thermal stress indices

In Fig. 4, DHW and TH calculated using the traditional
threshold method (i.e., 1 °C above the MMM, a-h) are
compared with DHW calculated using the 94.4th per-
centile-based (j-q) threshold for our study sites. In addition,
we provide DHW and TH estimates for the northern Great
Barrier Reef (GBR; 10.8 S and 1429 E) (i and r), to
highlight both the different levels and histories of thermal
stress experienced by reefs in the CEP versus reefs in
regions dominated by seasonal SST variability, and the
relative change in estimated severity when the percentile-
based method is applied. DHW events coincide with El
Niflo years at all CEP sites and their magnitudes are linked

to size and type of El Nifio event, i.e., central versus eastern
Pacific El Nifio (Ashok et al. 2007). Eastern Pacific events
are felt most strongly at Jarvis (~ 160°W), whereas central
Pacific events are felt most strongly in the Phoenix Islands.
Further west, Maiana Island, is unaffected by eastern
Pacific events instead experiencing its major thermal stress
events in weak El Niflo years (e.g., 2004).

At all our study locations, the percentile-based bleach-
ing threshold was higher than the MMM + 1, causing
lower DHW and TH estimates for each event relative to the
traditional calculation. At equatorial sites, average DHW
and TH for most events were substantially different. For
example, DHWs derived by the percentile method were
lower by an average of 6.3 °C wk and 5.8 °C wk at Jarvis
and Kanton, respectively, versus 4.5 °C wk and 2.3 °C wk
for Dongsha and the GBR. TH decreased by 10.01 and
4.1 °C, versus 2.14 and 0.88 °C at the same sites. These
results indicate that the traditional MMM + 1 method
overestimates thermal stress on CEP coral reefs relative to
other reefs confirming the bias observed by others (e.g.,
Donner 2011; Lough et al. 2018). Conversely, the per-
centile method provides a non-biased method for all sites.

Reconstructed bleaching histories

We applied the stress band prevalence—observed bleach-
ing incidence calibration (Fig. 3) to reconstruct the history
and severity of bleaching at our eight central Pacific reef
sites since 1982 (Fig. 5; Table S6). The young end of the
reconstruction on each reef is determined by the date the
most recent cores were collected (for example 2010 on
Kingman, 2016 on Jarvis, 2012 on Howland and Maiana,
see Table S3). We do not attempt to reconstruct bleaching
in the Phoenix Islands in 2015 because the cores were
retrieved two months prior to the peak SST and thus may
not capture the full severity of the bleaching that occurred
there in 2015. Stress band counts at Jarvis Island back to
1960 were initially published by Barkley et al. (2018).

Bleaching has been directly observed in the Phoenix
Islands only in 2015 and on Howland Island only in 2010,
and no bleaching observations have been made on Maiana
or Kingman, meaning that our reconstructions significantly
extend the bleaching database for this region across space
and back in time. For all reefs, excluding Kingman, our
analysis reveals a history of bleaching events, each
occurring in response to El Nino-induced thermal stress.
Cores collected on Kingman Reef in 2010 and 2012
revealed no stress bands back to 1982, consistent with the
absence of appreciable thermal stress (DHW > 4) over this
time period (Fig. S4), and implying that Kingman Reef has
never experienced significant bleaching.

@ Springer



Coral Reefs

Jarvis Island

40 -

20
s = 80
0
40
L1 1. | L, |,
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
Kanton Island
40 40
k
20 20
O O_A___ﬁ—__n_“\A___ﬁ___ - amlhan Lendleodis 80
I4o
-y | | I l | | I an_n I =)
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015

Enderbury Island

40
20

0.ﬂ---#k'"--m$c;wn---A;una::ﬁt:::Jk‘m

|40
a 1 . -l_l I r 1 il

1980 1985 1990 1995 2000 2005 2010 2015

Rawaki Island

40 " . .
d
20
40 I 40
n n n 1 n I 0 n [ | axll . | ||
1980 1985 1990 1995 2000 2005 2010 2015 = — 1980 1985 1990 1995 2000 2005 2010 2015 <
—~ Nikumaroro Island 2 § x
T 40 6] @ 40 @]
= e L Q n o
20 - £ 2 -
= 0 2 = 0 S
A

= 40 © 5, 40 O
T | | n | T 1 0 E ; ] ™ n | 1 0 E
0O 1980 1985 1990 1995 2000 2005 2010 2015 g E 1980 1985 1990 1995 2000 2005 2010 2015 g
- [

Howland Island

40
20
0
I 40 40
i '-l rull I' . I -'l l' =41, = — . l' . | | n ! 0
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
@ Maiana Island 40
20 20 p
0, G e C— 0 S—— A —S S —T ] P Go— v — A A 80
40
n n n | | n n n = = 0
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
40 . Kingman Reef . . 0 . . . . . . .
h q
20 20
0_ e = S 7,.1\ 777777 A’*A****r***:d\;ao G T e e e B e ] 80
40 40
n = Lo 0
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
45 Northern Great Barrier Reef, 10.8°S 142.9°E ”
i r
20 20
0_,_‘_F_"l'"::‘_—_—_"T-'-A"n""‘k'_"'k-_—"k80 G o bt flr o atarRaxlomemedim et —Bn - e 'n-r——-r-——'-rso
40 40
P - N o
1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015

I 5icaching Likely Bleaching Warning

@ Springer



Coral Reefs

<«Fig. 4 Degree heating weeks (line curves) and total Hotspot (bars)
1982-2015 calculated using the traditional bleaching threshold
(NOAA Coral Reef Watch, MMM + 1) (left panel) and the 94.4th
percentile method (right panel). DHW events at locations with strong
seasonal temperature cycles (e.g., GBR) are of similar magnitude by
both methods, but are less severe at equatorial locations when
calculated using the 94.4th percentile method. Pathfinder v5.3 4 km
daily resolution dataset (nighttime only) was supplemented with the
mean-adjusted IGOSSv2 weekly 1° x 1° gridded data product

Assessment of the thermal sensitivity of coral
communities

Using the reconstructed bleaching histories (Fig. S;
Table S6) and the calculated thermal stress experienced by
each reef during each bleaching event (Fig. 5), we char-
acterized the sensitivity of the coral community response to
thermal stress (Fig. 6). For each site, the relationship
between thermal stress and bleaching severity follows a

predictable, nonlinear pattern. Because the bleaching
thresholds of individual coral colonies on each reef are
assumed to be normally distributed, we used a cumulative
density function (CDF) to fit the data. A minimum amount
of thermal stress is required to induce bleaching; therefore,
we used a lognormal CDF for the regression:

T n() -/ (207
n a;
BI, — 100 e dr
27 J t

where BI; is coral bleaching incidence at a given total
Hotspot TH; and y; and o; are regression parameters cor-
responding to mean and standard deviation of the associ-
ated normal distribution for each reef i. Data from Kanton,
Rawaki, and Enderbury were pooled as the relationship
between BI and TH was not significantly different between
these reefs. For the purpose of this analysis, we excluded
reconstructed BI events with greater than 35% error.
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Fig. 5 The history of thermal stress (Degree Heating Weeks)
calculated using the percentile method (top panels) shown with the
history of bleaching events and their severity reconstructed from
stress band records (bottom panels) for eight Pacific coral reefs.

Bleaching Warning

Broken red line indicates 4 °C weeks when bleaching is likely to
occur. Error bars denote 2¢ based on the variance of the bleaching
reconstructions (Eq. 2)
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Fig. 6 a The site-specific relationship between thermal stress (total
Hotspot) and percent bleaching incidence generated from bleaching
reconstructions and DHW calculations in Fig. 5. Great Barrier Reef
data (gray) are observed bleaching severity recorded during the
2002/2003 and 2015/2016 bleaching events (Donner et al. 2017;
Hughes et al. 2017). b, ¢ Present a conceptual model to explain the
mechanism by which massive corals record community bleaching

A single parameter index of the mean thermal tolerance
of corals at each reef was estimated by converting u; to the
half-point of each regression (i.e., the TH at which 50%
bleaching is predicted) as follows:

b]/z = e#i.

Using by, as an index of thermal tolerance implies that
Jarvis Island coral communities have the highest thermal
tolerance (b, = 29.71 £ 1.06 SE), followed by the north-
ern Phoenix Islands (Kanton/Enderbury/Rawaki) and that
tolerances decrease westward, with Maiana Island
exhibiting the lowest thermal tolerance index (b,
= 3.04 4+ 1.36 SE) of the CEP reefs studied here. We also
compare the bleaching sensitivity of these CEP reefs with
the GBR using spatial (Hughes et al. 2017) and temporal
(Donner et al. 2017) bleaching observations versus per-
centile-based TH estimates. The GBR data help to put the
thermal tolerances of the central Pacific reefs in perspec-
tive, exhibiting an even lower thermal tolerance index than
Maiana (b, = 1.03 £ 1.04 SE).

Discussion

The occurrence of mass coral reef bleaching events asso-
ciated with ocean warming has motivated efforts to better
predict coral reef futures (Pandolfi et al. 2011). While some
efforts are based predominantly on GCM projections of
temperature (Beyer et al. 2018), others are incorporating
variable and potentially shifting thermal thresholds, as
observed in nature (Coles and Jokiel 1977; Fisk and Done
1985; Rowan et al. 1997; Maynard et al. 2008; Van Woesik
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incidence. b Bleaching thresholds of massive colonies in a population
follow a lognormal distribution. ¢ The cumulative number of massive
colonies bleached, as a function of thermal stress, then follow a
lognormal cdf. We use by, or the accumulated thermal stress (TH) at
which the regression line predicts 50% bleaching as an index of
thermal tolerance of the reef community

et al. 2012; Hughes et al. 2017). Nevertheless, character-
izing the thermal tolerances of different reef communities
and evaluating change over time are difficult because they
require direct, repeat observations of coral communities
during periods of thermal stress. Here, we used skeletal
stress bands to fill gaps in observational bleaching data on
eight central Pacific coral reef islands since 1982. Our
study builds on pioneering work by Emiliani et al. (1978),
who identified stress bands in a Montastrea coral (now
Orbicella), and by Hudson et al. (1976) who attributed
anomalously high-density bands in the same species to
environmental stress. Subsequent work by Cantin and
Lough (2014) constructed bleaching histories from the
GBR, and Carilli et al. (2009) used stress bands to evaluate
effects of local stressors on bleaching incidence in the
Caribbean. Subsequently, Barkley and Cohen (2016)
showed that the proportion of stress bands reflected the
severity of bleaching in the coral reef community. These
observations paved the way for the use of skeletal records
to provide quantitative information about reef responses to
thermal stress in the absence of direct observations (DeC-
arlo et al. 2017; Barkley et al. 2018).

The stress band-bleaching relationship
and a conceptual model of the mechanism

We expanded the original calibration of Barkley and Cohen
(2016) using new observational bleaching data and mea-
surements of stress band prevalence in three massive coral
genera in the Pacific and Caribbean. These results show
that the relationship applies beyond just Pacific reefs and
Pacific Porites corals and leads naturally to the question:
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why is the prevalence of stress bands in massive corals so
well correlated with the incidence of bleaching across the
community of mixed coral taxa? We propose that within
each population of massive corals, a range of thermal
thresholds exist (Fig. 6b). At low levels of thermal stress a
relatively small fraction of the massive corals bleach along
with other more sensitive species. As thermal stress
increases, massive corals with higher and higher thermal
thresholds succumb to bleaching, as do the rest of the
species in the coral community (Fig. 6¢). Under this model,
long-lived massive corals represent the full range of
bleaching thresholds within their communities of mixed
species on the reef. The Caribbean corals included in the
calibration (Fig. 3) behave as the Pacific Porites spp. do,
implying that the long-lived massive coral genera play a
similar role on Caribbean reefs. While we attempted to
avoid colony size bias during field sampling, we recognize
that bleaching reconstructions based on stress band
prevalence do have the potential to underestimate the
severity of bleaching during events in which mortality in
the massive corals was high. If a substantial portion of
massive colonies died and were not represented in the core
samples, the relative proportion of colonies that have stress
bands would be lower and underestimate the severity of the
event. We can assume that such a bias is minimal during
most bleaching events as Porites tends to have lower
mortality rates than other corals and because our record is
relatively short (33 yrs). However, in applying this cali-
bration to longer records, considering and accounting for
the compounding of potential bias is necessary.

Generation of bleaching histories

Using the new calibration, we generated bleaching histories
for eight central Pacific reefs back through 1982. With the
exception of Kingman Reef, each island experienced
multiple episodes of thermal stress sufficient to cause coral
bleaching (DHW > 4) over this time period and our his-
torical bleaching reconstruction reveals that each of the
coral communities responded in a manner consistent with
the degree of thermal stress imposed. Critically, seven of
the reefs have experienced multiple severe (> 30%
bleaching) episodes within the last four decades, most of
which had not been observed. For example, Howland
Island experienced four substantive bleaching episodes in
just 20 yrs, between 1990 and 2010. The Phoenix Islands—
Kanton, Enderbury, Rawaki, and Nikumaroro—all experi-
enced multiple episodes of bleaching prior to 2015, but
2002/2003 (which coincided with the central Pacific El
Nifo) appears to have been the most significant (the upper
bound of uncertainty in the reconstructed bleaching levels
reaches 100%). While direct observations did not occur in
2002/2003, our results are consistent with those of

ecosurveys conducted several years later that recorded
mass mortality of corals across the Phoenix Islands (Obura
and Mangubhai 2011).

Characterization of thermal sensitivity

Seven of the Pacific reefs studied experienced multiple
episodes of bleaching at different levels of severity, and we
were therefore able to characterize the reef-specific rela-
tionship between thermal stress and bleaching response. In
these cases, we use total Hotspot (TH) as a measure of the
cumulative thermal stress experienced by each coral
community during each event. In the absence of quantita-
tive stress band data, we used observational bleaching data
to construct a comparable response curve for the northern
GBR, which reveals exceptionally low thermal thresholds
of GBR coral communities relative to those in the central
Pacific. This observation raises the question: what are the
biological and environmental factors underlying the rela-
tive thermal tolerance of the central Pacific reef
assemblages?

Potential drivers of thermal tolerance in the CEP

We established a thermal tolerance index (b:,) and evalu-
ated the relationship between b., and the reef thermal
history, water column nutrient concentrations, energetic
status of the corals, presence or absence of upwelling, and
cloud cover-based differences in irradiance at each of our
study cites. For thermal history, we calculated the variance,
range, median, and mean SSTs, and the median and mean
of the TH per event for each reef over the satellite period.
The best correlation with b.,, was the mean TH (OLS,
p < 0.001). Thermal tolerance was significantly higher on
reefs experiencing the most severe thermal stress events on
average, i.e., highest mean TH (Jarvis, Kanton, Rawaki,
Enderbury), suggesting that thermal thresholds are likely
linked to the history of thermal stress exposure (Fig. 7a).
While our data do not allow for a mechanistic under-
standing of this relationship, the link between thermal
history and coral thermal tolerance is fairly well estab-
lished. Indeed, the thermal threshold value used in the
DHW calculation is based on the observation that corals
living at higher temperatures also bleach at higher tem-
peratures in field and laboratory-based studies (Coles and
Jokiel 1977; Van Woesik et al. 2012; Fine et al. 2013).
Further, evidence suggests that corals in more variable SST
environments, whether diurnal or seasonal or inter-annual
time scales, have higher bleaching thresholds than corals
living in more thermally homogenous environments
(McClanahan et al. 2007; Oliver and Palumbi 2011; Carilli
et al. 2012; Safaie et al. 2018).
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Fig. 7 Thermal tolerance index (b.,) as a function of a mean total
Hotspot over the instrumental period, b nitrate + nitrite concentra-
tions during non-stressful conditions (Table S7), and ¢ coral tissue
thickness during non-stressful conditions (Table S8). Thermal

We also examined the potential role of water column
nutrients and host energetic status in promoting thermal
tolerance. High nutrient concentrations are thought to
lower the bleaching thresholds of corals (Wooldridge 2009;
D’Angelo and Wiedenmann 2014) so we compared aver-
age dissolved inorganic nutrient (DIN) concentrations
(NO;3 + NO,) during ENSO neutral conditions (Table S7)
with the derived thermal tolerance of each reef community.
We found a significant positive correlation (OLS,
p < 0.001) between nutrient levels and thermal tolerance,
inconsistent with prior hypotheses based on results from
laboratory experiments (Fig. 7b). While this evidence may
suggest a role for nutrient uptake or heterotrophy in ther-
mal tolerance, it is yet unclear whether the relationship we
observe is direct. TH and nutrient concentrations covary
across these sites and more testing is required to decon-
volve these different factors.

Evidence exists that heterotrophic feeding can alleviate
bleaching-induced starvation by supplementing the coral’s
energy budget (Grottoli et al. 2006; Rodrigues and Grottoli
2006; Hoogenboom et al. 2012). We used tissue thickness
as a proxy for biomass and energetic reserve (Carilli et al.
2012) and found that average tissue thickness of cores
collected during non-stressful (i.e., ENSO neutral) condi-
tions was correlated with b.,, but the correlation was less
significant (OLS, p = 0.083) (Fig. 7c). This result suggests
that energetic reserve may not be the over-riding factor in
establishing thermal tolerance. However, it is likely that
energetic status plays an important role in the survival of
corals through bleaching and in the post-bleaching
recovery.

We also investigated the potential for cloud cover to
mitigate the impact of thermal stress on coral bleaching
using outgoing longwave radiation (OLR) as a proxy
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tolerance is significantly related to thermal history (mean TH) (linear
regression), consistent with evidence that corals experiencing regular,
large thermal stress events are more resistant to stress than those
experiencing relatively weaker events

(Fig. S4A) for cloud cover (Kessler and Kleeman 2000). To
compare the relative amount of total cloud cover observed
at each site with the total thermal stress, the standardized
cloudiness was integrated over each thermal stress episode
(TC) and regressed against TH (Fig. S4B). Our analysis
reveals that total cloud cover at our study sites is indeed
elevated during thermal stress episodes but that cloudiness
per °C week (i.e., the slope of the TH-TC regression) is the
highest where thermal tolerances are the lowest (e.g.,
Maiana, the GBR). This suggests that differences in cloud
cover cannot explain the differences in thermal tolerance
observed in this study.

We conclude that the relatively high thermal tolerances
observed on Jarvis and the northern Phoenix Islands most
likely have arisen from adaptation over centuries or mil-
lennia of exposure to repeated episodes of thermal stress
driven by El Nifio. Nevertheless, while coral reefs in the
CEP have elevated thermal thresholds for bleaching rela-
tive to other reefs, they also experienced significantly
higher levels of thermal stress than other reefs, and our
bleaching reconstructions indicate that CEP coral com-
munities bleach predictably in response to thermal stress.
For this reason, elevated thermal thresholds of CEP coral
communities are likely only one, albeit important, com-
ponent of the strategy for coral reef survival in the
dynamic, oft-times hostile environment of the CEP. New
studies will shed light on questions about how the CEP
coral communities survive the repetitive bleaching events
they endure.

This study shows that thermal tolerances of coral com-
munities can be constrained using proxy data accrued
across space and through time, in the absence of direct
observations. Further development and application of this
approach, and its expansion to regions outside of the CEP,
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will enable better constraints on coral thermal thresholds
both within and among reef systems, and allow for the
identification of whether and where thermal thresholds may
be shifting over time.
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