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Abstract The Great Barrier Reef (GBR) is an internationally recognized and widely studied ecosystem,
yet little is known about its sea surface temperature (SST) evolution since the Last Glacial Maximum
(LGM) (~20 kyr BP). Here, we present the first paleo‐application of Isopora coral‐derived SST calibrations to
a suite of 25 previously published fossil Isopora from the central GBR spanning ~25–11 kyr BP. The
resultant multicoral Sr/Ca‐ and δ18O‐derived SST anomaly (SSTA) histories are placed within the context
of published relative sea level, reef sequence, and coralgal reef assemblage evolution. Our new calculations
indicate SSTs were cooler on average by ~5–5.5°C at Noggin Pass (~17°S) and ~7–8°C at Hydrographer's
Passage (~20°S) (Sr/Ca‐derived) during the LGM, in line with previous estimates (Felis et al., 2014,
https://doi.org/10.1038/ncomms5102). We focus on contextualizing the Younger Dryas Chronozone
(YDC, ~12.9–11.7 kyr BP), whose Southern Hemisphere expression, in particular in Australia, is elusive
and poorly constrained. Our record does not indicate cooling during the YDC with near‐modern
temperatures reached during this interval on the GBR, supporting an asymmetric hemispheric presentation
of this climate event. Building on a previous study (Felis et al., 2014, https://doi.org10.1038/
ncomms5102), these fossil Isopora SSTA data from the GBR provide new insights into the deglacial reef
response, with near‐modern warming during the YDC, since the LGM.

1. Introduction

The tropical Pacific's response to the deglaciation following the Last Glacial Maximum (LGM) remains
poorly documented. The LGM is considered to be the coldest period in Earth's recent geologic history
(e.g., Mix et al., 2001), and yet coral reefs persisted at this time (Montaggioni, 2005). The Great Barrier
Reef (GBR), the largest (~344,400 km2) extant epicontinental coral reef system (Davies et al., 1989), is situated
on the southern edge of the Western Pacific Warm Pool (WPWP) and extends from ~10° to 22°S and from
~144° to 152°E (Figure 1). The initiation of the GBR is poorly constrained and controversial, occurring some-
time betweenMartine Isotope Stages (MIS) 11 and 15 (see Humblet &Webster, 2017, for a recent summary),
while exhibiting various morphologies and surviving both glacial and interglacial climates. Tracking sea
surface temperature anomalies (SSTAs) on coral reefs over time could supplement molecular biogeographic
studies (e.g., Palumbi, 1997) or those examining a potential genetic fingerprint in species who continue to
thrive through glacial–interglacial transitions (e.g., Hewitt, 2000). To better understand the development
of the GBR since the LGM, a suite of studies used Integrated Ocean Drilling Program Expedition 325 Great
Barrier Reef Environmental Changes (IODP Expedition 325) fossil‐reef core samples to evaluate changes
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in sea level (Yokoyama et al., 2018), reef growth, structure, and coralgal assemblages (i.e., intergrowth of
framework‐building corals, algae, associated microbialite, and vertical accretion rates) (Humblet
et al., 2019; Szilagyi et al., 2020; Webster et al., 2018), a meridional thermal gradient (Felis et al., 2014),
regional sedimentation (Hinestrosa et al., 2019) and bioerosion (Patterson et al., 2020).

The first Isopora‐based sea surface temperature (SST) calibrations were published by Felis et al. (2014) based
on bulk‐sampled modern Isopora from throughout the WPWP. However, in lieu of another Isopora calibra-
tion to serve as a comparison, a suite of previously published Porites‐based SST calibrations (DeLong
et al., 2010; Felis et al., 2009; Gagan et al., 2012) were applied to the IODP Expedition 325 corals. This
revealed a larger meridional thermal gradient across the GBR during the last deglaciation (Felis et al., 2014).
In this contribution, we revisit the IODP Expedition 325 corals to provide the first paleo‐application of two
Isopora‐based SST calibrations with site‐specific modern benchmarks to show uninterrupted warming since
the LGM. In addition to the bulk‐sampled calibration, we also apply an SST regression based on five,
high‐resolution (1‐mm interval) sampled, modern Isopora from Heron Island south of our study sites,
Noggin Pass (NOG, ~17°S) and Hydrographer's Passage (HYD, ~20°S) (Brenner et al., 2017) (Figure 1).

We elaborate on the earlier findings of relative sea surface ocean warmth on the GBR during the Younger
Dryas Chronozone (YDC) (Felis et al., 2014), when at the same time the Northern Hemisphere was cooling.
We also explore potential mechanisms for the poorly constrained Southern Hemisphere warmth and exam-
ine the GBR in the context of 52 coral Sr/Ca‐derived SSTAs in the WPWP (Abram et al., 2009; Asami
et al., 2009; Cohen&Hart, 2004; Corrège et al., 2004; DeLong et al., 2010; Duprey et al., 2012; Felis et al., 2012;
Gagan et al., 2004; Sadler et al., 2016).

By incorporating a synthesis of the five‐reef sequences that characterizes the GBR evolution since the LGM
(Humblet et al., 2019; Webster et al., 2018; Yokoyama et al., 2018) we further contextualize our SSTA record.
This allows us to explore how changing SSTs may have impacted or interacted with other environmental
variables to influence the development of the GBR since the LGM. Each of these reefs is associated with
unique changes in relative sea level (RSL) as well as coralgal assemblage shifts (Humblet et al., 2019;
Webster et al., 2018; Yokoyama et al., 2018), discussed in detail in section 6.2, and considering the

Figure 1. Map of study sites, Noggin Pass (17°S, NOG) and Hydrographer's Passage (20°S, HYD) in the GBR off the
northeast coast of Australia in the Coral Sea with mean annual SST contours (reference period: 1955–2006, World
Ocean Atlas 2009; Locarnini et al., 2010). The approximate locations of relevant major currents in the region, the South
Equatorial Current (SEC), East Australian Current (EAC), and Tasman Front (TF) are denoted by arrows pointing
in the direction of flow. The Subtropical Front (SF) is a surface water mass boundary. Heron Island Reef (HER), the
site of the modern corals included in the Brenner et al. (2017) calibration is noted. The smaller colored markers
represent the locations of Younger Dryas Chronozone and early Holocene fossil corals from other studies that will
be utilized to contextualize warming on the GBR (orange: Indonesia, Abram et al., 2009; Gagan et al., 2004; green: GBR,
Gagan et al., 2004; Sadler et al., 2016; purple: Papua New Guinea, Abram et al., 2009; Gagan et al., 2004; light blue:
Vanuatu, Duprey et al., 2012; Gagan et al., 2004; black: Tahiti, Asami et al., 2009; Cohen & Hart, 2004; DeLong
et al., 2010; Felis et al., 2012).
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corresponding SSTAs provide a thorough understanding of the GBR. However, important questions remain
regarding the relative importance of sedimentation, temperature rise, and rising sea level in controlling
reef demise.

2. Existing Thermal History of the Great Barrier Reef Since the LGM

Today, the relatively elevated SSTs on the GBR are largely maintained by surface ocean currents, namely the
South Equatorial Current (SEC) and the East Australian Current (EAC). The SECflows from the east to inter-
sect with northeastern Australia. At this juncture, surface water flows southward as the EAC, which carries
heat to the subtropical regions in the far western South Pacific. NOG andHYD are in the modern‐day path of
the EAC and the present‐day average annual SSTs are 26.6°C and 26°C, respectively (WorldOceanAtlas 2009
long‐term climatological mean [reference period: 1955–2006]; Locarnini et al., 2010) (Figure 1).

Felis et al. (2014) measured Sr/Ca in Isopora corals collected on IODP Expedition 325 to provide the first
tropical Pacific coral‐based SST estimates for the LGM and showed that NOG and HYD were 4–6°C and
6–8°C cooler than present, respectively. From ~20 to ~13 kyr BP there was a meridional SST gradient of 2–
3°C betweenNOG andHYD,much steeper than the ~0.6°C that spans the 3° of latitude separating these sites
today (Felis et al., 2014). The steeper gradient was attributed to a weaker EAC, which allowed cooler and
more saline southern subtropical waters to travel northward (Felis et al., 2014). By 12.7 kyr BP, the gradient
weakened when HYD warmed more than NOG probably due to intensification of the South Pacific
Subtropical Gyre and EAC (Bostock et al., 2006; Felis et al., 2014). This was possibly associated with a simul-
taneous southward shift in the southern edge of the WPWP and the Intertropical Convergence Zone (ITCZ)
(Felis et al., 2014).

Coral δ18O data from the same samples were corrected for glacial‐interglacial ice volume changes and yielded
a cooling of ~7°C (NOG) to 9°C (HYD) during the LGM compared to present (Felis et al., 2014). These
temperature estimates are cooler than those derived from the Sr/Ca because changes in the regional δ18O
composition of seawater resulted in a positive anomaly of 0.4–0.8‰ in coral δ18O (Felis et al., 2014).
The source of this anomaly was also attributed to the weaker EAC. The subtropical water, more enriched
in 18O than the WPWP‐sourced EAC, penetrated reefs to 20–17°S during the LGM and the following degla-
ciation (Felis et al., 2014). This was further than the ~25°S boundary previously identified by planktonic for-
aminiferal assemblages during the LGM (Anderson et al., 1989) and δ18O during deglaciation (Bostock
et al., 2006; Felis et al., 2014).

3. Younger Dryas Chronozone in the Southwestern Tropical Pacific Ocean

To date, there is no clear Australian climate expression for the YDC (12,850–11,650 calendar years before
1950; Rasmussen et al., 2006), which was originally defined as a sudden period of intense cooling in
Europe with a correlative decrease in temperature in North America, the North Atlantic and North
Pacific, and Asia (Clark et al., 2002; Shakun & Carlson, 2010). In Australia and the surrounding waters,
there is some evidence for cooling (e.g., Andres et al., 2003) but a thorough review by Tibby (2012) con-
cluded that there was no coherent SST pattern throughout southern and eastern Australia. Two addi-
tional reviews (Reeves, Barrows, et al., 2013; Reeves, Bostock, et al., 2013) suggest either no expression
or subtle warming that was recorded by planktonic foraminifera south of Australia (De Deckker
et al., 2012). With their original SSTA record, Felis et al. (2014) noted relative warming during the
YDC in the central GBR, which diverged from other coral‐based studies in Vanuatu (Corrège et al., 2004)
and Tahiti (Asami et al., 2009) located at the same latitude as the GBR but ~2,000 km to the east in the
South Pacific Ocean.

Multiple proxy studies using speleothems (e.g., Williams et al., 2004), pollen (e.g., Vandergoes et al., 2005),
and foraminifera (e.g., Barrows et al., 2007) from nearby New Zealand support warming during the YDC;
however, the majority of evidence for warming is from exposure dating of glacial moraines. Notably,
Barrows et al. (2007) combined their foraminifera δ18O‐based SST record from the neighboring Tasman
Sea and pollen data (Vandergoes et al., 2005) with new and revised exposure ages of the Franz Josef
Glacier on the South Island to overturn the prior notion of glacial advancement during the YDC. Since then,
studies of New Zealand glaciers are consistently yielding evidence of warming during the YDC
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(e.g., Kaplan et al., 2013; Kelley et al., 2014; Koffman et al., 2017; Putnam et al., 2010; Putnam, Schaefer,
Denton, Barrell, Andersen, et al., 2013; Putnam, Schaefer, Denton, Barrell, Birkel, et al., 2013;
Shulmeister et al., 2019; Strand et al., 2019). Although nearby, there are fewer proxy studies associated with
this interval in Australia or on the GBR.

4. Methods
4.1. Coral Collection, Diagenesis Screening, and Geochemical Analysis

IODP Expedition 325 drilled through the seaward margins of drowned GBR reefs to collect fossil coral
and coralline algal samples in February–April 2010. Samples were collected at NOG (17.1°S, 146.6°E)
and HYD (19.7°S, 150.3°E) (Webster et al., 2011). For a complete map of drill sites refer to Yokoyama
et al. (2018) and the IODP Expedition 325 proceedings (Webster et al., 2011). All samples are from drill
cores that retrieved massive and robust branching/columnar fossil Isopora palifera/cuneata between
56 and 126 m below modern sea level and were described and prepared for sampling in Bremen,
Germany in July 2010.

The geochemical data utilized in this paper were originally published in Felis et al. (2014) and the following
summarizes the previously applied methods. The fossil corals were U‐Th dated at three laboratories: Woods
Hole Oceanographic Institution (WHOI), Australian National University (ANU), and University of Oxford
(UO). Ages are reported in kyr BP and interlaboratory replication is within 100 years, approaching the intra-
coral variation elucidated by high‐precisionmethods atWHOI. For full U‐Th and radiocarbon dating results,
as well as the unique dating methods at each laboratory, see Yokoyama et al. (2018).

In order for a coral to be included in the SSTA record it must pass a tripartite screening for diagenesis:
(1) Fossil corals were analyzed via powder X‐ray diffraction and X‐radiograph and must have ≤1.5% calcite
and no obvious alteration, (2) petrographic thin sections did not indicate any significant amount of second-
ary aragonite or calcite with primary porosity preserved, and (3) Mg/Ca values were not indicative of high‐
Mg calcite and secondary aragonite (Felis et al., 2014). Sample‐specific results of the screening can be found
in Felis et al. (2014).

Sr/Ca and δ18O analyses of fossil coral colonies (NOG: n = 12, HYD: n = 13) were conducted at MARUM‐
Center for Marine Environmental Sciences (Bremen, Germany), Lamont‐Doherty Earth Observatory
(Palisades, NY), ANU (Canberra, Australia), School of GeoSciences (Edinburgh, Scotland), The National
Institute of Advanced Industrial Science and Technology (Tsukuba, Japan), and The Atmosphere and
Ocean Research Institute (Kashiwa, Japan). Coral Sr/Ca was measured via inductively coupled plasma‐
optical emission spectrophotometry and ‐mass spectrometry and stable isotope analyses were conducted
via dual‐inlet stable‐isotope ratio mass spectrometry. The coral reference material JCp‐1 (Hathorne
et al., 2013) was used to account for any interlaboratory offsets, and the JCp‐1 reference compositions
reported in Felis et al. (2014) are 8.781 mmol mol−1 for Sr/Ca and −4.75‰ for δ18O. The coral δ18O values
were adjusted using the Waelbroeck et al. (2002) glacial‐interglacial δ18O seawater composition record.
Each reported coral Sr/Ca or δ18O value is an average of at least triplicate analysis of bulk powder, or of an
analysis of subseasonally microsampled powders (n = 29 to 232), to provide one average value
representing an individual coral. See Felis et al. (2014) for further details on the geochemical analysis.

The reef sequences described in section 6.1 were distinguished based on lithologic, chronostratigraphic, and
biologic criteria (Webster et al., 2018). The RSL envelopes for NOG and HYD were constructed based on
U‐Th coral ages and 14C AMS (radiocarbon) coral and coralline algal ages with paleo‐water depth estab-
lished via a multiproxy approach including corals, coralline algae, algal crust thickness, and vermetid gastro-
pod presence (Humblet et al., 2019; Webster et al., 2018; Yokoyama et al., 2018).

4.2. Isopora Calibration Application

All Sr/Ca and δ18O values were corrected using JCp‐1 to account for interlaboratory offsets and address ana-
lytical uncertainty prior to applying SST calibrations. Two sets of Isopora‐based reduced major axis (RMA)
SST‐calibrations from Brenner et al. (2017),
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Sr
Ca

× 103 ¼ 11:37 ±0:02ð Þ − 0:083 ±0:007ð Þ × SST;

δ18O ¼ 0:65 ±0:04ð Þ − 0:185 ±0:014ð Þ × SST;

and Felis et al. (2014),

Sr
Ca

× 103 ¼ 11:15 ±0:09ð Þ − 0:075 ±0:011ð Þ × SST;

δ18O ¼ 1:6 ±0:5ð Þ − 0:218 ±0:027ð Þ × SST;

were applied to the fossil coral measurements. The RMA treatment permits symmetrical use of the regres-
sions (Smith, 2009) and is appropriate for calibration application. The Brenner et al. (2017) calibrations
utilize five Isopora corals collected at Heron Island (151.9°E, 23.4°S) on the GBR, south of NOG and
HYD (Figure 1). Each coral was drilled at 0.5‐mm intervals, yielding 696 discrete samples, but values were
averaged to 1‐mm resolution after analysis and spanned 1971–1976 CE (n = 3) and 2009–2012 CE (n = 2).
The Felis et al. (2014) calibration is based on 13 bulk sampled Isopora, collected 1974–1994, from off of
Madang (145.8°E, 5.2°S) on the north coast of Papua New Guinea and three sites on the GBR,
Myrmidon (147.4°E, 18.3°S), Magnetic Island (146.8°E. 19.1°S), and Heron Island.

With the absence of modern corals from NOG and HYD, we calculated a fossil‐derived SST using one of the
modern calibrations for Sr/Ca (δ18O) and subtracted this value from the corresponding modern benchmark
(26.6°C [NOG] or 26°C [HYD] based on the World Ocean Atlas 2009 long‐term climatological mean [refer-
ence period: 1955–2006] [Locarnini et al., 2010]) to yield an SSTA. We repeated the process for the other
Sr/Ca (δ18O) regression, for a total of two sets of calibrations applied per coral.With site‐specific benchmarks,
these temperature estimates reflect local conditions.

The coral Sr/Ca data were also used to isolate the δ18O of seawater (δ18Osw) by removing the temperature
signal from the total coral δ18O value, similar to Gagan et al. (1998). For each coral we converted the Sr/
Ca‐derived SST from a given calibration into‰ units with the matching δ18O‐SST calibration. This tempera-
ture component is subtracted from the ice volume‐corrected δ18O value and the remainder is attributed to
changes in the δ18Osw. The process is repeated for the other set of Isopora calibrations, and both results
are averaged together to produce one δ18Osw value per coral.

We calculated propagated uncertainty to accompany each SSTA value (Figures 2 and 3). The uncertainty cal-
culation includes a first‐order Taylor Expansion, following the methodology outlined by Bevington and
Robinson (2002) and utilized in Brenner et al. (2017). The Taylor Expansion incorporates the standard error
of the triplicate (at least) coral analyses and uncertainty associated with the calibration. Since the SST
calibrations applied in this study were developed using multiple corals, they inherently capture the varia-
bility that is associated with a potential geochemical offset between coeval colocated corals. In addition to
the Taylor expansion, we also consider the standard error of the mean modern SST benchmark (±0.19°
for NOG and ±0.10°C for HYD). In the case of δ18Osw, the uncertainty associated with the Sr/Ca‐derived
SST and the δ18O‐SST calibration is considered. See supporting information for the complete error propaga-
tion equations. We applied weighted least squares (WLS) regressions to each site, with weights representing
1/propagated error, to provide a predictive model where symmetry about the axes is not required but the
uncertainty of each data point is considered.

Due to the meridional gradient between NOG and HYD we do not combine data from both sites in average
values. All SSTAs are also calibration specific. Therefore, a range of values is provided for each period in the
five‐reef sequence, accompanied by ±1 standard deviation of all the corals that date to the given interval.

4.3. Development of the WPWP Coral Sr/Ca‐Derived SSTA Compilation

We created a Sr/Ca‐derived SSTA compilation with 52 corals from five different regions in the WPWP,
including Indonesia, Vanuatu, Papua New Guinea, Tahiti, and the GBR. The coral geochemical proxy
results of Gagan et al. (2004) include SSTAs based on coral Sr/Ca from the raised reefs of Vanuatu (Beck
et al., 1997; Corrège et al., 2000), Papua New Guinea (McCulloch et al., 1996), Sumba (Pirazzoli et al., 1991),
and Alor (Hantoro et al., 1994) in southeastern Indonesia, and the GBR (Gagan et al., 1998, 2002).
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Gagan et al. (2004) recalculated SSTAs for these coral Sr/Ca studies using a single, regional SST calibration,
and these values are included in Figure 3. Some of the Gagan et al. (2004) SSTAs were adjusted by Gagan
et al. (2012) to account for a potential smoothing effect of calcification in Porites, but these values are not
included here. Only four SSTAs in this compilation are calculated from GBR corals (Gagan et al., 1998,
2002; Sadler et al., 2016), when excluding the IODP Expeditions 325 GBR corals. See supporting information
for further details on these SSTAs. For the purposes of an accurate comparison, we only compared our SSTAs
to those that are uncorrected for any potential change in the Sr/Ca of seawater. It is noted on Figure 3 when
uncorrected Sr/Ca‐based SSTAs are plotted in lieu of any published corrected values.

5. Results

SSTAs for a given reef (Reefs 2 through 4) or time period (e.g., LGM‐a) are site‐specific, due to themeridional
gradient between NOG and HYD, and calibration‐specific. A range of calibration‐specific SSTAs are

Figure 2. (a) LGM reef sequence for NOG and HYD is outlined with horizontal bars representing duration (see Webster
et al., 2018, and Humblet et al., 2019, for details on the reef sequences). The color of each bar refers to the proportion
of the dominant coral genera forming the reef's coralgal assemblage. It does not reflect the timing of coralgal assemblage
changes within a reef (see Humblet et al., 2019, for further details on the coralgal assemblages). The reason for reef
demise is denoted on the upper X axis by subaerial reef exposure (RE), reef drowning (RD), or sediment influx (S)
(after Webster et al., 2018). (b) Maximum relative sea level history for NOG (red) and HYD (blue) (Yokoyama
et al., 2018). (c) Sr/Ca‐derived SSTA for NOG (red) and HYD (blue) (Felis et al., 2014) calculated using the Brenner
et al. (2017) calibration relative to modern SSTs at each site (this study). (d) Sr/Ca‐derived SSTA calculated for NOG (red)
and HYD (blue) (Felis et al., 2014) calculated using the Felis et al. (2014) calibration relative to modern SSTs at each
site (this study). In panels (c) and (d) the vertical and horizontal error bars denote propagated errors for SSTA and two
standard deviations of U‐Th ages, respectively. If horizontal error bars are not visible, they are smaller than the marker.
The WLS regressions (p < 0.001), which are weighted by propagated error, yielded multiple r2 values of 0.88 (NOG)
and 0.81 (HYD). Gray bars denote the LGM as described in Yokoyama et al. (2018) and the YDC. Dashed lines identify the
approximate onset of reported Meltwater Pulses (MWP)‐1A and MWP‐1B (Abdul et al., 2016; Deschamps et al., 2012).
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provided with the first listed value calculated using the Brenner et al. (2017) regression and the second listed
value calculated with the Felis et al. (2014) regression. Further, each SSTA is accompanied by ±1 standard
deviation of all the corals that date to the given interval. Site‐ and calibration‐specific SSTAs averaged over a
reef sequence unit or time period can be found in Table 1. Average conditions for each reef are given in
Table 1 and are divided by calibration, site, and reef number. Based on Sr/Ca data, on average, the LGM
on the GBR was 4.8 ± 0.9°C to 5.5 ± 1.0°C cooler relative to modern at NOG (n = 5) and 6.9 ± 1.0°C to

Figure 3. (a) Maximum relative sea level curves for the NOG (red) and HYD (blue) (Yokoyama et al., 2018).
(b) Atmospheric CO2 from Antarctic ice cores (gray circles) (Bereiter et al., 2015) with mean ages for moraine ridges
in the upper Rakaia valley, Southern Alps, New Zealand (brown horizontal diamonds; Koffman et al., 2017). (c) Sr/
Ca‐derived SSTAs for NOG (red) and HYD (blue) Felis et al. (2014) calculated using the Brenner et al. (2017) SST
calibration relative tomodern SST at each site. The horizontal line represents the 0°C anomaly. (d) Sr/Ca‐derived SSTAs for
NOG (red) and HYD (blue) calculated using the Felis et al. (2014) SST calibration relative to modern SST at each site.
The horizontal line representing the 0°C anomaly. In panels (c) and (d) the vertical and horizontal error bars denote
propagated errors for SSTA and two standard deviations of U‐Th ages, respectively. If horizontal error bars are not visible
they are smaller than the marker. For comparison, in panels (c) and (d) coral‐based Sr/Ca‐derived SSTAs for the period
from 16–4 kyr BP are included for the GBR (light green: Gagan et al., 2004; Sadler et al., 2016), Vanuatu (light blue: Corrège
et al., 2004; Duprey et al., 2012; Gagan et al., 2004), Indonesia (yellow: Abram et al., 2009; Gagan et al., 2004), Papua New
Guinea (purple: Abram et al., 2009; Gagan et al., 2004), and Tahiti (black: Asami et al., 2009; Cohen & Hart, 2004;
DeLong et al., 2010; Felis et al., 2012). All SSTAs are based on data that are uncorrected for potential seawater Sr/Ca
composition changes. However, open black squares for Tahiti represent specific studies that also published coral‐based
SSTAs that were corrected for changes in the Sr/Ca composition of seawater (Asami et al., 2009; DeLong et al., 2010; Felis
et al., 2012). The gray bar denotes the YDC. Dashed lines identify the approximate onset of Meltwater Pulses (MWP)‐1A
and MWP‐1B (Abdul et al., 2016; Deschamps et al., 2012).
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7.8 ± 1.1°C cooler relative to modern at HYD (n = 4) (Figure 2). The LGM can be broken down into two
components, LGM‐a (i.e., Reef 2) and LGM‐b (i.e., Reef 3a). LGM‐a was 6.0°C to 6.7°C cooler relative to
modern at HYD (n = 1). During LGM‐b NOG was 4.8 ± 0.9°C to 5.5 ± 1.0°C cooler relative to modern
and HYD was 7.2 ± 0.9°C to 8.1 ± 1.0°C cooler relative to modern (Figure 2). All Reef 3b corals are from
HYD (n = 9), yielding an average temperature of 4.2 ± 1.0°C to 4.8 ± 1.1°C cooler than modern. There
were no LGM corals from NOG suitable for geochemical analysis. YDC‐aged corals are all from NOG
(n = 7) and comprise all of Reef 4 in this data set, yielding an average temperature of 1.3 ± 0.9°C to
1.5 ± 1.0°C cooler than modern.

To estimate deglacial warming, the HYD regression omits the oldest sample (25.04 kyr BP) because this coral
grew and died prior to deglaciation (i.e., Reef 2). Therefore, the site‐specific trends are calculated from sam-
ples aged 21 kyr BP and younger. The WLS regressions through Sr/Ca‐derived SSTAs returned statistically
significant (p < 0.001) multiple r2 values of 0.88 (NOG) and 0.81 (HYD) and indicate that SSTs warmed at
a rate of 0.47°C kyr−1 (Brenner et al., 2017) to 0.52°C kyr−1 (Felis et al., 2014) at NOG and to 0.73°C kyr−1

(Brenner et al., 2017) to 0.80°C kyr−1 (Felis et al., 2014) at HYD (Figure 2). It is important to keep in mind
the various sources of uncertainty associated with the SSTA calculations (see section 4.2) and from this
site‐specific perspective data are sparse and may be impacted by outliers. These factors reduce the ability
of the regressions to model actual conditions, hence, warming rates are estimates.

The δ18O‐derived LGM SSTA range from 8.4 ± 1.0°C to 6.8 ± 0.9°C cooler relative to modern at NOG (n= 5)
and 10.6 ± 0.9°C to 8.6 ± 0.8°C cooler relative to modern at HYD (n= 4) (Figure 2, Table 1). These values are
~3°C cooler than the Sr/Ca‐derived SSTA (Table 1). The Sr/Ca‐ and δ18O‐derived SSTAs cannot both be cor-
rect, therefore all further reported SSTAs are based on Sr/Ca measurements, unless otherwise noted. The
δ18Osw record is the result of a consistent positive δ18O anomaly (Table 1). However, there is no significant
trend through δ18Osw at either NOG or HYD. See supporting information for the complete δ18O‐derived
SSTAs and δ18Osw records.

6. Discussion
6.1. Understanding Uncertainty in Coral SSTAs

The LGM SSTAs reported here are very similar to those reported in Felis et al. (2014), suggesting that the
Isopora‐based calibrations yield comparable results relative to those calibrated with Porites. The propagated
error associated with each SSTA considers numerous aspects of uncertainty in the SSTA calculations
(Figures 2 and 3). Absolute SST reconstructions from fossil corals like these inherently yield large uncertain-
ties. The thorough accounting of uncertainty via traditional error propagation underscores the need for the
paleo‐reef community to focus on inferences based on relative SST changes throughout a record, which

Table 1
Site‐Specific SSTAs and δ18Osw ± 1 Standard Deviation With Mean Absolute Error of Propagated Errors in Parentheses, Delineated by Reef Sequence (Webster
et al., 2018) and SL‐Based LGM Components (Yokoyama et al., 2018)

Reef 2/LGM‐a Reef 3a/LGM‐b LGM Reef 3b Reef 4/YDC Calibration

Age range (kyr BP) 27–22 21–17 27–17 17–13 13–10
Number of coral records (NOG/HYD) 0/1 5/3 5/4 0/9 7/0
Sr/Ca‐derived NOG SSTA (°C) n/a −4.8 ± 0.9 (1.9) −4.8 ± 0.9 (1.9) n/a −1.3 ± 0.9 (2.2) Brenner et al. (2017)

n/a −5.5 ± 1.0 (3.4) −5.5 ± 1.0 (3.4) n/a −1.5 ± 1.0 (3.9) Felis et al. (2014)
Sr/Ca‐derived HYD SSTA (°C) −6.0 (1.7) −7.2 ± 0.9 (1.6) −6.9 ± 1.0 (1.7) −4.2 ± 1.0 (1.9) n/a Brenner et al. (2017)

−6.7 (3.1) −8.1 ± 1.0 (2.9) −7.8 ± 1.1 (3.0) −4.8 ± 1.1 (3.3) n/a Felis et al. (2014)
δ18O‐derived NOG SSTA (°C) n/a −8.4 ± 1.0 (1.4) −8.4 ± 1.0 (1.4) n/a −3.8 ± 0.8 (1.8) Brenner et al. (2017)

n/a −6.8 ± 0.9 (3.4) −6.8 ± 0.9 (3.4) n/a −2.9 ± 0.7 (3.7) Felis et al. (2014)
δ18O‐derived HYD SSTA (°C) −9.9 (1.3) −10.8 ± 1.0 (1.2) −10.6 ± 0.9 (1.2) −7.9 ± 1.2 (1.4) n/a Brenner et al. (2017)

−8.0 (3.2) −8.8 ± 0.8 (3.1) −8.6 ± 0.8 (3.2) −6.3 ± 1.0 (3.4) n/a Felis et al. (2014)
NOG δ18Osw (‰) n/a 0.7 ± 0.1 (0.5) 0.7 ± 0.1 (0.5) n/a 0.5 ± 0.2 (0.5) Brenner et al. (2017)

n/a 0.5 ± 0.1 (1.0) 0.5 ± 0.1 (1.0) n/a 0.4 ± 0.2 (1.2) Felis et al. (2014)
HYD δ18Osw (‰) 0.7 (0.4) 0.7 ± 0.1 (0.4) 0.7 ± 0.1 (0.4) 0.7 ± 0.2 (0.5) n/a Brenner et al. (2017)

0.6 (1.0) 0.5 ± 0.1 (1.0) 0.5 ± 0.1 (1.0) 0.6 ± 0.2 (1.1) n/a Felis et al. (2014)

Note. Calibration type is noted for each value. SSTAs are reported in °C and seawater values in ‰ (SMOW).
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might be more meaningful than those based on absolute calculations. In addition to error propagation and
outlining the value of relative SST changes, our two‐calibration approach provides a range of SSTAs for a
robust presentation of conditions on the GBR since the LGM and represent different methodological
approaches to SST reconstructions.

One unquantified unknown is the variability in the Sr/Ca composition of seawater over the glacial‐intergla-
cial transition. We opted not to correct the SSTAs for potential changes in the Sr/Ca of seawater, due to the
multiple uncertainties associated with this process as outlined by Felis et al. (2012). In this case, our SSTAs
may provide maximum cooling estimates since some studies suggest that Sr/Ca in seawater was higher
during the LGM (e.g., Stoll et al., 1999). Average coral Sr/Ca during the LGM was 9.6 (NOG) and 9.8
(HYD) mmol mol−1 and, if we assume that the Sr/Ca of LGM seawater was 1.1% higher than modern
(Stoll et al., 1999), corrected values interpreted in the context of our regressions yield SSTAs ~1.3°C
(NOG) and ~1.4°C (HYD) warmer than if no adjustment is applied. This adjustment shifts closer to the
foraminiferal‐derived 2.5s°C cooling during the LGM in the Queensland Trough (de Garidel‐Thoron
et al., 2004; Dunbar & Dickens, 2003; Jorry et al., 2008) compiled by Reeves, Bostock, et al. (2013).
However, even if corrected for potential variability in the Sr/Ca of seawater, both sites produce SSTAs
slightly cooler than the ~1°C drop in temperature calculated from foraminiferal proxies in sediment cores
in the northern Coral Sea (Anderson et al., 1989; Reeves, Bostock, et al., 2013). The variability in marine‐
based LGM SSTs signals the need to further focus on this time period on the GBR.

We can add further constraints to our interpretation of maximum cooling during the LGM if we take into
consideration the current ecological limit of Isopora growth. The southernmost appearance of modern
Isopora reefs occurs at Lord Howe Island (159.1°E, 31.5°S) where mean annual SST is ~21.5° (Locarnini et
al., 2010; Veron & Done, 1979). Therefore, based on the modern SST benchmarks, maximum cooling may
have only been ~5°C and ~4.5°C at NOG and HYD, respectively (Felis et al., 2014). While individual
Isoporamay have adapted to thrive in cooler conditions during the deglaciation following the LGM, themod-
ern limit provides a potential constraint to consider and suggests that the propagated error ranges presented
here are larger than what is ecologically likely.

6.2. GBR Growth, RSL, and SSTA History Since the LGM

Here we integrate information regarding reef sequence, including vertical accretion rates, coralgal assem-
blages (Humblet et al., 2019; Webster et al., 2018), RSL (Yokoyama et al., 2018), and our Sr/Ca‐derived
SSTAs to investigate the evolution of the GBR since the LGM. The beginning of the GBR shelf‐edge reef sys-
tem is marked by the exposure and death of Reef 1 at ~30 kyr BP (Webster et al., 2018), but our record tracks
SSTA from Reefs 2 through 4 (Figure 2).

Reef 2 (~28–21 kyr BP) and Reef 3a (~21–17 kyr BP) developed during the LGM (Webster et al., 2011, 2018;
Yokoyama et al., 2018). Since the Reef 2 SSTA (i.e., LGM‐a) is only based on one coral (HYD) from ~25 kyr
BP and since there were no corals from NOG suitable for SSTA analysis, conclusions regarding this period
are tenuous. HYD data indicate a possible ~1°C drop in SST from LGM‐a (Reef 2) to LGM‐b (Reef 3a) with
a coincident drop in RSL to its minimum height of ~118 mbsl (Yokoyama et al., 2018). This SST and RSL
drop from Reef 2 to 3a is also associated with a coralgal shift from merulinid‐rich to acroporid‐rich assem-
blages when shallow‐reef growth responded to the RSL minimum by migrating seawards at a rate of 0.2
(NOG) to 0.5 (HYD) m yr−1 (Humblet et al., 2019; Webster et al., 2018). More specifically, during Reef 2,
in NOG the coral assemblage was comprised mainly of Acropora, Montipora, and Porites and in HYD it
was dominated by Merulinidae (e.g., Dipsastraea, Cyphastrea, and Hydnophora), while during Reef 3a,
NOG and HYD were both dominated by Acropora, Seriatopora, and Isopora (Humblet et al., 2019;
Webster et al., 2018). Our new SSTAs support the conclusions of Humblet et al. (2019), which were based
on the previous Felis et al. (2014) findings, that peak cooling during the LGM did not preclude the growth
of corals that are now dominant in modern GBR reefs (e.g., Isopora, Acropora). While based on a single
SSTA point, it does not appear that SSTA played a major role in the demise of Reef 2, which was subaerially
exposed after a rapid RLS fall, or Reef 3a, which can be attributed to RSL rise and an increase in sediment
flux to the region (Hinestrosa et al., 2019; Humblet et al., 2019; Webster et al., 2018).

As rising sea level flooded the shelf during the deglacial transition, Reef 3b, which commenced at ~17 kyr BP,
thrived as a fringing reef growing on the former site of Reef 2. Reef 3b is also characterized by vertical
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accretion rates as high as 20mmyr−1 from 15.5–15 kyr BP (Webster et al., 2018). These rates are the highest in
the GBR over the past 30 kyr despite cool SSTAs, only ~2°C (Brenner et al., 2017) to ~3°C (Felis et al., 2014)
warmer than temperatures during the LGM on HYD. The Reef 3b assemblage was largely comprised of
shallow water, high‐energy genera at both sites with coralgal assemblages including Isopora, Acropora, with
Seriatopora and some Merulinidae also present in NOG (Humblet et al., 2019). This mix of genera, particu-
larly the fast‐growing Acropora and Isopora species, could explain how the reef was able to survive rapid
sea level rise of 20mmyr−1 (Humblet et al., 2019;Webster et al., 2018; Yokoyama et al., 2018). Reef 3b growth
turned off afterMeltwater Pulse (MWP) 1‐A and prior to the YDC (Webster et al., 2018). Death was likely due
to continued sea level rise and increased sediment input negatively impactedwater quality (e.g., reduced sun-
light penetration, increased nutrients) (Hinestrosa et al., 2016; Webster et al., 2018) exerting more stress on
the reef than the cool SSTAs.

Reef 4, the proto‐GBR and last reef in the deglacial sequence, developed a typical barrier reef morphology,
closely resembling the GBR's modern, shelf structure, with a landward migration of 1.3–1.8 km in less than
2 kyr, following flooding of former Reef 1 (Webster et al., 2018). The Reef 4 assemblage mainly consisted of
robustly branching or columnar Isopora, with vertical accretion rates up to 9.6 mm yr−1 at the reef's onset
but dropped off dramatically after ~11.5 kyr BP (Humblet et al., 2019; Webster et al., 2018). RSL climbed
~4 mm yr−1 during Reef 4 and reached ~50 mbsl by its turn off at ~10 ka (Webster et al., 2018; Yokoyama
et al., 2018). Notably, SSTAs approached modern conditions, 1.3 ± 0.9°C to 1.5 ± 1.0°C cooler than modern.
The most important takeaway from our record is that there is clear relative warming during the YDC com-
pared to the LGM (Figure 2).

Based on the assemblage work conducted byWebster et al. (2018) and Humblet et al. (2019), there is no clear
drowning event associated with MWP‐1B (11.45 ka), which is present in Barbados (Abdul et al., 2016; Bard
et al., 1990; Fairbanks, 1989). Instead, the top of Reef 4 is marked by a major slowdown in vertical accretion
rates to 4.2 (HYD) to 1.4 (NOG) mm yr−1 leading up to its ultimate demise. However, the reason for this
change in rate is still uncertain (Webster et al., 2018) and most of the IODP Expedition 325 corals with
SSTAs are from the initial growth of Reef 4 (~13–11.7 kyr BP). Webster et al. (2018) proposed that Reef 4
death was due to increased sedimentation, mostly comprised of fine siliclastic and carbonate sediments,
which was up to 3 times higher than the deglacial sediment flux (Dunbar et al., 2000; Page &
Dickens, 2005), although they could not rule out the influence of reduced calcification (Perry et al., 2012)
from increased pCO2. The sedimentation hypothesis is further supported by the fact that Reef 4 was
dominated by Isopora, a genus considered to be sediment‐intolerant (Blanchon et al., 2014; Kojis &
Quinn, 1984; Montaggioni, 2005; Webster et al., 2018). In our study, Reef 4 corals are comprised entirely
of YDC‐aged samples. Therefore, Reef 4 and YDC are synonymous here, although Reef 4 growth technically
ceased following the YDC at ~10 ka (Webster et al., 2018). The turn‐on of Reef 5 at ~9 kyr BP, represents the
establishment of themodern (Holocene) GBR (Hopley et al., 2007; Humblet et al., 2019;Webster et al., 2018).

In an effort to explore the impact of hydrology and ocean currents since the LGM, we calculated the δ18O of
seawater (δ18Osw). However, the δ18Osw from each period in the reef sequence are within 1 standard devia-
tion of each other, suggesting that there is little variation. Furthermore, any signal in the δ18Osw record is
swamped by the compounded uncertainties of both the Sr/Ca‐derived SST and the δ18O conversion and
therefore does not appear to yield any significant temporal or spatial (e.g., meridional gradient) trend
(Figure S2). Here, the exploration of the δ18Osw did not clearly elucidate the changes in hydrology that other
Southern Hemisphere noncoral proxy (e.g., Krause et al., 2019) and modeling studies (e.g., Di Nezio et
al., 2016) have identified. Regardless, this is an area that requires further multiproxy investigation to clarify
the meaning behind the coral δ18Osw and hydrologic changes on the GBR since the LGM.

6.3. Significance and Contextualization of YDC Warmth on the GBR

Warming on the GBR during the YDC was identified by Felis et al. (2014), who determined the signal was
similar in New Zealand (Bostock et al., 2013; Kaplan et al., 2010) and to the north in the WPWP (Linsley
et al., 2010). However, they noted that this warming is in contrast to the only other South Pacific YDC‐aged
coral‐based estimates from Tahiti (Asami et al., 2009) and Vanuatu (Corrège et al., 2004). Although with our
propagated uncertainties this disparity is less stark, the GBR SSTAs still support continued warming through
the YDC (i.e., Reef 4). Although we were only able to locate two other published fossil corals dating to the
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YDC, the seven samples recovered by IODP Expedition 325 indicate that corals of that age do in fact exist in
the WPWP during this unique climate interval and signals the need to continue to search for additional coe-
val corals via scientific drilling.

Water temperature during the YDC on the GBR was similar to today, with an SSTA of 1.3 ± 0.9°C to
1.5 ± 1.0°C cooler than modern. In further examining the YDC‐aged corals, the sample dated to
11.746 kyr BP (325‐57A‐5R‐1 (1–3)) is >1.5 standard deviations cooler than the mean during this interval
(Figure 3). With the small sample size of YDC‐aged corals, it is difficult to establish statistical thresholds
to determine outliers. Therefore, this coral cannot be omitted based on available data and although with
its inclusion there is no statistically significant YDC trend, we can still consider the average temperature
during this interval. As all corals dated to the YDC are from NOG we cannot complete an intersite
comparison.

The SSTAs yielded by our YDC‐aged corals are not consistently reached at other sites in the WPWP region
until 8 kyr BP at the earliest, although Vanuatu corals appear to warm closer to ~9 kyr BP (Figure 3). As
previously discussed, we did not adjust our Sr/Ca measurements for potential glacial‐interglacial changes
in the Sr/Ca composition of seawater. Therefore, our SSTAs likely provide a minimum SSTA for the YDC,
which avoids overestimation of the relative warmth during this interval. It is difficult to draw statistically
robust conclusions with corals comparing the expression of the YDC on the GBR to other Southern
Hemisphere locales as samples dated to this period are rare in the literature. However, we can outline
three major takeaways regarding the YDC. First, there is no evidence for cooling on the GBR during the
YDC, even when considering our uncertainty estimates. Next, the simple fact that multiple corals that
dated to this interval were retrieved signals the possibility that more can be recovered, potentially in other
WPWP locations. Scientific reef coring efforts that focus on the YDC could resolve some of the geographic
heterogeneity and fill in the current spatial and temporal data gaps. Finally, modern temperatures appear
to be reached on the GBR during the YDC and approach the values recorded in other early Holocene
corals throughout the WPWP. With the limited available data, from a qualitative standpoint the GBR
appears warmer that other parts of the WPWP (Figure 3). Aside from the small sample size limiting the
YDC comparison, we should consider that zonal SST gradients could influence the intersite temperature
offset.

6.4. Potential YDC‐Warmth Mechanisms

The mechanisms behind the Northern and Southern Hemispheres expression of the YDC are continually
being explored. Understanding the drivers behind the warming in the Southern Hemisphere during this
interval will likely lead to a deeper understanding of its apparent geographic heterogeneity. For this reason,
it should be considered whether multiple processes resulted in YDC warming on the GBR.

The steeper meridional SST gradient along the GBR during the LGM and deglaciation weakened after
12.7 kyr BP as HYD warmed to a greater degree than NOG (Felis et al., 2014). Felis et al. (2014) suggested
that this was potentially the result of a strengthening subtropical Pacific gyre and EAC (Bostock et al., 2006).
But the climate mechanisms responsible for 2–3°C greater warming during the YDC on the GBR compared
to fossil evidence at Vanuatu (Corrège et al., 2004) and Tahiti (Asami et al., 2009) is unclear. Note that all Sr/
Ca‐SSTA values discussed here are uncorrected for Sr/Ca‐seawater composition changes, although Asami et
al. (2009) provide options for corrected SSTAs in their study. However, if all values were adjusted, they
would all shift to yield warmer conditions with the relative difference between the sites preserved. The very
limited amount of YDC‐aged fossil coral data in the South Pacific prohibits a more critical evaluation of spe-
cific mechanisms. At face value, the GBR, Vanuatu, and Tahiti YDC results suggest that the GBR warmed
more than the central and southwestern South Pacific at this time. Perhaps the strength of the EAC on mil-
lennial time scales is controlled more by the Southern Hemisphere subtropical front along the edge of the
Southern Ocean (~43°S) (SF in Figure 1) and less by gyre strength as proposed by Strand et al. (2019, and
references therein). This might explain the relatively warm conditions on the GBR during the YDC. A
change in the mean position of the South Pacific Convergence Zone (SPCZ) during the YDC could also
explain relative cooling in the central SW Pacific gyre region. Today, a more zonal orientation and equatorial
location of the SPCZ results in the cooler (and saltier) conditions in a broad region including Tahiti and
Vanuatu (Linsley et al., 2017; Vincent et al., 2009). While we cannot distinguish the relative importance of
each mechanism, we speculate that at least the GBR and New Zealand are influenced by the same or related

10.1029/2020PA003962Paleoceanography and Paleoclimatology

BRENNER ET AL. 11 of 17



regional drivers. This is based on proximity and the similar timing of warming at both sites that appears to
coincide with an increase in atmospheric CO2 in New Zealand glaciers (e.g., Kaplan et al., 2010; Koffman
et al., 2017; Strand et al., 2019).

In the upper Rakaia Valley of New Zealand, glacier‐inferred temperatures were about 1°C cooler than mod-
ern from ~13.140–11.620 ka (Koffman et al., 2017), comparable to the temperatures at NOG and HYD. The
glacial retreat in New Zealand, during Northern Hemisphere Heinrich Stadials (e.g., Heinrich Stadial 1 and
Heinrich Stadial 0/YDC) (Koffman et al., 2017; Strand et al., 2019) is paralleled by warming in the Chilean
Lake District (Denton et al., 1999; Moreno et al., 2015). Strand et al. (2019) suggested that this pan‐Pacific
signal during the YDC is due to either atmospheric or oceanic transport of heat leading to southerly shifts
in the thermal equator coinciding with winter‐centric Heinrich Stadials. In turn, this pushes the Southern
Hemisphere westerlies, the Australasian monsoon system, and the Subtropical front at the northern edge
of the Southern Ocean southward (Chiang et al., 2009; Strand et al., 2019). These shifts require the bipolar
seesaw (Timmerman et al., 2007), which allows North Atlantic circulation and increased heat sequestration
in the Southern Ocean via deepwater formation. This leads to enhanced Southern Ocean upwelling and
degassing of CO2 (Anderson et al., 2009).

The evolution of atmospheric CO2 since the LGM is also correlated to moraine‐based late glacial warming
observations (e.g., Kaplan et al., 2010; Koffman et al., 2017; Strand et al., 2019). This air temperature‐CO2 rela-
tionship is consistent with a compilation of foraminiferal‐based SST records throughout the IPWP (South
China Sea: Moffa‐Sanchez et al., 2019, Steinke et al., 2008, 2011, Sumatra: Mohtadi et al., 2014, Papua New
Guinea: Moffa‐Sanchez et al., 2019, Timor Sea: Gibbons et al., 2014; Holbourn et al., 2011; Levi et al., 2007;
Xu et al., 2008, and the Indonesian Throughflow: Fan et al., 2013; Linsley et al., 2010; Rosenthal et al., 2003;
Schröder et al., 2016, 2018; Stott et al., 2004) (Moffa‐Sanchez et al., 2019). The coevolution of SST and CO2 is
also evident in our SSTA record when corals record nearmodern temperatures during the YDC and there is a
coincident rise in atmospheric CO2 commencing around 12 kyr BP (Bereiter et al., 2015) (Figure 3).

There is additional potential evidence in Antarctica for warming during the YDC. Following its retreat from
its maximum LGM position, the grounding line of the paleo‐Bindschadler Ice Stream stabilized ~14.7 cal.
(calibrated) kyr BP, indicated by radiocarbon ages of benthic foraminifera (Bart et al., 2018). This ice sheet
collapsed after ~12.3 cal. kyr BP and the grounding line was stable until ~11.5 cal. kyr BP (Bart &
Tulaczyk, 2020). However, shortly after, and potentially synchronous with, MWP‐1B a rapid 200 km ice
retreat was recorded in the Ross Sea (Bart et al., 2018). The timing of this Antarctic ice sheet retreat occurs
at the end of the YDC, and we speculate that this could be related to synchronous YDCwarming apparent on
the GBR.

The exact reasons for the shifts in the climate system that lead to YDC warming on the GBR are still uncer-
tain, as indicated by modeling studies. The YDC's Northern Hemisphere expression is reconstructed well by
simulating the draining of the massive glacial Lake Agassiz leading to a shutdown of Atlantic Meridional
Overturning Circulation (AMOC) (Manabe & Stouffer, 1997). However, it fails to recreate the warming that
we now know is present in the Southern Hemisphere. Renssen et al. (2015) performed experiments with the
LOVECLIM model to identify the driver, or drivers, behind the YDC that would result in hemispheric SST
asymmetry. Some combination of a significant reduction in AMOC, atypical atmospheric northerly flow
over Europe, and some moderate measure of radiative cooling due to either increased atmospheric dust or
a decrease in atmospheric methane or nitrous oxide were necessary for them to reproduce YDC conditions
with hemispheric bipolarity (Renssen et al., 2015), even with global CO2 rising. However, they were unable
to disentangle the relative significance of each forcing. Our coral SSTA record underscores the need to
further investigate the YDC throughout the GBR and Indo‐Pacific to further clarify the global heterogeneity
of deglacial millennial climate variability and improve comparisons of model output. It is imperative to con-
sider the growing compendium of proxy‐based results from the Southern Hemisphere in revised model
experiments to more fully outline potential drivers and their relative importance.

6.5. Significance of Reef 4 and Implications for the Future

A full understanding of the demise of GBR Reef 4 is critical since its near modern barrier reef morphology
provides an opportunity to explore the limits of GBR's development prior to anthropogenic influence. It is
likely that SST rise, exceeding a certain threshold temperature and/or warming rate, in conjunction with
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other stressors, like sedimentation, make reefs vulnerable to drowning as a result of slowing vertical accre-
tion. As discussed earlier, Webster et al. (2018) determined that Reef 4's demise could not solely be attributed
to rising sea level but instead was driven by a combination of sea level and amassive influx of sediment to the
region. Absolute temperature is not what typically leads to coral bleaching and potential subsequent coral
death, but instead the rate of change or sustained exceedance of meanmonthly maximum temperatures nor-
mally experienced at a given site (i.e., degree heating weeks) is often the culprit (e.g., Hughes et al., 2017).
It is possible that the SST conditions during the YDC (see sections 6.2 and 6.3) may have contributed to
slowing vertical accretion and further destabilized the reef ecosystem.

With sea and air temperatures rising, the biological, physical, and chemical integrity of the GBR are at great
risk in the coming decades (Lough, 2007). According to Representative Concentration Pathway (RCP) 4.5
modeling, bleaching in the GBR will occur at least twice per decade beginning in 2018 with conditions con-
ducive to annual bleaching starting between 2052 and 2067 (Moss et al., 2010; van Hooidonk et al., 2013). It
is predicted that the SSTs will increase by about 2.5°C by 2100 off the northeastern coast of Australia in the
GBR (Cai et al., 2014; Hoegh‐Guldberg et al., 2014; Lough et al., 2012; Reisinger et al., 2014; Rhein
et al., 2013), ~2 orders of magnitude faster than the rate of warming during the last deglaciation.

The impacts of recurrent bleaching events (i.e., damage to already stressed reefs) has been an important
research area for climate scientists, paleoclimatologists, and reef ecologists. Some studies indicate that ther-
mal exposure activates various mechanisms that lead to coral and coral symbiont acclimatization or adapta-
tion to bleaching (e.g., Ainsworth et al., 2016; Bay et al., 2016; Torda et al., 2017) or an increase in the
proportion of more heat resistant coral colonies (e.g., Baker et al., 2008). Other work found that there is a
cumulative impact of high‐frequency mass bleaching events especially when there is insufficient time for
more mature coral colonies to grow (Hughes et al., 2017). What is known, however, is that we cannot exam-
ine the impact of a given climate‐related event on a reef in isolation and must consider the environmental
conditions prior to and following the incident of concern for a thorough assessment (Hughes et al., 2019).
Although the projected future warming is unprecedented in the context of the LGM and last deglaciation,
our paleo data illustrate that a confluence of factors, including SST, can lead to the demise of a reef, support-
ing the idea that an already weakened system may be more sensitive to additional stressors that may other-
wise not have led to reef growth turn off.

7. Conclusions

This IODP Expedition 325 deglacial SSTA record sheds light on the SST history of the GBR with the first
application of Isopora‐based SST calibrations to Isopora fossil corals. The GBR was 4.8 ± 0.9°C to
5.5 ± 1.0°C cooler relative to modern at NOG (n= 5) and 6.9 ± 1.0°C to 7.8 ± 1.1°C cooler relative to modern
at HYD (n = 4) during the LGM. The existing data suggest warming continued through the deglaciation
following the LGM. As first noted by Felis et al. (2014), warming on the GBR during the YDC is clear and
there is no indication of cooling. These coral data are in line with the growing compendium of
moraine‐based studies that report warming during the YDC in Southern Hemisphere. The temperature
conditions on the GBR during the YDC are not consistently reached at other sites in the WPWP until
~8 kyr BP. Importantly, the mere presence of the many YDC‐aged corals indicates that future investigation
of this interval is possible, and could clarify some of the spatial differences. By compiling SSTAs with RSL
and reef sequence we provide a robust overview of the GBR evolution from the LGM to the base of the
Holocene. From this comprehensive perspective, it is clear that the reason for reef stress and demise is
multi‐factorial. As we consider the future of the GBR and other coral reefs we must consider not only tem-
perature but also the confluence of associated changes in sediment flux, sea level, and existing coralgal
assemblage among others for accurate predictions.

Data Availability Statement

Data in this study can be found at https://www.ncdc.noaa.gov/paleo/study/31835 on the NOAA NCEI data-
base and coral geochemical data originally published at https://doi.pangaea.de/10.1594/PANGAEA.833408
on the World Data Center PANGAEA.
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