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Abstract The Holocene is considered a period of relative climatic stability, but significant proxy
data‐model discrepancies exist that preclude consensus regarding the postglacial global temperature
trajectory. In particular, a mid‐Holocene Climatic Optimum, ~9,000 to ~5,000 years BP, is evident in
Northern Hemispheremarine sediment records, but its absence frommodel simulations raises key questions
about the ability of the models to accurately simulate climate and seasonal biases that may be present in the
proxy records. Here we present new mid‐Holocene sea surface temperature (SST) data from the western
tropical Atlantic, where twentieth‐century temperature variability and amplitude of warming track the
twentieth‐century global ocean. Using a new coral thermometer Sr‐U, we first developed a temporal Sr‐U
SST calibration from three modern Atlantic corals and validated the calibration against Sr‐U time series
from a fourth modern coral. Two fossil corals from the Enriquillo Valley, Dominican Republic, were
screened for diagenesis, U‐series dated to 5,199 ± 26 and 6,427 ± 81 years BP, respectively, and analyzed for
Sr/Ca and U/Ca, generating two annually resolved Sr‐U SST records, 27 and 17 years long, respectively.
Average SSTs from both corals were significantly cooler than in early instrumental (1870–1920) and late
instrumental (1965–2016) periods at this site, by ~0.5 and ~0.75 °C, respectively, a result inconsistent with
the extended mid‐Holocene warm period inferred from sediment records. A more complete sampling of
Atlantic Holocene corals can resolve this issue with confidence and address questions related to
multidecadal and longer‐term variability in Holocene Atlantic climate.

1. Introduction

The Holocene Climatic Optimum (HCO), spanning approximately 9,000 to 5,000 years BP, serves as an
important reference for the response of the climate system to a change in radiative forcing and as a testbed
for Global Climate Model projections of future climate (Lorenz et al., 2006; Wanner et al., 2008). Also known
as the Holocene Hypsithermal, Altithermal, and Holocene Thermal Maximum, this interval has been
described as a 1–5 °C warming in the Northern Hemisphere over peak Little Ice Age (LIA) conditions
(Lamb, 2013; Renssen et al., 2009, 2012) and is attributed to an orbitally induced increase in summertime
insolation (e.g., Kaufman et al., 2004; Laepple & Lohmann, 2009).

While the HCO warming relative to LIA temperatures is clearly defined in many Northern Hemisphere
paleorecords, it is not well known whether the world, on average, was warmer during the mid‐Holocene
and whether current temperatures exceed mid‐Holocene warmth. These gaps in knowledge stem, at least
in part, from a paucity of data from the tropics and Southern Hemisphere and inconsistencies among
existing marine and terrestrial data sets (Liu et al., 2014; Marcott et al., 2013; Marsicek et al., 2018;
Shakun, 2018). Global Climate Model simulations suggest that mid‐Holocene warming in response to rising
CO2 and the retreat of ice sheets has continued into the preindustrial era (e.g., Liu et al., 2014). This contrasts
with a period of warmth peaking in the mid‐Holocene followed by cooling into the LIA that is implied by
many marine and terrestrial paleorecords (e.g., Marcott et al., 2013). This mismatch, referred to as the
“Holocene Conundrum,” has been attributed to seasonal biases in temperature estimates from marine
sediment cores or from the inability of climate models to accurately simulate unequal insolation changes
across the globe (Laepple & Lohmann, 2009; Liu et al., 2014; Shakun, 2018).
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A recent compilation of pollen records from North America and Europe suggests a warming trend from the
early to late Holocene, without a peak warmth in the mid‐Holocene, that is consistent with climate simula-
tions (Community Climate System Model version 3 [CCSM3]; Marsicek et al., 2018). This result, combined
with high Northern Hemisphere summer insolation, raises the possibility that mid‐Holocene warmth
implied by North Atlantic sediment records reflects a summertime bias. As these high‐latitude marine
records dominated the “global” stack (Marcott et al., 2013), they may have caused “global” mid‐Holocene
peak warmth and subsequent cooling trend in the reconstruction. It thus seems possible that globally, and
in the annual mean, the HCO was not as warm as once thought, at least in the North Atlantic. However,
accurate estimates of mid‐Holocene mean annual temperature from undersampled regions are needed to
fully characterize the mid‐Holocene and to provide context for late 20th and early 21st century warming.

Estimating the Holocene global annual mean sea surface temperature (SST) trend by generating records
across the global ocean is a daunting task. An alternative approach is to generate records from regions where
SSTs are highly correlated with global mean annual SSTs in the instrumental era. One such region is the
western tropical Atlantic (WTA; Figure S1), the focus of this study. There are few existing mid‐Holocene
SST estimates from the WTA. Some are based on Mg/Ca of planktonic foraminifera, which may also be
seasonally biased (e.g., Wurtzel et al., 2013), and one is based on alkenones and foraminifera Mg/Ca
(Rühlemann et al., 1999), but lack of overlap with the instrumental record precludes a comparison with late
twentieth‐century SSTs.

In the tropics, corals generally grow throughout the year and coral‐based estimates of SST have potential to
overcome biases caused by seasonal growth of other biological archives. A mid‐Holocene coral‐based SST
record exists for the WTA, derived from Sr/Ca ratios of U‐series‐dated fossil colonies from Bonaire, in the
southern Caribbean (Giry et al., 2012). However, absolute SSTs derived from Sr/Ca of the modern corals
in the study area fail to capture twentieth‐century SSTs at this site, and different Sr/Ca‐SST calibration
equations yield very different absolute SSTs and trends (Figure S2). This erodes confidence in the
interpretation of patterns of variability and trends derived from the fossil coral Sr/Ca (Figure S2).

Here we present new coral‐based SST estimates for the WTA for two multidecade‐long windows during the
mid‐Holocene, derived using a new coral paleothermometer, Sr‐U (Alpert et al., 2017; DeCarlo et al., 2016).
The mid‐Holocene‐aged corals were sampled from the Enriquillo Valley, Dominican Republic, where coral
reefs were established as global sea level rose and flooded the valley about 9,000 years ago (Figure 1).
Fringing reefs developed and thrived for about 4,000 years. As sea level rise slowed, sedimentation occurred
near the distal end of the valley, the seaway became restricted, and reef‐building ceased (Winsor et al., 2012).
Holocene, mostly aragonitic, sediments buried the reefs. Erosional gullies belowmodern sea level have since
exposed complete reef sequences, from initial colonization to burial (Mann et al., 1984).

Sr‐U combines Sr/Ca and U/Ca ratios to correct for the “vital effects” on coral Sr/Ca that give rise to incon-
sistencies in derived SSTs (DeCarlo et al., 2016). In the initial application of the Sr‐U thermometer, a spatial
Sr‐U SST calibration, composed of averaged Sr‐U values of multiple corals spanning a wide temperature
range, was used to reconstruct a 100‐year‐long SST record spanning the twentieth century (Alpert et al.,
2017). The Sr‐U‐derived SSTs captured the mean and twentieth‐century trend in the instrumental record
but overestimated the interannual variability. In this study, we derived a temporal Sr‐U calibration based
onmultidecade‐long Sr‐U time series generated from three living corals. We validated the calibration against
a 46‐year‐long (1959–2005) Sr‐U record from a fourth coral collected live in Martinique. We then applied the
calibration to two U‐series‐dated, mid‐Holocene‐aged corals from the Enriquillo Valley, Dominican
Republic, to reconstruct mid‐Holocene SSTs. In addition, we applied the new temporal calibration to exist-
ing Sr‐U data from a LIA coral spanning the time period 1445–1669 Common Era (CE; Alpert, 2016) and pre-
sent an averaged LIA SST estimate from that coral for comparison with average mid‐Holocene and
twentieth‐century SSTs.

2. Materials and Methods
2.1. Study Sites
2.1.1. Modern Corals
Three corals of two different species collected at two Caribbean reefs were used to construct a temporal Sr‐U
SST calibration (Figure 1a and Table 1). Sr/Ca and U/Ca data and Sr‐U estimates from two of the cores were
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published previously. They are rebinned and the Sr‐U values recalculated here (Alpert, 2016; Alpert et al.,
2017). One core was extracted from a living Siderastrea siderea colony in the Puerto Morelos Reef Park,
Yucatan Peninsula (core ID# Jardin C), and one from a living Orbicella faveolata colony in Mona Island,
Puerto Rico (core ID# PR‐OF‐001). Sr/Ca and U/Ca data from an additional Siderastrea siderea coral (core
ID# Jardin A), also from the Puerto Morelos Reef Park site (Vásquez‐Bedoya et al., 2012), were generated
for this study and included in the calibration.

The temporal calibration was validated with new data generated from a modern Siderastrea siderea coral
from Grande Cai, Martinique (core ID #719). The live colony was cored in December 2013 at a depth of
4.5 m. The core was computerized tomography (CT) scanned intact (Figure S4) and slabbed through the cen-
ter to reveal the skeletal architecture and sampling track. Subsamples were extracted at approximately sea-
sonal resolution spanning an estimated 53 years, of which 46 were used in the study. Sr‐U values were
generated from paired Sr/Ca and U/Ca data and used to validate the thermometer against the instrumental
SST record.
2.1.2. Fossil Corals
Two nonliving coral Orbicella spp. colonies of mid‐Holocene age, collected in the Enriquillo Valley, western
Dominican Republic, were analyzed for this study (Figure 1 and Table 1). In addition, we rebinned

Figure 1. (a) Locations of modern and fossil corals (yellow triangles) analyzed for this study. PM = Puerto Morelos; EV = Enriquillo Valley; MI = Mona Island;
PR = Puerto Rico (Pinnacles site); MAR = Martinique. Locations of sediment cores referred to in the study are indicated by red circles: GB = Grenada Basin;
CB = Cariaco Basin. (b and c) Photographs of the Enriquillo Valley site showing outcrop of in situ coral colonies encased in loose sediment. In (c), scale bar is 10 cm.
(d) X‐rays of slabs cut from the EV corals analyzed in this study. Red lines demarcate the sampling track for each coral. (e) Scanning electron microscope
image showing microscale structure and condition of the skeleton of EV coral CH‐232. The absence of secondary aragonite crystals in the pore spaces indicates the
pristine condition of the coral. Additional information about coral condition comes from X‐ray diffraction analyses (Figure S3).

Table 1
Metadata for the Coral Samples Analyzed in This Study

Coral ID Species Location Depth (m) Age range

PR‐OF‐001 (Mona Island, PR) Orbicella faveolata 18.1153°N, 67.9374°W 7 1901–1997
Jardin C (Yucatan) Siderastrea siderea 20.8321°N, 86.8789°W 3 1998–2007
Jardin A (Yucatan) Siderastrea siderea 20.8321°N, 86.8789°W 4 1979–2006
E1P (Parguera, PR) Orbicella faveolata 17.9368°N, 67.0184°W 7 1445–1669
MAR‐719 (Martinique) Siderastrea siderea 14.4512°N, 60.929°W 4.5 1959–2012
CH‐232 (Dominican Republic) Orbicella faveolata 18.5079°N, 71.5676°W 30 5,199 ± 26
CH‐202 (Dominican Republic) Orbicella faveolata 18.5079°N, 71.5676°W 30 6,427 ± 81
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previously generated Sr/Ca and U/Ca data (A. Alpert, 2016) for the early LIA, recalculated the Sr‐U values,
and applied the new temporal calibration to derive LIA SSTs. At the Enriquillo Valley Canada Honda fossil
reef site, 11 corals were initially sampled from strata with an estimated age range of 7,000 to 5,000 years BP
(Collazo, 2015; Cuevas et al., 2009; Hubbard et al., 2004; Figures 1b and 1c). The corals were cut to 5‐mm‐

thick slabs and X‐rayed (Figure 1d) and screened for secondary aragonite growth, dissolution, and calcite
recrystallization using scanning electron microscope (SEM) imaging and X‐ray diffraction (XRD), respec-
tively (Cohen & Hart, 1997; Sayani et al., 2011; Figures 1e and S3). Colonies CH‐202 and CH‐232 were
selected for U‐series dating based on their pristine condition, returning ages of 6,427 ± 81 and 5,199 ± 26
years BP, respectively, from samples extracted at the base of each slab. U‐series dating was conducted using
the method detailed in Pourmand et al. (2014). These estimates are consistent with their stratigraphic posi-
tion within the reef. Detailed U‐series information is provided in supporting information Table S1. The coral
slabs were subsampled at seasonal resolution, and Sr‐U values were generated from paired Sr/Ca and U/Ca
data and used to calculate SST.

Sr‐U values were also calculated from Sr/Ca and U/Ca data previously generated from a fossil Orbicella
faveolata coral from Pinnacles Reef, Puerto Rico (Alpert, 2016; Table 1). U‐series dates of the coral E1P indi-
cate the colony died around 1670 CE (Kilbourne et al., 2010). We then used the new temporal calibration to
derive SST estimates from the data. We present an average SST estimate from this coral, centered on ~1557
CE, for comparison with mid‐Holocene and twentieth‐century average SSTs.

2.2. Subsampling and Analysis

CT scans and X‐rays were used to construct the age models and identify the sampling tracks (Figure 1d).
Slabs were ultrasonicated in deionized water to remove debris and dried overnight in a 50 °C oven. Using
a dental drill fitted with a 0.3‐mm diamond bit, approximately 50 to 80 μg of coral powder was extracted
at 0.5‐mm intervals under a Nikon SMZ1500 stereo microscope, targeting the solid thecal wall. Sample pow-
ders were dissolved in Optima grade nitric acid and analyzed either on the ThermoFisher Element2 induc-
tively coupled plasma mass spectrometry (ICP‐MS; fossil corals) following the method detailed in Alpert
et al. (2017) or on the ThermoFisher Quadropole iCAP ICP‐MS (Martinique), both at Woods Hole
Oceanographic Institution. Sr/Ca and U/Ca intensity ratios were converted to molar ratios using a standard
curve constructed from coral skeleton (JCp‐1; Okai et al., 2002), fish otoliths (FEBS‐1, NIES; Sturgeon et al.,
2005; Yoshinaga et al., 2000), and limestone (NBS‐19; Fernandez et al., 2011). A consistency standard
accounted for instrumental drift. Reported error of the measurements on the Element2 is quantified by
repeated measurements over 2 years of the consistency coral standard and indicates an external precision
of ±0.04 mmol/mol for Sr/Ca (1σ, n = 274) and ±0.02 μmol/mol for U/Ca (1σ, n = 274) as reported by
Alpert (2016). Error on the iCAP was calculated using the same consistency standard and indicates a preci-
sion of ±0.05 mmol/mol for Sr/Ca (1σ, n = 29) and ±0.01 μmol/mol for U/Ca (1σ, n = 29).

2.3. Age Model

CT scans revealed high‐ and low‐density band couplets along the axis of maximum growth. A high‐/low‐
density band couplet is interpreted to represent 1 year of growth. We used CT scans to build age models
for the modern (Figure S4) and LIA corals. Annual bands in the Enriquillo Valley samples (Figure 1d)
were relatively obscure, likely due to the anomalous growth architecture of the corals (Figure 1c).
Thus, we developed age models from the seasonally resolved Sr/Ca, B/Ca, and U/Ca cycles that we gen-
erated for the Sr‐U thermometer. We checked these estimates against an independent estimate of growth:
dissepiment spacing (Figure 2). Dissepiments are fine horizontal plates accreted by the coral once a
month (DeCarlo & Cohen, 2017; Winter & Sammarco, 2010). Thus, 12 to 13 dissepiments represent 1 year
of growth, and the distance between successive dissepiments reflects the monthly extension of the coral.
We used the number of dissepiments per annual growth band and the dissepiment spacing to corroborate
the band‐based age model. We also compared dissepiment spacing with our subsampling resolution to
exclude the possibility of seasonal bias in the sampling. To count and measure dissepiments, the cut face
of the core was photographed under a Nikon SMZ1500 stereo microscope and imaged with SEM.
Dissepiments were counted, and their spacing was measured from the photographs using ImageJ with
calibrated SEM images.
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2.4. Sr‐U Calculations

Sr‐U values were calculated from 2 to 3 years of seasonally resolved, paired Sr/Ca and U/Ca data following
methods described in DeCarlo e al. (2016) and Alpert et al. (2017). Sr‐U is defined as follows:

Sr−U ¼ f U=Cað Þ U=Ca ¼ 1:1 μmol=mol (1)

where f(U/Ca) is the slope and intercept resulting from ordinary least squares regression of Sr/Ca on U/Ca
for a specified time period generated from an individual coral colony. Since a distribution of Sr/Ca and U/Ca
values is needed to determine their relationship, Sr/Ca and U/Ca data spanning at least 1 year are required to
generate a single Sr‐U value. This constrains the temporal resolution of Sr‐U‐derived SSTs to aminimum of 1
year and depends on the number of data points we are able to generate per year of coral growth.

For all previously generated and published Sr/Ca and U/Ca data used in this study (Alpert, 2016; Alpert
et al., 2017) we rebinned the Sr/Ca and U/Ca data and recalculated the Sr‐U values. Bins of 3 years (staggered
to achieve 1.5‐year nominal resolution) were used on theMona Island coral, and bins of 2 years (1‐year nom-
inal resolution) were used on the Yucatan andMartinique corals. The Enriquillo Valley Sr/Ca andU/Ca data
were also binned at 2 years, providing 1‐year nominal resolution. The E1P coral (LIA) was binned at 3 years
(1.5‐year nominal resolution). In each case the SST estimates from every other bin are independent. While
the SST estimates from the remaining bins utilize data from each of two neighboring bins, these SST esti-
mates are not the same as the average of the two neighboring bins (e.g., direct interpolation) because new
regressions, Sr‐U, and SST estimates are determined from data within these bins.

To establish the Sr‐U SST calibration, each resulting Sr‐U value was related to its respective observed SST
from the Hadley Centre Sea Ice and Sea Surface Temperature (HADISST) version 1 data set (Rayner et al.,
2003). The SST data were binned at the same resolution as the respective coral data for each site. SST
Loggers deployed in Mona Island indicate that the average temperatures recorded by the logger are ~0.2
°C cooler than satellite‐derived SSTs for the site (Alpert et al., 2017). Thus, HADISST data in the calibration
were adjusted by −0.2 °C for the Mona site.

The 1σ uncertainty on each Sr‐U value was calculated from the standard error of prediction on the U/Ca‐ver-
sus‐Sr/Ca regression (equation 2 in Alpert et al., 2017). The standard error of prediction of the Sr‐U SST pre-
diction as well as the 1σ uncertainty of the derived SST is calculated using equations 3 and 6 in Alpert
et al. (2017).

3. Results
3.1. Coral Preservation

XRD analyses of the Enriquillo Valley fossil corals (Figure S3) reveal prominent aragonite spectral peaks, but
there are no calcite peaks in the spectra from either coral, despite subaerial exposure for thousands of years.
With SEM, we identified secondary aragonite needles lining some skeletal pore spaces, but levels of second-
ary aragonite were low and never caused pore space closure (Figures 1e and 2; e.g., Cohen & Hart, 2004).
Nevertheless, during subsampling, we carefully targeted the thecal walls, avoiding the pore spaces to ensure
only pristine material was analyzed.

Figure 2. A scanning electronmicroscope (SEM) image of a corallite of the Enriquillo Valley coral CH 232, U‐series dated to 5,199 years BP. Scale bar is 1 mm. Note
the corallite is positioned perpendicular to the actual growth direction for purposes of display. The SEM image reveals the intact structural elements of the
fossil coral skeleton and absence of secondary aragonite infilling. The dissepiments (red arrows) are clearly visible. These fine structures, oriented perpendicular to
the axis of upward growth, provide support for the coral polyp as it builds the skeleton and are accreted on the lunar cycle. In this study we used the number
of dissepiments per annual growth band and the spacing between them as a critical gauge of the strength of seasonality in coral growth and a check on whether the
corals ceased growth at certain times of the year. Strong seasonality or growth cessation would skew the proxy sea surface temperature record toward the time of
year when growth occurs.
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3.2. Dissepiment Spacing

The distance between successive dissepiments in the Enriquillo Valley corals was measured from the SEM
images (Figure 2) over a distance of approximately 9 mm. The maximum dissepiment distance in CH‐232
is 0.7 mm and the minimum 0.3 mm, with an average spacing of 0.5 mm along the length of the measured
section, implying an average monthly coral extension rate of ~500 μm. For CH‐202, the average dissepiment
spacing was 0.4 mm (minimum 0.3 mm, maximum 0.6 mm). These values imply an average monthly coral
extension rate of 4.5 μm and an average annual growth rate of 5.4 mm, consistent with our estimate derived
from examination of annual bands and the wavelength of Sr/Ca cycles. Critically, the minimum growth rate
of 0.3 mm/month is equivalent to the maximum diameter of the drill bit, indicating that a minimum of
monthly resolution sampling was achieved.

3.3. Temporal Calibration of the Sr‐U Thermometer and Its Validation With Modern Corals

Sr‐U values and respective HADISSTs (n = 100) from the modern Mona Island and Yucatan corals are
plotted in Figure 3a. There is a significant correlation of Sr‐U and SST in the temporal domain (r2 = 0.74,
p < 0.001). An equivalent regression between Sr/Ca average values (n= 100) and temperature indicates that
the two are not significantly correlated (Figure 3b). The relationship between Sr‐U and SST is described by
the following equation:

Sr−U ¼ −0:2437±0:015*SSTð Þ þ 15:730±0:40 (2)

The temporal calibration (equation 2) was applied to Sr‐U values calculated from the modern Martinique
coral to reconstruct 46 years of SST (Figure 4). The Martinique coral was not included in the calibration.
The derived SST record captures the mean absolute SST, interannual variability, and the recent warming
trend in Martinique indicated by the instrumental record. Application of the temporal calibration improves
the SST reconstruction relative to that derived using the original spatial calibration (Alpert et al., 2017;
DeCarlo et al., 2015), which exaggerated the amplitude of the derived SSTs.

Sr‐U and Sr/Ca data from 2005 to 2012 in the Martinique coral were not included in the reconstructions. A
group of anomalously low density features appear in the coral CT scan over this time period, and the Sr‐U
data are similarly anomalous (Figure S4). It is possible that the skeletal and geochemical anomalies relate
to the severe 2005 bleaching event in the Lesser Antilles (Eakin et al., 2010). Since the viability of Sr‐U

Figure 3. (a) Sr‐U values generated from three modern Atlantic corals collected at two sites, plotted against HADISSTs
from the same sites. Sr/Ca and U/Ca values are generated at approximately monthly resolution, and Sr‐U is estimated
from 2 or 3 years of data depending on the number of samples achieved per year. The Sr‐U SST correlation is significant (r2

= 0.74, p < 0.001). Error bars on the Sr‐U values represent 1σ error of the predicted Sr‐U value. Shading represents 1σ
error on the predicted SST for a given Sr‐U value. (b) Sr/Ca values only, generated from the same corals, plotted against
SST. Sr/Ca and SSTs are binned the same way as for Sr‐U. Error on Sr/Ca represents 1σ of the standard error of the mean.
HADISST = Hadley Centre Sea Ice and Sea Surface Temperature; SST = sea surface temperature.
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thermometer has not yet been evaluated through visible skeletal growth anomalies, we excluded these data
from the study.

The temporal calibration was also applied to the century‐long record generated from the PR‐OF‐001 coral
from Mona Island (Figure 4, inset). Alpert et al. (2017) applied the spatial Sr‐U SST calibration to this coral,
which resulted in an exaggeration of the interannual variability in the derived SST. Application of the tem-
poral calibration yields mean SST, interannual variability, and trend consistent with the instrumental
record. Note, however, that the Mona data are included in the new temporal calibration, and thus, in con-
trast to the Martinique reconstruction, the Mona reconstruction does not represent an external validation
or application of the Sr‐U thermometer.

We applied published Sr/Ca‐SST calibration equations to estimate SSTs from the Martinique and Mona
Sr/Ca data (Giry et al., 2012; Hetzinger et al., 2006; Swart et al., 2002). All Sr/Ca calibrations result in unrea-
listically cold or warm temperatures and overestimates of variability and show a cooling trend in Mona and
Martinique, which is inconsistent with the instrumental record (Figure S5). The challenges inherent in inter-
preting SSTs derived from the application of a Sr/Ca‐SST calibration equation derived from one coral, to a
different coral, are fairly widely recognized (e.g., Abram et al., 2009; Alpert et al., 2017; Felis & Patzold,
2004; Giry et al., 2012). This is because different corals have different Sr/Ca‐SST relationships. Several stu-
dies attempt to address this issue by deriving a universal equation that combines the Sr/Ca‐SST equations
from multiple corals. The resulting equation has larger uncertainties on the derived SSTs (Alpert et al.,
2017; Giry et al., 2012). The Sr‐U thermometer reduces these uncertainties by correcting for the “vital effects”
that cause the differences in Sr/Ca‐SST among different corals.

3.4. Mid‐Holocene and LIA Sr‐U SST Estimates

Two Sr‐U‐derived SST time series were constructed from themid‐Holocene corals at annual resolution using
equation 2 (Figure 4). Time series from colony CH‐202 (6,427 ± 81 years BP) and colony CH‐232 (5,199 ± 26
years BP) spanned 17 and 27 years, respectively. Average derived SSTs from CH‐202 were 26.97 °C ± 0.05
standard deviation (minimum 26.81 °C, maximum 27.74 °C) with an average error on the derived SSTs of
0.27 °C. For the younger coral CH‐232, average SSTs were 27.16 °C ± 0.18 standard deviation (minimum

Figure 4. Main figure: Instrumental (HADISST) SST anomalies at Martinique (light gray) and Dominican Republic (dark
gray) from 1870 to 2016 compared with the Sr‐U‐derived SST anomaly record from the modernMartinique coral (red) and
mid‐Holocene‐aged corals from the Dominican Republic (light red, black dots). Instrumental and coral records are
annually resolved; error bars are 1σ. Anomalies are calculated using site‐specific HADISST climatology from 1961 to 1990.
Inset: HADISST and Sr‐U‐derived SST fromMona Island, Puerto Rico. AMona Island coral Sr‐U SST record was published
previously (Alpert et al., 2017) using the spatial calibration of DeCarlo et al. (2016). Here the Sr/Ca and U/Ca data are
rebinned and the Sr‐U SSTs recalculated using the temporal calibration (Figure 3). HADISST =Hadley Centre Sea Ice and
Sea Surface Temperature; SST = sea surface temperature.
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26.57 °C, maximum 27.17 °C) with an average error on the derived SSTs of 0.28 °C. The two Holocene time
series exhibit equal variances (F < F critical one tail, p > 0.05), but their mean SSTs are statistically different
(unpaired t‐test equal variance, p = 0.001), with the older coral yielding significantly cooler mean SSTs than
does the coral that grew on the reef ~1,200 years later. By comparison, average annual instrumental SSTs in a
1°‐by‐1° grid centered on the southeastern coast of the Dominican Republic, close to the entrance of the
paleoseaway for the Enriquillo Valley, were 27.3 °C ± 0.2 in the earliest part of the record (1870 to 1900
AD) and 27.7 °C ± 0.2 in the late 20th/early 21st century (1980 to 2010 AD). Both time periods of the
mid‐Holocene reconstructed here were significantly cooler than the early instrumental period (unpaired t‐
test equal variance, p < 0.01), by ~0.4 and ~0.2 °C, respectively. They were also significantly colder than
the late 20th/early 21st century period. Conversely, variability in the mid‐Holocene time series was not sta-
tistically different from the early instrumental period or the post‐1965 detrended time series (F < F critical
one tail, p > 0.05).

We derived an average SST estimate for the early LIA (~1465.5–1564.5 CE) from Sr‐U values obtained from
an Orbicella coral from Pinnacles Reef, Puerto Rico (Kilbourne et al., 2010; Alpert, 2016; Figure 5). Applying
equation 2 to the Sr‐U time series generated from the early LIA coral yielded averaged SSTs of 27.1 °C ± 0.16,
which is not significantly different from the younger mid‐Holocene coral (p= 0.43) but significantly warmer
than SSTs derived from the older mid‐Holocene coral (p = 0.002). To make a direct comparison between
early LIA and twentieth‐century SSTs, we compared Sr‐U SSTs from the Mona coral with Sr‐U SSTs from
the LIA coral E1P. Our analysis indicates that SSTs during the early LIAwere not significantly different from
that during the early instrumental period but were significantly colder, by ~0.5 °C than the late 20th/early
21st century SSTs. Note that the LIA period represented here is not considered the coolest period of the
LIA and more data are needed to capture the timing and full extent of the LIA cooling in the WTA.

To provide a broader context for our data, we compared our results to longer but lower‐resolution estimates
of mean global temperatures (Marcott et al., 2013) and regional Caribbean temperature reconstructions
derived from foraminifera Mg/Ca and alkenone measurements on marine sediment cores (Lea et al.,
2003; Rühlemann et al., 1999) (Figure 5). The SST anomalies for each reconstruction are calculated using
published SST estimates and the respective site's HADISST for 1961–1990. To enable comparison with pub-
lished data, SSTs generated in this study are converted to SST anomalies using a climatological mean calcu-
lated from 1961 to 1990. Whereas the Marcott et al. (2013) reconstruction shows a clear HCO followed by a
cooling trend, the WTA and Caribbean records show either a warming trend (Rühlemann et al., 1999) or

Figure 5. Sr‐U SST anomalies derived from the mid‐Holocene Enriquillo Valley, Little Ice Age Pinnacles Reef, and twen-
tieth‐century Mona Island corals compared with sediment core (alkenone and foram Mg/Ca) reconstructions from the
Lesser Antilles (orange) and Cariaco Basin (gray), and the global temperature stack of Marcott et al. (2013; pink).
Anomalies are calculated using site‐specific HADISST climatology from 1961 to 1990. The Lesser Antilles (Rühlemann
et al., 1999) record's core top temperature is adjusted to match the average modern SST for the site. HADISST = Hadley
Centre Sea Ice and Sea Surface Temperature; SST = sea surface temperature.
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variable temperatures with no clear long‐term trend (Lea et al., 2003). Our result is more consistent with
these latter records (Figure 5).

4. Discussion

The Holocene is considered a time period of relative climate stability, but significant data‐model discrepan-
cies exist that preclude consensus of the postglacial global temperature trajectory into the present day.
Several proxy records indicate peak early–middle Holocene warming followed by a cooling trend that is
inconsistent with global climate simulations of a postglacial warming trend (Liu et al., 2014). Resolving this
“conundrum” is important for understanding the response and sensitivity of current climate to external and
internal forcing and for putting present and future climate into the broader context of the current interglacial
period. Critically, the nature of the postglacial temperature trend determines the timing and extent to which
current, anthropogenically forced climate has exceeded the Holocene range.

Since seasonal biases in paleoclimate proxies have contributed to this discrepancy, paleoclimate records gen-
erated from archives that grow throughout the year in locations that reflect the global mean temperature will
contribute to its resolution. In the tropics, many corals grow throughout the year, and coral‐based estimates
of SST have potential to overcome biases caused by seasonal growth of biological archives. However, tradi-
tional single‐element coral‐based SST proxies cannot be reliably applied to fossil corals because different
coral colonies have different element:calcium (E/Ca) relationships to temperature. Consequently, a single
Sr/Ca‐SST calibration, for example, cannot be developed on one coral and applied to another with any
degree of confidence. The results from our own analysis presented here, in which we applied multiple exist-
ing Atlantic coral‐based Sr/Ca‐SST calibrations to Sr/Ca records generated in our study, demonstrate this
issue clearly (Figure S5). None of the existing Sr/Ca‐SST calibrations capture actual mean SSTs, variability,
or trends, even those calibrations based on annually resolved data (e.g., Giry et al., 2012).

In this study, we applied a novel coral thermometer, Sr‐U, to reconstruct mid‐Holocene SSTs in the
Enriquillo Valley, WTA. Sr‐U thermometry was developed from an understanding of the mechanisms of
coral biomineralization and the factors driving aragonite‐seawater partitioning of U/Ca and Sr/Ca
(DeCarlo et al., 2015, 2016; Gaetani & Cohen, 2006). As the first application of the Sr‐U SST “spatial” calibra-
tion captured mean SSTs and the twentieth‐century trend in the WTA but exaggerated the amplitude of
interannual variability, we developed a new “temporal” calibration in which three long, annually resolved
Sr‐U time series were regressed against similarly resolved long time series of instrumental SST. The new cali-
bration was validated using a record generated from a modern coral not included in the calibration before it
was used to construct Holocene SSTs.

Sr‐U‐derived SSTs from the modern Martinique coral capture mean SSTs, interannual variability, and the
warming trend at this site indicated by the instrumental record, providing validation of the new temporal
Sr‐U SST calibration for Atlantic species. The temporal calibration also performs well on the century‐long
coral from Mona Island, Puerto Rico, although it is important to note that this coral was included in
the calibration.

The post‐2005 decoupling of Sr‐U from instrumental SSTs in Martinique, possibly caused by a bleaching‐
induced change in coral metabolism, as well as the anomalous Sr‐U values within bleaching‐induced stress
bands of the Mona coral points to aspects of the Sr‐U thermometer that are not yet well understood. Until
these unknowns are resolved, interpretation of Sr‐U values from areas of skeleton with obvious skeletal
anomalies, such as stress bands, should be avoided.

4.1. Mid‐Holocene and LIA Temperatures in the Northern Caribbean Sea

Our new data, while spanning only short intervals, do not provide support for mid‐Holocene warmth in the
Caribbean Sea. Moreover, given (1) that instrumental SSTs from the WTA are an excellent indicator of the
amplitude of global mean SST trends and (2) that our coral‐based SST estimates are not seasonally biased;
the cooler mean SSTs indicated by Sr‐U supports the notion that the mid‐Holocene warmth implied by
the global SST stack (Marcott et al., 2013) reflects the dominant influence of seasonally biased high‐latitude
SST (Liu et al., 2014; Marsicek et al., 2018). However, Sr‐U‐based SST estimates from corals spanning the full
interval of Holocene warmth implied by the global stack (Figure 5) would be needed to confirm the lack of a
HCO on a mean annual basis.

10.1029/2019PA003571Paleoceanography and Paleoclimatology

RODRIGUEZ ET AL. 1242



Our new estimates of mid‐Holocene Caribbean SST agree with previous estimates from southern Caribbean
sediment archives. Average Sr‐U SSTs from the Holocene corals are similar to the multiproxy (alkenone and
Mg/Ca) SST estimates from the Grenada Basin (Rühlemann et al., 1999), both in absolute estimated SST and
in the slight warming between 5.2 and 6.4 kyr BP. Given even relatively small uncertainty in the Cariaco
Basin sediment core chronology, our estimates are also within uncertainty of theMg/Ca‐based SST estimates
(Lea et al., 2003) from this site (Figure 5). The sediment records diverge just before our oldest data point, sug-
gesting the apparent agreement at ~5.2 and 6.4 kyr BPmay be fortuitous, and we are not yet in the position to
determine which, if either, of the early Holocene trends implied by the sediment archives is accurate; this
divergence underscores the need for Sr‐U‐based SST estimates from older fossil corals to fully characterize
the pre‐6.4 kyr BP Holocene Caribbean SST trend.

The short length of our fossil records precludes full characterization of interannual to decadal variability in
the Holocene, but the character and amplitude of variability in each of our Holocene fossil records appear
comparable to variability during similar‐length intervals of the instrumental period (Figure 4). The recon-
structed time series from the Holocene appears to show quasi‐decadal cycles observed in modern SST
records from the Caribbean and the HADISST temperatures from the Dominican Republic (Jury, 2009).
Such cycles are comparable to reported quasi‐decadal cycles in Sr/Ca values reported by Giry et al. (2012)
for mid‐Holocene corals from Bonaire. However, the short span of our reconstructions prevents a robust
analysis of any cyclicity that may be present.

The Sr/Ca data from fossil Bonaire corals show an average increase over the Holocene, also suggesting
warming (Giry et al., 2012). However, as noted by Giry et al. (2012), the magnitude and variability of the
absolute SSTs derived from Sr/Ca cannot be interpreted with confidence because (i) application of the local
calibration to twentieth‐century corals return SSTs as much as 3.5 °C too warm and (ii) the different Sr/Ca‐
SST calibration equations used in the study return very different Holocene temperatures (Figure S2).
Application of multielement thermometry such as Sr‐Umay help to correct for these and similar challenges
arising from use of single‐element thermometers.

5. Conclusion and Future Work

Our study shows promising early results from the application of the independent Sr‐U thermometer to mod-
ern and fossil corals and reveals that SSTs in this region of the Caribbbean during parts of the HCO were
significantly cooler than during both the early and late instrumental periods at this site. Given that the
amplitude of the regional centennial instrumental SST trend is similar to that of global SST, our results pro-
vide support for the hypothesis that the conflict between model and data estimates of mid‐Holocene tem-
perature trends is due at least in part to a seasonal bias in SST records derived from high‐latitude
archives, which have a large influence on the “global” SST reconstruction of Marcott et al. (2013). A more
complete sampling of Holocene corals from the region is needed to resolve this issue with confidence, as well
as to address questions related to multidecadal and longer‐term variability. The Enriquillo Lake site has the
potential to provide a 4,000‐year record of accurate SST estimates during an important time period in the
recent geologic past. Other sources of Holocene corals, such as well‐dated storm coral rubble or reef core
material, can provide unique and valuable insights into the climate of the Holocene period.
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