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« We present Sr/Ca and Mg/Ca measurements of two corals from the northern Gala-
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Abstract

Coral Sr/Ca records have been widely used to reconstruct and understand past sea surface
temperature (SST) variability in the tropical Pacific. However, in the eastern equatorial
Pacific, coral growth conditions are marginal, and strong El Nino events have led to high
mortality, limiting opportunities for coral Sr/Ca-based SST reconstructions. In this study,
we present two ~ 25 year Sr/Ca and Mg/Ca records measured on modern Porites lobata
from Wolf and Darwin Islands in the northern Galdpagos. In these records, we confirm
the well-established relationship between Sr/Ca and SST and investigate the impact of heat
stress on this relationship. We demonstrate a weakened relationship between Sr/Ca and SST
after a major (Degree Heating Months 9°C-months) heat stress event during the 1997-1998
El Nino, with a larger response in the Wolf core. However, removing data that covers the
1997-1998 El Nino from calibration does not improve reconstruction statistics. Nevertheless,
we find that excluding data after the 1997-1998 El Nino event from the calibration reduces
the SST reconstruction error slightly. These results confirm that coral Sr/Ca is a reliable
SST proxy in this region, although it can respond adversely to unusual heat stress. We
suggest that noise in Sr/Ca-SST calibrations may be reduced by removing data immediately
following large heat extremes.

Plain Language Summary

The ratio of strontium to calcium (Sr/Ca) in reef-building coral skeletons has long
been recognized to covary with the seawater temperature in which the corals grew and
has been measured in many corals to understand past temperature changes. However,
there are few examples from the eastern equatorial Pacific, an important region that drives
variations in the climate system. Furthermore, this ratio might not reflect temperature
as reliably after a heat stress event because of the physiological impacts on calcification
processes. To test if Sr/Ca in corals from this region can reflect past temperature reliably
and if this coral "thermometer" is compromised by heat stress, we analyze two coral records
from the northern Galapagos. We find that Sr/Ca in these corals reflect temperature,
but their relationship is weaker following heat stress and during the 21st century portion
of our coral records. Although the heat stress event itself does not affect how well we
can infer past temperature, using data after the event to establish the Sr/Ca-temperature
relationship impacts the accuracy of temperature reconstruction. Our results demonstrate
that excluding post-heat stress periods from the intervals during which these chemistry-
climate relationships are developed may reduce the uncertainty of the resulting temperature
reconstructions.

1 Introduction

Paleoclimate records based on the geochemistry of reef-building coral skeletons are crit-
ical for understanding tropical Pacific climate variability. The increasing number of coral
geochemical records and synthesis studies in recent decades have improved our understand-
ing of unforced and forced sea surface temperature (SST) variability in the tropical Pacific
(e.g., Carilli et al., 2014; DeLong et al., 2007; Jimenez et al., 2018; Linsley et al., 2015;
Nurhati et al., 2009; Tierney et al., 2015; Wu et al., 2014).

Despite these advancements, the spatiotemporal coverage of coral records remains ex-
tremely sparse, particularly in the eastern equatorial Pacific where marginal conditions and
strong variability limit coral growth (Cole & Tudhope, 2017). Recent analyses have sug-
gested the relationship between coral geochemistry and SST can be disrupted under extreme
environmental conditions such as marine heatwaves (Clarke et al., 2017, 2019; D’Olivo &
McCulloch, 2017; D’Olivo et al., 2019; Hetzinger et al., 2016; Leupold et al., 2019; Sagar et
al., 2016), which raises the question of the fidelity of these proxy records in capturing ex-
treme conditions. Such limitations in data coverage and proxy uncertainties can hinder our
ability to understand SST variability in the tropical Pacific (Comboul et al., 2015; Loope
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et al.,, 2020). To assess these challenges and the potential for long SST reconstructions
from marginal reef environments in the eastern equatorial Pacific, we evaluate the impact
of environmental stress on coral Sr/Ca calibration in the northern Galapagos.

Coral Sr/Ca is commonly used to reconstruct SST, based on a robust negative rela-
tionship between coral Sr/Ca and SST (hereafter "Sr/Ca-SST relationship") across many
locations (e.g., Corrége, 2006, and references therein). This temperature dependence is also
supported by aragonite precipitation experiments (Gaetani & Cohen, 2006; DeCarlo et al.,
2015). However, the sensitivity of Sr/Ca to SST, as indicated by the linear regression slope,
often differs among coral colonies (Alpert et al., 2016; DeLong et al., 2007; Grove et al., 2013;
Sayani et al., 2019; Wu et al., 2014). This makes coral-based SST reconstruction difficult
when empirical calibration is not possible (e.g., when using fossil corals for reconstruction).
These disparities might partially arise from differences in laboratory and/or data processing
methods, for instance sampling a suboptimal growth track or failing to properly account for
observational uncertainties in the calibration (Alibert & McCulloch, 1997; DeLong et al.,
2013; Reed et al., 2021; Wu et al., 2014).

Physiological processes may also impact the fidelity of the Sr/Ca-SST proxy (e.g., Alli-
son & Finch, 2004; Goodkin et al., 2005; Thompson, n.d.). Corals calcify from a fluid within
a semi-enclosed environment (calcifying fluid) (Cohen & McConnaughey, 2003; Cohen &
Gaetani, 2010), and preferentially incorporate or exclude trace elements (TEs) depending
on their partition coefficients (Kp) (as reviewed by Thompson, n.d.). For example, Sr in-
corporation is weakly favored in the skeleton (Kp Sr/Ca ~ 1.1) whereas Mg is strongly
excluded (Kp Mg/Ca ~ 0.001). As calcification proceeds, therefore, the TE/Ca ratio in the
calcifying fluid represents a balance between calcification and replenishment by ambient sea-
water through both active and passive transport processes (McCulloch et al., 2017; Sevilgen
et al., 2019; Thompson, n.d.). Changes in calcification rate can thus alter the geochem-
ical composition of the calcifying fluid and the TE/Ca of the coral skeleton via Rayleigh
fractionation (Cohen & Gaetani, 2010; Thompson, n.d.). In addition, coral calcifying fluid
geochemistry (and thus calcification) is also governed by active transcellular (i.e., through
cells) and/or paracellular (i.e., between cells) pathways (Allemand et al., 2011; Thompson,
n.d.). In particular, active Ca?* pumping (via the Ca-ATPase pump) incorporates Ca?*
(and Sr?* as a by-product, Marchitto et al., 2018) and elevates pH of the calcifying fluid to
maintain aragonite supersaturation of the calcifying fluid (Cohen & McConnaughey, 2003;
Thompson, n.d.).

Both Rayleigh fractionation and Ca?* active transport affect the ratios of TEs to Ca
in the calcifying fluid, and therefore the TE/Ca ratios in coral skeletons (Cohen & Gaetani,
2010; Gaetani & Cohen, 2006; DeCarlo et al., 2015). The strong statistical relationship be-
tween Sr/Ca and SST across numerous sites highlights that in most cases, these processes do
not significantly impact Sr/Ca-based SST reconstructions. However, stressful environmen-
tal conditions may perturb the normal functioning of the coral’s calcification physiology, for
instance by disrupting metabolic and calcification processes, and create skeletal geochemical
anomalies. Here we leverage unusually warm SST in Galapagos during an extreme El Nifo
event to document the impact of warming on the coral Sr/Ca-SST relationship.

The effects of temperature changes on coral calcification have been widely investigated.
Past studies have documented that increases in average and extreme SSTs can cause the
expulsion of zooxanthellae and coral bleaching (e.g Hoegh-Guldberg, 1999). This has been
observed in field surveys (Glynn, 1988; Glynn et al., 2015, 2018) and naturally extreme
environments (Camp et al., 2018; Hoadley et al., 2019), and is further supported by growth
rate measurements and stress bands in cores from massive corals (e.g., Barkley et al., 2018;
DeCarlo & Cohen, 2017; Lough & Cantin, 2014). However, corals might be more resilient
to temperature changes than previously thought. Geochemical and skeletal density analyses
of cores from massive corals have suggested acclimatization to heat stress (Carilli et al.,
2012; Clarke et al., 2019; DeCarlo et al., 2019; D’Olivo et al., 2019; Leupold et al., 2019;
Thompson & van Woesik, 2009). Nevertheless, the relevant mechanisms remain disputed,
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and may include changes in genetics, the metabolic conditions, or the community of coral-
associated microbes, including symbionts (e.g., Gibbin et al., 2018; Jones & Berkelmans,
2010; Palumbi et al., 2014; Ziegler et al., 2017). These studies provide multiple lines of
evidence that changes in temperature can impact coral calcification.

Changes in coral calcification rate can impact the Sr/Ca of the calcifying fluid and
the skeleton independent of SST. These non-climatic effects have obvious implications for
using skeletal Sr/Ca to reconstruct SST. For example, mounting evidence suggests that
stressful conditions may disrupt the Sr/Ca-SST relationship (Clarke et al., 2017, 2019;
D’Olivo & McCulloch, 2017; D’Olivo et al., 2019; Hetzinger et al., 2016; Leupold et al.,
2019; Sagar et al., 2016). Previous studies have targeted corals that experienced a known
heat stress event and demonstrated that such stress weakens the Sr/Ca-SST relationship.
This breakdown is temporary: the relationship is usually restored within a year, although in
some cases the disruption of the Sr/Ca-SST relationship can last several years (D’Olivo et al.,
2019). Multiple mechanisms have been put forth to explain the disruption of the Sr/Ca-SST
relationship, including: 1) reduced coral extension, which smooths out the seasonal cycle
immediately after the stress event (Barnes et al., 1995; Gagan et al., 2012; Clarke et al.,
2019), 2) a reduction in active transport via transcellular (e.g., Ca-ATPase) or paracellular
pathways due to energy limitations, which reduces aragonite saturation of the calcifying
fluid (Marshall & McCulloch, 2002), and 3) a reduction in calcification rate, which leads to
a Rayleigh fractionation response (Clarke et al., 2017; D’Olivo & McCulloch, 2017; D’Olivo
et al., 2019).

Despite evidence that heat stress can disrupt the Sr/Ca-SST relationship, we lack a
clear mechanistic understanding of how this breakdown occurs and its impact on the fi-
delity of the resulting SST reconstruction. First, most prior studies have focused on corals
from regions with similar mean SST and small SST variations. However, a single coral genus’
heat stress response can vary in magnitude from site to site. Notably, corals accustomed to
greater natural SST variability have been shown to be less susceptible to heat stress (Carilli
et al., 2012; Sully et al., 2019; Thompson & van Woesik, 2009), and may therefore exhibit
more consistent SST-TE/Ca relationships. Second, though evidence suggests the impacts
of heat stress on the Sr/Ca-SST relationship can continue for several years (D’Olivo et al.,
2019), most prior studies have only examined changes in the Sr/Ca-SST relationship during
and immediately after a heat stress event. Thus, the statistics of the Sr/Ca-based SST
reconstruction could be biased for some unknown period following temperature extremes.
Third, the impacts of a disrupted Sr/Ca-SST relationship on Sr/Ca calibration and SST
reconstruction have not been fully explored. Given that recent decades have been char-
acterized by an increase in the frequency and intensity of heat stress (Oliver et al., 2018;
Frohlicher et al., 2018; Hobday et al., 2016), this disruption may have biased the Sr/Ca-
SST calibrations used to reconstruct the history of SST and related phenomena (e.g., the
El Nifio-Southern Oscillation; ENSO). Altogether, these unknowns warrant further study
to understand how the Sr/Ca-SST relationship may change in response to heat stress.

In this study, we present TE/Ca records measured in two modern Porites lobata corals
collected from Wolf and Darwin Islands in the northern Galapagos archipelago, Ecuador,
where large interannual SST variance, low pH, and high nutrients create marginal conditions
for reef growth (Cortés, 1997; Cortés et al., 2017; Manzello et al., 2008). With these
measurements, we address three overarching questions. First, at these marginal sites, does
coral Sr/Ca exhibit a relationship with SST that is consistent with previous studies? Second,
do heat stress events affect the relationship between Sr/Ca and SST at these sites? And
third, if so, does excluding anomalous intervals improve SST reconstruction?

—4—
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2 Materials and Methods
2.1 Eastern Equatorial Pacific and Galapagos Oceanography

The Galapagos archipelago lies along the equator, ~1000 km west of South America,
in a region of large spatial and temporal environmental variability. A meridional SST
gradient crosses the archipelago, with warmer conditions in the north and cooler in the
south and west (Figure 1). Two major ocean currents govern the oceanography in the
Galapagos: 1) the westward South Equatorial Current that splits into two lobes; and 2) the
Equatorial Undercurrent that travels eastward in the subsurface and shoals when it strikes
the Galapagos platform (Kessler, 2006).
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Figure 1. Site locations and climatology. a-b) Mean annual SST and c¢-d) monthly SST standard
deviation between 1982-2017 derived from OISST (Reynolds et al., 2007), where b) and d) represent
areas enclosed by the boxes in a) and c). e-f) SST climatology of Isla Wolf (GW10-10; blue) and
Isla Darwin (GD15-3-1; green) with background color showing SST variations that cover the same

span as the Sr/Ca records.

Interannual ENSO extremes can significantly impact Galapagos corals. Both the high
temperatures associated with El Nino events and the cooling during La Ninas cause stress
and bleaching (Glynn et al., 2015, 2018; Banks et al., 2009). Virtually all coral colonies in the
Galapagos archipelago experienced bleaching and mortality following the 1982-83 El Nifo
(Glynn, 1988); only colonies at Darwin and Wolf Islands showed significant regrowth after
the event (Glynn et al., 2015). The 1997-8 El Nino event was also severe, triggering "island-
wide" bleaching at Darwin (Glynn et al., 2015); Isla Wolf was not evaluated. Corals in the
Galapagos archipelago also frequently experience multi-day rapid cooling events (~ 5—10°C)
that are caused by thermocline shoaling (Banks et al., 2009; Riegl et al., 2019a).

2.2 Coral Collection and Sampling

We analyzed coral cores from Isla Darwin (core GD15-3-1; 1°42’ N, 92° W) and Isla
Wolf (core GW10-10; 1°23'N, 91°50"W; Figure 1). Both cores were collected from living P.
lobata coral using diver-operated hydraulic (Wolf) and pneumatic (Darwin) drills, in June
2010 at Wolf and in January 2015 at Darwin. In the lab, we halved, slabbed, and cleaned the
cores by sonication in deionized water. Next, we x-rayed the slabs and used the resulting
images to establish sampling transects along rapidly growing skeletal “fans” (Figure S1).
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We also examined two sections of GW10-10 and GD15-3-2 (different core from the same
colony as GD15-3-1) with a scanning electron microscope to screen for diagenesis. Both
sections showed pristine primary aragonite with no evidence of alteration (Figures S2-S3).
We used an automated benchtop mill (Sherline Computer Numerical Control) to subsample
the slabs at 1 mm resolution down core. Earlier measurements from the same powdered
samples (GW10-10) were presented in Jimenez et al. (2018), although that study used a
different ICP-OES instrument and associated methods and only focused on Sr/Ca.

2.3 Laboratory Methods

Our method was modified from Schrag (1999) and Cantarero et al. (2017). For each
sample, 0.5-0.7 mg of coral powder was acidified with 3.5 mL of 5% trace metal grade HNO5
to yield a solution of approximately 80 ppm Ca. We measured Sr (421 nm), Mg (285 nm),
and Ca (315 nm) content with a radial torch view using a Thermo Electron Corporation
iCap 7400 Inductively Coupled Plasma - Optimal Emission Spectrometer (ICP-OES) at
the University of Arizona. We computed Sr/Ca and Mg/Ca elemental ratios using Sr (421
nm)/Ca (315 nm), and Mg (285 nm)/Ca (315 nm) output. We corrected the effects of plasma
drift and matrix effects in these elemental ratios following Schrag (1999). To account for
plasma drift, we measured a reference solution between each sample and adjusted the sample
value. Next, in each run, we measured three matrix standards with same TE/Ca but with
different Ca concentrations (60 ppm, 80 ppm, and 100 ppm) created by volumetric dilution
of TE stock solutions; linear regression of measured TE/Ca values on Ca concentration
in matrix standards was used to correct for matrix effects. Afterwards, we normalized
our data by adding the offset between a liquid internal coral standard (MCPL) measured
independently at the University of Western Australia on an ICP-MS and average MCPL
measured value of each run. We also measured two internal coral powder standards (MCP
and JCP-1) to estimate analytical uncertainty.

2.4 Age Model

To construct age models and calibrate our elemental records, we used the 0.25° x
0.25° monthly optimally interpolated sea surface temperature product version 2 (OISSTv2)
(Reynolds et al., 2007). Prior to age modeling, we identified and removed geochemical
outliers following Reed et al. (2021). To establish the age model for GW10-10 and GD15-3-1
elemental records, we identified each year’s Sr/Ca minimum and tied it to the corresponding
SST maximum (March) at grid cells 1.625°N, 267.875°E and 1.375°N, 268.125°E for GD15-
3-1 and GW10-10, respectively. Finally, we linearly interpolated each elemental record to
monthly time series based on the annual tie points.

2.5 Calibration and Residuals

We regressed the elemental records onto SST using weighted least squares (WLS) re-
gression based on a maximum likelihood algorithm (Thirumalai et al., 2011; York et al.,
2004) to identify the relationship between TE/Ca records and SST. WLS analysis accounts
for uncertainty in both the SST and elemental time series and allows for correlation in er-
rors. As such, it provides a more robust estimation of the SST-proxy relationship compared
to ordinary least squares regression or reduced major axis regression (Thirumalai et al.,
2011; York et al., 2004). We calculated the analytical uncertainty for each TE/Ca by taking
1 standard deviation (1) of the JCP-1 standard across all runs included in the dataset
(n=32).

Following linear calibration, we analyzed the residuals from the Sr/Ca-SST regression
to explore whether systematic behavior could be identified. If SST is sufficient to explain
all systematic variations in Sr/Ca, then we expect the residuals to be independent and
follow a normal distribution with zero mean. We determined whether (1) a linear trend
was present in the residual using ordinary least squares regression, (2) the residuals were
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autocorrelated by analyzing the residuals’ autocorrelation function, (3) the residuals were
normally distributed through an Anderson-Darling test, and (4) the residuals scaled with
observed SST. The significance of the trend and relationship between residual and observed
SST were determined by analyzing the standard error of the regression. The significance of
autocorrelation in the residuals was determined by calculating the large lag standard errors
at lag k following Anderson (1976):

K
VVar(ry) ~ %(1 + zzrg) (1)

where N = timeseries length, 7, = correlation at lag k.

2.6 Heat Stress Events
2.6.1 Definition

In Galapagos, heat stress events are commonly associated with strong El Nino condi-
tions (Figure S4). We defined heat stress events from ERSST version 5 (Huang et al., 2017)
using the Degrees Heat Month metric (DHM), calculated from a thermal stress threshold
based on both the maximum climatological temperature and local temperature variability
(Text S1 and Figure S5; Donner, 2011; Logan et al., 2012). Unlike Degree Heating Weeks
(Liu et al., 2003), this approach enable us to use monthly SST data. We used ERSST
because it covers a longer period, permitting a more rigorous assessment of baseline condi-
tions; nevertheless, its spatial resolution is lower than OISST. As a result of this difference
in temporal coverage and spatial resolution, the standard deviation of OISST data is larger
by < 0.2°C at both locations, and the mean value is slightly lower (Figure S6). The baseline
condition (SST.) over the climatological period was defined as:

SST, = (max(SST;)) (2)
Following Donner (2011), the thermal threshold (5572 5,) was defined as :
SSTs 5, = 2.5 X o(max(SST;)) + SST. (3)

where maz(SST;) = maximum SST in year i, () = average, o0 = standard deviation. We
defined the climatological period as 1950-1980; hence 7 = 1950,1951,...,1980. The DHM
of a specific month is defined as the sum of temperature stress (in °C) exceeding this
threshold (5575 5,) during the current and preceding three months. We used Bleaching
Alert thresholds defined in Donner (2011) to estimate the likelihood of bleaching due to
heat stress: Bleaching Alert Level I threshold occurs at 2.50(max(SST;))°C - month and
Bleaching Alert Level II threshold occurs at 4.90 (max(SST;))°C - month. This approach is
more robust than the traditional DHM definition because it takes into account the variable
maximum SST in each year (Donner, 2011; Logan et al., 2012) and evidence that corals are
less susceptible to extreme conditions when they experience large historical variability (Sully
et al., 2019; Thompson & van Woesik, 2009). Previous work has also demonstrated improved
bleaching predictability using this variability-based threshold over traditional DHM (Logan
et al., 2012).

2.6.2 Regression and Jackknifing

We evaluated the impacts of heat stress events on Sr/Ca-SST relationships and SST
reconstruction using three complementary approaches. First, we calculated running regres-
sions between Sr/Ca and SST using 5 different moving windows to determine the temporal
variability of the regression slope (2, 4, 6, 8, and 10 years). Second, we randomly removed
varying lengths (1, 2, 4, 6, 8, and 10 years) of Sr/Ca and SST data, and used the remaining
data to perform the regression. This allowed us to identify time periods and interval lengths
that have the most significant impact on the regression slope. Third, we randomly removed

—7—
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2 consecutive years of Sr/Ca and SST data to mimic the typical length of a heat stress
event and split the remaining data into halves for calibration and reconstruction. Specif-
ically, we developed the calibration equation using one half and applied the equation to
the other half for reconstruction. We then compared the root mean square error (RMSE)
between the reconstructed SST and instrumental SST. Since the RMSE is sensitive to both
calibration and reconstruction, we also compared the RMSE using the other half for cali-
bration /reconstruction. This allowed us to determine if including heat stress events in the
calibration could influence the reconstruction skill.

2.6.3 Rayleigh Fractionation Model

To understand how calcification and active C'a?T transport changed across the heat
stress event, we modelled changes in TE/Ca using a closed system Rayleigh fractionation
equation following Sinclair (2015):

) - (2),
Ca ) rag Ca), (1-P)
where (%) is the TE/Ca ratio of the skeleton, (%) is the TE/Ca ratio of the

calcifying fluid, P is the proportion of Ca left in the calcifgljicng fluid after precipitation
has ended, and Kp,, is the partition coeflicient of TE. Following D’Olivo and McCulloch
(2017), we constructed two equations using Sr/Ca and Mg/Ca data and their respective
Kp to solve for Ca.y and P. Kp for Sr/Ca and Mg/Ca were calculated following Kb, ca =
exp(—1.86 + 600/Tk) (Sinclair, 2015) and Kp,,, ., = exp(—13.13 + 1770/Tk ) respectively.
Calculations for Kp,,, ., were modified slightly from Sinclair (2015), where Kp,, .. =
exp(—12.9 4+ 1860/Tx ), so that P is constrained between 0 and 1 and Cac¢ is higher than

seawater (> 10.25 mmol/mol).

2.7 Age Model Sensitivity Test

We tested the sensitivity of our results to assumptions made in our age model. Our
age modeling approach assumed that the growth rate was constant between each tie point
and that maximum SST occurred in March. These assumptions introduce subannual un-
certainties in our SST reconstruction and can bias the estimated variance (Lawman et al.,
2020). Thus, we introduced two alternate age models to test the robustness of our results:
one that tied Sr/Ca minima to observed (not climatological) maximum OISST SST of each
year, and one that tied Sr/Ca maxima and minima to the observed minimum and maximum
OISST SST of each year. These two alternate age models explore the impact of subannual
age model uncertainties stemming from variations in the month when maximum SSTs occur
each year and the variable seasonal growth rate (explored further in Reed et al. (2021) and
Wellington and Glynn (1983); Text S2).

3 Results and Discussion

The record from GW10-10 spans October 1985 to May 2010, and that from GD15-3-
1 covers September 1986 to September 2014 (Figure 2). The mean values of Sr/Ca and
Mg/Ca are comparable between the two cores (GW10-10 Sr/Ca: 9.099 mmol/mol, GD15-
3-1 Sr/Ca: 9.055 mmol/mol; GW10-10 Mg/Ca: 4.368 mmol/mol, GD15-3-1 Mg/Ca: 4.403
mmol/mol). The Sr/Ca of GW10-10 exhibits greater variability (standard deviation) than
that in GD15-3-1 (GW10-10 Sr/Ca: 0.128 mmol/mol, GD15-3-1 Sr/Ca: 0.109 mmol/mol).
Although the Mg/Ca standard deviation for GW10-10 is also greater than that of GD15-3-1
GW10-10 Mg/Ca: 0.340 mmol/mol, GD15-3-1 Mg/Ca: 0.256 mmol/mol), this results from
a single large anomaly that punctuates much lower-variability periods (discussed below).
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Figure 2. Time series of coral records. a) Sr/Ca and b) Mg/Ca time series from GW10-10. c)
Sr/Ca and d) Mg/Ca time series from GD15-3-1. Lighter shaded background indicates 1o analytical
uncertainty.

3.1 Regression and Residuals

WLS regression based on monthly data demonstrates a negative relationship between
Sr/Ca and SST at both sites. The regression slopes are —0.0625 + 0.0024 and —0.0530 +
0.0024 mmol/mol/°C (£1 standard error) for GW10-10 and GD15-3-1, respectively. A simi-

lar relationship between Sr/Ca and SST results from ordinary least squares (OLS) regression
(Figure S7).

Sr/Ca calibration of our two records indicate a robust relationship between Sr/Ca
and SST. Although the regression slopes are different between the two records, they are
within the range suggested in previous synthesis studies (Corrége, 2006) and a previously
published Sr/Ca reconstruction from the Galapagos (Jimenez et al., 2018). These results
give confidence that Sr/Ca is a reliable paleothermometer at this site (Cole & Tudhope,
2017; Schrag, 1999).

Table 1. Statistical moments of GW10-10 and GD15-3-1 Sr/Ca-SST residuals using 1-month and

3-month averaged data

Moments GW10-10 GD15-3-1
1 Month 3 Month 1 Month 3 Month
Mean -5.9696E-6 -1.7219E-4 8.4963E-5 3.2586E-5
Variance 0.0081 0.0044 0.0066 0.0041
Skewness 0.3511 0.2124 0.1546 0.0246
Kurtosis 3.5637 2.9737 2.8910 2.4863
797
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Figure 3. Residual characteristics from Sr/Ca calibration. Monthly data: a-b) Residual dis-

tribution and c-d) autocorrelation of residuals, with dashed line representing 2 standard error.
Three-month averaged data: e-f) Residual distribution, and g-h) autocorrelation of residuals, with
dashed line representing 2 standard error. Top row shows results from GW10-10 whereas bottom

row shows results from GD15-3-1. Also shown are p-values of the Anderson Darling test.

Residuals from the linear regression between Sr/Ca and SST can provide additional in-
sight into how well monthly Sr/Ca variations are linearly related to SST and whether factors
other than SST systematically influence coral Sr/Ca. We analyzed four properties of the
residuals from the Sr/Ca-SST regression at both sites (Figure 3a-d, S8a-d). The Anderson-
Darling test indicates residuals from GW10-10 exhibit non-normal behavior, whereas residu-
als from GD15-3-1 follow a normal distribution. The non-normal GW10-10 residual behavior
is also reflected in higher order statistical moments (with a positively skewed, leptokurtotic
distribution, Table 1). The skewness and kurtosis of GD15-3-1 residuals are closer to values
expected from a normal distribution (Table 1). We also find significant autocorrelation in
both residuals (up to a 4 month lag). OLS regression of the Sr/Ca residuals as a function
of time suggests residuals from both sites exhibit a statistically significant negative trend.
Lastly, the amplitude of the Sr/Ca residual does not scale with observed SST, as indicated
by the lack of significant correlation between the residuals and SST (Figure S8a-d). The
non-normal, autocorrelated residuals and the negative temporal trend in residuals violate
the assumptions made in linear regression and suggest that not all systematic variations in
Sr/Ca on monthly timescale are linearly related to SST.

Such non-normal behavior and autocorrelation in residuals could simply arise from er-
rors in the age-depth model (Text S2) or the fact that a linear model cannot fully capture
Sr/Ca-SST relationship. However, despite a strengthened Sr/Ca-SST relationship using the
two alternate age models, the negative trend, the autocorrelation (in both cores), and the
non-normal behavior (in GW10-10) of residuals persist (Figure S9). Furthermore, compar-
ison between the goodness of fit of a linear, 2 order polynomial, and exponential models
suggest that applying a higher order model to describe the Sr/Ca-SST relationship does
not yield statistical benefit (not shown). These results imply that our assumptions related
to age modeling (constant growth rate between tie points and stationary seasonality) and
regression model are unlikely to be the only cause of autocorrelation and non-normal resid-
uals, even though small (~monthly) age offsets might systematically bias the Sr/Ca records
on subseasonal timescales.

To reduce the effects of subseasonal age uncertainty from our monthly resolution data,
we create three-month (‘seasonal’) averages of Sr/Ca and SST centered on March, June,
September, and December of each year. Next, we regress seasonal Sr/Ca onto seasonal
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SST for Sr/Ca calibration. This approach reduces autocorrelation in the residuals (Figure
3e-h) while maintaining subannual resolution. In both cores, the Sr/Ca-SST correlation
increases and the slope steepens compared to monthly resolution, with regression slopes
of —0.0703 £ 0.0046 and —0.0580 + 0.0046 mmol/mol/°C (1 standard error) for GW10-
10 and GD15-3-1 respectively (Figure 4). This approach also reduces the skewness and
kurtosis of residuals in GW10-10 and normalizes the distribution (Table 1). This result is
consistent with the behavior of residuals in the monthly dataset, where there is significant
1-4 month lagged correlation (Figure 3). Averaging monthly data to 3-month intervals thus
minimizes the autocorrelation in the residual, and the 3-month regressions yield a more
reliable estimate of the Sr/Ca-SST relationship. We present the remaining results based on
the 3-month (seasonal) averaged data.
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Figure 4. 3 month averaged Sr/Ca and SST relationship. Time series of seasonal (Feb-Apr,
May-Jul, Aug-Oct, Nov-Jan) instrumental SST and Sr/Ca-inferred SST from a) GW10-10 and b)
GD15-3-1. Also shown are Sr/Ca regressed onto SST for ¢) GW10-10 and d) GD15-3-1 using a
weight least square approach (WLS; blue) and ordinary least square approach (OLS; green).

3.2 Heat stress and Sr/Ca-SST relationship

Based on the DHM metric, we identify three heat stress events since 1985 (Figure
5g), which correspond to well-known El Niflo events (1987-1988, 1992-1993, and 1997-1998;
Figure S4). The 1997-1998 event reached Bleaching Alert Level II, whereas 1987-1988
and 1992-1993 reached Bleaching Alert Level I. Comparing DHM to running regressions of
Sr/Ca and SST, using varying running window lengths, we observe a weakened Sr/Ca-SST
relationship after the 1997-1998 El Nino (Figures 5), when massive bleaching was recorded
(Donner et al., 2017; Glynn, 2000). The reduction is particularly substantial in GW10-10.
However, both cores capture the magnitude of the 1997-1998 El Nifio event in their Sr/Ca
records with remarkable consistency (Figure 4). Changes in Sr/Ca-SST relationship across
the other Bleaching Alert I events are not apparent.

In contrast to Sr/Ca, Mg/Ca behaves differently in these cores, particularly across
the 1997-1998 El Nifio event. Prior to 1997, Mg/Ca correlates with Sr/Ca and with SST
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in both cores, but its range is much smaller in GW10-10 (Figure 7). In both cores, the
initial warming in 1997 is accompanied by an anomalous increase in coral Mg/Ca; this is
particularly notable in core GW10-10 (Figure 6). Following this event, we observe a sharp
reduction in the Sr/Ca-SST relationship in the 2-year running regression window (Figure
5), as the Mg/Ca drops to a new baseline level of approximately 0.5 mmol/mol above pre-
1997 values. In core GD15-3-1, we see a similar change in Mg/Ca ~1997; however, Mg/Ca
returns to values that are comparable to pre-heat stress after the event, and the change in
the Sr/Ca-SST relationship is smaller compared to GW10-10.
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Figure 6. GWI10-10 changes between 1994 and 2004. Variations of GW10-10 a) Sr/Ca, b)
Mg/Ca, c) linear extension rate, d) mean centered proportion of C'a®" remaining in a batch of
calcifying fluid after calcification finalizes (P) e) mean centered concentration of Ca®" in the calci-
fying fluid ([Ca**].s), and f) SST conditions derived from ERSSTv5 between 1994-2004. The green
shaded regions indicate the initial rise in Mg/Ca (green), accumulation of heat stress (dark green),

and the return to ‘normal’ conditions (light green).

Other factors that could impact the Sr/Ca-SST relationship include irregular growth
patterns that compromise optimal sampling strategy and reduced variance of SST that
reduces signal/noise. The bottom section of GD15-3-1 was sampled in a region of irregular
banding (Figure S1). However, we do not observe a shift in regression slope during that
period (Figure 5). Moreover, the apparent stress response is weaker in the core with the
more irregular growth (GD15-3-1), supporting the inference that suboptimal sampling does
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not play an important role in our results. We also note a reduction in standard deviation
in SST and Sr/Ca after 1998, and during the early 1990s (Figure S10-S11). Critically, the
weakened Sr/Ca-SST relationship only occurred post-1998. Hence, the weakened Sr/Ca-
SST relationship cannot be explained either by suboptimal sampling of irregular growth or
by a change in signal to noise ratio over time.

We therefore posit that that coral physiological changes can explain the change in
Sr/Ca-SST relationship following the 1997-1998 El Nifno that caused regional bleaching.
Previous studies have suggested three mechanisms that may weaken the Sr/Ca-SST relation-
ship: a) attenuation of seasonality due to reduced extension rate and biosmoothing (Clarke
et al., 2019; D’Olivo et al., 2019), b) reduced active ion transport (e.g., via Ca-ATPase
pumping) due to diminished energy or DIC supply (Marshall & McCulloch, 2002), and ¢) a
Rayleigh fractionation response to reduced calcification (Clarke et al., 2017; D’Olivo & Mc-
Culloch, 2017). Due to the contrasting pathways by which each are impacted by heat stress,
skeletal chemistry and growth changes can be used to distinguish among these mechanisms.

The simplest explanation is that under stress, coral extension slows, and the climate
signal is not as finely sampled under a constant-depth, bulk sampling protocol, leading to
undersampling the true variance (Barnes et al., 1995; D’Olivo et al., 2019; Gagan et al.,
2012; Nothdurft & Webb, 2007). If this explanation were true, the seasonality of Sr/Ca
and Mg/Ca would be reduced, but their relationship would not change. However, the
relationship between seasonal Sr/Ca and Mg/Ca in GW10-10 changes dramatically after
1998 (Figure 7), indicating that biosmoothing cannot explain the weakening in Sr/Ca-SST
correlation across the 1997-1998 heat stress event.
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Figure 7. Sr/Ca and Mg/Ca relationship. a-b) Time series of 3 month averaged Sr/Ca (red)
and Mg/Ca (gold) and c-d) scatter plot of Sr/Ca and Mg/Ca from GW10-10 (top) and GD15-3-1
(bottom). Color in scatter plots represents time as indicated by color bar. Also shown are regression
lines calculating using data before 1997 (pre-97) and data after 1998 (post-98). Note that the y-axis

of Sr/Ca is reversed.

Alternatively, stress-related changes in active transport by paracellular or transcellular
pathways (e.g., Ca-ATPase pumping) may explain the changes we observe. Both pathways
require energy for ion transport, and may therefore be impacted by heat stress. However,
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they have contrasting impacts on TE/Ca ratios: transcellular pathways can concentrate ions
against the electrochemical gradient, whereas paracellular pathways will equilibrate ions
based on the concentration gradient between the calcifying fluid and seawater (as reviewed
by Thompson, n.d.). Evidence for elevated [Ca?*] in the calcifying fluid (DeCarlo et al.,
2018; Sevilgen et al., 2019) suggests that the Ca-ATPase pump (a transcellular pathway)
is important for ion transport, although the relative contribution of these pathways is still
an active area of research. Using metabolic energy, Ca-ATPase actively pumps Ca?* into
the calcifying fluid for calcification. Concurrently, two HT are removed from the calcifying
fluid, which elevates pH and aragonite saturation by shifting the carbonate reactions to
favor [CO3|? (as reviewed by Thompson, n.d.). Heat stress often causes corals to lose their
symbiotic zooxanthellae (known as bleaching), which lowers the supply of energy available
to power active Ca?* transport (Marshall & McCulloch, 2002). The loss of metabolic energy
would reduce the supply of Ca?t to the calcifying fluid and decrease the calcifying fluid pH
and aragonite saturation. This pump is thought to transport Sr similarly to Ca (Marchitto
et al., 2018), but limited data suggest that it discriminates against Mg. Thus a weakened
Ca-ATPase pump would increase the Mg/Ca in the coral skeleton and leave Sr/Ca largely
unchanged. Our Mg/Ca and Sr/Ca data during the heat stress interval are consistent with
a weaker Ca-ATPase pump, especially in the Wolf core (Figure 6). Future work will utilize
a suite of geochemical tracers, including boron isotope systematics, to assess changes in
the pH and aragonite saturation of the coral calcifying fluid following thermal stress and
bleaching.

Finally, changes in Rayleigh fractionation can also alter the Sr/Ca-SST relationship in
corals. Rayleigh fractionation occurs due to the difference in partition coefficients among
TEs, and leads to a negative relationship between Sr/Ca (Kp ~ 1.1) and Mg/Ca (Kp
<< 1) in the coral skeleton (amplified by the temperature dependence of Sr/Ca; Cohen
& Gaetani, 2010; Marchitto et al., 2018; Thompson, n.d.). Increased calcification rates
would drive stronger Rayleigh partitioning, whereas reduced calcification would weaken
it. If calcification slowed as a consequence of reduced Ca-ATPase pumping (i.e., driving
calcification fluid towards lower aragonite saturation and lower pH), we would expect a lower
Mg/Ca and higher Sr/Ca ratio as Rayleigh fractionation weakened (Cohen & Gaetani, 2010).
We observe an anticorrelation between Mg/Ca and Sr/Ca in both cores prior to 1998, and
a weakening/reversal of this relationship in GW10-10 only after 1998 (Figure 7). However,
this weakened relationship is marked by an increase in Mg/Ca, which contradicts what
would be expected from weakened Rayleigh fractionation. This result suggests that reduced
Rayleigh fractionation alone cannot explain the unusual behavior of Sr/Ca and Mg/Ca in
GW10-10.

In contrast with our results from Wolf, we see no significant change in the relationship
between Sr/Ca and Mg/Ca before and after the heat stress event in the Darwin record.
Changes in the post-event Sr/Ca-SST relationship are broadly similar to those at Wolf, but
the Mg/Ca anomaly is smaller at Darwin. The reduction in Sr/Ca-SST relationship and
changes in Sr/Ca and Mg/Ca could be a result of weakened Rayleigh fractionation at this
site, but the smaller Mg/Ca anomaly and consistent relationship between Mg/Ca and Sr/Ca
point to a reduced impact of heat on this coral.

Taking these results together, we argue that the short-term weakening of the Sr/Ca-SST
relationship in the Wolf record is related to a reduction in available energy as bleaching cut off
photosynthetic energy supplies. This energy loss weakened the Ca-ATPase pump, increasing
Mg/Ca in the calcifying fluid and the skeleton (due to reduced Ca) and minimally impacting
Sr/Ca (because both Sr and Ca are reduced). On the other hand, the slight weakening of the
Sr/Ca-SST relationship and the lack of change in Sr/Ca-Mg/Ca relationship in the Darwin
record suggests that the effects of coral calcification on the Sr/Ca-SST relationship were
small in that colony. Regardless of the dominant mechanism(s), the small impact observed
in GD15-3-1 suggests a stronger resilience to warming.
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The difference in sensitivity to heat stress between these two corals is interesting. Al-
though environmental variations could theoretically account for this difference, by influenc-
ing the amount of metabolic energy available and altering growth rate, in fact the islands
are very similar in their climate; Wolf is cooler on average (~ 0.5°C) than Darwin (Riegl et
al., 2019a). Even at Wolf (i.e., within the same growth environment), the extension rates of
different coral colonies vary substantially by (~1 cm/yr; Jimenez et al., 2018; Reed et al.,
2021). These facts imply that environmental differences do not govern the growth rate and
thus the sensitivity to heat stress. We suggest instead that colony-specific factors are more
likely to be responsible for this difference. For example, symbiont taxa have different tol-
erances for temperature change, and the dominant symbiont type can affect corals’ growth
rate. If GW10-10 had a more sensitive symbiont type than GD15-3-1, it could have had a
higher growth rate while also experiencing a more substantial loss of the energy powering
the Ca-ATPase pump when under heat stress (Jones & Berkelmans, 2010). The intercolony
difference in geochemistry suggests a greater sensitivity to heat stress in the Wolf colony,
e.g. bleaching or bleaching severity, compared to the one from Darwin.

3.3 Implications for Sr/Ca-SST calibration

Many paleoclimate studies, including this one, rely on the recent SST record for cal-
ibration, when observations are most reliable, but also when heat stress events have been
more frequent and intense (Oliver et al., 2018). Since our results suggest that heat stress
impacts the relationship between Sr/Ca and SST, it is important to determine whether
including heat stress events in the calibration can bias the Sr/Ca-SST relationship used for
SST reconstruction.

We quantify the effect of heat stress events on the skill of the reconstruction. Removing
2 years of Sr/Ca-SST data across the 1997-1998 El Nino from the calibration period does not
substantially change the reconstruction skill, as indicated by the RMSE (Figure 8). However,
the reconstruction skill increases when excluding data following the heat stress event to
establish calibration. This result is further corroborated by a more negative regression slope
(i.e., a stronger SST dependence) when data near and after the largest heat stress event
(1997-98 El Nifo) are excluded from calculation (Figure S12).

Surprisingly, removing only heat stress events from the calibration dataset does not
significantly improve SST reconstruction. Nevertheless, the RMSE is higher when the more
recent part of the dataset is used for calibration, hinting at a long-term shift in the Sr/Ca-
SST relationship in both records (Figure 8). Even though the underlying cause of this shift
cannot be addressed with the data in hand, the fact that these patterns coincide with the
1997-98 El Nino suggest this shift might be a long-term response to heat stress. We note
that the limited length of our datasets (~ 25 year) undermines our ability to fully quantify
the uncertainty that this post heat stress response would add to a longer SST reconstruction.
Nonetheless, our data suggest the choice of calibration could result in a ~ 0.3°C average
difference in reconstruction.

4 Summary and Conclusion

Using seasonal data, we demonstrate that the Sr/Ca-SST relationship in these Gala-
pagos corals is consistent with studies from other regions. We find that a large heat stress
(strong El Nifo) event affected the Sr/Ca-SST relationship in one of our two colonies. We
attribute this change to a loss of metabolic energy from photosynthesis during a time of
bleaching, resulting in weakening of the Ca-ATPase pump; we cannot rule out a secondary,
minor attenuation of Rayleigh fractionation. Despite the impacts on the Sr/Ca-SST rela-
tionship, we do not find a significant increase in reconstruction error even when including
this heat stress period. However, we show an improvement in reconstruction skill when
excluding the most recent (post-stress) data from calibration, highlighting the sensitivity of
the reconstruction to the calibration dataset.
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Our study has three major implications. First, despite the tendency to calibrate Sr/Ca
with SST at monthly resolution given a sufficient coral growth rate, our analyses suggest
that this monthly relationship results in larger, non-climate-related residuals. Instead, using
3-month averaged data for Sr/Ca-SST calibration yields improved (Gaussian) residuals.
We recommend routine examination of residuals when calibrating proxy to instrumental
data. Second, the Sr/Ca-SST relationship in these corals is affected by heat stress, even
in highly variable environments such as the eastern equatorial Pacific; the sensitivity varies
among individuals. Lastly, although removing the heat stress period does not improve
SST reconstruction, the SST reconstruction skill increases when data from the post-stress
period is excluded from calibration, which could reflect a systemic response to heat stress.
These results imply that calibrating Sr/Ca-SST using the most recent period, when corals
have experienced greater levels of extreme heat stress, might increase SST reconstruction
error. We suggest that calibration to instrumental data include analysis of the suitability
of calibration intervals, not just in terms of instrumental data coverage, but also to exclude
extreme events that might bias the calibration and resulting climate reconstruction.
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