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[i] Massive corals offer continuous records of climate locked within their skeleton, with the most commonly
applied paleo-themiometer being Sr/Ca. Recently, however, problems with Sr/Ca thermometry indicate that
the intrinsic variance of single-core Sr/Ca time series differs between cores. Here, we compare the Sr/Ca
records and growth parameters oftwo Porites lutea colonies sampled from the same reefzone, 0.72 km apart,
with two gridded SST datasets, ERSST and HadISST, offNE Madagascar. Specifically, we address seasonal
and interannual variability as well as trend differences between records over the same 43 year period. The two
gridded SST datasets showed strong seasonality and weak positive ENSO anomalies on a slow 43 year
warming trend at significantly different rates. Both the coral Sr/Ca records showed the same clear seasonality
and similar amplitudes in SST. However, on interannual timescales, they displayed diverging 43 year Sr/Ca
trends and opposite responses to weak ENSO anomalies. Moreover, their growth response also differed as
one coral showed increasing extension/calcification rates and Sr/Ca ratios (cooling) over the 43 years, while
the other coral showed decreasing extension/calcification rates and Sr/Ca ratios (warming). Further, during
positive ENSO events, the calcification rates of the two corals were negatively correlated, while skeletal
density anomalies were opposite. Possible explanations to why these corals are so different may be related
to the corals growth response to SST changes. The growth response of individual corals to increasing SST
seems to be opposite, which in turn are likely related to biological factors. Consequently, coral growth
responses explain much ofthe inter-colony Sr/Ca variability.
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1. Introduction

1.1. Coral Paleothermometry

[2] Massive corals, such as Porites spp., can grow
for centuries while residing in a fixed position,
continuously building an aragonite (CaCCC ) skeleton
at a rate between 0.5 and 2 cm yr L As the coral
precipitates its skeleton, anumber of minor and trace
elements are incorporated at different concentrations,
relative to Ca, inrelation to changing physiochemical
parameters [Felis and Pdtzold, 2003]. The Sr/Ca
ratio of the coral aragonite seems to be the most
applied paleo-themiometer, whereby a negative
relationship exists with SST, i.e., as temperatures
increase, less Sr is incorporated into the aragonite
lattice relative to Ca [Alibert and McCulloch, 1997,
DeLong et al., 2007]. A compilation of Sr/Ca-SST
calibrations for Porites spp. revealed a mean Sr/Ca
relationship with SST of —0.061 mmol/mol per 1°C
increase [Coirege, 2006]. Since Sr has a long
oceanic residence time, heterogeneity in skeletal
Sr/Ca is assumed to mainly reflect SST variability.
Therefore, down-core sampling of massive corals
yields an in situ SST time series in which the resolu-
tion is only limited by the coral growth rate.

[3] Coral skeletal Sr/Ca heterogeneity has been
found to not only reflect temperature variability.
Micro-analytical studies have shown the distribution
of Sr to be highly heterogeneous at the micrometer
scale, corresponding to skeletal components and
ultra-structure [Allison, 1996; Cohen et al., 2002].
Consequently, sampling along calcification centers
should be avoided where Sr/Ca are relatively high
[Hart and Cohen, 1996; Alibert and McCulloch,
1997; Gaetani and Cohen, 2006; DeLong et al,
2007]. Other biological factors, or “vital effects”,
are also thought to influence Sr concentrations in
the skeleton. Changing extension rate and density
ofthe corals, associated with calcification processes
(vital effect), have been shown to correlate with
St/Ca [de Villiers et al., 1994; Alibertand McCulloch,

1997; Allisoni, 1996; Allison et al., 2001; Ferrier-
Pages et al, 2002; Sinclair, 2005; Sinclair et al,
2006; Saenger et al., 2008; Cohen and Gaetani,
2010; Kuffiier et al., 2012]. Complicating the rela-
tionship further, some studies have found that tem-
perature itselfis influencing growth parameters such
as coral extension rates [Lough and Bames, 2000;
Cantin et al., 2010; Storz and Gischler, 2011]. This
in turn may indirectly influence the Sr/Ca signal.

[4] Recently, published coral Sr/Carecords covering
the past hundreds ofyears indicate specific problems
with the Sr/Ca thermometer, particularly on decadal
to secular time scales [e.g., Linsley et al., 2004,
2006; Quinn et al., 2006]. Pfeiffer et al. [2009]
showed that the intrinsic variance of the single-core
Sr/Ca time series differs from core to core, limiting
their use for absolute estimates of past temperature
variations. This inter-colony variability seems linked
to vital effects. Averaging the multiple-core data
improves the correlation with instrumental temper-
ature and allows more accurate estimates of
interannual temperature variations (0.35°C or better)
[Pfeiffer et al., 2009]. Here, we assess the reproduc-
ibility of SST reconstructions from two northeast
Madagascar coral Sr/Ca records, located 0.72 km
apart. We argue that single-core Sr/Ca records are
modulated by changes in the colony growth response
to temperature, which may overwhelm the actual
SST signal in the skeleton [Cohen and Gaetani,
2010; Gaetani et al., 2011]. To test this, we examine
the inter-colony skeletal Sr/Ca and growth variability
of two corals over the same 43 year period and
compare our results with gridded SST for the region.

1.2. Historical SST Data

[5] The assessment ofsite-specific reefenvironments
to temperature change is largely based on the
analyses oflong-temi gridded instrumental SST data
[e.g., McClanahan et al., 2009]. This form of data
averages large areas (1°x1° or 2°x2°) with often

few in situ measurements, therefore reef scale
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interannual variability associated with ENSO and
long-term SST trends may be underestimated.
Indeed, our study site in northeast Madagascar has
little or no historical in situ SST observations
(ICOADS SST data) [Woodruffetal., 2005], making
it difficult to assess the validity ofskeletal Sr/Ca as a
reef-scale paleothemiometer. For this reason, we use
and compare two gridded SST datasets to evaluate
relative regional trends and interannual variability
and compare with coral Sr/Ca-based SST variability.

[6] Historical SST data collected primarily by ships-
of-opportunity has been summarized in the compre-
hensive ocean atmosphere dataset (ICOADS) to
produce monthly averages on a 2°x2° grid basis
[Woodruffet ai., 2005]. In the grid that includes the
island of St. Marie (northeast Madagascar), the
data are extremely sparse (http://climexp.knmi.nl).
We therefore extracted SST from the extended
reconstructed SST (ERSST) version 3 [Smith and
Reynolds, 2004], also based on ICOADS data, which
uses sophisticated statistical methods to reconstruct
SST in times of sparse data. From ERSST,
we extracted data in the 2°x2° grid centered at
49-50°E, 17-18°S. Over the period 1963 to 2006,
the ERSST data averaged 26.31°C (£ 1.60°C),
with an average annual range of 5.61°C (Table 1).

[7] In addition to ERSST, we used Met Office
Hadley Center’s sea ice and sea surface temperature
(HadlSST) data for the grid 49-50°E, 17-18°S
[Rayner et ai., 2003]. HadlSST temperatures are
reconstructed using a two-stage reduced-space
optimal interpolation procedure, followed by super-
position of quality-improved gridded observations

Table 1. Statistical Comparison of ERSST and HadISST
for the Same Study Site (49°-50°E - 17°-18°S) Based on
Monthly Replicated 100 x 100 km Data for the Years
Between 1963 and 2006

ERSST v.3b2 SST HadISST 49°-50°E,

Variable 49°-50°E, 17°-18°S 17°-18°S
Mean 26.31 26.48
Standard error 0.07 0.07
Median 26.24 26.68
Mode 28.16 28.03
Standard 1.60 1.58
deviation

Sample variance 2.56 2.50
Kurtosis -1.44 -1.41
Skewness -0.09 -0.19
Range 5.61 5.62
Minimum 23.29 23.56
Maximum 28.90 29.18
Sum 13,601.54 13,690.47
Count 517.00 517.00
SST rise (Cyr” 1) 0.010 0.002
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onto the reconstructions to restore local detail.
Since January 1982, SST time series for HadlSST
use the optimal interpolation SST, version 2 [Reynolds
et al., 2002] that includes continuous time series of
satellite-based SST measurements. Over the period
1963 to 2006, the HadISST data averaged 26.48°C
(=t 1.58°C), with an average annual range of 5.62°C
(Table 1).

[8] Recent analysis of several gridded SST products
showed that important differences exist in long-temi
SST trends [Solomon and Newman, 2012]. For the
entire 1963 to 2006 time series, ERSST and
HadISST displayed slight statistical differences,
with the major exception being a twofold differ-
ence in the skewness ofthe data (Table 1). Conse-
quently, the 43 year trend from 1963 to 2006 in
ERSST and HadISST differs, being 0.010°C yr_1
and 0.002°C yr_1, respectively (Table 1). Indeed,
Solomon and Newman [2012] showed that gird-
based warming trends in the SW Indian Ocean are
uncertain, as some grid products show significant
warming, while others do not. Nevertheless, given
both grid-based datasets show positive trends, we
assume some degree of warming has occurred in
the region over the 43 year period and will
test whether our corals record this in their skeletal
Sr/Ca records.

[9] During a positive El Niflo-Southem Oscillation
(ENSO) event, the southwest Indian Ocean, includ-
ing our study site, experiences small positive SST
anomalies during the mature ENSO phase between
January and March (JFM; Figure SI, Supporting
Information)1l, [Schott et al., 2009]. The 12 El Niifio
events (defined by the Oceanic Nifio Index/ONI;
WWWw.cpc.ncep.noaa.gov) that occurred between the
period 1963 and 2006 (1966, 1969, 1973, 1977,
1983, 1987, 1988, 1992, 1995, 1998, 2003, 2005)
lead to minor, variable warming around the St. Marie
region 0f0.22°C (+£0.23°C) and 0.25°C (+0.23°C),
calculated over a 3 month average from January to
March according to ERSST and HadISST, respec-
tively (JFEMenso - JFMtot; Table SI). The magnitude
of these SST anomalies are small and therefore lie
within the range of observational errors [Annamalai
et ah, 1999], potentially resulting in a poor signal-to-
noise ratio of Indian Ocean grid SST. Nevertheless,
HadISST and ERSST show more or less consistent
ENSO-related mean SST anomalies; therefore, the
signature appears to be more robust with respect to
linear trends.

'Additional Supporting Information may be found in the on-
line version of this article.
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2. Materials and Methods

2.1. Coral Sampling

[io] In March 2007, coral cores STM2 and STM4
were drilled from two separate massive dome-shaped
colonies of Porites lutea on the eastern side of
St. Marie, an island offthe East coast of Madagascar,
facing the open SW Indian Ocean (Figure 1). Colony
STM4 measured 4.5 m in height and 3.5 m in
diameter, while colony STM2 was 1.8 m in height
with a diameter of 1.8 m. A commercially available
pneumatic drill (Rodcraft 4500) was used to extract
4 cm diameter cores along the central growth axis
of the colony. The apexes of the colonies were
situated 1.0 m and 0.5 m below the water surface at
low tide for STM2 and STM4, respectively (Table 2).
Colonies were located 0.72 km from each other,

+

Figure 1. Location of coral cores STM2 and STM4
(stars) offthe eastern coast of St. Marie, NE Madagascar
(bottom left). The coral cores are located 0.72 km apart.
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growing in coral sand patches in the back reefofa
fringing reef and experiencing good exchange
with oceanic waters (Figure 1; Table 2). The total
length of cores STM2 and STM4 were 180 cm and
365 cm, respectively.

[n] Coral cores were sectioned lengthwise into
equal 7 mm thick slabs, rinsed several times with
demineralized water, blown with compressed air
to remove any surficial particles and dried for more
than 24 h in a laminar flow hood. Annual bands
were visualized by X-radiograph-positive prints
and luminescence imagery [Hendy and Gagan,
2003; Grove et ai., 2010]. As there is no humic acid
input from terrestrial sources, the intensity of
luminescence is considered to be a product of den-
sity only [Barnes and Taylor, 2005; Grove et ai.,
2010]. Visualizing the growth axis ofthe coral slab
meant we could define the sampling track perpen-
dicular to the bands (Figures S2 and S3). Unfortu-
nately, it was difficult to distinguish between the
individual corallite bundles of STM4; therefore,
the sampling track may be slightly offset to the
optimal growth axis for the years before 1978
(Figure S3). Using a diamond coated drill of 1.1 mm
in diameter, subsamples for Sr/Ca analysis were taken
every 1 mm parallel to the growth axis, equivalent to
an approximate monthly resolution. Both datasets
cover the same 43 year period of 1963 to 2006. The
annual extension rates (cm yr 1) were calculated by
measuring the distance (cm) between Sr/Ca maxima.
Coral densities (g/cm3) were calculated by analyzing
digital X-rays using the program CoralXDS [Helmie
et al., 2002; Carricart-Ganivet et al., 2007; Helmie
et al., 2011], and calcification rate (g/cm2 yr-1) by
multiplying density with extension rate.

2.2. Analytical Procedures

[12] Skeletal Sr/Ca sub-samples were measured
by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a simultaneous,
radially viewing instrument. (Ciros side-on plasma,
SPECTRO Analytical Instruments GmbH, Kleve,
Gemiany) at the University of Kiel. Respective ele-
ment emission signals were simultaneously collected

Table 2. Coral Core Names Listed Together With Their GPS Coordinates, Depths at Low Tide, and Mean Rates of
Extension, Calcification, and Densities Over the Same 43 Year Period

Water
Core name GPS Position Species Depth (m)
STM2 S17°05,685 Porites lutea 1.0
E49°51,483
STM4 S17°05,322 Porites lutea 0.5
E49°51,632

Mean Growth Mean Density Mean Calcification

Rate cm yr~1 g/cm3 Rate g/cm2yr-1
142 (+£0.22) 0.86 (£0.13) 1.21(+0.24)
1.79 (£0.35) 0.65 (£0.03) 1.15(x0.21)
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and subsequently drift corrected by sample-standard
bracketing every 10 samples following a combina-
tion of techniques described by Schrag [1999] and
de Villiers et al. [2002]. The sample solution was
prepared by dissolving approximately 0.5 mg of
coral powder in 1.00 ml ultrapure HNO3 2%. The
working solution was prepared by serial dilutions
of the sample solution with HNO3 2% to a Ca
concentration of ca. 8 ppm. Standard solution was
prepared by diluting 1.00 ml of the stock solution
(0.52 grams of homogenized coral powder from
an in-house standard in 250 ml HNO3 2%) with
2.00 ml ultrapure HNO3 2%. The Sr and Ca lines
used for this measurement were 407 and 317 nni,
respectively. Analytical precision on Sr/Ca determi-
nations was 0.15% RSD or 0.01 mmol/mol (ler).
Over the entire measurement period of 2 weeks, the
average Sr/Ca ofthe JCp 1 standard [Inoue et ai.,
2004] was 8.57 mmol/mol, with a RSD 0f0.09 %.

2.3. Coral Chronology

[13] The coral chronologies were developed based
on the seasonal cycle of Sr/Ca (Figure 2) and

a)STM2
Mean 8.771, S.D. 0.085 (0.029)

a7

co
o

co

b ) STM4
Mean 8.965, S.D. 0.095 (0.028)

o
co

e

C) STM(, .«
omposite
Mean 8.£ S.D. 0.085 (0.020)

%C

1970 1980
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corroborated against luminescence and X-ray density
profiles. We assigned the coldest month (either Au-
gust or September) to the highest measured Sr/Cara-
tio in any given year, according to both FladISST and
ERSST. We then interpolated linearly between these
anchor points to obtain age assignments for all other
Sr/Cameasurements. In a second step, the Sr/Ca data
was interpolated to 12 equidistant points per year
to obtain monthly time series using AnalySeries 2.0
[Paillard et al., 1996]. This approach creates a non-
cumulative time scale error of 1-2 month in any
given year due to interannual differences in the exact
timing of peak SST. The monthly resolved age
model for density was created by aligning the X-ray
density profile with the Sr/Ca based age model.

3. Results

3.1. Single and Composite Sr/Ca Records

[14] Both STM2 and STM4 showed strong seasonal
cycles in the monthly Sr/Ca time series (Figure 2).
Also, STMcomposite shows clear seasonality in
monthly Sr/Ca with a mean value of 8.868 mmol/

1990 2000

Year

Figure 2. Monthly interpolated Sr/Ca time series (dotted line) and 12 month moving average (solid line) of coral
cores (a) STM2, (b) STM4, and (c) the STMcomposite. Means and standard deviations of monthly (annual mean) time
series are indicated above left of the corresponding core record.
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Table 3. Linear Regression Equations, Correlation Coefficients, and Significance Levels of Monthly, Annual Mean
and Max-min Sr/Ca with both ERSST (gray) and HadlSST (White) for STM2, STM4, and STM compositea

Monthly*“ Regression equation rl P ob
STM4 Sr/Ca=-0.051(£0.001) * SST + 10.304 (£0.036) 0.732 <2.2*1016  0.05
Sr/Ca=-0.052(x0.001) * SST + 10.338(=0.036) 0.741 <2.2*1016  0.05

STM2 Sr/Ca=-0.045(x0.001) * SST + 9.951(x0.032)  0.721 <2.2*1016  0.04

Sr/Ca=-0.045(£0.001) * SST + 9.963(x0.048)  0.710 <2.2*10'%6  0.05
Sr/Ca=-0.048(x0.001) * SST + 10.127(x0.026)  0.820 <2.2*10'6  0.04
Sr/Ca=-0.048(x0.001) * SST + 10.151(20.027)  0.819 <2.2*I0'%6  0.04

Annual mean “ Regression equation r4 P <Ib
STM4 Sr/Ca=-0.013(£0.019) * SST + 8.624 (£0.509) 0.011 0.506 0.03
Sr/Ca=-0.002(x0.021) * SST + 9.020(=0.036)  0.0002 0.923 0.03

STM2 Sr/Ca=-0.056(x0.018) * SST + 10.245(+0.474)  0.191 0.003 0.03
Sr/Ca=-0.030(x0.021) * SST + 9.555(x0.567) 0.045 0.174 0.03
Sr/Ca=-0.022(x0.013) * SST + 9.434(x0.353) 0.059 0.116 0.02
Sr/Ca=-0.016(x0.015) * SST + 9.287(x0.395) 0.027 0.295 0.02

Max-min ¢ Regression equation r4 P ob
STM4 Sr/Ca=-0.064(x0.002) * SST + 10.640(x0.057) 0.909 <2.2*1016 0.04
Sr/Ca=-0.064(x0.002) * SST + 10.664(x0.055) 0919 <2.2*1016 0.04

STM2 Sr/Ca= -0.055(x0.002) * SST + 10.204(£0.046) 0.920 <2.2*1016 0.04

Sr/Ca = -0.055(0.002) * SST + 10.211(x0.048) 0912 <2.2*1016  0.04
STMconpoitte ~~ St/Ca = -0.057(x0.001) * SST + 10.379(0.035) 0956 <2.2*10'6  0.03
Sr/Ca= -0.058(0.001) * SST + 10.392(£0.035) 0956 <2.2*I0'6  0.03

aERSST and HadISST data are from the region 49°-50°E, 17°-18°S for the years between 1963 and 2006.
bThe residual standard errors are given as a.

a)STM2

° W

—~

Ttnpoh) = O oWy
-

1970 1980 1990 2000

<

b )STM4 q

T’:mpommoocnoo
£ A4 0T

1970 1980 1990 2000
Year

Figure 3. Annual mean Sr/Ca time series (solid line) of (a) STM2 and (b) STM4, together with the annual mean
ERSST (dotted line) and HadISST (dashed line) time series. Sr/Ca has been scaled so that —0.06 mmol/mol
corresponds to a warming of 1°C [Corrige, 2006]. The standard deviation and trends of all time series are given in
the bottom right and left of each record, respectively. Linear trends are shown as a straight black line.
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0.226 °C (ERSST)

0.206 °C (HadiSST)

Q08 mmomo

1990 2000

1990 2000
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(a) Time series of annual mean composite Sr/Ca (STMecomposite; solid line), ERSST (dotted line)

and HadlSST (dashed line), with trends and standard deviation (ler) bottom right and left, respectively. Composite
Sr/Ca is the arithmetic mean of STM2 and STM4, with £1 SD shaded, (b) Temperature residuals of ERSST (dotted line)
and HadISST (dashed line) are shown in relation to STMcomposite, With =1 SD shaded. Sr/Ca has been scaled so that
-0.06 mmol/mol corresponds to 1°C. (¢) The number ofobservations, according to ICOADS, is shown for the 43 years

used for this study.

mol (Figure 2). The STMgomposite 1S the arithmetic
mean of STM2 and STM4, which have statistically
different 43 year means (>1cr) at 8.771 mmol/mol
and 8.965 mmol/mol, respectively (Figure 2).
The standard deviations (ler) around the means
of STM2 and STMcomposite Were the same at
0.085 mmol/mol, whereas STM4 is slightly higher
at 0.095 mmol/mol (Figure 2).

[is] Regressions of monthly Sr/Ca with gridded
SST all gave very high correlation coefficients
(r2=0.710 - 0.820), enhanced by the seasonal
cycles inflating relationships. Relationships were
further enhanced when the maximum and minimum
(max-min) Sr/Ca values were regressed against the
coldest and wamiest months in SST, respectively
(r2=0.909 - 0.956; Table 3). For both cores and
the composite, the monthly and max-min slope
relationship to a 1°C increase in ERSST and

FladISST ranged between —0.064 mmol/mol C
and —0.045 mmol/molC 1 (Table 3). These
values are close to that of a recent compilation of
Sr/Ca-SST calibrations [Corréege, 2006].

[i6] The annual means of the three Sr/Ca records,
STM2, STM4, and STMcomposite, were calculated
by averaging the Sr/Ca values for all months
from September through to August, the two
coldest months ofthe calendar year. The standard
deviations for the annual means for STM2,
STM4, and STM composite were 0.029 mmol/mol,
0.028 mmol/mol, and 0.020 mmol/mol, respectively
(Figure 2). The correlation coefficient of the annual
mean Sr/Ca for STM2 regressed against STM4 was
not significant: r2=0.0004, n=43, p=0.9. When
only considering the recent period 1982 - 2006, the
relationship was also not (r"0 .1,
n=25p=0.12).

significant
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o°

Figure 5. (a) The mean temperature change and (b)
average ENSO anomalies for 12 positive ENSO years
over the 43 year period used in this study (1963 - 2006)
for ERSST and HadISST (black bars), and STM2,
STM4, and STMeconposite (gray bars). ENSO anomalies
were calculated by subtracting the mean JFMENSO SST
(Sr/Ca) from the mean JFMtot SST (St/Ca). Coral Sr/Ca
was converted to temperature units using —0.06 ininof
moF°C [Corrége, 2006]. Error bars on Sr/Ca temperatures
are computed using the range of published slopes, being
—0.04 and —0.08 mmoFmoF°C [Corrége, 2006].

[17] Linear regressions of the coral annual means
against either ERSST or HadlSST annual
means (September-August) resulted in very low
correlation coefficients with consistently negative
slopes (Table 3). Only STM2 regressed against
ERSST returned a correlation coefficient that
was significant at the 95% confidence level,
being r =0.19, p <0.005 (Table 3). Its slope of
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—0.056 mmol/mol/°C is within the range of
published relationships [Corrége, 2006] (Table 3).
For STM4, removal of the anomalous wami years
pre-1972 slightly improved correlations with ERSST
(not HadISST) (r2=0.1, p<0.07), and its slope
of —0.044 mmol/mol/C falls within the lower
range of published relationships [Corrége, 2006].
Detrending annual mean Sr/Ca and gridded data did
not improve regressions for either STM2 or STM4.
Further, the significant correlation of STM2 with
gridded ERSST data was lost after detrending.

3.2. Trend Estimates

[is] Coral Sr/Ca was converted to relative tempera-
ture units using the relationship of —0.06 mmol/mol
per 1°C wamiing [Corrége, 2006], which is close to
the local relationships established above. We used
this slope to treat both coral records equally and
make results comparable. All 43 year SST trends
were different, with ERSST showing a wamiing
of 0.010°C yW1 (+0.430°C trend), HadlSST a
slight wamiing 0f0.002°C yr 1(+0.086°C trend),
STM2 a strong wamiing of 0.023°C yr 1
(+0.989°C trend), and STM4 a cooling of
0.010°C yr-1 (—0.430°C trend) (Figure 3). Despite
diverging trends in STM2 and STM4, both showed
similar standard deviations of 0.483°C and
0.469°C, respectively, about twice that of ERSST
(0.226°C) and HadISST (0.206°C). The annual
mean ofthe STM composite had a standard deviation
0f0.333°C, less than STM2 and STM4 yet higher
than ERSST and HadISST (Figure 4). The
STMcomposite had a wamiing trend of 0.007°C
yr-1 (+0.301°C trend over 43 years), which lies
between the trends of the two gridded SST time
series (Figures 4 and 5a). Figure Sa indicates the
large discrepancies between the five trends, of
which STM composite is shown to be outside both
the error bars of STM2 and STM4. A direct com-
parison of the annual means of STM omposite With
the gridded SST data shows higher residuals
(> lct) in the earlier period that decrease towards
present day (Figure 4). Further, for the years
(2000, 2001, and 2006) with a large number of
SST observations (ICOADS; Figure 4c), the differ-
ences between residuals were closer to zero.

3.3. ENSO Years

[19] According to ERSST and HadISST, the average
SST anomaly for 12 ENSO years calculated over a
3 month average from January to March lead to
wamiing of 0.22°C (£0.23°C) and 0.25°C
(T0.23C), respectively. Subtracting the mean
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JFMenso Sr/Ca from the mean JFM Sr/Ca for the
same 12 years provides an estimate of the Sr/Ca
ENSO anomaly recorded in each coral
Reconstructed ENSO-related SST anomalies were
therefore calculated by subtracting the mean
JFMenso SST (Sr/Ca) from the mean JFMtot SST
(Sr/Ca). STM2 had a negative Sr/Ca anomaly of
—0.014 mmol/mol (£0.037 mmol/mol), whereas
STM4 had a positive anomaly of 0.009 mmol/mol
(£0.029 mmol/mol; Table 4a). Coral Sr/Ca was then
converted to temperature units using the relationship
of —0.06 mmol/mol per 1°C wamiing [Correge,
2006], which resulted in mean SST anomalies of
0.23°C (£0.61°C) and -0.14°C (£0.49°C) for
STM2 and STM4, respectively (Figure 5b and
Table SI). A two-sided t-test showed that the ENSO-
related Sr/Ca-based SST anomalies for STM2 and
STM4 were significantly different at the 10% confi-
dence level (p=0.07). The STM conposite St/Ca anom-
aly was —0.003 mmol/mol (£0.024 mmol/mol; Ta-
ble 4a), which equates to a mean wamiing of
0.04°C (£0.40°C) (Figure 5b and Table SI). The
Sr/Ca difference between the STM4 and STM2
anomaly was negative at —0.005 mmol/mol
(STM4-STM2), equating to a positive SST anomaly
0f0.08°C.

GROVE ET AL.: CORAL GROWTH EFFECT ON Sr/Cavariability

10.1002/ggge.20095

[20] Assessing the individual positive ENSO events
indicated that only STM2 showed reasonable
agreement with instrumental SST data, compared
to STM4 and STM composite (Table SI). Using arank
sum test, we compared the coral-based SST anom-
alies with ERSST and FladlSST anomalies. For
STM4 and STMcomposite anomalies, a significant
difference in the median values was observed
with both ERSST and FladlSST anomalies (95%
confidence level). Only the ENSO-related Sr/Ca
based SST anomalies of STM2 were statistically
similar to both sets of grid-based SST anomalies
(95% confidence level).

3.4, Growth Parameters

[21] Annual coral extension rates showed diverging
trends over the 43 years (Table 2), with STM2
declining by —0.007 cm yr-1 and STM4 increasing
by +0.018 cm yr-1 (Figures 6 and 7). Neither corals
showed a significant change during the 12 ENSO
years compared to the 43 year mean in annual
extension rates. The average ENSO year extension
rate for STM2 was 1.41 cm yr-1 (£0.19 cm yr 1)
and 1.75 cm yr 1 (+£0.35 cm yr ') for STM4
(Table 2).

Table 4. ENSO-related Sr/Ca and Skeletal Density Anomalies for STM2, STM4, and STM conposite

(a) Sr/Ca* JFMENSO mmol/mol
STM?2 8.671 (+ 0.037)
STM4 8.868 (+ 0.029)
STM conposte 8.769 (x 0.024)
(b) Density* JFMENSO
STM2 0.874 (£ 0.121)
STM4 0.638(x 0.028)

JFMtot mmol/mol ENSO Anomalyb

8.685 (£ 0.034)
8.859 (£ 0.031)
8.772 (£ 0.025)
JFMtot
0.858 (+ 0.121)
0.643 (+ 0.034)

-0.014 (£ 0.037)
+0.009 (= 0.029)
-0.003 (= 0.024)
ENSO anomaly
+0.016 (= 0.121)
-0.005 (= 0.028)

“Anomalies were calculated by subtracting the mean Sr/Ca/density value for January to March (JFM) from the mean JFM Sr/Ca/density for the 12
ENSO years (1966, 1969, 1973, 1977, 1983, 1987, 1988, 1992, 1995, 1998, 2003, 2005) between 1963 and 2006.
bThe net difference between the ENSO Sr/Ca anomaly of STM2 and STM4 equates to —0.005 mmol/mol.

STM2 -0.007 (cm*yr-1)
STM4  0.018 (cm*yr-1)

Figure 6.

(a) The mean annual extension rates over the 43 year period (1963 - 2006) for STM2 (stippled line) and

STM4 (dotted line) are shown together with linear trends (straight black lines), (b) The extension rate trend is also
indicated (bottom left for both records) and shown graphically for STM2 and STM4, together with the trend difference
(STM4-STM2). Error bars indicate the slope standard error.
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(Top) Time series of annual mean coral Sr/Ca ratios compared to calcification rate, (middle) extension

rate, and (bottom) density for (left) STM2 and (right) STM4. Note the opposite long-term trends in calcification

and extension rate between the two corals.

[22] Coral density of STM2 and STM4 showed no
linear trend over the 43 years, despite considerable
interannual and decadal variability (Figure 7).
Subtracting the mean density for JFM from the
mean density in the 12 JFM ENSO years revealed
the ENSO density anomaly. The average density
anomaly for each core during a positive ENSO year
was different, with STM2 being positive and STM4
negative, yet the differences were statistically not
significant (Table 4b and Figure 7).

[23] Calcification rates significantly declined over
the 43 year period for coral STM2 while they sig-
nificantly increased for STM4 (Figure 7). On
interannual time scales, calcification rates were
negatively correlated with Sr/Ca values in both
corals, particularly since 1983 (Figure 7). Annual
calcification rates of STM2 and STM4 were
negatively correlated (r2=0.2, p < 0.001). A highly
significant negative correlation (r2=0.54; p < 0.001)
between ENSO-year calcification rates was also
observed between the two corals (Figures 7 and S4).

[24] Annual average density, extension rate, and
calcification were correlated with ERSST and
FladISST for both STM2 and STM4. There were
no significant correlations observed between the
growth parameters of STM2 with either of the
SST data. Flowever, for STM4, significant positive
correlations were observed between ERSST
(not FladISST) with both extension rate (r2—0.13,
p < 0.05) and calcification rate (r2=0.09, p < 0.05).

4. Discussion

4.1. Coral Sr/Ca Paleothermometry

[25] Various studies have found inconsistencies
between long-temi Sr/Carecords from coral colonies
sampled close to one another [Cahyarini etal., 2008,;
Pfeiffer et ai., 2009; Cahyarini et ai., 2011]. These
differences are often attributed to local SST or envi-
ronmental stress [Marshall and McCulloch, 2002;

Linsley et al., 2004; DeLong et al., 2007]. Flowever,

1286



Geochemistry .C
Geophysics f '
Geosystems |°J

in cases where the relationship between coral Sr/Ca
records cannot solely be explained by localized
SST discrepancies, vital effects are considered the
main contributor to inter-colony Sr/Ca variability
[Allison et al., 2001; Cohen et al., 2001; Cohen
et al., 2002; Allison and Finch, 2004; Sinclair,
2005; Sinclair et al., 2006; Saenger et al., 2008;
Cohen and Gaetani, 2010; DeLong et al., 2011;
Gaetani et al., 2011; Kuffirer et al., 2012]. Here,
two coral colonies sampled 0.72 km apart showed
similar seasonal amplitudes in Sr/Ca, yet had differ-
ent baseline averages, opposite long-term trends
and displayed diverging interannual responses to
ENSO anomalies. We believe such extreme Sr/Ca
differences to be a result of growth-related vital
effects, rather than local SST wvariability and/or
environmental stress, as the two corals also displayed
opposing growth characteristics.

[26] The regression slopes between max-min Sr/Ca
and gridded SST data were —0.055 mmol/mol/ C
and —0.064 mmol/mol/°C for STM2 and STM4,
respectively. These values are close to the mean pub-
lished Sr/Ca-SST response of —0.06 mmol/mol/ C
[Corrége, 2006]. However, such values are lowerthan
the expected Sr/Ca-SST relationship from abiogenic
precipitation of aragonite (—0.038 mmol/mol/ C)
[Gaetani and Cohen, 2006; Cohen and Gaetani,
2010; Gaetani et al., 2011]. To equally assess Sr/Ca
trends and interannual anomalies of both corals, we
applied the mean published Sr/Ca-SST relationship
o f—0.06 mmol/mol/ C [Corrége, 2006].

4,2. Long-term SST Trends

271 ERSST and HadISST displayed warming
trends of different rates over the 43 year period,
with ERSST increasing by 0.010°C yr 1 and
HadISST by 0.002°C yr-1. These differences are
a result of the few observational data (ICOADS)
available for the region, resulting in a weak consen-
sus [Kennedy et al., 2011; Solomon and Newman,
2012]. Corals STM2 and STM4 displayed diverg-
ing trends over the same 43 year period studied,
with STM2 warming (negative Sr/Ca trend) by
0.023°C yr-1 and STM4 cooling (positive Sr/Ca
trend) by 0.010°C yr-1. Interestingly, the extension
rates of both corals also differed, with STM?2
showing a declining extension rate over the 43 years,
and STM4 an increasing extension rate (Figure 6).
The extension rate increase of STM4 was far greater
(+0.018 cm yr-1) than the decrease in extension rate
of STM2 (—0.007 cm yr-1; Figure 6). Assuming
SST has increased over the 43 year period (at what
rate remains unknown), it is likely that the two corals
have responded differently to wamiing, causing
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STM2 to grow slower and STM4 to grow faster. Con-
sequently, vital effects have likely influenced both
STM2 and STM4 Sr/Ca values. This is particularly
evident for STM4 given there was no significant an-
nual average relationship observed with gridded SST.

[28] Differences in the extension rates (i.e., vital
effect) ofthe two corals have influenced the skeletal
Sr/Ca composition, causing diverging trends.
According to Cohen and Gaetani [2010], as the rate
ofaragonite crystal growth increases, so does Sr/Ca.
Given the increasing extension rate of STM4, this
might account for the increase in skeletal Sr/Ca,
resulting in an apparent cooling trend. Similarly,
STM2 displayed a decreasing Sr/Ca trend giving an
apparent wamiing trend; therefore, as its extension
rate also decreased, the observed Sr/Ca trend
may have been enhanced (towards more negative
values/warming).

[29] As the extension rate increase of STM4 is far
greater than the extension rate decrease of STM?2
(+0.011 cm yr-1; Figure 6), the difference between
Sr/Ca trends should have been positive rather than
negative (—0.039 mmol/mol over 43 years) if there
was no temperature control on Sr/Ca. However, as
the difference between Sr/Ca trends was negative,
a wamiing trend has likely influenced both corals
assuming a linear Sr/Ca-extension rate relationship.
Differences between the Sr/Ca regression slopes of
corals with SST are related to both the reliability of
instrumental data and vital effect strength. As the
difference in extension rates between the STM
cores indicate that STM4 increased at a faster rate
than STM2 decreased, we assume that the vital
effect influence on the STM4 Sr/Ca trend was
greater than STM2. This is one explanation as to
why there was no observed relationship between
annual mean gridded SST and STM4 Sr/Ca. This
argument is augmented when comparing gridded
SST with growth parameters of the two corals.
SST data (ERSST only) showed significant correla-
tions with STM4 extension rate and calcification
rate, yet not with STM2. The influence of SST (as-
suming wamiing occurred) on STM4 growth must
have therefore been greater than that on STM2,
and vital effects stronger, overwhelming the Sr/Ca
signal related to SST.

[30] The only annual mean Sr/Ca record to show a
significant relationship with SST was STM2, where
it negatively correlated with ERSST (not
HadISST), albeit weakly. However, this significant
correlation of annual mean ERSST and STM2 St/
Ca was lost when both datasets were detrended.
This suggests that the Sr/Ca-SST relationship was
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largely related to the long-term trend rather than
interannual variability. As the extension rate de-
crease of STM2 likely inflated the Sr/Ca wamiing
trend, the question still remains whether the signif-
icant Sr/Ca-ERSST relationship would remain sig-
nificant if extension rates did not vary over the 43
year period.

[31] In order to constrain the extent to which the
declining extension rate (vital effect) of STM2 has
enhanced its Sr/Ca trend, we can estimate a range
in which SST has increased using the lower limit
of other published slopes (—0.08 mmol/mol/°C) to
take the maximum vital effects into consideration
(assuming the —0.038 mmol/mol/ C slope of
abiogenic aragonite precipitation represents no vital
effects). As a result, the SST increase would equate
to alower limit of+0.75°C, which is higherthan both
SST datasets (+0.43°C and +0.09°C for ERSST and
HadISST, respectively). For an upper limit, we use
the regressed slope of the annual mean Sr/Ca
relationship with ERSST (—0.056 mmol/mol/°C),
which would equate to a rise of +1.07°C. This
would suggest that SST off northeast Madagascar
has risen by 0.750C-1.07°C between 1963 and
2006. This value is significantly higher than the
HadISST trend of +0.09°C, which McClanahan
et al. [2009] used for satellite based coral mortality
or ecological extinction prediction models [Hoegh-
Guldberg, 1999; Hughes et al., 2003; Sheppard,
2003]. An explanation as to why these wamiing
trends are so different might be related to corals
recording a local signal and HadlSST recording a
more regional signal. Alternatively, the uncer-
tainties associated with gridded SST data may also
explain the slow wamiing HadISST trend
[Kennedy et al.,, 2011]. However, given we have
no long-temi in situ data, we cannot verify this,
complicating the assessment of SST trends inferred
from corals.

[32] For the coral Sr/Ca composite record
(STMcomposite), the calculated 43 year trend of
+0.30°C (range of 0.23-0.32°C using slopes of
—0.08 and —0.056 mmol/mol/ C) lies between the
ERSST and HadISST trends (yet closer to that of
ERSST), and the standard deviation of STM composite
was closerto that ofHadISST and ERSST, compared
to STM2 and STM4. If we assume that gridded data
reflects the trae SST trend at the reefscale, averaging
of the two coral records indeed improves the long-
term trend estimates, as suggested by Pfeiffer et al.
[2009]. However, this is unlikely, and we cannotrule
out that gridded SST underestimates long-term
trends at the reefscale, and long-temi SST trends in
the SW 10 are uncertain [Kennedy et al, 2011;
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Solomon and Newman, 2012]. We believe the
improved STMcomposite relationship observed with
gridded data is likely a coincidence caused by the
elimination of opposing trends between the two
corals. We must therefore treat the composite record
with caution and suggest a coincidental similarity
with gridded SST data in temis of the long-term
trend. Future studies dealing with Sr/Ca-based SST
reconstructions should at least observe statistical
relationships between records before compiling
composite records.

4,3. ENSO Years

33] To individually test the reliability ofour three coral
Sr/Ca records (STM2, STM4, and STMcomposite)
in assessing large-scale climate teleconnection
patterns such as ENSO, we correlated each record
with global SST (Figure 8). Coral STM2 was the
only records thatrevealed a spatial correlation pattem
typical for Indo-Pacific SST teleconnections,
whereas STM composite showed a weaker correlation
and STM4 no correlation. This suggests that STM2
is a more reliable time series to assess large-scale
teleconnections related to past ENSO variability than
both STM4 and STM compositc.

[34] There were 12 recorded positive ENSO events
over the 43 year period studied here (wWww.cpc.
ncep.noaa.gov). Both ERSST and HadISST showed
similar positive JFM anomalies that indicated an
average wamiing of 0.22°C and 0.25°C, respec-
tively, yet varied considerably for individual ENSO
years (Table SI). For the same 12 ENSO years, the
STM2 Sr/Ca anomalies (negative Sr/Ca) were in
agreement with the gridded SST products and
displayed positive temperature anomalies of similar
magnitude, whereas STM4 displayed negative
temperature anomalies, and STMcomposite only
slightly positive (Table SI). Similar to the gridded
data, Sr/Ca-based SST anomalies for individual
years varied considerably. Standard deviations
indicated that ENSO year JFM averages between
the cores were statistically the same as the gridded
SST anomalies (Table SI). However, statistically
and on assessment of individual positive ENSO
events (Table SI), STM2 showed reasonable
agreement with instrumental SST data, whereas
STM4 and STM composite did not (Tab. SI).

[35] Interestingly, calcification rates in STM2 and
STM4 were opposite in their response to individual
positive ENSO events (Figure S4). This also
suggests a different growth response to ENSO
SST anomalies, which may have modulated the
coral Sr/Ca composition of either coral. According
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Figure 8.
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corr Jan-Dee averaged STM2 Sr/Ca
with Jan-Dee averaged ERSST v3b2 SST 1963:2005 p<10%

corr Jan-Dee averaged STM4 Sr/Ca
with Jan-Dee averaged ERSST v3b2 SST 1963:2005 p<10%
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corr Jan-Dee averaged STMcomp Sr/Ca
with Jan-Dee averaged ERSST v3b2 SST 1963:2005 p<10%

(Left) Spatial correlation of coral Sr/Ca with global SST for either the January to March or February to

April period, (right) together with the annual means. Correlations are shown for (top) STM2, (middle) STM4, and
(bottom) STMcomposite, computed using the years 1963 to 2006. Only correlations significant above the 90% level
are colored. Correlations were computed at http://climexp.knmi.nL.

to Cohen and Gaetani [2010] and Gaetani et al.
[2011], Rayleigh fractionation may cause Sr/Ca
depletion as the mass of aragonite precipitated
per “batch of calcifying fluid” increases. As there
is an anomalous negative mean skeletal density
and calcification response recorded by
STM4 during a positive ENSO event,

coral
such

Rayleigh fractionation would account for the
anomalously higher mean skeletal Sr/Ca signal
(Table 4). Similarly, as the mean density and calcifi-
cation anomaly for STM2 is positive during a posi-
tive ENSO event, this would cause a negative mean
Sr/Ca signal. In both cases, the mean Sr/Ca anoma-
lies for corals STM2 and STM4 followed this
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pattern, suggesting densities and/or calcification
rates may have modulated the skeletal Sr/Ca signal.
This is in agreement with a recent mesocosm study
by Kuffiier et al. [2012]. They found that over a
shortnine month period, Sr/Ca was inversely related
to calcification rate [Kuffiier et al., 2012].

[36] In order to constrain how much coral calcifica-
tion has enhanced the STM2 ENSO anomalies, we
can use the lower limit of other published slopes
(—0.08 mmol/mol/'C) to take the maximum vital
effects into consideration. As aresult, the SST anom-
aly would equate to an approximate average increase
of +0.17°C, which is lower than what both satellite
datasets show (+0.22°C and +0.25°C for ERSST
and HadISST, respectively). For an upper limit, we
use the regressed slope of the annual mean Sr/Ca
relationship with ERSST (—0.056 mmol/mol/°C),
which would equate to an average positive anom-
aly of +0.25°C. This would suggest that positive
ENSO events lead to an average SST increase of
0.17°C - 0.25°C offnortheast Madagascar for the
12 ENSO years studied. However, given the large
standard deviations involved, there was likely
much variability between ENSO years, which
is similarly observed in the gridded SST data.
Therefore, the signal to noise ratio for 3 month av-
erages in ENSO years is too low to faithfully record
the SST amplitude of single events in eastern
Madagascar.

4.4. Controls of Sr/Ca

371 Gaetani and Cohen [2006], Cohen and
Gaetani [2010] and Gaetani et al., [2011] showed
that coral Sr/Ca ratios are influenced by three pro-
cesses/factors: (i) the mass fraction of aragonite
precipitated by the coral (MFP), (ii) the crystal
growth rate, and (iii) temperature. In this study,
we find evidences suggesting that all three pro-
cesses have influenced to some extent the two
corals STM2 and STM4. (I) MFP and coral Sr/Ca
are inversely correlated; therefore, the more effi-
cient the coral is at precipitating aragonite from a
batch of calcifying fluid, the lower the Sr/Ca ratio
ofthe bulk aragonite will be. We draw similarities
between this process and seasonal density/calcifica-
tion changes in the two corals, (ii)) As the growth
rate of aragonite crystals increases, the Sr/Ca ratio
ofthe crystals also increases. We observe this pro-
cess in the two corals studied here, whereby differ-
ences in annual extension rates cause diverging St/
Ca trends. The effects of (i) MFP and (ii) crystal
growth rate are opposite, which we identify here,
(iii) Finally, temperature also influences coral Sr/
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Ca (inversely), but the effect is relatively small
compared to the other factors. Nevertheless, weak
correlations of STM2 Sr/Ca and SST were identi-
fied, yet for STM4 not.

4,5, Inter-colony Sr/Ca Variability:
Potential Causes

[38] Assuming the local physio-chemical conditions
of the two corals were similar given the close
proximity and full seawater exchange with the open
ocean, other potential variables that may have
influenced inter-colony Sr/Ca variability include (I)
depth, (ii) age of the coral, and (iii) sampling off
the optimal growth axis, (i) Depth, and in turn light
intensity, may have influenced the growth response
of coral STM4, as its apex was located 0.5 m higher
than STM2 and therefore closer to the warmer wave-
dominated surface. Increased extension rates are
indeed linked to warmer SSTs and/or more optimal
light levels [Lough and Barnes, 2000; Reynaud
et al, 2007]; however, this does not explain the
declining extension rates observed in STM2. Also,
it is unclear whether depth would cause the corals
to respond differently to warmer ENSO years in
terms of calcification, (ii)) The age ofthe coral may
also cause variability in the geochemical signals
observed between corals, given STM4 is ca. twice
the age of STM2 [Marshall and McCulloch, 2002].
However, it remains to be seen whether age can
cause such divergent trends, (iii) If we sampled off
the optimal growth axis for STM4, pre-1978, this
may have caused more positive Sr/Ca values. How-
ever, the Sr/Ca-growth relationship remained similar
both pre- and post-1978. Itis also unlikely that errors
introduced by age-model calculations would have
caused the low correlations between cores, as clear
cycles in Sr/Ca were observed (Figure 2) and corrob-
orated against density and luminescence profiles
[Hendy and Gagan, 2003; Grove et al., 2010].

[39] As STM2 and STM4 were both drilled from
the same coral species, Porites lutea, differences
in growth responses may have been affected by
the coral microbiology. It has been reported that
some corals can shuffle or switch symbiont types
in response to themial stress events [Berkelmans
and van Oppen, 2006] and that this may represent
a means of adaptation to environmental change.
Distinct symbiont genotypes are known to differ
in their photosynthetic contribution to the coral host
[Loram et al., 2007], and calcification is thought to
be a “photosynthesis-driven” process [Colombo-
Pallotta et al., 2010]. For instance, corals with the
more heat tolerant symbiont type D are shown to
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grow considerably slower (up to 38%) than corals
with type C2 [Cantin et ah, 2010; Jones and
Berkelmans, 2010]. Cohen et ai. [2002] proposed
that algal symbionts affect the accuracy of the
Sr/Ca thermometer in tropical coral species.
Increased water temperature and increased symbiont
activity are both thought to cause a simultaneous
decrease in the Sr incorporation into the skeleton.
This process is more dominant during summer calci-
fication when symbiont activity is highest.

[40] Our results show that corals react differently to
external forcing in temis of extension rate, density,
and calcification [Helmie et al., 2011], which likely
modulates the skeletal Sr/Ca composition. More
specifically, Porites spp. have been shown to be
particularly sensitive to themial stress in terms of
calcification [Carricart-Ganivet et al., 2012]. Corals
STM2 and STM4 are good examples of how two
colonies ofthe same species located less than 1 km
apart can show opposite Sr/Ca trends and anomalies.
Assuming some degree of warming occurred in the
SW Indian Ocean between 1963 and 2006, wamiing
trends are accompanied by an increasing extension
rate of STM4 and a decrease in extension rate of
STM2. This observation suggests high variability in

coral growth between individual colonies in
subtropical reeflocations paired with relatively high
SST seasonal cycles (>5°C). Consequently,

interannual SST variations are of minor amplitude
in comparison to seasonal changes. This in turn will
complicate the coral based-SST reconstructions,
especially interannual variability, due to vital effects
likely increasing with increasing SST and growth
variability. Although uncertain, the last 30 years
have seen high rates of wamiing which can poten-
tially enhance physiological stress for corals. This
may have undemiined the corals ability to faithfully
record SST in the skeletal geochemistry; however,
this assumption needs to be further tested at sites
where reliable in situ SST observations exist.

5. Summary

[4i] Coral vital effects modulate the precipitation of
skeletal Sr/Ca, which can in turn affect its relationship
with SST. Altering extension rates and densities in
response to SST variability may overwhelm the Sr/
Ca signal and in extreme circumstances produce op-
posing results. Here, we find two corals ofthe same
species in the same environment with diverging
growth responses to SST; yet, the influence of vital
effects on Sr/Ca is consistent between corals. In-
creasing extension rates in STM4, over the 43 year
period, were coupled with increasing Sr/Ca ratios,
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while decreasing extension rates in STM2 were
coupled with decreasing Sr/Ca ratios. During indi-
vidual positive ENSO events, calcification rates in
STM4 and STM2 were negatively correlated, which
may have modulated the Sr/Ca signals. It is therefore
important to measure multiple cores to fully assess
vital effects and their impact on Sr/Ca. Pooling re-
cords together can increase the reliability of recon-
structions; however, in circumstances such as this,
the coral composite record can be less reliable when
two corals display such opposite signals. Whether
the coral biology and/or local physiochemical envi-
ronmental differences are the cause for Sr/Ca dis-
crepancies between records, measuring growth pa-
rameters will assist in identifying and constraining
them.
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