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[1] A core (900 mm long) of the scleractinian coral Dipsastraea (Favia) speciosa was collected from Iki
Island (~33°48'N), Japan, one of the highest latitude coral reefs known to exist at present, where winter
monthly mean sea surface temperature (SST) drops to 13°C. The Sr/Ca profile was constructed using a bulk
sampling method for the uppermost 280 mm interval of the core, which grew between 1966 and 2007, to test
whether it could act as a suitable proxy for SST in a harsh environmental setting where reef-building coral do
not usually survive. The Str/Ca-SST relationship derived from the annual Sr/Ca and SST extremes predicted
the observed monthly averaged summer SST extremes within an error range of *=1.1°C (1 s.d., n=40). The
obtained Sr/Ca-SST calibration was also found to be valid for subtropical Dipsastraea (Favia) corals,
proving its broad applicability. However, low-amplitude winter peaks were observed in the slow-growing
intervals, which we confirmed (using individual spot analysis along a continuous growth line) result from the
mixing of theca grown at different times. Our bulk sampling approach, across multiple growth lines in the
skeleton of D. (F£.) speciosa, led to the mixing of asynchronous skeletal part. At the study site, D. (F.)
speciosa grows continuously, even during the cold season, suggesting that the skeletal Sr/Ca obtained from
specimens of D. (F.) speciosa can be used as an SST proxy in the northwest Pacific marginal seas.

Components: 8,131 words, 5 figures.
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1. Introduction

[2] Reef-building corals, especially those that
form massive coral colonies, preserve climate
records that may extend over many centuries [e.g.,
Patzold, 1992; Quinn, 1993; Goodkin et al.,
2008]. Fossil corals can extend these paleoclimate
records further geologic past [e.g., Gagan et al.,
1998; Allison et al., 2005; Mishima et al., 2009;
Watanabe et al., 2011]. However, coral-derived
long-term climate reconstructions that extend
beyond the period covered by instrumental records
are scarce in middle-latitude regions north of 30°
latitude due to the low winter temperatures there.
An exception is found in Bermuda (32°N) on the
western margin of the Atlantic Ocean, where the
warm Gulf Stream allows stable and long-term
growth of the brain coral Diploria labyrinthifor-
mis, and this has been used to reconstruct multi-
century paleoclimatic data [e.g., Nozaki et al.,
1978 ; Goodkin et al., 2005, 2008].

[3] Similarly, the East Asian marginal seas on the
western boundary of the Pacific are influenced by
the Kuroshio Warm Current, and also provide an
unusual environment for coral distribution. In the
Korea Strait, the Tsushima Warm Current, a north-
ward flowing tributary of the Kuroshio Warm Cur-
rent, pushes the northern limit of coral distribution
into the temperate region (Figure 1). In this special
setting, corals belonging family Merulinidae (fol-
lowing the classification of Budd et al. [2012];
previously belongs to the family Faviidae in Veron
[2000]), such as Cyphastrea, Dipsastraea (Favia
in  Veron [2000]’s classification), Favites,
Goniastrea, and Platygyra sp., are widely distrib-
uted up to 35°N [Yamano et al., 2001, 2004, 2011,
2012; Sugihara and Yamano, 2004] (Figure 1). In
particular, Dipsastraea (Favia) is the most com-
mon genus at ~34°N, and it builds large living
colonies up to around 1 m in height. These corals,
predominantly Dipsastraea (Favia), also comprise
a major coral component of the reef structures that
have developed in the coastal zones of Iki Island

(~33°48'N) and Tsushima Island (~34°30'N),
where the Dipsastraea (Favia) fossils extend the
maximum age to ~2800 (555 cm in height) and
~4300 years B.P. (525 cm in height), respectively
[Yamano et al., 2012]. Therefore, the Dipsastraea
(Favia) colonies and fossils have the potential to
act as paleoclimatic and paleoceanographic
archives for this temperate setting.

[4] Dipsastraea coral skeletons have been shown
to be reliable recorders of environmental condi-
tions in tropical to subtropical regions based on
their preserved stable oxygen isotope composition
in Weber and Woodhead [1972] and Sr/Ca ratios
[Mishima et al., 2009]. However, Dipsastraea
(Favia) in the Korea Strait is exposed to a harsh
environment characterized by large seasonal tem-
perature fluctuations and, more importantly, low
winter temperatures falling down to 13°C. These
environmental conditions cast doubt on its appro-
priateness as an environmental archive, and conse-
quently, its reliability as an environmental
recorder needs to be verified. Previous studies
have found that such environmental conditions
may restrict the continuous growth of coral, and
make skeletal geochemistry less reliable [Fallon
et al., 1999; Montagna et al., 2007]. For instance,
Montagna et al. [2007] suggested that a Cladocora
caespitosa stopped skeletal growth during the cold
season in the Mediterranean Sea. Other field sur-
veys and laboratory culture experiments have also
documented the absence of coral reef and/or the
cessation of calcification in some species at tem-
peratures below 16°C—18°C [Jacques et al., 1977,
Walker et al., 1982; Burns, 1985; Lough and
Barnes, 2000]. Thus, these studies suggest the
presence of a low-temperature limit for coral
growth (hereafter referred to as the threshold tem-
perature). The monthly sea surface temperature
(SST) in the Korea Strait drops to 13°C during the
winter, and this indicates the possibility of growth
disturbance in the strait during the cold season. In
addition, the effect of growth disturbance can be
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Figure 1.

(a) Regional map of the study area showing locations where Faviid coral communities have been

reported (open diamonds) and pathways of the Kuroshio and Tsushima currents. Contours (dashed lines) are
isotherms of monthly average SST for the coldest month [Yamano et al., 2001]. Solid circles show locations
of Chichi Island and Miyako Island, where modern and fossil Dipsastraea (Favia) corals were studied by Mis-
hima et al. [2009]. The location where optimal interpolation temperature was obtained by Minobe et al.
[2004] is marked with a filled star (see text). (b) Map of Iki Island. Coral communities are distributed in Kuro-
saki and Itaura bays, on the western side of the island. The coral samples analyzed in this study were collected
in Kurosaki Bay. (c¢) Locations of the sampling (open star) and monitoring sites (open circle). Modified after

Yamano et al. [2001].

carried over to the geochemical signals of the sub-
sequent summer in Porites [Suzuki et al., 2003;
Omata et al., 2006]. Therefore, these two aspects
(i.e., the possibility of growth stopping during the
cold season, and its effect on the geochemical sig-
nal of the following summer season) must be clari-
fied before Dipsastraea (Favia) can be used as an
environmental archive in this particular setting.

[s] This study aims to test the Sr/Ca thermometry
of Dipsastraeca (Favia) speciosa in the Korea Strait
in an attempt to reconstruct the past climatic record
using a large living colony and fossils. We collected
a 900 mm long core from a living D. (F.) speciosa
coral colony on Iki Island, Japan (Figure 1). Sr/Ca
in the uppermost 280 mm of the core was measured
by bulk sampling and, in part, by individual spot
analysis. Our coring site is close to that of Yamano

et al. [2001, 2012]; thus, this study is the first step
in the reconstruction of the long-term climatic his-
tory of the Korea Strait. We also address the prob-
lems of the validity and implications of winter
Sr/Ca records derived from D. (F.) speciosa that
lives under environmental conditions that are
unfavorable for coral survival. In addition, we
examine the applicability of our Sr/Ca thermometry
of D. (F.) speciosa to subtropical regions.

2. Materials and Methods

[6] Tki Island (33°48'N, 129°39'E), is located in
the Tsushima Strait, the eastern channel of the
Korea Strait (Figure 1). Mean monthly SSTs var-
ied between 13.3°C (February) and 27.0°C
(August) during the period 1986-2007. The island
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1s warmer than other areas at a similar latitude due
to the direct influence of the Tsushima Warm Cur-
rent, as indicated by the 13°C isotherm line in the
coldest month (Figure 1a).

[7] In 2007, a 900 mm long core was retrieved
through a vertical axis of a living coral colony of
D. (F.) speciosa, which was part of a reef described
by Yamano et al. [2001, 2012] at a water depth of
around 2 m in Kurosaki Bay (Figures 1b and lc).
The in situ SST data (hereafter called Kurosaki
SST) are available from 1986 to 2007 (calibration
period) and were measured daily by the Tasaki
Shinju Company at a site about 200 m south of the
coring site (Figure 1c). The monthly averaged SSTs
from this data set were used to establish the Sr/Ca-
SST relationship. The potential error associated
with the use of daily data to generate a monthly
averaged SST is less than 0.2°C when compared
with data gathered every 30 min (K. Sugihara, per-
sonal communication, 2010). Additional SST data,
derived from an optimal interpolation method, are
available at a monthly interval from 1951 to 1996
from the easternmost part of the Tsushima Strait
(Figure la; spatial smoothing of a 0.5° x 0.5° grid
centered at 131°E, 34.5°N at the surface) [Minobe
et al., 2004]. The latter data (hereafter called OI
SST) show a good linear correlation (r=0.98,
p<0.0001, n=132) with the Kurosaki SSTs for
the overlapping period between 1986 and 1996, but
the monthly average is offset by approximately
4+0.3 = 0.8°C (1 s.d.) from the Kurosaki SSTs. The
OI SSTs were used to verify the reliability of the
Sr/Ca-derived SSTs for the period 1966—1986 (veri-
fication period), for which measured SSTs are
unavailable from Kurosaki Bay.

[8] The uppermost 280 mm interval of the coral
core was subjected to wet analysis to determine
the Sr/Ca profile. The core was sliced into 10 mm
sections, cleaned in an ultrasonic bath with Milli-
Q water, and then dried in an oven at 50°C. An
X-ray radiograph was obtained for each section
using SOFTEX radiographer M-60, and the image
was used to select a single continuous corallite
from the section, which was then isolated for anal-
ysis (Figure 2a). Mixing of the geochemical signal
from different skeletal elements can be problem-
atic when using corals with large polyps [e.g.,
Watanabe et al., 2002, 2003]. To minimize this
problem, only theca walls were subjected to analy-
sis after removing other internal skeletal structures
using a dental drill.

[v] A freezing microtome sampling method was
used to subsample the specimen, due to its porous

and fragile skeletal texture [e.g., Watanabe and
Oba, 1999 ; Shimamura et al., 2005]. The isolated
theca was cut perpendicular to the growth axis to
fit into the microtome (Bright Instrument OTF
5000 Cryostat) with dimensions of approximately
5 mm (width) x 2 mm (thickness) x 50 mm
(length). The theca of D. (F.) speciosa consists of
a series of thickened septa, each of which can be
seen clearly as a linear projection outside and
inside of theca and represents a continuous growth
line. A theca stick of ~5 mm wide includes 67
septa in general. Each section was buried in an ice
block, shaved into powder by a steel blade of
microtome in the cryostat maintained at —30°C,
and freeze-dried to remove water. We intended to
collect the shaved subsamples at intervals of 200
pm; however, as the edge of the blade get often
blunt during the procedure, it was difficult to
maintain a constant sampling interval. As a result
of this limitation, the sample distance in each sam-
ple stick was estimated based on the number of
subsamples and the length of each section. This
approach gives the average extension rate of each
section, but does not allow for the determination
of the annual linear extension for a particular year.
The average sampling interval was estimated to be
about 140 pm.

[10] Subsamples were treated with 4 mM HNO;
and rinsed three times with Milli-Q water to
remove potential contaminants and inorganically
precipitated aragonite, as described in Watanabe
et al. [2001]. The subsamples were then dissolved
and diluted to give a final calcium concentration of
around 10 ppm to minimize the matrix effect with
known average concentrations of Ca and Sr in the
coral aragonite and approximate sample weights.
Concentrations of Ca and Sr were measured from
the spectral lines at 407.776 and 317.933 nm,
respectively, using an inductively coupled plasma-
optical emission spectrophotometer (ICP-OES)
(Perkin-Elmer Optima 3300 DV) at the Korea
Institute of Ocean Science and Technology,
Ansan, Korea. Every third or fourth subsample
was analyzed for Sr/Ca, providing about a monthly
resolution. Additional analysis was performed on
the section between 150 and 191 mm to test
whether this analytical resolution is sufficient to
resolve complete seasonal Sr/Ca amplitudes (see
below). Based on the initial analytical results with
a monthly resolution, all of the omitted subsamples
around the annual maxima and minima of Sr/Ca
were analyzed for this specific interval. Instrumen-
tal drift was corrected for according to Schrag
[1999]. The analytical error of Sr/Ca, based on
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Figure 2. (a) X-ray radiograph of the D. (F.) speciosa specimen showing the corresponding growing years

and transect for microsampling (solid white line). The points of corallite bifurcation are marked by arrows.
(b) Plot of Sr/Ca ratios determined by ICP-OES against distance from the top of the core. The isolated coral-
lite was cut into six sections, which are marked by vertical dashed lines. The average growth rate of each sec-
tion is given at the top (see section 2 for details). Winter extreme values from the periods 2005-2006 and
1999-2000, excluded from the calibration of St/Ca-SST relationship, are marked by arrows.

replicate measurements of the coral standard JCp-
1, provided by the Geological Survey of Japan
[Okai et al., 2002], was 0.4% (1 s.d., n=1126).

[11] The bulk sampling method used in this study
may induce lateral mixing of theca that had grown
at different times, which results in the dampening
of amplitudes in the slowly growing parts of the
coral. We evaluated this possibility using laser
ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) for the 150-191 mm inter-
val, which showed low-amplitude winter peaks in
the Sr/Ca determined with ICP-OES with a resolu-
tion of 0.14 mm per sample. For this, the specimen
was mounted in epoxy resin and polished along a
single septum, which represents a single continu-
ous growth line. The **Sr and **Ca content of the
selected septum was then analyzed with a New
Wave UP 213 Laser Ablation System and Thermo
Elemental X7 ICP-MS at the Korea Basic Science
Institute at an interval of 150 pum with an analyti-
cal spot size of 40 ym. The data were collected in
time-resolved mode, with the coral data being

bracketed by scans of 60 s on a National Institute
of Standards and Technology (NIST) standard ref-
erence material (SRM) 612 standard [Pearce
et al., 1997] and 30 s of instrumental background.
As carbonate standards that are chemically ho-
mogenous at the 1% level are not available, the
absolute concentrations of Ca and Sr could not be
obtained. Instead, we normalized the Sr/Ca counts
(hereafter normalized Sr/Ca) from the LA-ICP-
MS results to the most prominent peaks, 1984
summer and 1981-1982 winter extremes, pro-
duced from ICP-OES result.

3. Results

[12] The X-ray radiograph image of the core sec-
tion revealed annual density bands and did not
show any anomalous density patches indicative of
diagenetic alteration (Figure 2a). The Sr/Ca values
measured using ICP-OES vary from 9.00 to 9.73
mmol/mol (9.33 mmol/mol on average), with
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lower and higher extremes occurring in summer
and winter, respectively (Figure 2b). The analyzed
topmost 280 mm interval of the living coral core
was estimated to have grown over the past 42
years, from 1966 to 2007, based on the growth
bands on the X-ray radiograph and the annual
Sr/Ca cycles (Figure 2). The mean annual growth
rate was calculated to be 6.6 = 1.1 mm/yr (1 s.d.,
n=42).

[13] Normalized Sr/Ca values obtained using
LA-ICP-MS from the 150-191 mm section
revealed a consistent and regular shape of the win-
ter peaks when compared with the equivalents
obtained using ICP-OES (Figure 3). Although the
counts were not quantitatively converted to the
absolute concentration, the normalized Sr/Ca val-
ues exhibit clear annual cycles and are positively
correlated with those from the ICP-OES.

4. Discussion

4.1. Sr/Ca-SST Relationship

[14] The determined bulk Sr/Ca was negatively
correlated with the observed temperature. During
the monitoring period from 1987 to 2007, Sr/Ca
variation does not show abnormal signals caused
by a breakdown of temperature-dependent Sr and
Ca uptake as observed in the Sr/Ca profiles of
McCulloch et al. [1994] and Marshall and McCul-
loch [2002]. Therefore, the temperature depend-
ence of the Sr/Ca was estimated from a linear
regression of winter and summer Sr/Ca extremes
with the corresponding monthly averaged annual
SST extremes (Kurosaki SST), following McCon-
naughey [1989] and Gagan et al. [1998]:

[15] Sr/Ca (mmol/mol) =10.184 (+0.053)
—0.0408 (+0.002) x SST (°C) (20; 95% confi-
dence level, > =0.97, n=38, p < 0.0001) (Figure
4)

[16] The winter Sr/Ca extremes in 2005-2006 and
1999-2000 were very low compared with other
winter extremes, despite the corresponding tem-
peratures being similar to the other years (Figure
4). These data clearly deviate from the regression
trend, and thus were excluded from the regression.
The temperature dependence (—0.0408 mmol/
mol/°C) of the Sr/Ca obtained in this study is
somewhat greater than the value of —0.032
reported from a modern subtropical D. (F.) spe-
ciosa by Mishima et al. [2009]. Although the slope
is gentler than the averages reported for Porites
(—0.0607) and non-Porites genera (—0.0596) by

Correge [2006] (Figure 4), it is similar to the
slopes of other faviid corals having large corallite
such as Diploria (—0.036 to —0.048) [Cardinal
et al., 2001; Goodkin et al., 2005; Hetzinger
et al., 2006] and Montastrea (—0.028 to —0.047)
[Swart et al., 2002; Smith et al., 2006], mainly
reported in the Atlantic.

4.2. Accuracy of Sr/Ca Thermometry

[17] Using the derived Sr/Ca-SST relationship, the
proxy temperatures were reconstructed and com-
pared with the observations (Kurosaki and OI
SSTs) over the entire study period (Figure 5). The
range of reconstructed annual maximum SST,
varying from 24.1°C to 28.5°C, agrees well with
the observed summer SST record (24.1°C-28.7°C)
for the calibration period (1987—2007) (Figure 5).
The standard error of the residuals of the summer
SSTs is =1.1°C (1 s.d., r=0.63, n=21). The
good predictability of the Sr/Ca thermometry sug-
gests that SST is the main controlling factor of the
skeletal Sr/Ca ratio during the summer. Similarly,
the winter Sr/Ca extremes yield reconstructed
SSTs ranging from 11.1°C to 15°C for the same
period (excepting the two data points excluded
from the calibration), which is similar to the range
of measured winter SST extremes that vary
between 12.2°C and 14.4°C. However, the winter
Sr/Ca extremes form a circular cluster in the SST-
Sr/Ca scatterplot, and do not show any meaningful
correlation against the measured winter SST
extremes (r=0.1, n=19, p=0.68) (Figure 4). It
should be noted that the measured winter extreme
temperatures vary within a narrow range of
*1.1°C (1 s.d.), exactly the same as the error
range found in the reconstructed summer SSTs.
The precision of the Sr/Ca thermometry may
be too low (as a result of the limitations imposed
by the bulk subsampling method used here) to
resolve small interannual variations in winter
temperatures.

[18] To verify the applicability of Sr/Ca thermom-
etry as a long-term climate recorder, the Sr/Ca-
derived summer extreme SSTs were compared
with the OI SSTs between 1966 and 1986 (verifi-
cation period) (Figure 5). The reconstructed SSTs
show generally good agreements with the summer
OI SSTs, except for the summers of 1976 and
1977, which do not show clear seasonality.
Excluding these 2 years, the standard error of the
residuals between Sr/Ca-derived and OI SSTs is
0.7 1.1°C (1 s.d., r=0.71, n=18, p<0.001).
This offset of 0.7°C is probably attributable to the
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Figure 3. Combined analytical results from the core section between 150 and 191 mm. (a) Sr/Ca of every
third-sample and fourth-sample analysis are given as a blue dashed line, and the results for samples omitted
from the initial analysis in the peak areas are given as red solid circles, (b) comparison of normalized Sr/Ca
measured using LA-ICP-MS with OI SST records (red dotted line), and (c) comparison of normalized Sr/Ca
measured using LA-ICP-MS with those measured using ICP-OES (blue dashed line). Thin and thick solid
lines in Figure 3b and 3c represent all results of the LA-ICP-MS analysis and five-point moving average,
respectively. The LA-ICP-MS data were normalized to the ICP-OES results of the summer 1984 and winter
1981-1982 peaks, which are the most prominent peaks in this interval.

differing origins of the data sets, and the distance
between the sites at which samples and OI SST
data were collected (see Figure 1). The recon-
structed summer extreme SSTs show excellent
agreement with instrumental records for the
42 years of the study period (Figure 5), verifying
their value as a long-term climate proxy for
summer SSTs. The cause of the weak summer
peaks in 1976 and 1977 is not clear at present. The
branch bifurcation observed during the 1974—1975
period (Figure 2), and related physiological stress,

could explain the subsequent weak peaks in 1976
and 1977, as previously reported in the Porites by
Alibert and Kinsley [2008] and Delong et al.
[2013]. However, another bifurcation occurred in
1985—1986, but had no recognizable effect on
summer Sr/Ca in the following years. Such variabil-
ity makes it difficult to evaluate the effect of branch
bifurcation on the Sr/Ca in our specimen.

[19] In contrast to the results from the calibration
period, the reconstructed winter SST extremes
during the verification period before 1986
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Figure 4. Plot of winter and summer St/Ca ratio extremes
against the corresponding monthly averaged annual SST
extremes (Kurosaki SSTs) from 1987 to 2007 (filled circles)
with the linear fit of our data set (thick solid line). For com-
parison, equations reported in previous studies are also pre-
sented. Data from the winters of 2005-2006 and 1999-2000,
which were excluded from the regression, are shown as open
circles.

show large discrepancies (r=0.58; average of
residuals = —3.0 £2.6°C (1 s.d.), n =20, p < 0.001)
from the OI SSTs beyond the estimated method

error of *+1.1°C. Given that irregular peaks are
observed only in winter, it seems reasonable to at-
tribute these larger discrepancies to a response to
winter thermal stress. Interestingly, however, such
irregularities are mostly found in the winters of
1974-1986 and 1968-1970. Such inconsistent
response of the geochemical signal to low-
temperature stress should be examined in more
detail, because an improved understanding of coral
behavior during the winter will be necessary if we
are to establish Sr/Ca thermometry in temperate
regions.

4.3. Cause of Low-Amplitude Peaks in the
Winters of 1980-1986 and 1968-1970

4.3.1. Uneven Calcifying Surface

[20] The low-amplitude Sr/Ca peaks recorded dur-
ing the winters of 1980-1986 and 1968-1970 may
have resulted from the incomplete recovery of the
seasonal cycles due to the low resolution of the an-
alytical method (every third or fourth subsample)
used in this study. To investigate this possibility,
we determined the Sr/Ca of samples omitted from
the initial analysis in the peak areas of the
150-191 mm section that contained low-amplitude
Sr/Ca peaks (Figure 3a). These additional Sr/Ca
data did not improve the peak shape; i.e., there
was no difference in peak height with or without
the additional data, proving that the low-amplitude
peaks were not caused by the analysis of
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Figure 5. (a) Sr/Ca ratios and reconstructed SSTs plotted against time (thick solid line) together with the

observed SSTs (Kurosaki SST: thin solid line; OI SST: thin dashed line). The distance was converted to time
by peak-to-peak matching using AnalySeries software [Paillard et al., 1996]. Sr/Ca records are translated into
temperature using the Sr/Ca-SST relationship established in Figure 4. (b) Comparison of reconstructed annual
extreme SSTs (thick solid line) with the corresponding observed SSTs. SST records in Figures 5a and 5b are
either from about 200 m south of the core location (1986-2007; thin solid line), or from the easternmost

Tsushima Strait (OI SST, 1966—1986; dashed line).
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discontinuous samples. It is interesting to note that
the low-amplitude winter peaks mostly occur in
sections with low average growth rates: 6.25 mm/
yr in the 150-200 mm interval (1978-1986) and
4.62 mm/yr in the 250-280 mm interval (1966—
1971) (Figure 2b). This suggests that the possibil-
ity that the low-amplitude winter peaks are related
to low linear extension rates. Variable extension
rates on the calcifying surface and the mixing of
theca that had grown after a slight time gap (asyn-
chronous skeletal parts) offer a plausible explana-
tion for the low amplitudes of winter peaks
preserved within the slow-growing intervals [e.g.,
Giry et al., 2010].

[21] The diameter of a corallite in a D. (F.)
speciosa specimen (9—11 mm) is larger than its an-
nual extension rate (6.6 = 1.1 mm) at our study
site; therefore, calcification surface is often
uneven and not perpendicular to the major growth
axis and thus calcification may not proceed in par-
allel through a calcifying horizon. Due to the com-
plexity of the internal structure of corallite and
concerns regarding the mixing of asynchronous
theca, the sampling strategy is an important con-
sideration when dealing with large polyp corals
[e.g., Leder et al., 1996; Watanabe et al., 2002,
2003; Smith et al., 2006; Giry et al., 2010].
Accordingly, most studies use a subsampling strat-
egy collecting a continuous sample along a small
area of theca wall [e.g., Giry et al., 2010] (0.6 mm
wide x 2 mm deep). However, the D. (F.) spe-
ciosa that inhabits our study site is fragile and po-
rous, and it is not appropriate to use a milling
machine for subsampling. Specifically, the D. (F.)
speciosa skeleton from the study site is less dense
(0.9-1.1 g/em’) than its subtropical equivalent
(1.5-1.7 g/cm?) [Nakata et al., 2013]. For this rea-
son, we removed the internal structure of the coral-
lite and then shaved off the 5 mm wide stick using
a freezing microtome method. The 5 mm wide
theca stick includes 67 septa, each of which rep-
resents a single continuous growth line. Thus, with
the sampling strategy adopted in this study, the
time-averaging effect at the sampling horizon due
to uneven linear extension can be significant, espe-
cially during the winter periods of slow extension.

[22] To obtain further verification of the cause of
low-amplitude winter peaks, the slow-growing sec-
tion (150-191 mm) was subjected to individual
spot analysis by LA-ICP-MS along a single septum.
This approach eliminates the possibility of the skel-
etal mixing of different growth horizons. In support
of our reasoning, winter peak irregularities were not
observed in the results of the laser ablation analysis

(Figures 3b and 3c). Instead, the extreme values of
the peaks are remarkably well matched with those
of the SST record (r=—0.79, n=6, p =0.06) sug-
gesting that a more accurate Sr/Ca-derived SST re-
cord can be obtained when the analysis is carried
out along a single growth line.

[23] From the comparison of these two analytical
results, we conclude that the inaccuracy of Sr/Ca-
derived winter SSTs over the periods 1980-1986
and 1968-1970 resulted from mixing of theca that
grew at slightly different times. The current sam-
pling method seems not to reduce the accuracy of
Sr/Ca thermometry in summer, thereby confirming
its value as a proxy for summer SSTs. During
summer, the skeletal extension rate was high enough
to mitigate the effect of uneven linear extension and
subsequent mixing. This interpretation is supported
by the arched shape (broad summer and narrow
winter peaks) of the St/Ca curve from the laser abla-
tion analysis, which is not evident in the bulk analy-
sis results. Such a pattern of arch-shaped peaks
indicates faster growth in summer than in winter
[e.g., Barnes et al., 1995; Fallon et al., 1999 ; Mon-
tagna et al., 2007]. Nevertheless, we recommend
sampling along a narrow area for bulk analysis of
D. (F.) speciosa to minimize the mixing of asyn-
chronous skeletal parts in slowly grown interval to
ensure complete recovery of seasonal cycles.

4.3.2. Cessation of Growth

[24] Inconsistent winter peaks lacking correlation
with observed SSTs have been reported in previ-
ous studies dealing with temperate corals [Fallon
et al., 1999; Montagna et al., 2007]. These studies
attributed the irregular winter peaks to growth fail-
ure of the coral skeletons due to thermal stress
below a certain threshold temperature. This inter-
pretation was essentially based on studies that
reported: (1) a general lack of coral reefs in areas
where the temperature falls below 15°C-16°C
[Walker et al., 1982 ; Burns, 1985] and (2) the ab-
sence of net CaCOs; accretion below 15°C in
Astrangia danae [Jacques et al., 1977], or 17.5°C
in Porites sp. [Lough and Barnes, 2000] in labora-
tory experiments.

[2s] However, the presence of a threshold temper-
ature, and the possibility that growth stops in win-
ter, must be carefully examined for temperate
Dipsastraea (Favia) corals because the tolerance
of reef coral to thermal stress is highly variable
and is dependent on the thermal adaptability of the
host corals and, more critically, on the genotype of
the algal symbionts [Saxby et al., 2003; Rowan,
2004; Berkelmanns and van Oppen, 2006;
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LaJeunesse et al., 2010; Kemp et al., 2011]. For
example, Porites and Montastrea, the common
reef-building corals in Pacific and Atlantic, respec-
tively, often suffer bleaching and mortality in the
tropics due to low-temperature stress [Hudson
et al., 1976; Kemp et al., 2011]. In contrast, Pori-
tes on the mid-latitude southern coast of Japan can
endure long cold winters below 16°C [Fallon
et al., 1999; Omata et al., 2006]. Dipsastraea in
the Korea Strait region also appears to be able to
tolerate low-winter temperatures, judging from its
ability to form reef structures since around 4300
years B.P. [Yamano et al., 2012]. From this point
of view, the response of temperate corals to peri-
odic exposure to low temperatures appears to dif-
fer to that of their tropical equivalents exposed to
a sudden invasion of thermal stress. Therefore, it
seems unlikely that a universal temperature limit
exists for coral growth that can be applied to all
reef corals [Coles et al., 1976; Coles and
Fadlallah, 1991; Kleypas et al., 1999].

[26] Our Sr/Ca results obtained from the laser
ablation technique do not support the possibility of
complete cessation of skeletal growth during the
cold season. The winter extremes identified from
the individual spot analyses show a fair negative
relationship with SST (Figure 3b), suggesting that
our specimen recorded winter SSTs in the form of
varying geochemical signatures. In addition, an
unexpected geochemical signal, such as 6'%0 and
Sr/Ca that is significantly lower or higher than the
usual value, can be an indicator of growth failure
in tropical and temperate corals [e.g., Fallon et al.,
1999; Marshall and McCulloch, 2002; Omata
et al., 2006; Montagna et al., 2007]. However, the
winter Sr/Ca peaks obtained from our bulk analy-
sis are consistent with the observed SSTs, except
for those from the winters of 1980-1986 and
1968-1970, which we have demonstrated are the
result of the mixing of asynchronous theca in
slowly grown intervals (Figure 4). Taking account
of the similar winter temperatures (=1.1°C, 1 s.d.)
through the monitoring period, low-temperature
stress and resultant growth failure can be dis-
counted as a possible cause of the low-amplitude
peaks recorded in the winters of these two periods.
The threshold temperature, if any, for the temper-
ate D. (F.) speciosa may be lower than the coldest
winter temperatures recognized in the study area.

4.4. Applicability of Skeletal Sr/Ca
Thermometry Using D. (F.) speciosa

[27] Sr/Ca ratios obtained from D. (F.) speciosa
skeletons have been investigated previously to test

their suitability as a paleo-SST proxy in subtropi-
cal [Mishima et al., 2009] and mid-latitude regions
[Hyeong et al., 2008]. In both previous studies, the
presence of annual growth banding and seasonal
fluctuations in Sr/Ca was confirmed to resemble
those seen in SST time series. In particular, Mis-
hima et al. [2009] tried to reconstruct SSTs around
Chichi Island (27°4'N, Figure 1a), Japan using fos-
sil Dipsastraea sp. from 16 ka, based on Sr/Ca val-
ues obtained from modern D. (F.) speciosa
collected near Miyako Island (24°43’N, Figure
la). However, they were unable to establish a clear
relationship between Sr/Ca and SST. The Sr/Ca-
SST relationship derived by Mishima et al. [2009]
resulted in a very shallow slope (—0.032 mmol/
mol/°C) and unrealistically reconstructed SSTs at
16 ka. For this reason, they used the average of all
the reported slope values, a temperature depend-
ence of —0.06 mmol/mol/°C, to reconstruct the
SST at 16 ka from the fossil Dipsastraea sp.

[28] To test the potential and wider applicability
of D. (F.) speciosa as a long-term paleoceano-
graphic recorder in the northwestern Pacific mar-
ginal seas, the regression obtained from our data
set was applied to the skeletal Sr/Ca ratios of the
modern and fossil corals reported by Mishima
et al. [2009]. The calibration equations reported
so far are highly variable, even among the equa-
tions derived from the same genera [A4yling et al.,
2006; Corrége, 2006]. Thus, the applicability of
the existing Sr/Ca-SST relationship should be
tested with modern data in the location of interest
to take account of the possible offset between
individual colonies. Applied to Sr/Ca from the
living D. (F.) speciosa specimen of Mishima
et al. [2009], our regression yields SSTs between
22.0°C and 29.4°C, which are in good agreement
with the instrumental SST record (21°C-29°C)
from Miyako Island. As this agreement validates
the applicability of our equation, even around the
subtropical Chichi Island, the SST at 16 ka was
reconstructed using their fossil Dipsastraea
(Favia) specimen data. Our equation yields Sr/
Ca-derived SSTs from 15.7°C to 26.0°C
(average =21.3°C) for the fossil coral at 16 ka,
which is approximately 4°C lower than the mean
annual SST of the present-day. Considering the
#1.1°C uncertainty associated with our equation,
this result agrees with their estimation of a drop
of around 5°C at 16 ka, as calculated from the av-
erage of the reported slope values. Thus, we pro-
pose that our Sr/Ca thermometry has a potential
to be widely applicable across subtropical to tem-
perate regions.
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5. Conclusions

[29] In mid-latitude regions, the density bands
and Sr/Ca ratios preserved in the skeletons of
D. (F.) speciosa exhibit a clear seasonality that
reflects variations in SST. The Sr/Ca-SST relation-
ship, Sr/Ca (mmol/mol) =10.184 — 0.0408 x SST
(°C), derived from annual extremes of Sr/Ca value
and SST, predicted the observed extreme SSTs
within an uncertainty of *1.1°C for most of the
analyzed intervals. This confirms its applicability
as a paleo-SST proxy in the northwestern Pacific
marginal seas.

[30] However, two slow-growing intervals showed
winter peaks that were inconsistent with the
observed SSTs. We attribute such low-amplitude
winter peaks to the mixing of skeletal parts that
grew over slightly different time periods. The di-
ameter of a polyp (~10 mm) exceeds the average
growth rate (6.6 mm/yr on average) in the study
area, whose calcification surface is often uneven
and not perpendicular to the major growth axis.
This characteristic may have resulted in the mix-
ing of asynchronous theca walls when bulk sam-
pling was carried out across the multiple growth
lines. This mixing effect seems to be more pro-
nounced during the winter season when the growth
rate was lower; however, the SST and the Sr/Ca
over the same winter interval showed excellent
correspondence in the results from individual spot
analyses by LA-ICP-MS. Although SST records
can be derived even using the bulk sampling
method when the skeletal extension rate is suffi-
ciently high, sampling along a narrow area or indi-
vidual spot analysis is recommended to obtain the
best result. Despite the unfavorable temperature
conditions in the study area, frequent growth ces-
sation during the winter was not indicated by the
skeletal geochemistry, which confirms its utility as
a paleo-SST proxy. As D. (F.) speciosa is widely
distributed from the tropics to mid-latitudes across
the northwestern Pacific [Veron, 2000], we suggest
that regional oceanographic records could be
retrieved from middle-latitude reef cores, allowing
an age-based high-resolution comparison of SSTs
with their tropical equivalents.
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