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ABSTRACT

Temperature seasonality, the difference between summer and winter temperature, has significant influences on
global terrestrial and marine ecosystems. However, most of proxy-based climate records are of limited temporal
resolution and thus insufficient to quantify the past temperature seasonality. In this study, high-resolution Sr/Ca
ratios of modern (live-caught) and fossil (dead-collected) Tridacna gigas shells from the South China Sea (SCS)
were used to reconstruct the seawater temperature seasonality during the late Holocene. The averaged seawater
temperature seasonality around 2165 4 75 BC (4.46 £ 1.41°C, derived from the data of 18 yr) were similar to the
seasonality of recent decade (4.41 £ 0.82°C during AD 1994-2005), but the temperature seasonality around AD
50 + 40 (3.69 + 1.37°C, derived from the data of 48 yr) and AD 990 + 40 (3.64 + 0.87°C, derived from the data of
11 yr) was significantly lower than that during AD 1994-2005. The reduced seasonality around AD 990 4+ 40 was
attributable to the unusually warm winter during the medieval times, probably caused by the weakening of East
Asian Winter Monsoon. Our study highlighted the potential of T. gigas shells in providing high-resolution
seasonality climate information during the late Holocene.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

Changes of temperature seasonality are important components of
the climate system: they can have dramatic impacts on ecosystems
and human activities (Andreasson and Schmitz, 2000; Smetacek and
Nicol, 2005; Patterson et al., 2010; Wanamaker et al., 2011), and
assessing past seasonality changes in different climate states is essential
for understanding past climatic dynamics and predicting future climate.
However, most of current proxy-based climate reconstructions are of
annual to decadal resolution and high-resolution paleoclimate records
that can quantify temperature seasonality remain scarce.

Many researchers demonstrated that the archives from fast-growing
marine biogenic carbonate, such as corals and bivalve shells, are sensi-
tive to surrounding environmental changes, and they could provide
high-resolution seasonal/monthly climate records from tropics to high
latitudes and have the potential to approach the full seasonal range of
past sea-surface temperature (SST) (Cole et al., 1993; Gagan et al.,
1994; McCulloch et al., 1994; Schone et al., 2004a, 2004b; Watanabe
et al,, 2004; Schone et al., 2005a; Wanamaker et al., 2008; Aubert
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et al., 2009; Elliot et al., 2009; Maier and Titschack, 2010; Batenburg
etal,2011; Yanetal., 2011a). For example, a number of climatic season-
ality reconstructions based on bivalve sclerochronology and bivalve
proxies have been reported in recent decades (Jones and Allmon,
1995; Andreasson and Schmitz, 1996; Bojar et al., 2004; Schone et al.,
2005b; Goewert and Surge, 2008; Schone and Fiebig, 2009; Patterson
et al., 2010; Wanamaker et al., 2011; Surge and Barrett, 2012; Wang
et al., 2012, 2013). These high-resolution seasonal/monthly archives
greatly help us in reconstructing the regional climate history and under-
standing the past climate dynamics.

The marine bivalve, Tridacna spp., is a prominent member of
the Indo-Pacific coral reef communities from Eocene to present
(Rosewater, 1965). Tridacna gigas is the largest bivalve species, it can
grow to over 1 m in length and live up to 100 yr (Rosewater, 1965),
and it has hard and dense aragonite shells with daily growth lines in
their inner shell layer, an ideal material for high-resolution paleoclimate
reconstructions (Aharon and Chappell, 1986; Watanabe and Oba, 1999).
The oxygen isotope ratios (6'0) of Tridacna specimens, which calcifies
essentially in isotopic equilibrium with surrounding seawater, have
been mainly used as the evidence for late Quaternary temperature
changes (Aharon et al., 1980; Aharon, 1983; Aharon and Chappell,
1986; Aharon, 1991; Watanabe et al., 2004; Yan et al., 2014c).
However, 680 of marine biogenic carbonate is influenced by both SST
and seawater 5'%0, and the interpretation of '20 as a proxy for SST
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has large uncertainties, especially in areas with large salinity variations

(Cole et al., 1993; McCulloch et al.,, 1994).

The Sr/Ca ratio, which has been extensively utilized as paleo-
thermometers in corals (Beck et al., 1992; McCulloch et al., 1994,
1996; Alibert and McCulloch, 1997), has also been investigated recently
in Tridacna specimens (Elliot et al., 2009; Batenburg et al., 2011; Sano
et al,, 2012; Yan et al., 2013, 2014a). In our previous study, the high-
resolution Sr/Ca ratios of modern T. gigas specimen from the South
China Sea were determined by ICP-OES; the Sr/Ca profiles had clear
annual cycles, they were significantly correlated with the local SST,
and they could be used as SST proxies (Yan et al., 2013). Meanwhile,
the within-species differences were insignificant and the Sr/Ca ratios
of different modern specimens in the same species seemed to have
good reproducibility (Yan et al., 2014a). These studies highlighted the
potentials of using the Sr/Ca profiles of Tridacna specimens to recon-

struct the high-resolution paleo-temperature.

In addition to modern specimens (Yan et al., 2013, 2014a), we
have also analyzed the Sr/Ca ratios of two fossil T. gigas shells,
dated around AD 50 + 40 and AD 990 + 40, respectively, and recon-
structed the SST variations in the South China Sea during the late
Holocene natural warm periods of Medieval Climate Anomaly
(MCA, =~AD 800-1300) and Roman Warm Period (RWP, ~200 BC-

AD 400) (Yan et al., 2014b).

The South China Sea is the largest marginal sea of the western
tropical Pacific, and its climate variations are influenced by both
the East Asian Monsoon and the tropical Pacific ENSO conditions.
Thus the high-resolution seasonal climate archives from the South
China Sea are important for investigating the interactions between
tropics and the Northern Hemisphere high latitudes. Based upon
the published high-resolution T. gigas Sr/Ca profiles, together with
the new Sr/Ca data of another fossil T. gigas specimen dated around
2165 + 75 BC, in the present study we examine the changes of
seawater temperature seasonality in the South China Sea and discuss
the interactions between high and low latitudes during the late

Holocene.
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Materials and methods
Regional settings

The South China Sea (SCS) is located in the far western tropical Pacif-
ic; it is a semi-enclosed marginal sea with an area of ~3.6 million km?
(Fig. 1). SCS consists of hundreds of islands, including Nansha Islands
(Spratly Islands), Xisha Islands (Paracel Islands), Zhongsha Islands
(Macclesfield Islands), and Dongsha Islands (Pratas Islands). Yongxing
Island (16°50’N, 112°20’E), Shidao Island (16°50’, 112°20’) and
Dongdao Island (16°40’N, 112°44’E) are located in the Xisha Islands,
and they are elliptical tropic reef islands with a land area of 2.13 km?,
0.08 km? and 1.55 km?, respectively (Yan et al., 2010b).

Meteorological observations (air temperature, precipitation) in
Yongxing Island have been made since 1958 by the Institute of Meteorol-
ogy of China. The SST data in Xisha Islands were obtained from NOAA
NCEP EMC CMB GLOBAL Reyn_SmithOIv2 data (a global weekly SST
data from 1982 with a spatial resolution of 1° x 1°), where the grid cell
of the NOAA data was selected to include Yongxing Island. Figure 2
shows monthly-averaged time series of air temperature, rainfall and SST
from 1982 to 2005. The average annual rainfall (AD 1982-2005) of
Xisha Islands is about 1443 mm. The dry and wet seasons are very clear.
82% of total precipitation occurs from June to November due to the effect
of southwest monsoon. The average annual AT and SST (AD 1982-2005)
are 26.94 and 27.59°C, respectively (Yan et al., 2010a, 2011b).

Shell collection and sample preparation

Four T. gigas specimens from the Xisha Islands were used in this study
(Figs. 1 and 3). One specimen of T. gigas, named YX1, was collected alive
from the broad coral reef in the north of Yongxing Island, South China
Sea, on March 2005 (Yan et al., 2013). YX1 is 14 cm high and 19 cm
long (Yan et al., 2013). The T. gigas specimens SD1, DD1 and DD2 were
discovered dead on the beach of Shidao Island and in the interior area
of Dongdao Island, respectively (Yan et al., 2014b). The SD1 was 32 cm

E
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Figure 1. Left: map of SCS. Right: map of Yongxing Island, Shidao Island and Dongdao Island in Xisha archipelago. The sampling sites of Tridacna gigas specimens are marked by red dots.
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Figure 2. Monthly mean air temperature (AT, hollow dots), rainfall (triangles) and SST
(SST, solid dots) in Yongxing Island from 1982 to 2008.

high and 51 cm long, the DD1 was 44 cm high and 52 cm long, and the
DD2 was 39 cm high and 76 cm long (Yan et al.,, 2014b).

X-ray diffraction (XRD) analysis suggested that the T. gigas shells
studied here were entirely made of aragonite, consistent with previous
studies on T. gigas specimens (Watanabe et al., 2004; Yan et al., 2013,
2014b). The collected shells were first ultrasonically rinsed with de-
ionized water and then air-dried. A 5 mm thick ontogenetic record was
obtained by sampling a radial section of each T. gigas shells along a
plane passing from the oldest past (umbo) to the growing margin that
represented the axis of maximum growth (Fig. 3a) (Watanabe et al.,
2004; Yan et al., 2013, 2014b).

Sr/Ca analysis and AMS '*C dating

Powder samples for Sr/Ca analysis were obtained along the sampling
lines, which were perpendicular to the annual bands of each T. gigas
specimens, using a micro drill (Yan et al., 2013, 2014b). The Sr/Ca data
of YX1, SD1 and the first 15 yr of DD1 were reported in our previous

study (Yan et al., 2013, 2014b). In this study, we sampled DD2 and the
additional 33 annual bands of DD1 with the intervals of 0.2 mm. Please
see the previous studies for the detailed method for Sr/Ca analysis of
subsamples (Yan et al., 2013, 2014b). Raw elemental concentration
data (Ca and Sr) were drift-corrected using the sample-standard correc-
tion method (Schrag, 1999). External precision of a laboratory standard
was =+ 0.46% for Sr/Ca (2.183 £ 0.001 mmol/mol).

One powder sample of SD1, one powder sample for DD2 and two
powder samples of DD1 were taken in the middle of the sections of
the SD1, DD1 and DD2 for AMS “C measurements (Yan et al., 2014b).
The analyses were performed at the Institute of Earth Environment of
CAS and the Earth System Science Department, University of California,
Irvine, California, USA.

Data resampling

In order to assess SST seasonality from Sr/Ca profiles, we resampled
data within each year with a 10-point cubic spline model (Schéne and
Fiebig, 2009; Wanamaker et al., 2011) using AnalySeries (version
2.0.4.2, freely available at http://www.Isce.ipsl.fr/en/softwares/index.
php). The resampling (10 samples/yr for all four shells) minimizes po-
tential biases related to variability in growth rate (Wanamaker et al.,
2011).

Calculating SST using T. gigas Sr/Ca ratios

Two calibration equations between Sr/Ca ratios of modern T. gigas
specimen and instrumental SST, based on all monthly data and extremum
data (January, June and July), were established in our previous work (Yan
et al, 2013). The regression based on all monthly data yielded the follow-
ing equation: SST (°C) = 60.10 — 14.41 x Sr/Ca (mmol/mol), I* = 0.71,
n = 133, while the regression based on extremum data (January, June
and July data) yielded the equation: SST (°C) = 64.93 — 16.60 x Sr/Ca
(mmol/mol), > = 0.95, n = 34. The standard deviation of the residuals
of the regressions suggested that the equation from monthly data had
larger uncertainty due to the errors in age model, and the equation

Figure 3. The radial sections of T. gigas specimens YX1, SD1, DD1 and DD2 in this study. The radial section reveals two distinct growth zones: the inner shell and the outer shell layer. Black

lines indicate the sampling lines for Sr/Ca ratios.
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from extremum data produced better SST prediction (see Yan et al., 2013
for details). Therefore, here we used the equation from the extremum
data to calculate the SST during the late Holocene warm periods.

Results
Sr/Ca ratios of YX1, SD1, DD1 and DD2 determined by ICP-OES

Seasonal oscillations are evident in the Sr/Ca ratio profiles of YX1, SD1,
DD1 and DD2 determined by ICP-OES (Fig. 4). About 11, 11, 48 and 18
annual cycles are detected in Sr/Ca profiles of YX1, SD1 DD1 and DD2,
respectively. Average Sr/Ca ratios of YX1, SD1, DD1 and DD2 are 2.24 +
0.10 mmol/mol (n = 188), 2.18 £ 0.10 mmol/mol (n = 198), 2.12 +
0.10 mmol/mol (n = 725) and 2.32 4 0.12 mmol/mol (n = 209), rang-
ing from 2.04 to 2.44 mmol/mol, 1.93 to 2.39 mmol/mol, 1.88 to 2.51
mmol/mol and 1.96 to 2.63 mmol/mol, respectively (Fig. 4).

The Sr/Ca ratios of studied Tridacna specimens in this study
(ranging from 1.88 to 2.63 mmol/mol) are comparable to those of
Tridacna Sr/Ca ratios from Indonesia (1.44-2.84 mmol/mol, Tridacna
sqamosa)(Batenburg et al.,, 2011), Papua New Guinea(1.4-1.9 mmol/mol,
T. gigas) (Elliot et al., 2009), Australia (1.4-1.8 mmol/mo], T. gigas) (Elliot
et al,, 2009) and Ishigaki Island (1.2-2.0 mmol/mol, Tridacna derasa)
(Sano et al., 2012), but much lower than typical coral Sr/Ca ratios (from
7.5 to 9.5 mmol/mol) (Wei et al., 2000; Yu et al., 2005a,b; Correge,
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Figure 4. Left: Sr/Ca profiles of T. gigas specimens YX1, SD1, DD1 and DD2. The abscissa is the distance between the sampling site and the inner surface of the shell. Right:

Sr/Ca profiles prior to resampling for each of the four shells in this study.
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2006; Wei et al., 2007). It implies that the partition coefficients Ds;
(Ds; = [St/Caspen/[ST/Ca]water) are significantly different between coral
and bivalve aragonite.

Series of shells

The T. gigas specimen YX1 was live-collected in March 2005, so
the 11 cycles in Sr/Ca profile of YX1 corresponded to 11 yearly growth
patterns from 1994 to 2005 (Fig. 4) (Yan et al., 2013). The AMS dating
results of SD, DD1 and DD2 were 1460 & 15 C yr BP (SD1), 2340 +
15 'C yr BP (DD1), 2305 + 15 "*C yr BP (DD1) and 3756 =+ 37 “Cyr
BP (DD2), respectively (Table 1). The two dating results of the specimen
DD1 were close to each other, implying that the AMS “C dating method
has a good reproducibility for Tridacna samples. The conventional radio-
carbon ages were corrected to 960 + 40 cal yr BP (AD 990 + 40),
1920 4+ 40 cal yr BP (AD 30 =+ 40), 1880 =+ 40 cal yr BP (AD 70 =+ 40)
and 4115 + 75 cal yr BP (2165 + 75 BC) using CalPal-2007-marine
(Hughen et al., 2004; Weninger et al., 2007). The Sr/Ca ratios of SD1,
DD1 and DD2, therefore, had the potential to record the climate
information around AD 990 (4-40), AD 50 (4-40) and 2165 (475) BC,
respectively.

Detailed chronologies for high-resolution Sr/Ca profiles of YX1, SD1,
DD1 and DD2 were established using the annual arrival-times of the
winter SST minima at Yongxin Island. The time for the data point of
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Table 1
AMS 'C dating results.
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Sample number Material 14C conventional age (yr BP)

Calibrated age (cal yr BP) 2 sigma Calibrated age (BC/AD) 2 sigma

sdcq-4 (SD-1) Carbonate powder 1460 + 15
ddcq-3 (DD-1) Carbonate powder 2340 + 15
ddcqg-2 (DD-1) Carbonate powder 2305 £ 15
dd-2 (DD-2) Carbonate powder 3756 + 37

960 + 40 AD 990 + 40
1920 + 40 AD 30 + 40
1880 + 40 AD 70 + 40
4115+ 75 2165 + 75 BC

maximum Sr/Ca was assigned January, and the time for the data points
between the Sr/Ca maxima was assigned using linear interpolation with
equal time span (Yan et al., 2013, 2014b).

Data resampling and calculation of seawater temperature seasonality

Relatively high-resolution Sr/Ca data of the four shells (averaged 16
samples per year and at least 10 samples per year) allow for a minimum
of 10 samples per year to be obtained from each annual growth incre-
ment (Wanamaker et al.,, 2011). The resampling results of four shells
using AnalySeries 2.0.4.2 (cubic spline model) are shown in Figure 5.
Before resampling, the Sr/Ca data were normalized by subtracting the
mean Sr/Ca value (Fig. 4).

The shapes of resampled Sr/Ca profiles show an obvious wide sum-
mer portion and a narrow winter portion of each annual cycle (Fig. 5),
similar to the shape of monthly SST variation (Fig. 2). In this study,
instrumental SST seasonality is defined as the difference between sum-
mer (average of June, July and August) and winter (average of January
and February) SSTs, and proxy SST seasonality is defined as the differ-
ence between SSTs reconstructed from summer and winter Sr/Ca values
(A Sr/Ca). For resampled Sr/Ca ratios of each year, the greatest Sr/Ca
ratio is used as the winter Sr/Ca value, while the average of two smallest
Sr/Ca ratios is used as the summer Sr/Ca value. Using the T. gigas Sr/Ca-
SST equation derived from YX1 in previous study (Yan et al., 2013),

SST(°C) = 64.93—16.60 x Sr/Ca(mmol/mol). (1)

Proxy SST seasonality can be calculated using following equation:

Proxy SST seasonality T(°C) = 16.60 x ASr/Ca. (2)

YXI1 (modern specimen, 1994-2005)

Normalized
Sr/Ca (mmol/mol)

N=}

94 1996 1998 2000

Year

2002 2004

-0.4

DDI (AD 50= 40)

-0.2

0.0

0.2

'3

Normalized
Sr/Ca (mmol/mol)

04 The first 15 years data of total 48 years

0 3 6 9 12 15
Age

Based upon Eq. (2), we calculated proxy seasonality from 1994 to
2005 using the data from YX1. The modern instrument SST seasonality
from 1994 to 2005 in this region is 4.31 + 0.69°C. The proxy SST season-
ality derived from ASr/Ca of YX1 is 4.41 + 0.82°C, and it is significantly
correlated with the instrumental SST seasonality (Fig. 6¢, r = 0.63, p <
0.05, n = 11). The noticeable scattering of the estimated seasonality
away from the 1:1 line is likely caused by reasons such as the errors in
T. gigas Sr/Ca-SST calibration, the errors in the age models of Sr/Ca series
and the mismatch between calculated seasonality and real seasonality.

Calibrated proxy SST seasonality for the last 2000 yr

The calibrated proxy SST seasonality of modern and fossil T. gigas
specimens are plotted in Figure 7, and for convenience of discussion it
will be called SST seasonality hereinafter. The modern (live-caught)
shell (YX1) had a mean SST seasonality of 4.41 + 0.82°C (mean winter
Sr/Ca value = 2.39 4+ 0.04 mmol/mol; mean summer Sr/Ca value =
2.12 4+ 0.02 mmol/mol; mean ASr/Ca = 0.27 + 0.05 mmol/mol) from
AD 1994 to 2005 (Fig. 7). The fossil shell SD1, living in the early MCA
based on AMS 'C result (around AD 990 + 40), had a mean SST season-
ality of 3.64 4 0.87°C (Sr/Ca mean max = 2.31 £ 0.04 mmol/mol; Sr/Ca
mean min = 2.10 + 0.06 mmol/mol; mean ASr/Ca = 0.21 + 0.05
mmol/mol) (Fig. 7). The fossil shell DD1, living in the RWP based on
AMS 'C (around AD 50 <+ 40), had a mean SST seasonality of 3.69 +
1.37°C (Sr/Ca mean max = 2.25 + 0.05 mmol/mol; Sr/Ca mean min =
2.03 + 0.04 mmol/mol; mean ASr/Ca = 0.22 + 0.05 mmol/mol)
(Fig. 7). The fossil shell DD2, living around 2165 + 75 BC, had a mean
SST seasonality of 4.46 4+ 1.41°C (Sr/Ca mean max = 2.46 + 0.09
mmol/mol; Sr/Ca mean min = 2.19 + 0.09 mmol/mol; mean ASr/Ca =
0.27 4+ 0.08 mmol/mol) (Fig. 7).

-0.4

SDI (AD 990+ 40)

Figure 5. The 10-point resampling using AnalySeries 2.0.4.2 (cubic spline model) for all four shells. The normalized data are shown in blue and the resampled data are shown in red.
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Discussion

Profiles of seawater temperature variation during the Late Holocene

The mean calibrated proxy SST seasonality of four T. gigas shells YX1,
SD1, DD1 and DD2 were 4.41 &+ 0.82°C, 3.64 4+ 0.87°C, 3.69 £ 1.37°C

and 4.46 £ 1.41°C, respectively (Fig. 7). The SST seasonality of early
MCA shell SD1 (3.64°C) and RWP shell DD1 (3.69°C) were smaller
than that of modern T. gigas specimen YX1 (4.41°C), while the SST
seasonality of shell DD2 around 2165 + 75 BC (4.46°C) was similar to
that of modern specimen. We performed unpaired two-sample t-test
(unequal sample sizes and equal variance) and examined the differences
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Figure 7. Estimates of seawater temperature seasonality (top, green) for intervals of the late Holocene. The reconstructed annual (purple), summer (red) and winter (blue) SST were plotted.
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of SST seasonality between modern and each fossil T. gigas shell. The SST
seasonality difference between DD2 and YX1 was insignificant (YX1 vs.
DD2, two-tailed test P = 0.28), but the SST seasonality differences
between shell SD1, DD1 and YX1 were significant (YX1 vs SD1, two-
tailed test p < 0.05; YX1 vs DD1, two-tailed test p < 0.05).

In order to examine the SST seasonality variations, the calculated an-
nual mean SST, winter and summer SST of four T. gigas at four time win-
dows were plotted in Figure 7. The annual mean SSTs were calculated
from all resampled Sr/Ca data of each year using Eq. (1). The winter
and summer SSTs were derived from the winter and summer Sr/Ca
values of each year, respectively.

The annual mean SST around AD 990 4 40 (SD1) and AD 50 + 40
(DD1) were 28.18 4 0.41°C and 29.65 £ 0.99°C, 0.41°C and 1.88°C
higher than that during the 1994-2005 (27.77 + 0.4°C), while the SST
seasonality around AD 990 + 40 (3.64°C) and AD 50 + 40 (3.69°C)
was 0.77°C and 0.72°C smaller than that of recent decade (4.41°C),
respectively. The reduced SST seasonality in warmer climate intervals
is consistent with the previous bivalve study in Gulf of Maine, which
reported increased seasonality with climate cooling (Wanamaker
et al., 2011). However, some studies from other areas revealed opposite
relations (Surge and Barrett, 2012; Wang et al., 2012). For example,
high-resolution 6'20 series of patella vulgate shells from Scotland indi-
cated that the warmer early MCA corresponded to larger temperature
seasonality (Surge and Barrett, 2012). Meanwhile, we also did not
observe any significant difference of seasonality between cold time
interval around 2165 + 75 BC (annual mean SST was 26.75 + 1.33°C
and seasonality was 4.46°C) and the recent decade (annual mean SST
was 27.77 4+ 0.43°C and seasonality was 4.41°C), pointing to a diverse
relationship between the mean SST and the temperature seasonality
in northern SCS during the late Holocene (Fig. 7).

The changes of SST seasonality in SCS during the late Holocene could
be related with the asynchronous variations of winter and summer
SSTs. For the time period of 2165 4 75 BC, its winter SST difference to
that of the recent decade is 1.17°C, comparable to the summer SST
difference of 1.12°C. However, for the time windows around AD
990 + 40 and AD 50 =+ 40, their winter SST differences to that of the
recent decade are 1.20°C and 2.17°C, respectively, significantly higher
than the summer SST differences of 0.43°C and 1.45°C (Fig. 7). This
explains why the SST seasonality of the time windows around AD
990 + 40 and AD 50 =+ 40 are significantly smaller than those of other
two time windows.

Potential mechanisms for changes in seawater temperature seasonality
SCS lies on the border of East Asia and tropical western Pacific. The

climate variation in the SCS is affected by both the East Asian Monsoon
and the tropical climate conditions (Yan et al.,, 2010a, 2011b). The
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climate records from the SCS are thus important in investigating
the couplings and interactions between the tropical climate and the
Northern Hemisphere mid-high latitudes.

In order to assess the mechanisms for SST seasonality changes in the
SCS during the late Holocene, we first examined the high-resolution
instrumental SST data and the results suggested that the summer and
winter SSTs in Xisha Islands were probably controlled by different
climatic dynamics (Fig. 8). During the summer, the West Pacific Warm
Pool (WPWP) migrates northward and the Xisha area is included in
the WPWP (Fig. 8). Therefore, the summer temperature in Xisha area
may be dominated by the thermodynamic characteristics of WPWP,
and the perturbations of WPWP could contribute to the summer tem-
perature anomaly in the region of Xisha Islands. During the winter,
the WPWP migrates south away from the Xisha Islands and an interest-
ing “cold tongue” lies in the northern SCS (Fig. 8). The formation of “cold
tongue” in northern SCS is likely attributed to the strong East Asian
Winter Monsoon. The strong northeast wind brings cold water
southward and cools the northern SCS (An et al., 1991). Within the
same latitude, the winter SST in Xisha Islands could be 3-5°C colder
than that in the east of Philippines (Fig. 8).

Therefore, one would expect that changes of the winter monsoon
could have major impacts on the winter SST in Xisha Islands, with stron-
ger winter monsoon corresponding to cooler winter temperature. We
analyzed the instrumental data from 1960 to 2000 in northern SCS,
examined the potential winter monsoon-temperature connection, and
observed a significant negative correlation between 3-year smoothing
winter monsoon strength and winter temperature in northern SCS
(Fig. 9).

Overall, the summer and winter SSTs in northern SCS are controlled
by different climatic dynamics. The summer SST is dominated by WPWP
condition, while the winter SST is deeply affected by the East Asian
Winter Monsoon. Although the mean SST during the time window
around 2165 4 75 BC (26.75 4 1.33°C) was remarkably colder than
that of the recent decade (27.77 4 0.43°C), their SST seasonality were
similar. The co-variation of summer and winter SST during this time
interval was likely caused by the synchronous changes of the East
Asian Winter Monsoon and the WPWP condition. In contrast, the asyn-
chronous winter and summer temperature variations during the time
windows around AD 990 + 40 and AD 50 =+ 40 pointed to the possible
decoupling of East Asian Winter Monsoon and Pacific climate condition
during the early MCA and RWP.

The slightly warmer summer SST during MCA than the recent
decade (by 0.43°C) indicated a similar WPWP condition, while the
significantly warmer winter SST during MCA than the recent decade
(by 1.2°C) suggested a significant weaker EAWM around the AD
990 + 40. Due to lack of high-resolution climate records from the SCS
in these time intervals, comparison with other proxy reconstructions
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Figure 8. The January and July sea-surface temperature in the South China Sea. The study site Xisha Islands is marked as a star on the maps.
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Figure 9. Top: the East Asian Winter Monsoon strength (pink) and winter temperature
(black) in Xisha Island from 1961 to 2000. Bottom: the 3-year smoothing East Asian Winter
Monsoon strength (pink) and winter temperature (black) in Xisha Island. The winter
monsoon velocity (WMV) was used as the East Asian Winter Monsoon strength. The WMV
data (December-January-February) were obtained from the observation station in the
Yongxing Island and from the meteorological data network (http://www.tutiempo.net/en).
The average temperature of December, January and February was used as the winter
temperature.

is hindered. However, the climate reconstructions from the tropical
Pacific and Northern Hemisphere mid-high latitudes could provide
some perspectives for the changes of seasonality during the early MCA
(Fig. 10) (Meeker and Mayewski, 2002; Oppo et al., 2009). For example,
the reconstructed Siberian High index (Fig. 10), one of EAWM proxy,
was lower during the early MCA than the recent decades (Meeker and
Mayewski, 2002). In other words, the EAWM was weaker in early
MCA than in recent decades, and this is consistent with our results of
a significantly warmer winter SST in the time interval AD 990 + 40
than in the recent decade. Meanwhile, the SST records from the
Indonesia (Fig. 10), the core area of WPWP, suggested a similar warm
pool SST during the early MCA and in the recent decade, also supporting
our results of a slightly warmer summer SST around AD 990 4+ 40 (Oppo
et al., 2009).

Conclusion

In this study, high-resolution Sr/Ca ratios of modern (live-caught) and
fossil (dead-collected) T. gigas shells from the South China Sea were used
to reconstruct the seasonal changes in seawater temperature during the
late Holocene. On average, the seawater temperature seasonality around
2165 + 75 BC (4.46 + 1.41, 18 yr) is similar to that of the recent decade
(4.41 4 0.82 during AD 1994-2005), but the seawater temperature
seasonality around AD 990 + 40 (3.64 + 0.87, 11 yr) and AD 50 + 40
(3.69 + 1.37, 48 yr) are significantly lower than that of the recent decade.
The similar seasonality and synchronous variations of summer and winter
SST around 2165 4 75 BC and AD 1994-2005 are likely caused by the
synchronous changes of the East Asian Winter Monsoon and the
WPWP condition. In contrast, the reduced seasonality and asynchro-
nous variations of winter and summer SST around AD 990 + 40 and
AD 50 4+ 40 pointed to the possible decoupling of East Asian Winter
Monsoon and WPWP condition. Early MCA had comparable summer
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Figure 10. Top: Sea-surface temperature reconstruction in Makassar Strait of Indonesia
during the late Holocene derived from the Mg/Ca of planktonic foraminifera in four sedi-
ment cores (Oppo et al., 2009). The blue, green, pink and purple points are the reconstruct-
ed SST data of the four sediment cores and the red line is their 3-point running mean. The
gray bars indicate the times that SD1 and YX1 lived. Bottom: Reconstructed Siberian High
sea level pressure (SLP) proxy series based on 3-year resampled GISP 2 log (nssK) series
(Meeker and Mayewski, 2002). The Siberian High is strongly coupled with the East
Asian Winter Monsoon and is used as a winter monsoon proxy.

SST with the recent decade and thus a similar WPWP condition, while
it had much warmer winter SST than the recent decade, likely attribut-
ed to a significantly weaker EAWM. Our study highlighted the poten-
tials of T. gigas shells in providing high-resolution seasonality climate
information spanning the Holocene or even more. Such information is
important for understanding climate dynamics and vital for verifying
numerical climate models.
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