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a b s t r a c t

The complicated effects of climatic and environmental conditions on coral δ13C have hindered its use
as a universal proxy for biological activity and climate change. Changes in annual resolution δ13C levels
from the South China Sea (SCS) were studied to explore the biological and climatic significance of coral
δ13C during the mid-Holocene. The growth-rate-related kinetic isotope effect on modern coral δ13C may
be limited, site- and/or colony-specific. Furthermore, coral δ13C and sea surface temperatures (SST)
are inversely related, but their correlation is weak. These results suggest the influence of complicated
controlling factors on modern coral δ13C. As for the mid-Holocene corals, no obvious growth-rate-
related kinetic isotope effect has been found in their coral δ13C series, and the effect of solar irradiation
on coral δ13C is difficult to directly evaluate for the low resolution of reconstructed solar records and
the dating errors. However, mid-Holocene coral δ13C series show temperature-dependent changes over
the studied periods during 6100–6500 yr BP. The significant negative correlation between coral δ13C
and SST has been attributed to the high SSTs during the mid-Holocene. This is based on the observation
that coral δ13C and the photosynthesis to respiration ratio (P/R) are usually positively related, but
P/R is significantly and negatively related to temperature under high temperature conditions in that
photosynthetic activity of heat-stressed corals will drastically reduce due to the decreases of population
density and photosynthetic rate of the zooxanthellae.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Coral reefs have the highest productivity and biodiversity of
any ecosystem in the world’s oceans (Knowlton et al., 2010);
however, they face increasing threats from rising sea surface tem-
peratures (SST) and ocean acidification (Hoegh-Guldberg et al.,
2007; Hughes et al., 2017; Lam et al., 2019) that may lead to their
eventual extinction (Carpenter et al., 2008). The ability of coral
reefs to adapt their calcification process to global warming and
ocean acidification may be one of the most important factors de-
termining their future. Recent studies suggest that coral reefs may
possess the biological properties of resilience and acclimatization
with respect to climate change stressors (McCulloch et al., 2012,
2017; DeCarlo et al., 2018). For example, corals can interactively
up-regulate the dissolved inorganic carbon (DIC) and pH of their
calcifying fluid to maintain stable calcification rates in changing
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ocean environments (McCulloch et al., 2017). Even so, it is not
clear whether coral reefs will be able to survive under a regime
of continuously increasing temperatures and ocean acidification.
Model simulations can provide theoretical predictions that can
be used to address this question (Hoegh-Guldberg et al., 2007).
However, most models have inherent weak points such as sub-
jectivity and inappropriate methods (Buddemeier et al., 2008).
Consequently, historical reconstructions of the metabolic activity
of coral reefs are likely to be a supplementary alternative to
generate realistic estimates of their potential future development
in a changing world (Kittinger et al., 2011).

Symbiotic coral skeleton carbonate formation results from the
delivery of Ca2+ and DIC to the site of calcification, and the
major source of DIC is metabolic CO2 (50%–90% of total CaCO3
deposition), and 10%–50% originates from the seawater carbon
pool (Goreau and Yonge, 1977; Erez, 1978; Furla et al., 2000).
The metabolic CO2 is closely associated with metabolic activity
such as respiration and photosynthesis; therefore, carbon isotope
fractionation (δ13C) in symbiotic coral skeletons is believed to
be predominantly influenced by metabolic processes (Grottoli,
2000) and could be used to reconstruct biological activities such
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as coral polyp respiration, endosymbiotic zooxanthellae photo-
synthesis, heterotrophic feeding, growth rate and coral spawning
(Gagan et al., 1994; Swart et al., 1996; McConnaughey et al.,
1997). However, the very complicated effects of climatic and
environmental conditions on coral δ13C have hindered its use
as a universal proxy for biological activity and climate change.
Seasonal variations in coral δ13C are controlled by a wide range
of different factors, such as solar radiation, cloud cover, rainfall,
terrestrial DIC input and human activity (Moyer and Grottoli,
2011; Deng et al., 2013; Xu et al., 2018), but the secular declining
trend in coral δ13C levels over the past 200 years reflects the
increase in the transfer of 12C-enriched anthropogenic CO2 from
the atmosphere to the surface oceans (Swart et al., 2010; Dassié
et al., 2013; Liu et al., 2014; Deng et al., 2017), and the centennial-
scale variations of coral δ13C before the industrial revolution
over the past millennium are believed to record the evolution
of total solar irradiance affecting the photosynthetic activity of
the endosymbiotic zooxanthellae (Deng et al., 2017). Even so, the
biological and climatic significance of coral δ13C in fossil corals
older than a thousand years is rarely studied (Deng et al., 2013).

Global SST rise is accelerating (Bâki Iz, 2018), and the future
of coral reefs under rapid climate change are widely concerned
(Chen et al., 2016; Hoegh-Guldberg et al., 2017; Camp et al., 2018;
Chen et al., 2018; Lough et al., 2014) . The reconstruction of coral
biological activity from a historical period much warmer than the
present may help us to predict the likely response of coral reefs
to a warming climate. In this regard, the mid-Holocene (roughly
7000–5000 yr BP) is an ideal choice for such a study. During
the Holocene Megathermal (also known as the Holocene Climatic
Optimum; Shi et al., 1993), temperatures in many places on Earth,
including continents and oceans, were higher than or close to
the present (e.g., Shi et al., 1993; Gagan et al., 1998; Hewitt and
Mitchell, 1998; Axford et al., 2013; Lough et al., 2014; Samartin
et al., 2017). Given that coral reefs are widely distributed across
the South China Sea (SCS) and the developmental history of reefs
there can be dated back to the early Miocene or late Oligocene
(Yu, 2012), our study site is an excellent place to carry out such
a reconstruction. Moreover, in the SCS during the mid-Holocene
around 6000 yr BP, SSTs were higher and seawater pH values
were equivalent to, or even lower than present day values (Wei
et al., 2007; Liu et al., 2009).

In this study, we present three annual-resolution coral δ13C
records from the northern SCS from the period 6100–6500 yr BP,
each of which is around 40 years long. Because of the compli-
cation and debate of seasonal δ13C mentioned above, we studied
changes in annual resolution coral δ13C to explore the biological
and climatic significance of coral δ13C during the mid-Holocene.

2. Materials and methods

Three mid-Holocene coral cores (SYL-4, SYL-1-3, and SYO-15)
were recovered from separate Porites colonies on the fringe reef in
Dadonghai Bay, Sanya on southern Hainan Island in the northern
SCS (Fig. 1), and were dated to 6217 ± 29 yr BP, 6342 ± 19 yr BP,
and 6494 ± 24 yr BP, respectively (Wei et al., 2007). The sample
preparation and pretreatment methods were referred to Wei et al.
(2007). Analysis of the Sr/Ca ratios was performed on a Varian
Vista Pro inductively coupled plasma optical emission spectrom-
etry, and the standard reference material used for calibration
was the JCp-1 Porites sp. standard (Okai et al., 2012). Replicate
analyses of an in-house Porites sp. coral standard solution showed
an external precision of 0.16% yielding a SST error of less than
0.5 ◦C. Coral skeletal δ13C and δ18O analysis was conducted using
a GV Isoprime II stable isotope ratio mass spectrometer coupled
with a MultiPrep carbonate device that used 102% H3PO4 at 90 ◦C
to extract CO2 from the coral samples, following the procedures

Fig. 1. Satellite image of Hainan Island and the SCS. Yellow stars indicate
sampling locations.

described by Deng et al. (2009). Isotope data were normalized
to Vienna Pee Dee Belemnite (V-PDB) using the NBS-19 standard
(δ13C = 1.95h, δ18O = −2.20h). Multiple measurements on this
standard yielded a reproducibility of 0.03h for δ13C and 0.06h
for δ18O. Replicate geochemical measurements were made on
approximately 15% of the samples.

Seasonal changes in the Sr/Ca, δ18O, ∆δ18O and δ13C values of
these corals have been used previously to study SST, the timing
of the rainy season, and sea surface salinity during the mid-
Holocene (Wei et al., 2007; Deng et al., 2009; Guo et al., 2016),
as well as the environmental controls on seasonal changes in
coral δ13C (Deng et al., 2013). We used the data from three
modern corals published by Sun et al. (2008) for comparison. Of
these, samples QG5 and OC03 were collected from two live Porites
colonies offshore from Qionghai, Hainan Island, and sample XD4
was collected from another live Porites colony on Xidao Island
in the northern SCS (Fig. 1). The changes in these three modern
coral δ13C series have been used previously to study the effects
of photosynthesis, respiration, and human activity on monthly
resolution coral δ13C (Sun et al., 2008). The detailed sampling
information for all corals can be found in the previous studies
referred to above.

To study changes in annual resolution coral δ13C in the mid-
Holocene corals, the monthly δ13C, SST and ∆δ18O (reconstructed
from the Sr/Ca and δ18O ratios) were first converted into annual
mean changes by averaging the 12 months of data from each
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chronological year. The chronological years were constructed us-
ing the Sr/Ca ratios, which track changes in the ambient water
temperature, and by assuming that each Sr/Ca cycle represents
one year. Maxima in Sr/Ca ratios were assigned to the beginning
of each year, which is generally the coldest period in this region.
The monthly data from each chronological year were obtained by
linear interpolation (for an annual cycle with <12 data points)
or nearest neighbor smoothing (for an annual cycle with >12
data points) in each Sr/Ca cycle assuming the linear growth of
corals (Deng et al., 2013). The annual growth rates of the mid-
Holocene corals were estimated from the product of the sampling
number in each chronological year and the sampling interval
(0.8 mm). Most studies used the breadths of annual density
bands in X-radiographs of thin cross-sections of coral skeletons
to measure annual growth rates (Gustafson, 2006). Considering
the sub-samples were collected from annual bands along the
main growth axis using a digitally controlled milling machine and
the sampling intervals are strictly equal, the method for growth
rate estimation should be reliable. The annual mean δ13C and
growth rates of the modern corals, as well as the instrumental
SST records, were obtained from Sun et al. (2008).

3. Results

The annual mean δ13C and growth rates of the modern corals,
as well as the instrumental SST records, are presented in Fig. 2.
Considering the analytical error of 0.03h for δ13C, the δ13C of all
three modern corals shows a significant declining trend during
their respective growth periods (Fig. 2a). Their growth rates
follow an increasing trend at a measurement accuracy of about
1 mm, but this trend is not significant for the coral XD4 (Fig. 2b).
At the same time, the SSTs in the three sampling locations in-
creased gradually over the study period (Fig. 2c).

The annual δ13C, ∆δ18O and growth rates of the mid-Holocene
corals, as well as the SST records retrieved from coral Sr/Ca, are
presented in Fig. 3. For the fossil coral SYO-15, its δ13C shows
a continuous declining trend from −1.45h to −2.40h over the
period 6494–6460 yr BP (Fig. 3a), whereas the SST over the same
period increases gradually from 28.3 ◦C to 29.9 ◦C (Fig. 3d). The
trends in δ13C seen in the other fossil corals, SYL-1-3 and SYL-4,
were not continuous but fluctuated (Fig. 3a), and those of the SSTs
during their growth periods (ca. 6340–6298 and 6215–6174 yr
BP, respectively) were also oscillatory (Fig. 3d). The annual ∆δ18O
and growth rates of these three mid-Holocene corals showed no
obvious long-term trends (Fig. 3b and c).

4. Discussion

4.1. The growth-rate-related kinetic isotope fractionation effect and
its impact on coral δ13C

Previous studies have indicated that kinetic fractionation re-
lated to changes in growth rate has a major effect on the δ13C
levels preserved in coral skeletons, and some studies have re-
ported a significant inverse correlation between coral δ13C and
the linear growth rate (McConnaughey, 1989; Allison et al., 1996;
Suzuki et al., 2005). However, other studies have found no rela-
tionship between growth rate and coral δ13C (Swart et al., 1996;
Deng et al., 2017), and corals growing as slowly as 1.5 mm/yr
had essentially identical δ13C values to portions of the same coral
growing at rates of up to 8 mm/yr (Swart et al., 1996). In addition,
a declining trend in the growth rates of massive Porites corals
in the SCS and adjacent areas has been recorded in recent years
(Tanzil et al., 2013; Su et al., 2016); consequently, the growth-
rate-related kinetic isotope fractionation effect and its impact on
SCS coral δ13C levels requires further study.

Fig. 2. Temporal variations of: (a) modern coral δ13C time series, (b) modern
coral growth rate time series, and (c) instrumental SST records at sampling
locations. The instrumental SST records at the modern coral OC03 sampling
location overlay those of the modern coral QG5 between 1988 and 2001 AD
because they are both from the National Marine Observatory Station at Qinglan
(Sun et al., 2008). The blue lines with solid triangle symbols, the green lines
with solid square symbols, and the red lines with solid circle symbols represent
the data for modern corals OC03, QG5, and XD4, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Temporal variations of (a) δ13C, (b) growth rate, (c) ∆δ18O records of
mid-Holocene corals, and (d) SST records reconstructed from coral Sr/Ca ratios.
The growth periods of the mid-Holocene corals were 6174–6125, 6298–6340,
and 6460–6494 yr BP for SYL-4, SYL-1-3, and SYO-15, respectively.

The annual mean δ13C of the modern corals OC3 and XD4
showed statistically significant correlations with their annual
growth rates over the study period (for OC3, r = −0.66, n = 33, p
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Fig. 4. Relationships between annual growth rate and δ13C of the modern corals (upper panel) and the mid-Holocene corals (lower panel) for (a) OC03, (b) XD4, (c)
QG5, (d) SYL-4, (e) SYL-1-3, and (f) SYO-15. Significant correlations are shown by regression lines.

< 0.0001, Fig. 4a; for XD4, r = −0.59, n = 16, p < 0.01, Fig. 4b).
However, these correlations are not particularly convincing. It
looks like that the significant correlation for OC3 is driven by
the high density of points with the same growth rate, and that
for XD4 is caused by the two points with relatively slow growth
rates. Moreover, the correlation between the annual mean δ13C
and growth rate of the modern coral QG5 was weaker and not
significant (r = −0.43, n = 14, p = 0.06, Fig. 4c). Such results
suggest that the growth-rate-related kinetic isotope fractionation
effect on annual resolution δ13C levels preserved in modern SCS
corals may be limited, site- and/or colony-specific, although some
studies have indicated that the coral skeletal δ13C is sensitivity to
growth rate (e.g. Linsley et al., 2019). In addition, the strong time
offsets between seasonal δ13C and δ18O series of the three corals
indicated that the kinetic effect from equilibrium for both δ13C
and δ18O appears to be fairly constant and the variations in their
skeleton δ13C might be driven mainly by metabolic effects (Sun
et al., 2008).

As for the three mid-Holocene corals, there were no significant
correlations between their annual mean δ13C and growth rate (for
SYL-4, r = −0.14, n = 42, p = 0.19, Fig. 4d; for SYL-1-3, r = −0.20,
n = 43, p = 0.10, Fig. 4e; for SYO-15, r = 0.08, n = 35, p = 0.32,
Fig. 4f). Therefore, the effect of growth rate on the variations in
annual resolution δ13C levels of the mid-Holocene corals studied
here may be limited.

Based on the different correlations between coral δ13C and
growth rate, we infer that the responses of coral δ13C to the
kinetic isotope fractionation effect related to growth rate were
different during the mid-Holocene and at the present. The ma-
jor source of coral skeletal CaCO3 deposition is metabolic CO2
(Goreau and Yonge, 1977; Erez, 1978; Furla et al., 2000), so
these differing responses of annual resolution δ13C to growth rate
may indicate that the main carbon source and/or its utilization
process during calcification in coral reefs differed between the
mid-Holocene and the present-day. This difference might be re-
lated to the changing levels of biological activity associated with

the changes in climatic and environmental conditions such as the
change of DIC pool by anthropogenic CO2.

4.2. Temperature-dependent changes in coral δ13C

Some studies have suggested that SST may affect seasonal
coral δ13C by influencing the photosynthesis of symbiotic zoox-
anthellae (McConnaughey, 1989; Swart et al., 1996), but no cor-
relation has been found between skeletal δ13C and temperature
in temperature-controlled experiments (Suzuki et al., 2005). Even
so, studies of the relationship between modern coral δ13C and SST
over longer timescales remain scarce, as do those that focus on
fossil corals.

As for the modern corals analyzed here, the negative cor-
relations between annual coral δ13C and SST were weak but
significant (for OC3, r = −0.29, n = 33, p = 0.05; for XD4, r
= −0.46, n = 16, p = 0.04; for QG5, r = −0.26, n = 14, p
= 0.05). In addition, they show inverse decadal variations. The
SSTs at the sampling sites increased gradually, but the δ13C for
all three modern corals declined progressively over the study
period (Fig. 2). As intensification of respiration generally reduces
coral δ13C values (McConnaughey, 1989; McConnaughey et al.,
1997) and the coral becomes more active when the temperature
increases (Al-Horani, 2005), these inverse trends between decadal
coral δ13C and SST can be ascribed to intensified coral respiration
caused by the rising temperature, and there should be a long-
term declining trend in coral δ13C variation due to global warming
(Sun et al., 2008). Besides, the oceanic Suess effect associated with
anthropogenic CO2 emissions has made a significant contribution
to the secular declining trend in coral δ13C levels over the past
200 years (Swart et al., 2010; Deng et al., 2017). Therefore, it
is possible that the negative correlations between the modern
coral δ13C and SST are the results of the Suess effect and the
global warming. This hypothesis can be tested by the results
of reanalyzing the relationship between the detrended modern
coral δ13C and SST time series. There is no significant negative
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correlation between the two detrended time series of the three
modern corals (for OC3, r = 0.23, n = 33, p = 0.10, Fig. 5a; for
XD4, r = −0.24, n = 16, p = 0.19, Fig. 5b; for QG5, r = 0.25, n =

14, p = 0.19, Fig. 5c).
The study of mid-Holocene corals may help to thoroughly

understand the control of SST on δ13C because the concentration
of atmospheric CO2 was much lower, but the SST was higher
during that period than at present (Monnin, 2006; Wei et al.,
2007). The coral δ13C series analyzed here all have significant
negative correlations with SST during the mid-Holocene (for SYL-
4, r = −0.51, n = 42, p < 0.001, Fig. 5d; for SYL-1-3, r =

−0.46, n = 43, p < 0.01, Fig. 5e; for SYO-15, r = −0.52, n =

35, p < 0.001, Fig. 5f; for all, r = −0.70, n = 120, p < 0.0001,
Fig. 5g). The negative correlation between coral δ13C and SST
should not be explained only by the intensified coral respiration
caused by the rising temperature because the photosynthesis of
endosymbiotic zooxanthellae is also temperature dependent at
appropriate temperature range (Al-Horani, 2005). Photosynthesis
of endosymbiotic zooxanthellae preferentially consumes 12CO2,
resulting in 13C enrichment of the DIC in the internal calcification
pool (Swart, 1983; McConnaughey, 1989; Grottoli and Welling-
ton, 1999), so higher temperatures may enhance zooxanthellae
photosynthesis and result in higher coral δ13C (Swart et al., 1996).
Therefore, the enhancements of respiration and photosynthesis
resulting from rising temperatures have counteracting effects on
coral δ13C, and their combined effect should be considered when
discussing the relationship between coral δ13C and SST.

The ratio of photosynthesis to respiration (P/R) has been used
to examine variations in coral δ13C (Swart, 1983; Swart et al.,
1996; Reynaud-Vaganay et al., 2001; Schoepf et al., 2014). During
periods when the coral experiences a relatively high P/R ratio,
corals will produce skeletons with relatively high δ13C values,
but during periods when there is a low P/R, the skeletons may
be lower in δ13C (Swart, 1983). In addition, photosynthetic ac-
tivity of heat-stressed corals will drastically reduce due to the
decreases of population density of the zooxanthellae (Hoegh-
Guldberg and Smith, 1989), and respiration rates increase with
increasing temperature in that coral become more active when
the temperature increase (Al-Horani, 2005); and moreover, P/R
ratios are significantly and negatively related to temperature
(Coles and Jokiel, 1977; Stambler and Dubinsky, 2004; Scheufen
et al., 2017). From these viewpoints, the significant negative
correlations between coral δ13C and SST during the mid-Holocene
may be related to the variations in P/R caused by SST. The rising
temperature would lead to a decrease in P/R and thereby the
decline in coral δ13C. The higher average annual temperature pe-
riod around 6494–6460 yr BP (∼29.00 ± 0.78 ◦C) had an average
total coral δ13C of −1.64 ± 0.38h, which is much lower than
the values from the periods 6340–6298 (∼27.42 ± 0.70 ◦C) and
6215–6174 yr BP (∼27.96 ± 0.79 ◦C) when temperatures were
relatively low (−0.99 ± 0.30h and −1.10 ± 0.26h, respectively,
for their δ13C averages). This difference also indicates that the
variations in the metabolic P/R ratio might be responsible for
the temperature-dependent changes in annual resolution coral
δ13C. It should be noted that the average δ13C of each modern
corals (−2.55 ± 0.55h, −1.84 ± 0.20h and −3.48 ± 0.38h for
OC3, XD4 and QG5, respectively) are more negative than those of
mid-Holocene corals, although they were all collected around the
Hainan Island. The much more negative δ13C values in modern
corals may result from the oceanic 13C Suess effect (Swart et al.,
2010; Deng et al., 2017).

Another possible explanation for the temperature-dependent
changes in mid-Holocene coral δ13C is that higher temperatures
enhance the decomposition of terrestrial organic matter and de-
liver river water with higher DIC concentrations and more neg-
ative δ13C levels to coastal regions, and thereby lead to the

negative coral δ13C. DIC in terrestrial river water usually has a
more negative δ13C than that in seawater (Raich and Schlesinger,
1992; Moyer et al., 2012). In addition, the δ13C of DIC and the
river water temperature exhibit a striking negative correlation
in South China, and the δ13C of DIC during warmer periods is
generally more negative than during colder periods (Jiao et al.,
2008; Jia et al., 2012). When this DIC is transported to coastal
regions by river water, the δ13C of seawater DIC becomes more
negative, resulting in a more negative coral δ13C. Previous studies
have demonstrated that the seasonal changes in coral δ13C from
coastal regions, like the sampling site of the mid-Holocene corals
in this study, are controlled mainly by terrestrial carbon input,
and are significantly influenced by terrestrial river runoff (Moyer
and Grottoli, 2011; Moyer et al., 2012; Deng et al., 2013). The
effect of terrestrial DIC on the annual coral δ13C can be evaluated
using the coral ∆δ18O which is a proxy for river runoff (Moyer
and Grottoli, 2011; Moyer et al., 2012; Deng et al., 2013). If the
annual changes in coral δ13C were mainly controlled by the ter-
restrial DIC input, there should be significant positive correlations
between the annual coral ∆δ18O and δ13C records. However, the
correlations between the annual coral ∆δ18O and δ13C records
(for SYL-4, r = −0.23, n = 42, p = 0.07, Fig. 6a; for SYL-1-3, r =

0.18, n = 43, p = 0.12, Fig. 6b; for SYO-15, r = −0.23, n = 35, p =

0.10, Fig. 6c; for all, r = 0.05, n = 120, p = 0.30, Fig. 6d) indicate
that the terrestrial DIC input should not be the main control on
the annual changes in coral δ13C.

4.3. Possible effect of total solar irradiation on coral δ13C

A recent study suggested that the variations in coral δ13C
over centennial timescales were controlled by total solar irradi-
ation (TSI) via the photosynthetic activity of the endosymbiotic
zooxanthellae during the Medieval Warm Period and Little Ice
Age, but affected by the oceanic Suess effect during the Current
Warm Period (Deng et al., 2017). The concentration of atmo-
spheric CO2 during the mid-Holocene was much lower than at
present and remained relatively stable (Monnin, 2006), so the
effect of the transfer of CO2 from the atmosphere into the sur-
face oceans on the variations in coral δ13C may not have been
significant, but the role of TSI may still be important. Coral δ13C
and reconstructed TSI based on the cosmogenic radionuclide 10Be
record in ice cores (Steinhilber et al., 2009) for the mid-Holocene
generate roughly similar variation profiles (Fig. 7), and the sig-
nificant ∼11-year cycles in three coral δ13C time series may be
associated with the 11-year periodicity of solar activity (Balogh
et al., 2014) (Fig. 8). The differences in their variations might
result from the low resolution of TSI record and/or the dating
errors for corals and ice cores. If the differences were free from
these factors, then they may mean that the variations in coral
δ13C cannot be interpreted using only the photosynthesis of en-
dosymbiotic zooxanthellae even though its role cannot be denied.
Therefore, the combined effect of photosynthesis and respiration
should be more reasonable to study the underlying mechanism of
temperature-dependent changes in fossil annual resolution coral
δ13C.

5. Conclusions

Annual-resolution δ13C series in both modern and fossil corals
from the SCS were studied to explore the biological and climatic
significance of coral δ13C during the mid-Holocene. The main
conclusions were as follows.

(1) For modern corals, the growth-rate-related kinetic isotope
effect on their annual resolution δ13C may be limited, site- and/or
colony-specific; and their δ13C levels and SST have an inverse
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Fig. 5. Relationships between annual SST and δ13C of the modern corals (upper panel) and the mid-Holocene corals (lower panel) for (a) OC03, (b) XD4, (c) QG5, (d)
SYL-4, (e) SYL-1-3, (f) SYO-15, and (g) all data from three mid-Holocene corals. The modern SST and δ13C time series were detrended to remove the effects of global
warming and Suess effect, respectively. Significant correlations are shown by regression lines.

Fig. 6. Relationships between annual ∆δ18O and δ13C of the mid-Holocene corals. (a) SYL-4, (b) SYL-1-3, (c) SYO-15 and (d) all data from three mid-Holocene corals.

Fig. 7. Temporal variations of mid-Holocene coral δ13C (the green lines with
solid circle symbols) and total solar irradiance (TSI; red lines with solid triangles)
reconstructed from an observationally derived relationship between TSI and the
open solar magnetic field (Steinhilber et al., 2009) during the mid-Holocene.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

relationship over decadal timescales, suggesting the influence of
complicated controlling factors on modern coral δ13C levels.

(2) For mid-Holocene corals, the effect of the kinetic iso-
tope effect on mid-Holocene annual resolution coral δ13C varia-
tions is also not obvious. Coral δ13C and reconstructed TSI have
only roughly similar variation profiles, which might result from
the low resolution of TSI record and/or the dating errors. How-
ever, annual resolution coral δ13C shows temperature-dependent
changes over the studied periods during 6100–6500 yr BP.

(3) The significant negative correlation between coral δ13C and
SST is a manifestation of coral response to mid-Holocene thermal
stress. Usually, coral δ13C and P/R ratios are positively related, but
P/R is significantly and negatively related to temperature under
the high temperature conditions in that photosynthetic activity of
heat-stressed corals will drastically reduce due to the decreases of
population density and photosynthetic rate of the zooxanthellae.

Fig. 8. Simple periodogram analysis of the mid-Holocene coral δ13C time series using the PAST software (Hammer et al., 2001). (a) SYL-4, (b) SYL-1-3 and (c) SYO-15.
The dashed lines indicate the 95% confidence intervals. Numbers represent the periodicities of the peaks.
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