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[11 In this paper, we investigate the relationship between seasonal climatic and
environmental variables, and the skeletal 8'>C of modern and mid-Holocene Porites lutea
corals from the southern coast of Hainan Island in the northern South China Sea. No
significant correlations were observed between §'2C in the modern coral and solar insolation
or sea surface temperature. However, seasonal variability of §'*C in the modern coral
covaries with rainfall on Hainan Island. Furthermore, the seasonal variations of §'3C in both
the modern and mid-Holocene coral are synchronous with those of the coral A3'%0, which is
a proxy for seawater '0 and, in turn, largely controlled by local rainfall. These
observations suggest that coral §'2C variations are closely associated with rainfall in this
region. Given that river runoff contains dissolved inorganic carbon (DIC) with a negative
813C, we suggest that periods of high rainfall on Hainan Island deliver increased amounts of
13C-depleted DIC to coastal seawater, resulting in an enhanced negative §!>C in the corals.
Our findings, together with previous studies, appear to demonstrate that in coastal
environments, coral skeletal §!3C levels are controlled mainly by terrestrial carbon input and
are significantly influenced by terrestrial river runoff. Consequently, the geochemical
interpretation of coral §'C records may differ between coastal areas and offshore areas or

the open ocean.

Citation: Deng, W., G. Wei, L. Xie, and K. Yu (2013), Environmental controls on coral skeletal 5!3C in the northern South
China Sea, J. Geophys. Res. Biogeosci., 118, d0i:10.1002/jgrg.20116.

1. Introduction

[2] Reef corals are widely used as archives of environmen-
tal and climatic change in tropical oceans. Stable oxygen
isotopes (8'%0) preserved in coral skeletons are routinely used
as a paleoclimatic proxy, and coupled with the St/Ca-derived
sea surface temperature (SST) proxy, seawater 8'%0 profiles
can be used to investigate changes in local rainfall or evapora-
tion [Gagan et al., 1998; Hendy et al., 2002; McCulloch et al.,
2003]. The use of coral §'3C as a proxy for environmental and
climatic change is, however, still a matter of debate [e.g.,
Fairbanks and Dodge, 1979; Swart, 1983; McConnaughey,
1989, 2003; Swart et al., 1996a, 1996¢; McConnaughey
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et al., 1997; Grottoli, 2002; Moyer and Grottoli, 2011;
Allison and Finch, 2012]. The response of coral skeletal
8'3C to changes in climatic and environmental variables is
ambiguous because many factors, including carbon source,
metabolic effects, and other environmental variables, are
thought to influence coral skeletal 5'°C [e.g., Swart, 1983;
McConnaughey, 1989; Swart et al., 1996b; McConnaughey
et al., 1997, Omata et al., 2008]. At the cellular scale,
carbon precipitated in coral skeletons originates directly from
dissolved inorganic carbon (DIC) in the extracellular-
calcifying fluid (ECF), which forms an interior pool beneath
the calicoblastic layer of coral polyps where calcification takes
place [Gattuso et al., 1999]. Inorganic carbon derived from
metabolic respiration inside the coral polyps and external sea-
water may both contribute to the carbon in the ECF used for
calcification, although the relative contributions from these
two sources remain unknown [Furla et al., 2000; Al-Horani
etal., 2003; McConnaughey, 2003]. Therefore, any biological
or environmental factor that might influence §'*C in these two
sources of inorganic carbon input to the ECF may also affect
8'3C variations recorded in the coral skeleton.

[3] Numerous studies have attempted to address the causes
of 8'3C variations in coral. One prevailing hypothesis is that
increasing the rate of endosymbiotic zooxanthellae photosyn-
thesis may induce an increase in skeletal '°C [Swart et al.,
1996b; McConnaughey et al., 1997]. Consequently, many of
these previous studies have focused on the climatic and
environmental variables that influence the photosynthesis rate
of zooxanthellae, such as light availability (cloud cover) and
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Figure 1.
(c) the Sanya coral reef and sample locations of the

Location map of study site in the SCS showing (a) the northern SCS, (b) the Hainan Island, and

corals analyzed in this study. The modern coral was

collected in Sanya Bay and the mid-Holocene coral in Dadonghai.

water depth [Land et al., 1975; Weber et al., 1976; Fairbanks
and Dodge, 1979; Swart et al., 1996b; Grottoli and
Wellington, 1999; Heikoop et al., 2000; Grottoli, 2002;
Maier et al., 2003; Rosenfeld et al., 2003]. In addition, a wide
range of other factors, such as kinetic isotope fractionation
[McConnaughey, 1989], the §'>C of DIC in seawater [Swart
et al., 1996b; Watanabe et al., 2002; Moyer and Grottoli,
2011], the 8'3C of coral tissue and symbiotic zooxanthellae
[Swart et al., 2005], feeding [Grottoli, 2002; Reynaud et al.,
2002], spawning [Gagan et al., 1994, 1996], bleaching
[Porter et al., 1989; Leder et al., 1991; Allison et al., 1996],
and anthropogenic effects [Swart et al., 1996¢, 2010; Dassié
et al., 2013] have all been suggested as influences on coral
skeletal 8'°C.

[4] Amongst these potential factors, the effect of changes
in 8'3C in seawater DIC on the §'3C of coral skeletons has
received less detailed attention than other factors. Due to the
lack of continuous field observations, variations in seawater
DIC §'3C in most coral reefs are poorly constrained. Some
studies have even assumed a constant 3'°C value of seawater
DIC when considering the response of coral §'*C to environ-
mental variables [Allison et al., 1996; Boiseau et al., 1998].
However, natural variations in seawater 5'°C around many
coral reefs cannot be neglected, particularly in some fringing
reefs where the influence from river runoff can be significant
[Furnas, 2003; McCulloch et al., 2003; Fabricius, 2005].
Input of river water with relatively depleted 8'°C levels
(typically 0%o0 to —26%o) [Quay et al., 1992; Yang et al.,
1996; Atekwana and Krishnamurthy, 1998; Palmer et al.,
2001] may significantly change the 8'*C (typically 1%o to
3%o) of DIC in seawater [Kroopnick, 1985; Druffel, 1997,
Gruber et al., 1999] and consequently influence 5'>C levels
preserved in coral skeletons. Seasonal variability of §'°C
levels (0.8%o to 1.3%o) in seawater DIC has been observed in
the Caribbean Sea along the southwest coast of Puerto Rico
and is driven by seasonal changes in the input of river water
depleted in 8'°C [Watanabe et al., 2002]. Moreover, coral
studies offshore of Florida (USA) have demonstrated that the
variability in the 8'*C of seawater DIC and coral skeletons is
similar in both timing and magnitude [Swart et al., 1996b].

These studies suggest that changes in the 8'°C levels of
seawater DIC may be an important factor controlling 8'3C
variations in coral.

[s] There have been several studies of coral §'3C levels
and its climatic and/or environmental implications in the
South China Sea (SCS). A study near Nansha Island in
the southern SCS indicated that correlations between coral
8'°C and environmental parameters (e.g., solar insolation,
cloud cover, and rainfall) were weak (r < 0.45), suggesting
that a variety of factors control coral 8'>C in this region [Yu
et al., 2002]. Studies near Hainan Island in the northern
SCS concluded that seasonal changes in coral §'*C were in
phase with changes in solar radiation [Shimamura et al.,
2008; Sun et al., 2008]. However, in fringing reefs such as
those off the coast of Hainan Island, the factors influencing
coral 8'*C may be more complicated, particularly as river
runoff appears to significantly influence the §'*C of seawater
DIC here [Swart et al., 1996, 1996b; Moyer and Grottoli,
2011; Moyer et al., 2012]. Consequently, coral §'3C may re-
flect changes in the 5'°C of seawater DIC produced by
changes in river runoff. Shimamura et al. [2008] concluded
that the seasonal change in the §'*C (—1.0%o to 0.9%o) of sea-
water DIC was not a primary factor controlling 8'>C (—5.0%o
to —0.8%o) of coral from the coast of Hainan Island. However,
this conclusion was based on limited monitoring data (9
months) and, critically, did not include data from July to
September, when rainfall peaks in this region. Based on our
previous studies, it is likely that river runoff associated with
rainfall during this season on Hainan Island influences the
chemistry of coastal seawater, including sea surface salinity
and 8'%0 [Wei et al., 2000; Deng et al., 2009]. Therefore,
the impact of changes in the 8'*C of seawater DIC on coral
8'3C cannot be assumed to be negligible in this region.

[6] In this study, we present 8'°C records of corals (Porites
lutea) from the fringing reefs of southern Hainan Island in the
northern SCS. The relationships between coral skeletal §'>C
and environmental variables, such as solar insolation, seawater
380, temperature, rainfall, and the §'3C of DIC, are then
examined to determine the response of coral 8'3C to different
climatic and environmental factors.
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Figure 2. Monthly variations in modern coral skeletal 5'°C
and other environmental variables. Note that 5'>C and A8'%0
are plotted on an inverted scale on the y axis to allow a direct
comparison with rainfall. The solar insolation and rainfall
records were obtained from the China Meteorological Data
Sharing Service System (http://cdc.cma.gov.cn/) and were
calculated by averaging the rainfall records from the
Haikou, Dongfang, and Qionghai meteorological observa-
tories. Variations in coral 3'>C and solar insolation are out
of phase, with the coral §'*C maxima generally occurring
from March to April and the solar insolation maxima
generally occurring from May to July. The rainfall record
was backdated by 2 months to align it with the §'*C and
A8'0 data. The SST record was reconstructed using the
coral Sr/Ca record.

2. Materials and Methods

2.1.

[7] Samples of modern and mid-Holocene Porites lutea
corals were collected from the fringing reefs off the coast of
southern Hainan Island in the northern SCS. The modern
coral (SYA) was collected from Sanya Bay (18°13'N, 109°
30'E), and the mid-Holocene coral (SYO-15) was collected
from Dadonghai (18°12'N, 109°33'E). The sampling loca-
tions are shown in Figure 1. Information regarding the reefs
and the physical environment around the sampling locations
can be found in our previous studies [Wei et al., 2007; Deng
et al., 2009]. The age of SYO-15 was determined by thermal
ionization mass spectrometry and the Z2%U->**U-*°Th

Coral Sampling

method to be 6494 +£24 year B.P. [Wei et al., 2007], using
procedures described by Zhao and Yu [2002].

[8] Both the modern and mid-Holocene corals were cut
using a diamond saw into slabs, 5—7 cm wide and 1 cm thick,
along the major growth axis. X-radiographs were taken of the
slabs to identify growth bands, which revealed that the
annual growth increments ranged from 15 to 18 mm in thick-
ness (average=16 mm). Dark (high density) and light (low
density) bands were clear within the annual growth bands
in the X-radiographs [Deng et al., 2009], indicating different
growth rates during winter and summer. No signs of diagen-
esis or cessation of growth were observed in the corals [Wei
et al., 2007]. Subsamples for geochemical analysis were
manually collected from the corals using a very thin and
sharp surgical blade along the maximum growth axis. The
average sampling interval for the geochemical analysis was
around 0.6—0.8 mm, which corresponds to an approximately
monthly resolution for winter growth, and a resolution of
2-3 weeks during the summer period. Sr/Ca, §'3C, and §'%0
measurements were completed on all subsamples. The Sr/Ca
and 8'®0 data for the modern and the mid-Holocene coral
were previously reported in Deng et al. [2009].

2.2. Water Sampling

[¢] From January to December 2011, seawater samples
for DIC 8'3C analysis were collected at weekly intervals
from the reef where the modern coral was sampled. The in
situ sea surface salinity (SSS) was also measured when the
water samples were collected. Time of day can influence
the concentration and §'*C of seawater DIC in shallow reef
environments due to diurnal variations in net production
[Bass et al., 2012; Falter et al., 2013]. To prevent any
effects related to differences in sampling times, the seawater
samples were collected at the same time (8:00 am local time)
on each sampling day. The weekly data were averaged to
give a monthly resolution series. The samples were filtered
in the field through a cellulose acetate membrane with a po-
rosity of 0.45 pm by pressure filtration, stored in precleaned
20 mL high-quality borosilicate glass bottles with a gastight
rubber septum (CNW Technologies GmbH, Germany) and
treated with HgCl, to prevent microbial activity.

2.3. Stable Isotope Analyses

[10] Coral skeletal 8'°C and 8'80 data were obtained
using a GV Isoprime II stable isotope ratio mass spectrom-
eter (IRMS) coupled with an online carbonate preparation
system (MultiPrep) at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou, China. In an indi-
vidual reaction vessel in the MultiPrep system, around 0.1 mg
of each sample was reacted with 102% H;PO,4 (specific
gravity =1.92 g/cm®) in a vacuum at a constant temperature of
90°C. The liberated CO, was collected and purified using liquid
nitrogen cold traps and then transferred via an online dual inlet
system to the IRMS. §'°C and 5'®0 values are reported as the
per mil (%o) deviation of '*C/'2C and '®0/'°0, respectively,
relative to the Vienna Pee Dee belemnite (V-PDB).
Approximately 15% of the samples were run in duplicate.
External precisions for 3'C and 80 were < + 0.03%o (15) and
+ 0.06%0 (lo) (n=360), respectively, as determined by
repeated measurements of the international carbonate standard
NBS-19 and Chinese national standard GBW04405.
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Figure 3. Temporal variations in 8'C-, A§'®0-, and Sr/Ca-derived SST obtained from the mid-Holocene
coral. Note that 3'°C and A8'®0 are plotted on an inverted scale on the y axis to allow a direct comparison
with Sr/Ca-derived SST. Both §'3C and A8'%0 exhibit significant annual periodicity, and these variations
are mostly in phase with 8'>C minima and generally correspond to A3'®0 minima. Variations in both §'*C
and A8'®0 lead those of the Sr/Ca-derived SST. The bold lines representing §'*C and A8'®0 are nine-point
moving averages, which highlight the synchronous variations in coral '*C and A3'%0.

[11] The 8'3C values of DIC in the seawater samples were
measured on an Isoprime 100 stable IRMS coupled with an
online continuous flow preparation system (MultiFlow) in
the same laboratory used for the other stable isotope mea-
surements. Approximately 0.5 mL of seawater was injected
into a glass vial and flushed with 99.999% purity helium gas
at 38 mL/min for 200s. Three drops of 102% H3;PO4 were
added to react with the seawater. The vials were kept at
40°C, and the reaction and equilibration were conducted
for 4h. The released CO, was injected into a loop, purified
by a column held at a constant temperature of 90°C (Poraplot
Q, 25m x 0.32mm, Varian Ltd), dried with a Nafion mem-
brane, and finally carried to the stable IRMS by helium
gas flow. The §'°C values for DIC are also reported as the
per mil (%o) deviation relative to the V-PDB standard. All
samples were analyzed in duplicate. Repeated measurement
of a seawater DIC working standard yielded a precision of
less than +0.1%o (10) (n=50).

2.4. Age Model

[12] The growth chronologies of the corals were constructed
using Sr/Ca ratios, which track changes in ambient water
temperature, assuming each Sr/Ca cycle represents 1 year,
and by cross-validating this approach with visual observations
from the X-radiographs, as the pairs of high- and low-density
bands represent annual growth [Knutson et al., 1972; Dodge
and Vaisnys, 1975]. Maxima in St/Ca ratios were assigned
to the beginning (1 January) of each year, which is generally
the coldest period in this region. Other ages were obtained
by linear interpolation between these age control points. In
the case of the modern coral, the age assignment began at
the top of the core with the tissue layer, whose age was known
from the date of collection (16 January 1991) of the core. For
the fossil coral, the age assignment was based on seasonal cy-
cles in Sr/Ca ratios and the U-series age. Values of A5'%0,

representing the influence of freshwater runoff, were calcu-
lated as the residual 3'®0 value obtained by subtracting the
temperature contribution from the coral §'*0 [McCulloch
etal., 1994; Gagan et al., 1998]. Calendar ages were assigned
to the '°C and A8'%0 data over the life-span of the corals
according to the age models outlined above based on the
Sr/Ca cycles.

2.5. Climatic and Environmental Records

[13] Solar insolation records were obtained from the Sanya
Meteorological Observatory and can be downloaded from
the China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn). Rainfall records for Hainan Island
were based on the average rainfall recorded at the Haikou,
Dongfang, and Qionghai meteorological observatories, and
these are also available from the China Meteorological Data
Sharing Service System (http://cdc.cma.gov.cn).

2.6. Time Offset Estimation

[14] The time offset between the coral §'*C variations and
the climate or paleoclimate records is important if we are to
understand the response of coral §'3C to environmental
changes, because time offsets (leads and lags) between the
records can be used to constrain the mechanism(s) forcing
the geochemical changes. We used two methods to determine
the extent of these time offsets. The first is the phase angle of
a cross-spectral analysis between two time series records
with an annual frequency. As all of our records have robust
annual periodicity, variations in the phase angle can be used
to quantify the leads and lags. We conducted cross-spectral
analysis using the software SPECTRUM [Schulz and
Stattegger, 1997], which is widely used in paleoclimate
studies. The second method used to determine the time off-
sets involved showing seasonal variation in monthly means
to highlight seasonal variations within a year. The monthly
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Figure4. Modern time series showing seasonal variations in monthly means of climatic and environmen-
tal variables, and coral stable isotope data. Note that 5'>C and A8'®O are plotted on an inverted scale on the
y axis to allow direct comparison with the other data. The solid lines with open diamond symbols represent
the coral 5'C data. The solid lines with open triangle and solid circle symbols represent other variables. To
highlight the lead and lag relationships, two identical annual cycles of monthly mean variations in these
records are presented. (a) Coral 8'3C and solar insolation, (b) modern coral '°C and SST, (c) coral §'3C
and rainfall (the rainfall was backdated by 2 months), (d) coral §'*C and A8'®0, (e) coral 5'*C and seawater
DIC §'3C, and (f) seawater DIC §'>C and SSS. Solar insolation and rainfall records are the same as those in
Figure 2. The monthly 8'°C values of seawater DIC and SSS were calculated by averaging the data
obtained at a weekly resolution during 2011. The 8'*C values of seawater DIC and SSS were not obtained

during growth of the modern coral.

means of a time series were calculated by converting the se-
ries to a monthly resolution, and then averaging the data for
each month across the whole series. Monthly resolution
was obtained by linear interpolation (for an annual cycle with
<12 data points) or nearest neighbor smoothing (for an an-
nual cycle with >12 data points). These two methods have
been adopted and described in our previous studies [e.g.,
Deng et al., 2009].

3. Results

[15] Annual periodicities are exhibited in both the modern
and mid-Holocene 8'°C records (Figures 2 and 3, respec-
tively). Skeletal 8'>C values vary from —3.50%o to —1.31%o
and —3.28%o to —0.17%o for the modern and mid-Holocene
corals, respectively. The average skeletal 3'>C values of the
modern and mid-Holocene corals are —2.47%o (1 SD: 0.36)
and —1.63%o (1 SD: 0.54), respectively.

[16] The monthly mean skeletal §'>C variations of both the
modern and mid-Holocene corals (Figures 4 and 5) range
from —2.75%0 to —2.17%o, and from —2.16%o to —1.27%o,
respectively. In the case of the modern coral, the most nega-
tive values characterize the summer to autumn period (July to
October), while the most positive values characterize March
to April. However, for the mid-Holocene coral, the most
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Figure 5. Time series records of the mid-Holocene coral
skeletal 8'3C, A8'®0, and SST. The data-processing method
used was the same as that in Figure 4. (a) Coral 3'°C and
Sr/Ca-SST and (b) coral '3C and A3'%0.
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negative values characterize March to May, and the most
positive values characterize September to December. The
corresponding solar insolation, rainfall, coral A8'%0, and
SST derived from coral Sr/Ca ratios are plotted with the coral
8'3C in Figures 4 and 5. Changes in the monthly 8'3C levels
of seawater DIC and SSS during 2011 are also presented in
Figure 4. The monthly §'°C of seawater DIC was calculated
by averaging the 4 weeks data from each month, which
varied from —2.69%o to —1.34%o, and displays seasonal
variation, with more negative values in a wet summer and
autumn and less negative values in a dry winter and spring.
To highlight the lead and lag relationships, two identical
annual cycles of monthly mean variations in these records
are presented. Time offsets between the variations in the
coral skeletal 8'3C levels and solar insolation (cloud cover),
rainfall, and SST are evident. In contrast, §'3C and A3'30
variations were in phase for both the modern and the mid-
Holocene corals.

4. Discussion

4.1. Relationships Between Coral Skeletal 5'*C
and Climatic and Environmental Variables
4.1.1. Solar Insolation

[17] Solar insolation can influence the photosynthesis of
endosymbiotic zooxanthellae in coral polyps and hence affect
coral skeletal 3'°C levels due to metabolic fractionation
[McConnaughey, 1989]. In general, photosynthesis of endo-
symbiotic zooxanthellae preferentially consumes '2CO,,
resulting in '3C enrichment of the DIC in the internal calcifica-
tion pool. Increased solar insolation may enhance the duration
of photosynthesis, thereby resulting in higher §'°C levels
in the coral skeleton [Weil et al., 1981; Grottoli and
Wellington, 1999]. Variations of §'°C in the modern coral
and the observed solar insolation in this region are shown in
Figure 2. Both 8'3C and solar insolation show similar annual
periodicities. However, these variations are not in phase, with
the coral 8'°C maxima generally occurring from March to
April, and the solar insolation maxima generally occurring
from May to July (Figure 2). Hence, the overall correlation
between solar insolation and coral 8'3C is poor (#r=0.01,
n=121, p=0.46) (Table 1). Seasonal variation in monthly
means also shows that the coral §'C variations generally lead
those of solar insolation by around 2 months (Figure 4a). This
relationship has also been observed in modern Porites corals
from Yongshu Reef, in the Nansha Islands of the southern
SCS [Yu et al., 2002]. The 3'3C maxima in coral reflect the
maximum net productivity of zooxanthellae photosynthesis.
Figure 4a shows that coral 8'°C levels reach a productivity
maximum around 2 months before the solar maximum.
Thus, the apparent lead of coral §'°C levels ahead of solar
insolation indicates that this variable is not a key driver of
coral 8'3C variations. In addition, coral §'3C variations do
not appear to respond linearly to solar insolation. This is
consistent with the fact that overexposure to solar radiation
during solar insolation maxima does not benefit the growth
of zooxanthellae [Grottoli, 2002; Yu et al., 2002].
4.1.2. Sea Surface Temperature

[18] Previous studies have suggested that SST may affect
coral 8'*C by influencing the photosynthesis of symbiotic
zooxanthellae [McConnaughey, 1989; Swart et al., 1996b].
Here, the correlation between coral 8'3C and SST in the

modern (r=0.07, n=121, p=0.22) and mid-Holocene corals
(r=-0.01, n=657, p=0.40) was poor (Table 1). The phase
angles of a cross-spectral analysis between coral §'°C and
SST at an annual frequency were —76+11° and 103 £6° in
the modern and mid-Holocene corals, respectively. These
results indicate that the 3'>C variations lag SST by about
2.5 months during modern times but led SST by approxi-
mately 3.4 months during the mid-Holocene. These time
offsets are the same as those between the coral AS'®O and
SST [Deng et al., 2009], which suggests that coral A3'%0
and §'°C may exert same dominant controlling factor.
Furthermore, there are well-defined time offsets between
the SST and coral 8'*C monthly mean records (Figures 4b
and 5a). The correlations between these two monthly mean
records are also very weak and not significant (Table 2;
r=0.17, n=12, p=0.30 for the modern coral, and »=0.20,
n=12, p=0.27 for the mid-Holocene coral). Warm seasons
typically favor coral growth, and thus, higher temperatures
may enhance zooxanthellae photosynthesis and result in
higher coral 8'3C levels [Swart et al., 1996b]. The weak
correlation between SST and 8'>C seems to support this
interpretation. However, this correlation is not significant;
therefore, the controlling effect of SST on seasonal coral
8'3C in this region may not be important either.

4.1.3. Rainfall

[19] Rainfall does not influence coral §'3C directly, but it
enhances river runoff that can, in turn, transport significant
amounts of DIC to coastal regions. Given that DIC in river
water generally has a more negative 8'>Cvalue than seawater,
enhanced river runoff may decrease the 5'>C of DIC in coastal
seawater and so reduce the 8'°C levels of the coral skeletons
[Swart et al., 1996b; Watanabe et al., 2002]. Variations of
8'3C in the modern coral and the observed rainfall record on
Hainan Island (Figure 2) both exhibit similar variations with
robust annual periodicities. Negative 8'°C peaks generally
correspond to rainfall maxima, which suggest that rainfall is
driving the variations in the coral 8'*C. However, the varia-
tions of these two records are not synchronous, and coral
8'3C variations generally lag rainfall variations (note that the
rainfall record shown in Figure 2c has been backdated by 2
months to match the 8'3C record). The phase angle at the
annual frequency between these two records is —51£9°, indi-
cating a lag of approximately 2 months in coral 3'*C varia-
tions relative to rainfall variations on Hainan Island. In
addition, if the time offset is compensated for by adjusting
the rainfall record backwards by 2 months, their correlation
is much improved: from r=-0.07 (Table 1; n=121,
p=0.22)to r=—0.38 (n=121, p < 0.00001). This lag is also
seen in the seasonal variation of the monthly means of these
two records (Figure 4c). This correlation can also be observed
in the monthly mean seasonal rainfall and 8'*C variations.
After the rainfall record was adjusted backwards by 2 months,
the correlation of their monthly means was much improved:
from r=-0.53 (n=12, p=0.038) to r=—0.86 (n=12,
p=0.0002) (Table 2).

[20] This time offset of approximately 2 months is the
same as that observed between coral AS'®0 and rainfall
variations [Deng et al., 2009] and is also in accord with the
observed lag of about 2 months between changes in seawater
salinity off the southern coast of Hainan Island and rainfall
on Hainan Island [Wei et al., 2000; Deng et al., 2009].
Figures 2d and 2e highlight that A§'%0 and §'3C variations



DENG ET AL.: CORAL CARBON ISOTOPE IN SOUTH CHINA SEA

Table 1. Correlations Between Monthly Resolution Coral 3'3C Values and Other Environmental Variables

Solar Insolation SSTsrca Rainfall® Rainfall® A0
r=0.01 r=0.07 r=—0.07 r=—0.38 r=0.26
Modern coral 8'°C n=121 n=121 n=121 n=121 n=121
p=0.46 =022 =022 £ <0.00001 »=0.002
r=-0.01 r=0.24
Mid-Holocene coral §'°C - n=657 - - n=657
p=0.40 p < 0.0000001

“Normal rainfall record.
®Rainfall record adjusted backwards by 2 months.

are in phase, and these two data sets are positively correlated
(Table 1; r=0.26, n=121, p=0.002). The phase angle of a
cross-spectral analysis between A5'%0 and §'3C at an annual
frequency is 7°+ 7°, highlighting the synchronicity of these
two records. The synchronicity of these two records is also
evident in the seasonal variation of their monthly means
(Figure 4d), which are highly correlated (Table 2; »=0.87,
n=12, p=0.0001). Coral A3'®0 has been shown to be a
proxy for rainfall changes on Hainan Island [Deng et al.,
2009]. The similar time offset of the coral §'*C and A3'%0
records when compared with the rainfall variations suggests
that the variations in coral 8'3C levels were associated with
rainfall patterns on Hainan Island.

[21] The relationship between coral 5'*C and rainfall in
this region is evident both in the modern and mid-
Holocene corals. As there is no measured rainfall record
from the mid-Holocene, coral A8'%0 is used here as a proxy
for variations in rainfall amounts [Deng et al., 2009].
Variations in 8'>C and A8'®0 from the mid-Holocene coral
are shown in Figures 3b and 3c, and both exhibit a signifi-
cant annual periodicity. The variations are generally in
phase, with 8'°C maxima and minima corresponding to
those of A3'%0, and these two variables display a positive
correlation (Table 1; »=0.24, n=657, p<0.0000001).
The phase angle of a cross-spectral analysis between &'°C
and A3'®0 records is —12°+10°, showing that the varia-
tions in these records are almost synchronous. This is
supported by the monthly mean §'°C and A3'®0O records
(Figure 5b), which are highly correlated (Table 2; »=0.98,
n=12,p <0.0000001). The above observations all strongly
suggest that variations in the §'>C preserved in corals from
Sanya were driven primarily by variations in rainfall on
Hainan Island during the mid-Holocene.

[22] The link between variations in rainfall and coral §'3C
is most likely to be related to river inputs to the ocean [Moyer
and Grottoli, 2011; Moyer et al., 2012], as the rainwater
contributes significantly to river runoff and influences the
abundance, composition, and timing of carbon discharge to

the coastal ocean [Moyer and Grottoli, 2011; Moyer et al.,
2012]. Carbon depleted in '*C derived from decomposition
of terrestrial organic matter [Raymond et al., 2004; Mayorga
et al., 2005] results in the DIC of river water generally show-
ing a larger variation range and more negative 3'>C (typically
0%o to —26%o) than surface seawater (typically 1%o to 3%o).
There have been no direct measurements of the 5'*C of DIC
in river water around Sanya. However, the §'>C of DIC in
river water from Xijiang River (south China) ranges from
—12.96%0 to —6.59%o [Wei et al., 2013]. It is evident that
the 5'*C during the rainy summer and autumn period is gener-
ally more negative, by about 2%o to 3%, than during the dry
spring and winter [Wei et al., 2013]. A similar pattern of
8'3C wvariations in the DIC of rivers around Sanya can be
assumed, because the two sites are close and have similar
geological and environmental backgrounds, where enhanced
rainfall during the rainy season increases river runoff and this
transports larger amounts of DIC, with a more negative 3'°C,
to the coastal coral reefs. In turn, this results in a decrease in
the 8'°C of seawater DIC and, consequently, in reduced coral
8'3C levels [Moyer and Grottoli, 2011; Moyer et al., 2012].
[23] This assumption is further supported by the 5'°C of
seawater DIC and SSS in the region of Sanya coral reef,
which was monitored during 2011. Figures 4e and 4f show
that the 8'°C of seawater DIC varied from —2.69%o to
—1.34%o, the SSS varied from 28.82%o0 to 32.53%o, and these
changes were closely tracked by those in the modern coral.
The correlation between the §'°C of seawater DIC and that
of the coral is significant (Table 2; »=0.69, n=12,
p=0.007). The correlation between the §'°C of seawater
DIC and SSS is also significant (Table 2; »=0.74, n=12,
p=0.003). Although the seawater DIC 5'*C and SSS records
are relatively short and the monitoring was not conducted
during the growth of the coral, it is reasonable to assume that
the historical, seasonal 8'3C variations of seawater DIC and
SSS should be similar and that changes in the 8'3C of seawa-
ter DIC control 3'°C variations in corals in this region. In
summary, this supports our arguments outlined above that

Table 2. Correlations Between Monthly Means of Coral 8'*C Values and Other Environmental Variables

Solar Insolation SSTsy/ca Rainfall® Rainfall® A8'%0 SeawaterDIC '°C
r=0.002 r=0.17 r=-—0.53 r=-—0.86 r=0.87 r=0.69
Modern coral §*C n=12 n=12 n=12 n=12 n=12 n=12
=049 p=0.30 p=0.038 p=0.0002 p=0.0001 p=0.007
r=0.20 r=0.98
Mid-Holocene coral §'°C - n=12 - - n=12 -
p=0.27 »<0.0000001

“Normal rainfall record.
PRainfall record adjusted backwards by 2 months.
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variations in coral 8'3C are associated with rainfall patterns
in this region.

4.2. Main Factors Controlling Coral Skeletal 3'*C
in the Coastal SCS

[24] Changes in the §'°C of seawater produced by river
runoff have not generally been considered an important
influence on coral 8'°C levels. Although Swart et al.
[1996a] attributed changes in coral §'®0 from south
Florida (USA) to fresh water outflow associated with rain-
fall from the mainland, it was not considered to be the
primary factor driving coral 8'3C variations, given the poor
correlation between coral 8'3C and rainfall. The absence of
a correlation between coral §'°C and rainfall records can
potentially be attributed to the time offset between the peaks
ofrainfall on land and chemical changes in coastal seawater.
Coastal seawater is not always immediately diluted when
heavy rainfall occurs over nearby land. For example, the
observed seawater salinity minimum off the southern coast
of Hainan Island generally lags peak rainfall on Hainan
Island by around 2 months [Wei et al., 2000; Deng et al.,
2009]. Considering this observation, and by comparing the
8'3C and A3'®0 variations, as well as allowing for the proba-
ble time offset between rainfall and seawater salinity change,
we conclude that river runoff associated with rainfall is the
primary factor controlling coral '>C in this region.

[25] To estimate the contribution of the riverine DIC to the
overall coral §'3C signature, a simple mass balance model
suggested by Moyer and Grottoli [2011] was constructed
using the equation: 8'°C o =x8"2Cpy +(1 — x) 8°Cyy. In
this equation, x is the unknown proportion being solved for,
8"3Ceorar is the average &'°C minima (wet season,
—3.03£0.26%0) and maxima (dry season, —2.03 +0.29%o)
for the entire coral record, 8'°C,, is the average riverine
water end-member DIC §'3C values during the wet or dry
season (—9.20%o or —7.11%0) based on the Xijiang River
data [Wei et al., 2013], and 8'°C,, is the average of DIC
8'°C in the offshore waters of the northern SCS during the
wet or dry season. The averages of DIC 8'>C in the offshore
waters in the northern SCS during the wet and dry season are
very similar and close to 0.5%o [Liu, 2005]. All data process-
ing followed the method of Moyer and Grottoli [2011]. The
mass balance results revealed that during the wet season the
proportionate contribution of riverine DIC §'*C to the coral
8'°C minima was 36.3 +3.4%. During the dry season, the
proportionate contribution of riverine DIC §'*C to the coral
8'C maxima was 33.2+4.3%. Thus, the seasonal cycle of
riverine DIC input to the coastal northern SCS appears to
be the main factor affecting the annual periodicity observed
in coral skeletal '>C by influencing the DIC §'>C in ambient
seawater. Both contributions during dry and wet seasons are
higher than those in Puerto Rico reported by Moyer and
Grottoli [2011], which suggests that the contribution of
riverine DIC §'3C to the coral 3'°C in the northern SCS
may be more significant.

[26] Prior experiments indicate that changes in zooxanthellar
productivity and respiration can alter coral skeletal §'*C by
0.5%0 to 1.0%0 [Grottoli and Wellington, 1999; Grottoli,
2002]. In the northern SCS, we observe changes on the
order of 2% (Figure 2¢). However, the coral §'°C maxima
generally occur around March—April, while the observed
productivity maxima generally occur in summer, when light

levels and temperature are highest [Huang et al., 2003]. The
8'3C levels of the SCS coral are not well correlated with
either solar insolation or temperature but are well correlated
with runoff associated with the rainfall (albeit it with a time
lag of 2 months). In addition, the §'3C values of all modern
corals (—0.72%o to —5.41%o) from fringing reefs in this study,
and also two other studies in the northern SCS [Shimamura
et al., 2008; Sun et al., 2008], are more depleted than those
of other coral reefs from the southern SCS that are unaffected
by river runoff. For example, §'°C values of a modern coral
from Yongshu Reef in the southern SCS range from
—0.34%0 to —3.04%0 [Yu et al., 2002]. This difference
between coral 3'>C values can be mostly attributed to river
runoff that lowers the baseline 3'>C values of DIC in ambient
seawater around fringing reefs. While we cannot rule out the
kinetic and equilibrium fractionation effects of zooxanthellar
metabolism on the isotopic composition of coral skeletons,
our results show that the dominant influence on the §'*C levels
of corals growing in the coastal SCS is the isotopic composi-
tion of the ambient DIC.

[27] In addition to these seasonal factors, the '*C Suess
effect can induce a long-term decrease in coral §'°C due to
the increased addition to the ocean of anthropogenic '*CO,
produced by burning isotopically light hydrocarbons [Swart
et al., 2010; Dassié et al., 2013]. Most coral §'3C records
exhibit this long-term decrease toward the present day
[Swart et al., 2010]. Our modern coral 8'3C record is
relatively short and thus did not reveal this long-term trend
over recent decades. However, 8'3C records obtained from
three modern corals from the northern SCS spanning the past
15-35 years did exhibit this trend [Sun et al., 2008]. Notably,
8'3C values of the modern coral (—3.50%0 to —1.31%o;
average = —2.47%o) are more negative than those of the mid-
Holocene coral (—3.28%o0 to —0.17%o; average=—1.63%o)
in our study, which may be explained by the '>C Suess effect,
indicating that this effect does change coral 5'3C levels over
the long term in this region.

[28] Previous studies have indicated that coral 5'*C records
the delivery of riverine DIC to the coastal ocean and can be
used as a proxy for land-ocean carbon flux in tropical regions
[Moyer and Grottoli, 2011; Moyer et al., 2012]. These data,
together with our findings, appear to demonstrate that 3'°C
in coral skeletons from coastal environments are controlled
mainly by terrestrial carbon input and are significantly
influenced by terrestrial river runoff. As a result, the geochem-
ical interpretations of coral 8'3C records may differ between
coastal sites and offshore areas or the open ocean.

5. Conclusions

[20] We studied the 5'*C isotope systematics of modern and
mid-Holocene corals from the northern SCS and examined the
relationship between coral §'*C and climatic and environmen-
tal variables, including solar insolation, rainfall, and SST. The
main conclusions of our study are outlined below.

[30] Solar insolation and SST have a negligible effect on
coral skeletal 5'*C. However, rainfall on Hainan Island plays
an important role in controlling coral '>C over seasonal time
scales. River runoff from rainfall on Hainan Island enhances
delivery of DIC with a more negative 8'°C to the coast,
thereby lowering the 8'3C of surrounding seawater DIC and
resulting in a more negative coral 5'°C levels.
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[31] Primary productivity appears to have little effect on
coral skeletal 3'°C levels. However, the 8'°C of organic mate-
rial on the reef, such as zooxanthellae and coral tissues, may,
in part, control the seasonal variations in coral skeletal 5'C.
The '3C Suess effect is also responsible for changes in coral
8'3C over long time scales in this region.

[32] Coral skeletal 5'°C in coastal environments are con-
trolled mainly by terrestrial carbon input and are significantly
influenced by terrestrial river runoff. Consequently, the
geochemical interpretation of coral 8'*C records may differ
between coastal areas and offshore or the open ocean.
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