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Abstract Many factors influence the seasonal changes in 8'>C levels in coral skeletons; consequently, the
climatic and environmental significance of such changes is complicated and controversial. However, it is
widely accepted that the secular declining trend of coral §'3C over the past 200 years reflects the changes in
the additional flux of anthropogenic CO, from the atmosphere into the surface oceans. Even so, the
centennial-scale variations, and their significance, of coral 5'C before the Industrial Revolution remain unclear.
Based on an annually resolved coral 5'3C record from the northern South China Sea, the centennial-scale
variations of coral §'3C over the past millennium were studied. The coral 8'3C and total solar irradiance (TSI)
have a significant positive Pearson correlation and coupled variation during the Medieval Warm Period and
Little Ice Age, when natural forcing controlled the climate and environment. This covariation suggests that
TSI controls coral §'3C by affecting the photosynthetic activity of the endosymbiotic zooxanthellae over
centennial timescales. However, there was a decoupling of the coral skeletal 5'3C and TSI during the Current
Warm Period, the period in which the climate and environment became linked to anthropogenic factors.
Instead, coral 8'3C levels have a significant Pearson correlation with both the atmospheric CO, concentration
and 8"3C levels in atmospheric CO,. The correlation between coral 3'3C and atmospheric CO, suggests that
the oceanic '3C Suess effect, caused by the addition of increasing amounts of anthropogenic '>CO, to the
surface ocean, has led to the decoupling of coral 5'3C and TSI at the centennial scale.

1. Introduction

Scleractinian reef corals are one of the main archives of past climatic and environmental information in the
tropical oceans, such as sea surface temperature (SST), sea surface salinity (SSS), and pH [Felis and Pdtzold,
2003; Pelejero et al., 2005; Wei et al., 2009; Lough, 2010; Liu et al., 2014]. However, compared with some other
widely used geochemical proxies (such as Sr/Ca, Mg/Ca, and 5'80), the use of coral 8'>C as a proxy for envir-
onmental and climatic change remains a matter for debate [Fairbanks and Dodge, 1979; Swart, 1983;
McConnaughey, 1989, 2003; Swart et al., 1996; McConnaughey et al., 1997; Grottoli, 2002]. At the cellular scale,
carbon precipitated in coral skeletons originates directly from dissolved inorganic carbon (DIC) in the extra-
cellular calcifying fluid (ECF) that forms an interior pool beneath the calicoblastic layer of coral polyps where
the calcification takes place [Gattuso et al., 1999]. Inorganic carbon derived from metabolic respiration inside
the coral polyps and external seawater may both contribute to the carbon in the ECF used for calcification,
although the relative contribution from these two sources remains unknown [Furla et al., 2000; Al-Horani
et al., 2003; McConnaughey, 2003]. Therefore, any biological or environmental factor that is able to influence
the 5'3C levels preserved in these two sources of inorganic carbon input to the ECF would also affect §'>C
variations recorded in coral skeletons.

The climatic and environmental implications of seasonal variations in coral 5'3C levels are site specific. A
number of studies have demonstrated that a wide range of different factors, such as light availability (cloud
cover) and water depth [Land et al., 1975; Weber et al,, 1976; Fairbanks and Dodge, 1979; Swart et al., 1996;
Grottoli and Wellington, 1999; Heikoop et al., 2000; Grottoli, 2002; Maier et al., 2003; Rosenfeld et al., 2003],
kinetic isotope fractionation [McConnaughey, 1989], the 8'3C of DIC in surrounding seawater [Swart et al.,
1996; Watanabe et al., 2002; Moyer and Grottoli, 2011; Deng et al,, 2013a], feeding [Grottoli, 2002; Reynaud
et al,, 2002], spawning [Gagan et al., 1994, 1996], and bleaching [Porter et al., 1989; Leder et al., 1991; Allison
et al, 1996], plays important roles in the seasonal variations of coral skeletal 5'3C levels.
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Compared with the seasonal variations in coral 8'3C, the climatic and environmental significance of
centennial-scale changes in coral 8'3C is relatively well defined. The secular declining trend in coral §'3C
levels over the past 200 years reflects the increase in the transfer of anthropogenic CO, from the atmosphere
to the surface oceans [Swart et al., 2010; Dassié et al., 2013]. However, the significance of the long-term varia-
tions in coral '3C levels before the Industrial Revolution remains unclear, and, to date, comparative studies of
the preindustrial and postindustrial periods are still rare [Druffel and Griffin, 1993; Quinn et al,, 1998]. As the
anthropogenic influence on climatic and environmental changes was relatively weak before the Industrial
Revolution, anthropogenic CO, should have played a limited role in the long-term change of preindustrial
coral 5'3C levels. The time series of 8'>C records from coralline sponge skeletons can be subdivided into
two parts: a preindustrial period, during which the isotopic composition is controlled by climatic forcings,
followed by the Industrial Era, characterized by a progressive enrichment in 12C caused by massive carbon
emissions of anthropogenic origin [B6hm et al, 2002; Madonia and Reitner, 2014]. The Medieval Warm
Period (MWP, A.D. 900-1300) [Lamb, 1965; Crowley and Lowery, 2000; Bradley et al., 2003] and the Little Ice
Age (LIA, A.D. 1550-1850) [Robock, 1979; Bradley and Jones, 1993; Matthews and Briffa, 2005] were climatic
and environmental anomalies caused by natural forcing (e.g. solar variability and volcanic emissions).
However, the Current Warm Period (CWP, A.D. 1850 to present) [Wu et al., 2012; Fleury et al., 2015] is believed
to be driven by anthropogenic factors (e.g., industrialization and land use changes). Therefore, a comparative
study of these three contrasting climate intervals may allow us to develop a better understanding of the cli-
matic and environmental significance of the centennial-scale changes in coral 3'>C levels. Here we use five
corals from the northern South China Sea (SCS) that lived during the MWP, LIA, and CWP to study the
centennial-scale changes in coral 5'3C levels and to provide a new insight into the control mechanism of
long-term changes in coral 5'3C before the Industrial Revolution.

2. Materials and Methods

One modern coral and four fossil coral drillcores, with diameters of 0.5-1.5 m, were recovered using an under-
water pneumatic drill from five Porites lutea colonies in water depths of 4-6 m on the fringing reefs at
Qionghai off the coast of eastern Hainan Island in the northern SCS. Hainan Island has an oceanic tropical
climate that is controlled by the East Asian monsoon. The summer monsoon runs from May to October
and brings warmer and fresher conditions (SST: 27-33°C, SSS: 25-31), while the winter monsoon dominates
from November to April and brings colder and saltier conditions (SST: 17-27°C, SSS: 31-33). The modern coral
11LW4 and the fossil coral 11LW2 were collected at Longwan (11LW4: 19°17/11.94"N, 110°39'21.06"E; 11LW2:
19°17'18.84"N, 110°39'23.40"E) in April 2011. The fossil corals 11QG1 and 11QG3 were collected at Qingge
(11QG1: 19°18/30.48"N, 110°40'2.46"E; 11QG3: 19°18/3.72"N, 110°39'41.52"E) also in April 2011. The fossil
coral 130C4 was collected at Oucun (19°19'11.22"N, 110°41'31.26"E) in August 2013. The sampling locations
are shown in Figure 1. The modern coral 11LW4 (A.D. 1853-2011) has been used previously to study decadal
variability in the northern SCS [Deng et al., 2013b; Chen et al., 2015; Wei et al., 2015].

The coral cores were first sectioned into slices 1cm thick and 5-7 cm wide. Then, X-ray photographs were
taken to reveal the regular and well-defined annual density bands, which were used to establish the coral
chronology. Next, the coral slices were soaked in 10% H,O, for 24 h to remove organic matter, and this
was followed by ultrasonic cleaning in deionized water for 30 min to remove surface contaminants. The
412 subsamples (approximately 0.1 g each) were collected at annual intervals along the main growth axis
of each coral using a digitally controlled milling machine. Each high-density and low-density band constitutes
an annual couplet, generally representing 1 year of growth [Knutson et al., 1972]. The annual growth rate was
directly measured (with a precision of 1 mm) along the major growth axis from the X-ray photograph as the
length of each annual density band. X-ray diffraction analysis of the samples showed that the coral skeletons
were 100% aragonite. Scanning electron microscopy imaging revealed that there was no secondary arago-
nite present in the coral skeletons.

The four fossil corals were subjected to U-Th dating using multicollector-inductively coupled plasma-mass
spectrometers (MC-ICP-MS) at the Radiogenic Isotope Laboratory of the University of Queensland and at
the High-Precision Mass Spectrometry and Environment Change Laboratory of National Taiwan University.
A sample of ~0.5 g was taken from the age control point of each fossil coral and spiked with a 2297H- 233y
mixed tracer. The detailed analytical methods and the correction protocols used for the *°Th ages can be
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Figure 1. Satellite image of Hainan Island and the northern SCS. Yellow stars indicate sampling locations.

found in Clark et al. [2014]. The chronology of the fossil coral was established by counting the annual bands
back and forth from the U-Th dated calendar year of the age control point. For the modern coral, the
chronology was established by counting the annual bands back from the youngest band, which
represents the year of sampling.

The coral skeletal 5'3C and §'80 analysis was performed using a GV Isoprime Il stable isotope ratio mass
spectrometer coupled with a MultiPrep carbonate device that used 102% H3PO,4 at 90°C to extract CO,
from the coral samples and following the procedures described by Deng et al. [2009]. Isotope data were
normalized against the Vienna Pee Dee Belemnite using the NBS-19 standard (8'3C=1.95%o,
8'80=—2.20%0). Multiple measurements (n==80) on this standard yielded a standard deviation of
0.03%o for 6'3C and 0.06%o for 3'®0. Replicate measurements were made on approximately 15% of
the samples.
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3. Results

We obtained similar annual growth rates (12-15mm/yr) for the modern and fossil corals. Coral samples
11QG1, 11QG3, 11LW2, and 130C4 were dated to 756+ 9.6, 929+ 24, 371+ 18, and 254 +4yr B.P., respec-
tively (Table 1). The dated ages of these fossil corals (11QG1, 11QG3, 11LW2, and 130C4) were transformed
into Common Era years, and their growing intervals span approximately A.D. 1129-1255, A.D. 1063-1087, A.
D.1628-1657,and A.D. 1702-1772, respectively. Including the modern coral 11LW4, the lifespans of our coral
samples cover the MWP (11QG1 and 11QG3), LIA (11LW2 and 130C4), and CWP (11LW4).

The annual 5'3C levels obtained from the five corals (Figure 2) ranged from —3.31%o to —1.82%o, with an
average value of —2.38%o, and displayed a gradually increasing trend between A.D. 1063 and A.D. 1087.
The long-term variations in coral §'3C are relatively stable over the period A.D. 1129-1255, with a range from
—1.88%o to —0.55%o and an average value of —1.24%o. There is a gradual decrease in coral §'>C between A.D.
1628 and A.D. 1657, which varies between —1.47%o0 and —2.79%o with an average value of —2.13%o over this
period. The variation range of coral §'3C over the period A.D. 1702-1772 is —3.04%o to —1.56%o with an aver-
age of —2.31%o. As for the period A.D. 1853-2011, the coral §">C follows a remarkable declining trend and
varies between —1.12%o and —3.37%o with an average of —2.04%o.

The average 5'3C values for the periods A.D. 1063-1087 and A.D. 1702-1772 are statistically significantly
lower (at the 0.05 level) than the average during the period A.D. 1853-2011 (t=—3.61, df=182, p=0.0002
for A.D. 1063-1087 and A.D. 1853-2011; t=4.63, df=228, p < 0.00001 for A.D. 1702-1772 and A.D. 1853-
2011). However, the average §'3C value for the period A.D. 1129-1255 is statistically significantly higher (at
the 0.05 level) than that during the period A.D. 1853-2011 (t=—17.9, df=284, p < 0.00001). The average
values for the periods A.D. 1628-1657 and A.D. 1853-2011 are not statistically significantly different at the
0.05 level (t=—1.06, df=187, p=0.15).

4, Discussion
4.1. Coral Skeletal "3C and Atmospheric CO,

The anthropogenic release of CO, depleted in '3C from the burning of fossil fuels and deforestation has led to
a decline of 3'3C levels in atmospheric CO, [Keeling, 1979; Friedli et al., 1986]. This decrease affects the surface
oceanic 8'3C of DIC via the atmosphere-ocean exchange of CO, and is recognized as the oceanic 5'>C Suess
effect [B6hm et al., 1996]. The centennial-scale variations in coral §'3C over the past 200 years are thought to
be controlled by changes in the amount of anthropogenic CO, released into the atmosphere and the ">C
Suess effect [Swart et al., 2010]. Therefore, in this study, we used atmospheric CO, data to conduct a compara-
tive study of variations in 8'>C levels preserved in corals over the three climate intervals outlined above. We
obtained a record of atmospheric CO, concentrations with annual to decadal resolutions over the period A.D.
1005-2011 derived from ice core data from http://scrippsco2.ucsd.edu/data/atmospheric_co2 [Keeling et al.,
2001] and transformed it to an annual resolution by linear interpolation. The §'3C levels in atmospheric CO,
with annual to decadal resolutions over the period A.D. 1006-1993 were extracted from Antarctic ice cores
and firn samples [Francey et al., 1999] and transformed to an annual resolution by linear interpolation.
Both the atmospheric CO, concentration and the 5'3C in atmospheric CO, remained relatively stable during
the MWP and the LIA, and this stability persisted until about A.D. 1800. Since then, the atmospheric CO, con-
centration has followed a remarkable increasing trend, while the §'3C levels in atmospheric CO, have shown
a rapid decline (Figure 3). The variations in coral 8'3C do not match exactly the variations in atmospheric CO,
concentration or the 8'3C in atmospheric CO, during the MWP and LIA. However, the coral 8'3C has followed
a persistent declining trend since 1853 during the CWP (Figure 3). In addition, the coral 3'>C has a significant
Pearson correlation with the atmospheric CO, concentration (r=—0.47, n=159, p < 0.0001; Figure 4a) and
also with the §'3C in atmospheric CO5 (r=0.37, n= 141, p < 0.0001; Figure 4b) since 1853. The sea surface
temperature and hydrological conditions during the MWP were closely comparable to those of the CWP,
but the LIA was much colder and drier than the CWP in the northern SCS [Deng et al., 2016]. The climatic
and environmental anomalies during these two periods were caused by natural forcing, and the atmospheric
CO, concentration and 5'3C levels in atmospheric CO, remained relatively stable because there was no ocea-
nic Suess effect. Therefore, coral §'3C levels during these two periods were not related to changes in atmo-
spheric CO,. However, since the Industrial Revolution, the increase in the transfer of anthropogenic 'CO,
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Figure 2. Temporal variations of coral 313 during the MWP, LIA, and CWP. Black horizontal lines indicate the average coral
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significant (r=—0.25, n=109, p =0.004; Figure 6b). On the other hand, the results of the spectral analysis
performed on the detrended nuclide-based TSI and coral §'3C time series confirm that the low-frequency
trends/variations became decoupled from the 1850s to the present. The power spectrum of the detrended
nuclide-based TSI series shows an 86 year cycle that is significant at the 95% confidence level. In contrast,
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Figure 3. (a) Temporal variations of coral 53¢ (blue lines) and atmospheric CO, concentration (red circles with lines,
plotted on an inverted scale on the y axis) [Keeling et al., 2001] and (b) 5'3Cin atmospheric CO, (red circles with lines)
[Francey et al., 1999] during the MWP, LIA, and CWP.

DENG ET AL.

DECOUPLING OF CORAL SKELETAL 3'>C AND TSI

166



@AG U Paleoceanography 10.1002/2016PA003049

-0.5 — (b) r=0.37,n=141,p < 0.0001

1 =
0 g -1.5]
) )
L L
P o 2
® ®
8 § -25
-3 =
-3.5 ‘ ‘ -3.5 |
280 320 360 400 -8 -7.6 -7.2 -6.8 -6.4
Atmospheric CO, concentration (ppm) Atmospheric CO, 5"°C (%)

13

Figure 4. Pearson correlations between coral 8'3cand (a) atmospheric CO, concentration [Keeling et al., 2001] and (b) 8 ~C

in atmospheric CO, [Francey et al., 1999] during the CWP.

the power spectrum of the detrended coral 5'3C shows higher-frequency cyclicity with periods of only 15 and
2-7 years [Deng et al., 2013b]. Our observations suggest a coupled variation between coral §'>C and TSI at the
centennial scale; therefore, the changes in coral §'3C were driven mainly by changes in the photosynthetic
activity of the endosymbiotic zooxanthellae associated with TSI at the centennial scale during the MWP
and the LIA. However, this coupling was interrupted by the onset of the Industrial Revolution. Considering
the significant correlation between the coral §'>C and atmospheric CO, during the CWP, it is reasonable to
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[Bard et al., 2000] and (b) a physical model [Vieira et al., 2011] during the MWP, LIA, and CWP.
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Figure 6. Pearson correlations between coral 5'3C and TSI based on cosmogenic nuclides [Bard et al., 2000] during (a) the
MWP and LIA and (b) the CWP.

infer that this decoupling was driven by the oceanic Suess effect. The negative correlation between the coral
8'3C and TSI during the CWP may be an artifact caused by the Suess effect. We note that the average coral
8'3C levels during the periods A.D. 1063-1087 and A.D. 1702-1772 in the MWP and LIA are statistically
significantly lower (at a significance level of 0.05) than the average for the period A.D. 1853-2011 during
the CWP. These lower coral §'3C levels were the result of the reduced TSI rather than the oceanic Suess
effect caused by the atmosphere-ocean exchange of CO,.

It is should be noted that the changes in global TSI are small (approximately 3-4 W/m?) and those in coral
8'3C are large (approximately 2%o), with more irradiance occurring during times of more positive 5'3C. The
TSI change during the 11year sunspot cycle is ~1.4 W/m?, which accounts for ~50% of the TSI signal esti-
mated from the nuclide data and the physical model (Figure 5). It remains unclear why such small changes
in irradiance cause such large (2%o) changes in coral §'3C, but the intrinsic “vital effect” within the biominer-
alization process could be a possible alternative point from which to explore the underlying mechanism.

4.3. Effects of Other Possible Factors on Coral Skeletal $">C

Although we found good agreement between the coral §'>C and the TSI during the MWP and the LIA, we
must also consider some of the other factors (as outlined in section 1) that affect coral §'3C. For example,
there has been a significant amount of discussion regarding kinetic fractionation related to changes in
growth rate. McConnaughey [1989] suggested that corals with annual growth rates of less than 4 mm/yr
may be unsuitable for stable isotopic analysis as these corals would suffer from high levels of isotopic dise-
quilibrium. However, another study found no relationship between growth rate or calcification and skeletal
8'3C in experimental corals [Swart et al., 1996]. Corals growing as slowly as 1.5 mm/yr had essentially identical
8"3C values to portions of the same coral growing at rates of up to 8 mm/yr [Swart et al., 1996]. In the present
study, the averaged coral §'3C values show no relationship with the growth rates of five corals (r=—0.11,
n=5, p=0.43; Figure 7a). Therefore, the effect of growth rate on the §'3C levels of the corals studied here
may be limited, because their growth rates were similar in all cases and the correlations between coral
8'3C and growth were not statistically significant.

Water depth is another important factor that should be considered because the rates of photosynthesis of
endosymbiotic zooxanthellae are higher in shallow-water corals [Weber et al, 1976; Land et al,, 1977]. Our
coral samples were all collected from water depths of 4-6 m on shallow-water fringing reefs, so any depth-
related differences between the §'3C levels of the different corals can probably be ruled out. To test this
assumption, Pearson correlation analysis between the averaged coral §'3C values of the different periods
and the water depths in which the corresponding corals grew was also performed, and the correlation was
not significant (r=0.19, n=5, p=0.38; Figure 7b). Therefore, the effect of water depth among the five corals
studied here can be ignored.

Previous studies have indicated that circulation changes in the southwestern Pacific played a major role in
the large variations in surface ocean radiocarbon via the shoaling of the thermocline or advection of "C-
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Figure 7. Pearson correlations between coral 3'3C and possible affecting factors. (a) Averaged coral 3'3C values and
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grew. (c) Detrended coral 8'3c during A.D. 1853-2011 and the NINO3.4 index [Kaplan et al., 1998; Reynolds et al., 2002].

depleted source waters to the southern Great Barrier Reef [Druffel and Griffin, 1993]. This indicates that the
atmospheric and oceanic circulation should not be ignored as a possible driver of changes in §'3C level.
Circulation variability in the SCS is remotely influenced by El Nifio-Southern Oscillation (ENSO) [Wang
et al,, 2006]; therefore, we compared the NINO3.4 index with the coral 8'3C series to explore the possible
effect of ENSO on the latter. The NINO3.4 index is represented by the averages of the monthly SST
anomalies during each year in the area bounded by 5°S-5°N, 120°W-170°W from 1856 to the present
(http://climexp.knmi.nl/getindices.cgi?WMO=NCEPData/nino5&STATION=NINO3.4&TYPE=i&id=someone
@somewhere) [Kaplan et al., 1998; Reynolds et al., 2002]. The correlation between the detrended coral 53¢
series over the period A.D. 1853-2011 and the NINO3.4 index is statistically significant (r=—0.16, n=156,
p=0.02; Figure 7c) and indicates that only 2.56% (r?) of the variability in modern coral §'3C can be
accounted for by the NINO3.4 index (i.e.,, the atmospheric and oceanic circulation). Therefore, the
remaining 97.44% of the variability cannot be accounted for by circulation changes, so the latter is
unlikely to be one of the main factors influencing coral §'3C in the SCS. Moreover, the NINO3.4 index is
not available for the MWP and LIA, meaning that the effect of atmospheric and oceanic circulation on
coral 8"3C levels before the Industrial Revolution remains difficult to evaluate.

5. Conclusions

In this paper, we used an annual-resolution coral 5'3C record from the northern SCS to study centennial-scale
variations in coral 8'3C over the past millennium. The coral 5'3C and TSI showed a significant positive Pearson
correlation and coupled variation during the MWP and LIA, when the climate and environment were con-
trolled by natural forcing. This covariation suggests that TSI controls coral skeletal §'3C levels by affecting
the photosynthetic activity of the endosymbiotic zooxanthellae at the centennial scale. However, there
was a decoupling of the coral skeletal §'3C from TSI around A.D. 1900 (during the CWP) by which time the
climate and environment had become linked by anthropogenic factors. From then on, coral skeletal §'>C
levels have shown a significant Pearson correlation both with the atmospheric CO, concentration and with
the 5'3C of atmospheric CO,. The correlations between coral §'3C and atmospheric CO5 suggest that the
oceanic ">C Suess effect caused by the addition of anthropogenic '>CO, to the surface ocean led to the
decoupling of coral 3'3C and TSl at the centennial scale.
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