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Abstract The 2–7-year periodicities recorded in fossil

coral records have been widely used to identify paleo-El

Niño events. However, the reliability of this approach in

the South China Sea (SCS) has not been assessed in detail.

Therefore, this paper presents monthly resolution geo-

chemical records covering the period 1978–2015 obtained

from a Porites coral recovered from the SCS to test the

reliability of this method. The results suggest that the SCS

coral reliably recorded local seawater conditions and the

super El Niño events that occurred over the past 3 decades,

but does not appear to have been sensitive enough to record

all the other El Niños. In detail, the Sr/Ca series distinctly

documents only the two super El Niños of 1997–1998 and

2014–2016 as obvious low values, but does not match the

Oceanic Niño Index well. The super El Niño of 1982–1983

was identified by the growth hiatus caused by the coral

bleaching and subsequent death of the coral. Three distinct

stepwise variations occur in the d13C series that are coin-

cident with the three super El Niños, which may be related

to a substantial decline in endosymbiotic zooxanthellae

density caused by the increase in temperature during an El

Niño or the selective utilization of different zooxanthellaes

that was required to survive in the extreme environment.

The increase in rainfall and temperatures over the SCS

during El Niños counteracts the effects on seawater d18O

(d18Osw) and salinity; consequently, coral Dd18O series can

be used as a proxy for d18Osw and salinity, but are not

appropriate for identifying El Niño activity. The findings

presented here suggest that the method to identify paleo-El

Niño activity based on the 2–7-year periodicities preserved

in the SCS coral records might not be reliable, because the

SCS is on the edge of El Niño anomalies due to its great

distance from the central equatorial Pacific and the imprints

of weak and medium strength El Niño events may not be

recorded by the corals there.

Keywords El Niño � Coral � Sr/Ca � d18O � d13C � South

China Sea

Introduction

The El Niño–Southern Oscillation (ENSO) is the largest

and strongest source of interannual climate variability, with

a major impact on temperature and precipitation in the

tropical Pacific and even on global climatic patterns, and

profound global ecological, social, and economic conse-

quences (Cane 1986). Under the background of global

warming, El Niño events have become more severe and
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more frequent over recent decades (Trenberth and Hoar

1996, 1997; Cai et al. 2014). For example, the three

strongest El Niño events in the instrumental record

(1982–1983, 1997–1998, and 2014–2016), according to the

Multivariate ENSO Index (MEI) ranking (Wolter and

Timlin 1998), have occurred in the space of just over 3

decades (Zhai et al. 2016; Sánchez-Murillo et al. 2017).

The situation report recently released by the United

Nations Food and Agriculture Organization indicated that

more than 50 million people are affected by El Niño-re-

lated droughts, floods, and extreme hot and cold weather

(FAO 2016). Therefore, the successful prediction of future

El Niños is essential if we wish to reduce the risk of dis-

asters resulting from these events and secure the sustain-

able development of human society. Physically based

global circulation models have been used to successfully

predict low-frequency changes in the typical El Niño

indices; however, many problems remain to be addressed if

we are to obtain a more complete understanding of El Niño

predictability (Latif et al. 1998). Fortunately, paleoclimatic

reconstruction based on the use of proxies offers an alter-

native approach to obtain a complete understanding of past

El Niños as possible and also provides a benchmark against

which to test the reliability of the climate models (Cane

2005).

There have been some robust ENSO reconstructions

used by terrestrial proxies such as tree ring records (e.g.,

Fowler et al. 2012; Liu et al. 2017), but the most direct and

reliable proxy for past El Niño events should come from

the oceans since ENSO is a coupled ocean–atmosphere

system. The proxy also needs to have high temporal reso-

lution (at least monthly), because ENSO is an interannual

climate variability that is characterized by monthly sea

surface temperature (SST) anomalies. Considering these

two factors, massive corals are undoubtedly some of the

most appropriate sources of proxies used to study past El

Niños because these corals incorporate isotopic and ele-

mental tracers during the growth of their skeletons that

reflect the ambient environmental conditions (Lough

2010). In addition, they contain well-defined annual bands

and have high growth rates, thereby recording high reso-

lution and dateable climate information from the sur-

rounding seawater in which they lived (Gagan et al. 2000;

Lough 2010). The Sr/Ca ratios preserved in coral skeletons

have long been used to reconstruct changes in SST (Smith

et al. 1979; Beck et al. 1992), and d18O values obtained

from coral reflect the SST and d18O of the ambient sea-

water (Swart and Coleman 1980; Dunbar and Wellington

1981). Residual d18O (i.e., Dd18O), which is calculated by

subtracting the contribution of temperature from coral

d18O, can be used as a tracer of seawater d18O (d18Osw) and

therefore salinity (McCulloch et al. 1994; Gagan et al.

2000; Duprey et al. 2012). The seasonal variations of coral

skeletal d13C are associated with the endosymbiotic

zooxanthellae photosynthesis (Swart et al. 1996; McCon-

naughey et al. 1997), and the secular declining trend in

coral d13C levels over the past 200 years reflects the

increase in the transfer of anthropogenic CO2 from the

atmosphere to the surface oceans (Swart et al. 2010; Deng

et al. 2017). Therefore, the ocean, climate, and environ-

mental anomalies caused by El Niño can be faithfully

recorded by massive corals and their geochemical proxies

(e.g., McCulloch et al. 1994; McGregor and Gagan 2004;

Asami et al. 2005; Kelmo et al. 2006; Quinn et al. 2006;

Hereid et al. 2013; McGregor et al. 2013; Roff et al. 2015;

Hetzinger et al. 2016; Ampou et al. 2017).

The South China Sea (SCS) is the largest marginal sea in

the western tropical Pacific and is located on the edge of

the western Pacific warm pool. Therefore, its modern

interannual climate variabilities, including SST and rain-

fall, are controlled largely by El Niño (Wang et al. 2006;

Hu et al. 2014; Wu et al. 2014; Lin et al. 2015; Tan et al.

2016). Coral reefs are widely distributed across the SCS,

and their geochemical signatures have been frequently used

as proxies for reconstructing past climate change, including

paleo-El Niños, in this region (Yu 2012). However, these

studies of paleo-El Niños based on SCS coral proxies (Peng

et al. 2003; Sun et al. 2004, 2005a; Wei et al. 2007; Su

et al. 2010; Song et al. 2012), along with those using

proxies preserved in giant clams from the SCS (Yan et al.

2017), identified the activity of paleo-El Niños using only

the 2–7-year periodic variations extracted from the time

series of geochemical proxies with spectral analysis. The

SCS is on the edge of El Niño anomalies due to its great

distance from the central equatorial Pacific, and the influ-

ence of ENSO on the SCS SST is considered to be through

the atmospheric bridge of atmospheric circulation changes

(Wang et al. 2006; Rong et al. 2007). On the other hand,

individual El Niño events are never exactly the same, either

in terms of ocean–atmosphere anomalies or their conse-

quences on climate anomalies; they vary at a spatiotem-

poral scale in terms of their intensity, spatial extent, onset,

duration, and cessation (Allan et al. 1996). Therefore, the

climate anomalies may respond more clearly to the super

strong El Niño events such as 1982–1983, 1997–1998, and

2014–2016. Considering the above factors, the SCS may be

not the best place to reconstruct the weak and medium

strength El Niño events and it is necessary to ensure that

the geochemical proxies are able to accurately record the

El Niño signature before their utility can be widely

accepted, but most previous studies did not test the relia-

bility of the geochemical variables as El Niño proxies by

comparing modern geochemical proxies with the instru-

mental El Niño record. Here, we use a modern Porites

coral from the SCS, whose growth period covers the three

super instrumental El Niño events (1982–1983,
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1997–1998, and 2014–2016), to test the applicability and

reliability of SCS coral geochemical variables as a proxy

for El Niño.

Materials and methods

Coral sampling

In September 2015, a core with a diameter of 8 cm,

referred to herein as 15XS1, was drilled using underwater

drilling techniques from a living Porites sp. coral colony

that had a diameter of about 2 m, from a water depth of

2.5 m on Qilianyu Reef in the Xisha Islands of the northern

SCS (16�57024.7500N, 112�18046.8000E; Fig. 1). This core

was first sectioned into slices 1-cm thick and 7–8-cm wide.

Then, X-ray photographs were taken to reveal the regular

and well-defined annual density bands, which were then

used to establish the coral chronology (see Fig. S1 for

supporting information). X-ray diffraction (XRD) analysis

of the samples showed that the coral skeleton was 100%

aragonite. Scanning electron microscopy (SEM) imaging

revealed that there was no secondary aragonite present in

the coral skeleton. Next, the coral slices were soaked in

10% H2O2 for 24 h to remove organic matter, and this was

followed by ultrasonic cleaning at 60 kHZ and 360 W in

deionized water for 30 min to remove surface contami-

nants. Samples were collected from the annual bands along

the main growth axis using a digitally controlled milling

machine. The average sampling interval for the subsamples

was about 1.0–1.2 mm, which corresponded to a roughly

monthly resolution during the winter periods, and about

2–3 weeks during the summer periods. The subsamples

then were ground into a homogeneous fine powder (ca. 200

mesh) using an agate mortar and pestle prior to geochem-

ical analysis.

Geochemical analysis

The coral core contained a growth hiatus, and to determine

the death age of the coral, the sample from the lower

surface of the growth hiatus was U–Th dated using a Nu

Plasma multi-collector inductively coupled plasma mass

spectrometer (MC–ICP–MS) at the Radiogenic Isotope

Laboratory of The University of Queensland. A sample of

approximately 0.5 g was taken from the lower surface of

the growth hiatus and spiked with a 229Th–233U mixed

tracer. The detailed analytical methods and the correction

protocols used for the 230Th age can be found in Clark et al.

(2014).

Analysis of the Sr/Ca ratios was conducted on a Varian

Vista Pro inductively coupled plasma atomic emission

spectrometer (ICP-AES) at the State Key Laboratory of

Isotope Geochemistry, Guangzhou Institute of Geochem-

istry, Chinese Academy of Sciences. The standard refer-

ence material used for calibration was the JCp-1 Porites sp.

standard prepared by the Geological Survey of Japan (Okai

et al. 2002). All Sr/Ca data were normalized against the

JCp-1 standard, which has Sr/Ca = 8.838 mmol/mol

(Hathorne et al. 2013). Replicate analyses of an in-house

Porites sp. coral standard solution BH-7 showed excellent

reproducibility, with an external precision of 0.16%

yielding an SST error of less than 0.5 �C. Replicate mea-

surements were made on approximately 15% of the

samples.

Coral skeletal d13C and d18O analysis was performed

using a GV Isoprime II stable isotope ratio mass spec-

trometer (IRMS) coupled with a MultiPrep carbonate
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device that used 102% H3PO4 at 90 �C to extract CO2 from

the coral samples. The IRMS was located in the same

laboratory as that used for the Sr/Ca measurements. Isotope

data were normalized against the Vienna Pee Dee Belem-

nite (V-PDB) using the NBS-19 standard (d13C = 1.95%,

d18O = - 2.20%). Multiple measurements of this standard

yielded a reproducibility of 0.03% for d13C and 0.06% for

d18O. Replicate measurements were made on approxi-

mately 15% of the samples.

Coral Dd18O, a tracer for d18Osw and sea surface salinity

(SSS), was calculated by subtracting the sea surface tem-

perature (SST) contribution from the coral d18O values

(McCulloch et al. 1994; Gagan et al. 2000), according to

Dd18O = dd18O/dT 9 (Td18O - TSr/Ca), where dd18O/dT is

the slope of the empirical d18O–SST function obtained

from the linear regression of monthly d18O and the NOAA

Extended Reconstructed SST (ERSST) v4 (in situ only),

and Td18O and TSr/Ca are the apparent SSTs calculated from

the d18O values and Sr/Ca ratios, respectively. We used the

Sr/Ca–SST relationship (SST = - 18.7144 9 Sr/Ca ?

193.26) reported by Sun et al. (2005b).

Age model

The monthly growth chronologies of the coral were con-

structed using the Sr/Ca ratios, which track changes in the

ambient water temperature, and assuming that each Sr/Ca

cycle represents 1 year. This approach was cross-validated

using visual observations of the X-radiographs and the

assumption that the pairs of high- and low-density bands

represent annual growth (Knutson et al. 1972; Dodge and

Vaisnys 1975). Maxima in Sr/Ca ratios were assigned to

the beginning of each year, which is generally the coldest

period in this region. Other ages were obtained by linear

interpolation (for annual cycles with \ 12 data points) or

nearest neighbor smoothing (for annual cycles with [ 12

data points) between these age control points. The

chronology of the section of core below the lower surface

of the growth hiatus was established by counting the annual

bands back from the U–Th dated calendar year of the lower

surface. For the living part of the core above the upper

surface of the growth hiatus, the chronology was estab-

lished by counting the annual bands back from the

youngest band, which represents the year of sampling.

Calendar ages were assigned to the d13C and Dd18O data

according to the age models outlined above based on the

Sr/Ca cycles.

Spectral analysis

To identify any periodic variability within the coral

records, spectral analysis was performed on the coral

geochemical series using the PAST (Paleontological

Statistics) software (Hammer et al. 2001).

Climate and environmental variables

Recent instrumental climate data from the study site were

unavailable; therefore, data covering the period 1978–2015

recorded at nearby stations were used in this study. The

monthly SST records were extracted from the ERSST.v4

dataset on a 2� 9 2� grid (cutting out region: longitude =

111.000�E, 113.000�E; latitude = 15.000�N, 17.000�N)

(http://coastwatch.pfeg.noaa.gov/erddap/griddap/nceiErsstv4.

html) (Huang et al. 2015). The monthly SSS records were

extracted from the UK Meteorological Office EN4 (UKMO

EN4) dataset on a 1� 9 1� grid (cutting out region: longitude

= 111.500�E, 112.500�E; latitude = 16.500�N, 17.500�N)

(https://climexp.knmi.nl/select.cgi?id=someone@somewhere

andfield=en4_sos) (Good et al. 2013). The Oceanic Niño

Index (ONI), which is a 3-month running mean of the

ERSST.v4 SST anomalies in the Niño 3.4 region (5�N–5�S,

120�W–170�W) based on centered 30-year base periods

updated every 5 years (http://www.cpc.noaa.gov/products/

analysis_monitoring/ensostuff/ensoyears.shtml), was com-

pared with the 3-month running mean of the Sr/Ca

anomalies.

Results

The lower surface of the growth hiatus was dated to 33.9 ±

1.4 yr BP (Table 1), which corresponds to the Common

Era year of 1982.6 ± 1.4. The recovery time of the coral

was estimated to be around August of 1989 by counting the

annual bands and Sr/Ca cycles back from the sampling

year.

Both the coral Sr/Ca, d13C and d18O ratios show well-

defined annual cycles over the study period (Fig. 2a–c).

Even though the coral time series are relatively short, some

statistically significant spectral peaks are able to be

extracted from them (Fig. S2). However, spectral analysis

revealed no significant 2–7-year ENSO periodicities at the

95% confidence level in the coral Sr/Ca, d13C and d18O

records (Fig. S2a, S2b and S2c). The variations in Sr/Ca

coral series are relatively stable and range from 8.631 to

9.098 mmol/mol, with an average of 8.838 mmol/mol

(1SD, 0.108 mmol/mol). Coral d13C levels decrease grad-

ually over the study period and vary between - 1.43 and

- 3.95% with an average value of - 2.70% (1SD,

0.55%). The range of the d18O values varies between

- 6.27 and - 4.32%, with an average of - 5.50% (1SD,

0.37%). The annual cycles in coral Dd18O are not as clear

as those in the coral Sr/Ca and d13C ratios (Fig. 2d), but the

periodicities of approximately 2–4 years are evident in the

298 Coral Reefs (2018) 37:295–308
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spectral analysis (Fig. S2d). The range of the Dd18O values

is very large and varies between - 0.60 and 0.90%, with

an average of 0.02% (1SD, 0.26%).

The d18O–SST relationship obtained from the linear

regression of the monthly coral d18O and SST records was

d18O = - 0.142 (±0.008) 9 SST (�C) - 1.567 (± 0.220).

Discussion

Responses of coral records to El Niño events

Coral Sr/Ca

The coral Sr/Ca series shows a significant correlation with

the SST data for the study site (r = 0.81, n = 368, p \
0.0001; Fig. 3a), which indicates that coral Sr/Ca series

preserves a reliable record of SST variations in the

northern SCS. However, the Sr/Ca anomalies may not be a

reliable proxy for El Niño events, because the 3-month

running means of the coral Sr/Ca anomalies have a poor

correlation with the ONI (r = - 0.16, n = 364, p = 0.001)

and their variation trends do not match well (Fig. 3b, c). In

addition, there is no significant 2–7-year El Niño period-

icity recorded in the Sr/Ca series (Fig. S2a). Therefore, the

Sr/Ca series from the northern SCS may not contain a

complete record of El Niño events. The SCS is not located

in the core activity region of El Niño, and the climate and

environment there are controlled over seasonal and inter-

annual timescales by both the East Asian Monsoon and

ENSO (Wang et al. 2000). The monthly Multi-scale Ultra-

high Resolution (0.01�) SST near the sampling location

does not correlate with the average Niño 3.4 SST well

during the 2003–2015 period (Fig. S3). Moreover, the

current and circulation in the upper layers of the northern

SCS are affected by the seasonal coastal circulation, SCS

warm current, and Kuroshio intrusion, and are therefore

extremely complicated (Huang et al. 1994; Hu et al. 2000),

which may affect the local seawater conditions and so

weaken the imprints of El Niño preserved within the coral

Sr/Ca records.

Although the coral Sr/Ca series in this study does not

fully record the El Niño events preserved in the ONI, the

Sr/Ca ratios from the super El Niño events of 1997–1998

and 2014–2016 are much lower than those from other years

(Fig. 3b). The abnormally low coral Sr/Ca ratios corre-

spond to the abnormally high temperatures, which agrees

well with the positive SST anomalies during these two

super El Niño events in the SCS (Wang et al. 2006; Zhao

and Tang 2007; Chen et al. 2016). During the 1982–1983

super El Niño, there was widespread coral bleaching and

significant mortality caused by thermal stress across the

globe, including in the SCS (Glynn 1984, 1993; CoffrothT
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et al. 1990; Yu et al. 2006). The U–Th dating of the growth

hiatus in the coral studied here shows that it too was

affected by the high-temperature bleaching and died during

this super El Niño event.

A recent study has indicated that warming events may

change the relationship between coral Sr/Ca and tempera-

ture (Clarke et al. 2017). To evaluate the effect of El Niño

events on the Sr/Ca–SST relationship, linear regression

analysis was performed on these two variables during

different periods before and after the three super El Niño

events. The sensitivity of Sr/Ca to SST between 1978 and

1983 (i.e., before the 1982–1983 El Niño) is closely

comparable (within the error range) with that between 1976

and 1994 derived from another Xisha coral (Sun et al.

2005b) (Table 2). However, this sensitivity showed a sig-

nificant reduction after the recovery of the coral in 1989

and remained stable from then on. The slopes and inter-

cepts of the Sr/Ca–SST relationships are almost identical

over the periods 1989–1998 and 1999–2015, and their

slopes are significantly lower than that seen during the

period 1978–1983 (Table 2). Extremely high temperatures

also occurred during the 1997–1998 El Niño, but the Sr/

Ca–SST relationship did not change after that event. These

variations in the sensitivity of Sr/Ca to SST during dif-

ferent periods may demonstrate that the high temperatures

during El Niño events are indeed able to change the Sr/Ca–
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SST relationship, but this change occurs only when the

extremely high temperatures lead to coral bleaching and

mortality. The change in the Sr/Ca–SST relationship may

be associated with the change in active transport of Ca to

the site of calcification under the environmental stress

(Clarke et al. 2017). The uptake of Sr into coral skeletons is

affected by symbiotic zooxanthellae (Cohen et al. 2002);

consequently, a change in the behavior of zooxanthellae

may also lead to a change in the sensitivity of Sr/Ca to SST

during El Niño events and their associated high tempera-

tures. Even so, the variations in the Sr/Ca-SST sensitivity

should be dealt with care. For one thing, the first time

interval of the record covers only 5 years and the change in

the Sr/Ca-SST slope could also be a statistical artifact. For

another, the ERSST data do not show the extremely high

temperatures during the 1997–1998 El Niño clearly

(Fig. 3a). This might indicate that the ERSST does not

fully resolve local SST variability. One more thing, this

observation is based on only one coral colony and deserved

to be cross-checked. Therefore, the Sr/Ca ratio of SCS

coral may record only El Niños of a strength similar to the

recent super events (ONI [ 2). The effect of weaker El

Niño events on SCS corals may be too subtle to affect the

Sr/Ca ratios recorded in corals. The identification of paleo-

El Niño activity based on the 2–7-year periodicities pre-

served in the coral geochemical proxies should be used

cautiously because some El Niño activity might not be

recorded by these proxies. To obtain reliable records of

paleo-El Niño activity from fossil coral, the coral should be

sampled from locations as close as possible to the Niño 3.4

region (e.g., Evans et al. 1999).

Coral Dd18O

The d18Osw and salinity series are correlated because of the

similar influence of freshwater fluxes on both variables;

therefore, d18Osw can be used as a proxy for salinity

(Rohling and Bigg 1998; Conroy et al. 2017). Furthermore,

coral Dd18O can usually be used as a proxy for salinity

because it serves as a tracer for d18Osw (Corrège 2006).

Coral Dd18O has a significant positive correlation with SSS

over the periods 1978–1983 and 1989–2015 (r = 0.38, n =
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368, p\0.0001; Fig. 4a), which indicates that coral Dd18O

can record partial variations in SSS. However, the corre-

lation between SSS and ONI is poor, although significant

(r = - 0.16, n = 364, p = 0.001). Moreover, compared with

the normal years, the SSS and the 3-month running means

of the coral Dd18O anomalies show no distinctive charac-

teristics or variations, even during the three super El Niño

events (Fig. 4b, c). This relationship may indicate that the

impact of El Niño events on the SSS in the northern SCS

cannot be recognized immediately.

During the mature phase of El Niño, positive rainfall

anomalies occur in the southern part of China and the

northern SCS (Wang et al. 2000; Zhang and Sumi 2002;

Wu et al. 2003), which bring more freshwater and cause the

decrease in SSS. On the other hand, positive SST anoma-

lies usually appear in the SCS during an El Niño event

(Klein et al. 1999; Wang et al. 2006). The higher temper-

atures will enhance evaporation and increase SSS. The

increased rainfall and temperatures have opposing effects

on SSS and their effects on d18Osw counteract each other;

consequently, the imprints of El Niño preserved in coral

Dd18O are difficult to isolate. In addition, there are three

types of El Niño events (i.e., canonical El Niño, El Niño

Modoki I and El Niño Modoki II) affecting climate over

the SCS; their impacts on rainfall and SST anomalies over

the SCS usually are not straightforward (Wang and Wang

2013; Tan et al. 2016). Therefore, although the Dd18O

series in this SCS coral shows significant periods of

2–4 years similar to those of El Niño (Fig. S2d), it directly

reflects the variations of d18Osw and SSS and cannot be

used to decipher the activity of El Niño.

Coral d13C

The gradual decrease in coral d13C seen in this study may

have been caused partly by the increase in the addition of

anthropogenic 12CO2 to the surface ocean, i.e., the oceanic
13C Suess effect (Swart et al. 2010; Deng et al. 2017).

However, it should be noted that there were significant

negative drifts in the coral d13C after two of the super El

Niño events (i.e., 1982–1983 and 1997–1998; Fig. 5a). The

average coral d13C value decreased from - 2.15% over

the period 1978–1983, to - 2.41% over the period

1989–1998, i.e., after the 1982–1983 El Niño, and then

decreased again to –3.00% over the period 1999–2015, i.e.,

after the 1997–1998 El Niño (Fig. 5a). Although there was

little variability within these three periods, the three dis-

tinct reductions in d13C are clearly evident when viewing

the whole coral d13C series (Fig. 5a). It is also interesting

that the seasonal amplitude of d13C after the 1997–1998 El

Niño is significantly higher than that during the period

1978–1998 (Fig. 5a). As with the coral Sr/Ca series, there

is also no significant 2–7-year El Niño period preserved in

the d13C series (Fig. S2b).

Previous studies have suggested that d13C values in

coral skeleton are directly related to zooxanthellae density

(Weil et al. 1981; Cummings and McCarty 1982) and that

the photosynthesis of endosymbiotic zooxanthellae may

affect coral skeletal d13C by preferentially consuming
12CO2 and resulting in 13C enrichment in the dissolved

inorganic carbon in the internal calcification pool (Swart

et al. 1996; McConnaughey et al. 1997). Therefore, the

d13C in coral skeleton will become more negative during El

Niño events because of the reduction in zooxanthellae

density caused by the higher temperatures (Porter et al.

1989; Carriquiry et al. 1994; Suzuki et al. 2003). The loss

of 85.8% of the symbiotic zooxanthellae will lead to a

decline of 1% in coral d13C level (Porter et al. 1989).

Similar stepwise variations in coral skeletal d13C

described above (Fig. 5a) following strong El Niño events

have also been found by re-analyzing the coral data from

the Hainan Island reported previously by Sun et al. (2008).

There are also distinct reductions in d13C after strong El

Niño events (i.e., 1972/1973, 1986–1988, and 1994/1995)

(Fig. 5b, c). At the same time, the seasonal amplitudes of

d13C after the most recent strong El Niño event become

significantly higher afterward (Fig. 5a–c).The nature of this

variation in the coral d13C record may suggest that super El

Niño events cause a substantial decline in endosymbiotic

zooxanthellae density, but that weaker El Niño events do

not cause such major losses of zooxanthellae. However, if

this is the case, the coral will eventually die because

endosymbiotic zooxanthellae will become exhausted if the

frequency and intensity of El Niño events increase in

future. We cannot describe the state of the coral following

the latest 2014–2016 super El Niño because it was sampled

in 2015; however, we believe that re-investigation of this

coral will be worthwhile in the future.

Table 2 Slope and intercept

terms for the Sr/Ca–SST linear

regressions

Period Slope Intercept n r2 p

1978–1983 - 0.060 ± 0.005 10.496 ± 0.141 56 0.72 \ 0.001

1989–1998 - 0.048 ± 0.003 10.144 ± 0.077 112 0.73 \ 0.001

1999–2015 - 0.047 ± 0.003 10.167 ± 0.069 200 0.65 \ 0.001

1976–1994* - 0.053 10.327 36 0.96 \ 0.001

*The Sr/Ca–SST linear regression between 1976 and 1994 was derived from Sun et al. (2005b)
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The stepwise variations in coral d13C may also be the

result of a change in the physiological mechanism of the

coral organism. Different types of zooxanthellae have a

different ability to tolerate thermal stress (Berkelmans and

van Oppen 2006); therefore, coral may selectively utilize

the symbiont zooxanthellae with the higher resistance to

thermal stress to survive in extreme environments. It is

possible that coral contain different zooxanthellae during

different periods, and that these zooxanthellaes have

respective usage rate and amount when using carbon dur-

ing photosynthesis, which would lead to these stepwise

variations in coral skeletal d13C values over time. How-

ever, some coral species, including massive corals such as

Porites, host almost exclusively C15-type zooxanthellae

(D’Angelo et al. 2015). Therefore, further studies on coral

biology are needed to confirm this assumption.

Previous studies have indicated that kinetic fractionation

related to changes in growth rate played a significant role

on d13C levels (McConnaughey 1989; Allison et al. 1996;

Suzuki et al. 2005). On the other hand, there were decline

trends in growth rates of massive Porites corals in the SCS

and adjacent areas in recent years (Tanzil et al. 2013; Su

et al. 2016). However, another study found no relationship

between growth rate or calcification and skeletal d13C in

experimental corals (Swart et al. 1996). Corals growing as

slowly as 1.5 mm/yr had essentially identical d13C 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

studied coral has a uniform growth rate (* 19 ± 3 mm/

year) over the study period as shown in X-ray photographs

(see Fig. S1 for supporting information). Therefore, the

effect of growth rate on the stepwise variations in d13C

levels of the coral studied here may be limited.

Coral resilience to climate change

Under the background of global warming and ocean acid-

ification, coral bleaching events have become more fre-

quent and more serious, and global reef ecosystems are

facing the risk of extinction (Heron et al. 2016; DeCarlo

et al. 2017; Hughes et al. 2017). Conversely, coral reefs

have the biological ability of resilience and acclimatization
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to climate change stressors (McCulloch et al. 2012; Putnam

2012; Barshis et al. 2013; van Oppen et al. 2015). The coral

studied here died during the 1982–1983 El Niño, recovered

around August 1989, and survived another super El Niño

event, i.e., the 1997–1998 El Niño, which was stronger

than the 1982–1983 event (McPhaden 1999; Enfield 2001).

During the 1997–1998 event there were unprecedented

numbers of reports of bleaching on many of the world’s

coral reefs (Lough 2000). The survival of this coral through

this strong El Niño may suggest that it can adapt or

acclimate to the high temperatures that occur during El

Niños. The reduction in the sensitivity of Sr/Ca to SST

mentioned above may be a manifestation of this self-re-

silience. This increased thermal tolerance may result from

the change in the type of symbiont zooxanthellae in that

certain types of thermally resistant symbionts allow corals

to avoid the severe bleaching of others experiencing the

same stressor (Berkelmans and van Oppen 2006). There-

fore, we could assist the recovery of coral reefs via the

approach of human-assisted evolution, i.e., changing the

taxonomic composition and density of the algal endosym-

biont communities (van Oppen et al. 2015; Xu et al. 2017).

Conclusions

Based on the geochemical proxies preserved since 1978 in

a Porites coral from the northern SCS, we studied the

responses of SCS coral to El Niño events and explored the
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reliability of geochemical records in the SCS coral as a

proxy for El Niño. Our main conclusions are as follows.

1. The coral Sr/Ca series accurately recorded the majority

of the variations in SST in the northern SCS, but only

the two super El Niño events of 1997–1998 and

2014–2016 were recorded as unusually low values. As

for the other super El Niño of 1982–1983, it caused

coral mortality via high-temperature bleaching and the

reduction in the sensitivity of Sr/Ca to SST.

2. The increased rainfall and temperatures over the

northern SCS during El Niño events counteracted the

effects on d18Osw and SSS; consequently, the imprints

of El Niño preserved in coral Dd18O are difficult to

isolate and the SCS coral Dd18O is not an appropriate

proxy to use in the study of El Niño activity. However,

it can act as a good proxy for d18Osw and SSS.

3. There were distinct stepwise variations in the coral

d13C series before and after the strong El Niño events,

which may be related to a substantial decline in

endosymbiotic zooxanthellae density caused by the

high temperatures during El Niño events. Alterna-

tively, if the coral selectively utilizes different kinds of

zooxanthellaes to survive in extreme environments,

their different usage rate and amount of carbon uptake

will lead to these stepwise variations in coral d13C

values in different periods.

4. The method to identify paleo-El Niño activity based on

the 2–7-year periodicities preserved in the SCS coral

geochemical proxies should be used with caution,

because the SCS is not located in the core activity

region of El Niño and some El Niño activity might not

be recorded by coral proxies there.
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