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The 1997/1998 El Niño event caused mass coral bleaching and mortality in many tropical and 
subtropical regions, including corals on Green Island, Taiwan, in the northwestern Pacific Ocean. This 
study analyzed coral carbon isotope ratios (δ13C), oxygen isotope ratios (δ18O), and Sr/Ca ratios for 
29 years, including the 1997/1998 El Niño period, to examine how high water temperature events 
are recorded in coral geochemical indicators. Sr/Ca ratios in coral skeletons from Green Island show 
the lowest peak, means the highest temperature during the 1997/1998 El Niño period. However, we 
couldn’t observe high-temperature events on δ18O. Furthermore, a negative δ13C shift was observed 
after El Niño events. The regime shift of δ13C might have been caused by temporal bleaching and/or 
a decrease in symbiotic algae due to high water temperature stress under the continuous decrease in 
δ13C in DIC due to the Suess effect.

The El Niño-Southern Oscillation (ENSO) is one of the most thermal stressors for corals and has become 
more frequent and severe in recent decades1. The regions that experienced the high sea surface temperature 
(SST) associated with the 1997/1998 El Niño event faced mass coral bleaching and mortality2. However, a few 
weeks of bleaching events can only be confirmed by visual inspection at various locations, making it difficult to 
know the occurrence of past bleaching events. Annual bands of reef-building coral skeletons have been used as 
paleoenvironmental archives. If a proxy of bleaching events can be found, it will be possible to reconstruct past 
bleaching records continuously.

Bleaching is the reduction or complete withdrawal of symbiotic algae from corals, leading to starvation, 
emaciation, disease, and death due to reduced nutrient availability from the symbionts3. To compensate for 
the lack of photosynthetic energy, reef-building corals use stored energy4–8, increased heterotrophic feeding6, 
decreased metabolic rates8, decreased calcification rates9,10. The long-lived massive corals are alive as their 
aragonite skeletons form with aragonite, and their skeletons have recorded their responses to thermal stress 
events. In coral skeletal growth, abrupt decreases in annual extension rates, high-density stress bands9–11, and 
growth hiatuses due to partial mortality11–13 have been reported. Although many factors vary coral skeletal 
δ13C, δ13C in seawater14, δ13C of the metabolic CO2

15, amount of solar radiation16, vital effects17, kinetic isotope 
fractionation18,19 and spawning20, the previous studies have reported the δ13C in the coral skeletons decreased 
after the 1997/1998 El Niño event21–24. Coral skeletal stable oxygen isotope (δ18O) is a proxy for SST and seawater 
δ18O18. Still, a negative shift has been reported following the 1997/1998 El Niño, associated with reduced coral 
extension rates13.

Coral skeletal Sr/Ca ratios are used as reliable SST proxy25, but anomalies of Sr/Ca have been reported during 
El Niño event13,26–28. Trace element (TE) uptake into coral skeletons might be affected by changes in skeletal 
microstructure29–31. For example, it causes a reduction in calcification rate due to heat stresses decreasing 
Ca2 + transport by the Ca-ATPase pump and causing changes in TE/Ca in the skeleton32–34. As a result, Sr/Ca is 
expected to be larger than that is expected from SST35.

There is still no unified view on how bleaching events are recorded in coral skeletons, and many research 
cases are needed. In this study, we analyzed δ13C, δ18O, and Sr/Ca ratios in Porites coral cores from Green Island, 
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Taiwan, where coral bleaching events were reported with 1997/1998 El-Nino, to determine how high-water 
temperature events are recorded in coral geochemical indices.

Materials and methods
Study sites and samples
We drilled coral cores from a massive Porites colony alive at Green Island off the southeast coast of Taiwan on 
the 7th of April 2009. Green Island (Lutao) belongs to the tropical region in Taiwan and is located on the north 
of Kuroshio bifurcation, and the current speed is rapidly flowing northward36. Underwater coral drilling was 
performed at a depth of 12 m off the west coast of Green Island (22°39’231 N, 121°28’342E, Fig. 1) using an 
underwater drilling system. The coral cores are 8 cm in diameter and 2 m long. The coral tissue on the core top 
was soaked overnight in household bleach (HClO diluted to about 0.1% with water). Cores were sliced along the 
axis of maximum coral growth. After rinsing with Milli-Q water, they were dried. X-ray photographs were taken 
(Fig. 2) using a non-destructive transmission 2D X-ray imaging scanner TATSCAN-X137 at 37.6 or 38.6 kV with 
an exposure of 2.02 mA. The X-ray images were used to identify the annual density bands and determine the 
measurement lines of geochemical analysis.

The 2 mm thick ledges were formed along each measurement line. To remove cutting dust, the ledges were 
ultrasonically cleaned three times for 10 min in distilled water and completely dried at 30  °C. 1365 powder 
samples were collected at 1 mm intervals and 2 mm widths along the maximum growth lines using the micro-
sampling method with a micro drill and a digitally controlled automated stage.

Fig. 1.   The location of Green Island in Taiwan (photo by Google earth) showing (a) north-east Pacific, (b) 
Green Island. A star indicates a sampling site.
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Geochemical analysis
The δ18O and δ13C in coral skeletal powder were analyzed using a Finnigan MAT251 stable isotope ratio mass 
spectrometer system connected to an automated individual-carbonate device (Finnigan; Kiel Device II). The 
carbonate powder was reacted with 100% H3PO4 at 70 °C in the Kiel Device II and the resulting CO2 gas produced 
was induced in the MAT251. The isotopic δ-values with Vienna Pee Dee Belemnite (VPDB) scale derived from 
stable isotope ratios were obtained from duplicate measurement of NBS19 standard (IAEA certified values; 
δ18O = − 2.20‰, δ13C = + 1.95‰). Standard deviations (1σ) of the duplicate analysis of NBS19 were 0.11‰ and 
0.07‰ for the coral δ18O and δ13C, respectively.

Sr/Ca ratios in coral skeletal powder were determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES, Thermo Fisher Scientific; iCAP6200) following a combined method of Schrag38, de 
Villiers et al.39. and Watanabe et al.40. After dissolving the sample powder in 0.5 ml of 25% HNO3, the solution 
was diluted with Milli-Q to Ca concentrations of 7 mg/L and analyzed by ICP-AES connected to an automatic 
sampler (CETAC; ASX-260). All data were calibrated against JCP-141 solution using Ca concentrations of 7 mg/L 
as standard. The analytical errors (RSD) were 0.181% for the coral Sr/Ca.

Age model and statistical analysis
Sr/Ca ratios compared with annual density bands were used to construct age models for all other proxies. A 
Sr/Ca cycle represents one year; the maximum (minimum) Sr/Ca value was associated with the minimum 
(maximum) SST record. Proxy data were resampled to 12 data per year using AnalySeries software ver.2.0.842. A 
regime shift of the proxies was tested by following Rodionov43.

SST data and NINO 3.4 index
To compare the isotopic data and Sr/Ca data, SSTs for the sample site were derived from the “Advanced Very High 
Resolution Radiometer (AVHRR)44” satellite dataset on the National Oceanic and Atmospheric Administration 
(NOAA) of Integrated Global Ocean Services System (IGOSS). The dataset is a 1°×1° grid, covering 29 years 
from 1980 to 2010 over 22° N − 23° N, 121° E − 122° E. The NINO3.4 index was calculated using SST data from 
1981 to 2010. The NINO 3.4 index was normalized to the 1981–2010 ERSST.v5 anomaly for the NINO 3.4 region 
(5° N–5° S, 12° W–170° W) from Climate Explorer at the Royal Netherlands Meteorological Institute (KNMI)45. 
The maximum SST was 31.5 °C in August 1998, and the minimum was 21.2 °C in March 1987.

Results
Coral Sr/Ca ratios show 27 clear annual cycles from 1983 to 2009 (Fig. 3). Sr/Ca ratios range from 8.51 mmol/
mol to 9.21 mmol/mol with an average of 8.94 mmol/mol. The lowest peak of Sr/Ca ratios corresponded with the 
highest temperature anomaly of the SST in 1997/1998. The regime shift was observed before and after 1997 with 
the regime shift test, which showed the average of Sr/Ca ratios decreased from 8.96 mmol/mol to 8.92 mmol/
mol. The coral Sr/Ca-SST relationship obtained from the linear regression of the monthly Sr/Ca and SST records.

	 Sr/Ca = −0.050 (±0.0035) × SST (◦C) + 10.253 (±0.351) (R2 = 0.79, n = 330)� (1)

Coral δ18O also shows annual cycles as Sr/Ca ratios (Fig. 3). The fluctuations of δ18O ranged from − 6.00‰ to 
− 4.26‰ with an average of − 5.21‰ (Fig. 3). The coral δ18O was negatively shift of − 0.29‰ before and after 
2006. The coral δ18O-SST relationship between the monthly coral δ18O and SST was:

	 δ18O = −0.186 (±0.008) × SST (◦C) − 0.25 (±0.52)
(
R2 = 0.92, n = 330

)
� (2)

Coral δ13C shows clear annual cycles ranging from − 4.48‰ to − 1.52‰ with an average of − 3.02‰ (Fig. 4). 
With the regime shift test, the two shifts were observed in the 1987 and 1997/1998 El Niño years with decreases 
in the time series of δ13C through the 27 years. The mean δ13C values were − 2.47‰ from 1982 to 1986, − 2.90‰ 

Fig. 2.   The X-ray photographs of the coral core slabs. The black lines are the tracks of geochemical analysis.
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from 1986 to 1996, and − 3.31‰ from 1996 to 2010. After the 1997/1998 El Niño, the mean of the maxima 
shifted by − 0.60‰ and the mean of the minima by − 0.37‰.

The coral annual extension rates estimated from the Sr/Ca ratios and density bands varied from 13 to 21 mm/
year, with an average of 18 mm/year (Fig. 4).

Fig. 3.  SST from AVHRR for 1986–2009 including 1997/1998 El Niño event (a). Records of Sr/Ca ratio (b) and 
δ18O (c) in coral skeletons.
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Discussion
During the 1997/1998 El-Nino event, coral Sr/Ca showed apparent high-temperature anomalies consistent 
with the SST data, while δ18O showed no anomalies. Sr/Ca shifted negatively and maintained lower average 
values, and this trend is observed in other trace elements (Fig. S2; Mg/Ca). The changes in concentration of trace 
elements with El Niño events have been reported in previous studies13,26–28. Without the term of El Nino, Sr/
Ca and δ18O maintained a linear relationship with SST. Shen et al.46 reported a slope range of − 0.051 to − 0.053 
mmol/mol for the Sr/Ca-SST relationship for Porites in southern Taiwan, and the slope obtained from Eq. (1) is 
consistent with previous studies. The slope of the linear relationship of the coral δ18O-SST is − 0.186 from − 0.186 
to − 0.209‰, which aligns with previous studies in the Pacific Ocean37,47–49.

Several factors may be responsible for decreased coral δ13C observed in 1986–1988 and 1997/1998 El Niño. 
While an accelerated decrease in δ13C reflecting the accumulation of anthropogenic CO2 in the surface ocean is 
well known (i.e., the Suess effect)50, the stepwise decrease in coral skeletons associated with the El Niño event in 

Fig. 4.  Comparison of NINO3.4 index (a) including 1997/1998 El Niño event with records of δ13C (b), and 
the coral extension rate (c). Black solid lines show averages in each period and broken lines show averages of 
maximum and minimum in each year. The solid black lines show the average of the respective periods before 
and after 1997/1998 El Niño, and the dashed lines show the average of the maximum and the minimum values 
for each year. The hatched areas represent the 1997/1998 El Niño seen from NINO3.4 index. The red hatched 
areas represent the particularly large 1981/1982 and 1997/1998 El Niño which NINO3.4 index indicates more 
than 2.
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this study could not be only consistent with the continuous trend of the Suess effect. The negative regime shift in 
the coral δ13C after each El Niño event is similar to that reported by Wang et al.21 from South China Sea. They 
proposed three possibilities of decline for δ13C: a decrease in zooxanthellae density, an exchange to the different 
species of zooxanthellae with stronger thermal tolerance before and after the stepwise change of δ13C, and a 
kinetic effect21.

The coral physiological changes due to thermal stress with the density of zooxanthellae could be decline coral 
δ13C. The δ13C differences between unbleached and bleached corals, that an 85% loss of symbiotic algal density 
in bleached corals, were reported − 0.4~− 1‰7. The coral δ13C decline in this study, − 0.37 and − 0.60‰ for 
1986–1988 and 1997/1998 El-Nino, is within the range of coral δ13C decline with bleaching events.

The stepwise decrease in coral δ13C may be due to multiple factors resulting from El Niño or decadal-scale 
climate change and long-term variations such as the Suess effect. The exchanging of different zooxanthellae 
species might maintain average coral δ13C afterward. The reconstruction of symbiosis between coral-algae with 
mass breaching events have been reported51. However, it has been reported that Porites corals have less diversity 
of symbiodinium species52. The possibility of change in coral δ13C due to symbiodinium species has room for 
demonstration for future studies. McConaughey18,19 suggested that slowing coral skeletal growth makes δ13C 
increase due to kinetic effects. However, the extension rates of the coral in this study did not change after El Niño. 
The coral δ13C decreasing is not explained by the kinetic effect with thermal stress event in this study.

In other previous studies, the stepwise decline of coral δ13C has been reported and observed in the coral 
δ13C dataset from the South China Sea53and Ogasawara54 (Fig.S1). Coral δ13C in Xisha Island coral step wisely 
declined − 0.26‰ for 1986–1988 and − 0.59‰ for 1997/1998. Coral δ13C in Ogasawara coral also suggests the 
same decline trend as − 0.21‰ in 1976–1978 of El Nino years and − 0.65‰ in 1986–1988. These results suggest 
the decline of coral δ13C is not only an event in southeast Taiwan but also a common regional event of the north-
western Pacific.

The Kuroshio current intensified during the El Nino years; Kuroshio water intrusion increased to the 
northwestern Pacific55. The Kuroshio Current transports heat, tropical organisms such as reef-building corals, 
and fishery resources to high latitudes and is a carbon dioxide sink56,57. The Kuroshio Current and its successor 
basins are high carbon dioxide sinks cooled by the northward flow of water masses with low carbon dioxide 
partial pressures. The DIC δ13C could cause the decline of coral δ13C in El Nino years. Another possibility is that 
δ13C of juvenile fish and zooplankton in the Kuroshio Current is about − 20‰58, which is lower than the coral 
δ13C (− 3.0‰ in this study). The coral δ13C decreased after the 1997/1998 El Niño without changing the annual 
extension. The heterotrophic feeding also might compensate for the lack of photosynthetic energy due to the 
decrease in symbiotic algae59.

This study found a decreasing shift in carbon isotope ratios of coral skeletons on Green Island, Taiwan, before 
and after the 1997/1998 El Niño event. This is thought to be the result of a rapid decrease in carbon isotope 
ratios due to bleaching, a decrease in symbiotic algae, and/or a change to heterotrophy high water temperature 
stress and in a continuous decrease in carbon isotope ratios in the DIC due to the Suess Effect. Although similar 
reports have been made in some areas, it will be necessary in the future to compare the occurrence of carbon 
isotope ratio declines in Porites corals in areas where bleaching events have occurred. In addition, clarifying the 
mechanism of carbon isotope ratio fluctuation itself may make it possible to use it as a more precise indicator of 
bleaching or as an indicator of rates in algal symbiosis.

Data availability
After publication, all coral data will be available on the data repository at the KIKAI Institute for Coral Reef 
Sciences (https://coralogy.kikaireefs.org).
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