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A B S T R A C T

The end of the Little Ice Age (LIA) represents a key pre-industrial climate interval, marking the final major 
cooling phase before widespread anthropogenic warming after the mid-nineteenth century. However, high- 
resolution evidence for this transition remains dominated by Northern Hemisphere archives, limiting under
standing of how low-latitude marine environments in the Southern Hemisphere responded to late-LIA climate 
variability. Here, we analysed a Tridacna gigas shell that lived for approximately 30 years during the early 1800s 
to provide a high-resolution 30-year snapshot of environmental variability at Jiigurru (Lizard Island Group) in 
the northern Great Barrier Reef (GBR), tropical Southern Hemisphere. Stable isotope records (δ18O, δ13C) from 
both the inner and outer shell layers were applied to reconstruct SST, precipitation variability, and local ENSO- 
like events. Our results suggest that cooling associated with the LIA extended to the northern GBR. Under a 
constant modern SSS-derived δ18OSeawater baseline, reconstructed SSTs were ~ 0.9–1.2 ◦C lower than modern 
instrumental records, a monthly SSS-corrected sensitivity reconstruction reduced this estimate to ~0.6–0.9 ◦C. 
These results suggest that late-LIA cooling at this tropical Southern Hemisphere site was smaller in magnitude 
than many Northern Hemisphere reconstructions. Shell δ13C exhibited pronounced seasonal variability, consis
tent with the precipitation-related hydroclimatic seasonality. Statistical analyses reveal pronounced two- to 
three-year periodicities in both SST and hydroclimatic variability, with more frequent El Niño-like events in the 
late 1700s and stronger La Niña-like conditions in the early 1800s. This 30-year Tridacna record therefore 
provides a rare seasonal marine archive for evaluating Southern Hemisphere climate variability during the 
terminal LIA.

1. Introduction

Since the onset of the Industrial Revolution in the mid-19th century, 
anthropogenic greenhouse gas emissions have led to an unprecedented 
rise in global temperatures, marking the beginning of modern climate 
warming (IPCC et al., 2023). Understanding the natural variability of the 

climate system prior to this rapid warming is critical for assessing the 
full extent and trajectory of anthropogenic climate change. One of the 
most significant pre-industrial cooling periods was the Little Ice Age 
(LIA), which spanned from the early 1300s to the 1850s. Compared to 
present-day global average temperatures under the influence of ongoing 
warming, mean temperatures at the end of the LIA were approximately 
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1.0 to 1.5 ◦C lower based on multi-proxy palaeoenvironmental re
constructions (IPCC et al., 2023; Mann et al., 1998; PAGES 2k 
Consortium, 2019). Although both the LIA and subsequent industrial- 
era warming are often considered global phenomena, the majority of 
palaeoenvironmental reconstructions documenting these events have 
been derived from high-latitude and continental archives in the North
ern Hemisphere (Hendy et al., 2002; PAGES2k Consortium et al., 2017). 
Consequently, there is a significant gap in our understanding of how 
low-latitude tropical and subtropical marine systems in the Southern 
Hemisphere responded to late LIA climate variability, particularly in 
marine systems. Developing high-resolution palaeoenvironmental re
cords from low-latitude tropical and subtropical marine environments in 
the Southern Hemisphere is therefore crucial to refining our under
standing of the spatial extent, climatic impacts, and human- 
environmental interactions of both the LIA cooling and the subsequent 
warming associated with the Industrial Revolution.

Sclerochronology provides an important means to generate palae
oclimatic data that can inform high-resolution palaeoenvironmental 
reconstructions (Butler and Schöne, 2017; Oschmann, 2009; Peharda 
et al., 2021; Trofimova et al., 2020). Where palaeoenvironmental data 
can be reconstructed from archaeological samples, records can extend 
many years into the past, providing new insights into long-term in
teractions between the dynamics of the climate and human activities 
(Peharda et al., 2021; Prendergast et al., 2018).

The shells of the Tridacna spp., also known as the giant clams, provide 
an excellent archive of palaeoenvironmental data. This species is the 
world's largest bivalve mollusc, measuring up to 120 cm in length and 
weighing up to 230 kg (Mies et al., 2017; Rosewater, 1965). Tridacna has 
a widespread distribution in the warm shallow seas of the Indo-Pacific 
region (Othman et al., 2010) and has relatively high growth rates with 
increments produced within the shell at monthly or even daily intervals 
across long (more than 60 years) lifespans (Dong et al., 2025b; Warter 
et al., 2015; Watanabe et al., 2004; Watanabe and Oba, 1999). This 
enables the comparison of growth patterns with paired geochemical 
records at very high temporal resolutions (Dong et al., 2025a; Sano 
et al., 2012; Watanabe and Oba, 1999; Yan et al., 2020). Analysis of 
the geochemical composition of Tridacna shells has now been used to 
reconstruct palaeoenvironmental records of sea surface temperature 
(SST) (Aharon and Chappell, 1986; Arias-Ruiz et al., 2017; Aubert et al., 
2009; Elliot et al., 2009; Reuter et al., 2022; Wang et al., 2022; Yan et al., 
2015; Yan et al., 2014), sea surface salinity (SSS) (Ayling et al., 2015; 
Batenburg et al., 2011; Watanabe and Oba, 1999), dissolved inorganic 
carbon (DIC) (Elliot et al., 2009; Romanek and Grossman, 1989), inso
lation (Ayling et al., 2015; Hori et al., 2015; Sano et al., 2012), rainfall 
(Arias-Ruiz et al., 2017; Batenburg et al., 2011), marine primary pro
ductivity (Elliot et al., 2009; Komagoe et al., 2018; Warter et al., 2015), 
extreme weather events (Komagoe et al., 2018; Yan et al., 2020; Zhao 
et al., 2023) and variations in the El Niño-Southern Oscillation 
(ENSO) phenomenon (Arias-Ruiz et al., 2017; Duprey et al., 2014; 
Duprey et al., 2012; Hu et al., 2020; Liu et al., 2019; Zhou et al., 2022) 
across multiple decades.

Here, we present a 30-year ultra-high-resolution seasonal proxy re
cord of palaeoenvironmental variability derived from a Tridacna gigas 
collected from the northern Great Barrier Reef (GBR), Australia. The 
shell grew during the last phase of the LIA, just prior to the onset of 
anthropogenic warming associated with the Industrial Revolution and 
the European colonisation of northern Queensland in the 1850s. We 
applied stable isotope proxies, including δ18O and δ13C from both inner 
and outer shell layers, to reconstruct sea surface temperature, 
precipitation-related hydroclimatic variability, and local ENSO-like 
variability. These reconstructions provide a high-resolution 30-year 
window into environmental conditions at Jiigurru, contributing site- 
specific Southern Hemisphere evidence for the terminal phase of the 
LIA. As the first study to employ a sclerochronology archive to capture 
seasonal-scale climate dynamics immediately before the rise of 
industrial-era warming, this study helps fill a major spatial and temporal 

gap in current palaeoclimate reconstructive records. Our findings 
contribute to generating a more comprehensive understanding of nat
ural climate variability and improve contextualization of present-day 
climate change, thereby supporting future adaptation strategies in a 
warming world.

2. Materials and methods

2.1. Sample site

A single-valve of a deceased Tridacna gigas (sample 21GC) was 
collected in 2015 from a coral reef (14◦ 40′ 48.32“ S, 145◦ 26’ 42.09” E) 
in the lagoon of Jiigurru (Lizard Island Group), on the midshelf region of 
the Great Barrier Reef, Australia (Fig. 1). Jiigurru and the adjacent 
islands in this Island Group enclose a large lagoon, with extensive 
fringing reefs and abundant Tridacna populations. Jiigurru plays and has 
played an important role in Aboriginal culture as a place of socio- 
cultural significance for ceremonies and gatherings (Lambrides et al., 
2020). The oldest occupation layers in shell middens of the Lizard Is
land Group date to 6500 years ago, making Jiigurru the oldest offshore 
island occupation in the Great Barrier Reef (Ulm et al., 2024; Ulm et al., 
2019). Many of the shell middens in the Lizard Island Group contain 
abundant Tridacna shells (Alidoostsalimi et al., 2026; Alidoostsalimi 
et al., 2025; Kneppers et al., 2024; Lambrides et al., 2020).

Records of in situ modern temperature and salinity from 1995 to 
2015 were obtained from an automated marine weather and oceano
graphic station, operated by the Australian Institute of Marine Science 
(AIMS) (Australian Institute of Marine Science, 2017). This station was 
situated within tens of metres of the shell collection location. Weather 
station sensors were deployed at 2.6 m water depth, approximately the 
same depth as the living environment of Tridacna. During the austral 
summer (December to February), SST averaged around 29 ◦C, whereas 
during the winter (June to August), SST averaged around 24 ◦C (Fig. 2). 
The highest rainfall at Jiigurru occurred from January to March, and the 
driest months were July to September (Fig. 2).

2.2. T. gigas

Tridacna spp., also known as giant clams, are the most iconic marine 
bivalves on coral reefs because of their massive shell and brilliantly 
coloured mantles. The Tridacna have a wide habitat in the warm seas of 
the Indo-Pacific region and prefer to inhabit shallow water from 2 to 10 
m with temperatures between 25 ◦C and 30 ◦C (Othman et al., 2010; 
Richard, 1992; Rosewater, 1965). As the largest Tridacna, T. gigas can 
reach 120 cm in length and weigh more than 230 kg, owing to rapid 
annual incremental growth of 2 to 6 mm (sometimes up to 10 mm) and 
lifespans of over 60 to 100 years (Dong et al., 2025b; Elliot et al., 2009; 
Warter et al., 2015; Watanabe et al., 2004; Watanabe and Oba, 1999). 
The rapid growth rate of Tridacna creates distinct growth bands, with a 
wide bright and narrow dark couplet forming a single yearly increment 
(Fig. 3b) that corresponds to growth during warm and cold months, 
respectively (Arias-Ruiz et al., 2017). The annual growth increments can 
be observed with the naked eye or enhanced with stains such as Mutvei's 
solution (Komagoe et al., 2018). Annual and daily increments can be 
observed using optical or high-resolution microscopy, allowing Tridacna 
shells to preserve environmental variability from daily to seasonal scales 
(Arias-Ruiz et al., 2017; Duprey et al., 2014; Gannon et al., 2017; Yan, 
2020). Compared with other species used for sclerochronology to 
extract archives of climate proxies, Tridacna shells hold great potential 
for reconstructions at sub-daily to seasonal resolution (Arias-Ruiz et al., 
2017; Ayling et al., 2015; Hori et al., 2015; Warter and Müller, 2017; 
Yan, 2020).

2.3. Sample preparation

Shell 21GC was 58 cm long, 30 cm wide and 20 cm high, with the 
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thickest shell deposition reaching 9 cm (Fig. 3a). A total of 10 parallel 
sample sections, each approximately 1.5 cm thick were cut along the 
maximum growth axis from the umbo to the ventral margin. The sec
tions were ground and manually polished with diamond-embedded pads 
with successive grit sizes of 60, 120, 200 and 1800. The annual growth 
increments on both the inner and outer shell layers were clearly visible 
to the eye after the polishing (Fig. 3b). Two adjacent sections taken from 
along the maximum growth axis were used in this study, one for 
geochemical analysis and the other for microscopy and radiometric 
dating.

The inner shell section used for geochemical analysis was cut into 
smaller blocks and then subjected to finer grinding and polishing, 
making it suitable for observation under the optical microscope. The 
section was cut into five ~1 mm thick pieces using a rock saw, with 
overlapping parts to prevent information loss caused by saw-blade 
thickness. A Struers EpoFix epoxy was used to mount the samples onto 
slides. The sections mounted on the slides then underwent fine polishing 
using a Struers LaboPol-30 auto grinding/polishing machine, with 15 
μm diamond paste for grinding, and 6, 3 and 1 μm diamond paste for 
polishing.

Two milling systems were used to obtain the powdered aragonite 
samples from the inner shell and outer shell. The samples from the inner 
shell were milled using a New Wave Micromill, and the samples from the 
outer shell were obtained using a Taig CNC Micromill. With both 

methods, a trench was milled along the maximum growth axis of the 
shell and followed the same procedure: drill bit width of 600 μm, a 
trench depth of 500 μm with a length of 8 mm and a sampling interval of 
300 μm. The milling trench was oriented perpendicular to the increment 
patterns to access isochronous shell samples.

Following this protocol, approximately 2.5 mg of fine homogeneous 
aragonite powder was generated from each sample for stable isotope 
analysis. A total of 784 powdered samples were collected, comprising 
307 samples from the inner shell layer and 477 samples from the outer 
shell layer.

2.4. Radiocarbon dating

AMS 14C dating was undertaken to determine the living period of the 
shell, with measurements performed at the Centre for Accelerator Sci
ence, at the Australian Nuclear Science and Technology Organisation 
(ANSTO). Three samples representing the youngest, middle and oldest 
portions of the inner shell growth profile were collected at positions 0, 
45, and 90 mm along the profile of the inner shell.

2.5. Optical microscopy observation

Daily growth increments (DGIs) were observed using a Carl Zeiss 
M1m Axio-Imager optical microscope, paired with TrackWorks 

Fig. 1. Map with sampling locations. (a) Topographic map of the Indo-Pacific. (b) Map of GBR, Northern Australia. (c) Satellite map of Jiigurru (Lizard Island Group) 
and sample location with red star. DEM maps (a) and (b) adopted from http://www.data.ac.cn/map/ and satellite map (c) are adopted from https://earth.google. 
com. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Long-term averaged monthly in situ instrumental records at Jiigurru (Lizard Island Group) from 1995 to 2015, including precipitation (pink line and circles) 
and SST (blue line and squares). Modern monitoring data from the Australian Institute of Marine Science (2017). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Shell section and increments. (a) The T. gigas valve shell. The red dashed rectangle shows the location of section for geochemical analysis. (b) The cross- 
section of the shell showing the hinge, inner shell and outer shell locations. Annual increments are shown with dashed lines on the section. The direction of 
growth (DOG) is represented with pink dashed lines and arrows. (c) Annual increment growth rate for the inner (blue) and outer shells (orange). (d) Ontogenetically 
juvenile inner shell daily increment. (e) Ontogenetically old inner shell daily increment. (f) Magnified ontogenetically old inner shell daily increments. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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software, developed by the Melbourne Thermochronology Group at the 
Trace Analysis for Chemical, Earth and Environmental Science 
(TrACEES) platform at the University of Melbourne (UoM). The finely 
ground and polished inner shell slides were observed under transmitted 
light and photographed at 10× magnification using a 4MP iDS camera. 
Micrometric growth patterns were visible under transmitted light, with 
the alternating dark increments and bright growth lines clearly resolved 
(Fig. 3d, e & f). Following the shell growth direction, a single coupled 
dark-bright band pair was considered a growth increment deposited 
during a single day (Aharon and Chappell, 1983; Arias-Ruiz et al., 2017). 
Due to the limited field of view under the microscope, we used the 
Mosaic function in TrackWorks software to stitch together different vi
sual fields. Each slide was independently counted three times by three 
different individuals to test for count reliability. The results are reported 
as the average of nine counts from three individuals for each slide.

2.6. Geochemical analysis

An Analytical Precision AP2003 continuous-flow stable isotope ratio 
mass spectrometer (IRMS) at the University of Melbourne was used to 
analyse δ13C and δ18O. The milled samples from the inner shell (n = 307) 
and outer shell (n = 477) layers were weighed into exetainer vials (mass 
range: 0.55–0.65 mg) and sealed with septum caps. The exetainers were 
then placed on a hot block (set to 70 ◦C) and purged with high-purity 
helium to remove ambient air. After purging, approximately 0.05 mL 
of ~105% orthophosphoric acid was injected into the vials to liberate 
CO2, and the resulting gas was analysed in the mass spectrometer. All 
results are reported relative to the Vienna Pee Dee Belemnite (VPDB) 
international standard. Three internal standard samples were normal
ized to this scale, NEW 1 (δ13C = 2.4 ‰, δ18O = − 2.46 ‰), NEW 12 
(δ13C = − 3.79 ‰, δ18O = − 9.72 ‰) and Estremoz (δ13C = 1.57 ‰, δ18O 
= − 6.01 ‰), which were previously calibrated using the international 
standards NBS-18 and NBS-19. Analytical uncertainty for δ13C was 0.05 
‰ and for δ18O was 0.10 ‰, respectively.

2.7. Data processing and statistical analysis

Anomalous data points, including jumps and outliers, were removed 
during data processing. For isotope data, the points 21GC-026 and 
21GC-281 from the inner shell were removed as they returned results 
exceeding two standard errors of uncertainty. Point 21GC-O-308 of the 
outer shell was also removed as it was an anomalous single-point jump.

We applied spline interpolation using QAnalySeries, a widely used 
environmental data analysis program in the field of sclerochronology, 
for converting sampling distance coordinates to chronological co
ordinates, and transform all data to the same monthly resolution (Kotov 
and Pälike, 2018; Paillard et al., 1996). Resampling can reduce potential 
biases related to variability in growth rates (Wanamaker et al., 2011; 
Yan et al., 2015). Wavelet analyses were performed using the time-series 
analysis software, Acycle (Li et al., 2019), following Torrence and 
Compo (1998). The Multi-Taper Method analysis was conducted by 
another analysis software, Past (Hammer et al., 2001).

2.8. ENSO-like events identification

In this study, local ENSO-like events were identified from the 
reconstructed northern GBR SST anomalies using criteria adapted from 
the National Oceanic and Atmospheric Administration's (NOAA) 
Oceanic Niño Index (ONI) (https://origin.cpc.ncep.noaa.gov/product 
s/analysis_monitoring/). The standard ONI is the 3-month running 
mean of SST anomalies in the Niño-3.4 region (5◦N–5◦S, 120◦–170◦W), 
with a ± 0.5 ◦C threshold and a persistence criterion of at least 5 
consecutive overlapping seasons. In order to reflect the austral summer 
peak season of ENSO variability, we further required that the persistence 
window explicitly include November–December of year 0 and January 
of year 1 (NDJ). Given the higher latitude and stronger SST seasonality 

of the northern GBR site relative to the Niño-3.4 region, we supple
mented the adapted ONI criteria with a local strength metric: within 
each event window identified using these criteria, a strong local ENSO- 
like response was flagged when the absolute z-score of the deseasonal
ised proxy anomaly exceeded 1σ. This dual criterion retains the 
threshold and persistence structure of the standard ONI, but the 
resulting events represent local ENSO-like responses in the northern 
GBR record.

3. Results

3.1. Absolute age of the shell

The AMS conventional 14C ages for 21GC-Outer, 21GC-Mid and 
21GC-Inner were 460 ± 25, 500 ± 25 and 510 ± 25 yr BP (Table 1). The 
results were calibrated using OxCal (v.4.4) (Bronk Ramsey, 2009) and 
the Marine20 calibration dataset (Heaton et al., 2020), using the 
regional ΔR of − 197 ± 56 yr recommended by Ulm et al. (2024). The 
calibrated median age results indicate that the clam lived from 
approximately 1785–1827 CE, aligning with the end of the LIA.

3.2. Sclerochronology results

The inner and outer shell layers were composed of high-purity 
aragonite with no evidence of alteration or secondary calcite alter
ation. Microscopic observations showed no growth breaks and no clear 
seasonal increment-rate trend between warm and cold seasons. How
ever, annual increment width varied substantially with ontogenetic age, 
increasing from ~4 mm/yr to ~10 mm/yr during the juvenile phase, 
between shell ages 1 and 4 years (Fig. 3c). From the age of 4 onwards, 
there was a significant decline in width, with the size of increments 
dropping to approximately 2 mm/yr by the age of 10 (Fig. 3c & d). After 
this time, the width of annual increments remained at an average of 2 
mm/yr, and declined to around 1 mm/yr from the age of 20 (Fig. 3c). At 
this age, growth increments were more difficult to resolve (Fig. 3e & f); 
therefore, contemporaneous DGIs from different parts of the shell were 
used to identify clearer counting sections. In some cases, the number of 
DGIs was estimated. In total, we identified approximately 10,906 DGIs 
from the cross-section of the shell, suggesting a lifespan of 29.86 years 
(365.25 days/yr). Additionally, the δ18O profile of the inner shell 
showed 29 complete annual variations and one incomplete variation in 
the most juvenile portion. Together, these results indicate that the clam 
was 30 years old at death.

Table 1 
Radiocarbon dating results of the studied giant clam shell. Three samples from 
21GC-Outer, 21GC-Mid and 21GC-Inner were collected at positions 0 mm, 45 
mm, and 90 mm along the inner shell profile, representing the youngest to the 
oldest ontogenetic growth, respectively. The results were calibrated by using 
OxCal (v.4.4) (Bronk Ramsey, 2009) and the Marine20 calibration dataset 
(Heaton et al., 2020), with the regional ΔR of − 197 ± 56 yr recommended by 
Ulm et al. (2024). The calibrated median age results indicate that the studied 
shell lived from approximately 1785–1827 CE.

Sample 
ID

δ13C percent 
Modern 
Carbon

Conventional 
Radiocarbon age

Median 
Modelled Age

per mil pMC (1σ error) yrs BP (1σ error) CE

21GC- 
Outer

1.9 
+/−
0.1

94.41 +/−
0.27

460 +/− 25 1827

21GC- 
Mid

2.5 
+/−
0.1

93.98 +/−
0.27

500 +/− 25 1795

21GC- 
Inner

1.8 
+/−
0.1

93.86 +/−
0.27

510 +/− 25 1785
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3.3. Stable isotope results

δ18O values from both the inner and outer shell layers exhibited clear 
seasonal variability (Fig. 4). However, the amplitude of inner shell δ18O 
seasonal variation declined toward the ontogenetically older portion of 
the shell. The δ18O of the inner shell ranged from − 1.72 ‰ to 0.12 ‰ 
(mean = − 0.68 ‰, n = 307), whereas the outer shell ranged from − 1.57 
‰ to 0.28 ‰ (mean = − 0.63 ‰, n = 477).

Although there was no obvious annual δ13CShell cyclicity in the inner 
shell layer (Fig. 5), δ13CShell from the outer shell layer displayed clear 
annual patterns with inflection points offset from those in δ18O (Figs. 4 
& 5). Values of δ13C fluctuated between 2.01 ‰ and 2.74 ‰ (mean =
2.32 ‰) in the inner shell and between 2.00 ‰ and 4.23 ‰ (mean = 3.72 
‰) in the outer shell layer. The δ13CShell values remained in a stable 
range, and there was no noticeable ontogenetic trend in the δ13CShell 
values.

3.4. Converting data to equal chronological intervals

Previous studies have demonstrated that δ18O profiles of Tridacna 
shells exhibit annual cyclicity, both in the inner and outer shell layers 
(Aharon, 1991; Duprey et al., 2014; Elliot et al., 2009; Wang et al., 2022; 
Warter et al., 2015). This was also the case for shell 21GC. However, the 
significant growth-rate difference between the ontogenetically juvenile 
and the ontogenetically older portion of the inner shell (~10 mm/yr to 
~2 mm/yr) resulted in significant variability in the width of each δ18O 
annual waveform obtained from equidistant drilling. This poses a 
challenge for reconstructing monthly to annual resolution environ
mental records from the inner shell and for comparing the inner and 
outer shell records.

To address this challenge, we regarded each trough of the time series 
of δ18O in the inner shell as a marker to divide each annual cycle. We 
then resampled the equidistant sampling intervals to create a time series 
with 12 points per year (monthly resolution) for both the inner and outer 
shell layers by using the spline interpolation function in QAnalySeries 
(Fig. 4) (Kotov and Pälike, 2018; Paillard et al., 1996; Wang et al., 2022; 
Welsh et al., 2011; Zhao et al., 2023). The rate of deposition of in
crements may differ between summer and winter, which could confound 
estimates of geochemical signals if sampling is equidistant along the 
shell transect (Johnson et al., 2022; Schöne, 2008). However, micro
scopic increment observations of shell 21GC showed no noticeable 
seasonal growth-rate trend between warm and cold seasons. Therefore, 
equidistant sampling is unlikely to have introduced a systematic sea
sonal bias in this shell. The main effect of equidistant sampling was 
instead related to ontogenetic growth-rate decline. In the ontogenetic 
older inner shell, slower growth meant that each physical sampling in
terval integrated a longer period of shell formation, resulting in reduced 
temporal resolution and smoothing of the δ18O seasonal amplitude. To 
minimize this effect, the isotope profiles were converted from distance 
coordinates to chronological coordinates and resampled to monthly 
resolution using spline interpolation in QAnalySeries. In addition, the 
smoothed ontogenetic older inner shell δ18O record was excluded from 
the palaeoenvironmental reconstruction.

4. Discussion

4.1. Comparison of inner and outer shell records: Strengths, limitations 
and implications for palaeoenvironmental reconstruction

The resampled δ18O profile of the inner shell revealed 22 distinct 
annual cycles; however, δ18O variations from 22 to 30 years of age had a 
much narrower range than those in the first 22 years of growth (Fig. 4a). 
This likely reflects the combination of fixed-width equidistant milling 
and slower shell growth in older increments, which caused each sample 
to integrate a longer period of carbonate deposition and smooth the 
seasonal δ18O peaks and troughs (Ayling et al., 2015). The δ18O signal 

during the first year of growth was also poorly resolved, potentially 
reflecting slow juvenile growth or early ontogenetic effects. To minimize 
these uncertainties, only δ18O data from shell age 1 to 22 years were 
used for subsequent palaeoenvironmental reconstructions.

The resampled δ18O profile of the outer shell showed more uniform 
seasonal variation across the analysed growth interval, with 22.5 annual 
cycles and no obvious decline in seasonal amplitude (Fig. 4a). However, 
the outer shell layer of archaeological and sub-fossil Tridacna is gener
ally more vulnerable to surface erosion, microboring and post- 
depositional alteration because it is exposed at the seawater interface. 
Furthermore, distinguishing the outer shell increments from the inner 
shell increments and sampling the juvenile outer shell increments is 
challenging, as the boundary between these layers is not always clearly 
defined (Fig. 3b) (Arndt et al., 2023; Hu et al., 2020; Mei et al., 2018; 
Reuter et al., 2022). Shell 21GC experienced minimal seawater erosion 
or diagenesis, with no recrystallisation and only 1.2 cm of surface 
alteration identified near the ventral margin (Fig. 3b). After identifying 
the annual growth increments on the outer shell and aligning the δ18O 
profile with the inner shell, we determined that the available 
geochemical records from the outer layer span approximately shell age 
6–27.5 years, after excluding the incomplete first and last half-year 
segments.

Given these results, the geochemical records from the inner shell and 
outer shell layers each have distinct advantages and limitations. For the 
inner shell: (1) it is usually well preserved with no obvious alteration; (2) 
it can provide a relatively complete ontogenetic record; (3) it offers 
ultra-high resolution records (weekly to fortnightly intervals) from the 
juvenile increments; (4) however, the slower rate of growth in the 
ontogenetically older increments results in reduced temporal resolution 
and smoothed seasonal proxy variability. For the outer shell: (1) the 
annual increment pattern is easily discernible by eye, facilitating as
sessments of growth rates and sampling intervals before drilling; (2) the 
growth rate of the outer shell is relatively stable, enabling easier 
acquisition of data with consistent resolution; (3) however, the outer 
shell records are often incomplete due to alteration, erosion and/or 
damage occurring at the interface with seawater and post-depositionally 
for archaeological and sub-fossil shells. This systematic comparison 
provides the basis for combining the better-preserved and higher- 
resolution portions of both shell layers, producing a longer, more 
continuous and less smoothed δ18O series for SST reconstruction.

4.2. δ18O offset between the inner shell and the outer shell

The resampled δ18O data derived from inner and outer shell layers 
showed very similar seasonal variability from shell age 6 years (the 
youngest visible records in the outer layer) to the ontogenetically oldest 
unsmoothed records from the inner shell at age 22 years. After 
comparing the average monthly δ18O values between shell ages 6 and 
22 years in the inner and outer shell layers, we found that the monthly 
δ18O relationship can be expressed by the following linear regression 
equation (Fig. 4b): 

δ18OInner shell = 1× δ18OOuter shell–0.21±0.02 (1) 

In this regression, the monthly resolved δ18O values of the inner and 
outer shell layers show a very strong correlation (R2 = 0.96, p < 0.001), 
suggesting they are highly synchronised, with an intercept of − 0.21 
indicating a consistent negative offset of 0.21 ‰ for the inner shell 
compared to the outer shell (Fig. 4c).

Other studies have recorded offsets of δ18O values between inner and 
outer layers of Tridacna shells. Earlier work by Elliot et al. (2009) and 
Killam et al. (2020) both reported δ18O ratios that were more positive by 
0.2 to 0.4 ‰ in the outer shell compared to the age equivalent inner shell 
layers. Offsets ranging from 0.2 to 0.6 ‰ between shell layers have also 
been reported in other species of bivalve (Bajnai et al., 2018; Letulle 
et al., 2023). Although some studies have suggested that Tridacna spp. 
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Fig. 4. Monthly resolved δ18O profiles and the reconstructed SST in LIA. (a) Monthly resolved δ18O from the inner shell (light blue) and outer shell (pink). (b) Linear 
regression (red line) between values of δ18O (blue spots) in the inner and outer shell of a giant clam. (c) Monthly values of δ18O showing offset between the inner 
(light blue) and outer shell (pink). (d) Combined δ18O from shell ages 0.5 to 6 years old is from the inner shell (light blue), 6 to 22 years old is from the average inner 
shell and offset corrected outer shell (purple) and 22 to 27.5 years old is from offset corrected outer shell (pink). Calendar ages in brackets on the x-axis represent the 
approximate calibrated 14C age range of shell 21GC, rather than precise absolute ages for individual growth increments. (e) Reconstructed LIA SST based on δ18OShell 
of the studied giant clam of 27.5 years shell age. Data are plotted as a function of ontogenetic age from younger to older. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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precipitate aragonite in oxygen isotope equilibrium with seawater 
(Morissette et al., 2023; Romanek et al., 1987), our observations of a 
slight offset between the inner shell and the outer shell suggest that this 
is not necessarily the case. Compared with the outer extrapallial fluid 
(EPF), the inner EPF between the inner shell and the soft tissue of the 
clam may be alkalinised by perhaps 0.5 pH units, which can influence 
the transport and speciation of CO3

2− during inner shell formation 
(McConnaughey and Gillikin, 2008). The offset may also be related to 
differences in mineralisation between the inner and outer shell layers, 
since the outer layer is composed of crossed-lamellar/dendritic arago
nite while the inner layer is prismatic (Fousiya et al., 2024). These 
contrasting shell fabrics may reflect differences in nucleation, crystal 
growth pathways, organic matrix control, and calcification rates be
tween the two shell layers. Such differences could promote layer-specific 
kinetic isotope effects, particularly if aragonite precipitation does not 
occur under full isotopic equilibrium with the calcifying fluid. Experi
mental and modelling studies of carbonate precipitation have shown 
that oxygen isotope fractionation can be influenced by precipitation 

kinetics, pH-dependent carbonate speciation, and departures from iso
topic equilibrium (Wang et al., 2013; Watkins et al., 2013). Similar 
biological and kinetic isotope effects have also been documented in 
bivalve aragonite, including larval aragonite (Owen et al., 2008). 
Therefore, the observed δ18O offset is unlikely to reflect a single 
mechanism, but may instead result from the combined influence of EPF 
chemistry, shell microstructure, calcification kinetics, and layer-specific 
vital effects. However, there is also evidence that offsets can vary among 
different locations.

For example, Elliot et al. (2009) analysed the δ18O composition of the 
inner and outer shell layers of a T. gigas shell (Tg-Palm) collected from 
Great Palm Island on the inner GBR. The monthly δ18O values of Tg-Palm 
produce the following linear regression equation: 

δ18OInner shell = 1× δ18OOuter shell–0.35±0.02 (2) 

This indicates that the monthly resolved δ18O values from inner and 
outer layers of Tg-Palm are strongly and significantly correlated (R2 =

Fig. 5. Monthly resolved δ13C profiles and the wavelet analysis results of the inner shell and outer shell. (a) Monthly resolved δ13C from the inner shell (light blue) 
and outer shell (pink). (b) Wavelet analysis of the outer shell δ13C from shell age 6 to 28 years old. (c) Wavelet analysis of the inner shell δ13C from shell age 0 to 30 
years old. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.95, p < 0.001). However, the Tg-Palm δ18O offset of 0.35 ‰ is slightly 
larger than the offset observed in shell 21GC. This variation in δ18O 
offset between studies could reflect differences in the range of seasonal 
temperatures experienced by clams at the two locations. Tg-Palm was 
collected from a site approximately 4◦ of latitude, or ~ 400 km, south of 
Jiigurru, where the annual temperature range is approximately 8 ◦C 
(range from 22 to 30 ◦C) compared to approximately 5 ◦C for Jiigurru 
(range from 24 to 29 ◦C) (Aharon, 1991; Australian Institute of Marine 
Science, 2017; Elliot et al., 2009). This larger annual temperature 
range may contribute to the larger δ18O offset between inner and outer 
shell layers in the Great Palm Island specimen.

In summary, the existing evidence indicates that there is a constant 
offset between the δ18O values of the inner and outer shell layers, 
facilitating the conversion and comparison of δ18O data between these 
layers. This enables us to combine the best preserved and highest reso
lution δ18O records from both the inner and outer shell layers, resulting 
in a longer, more continuous, and less smoothed δ18O dataset spanning 
most of the clam's lifespan. However, the mechanisms controlling the 
magnitude of this offset remain uncertain. Further investigation of Tri
dacna shells from different environmental settings, combined with 
microstructural and geochemical observations, is required to better 
determine the relative roles of EPF chemistry, shell microstructure, 
calcification kinetics, and layer-specific vital effects.

4.3. SST reconstruction in the LIA

Many studies have shown that δ18O profiles from modern Tridacna 
shells exhibit strong correlations with records of SST (Aharon, 1991; 
Arias-Ruiz et al., 2017; Ayling et al., 2015; Duprey et al., 2015; Elliot 
et al., 2009; Fousiya et al., 2022; Ma et al., 2020; Wang et al., 2022). 
Consequently, Tridacna δ18O has been widely used for palaeo-SST 
reconstruction across Indo-Pacific settings, most commonly using the 
inner shell layer (Aharon, 1983; Aubert et al., 2009; Batenburg et al., 
2011; Elliot et al., 2009; Romanek and Grossman, 1989; Watanabe 
et al., 2004; Welsh et al., 2011; Yan et al., 2014). However, we com
bined δ18O records from inner and outer shell layers to reconstruct SSTs, 
with a 0.21 ‰ offset applied to convert δ18OOuter shell to δ18OInner shell (as 
described above). As the record from the outer shell began at 6 years of 
age and the inner shell record after 22 years of age was smoothed, the 
combined δ18O dataset was based on: age 0.5 to 6 years = inner shell; 
age 6 to 22 years = average δ18O from inner and converted outer shell 
layers; age 22 to 27.5 years = converted outer shell (Fig. 4d).

δ18O-SST equations are commonly used to reconstruct palaeo-SST 
from the measured δ18OShell values. Although several δ18O-SST re
lationships have been developed specifically for Tridacna, they differ in 
calibration datasets, δ18OSeawater scale treatment and normalisation 
procedures (Wang et al., 2022). Therefore, in this study, we adopted the 
δ18O-SST equation proposed by Morissette et al. (2023), where a 
generalised relationship was derived based on a compilation of data 
from marine molluscs, expressed as follows: 

δ18OCarbonate,VPDB–δ18OWater,VSMOW = − 0.21×T (
◦C)+ 4.05 (3) 

which can be converted to: 

SST (
◦C) = − 4.76×

(
δ18OShell,VPDB–δ18OSeawater,VSMOW

)
+19.14 (4) 

where δ18OShell represents the measured stable oxygen isotope compo
sition of the shell, reported relative to the VPDB scale, and δ18OSeawater 
denotes the stable oxygen isotope composition of the surrounding 
seawater, reported relative to the VSMOW scale.

Neither previous δ18OSeawater records nor continuous modern in situ 
δ18OSeawater observations are available for the study site; therefore, 
δ18OSeawater values were estimated from SSS. Previous studies have 
shown that local SSS usually has a linear relationship with local 
δ18OSeawater (Arias-Ruiz et al., 2017; Ayling et al., 2015; Wang et al., 
2022; Watanabe and Oba, 1999; Yamanashi et al., 2016; Yan et al., 

2013). We used the salinity-δ18OSeawater relationship developed for the 
Tropical Pacific by LeGrande and Schmidt (2006): 

δ18OSeawater (‰,VSMOW) = 0.27× SSS–8.88 (5) 

where the mean daily SSS monitored from the Lizard Island Research 
Station from 2012 to 2015 was 35.00 ppt. Direct measurements of past 
δ18OSeawater are not available for fossil or archaeological shell records, 
and estimating δ18OSeawater from modern observational data or salini
ty–δ18OSeawater relationships is therefore a common and necessary 
approach in δ18O-based palaeo-SST reconstructions. We therefore used 
the modern SSS-derived δ18OSeawater value of 0.57 ‰ VSMOW to pro
duce a constant-SSS reference reconstruction, rather than treating it as 
an absolute constraint on LIA seawater composition. To evaluate the 
effect of this assumption, we also performed a monthly SSS-corrected 
sensitivity reconstruction using modern monthly SSS observations 
from Jiigurru. In this sensitivity test, monthly δ18OSeawater values were 
calculated from monthly SSS using the LeGrande and Schmidt (2006)
relationship and were then applied to the δ18O-SST equation. Full cal
culations are provided in Supplementary Table S2.

The reconstructed monthly palaeo-SST varies between 22.5 and 30.4 
◦C (mean = 25.8 ◦C) and exhibits smooth variations from summer to 
winter (Fig. 4e). Mean SST in summer (December to February) is 27.6 
◦C, whilst mean SST in winter (June to August) is 24.3 ◦C. In the monthly 
SSS-corrected sensitivity reconstruction, the correction changes recon
structed SST by approximately − 0.47 to +0.70 ◦C relative to the 
constant-SSS reconstruction, with an annual mean offset of +0.27 ◦C. 
The resulting mean annual SST is approximately 26.1 ◦C. Mean summer 
SST increases from 27.6 ◦C to approximately 27.9 ◦C, and mean winter 
SST increases from 24.3 ◦C to approximately 24.7 ◦C.

4.4. δ13CShell composition and precipitation-related hydroclimatic 
variability

Previous studies have shown that Tridacna δ13CShell can be influenced 
by the δ13C of dissolved inorganic carbon (DIC), ontogenetic effects and 
physiological controls (Elliot et al., 2009; Jones et al., 1986; Owen et al., 
2008). Comparison of the inner and outer shell records from specimen 
21GC indicates that ontogenetic effects are relatively weak overall, 
although a slight increase in δ13COuter shell values with age is evident 
(Fig. 6d). This trend is substantially smaller than those reported for some 
modern Tridacna records, which show progressively more positive 
δ13CShell values through ontogeny (Elliot et al., 2009; Jones et al., 1986; 
Romanek et al., 1987).

Absolute values of δ13C between the inner and outer shell layers did 
differ, with the outer shell on average offset by +1.4 ‰ relative to the 
inner shell layer (Fig. 5a). The wavelet analysis indicated that the values 
of δ13COuter shell showed clear seasonal oscillations (Fig. 5b) that were 
not present in the inner shell layer (Fig. 5c). This implies that the drivers 
of δ13CShell composition in the inner and outer shell layers may differ, 
with δ13CInner shell composition determined by layer-specifc vital or 
physiological effects (Jones et al., 1986).

Previous studies have reported a positive correlation between 
δ18OOuter shell and δ13COuter shell (Elliot et al., 2009; Killam et al., 2020; 
Romanek et al., 1987; Watanabe et al., 2004). However, this relation
ship is not universal, as some Tridacna records do not show this pattern 
(Aharon, 1983). A comparison of the δ18OOuter shell and δ13COuter shell 
profiles in this study reveals similar positive temporal trends, albeit with 
a consistent one-month offset between the peaks and troughs of their 
seasonal cycles (Fig. 6a). The δ18OShell troughs occurred from recon
structed December to February (summer), whereas the peaks occurred 
from June to August (winter). In contrast, for δ13CShell (x-axis in reverse 
order), the troughs occurred from January to March, whereas peaks 
occurred from July to September (one month offset from δ18OShell) 
(Fig. 6a). This offset corresponds with the offset between modern tem
perature and precipitation instrumental records, where highest summer 
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temperatures occur from December to February, whereas the wettest 
months occurred between January and March.

Further comparison indicates that the monthly instrumental pre
cipitation record exhibits a pattern similar to that of the monthly aver
aged δ13COuter shell values (Fig. 6b). Specifically, the wet season 
corresponds to lower δ13COuter shell values from late summer to autumn, 
whereas the dry season is associated with higher δ13COuter shell values 
from late winter to spring. The 12 monthly climatological means show 
an inverse relationship between instrumental precipitation and δ13COuter 

shell (R2 = 0.80, n = 12) (Fig. 6c). This correspondence supports an as
sociation with precipitation-related seasonality, but the regression 
compares two averaged seasonal cycles rather than repeated paired 
observations through time and is based on only 12 monthly values. It 
therefore supports a qualitative interpretation but is insufficient for 
quantitative precipitation calibration or for attributing shell δ13C vari
ability solely to precipitation.

At Jiigurru, no groundwater or anthropogenic input contributes DIC 
to the seawater, aside from terrestrial runoff, which is controlled by 
precipitation. Vegetated catchments can supply isotopically light 
terrestrial carbon to nearshore waters during runoff events (Bouillon 
et al., 2011; Gillikin et al., 2006; Mook and Vogel, 1968). Increased 
runoff and terrigenous input may also reduce light availability and 
primary productivity, limiting biological modification of the local DIC 
pool (Mills et al., 2025). Consequently, for the outer shell layer of the 
Tridacna in this study, more negative δ13CShell values may partly reflect 
greater precipitation-related freshwater and terrestrial DIC influence, 
consistent with previous studies (Arias-Ruiz et al., 2017; Duprey et al., 
2014; McConnaughey et al., 1997; McConnaughey and Gillikin, 2008; 

Mook and Vogel, 1968; Owen et al., 2008).
However, carbon isotopes exhibit complex behaviour due to bio

logical vital effects, hydrological processes, and additional factors that 
limit their use for quantitative precipitation reconstruction. First, 
ontogenetically related vital effects associated with shell growth are 
expressed as a slight increase in δ13COuter shell values with shell age 
(Fig. 6d). Although this trend could be readily removed using statistical 
linear detrending methods, it remains unclear whether the ontogenetic 
trend is uniform throughout the entire lifespan of the shell or whether its 
magnitude varies among different Tridacna species. Second, the rela
tionship between δ13CShell and precipitation is also modulated by local 
hydrological cycles and the surrounding terrestrial environment. In 
particular, the presence of persistent surface runoff can alter the DIC 
composition in water bodies, thereby influencing how well δ13CShell 
records reflect direct precipitation inputs. Thus, hydrological mixing, 
terrestrial carbon inputs and ecosystem metabolism must be considered 
when interpreting δ13CShell-rainfall relationships, particularly in river- 
influenced coastal and reef–lagoon settings (Gillikin et al., 2007; 
McConnaughey and Gillikin, 2008). Third, the palaeoenvironmental 
records in the Tridacna shell may be influenced by the Suess effect 
(Duprey et al., 2014). The outer shell δ13C values of 21GC are approx
imately 0.7 ‰ higher than those of a modern T. gigas outer shell from the 
southern GBR (Elliot et al., 2009), consistent with the Suess effect, 
whereby the release of 13C-depleted carbon from fossil fuel combustion 
since the Industrial Revolution has lowered the δ13C of the atmosphere, 
oceanic DIC, and subsequently modern shell carbonate (Böhm et al., 
1996; Butler et al., 2010; Druffel and Benavides, 1986; Druffel and 
Griffin, 1999; Duprey et al., 2014; Revelle and Suess, 1957; Swart 

Fig. 6. δ13C data of the shell. (a) Average monthly δ18O (blue line with circles) and δ13C (orange line and diamonds) isotope signals of the outer shell of the studied 
giant clam. (b) Average monthly modern instrumental precipitation (light blue line with triangles) and δ13C (orange line and diamonds) isotope signals. (c) Linear 
regression between the average monthly modern instrumental precipitation and δ13C ratios, with R2 = 0.80. (d) Outer shell δ13C ratios with a slightly ontogenetic 
increase trend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B. Dong et al.                                                                                                                                                                                                                                    Global and Planetary Change 267 (2026) 105717 

10 



et al., 2010).
Overall, this study demonstrates that δ13CShell values in the outer 

shell layer of Tridacna exhibit clear seasonal variability linked to 
precipitation-related hydroclimatic processes. This pattern supports the 
interpretation of the record as a qualitative indicator of seasonal 
hydroclimatic variability. However, the influence of ontogenetic effects, 
local hydrology, and the Suess effect introduces uncertainties that 
currently limit its use for quantitative precipitation reconstruction.

4.5. The reconstructed environment at the end of LIA in the GBR

Modern in situ instrumental records from Jiigurru indicate a mean 
annual SST of 26.7 ◦C for 1995–2015. Under the constant-SSS reference 
reconstruction, the mean annual SST reconstructed from shell δ18O 
during the late LIA was 25.8 ◦C, approximately 0.9 ◦C lower than the 
modern instrumental mean. Summer SSTs were approximately 1.2 ◦C 
cooler than modern values, whereas winter SSTs were similar to present- 
day conditions. However, the monthly SSS-corrected sensitivity recon
struction increases the reconstructed mean annual SST to approximately 
26.1 ◦C, reducing the inferred annual cooling to approximately 0.6 ◦C. 
The inferred summer cooling is similarly reduced from approximately 
1.2 ◦C to approximately 0.9 ◦C (Fig. 7). These results indicate that the 
absolute magnitude of cooling is sensitive to the assumed SSS and 
δ18OSeawater baseline, although cooler annual and summer conditions 
remain evident under both reconstructions. The δ13COuter shell record is 
interpreted here as a qualitative indicator of precipitation-related 
hydroclimatic variability rather than as a quantitative precipitation 
reconstruction. The clearer and more pronounced seasonal δ13COuter shell 
variations observed in shell 21GC, compared to modern specimens from 
the southern GBR (Elliot et al., 2009), imply stronger precipitation- 
related seasonality during the late Little Ice Age. However, differences 
between specimens and sites limit the extent to which this contrast can 
be interpreted as a quantitative difference in precipitation between re
gions. Based on the Tridacna proxy evidence, we suggest that late LIA 
cooling, widely observed in Northern Hemisphere records, was also 
expressed in the northern GBR and may represent a regional Southern 
Hemisphere expression of this broader climatic transition. During the 
period represented by shell 21GC, the northern GBR appears to have 
experienced cooler annual and summer SSTs than during the modern 
instrumental period, while qualitatively the δ13COuter shell record implies 
more pronounced precipitation-related hydroclimatic seasonality rela
tive to modern shell records.

ENSO is the most significant interannual climate mode affecting the 

tropical Pacific, with events typically recurring every 2 to 7 years 
(Philander, 1990). ENSO variability plays a crucial role in the lives, 
economies, and migration patterns of communities across the Pacific 
(Wang et al., 2017). For instance, research conducted in the Coral Sea 
has shown that ENSO events influenced Lapita colonisation efforts in 
previously unexplored areas of Remote Oceania (Anderson et al., 2006; 
Duprey et al., 2014). We found that reconstructed patterns in annual 
average SST featured oscillations characterized by a seesaw pattern. 
Spectral analysis using the Multi-Taper Method (MTM) identified local 
spectral maxima at approximately 2.60, 2.37 and 2.13 years within the 
broader 2–3-year band, with the first two exceeding the 95% confidence 
level and the third exceeding the 90% confidence level (Fig. 8). This 
concentration of spectral power within the 2–3-year band is likely to 
represent local ENSO-like variability, as similar interannual cycles have 
been recognised in Tridacna shells by earlier studies (Anderson et al., 
2006; Ayling et al., 2015; Driscoll et al., 2014; Liu et al., 2019; Welsh 
et al., 2011; Zhou et al., 2022). Compared with the canonical 2–7 year 
periodicity of modern ENSO, the pronounced 2–3 year cycle in shell 
21GC suggests relatively high-frequency ENSO-like variability in the 
northern GBR during the terminal phase of the LIA.

In the GBR, warm SST anomalies with reduced rainfall are associated 
with El Niño events, whereas cooler SST anomalies with increased 
rainfall are influenced by La Niña events (Wang et al., 2017). We applied 
the adapted ONI criteria to the reconstructed northern GBR SST anom
alies (Fig. 9a) and identified 10 local ENSO-like events using the ±0.5 ◦C 
threshold, comprising 5 El Niño-like and 5 La Niña-like events (Fig. 9b). 
Using the stronger 1σ criterion, we identified no strong El Niño-like 
events but three strong La Niña-like events at shell ages 13, 19 and 21, 
corresponding approximately to the early 1800s (Fig. 9c). This event 
frequency provides a useful basis for comparison with other high- 
resolution tropical Pacific marine records that quantify ENSO vari
ability using similar 30- or 31-year windows.

Our reconstruction of local ENSO-like events from shell 21GC in
dicates that El Niño-like events were more frequent toward the end of 
the 1700s, whereas La Niña-like events became more prevalent, both in 
frequency and strength, during the early 1800s. This pattern differs from 
the modern ENSO asymmetry, in which El Niño events often exhibit 
stronger SST anomalies than La Niña events (An and Jin, 2004; Burgers 
and Stephenson, 1999; Khider et al., 2011). A similar tendency toward 
enhanced late eighteenth- to early nineteenth-century ENSO variability 
has been reported from South Pacific coral archives (Druffel et al., 
2015).

Fig. 7. LIA SST reconstructed from the shell of a giant clam (blue lines) and 
modern instrumental records of SST between 1995 and 2015 (red lines) 
(Australian Institute of Marine Science, 2017). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.)

Fig. 8. Spectral analysis using the Multi-taper Method (MTM) reveals local 
maxima at approximately 2.60, 2.37, and 2.13 years within the 2–3-year band, 
with the first two exceeding the 95% confidence level and the third exceeding 
the 90% confidence level.
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The 10 ENSO-like events identified in the ~30-year 21GC record 
provide a basis for comparison with other tropical Pacific archives that 
report ENSO event frequencies over similar multi-decadal windows. The 
Palmyra fossil coral δ18O records provide a central equatorial Pacific 
benchmark for last-millennium ENSO variability (Cobb et al., 2003). 
Their monthly resolved coral records cover five time windows, 928–961 

CE, 1149–1220, 1317–1464, 1635–1703 and 1886–1998, and their 
sliding 30-year event counts vary from intervals with very weak ENSO 
activity to intervals with approximately 5 to 6 El Niño or La Niña events 
per 30 years. Although the main LIA Palmyra window predates shell 
21GC, the 5 El Niño-like and 5 La Niña-like events identified in 21GC fall 
within the upper range of phase-specific event frequencies reported from 

Fig. 9. Identification of local ENSO-like events from reconstructed northern GBR SST anomalies using criteria adapted from the standard Niño-3.4 ONI framework. 
(a) Monthly reconstructed SST anomaly (blue line) and 3-month moving average SST anomaly (red line). (b) ONI with ±0.5 ◦C threshold standard and a persistence 
criterion of at least 5 consecutive overlapping seasons, including NDJ months. The potential local El Niño and La Niña events are marked with pink frames and blue 
frames. (c) ONI with an adapted 1σ Z-score threshold standard and a persistence criterion of at least 5 consecutive overlapping seasons, including NDJ months. The 
strong local La Niña events are marked with blue frames. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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Palmyra. This suggests that the high-frequency ENSO-like variability 
recorded by 21GC is not anomalous when viewed against tropical Pacific 
coral benchmarks, although direct event-by-event comparison is not 
possible because of the age and location differences.

Western Pacific marginal records provide useful comparison for 
evaluating ENSO event frequencies in ENSO-sensitive reef archives. Han 
et al. (2020) reconstructed ENSO variability from a northern South 
China Sea coral δ18O record spanning 1851–2007 CE and identified 34 
El Niño and 31 La Niña events, including 5 El Niño and 3 La Niña events 
before the widespread instrumental period around 1870. Their sliding 
31-year analysis showed relatively high ENSO event counts before 
~1900, approximately 6–8 events, and slightly lower counts after 
~1930, approximately 5–7 events. Jiang et al. (2021) similarly used 
Xisha Islands Porites coral Sr/Ca-SST anomalies and 31-year windows to 
quantify ENSO variability, showing intensified ENSO variability and 
increased El Niño frequency during the late Medieval Climate Anomaly. 
Although they are not direct analogues for shell 21GC because of dif
ferences in age, hemisphere, proxy system, and hydrographic setting, 
they demonstrate that western Pacific marginal reef archives can record 
substantial changes in ENSO event frequency over multi-decadal win
dows. The 10 local ENSO-like events identified in the ~30-year 21GC 
record therefore fall within a plausible range for ENSO-sensitive tropical 
Pacific reef archives.

The irregularity in ENSO-like pacing and the shift toward stronger La 
Niña-like conditions in the early 1800s may have been influenced by 
external forcings, including volcanic activity. The early nineteenth 
century coincided with the Dalton Minimum and several major volcanic 
events, including the unidentified tropical 1808/1809 eruption and the 
1815 Tambora eruption (Timmreck et al., 2021). Tambora was located 
on Sumbawa Island, Indonesia, within the Maritime Continent and close 
to the Indo-Pacific warm-pool region (Raible et al., 2016). Large tropical 
volcanic eruptions can inject sulfate aerosols into the stratosphere, 
reduce incoming shortwave radiation, and produce rapid surface cool
ing, which can perturb tropical Pacific SST gradients, trade winds and 
ENSO dynamics (Predybaylo et al., 2020; Raible et al., 2016). Proxy- 
based ENSO reconstructions also suggest a tendency toward more La 
Niña-like conditions several years after major volcanic events (Dätwyler 
et al., 2019). The stronger negative SST anomalies and La Niña-like 
events recorded in shell 21GC during the early 1800s may therefore 
partly reflect enhanced solar–volcanic forcing during this interval. 
However, the volcanic signal is not clearly separable from internal ENSO 
variability in the shell record. Although the calibrated median ages place 
shell 21GC approximately between 1785 and 1827 CE, each radiocarbon 
measurement has an analytical uncertainty of ±25 14C yr and regional 
ΔR correction has an uncertainty of ±56 14C yr. These uncertainties 
mean that individual shell anomalies cannot be assigned precise calen
dar years and therefore cannot be confidently aligned with either the 
1808/1809 eruption or the 1815 Tambora eruption. We therefore 
interpret volcanic forcing as a plausible contributing influence rather 
than a direct causal explanation.

The comparison indicates that the 2–3 year pacing and high event 
frequency observed in shell 21GC are broadly consistent with the range 
of variability recorded by central and western Pacific coral archives. 
However, because these records differ in age, hemisphere, proxy sensi
tivity and hydrographic setting, we do not interpret the La Niña-like 
dominance in 21GC as definitive evidence for basin-wide reorganisation 
of the Pacific Walker Circulation. Instead, we interpret it as a local-to- 
regional Southern Hemisphere response of the northern GBR to ENSO- 
sensitive tropical Pacific variability.

4.6. Southern Hemisphere context for late LIA variability

The 21GC record provides a high-resolution 30-year environmental 
window from the northern GBR during the terminal phase of the Little 
Ice Age. A central question is whether the cooler SSTs, stronger 
precipitation-related seasonality and early nineteenth-century La Niña- 

like conditions reconstructed from Jiigurru reflect broader patterns of 
Southern Hemisphere climate variability during this interval. To address 
this, we compare the 21GC record with independent proxy archives from 
the Southern Hemisphere, including marine, ice-core, speleothem and 
lacustrine records.

The cooler annual and summer SSTs reconstructed from 21GC are 
consistent with broader evidence for late LIA cooling in the Southern 
Hemisphere. Multi-proxy reconstructions from Australasia indicate 
cooler conditions during parts of the last millennium, with a pronounced 
regional expression during the seventeenth to early nineteenth centuries 
(Gergis et al., 2016; Neukom et al., 2014; PAGES 2k Consortium, 2019). 
Marine records from the Australian region provide particularly relevant 
support. Coral records from the GBR and northwest Australia indicate 
cooler SSTs and/or hydrographic changes during the LIA, consistent 
with changes in Indo-Pacific ocean-atmosphere circulation rather than a 
purely local Jiigurru signal (Hendy et al., 2002; Zinke et al., 2015). 
Antarctic ice-core and glacier records also document late-millennium 
cooling and circulation changes, showing that LIA cooling was not 
restricted to Northern Hemisphere archives (Orsi et al., 2012; Simms 
et al., 2021).

The magnitude of cooling inferred from 21GC also appears consistent 
with the broader hemispheric contrast between Northern and Southern 
Hemisphere climate responses. Under the constant-SSS reference 
reconstruction, 21GC indicates an annual cooling of approximately 0.9 
◦C, with summer cooling of approximately 1.2 ◦C; the monthly SSS- 
corrected sensitivity reconstruction reduces these estimates to approxi
mately 0.6 ◦C and 0.9 ◦C, respectively. These values are generally 
smaller than, or at the lower end of, many Northern Hemisphere LIA 
cooling estimates of approximately 1.0–1.5 ◦C (Baum, 2019; Divine 
et al., 2011; Ge et al., 2010; Ljungqvist et al., 2012; Munn, 2002; 
PAGES 2k Consortium, 2019; Tierney et al., 2015). This pattern is 
consistent with evidence that industrial-era warming first emerged in 
tropical oceans and Northern Hemisphere continental regions, while 
Southern Hemisphere warming lagged by several decades (Abram et al., 
2016; IPCC et al., 2023). The smaller and delayed Southern Hemisphere 
response has been linked to the larger oceanic surface area, greater heat 
capacity, and delayed heat uptake by the Southern Ocean (Armour et al., 
2016; Marshall and Speer, 2012). Therefore, the 21GC record is 
consistent with both regional late LIA cooling in the northern GBR and 
the broader pattern of a more muted Southern Hemisphere temperature 
response compared with the Northern Hemisphere.

The La Niña-like conditions inferred from 21GC during the early 
nineteenth century are also supported by other Southern Hemisphere 
and tropical Pacific margin records. Galápagos coral δ18O records from 
the eastern tropical Pacific indicate prolonged cooling and enhanced 
upwelling during the early 1800s, consistent with La Niña-like oceano
graphic conditions (Druffel et al., 2015). Speleothem records from 
northern Peru have been interpreted as recording increased precipita
tion and a La Niña-like hydroclimatic response during the nineteenth 
century (Reuter et al., 2009). In southeastern Australia, lake records 
indicate wetter conditions and expanded lake levels during the early 
nineteenth century, providing further evidence for hydroclimatic 
changes consistent with stronger La Niña influence in parts of the 
Southern Hemisphere (Barr et al., 2014; Gergis et al., 2012). Historical 
ENSO reconstructions also suggest that La Niña conditions were un
usually frequent during parts of the nineteenth century, although the 
strongest expression occurs later than the lifespan of shell 21GC (Gergis 
and Fowler, 2009).

Terrestrial records from southeastern Australia provide additional 
evidence that the late LIA involved coupled changes in temperature, 
moisture balance and atmospheric circulation. Speleothem and lake- 
sediment archives document shifts in effective moisture, vegetation, 
fire activity and Southern Ocean or westerly influences during the LIA 
interval (Dixon et al., 2017; McGowan et al., 2018; Tibby et al., 2017). 
Although these archives are not direct analogues for a marine shell re
cord from the northern GBR, they show that Southern Hemisphere 
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climate variability during the late LIA was expressed through linked 
temperature, hydroclimatic and circulation changes.

Taken together, these comparisons place the site-specific 21GC 
reconstruction within a broader Southern Hemisphere palaeoclimate 
context. The cooler SSTs, more pronounced seasonal hydroclimatic 
variability in δ13COuter shell and early nineteenth-century La Niña-like 
conditions recorded by the shell are broadly consistent with indepen
dent evidence from other Southern Hemisphere archives. However, the 
comparison also shows that the late LIA was not expressed as a uniform 
hemispheric signal. Instead, Southern Hemisphere records point to 
regionally variable but broadly connected responses involving tropical 
Pacific variability, ENSO teleconnections, Southern Ocean influence and 
hydroclimatic reorganisation. We therefore interpret 21GC as a site- 
specific high-resolution marine record that captures a regional South
ern Hemisphere expression of terminal LIA climate variability, rather 
than as a standalone reconstruction or a spatially representative baseline 
for the entire northern GBR.

5. Conclusions

Sclerochronology and sclerochemistry proxies derived from a Tri
dacna shell in this study offer a 30-year-long high-resolution snapshot of 
seasonal-scale palaeoenvironmental variability during the pre-industrial 
period in the Southern Hemisphere. This reinforces the significant po
tential of Tridacna shell proxies to provide high-resolution palae
oenvironmental and palaeo-ENSO records, enabling further detailed 
investigations into palaeoenvironmental changes and their interactions 
with human activity in tropical and subtropical regions.

We compared stable isotope records (δ18O, δ13C) from both the inner 
and outer shell layers and showed that the δ18O values of the inner shell 
layer had a consistent negative offset of 0.21 ‰ relative to the outer shell 
layer. The removal of this offset enabled us to combine records from 
both shell layers and reconstruct a longer and more continuous δ18OShell 
record. Under a constant modern SSS-derived δ18OSeawater baseline, 
reconstructed SSTs ranged from 22.5 to 30.4 ◦C, with a mean annual SST 
of 25.8 ◦C. A monthly SSS-corrected sensitivity reconstruction reduced 
the inferred annual cooling relative to the modern instrumental period 
from approximately 0.9 ◦C to approximately 0.6 ◦C, while both ap
proaches consistently indicate cooler annual and summer SSTs during 
the late LIA. These results demonstrate that the magnitude of cooling is 
sensitive to the assumed SSS and δ18OSeawater baseline, but the overall 
cooling signal is robust across reconstruction methods. The δ13COuter shell 
record indicates more pronounced precipitation-related seasonal 
hydroclimatic variability, but should be interpreted as a qualitative 
hydroclimatic indicator rather than a quantitative precipitation 
reconstruction.

The environment reconstructed from the shell provides site-specific 
evidence that late LIA cooling was also expressed in the northern GBR. 
The cooling inferred from this tropical Southern Hemisphere site ap
pears smaller in magnitude than many Northern Hemisphere re
constructions, although the absolute temperature offset remains 
conditional on the assumed SSS and δ18OSeawater baseline. The record 
also reveals pronounced local ENSO-like variability on 2–3-year time
scales, with stronger La Niña-like conditions during the early nineteenth 
century. Comparison with tropical Pacific and Southern Hemisphere 
proxy records suggests that these site-specific patterns are consistent 
with broader regional climate variability during the terminal LIA.

These records provide improved insight into ENSO dynamics and 
broader climatic variability during the terminal phase of the Little Ice 
Age and prior to the onset of modern global warming. However, com
parisons with regional palaeoenvironmental reconstructions reveal 
pronounced spatial heterogeneity as well as differences among archive 
types. Consequently, we advocate for more detailed, locally focused sub- 
annual palaeoenvironmental reconstructions from a range of regions 
and proxy archives in the Southern Hemisphere in future studies. In 
particular, seasonally resolved sclerochronological archives offer strong 

potential for capturing past ENSO-related oceanographic variability. 
Records from climatically sensitive reef environments, not limited to the 
Great Barrier Reef and the Coral Sea, but extending across the broader 
South Pacific, could provide robust chronologies and geochemical 
proxies sensitive to SST and precipitation-related hydroclimatic vari
ability, thereby enabling detailed reconstructions of interannual to 
decadal ENSO variability during this climatically transitional interval.
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Gannon, M.E., Pérez-Huerta, A., Aharon, P., Street, S.C., 2017. A biomineralization study 
of the Indo-Pacific giant clam Tridacna gigas. Coral Reefs 36, 503–517. https://doi. 
org/10.1007/s00338-016-1538-5.

Ge, Q.-S., Zheng, J.-Y., Hao, Z.-X., Shao, X.-M., Wang, W., Luterbacher, J., 2010. 
Temperature variation through 2000 years in China: an uncertainty analysis of 
reconstruction and regional difference. Geophys. Res. Lett. 37, 2009GL041281. 
https://doi.org/10.1029/2009GL041281.

Gergis, J., Gallant, A.J.E., Braganza, K., Karoly, D.J., Allen, K., Cullen, L., D’Arrigo, R., 
Goodwin, I., Grierson, P., McGregor, S., 2012. On the long-term context of the 
1997–2009 ‘Big Dry’ in South-Eastern Australia: insights from a 206-year multi- 
proxy rainfall reconstruction. Clim. Chang. 111, 923–944. https://doi.org/10.1007/ 
s10584-011-0263-x.

Gergis, J., Neukom, R., Gallant, A.J.E., Karoly, D.J., 2016. Australasian temperature 
reconstructions spanning the Last Millennium. J. Clim. 29, 5365–5392. https://doi. 
org/10.1175/JCLI-D-13-00781.1.

Gergis, J.L., Fowler, A.M., 2009. A history of ENSO events since a.D. 1525: implications 
for future climate change. Clim. Chang. 92, 343–387. https://doi.org/10.1007/ 
s10584-008-9476-z.

Gillikin, D.P., Lorrain, A., Bouillon, S., Willenz, P., Dehairs, F., 2006. Stable carbon 
isotopic composition of Mytilus edulis shells: relation to metabolism, salinity, 
δ13CDIC and phytoplankton. Org. Geochem. 37, 1371–1382. https://doi.org/ 
10.1016/j.orggeochem.2006.03.008.

Gillikin, D.P., Lorrain, A., Meng, L., Dehairs, F., 2007. A large metabolic carbon 
contribution to the δ13C record in marine aragonitic bivalve shells. Geochim. 
Cosmochim. Acta 71, 2936–2946. https://doi.org/10.1016/j.gca.2007.04.003.

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 2001. PAST: paleontological statistics software 
package for education and data analysis. Paleontol. Electron. 4.

B. Dong et al.                                                                                                                                                                                                                                    Global and Planetary Change 267 (2026) 105717 

15 

https://doi.org/10.1007/BF00571826
https://doi.org/10.1007/BF00571826
http://refhub.elsevier.com/S0921-8181(26)00438-8/rf0020
http://refhub.elsevier.com/S0921-8181(26)00438-8/rf0020
https://doi.org/10.1016/0031-0182(86)90101-X
https://doi.org/10.1016/0031-0182(86)90101-X
https://doi.org/10.1016/j.palaeo.2024.112633
https://doi.org/10.21203/rs.3.rs-8846183/v1
https://doi.org/10.21203/rs.3.rs-8846183/v1
https://doi.org/10.1175/1520-0442(2004)017&percnt;3C2399:NAAOE&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017&percnt;3C2399:NAAOE&percnt;3E2.0.CO;2
https://doi.org/10.1191/0959683606hl901ft
https://doi.org/10.1191/0959683606hl901ft
https://doi.org/10.1016/j.palaeo.2017.08.037
https://doi.org/10.1038/ngeo2731
https://doi.org/10.1029/2023GC010992
https://doi.org/10.1029/2023GC010992
https://doi.org/10.1007/s00338-009-0538-0
https://doi.org/10.25845/5C09BF93F315D
https://doi.org/10.1016/j.epsl.2015.09.037
https://doi.org/10.1038/s41598-017-17353-7
https://doi.org/10.1038/s41598-017-17353-7
https://doi.org/10.1016/j.quascirev.2014.05.001
https://doi.org/10.1016/j.quascirev.2014.05.001
https://doi.org/10.1016/j.palaeo.2011.03.031
https://doi.org/10.13128/SUBSTANTIA-264
https://doi.org/10.1016/0012-821X(96)00006-4
https://doi.org/10.1016/B978-0-12-374711-2.00711-7
https://doi.org/10.1016/B978-0-12-374711-2.00711-7
https://doi.org/10.1017/S0033822200033865
https://doi.org/10.1029/1999GL900161
https://doi.org/10.1016/j.palaeo.2016.11.013
https://doi.org/10.1016/j.palaeo.2016.11.013
https://doi.org/10.1016/j.quascirev.2009.07.010
https://doi.org/10.1016/j.quascirev.2009.07.010
https://doi.org/10.1038/nature01779
https://doi.org/10.1002/joc.5983
https://doi.org/10.1002/joc.5983
https://doi.org/10.3402/polar.v30i0.7379
https://doi.org/10.5194/cp-13-1403-2017
https://doi.org/10.1016/j.chemgeo.2025.123109
https://doi.org/10.1016/j.chemgeo.2025.123109
https://doi.org/10.1016/j.palaeo.2024.112576
https://doi.org/10.1016/j.palaeo.2024.112576
https://doi.org/10.1002/2014GL061446
https://doi.org/10.1002/2014GL061446
https://doi.org/10.1038/321058a0
https://doi.org/10.1038/321058a0
https://doi.org/10.1029/1999JC900212
https://doi.org/10.1002/2014GL062997
https://doi.org/10.1002/2014GL062997
https://doi.org/10.1029/2012PA002350
https://doi.org/10.1016/j.palaeo.2014.04.002
https://doi.org/10.1007/s00338-014-1245-z
https://doi.org/10.1007/s00338-014-1245-z
https://doi.org/10.1016/j.palaeo.2009.06.007
https://doi.org/10.1007/s00338-022-02263-6
https://doi.org/10.1007/s00338-022-02263-6
https://doi.org/10.1007/s00338-023-02455-8
https://doi.org/10.1007/s00338-023-02455-8
https://doi.org/10.1007/s00338-016-1538-5
https://doi.org/10.1007/s00338-016-1538-5
https://doi.org/10.1029/2009GL041281
https://doi.org/10.1007/s10584-011-0263-x
https://doi.org/10.1007/s10584-011-0263-x
https://doi.org/10.1175/JCLI-D-13-00781.1
https://doi.org/10.1175/JCLI-D-13-00781.1
https://doi.org/10.1007/s10584-008-9476-z
https://doi.org/10.1007/s10584-008-9476-z
https://doi.org/10.1016/j.orggeochem.2006.03.008
https://doi.org/10.1016/j.orggeochem.2006.03.008
https://doi.org/10.1016/j.gca.2007.04.003
http://refhub.elsevier.com/S0921-8181(26)00438-8/rf0245
http://refhub.elsevier.com/S0921-8181(26)00438-8/rf0245


Han, T., Yu, K., Yan, Hong, Jiang, W., Yan, Hongqiang, Tao, S., 2020. Coral δ18O-based 
reconstruction of El Niño-Southern Oscillation from the northern south China sea 
since 1851 AD. Quat. Int. 550, 159–168. https://doi.org/10.1016/j. 
quaint.2020.04.032.
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Vuuren, D., Wei, Y.-M., Winkler, H., Zhai, P., Zommers, Z., Hourcade, J.-C., 
Johnson, F.X., Pachauri, S., Simpson, N.P., Singh, C., Thomas, A., Totin, E., 
Alegría, A., Armour, K., Bednar-Friedl, B., Blok, K., Cissé, G., Dentener, F., 
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