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Abstract 
 

There can be little doubt of the increasing threat continued ocean warming presents to the 

health and sustainability of coral reefs worldwide. However, the extent to which the 

confounding influence of local environmental and other physiological factors are 

contributing to the observed declines of these fragile ecosystems is unclear. In this thesis, I 

show how coral core trace element (TE) records, in addition to their conventional 

application for paleoclimate reconstructions, can also provide unique perspectives of the 

variable responses of corals to increasing marine heat wave pressures.  

 

Seven coral cores (Porites sp.) were collected from a variety of environmentally distinct 

reef sites across the NW shelf of Australia between 2013 and 2015. The cores were 

sampled at ~ monthly resolution along major growth axes for up to 20 years and analysed 

for a comprehensive suite of trace element proxies (Sr/Ca, Mg/Ca, Li/Mg and Ba/Ca), with 

corresponding records of linear extension also obtained. The coral core records showed 

distinct, across-shore patterns of TE (Sr/Ca, Mg/Ca and Li/Mg) anomalies that 

corresponded with the timing of two ‘unprecedented’ mass coral bleaching events during 

the summers of 2011 and 2013. Several of the cores also showed additional TE anomalies 

consistent with earlier, more localised thermal stress impacts on the inner shelf during the 

late 1990s. I show how the spatial patterns of TE anomalies in the coral records were 

consistent with strong local controls on thermal tolerances  (e.g. due to terrestrial runoff and 

other oceanographic variations between the reefs sites); and additionally, how widespread 

reductions in the magnitude of TE anomalies during the second and more severe 2013 heat 

wave provides new evidence of thermal acclimatisation by this more resilient coral species.  

 

Furthermore, through an approach involving the bi-variate analysis of different pairs of 

chemically dissimilar TE ratios (i.e. Sr/Ca and Mg/Ca; and Sr/Ca and Li/Mg), I outline how 

the mechanisms responsible for the formation of thermal stress TE anomalies can also be 

constrained. In particular, I show how the similar, highly correlated responses of these 

different TE ratios indicate that the formation of thermal stress TE anomalies occurs largely 

independently of their chemical and physical properties. I show how the magnitude of these 

TE anomalies was instead related to strong, concurrent declines in coral growth rates during 
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periods of thermal stress and bleaching, which provides strong evidence for a ‘bio-

smoothing’ control on their formation. This finding was important as it establishes the link 

between previous observations of high-density thermal stress bands in coral skeletons and 

the observed ‘attenuation’ of seasonally variable TE profiles during marine heat wave 

events.  

 

In the fourth chapter of this thesis, the same core records were analysed for Ba/Ca ratios to 

establish baseline records of key environmental differences between the reef sites. The 

Ba/Ca records showed distinctive differences in seasonal and inter-annual variability that 

provide useful insights into a range of hydrological forcings and other key environmental 

processes in the region. Five of the six coral records showed Ba/Ca variability that was 

consistent with the variable exposure of the reef sites to terrestrial runoff on the inner shelf 

and seasonal upwelling events along the NW shelf margin. These differences were 

consistent with the variable across shore patterns of thermal stress anomalies in the records 

thus reaffirming the importance of local conditions in modulating coral stress responses 

during episodic heat wave events. This confirms that integrated analysis of coral Ba/Ca 

ratios with other temperature sensitive TE proxies can provide useful information to assist 

with future management strategies, allowing for direct assessments of the importance of a 

variety of reef conditions on the health and resilience of coral communities to episodic 

disturbances. 

 

Overall this thesis shows that the biological modulation of the coral calcifying fluid 

environment enables for the interpretation of coral core TE records through an alternate 

paleo-physiological framework. While our understanding of the influence of vital effects on 

coral paleoclimate reconstructions remains incomplete, the promising findings of this study 

should nevertheless encourage further research in order to ensure all the information 

contained within these unique bio-geological records can be fully exploited.  

  



vi 

TABLE OF CONTENTS 
Thesis Declaration .......................................................................................................................... iii	  

Abstract .......................................................................................................................................... iv	  

List of Figures ................................................................................................................................ xi	  

List of Tables ............................................................................................................................... xiv	  

Acknowledgements ...................................................................................................................... xvi	  

Authorship Declaration: Co-authored Publications ..................................................................... xix	  

Chapter 1: Introduction ............................................................................................................. 21	  

1.1.1 Decline of the world’s corals reefs ................................................................... 21	  

1.1.2 Coral bleaching: Causes and Consequences ..................................................... 22	  

1.1.3 Environmental and physiological controls on coral bleaching impacts ........... 23	  

1.2. A Review of Coral Geochemistry .......................................................................................... 26	  

1.2.1 Coral Paleoclimate records ............................................................................... 26	  

1.2.2 Coral ‘Vital Effects’ – Thermal Stress Signatures in Coral TE records ........... 28	  

1.3. Project Overview .................................................................................................................... 29	  

1.3.1 Research Objectives ......................................................................................... 30	  

1.3.2 Primary Research questions .............................................................................. 30	  

1.3.3 Organization and summary of main thesis chapters ......................................... 31	  

References ..................................................................................................................................... 32	  

Chapter 2: Differential response of corals to regional mass-warming events as evident 

from skeletal Sr/Ca and Mg/Ca ratios ...................................................................................... 39 

2.1 Abstract ................................................................................................................................... 40	  

2.2 Introduction ............................................................................................................................. 41	  

2.3 Materials and Methods ............................................................................................................ 45	  

2.3.1 Study Sites ........................................................................................................ 45	  

2.3.2	  Coral sample collection and preparation .......................................................... 46	  

2.3.3Tantabiddi and Bundegi in-situ and remote SST data ....................................... 47	  

2.3.4  Sr/Ca and Mg/Ca age model determination .................................................... 48	  

2.3.5  Calibration of the Sr/Ca temperature proxy and Mg/Ca relationships ............ 49	  



vii 

2.3.6	  Linear extension rates ....................................................................................... 49	  

2.4	   Results .................................................................................................................................. 50	  

2.4.1 Skeletal trace element abundances at Tantabiddi ............................................. 50	  

2.4.2 Skeletal trace element abundances at Bundegi ................................................. 53	  

2.4.3 Linear extension rates ....................................................................................... 56	  

2.5 Discussion ............................................................................................................................... 57	  

2.5.1 Absence of thermal stress signatures at Tantabiddi .......................................... 57	  

2.5.2 Impact of thermal stress on trace element chemistry at Bundegi ..................... 58	  

2.5.3 Modelling of trace element thermal stress induced changes ............................ 62	  

2.5.4 Recovery of Bundegi coral following thermal stress ........................................ 64	  

2.6. Conclusions ............................................................................................................................ 64	  

Acknowledgements ....................................................................................................................... 65	  

References: .................................................................................................................................... 66	  

Chapter 3: Coral records of variable stress impacts and possible acclimatisation to 

recent marine heat wave events on the northwest shelf of Australia. .................................... 71 

3.1 Abstract ................................................................................................................................... 72	  

3.2 Introduction ............................................................................................................................. 73	  

3.3 Methods ................................................................................................................................... 76	  

3.3.1 Site Description ................................................................................................ 76	  

3.3.2 Coral core collection and sampling .................................................................. 77	  

3.3.3 ICP-MS analysis for Sr/Ca and Li/Mg ............................................................. 80	  

3.3.4 In-situ SST data ................................................................................................ 81	  

3.3.5 Satellite SST data .............................................................................................. 81	  

3.3.6 Coral core age model determination and linear extension ................................ 82	  

3.3.7 Determination of Sr/Ca and Li/Mg anomalies: ‘thermal stress signatures’ ...... 82	  

3.3.8 Calculation of Degree Heating Weeks during 2011 and 2013 warming 

events (DHW) ............................................................................................................ 83	  

3.4 Results ..................................................................................................................................... 84	  



viii 

3.4.1 Coral Sr/Ca, Li/Mg and linear extension records ............................................. 84	  

3.4.2   2011 and 2013 Marine Heat Wave events ...................................................... 84	  

3.4.3 Combined assessment of all TE ratio and extension rate responses during      

2011 and 2013 events ................................................................................................. 88	  

3.4.4   Other anomalous periods in the core records ................................................. 90	  

3.5 Discussion ............................................................................................................................... 93	  

3.5.1 Coral core thermal stress signatures ................................................................. 93	  

3.5.2   2011 and 2013 marine heat wave events ........................................................ 93	  

3.5.3   Local controls on coral bleaching responses .................................................. 95	  

3.5.4   Sr/Ca and Li/Mg systematics – evidence for growth rate control on 

formation of anomalies .............................................................................................. 97	  

3.5.5 Acclimatisation of corals to thermal stress ....................................................... 98	  

3.6 Summary ............................................................................................................................... 100	  

Acknowledgements ..................................................................................................................... 100	  

References ................................................................................................................................... 101	  

3.7 Appendix ............................................................................................................................... 107	  

Chapter 4: Coral core Ba/Ca records of terrestrial sediment inputs and upwelling 

onto the northwest shelf of Australia ...................................................................................... 111	  

4.1 Abstract ................................................................................................................................. 112	  

4.2 Introduction ........................................................................................................................... 113	  

4.3 Methods ................................................................................................................................. 115	  

4.3.1 Study region .................................................................................................... 115	  

4.3.2 Wheatstone LNG Project: Dredging Operations from April 2013 to  

January 2015 ............................................................................................................ 117	  

4.3.3 Core collection and preparation ...................................................................... 118	  

4.3.4 ICP-MS analyses for Sr/Ca and Ba/Ca ratios ................................................. 118	  

4.3.5 Sr/Ca and Ba/Ca data processing .................................................................... 119	  

4.3.6 Environmental data: river discharge, rainfall, wind and turbidity .................. 119	  

4.4 Results ................................................................................................................................... 120	  



ix 

4.4.1 Coral Ba/Ca records ........................................................................................ 120	  

4.4.2 In-situ NTU data ............................................................................................. 124	  

4.5 Discussion ............................................................................................................................. 126	  

4.5.1 Inner and mid-shelf core records:  Ward, Herald and Airlie .......................... 126	  

4.5.2 Outer-shelf and offshore core records: Tantabiddi and Montebello’s ............ 128	  

4.6 West record: ‘anomalous’ Ba/Ca variability ......................................................................... 130	  

4.6.1 Evidence for temperature and growth related controls on West Ba/Ca 

record ........................................................................................................................ 130	  

4.6.2 Evidence for biological controls on West Ba/Ca behavior ............................. 131	  

4.7 Conclusions ........................................................................................................................... 133	  

References: .................................................................................................................................. 134	  

Chapter 5: Conclusions ............................................................................................................. 138	  

5.1 Summary of key findings ................................................................................... 138	  

5.2 Methods used to identify TE anomalies in high-resolution core records: ......... 139	  

5.3 Spatial and temporal patterns of thermal stress TE anomalies: ......................... 139	  

5.4 Mechanisms to account for the formation of thermal stress TE ratio 

anomalies: ................................................................................................................ 141	  

5.5 Coral Ba/Ca records from the NW shelf ............................................................ 142	  

Directions for future research .................................................................................................. 143	  

References: .................................................................................................................................. 145	  

Appendix 1: Thesis Data ............................................................................................................ 147	  

Appendix 2:	  Clarke, H., D'Olivo, J. P., Falter, J., Zinke, J., Lowe, R., & McCulloch, M. 

(2017). Differential response of corals to regional mass‐warming events as evident from 

skeletal Sr/Ca and Mg/Ca ratios. Geochemistry, Geophysics, Geosystems. ............................... 161	  
Appendix 3: Clarke, H., D'Olivo, J., Conde, M., Evans, R., & McCulloch, M. (2019).  

Coral records of variable stress impacts and possible acclimatisation to recent marine heat 

wave events on the northwest shelf of Australia. Paleoceanography and Paleoclimatology. ... 177 



x 
 

  



xi 

List of Figures 

Chapter 2: Differential response of corals to regional mass-warming events as evident 

from skeletal Sr/Ca and Mg/Ca ratios 

Figure 1. Location of Tantabiddi and Bundegi coral sites in the northern region of Ningaloo Reef (left) and 

core slab X-rays (right). Coral cores were collected from massive Porites sp. colonies from the two sites in 

2008 (08BND and 08TNT) and again in 2013 (13BND and 13TNT). The red lines indicate sampling transects 

for Sr/Ca and Mg/Ca analysis and approximate start and end dates for the core records (years) are provided 

alongside. 

Figure 2. A) Sr/Ca-SST correlations for the two Tantabiddi (08TNT and 13TNT) coral core records; and B) 

Mg/Ca-SST correlations calculated for the 13TNT coral core record (linear regression equation coefficients 

are shown in Tab. 1). For the subdivided 13TNT Sr/Ca and Mg/Ca records, no significant change in the linear 

regressions of the Sr/Ca-SST and Mg/Ca-SST correlations was observed from November 2010 to April 2011 

as indicated by the red circles (A) and the red squares (B); thus, suggesting thermal stress did not have a 

significant impact on coral ‘vital effects’ during the 2010/11 warming event. 

Figure 3. A, C) Sr/Ca-SST records (black circles – 08TNT and 08BND records, blue circles – 13TNT and 

13BND records) and Mg/Ca-SST records (light blue squares – 13TNT and 13BND records) for the 

Tantabiddi (A) and Bundegi (C) coral core records. B, D) Monthly temperature residuals (i.e. Sr/Ca-SST and 

Mg/Ca-SST minus instrumental SST) for Tantabiddi (B) and Bundegi (D) Sr/Ca-SST and Mg/Ca-SST 

records. The Sr/Ca-SST and Mg/Ca-SST records were calibrated using the respective linear regression 

equations of the bulk correlations obtained for each of the core records from the two sites (see Figs. 2,5, Tabs. 

1, 2). For the 13TNT and 13BND records, Sr/Ca-SST’s and Mg/Ca-SST’s recorded during the 2010/11 

marine heat wave are indicated by marker points with red fill. For the 13BND record, the anomalous increase 

and decrease in Sr/Ca and Mg/Ca ratios recorded during the summer of 2010/11 (see red markers, Figs. 5a, 

5b) lead to Sr/Ca-SSTs and Mg/Ca-SSTs underestimating the instrumental temperature record by up to ~5 °C 

(D) during this period. Where no such changes in Sr/Ca and Mg/Ca ratios were observed in the Tantabiddi

record, this was consistent with reports of increased coral bleaching (and hence thermal stress) at Bundegi

(~90% bleaching) compared to Tantabiddi (~20% bleaching) (Moore et al., 2012).

Figure 4. Sr/Ca versus Mg/Ca for the 13TNT (blue) and 13BND (black) core records. The red markers 

indicate values recorded during the 2010/11 marine heatwave at Ningaloo. 

Figure 5. A) Sr/Ca-SST correlations for the two Bundegi coral core records (08BND and 13BND); and B) 

Mg/Ca-SST correlations calculated for the 13BND coral core record. For the subdivided 13BND Sr/Ca and 

Mg/Ca records, corresponding with the timing of the 2010/11 marine heat wave at Ningaloo, a strong (~70%) 

decline in the slope of the Sr/Ca-SST and Mg/Ca-SST regressions was observed (see red markers, Tab. 2) 



xii 

suggesting thermal stress strongly affected coral ‘vital’ processes, leading to changes in the incorporation of 

Sr and Mg in coral skeleton deposited during this period. For Sr/Ca-SST and Mg/Ca-SST regressions 

calculated for the 12 months following this warming event (see orange markers), both linear regressions 

returned to their pre-thermal stress configurations, suggesting that conditions within the calcifying fluid 

returned to ‘normal’ shortly after SSTs at the site returned below bleaching thresholds.  

Figure 6. Linear extension calculated for the 08TNT (black circles), 08BND (blue circles), 13TNT (black 

squares) and 13BND Sr/Ca data (blue squares). Linear extension was measured for the 12 months from July 

to June of each year (i.e. centred on January) by measuring the distance between Sr/Ca maxima’s (SST 

minima’s) for each of the core records. For the overlapping section of the 08BND and 13BND cores, the later 

13BND showed reduced extension rates (by a factor of 1.3 on average). Thus, to enable comparisons of 

extension rates between the two Bundegi cores, we generated an adjusted 13BND linear extension record (red 

squares) by multiplying all the 13BND extension values by a factor of 1.3. 

Figure 7. Modelled response of Sr/Ca and Mg/Ca ratios to variations in P (i.e. 0 to 1) and the concentration of 

Ca2+ in the calcifying fluid (i.e. 10.53 for “low Ca” versus 10.63 for “high-Ca”). Calculations were based on 

the Rayleigh fractionation definitions from Sinclair (2015) using a             KDSr = e(-1.86+600/T) from Gaetani and 

Cohen (2006) and KDMg =  e(-12.9+1729/T). It was assumed that the active transport to CF is specific only to Ca. 

The predicted and observed Sr/Ca and Mg/Ca ratios for January 2011 for the 13BND coral record are shown 

with the square markers (no fill = predicted, black/blue fill = observed). The predicted Sr/Ca and Mg/Ca 

ratios were determined from the long-term, pre thermal stress calibrations (i.e. June-05 to Oct-2010 

calibrations, Figs. 5a, 5b, Tab. 2) for a temperature of 29.8 °C. 

Chapter 3: Coral core records of variable stress impacts and possible acclimatisation 

to recent marine heat wave events on the northwest shelf of Australia.  

Figure 1. IMOS maximum monthly-daytime SSTs from 2000 to 2010 across the Exmouth/Onslow study area 

(available at: https://portal.aodn.org.au). The reef sites where the coral cores were collected are shown with 

black markers: Tantabiddi (TANT), Bundegi (BUND), Herald (HER), Ward (WAR), Airlie (AIR), West 

(WEST) and the Montebello’s (MONT). 

Figure 2. Monthly resolution, coral-core Sr/Ca (left hand panels), Li/Mg (right hand panels) records, and 

satellite SST records (light blue lines) from the inner, mid and outer-shelf/offshore reef sites on the NW shelf 

of Western Australia.  Each TE record is shown with the overlapping satellite SST records (light blue lines) 

for each reef site. The vertical red bars indicate where statistically significant SST residuals (p < 0.05) were 

observed between seasonal Sr/Ca and Li/Mg minima (i.e., Sr/Ca-SST and Li/Mg-SST maxima), and seasonal 

SST maxima in the satellite records (based on mean values recorded between 2001 and 2010; see Table. S2). 



xiii 

Figure 3. Standardised annual linear extension records. Linear extension was measured as the interpolated 

sampling distance between adjacent seasonal Sr/Ca maxima in the core records. Standardised values were 

calculated based on average values from 2007 to 2013 in each core record (i.e. period where all the core 

records overlapped; Table 2). 

Figure 4. Monthly degree heating weeks (DHW °C) across the 2011 marine heat wave event. The location of 

the coral records are shown during the month when maximum thermal stresses were recorded at each site: 

Ward (W), Herald (H), Bundegi (B), Airlie (A), West (w), Tantabiddi (T) and Montebello’s (M).  

Figure 5. Monthly degree heating weeks (DHW °C) across the 2013 marine heat wave event. The location of 

the coral records are shown where maximum thermal stresses were recorded at each site: Ward (W), Herald 

(H), Bundegi (B), Airlie (A), West (w), Tantabiddi (T) and Montebello’s (M). 

Figure 6. Significant coupling observed between the magnitude of Sr/Ca and Li/Mg ratio anomalies during 

the 2011 (black markers) and 2013 (red markers) heat wave events. The magnitude of the Sr/Ca and Li/Mg 

anomalies were determined by comparing observed Sr/Ca and Li/Mg minima against predicted Sr/Ca and 

Li/Mg minima. Predicted values were derived from the maximum monthly SSTs recorded at each reef site 

during the 2 events, using the Sr/Ca-SST and Li/Mg-SST calibration equations for the period from 2001 – 

2010 in each record (Table S1).  

Figure 7. The magnitude of Sr/Ca and Li/Mg anomalies observed in all core records during the 2011 (black 

markers) and 2013 events (red markers) versus: a, b) annual linear extension rates; c, d) maximum degree 

heating weeks, and e, f) maximum weekly SSTs recorded at each reef site. Linear regressions are included 

where significant relationships were observed (i.e., p < 0.05).   

Chapter 4: Coral core Ba/Ca records of terrestrial sediment inputs and upwelling 

onto the northwest shelf of Australia  

Figure 1. A) Location of the core sites on the NW shelf of Australia, and B) insert showing the location of the 

dredging shipping channel and sediment dispersal sites as part of the Wheatstone LNG Project.   

Figure 2. A – F) Coral core Ba/Ca records from the 6 reef sites on the NW shelf.  The Sr/Ca record from the 

West coral core (E) is also shown due to its similaritiy with the Ba/Ca record (see. Fig. 5, 6). G) Ashburton 

river discharge and H) Rainfall data from Barrow Island and Onslow Airport.  

Figure 3. Median monthly profiles of A) SSTs; B) Sr/Ca and C) Ba/Ca for the different reef sites and core 

records respectively, for the period from 2000 to 2012; D) Median monthly river discharge (blue) and rainfall 

(black lines) for the period from 2000 to 2012; and E) Mean monthly 9am and 3pm wind speeds and 

directions for Barrow Island from 1999 to 2010 (i.e. located ~80 km north of the Onslow study sites. Wind 

vector data was sourced directly from the Australian Bureau of Meteorology (2019).   



xiv 

Figure 4. In-situ turbidity data (NTU) collected from water monitoring buoys deployed as part of the 

Wheatstone LNG project. Water monitoring began ~ 2 years prior to dredging to establish baseline values for 

the monitored reef sites. Ashburton River discharge is also shown (blue bars).   

Figure 5. A) Median monthly Sr/Ca versus median monthly SST; B) median monthly Ba/Ca versus median 

monthly SST and C) median monthly Ba/Ca versus Sr/Ca relationships obtained for each of the core records. 

Linear regressions for the West core record were included in each plot due to highly significant coupling 

observed between monthly Sr/Ca and Ba/Ca data.  

Figure 6. Experimentally determined thermodynamic partition coefficients for Sr/Ca and Ba/Ca in abiogenic 

aragonite (Gaetani and Cohen, 2006). A) Shows expected changes for both skeletal TE ratios as a function of 

SST whereas B) shows expected changes in both coral TE ratios as a function of precipitation efficiency, 

where P denotes the amount of fluid remaining in the calcifying fluid prior to seawater (‘SW’) replenishment.  

List of Tables 

Chapter 2: Differential response of corals to regional mass-warming events as evident 

from skeletal Sr/Ca and Mg/Ca ratios. 

Table 1. Slope (m) and y-intercept (b) terms for the Sr/Ca-SST and Mg/Ca-SST linear regressions equations 

calculated for the two Tantabiddi core records (08TNT and 13TNT). The bulk Sr/Ca-SST and Mg/ Ca-SST 

linear regression equations were used to calibrate the coral temperature records shown in Fig. 3a and included 

all Sr/Ca and Mg/Ca data up to May 2012. For the subdivided 13TNT record, the periods listed above 

correspond to the linear regressions shown in Fig. 2 (except coefficients for Mg/Ca-SST equations indicated 

by * which are not shown in Fig. 2b).  

Table 2. Slope (m) and y-intercept (b) terms for the Sr/Ca-SST and Mg/Ca-SST linear regressions equations 

calculated for the two Bundegi core records (08BND and 13BND). The bulk Sr/Ca-SST and Mg/ Ca-SST 

linear regression equations were used to calibrate the coral SST records shown in Fig. 3c and included all 

Sr/Ca and Mg/Ca data up to May 2012 except anomalous values recorded during the 2010/11 marine heat 

wave at Ningaloo from November 2010 to April 2011. For the subdivided 13BND record, the periods listed 

above correspond to the linear regressions shown in Fig. 5a, b. 

Chapter 3: Coral core records of variable stress impacts and possible acclimatisation 
to recent marine heat wave events on the northwest shelf of Australia.  

Table 1. Coral cores from the nearshore, mid-shore and offshore sites on the NW shelf analysed in this study. 



xv 

Table 2. Linear extension rates calculated for each of the core records. Included are the average values for 

each record for the period of overlap of all the cores (i.e., 2007-2013), which were used to calculate the 

standardized linear extension records shown in Fig. 5 



xvi 

Acknowledgements 

While there have been ups and downs – perhaps better summarized as periods of 

productive and enthusiastic ‘work’ engagement and the contrary – having been afforded the 

opportunity to tirelessly obsess over a peculiar scientific niche has, in hindsight been a 

highly rewarding experience. I’m particularly grateful for all the wonderful people I have 

been able to meet and work alongside at UWA over the last four years, many of who I now 

consider to be great friends. I must begin by extending a special thank you to Claire Ross, 

Becks Green, Mario-Condè Frias, Camille Werner, Verena Schoèpf, Jim Falter, Carlin 

Bowler, Anton Kuret, Pete Scott, Mike Cuttler, Mark Buckley, Micha Campbell, Kai 

Rankenburg, Jens Zinke, Hans Oskierskim, Julie Trotter and Aleksey Sadekov for their 

moral support, selfless assistance and the otherwise many good times shared over the last 

few years.   

I must extend a special thank-you to my supervisors Juan Pablo D’Olivo Cordero and 

Malcolm McCulloch for their unwavering support and encouragement throughout the 

course of my postgraduate candidature. Juan, you have been on the forefront of my prima 

donna attitude for the last four years but have been there to assist every step of the way. I 

would never have been able to finish this thesis were it not for all your help so I cannot 

thank you enough. Malcolm, I must especially thank you for enabling me to continue my 

studies at UWA. It’s been an enormous privilege and I’m ecstatic to have finally reached 

this point. I wish you both the very best for the future.  

Last, I must make a special mention of the close support provided by my family over the 

last few years. With terrible sadness, my mother, Jennifer Jane Magoffin, succumbed to a 

long illness and passed away during March 2018. She was immensely proud of my 

undertaking of a PhD and would have loved to be here to finally celebrate the end of my 

many years here at UWA. Mum, you were the cornerstone of our happy family and are 

dearly missed by us all. I will endeavour to continue living up to your high standards and 

make you proud in all I do. Next, to my hilarious and one-of-a kind sister Martha, you have 

been another great inspiration and of invaluable personal support and assistance over the 

last few years. Among other things, were it not for your constant deliverance of brutal 

shutdowns, your painfully self-righteous, “Pretty-huge…Deal”, of a brother would 



xvii 

probably have become completely unbearable. For this alone I’ll be forever grateful. Last 

but not least, to my father, Steven Clarke. I would never have stuck this out were it not for 

your enormous support and generosity. Forced to bear full-time witness to my tediously 

slow progress, your tolerance and persistent encouragement has gone well beyond what 

should reasonably have to be expected of any father. In final response to your all-to-often 

repeated declaration: “No-one could possibly be more relieved to see you finally finish this 

wretched PhD other than myself!” – this thesis is dedicated to you. 

This thesis was funded by an Australian Research Council (ARC) Laureate Fellowship 

(LF120100049) awarded to Professor M. McCulloch, the ARC Centre of Excellence for 

Coral Reef Studies (CE140100020). This research was supported by an Australian 

Government Research Training Program (RTP) Scholarship. 



xviii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  



 
 

xix 
  

Authorship Declaration: Co-authored Publications 
This thesis contains work that has been previously published and is currently in review for 

publication.  

Details of the work: 

Clarke, H., D'Olivo, J. P., Falter, J., Zinke, J., Lowe, R., & McCulloch, M. (2017). 
Differential response of corals to regional mass‐warming events as evident from 
skeletal Sr/Ca and Mg/Ca ratios. Geochemistry, Geophysics, Geosystems.  

	  

Location in thesis: Forms the entirety of Chapter 2	  

Student contribution to work: I collected the data for analysis, designed and 
conducted the lab analysis, wrote the manuscript and completed the journal 
revisions. Co-authors provided technical and analytical assistance, and provided 
feedback of the manuscript and its revisions. 

	  

Co-supervisor authorization 

I, Juan Pablo D’Olivo Cordero, certify that the student statements regarding their 
contribution to each of the works listed above are correct. 

 

Signature te: 

Coordina

I, Malcolm McCulloch, certify that the student statements regarding their contribution 
to each of the works listed above are correct. 

 

            Signatur ate: 	  

 

 17/07/2020

17/07/2020



xx 
 

Details of the work: 

 Clarke, H., D'Olivo, J., Conde, M., Evans, R., & McCulloch, M. Coral records of 
variable stress impacts and possible acclimatisation to recent marine heat wave 
events on the northwest shelf of Australia. Paleoceanography and 
Paleoclimatology.  

Location in thesis: Forms the entirety of Chapter 3	  

Student contribution to work: I collected the data for analysis, designed and 
conducted the lab analysis and wrote the manuscript. Under my instruction, Mario 
Conde-Frias wrote the Matlab script for the spatial calculation of Degree Heating 
Weeks across the study area. The other co-authors primarily assisted with feedback 
of the manuscript and its revisions. 

	  

Co-supervisor authorization 

I, Juan Pablo D’Olivo Cordero, certify that the student statements regarding their 
contribution to each of the works listed above are correct. 

 

Signature ate: 

 

            Coordinating supervisor authorization 

I, Malcolm McCulloch, certify that the student statements regarding their contribution to           
each of the works listed above are correct. 

 

            Signature  

 

  

17/07/2020

17/07/2020



 
 

21 
  

Chapter 1 

1.1 Introduction 

1.1.1 Decline of the world’s corals reefs 

Coral reefs support the highest biodiversity of all marine ecosystems (Wilkinson et al., 

2004) and provide vital socio-economic benefits to hundreds of millions of people 

worldwide through fisheries, coastal protection and tourism (Moberg and Folke, 1999). 

Colloquially referred to as ‘the rainforests of the sea", coral reefs are the undeniable 

cornerstone of tropical marine ecosystems, providing essential habitat and food resources 

for many tens of thousands of low to higher order marine species (Connell, 1978). 

However, coral reefs are currently in a state of serious decline due to the effects of 

anthropogenic climate change combined with the increasing impacts of a range of chronic 

local stressors (e.g. declines in water quality, pollution and over-fishing; Hoegh-Guldberg, 

1999; Bellwood, 2004; Veron et al., 2009; Hughes et al., 2017). An estimated thirty per 

cent of the world’s coral reefs have already been seriously damaged and an estimated sixty 

per cent may be lost by 2030 if serious efforts to curb global warming and reduce additional 

anthropogenic footprints are not instigated (Wilkinson et al., 2002; Buddemeier et al., 

2004; Grottoli et al., 2014: Hughes et al., 2017, 2018). 

Significant increases in background sea surface temperatures (SSTs) since the pre-industrial 

era (~ 0.8 °C since late 1800s; IPCC, 2018) have greatly increased the frequency, severity 

and spatial extent of periodic coral bleaching and associated mortality events in recent 

decades (Hoegh-Guldberg, 1999; Hughes et al., 2017). Corals are highly sensitive to their 

ambient conditions and empirical evidence has shown coral bleaching can occur with SST 

anomalies of as little as 1 °C above normal summer maximums (Glynn and D’Croz, 1990; 

Fitt et al., 2001; Eakin et al., 2009). Regional to global scale coral bleaching events have 

historically been associated with extreme phases of a variety of inter-annual to decadal 

scale climate modes, most notably the El-Niño Southern Oscillation (Brown, 1990; Hoegh-

Guldberg, 1999; Pandolfi et al., 2003; McPhaden et al., 2006; Feng et al., 2013; Normile, 
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2016; Hughes et al., 2017); however, are now increasingly occurring outside of these 

conditions as corals function exceedingly close to their thermal limits during normal 

summer months (Grottoli et al., 2014; Hughes et al., 2018). Forecast models of global CO2 

emissions have predicted that coral reefs may experience annual bleaching by 2040 if 

current global warming trends continue unabated (Grottoli et al., 2014).  

 

1.1.2 Coral bleaching: Causes and Consequences 

Corals draw their energy requirements from a combination of sunlight and heterotrophic 

feeding. Reef-building corals are hosts to dinoflagellate symbionts, commonly referred to 

as zooxanthellae (Pearse and Muscatine, 1971). Zooxanthellae provide the majority of the 

coral’s metabolic and calcification energy requirements through photosynthesis (Muscatine, 

1990) with the remainder obtained through heterotrophic feeding, i.e., polyp feeding on 

plankton, organic matter and bacteria (Johannes et al., 1970; Sorokin, 1973; Ferrier-Pagès 

et al., 2003). The symbiosis between corals and their zooxanthellae is, however, highly 

sensitive to a range of environmental conditions. Thermal stress and other environmental 

disturbances can lead to the breakdown of zooxanthellae photosynthesis resulting in a 

damaging accumulation of oxygen radicals inside the coral host cells (Lesser, 1997; Downs 

et al., 2002). When this occurs, corals eject their zooxanthellae symbionts in order to 

prevent or mitigate further damage, leading to the characteristic ‘bleaching’ (or whitening) 

of the vacant coral skeleton (Lesser, 1997; Brown, 1997; Coles and Brown, 2003). Marine 

heat waves are widely considered the most serious beaching stressor due to their 

increasingly frequent and widespread impacts (i.e. typically at regional to global scales; 

Hoegh-Guldberg, 1999; Oliver et al., 2009); however, bleaching can also result from 

increases in solar irradiance, decreases in salinity, sedimentation and eutrophication. (Fitt et 

al., 2001; Lough and Cooper, 2011). Coral bleaching can also occur at a variety of 

severities, depending on the intensity and duration of environmental disturbances (Fitt et 

al., 2001; Eakin et al., 2009), as well as on a number of local and physiological factors (see 

following section). After relatively minor bleaching disturbances, corals can recover 

zooxanthellae populations and may only experience slight declines in growth rates (e.g. 

Goreau and Macfarlane; 1990; Cantin and Lough, 2014). In more serious cases however, 

the impairment of a variety of important metabolic and physiological functions can lead to: 
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disease, impaired reproduction, overgrowth by filamentous algae and/or mortality (Szmant 

and Gassman, 1990; Jones et al., 1998; Baird and Marshall, 2002; Diaz-Pulido and 

McCook, 2002; Jones, 2008; Miller et al., 2009)  

 

1.1.3 Environmental and physiological controls on coral bleaching impacts 

While the global outlook for the viability of coral reefs under future climate change 

scenarios is undeniably bleak, the extent to which the confounding effects of additional, 

local stressors are contributing to the observed declines of these ecosystems is unclear (e.g. 

Sheppard, 2003). Coral thermal tolerances are not fixed and can vary substantially both 

within and between different species, driven by local-scale variations in environment: 

temperature, light, and water quality (Fitt et al., 2001; Berkelmans 2002; Fabricius et al., 

2013; Wooldridge, 2009; Wiedenmann et al., 2013); as well as from variations in symbiotic 

and other microbiome assemblages between corals (Berkelmans and Willis, 1999; Schoepf 

et al., 2015; Hume et al., 2015). For example, corals surviving in inter-tidal habitats that are 

naturally exposed to extreme temperature fluctuations have been shown to be more resilient 

to external bleaching perturbations than their sub-tidal counterparts (Schoepf et al., 2015). 

Oceanographic differences between protected inner-shelf localities and more exposed 

outer-shelf or offshore reef sites (e.g. from upwelling or increases in wave action) can also 

alter spatial patterns of SST anomalies and bleaching stress during periodic warming events 

(e.g. Berkelmans et al., 2004; McClanahan et al., 2007; Pineda et al., 2013; Zhang et al., 

2013; Falter et al., 2014).  

 

A variety of synergistic and antagonistic interactions between thermal stress and other reef 

parameters (e.g. light, sedimentation, nutrient and sediment concentrations etc.) have also 

been documented (Coles and Jokiel, 1978; Fitt et al., 2001; Anthony et al., 2007; 

Wooldridge, 2009; Dunne et al., 2010; Fabricius et al., 2013; Ateweberhan et al., 2013; Ban 

et al., 2014). These interactions can lead to significant variations in thermal tolerances and 

are often attributed as the cause of significant small-scale variability in bleaching impacts 

observed during widespread marine heatwave events (Berkelmans, 2002; Wooldridge and 

Done, 2009; Carilli et al., 2009; Ateweberhan et al., 2013). In particular, terrestrial runoff 
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and associated increases in the supply of nutrients and sediments to coral reefs can be 

highly deleterious to corals and reef environments (Fabricius et al., 2005; Erftemeijer et al., 

2012; Weber et al., 2006). Declines in reef water quality (i.e. increases in nutrients and 

pollutants) can both reduce coral thermal tolerances (e.g. Wooldridge and Done, 2009; 

Fabricius et al., 2013) and also reduce rates of recovery post-bleaching (Maina et al., 2011; 

Carilli et al., 2009). Additionally, declines in water quality also support the proliferation of 

a variety of invasive and predatory species (e.g. macro algaes, Crown of Thorns starfish; 

Bell, 1992; Pederson and Borum, 1996; Brodie et al., 2005), which further threaten to 

undermine normal reef ecological balances (e.g. Bellwood et al., 2004). Sedimentation can 

also be highly deleterious to exposed reef environments (Erftemeijer et al., 2012); however, 

its combined effects with thermal stress are less clear due to a variety of associated 

interactions with additional important reef parameters (e.g. light) and coral physiological 

processes. For example, reductions in solar and UV irradiance during marine heatwaves can 

mitigate stress and bleaching impacts (Fitt et al., 2001; Anthony et al., 2007); and 

additionally, terrestrial organic matter and zooplankton may provide an alternate food 

source to offset losses in photosynthetic contributions during bleaching (Anthony and 

Fabricius, 2000; Grottoli et al., 2006; Anthony et al., 2007; Borell and Bischof, 2008; 

Hughes and Grottoli, 2013).  

 

Furthermore, coral bleaching impacts can also vary between successive heatwave 

disturbances as evidence has shown some coral species may have a limited capacity for 

thermal acclimatisation (Coles and Brown, 2003; DeCarlo et al., 2019; D’Olivo et al., 

2019). For example, DeCarlo et al. (2019) recently showed a reduced proportion of stress 

bands in Porites spp. cores from the GBR, Coral Sea and New Caledonia between the years 

2002 and 2016, despite strong increases in the severity of marine heat waves at all three 

locations across this period. While the subject of ongoing research, a variety of mechanisms 

for coral acclimation have been suggested, including: changes in the metabolic condition 

and efficiency by the coral holobiont (Baird et al., 2009; Gibbin et al., 2018); changes in the 

expression of certain genes associated with heat tolerance (e.g. Palumbi et al., 2014); 

changes in the coral microbiome or coral-microbe interactions (Osman, 2016; Webster and 

Reusch, 2017; Zeigler et al., 2017; Morrow et al., 2018); and changes or selective 
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acclimatisation in symbiont communities (Buddemeier and Fautin, 1993; Thornhill et al., 

2006; Berkelmans and Van Oppen, 2006; Hume et al., 2015). However, while evidence for 

acclimatisation is promising, any such capabilities are unlikely to be able to match 

projected rates of ocean warming in the long-term (Ateweberhan et al., 2013; Hoegh-

Guldberg, 2014); and additionally, there is evidence that the ability for corals to acclimatize 

to increasing SSTs may occur at the expense of other important physiological functions 

(e.g. Jones and Berkelmans, 2010). For instance, the switching or shuffling of coral 

symbiont populations to more heat-resistant varieties (Buddemeier and Fautin, 1993; 

Thornhill et al., 2006; Berkelmans and Van Oppen, 2006; Jones and Berkelmans, 2010) has 

previously been shown to lead to reductions in growth rates and reduced reproductive 

efficiencies (Baird & Marshall, 2002; Thornhill et al., 2006; Jones & Berkelmans, 2010) 

As such, amidst the myriad of complexities that can influence spatial and temporal patterns 

of coral bleaching impacts during periodic marine heatwave events, the effectiveness of 

conventional remote sensing, lab experiments and/or direct surveying techniques to assess 

and predict bleaching impacts is often limited (Oliver et al., 2009; Donner, 2011; Logan et 

al., 2012). The unique skeletal growth archives of massive Porites sp. corals have the 

potential to provide real-world, in-situ perspectives into the confounding influence of these 

additional factors on coral stress responses. In addition to their conventional application for 

paleoclimate reconstructions (e.g. Druffel, 1997; Gagan et al., 2000; Felis and Pätzold, 

2003; Grottoli and Eakin, 2007), trace element (TE) and stable isotope records from coral 

cores have shown to be additionally influenced by a variety of biological and physical 

processes related to the isolation and up-regulation of the calcifying fluid environment (de 

Villiers et al., 1995; Cardinal et al., 2001; Al-Horani et al., 2003; Felis et al., 2003; Sinclair, 

2005; Cohen and Gaetani, 2010; McCulloch et al., 2012). The disruption of these processes 

during periods of thermal stress and bleaching can therefore lead to distinct TE signatures 

in coral paleoclimate records, allowing for the impacts of these periodic disturbances to be 

directly assessed.  
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1.2. A Review of Coral Geochemistry 

1.2.1 Coral Paleoclimate records 

Since the discovery of distinct annual density banding patterns in massive Porites spp. 

corals during the 1960s and 70s (Wells, 1963; Knutson et al., 1972; Dodge and Vaišnys, 

1975), the species has become an invaluable source of information for understanding long-

term changes in the global ocean. The rapid growth rates (up to several cm yr-1) of massive 

corals, combined with their longevity (up to ~ 1000 years old; Brown et al., 2009), have 

made them unique bio-geological entities, allowing for long-term and temporally well-

constrained (up to ~ monthly resolution) records of coral growth and paleoclimate (Gagan 

et al., 2000; Felis and Pätzold, 2003; Corrège, 2006; Grottoli and Eakin, 2007). 

Importantly, long-term coral core geochemical records from massive Porites sp. cores 

provide one of just a very few ways in which to assess a range of natural and 

anthropogenic-related changes in marine environments for the period prior to the coverage 

of instrumental data (i.e. pre ~ 1980; Gagan et al., 2000; Kuhnert et al., 2000; Felis and 

Pätzold, 2003; Goodkin and Hughen, 2005; Grottoli and Eakin, 2007; Zinke et al., 2014, 

2019). For example, coral trace element (TE) and stable isotope records have provided 

invaluable empirical evidence of global ocean warming and acidification over the last 

several hundred years (e.g. Pelejero, 2005; Wei et al., 2009; Grottoli and Eakin, 2007), 

variations in terrestrial sediment fluxes associated with extreme weather events and land 

use changes in catchment areas (McCulloch et al., 2003; Fleitmann et al., 2007; Saha et al., 

2016); and changes in oceanic-atmospheric radiocarbon concentrations associated with the 

burning of fossil fuels, oceanic circulation patterns and the prolific testing of nuclear 

weapons during the 1950s and 60s (Nozaki et al., 1978; Cember; 1989; Grottoli and Eakin, 

2007). 

Massive corals continuously calcify their aragonite skeletons throughout the year, with 

seasonal variations in temperature and light leading to the formation of aragonite bands of 

alternating density (Barnes and Lough, 1993; Lough and Cooper, 2011). Coral calcification 

occurs from within a semi-enclosed calcification space located directly below their tissue 

layer (McConnaughey and Whelan, 1997). This allows for the selective up-regulation of 

aragonite saturation states through a variety of active and passive pathways to enhance rates 
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of skeletal precipitation (McConnaughey and Whelan, 1997; Al-Horani et al., 2003; 

Sinclair, 2005; McCulloch et al., 2012). In particular, the Ca2+ ATPase enzyme actively 

exchanges Ca2+ ions from the seawater for H+ ions in the calcifying fluid, increasing the pH 

and Ca2+ concentration within the fluid space (Al-Horani et al., 2003; Tambuttè et al., 2011; 

McCulloch et al., 2012) whereas dissolved inorganic carbon (DIC) is thought to migrate 

passively across this layer as a byproduct of photosynthesis and respiration by the coral 

host (Swart, 1983; McConnaughey et al., 1997).  

In addition to their major skeletal constituents, corals will also incorporate a range of 

seawater TEs (Sr, Mg, Ba, B, U, Li etc.) and elemental isotopes (e.g. δ18O, δ14C) into their 

carbonate lattice that can be analysed using a variety of mass spectrometry techniques (e.g. 

laser ablation or solution chemistry). Many TEs such as Sr, Mg, Li, U and B exhibit highly 

conservative seawater behaviour (Burton and Statham, 1990) and as such, their 

incorporation into the coral skeleton is primarily driven by seasonal variations in 

temperature and other related thermodynamic processes. In particular, the analyses for 

these TE’s along the growth axes of coral cores typically show sinusoidal-like variability at 

sub-annual resolutions that strongly correlate with past seasonal variations in reef 

temperatures (Beck et al., 1992; McCulloch et al., 1994; Fallon et al., 2003; Corrège et al., 

2006). Such observations have led to the development of a suite of TE and stable isotopic 

SST proxies (e.g. Sr/Ca, Mg/Ca, Li/Mg, δ18O) which have been widely utilized to generate 

records of seasonal to longer-term changes in SSTs from coral cores collected from around 

the world (Gagan et al., 2000; Marshall and McCulloch, 2002; Alibert and Kingsley, 2008; 

Grottoli and Eakin, 2007; Felis and Pätzold, 2003; Corrège, 2006; Goodkin and Hughen, 

2005; Zinke et al., 2014, 2019).  

On the other hand, other TEs and elemental isotopes such as Ba or C14 exhibit more 

variable seawater concentrations and as such, their incorporation in coral skeleton is 

primarily controlled by hydrodynamic (e.g. upwelling and/or terrestrial runoff), or other 

processes (e.g. ocean-atmospheric exchange, biological cycling etc.) that enrich or deplete 

their concentrations in marine waters (Bien and Suess, 1967; Dymond et al., 1992; Dymond 

and Collier, 1996; Coffey et al., 1997; Stecher et al., 1999). In particular, the coral Ba/Ca 

proxy has been widely utilized to assess the exposure of corals to terrestrial-runoff and the 

upwelling of deep, Ba rich waters along continental margins  (Tudhope et al., 1996; 
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McCulloch et al., 2003; Montaggioni et al., 2006; Fleitmann et al., 2007; Prouty et al., 

2010). 

1.2.2 Coral ‘Vital Effects’ – Thermal Stress Signatures in Coral TE records 

In addition to permitting reconstructions of reef temperatures and a range of other 

environmental parameters, high-resolution (~ monthly) coral core TE records can also 

provide unique perspectives of how corals are affected and responding to increasing marine 

heatwave pressures. Extensive research has shown the apparent temperature dependencies 

of many commonly analysed coral TE ratios (Sr/Ca, Mg/Ca, Li/Mg, U/Ca etc.) are partly 

indirect due to strong biological influences on coral mineralization (e.g. De Villiers et al., 

1995; Sinclair, 2005; Sinclair and Risk, 2006; Cohen and Gaetani, 2010). In particular, 

because coral calcification occurs from within a semi-isolated and chemically modified 

pocket of fluid located below the tissue layer, the incorporation of most trace elements in 

the coral skeleton is additionally influenced by a variety of physical and chemical effects 

(Sinclair, 2005; Cohen and Gaetani, 2010). The influence of these effects on TE 

incorporation (commonly termed ‘vital effects’) is poorly understood; however, their 

influence is clearly evident by strong variations in TE-SST calibrations between different 

corals (e.g. De Villiers et al., 1995; Cardinal et al., 2001; Fallon et al., 2003; Corrège, 2006) 

as well as from periods of ‘anomalous’ TE variability often observed within individual core 

records (Fallon et al., 2003; Abram et al., 2003; D’Olivo and McCulloch, 2017; D’Olivo et 

al., 2019). In particular, anomalous reductions in the seasonal amplitude of many TE ratios 

that coincide with the timing of past coral bleaching events suggests coral vital effects are 

highly sensitive to thermal stress and possibly other environmental disturbances (Marshall 

and McCulloch, 2002; D’Olivo et al., 2019).  These anomalous TE signatures therefore 

have the potential to provide useful physiological perspectives into the impacts and longer-

term responses of corals to increasing marine heat wave pressures. In particular, when 

analysed alongside additional instrumental or coral TE data, spatial and temporal patterns 

of thermal stress signatures in coral cores may allow for the confounding influence of 

additional reef stressors on coral bleaching impacts to be further constrained.  

While its important to note that such anomalies had already been documented prior to this 

research, they had previously not been the subject of specific research: with little done in 

the way of assessing their reliability or reproducibility; and mostly unsupported, 
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speculative mechanisms provided to explain their formation. The absence of a mechanism 

to account for the formation of thermal stress signatures in coral TE records presents a 

significant limitation to their interpretation. Moreover, with the influence of ‘vital’ effects 

on TE incorporation still largely unconstrained, an understanding of these periods of 

unambiguous TE dysfunction could potentially assist in constraining the influences of these 

effects on coral paleoclimate records more generally. As such, this thesis set about a 

rigorous examination for such signatures in coral cores collected from the NW shelf of 

Australia, which hosts a diverse range of reef environments and importantly, experienced 

two, ‘unprecedented’ mass bleaching events during the summers of 2011 and 2013.  

 

1.3. Project Overview 
 

The NW Shelf is an extensive oil and gas producing region located off the north-western 

coastline of Australia. The shallow marine platform extends approximately 300 km 

offshore and contains many small islands and areas of patch reef. Several of these reefs are 

ecologically significant and protected as marine parks and nature reserves (e.g. Ningaloo 

Reef Marine Park and Montebello Islands). The rapid succession of two unprecedented heat 

wave events on the NW shelf during the summers of 2011 and 2013, combined with strong 

across-shore gradients in the exposure of reef sites exposure to terrestrial runoff and other 

key oceanographic parameters (circulation, upwelling etc.), presented an ideal setting to 

assess for spatial and temporal patterns of thermal stress signatures in coral cores collected 

from across the region. Coral cores were collected from two reef sites on the Ningaloo Reef 

Peninsula during 2013 and five, inner to outer shelf reef sites on the NW shelf located 

immediately to the north during 2015. The cores were analysed at approximately monthly 

resolution for a diverse suite of TE proxies (Sr/Ca, Mg/Ca, Li/Mg and Ba/Ca), with 

corresponding records of linear extension also obtained.  
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1.3.1 Research Objectives  

The primary objective of this thesis was to further develop our understanding of the use of 

coral paleoclimate records as indicators of thermal stress and other physiological processes. 

In the following two chapters of this thesis, we aimed to assess: 

a) if the occurrence of TE anomalies in the coral records was consistent with the timing of 

past marine heat waves in the region;  

b) whether spatial and temporal patterns in the occurrence and magnitude of TE anomalies 

provide insights into relative variations in coral stress impacts and possible environmental 

and physiological controls on bleaching resilience; and, 

c) whether a two tiered approach involving the bi-variate analyses of different pairs of 

chemically dissimilar TE ratios (i.e. Sr/Ca and Mg/Ca; and Sr/Ca and Li/Mg) could allow 

for the mechanisms responsible for the formation of TE anomalies to be constrained.  

In the fourth chapter of this thesis, the same cores were analysed for Ba/Ca ratios to assess 

for key environmental gradients across the study region. We assessed if the Ba/Ca records 

could:  

a) resolve the variable exposure of the reef sites to terrestrial runoff on the inner shelf and 

previously documented upwelling events along the outer shelf (Xu et al., 2013; Rossi et al., 

2013); and if so,  

B) whether the apparent variations in background conditions between the reef sites could be 

reconciled with the spatial and temporal patterns of thermal stress anomalies in the core 

records as outlined in the earlier chapters.  

The primary research questions for this thesis are outlined below: 

 

1.3.2 Primary Research questions 

1. Do coral cores collected from the NW shelf of Western Australia show TE ratio 

anomalies consistent with the timing of recently reported mass-bleaching events 

during the summers of 2011 and 2013? 
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2. Are variations in the magnitude of TE anomalies indicative of levels of stress 

experienced by the corals?  

3. Can the incidence and magnitude of TE anomalies be related to other measurable 

coral core parameters (e.g. linear extension rates); and, can the bivariate analyses of 

different pairs of different TE ratios allow for the mechanisms responsible for their 

formation to be constrained?  

4. Can the analyses for TE anomalies alongside additional Ba/Ca, instrumental and 

satellite SST records allow for the possible contributing influences of local 

environmental differences and physiological variations by the corals to be 

determined?  

1.3.3 Organization and summary of main thesis chapters 

Chapter 2 of this thesis examines Sr/Ca and Mg/Ca records from two coral cores collected 

from opposite coastlines of the Exmouth Peninsula at Ningaloo Reef in 2013. One coral 

core showed clear thermal stress anomalies in both TE ratios that coincided with the timing 

of the 2011 and 2013 marine heatwaves whereas the other core showed no such anomalies 

at any time. The chapter examines the reasons for the differences in stress impacts at the 

two reef sites and proposes the first of two possible mechanisms to account for the 

formation of thermal stress TE anomalies in core records. 

 

Chapter 3 expands on the previous chapter by including an additional five coral cores 

(seven in total) collected from a variety of inner to mid-shore sites located on the NW shelf, 

directly to the north of Ningaloo Reef. This chapter focuses on the examination of the the 

seasonal variability of Sr/Ca and Li/Mg ratios in the core records over the last ~ 20 years, 

with the substitution of the Ca denominator for Mg in the latter ratio undertaken to test the 

mechanistic explanation for the formation of TE anomalies presented in the first chapter. 

Three of the core records showed similar coupled TE ratio anomalies during the 2011 heat 

wave event and five during the subsequent 2013 event. The similar responses of Sr/Ca and 

Li/Mg ratios during the stress events was inconsistent with the mechanistic explanation 

provided in the previous chapter, leading to the proposal of a new, more generalized 

mechanism to account for the formation of thermal stress TE anomalies that is independent 

of differences in their physical and chemical properties. In addition, this chapter compares 
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the spatial and temporal patterns of TE anomalies in the core records against satellite-

derived records of maximum thermal stresses (i.e. DHW) during the two events. This 

provides further compelling evidence for significant local controls on coral thermal 

tolerances (e.g. exposure to terrestrial runoff); and, importantly provides a novel line of 

evidence for thermal acclimatisation by this more resilient coral species.  

Chapter 4 involved the generation of Ba/Ca records from the same coral cores to assess for 

key environmental differences between the different reef sites. The core records showed 

Ba/Ca variability that was largely consistent with the varying exposure of the reef sites to 

terrestrial runoff on the inner shelf and seasonal upwelling influences along the outer shelf 

margin. A separate core record however, showed anomalous Ba/Ca variability that was 

inconsistent with both of these processes. As such this chapter also includes a 

comprehensive discussion of a variety of additional factors that may also influence the 

incorporation of Ba in coral skeletons.     

Chapter 5 is a general conclusion that summarizes the key findings of the thesis and makes 

suggestions for future research.   
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2.1 Abstract 

During the summer of 2010/11, a regional marine heat wave resulted in coral 

bleaching of variable severity along much of the western coastline of Australia. At 

Ningaloo Reef, a 300km long fringing reef system and World Heritage site, highly 

contrasting coral bleaching was observed between two morphologically distinct nearshore 

reef communities located on either side of the Ningaloo Peninsula: Tantabiddi (~ 20% 

bleaching) and Bundegi (~ 90% bleaching). For this study, we collected coral cores 

(Porites sp.) from Tantabiddi and Bundegi reef sites to assess the response of the Sr/Ca 

temperature proxy and Mg/Ca ratios to the variable levels of thermal stress imposed at 

these two sites during the 2010/11 warming event. We found that there was an anomalous 

increase in Sr/Ca and decrease in Mg/Ca ratios in the Bundegi record that was coincident 

with the timing of severe coral bleaching at the site, while no significant changes were 

observed in the Tantabiddi record. We show that the change in the relationship of Sr/Ca and 

Mg/Ca ratios with temperature at Bundegi during the 2010/11 event reflects changes in 

related coral ‘vital’ processes during periods of environmental stress. These changes were 

found to be consistent with a reduction in active transport of Ca2+ to the site of calcification 

leading to a reduction in calcification rates and reduced Rayleigh fractionation of 

incorporated trace elements.  
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2.2 Introduction 

Coral reefs are undergoing rapid decline worldwide (Hoegh-Guldberg, 1999; Hughes et al., 

2003; Pandolfi et al., 2003). This decline has been attributed largely to an increase in the 

frequency and severity of widespread coral bleaching events as a result of the increased 

occurrence of acute, regional ocean warming events (Veron et al., 2009; Hoegh-Guldberg, 

1999; Feng et al., 2013). These large-scale marine heat waves are often driven by 

regionally specific and transient climate phenomena superimposed on longer-term trends in 

global warming. For example, the El Niño Southern Oscillation (ENSO) has been shown to 

drive periodic (around 3-7yr) warm sea surface temperature (SST) anomalies of up to 

several degrees across the Indo-Pacific, Caribbean, and Red Sea (Rasmussen and 

Carpenter, 1982; Wilkinson et al., 1999), which, in turn, have caused mass coral bleaching 

events across the globe. In Australia, the most noteworthy coral bleaching events occurred 

during the summers of 1998 and 2002 (Hoegh-Guldberg, 1999; Bruno et al., 2001; Veron et 

al., 2009; Oliver et al., 2009) as well as 2011 (Moore et al., 2012) and most recently during 

the summer of 2016 (e.g. Hoegh-Guldberg and Ridgway, 2016; Normile, 2016). 

However, at smaller scales (100s m’s to several km’s), spatial patterns of coral bleaching 

resulting from regional warming events can vary considerably within individual reef 

ecosystems (e.g. Berkelmans et al., 2004; Moore et al., 2012). Corals have shown the 

ability to acclimatise to a wide range of local temperature regimes (Brown, 1997; Guest et 

al., 2012; Schoepf et al., 2015). As such, coral bleaching thresholds can vary considerably 

for specific coral taxa between different reef environments (Jokiel and Coles, 1990; Fitt et 

al., 2001; Howells et al., 2012). In addition, differences in reef environment can also affect 

the magnitude of reef-scale SST anomalies and hence, coral bleaching responses during 

regional ocean-warming events (e.g. Depczynski et al., 2013; Falter et al., 2014). For 

instance, small-scale differences in the circulation and residence times of reef waters 

combined with variations in local atmospheric heating can drive strong spatial variations in 

SST anomalies across reef systems (e.g., Davis et al. 2011; Zhang et al., 2013; Li and 
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Reidenbach, 2014), which can also cause similar variations in coral bleaching responses 

(Berkelmans et al., 2004; McClanahan et al., 2007; Pineda et al., 2013).  

Coral bleaching thresholds are typically calculated as one degree above the highest long-

term (~7 year) average monthly SST (often referred to as the Maximum of the Monthly 

Mean (MMM) SST climatology) for any given reef environment (Liu et al., 2003; Liu et 

al., 2006., Skirving et al, 2006). However, resolving small-scale variations in SST 

climatologies as well as variations in the magnitude of SST anomalies during regional 

warming episodes can sometimes be difficult using conventional SST products (i.e. satellite 

records and instrumental SST loggers) due to their spatial and temporal limitations. For 

example, although satellite temperature products have become invaluable for monitoring 

the development of ocean-basin and regional-scale SST anomalies (e.g. Feng et al., 2013; 

Liu et al., 2003), they often cannot resolve small-scale SST variability within reef systems 

due to their limited spatial resolution (typically >5 km). Similarly, instrumental temperature 

loggers require both the foresight and logistic support to provide the necessary spatial and 

temporal coverage in in-situ data, which can be particularly problematic when working in 

remote areas. Where such limitations are encountered, paleoclimate proxy records from 

coral cores offer an alternate method to assess fine scale differences in SST climatologies 

between reef environments (e.g. Alibert et al., 1997; Marshall and McCulloch, 2002; Fallon 

et al., 2003) as well as local variations in stress and bleaching responses of reef habitats 

following anomalous ocean warming episodes (Thompson and Woesik, 2009; D’Olivo et 

al., 2013; Cantin and Lough, 2014). 

To date, the geochemical analysis of environmental proxies (e.g. Sr/Ca, Mg/Ca, U/Ca, 

δ18O) from coral cores is a commonly used approach for generating long term, high-

resolution (bi-weekly to annual) records of tropical seawater temperatures and other 

environmental parameters for the period prior to when instrumental and remotely sensed 

data became available (i.e. before the 1980’s) (Gagan et al., 2000; Eakin et al., 2009). As 

such, coral geochemical proxy records have become an invaluable tool for assessing long-

term ocean warming trends; providing unequivocal evidence of global climate change 
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related to the burning of fossil fuels since the onset of the industrial revolution (around 

mid-1700’s; Gagan et al., 2000; Grottoli and Eakin, 2007). Furthermore, the distinct annual 

density banding pattern observed in massive Porites sp. skeletons permits the measurement 

of skeletal growth parameters from coral cores (i.e. extension and calcification (Lough and 

Barnes, 1997; Lough, 2008; D’Olivo et al., 2013)). This, in turn provides a quantitative 

method by which to directly assess the impacts of acute warming events (Cantin and 

Lough, 2014; Hetzinger et al., 2016) as well as the longer-term impacts of gradual changes 

in reef environmental conditions on coral growth (Cantin et al., 2010; Cooper et al., 2012; 

D’Olivo et al., 2013). 

While the incorporation of trace elements (Sr, Mg, U etc.) in the aragonite crystals (CaCO3) 

of coral skeletons have been shown to be related to a variety of environmental parameters 

such as ambient seawater temperatures (Beck et al., 1992; Fallon et al., 2003; Felis and 

Pätzold, 2003), they are also subject to varying levels of physiologic control. This is 

because corals precipitate their skeleton from a calcifying fluid which is partially isolated 

from the ambient seawater and then physiochemically modified (Al-Horani, 2003, Sinclair, 

2005; Trotter et al., 2011; McCulloch et al. 2012); thereby potentially influencing how trace 

elements are incorporated in the coral skeleton (i.e., via so-called ‘vital effects’ (Sinclair, 

2005; Gaetani and Cohen, 2006; Allison and Finch, 2007)). Although the exact 

mechanisms responsible for observed coral ‘vital effects’ are not yet fully understood, their 

influence on skeletal trace element-calcium ratios (Te/Ca) is clear. For example, Sr/Ca 

ratios in coral skeletons are systematically lower (~10%) than that of inorganic aragonite 

precipitated from an infinite reservoir of seawater (Kinsman and Holland, 1969; Cohen and 

Gaetani, 2010). Similarly, the observed relationship between Mg/Ca and temperature for 

coral skeletons is the opposite of that expected for experimentally precipitated abiotic 

aragonite (Cohen and Gaetani, 2010). 

Current knowledge about the role of coral ‘vital effects’ have been largely limited to 

inferences based on comparisons between the geochemical composition of aragonite in 

coral skeletons collected in situ and laboratory inorganic experiments abiotically 
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precipitating aragonite under known physicochemical conditions (e.g. Sinclair, 2005; 

Cohen and Gaetani, 2010). Consequently, the significance of ‘vital effects’ on long-term 

geochemical proxy records is poorly understood. For example, the slope and intercept of 

regressions of Sr/Ca and Mg/Ca-versus temperature can vary significantly between 

different corals of the same species (Corrège, 2006), which may either reflect physiological 

differences between coral colonies or differences in their local habitat. Geochemical 

anomalies observed in monthly- to seasonal-resolution coral core records that correspond 

with the timing of past coral bleaching events (e.g., Marshall and McCulloch, 2002; 

Hetzinger et al., 2016) allude to the importance of vital effects to modulate the climate 

signal preserved in proxy records; however, they have yet to be studied in detail. Thus, the 

transient effects of environmental perturbations such as ocean warming events on coral core 

geochemical records are potentially useful for understanding the mechanisms responsible 

for coral ‘vital effects’ and the impact of elevated thermal stress on coral physiological and 

calcification processes. 

In this study, we report records of Sr/Ca and Mg/Ca at monthly resolution from coral cores 

collected from Tantabiddi and Bundegi reef sites at Ningaloo Reef, each located ~20 km 

apart in the northwest region of Western Australia. Despite their relatively close proximity, 

these reef sites experienced highly contrasting severities of coral bleaching (around 20% of 

colonies at Tantabiddi versus 90% at Bundegi (Moore et al., 2012; Depczynski et al., 

2013)) during an unprecedented regional ocean-warming event, associated with strong La 

Nina conditions during the austral summer of 2010/11 (Feng et al., 2013). We compare the 

response of the Sr/Ca and Mg/Ca proxies, and coral growth rates during the summer of 

2010/11 at the two sites. We assess the veracity with which geochemical records can act as 

short-term recorders of extreme temperatures and the response of coral Te/Ca temperature 

calibrations to assess thermal stress of coral colonies. We then discuss the potential role of 

the coral Ca2+ATPase enzyme and kinetic processes to explain the anomalous Sr/Ca and 

Mg/Ca ratios observed during the thermal stress event of 2010/11. 
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2.3 Materials and Methods 

2.3.1 Study Sites 

Tantabiddi reef is located on the offshore side of the Ningaloo Peninsula (Fig. 1) and forms 

part of the nearshore lagoon complex of the larger Ningaloo fringing reef system (Wyrwoll 

et al., 1993). Significant swells (heights >1 m) impact the outer reef edge at Ningaloo for 

much of the year (Collins et al., 2003), which drives wave-driven circulation patterns that 

lead to rapid water exchange and ventilation of the inner lagoon at Tantabiddi with waters 

from offshore (Taebi et al., 2011).  

Figure 1. Location of Tantabiddi and Bundegi coral sites in the northern region of Ningaloo Reef (left) and 
core slab X-rays (right). Coral cores were collected from massive Porites sp. colonies from the two sites in 
2008 (08BND and 08TNT) and again in 2013 (13BND and 13TNT). The red lines indicate sampling transects 
for Sr/Ca and Mg/Ca analysis and approximate start and end dates for the core records (years) are provided 
alongside. 

Conversely, Bundegi Reef is situated on the protected north-eastern coastline of the 

Ningaloo Peninsula within the Exmouth Gulf (Fig. 1); a shallow (mean depth 12 m), 

inverse estuarine embayment (Brunskill et al., 2001). Bundegi Reef is protected from 

offshore wave energy and as such, circulation at the reef is predominantly driven by tides 

(Massel et al, 1997). However, locally generated wind-waves within the Exmouth Gulf 
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probably also influence nearshore circulation at Bundegi to a lesser degree, although this 

has yet to be quantified at the site. 

2.3.2 Coral sample collection and preparation 

During August of 2008, the Australian Institute of Marine Science (AIMS) recovered coral 

cores from massive Porites sp. corals located in shallow waters (within 200-300 m of their 

respective shorelines) at Tantabiddi (5 m, 21° 54' 35'' S, 113° 58' 12'' E) and Bundegi (3.5 

m, 21° 52' 11'' S, 114° 09' 23'' E) reef sites at Ningaloo (Fig.1). The University of Western 

Australia recovered additional coral cores from the same coral colonies in August 2013 

several years after the 2010/11 bleaching event. All coral cores were sliced along to their 

main growth axes into rectangular slabs approximately 6 mm thick and soaked in a sodium 

hypochlorite solution to remove residual organic matter. The slabs were then rinsed 

repeatedly with de-ionised water in an ultrasonic bath and dried at 45 °C in an oven for 24 

hours. 

Annual density band couplets (evident as alternating light and dark coloured bands from x-

ray images of coral slices) (Fig.1) were used to make preliminary determinations of core 

chronology and growth axis orientation (see Lough and Cooper, 2011). Coral slices were 

sampled continuously along major growth axes using a Zenbot ® Precision Mill equipped 

with a ~3 mm diameter drill bit. Sample powders were collected at millimetre increments 

(~monthly resolution) along major growth axis (sampling tracts shown in Fig. 1). A 

temporal overlap (2-4 years) between the new (2013) and old (2008) samples was ensured 

to check the agreement between trace element ratios measured between the pairs of cores 

from the two sites. One hundred and fifty samples were collected from each of the 

Tantabiddi and Bundegi cores collected in 2008 (hereafter referred to as 08TNT and 

08BND cores) covering growth periods of 1996-2008 and 1998-2008, respectively. For the 

coral cores collected in 2013 (hereafter referred to as 13TNT and 13BND), one hundred 

and twelve samples were collected from the 13TNT core, covering the 2004-2013 period 

and seventy five were collected from the 13BND core, which covered the 2006-2013 

period.  
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Sample powders were weighed to 5 ± 0.25 mg for cores obtained in 2008 and to 10 ± 0.25 

mg for cores obtained in 2013. Samples were then dissolved in nitric acid and diluted 

through two stages to produce 100 ppm and 10 ppm Ca2+ solutions for trace element 

analysis (Holcomb et al., 2015). Sr/Ca and Mg/Ca was analysed from the 10 ppm Ca2+ 

solutions using a Thermo Fisher Scientific (Bremen, Germany) X Series II quadrupole 

inductively coupled plasma mass spectrometer using the standard Xt interface and plasma 

screen fitted at the University of Western Australia AGFIOR laboratory. Long-term 

reproducibility (RSD, 2 sigma) was derived from the repeated analyses of a gravimetrically 

prepared standard and yielded up to 0.3% for Sr/Ca and Mg/Ca for the analysis of the cores 

collected in 2008 (n = 300) and up to 0.2% and 0.3% for the Sr/Ca and Mg/Ca analysis of 

the cores collected in 2013 (n = 187).  

2.3.3 Tantabiddi and Bundegi in-situ and remote SST data 

Approximately 18 months of in-continuous in-situ temperature data was collected from the 

Tantabiddi coral site between January 2012 and April 2014. The in-situ temperature data 

was used to validate a separate, remotely-sensed (OISST) sea surface temperature (SST) 

record for the calibration of the Tantabiddi Sr/Ca and Mg/Ca core records. The average of 

two, long-term (1996-2013), monthly resolution OISST (50 km2) records (within 

coordinates: 113.5° E, 21.5° S and 113.5° E, 22.5 °S) was taken to give the closest SST 

record to the Tantabiddi site (OISST v2, http://apdrc.soest.hawaii.edu/las/v6/dataset) which 

showed good agreement with the in-situ data within the range of ‘normal’ temperatures 

(~22-30 °C) for the reef site (SST = 1.078×Tin-situ – 2.0, R2 = 0.93). 

For the Bundegi site, we collected approximately two years (January 2012 to March 2014) 

of near continuous in-situ temperature data. This in situ data was combined with a prior 12 

month record of in-situ temperature previously reported in Depczynski et al. (2012) to 

generate a three year, continuous, record of monthly average in-situ (nearshore) SST for the 

period Feb 2011 to March 2014. To extend the temperature record for Bundegi further back 

in time, the in-situ data was used to adjust a longer-term OISST record (1998-2013), which 
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provided complete temporal overlap with the two core records. We took the average of two 

OISST datasets generated for the coordinates: 114.5° E and 21.5° S and 114.5° E and 22.5° 

S, which gave the closest possible, long-term SST record for the Bundegi coral site (i.e. at 

114.5° E, 22° S). For the period of overlap between the Bundegi in-situ and OISST records, 

maximum annual SSTs were in good agreement (average of 29.3 °C during February for 

OISST versus 29.4 °C during February for in-situ record); however, strong differences 

were observed between the records during winter months where the in-situ temperature 

record showed an average annual SST minimum of 21 °C occurring during July compared 

to 23.2 °C during August for the OISST record. We thus adjusted the OISST record by 

subtracting the average monthly difference in SST between the OISST and in-situ records 

from the long-term OISST record to generate a pseudo-nearshore temperature record for 

Bundegi reef for the period from 1998-2013 that showed a mean seasonal monthly-SST 

maxima of 28.9 °C ± 1.1°C (1SD, n = 8) and minima of 21.1°C ± 0.4°C (1SD, n = 8) 

(hereafter referred to as the nearshore SST record).  

2.3.4  Sr/Ca and Mg/Ca age model determination 

Age models for the Tantabiddi and Bundegi Sr/Ca and Mg/Ca datasets were determined by 

aligning the seasonal minima and maxima in the Sr/Ca records with maxima and minima in 

the respective SST records for the two sites using Analyseries software (Paillard et al., 

1996). To further refine the seasonality of the coral core age models, additional ‘anchor 

points’ were added between matching sections of the Sr/Ca and temperature records 

(Alibert and McCulloch, 1997) until the strongest correlation coefficients were obtained. 

Trace-element data from the top ~1 cm of both the 13TNT and 13BND core records (June 

2012 to April 2013) were omitted from the final datasets to exclude the possibility of 

contamination from the presence of organic material (e.g. Alibert and McCulloch, 1997; 

Marshall and McCulloch, 2002). Lastly, the Sr/Ca and Mg/Ca datasets were interpolated to 

monthly resolution, using Analyseries, to produce two continuous monthly Sr/Ca records 

for each of the 08TNT and 08BND core records that covered the periods April 1996 to July 

2008 (08TNT) and April 1998 to October 2008 (08BND) and two Sr/Ca and Mg/Ca 

records for the 13TNT and 13BND records that covered the periods March 2004 to May 

2012 (13TNT) and October 2005 to May 2012 (13BND). 
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2.3.5  Calibration of the Sr/Ca temperature proxy and Mg/Ca relationships 

Bulk Sr/Ca and Mg/Ca-SST correlations were calculated for each of the Sr/Ca and Mg/Ca 

datasets from Tantabiddi and Bundegi. For the 13BND record, anomalous Sr/Ca and 

Mg/Ca data observed from November 2010 to April 2011 were excluded from the 

calculation of the bulk 13BND Sr/Ca-SST and Mg/Ca-SST correlations. The linear 

regression equations of the bulk correlations were used to separately calibrate each of the 

Sr/Ca and Mg/Ca records with temperature from Tantabiddi and Bundegi to produce two 

long-term Sr/Ca-SST reconstructions and one long-term Mg/Ca-SST reconstruction for 

each site. Monthly temperature residuals (Sr/Ca-SST minus instrumental SST and Mg/Ca-

SST minus instrumental SST) were calculated for each of these long-term temperature 

reconstructions to highlight periods where changes in the Sr/Ca-SST and Mg/Ca-SST 

relationships occurred. 

To analyse the effects of thermal stress on the Sr/Ca and Mg/Ca temperature proxies, for 

the 2013 core records from Tantabiddi and Bundegi, we calculated short-term (6 months) 

Sr/Ca and Mg/Ca-SST correlations that corresponded with the timing of the 2010/11 

Ningaloo Niño event and severe coral bleaching at Bundegi (i.e. from November 2010 to 

April 2011). For the 13BND record, we also calculated additional short-term Sr/Ca and 

Mg/Ca-SST correlation for the 12 months following the suspected bleaching of the coral 

(i.e. from May 2011 to May 2012), to see if and how the function of the two proxies 

changed once temperatures at the coral site returned below bleaching thresholds.  

2.3.6 Linear extension rates 

Annual rates of linear extension were calculated from the monthly-interpolated Sr/Ca 

records by measuring the distance between Sr/Ca maxima (i.e., temperature minima) in 

each record. For the period of overlap for the 08BND and 13BND core records (July 2006 

to June 2007 and July 2007 to June 2008), the 13BND record showed reduced (slower) 

linear extension rates compared to the 08BND record (i.e. 11.2 versus 14.5 mmyr-1 and 

11.6 versus 14.8 mm yr-1, respectively), presumably reflecting the effects of sampling 
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different growth axes. We therefore proportionally adjusted all linear extension rates 

measured in the13BND record by a factor of 1.29 to account for the observed differences in 

average linear extension rates during the overlap period. It was not necessary to make any 

such adjustment for the two Tantabiddi core records. 

2.4 Results 

2.4.1 Skeletal trace element abundances at Tantabiddi 

The 08TNT and 13TNT Sr/Ca records were generally in good agreement with the offshore 

SST record (r2 = 0.94 and 0.87, respectively; Fig. 2a, Tab. 1). Both the slope and y-intercept 

terms of the linear regressions for the 08TNT and 13TNT bulk Sr/Ca-SST data indicated 

the two bulk calibrations were not statistically different from one another (p > 0.05, Fig. 2a, 

Tab. 1). Root mean squared errors (RMSE) for the individual monthly Sr/Ca-SST estimates 

for the two records were 0.5 °C and 0.8 °C for the 08TNT and 13TNT records respectively. 

Both Sr/Ca records showed strong inter-annual and inter-decadal variability in the 

magnitude of their respective seasonal maxima and minima (equivalent to ~3 °C) over the 

1996-2013 period; results consistent with the seasonal warming and cooling trends 

displayed in the instrumental SST record (Fig. 3a). For the 13TNT Sr/Ca record, Sr/Ca-SST 

estimates from the bulk calibration showed a cool bias of -0.5 °C on average compared to 

the offshore SST record for the period from April-2004 to June-2008 (-0.53 ± 0.49 °C, 

average ±1 S.E., p < 0.01, n = 51, Fig. 3b). This was followed by a warm bias in Sr/Ca-SST 

estimates from the bulk calibration of +0.6 °C on average from July 2008 to May 2012 

(0.58 ± 0.51, average ±1 S.E. p < 0.01, n = 47). For the bulk 13TNT Mg/Ca-SST 

calibration, temperature estimates were largely consistent across the entire record and 

showed good general agreement with OISST record (RMSE = 0.7 °C, R2 = 0.87; Fig. 2b, 

3a). During the summer of 2010/11 (when mass coral bleaching occurred at Bundegi), no 

anomalous Sr/Ca or Mg/Ca values were observed in the 13TNT record (see red markers, 

Figs. 2a, 2b). From November 2010 to April 2011, Sr/Ca and Mg/Ca temperatures derived 

from the bulk calibrations were within 1°C of the remote SST record (see red markers, Fig. 

3a), suggesting no short-term changes to the temperature relationship of either proxy 
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occurred. 

Figure 2. A) Sr/Ca-SST correlations for the two Tantabiddi (08TNT and 13TNT) coral core records; and B) 

Mg/Ca-SST correlations calculated for the 13TNT coral core record (linear regression equation coefficients 

are shown in Tab. 1). For the subdivided 13TNT Sr/Ca and Mg/Ca records, no significant change in the linear 

regressions of the Sr/Ca-SST and Mg/Ca-SST correlations was observed from November 2010 to April 2011 

as indicated by the red circles (A) and the red squares (B); thus, suggesting thermal stress did not have a 

significant impact on coral ‘vital effects’ during the 2010/11 warming event. 

 

Bulk TNT Calibrations 
Period Sr/Ca Mg/Ca 

n m b r2 p m b r2 p 
08TNT 

Apr/1996 to 
Jul/2008 

148 -0.057
(±0.002)

10.552 
(±0.061) 

0.94 <0.001 

13TNT 
Apr/2004 to 
May/2012 

98 -0.056
(±0.004)

10.549 
(±0.104) 

0.87 <0.001 0.152 
(±0.011) 

0.587 
(±0.288) 

0.88 <0.001 

Subdivided 13TNT core record calibrations 
Apr/2004 to 

Jun/2008 
51 -0.061

(±0.004)
10.692 

(±0.099) 
0.95 <0.001 *0.150

(±0.016)
*0.591

(±0.399)
0.88 <0.001 

July/2008 to 
May/2012 

47 -0.049
(±0.004)

10.332 
(±0.098) 

0.94 <0.001 *0.150
(±0.016)

*0.670
(±0.401)

0.90 <0.001 

Nov/2010 to 
Apr/2011 

6 -0.061
(±0.019)

10.642 
(±0.520) 

0.95 <0.001 0.178 
(±0.071) 

-0.116
(±1.988)

0.92 <0.01 

Table 1. Slope (m) and y-intercept (b) terms for the Sr/Ca-SST and Mg/Ca-SST linear regressions equations 
calculated for the two Tantabiddi core records (08TNT and 13TNT). The bulk Sr/Ca-SST and Mg/ Ca-SST 
linear regression equations were used to calibrate the coral temperature records shown in fig. 3a and 
included all Sr/Ca and Mg/Ca data up to May 2012. For the subdivided 13TNT record, the periods listed 
above correspond to the linear regressions shown in Fig. 2 (except coefficients for Mg/Ca-SST equations 
indicated by * which are not shown in Fig. 2b) 
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For the subdivided 13TNT record, a significant decline in the slope of the Sr/Ca-SST 

regression was observed for the period from July 2008 to May 2012 compared to the period 

from April 2004 to June 2008 (i.e. -0.12, p < 0.05, Fig. 2a, Tab. 1). The change in the coral 

Sr/Ca-SST sensitivity recorded between these two periods corresponded with a change in 

the direction of the coral growth axis evident around the year 2008 in the core x-ray (Fig. 

1). Conversely, no significant changes in Mg/Ca-SST relationships were observed between 

these same periods in the 13TNT Mg/Ca record (p>0.05)(Fig. 2b, Tab. 1). For the short-

term Sr/Ca-SST and Mg/Ca-SST linear regressions calculated for the period in the 13TNT 

record from November 2010 to April 2011, no significant changes were observed compared 

to the bulk calibrations (p>0.05) (Fig. 2a, 2b, Tab. 1). Similarly, no change in the linear 

regression of the Sr/Ca vs Mg/Ca correlation was observed across this period compared to 

the bulk 13TNT Sr/Ca vs Mg/Ca correlation (p>0.05, Fig. 4)
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Figure 3. A, C) Sr/Ca-SST records (black circles – 08TNT and 08BND records, blue circles – 13TNT and 
13BND records) and Mg/Ca-SST records (light blue squares – 13TNT and 13BND records) for the 
Tantabiddi (A) and Bundegi (C) coral core records. B, D) Monthly temperature residuals (i.e. Sr/Ca-SST and 
Mg/Ca-SST minus instrumental SST) for Tantabiddi (B) and Bundegi (D) Sr/Ca-SST and Mg/Ca-SST 
records. The Sr/Ca-SST and Mg/Ca-SST records were calibrated using the respective linear regression 
equations of the bulk correlations obtained for each of the core records from the two sites (see Figs. 2,5, Tabs. 
1, 2). For the 13TNT and 13BND records, Sr/Ca-SST’s and Mg/Ca-SST’s recorded during the 2010/11 
marine heat wave are indicated by marker points with red fill. For the 13BND record, the anomalous increase 
and decrease in Sr/Ca and Mg/Ca ratios recorded during the summer of 2010/11 (see red markers, Figs. 5a, 
5b) lead to Sr/Ca-SSTs and Mg/Ca-SSTs underestimating the instrumental temperature record by up to ~5 °C 
(D) during this period. Where no such changes in Sr/Ca and Mg/Ca ratios were observed in the Tantabiddi
record, this was consistent with reports of increased coral bleaching (and hence thermal stress) at Bundegi
(~90% bleaching) compared to Tantabiddi (~20% bleaching) (Moore et al., 2012).

2.4.2 Skeletal trace element abundances at Bundegi 

Unlike the two Tantabiddi records, the 08BND and 13BND bulk Sr/Ca-SST calibrations 

were significantly different (p ≤ 0.05, Fig. 5a, Tab. 2). Errors (RMSE) were 0.7°C for all 

Sr/Ca-SST predictions made from the 08BND time series (n = 125) and 1.0°C for the 
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13BND time series (n = 84); or just ~6% and ~13% of the total variance in the nearshore 

SST record. Compared to the Tantabiddi records, the 08BND and 13BND records on 

average showed increased seasonal variability of Sr/Ca maxima and minima (Figs. 2a, 5a). 

This contributed to Sr/Ca-SST minima that were ~1.5°C cooler and maxima that were 

~0.5°C warmer than the Tantabiddi records on average (Figs. 3a, 3c). However, the 

Bundegi records also showed reduced inter-annual variability of Sr/Ca-SST maxima and 

minima (~ 2°C vs. ~3°C for Tantabiddi records) over the 1998-2013 period  (Figs. 3a, 3c).  

 

Figure 4. Sr/Ca versus Mg/Ca for the 13TNT (blue) and 13BND (black) core records. The red markers 

indicate values recorded during the 2010/11 marine heatwave at Ningaloo. 

During the 2010/11 warming event from November 2010 to April 2011, an anomalous 

increase in Sr/Ca ratios (up to +2.5%) and decrease in Mg/Ca ratios (up to -10.8%) was 

observed in the 13BND record (see red markers, Figs. 5a, 5b). This in turn, resulted in 

predicted Sr/Ca-SSTs and Mg/Ca-SSTs from the bulk calibrations underestimating 

observed SSTs by up to 3.5 °C and 4.5 °C respectively during this period (see red markers, 

Figs. 3c, 3d). These Sr/Ca and Mg/Ca anomalies were observed to correspond with 

significant short-term declines (~70%, p < 0.05) in the slopes of both the Sr/Ca-SST and 

Mg/Ca-SST regressions calculated from November 2010 to April 2011, compared to their 

pre-thermal stress values (i.e. from June 2005 to October 2010, Figs. 5a, 5b, Tab. 2). 

Interestingly, no significant change in the relationship of Sr/Ca versus Mg/Ca was observed 

during or just after the severe warming event (p > 0.05, n = 6, Fig. 4). Following the 

2010/11 event, no significant differences in the slopes of either Sr/Ca-SST or Mg/Ca-SST 

linear regressions were observed between the post-thermal stress period (May 2011 to May 
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2012) and the pre-thermal stress period (June 2005 to October 2010, p > 0.05, Figs. 5a, 5b, 

Tab 2).  

Bulk BND Calibrations 
Period Sr/Ca Mg/Ca 

n m b r2 p m b r2 p 
08BND 

Apr/1998 to 
Aug/2008 

125 -0.058
(±0.003)

10.572 
(±0.07) 

0.93 <0.001 

13BND 
Jun/2005 to 
May/2012 

78 -0.052
(±0.003)

10.4 
(±0.063) 

0.96 <0.001 0.102 
(±0.013) 

1.473 
(±0.32) 

0.77 <0.001 

Subdivided 13BND core record calibrations 
Jun/2005 to 
Oct/2010 

65 -0.054
(±0.003)

10.425 
(±0.07) 

0.96 <0.001 0.102 
(±0.015) 

1.485 
(±0.373

) 

0.74 <0.001 

Nov/2010 to 
Apr/2011 

6 -0.017
(±0.011)

9.544 
(±0.313) 

0.82 <0.05 0.039 
(±0.026) 

2.908 
(±0.738

) 

0.81 <0.05 

May/2011 to 
May/2012 

13 -0.048
(±0.006)

10.291 
(±0.153) 

0.97 <0.001 0.104 
(±0.024) 

1.452 
(±0.608

) 

0.89 <0.001 

Table 2. Slope (m) and y-intercept (b) terms for the Sr/Ca-SST and Mg/Ca-SST linear regressions equations 

calculated for the two Bundegi core records (08BND and 13BND). The bulk Sr/Ca-SST and Mg/ Ca-SST 

linear regression equations were used to calibrate the coral SST records shown in fig. 3c and included all 

Sr/Ca and Mg/Ca data up to May 2012 except anomalous values recorded during the 2010/11 Ningaloo 

marine heat wave from November 2010 to April 2011. For the subdivided 13BND record, the periods listed 

above correspond to the linear regressions shown in Fig. 5 



56 
 

Figure 5. A) Sr/Ca-SST correlations for the two Bundegi coral core records (08BND and 13BND); and B) 
Mg/Ca-SST correlations calculated for the 13BND coral core record. For the subdivided 13BND Sr/Ca and 
Mg/Ca records, corresponding with the timing of the 2010/11 marine heat wave at Ningaloo, a strong (~70%) 
decline in the slope of the Sr/Ca-SST and Mg/Ca-SST regressions was observed (see red markers, Tab. 2) 
suggesting thermal stress strongly affected coral ‘vital’ processes, leading to changes in the incorporation of 
Sr and Mg in coral skeleton deposited during this period. For Sr/Ca-SST and Mg/Ca-SST regressions 
calculated for the 12 months following this warming event (see orange markers), both linear regressions 
returned to their pre-thermal stress configurations, suggesting that conditions within the calcifying fluid 
returned to ‘normal’ shortly after SSTs at the site returned below bleaching thresholds.  

 

2.4.3 Linear extension rates 

The Tantabiddi records (08TNT and 13TNT) showed a mean linear extension rate of 

11.1±1.6 mm yr-1 (±1	  std.	  dev.) for the 1996-2013 period (Fig. 6) with no abrupt changes in 

extension rate observed in either record. The Bundegi records (08BND and 13BND) 

showed a mean linear extension rate of 12.3 ±	  2.4	  mm yr-1 for the 1998-2013 period (after 

adjusting for differences in the growth rate of separate primary growth axes, see Methods 

and Fig. 1) and 13.2 ±	  1.4	  mm yr-1 for the 12 years prior to the summer of 2010/11 (i.e. 

from1998 to mid-2010). However, there was a significant decrease in the rate of linear 

extension (7.5 mm yr-1) observed in the 13BND record over the 12-month period following 

the warming event of 2010/11. This abrupt decline in the linear extension rate was 

accompanied by a thin, high-density band, typically indicative of environmental stress 

(Lough and Cooper, 2011) that was evident in the x-ray image of the core (Fig. 1). For the 

two years following the 2010/11 thermal stress event, annual rates of linear extension in the 

Bundegi coral averaged just 9.0 ± 0.9 mm yr-1 between July 2011-and June 2013; i.e. the 
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coral was growing at a significantly slower rate (~30%) than before the warming event 

(Welch’s T-test, p < 0.05).  

Figure 6. Linear extension calculated for the 08TNT (black circles), 08BND (blue circles), 13TNT (black 
squares) and 13BND Sr/Ca data (blue squares). Linear extension was measured for the 12 months from July 
to June of each year (i.e. centred on January) by measuring the distance between Sr/Ca maxima’s (SST 
minima’s) for each of the core records. For the overlapping section of the 08BND and 13BND cores, the later 
13BND showed reduced extension rates (by a factor of 1.3 on average). Thus, to enable comparisons of 
extension rates between the two Bundegi cores, we generated an adjusted 13BND linear extension record (red 
squares) by multiplying all the 13BND extension values by a factor of 1.3. 

2.5 Discussion 

2.5.1 Absence of thermal stress signatures at Tantabiddi 

In comparison to the Bundegi core records, the Tantabiddi records showed no significant 

short-term variability in either Sr/Ca-SST or Mg/Ca-SST regressions or abrupt declines in 

annual linear extension corresponding with the timing of the 2010/11 warming event at 

Ningaloo Reef. This suggests that thermal stress during the summer of 2010/11 was much 

lower (or not present) at Tantabiddi relative to Bundegi; results consistent with in situ 

observations of bleaching made throughout the Ningaloo Peninsula following this regional 

warming episode (Moore et al., 2012). During the peak of the 2010/11 heat wave in January 

2011, maximum weekly averaged temperatures reached 31.8 °C (in-situ) at Bundegi 

(Depczynski et al., 2013), or 3.6 °C degrees above the highest 7-year average monthly 

maximum for the reef site (28.2 °C from 2003-2010). Thus it was not surprising that  ~90% 
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of the coral bleached (Depczynski et al., 2013). In comparison, maximum weekly average 

temperatures for January 2011 at Tantabiddi reached 28.9 °C, which was only 1.0 °C above 

the highest 7-year average monthly maximum for the reef site (27.9 °C); thus explaining 

why only moderate coral bleaching (~20%) was observed at the site (Moore et al., 2012). 

As such, where the peak temperature anomaly at Tantabiddi only just reached the coral 

bleaching threshold for the site (i.e. 28.9 °C) (Fitt et at., 2001), this was probably 

insufficient to result in significant stress of the sampled Porites sp. colony. We suspect that 

coral bleaching at Tantabiddi was probably largely confined to the more thermally sensitive 

branching coral species (e.g. Acropora sp. (Guest et al., 2012)). These sensitive coral 

species are also more abundant in the shallower and more shoreward reef habitats (Collins 

et al., 2003; Cassata and Collins, 2008) that are more susceptible to reef scale temperature 

anomalies (Falter et al., 2014) than the deeper channel at Tantabiddi where the sampled 

Porites corals were located.   

 

Although no signs of thermal stress were observed in the Tantabiddi 13TNT core record, 

we did observe a significant shift in the Sr/Ca-SST regression where there was a prominent 

change in the direction of the coral growth axis along the sampling transect (around the 

year 2008, Fig.1). If these differences in Sr/Ca-SST regressions were unaccounted for, this 

could produce a bias in temperature reconstructions of up to ~2 °C for predicted 

temperature minima and ~0.5 °C for predicted temperature maxima. Thus, these results are 

consistent with the findings of Alibert and McCulloch, (1997) and Delong et al., (2013) in 

showing how off-axis sampling of coral slices can lead to significant deviations in derived 

Sr/Ca-SST calibrations. 

 

2.5.2 Impact of thermal stress on trace element chemistry at Bundegi 

The anomalous increase in Sr/Ca ratios and decrease in Mg/Ca ratios recorded from 

November 2010 to June 2011 in the 13BND record was consistent with the timing of the 

regional marine heat wave along the western coastline of Australia during the summer of 

2010/11 (Feng et al., 2013) as well as the onset of severe coral bleaching observed at 

Bundegi reef (Depczynski et al., 2013). These anomalous trace element ratios were further 
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accompanied by a strong decline in the linear extension rate (Fig. 6) and an apparent high-

density stress band in the 13BND record; both of which provide additional compelling 

evidence for acute thermal stress impacting the reef site and, in particular, the sampled 

coral colony during the summer of 2010/11. 

The anomalous increase in Sr/Ca ratios during the 2010/11 thermal stress event for the 

Bundegi colony is consistent with previous research that has suggested that the ability of 

Porites sp. to pump calcium from the ambient seawater into the calcifying fluid via the Ca2+ 

ATPase transport enzyme can become impaired during periods of thermal stress (Marshall 

and McCulloch, 2002; Sinclair, 2005). Although still an unresolved issue, if its assumed 

that the Ca2+ ATPase enzyme is specific for Ca2+ (e.g. Tanaka et al., 2015), then inhibition 

of the enzyme would result in reduced concentrations of Ca2+ in the calcifying fluid relative 

to other ions transported to the calcifying fluid via passive seawater pathways (e.g. Sr2+ and 

Mg2+) (Sinclair, 2005). As Sr2+ directly substitutes for Ca2+ in coralline aragonite (Speer, 

1983), reduced concentrations of Ca2+ in the calcifying fluid would therefore lead to 

increases in skeletal Sr/Ca ratios (Sinclair, 2005); thus, potentially explaining the 

anomalously high Sr/Ca ratios observed in the Bundegi core record during the 2010/11 

warming event.  

Although a disruption of the Ca2+ ATPase enzyme could occur via direct temperature 

effects; that is the enzyme is forced to operate at sub-optimal temperatures that result in a 

reduced ability to transport calcium across the calicoblastic layer (Cossins and Bowler, 

1987; Marshall and Clode., 2004; Al-Horani, 2005); it is also possible that a reduction in 

calcium pumping could occur due to reduction in the supply of the energy needed to drive 

the molecular pump (e.g. Fang et al., 1991). Given that symbiotic algae provide the 

principle source of energy supporting calcification by the coral host (Muscatine, 1990), 

some reduction in the supply of metabolic energy (in the form of ATP) to the coral host 

during periods of thermal stress could be expected (Fang et al., 1991; Jones et al, 1998). 

This, in turn could lead to a reduction in the activity of the Ca2+ ATPase enzyme during 

periods of thermal stress that is similar to what has been shown to occur during night-time 
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calcification when active Ca2+ transport is reduced compared to during the day (Al-Horani 

et al., 2003). Interestingly, we observed that the decline in slope of the Sr/Ca-SST 

calibration for the Bundegi coral during the 2010/11 thermal stress event (~70%) was 

similar to the differences in slopes observed between day and night-time skeletal deposits 

(~80%) for Porites lutea (Cohen et al., 2001). Thus, the reduction in the slope of the Sr/Ca-

SST regression could suggest that the chemical conditions of the calcifying fluid of the 

Bundegi coral during the 2010/11 warming event were more similar to that of night-time 

and thus ambient seawater conditions due to a reduction in the activity of the Ca2+ ATPase 

enzyme. This idea is further supported by the decline in linear extension and hence 

calcification (Lough and Barnes, 2000) observed in the Bundegi record corresponding with 

the timing of the 2010/11 event. The removal of two H+ ions in exchange for the addition of 

Ca2+ by the Ca2+ ATPase enzyme plays a crucial role in the elevation of pH and aragonite 

saturation state of the calcifying fluid (Tambuttè et al., 2011; McCulloch et al., 2012), 

which in turn, permits the rapid deposition of coral skeleton (Gattuso et al., 1998; Al-

Horani et al., 2003; Tambuttè et al., 2011). Therefore both the decline in slope of the Sr/Ca-

SST regression and the decrease in calcification observed during the 2010/11 event provide 

strong evidence for reduced activity of the Ca2+ ATPase enzyme due to thermal stress of 

the sampled Porites colony.  

 

In contrast to the Sr/Ca data, the decrease in Mg/Ca ratios observed in the 13BND record 

during the 2010/11 heatwave could appear to contradict the idea that a reduction in active 

Ca2+ transport to the calcifying fluid occurs when corals are exposed to high levels of 

thermal stress. However, given the strong decrease in calcification observed in the Bundegi 

record during the 2010/11 event, a decrease in the precipitation efficiency (i.e. the mass 

fraction of aragonite precipitated from a given batch of calcifying fluid) of the coral during 

this time could be expected (Gaetani  and Cohen, 2006). As such, the opposite response of 

Sr/Ca and Mg/Ca ratios observed during this period probably reflects the differential effect 

of decreased Rayleigh fractionation on the incorporation of Sr and Mg into the growing 

aragonite skeleton (Cohen and Gaetani, 2010). Strong differences between the aragonite-

seawater exchange coefficients (KD) for Sr/Ca (KD
Sr/Ca = ~1.2) and Mg/Ca (KD

Mg/Ca = 

~0.001) (Cohen and Gaetani., 2010) indicate that precipitating skeletal aragonite will have 
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lower Mg/Ca ratios and higher Sr/Ca ratios relative to the calcifying fluid (Rimstidt et al., 

1998). Thus, as calcification progresses (assuming a semi-enclosed calcification 

environment), the calcifying fluid would become progressively enriched in Mg and 

depleted in Sr, leading to increasing Mg/Ca ratios and decreasing Sr/Ca ratios in the 

precipitating coral skeleton (Cohen and Gaetani, 2010). A reduction in the precipitation 

efficiency of the coral would therefore act to lower skeletal Mg/Ca ratios and increase 

Sr/Ca ratios and could explain the opposite behaviour observed for these two trace element 

ratios from November 2010 to April 2011 in the 13BND record. This idea is supported by 

the observed differences in magnitude between the Sr/Ca and Mg/Ca anomalies in the 

13BND record during the 2010/11 event (i.e. +2.5% versus -10% respectively). Where the 

magnitude of the Mg/Ca anomaly was five times larger than the Sr/Ca anomaly, this was 

observed to be consistent with previous research showing modelled precipitation efficiency 

related changes being ~ 6 times larger for Mg/Ca ratios than for Sr/Ca ratios in Diploria 

corals (Gaetani and Cohen, 2006). Furthermore, the combined effect of a decrease in active 

Ca2+ transport to the calcifying fluid and a decrease in Rayleigh Fractionation could also 

explain why the slope of the Sr/Ca-SST calibration observed during the 2010/11 event 

decreased below that of experimentally precipitated abiogenic aragonite precipitated from 

seawater (-0.038±0.004 mmol mol-1 °C-1 (Gaetani and Cohen, 2006)). 

 

In addition to changes in precipitation efficiency, we also note that the incorporation of Mg 

into the coral skeleton can be further complicated by other mechanisms. For example, Mg 

is probably trapped (incorporated) in lattice defects (Amiel et al., 1973; Cross and Cross, 

1983; Watanabe et al., 2001, Montagna et al., 2014) and slower calcification rates lead to 

reduced rates of defect occurrence in coral skeleton, which can thereby also lower skeletal 

Mg/Ca ratios (Sinclair, 2005; Gaetani and Cohen, 2006). Furthermore, the concentration of 

Mg is heterogeneous in coral skeleton with enrichments observed in the centres of 

calcification (COC) relative to the adjacent fibres (Meibom et al., 2006; Holcomb et al., 

2009). Diurnal variations in the aragonite saturation state of the cf are thought to control the 

formation of these two distinct skeletal components; with COCs deposited during the day 

(high aragonite saturation states) and fibres deposited during the night (lower saturation 

states) (Holcomb et al., 2009).  Therefore, a decrease in the number of COCs per mass of 
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aragonite could also have contributed to the observed decrease in Mg/Ca ratios in the 

Bundegi record during the summer of 2010/11 as suggested by the strong decline in 

calcification rates observed during this time.  

2.5.3 Modelling of trace element thermal stress induced changes 

To constrain the relative effects of changes in precipitation efficiency and active Ca2+ 

transport to the calcifying fluid on skeletal Mg/Ca and Sr/Ca ratios, a closed system, 

Rayleigh-type equation can be applied (Albarede and Bottinga, 1972; Gagnon et al., 2007; 

Cohen and Gaetani, 2010; Sinclair, 2015; Stewart et al., 2016). Using the equation from 

Sinclair (2015) (see below), the observed and predicted Sr/Ca and Mg/Ca ratios for January 

2011 in the 13BND record were modelled considering the effects of variations in the 

concentration of Ca2+ in the calcifying fluid or changes in P (Fig. 7). 

Equation 1: 

!"
!" !"#$%

= !"
!" !

!!!!!
!"
!"

(!!!)

where Me/Cacoral is the metal/calcium ratio (Sr/Ca or Mg/Ca) in the coral skeleton, Me/Cai 

is the initial metal/calcium in the calcifying fluid before precipitation begins, and P is the 

proportion of Ca remaining in a batch of cf after precipitation has ended (P). The changes 

in Cai can be considered to reflect changes in the activity of Ca2+ ATPase enzyme: its 

ability to pump the concentration of Ca2+ within the calcifying fluid above the seawater end 

member of ~10.28 mmol (no up-regulation) (Millero, 1979) while changes in P reflect 

changes in precipitation efficiency. The model confirms that the opposite response of Sr/Ca 

and Mg/Ca ratios observed in the Bundegi record for the summer of 2010/11 could be 

explained by a decrease in precipitation efficiency of the coral (increase in P). However, the 

model suggests an increase in P alone could not account for the observed magnitude of both 

the Sr/Ca (+2.5%) and Mg/Ca (-10%) anomalies and, in order to obtain a single P value for 

both Sr/Ca and Mg/Ca, some decrease in Cai, is also required. For example, the stress 

response observed in the BND coral Sr/Ca and Mg/Ca data during the summer of 2011 was 
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able to be realistically matched (i.e. with a single P obtained for each of the pairs of the 

predicted and observed Sr/Ca and Mg/Ca ratios) by assuming an increase in P (reduction in 

precipitation efficiency) from 0.68 to 0.87 and a small reduction in Ca2+ from 10.63 to 

10.53 (~1% decline). Regarding the latter, given previous estimates of coral Ca2+ up-

regulation of ~0.5 mmol kg-1 above seawater values (Al-Horani et al., 2003; McCulloch et 

al., 2012), this small decline in Cai could be considered to represent an ~20% decline in 

active Ca2+ transport to the calcifying fluid although actual changes could vary substantially 

depending on slight variations in sensitive input parameters (e.g. KD
Mg/Ca). We emphasize 

that this model does not accommodate active Ca2+ transport that occurs during calcification 

(i.e. closed system assumption); thus, the effect of reduced Ca2+ transport on skeletal Sr/Ca 

and Mg/Ca ratios could in reality be more complicated. Nonetheless, our data provides 

strong evidence for changes in Ca2+ ATPase and precipitation efficiency to account for the 

observed Sr/Ca and Mg/Ca anomalies observed in the Bundegi record during the summer 

of 2010/11. As such, because no significant change in the slope of the Sr/Ca vs Mg/Ca 

linear regression was observed for the Bundegi coral during the 2010/11 event (Fig. 4), this 

provides strong evidence suggesting changes in coral precipitation efficiency are related, 

either directly or indirectly to changes in the activity of the Ca2+ ATPase enzyme. 

 

Figure 7. Modelled response of Sr/Ca and Mg/Ca ratios to variations in P (i.e. 0 to 1) and the concentration of 
Ca2+ in the calcifying fluid (i.e. 10.53 for “low Ca” versus 10.63 for “high-Ca”). Calculations were based on 
the Rayleigh fractionation definitions from Sinclair (2015) using a             KDSr = e(-1.86+600/T) from Gaetani and 
Cohen (2006) and KDMg =  e(-12.9+1729/T). It was assumed that the active transport to CF is specific only to Ca. 
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The predicted and observed Sr/Ca and Mg/Ca ratios for January 2011 for the 13BND coral record are shown 
with the square markers (no fill = predicted, black/blue fill = observed). The predicted Sr/Ca and Mg/Ca 
ratios were determined from the long-term, pre thermal stress calibrations (i.e. June-05 to Oct-2010 
calibrations, Figs. 5a, 5b, Tab. 2) for a temperature of 29.8 °C. 

 

2.5.4 Recovery of Bundegi coral following thermal stress 

Following the summer of 2010/11 in the Bundegi (13BND) record, the re-establishment of 

the original bulk Sr/Ca and Mg/Ca-SST relationships from May 2011 to May 2012 (see 

orange markers, Figs. 5a, 5b) could be indicative of the return to ‘normal’ calcification 

conditions for Bundegi coral. Previous research has shown that in some cases, it is possible 

for corals to recover from thermal stress and bleaching within a few months following acute 

warming events (e.g. Brown, 1997); however, substantially longer recovery times, of up to 

several years, have also been reported for Porites sp. corals following major bleaching 

events on the Great Barrier Reef (D’Olivo et al., 2013; Cantin and Lough, 2014). In this 

case, because linear extension rates for the Bundegi coral were observed to remain 

anomalously low for at least 2 years following the 2010/11 thermal stress event (Fig. 6), it 

is unlikely that the coral had experienced a complete recovery within such a short time 

frame. Nonetheless, the different recovery times between trace elements (months) and 

growth rates (years) suggest that, while the basic physiology governing the chemistry of the 

calcifying fluid appeared to have returned to normal, the absolute rate at which the coral 

could precipitate its skeleton had clearly not.  

 

2.6. Conclusions 
 

Our results show that coral core geochemical records can provide a distinct signature of 

past environmental stress events making them useful for understanding the variable impacts 

of acute ocean warming episodes within individual reef systems. The presence of Sr/Ca and 

Mg/Ca anomalies in the Bundegi core record during the 2010/11 marine heat wave at 

Ningaloo, and the absence of any such anomalies in the Tantabiddi record, was consistent 

with the respective instrumental temperature records and contrasting reports of coral 

bleaching from the two reef sites (~20% bleaching at Tantabiddi vs. ~90% at Bundegi) 

(Moore et al., 2012). The anomalous increase in Sr/Ca ratios and decrease in Mg/Ca ratios 
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observed during the summer of 2010/11 in the Bundegi coral core record indicated that 

thermal stress can strongly influence the ‘vital’ effects governing the incorporation of trace 

elements in the skeletons of Porites sp. corals resulting in significant short-term changes in 

coral Sr/Ca and Mg/Ca ratios and; thus, biased predictions of in situ temperature. We show 

that the increase in skeletal Sr/Ca ratios in Porites sp. could partially be explained by a 

reduction in active (Ca2+ ATPase) Ca2+ transport to the calcifying fluid during thermal 

stress events (Marshall and McCulloch, 2002). However, the strong decline in skeletal 

Mg/Ca ratios recorded during this same period can only be explained by secondary growth 

effects (i.e. a decline in the precipitation efficiency and/or defect entrapment of Mg), that 

could have directly or indirectly resulted from a decline in active Ca2+ transport to the 

calcifying fluid.  

Although short-term deviations in coral Sr/Ca-SST and Mg/Ca-SST relationships due to 

changing vital effects are a source of error for paleo-climate temperature reconstructions, 

they provide clear evidence of the significance of ‘vital’ effects to modulate the climate 

signal preserved in coral core records. However, given that the geochemical signature of a 

stress event could appear as a reduction in the seasonal amplitude of Sr/Ca and Mg/Ca 

minima and maxima, distinguishing a past stress event from a cold year could prove 

difficult solely based on the information from these geochemical proxies. We therefore 

suggest future research investigate combining Sr/Ca and Mg/Ca analyses with additional 

trace element or isotopic proxies whose abundance may be unaffected by changes in 

calcification processes during thermal stress events (e.g. Li/Mg (Montagna et al., 2014)). 

This could potentially allow for historic stress events to be identified in coral core records 

without the need for overlapping temperature data. 
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3.1 Abstract 

The ability of massive corals to record the impacts of marine heat wave events provides a 

unique perspective into the variable responses of corals to anthropogenic climate change. In 

this study, coral cores (Porites spp.) were collected from 7 reef sites across the inner, mid 

and outer NW shelf of Australia, to examine seasonal patterns of trace element (TE), Sr/Ca 

and Li/Mg ratios, and extension rate signatures associated with past marine heat waves in 

the region. Trace element anomalies and declines in linear extension rate were observed in 

the records during the late 1990s (2 of 5 records) and more recently during the summers of 

2011 (3 of 7 records) and 2013 (5 of 7 records), indicating the impacts of marine heat 

waves have become increasingly widespread in the region. However, for the summers of 

2011 and 2013, no significant relationships were observed between the magnitude of these 

TE ratio anomalies in the core records, and maximum thermal stresses predicted at the reef 

sites from high-resolution satellite records. We show that the strongest individual 

reductions in linear extension rates and associated TE ratio anomalies occurred during the 

2011 heat wave, rather than during the subsequent and more intense (~ 1 °C warmer) 2013 

event. Together these observations suggest that at the local reef-scale, Porites spp. colonies 

and their symbionts exhibit differential responses to heat wave events, with the prior 

exposure to less intense events probably playing an important role in acclimatisation.  
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3.2 Introduction 
 

The continued warming of global tropical oceans since the late 19th century (~ 1 °C above 

pre-industrial levels; IPCC, 2018) has led to major increases in the frequency, severity and 

spatial extent of marine heat waves and associated coral bleaching events in recent decades 

(Hoegh-Guldberg, 1999; Bruno et al., 2001; Hughes et al., 2003, 2017, 2018a; Hoegh-

Guldberg & Ridgway 2016). Combined with the increasing impacts of local reef-stressors 

(e.g. pollution, over-fishing, eutrophication), coral reef ecosystems across the globe are 

now widely considered at risk of serious decline (e.g. Bellwood et al., 2004; Pandolfi et al., 

2003; Hughes et al., 2017). The cumulative footprint of recurrent widespread coral 

bleaching events on the Great Barrier Reef (GBR) for example, now covers almost the 

entire length of the marine park and the proportion of live coral cover has decreased by ~ 

30 to 50% compared to levels of the early 1990s (De’ath et al., 2012; Hughes et al., 2017, 

2018b). However, while marine heat waves are becoming increasingly more frequent and 

intense, determining spatial and species-dependent variations in thermal sensitivities as 

well as the capacity for coral acclimation remains challenging (Marshall & Baird, 2000; 

Berkelmans, 2002; Coles et al., 2003; Wooldridge, 2009; Howells et al., 2012). Together, 

these factors add considerable uncertainty to predictions of the viability of coral reef 

ecosystems under future climate change scenarios (e.g., Sheppard, 2003). 

 

Empirical evidence has shown coral bleaching can occur with temperature anomalies of as 

little as +1 °C above the long-term average maximum SST (Glynn and D’Croz, 1990; Fitt 

et al., 2001; Eakin et al., 2009). This observation has allowed for predictions of the 

intensity and spatial extent of coral bleaching impacts through the continuous satellite 

monitoring and integration of weekly sea surface temperature (SST) anomalies (i.e. via 

‘Degree Heating Week’ method; Eakin et al., 2009). The Degree Heating Week (DHW) 

metric has shown to be highly effective at predicting coral bleaching events at global to 

regional scales (Eakin et al., 2009; Feng et al., 2013; Hughes et al., 2017); however, is 

typically less effective at predicting small-scale patterns of bleaching within reef 

ecosystems due to a variety of local-environmental and physiological influences on coral 
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thermal tolerances (Donner, 2011; Logan et al., 2012). Local scale variations in coral 

thermal tolerances can arise due to differences in, for example: nutrient concentrations (e.g. 

Wooldridge, 2009; Wiedenmann et al., 2013), turbidity, light, radiation (Gleason & 

Wellington, 1993; Fitt et al., 2001; Anthony et al., 2007) and circulation (e.g., Goreau & 

Hayes, 1994; Davis et al., 2011). Furthermore, thermal tolerances may vary through time as 

some coral species have shown a limited capacity to acclimatise to increasing SSTs (e.g. 

Gates and Edmunds, 1999; Coles et al., 2003; Yakovleva & Hidaka, 2004). Thermal 

histories as well as local conditions have shown to be key factors influencing the capacity 

of corals to acclimatise to increased thermal stress (Marshall & Baird, 2000; Yakovleva & 

Hidaka, 2004; Middlebrook et al., 2008; Palumbi et al., 2014; Schoepf et al., 2015). As 

such, although remotely sensed products have become invaluable for monitoring the 

increased thermal pressures faced by coral reefs, they cannot accommodate for the often 

variable and dynamic responses exhibited by different corals and reef environments to these 

disturbances. The unique skeletal archives of massive Porites spp. corals therefore have the 

potential to provide new insights into how local environmental and physiological factors 

shape overall coral stress responses during periodic heat wave disturbances, allowing for 

more robust assessments of the cumulative impacts of climate change on coral reef 

environments. 

To date, geochemical and growth records from annually-banded massive Porites spp. corals 

(Lough and Barnes, 2000) have primarily focused on assessing seasonal to centennial scale 

changes in ambient seawater parameters (e.g. SSTs and pH) and calcification rates (e.g. 

McCulloch et al., 1994; Pelejero et al., 2005; Grottoli & Eakin 2007; Cooper et al., 2012; 

D’Olivo et al., 2015; Zinke et al. 2014; D’Olivo et al., 2018; Zinke et al., 2019). The 

incorporation of trace elements like Sr, Li or Mg in coral skeleton has shown to be related 

to a variety of ambient parameters, notably temperature (e.g. Beck et al., 1992; Alibert & 

McCulloch, 1997; Corrège, 2006; Armid et al., 2011; Montagna et al., 2014), allowing for 

long-term (up to 100’s of years) paleoclimate reconstructions from coral cores at sub-

seasonal to decadal resolutions. However, recent developments in the understanding of 

coral ‘vital effects’ (i.e., biological and calcification related factors other than temperature 

which also influence the incorporation of trace elements in coral skeleton), has 
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demonstrated that the trace element signal preserved along the growth axes of massive 

corals is strongly modulated by the conditions of the calcifying fluid (e.g. Sinclair, 2005; 

Cohen & Gaetani, 2010). In particular, because corals do not calcify in equilibrium with 

their ambient seawater (Al-Horani et al., 2003; Sinclair, 2005; McCulloch et al., 2012), the 

degree to which corals up-regulate their calcifying fluid environment, as well as the various 

physio-chemical processes involved in the bio-mineralisation of new skeleton (e.g. 

Rayleigh Fractionation), also influence the incorporation of many commonly analysed trace 

elements in the precipitating skeleton (Cohen et al., 2001; Sinclair, 2005; Gaetani and 

Cohen, 2006; Gagnon et al., 2007; Cohen & Gaetani 2010; Gagan et al. 2012; Clarke et al., 

2017; D’Olivo et al., 2018). As such, during periods of thermal stress and bleaching, the 

expulsion of algal symbionts by the coral host can alter the balance of these processes, 

leading to distinctive trace element ratio and growth signatures that can allow for the 

relative impacts of these past disturbances to be assessed (e.g. Marshall & McCulloch et al., 

2002; Carilli et al., 2009; Cantin & Lough, 2014; Hetzinger et al., 2016; Clarke et al., 2017; 

D’Olivo et al., 2017; Barkley et al., 2016, 2018; DeCarlo et al., 2017, 2019).  

 

In this study, coral cores (Porites spp.) were collected from the northern coastline of 

Western Australia (WA) with the primary aim to resolve the relative impacts of two recent 

widespread coral bleaching events in the region during the summers of 2011 and 

2013 (Moore et al., 2012; Feng at al., 2013; Ridgway et al 2016; Lafratta et al., 2017). 

Coral cores were collected from seven reef sites between Exmouth and the Montebello 

Islands (Fig. 1) and sampled for up to 20 years at ~ monthly resolution for Sr/Ca and Li/Mg 

ratios, with corresponding records of linear extension also obtained. High-resolution 

overlapping satellite SST records were used to assess for significant summer time Sr/Ca 

and Li/Mg thermal stress related anomalies across the entire length of each core record. 

These same satellite records were also used to calculate maximum thermal stresses (DHW 

°C) at each reef site for the 2011 and 2013 events. We test for spatial and temporal 

consistencies between the magnitudes of thermal stresses (including maximum SSTs) and 

the magnitudes of TE ratio anomalies in the core records during these two years. This 

allowed us to ascertain whether stress responses were also influenced by environmental 
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differences between the reef sites or variations in the thermal tolerances of the corals (e.g. 

due to acclimatisation).      

3.3 Methods 

3.3.1 Site Description 

The Pilbara is an arid and sparsely populated region of northwest Australia that covers 

more than half a million square kilometres. The region is renowned for its vast reserves of 

minerals as well as oil and gas, which contribute significantly to Australia’s economy with 

a total valuation of over $70 billion (Department of Primary Industries and Regional 

Development, 2017). The Pilbara coastline is bounded by an expansive, shallow continental 

shelf (referred to as the ‘northwest shelf’) that ranges from ~ 100 km in width around the 

Exmouth Peninsula to over 300 km in width further north towards Onslow. Many small 

islands, fringed by shallow (< 10 m) reef habitats and isolated coral platforms (‘shoals’) 

populate the inner-mid section of the NW shelf between Exmouth and Karratha (~ 200 km 

NE of Onslow). These reefs support a wide range of tropical marine species and a variety 

of reef building corals (including massive Porites spp.) can be found (McLean et al., 2016; 

Wilson et al., 2013). 

The Pilbara coastline is frequently impacted by tropical cyclones, with 1 to 2 impacting the 

region per year on average (Drost et al., 2017). Tropical cyclones typically occur between 

December and March, giving rise to highly erratic and variable annual rainfall patterns 

across the region (range of 74 mm to 624 mm over 1999 - 2013 period, median = 322 mm; 

data from Onslow Airport; Australian Bureau of Meteorology, 2019). Cyclonic rains often 

lead to flooding of the many ephemeral river systems that cover the landscape, in particular 

the Ashburton River, which is the largest river in the region with a basin area of ~ 70 000 

km2. Discharge from the Ashburton River is also highly variable: with an annual range of 

3.26 × 103 ML to 4.09 × 106 ML, recorded over the 1999 – 2013 period, median = 5.71× 

105 ML (data from Nanuturra monitoring station located ~ 160 km inland of Onslow; 

Department of Water and Environmental Regulation, 2019). The Ashburton River 
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discharges into the Indian Ocean approximately 20 km to the SW of Onslow, often leading 

to highly turbid conditions on the inner-mid NW shelf around Onslow, especially around 

Ward and Herald Island (Abdul Wahab et al., 2017; Fig. 1). These high levels of turbidity 

can persist for much of the year due to the influence of tidal currents and locally generated 

wind waves, which, apart from tropical cyclones, are the dominant hydrodynamic forcing 

on the inner NW shelf (Condie & Andrewartha, 2008). Further offshore, reef waters 

become clearer (Moustaka et al., 2018) and increasingly exposed to regional oceanographic 

influences. Offshore swells increase the circulation of reef waters around West and Airlie 

Island and, in particular, around the Montebello Islands which are the most offshore group 

of islands in the region (~ 100 km to the NW of Onslow).  

Approximately 100 km to the south of Onslow, Bundegi Reef is located on the NE tip of 

the Exmouth Peninsula, within the confines of the Exmouth Gulf: a shallow, protected 

region on the southern NW shelf. Similar to the inshore reef sites around Onslow, ocean 

circulation at Bundegi is predominantly controlled by the tides and locally generated wind 

waves (Brunskill et al., 2001). The exposure of Bundegi Reef to terrestrial runoff is 

however, likely to be substantially reduced compared to the sites around Onslow due to its 

increased distance from the Ashburton River (~ 80 km to the SW) as well as other 

significant drainage outlets in the region. Approximately ~ 10 km to the SW of Bundegi, 

Tantabiddi Reef forms part of the fringing Ningaloo Reef Marine Park along the offshore 

coastline of the Exmouth Peninsula. Tantabiddi is located just 10 to 15 km from the edge of 

the continental slope which, along with its increased regional oceanic exposure, gives rise 

to highly complex ocean dynamics around the reef site: with offshore swells, transient 

upwelling events and coastal counter-currents giving rise to more complex circulation and 

SST variability (Xu et al., 2013; Lowe et al., 2012).   

3.3.2 Coral core collection and sampling 

Coral cores from massive Porites spp. colonies were collected from 3 inner-shelf sites 

(Bundegi, Ward and Herald), 2 mid-shelf sites (Airlie and West Reef) and 2 outer-

shelf/offshore sites (Tantabiddi and Montebello’s) between August 2013 and January 2015 

(Fig. 1; Table. 1). Separate to the above, the coral records from Tantabiddi and Bundegi 
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were extended by including additional Sr/Ca data from earlier cores collected from the 

same coral colonies during August 2008 (no earlier Li/Mg data from these cores was 

available; see Clarke et al., 2017). The corals that were selected for coring from each reef 

site were alive at the time of sampling, larger than 2m in size, spherical (or close to) and 

located in water depths of between 4 and 8 m (Table 1). The cores, ~ 5 cm in diameter and 

up to 50 cm in length, were collected using a pneumatic drill equipped with a hollow, 

tungsten carbide lined barrel.  

 

Preparation and geochemical analyses of the coral cores were performed at the Advanced 

Geochemical Facility for Indian Ocean Research (AGFIOR) located at The University of 

Name, 
Collection 

date 

Location Co-
ordinates 

(lat., 
long.) 

Water 
depth 
(m) 

Number 
of 

samples 

Sampling 
interval 
(mm) 

Period Analysis 
(solution 
ICP-MS) 

Nearshore	  
BND 

Jun/13 

BND 
Jul/08 

Bundegi 
Reef 

-21.870,
114.157

4 75 

150 

1 

1 

Aug/05 – 
Jun/13 

Apr/98 – 
Jul/08 

Sr/Ca, 
Li/Mg 

Sr/Ca 

WAR 
Jan/15 

Ward Is. -21.608,
115.072

6 240 

70 
(second 
transect) 

1 

1 

Oct/93 – 
Jan/15 

Feb/95 – 
Apr/01 

Sr/Ca, 
Li/Mg 

Sr/Ca, 
Li/Mg 

HER 
Jan/15 

Herald Is. -21.569,
115.058

7 180 1 Oct/96 – 
Jan/15 

Sr/Ca, 
Li/Mg 

Mid-shore	  
WEST 
Jan/15 

West reef -21.325,
115.393

4 83 1 Jan/07 – 
Jan/15 

Sr/Ca, 
Li/Mg 

AIR 
Jan/15 

Airlie Is. -21.327,
115.168

5 190 1 Nov/96 – 
Jan/15 

Sr/Ca, 
Li/Mg 

Offshore 
TANT 
Jun/13 

TANT 
Jul/08 

Tantabiddi 
Reef 

-21.893,
113.964

8 58 

150 

1 

1 

Jul/08 – 
Jun/13 

Apr/96 – 
Jul/08 

Sr/Ca, 
Li/Mg 

Sr/Ca 

MONT 
Feb/14 

Montebello 
Islands 

-20.505,
115.483

6 90 2 Jul/03 – 
Feb/14 

Sr/Ca, 
Li/Mg 

Table 1. Coral cores from the NW shelf of Australia that were analysed for this study 
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TANT BUND

WARDHER

AIR WEST

MONT

ASHBURTON 
RIVER 

ONSLOW

EXMOUTH 
PENINSULA

AUSTRALIA -20

-20.5

-21

-21.5

-22

-22.5

-113.5 -114 -114.5 -115 -115.5 

La
t (

de
g)

Long (deg)

SS
T 

 (°
C)

31

30.5

30

29.5

29

28.5

28

27.5

27

Western Australia. The cores collected from each reef site (1 – 2 from each site) were cut 

along their long-axes into slices 7 mm thick and left to soak overnight in a 1:1 NaOCl 

solution to remove superficial (non-skeletal bound) organic contaminants. The core slices 

were rinsed repeatedly with deionised water in an ultrasonic bath and then dried in a 

laboratory oven at 50 °C. The slices were x-rayed and those which displayed the clearest 

and most consistent growth axes were selected for trace element analysis (Fig. S1). Except 

for the additional Sr/Ca data included from the older Tantabiddi and Bundegi cores, only 

one coral core slice was sampled from each of the reef sites.   

Figure 1. IMOS maximum monthly-daytime SSTs from 2000 to 2010 across the Exmouth/Onslow study area 

(available at: https://portal.aodn.org.au). The reef sites where the coral cores were collected are shown with 

black markers: Tantabiddi (TANT), Bundegi (BUND), Herald (HER), Ward (WAR), Airlie (AIR), West 

(WEST) and the Montebello’s (MONT). 
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Sample powders were collected along major growth axes using a Zenbot precision mill 

equipped with a 3 mm diameter bit (see red lines, Fig. S1). Except for the Montebello core, 

sample powders were collected at fixed 1 mm down-core increments. The Montebello core 

showed substantially faster linear extension rates and was instead sampled at 2 mm 

increments. In total, 90 high-resolution samples were collected from the Montebello core, 

190 from the Airlie core, 180 from the Herald Island core, 240 from the Ward Island core, 

83 from the West core, and 58 and 75 samples from the Tantabiddi and Bundegi cores 

collected in 2013 (Table 1). The Tantabiddi and Bundegi Sr/Ca and linear extension records 

were extended by combining the records with an additional 300 samples from two earlier 

coral cores collected from the same coral colonies in 2008 (i.e., 150 samples from each 

core; see Clarke et al., 2017; Table 1). Lastly, an additional 70 samples were collected and 

analysed from an adjacent slice of the Ward coral core from ~1995 to 2001 and within the 

same growth axes (Fig. S1), to check the reproducibility of a longer-term Sr/Ca and Li/Mg 

anomaly observed in the first sampling transect. 

3.3.3 ICP-MS analysis for Sr/Ca and Li/Mg 

Sample powders were weighed to 10 ± 0.2 mg and dissolved in nitric acid. The dissolved 

samples were then diluted through two stages to produce a 100 ppm [Ca2+] solution for 

Li/Mg analyses and a 10 ppm [Ca2+] solution for Sr/Ca analysis (see Holcomb et al., 2015). 

All trace element analyses were performed using a Thermo Fisher Scientific (Bremen, 

Germany) X Series II quadrupole inductively coupled plasma mass spectrometer (ICP-MS) 

using the standard Xt interface and plasma screen. For the high-resolution sampling, long-

term reproducibility (RSD) was derived from the repeated analyses of a gravimetrically 

prepared standard (JCP-1) and yielded up to 0.4% for Sr/Ca (mean = 0.2%, n = 203) and 

1.5% for Li/Mg (mean = 0.9%, n = 161). No discernible ‘tissue layer’ contamination (or 

related effects) was evident in any of topmost Sr/Ca or Li/Mg samples collected from the 

cores and no detectable effects were introduced by the chemical preparation (D’Olivo et al., 

2018). 
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3.3.4 In-situ SST data 

Approximately 2 – 3 years of monthly averaged, in-situ SST data was compiled from 6 of 

the 7 reef sites to verify the precision and accuracy of the longer-term satellite SST records, 

which were used to assess the core records for significant TE anomalies. In-situ 

temperature loggers were deployed for up to ~ 2 years from the time the cores were 

collected (ranging from 14 months for the sites around Onslow to 28 months at Tantabiddi 

and Bundegi; sampling rate of 1 per 15 - 30 mins). For the Onslow sites (Ward, Herald, 

West and Airlie), up to ~ 3 years of additional temperature data (ranging from 13 months at 

Ward to 35 months at Airlie, West and Herald; sampling rate of 1 per 30 mins) was 

obtained from buoys deployed for water monitoring as part of the dredging component for 

the Wheatstone LNG project.  Dredging of a 16 km long shipping channel ~ 12 km to the 

SW of Onslow occurred from April 2013 to February 2015 with near-continuous 

temperature monitoring conducted at each site for ~ 2 years before dredging (17 May 2011 

to 10 April 2013) and ~ 2 years during dredging; although only ~ 1 year of the ‘dredging’ 

data were available for this study (i.e., 11 April to 2013 to June 2014). For Bundegi, we 

also included previously published data collected from the reef site between Feb 2011 and 

Feb 2012 (see Depczynski et al., 2013).  

3.3.5 Satellite SST data 

Long-term SST records for the reef sites were obtained using a high-resolution (0.02° × 

0.02° lat./long.), satellite SST product: ‘IMOS – SRS Satellite – SST L3S – day and night 

time monthly composite’, available from: https://portal.aodn.org.au. The satellite records 

were all obtained from within 1 km of each of these coral sites and showed good agreement 

with the in-situ records (Fig. S2): Ward (RMSE = ±0.35 °C, R2 = 0.99, n = 30), Herald 

(RMSE = ±0.54 °C, R2 = 0.98, n = 51), West (RMSE = ±0.55 °C, R2 = 0.97, n = 52) and 

Airlie (RMSE = ±0.3 °C, R2 = 0.99, n = 50) and Bundegi (RMSE = ±0.68 °C, R2 = 0.95, n = 

40), where RMSE is the root mean squared error. For the Tantabiddi reef site, the average 

of two, coarser resolution satellite SST records (i.e., 0.25° × 0.25°, OISST v2, available 

from: http://apdrc.soest.hawaii.edu/las/v6/): 113.5° E, 21.5° S and 113.5° E, 22.5° S, 

showed a stronger agreement with the in-situ data than the IMOS data (i.e., RMSE =  ±0.63 

°C, R2 = 0.94, n = 28 for OISST, Fig. S2; versus RMSE = ±0.92 °C, R2 = 0.87, n = 28 for 
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the IMOS record) and was thus used instead to determine the core age model and compare 

against the TE records. 

3.3.6 Coral core age model determination and linear extension 

Age models for the coral TE ratio records were obtained by aligning the seasonal maxima 

and minima in Sr/Ca and Li/Mg records to the seasonal maxima and minima in the satellite 

SST records using Analyseries v 2.08 software (Paillard et al., 1996). The adjusted Sr/Ca 

and Li/Mg records were then interpolated to monthly resolution to give the final coral 

records for analysis (see Table. 1). Annual rates of linear extension were calculated by 

measuring the interpolated sampling distance between the successive seasonal Sr/Ca 

maxima (i.e., seasonal SST minima) in each of the records. To compensate for difference in 

mean growth rates between the core records, linear extension values were standardised 

against mean values for the common period of all the core records (i.e. by subtracting mean 

values from annual values and dividing result by the standard deviation for the period from 

2007 to 2013 in each record). 

3.3.7 Determination of Sr/Ca and Li/Mg anomalies: ‘thermal stress signatures’ 

The monthly-interpolated Sr/Ca and Li/Mg datasets and respective satellite SST records 

were used to determine Sr/Ca-SST and Li/Mg-SST calibration equations for each core 

record. The calibration equations only included data from January 2001 to December 2010 

(or maximum period located within this range), when no widespread coral bleaching was 

reported from the region.  This was important to reduce skewing of regression equations 

from thermal stress related anomalies recoded outside of this period (i.e. during late 1990s, 

and summers of 2011 and 2013).  

From the calibration equations, annual, summer-time SST residuals were calculated across 

the entire length of each record between the seasonal Sr/Ca-SST and Li/Mg-SST maxima 

and the respective seasonal SST maxima in the satellite records. Anomalous residuals were 

then identified where mean values recorded for the ten years from 2001 to 2010 (or 

maximum number of years therein) were exceeded by more than two standard deviations 
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(i.e. p < 0.05). For the 2011 and 2013 events, the calibration equations were used to 

calculate expected Sr/Ca and Li/Mg minima for each core record based on the monthly SST 

maxima recorded at each reef sites during these two years. These were then compared 

against the observed values (Sr/Ca and Li/Mg minima) to quantify the magnitude (%) of 

anomalous increases/decreases in Sr/Ca and Li/Mg ratios observed in each of the records 

during these two warming events. Note that wintertime residuals (i.e., between Sr/Ca-SST 

and Li/Mg-SST minima and SST minima) were excluded from this analysis as they could 

not be verified with past observations of coral bleaching (i.e. ‘cold water bleaching’; see 

Hoegh-Guldberg and Fine, 2004) or other documented environmental disturbances at any 

of the reef sites.  

3.3.8 Calculation of Degree Heating Weeks during 2011 and 2013 warming events 

(DHW) 

A Matlab script was developed to enable the spatial assessment and integration of the high-

resolution IMOS satellite SST data across the study region for the 2011 and 2013 warming 

events. First, two bleaching threshold matrices were calculated: one for the 2011 event and 

another for the 2013 event. Bleaching thresholds were calculated as +1 °C above the 

average monthly-daytime SST for the ten years prior to each event (i.e., from Dec 2000 to 

Nov 2010 and Dec 2002 to Nov 2012; see example in Fig. 1). Next, daily-daytime SST data 

were used to calculate weekly SSTs from Dec to May 2011 and Dec to May 2013; with 

weekly hotspot values recorded where bleaching thresholds were exceeded for each cell. 

Hotspot values were then summed for the 12 weeks up to the last week of each month from 

Dec to May 2011 and Dec to May 2013, to provide a complete overview of the full range of 

thermal stresses recorded across each marine heat wave event.  To obtain estimates of 

maximum thermal stresses at the reef sites for the 2011 and 2013 events, the resolution of 

the DHW records was effectively reduced to 0.06° × 0.06° by averaging all neighbouring 

grid cells closest to where each of the cores were obtained. This was important as it reduced 

the effects of fine scale SST variations along the coastline and numerous islands in the 

region that were too small to be resolved. 
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3. 4 Results

3.4.1 Coral Sr/Ca, Li/Mg and linear extension records 

Each set of coral Sr/Ca and Li/Mg records were highly similar, with both TE ratios 

showing clear seasonal variations that closely matched the seasonal SST variability in the 

satellite records for each reef site (Fig. 2). From the Sr/Ca-SST and Li/Mg-SST calibrations 

obtained for each of the core records (Table S1) annual residuals between predicted Sr/Ca-

SST maxima and Li/Mg-SST maxima, and the SST maxima in the satellite records were 

mostly all within a few tenths of one degree across the 2001 to 2010 reference period 

(RMSE = 0.5 to 1.1 °C for all Sr/Ca and Li/Mg records; Table. S2). Significant residuals 

between the Sr/Ca-SST and Li/Mg-SST maxima in the core records, and the SST maxima 

in the satellite records were observed during the late 1990’s (2 of 5 records) as well as 

during the summers of 2011 (3 of 7 records) and 2013 (5 of 7 records for Sr/Ca and 3 of 7 

for Li/Mg respectively; Fig. 2; Table S2).  

3.4.2   2011 and 2013 Marine Heat Wave events 

The strongest Sr/Ca and Li/Mg anomalies were observed in the inshore core records from 

Ward, Herald and Bundegi during the summer of 2011 (~ 2 to 3 % for Sr/Ca and ~ 15 to 17 

% for Li/Mg). These TE ratio anomalies led to derived Sr/Ca-SST and Li/Mg-SST seasonal 

maxima underestimating SST maxima in the satellite records by up to ~ 5 °C (Table S2) 

and corresponded with strong declines in linear extension rate in all three records (> 1 SD 

below 2007 to 2013 average; Fig. 3; Table 2). A similar strong decline in linear extension 

rate was also observed in the Montebello record during the year 2011 but no significant TE 

ratio anomalies were also observed.  
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Figure 2. Monthly resolution, coral-core Sr/Ca (left hand panels), Li/Mg (right hand panels) records, and 

satellite SST records (light blue lines) from the inner, mid and outer-shelf/offshore reef sites on the NW shelf 
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of Western Australia.  Each TE record is shown with the overlapping satellite SST records (light blue lines) 

for each reef site. The vertical red bars indicate where statistically significant SST residuals (p < 0.05) were 

observed between seasonal Sr/Ca and Li/Mg minima (i.e., Sr/Ca-SST and Li/Mg-SST maxima), and seasonal 

SST maxima in the satellite records (based on mean values recorded between 2001 and 2010; see Table. S2). 

Consistent with the patterns of TE ratio and extension rate anomalies observed in the core 

records, anomalous warming during the summer of 2011 predominantly impacted the 

Exmouth Gulf and, to a lesser extent, the nearshore and mid-shore environment around 

Onslow (Fig. 4). Maximum weekly SSTs across the region were recorded during January 

and February and ranged from 30 °C at Tantabiddi (i.e., +1 °C above the bleaching 

threshold) to over 32 °C (+1 to 1.5 °C above bleaching threshold) at the sites around 

Onslow (Ward, Herald, West and Airlie). The strongest SST anomalies were recorded 

along the protected eastern coastline of the Exmouth Peninsula, with Bundegi Reef 

recording a maximum weekly SST of ~ 31.5 °C (up to +2.5 °C above bleaching threshold). 

This led to highly variable thermal stresses across the region with up to 18 DHW °C 

recorded at Bundegi versus around 4 DHW °C at the near-mid shore sites around Onslow 

and the Montebello’s; and around 2 - 3 DHW °C around Tantabiddi, West and Airlie.  

During the summer of 2013, maximum SSTs across the region were, on average, ~ 1 °C 

warmer than the summer of 2011. During Feb/Mar 2013, maximum weekly SSTs ranged 

from ~ 31 °C (+2 °C above the bleaching threshold) at Tantabiddi to over 33 °C (+2 to 

2.5°C above bleaching threshold) at the near-mid shore sites around Onslow (Ward, Herald, 

West and Airlie). This led to much higher levels of thermal stress across the region with 19 

DHW °C recorded at Bundegi versus 8 to 10 DHW °C at Tantabiddi, Ward, Herald and 

Airlie; 6 DHW °C at West and 13 DHW °C further offshore around the Montebello’s (Figs. 

5). Consistent with the more intense and widespread warming observed during this second 

heat wave event, significant increases in Sr/Ca and Li/Mg ratios, and declines in linear 

extension rates (> 1 SD below 2007 to 2013 average) were again observed in the Ward, 

Herald and Bundegi records (except Li/Mg for Bundegi), and also in the West and Airlie 

records from the mid-shelf (Figs 2, 3; Table. S2). Below average linear extension rates 

were observed in all the records during this year; however, the declines in linear extension 
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in the Ward and Bundegi records were weaker than those recorded during the year 2011 

(Table 2). Similarly, for the Ward, Herald and Bundegi records, the anomalous increases in 

Sr/Ca and Li/Mg ratios during 2013 were also weaker than those observed during the 

summer of 2011 (i.e., ~ 1.7% and 10% respectively) although still led to predicted Sr/Ca-

SST and Li/Mg-SST maxima underestimating the satellite SST records by 2 to 4 °C (Fig. 2; 

Table S2).  

 

Figure 3. Standardised annual linear extension records. Linear extension was measured as the interpolated 

sampling distance between adjacent seasonal Sr/Ca maxima in the core records. Standardised values were 

calculated based on average values from 2007 to 2013 in each core record (i.e. period where all the core 

records overlapped; Table 2). 
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Figure 4. Monthly degree heating weeks (DHW °C) across the 2011 marine heat wave event. The location of 

the coral records are shown during the month when maximum thermal stresses were recorded at each site: 

Ward (W), Herald (H), Bundegi (B), Airlie (A), West (w), Tantabiddi (T) and Montebello’s (M). 

3.4.3 Combined assessment of all TE ratio and extension rate responses during 2011 

and 2013 events 

The combined assessment of the magnitude of all the Sr/Ca and Li/Mg anomalies recorded 

in the cores during the summers of 2011 and 2013 (including those that were insignificant) 

showed a significant, positive linear relationship between the two TE ratios (r2 = 0.83, p < 

0.05, n = 14; Fig. 6). Significant inverse relationships were also observed between the 

magnitudes of both TE ratio anomalies recorded during the 2011 and 2013 events, and 

absolute linear extension rates recorded in each of the cores during these two growth years 
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(Fig. 7a, b). However, despite the increased occurrence of TE ratio and growth rate 

anomalies in the core records during the 2013 event, no significant relationships were 

observed between the maximum thermal stresses or weekly SSTs recorded at the reef sites, 

and the magnitude of TE ratio anomalies observed in the core records during the 2011 and 

2013 events (Fig. 7c to f).  

Figure	  5.	  Monthly degree heating weeks (DHW °C) across the 2013 marine heat wave event. The location of 
the coral records are shown where maximum thermal stresses were recorded at each site: Ward (W), Herald 
(H), Bundegi (B), Airlie (A), West (w), Tantabiddi (T) and Montebello’s (M). 
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Annual extension rate (mm yr-1) 

Core record Period Average across entire 
record (± 1SD) 

Average from 
2007-2013 

(± 1SD, n = 7) 
2011 2013 

West 2007 – 2014 9.7 ± 1.9 (n = 8) 10.2 ± 1.3 9.4 8 
Airlie 1998 – 2014 9.0 ± 1.5 (n = 17) 8.1 ± 1.2 8.8 6.5 
Herald 1998 – 2014 8.7 ± 1.1 (n = 17) 9.2 ± 1.4 7.3 7.1 
Ward 1995 – 2014 10.3 ± 1.7 (n = 20) 10.3 ± 2.5 6.5 8.6 

Bundegi 1999 – 2013 9.4 ± 2 (n = 15) 8.1 ± 2.1 5.2 6 
Tantabiddi 1997 – 2013 11.1 ± 1.6 (n = 13) 10.7 ± 0.9 11.3 9.6 
Montebello 2005 – 2013 15.7 ± 1.8 (n = 9) 15.6 ± 2 13.3 13.1 

3.4.4   Other anomalous periods in the core records 

Figure 6. Significant coupling observed between the magnitude of Sr/Ca and Li/Mg ratio anomalies 

during the 2011 (black markers) and 2013 (red markers) heat wave events. The magnitude of the Sr/Ca and 

Li/Mg anomalies were determined by comparing observed Sr/Ca and Li/Mg minima against predicted Sr/Ca 

and Li/Mg minima. Predicted values were derived from the maximum monthly SSTs recorded at each reef 

site during the 2 events, using the Sr/Ca-SST and Li/Mg-SST calibration equations for the period from 2001 – 

2010 in each record (Table S1).  

Separate to the summers of 2011 and 2013, anomalous increases in Sr/Ca and Li/Mg ratios, 

combined with below average linear extension rates were also observed in the Herald and 

Ward records between the years 1997 and 2000. In the Herald record, the strongest 
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increases in both trace element ratios occurred during the year 1998 (~ 1.5% and 12% 

respectively), which led to Sr/Ca-SST and Li/Mg-SST maxima underestimating the satellite 

record by 3.6 °C and 3.4 °C respectively (Fig. 2). In the Ward record, a single, significant 

Li/Mg anomaly was also observed during the year 1998; however this appeared to be 

related to a longer-term reduction in the seasonal amplitude of both TE ratios across this 

period. In particular, the follow-up sampling of an adjacent slice through this section of the 

core showed a highly contrasting response compared to the original transect: an even 

stronger reduction in the seasonal amplitude of both TE ratios, beginning during the year 

1995 and progressively decreasing up to the year 2001 (see ‘T2’Fig. 2). This led to multiple 

significant Sr/Ca and Li/Mg anomalies across this period: during the summers of 1996, 

1997, 2000 and 2001 (note the 2001 anomaly was negative and thus not highlighted in Fig. 

2). The overlapping linear extension records were also highly dissimilar across this period, 

with the shorter transect showing a strong trend of decreasing values from 1996 to 2000 

(from > 1 SD above mean values to > 1 SD below mean values; see ‘Ward T2’; Fig. 3). As 

such, despite these older TE ratio anomalies in the Ward record coinciding with a period of 

high SSTs during the mid-late 1990s, the lack of reproducibility between the two transects 

suggested they were probably related to a temporary, three-dimensional change in the 

direction of coral growth (e.g. Delong et al., 2013) and therefore could not be considered 

conclusive indicators of thermal stress. 

Last, we also observed various wintertime TE ratio anomalies in several of the coral cores 

(i.e., between Sr/Ca-SST and Li/Mg-SST minima and SST minima; Fig. 2). While not an 

emphasis of this study, several of these anomalies appeared to occur directly following the 

positive summertime anomalies described above: in the Herald record during the winters of 

1998, 2011, 2013 and 2014; and in the West record during the winters of 2013 and 2014. In 

other instances however, these anomalies appeared to occur more randomly (e.g., during 

the winter of 2006 in the Herald record).  
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Figure 7. The magnitude of Sr/Ca and Li/Mg anomalies observed in all core records during the 2011 (black 
markers) and 2013 events (red markers) versus: a, b) annual linear extension rates; c, d) maximum degree 
heating weeks, and e, f) maximum weekly SSTs recorded at each reef site. Linear regressions are included 
where significant relationships were observed (i.e., p < 0.05).   
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3.5 Discussion 

3.5.1 Coral core thermal stress signatures 

The analysis of seasonal Sr/Ca-SST and Li/Mg-SST residuals in high-resolution coral core 

records provide a novel method to assess the impacts of past ocean warming events on 

coral reef environments. We show that periods of thermal stress can lead to the temporary 

disruption of seasonal trace element profiles preserved along the growth axes of massive 

Porites spp. corals. These anomalous changes in trace element ratios can then be identified 

through the use of coral specific reference calibrations if the coral and overlapping satellite 

SST records are of sufficient length to assess the veracity of these trace element proxies 

under ‘normal’ conditions. In this study, the seven coral core records collected from across 

the NW shelf provide further verification of an unprecedented sequence (over the last ~ 20 

years) of widespread coral bleaching events across the region during the summers of 2011 

and 2013 (Moore et al., 2012; Feng et al., 2013; Lafratta et al., 2017). Where only one 

record showed probable evidence for thermal stress during the late 1990’s, 3 and 5 records 

respectively showed strong evidence of significant thermal stress impacts during the recent 

2011 and 2013 marine heat wave events. As such, although the onset of mass bleaching 

events on the NW shelf appear to have been delayed by at least a decade compared to other 

major reef systems around the world (e.g. the GBR; Hoegh-Guldberg, 1999; De’ath et al., 

2012), this study nonetheless confirms that coral reefs along the western coastline of 

Australia are probably also at similar risk from continued anthropogenic ocean warming. 

3.5.2   2011 and 2013 marine heat wave events 

The incidence of anomalies in the core records during the summers of 2011 and 2013 was 

broadly consistent with modelled spatial variations in thermal stresses across the study 

region for these two events. For one, the isolated and much higher thermal stresses recorded 

on the inner shelf, between Bundegi and Onslow during the summer of 2011 were 

consistent with the anomalous increases in Sr/Ca and Li/Mg ratios, and strong declines in 

linear extension rate observed during this event in the Bundegi, Ward and Herald records. 

Similarly, for the summer of 2013, the increased incidence of TE and extension rate 

anomalies in the coral records was consistent with the generally higher and more 
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widespread thermal stresses recorded across the region during this latter event. Field 

observations of coral bleaching impacts from several of the reef sites during these two years 

further supported the variable incidence of anomalies observed in the records. Severe coral 

bleaching and mortality was observed in the Exmouth Gulf during the summer of 2011, in 

particular at Bundegi reef (up to 95% mortality in less resilient species; Depczynski et al., 

2013), whereas bleaching impacts were milder at the more offshore reef sites: Tantabiddi (~ 

20%) and Montebello’s (30 to 60%; Moore et al., 2012). Observations of severe coral 

bleaching and mortality on the inner-mid NW shelf during the summer of 2013 (Lafratta et 

al., 2017) were also consistent with the timing of significant trace element anomalies 

observed in the Ward, Herald, West and Airlie records. However, the absence of any 

significant TE ratio anomalies in the Montebello record during the summer of 2013 was 

inconsistent with the ~ 60 to 70% coral mortality observed around the island group during 

this more severe event (Ridgway et al., 2016). While it is possible that the sampled 

Montebello coral avoided major stress during this event (e.g. due to fine-scale variations in 

temperature or inter-colonial variations in stress responses; e.g. Hoegh-Guldberg, 1999); As 

discussed later, this disparity could also relate to an improved resilience and/or shortened 

recovery time by this coral due to more favourable background conditions at the reef site, 

or a strong growth rate control on the formation of anomalous TE ratio ‘stress’ signatures.  

The presence of negative Sr/Ca and Li/Mg anomalies in the core records that corresponded 

with timing of seasonal SST minima (i.e. during winter months) could also be indicative of 

past coral stress (Fig. 2). In several instances, seasonal TE maxima (i.e., Sr/Ca-SST and 

Li/Mg-SST minima) appeared to significantly underestimate SST minima during unusually 

cold winters (e.g. during the years 2006 and 2010 in the Herald and Bundegi records 

respectively), or immediately following positive TE ratio anomalies recorded during warm 

water stress events (e.g. during winters of 1998, 2011 and 2013 in Herald record). The 

timing of these anomalies might therefore reflect the effects of cold-water stress (see 

Hoegh-Guldberg and Fine, 2004; Hoegh-Guldberg et al., 2005; Colella et al., 2012); or 

more severe stress impacts, or longer recovery times in corals that were subject to summer 

bleaching. However, unlike the positive TE ratio anomalies recorded during the summers of 

2011 and 2013, these additional anomalies could not be verified with direct observations of 
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coral stress from any of the reef sites.  

 

3.5.3   Local controls on coral bleaching responses  
Separate to the spatial variations in anomalous warming during the two warming events; 

the clear lack of any significant relationship between the magnitude of thermal stresses or 

maximum SSTs at the reef sites and the magnitude of trace element anomalies in the coral 

records suggested stress responses during the 2011 and 2013 events were also influenced 

by environmental differences between the reef sites (Berkelmans, 2002; Anthony et al., 

2007; Wooldridge, 2009; Carilli et al., 2009; Wiedenmann et al., 2013). In particular, the 

strong TE ratio anomalies in the in-shore Ward and Herald records during the summer of 

2011 only corresponded with levels of thermal stress typically associated with the onset of 

coral bleaching in more vulnerable coral species (i.e., ~ 4 DHW °C; Eakin et al., 2009; 

Hughes et al, 2017; 2018b). Along with the increased occurrence of significant TE ratio 

anomalies in these records, these apparent increases in thermal sensitivity were consistent 

with the increased exposure of these reef sites to the Ashburton River (Wooldridge, 2009; 

Carilli et al., 2009; Fabricius et al., 2013; Ateweberhan et al., 2013). In particular, the 

summer of 2011 was one of the wettest of recent decades due to the passing of three 

tropical cyclones between the 26th of January and 22nd of February (Drost et al., 2017). 

Four hundred and seventy millimetres of rainfall and 1.1 × 106 ML of discharge was 

recorded from Onslow Airport and the Ashburton River during the four months from 

December 2010 to March 2011. The thermal tolerances of these corals could therefore have 

been compromised due to freshwater inundation (i.e. reduced ambient salinities; Coles and 

Jokiel, 1978; Bahr et al., 2015), or associated increases in nutrient or suspended sediment 

concentrations around these inshore sites (Wooldridge, 2009; Wooldridge and Done, 2009; 

Fabricius et al., 2013). In contrast, only 130 mm of rainfall and 1.1× 105 ML of river 

discharge was recorded for the four months from December 2012 to March 2013, which 

could have contributed to the relatively weaker extension rate and Sr/Ca and Li/Mg ratio 

anomalies recorded by the Ward and Herald corals during the more severe 2013 event. 

However, the similar magnitudes of TE ratio anomalies also recorded in the other inshore 

core record from Bundegi during both these years could probably not be explained by 

variable terrestrial runoff due to its increased distance from the Ashburton River (i.e. 

located ~ 80 km to the SW) and the smaller size of the adjacent Exmouth Peninsula 
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catchment area. The apparently similar stress responses in the three inshore core records 

may therefore reflect the synergistic influence of some other, more widespread physio-

chemical condition on the inner shelf (e.g. reduced circulation); the higher thermal stresses 

(although lower maximum SSTs) recorded at Bundegi reef during both warming events; or 

alternatively, an increase in the thermal resilience of these corals during the summer of 

2013 due to the previous impacts of the 2011 event (see final section).  

 

In contrast to the three inshore records, no TE ratio anomalies were observed in the mid-

shelf core records from Airlie or West during the summer of 2011, when similar thermal 

stresses and maximum SSTs were recorded; or in the offshore/outer-shelf Tantabiddi or 

Montebello records during the 2013 event, when higher thermal stresses of 6 to 10 DHW 

°C were recorded (Fig. 7c to f). Its possible that these apparent, offshore-ward increases in 

coral resilience were influenced by reduced nutrient or suspended sediment concentrations 

(e.g. Wooldridge, 2009; Fabricius et al., 2013; Erftemeijer et al., 2012; Ateweberhan et al., 

2013), increased wave driven circulation (Fabricius, 2006; Jimenez et al., 2011), or 

increased phytoplankton availability (Baird et al., 2009; Hughes & Grottoli, 2013) around 

these more regionally exposed sites. Alternatively, given the significant relationship 

observed across all the coral records between the magnitudes of TE anomalies and absolute 

linear extension rates (Fig. 7a, b), then reef conditions promoting faster coral calcification 

rates around these sites (including increased light penetration; Pearse & Muscatine, 1971; 

Lough & Barnes, 2000; Ferrier-Pagès et al., 2000) could have indirectly mitigated the 

formation and/or magnitude of anomalous TE signatures in these skeletal records (see 

following section). This could have effectively masked the impacts of thermal stress in 

these coral records, potentially also accounting for the disparities between observations of 

coral bleaching at the Montebello’s, and to a lesser extent at Tantabiddi during the summers 

of 2011 and 2013, and the absence of TE ratio anomalies in these records during these 

times. 
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3.5.4   Sr/Ca and Li/Mg systematics – evidence for growth rate control on formation of 

anomalies 

The close coupling observed between Sr/Ca and Li/Mg ratios during the 2011 and 2013 

events was not consistent with existing mechanisms that have sought to explain the 

formation of geochemical anomalies in core records during periods of thermal stress. 

Anomalous increases and decreases in Sr/Ca and Mg/Ca ratios observed in core records 

during periods of thermal stress have previously been attributed to a decrease in active 

(ATPase) Ca2+ transport by the coral host (Marshall & McCulloch, 2002; Sinclair, 2005; 

Clarke et al., 2017; D’Olivo et al., 2017), and an associated decrease in precipitation 

efficiency and Rayleigh Fractionation of trace elements into the coral skeleton (Clarke et 

al., 2017). However, unlike Sr/Ca and Mg/Ca ratios, Li/Mg ratios should in theory be 

unaffected by changes in active Ca2+ transport by the coral host (presuming ATPase 

enzyme is specific for Ca2+; Sinclair, 2005), or changes in Rayleigh Fractionation (due to Li 

and Mg both being highly incompatible in coral skeleton; Hathorne et al., 2013; Montagna 

et al., 2014; Marchitto et al., 2018). The close coupling observed between the magnitude of 

Sr/Ca and Li/Mg anomalies in the core records therefore warrants the need for a new 

explanation for their formation during periods of thermal stress.  

Rather than arising from intricate variations in coral vital effects, the coupled behavior of 

chemically different trace element ratios (e.g. Sr/Ca and Li/Mg) during periods of thermal 

stress could simply reflect changes in the density banding structure of coral skeleton. 

Observations of high-density stress bands in coral cores that correspond with the timing of 

past bleaching events (Carilli et al., 2009; Cantin et al., 2010; Cantin & Lough, 2014; 

Barkley & Cohen, 2016; DeCarlo & Cohen, 2017; Barkley et al., 2018; DeCarlo et al., 

2019) suggest corals continue to calcify, however with reduced extension during bleaching 

events (Carricart-Ganivet, 2011; D’Olivo et al., 2013). The increased mixing of deposited 

skeletal material over narrower growth intervals could therefore lead to a reduction in the 

amplitude of all seasonally variable trace element ratios, irrespective of differences in their 

physical and chemical properties. Although previously not associated with the formation of 

coral stress bands, a similar effect has already been shown to influence the seasonality of 

trace elements in Porites spp. records under normal calcification conditions (dubbed ‘bio-
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smoothing’; Gagan et al., 2012). Bio-smoothing results from variations in the distribution 

of skeletal mass within the tissue zone (e.g., Barnes & Lough, 1993) and is typically most 

pronounced in slower growing corals with increased tissue layer thicknesses (Gagan et al., 

2012). As such, this, or a similar effect could probably account for the significant 

relationship observed between absolute linear extension rates and the magnitude of the 

Sr/Ca and Li/Mg anomalies observed in the core records during the 2011 and 2013 events 

(Fig. 7a, b).  This significant relationship might therefore imply that the susceptibility of 

corals to record stress related TE anomalies is biased towards corals with slower average 

growth rates.  

However, while we provide evidence for significant linear extension rate controls on the 

amplitude of seasonal TE cycles, the absence of TE anomalies in the core records where 

other significant annual declines in extension rate were observed (e.g. during the year 2004 

in the Ward record, Fig. 3.), indicates other growth or physiological factors can probably 

also lead or contribute to the short-term deviation of TE ratios from expected values. While 

this observation does not necessarily contradict a bio-smoothing control for the formation 

of TE stress signatures (i.e., measurements of other calcification parameters such as tissue 

thickness and skeletal density would also be required) it does provide further confirmation 

that declines in linear extension rate are not unequivocal indicators of thermal stress (see 

commentary by Hoegh-Guldberg et al., 2019).  

3.5.5 Acclimatisation of corals to thermal stress 

If the magnitudes of the TE ratio anomalies in the core records are presumed to be 

proportional to the degree of stress experienced by the corals, then the relatively weaker 

Sr/Ca, Li/Mg and extension anomalies observed in the three inshore core records during the 

more severe 2013 event (max SSTs ~ 1 °C warmer than 2011 event) could indicate some 

degree of thermal acclimatisation by these corals due pre-conditioning effects of the 2011 

event (e.g. Baker et al., 2004; Maynard et al., 2008). Although only the Ward, Herald and 

Bundegi cores showed stress signatures during both the 2011 and 2013 events, the large 

distance between the 3 sites (~ 100 km from Bundegi to Herald Is.) seemingly allows for 
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the influence of many local stressors (e.g. variable terrestrial runoff) to be discredited as 

contributing factors to these variations in stress responses. Bleaching histories are therefore 

an obvious, common factor between the inshore corals that could account for these relative 

reductions in coral stress during the latter and more intense 2013 heat wave event. While 

this evidence for thermal acclimatisation is limited by the absence of intra-site 

reproducibility of these TE signatures, as well as supporting environmental data (water 

quality, light etc.), we do note its consistency with previous research that has shown 

increased thermal resilience in corals following their repeated exposure to marine heat 

waves (Maynard et al., 2008; Guest et al., 2012; DeCarlo et al., 2019; D’Olivo et al., 2019). 

For example, DeCarlo et al. (2019) recently showed a reduced proportion of stress bands in 

Porites spp. cores from the GBR, Coral Sea and New Caledonia between the years 2002 

and 2016, despite strong increases in the severity of marine heat waves at all three locations 

across this period.  

A variety of mechanisms for coral acclimation have been suggested, including: changes in 

the metabolic condition and efficiency (heterotrophic status, respiration rates, nutrient 

cycling, energy stores etc.) by the coral holobiont (Baird et al., 2009; Gibbin et al., 2018); 

changes in the expression of certain genes associated with heat tolerance (e.g. Palumbi et 

al., 2014); changes in the coral microbiome or coral-microbe interactions (Osman, 2016; 

Webster & Reusch, 2017; Zeigler et al., 2017; Morrow et al., 2018); and changes or 

selective acclimatisation in symbiont communities (Buddemeier & Fautin, 1993; Thornhill 

et al., 2006; Berkelmans & Van Oppen, 2006; Hume et al., 2015). In this instance, because 

the 2011 event was preceded by an extended period of relative climate stability (i.e. with no 

mass bleaching reported prior to this event; Moore et al., 2012; Feng et al., 2013), coral 

assemblages in the region could have favoured less temperature-resistant configurations 

prior to this event due to a variety of potential physiological trade-offs associated with 

acquired increases in heat tolerance. While this remains a subject of ongoing research, the 

switching or shuffling of coral symbionts to more heat tolerant varieties (Buddemeier & 

Fautin, 1993; Thornhill et al., 2006; Berkelmans & Van Oppen, 2006) has previously been 

shown to lead to reductions in growth rates and reduced reproductive efficiencies (Jones & 

Berkelmans, 2010, Baird & Marshall, 2002; Thornhill et al., 2006). Furthermore, given the 
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substantial reductions in coral cover of less resilient branching, encrusting and tabulate 

coral species already reported across the study region (Moore et al., 2012; Depczynski et 

al., 2013), care must be taken to ensure that dynamic responses evident in Porites spp. core 

records are not extrapolated to infer broader ecological variability or species resilience to 

periodic heat wave events. As such, while differences in reef environment and thermal 

acclimation will likely continue to give rise to strong spatial and temporal variability in 

coral stress and bleaching impacts in the short to medium term, the longer-term degradation 

of these fragile environments should nevertheless be expected to continue if current ocean 

warming trends continue unabated.  

 

3.6 Summary 
 

This study shows how the collective analysis of multiple coral core geochemical records 

provides a unique perspective of the variable impacts of marine heat wave events on coral 

reef environments. We show how the reproducibility of patterns of TE (Sr/Ca and Li/Mg) 

anomalies between corals collected from inner, mid and outer-shelf environments can allow 

for some limited differentiation of the influences of local environment and thermal 

acclimatisation on the intensity of coral stress responses during past sequences of heat wave 

events. Furthermore, by highlighting significant linear extension rate controls on the 

magnitude of both Sr/Ca and Li/Mg anomalies during two recent thermal stress events, this 

provides new evidence that the formation of TE signatures is related to non-selective 

growth processes (e.g. bio-smoothing). This suggests a variety of additional TE, and 

possibly isotopic ratios may also be suitable as geochemical tracers of thermal stress, 

therefore potentially allowing for these analyses to be widely applied in future studies.  
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3.7 Appendix 

Period SST = m ×	  (Sr/Ca) + c SST = m × (Li/Mg) + c 

n m 
(±95%) 

c 
(±95%) 

r2 p m 
(±95%) 

c 
(±95%) 

r2 p 

Ward Is. 

Jan/01 – Dec/10 

Entire record: 
Oct/93 – Jan/15 

120 

256 

-0.045
(±0.003) 

-0.038

10.255 
(±0.078) 

10.096 

0.88 

0.83 

<0.05 

<0.05 

-0.052
(±0.003) 

-0.045

2.854 
(±0.087) 

2.668 

0.89 

0.83 

<0.05 

<0.05 
(±0.002)	   (±0.055) (±0.003)	   (±0.066) 

Herald Is. 

Jan/01 – Dec/10 

Entire Record: 
Dec/96 – Jan/15 

120 

218 

-0.039
(±0.003) 

-0.033
(±0.002) 

10.024 
(±0.065) 

9.875 
(±0.051) 

0.90 

0.83 

<0.05 

<0.05 

-0.047
(±0.003) 

-0.039
(±0.003) 

2.649 
(±0.08) 

2.463 
(±0.064) 

0.90 

0.82 

<0.05 

<0.05 

Airlie Is. 

Jan/01 – Dec/10 

Entire Record: 
Nov/96 – Jan/15 

120 

219 

-0.053
(±0.004) 

-0.053
(±0.003) 

10.451 
(±0.093) 

10.431 
(±0.066) 

0.88 

0.89 

<0.05 

<0.05 

-0.059
(±0.004) 

-0.059
(±0.003) 

3.039 
(±0.112) 

3.034 
(±0.076) 

0.87 

0.88 

<0.05 

<0.05 

Montebello’s 

Jul/03 – Dec/10 

Entire Record: 
Jul/03 – Feb/14 

90 

128 

-0.050
(±0.004) 

-0.053
(±0.003) 

10.503 
(±0.104) 

10.562 
(±0.090) 

0.88 

0.89 

<0.05 

<0.05 

-0.060
(±0.004) 

-0.060
(±0.003) 

3.131 
(±0.115) 

3.136 
(±0.091) 

0.90 

0.91 

<0.05 

<0.05 

West 

Jan/07 – Dec/10 

Entire Record: 
Jan/07 – Jan/15 

48 

97 

-0.037
(±0.004) 

-0.033
(±0.004) 

10.036 
(±0.101) 

9.931 
(±0.097) 

0.89 

0.77 

<0.05 

<0.05 

-0.046
(±0.006) 

-0.041
(±0.005) 

2.706 
(±0.147) 

2.554 
(±0.123) 

0.85 

0.76 

<0.05 

<0.05 

Bundegi 
Jan/01 – Dec/10 

Aug/05 – Dec/10 

Entire Record: 
Apr/98 – Jun/13 

Aug/05 – Jun/13 

120 

65 

183 

95 

-0.055
(±0.004) 

-0.048
(±0.004) 

10.468 
(±0.103) 

10.296 
(±0.09) 

0.86 

0.79 

<0.05 

<0.05 

-0.059
(±0.007) 

-0.048
(±0.006) 

3.015 
(±0.161) 

2.736 
(±0.146) 

0.84 

0.74 

<0.05 

<0.05 

Tantabiddi 
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Table S1: Sr/Ca-SST and Li/Mg-SST calibrations for the different core records. The calibration equations from 2001 – 

2010 (or maximum number of years therein) were used to identify significant TE anomalies in the core records (Fig. 2) 

and determine the magnitude of SST anomalies shown in Figures 4 and 6.  

SST max minus Sr/Ca-SST max 

(°C) 

SST max minus Li/Mg-SST max 

(°C) 

Core 

record 

Reference 

Period 

n 

(years) 

Mean 

residual 

(±2 SD) 

2011 2013 

Mean 

residual 

(±2 SD) 

2011 2013 

West 2007– 2010 4 0.2 ± 1.3 0.1 3.9 0.3 ± 1.1 -0.5 1.6 

Airlie 2001– 2010 10 0.2 ± 1.6 -0.4 2.8 0.3 ± 1 -0.3 1.4 

Herald 2001– 2010 10 0.4 ± 2 4.7 4.1 0.4 ± 1.3 4.5 3.7 

Ward 2001– 2010 10 0.4 ± 2 4.9 3.3 0.3 ± 1.5 4.7 2.9 

Bundegi 
2001 – 2010 

2006 – 2010 

10 

5 

0.1 ± 2.1 

-0.2 ± 2

4.4 

4.4 

2.3 

2.3 0.2 ± 2.4 4.2 2.1 

Tantabiddi 
2001 – 2010 

2009 – 2010 

10 

2 

0 ± 1.1 

0 ± 0.4 

-0.3

-0.3

0.9 

0.9 0.1 ± 0.3 0 -0.2

Montebello 2004 – 2010 7 0.2 ± 1.4 -1.6 -0.7 0.2 ± 1.6 -0.8 0.6 

 

 

Jan/01 – Dec/10 

Jul/08 – Dec/10 

Entire Record: 
Apr/96 – Jun/13 

Jul/08 – Jun/13 

120 

30 

206 

60 

-0.055
(±0.003) 

-0.054
(±0.003) 

10.501 
(±0.064) 

10.463 
(±0.129) 

0.91 

0.90 

<0.05 

<0.05 

-0.061
(±0.008)

-0.064
(±0.005)

3.017 
(±0.201) 

3.081 
(±0.141) 

0.90 

0.91 

<0.05 

<0.05 

Table S2. Mean residuals between seasonal SST maxima and seasonal Sr/Ca-SST and Li/Mg-SST maxima calculated 

for the ten years from 2001-2010 (or maximum period therein). Mean values and standard deviations were calculated 

using the Sr/Ca-SST and Li/Mg-SST calibrations, which were also obtained for the period from 2001 – 2010 in each 

record (Table S1). Included are the residual values obtained for the summers of 2011 and 2013 in each core record. 

Residuals were considered significant if mean values were exceeded by more than 2 standard deviations (i.e. p < 0.05;

as indicated by solid red bars in Fig. 2).  
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Figure S1. X-rays of the coral slices that were selected for Sr/Ca and Li/Mg analysis. Sample powders were collected at 

fixed increments (1-2 mm) along major growth axes (red lines). A second transect was milled along an adjacent slice of 

the Ward core (i.e. magenta line, T2) to check the reproducibility of a long-term Sr/Ca and Li/Mg anomaly observed in 

the record. 

AIR15 HER15WEST15 WAR15MONT14

BUN13 TANT13

T2 (adjacent slice)
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Figure S2. Linear regressions of the in-situ versus satellite SST data used to determine the coral age models and calibrate 
the Sr/Ca and Li/Mg records (p < 0.05 for all). 
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4.1 Abstract 

The North-west shelf on Australia’s western coastline hosts a diverse range of coral reef habitats, 

ranging from fringing, well circulated reefs along the outer shelf at Ningaloo, to highly turbid, 

primarily tidally driven environments on the inner shelf. Here, we generated coral core (Porites 

spp.) Ba/Ca records from six environmentally distinct reef sites on the NW shelf to assess the 

veracity of the environmental proxy to resolve key environmental gradients across the region. Acute 

seasonal Ba/Ca enrichments were observed in all but one of the records, which could be attributed to 

varying influences of terrestrial runoff on the inner shelf and transient upwelling events along the 

outer shelf. A separate record however, showed seasonal and inter-annual Ba/Ca variability that 

closely matched its corresponding Sr/Ca record and could thus not be accounted for from 

conventional runoff or upwelling explanations. Several alternate explanations for this anomalous 

behavior are discussed; however, we argue in favor of the seasonal limitation of ambient barium and 

other nutrient availability by primary producers. Overall, this study provides further verification of 

the use of coral Ba/Ca records to assess key spatial and temporal variations in reef domain. We do 

however, emphasize that further, controlled studies are required to unequivocally demonstrate 

additional biological controls on this unique environmental proxy.   
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4.2 Introduction 
 

Due to the wide range of environmental factors that influence the health and resilience of corals to 

episodic disturbances, the long term viability of coral reefs under future ocean warming and 

acidification scenarios is likely to be subject to a variety of local constraints (Hughes, 1994; Hughes 

et al., 2003; Fabricius, 2005; Hoegh-Guldberg et al., 2007). Spatial variations in coral bleaching 

frequently observed during periodic heatwave events clearly highlight the importance of a variety of 

additional factors to modulate both the magnitude of local-scale temperature anomalies (circulation, 

upwelling, solar irradiance; Davis et al., 2011; Zhang et al., 2013; Li and Reidenbach, 2014; Clarke 

et al., 2017), and the resilience of corals to withstand and recover from these disturbances (e.g. 

nutrients, turbidity, light, UV exposure, sedimentation; Brown, 1997; Fitt et al., 2001; Wooldridge, 

2009; Wooldridge and Done, 2009; Carilli et al., 2009, 2010; Wiedenmann et al., 2013; 

Ateweberhan et al., 2013). Furthermore, the long-term sustainability of coral reef environments is 

also threatened through a variety of additional pathways, for example, ecological imbalances 

resulting from the over-exploitation of target species (Hughes, 1994; Roberts, 1995; Bellwood et al., 

2004); and increases in terrestrial nutrient and sediment fluxes that promote coral disease and the 

proliferation of harmful macroalgae and predatory species (e.g. Acanthaster planci; Bell, 1992; 

Pederson and Borum, 1996; Brodie et al., 2005; De’ath and Fabricius, 2010). With only limited 

options and resources available for the ongoing protection of coral reefs, the ability to identify 

additional factors contributing to losses of coral cover is important to ensure the optimization of 

management strategies in the face of increasing impacts from climate change.  

 

Owing to their widespread abundance, longevity and distinct annual density banding patterns, coral 

cores from massive Porites spp. corals allow for long-term (up to hundreds of years) paleoclimate 

reconstructions from a broad range of different reef environments (Druffel, 1997; Lough and 

Barnes, 2000; McCulloch et al., 2003; Grottoli and Eakin, 2007). The incorporation of trace 

elements (TE) and stable isotopes in coral aragonite has shown to be related to a variety of 

environmental parameters, thereby allowing for long-term, spatial and temporal assessments of a 

variety of background conditions (e.g. temperatures, pH; nutrients; Beck et al., 1992; Montagna et 
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al., 2006; Grottoli and Eakin; 2007; Anagnostou et al., 2011; McCulloch et al., 2012). Furthermore, 

with rapid growth rates of up to around 2.5 cm yr-1, Porites cores can be sampled at high-temporal 

resolutions (bi-weekly to monthly; Marshall and McCulloch, 2002), allowing for certain patterns of 

TE variability to be directly attributed to a range of environmental processes and transient 

disturbances impacting reef habitats (e.g. terrestrial-runoff, upwelling, marine heatwave events; e.g. 

McCulloch et al., 2003; D’Olivo et al., 2015; Saha et al., 2016, 2018a; Clarke et al., 2019). 

 

The Ba/Ca ratio is a unique environmental tracer that allows for assessments of key oceanographic 

differences between reef environments. Barium is highly compatible in coral aragonite (Gaetani and 

Cohen, 2006); however, unlike most other commonly analysed trace element ratios (e.g. Sr2+, Mg2+, 

Li2+), its concentration tends to be highly variable in coastal marine waters (Hanor and Chan, 1977; 

Dehairs et al., 1987). Barium is transported into marine environments through the weathering and 

erosion of terrestrial soils and clays (Hanor and Chan, 1977); however, strong biological cycling of 

barium in seawater leads to a characteristic, nutrient-like distribution: with the lowest values 

observed in surface waters (from < 7 μg	  Ba/Kg)	   and the highest in deep waters (up	   to	  ~	  16	  μg	  

Ba/Kg;	   Dehairs, 1980). As such, coral Ba/Ca records have been widely utilised to assess the 

exposure of reef sites to terrestrial runoff (McCulloch et al., 2003; Fleitmann et al., 2007; Prouty et 

al., 2010; Saha et al., 2018a) and upwelling events along continental margins (Lea et al., 1989; 

Montaggioni et al., 2006; Tudhope et al., 1996; Alibert and Kingsley, 2008).  

 

However, amidst various studies reporting ‘anomalous’ Ba/Ca variability that was inconsistent with 

terrestrial runoff and upwelling influences (otherwise referred to as exogenous processes) there has 

been increasing speculation of additional factors (e.g. groundwater inputs; Shaw et al., 1998) or 

biological processes that may also influence coral Ba/Ca signatures (Sinclair, 2005; Chen et al., 

2011; Saha et al., 2018b; Tanzil et al., 2019). It’s possible some degree of anomalous Ba/Ca 

behaviour could be attributed to generic physiological and calcification related controls on the 

incorporation of trace elements in coral skeleton (termed ‘vital effects’; Gaetani and Cohen, 2006; 

Cohen and Gaetani, 2010), as well as perhaps intrinsic differences in the processes by which barium 

is incorporated into the coral lattice relative to other commonly analysed TE ratios (e.g. ‘surface 

adsorption’; Watson, 1996; Cohen and Gaetani 2010; Mavromatis et al., 2018). However, such 
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effects in isolation could probably not explain observations of anomalous, irregular Ba/Ca 

variability that differs from the normal sinusoidal-like seasonal variability typical of most TE ratios 

(Sinclair, 2005b; Chen et al., 2011; Saha et al., 2018b; Tanzil et al., 2019). Such observations have 

therefore led to the proposition of a variety of additional controls on coral Ba/Ca ratios, for example, 

the bio-geochemical cycling of Ba (e.g. through seasonal phytoplankton dynamics; Sinclair, 2005b; 

Saha et al., 2018b; Tanzil et al., 2019) or other physiological processes (e.g. cold water stress; Chen 

et al., 2011); however, these remain to be conclusively demonstrated.  

The northwest shelf, located on Australia’s western coastline, provides an ideal location to further 

assess the behavior of the coral Ba/Ca proxy and its applicability to resolve key differences in reef 

environment. The shelf displays a diverse range of marine environments: with highly turbid 

conditions on the inner shelf around the mouth of the Ashburton River, transitioning to clearer and 

more ecologically diverse reef habitats along the mid-outer shelf (Wilson et al., 2003; Moustaka et 

al., 2018). The NW shelf has also been the site of recent inshore dredging operations for the 

processing and shipment of LNG resources as part of the Wheatstone LNG project. Here, six coral 

cores (Porites spp.) were collected from across the NW shelf and analysed for Ba/Ca ratios to assess 

for exogenous and other signatures consistent with the variable proximity of the reef sires in relation 

to key morphological features (e.g. rivers, continental shelf margin, Exmouth Peninsula). The Ba/Ca 

records were compiled from two inshore reef sites directly exposed to the Ashburton River and from 

a variety of mid to outer-shelf sites from further offshore, including from Ningaloo Reef where 

transient, summer-time upwelling events have been well documented (Xu et al., 2013; Rossi et al., 

2013). With overlapping records of rainfall, river discharge and linear extension also obtained, we 

aimed to generate long-term baseline records of environmental variability across the study region 

and additionally, to further study the veracity and applications of this unique environmental tracer. 

4.3 Methods 

4.3.1 Study region 

The NW shelf is an extensive natural gas producing region located in the Pilbara region of Western 

Australia. The shallow marine platform extends approximately 300 km offshore and contains many 
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small islands and patch reefs. Several of these reefs are ecologically significant and protected as 

marine parks and nature reserves (e.g. Ningaloo Reef Marine Park and Montebello Islands; Fig. 1). 

The Pilbara climate is arid, with hot and dry conditions prevailing for much of the year. Rainfall is 

typically erratic and occurs during the frequent (~ 2 per year on average; Drost et al., 2017) passing 

of tropical cyclones during warmer months (Dec – March). Cyclonic rains often lead to the flooding 

of the many ephermal river systems which cover the Pilbara landscape, in particular, the Ashburton 

River which discharges into the Indian Ocean ~ 20km to the south of Onslow. The Ashburton is the 

largest river in the region with a catchment area of ~ 70 000 km2 and mean annual flow of ~ 420 GL 

(versus < 5000 km2 and ~ 50 GL respectively for the Cane and Robe Rivers located to the immediate 

north; Ruprecht, 1996; Fig. 1). The Ashburton River discharges into the Indian Ocean ~20 km to the 

south of the town of Onslow, which has led to the accumulation of a thick layer of fine, fluvial 

sediments across the substrate of the surrounding inner NW shelf. Along with run-off events, the 

wind and wave driven re-suspension of these sediments can expose the nearshore reef communities 

on the NW shelf to high levels of turbidity and sedimentation for much of the year (Abdul Wahab et 

al., 2017; Lafratta et al., 2017). Further offshore, reef substrates become increasingly sandier 

towards the mid and outer NW shelf. Wave-driven circulation and the influence of regional 

oceanographic forcings increases as these more outer reef sites become progressively more exposed 

to the Indian Ocean. Approximately ~ 80 km offshore from the coast, the Montebello Islands (i.e. 

the ‘Montebello’s) are the most offshore group of islands in the region. The Montebello’s are 

strongly influenced by the southwestward flowing Holloway Current and other regional 

oceanographic processes (Feng et al., 2016); although, the island chain is still some ~ 60 km from 

the edge of the continental slope.  

Approximately 100 km to the southwest of Onslow, Ningaloo Reef is located along the along the 

offshore coastline of the Exmouth Peninsula. Ningaloo Reef was world heritage listed in 2011, in 

part due to the seasonal convergence of numerous mega-fauna species (e.g. whale sharks, humpback 

whales, manta rays; Preen et al., 1997), which are a major tourism attraction in the region (e.g. 

Anderson et al., 2014). Unlike the reef sites from further north, Ningaloo Reef is just 20 – 50 km 

from the edge of the continental shelf. This contributes to increased oceanographic complexity 

across the reef flat: with frequent transient upwelling events and the increased exposure of the reef 

site to the pole-ward directed Leeuwin Current strongly differentiating reef conditions at Ningaloo 

from the more protected sites on the inner-mid NW shelf to the north (Taebi et al., 2011; Lowe et 

al., 2012; Xu et al., 2013: Rossi et al., 2013).  
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Figure 1. Location of the core sites on the NW shelf of Australia, and B) insert showing the location of the dredging 

shipping channel and sediment dispersal sites as part of the Wheatstone LNG Project.   

4.3.2 Wheatstone LNG Project: Dredging Operations from April 2013 – January 2015 

In addition to natural factors, reef environments on the NW shelf have also been impacted by recent 

industrial developments in the region. In particular, from April 2013 to January 2015, Australia’s 

single largest capital dredging project to date was undertaken with the construction of 16 km long 

shipping channel as part of the Wheatstone LNG project. The project involved the excavation and 

relocation of some ~30 M m3 of substrate to allow the passage to LNG shipping tankers to and from 

onshore processing facilities located ~12 km to the SW of Onslow (see Ministerial Approval 

Statement MS 873, available on the WA EPA website: http://www.epa.wa.gov.au). Dredging 

impacts in the region were closely monitored throughout the program, with in-situ water monitoring 

sensors deployed across a range of near and offshore reef sites, including at Ward Reef, Herald Is., 

West Reef and Airlie Is., where coral cores for this study were collected. While various studies 

reported clear, localized impacts of these dredging activities on the inner to mid shelf around 

Onslow (e.g. Abdul Wahab et al., 2017), the analysis for dredging related signatures in the core 

records was found to be limited due to the insufficient length of time between these past dredging 
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operations and the times the cores were collected. This made it difficult to distinguish possible 

dredging related Ba/Ca enrichments from remnant tissue layer contamination of the core samples.   

4.3.3 Core collection and preparation 

Coral cores from massive Porites spp. colonies were collected from the Montebello Islands in June 

2014 and from two inner-shelf reef sites (Ward and Herald Island) and two mid-shelf reef sites 

(West and Airlie) around Onslow in January 2015 (Fig. 1). Further to the south at Ningaloo Reef, 

two coral cores were collected from a single coral colony at Tantabiddi during August 2008 and 

August 2013 (Clarke et al., 2017). All corals were alive at the time of sampling and located at water 

depths of between 4 and 7 m. The cores: ~ 5 cm in diameter and up to 50 cm in length were 

collected using a pneumatic drill equipped with a hollow, tungsten carbide lined barrel.  

Following their collection, the coral cores were sliced along their long axes into rectangular slabs 

and left to soak overnight in a 1:1 NaOCl solution to remove superficial (i.e. non-skeletal bound) 

organic contaminants. The coral slices were then rinsed repeatedly in an ultrasonic bath and X-rayed 

to display annual density bands (see Clarke et al., 2019). The slices were sampled along major 

growth axes using a Zenbot precision mill equipped with a tungsten carbide lined drill bit. Sample 

powders were collected at fixed 1 mm increments for all but the Montebello core, which displayed a 

faster average extension rate and was instead sampled at 2 mm increments.  In total, 90 high-

resolution samples were collected from the Montebello core, 190 from the Airlie core, 180 from the 

Herald Island core, 240 from the Ward Island core and 186 from the West core. 112 samples were 

collected from the Tantabiddi coral collected in 2013, which were overlain with an additional 150 

samples collected from the earlier core collected in 2008 (see Clarke et al., 2017).  

4.3.4 ICP-MS analyses for Sr/Ca and Ba/Ca ratios 

Coral powders were weighted to 10 mg and then dissolved in a weak nitric acid solution. The 

sample solutions were then diluted to 10 ppm [Ca 2+] for Sr/Ca and Ba/Ca analyses using a Thermo 

Fisher Scientific (Bremen, Germany) X Series II quadrupole inductively coupled plasma mass 

spectrometer (ICP-MS) at the University of Western Australia AGFIOR laboratory. Long-term 
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Ba/Ca reproducibility (RSD) for two gravimetrically prepared international and in-house standards 

(i.e. JCP-1 and NEP) yielded up to 1.08 % for both (mean = 0.6 %, n = 144).  

4.3.5 Sr/Ca and Ba/Ca data processing 

Age models for the trace element datasets were determined by aligning the seasonality of the Sr/Ca 

records to overlapping, high-resolution satellite sea surface temperature (SST) records obtained 

from each of the coral sites (see Clarke et al., 2019). The resultant trace element records were then 

linearly interpolated to monthly resolution, which allowed for mean annual extension rates to be 

calculated for each core from the interpolated sampling distances across the 12 months from July to 

June across adjacent calendar years (i.e. distance between successive Sr/Ca maxima; see Clarke et 

al., 2019). The top 12 months of each TE and linear extension record were omitted due to clear 

tissue layer Ba contamination of the samples (i.e. displayed Ba/Ca enrichments of up to ~15 times 

normal baseline values). To compare differences in the seasonality of each record, median-monthly 

Ba/Ca and Sr/Ca seasonal profiles were calculated for the period from 2000 to 2012 in each record, 

except the Montebellos, which due to its shorter length could only be calculated for the period from 

2007 to 2012.  

4.3.6 Environmental data: river discharge, rainfall, wind and turbidity 

A combination of two rainfall records from close to the Onslow study sites (i.e. Barrow Island and 

Onslow Airport) were used to provide a more complete overview for the region. Discharge data for 

the Ashburton River was inferred based on monthly records obtained from Nanuturra Bridge: one of 

the major tributaries that feeds into the Ashburton River approximately 200 km inland from Onslow 

(Department of Water and Environmental Regulation, 2018). Around two years of daily in-situ 

turbidity data was available from water monitoring buoys deployed across the region as part of the 

monitoring requirements for the dredging component of the Wheatstone LNG project. Two years of 

baseline (i.e. pre-dredging data) was available from 3 of the reef sites where cores were collected: 

one inshore site (Herald Island) and two mid-shore sites (West and Airlie). This was combined with 

an additional ~ 1 year of dredging data available from these same sites, and from Ward Island, 

which was the most inshore core site for this study. Last, mean monthly wind speed and direction 

records were sourced from the Australian Bureau of Meteorology (http://www.bom.gov.au). The 
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records were selected from the Barrow Island monitoring station (located ~ 80 km north of Onslow) 

due to the data deriving from a more-similar period to that of the core records (i.e. 1999 – 2010).  

4.4 Results 

4.4.1 Coral Ba/Ca records 

Strong differences in the seasonality and inter-annual variability were observed between the coral 

Ba/Ca records from the inner, mid and outer-shelf sites (Fig. 2). On the inner shelf, a significant 

correlation was observed between the core records from Ward and Herald Island (R2 = 0.5, p < 0.01, 

n = 207). Seasonal maxima in both records typically occurred during autumn/winter (Apr – Jul), or 

approximately 3 – 4 months following peak rainfall and river discharge (Fig. 3), with minima 

occurring during late spring/summer months (Nov – Feb; Fig. 3). The strongest inter-annual 

increases in Ba/Ca ratios coincided with the timing of past discharge events; however, no clear 

relationship was observed between the magnitude of discharge (or rainfall) and the magnitude of 

Ba/Ca enrichment in either record (e.g. summers of 1995 and 1997 versus the summer of 2004; Fig. 

2). Further offshore, the Airlie record showed similar, although less pronounced inter-annual 

variability in Ba/Ca ratios compared to the Ward and Herald records. Several inter-annual peaks in 

Ba/Ca ratios also appeared to roughly align with past discharge events (e.g. summers of 1997 and 

2006; Fig. 2). The median Ba/Ca seasonality for the Airlie record was, however, out of phase with 

the two inshore records by approximately 3 months: with maxima typically occurring during late 

winter/spring (Aug – Nov) months and minima occurring during summer (Dec – Feb; Fig. 3). An 

anomalous increase in Ba/Ca ratios observed in the top section of the Airlie record: during the 

winter of 2012 and autumn of 2013 was also inconsistent with the other coral records. This 

enrichment did not correspond with any significant past discharge events or anomalous in-situ 

increases in turbidity measured at the reef site (i.e. relative to other reef sites where data was 

available; Fig. 4) indicating it was probably related to remnant tissue layer contamination that 

extended below the omitted top 12 months of the core record (see methods). 



121 

Figure 2. A – F) Coral core Ba/Ca records from the 6 reef sites on the NW shelf.  The Ba/Ca record from West Reef (E) 

is shown alongside its corresponding Sr/Ca due to the significant correlation observed between the two (see. Figs. 3, 5). 

G) Ashburton river discharge and H) Rainfall data from Barrow Island and Onslow Airport.
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The most offshore core record from the Montebellos showed the smallest range of seasonal and 

inter-annual variability in Ba/Ca ratios of all the coral records (Ba/Ca from 4 – 6 mmol/mol; Fig. 2). 

Strong seasonal variability in Ba/Ca ratios was observed through the early section of the record from 

2004 to 2007, with seasonal maxima occurring during autumn (Apr – May) and minima during 

spring (Sep – Oct; Fig. 3); however, a strong increase in baseline Ba/Ca values after ~ mid 2007, 

obscured much of the variability in the top section of the record (i.e. from 2008 – 2012). In contrast, 

the Tantabiddi and West records showed the strongest and most consistent seasonal variability in 

Ba/Ca ratios of all the core records. The overlapping records from the Tantabiddi coral (08TNT and 

13TNT) showed substantially higher baseline and range of Ba/Ca values (from around 10 – 

35mmol/mol) compared to the records from the other reef sites (which showed ranges in Ba/Ca 

values ranging from around 2 – 7 mmol/mol). Both records showed good agreement for the period 

of overlap (i.e. Apr/04 to Jul/07: R2 = 0.52, n = 40, p < 0.01) and were both significantly correlated 

with the West core record (13TNT vs. West: R2 = 0.37, p < 0.01, n = 94; 08TNT vs. West: R2 = 

0.39, p < 0.01, n = 127). Unlike the other records, seasonal maxima in Ba/Ca ratios were typically 

recorded during summer months (Dec – Feb) and minima during winter months (Jun – Aug; Fig. 3). 

The seasonal phasing and amplitude of the West Ba/Ca record was however, observed to closely 

align with its corresponding Sr/Ca record, which was used to determine the age model for the core 

(R2 = 0.51, p < 0.05, n = 193; Fig. 2). The strength of this correlation was observed to further 

increase when median monthly Sr/Ca and Ba/Ca values were compared for the twelve years from 

2000 to 2012 (i.e. R2 = 0.97, n = 12, p < 0.05; Fig. 5). Only the Airlie record also showed a 

significant, albeit weaker correlation when median monthly Ba/Ca were compared against their 

corresponding Sr/Ca values in this way (i.e. R2 = 0.55, n = 12, p < 0.05); however no significant 

correlation was also observed when the ‘normal’ monthly Sr/Ca and Ba/Ca time-series were 

compared (i.e. R2 = 0.14, n = 207, p > 0.05). Last, average linear extension rates for the six core 

records were 10.5 ±	  2.5	  mm yr -1 (1 S.D): ranging from 9 ± 3 mm yr -1 for the Airlie core (n = 17; 2 

S.D) to 16 ±	  3.5 mm yr -1 for the Montebello core (n = 9; 2 S.D).
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Figure 3. Median monthly profiles of A) SSTs; B) Sr/Ca and C) Ba/Ca for the different reef sites and 

core records respectively, for the period from 2000 to 2012; D) Median monthly river discharge (blue) and rainfall 
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(black lines) for the period from 2000 to 2012; and E) Mean monthly 9am and 3pm wind speeds and directions for 

Barrow Island from 1999 to 2010 (i.e. located ~80 km north of the Onslow study sites. Wind vector data was sourced 

directly from the Australian Bureau of Meteorology (2019). All error bars denote ±1 SE (based on median values 

recorded from 2000 – 2012 

4.4.2 In-situ NTU data 

For the ~ 2 year period prior to the onset of dredging operations (i.e. between July 2011 and April 

2013), turbidity responses were highly similar at the inshore (Herald) and mid-shore (West and 

Airlie) sites (Fig. 4). Strong increases in turbidity were recorded at all three sites during past 

discharge events from the Ashburton River. Herald Island recorded higher levels of turbidity: up to 

~ 10 Nephelometric Turbidity Units (NTU) compared to the more offshore sites (up to ~ 6 NTU); 

however, no clear relationship between total discharge and levels of turbidity was observed. The 

strongest increases in turbidity were recorded during the summer of 2013, despite total discharge 

being ~ 10 times lower compared to the summer of 2012.  

Figure 4. In-situ turbidity data (NTU) collected from water monitoring buoys deployed as part of the Wheatstone LNG 
project. Water monitoring began ~ 2 years prior to dredging to establish baseline values for the monitored reef sites. 
Ashburton River discharge is also shown (blue bars). 
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Coinciding with the period of dredging (i.e. from July 2013 to July 2014), the highest levels of 

turbidity were recorded at Ward Island; however this could not be directly attributed to dredging due 

to the absence of pre-dredging data from this site. Slight increases in baseline turbidity levels were 

observed in the West Airlie and Herald records; however, these too could not be directly attributed 

to dredging due to concurrent discharge events during this period as well as other similar variations 

in baseline values recorded during the pre-dredging period (e.g. the higher baseline values from May 

2011 to Oct 2011). Corresponding with this period in the core records, strong anomalous increases 

in Ba/Ca ratios were observed in the Airlie record, and to a lesser extent in the Ward record. 

However, in both instances these increases in Ba/Ca ratios appeared to precede the onset of dredging 

operations by 6 – 12 months, suggesting they were related to remnant tissue layer contamination that 

extended below the omitted top 12 months of each record (see methods).  None of the coral records 

therefore provided any indication of the capability of the Ba/Ca proxy to resolve their exposure to 

dredging related sediment suspension events.   
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Figure 5. A) Median monthly Sr/Ca versus median monthly SST; B) median monthly Ba/Ca versus median monthly 

SST and C) median monthly Ba/Ca versus Sr/Ca relationships obtained for each of the core records. Linear regressions 

for the West core record were included in each plot due to highly significant coupling observed between monthly Sr/Ca 

and Ba/Ca data.  

4.5 Discussion 

4.5.1 Inner and mid-shelf core records:  Ward, Herald and Airlie 

On the inner NW shelf, the excellent reproducibility between the Ward and Herald records provides 

further verification for the use of Ba/Ca records to resolve the past exposure of corals to terrestrial 

runoff. The persistent runoff signatures displayed in these two records was consistent with the 

findings of Clarke et al. (2019), which showed an increased occurrence of thermal stress anomalies 

in these same records (i.e. during the late 1990s and 2011 and 2013 marine heatwaves), thus lending 

to reaffirm the generally deleterious effects of terrestrial runoff on coral thermal tolerances (e.g. 
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Wooldridge, 2009; Carilli et al., 2009). The absence of any clear relationship between the magnitude 

of Ba/Ca peaks in the core records and the magnitude of past discharge events was also consistent 

with previous studies which have shown past climate variability strongly influences the erosive 

potential of catchment topsoils (e.g. McCulloch et al., 2003; Saha et al., 2018a). For example, the 

widespread depletion of Ba enriched sediments in the catchment during the record wet-year of 1997 

could explain the absence of any notable Ba/Ca enrichments in either core record during the 

following ‘wet’ summers of 1999 and 2000. Conversely, the extended period of dry weather 

recorded between 2000 and 2003 could have increased soil erosion and contributed to the strong 

Ba/Ca enrichments observed in the core records during the following summer of 2004.  

Despite the close proximity of the two inshore sites to the Ashburton River, the significant lag (~ 3 

months) between the timing of median monthly Ba/Ca maxima (i.e. May – July) and peak monthly 

river discharge (i.e. March) does however indicate additional factors also influence the seasonal 

supply or incorporation of barium by these corals. The clear alignment of in-situ turbidity responses 

at the inner and mid-shelf sites with peak river discharge during the summers of 2012 and 2014 (Fig. 

3) indicates that these differences in seasonality were unlikely due to the time it takes river

sediments to reach the coral sites from the inland Nanuturra monitoring station. These differences

might therefore reflect: increased skeletal barium incorporation during cooler months (Fig. 6a),

reduced precipitation efficiency by the corals (Fig. 6b), additional sources of terrigenous barium into

the inshore region (e.g. from peak offshore winds during winter months; Fig. 3e), or biological

processes influencing seasonal Ba incorporation by these corals (e.g. see later discussion), all of

which could have skewed these median statistics given the substantial number of ‘dry’ years

recorded between 2000 – 2012, when little to no river discharge was recorded.

On the mid-section of the NW shelf, the diminished variability in the Airlie core record 

was consistent with the increased distance of the reef site from the mouth of the Ashburton River. 

Several of the inter-annual peaks in Ba/Ca values were observed to align with those in the two 

inshore records and past runoff events; however, the exposure of the reef site island to terrestrial 

runoff probably varies on a ‘case-by case’ basis: depending upon the magnitude of discharge; and 

local wind and ocean circulation patterns. Compared to the inshore records, the ~ 3 years of in-situ 
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data from Airlie Reef also showed similar strong increases in during the summers of 2012, 2013 and 

2014. These similarities were however, likely influenced by widespread sediment re-suspension and 

transport across the NW shelf during summer months (Lafratta et al., 2017; Abdul Wahab et al., 

2017), e.g. during the ‘highly turbid’ summer of 2013 when very low levels of river discharge were 

recorded (Fig. 4).  

4.5.2 Outer-shelf and offshore core records: Tantabiddi and Montebello’s 

Along the western coastline of the Exmouth peninsula and more isolated from terrestrial influences, 

the seasonal, summer-time increases in Ba/Ca values observed in the Tantabiddi record provide the 

first geochemical evidence of significant upwelling events along the western coastline of the 

Exmouth peninsula (Xu et al., 2013). Sporadic upwelling events (usually lasting 3 – 10 days) have 

been well documented along much of the NW Australian coastline (north of ~ 30	  degrees; Xu et al., 

2013); however, have been reported to occur more regularly along the Exmouth Peninsula where the 

width of the NW shelf is the narrowest (Rossi et al., 2013). The consistency in the timing of 

seasonal Ba/Ca enrichments in the Tantabiddi record suggests upwelling occurs regularly at the site 

during summer months, although the variations in baseline values and the magnitude of inter-annual 

Ba/Ca enrichments suggest the intensity and duration of these events can vary considerably from 

year to year due to variations in the strength of the LC, southerly wind stresses and the El Niño 

Southern Oscillation Index (Wilson et al., 2003; Woo et al., 2006). Significant local-scale cooling of 

surface waters has also shown to be associated with these events (1 – 2 degrees; Xu et al., 2013). 

Further to the findings of Clarke et al. (2019), this could have contributed to the relatively reduced 

coral bleaching severities observed around the reef site (e.g. Moore et al., 2012) and the absence of 

any thermal stress Sr/Ca and Li/Mg anomalies in this same core record during the 2011 or 2013 heat 

wave events. 

The much higher baseline and peak Ba/Ca values in the Tantabiddi record (i.e. 10 – 15 µmol/mol 

and up to ~ 40 µmol/mol respectively) were much higher than the range of values reported from 

similar studies examining coral Ba/Ca signatures from other upwelling locations: Galapagos, Japan, 

Papua New Guinea, and Southern Oman (baseline values between ~ 3 – 5 µmol/mol and peaks up to 

~ 15 - 20; Montaggioni et al., 2006; Lea et al., 1989). The reproducibility of these higher Ba/Ca 
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values across the two sampling transects does however, provide a fair indication that the higher 

values recorded by this coral were unrelated to sampling pre-treatment procedures (i.e. bleaching) 

and, as such, reflect actual differences in ambient seawater concentrations between the different 

study environments. The close proximity of the Tantabiddi site to the shelf margin and/or increased 

shelf-water Ba concentrations around the reef site due to its unique, high-latitude, western 

continental setting (e.g. Xu et al., 2013) are both plausible explanations for these increased values.  

Further offshore and to the north of Tantabiddi, the acute increases in Ba/Ca ratios also observed in 

the early section of the Montebello record are also suggestive of transient seawater nutrient 

enrichments around the offshore island chain. High levels of primary productivity have previously 

been reported from seawater samples collected from around the Montebellos (up to 2500 mg C m-2 

day-1; Furnas and Mitchell, 1999) whereas, lower primary production rates of between 15 – 40 mg C 

m-2 day-1 have been measured in in Exmouth Gulf (i.e. directly to the SE; Ayukai and Miller, 1998).

Increased nutrient concentrations around the Montebello’s are probably unrelated to nearby

upwelling or terrestrial discharge given the more central position of the island chain on the NW

shelf (i.e. ~ 80 km from both the mainland and ~ 60 km from the shelf margin). These enrichments

are therefore probably more likely related to the lateral (onshore) advection of shelf waters to the

reef site due to its direct exposure to the open Indian Ocean. In particular, frequent cyclonic activity

(~ 2 per year on average) and associated deep ocean turnover/mixing (Emanuel, 2001) could play a

key role in the transport/advection of nutrient rich waters to the reef site. Twenty-eight cyclones

have impacted the NW region since the summer of 1996, with 18 impacting the region over the

duration of the Montebello record (i.e. since 2004; Drost et al., 2017). Cyclones frequently track

within ~ 20 – 50 km of the island chain; although associated surface wind and wave characteristics

typically vary considerably (Drost et al., 2017), thus making it difficult to directly associate any

specific Ba/Ca enrichments in the Montebello record to past events. However, the alignment of

several Ba/Ca peaks in the Montebello record with the two inshore records does lend support to a

cyclonic influence at the reef site given cyclones are the dominant influence on rainfall patterns in

the region. As discussed in the following section, some of this variability could also be related to

biological influences on Ba availability; however, ascribing these more intricate processes to the

Montebello record is difficult due to the increased regional exposure of the reef site.
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4.6 West record: ‘anomalous’ Ba/Ca variability 

In contrast to the clear environmental signals displayed in the other core records, the smoother and 

more consistent Ba/Ca seasonality in the West core record was inconsistent with the expected 

effects of transient runoff or upwelling influences at the reef site.  Anomalous Ba/Ca behaviour has 

previously been reported in core studies that could not be explained via conventional exogenous 

processes (i.e. upwelling, terrestrial runoff; Sinclair, 2005; Chen, 2011; Saha et al., 2018b; Tanzil et 

al., 2019). However, unlike the West record, the Ba/Ca records in these aforementioned studies still 

displayed the characteristic ‘acute’ or ‘non-uniform’, style of seasonal and inter-annual Ba/Ca 

variability. Minus the few short instances where the West Sr/Ca and Ba/Ca records did appear to 

significantly diverge (e.g. during the summers of 2008, 2009 and winter of 2003), the otherwise 

ubiquitous coupling of these two TE records was highly unusual, providing further evidence for 

additional environmental or physiological controls on coral Ba/Ca incorporation. 

4.6.1 Evidence for temperature and growth related controls on West Ba/Ca record  

One possibility to account for the coupling of Sr/Ca and Ba/Ca ratios in the West record is seawater 

barium concentrations may be more stable at the reef site due to its increased distance from the 

Ashburton River (i.e. located ~ 60kms to the SW of the reef site) and continental shelf margin 

(between 60 – 100 km depending where this is gauged). However, unlike the Sr/Ca record, the 

seasonality of the West Ba/Ca record was inconsistent with expected values based on established 

temperature and Rayleigh Fractionation aragonite partitioning coefficients for abiogenic aragonite 

(Fig. 6). In particular, due to the exchange coefficients for skeletal Sr/Ca and Ba/Ca ratios both 

decreasing monotonically with increases in temperature and precipitation efficiency (Fig. 6a, b), 

there are no theoretical combinations of these two variables that could account for the strong inverse 

relationship observed between the two TE ratios if both seawater values were presumed to be 

constant (Fig. 5c). Mean extension rates for the West core record were also not significantly 

different from the other colonies (i.e. 9.5 ± 3.5 mm yr-1, 2 SD, n = 17), suggesting differences in 

growth rates were also not responsible for this anomalous Ba/Ca behaviour. From these 

observations, we can therefore confidently exclude temperature and/or possible calcification effects 

as the primary cause of this more ambiguous Ba/Ca record. However, these processes are not to be 

confused with other processes that may specifically influence the incorporation of Ba in the coral 
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skeleton (e.g. surface entrapment and crystal growth rate; Watson, 1996; Cohen and Gaetani 2010; 

Mavromatis et al., 2018); as well as sampling or other growth related effects (e.g. ‘bio-smoothing), 

which can disrupt the ‘normal’ seasonal amplitude of all TE ratios irrespective their physio-chemical 

properties (e.g. Sr/Ca and Li/Mg; Clarke et al., 2019). In particular, sampling or growth effects offer 

probably the only logical explanation to explain the anomalous reductions in seasonal amplitudes of 

both Sr/Ca and Ba/Ca through the oldest section of the core record (from around the year 1998 – 

2000). While a major hindrance to the interpretation of TE records, such effects are typically often 

relatively short lived, as indicated in this case by the strong recovery of seasonal Ba/Ca and Sr/Ca 

amplitudes after around the year 2000. The continued coupling of the two TE ratios beyond this 

older section therefore still require explanation.   

 

 

4.6.2 Evidence for biological controls on West Ba/Ca behavior  

Given the more isolated location of West Reef in relation to both the NW shelf and Ashburton 

River, the uptake and release of barium and other nutrients by primary producers could potentially 

dominate seawater Ba variability at the reef site. Although there were marked similarities between 

the magnitude of inter-annual Ba/Ca variability in the West and Tantabiddi records, in particular 

after around the year 2007, the large distance between West Reef and the shelf margin (distance; 

Fig. 1) is seemingly unsupportive of upwelling events persistently controlling ambient Ba variability 

at the reef site (including through the inshore advection of shelf waters; Tranter and Leech, 1987; 

Feng et al., 2016). As such, these similarities could instead derive through a variety of nutrient, 

temperature or light limited biological processes (e.g. primary productivity; Keller, 1989; Field et 

al., 1998; Wilson et al., 2003; Saha et al., 2018b; Tanzil et al., 2019), offering a plausible 

explanation for the smoother Ba/Ca seasonality of the West record and its close association with the 

Sr/Ca – SST proxy.  
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Figure 6. Experimentally determined thermodynamic partition coefficients for Sr/Ca and Ba/Ca in abiogenic aragonite 

(Gaetani and Cohen, 2006). A) Shows expected changes for both skeletal TE ratios as a function of SST whereas B) 

shows expected changes in both coral TE ratios as a function of precipitation efficiency, where P denotes the amount of 

fluid remaining in the calcifying fluid prior to seawater (‘SW’) replenishment. 

While biological influences on coral Ba/Ca signatures remain to be conclusively demonstrated, the 

distribution of barium in marine waters has also been shown to be closely associated with biological 

activity (i.e. through barite fixation and precipitation; Dehairs, 1980; Dehairs et al., 1987; Dymond 

and Collier, 1996). This has lead to numerous researchers to examine, and in some instances provide 

evidence for the applicability of barite as a proxy for ocean productivity (Dehairs et al., 1980; 

Dymond et al., 1992; Pfeifer et al., 2001; Liguori et al., 2016). The possibility for coral Ba/Ca 

signatures to record primary productivity has also been suggested (Tudhope et al., 1996; Sinclair, 

2005; Saha et al., 2018b; Tanzil et al., 2019), however it remains unclear whether corals might 

ingest or otherwise incorporate particulate barite (Tudhope et al., 1996; see also Gillikan et al., 

2006); or whether dissolved Ba availability is instead limited by external barite precipitation 

(Stecher and Kogut, 1999).  Presuming seasonal patterns of primary productivity at West Reef are 

similar to Tantabiddi, i.e. with increased values during summer months (Tranter and Leech, 1987; 

Wilson et al, 2003), this tends to support barite inclusion as the mechanism responsible for biogenic 

Ba/Ca signatures since the scavenging of available Ba (and other nutrients) by primary producers 

could probably be expected to lower ambient concentrations. However, attempting to specify 

associations between complex seawater bio-chemical processes and coral Ba/Ca variability is 

precarious without additional supporting data (e.g. seawater chlorophyll, DIC, light and nutrients) 

and the reproducibility of similar anomalous Ba/Ca behavior in other nearby corals. 
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It should also be considered that conventional trace element assays, may themselves, be insufficient 

to disentangle secondary biological influences from the primary environmental factors influencing 

their incorporation in coral skeleton. The wider geochemical sampling of corals for isotopes and 

REE’s may be useful in this respect due to their variable seawater and other unique physio-chemical 

properties (e.g. terrestrial and groundwater inputs, varying redox sensitivities and biological cycling; 

Elderfield et al., 1988; Sholkovitz and Shen, 1995; Wyndham et al., 2004; Jiang et al., 2018; Saha et 

al., 2019). Future studies attempting to conclusively demonstrate biological influences on coral 

Ba/Ca ratios should therefore be proactive and plan to ensure that all necessary environmental and 

geochemical parameters can be obtained prior to the collection of coral cores.   

4.7 Conclusions 

In this study, coral core Ba/Ca records collected from across the NW shelf of Western Australia 

showed distinctive differences in seasonal and inter-annual variability that provide useful insights 

into a range of hydrological forcings and other key environmental processes in the region. Five of 

the six coral records showed Ba/Ca variability that was consistent with the variable exposure of the 

reef sites to terrestrial runoff on the inner shelf and seasonal upwelling events along the NW shelf 

margin. In particular, these differences were consistent with an earlier study which showed strong 

variations in the occurrence and magnitude of thermal stress anomalies in these same records during 

the recent 2011 and 2013 marine heat wave events; thus reaffirming the importance of local 

conditions to modulate coral stress responses during episodic heat wave events. The integrated 

analysis of coral Ba/Ca ratios with other temperature sensitive TE proxies can therefore provide 

useful information to assist with future management strategies, allowing for direct assessments of 

the importance of a variety of reef conditions on the health and resilience of coral communities to 

episodic disturbances. 

Last, the highly contrasting variability observed in a separate coral record from the mid-shelf could 

not be accounted for based on conventional terrestrial runoff or upwelling explanations. The 

anomalous coupling between Ba/Ca and Sr/Ca ratios observed in the record further adds to the 

growing body of evidence for additional sources or biological processes influencing the 
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incorporation of barium in coral skeleton. While additional work is required further separate these 

potential influences on coral Ba/Ca ratios, this contrasting record nevertheless re-affirms the 

importance of careful selection and replicated approaches while the full applications of this 

environmental proxy remain to be conclusively determined.  
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Chapter 5 

Conclusions 

5.1 Summary of key findings 

The primary objective of this thesis was to determine if spatial and temporal patterns of TE 

anomalies in coral cores can provide insights into the myriad of complexities that influence coral 

stress impacts and their longer-term responses to recurring marine heat wave events. Acute thermal 

stress anomalies had previously been observed across a broad suite of TE ratios that correspond with 

the timing of marine heat wave events; however, their reproducibility, magnitude, relation to 

external environmental conditions and the mechanisms responsible for their formation had 

previously not been the subject of specific research. This thesis thus sought to address these 

previous shortcomings by undertaking a detailed, quantitative examination of spatial and temporal 

patterns of TE anomalies within a large cohort of coral cores collected from across the NW shelf of 

Australia. Following from the Introduction, Chapters 2 and 3 explore different geochemical based 

approaches to identify anomalies within the broader context of seasonal TE variably, with each 

focusing specifically on the co-variability of a different pair of TE ratios (Sr/Ca and Mg/Ca in 

chapter two and Sr/Ca and Li/Mg in chapter three). This two-tiered approach enabled for simplified 

bi-variate analyses to constrain the key mechanisms likely responsible for their formation.  In the 

fourth chapter, the same corals were examined for Ba/Ca ratios to ascertain key environmental and 

hydrographic differences between the reef sites. Unfortunately, we could not evaluate the records for 

dredging-related Ba/Ca signatures due to residual tissue layer contamination in the utmost sections 

of the sampled coral slices. Nevertheless, this thesis reaffirms that multi-elemental coral TE assays 

can provide a wealth of useful environmental and physiological information that can be used to 

guide reef management strategies and projections of the viability of these diverse environments 

under future global climate change scenarios. The key elements and findings of this research are 

summarised below. 
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5.2 Methods used to identify TE anomalies in high-resolution core records:  

An imperative component of assessing for thermal stress anomalies in coral core records is the 

determination of a method by which they can be reliably distinguished from the broader context of 

normal’ seasonal TE variability. In the second chapter, the Sr/Ca and Mg/Ca anomalies in the 

Bundegi record were identified via concurrent, short-term variations in TE-SST linear regression 

equations. Declines in the slope of TE-SST were consistent with the gross underestimate of ambient 

SST maxima from both TE records during these events and were additionally shown to provide 

insights into variations in calcifying behavior during thermal stress events (i.e. with declines in the 

slope of TE-SST calibrations shown to mimic night-time conditions; Cohen et al., 2001). However, 

this method was ultimately flawed by the subjective, manual alignment of seasonal TE profiles 

against SST records in the initial determination of the core age model, which influences calculated 

TE-SST regressions; and additionally, could not be easily applied to assess for thermal stress 

signatures outside of suspected mass-bleaching episodes. In the third chapter, an improved method 

to identify TE anomalies was developed that overcame both these limitations. Through the 

calculation of annual, summertime residuals between TE-SST maxima and satellite SST maxima, 

TE anomalies were shown to be easily identifiable via their statistical comparison against mean 

long-term values. Importantly, this method was unaffected by the manual refinement of core age 

models, TE-SST calibration equations or other obvious sources of procedural bias. This method 

however was still limited by its reliance on concurrent SST data, preventing the identification of 

thermal tress signatures outside of the window of coverage of high-resolution instrumental SST 

records. However, with no significantly contrasting behavior observed in any of the three chemically 

dissimilar TE-SST proxies in this study (i.e. Sr/Ca, Mg/Ca or Li/Mg), this limitation seems unlikely 

to be overcome with the inclusion of additional TE ratios into these analyses (Li/Ca, U/Ca etc.). 

Future research may therefore want to examine for additional relationships between TE anomalies 

and additional skeletal growth parameters (e.g. density) to enable the identification of thermal stress 

signatures according to the ‘bio-smoothing’ mechanism proposed in the third chapter.  

5.3 Spatial and temporal patterns of thermal stress TE anomalies: 

The coral core records showed distinct, across-shore patterns of TE (Sr/Ca, Mg/Ca and Li/Mg) 

anomalies that corresponded with the timing of the 2011 and 2013 marine heat wave events. Several 
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of the core records also showed additional TE anomalies that were consistent with earlier, localised 

thermal stress impacts on the inner shelf during the late 1990s, thus expanding our understanding of 

prior thermal disturbances in the region. The across-shore gradients in the occurrence of anomalies 

could be accounted for by strong local controls on coral thermal tolerances (e.g. from variations in 

exposure to terrestrial runoff) and the magnitude of reef-scale SST anomalies (e.g. from the 

increased atmospheric heating of protected inshore reef waters). In particular, the comparison of the 

magnitude of TE anomalies against modelled thermal stresses at the reef sites undertaken in Chapter 

3 showed no significant relationships between the reef sites to account for the patterns of anomalies 

observed. This observation adds to the growing body of research highlighting the importance of 

local reef conditions on coral thermal tolerances (Wooldridge and Done, 2009; Fabricius et al., 

2013; D’Olivo et al., 2013). In particular, the reduced thermal tolerances of the Ward and Herald 

records, which were directly exposed to the Ashburton River, reaffirms that management efforts to 

reduce terrestrial runoff and improve coastal water quality may assist with the resilience of these 

sensitive ecosystems into the future (McCulloch et al., 2003; Wooldridge and Done, 2009; De’ath 

and Fabricius, 2010; D’Olivo et al., 2013)  

In addition to the spatial patterns, the similar temporal variations in the magnitude of TE anomalies 

between the core records implies that the magnitudes of TE ratio anomalies provide reliable insights 

into the longer-term responses of corals to recurring marine heat wave events. Notably, the 

widespread reductions in the magnitude of TE anomalies in the three inshore corals during the 

second and more intense 2013 marine heat wave event (i.e. max SSTs ~ 1° C warmer than 2011) 

provided a new line of evidence for thermal acclimatisation by this relatively resilient corals species. 

This key finding was consistent with previous studies, suggesting that the recurrent exposure of 

corals to heat stress can facilitate various acclamatory responses to increase their resilience 

(Buddemeier and Fautin, 1993; Thornhill et al., 2006; Berkelmans and Van Oppen, 2006; Baird et 

al., 2009; Palumbi et al., 2014; Osman, 2016; Webster and Reusch, 2017; Zeigler et al., 2017; 

Morrow et al., 2018; Gibbin et al., 2018). While we can not entirely rule out that variations in 

background conditions during the two heat-wave events may have partially contributed to 

the temporal variations in the magnitude of TE anomalies observed, the broad spatial distribution of 

the three inshore sites implies recurrent, regional scale warming as the primary cause. That being 

said, it would be prudent to test the reproducibility of these findings in cores collected from a region 
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with a more expansive history of mass bleaching events, e.g. the Great Barrier Reef which has 

documented numerous mass-bleaching events since the late 1990s (e.g. Berkelmans et al., 2004; 

De’ath et al., 2012; Hughes et al., 2017, 2018).  

 

 

5.4 Mechanisms to account for the formation of thermal stress TE ratio anomalies:  

The final elements of the second and third chapters were the exploration and discussion of possible 

mechanisms to account for the formation of TE stress signatures during thermal stress. This was 

vital to both validate the applicability of these unique signatures and to ensure their correct 

interpretation.  Two contrasting mechanisms were explored that focused on quantitatively 

examining the co-variability of different pairs of TE ratios across the two heat wave events (i.e. 

Sr/Ca and Mg/Ca in the first chapter; and Sr/Ca and Li/Mg in the second chapter).  In the second 

chapter, anomalous increases in Sr/Ca ratios and decreases in Mg/Ca were explained through an 

intricate and selective mechanism that involved a reduction in Ca2+ supply to the calcifying fluid 

combined with a corresponding reduction in precipitation efficiency and reduced Rayleigh 

Fractionation. While consistent with past research (Cohen et al., 2001; Sinclair, 2005; Cohen and 

Gaetani, 2010) and observations of coral bleaching stress at the physiological level (e.g. reduced 

growth rates), the similar, anomalous Li/Mg behaviour subsequently reported in the third chapter 

could not be explained via this mechanism due to A) the absence of a Ca constituent in the ratio and 

B) the very low compatibilities of both Li and Mg in coral aragonite. Neither variations in Ca2+ 

transport or Rayleigh Fractionation are therefore likely to be primary factors responsible for the 

formation of thermal stress TE anomalies in coral cores; However, these processes could still 

contribute to minor differences in anomalous behaviour between different TE ratios given their 

significance is well established (e.g. Al-Horani et al., 2003; McCulloch et al., 2012; Cohen et al., 

2001). For example, the inter-colony variations in correlation coefficients for the Sr/Ca anomalies 

versus absolute linear extension and Li/Mg anomalies versus linear extension reported in Chapter 3 

(i.e. R2 = 0.82 and 0.56 respectively; Fig. 6a, b) indicate that there are still likely to be additional 

mechanistic nuances to account for slight variations in the anomalous responses of different TE 

ratios during thermal stress.  
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The observation of similar, acute Li/Mg anomalies in the core records therefore/nevertheless led to 

the proposition of a non-selective, smoothing mechanism (i.e. ‘bio-smoothing’) to account for the 

attenuation of all seasonally variable TE profiles during periods of thermal stress. This mechanism is 

supported by multiple lines of evidence: the corresponding formation of high-density stress bands 

(Carilli et al., 2009; Cantin and Lough, 2014; DeCarlo et al., 2019) and the attenuation of other 

seasonally variable TE and isotopic ratios during thermal stress (e.g. Li/Ca, U/Ca, B/Ca and δ18O; 

Hetzinger et al, 2016; D’Olivo et al., 2019), the attenuation of adjacent TE-SST minima alongside 

summer-time anomalies; and additionally, by the significant inter-colony linear relationship 

observed between the magnitude of TE anomalies and absolute annual linear extension during the 

two thermal stress events. In particular, the significant inverse relationship between the magnitude 

of TE anomalies and absolute linear extension rates was key finding that adds to the body of past 

research that has shown significant linear extension rate controls on coral TE ratios (e.g. de Villiers 

et al., 1994; Cohen and Gaetani, 2010). Given that very few significant inter-colony relationships 

associating TE variability with other measurable skeletal growth parameters have been reported to 

date, this consistent behaviour may assist with future works that seek to further constrain 

calcification and other ‘vital effects’ on TE incorporation more generally.     

5.5 Coral Ba/Ca records from the NW shelf 

In the fourth chapter of this thesis, the coral cores from Ningaloo and the NW shelf were analysed 

for Ba/Ca ratios to assess for key environmental differences between the reef sites. Most of the core 

records showed strong differences in the seasonality and inter-annual Ba/Ca variability that were 

consistent with the variable exposures of the reef sites to terrestrial runoff on in the inner shelf, and 

upwelling and the other regional oceanographic processes (e.g. cyclonic disturbances) along the 

outer shelf. Many of the differences in Ba/Ca signatures between the inner and outer-shelf core 

records were consistent with strong variations in thermal tolerances evident between the corals 

described in the earlier chapters, thus re-affirming the significance of background conditions on 

coral resilience. For example, the clear runoff signatures displayed in the inshore Ward and Herald 

cores were consistent with the reduced thermal tolerances of these corals and likewise, the increased 

occurrence of significant TE anomalies in the two records. Additionally, the Tantabiddi core record 

provided the first long-term record of annual, summertime upwelling events along the offshore 

coastline of the Exmouth Peninsula. The absence of any thermal stress signatures in this record 
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suggests upwelling may provide important thermal protection for corals during regional warming 

events, explaining the absence of any severe coral bleaching in the World Heritage area to date.  

 

Last, with the likelihood of further industrial expansion of this key economic region in the future, 

the Ba/Ca records provide important baseline data of spatial and temporal variability across the NW 

shelf to assist with future monitoring and management efforts. The up to ~ 20 year span of the 

records provide a benchmark of inter-annual to decadal scale variability of terrestrial inputs and 

upwelling variability which may assist in identifying future anthropogenic related impacts in the 

catchment area or the marine landscape. Unfortunately, the timing of core collection obscured any 

potential Ba/Ca dredging related signatures associated with the Wheatstone LNG projects due to 

remnant tissue layer contamination of the sample powders; however, this should by no means not 

discourage future research into the ability of corals to record their exposure to sediment re-

suspension events and other anthropogenic activities. Increasing evidence for complex bio-

geochemical cycling of Ba (including from this study) may limit the applicability of this proxy to 

resolve sediment suspension events, a variety of additional TE ratios may not be limited as such. For 

example, past works have highlighted the use a variety of trace and rare earth elements (e.g. Al, Fe, 

Mn, Y, La and Ce) and other novel TE ratios (e.g. Mn/Ca, Zn/Ca, Pb/Ca, As/Ca) to resolve the 

exposure of corals to terrigenous sediment disturbances and other industrial pollutants (Guzmán and 

Jiménez, 1992; Fallon et al., 2002; Ramos et al., 2004; Al-Rousan et al., 2007; Lewis et al., 2007). 

The potential for corals to resolve their exposure to dredging-related and other sediment re-

suspension disturbances therefore still remains; however, is likely to be dependent upon a variety of 

local environmental factors and dynamics (e.g. sediment composition, coastal morphology etc.)  

 

Directions for future research  
 

The primary focus of this thesis was to investigate whether patterns of acute trace element anomalies 

in coral core records could allow for assessments of spatial and temporal variations in coral stress 

impacts on reefs during periodic marine heatwave events. While the clear and reproducible patterns 

of TE anomalies in the core records provided strong evidence to support the applicability of coral 

TE records in this regard, our still-incomplete understanding of coral vital effects remains a 
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hindrance to understanding of the full range of environmental and physiological information 

contained within coral core paleoclimate records. For example, we can show how linear extension 

effects are a key factor contributing to the attenuation of the normal seasonal variability of TE ratios 

during thermal stress; however, these effects cannot account for other styles of anomalous TE 

dysfunction often observed in core records (e.g. changes in baseline values and the longer term 

attenuation of seasonal TE variability). Additionally, our results provide no indication of the factors 

responsible for the wide range of TE-SST calibrations between corals, which can add considerable 

uncertainty to derived paleoclimate reconstructions, in particular, when they cannot be verified by 

overlapping instrumental data.  

 

Many of our shortcoming in understanding the influence of vital effects on coral TE records relate to 

the obvious difficulties in observing and modeling the dynamics of the calcifying fluid environment. 

The ability to further understand these effects from coral core TE and growth analyses is inherently 

limited due to their retrospective nature and the typically limited availability of supplementary data 

when researching cores collected from natural environments. Multi-disciplinary approaches may 

therefore be necessary to further isolate and unravel the complex influences of vital effects on coral 

TE records. Controlled and closely monitored laboratory experiments may be useful in this regard; 

however would require several years in order for coral colonies to reach a sufficient size and age for 

analyses (i.e. could be around 5 years at a minimum). Alternatively, the closer examination of the 

coral skeleton to compare against TE records could also confirm and/or provide further valuable 

insights into vital processes and other effects (including those stipulated within this thesis (e.g. off 

axes sampling, bio-smoothing etc.). Higher resolution imagery or the spectral analyses (e.g. gamma 

densitometry, Raman Spectroscopy; DeCarlo and Cohen, 2017; DeCarlo et al., 2017) of coral slices 

could potentially enable for skeletal density and other important skeletal parameters to be measured 

at very fine sampling resolutions (i.e. millimetre scale). Laser ablation ICP-MS techniques could 

also be tested for their applicability to resolve stress related TE anomalies. In addition to greatly 

expediting the time required to generate TE records (compared to solution ICP-MS methods) the 

very high sampling resolutions of laser assays may highlight additional intricacies in TE anomalies 

(e.g. more complex geometries), which could potentially allow for expansions of their 

interpretations.    
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While we cannot completely constrain the influence of vital effects at this point, it is nevertheless 

clear that the sinusoidal-like profiles of most TE ratios are only tentative indicators of past 

environmental variability. The interpretation of coral core TE records within an alternate ‘paleo-

physiological’ framework should therefore be strongly considered as a foundation for future 

research. In particular, with other seasonal and longer term distortions of TE signals also observed in 

high resolution coral core records (e.g. anomalous baseline shifts in TE values; D’Olivo et al., 2019) 

coral core TE records may provide a wealth of additional biological information and insights into 

how this species is impacted and responding to increasing environmental stress, as well as perhaps 

functions more generally. The promising findings of this study should therefore encourage further 

research to ensure all the information contained within these unique bio-geological records can 

be fully exploited.  
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Appendix 1: Thesis Data 

Ward 

Date collected: 30/1/2015 

Lat/Long: -21.60818/115.07224 

Distance (downcore, mm) Year (prelim) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol)
Ba/Ca (µmol/mol) Li/Mg (mmol/mol) 

1 2015.09 4.75 8.87 10.76 1.25 
2 2015.00 4.55 8.98 19.51 1.39 
3 2014.91 4.37 9.04 27.15 1.46 
4 2014.81 4.22 9.13 19.87 1.55 
5 2014.70 3.88 9.31 15.80 1.71 
6 2014.50 3.76 9.37 10.76 1.77 
7 2014.34 4.05 9.17 6.11 1.55 
8 2014.25 4.26 8.96 5.05 1.35 
9 2014.16 4.51 8.92 4.94 1.29 
10 2014.09 4.48 8.94 5.18 1.30 
11 2014.02 4.43 8.94 4.51 1.35 
12 2013.94 4.43 9.00 4.12 1.38 
13 2013.86 4.33 9.08 3.41 1.50 
14 2013.79 3.98 9.18 2.96 1.67 
15 2013.52 3.58 9.38 3.13 1.86 
16 2013.37 3.70 9.32 3.52 1.73 
17 2013.23 3.88 9.09 3.85 1.53 
18 2013.09 4.11 8.98 3.64 1.37 
19 2013.01 4.26 9.01 3.32 1.38 
20 2012.94 4.24 9.02 3.19 1.49 
21 2012.86 4.16 9.08 3.18 1.54 
22 2012.78 3.99 9.17 3.31 1.63 
23 2012.71 3.70 9.26 3.30 1.78 
24 2012.53 3.61 9.36 3.59 1.91 
25 2012.44 3.73 9.33 4.06 1.79 
26 2012.34 3.96 9.18 4.38 1.60 
27 2012.26 4.15 9.00 4.83 1.42 
28 2012.18 4.28 8.91 6.23 1.33 
29 2012.08 4.43 8.91 6.36 1.29 
30 2012.04 4.42 8.93 5.15 1.32 
31 2012.00 4.33 8.96 3.96 1.40 
32 2011.90 4.06 9.07 3.15 1.53 
33 2011.75 3.86 9.21 2.65 1.67 
34 2011.64 3.68 9.29 2.79 1.77 
35 2011.51 3.73 9.31 3.44 1.76 
36 2011.36 3.80 9.20 3.89 1.58 
37 2011.21 4.05 9.10 3.50 1.47 
38 2011.07 4.14 9.07 3.23 1.47 
39 2010.93 4.19 9.08 2.63 1.50 
40 2010.79 4.05 9.11 2.38 1.53 
41 2010.65 3.77 9.30 2.38 1.74 
42 2010.51 3.68 9.34 2.68 1.78 

43 2010.42 3.78 9.30 2.64 1.76 
44 2010.34 3.95 9.22 2.82 1.64 
45 2010.27 4.16 9.05 2.68 1.46 
46 2010.22 4.38 8.97 2.61 1.38 
47 2010.17 4.54 8.91 2.70 1.31 
48 2010.14 4.50 8.93 2.76 1.31 
49 2010.12 4.53 8.92 2.85 1.35 
50 2010.09 4.51 8.98 2.83 1.34 
51 2010.01 4.40 8.96 2.78 1.43 
52 2009.91 4.25 9.04 2.73 1.51 
53 2009.83 4.05 9.12 2.65 1.60 
54 2009.74 3.79 9.27 2.72 1.75 
55 2009.65 3.67 9.31 2.91 1.86 
56 2009.56 3.66 9.37 3.16 1.87 
57 2009.48 3.73 9.33 3.41 1.78 
58 2009.39 3.89 9.24 3.68 1.65 
59 2009.31 4.12 9.04 3.81 1.49 
60 2009.23 4.37 8.94 4.00 1.37 
61 2009.14 4.47 8.89 3.98 1.30 
62 2009.06 4.46 8.92 3.92 1.30 
63 2008.99 4.38 8.92 3.39 1.43 
64 2008.92 4.28 9.03 2.86 1.52 
65 2008.86 4.03 9.10 2.52 1.62 
66 2008.78 3.82 9.24 2.57 1.74 
67 2008.64 3.67 9.31 3.02 1.85 
68 2008.52 3.68 9.34 3.78 1.83 
69 2008.43 3.77 9.31 4.19 1.73 
70 2008.34 3.94 9.21 4.33 1.60 
71 2008.26 4.13 9.09 4.04 1.43 
72 2008.17 4.37 8.94 3.43 1.33 
73 2008.08 4.43 9.00 3.16 1.33 
74 2007.98 4.47 9.01 2.98 1.36 
75 2007.88 4.38 9.07 2.90 1.45 
76 2007.79 4.25 9.13 2.88 1.54 
77 2007.69 4.04 9.22 2.68 1.63 
78 2007.59 3.86 9.31 2.62 1.79 
79 2007.50 3.76 9.39 4.22 1.83 
80 2007.42 3.91 9.36 3.13 1.69 
81 2007.35 4.14 9.18 3.04 1.52 
82 2007.28 4.33 9.06 2.93 1.42 
83 2007.21 4.50 8.97 2.80 1.34 
84 2007.13 4.56 8.98 2.68 1.34 
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85 2007.06 4.63 8.96 2.54 1.32 
86 2007.02 4.57 8.97 2.66 1.35 
87 2006.97 4.47 8.98 2.53 1.40 
88 2006.92 4.37 9.03 2.57 1.45 
89 2006.88 4.29 9.07 2.60 1.52 
90 2006.83 4.13 9.15 2.51 1.58 
91 2006.75 3.86 9.30 2.55 1.74 
92 2006.64 3.73 9.35 2.82 1.79 
93 2006.54 3.71 9.40 3.53 1.78 
94 2006.37 3.87 9.29 4.31 1.65 
95 2006.26 4.20 9.13 4.94 1.46 
96 2006.21 4.51 9.02 5.11 1.30 
97 2006.16 4.69 9.01 4.76 1.30 
98 2006.11 4.64 9.02 4.07 1.33 
99 2006.06 4.52 9.01 3.30 1.36 
100 2005.95 4.40 9.08 2.54 1.46 
101 2005.84 4.13 9.18 2.17 1.62 
102 2005.73 3.78 9.36 2.37 1.78 
103 2005.61 3.63 9.42 2.66 1.88 
104 2005.54 3.71 9.41 3.02 1.77 
105 2005.47 3.93 9.30 3.19 1.65 
106 2005.39 4.18 9.19 3.05 1.51 
107 2005.32 4.29 9.09 2.90 1.42 
108 2005.25 4.40 9.00 2.79 1.34 
109 2005.18 4.51 8.93 2.62 1.31 
110 2005.12 4.54 8.94 2.55 1.29 
111 2005.07 4.47 9.00 2.51 1.36 
112 2005.01 4.37 9.01 2.51 1.45 
113 2004.96 4.24 9.05 2.49 1.51 
114 2004.89 3.94 9.21 2.45 1.67 
115 2004.78 3.65 9.35 2.63 1.83 
116 2004.66 3.57 9.40 3.18 1.90 
117 2004.55 3.59 9.44 4.06 1.66 
118 2004.48 3.83 9.25 4.57 1.67 
119 2004.40 4.00 9.19 4.78 1.56 
120 2004.33 4.13 9.11 4.95 1.49 
121 2004.26 4.38 8.99 4.80 1.36 
122 2004.17 4.52 8.95 4.21 1.33 
123 2004.14 4.59 8.96 3.33 1.34 
124 2004.12 4.54 8.96 2.94 1.37 
125 2004.11 4.40 9.00 2.73 1.42 
126 2003.98 4.19 9.10 2.55 1.55 
127 2003.84 3.93 9.25 2.56 1.69 
128 2003.67 3.69 9.36 2.68 1.86 
129 2003.52 3.54 9.47 2.83 1.94 
130 2003.46 3.67 9.45 3.09 1.86 
131 2003.41 3.99 9.26 3.24 1.62 
132 2003.37 4.19 9.16 3.10 1.51 
133 2003.32 4.27 9.08 3.06 1.44 
134 2003.27 4.39 8.96 3.10 1.38 
135 2003.22 4.43 8.99 3.10 1.36 
136 2003.18 4.48 8.92 3.03 1.35 
137 2003.07 4.44 8.94 2.73 1.36 
138 2002.96 4.32 9.01 2.65 1.47 
139 2002.84 4.14 9.13 2.93 1.57 
140 2002.73 3.84 9.23 2.90 1.73 
141 2002.63 3.64 9.35 2.55 1.85 
142 2002.52 3.66 9.35 2.67 1.84 

143 2002.45 3.74 9.31 2.82 1.78 
144 2002.37 3.95 9.21 2.95 1.63 
145 2002.31 4.27 9.06 3.10 1.45 
146 2002.24 4.41 9.00 3.06 1.37 
147 2002.16 4.46 8.90 2.85 1.33 
148 2002.14 4.48 8.92 2.68 1.33 
149 2002.11 4.45 8.95 2.54 1.36 
150 2002.07 4.34 8.96 2.52 1.42 
151 2001.98 4.15 9.07 2.61 1.49 
152 2001.90 3.95 9.16 2.58 1.64 
153 2001.80 3.78 9.24 2.46 1.72 
154 2001.71 3.60 9.33 2.44 1.82 
155 2001.60 3.57 9.38 2.69 1.84 
156 2001.50 3.65 9.41 3.04 1.79 
157 2001.43 3.95 9.24 3.39 1.63 
158 2001.34 4.11 9.15 3.57 1.51 
159 2001.26 4.25 9.04 3.45 1.39 
160 2001.19 4.33 8.95 3.30 1.34 
161 2001.10 4.44 8.91 3.17 1.27 
162 2001.03 4.50 8.92 3.14 1.28 
163 2000.98 4.47 8.97 3.06 1.32 
164 2000.92 4.33 9.03 2.84 1.40 
165 2000.86 4.02 9.14 2.55 1.53 
166 2000.80 3.65 9.28 2.52 1.73 
167 2000.50 3.46 9.37 2.77 1.86 
168 2000.42 3.59 9.30 2.99 1.74 
169 2000.33 3.78 9.14 3.28 1.55 
170 2000.25 4.06 9.07 3.55 1.39 
171 2000.17 4.33 8.94 3.29 1.28 
172 2000.09 4.42 8.92 3.14 1.29 
173 2000.00 4.39 8.96 2.93 1.33 
174 1999.90 4.25 9.06 2.82 1.43 
175 1999.81 4.05 9.14 2.78 1.54 
176 1999.59 3.82 9.24 2.96 1.65 
177 1999.51 3.84 9.24 3.32 1.61 
178 1999.43 3.89 9.19 3.79 1.56 
179 1999.35 4.10 9.13 3.98 1.44 
180 1999.27 4.28 9.02 3.97 1.32 
181 1999.19 4.41 8.97 3.56 1.30 
182 1999.11 4.46 8.95 3.47 1.30 
183 1999.00 4.39 9.01 3.18 1.37 
184 1998.89 4.24 9.08 2.95 1.45 
185 1998.77 3.97 9.20 3.17 1.59 
186 1998.67 3.86 9.26 3.62 1.64 
187 1998.55 3.81 9.26 3.69 1.66 
188 1998.46 3.84 9.21 3.78 1.58 
189 1998.36 3.93 9.11 3.70 1.50 
190 1998.27 4.16 9.05 3.49 1.38 
191 1998.17 4.34 8.95 3.30 1.32 
192 1998.10 4.36 8.96 3.44 1.35 
193 1998.03 4.39 8.98 3.68 1.36 
194 1997.95 4.35 8.99 3.35 1.39 
195 1997.88 4.09 9.09 2.92 1.49 
196 1997.77 3.87 9.22 3.14 1.63 
197 1997.59 3.80 9.24 3.66 1.66 
198 1997.48 3.74 9.23 4.22 1.66 
199 1997.35 3.78 9.24 4.82 1.64 
200 1997.24 4.10 9.06 5.61 1.44 
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201 1997.13 4.24 8.99 5.37 1.37 
202 1997.02 4.33 8.97 4.89 1.33 
203 1996.95 4.28 9.01 4.12 1.38 
204 1996.86 4.24 9.06 3.56 1.43 
205 1996.78 4.08 9.14 2.82 1.58 
206 1996.70 3.91 9.27 2.95 1.63 
207 1996.62 3.83 9.31 3.24 1.71 
208 1996.52 3.79 9.31 3.36 1.71 
209 1996.44 3.82 9.26 3.58 1.66 
210 1996.35 3.93 9.20 3.61 1.58 
211 1996.29 4.14 9.06 3.54 1.45 
212 1996.24 4.30 9.01 3.45 1.35 
213 1996.20 4.44 8.95 3.26 1.29 
214 1996.16 4.48 8.94 3.31 1.30 
215 1996.06 4.51 8.98 4.16 1.34 
216 1995.96 4.29 9.07 2.99 1.40 
217 1995.85 3.96 9.18 2.77 1.57 
218 1995.75 3.68 9.27 2.98 1.71 
219 1995.50 3.58 9.35 3.45 1.77 
220 1995.42 3.61 9.32 4.55 1.69 
221 1995.33 3.82 9.23 5.70 1.52 
222 1995.25 4.12 9.09 5.20 1.43 

223 1995.18 4.34 9.01 4.81 1.34 
224 1995.09 4.36 8.94 3.97 1.32 
225 1995.02 4.38 9.01 3.48 1.35 
226 1994.94 4.25 9.04 3.09 1.43 
227 1994.87 4.09 9.11 2.85 1.53 
228 1994.79 3.92 9.20 2.65 1.63 
229 1994.66 3.70 9.37 3.22 1.79 
230 1994.50 3.68 9.42 2.91 1.80 
231 1994.44 3.76 9.35 3.25 1.76 
232 1994.38 3.92 9.30 3.79 1.64 
233 1994.32 4.16 9.10 4.33 1.45 
234 1994.26 4.33 9.01 4.14 1.35 
235 1994.20 4.43 8.96 3.60 1.30 
236 1994.14 4.42 8.93 3.15 1.32 
237 1994.05 4.31 8.96 2.80 1.37 
238 1993.95 4.10 9.05 2.52 1.48 
239 1993.85 3.88 9.19 2.46 1.65 
240 1993.75 3.54 9.36 2.65 1.83 

Herald 

Date collected: 31/1/2015 

Lat/Long: -21.5685/115.05777 

Distance (downcore, mm)       Year (prelim)            Mg/Ca (mmol/mol) Sr/Ca (mmol/mol)
Ba/Ca (µmol/mol) Li/Mg (mmol/mol) 

1 2015 5.32 8.79 5.80 1.20 
2 2014.9 5.32 8.88 5.90 1.27 
3 2014.79 5.23 8.90 5.85 1.32 
4 2014.69 4.61 9.10 5.90 1.53 
5 2014.58 4.37 9.19 5.78 1.62 
6 2014.44 4.63 9.02 5.71 1.41 
7 2014.31 4.71 8.87 5.25 1.25 
8 2014.17 4.68 8.85 5.09 1.24 
9 2014.05 4.65 8.88 5.00 1.26 
10 2013.93 4.75 8.86 4.83 1.28 
11 2013.81 4.62 8.88 4.91 1.32 
12 2013.7 4.38 8.98 5.50 1.42 
13 2013.58 3.81 9.18 4.99 1.63 
14 2013.48 3.92 9.10 4.82 1.49 
15 2013.37 4.24 9.01 4.50 1.35 
16 2013.27 4.44 8.98 4.52 1.33 
17 2013.17 4.46 8.96 4.74 1.35 
18 2013.02 4.47 8.98 4.70 1.41 
19 2012.87 4.32 9.00 4.71 1.48 
20 2012.73 4.07 9.11 5.00 1.61 
21 2012.58 3.91 9.24 5.12 1.75 
22 2012.51 4.10 9.16 5.33 1.64 
23 2012.44 4.31 9.05 6.11 1.49 

24 2012.37 4.51 8.95 6.46 1.37 
25 2012.3 4.55 8.88 7.14 1.30 
26 2012.24 4.60 8.84 6.96 1.25 
27 2012.17 4.63 8.81 6.09 1.26 
28 2012.05 4.64 8.87 5.34 1.30 
29 2011.93 4.58 8.87 5.32 1.34 
30 2011.81 4.43 8.91 4.90 1.42 
31 2011.7 4.18 9.04 4.52 1.54 
32 2011.58 3.89 9.14 4.73 1.62 
33 2011.48 3.95 9.07 4.75 1.48 
34 2011.37 4.14 9.02 4.70 1.42 
35 2011.27 4.28 9.01 4.54 1.39 
36 2011.17 4.37 8.99 4.37 1.39 
37 2011.02 4.28 9.01 4.39 1.47 
38 2010.87 4.03 9.16 4.73 1.61 
39 2010.73 3.99 9.23 5.05 1.72 
40 2010.58 4.07 9.24 5.04 1.66 
41 2010.5 4.31 9.11 4.82 1.54 
42 2010.41 4.40 9.08 5.00 1.45 
43 2010.33 4.62 8.97 4.52 1.35 
44 2010.25 4.65 8.94 4.30 1.30 
45 2010.17 4.68 8.92 4.26 1.29 
46 2010.08 4.68 8.94 4.26 1.31 
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47 2010 4.65 8.96 4.40 1.34 
48 2009.92 4.58 9.00 4.61 1.37 
49 2009.83 4.41 9.03 4.64 1.46 
50 2009.75 4.23 9.13 4.86 1.54 
51 2009.66 4.00 9.25 5.24 1.69 
52 2009.58 4.01 9.26 5.59 1.71 
53 2009.51 4.13 9.22 5.89 1.64 
54 2009.44 4.30 9.13 6.14 1.52 
55 2009.37 4.47 9.05 6.24 1.39 
56 2009.3 4.63 8.93 5.98 1.29 
57 2009.24 4.59 8.89 5.46 1.25 
58 2009.17 4.62 8.86 4.93 1.23 
59 2009.05 4.68 8.90 4.71 1.28 
60 2008.93 4.58 9.01 4.73 1.38 
61 2008.81 4.46 9.03 4.64 1.45 
62 2008.7 4.22 9.10 4.58 1.57 
63 2008.58 4.00 9.23 5.00 1.70 
64 2008.5 4.14 9.22 5.39 1.65 
65 2008.41 4.34 9.07 5.57 1.48 
66 2008.33 4.43 9.00 5.36 1.37 
67 2008.25 4.41 8.91 4.73 1.31 
68 2008.17 4.53 8.90 4.56 1.26 
69 2008.07 4.53 8.95 4.52 1.29 
70 2007.97 4.56 8.96 4.46 1.33 
71 2007.87 4.46 8.96 4.45 1.37 
72 2007.78 4.24 9.05 4.55 1.50 
73 2007.68 4.01 9.17 4.83 1.65 
74 2007.58 3.98 9.24 4.99 1.71 
75 2007.52 4.12 9.18 4.99 1.62 
76 2007.46 4.31 9.07 5.09 1.47 
77 2007.4 4.37 9.01 5.10 1.39 
78 2007.34 4.40 8.96 4.87 1.34 
79 2007.28 4.47 8.93 4.70 1.31 
80 2007.23 4.51 8.92 4.69 1.32 
81 2007.17 4.54 8.91 4.57 1.31 
82 2007.02 4.47 8.94 4.67 1.36 
83 2006.87 4.35 9.03 4.95 1.46 
84 2006.73 4.11 9.15 5.34 1.60 
85 2006.58 4.08 9.21 5.91 1.63 
86 2006.44 4.36 9.12 6.70 1.48 
87 2006.3 4.54 8.97 7.01 1.36 
88 2006.17 4.63 8.89 6.84 1.26 
89 2006.07 4.65 8.91 6.40 1.26 
90 2005.97 4.70 8.92 5.38 1.29 
91 2005.87 4.55 8.96 4.89 1.36 
92 2005.78 4.26 9.08 4.99 1.53 
93 2005.68 3.94 9.24 5.27 1.72 
94 2005.58 3.90 9.35 5.51 1.82 
95 2005.51 4.12 9.28 5.56 1.68 
96 2005.44 4.36 9.16 5.38 1.50 
97 2005.37 4.44 9.10 5.30 1.44 
98 2005.3 4.50 9.02 6.89 1.34 
99 2005.24 4.66 8.95 4.48 1.28 
100 2005.17 4.59 8.90 3.87 1.27 
101 2005.02 4.57 8.91 4.14 1.31 
102 2004.87 4.42 8.97 4.64 1.40 
103 2004.73 4.17 9.12 5.20 1.56 
104 2004.58 3.93 9.25 5.95 1.74 

105 2004.5 4.01 9.24 6.91 1.71 
106 2004.41 4.30 9.11 7.48 1.51 
107 2004.33 4.53 9.00 8.08 1.35 
108 2004.25 4.48 8.95 6.96 1.31 
109 2004.17 4.50 8.90 6.36 1.29 
110 2004.02 4.54 8.90 4.77 1.32 
111 2003.87 4.39 9.00 4.70 1.41 
112 2003.73 4.13 9.13 4.84 1.59 
113 2003.58 3.94 9.31 5.09 1.76 
114 2003.5 4.17 9.29 4.92 1.71 
115 2003.41 4.51 9.18 5.12 1.51 
116 2003.33 4.57 9.02 5.26 1.36 
117 2003.25 4.49 8.97 5.23 1.32 
118 2003.17 4.68 8.88 4.86 1.25 
119 2003.05 4.63 8.88 4.70 1.28 
120 2002.93 4.51 8.94 4.60 1.34 
121 2002.81 4.30 9.03 4.73 1.47 
122 2002.7 4.03 9.19 5.14 1.66 
123 2002.58 3.97 9.27 5.24 1.74 
124 2002.5 4.23 9.21 5.20 1.60 
125 2002.41 4.45 9.07 5.10 1.47 
126 2002.33 4.63 9.00 5.13 1.33 
127 2002.25 4.64 8.91 4.96 1.27 
128 2002.17 4.56 8.89 4.73 1.29 
129 2002.05 4.44 8.90 4.60 1.35 
130 2001.93 4.28 9.00 4.56 1.43 
131 2001.81 4.14 9.09 4.78 1.57 
132 2001.7 3.94 9.21 4.89 1.69 
133 2001.58 4.06 9.22 4.99 1.69 
134 2001.5 4.39 9.13 5.20 1.54 
135 2001.41 4.53 9.08 5.41 1.42 
136 2001.33 4.71 8.93 5.49 1.28 
137 2001.25 4.58 8.83 5.56 1.23 
138 2001.17 4.62 8.81 5.06 1.23 
139 2001.02 4.53 8.89 4.98 1.31 
140 2000.87 4.31 8.99 4.97 1.44 
141 2000.73 4.03 9.15 5.42 1.62 
142 2000.58 3.90 9.28 5.95 1.75 
143 2000.5 4.22 9.16 5.95 1.55 
144 2000.41 4.50 8.96 5.58 1.35 
145 2000.33 4.47 8.95 5.40 1.29 
146 2000.25 4.61 8.92 5.18 1.27 
147 2000.17 4.59 8.92 5.04 1.29 
148 2000.02 4.56 8.96 4.92 1.36 
149 1999.87 4.49 9.03 5.01 1.45 
150 1999.73 4.21 9.15 5.13 1.60 
151 1999.58 4.12 9.25 5.24 1.69 
152 1999.5 4.27 9.17 5.35 1.60 
153 1999.41 4.36 9.06 5.73 1.44 
154 1999.33 4.47 8.97 5.69 1.34 
155 1999.25 4.57 8.93 5.64 1.27 
156 1999.17 4.64 8.90 5.18 1.26 
157 1999.02 4.72 8.92 5.13 1.29 
158 1998.87 4.52 8.99 5.16 1.38 
159 1998.73 4.17 9.13 5.83 1.54 
160 1998.58 4.03 9.21 5.87 1.63 
161 1998.52 4.14 9.19 5.75 1.59 
162 1998.46 4.20 9.12 5.37 1.49 
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163 1998.4 4.29 9.06 5.16 1.44 
164 1998.34 4.33 8.98 4.91 1.36 
165 1998.28 4.39 8.95 4.70 1.34 
166 1998.23 4.42 8.94 4.78 1.32 
167 1998.17 4.42 8.94 4.77 1.35 
168 1997.97 4.32 8.98 4.96 1.42 
169 1997.78 4.10 9.12 5.30 1.60 
170 1997.58 3.94 9.28 5.38 1.71 
171 1997.52 4.04 9.22 5.78 1.67 

172 1997.46 4.16 9.21 7.01 1.60 
173 1997.4 4.26 9.15 7.94 1.51 
174 1997.34 4.36 9.05 8.01 1.40 
175 1997.28 4.37 8.95 7.26 1.35 
176 1997.23 4.45 8.95 6.78 1.33 
177 1997.17 4.49 8.93 6.37 1.32 
178 1997.07 4.47 8.95 5.82 1.34 
179 1996.97 4.39 8.98 5.49 1.39 
180 1996.87 4.29 9.05 5.37 1.48 

West 

Date collected: 31/1/2015 

Lat/Long: -21.32495/115.39291 

Distance (downcore, mm) Year (prelim) Mg/Ca (mmol/mol)   Sr/Ca (mmol/mol) Ba/Ca 
(µmol/mol) Li/Mg (mmol/mol) 

1 2015.00 4.66 8.80 29.98 1.22 
2 2014.88 4.61 8.90 50.07 1.25 
3 2014.75 4.33 8.95 38.91 1.34 
4 2014.63 3.99 9.10 23.63 1.49 
5 2014.50 3.59 9.15 14.32 1.54 
6 2014.36 4.03 8.98 12.13 1.34 
7 2014.22 4.27 8.87 9.39 1.20 
8 2014.08 4.29 8.87 7.13 1.21 
9 2013.94 4.40 8.89 5.83 1.26 
10 2013.79 4.19 8.92 5.65 1.41 
11 2013.65 4.07 9.03 5.15 1.47 
12 2013.50 3.63 9.17 4.79 1.67 
13 2013.29 3.78 9.09 6.16 1.47 
14 2013.08 4.04 9.01 5.25 1.32 
15 2012.99 4.16 9.07 4.26 1.39 
16 2012.89 4.14 9.08 4.03 1.44 
17 2012.79 4.03 9.07 3.53 1.51 
18 2012.69 3.80 9.17 3.04 1.64 
19 2012.60 3.48 9.37 3.00 1.84 
20 2012.50 3.60 9.42 3.47 1.78 
21 2012.42 4.03 9.26 4.25 1.58 
22 2012.33 4.24 9.09 3.99 1.41 
23 2012.25 4.31 9.02 4.20 1.36 
24 2012.17 4.31 8.96 5.25 1.31 
25 2012.08 4.43 8.90 5.56 1.31 
26 2011.99 4.49 8.93 5.54 1.29 
27 2011.89 4.48 8.93 4.93 1.35 
28 2011.79 4.36 9.02 4.02 1.45 
29 2011.69 4.09 9.10 3.41 1.55 
30 2011.60 3.76 9.23 3.25 1.65 
31 2011.50 3.73 9.26 3.24 1.69 
32 2011.42 3.81 9.26 3.38 1.63 
33 2011.33 4.07 9.12 3.66 1.44 
34 2011.25 4.22 9.00 3.93 1.32 
35 2011.17 4.24 8.93 4.38 1.24 
36 2011.08 4.24 8.90 4.44 1.31 
37 2010.99 4.19 8.90 4.52 1.27 
38 2010.89 4.26 8.96 4.33 1.36 

39 2010.79 4.35 8.99 3.92 1.39 
40 2010.69 4.00 9.09 3.50 1.51 
41 2010.60 3.79 9.14 3.22 1.60 
42 2010.50 3.57 9.25 3.02 1.74 
43 2010.44 3.67 9.23 2.93 1.68 
44 2010.38 3.78 9.20 3.04 1.62 
45 2010.32 4.01 9.08 3.37 1.51 
46 2010.26 4.15 9.00 3.83 1.38 
47 2010.20 4.20 8.96 4.22 1.36 
48 2010.14 4.27 8.92 4.40 1.34 
49 2010.08 4.27 8.91 4.19 1.31 
50 2009.99 4.26 8.95 4.23 1.35 
51 2009.89 4.16 9.00 3.81 1.45 
52 2009.79 3.84 9.13 3.36 1.56 
53 2009.69 3.70 9.18 3.11 1.65 
54 2009.60 3.48 9.29 3.00 1.80 
55 2009.50 3.49 9.30 3.21 1.77 
56 2009.42 3.62 9.25 3.72 1.67 
57 2009.33 3.86 9.17 4.20 1.52 
58 2009.25 4.09 9.04 4.57 1.41 
59 2009.17 4.12 8.97 5.27 1.36 
60 2009.08 4.20 8.94 5.56 1.33 
61 2009.00 4.14 8.96 5.15 1.39 
62 2008.92 4.03 9.02 5.05 1.50 
63 2008.83 3.97 9.10 4.16 1.57 
64 2008.75 3.79 9.15 3.55 1.68 
65 2008.67 3.57 9.24 3.25 1.78 
66 2008.58 3.55 9.32 3.19 1.80 
67 2008.50 3.57 9.33 3.10 1.79 
68 2008.40 3.80 9.20 3.22 1.62 
69 2008.29 4.00 9.04 3.73 1.43 
70 2008.19 4.13 8.96 4.87 1.34 
71 2008.08 4.13 8.92 6.01 1.34 
72 2008.00 4.23 8.98 5.43 1.36 
73 2007.92 4.20 9.07 4.30 1.42 
74 2007.83 4.12 9.08 4.22 1.50 
75 2007.75 3.96 9.09 3.79 1.55 
76 2007.67 3.78 9.16 3.10 1.67 
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77 2007.58 3.47 9.25 2.83 1.83 
78 2007.50 3.38 9.35 2.89 1.91 
79 2007.40 3.59 9.30 3.11 1.72 
80 2007.29 3.98 9.07 3.36 1.52 
81 2007.19 4.16 8.95 3.98 1.39 
82 2007.08 4.18 8.93 4.63 1.35 
83 2007.00 4.24 8.96 5.04 1.34 
84 2006.92 4.26 8.99 5.49 1.37 
85 2006.83 4.20 9.02 4.45 1.41 
86 2006.75 4.07 9.07 4.00 1.48 
87 2006.67 3.83 9.16 3.55 1.55 
88 2006.58 3.60 9.21 3.35 1.62 
89 2006.50 3.59 9.22 3.37 1.64 
90 2006.42 3.63 9.18 3.43 1.59 
91 2006.33 3.66 9.19 3.77 1.56 
92 2006.25 4.01 9.07 4.42 1.42 
93 2006.17 4.12 8.99 4.70 1.36 
94 2006.08 4.25 8.98 4.48 1.36 
95 2005.94 3.98 9.11 4.06 1.51 
96 2005.79 3.87 9.16 4.00 1.58 
97 2005.65 3.67 9.24 3.53 1.69 
98 2005.50 3.65 9.24 3.22 1.71 
99 2005.43 3.68 9.21 3.12 1.64 
100 2005.36 3.71 9.14 3.28 1.62 
101 2005.29 3.73 9.14 3.68 1.57 
102 2005.22 3.95 9.02 4.07 1.43 
103 2005.15 4.04 8.97 4.25 1.40 
104 2005.08 4.10 8.94 4.12 1.40 
105 2004.94 3.99 8.97 3.87 1.49 
106 2004.79 3.81 9.10 3.49 1.58 
107 2004.65 3.71 9.11 3.37 1.62 
108 2004.50 3.78 9.19 3.36 1.66 
109 2004.42 3.74 9.14 3.66 1.61 
110 2004.33 3.79 9.10 3.94 1.56 
111 2004.25 3.91 9.04 4.41 1.48 
112 2004.17 4.06 9.03 4.66 1.42 
113 2004.08 4.17 8.95 4.62 1.36 
114 2003.97 4.15 8.96 4.45 1.39 
115 2003.85 4.08 8.99 4.56 1.46 
116 2003.73 3.83 9.11 3.64 1.60 
117 2003.62 3.71 9.14 3.13 1.69 
118 2003.50 3.73 9.17 3.00 1.67 
119 2003.42 3.78 9.11 3.25 1.61 
120 2003.33 3.84 9.08 3.49 1.57 
121 2003.25 3.92 9.06 4.08 1.49 
122 2003.17 4.92 8.96 4.48 1.44 
123 2003.08 4.14 8.95 4.53 1.41 
124 2002.94 4.17 8.96 4.60 1.40 
125 2002.79 4.17 8.98 4.39 1.47 
126 2002.65 3.98 9.06 3.95 1.55 
127 2002.50 3.70 9.30 3.49 1.65 
128 2002.43 3.73 9.19 3.22 1.67 
129 2002.36 3.74 9.14 3.08 1.65 
130 2002.29 3.90 9.12 3.11 1.55 
131 2002.22 3.93 9.09 3.49 1.50 

132 2002.15 4.02 9.02 4.23 1.42 
133 2002.08 4.17 8.96 4.23 1.38 
134 2001.99 4.17 8.96 4.42 1.40 
135 2001.89 4.15 8.99 4.24 1.42 
136 2001.79 4.05 9.01 4.02 1.46 
137 2001.69 3.90 9.06 3.65 1.60 
138 2001.60 3.76 9.15 3.40 1.65 
139 2001.50 3.65 9.20 3.28 1.70 
140 2001.44 3.75 9.15 3.35 1.65 
141 2001.38 3.88 9.11 3.52 1.59 
142 2001.32 4.02 9.05 3.68 1.47 
143 2001.26 4.09 9.02 4.09 1.45 
144 2001.20 4.12 8.95 4.66 1.36 
145 2001.14 4.17 8.90 4.90 1.36 
146 2001.08 4.24 8.89 4.77 1.33 
147 2000.99 4.72 8.91 4.66 1.36 
148 2000.89 4.13 8.97 4.32 1.40 
149 2000.79 4.02 9.00 3.97 1.47 
150 2000.69 3.85 9.07 3.71 1.55 
151 2000.60 3.70 9.11 3.42 1.65 
152 2000.50 3.74 9.12 3.32 1.62 
153 2000.43 3.83 9.07 3.35 1.53 
154 2000.36 3.91 9.04 3.80 1.47 
155 2000.29 3.94 9.02 4.30 1.47 
156 2000.22 3.97 9.01 4.57 1.45 
157 2000.15 3.98 9.03 4.38 1.48 
158 2000.08 4.01 8.99 4.59 1.45 
159 1999.89 3.90 9.04 4.52 1.52 
160 1999.69 3.88 9.03 4.37 1.51 
161 1999.50 3.83 9.09 4.17 1.55 
162 1999.45 3.84 9.05 4.29 1.57 
163 1999.40 3.81 9.08 4.07 1.56 
164 1999.34 3.87 9.03 4.31 1.52 
165 1999.29 3.88 9.05 4.37 1.50 
166 1999.24 3.98 8.99 4.76 1.46 
167 1999.19 4.03 8.97 4.91 1.44 
168 1999.14 4.07 8.96 5.00 1.44 
169 1999.08 4.10 8.95 4.84 1.39 
170 1998.97 4.07 8.97 4.65 1.43 
171 1998.85 4.02 9.04 4.65 1.50 
172 1998.73 3.98 9.05 4.79 1.48 
173 1998.62 3.96 9.05 4.47 1.50 
174 1998.50 4.03 9.06 4.22 1.43 
175 1998.29 4.10 9.03 4.23 1.47 
176 1998.08 4.11 8.99 4.52 1.42 
177 1997.97 4.11 9.02 4.90 1.39 
178 1997.85 4.19 8.98 4.99 1.39 
179 1997.73 4.29 9.03 5.14 1.39 
180 1997.62 4.40 9.05 5.36 1.35 
181 1997.50 4.31 9.09 5.02 1.40 
182 1997.30 4.21 9.08 4.89 1.44 
183 1997.10 4.17 9.08 4.80 1.46 
184 1996.90 4.16 9.11 4.86 1.49 
185 1996.70 4.24 9.06 5.15 1.45 
186 1996.50 4.13 9.15 4.44 1.51 
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            Airlie 

Date collected: 31/1/2015 

Lat/Long: -21.32681/115.16811 

Distance (downcore, mm) Year (prelim) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol)  Ba/Ca (µmol/mol)
Li/Mg (mmol/mol) 

1 2015.05 4.52 8.84 29.21 1.33 
2 2014.87 4.20 8.96 44.88 1.49 
3 2014.69 3.94 9.16 43.42 1.69 
4 2014.50 3.76 9.30 29.81 1.85 
5 2014.43 3.93 9.26 27.65 1.80 
6 2014.36 4.32 9.13 23.01 1.60 
7 2014.29 4.63 8.96 18.91 1.36 
8 2014.22 4.56 8.84 7.64 1.27 
9 2014.15 4.40 8.77 4.12 1.25 
10 2014.02 4.29 8.86 3.17 1.35 
11 2013.88 4.21 9.00 2.85 1.45 
12 2013.74 3.85 9.20 2.99 1.66 
13 2013.61 3.68 9.28 2.78 1.81 
14 2013.48 3.86 9.34 3.27 1.76 
15 2013.34 4.04 9.19 5.21 1.60 
16 2013.21 4.23 8.96 5.46 1.37 
17 2013.08 4.56 8.91 3.51 1.24 
18 2012.93 4.36 8.95 3.39 1.36 
19 2012.79 4.03 9.12 3.41 1.55 
20 2012.64 3.74 9.30 4.23 1.72 
21 2012.49 3.58 9.34 4.63 1.84 
22 2012.42 4.10 9.17 3.86 1.60 
23 2012.34 4.52 9.01 3.35 1.42 
24 2012.27 4.60 8.93 3.15 1.35 
25 2012.19 4.64 8.84 2.73 1.26 
26 2012.12 4.66 8.76 2.71 1.22 
27 2012.04 4.62 8.79 2.42 1.20 
28 2011.97 4.27 8.87 2.83 1.36 
29 2011.89 3.95 9.05 2.95 1.52 
30 2011.82 3.94 9.16 3.03 1.65 
31 2011.72 3.88 9.21 2.79 1.72 
32 2011.49 3.86 9.29 2.56 1.74 
33 2011.39 4.17 9.20 2.61 1.63 
34 2011.29 4.75 9.01 2.54 1.38 
35 2011.19 5.01 8.88 2.77 1.25 
36 2011.09 4.79 8.82 3.58 1.20 
37 2011.00 4.80 8.78 2.96 1.19 
38 2010.94 4.42 8.90 2.95 1.31 
39 2010.89 4.13 8.98 2.97 1.48 
40 2010.74 3.85 9.14 3.28 1.61 
41 2010.54 3.67 9.26 3.23 1.76 
42 2010.45 4.01 9.13 2.73 1.58 
43 2010.36 4.30 9.03 2.48 1.45 
44 2010.26 4.52 8.89 2.22 1.34 
45 2010.17 4.51 8.83 2.10 1.29 
46 2010.00 4.20 8.86 2.37 1.35 
47 2009.84 3.86 9.02 3.11 1.49 
48 2009.67 3.58 9.22 3.17 1.72 
49 2009.51 3.63 9.28 3.02 1.74 

50 2009.37 3.95 9.20 2.58 1.61 
51 2009.22 4.20 9.01 2.27 1.44 
52 2009.08 4.36 8.84 2.00 1.31 
53 2008.98 4.30 8.86 2.35 1.27 
54 2008.88 3.98 9.00 3.05 1.47 
55 2008.78 3.75 9.14 3.46 1.61 
56 2008.68 3.56 9.29 3.48 1.75 
57 2008.58 3.52 9.34 3.25 1.80 
58 2008.49 3.99 9.20 2.91 1.61 
59 2008.40 4.30 9.06 2.94 1.43 
60 2008.30 4.49 8.95 3.07 1.33 
61 2008.21 4.43 8.85 2.95 1.26 
62 2008.12 4.33 8.79 2.62 1.25 
63 2007.98 4.14 8.88 2.66 1.35 
64 2007.85 3.95 9.03 2.93 1.49 
65 2007.72 3.70 9.20 3.45 1.68 
66 2007.59 3.58 9.28 3.29 1.77 
67 2007.49 3.83 9.26 2.82 1.69 
68 2007.40 4.09 9.10 2.71 1.51 
69 2007.30 4.24 8.98 2.67 1.38 
70 2007.20 4.29 8.87 2.44 1.31 
71 2007.10 4.14 8.87 2.50 1.34 
72 2006.98 4.14 8.95 3.07 1.41 
73 2006.86 4.08 9.00 3.33 1.48 
74 2006.74 3.92 9.12 3.04 1.59 
75 2006.62 3.77 9.22 3.23 1.72 
76 2006.51 3.58 9.36 3.65 1.83 
77 2006.43 3.72 9.33 3.55 1.73 
78 2006.36 4.20 9.17 3.37 1.50 
79 2006.28 4.53 8.97 3.56 1.32 
80 2006.21 4.50 8.92 3.77 1.26 
81 2006.13 4.42 8.86 3.74 1.28 
82 2005.99 4.15 8.98 3.97 1.40 
83 2005.86 3.75 9.19 3.66 1.62 
84 2005.72 3.54 9.30 3.35 1.81 
85 2005.58 3.53 9.36 3.09 1.87 
86 2005.49 3.77 9.35 2.83 1.79 
87 2005.41 4.27 9.18 2.89 1.55 
88 2005.32 4.56 9.02 2.80 1.37 
89 2005.24 4.54 8.95 2.79 1.31 
90 2005.15 4.43 8.87 2.88 1.26 
91 2005.04 4.18 8.92 3.03 1.32 
92 2004.92 3.88 9.04 3.62 1.47 
93 2004.81 3.66 9.28 3.78 1.69 
94 2004.70 3.48 9.35 3.51 1.86 
95 2004.58 3.52 9.38 3.14 1.87 
96 2004.48 3.76 9.30 3.21 1.76 
97 2004.39 4.09 9.17 3.36 1.57 
98 2004.28 4.33 9.01 3.50 1.39 
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99 2004.19 4.28 8.90 3.46 1.32 
100 2004.10 4.08 8.93 3.47 1.37 
101 2004.01 3.95 8.95 3.22 1.42 
102 2003.85 3.62 9.14 3.13 1.62 
103 2003.68 3.42 9.36 3.27 1.86 
104 2003.53 3.51 9.37 3.09 1.89 
105 2003.45 3.78 9.26 2.97 1.76 
106 2003.36 4.21 9.11 3.10 1.52 
107 2003.28 4.40 8.97 3.11 1.36 
108 2003.20 4.47 8.91 2.85 1.29 
109 2003.11 4.47 8.86 2.53 1.28 
110 2003.00 4.29 8.90 2.82 1.32 
111 2002.88 3.83 9.10 3.61 1.54 
112 2002.77 3.48 9.35 3.04 1.81 
113 2002.65 3.50 9.39 3.09 1.87 
114 2002.54 3.64 9.36 3.01 1.87 
115 2002.47 3.76 9.39 3.00 1.78 
116 2002.39 4.23 9.18 2.78 1.53 
117 2002.31 4.46 9.01 2.69 1.39 
118 2002.23 4.54 8.92 2.80 1.31 
119 2002.15 4.48 8.88 2.96 1.27 
120 2002.05 4.34 8.90 2.58 1.28 
121 2001.94 4.14 8.97 2.51 1.39 
122 2001.83 3.92 9.08 2.81 1.48 
123 2001.73 3.71 9.26 3.20 1.68 
124 2001.62 3.69 9.30 3.41 1.74 
125 2001.51 3.56 9.34 3.46 1.84 
126 2001.45 3.55 9.34 3.15 1.81 
127 2001.40 3.64 9.31 2.81 1.76 
128 2001.34 3.94 9.17 2.85 1.58 
129 2001.28 4.22 9.02 3.12 1.37 
130 2001.22 4.30 8.91 3.00 1.31 
131 2001.16 4.34 8.88 2.66 1.28 
132 2001.10 4.33 8.84 2.31 1.27 
133 2001.01 4.28 8.88 2.39 1.29 
134 2000.92 4.15 8.98 2.50 1.38 
135 2000.83 3.91 9.10 3.14 1.55 
136 2000.74 3.63 9.25 3.03 1.70 
137 2000.65 3.42 9.33 3.39 1.83 
138 2000.56 3.27 9.44 3.34 1.93 
139 2000.49 3.37 9.41 3.15 1.87 
140 2000.43 3.82 9.23 3.00 1.65 
141 2000.36 4.10 9.05 2.95 1.43 

142 2000.30 4.21 8.94 3.11 1.36 
143 2000.23 4.37 8.87 3.20 1.25 
144 2000.17 4.49 8.86 2.91 1.24 
145 2000.10 4.48 8.83 2.84 1.25 
146 2000.00 4.41 8.87 2.74 1.28 
147 1999.90 4.20 8.93 2.81 1.40 
148 1999.79 4.01 9.06 2.87 1.50 
149 1999.69 3.74 9.21 3.22 1.68 
150 1999.59 3.51 9.37 3.73 1.78 
151 1999.49 3.50 9.38 3.91 1.84 
152 1999.43 3.60 9.33 3.70 1.72 
153 1999.38 4.08 9.18 3.33 1.51 
154 1999.33 4.34 9.06 3.23 1.43 
155 1999.27 4.40 8.97 3.15 1.34 
156 1999.22 4.50 8.88 2.94 1.26 
157 1999.16 4.45 8.83 2.68 1.24 
158 1999.11 4.36 8.83 2.52 1.27 
159 1998.97 4.08 8.97 2.89 1.39 
160 1998.83 3.91 9.09 3.27 1.55 
161 1998.68 3.63 9.24 3.18 1.76 
162 1998.54 3.54 9.37 3.06 1.85 
163 1998.48 3.60 9.37 2.86 1.81 
164 1998.42 3.85 9.26 2.76 1.67 
165 1998.35 4.24 9.14 2.79 1.46 
166 1998.28 4.60 8.98 2.80 1.29 
167 1998.22 4.78 8.90 2.88 1.24 
168 1998.15 4.67 8.82 2.79 1.23 
169 1998.08 4.63 8.79 2.70 1.20 
170 1997.99 4.48 8.85 2.92 1.24 
171 1997.89 4.32 8.91 3.05 1.31 
172 1997.79 4.11 9.01 3.41 1.43 
173 1997.70 3.67 9.22 3.68 1.63 
174 1997.60 3.43 9.34 3.69 1.81 
175 1997.50 3.40 9.40 3.86 1.85 
176 1997.43 3.67 9.32 3.77 1.68 
177 1997.35 3.93 9.21 3.68 1.57 
178 1997.28 4.23 9.06 3.58 1.44 
179 1997.20 4.42 8.96 3.40 1.31 
180 1997.13 4.51 8.87 3.10 1.25 
181 1997.05 4.46 8.87 3.03 1.24 
182 1996.98 4.43 8.86 2.95 1.26 
183 1996.90 4.30 8.91 2.93 1.32 
184 1996.83 4.10 9.00 2.92 1.42 

Montebello 

Date collected: 04/2014 

Lat/Long: -20.505/115.483 

Distance (downcore, mm) Year (prelim) Sr/Ca (mmol/mol) Mg/Ca (mmol/mol) Ba/Ca 

(µmol/mol) Li/Mg (mmol/mol)  

2 2014.25 8.95 4.76 55.31    1.28 
4 2014.22 8.95 4.47 113.01 1.30 

6 2014.18 8.92 4.48 112.08 1.33 
8 2013.95 9.08 3.98 27.03 1.50 
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10 2013.72 9.31 3.58 13.86  1.71 
12 2013.50 9.36 3.62 8.15 1.72 
14 2013.32 9.11 3.98 6.66 1.49 
16 2013.13 8.87 4.47 6.52 1.28 
18 2013.03 8.87 4.41 6.58 1.26 
20 2012.94 8.97 4.13 5.49 1.41 
22 2012.84 9.14 3.87 5.13 1.58 
24 2012.74 9.24 3.74 5.01 1.71 
26 2012.51 9.35 3.55 5.24 1.82 
28 2012.32 9.13 3.89 4.94 1.56 
30 2012.21 9.01 4.02 5.00 1.40 
32 2012.10 8.92 4.21 5.52 1.31 
34 2012.01 8.97 4.06 4.92 1.38 
36 2011.93 9.07 4.02 4.76 1.48 
38 2011.84 9.18 3.84 5.27 1.61 
40 2011.75 9.24 3.76 6.12 1.70 
42 2011.56 9.33 3.62 6.02 1.73 
44 2011.34 9.22 3.78 5.70 1.60 
46 2011.21 8.98 3.86 5.96 1.39 
48 2011.09 8.91 4.04 5.75 1.29 
50 2010.97 8.98 4.29 5.32 1.30 
52 2010.86 9.06 4.04 5.71 1.45 
54 2010.74 9.19 3.82 5.09 1.63 
56 2010.54 9.33 3.60 5.71 1.77 
58 2010.41 9.23 3.95 4.89 1.63 
60 2010.35 9.17 4.15 5.83 1.48 
62 2010.29 9.11 4.02 5.73 1.46 
64 2010.23 9.09 4.09 5.94 1.45 
66 2010.18 9.09 4.09 5.31 1.46 
68 2009.98 9.14 3.98 6.11 1.48 
70 2009.78 9.33 3.65 5.51 1.68 
72 2009.58 9.44 3.43 5.46 1.80 
74 2009.44 9.29 3.67 5.47 1.66 
76 2009.30 9.22 3.73 5.32 1.55 
78 2009.16 8.98 4.01 5.85 1.37 
80 2009.09 9.00 4.20 5.13 1.35 
82 2009.02 8.99 4.22 5.24 1.36 
84 2008.96 9.12 3.88 4.91 1.52 
86 2008.89 9.17 3.95 5.32 1.57 
88 2008.78 9.29 3.77 5.69 1.68 
90 2008.54 9.37 3.41 5.88 1.80 
92 2008.35 9.14 3.83 6.10 1.51 
94 2008.30 9.02 3.97 5.21 1.38 

96 2008.25 8.96 4.35 5.23 1.29 
98 2008.19 8.94 4.27 5.13 1.34 
100 2008.07 9.01 4.31 4.90 1.39 
102 2007.95 9.17 4.00 5.51 1.50 
104 2007.83 9.23 3.80 4.70 1.61 
106 2007.71 9.28 3.68 4.32 1.70 
108 2007.58 9.34 3.65 4.40 1.75 
110 2007.36 9.15 4.25 4.51 1.47 
112 2007.25 9.03 4.42 5.41 1.30 
114 2007.17 9.11 4.12 5.06 1.37 
116 2007.09 9.11 4.06 5.24 1.40 
118 2007.01 9.11 4.15 4.86 1.40 
120 2006.92 9.09 4.13 4.68 1.41 
122 2006.89 9.19 4.00 4.10 1.48 
124 2006.85 9.17 4.15 4.24 1.51 
126 2006.72 9.32 3.78 4.49 1.66 
128 2006.51 9.39 3.51 4.62 1.81 
130 2006.33 9.22 3.87 5.24 1.53 
132 2006.16 9.04 4.32 4.91 1.32 
134 2006.08 9.05 4.25 5.03 1.39 
136 2006.00 9.08 4.33 4.32 1.39 
138 2005.92 9.11 4.09 4.44 1.47 
140 2005.84 9.29 3.68 3.87 1.68 
142 2005.73 9.41 3.47 4.05 1.81 
144 2005.59 9.44 3.37 3.99 1.85 
146 2005.47 9.21 4.06 4.41 1.57 
148 2005.35 9.03 4.36 4.97 1.36 
150 2005.24 8.94 4.38 5.10 1.30 
152 2005.16 9.01 4.15 5.56 1.36 
154 2005.08 9.02 4.21 4.43 1.37 
156 2005.01 9.02 4.22 4.29 1.40 
158 2004.86 9.18 3.84 4.28 1.57 
160 2004.71 9.33 3.61 4.17 1.75 
162 2004.53 9.36 3.41 4.31 1.82 
164 2004.44 9.29 3.78 4.79 1.69 
166 2004.34 9.11 4.12 5.96 1.47 
168 2004.24 9.07 3.98 5.43 1.45 
170 2004.15 9.11 3.99 4.41 1.49 
172 2004.08 9.06 4.17 3.95 1.45 
174 2003.92 9.14 4.02 4.32 1.55 
176 2003.75 9.29 3.62 3.75 1.71 
178 2003.59 9.41 3.49 3.81 1.85 
180 2003.49 9.35 3.59 4.81 1.74 

Tantabiddi (13TNT) 

Date collected: 08/2013 

Lat/Long: -21.8933/ 113.9636 

Dist (downcore, mm) Year (prelim) Mg/Ca (mmol/mol)   Sr/Ca (mmol/mol) Ba/Ca (µmol/mol)

Li/Mg (mmol/mol) 

1 2013.58 4.79 9.09 57.26 1.52 2 2013.46 4.94 9.02 139.5 1.41 
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3 2013.33 5.04 9.01 276.3 1.34 
4 2013.21 5.20 8.97 361.1 1.25 
5 2013.08 5.40 8.90 414.0 1.16 
6 2012.98 5.23 8.90 329.5 1.18 
7 2012.88 4.92 8.98 121.8 1.31 
8 2012.78 4.62 9.08 44.31 1.47 
9 2012.68 4.54 9.13 23.89 1.53 
10 2012.58 4.45 9.17 20.27 1.61 
11 2012.50 4.29 9.16 17.24 1.61 
12 2012.42 4.39 9.11 16.24 1.55 
13 2012.33 4.73 9.03 16.42 1.43 
14 2012.25 5.09 8.91 15.49 1.28 
15 2012.17 5.23 8.87 15.82 1.22 
16 2012.08 5.12 8.85 18.20 1.21 
17 2011.96 4.92 8.92 25.90 1.28 
18 2011.83 4.67 9.01 34.76 1.38 
19 2011.71 4.35 9.10 28.30 1.53 
20 2011.58 4.19 9.17 20.09 1.68 
21 2011.51 4.16 9.14 17.85 1.61 
22 2011.44 4.28 9.14 17.13 1.59 
23 2011.37 4.43 9.10 17.05 1.53 
24 2011.30 4.65 9.04 16.64 1.45 
25 2011.23 4.91 8.93 16.76 1.32 
26 2011.15 5.08 8.89 18.43 1.27 
27 2011.08 5.10 8.86 21.49 1.22 
28 2011.01 5.00 8.88 26.16 1.23 
29 2010.94 4.89 8.91 27.00 1.27 
30 2010.87 4.72 8.96 23.73 1.35 
31 2010.80 4.57 9.04 20.38 1.42 
32 2010.73 4.40 9.12 15.84 1.54 
33 2010.65 4.29 9.15 13.09 1.58 
34 2010.58 4.31 9.15 12.64 1.57 
35 2010.42 4.54 9.09 13.80 1.50 
36 2010.25 4.82 9.02 15.27 1.41 
37 2010.08 4.93 8.99 16.49 1.35 
38 2010.01 4.92 8.99 16.99 1.36 
39 2009.94 4.84 9.00 19.73 1.37 
40 2009.87 4.65 9.03 22.98 1.43 
41 2009.80 4.46 9.04 24.21 1.48 
42 2009.73 4.36 9.10 22.81 1.51 
43 2009.65 4.24 9.17 17.56 1.61 
44 2009.58 4.15 9.22 15.32 1.64 
45 2009.51 4.13 9.19 14.01 1.62 
46 2009.44 4.26 9.16 13.28 1.58 
47 2009.37 4.54 9.08 13.17 1.47 
48 2009.30 4.80 9.02 13.42 1.38 
49 2009.23 4.97 8.97 15.28 1.31 
50 2009.15 4.99 8.95 18.28 1.29 
51 2009.08 4.94 8.93 26.16 1.29 
52 2009.00 4.79 8.95 29.63 1.31 
53 2008.92 4.57 9.02 31.57 1.40 
54 2008.83 4.38 9.11 29.10 1.50 
55 2008.75 4.22 9.16 23.07 1.60 
56 2008.67 4.12 9.19 20.04 1.66 
57 2008.58 4.12 9.20 19.18 1.64 

58 2008.46 4.21 9.14 19.10 1.57 
59 2008.33 4.46 9.08 20.35 1.46 
60 2008.21 4.67 9.01 20.77  
61 2008.08 4.79 8.93 22.54  
62 2008.01 4.78 8.95 26.11  
63 2007.94 4.73 8.97 33.68  
64 2007.87 4.61 9.04 37.80  
65 2007.80 4.32 9.13 34.49  
66 2007.73 4.22 9.20 27.56  
67 2007.65 4.15 9.23 26.01  
68 2007.58 4.10 9.26 23.19  
69 2007.50 4.14 9.24 21.41  
70 2007.42 4.31 9.18 20.07  
71 2007.33 4.61 9.10 16.99  
72 2007.25 4.86 9.01 16.49  
73 2007.17 4.91 8.98 15.95  
74 2007.08 4.90 8.97 17.48  
75 2007.02 4.79 9.04 18.30  
76 2006.96 4.59 9.07 21.95  
77 2006.90 4.46 9.11 24.64  
78 2006.83 4.35 9.18 23.09  
79 2006.77 4.26 9.20 18.06  
80 2006.71 4.08 9.27 16.57  
81 2006.65 4.14 9.26 16.28  
82 2006.58 4.05 9.29 15.02  
83 2006.48 4.12 9.26 14.06  
84 2006.38 4.20 9.19 13.97  
85 2006.28 4.51 9.14 13.14  
86 2006.18 4.69 9.03 12.63  
87 2006.08 4.88 8.99 13.83  
88 2006.00 4.87 9.00 19.42  
89 2005.92 4.70 9.08 26.81  
90 2005.83 4.75 9.16 29.64  
91 2005.75 4.36 9.25 23.10  
92 2005.67 3.98 9.36 22.44  
93 2005.58 3.97 9.37 21.18  
94 2005.51 3.99 9.36 18.93  
95 2005.44 4.05 9.33 18.51  
96 2005.37 4.20 9.25 18.87  
97 2005.30 4.50 9.16 16.86  
98 2005.23 4.75 9.04 15.47  
99 2005.15 4.85 9.02 14.47  
100 2005.08 4.81 8.99 14.03  
101 2005.00 4.44 9.09 16.29  
102 2004.92 4.48 9.13 22.84  
103 2004.83 4.38 9.18 26.44  
104 2004.75 4.16 9.22 18.26  
105 2004.67 3.94 9.28 14.90  
106 2004.58 3.84 9.34 14.55  
107 2004.48 3.84 9.33 15.48  
108 2004.38 3.98 9.31 15.49  
109 2004.28 4.21 9.24 15.58  
110 2004.18 4.49 9.12 13.92  
111 2004.08 4.66 9.03 13.18  
112 2003.98 4.66 9.07 13.12  
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Tantabiddi (08TNT) 

Date collected: 08/2008 

Lat/Long: -21.8933/ 113.9636 

Distance (downcore, mm) Year (prelim) Sr/Ca (mmol/mol) Ba/Ca (µmol/mol) 

1 2008.67 9.15 138.54 
2 2008.54 9.04 116.75 
3 2008.42 8.94 88.08 
4 2008.29 8.88 76.09 
5 2008.17 8.88 57.39 
6 2008.10 8.93 35.58 
7 2008.02 8.99 48.09 
8 2007.95 9.08 37.24 
9 2007.88 9.08 32.40 
10 2007.81 9.19 23.24 
11 2007.74 9.18 19.90 
12 2007.67 9.19 18.50 
13 2007.54 9.18 17.78 
14 2007.42 9.09 16.95 
15 2007.29 9.01 15.65 
16 2007.17 8.89 14.74 
17 2007.11 8.92 16.14 
18 2007.06 8.98 17.59 
19 2007.00 9.04 21.72 
20 2006.94 9.06 29.75 
21 2006.89 9.13 21.64 
22 2006.83 9.16 14.10 
23 2006.78 9.19 12.62 
24 2006.72 9.18 13.03 
25 2006.67 9.25 12.78 
26 2006.57 9.18 12.02 
27 2006.47 9.10 11.60 
28 2006.37 9.06 10.83 
29 2006.27 9.00 11.35 
30 2006.17 8.89 14.30 
31 2006.08 8.93 22.04 
32 2006.00 9.06 29.53 
33 2005.92 9.11 22.82 
34 2005.83 9.19 14.06 
35 2005.75 9.26 13.01 
36 2005.67 9.31 11.70 
37 2005.60 9.28 10.53 
38 2005.52 9.23 10.50 
39 2005.45 9.19 11.08 
40 2005.38 9.07 11.67 
41 2005.31 9.09 10.90 
42 2005.24 8.98 11.78 
43 2005.17 8.97 12.40 
44 2005.08 8.99 12.38 
45 2005.00 9.02 15.23 
46 2004.92 9.09 20.24 
47 2004.83 9.18 15.93 
48 2004.75 9.20 10.85 
49 2004.67 9.31 10.05 
50 2004.50 9.24 10.56 

51 2004.33 9.05 11.86 
52 2004.17 9.02 13.55 
53 2004.08 9.12 25.28 
54 2004.00 9.18 26.47 
55 2003.92 9.19 15.25 
56 2003.83 9.23 12.79 
57 2003.75 9.24 11.16 
58 2003.67 9.28 10.92 
59 2003.57 9.23 11.59 
60 2003.47 9.18 11.27 
61 2003.37 9.07 11.39 
62 2003.27 9.05 11.84 
63 2003.17 8.99 11.27 
64 2003.10 9.00 11.58 
65 2003.02 9.02 16.46 
66 2002.95 9.07 18.24 
67 2002.88 9.16 15.18 
68 2002.81 9.27 14.18 
69 2002.74 9.26 14.80 
70 2002.67 9.28 14.02 
71 2002.58 9.27 12.87 
72 2002.50 9.18 12.39 
73 2002.42 9.09 13.50 
74 2002.33 8.95 11.78 
75 2002.25 8.95 11.52 
76 2002.17 8.95 11.83 
77 2002.08 9.03 17.28 
78 2002.00 9.06 20.89 
79 2001.92 9.11 14.73 
80 2001.83 9.18 12.61 
81 2001.75 9.26 12.99 
82 2001.67 9.27 12.61 
83 2001.58 9.26 12.06 
84 2001.50 9.18 11.83 
85 2001.42 9.15 13.16 
86 2001.33 9.08 12.79 
87 2001.25 8.95 11.13 
88 2001.17 8.89 11.13 
89 2001.12 8.94 11.95 
90 2001.07 8.98 13.23 
91 2001.02 8.95 17.08 
92 2000.97 8.98 22.89 
93 2000.92 9.06 22.86 
94 2000.87 9.09 22.42 
95 2000.82 9.18 18.49 
96 2000.77 9.17 15.31 
97 2000.72 9.16 13.67 
98 2000.67 9.18 13.95 
99 2000.60 9.13 12.69 
100 2000.54 9.13 12.29 
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101 2000.48 9.06 11.65 
102 2000.42 9.00 11.84 
103 2000.35 8.99 12.63 
104 2000.29 8.92 13.41 
105 2000.23 8.88 14.71 
106 2000.17 8.84 16.76 
107 2000.10 8.86 20.37 
108 2000.04 8.92 23.24 
109 1999.98 9.01 23.82 
110 1999.92 8.99 27.73 
111 1999.85 9.07 18.93 
112 1999.79 9.17 17.51 
113 1999.73 9.18 18.11 
114 1999.67 9.24 17.24 
115 1999.58 9.20 17.55 
116 1999.50 9.15 16.85 
117 1999.42 9.06 15.61 
118 1999.33 8.92 13.40 
119 1999.25 8.84 14.23 
120 1999.17 8.84 17.31 
121 1999.08 8.93 29.75 
122 1999.00 9.07 26.73 
123 1998.92 9.11 17.70 
124 1998.83 9.21 14.93 
125 1998.75 9.18 13.36 

126 1998.67 9.22 14.30 
127 1998.50 9.15 14.25 
128 1998.33 8.99 13.78 
129 1998.17 8.89 15.02 
130 1998.10 8.91 18.06 
131 1998.02 8.97 25.32 
132 1997.95 9.12 32.41 
133 1997.88 9.17 26.71 
134 1997.81 9.15 19.96 
135 1997.74 9.24 17.82 
136 1997.67 9.25 16.72 
137 1997.58 9.18 17.72 
138 1997.50 9.09 16.86 
139 1997.42 8.97 14.99 
140 1997.33 8.92 14.65 
141 1997.25 8.98 16.23 
142 1997.17 8.87 21.03 
143 1997.07 8.89 33.98 
144 1996.97 9.01 35.40 
145 1996.87 9.10 26.32 
146 1996.77 9.14 19.93 
147 1996.67 9.19 17.22 
148 1996.57 9.11 16.26 
149 1996.47 9.10 16.76 
150 1996.37 9.00 16.84 

Bundegi (13BND) 

Date collected: 08/2013 

Lat/Long: -21.870/ 114.157 

Distance (downcore, mm) Year (prelim) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol) Li/Mg 
(mmol/mol)  

1 2013.58 4.33 9.17 1.54 
2 2013.42 4.44 9.03 1.43 
3 2013.25 4.40 8.95 1.36 
4 2013.08 4.28 8.91 1.34 
5 2012.92 4.21 8.99 1.42 
6 2012.75 4.02 9.09 1.57 
7 2012.58 3.78 9.23 1.72 
8 2012.46 3.96 9.21 1.64 
9 2012.33 4.39 9.04 1.46 
10 2012.21 4.54 8.89 1.35 
11 2012.08 4.49 8.86 1.29 
12 2011.96 4.34 8.91 1.35 
13 2011.83 4.19 8.99 1.46 
14 2011.71 3.93 9.13 1.61 
15 2011.58 3.70 9.26 1.72 
16 2011.42 3.81 9.19 1.60 
17 2011.25 4.07 9.05 1.48 
18 2011.08 4.04 9.04 1.51 
19 2010.92 3.85 9.12 1.61 
20 2010.75 3.63 9.26 1.78 
21 2010.58 3.69 9.30 1.81 
22 2010.46 3.96 9.21 1.68 

23 2010.33 4.30 9.07 1.54 
24 2010.21 4.46 9.00 1.43 
25 2010.08 4.55 8.94 1.37 
26 2010.01 4.42 8.96 1.42 
27 2009.94 4.19 9.00 1.45 
28 2009.87 4.18 8.98 1.47 
29 2009.80 4.12 9.04 1.52 
30 2009.73 3.91 9.14 1.63 
31 2009.65 3.64 9.28 1.78 
32 2009.58 3.59 9.31 1.85 
33 2009.46 3.85 9.21 1.73 
34 2009.33 4.21 9.06 1.56 
35 2009.21 4.41 8.93 1.41 
36 2009.08 4.40 8.85 1.35 
37 2008.98 4.24 8.86 1.34 
38 2008.88 4.05 8.91 1.53 
39 2008.78 3.86 9.05 1.61 
40 2008.68 3.67 9.16 1.73 
41 2008.58 3.57 9.27 1.84 
42 2008.48 3.73 9.23 1.79 
43 2008.38 4.10 9.12 1.61 
44 2008.28 4.36 9.00 1.46 



159 

45 2008.18 4.39 8.90 1.36 
46 2008.08 4.40 8.86 1.33 
47 2008.00 4.27 8.87 1.48 
48 2007.92 4.08 8.96 1.47 
49 2007.83 3.92 9.06 1.58 
50 2007.75 3.77 9.16 1.68 
51 2007.67 3.62 9.27 1.79 
52 2007.58 3.65 9.29 1.80 
53 2007.42 3.98 9.17 1.63 
54 2007.25 4.31 9.02 1.47 
55 2007.08 4.48 8.92 1.38 
56 2007.02 4.54 8.92 1.35 
57 2006.96 4.52 8.95 1.36 
58 2006.90 4.44 8.94 1.39 
59 2006.83 4.27 8.97 1.45 
60 2006.77 4.20 9.02 1.50 

61 2006.71 4.01 9.09 1.58 
62 2006.65 3.79 9.18 1.72 
63 2006.58 3.62 9.28 1.84 
64 2006.48 3.78 9.26 1.77 
65 2006.38 4.18 9.13 1.58 
66 2006.28 4.40 9.01 1.44 
67 2006.18 4.54 8.92 1.35 
68 2006.08 4.42 8.91 1.33 
69 2005.98 4.34 8.94 1.37 
70 2005.88 4.22 8.99 1.46 
71 2005.78 4.00 9.13 1.60 
72 2005.68 3.78 9.25 1.71 
73 2005.58 3.65 9.32 1.83 
74 2005.48 3.70 9.31 1.78 
75 2005.38 3.98 9.19 1.65 

Bundegi (08BND) 

Date collected: 08/2008 

Lat/Long: -21.870/ 114.157 

Distance (downcore, mm)   Year (prelim) Sr/Ca (mmol/mol) 

1 2008.50 9.24 
2 2008.58 9.31 
3 2008.67 9.32 
4 2008.58 9.17 
5 2008.50 9.04 
6 2008.42 8.91 
7 2008.33 8.89 
8 2008.25 8.84 
9 2008.17 8.85 
10 2008.10 8.90 
11 2008.02 8.97 
12 2007.95 8.98 
13 2007.88 9.08 
14 2007.81 9.15 
15 2007.74 9.22 
16 2007.67 9.31 
17 2007.60 9.29 
18 2007.52 9.20 
19 2007.45 9.05 
20 2007.38 9.00 
21 2007.31 8.92 
22 2007.24 8.93 
23 2007.17 8.92 
24 2007.10 8.96 
25 2007.04 8.98 
26 2006.98 8.98 
27 2006.92 9.04 
28 2006.85 9.10 
29 2006.79 9.20 
30 2006.73 9.30 

31 2006.67 9.37 
32 2006.58 9.23 
33 2006.50 9.12 
34 2006.42 9.05 
35 2006.33 8.97 
36 2006.25 8.92 
37 2006.17 8.90 
38 2006.11 8.95 
39 2006.06 9.03 
40 2006.00 9.09 
41 2005.94 9.09 
42 2005.89 9.20 
43 2005.83 9.23 
44 2005.78 9.28 
45 2005.72 9.33 
46 2005.67 9.35 
47 2005.60 9.26 
48 2005.54 9.10 
49 2005.48 9.00 
50 2005.42 8.98 
51 2005.35 8.93 
52 2005.29 8.92 
53 2005.23 8.91 
54 2005.17 8.90 
55 2005.08 8.97 
56 2005.00 9.06 
57 2004.92 9.14 
58 2004.83 9.25 
59 2004.75 9.35 
60 2004.67 9.36 
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61 2004.54 9.24 
62 2004.42 9.09 
63 2004.29 8.90 
64 2004.17 8.88 
65 2004.11 8.90 
66 2004.06 8.95 
67 2004.00 8.97 
68 2003.94 8.99 
69 2003.89 9.05 
70 2003.83 9.09 
71 2003.78 9.19 
72 2003.72 9.29 
73 2003.67 9.37 
74 2003.60 9.33 
75 2003.52 9.16 
76 2003.45 9.04 
77 2003.38 8.98 
78 2003.31 8.93 
79 2003.24 8.92 
80 2003.17 8.93 
81 2003.10 8.94 
82 2003.02 8.97 
83 2002.95 9.01 
84 2002.88 9.04 
85 2002.81 9.16 
86 2002.74 9.29 
87 2002.67 9.35 
88 2002.60 9.33 
89 2002.52 9.18 
90 2002.45 9.03 
91 2002.38 8.99 
92 2002.31 8.97 
93 2002.24 8.94 
94 2002.17 8.93 
95 2002.10 8.97 
96 2002.04 9.00 
97 2001.98 9.03 
98 2001.92 9.08 
99 2001.85 9.18 
100 2001.79 9.27 
101 2001.73 9.32 
102 2001.67 9.32 
103 2001.60 9.17 
104 2001.54 9.07 
105 2001.48 8.99 

106 2001.42 8.96 
107 2001.35 8.93 
108 2001.29 8.98 
109 2001.23 9.03 
110 2001.17 8.94 
111 2001.11 8.94 
112 2001.06 8.94 
113 2001.00 8.99 
114 2000.94 9.01 
115 2000.89 9.11 
116 2000.83 9.13 
117 2000.78 9.21 
118 2000.72 9.36 
119 2000.67 9.38 
120 2000.57 9.25 
121 2000.47 9.01 
122 2000.37 8.90 
123 2000.27 8.92 
124 2000.17 8.88 
125 2000.10 8.91 
126 2000.02 8.97 
127 1999.95 9.05 
128 1999.88 9.11 
129 1999.81 9.15 
130 1999.74 9.23 
131 1999.67 9.33 
132 1999.57 9.29 
133 1999.47 9.10 
134 1999.37 8.95 
135 1999.27 8.92 
136 1999.17 8.85 
137 1999.10 8.89 
138 1999.04 8.89 
139 1998.98 8.99 
140 1998.92 9.03 
141 1998.85 9.07 
142 1998.79 9.15 
143 1998.73 9.24 
144 1998.67 9.36 
145 1998.58 9.33 
146 1998.50 9.16 
147 1998.42 9.01 
148 1998.33 8.95 
149 1998.25 6.86 
150 1998.17 9.01
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Differential response of corals to regional mass-warming
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Abstract During the summer of 2010/2011, a regional marine heat wave resulted in coral bleaching of
variable severity along much of the western coastline of Australia. At Ningaloo Reef, a 300 km long fringing
reef system and World Heritage site, highly contrasting coral bleaching was observed between two
morphologically distinct nearshore reef communities located on either side of the Ningaloo Peninsula:
Tantabiddi (�20% bleaching) and Bundegi (�90% bleaching). For this study, we collected coral cores
(Porites sp.) from Tantabiddi and Bundegi reef sites to assess the response of the Sr/Ca temperature proxy
and Mg/Ca ratios to the variable levels of thermal stress imposed at these two sites during the 2010/2011
warming event. We found that there was an anomalous increase in Sr/Ca and decrease in Mg/Ca ratios in
the Bundegi record that was coincident with the timing of severe coral bleaching at the site, while no
significant changes were observed in the Tantabiddi record. We show that the change in the relationship of
Sr/Ca and Mg/Ca ratios with temperature at Bundegi during the 2010/2011 event reflects changes in related
coral ‘‘vital’’ processes during periods of environmental stress. These changes were found to be consistent
with a reduction in active transport of Ca21 to the site of calcification leading to a reduction in calcification
rates and reduced Rayleigh fractionation of incorporated trace elements.

Plain Language Summary In this paper, we compare coral-core geochemical records (Sr/Ca and
Mg/Ca) from two reef sites at Ningaloo Reef, Western Australia, which showed highly contrasting coral bleach-
ing severities following a regional heat wave during the summer of 2010/11. We show that anomalous
increases in Sr/Ca ratios and decreases in Mg/Ca ratios can provide a distinct signature of past thermal stress
events making core records useful for understanding the variable impacts of regional ocean warming events
within reef ecosystems. Furthermore, by using a novel approach we were able to explain the formation of
these anomalies during periods of thermal stress through changes in coral physiological and kinetic processes,
which, along with temperature, also effect the incorporation of trace elements in coral skeleton. This is of par-
ticular importance as coral core records are heavily relied upon for the understanding of climate change, yet
the mechanisms responsible for acute changes in coral trace element ratios during periods of thermal stress
have previously not been discussed. We thus hope our work will contribute to the understanding of coral
physiology and the development of more robust records of climate change in the future.

1. Introduction

Coral reefs are undergoing rapid decline worldwide [Hoegh-Guldberg, 1999; Hughes et al., 2003; Pandolfi
et al., 2003]. This decline has been attributed largely to an increase in the frequency and severity of wide-
spread coral bleaching events as a result of the increased occurrence of acute, regional ocean-warming
events [Veron et al., 2009; Hoegh-Guldberg, 1999; Feng et al., 2013]. These large-scale marine heat waves are
often driven by regionally specific and transient climate phenomena superimposed on longer-term trends
in global warming. For example, the El Ni~no Southern Oscillation (ENSO) has been shown to drive periodic
(around 3–7 years) warm sea surface temperature (SST) anomalies of up to several degrees across the Indo-
Pacific, Caribbean, and Red Sea [Rasmusson and Carpenter, 1982; Wilkinson, 1999], which, in turn, have
caused mass coral bleaching events across the globe. In Australia, the most noteworthy coral bleaching
events occurred during the summers of 1998 and 2002 [Hoegh-Guldberg, 1999; Bruno et al., 2001; Veron
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et al., 2009; Oliver et al., 2009] as well as 2011 [Moore et al., 2012] and most recently during the summer of
2016 [e.g., Hoegh-Guldberg and Ridgway, 2016; Normile, 2016].

However, at smaller scales (hundreds of meters to several kilometers), spatial patterns of coral bleaching
resulting from regional warming events can vary considerably within individual reef ecosystems [e.g.,
Berkelmans et al., 2004; Moore et al., 2012]. Corals have shown the ability to acclimatize to a wide range of
local temperature regimes [Brown, 1997; Guest et al., 2012; Schoepf et al., 2015]. As such, coral bleaching
thresholds can vary considerably for specific coral taxa between different reef environments [Jokiel and
Coles, 1990; Fitt et al., 2001; Howells et al., 2012]. In addition, differences in reef environment can also affect
the magnitude of reef-scale SST anomalies and hence, coral bleaching responses during regional ocean-
warming events [e.g., Depczynski et al., 2013; Falter et al., 2014]. For instance, small-scale differences in the
circulation and residence times of reef waters combined with variations in local atmospheric heating can
drive strong spatial variations in SST anomalies across reef systems [e.g., Davis et al., 2011; Zhang et al.,
2013; Li and Reidenbach, 2014], which can also cause similar variations in coral bleaching responses
[Berkelmans et al., 2004; McClanahan et al., 2007; Pineda et al., 2013].

Coral bleaching thresholds are typically calculated as 18 above the highest long-term (�7 year) average
monthly SST (often referred to as the Maximum of the Monthly Mean (MMM) SST climatology) for any given
reef environment [Liu et al., 2003, 2006; Skirving et al., 2006]. However, resolving small-scale variations in SST
climatologies as well as variations in the magnitude of SST anomalies during regional warming episodes
can sometimes be difficult using conventional SST products (i.e., satellite records and instrumental SST log-
gers) due to their spatial and temporal limitations. For example, although satellite temperature products
have become invaluable for monitoring the development of ocean-basin and regional-scale SST anomalies
[e.g., Feng et al., 2013; Liu et al., 2003], they often cannot resolve small-scale SST variability within reef sys-
tems due to their limited spatial resolution (typically >5 km). Similarly, instrumental temperature loggers
require both the foresight and logistic support to provide the necessary spatial and temporal coverage in in
situ data, which can be particularly problematic when working in remote areas. Where such limitations are
encountered, paleoclimate proxy records from coral cores offer an alternate method to assess fine-scale dif-
ferences in SST climatologies between reef environments [e.g., Alibert and McCulloch, 1997; Marshall and
McCulloch, 2002; Fallon et al., 2003] as well as local variations in stress and bleaching responses of reef habi-
tats following anomalous ocean-warming episodes [Thompson and Woesik, 2009; D’Olivo et al., 2013; Cantin
and Lough, 2014].

To date, the geochemical analysis of environmental proxies (e.g., Sr/Ca, Mg/Ca, U/Ca, and d18O) from coral
cores is a commonly used approach for generating long-term, high-resolution (bi-weekly to annual) records
of tropical seawater temperatures and other environmental parameters for the period prior to when instru-
mental and remotely sensed data became available (i.e., before the 1980s) [Gagan et al., 2000; Eakin et al.,
2009]. As such, coral geochemical proxy records have become an invaluable tool for assessing long-term
ocean-warming trends, providing unequivocal evidence of global climate change related to the burning of
fossil fuels since the onset of the industrial revolution (around mid-1700s) [Gagan et al., 2000; Grottoli and
Eakin, 2007]. Furthermore, the distinct annual density banding pattern observed in massive Porites sp. skele-
tons permits the measurement of skeletal growth parameters from coral cores (i.e., extension and calcifica-
tion [Lough and Barnes, 1997; Lough, 2008; D’Olivo et al., 2013]). This, in turn, provides a quantitative
method by which to directly assess the impacts of acute warming events [Cantin and Lough, 2014; Hetzinger
et al., 2016] as well as the longer-term impacts of gradual changes in reef environmental conditions on coral
growth [Cantin et al., 2010; Cooper et al., 2012; D’Olivo et al., 2013].

While the incorporation of trace elements (Sr, Mg, U, etc.) in the aragonite crystals (CaCO3) of coral skeletons
have been shown to be related to a variety of environmental parameters such as ambient seawater temper-
atures [Beck et al., 1992; Fallon et al., 2003; Felis and P€atzold, 2003], they are also subject to varying levels of
physiologic control. This is because corals precipitate their skeleton from a calcifying fluid which is partially
isolated from the ambient seawater and then physiochemically modified [Al-Horani et al., 2003; Sinclair,
2005; Trotter et al., 2011; McCulloch et al., 2012], thereby potentially influencing how trace elements are
incorporated in the coral skeleton (i.e., via so-called ‘‘vital effects’’ [Sinclair, 2005; Gaetani and Cohen, 2006;
Allison and Finch, 2007]). Although the exact mechanisms responsible for observed coral ‘‘vital effects’’ are
not yet fully understood, their influence on skeletal trace element-calcium ratios (Te/Ca) is clear. For exam-
ple, Sr/Ca ratios in coral skeletons are systematically lower (�10%) than that of inorganic aragonite
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precipitated from an infinite reservoir of seawater [Kinsman and Holland, 1969; Cohen and Gaetani, 2010].
Similarly, the observed relationship between Mg/Ca and temperature for coral skeletons is the opposite of
that expected for experimentally precipitated abiotic aragonite [Cohen and Gaetani, 2010].

Current knowledge about the role of coral ‘‘vital effects’’ have been largely limited to inferences based on
comparisons between the geochemical composition of aragonite in coral skeletons collected in situ and
laboratory inorganic experiments abiotically precipitating aragonite under known physicochemical condi-
tions [e.g., Sinclair, 2005; Cohen and Gaetani, 2010]. Consequently, the significance of ‘‘vital effects’’ on long-
term geochemical proxy records is poorly understood. For example, the slope and intercept of regressions
of Sr/Ca and Mg/Ca versus temperature can vary significantly between different corals of the same species
[Corrège, 2006], which may either reflect physiological differences between coral colonies or differences in
their local habitat. Geochemical anomalies observed in monthly-to-seasonal resolution coral core records
that correspond with the timing of past coral bleaching events [e.g., Marshall and McCulloch, 2002; Hetzinger
et al., 2016] allude to the importance of vital effects to modulate the climate signal preserved in proxy
records; however, they have yet to be studied in detail. Thus, the transient effects of environmental pertur-
bations such as ocean-warming events on coral core geochemical records are potentially useful for under-
standing the mechanisms responsible for coral ‘‘vital effects’’ and the impact of elevated thermal stress on
coral physiological and calcification processes.

In this study, we report records of Sr/Ca and Mg/Ca at monthly resolution from coral cores collected from
Tantabiddi and Bundegi reef sites at Ningaloo Reef, each located �20 km apart in the northwest region of
Western Australia. Despite their relatively close proximity, these reef sites experienced highly contrasting
severities of coral bleaching (around 20% of colonies at Tantabiddi versus 90% at Bundegi [Moore et al.,
2012; Depczynski et al., 2013]) during an unprecedented regional ocean-warming event, associated with
strong La Nina conditions during the austral summer of 2010/2011 [Feng et al., 2013]. We compare the
response of the Sr/Ca and Mg/Ca proxies and coral growth rates during the summer of 2010/2011 at the
two sites. We assess the veracity with which geochemical records can act as short-term recorders of
extreme temperatures and the response of coral Te/Ca temperature calibrations to assess thermal stress of
coral colonies. We then discuss the potential role of the coral Ca21 ATPase enzyme and kinetic processes to
explain the anomalous Sr/Ca and Mg/Ca ratios observed during the thermal stress event of 2010/2011.

2. Materials and Methods

2.1. Study Sites
Tantabiddi reef is located on the offshore side of the Ningaloo Peninsula (Figure 1) and forms part of the
nearshore lagoon complex of the larger Ningaloo fringing reef system [Wyrwoll et al., 1993]. Significant
swells (heights >1 m) impact the outer reef edge at Ningaloo for much of the year [Collins et al., 2003],
which drives wave-driven circulation patterns that lead to rapid water exchange and ventilation of the inner
lagoon at Tantabiddi with waters from offshore [Taebi et al., 2011].

Conversely, Bundegi Reef is situated on the protected northeastern coastline of the Ningaloo Peninsula
within the Exmouth Gulf (Figure 1); a shallow (mean depth 12 m), inverse estuarine embayment [Brunskill
et al., 2001]. Bundegi Reef is protected from offshore wave energy and as such circulation at the reef is pre-
dominantly driven by tides [Massel et al., 1997]. However, locally generated wind waves within the Exmouth
Gulf probably also influence nearshore circulation at Bundegi to a lesser degree, although this has yet to be
quantified at the site.

2.2. Coral Sample Collection and Preparation
During August of 2008, the Australian Institute of Marine Science (AIMS) recovered coral cores from massive
Porites sp. corals located in shallow waters (within 200–300 m of their respective shorelines) at Tantabiddi
(5 m, 218540 3500S, 1138580 1200E) and Bundegi (3.5 m, 218520 1100S, 1148090 2300E) reef sites at Ningaloo
(Figure 1). The University of Western Australia recovered additional coral cores from the same coral colonies
in August 2013 several years after the 2010/2011 bleaching event. All coral cores were sliced along to their
main growth axes into rectangular slabs approximately 6 mm thick and soaked in a sodium hypochlorite
solution to remove residual organic matter. The slabs were then rinsed repeatedly with deionised water in
an ultrasonic bath and dried at 458C in an oven for 24 h.
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Annual density band couplets (evident as alternating light and dark colored bands from X-ray images
of coral slices) (Figure 1) were used to make preliminary determinations of core chronology and
growth axis orientation [see Lough and Cooper, 2011]. Coral slices were sampled continuously along
major growth axes using a ZenbotVR Precision Mill equipped with a �3 mm diameter drill bit. Sample
powders were collected at millimeter increments (�monthly resolution) along major growth axis
(sampling tracts shown in Figure 1). A temporal overlap (2–4 years) between the new (2013) and old
(2008) samples was ensured to check the agreement between trace element ratios measured
between the pairs of cores from the two sites. One hundred and fifty samples were collected from
each of the Tantabiddi and Bundegi cores collected in 2008 (hereafter referred to as 08TNT and
08BND cores) covering growth periods of 1996–2008 and 1998–2008, respectively. For the coral cores
collected in 2013 (hereafter referred to as 13TNT and 13BND), 112 samples were collected from the
13TNT core, covering the 2004–2013 period and 75 were collected from the 13BND core, which cov-
ered the 2006–2013 period.

Sample powders were weighed to 5 6 0.25 mg for cores obtained in 2008 and to 10 6 0.25 mg for cores
obtained in 2013. Samples were then dissolved in nitric acid and diluted through two stages to produce
100 and 10 ppm Ca21 solutions for trace element analysis [Holcomb et al., 2015]. Sr/Ca and Mg/Ca was ana-
lyzed from the 10 ppm Ca21 solutions using a Thermo Fisher Scientific (Bremen, Germany) X Series II quad-
rupole inductively coupled plasma mass spectrometer using the standard Xt interface and plasma screen
fitted at the University of Western Australia AGFIOR laboratory. Long-term reproducibility (RSD, 2 sigma)
was derived from the repeated analyses of a gravimetrically prepared standard and yielded up to 0.3% for
Sr/Ca and Mg/Ca for the analysis of the cores collected in 2008 (n 5 300) and up to 0.2 and 0.3% for the
Sr/Ca and Mg/Ca analysis of the cores collected in 2013 (n 5 187).

2.3. Tantabiddi and Bundegi In Situ and Remote SST Data
Approximately 18 months of in-continuous in situ temperature data were collected from the Tantabiddi cor-
al site between January 2012 and April 2014. The in situ temperature data were used to validate a separate,
remotely sensed (OISST) sea surface temperature (SST) record for the calibration of the Tantabiddi Sr/Ca
and Mg/Ca core records. The average of two, long-term (1996–2013), monthly resolution OISST (50 km2)
records (within coordinates: 113.58E, 21.58S, and 113.58E, and 22.58S) was taken to give the closest SST
record to the Tantabiddi site (OISST v2, http://apdrc.soest.hawaii.edu/las/v6/dataset) which showed good
agreement with the in situ data within the range of ‘‘normal’’ temperatures (�22–308C) for the reef site
(SST 5 1.078 3 Tin situ – 2.0, R2 5 0.93).
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Figure 1. Location of Tantabiddi and Bundegi coral sites in the northern region of Ningaloo Reef (left) and core slab X-rays (right). Coral
cores were collected from massive Porites sp. colonies from the two sites in 2008 (08BND and 08TNT) and again in 2013 (13BND and
13TNT). The red lines indicate sampling transects for Sr/Ca and Mg/Ca analysis and approximate start and end dates for the core records
(years) are provided alongside.
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For the Bundegi site, we collected approximately 2 years (January 2012 to March 2014) of near continuous
in situ temperature data. This in situ data were combined with a prior 12 month record of in situ tempera-
ture previously reported in Depczynski et al. [2013] to generate a 3 year, continuous, record of monthly aver-
age in situ (nearshore) SST for the period February 2011 to March 2014. To extend the temperature record
for Bundegi further back in time, the in situ data were used to adjust a longer-term OISST record (1998–
2013), which provided complete temporal overlap with the two core records. We took the average of two
OISST data sets generated for the coordinates: 114.58E and 21.58S and 114.58E and 22.58S, which gave the
closest possible, long-term SST record for the Bundegi coral site (i.e., at 114.58E, 228S). For the period of
overlap between the Bundegi in situ and OISST records, maximum annual SSTs were in good agreement
(average of 29.38C during February for OISST versus 29.48C during February for in situ record); however,
strong differences were observed between the records during winter months where the in situ temperature
record showed an average annual SST minimum of 218C occurring during July compared to 23.28C during
August for the OISST record. We thus adjusted the OISST record by subtracting the average monthly differ-
ence in SST between the OISST and in situ records from the long-term OISST record to generate a pseudo
nearshore temperature record for Bundegi reef for the period from 1998–2013 (hereafter referred to as the
nearshore SST record).

2.4. Sr/Ca and Mg/Ca Age Model Determination
Age models for the Tantabiddi and Bundegi Sr/Ca and Mg/Ca data sets were determined by aligning the
seasonal minima and maxima in the Sr/Ca records with maxima and minima in the respective SST records
for the two sites using Analyseries software [Paillard et al., 1996]. To further refine the seasonality of the coral
core age models, additional ‘‘anchor points’’ were added between matching sections of the Sr/Ca and tem-
perature records [Alibert and McCulloch, 1997] until the strongest correlation coefficients were obtained.
Trace element data from the top �1 cm of both the 13TNT and 13BND core records (June 2012 to April
2013) were omitted from the final data sets to exclude the possibility of contamination from the presence
of organic material [e.g., Alibert and McCulloch, 1997; Marshall and McCulloch, 2002]. Lastly, the Sr/Ca and
Mg/Ca data sets were interpolated to monthly resolution, using Analyseries, to produce two continuous
monthly Sr/Ca records for each of the 08TNT and 08BND core records that covered the periods April 1996
to July 2008 (08TNT) and April 1998 to October 2008 (08BND) and two Sr/Ca and Mg/Ca records for the
13TNT and 13BND records that covered the periods March 2004 to May 2012 (13TNT) and October 2005 to
May 2012 (13BND).

2.5. Calibration of the Sr/Ca Temperature Proxy and Mg/Ca Relationships
Bulk Sr/Ca and Mg/Ca-SST correlations were calculated for each of the Sr/Ca and Mg/Ca data sets from
Tantabiddi and Bundegi. For the 13BND record, anomalous Sr/Ca and Mg/Ca data observed from November
2010 to April 2011 were excluded from the calculation of the bulk 13BND Sr/Ca-SST and Mg/Ca-SST correla-
tions. The linear regression equations of the bulk correlations were used to separately calibrate each of the
Sr/Ca and Mg/Ca records with temperature from Tantabiddi and Bundegi to produce two long-term Sr/Ca-
SST reconstructions and one long-term Mg/Ca-SST reconstruction for each site. Monthly temperature resid-
uals (Sr/Ca-SST minus instrumental SST and Mg/Ca-SST minus instrumental SST) were calculated for each of
these long-term temperature reconstructions to highlight periods where changes in the Sr/Ca-SST and Mg/
Ca-SST relationships occurred.

To analyze the effects of thermal stress on the Sr/Ca and Mg/Ca temperature proxies, for the 2013 core
records from Tantabiddi and Bundegi, we calculated short-term (6 months) Sr/Ca and Mg/Ca-SST correla-
tions that corresponded with the timing of the 2010/2011 Ningaloo Ni~no event and severe coral bleaching
at Bundegi (i.e., from November 2010 to April 2011). For the 13BND record, we also calculated additional
short-term Sr/Ca and Mg/Ca-SST correlation for the 12 months following the suspected bleaching of the
coral (i.e., from May 2011 to May 2012), to see if and how the function of the two proxies changed once
temperatures at the coral site returned below bleaching thresholds.

2.6. Linear Extension Rates
Annual rates of linear extension were calculated from the monthly interpolated Sr/Ca records by measuring
the distance between Sr/Ca maxima (i.e., temperature minima) in each record. For the period of overlap for
the 08BND and 13BND core records (July 2006 to June 2007 and July 2007 to June 2008), the 13BND record
showed reduced (slower) linear extension rates compared to the 08BND record (i.e., 22.27 and 23.42 mm
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yr21, respectively), presumably reflecting the effects of sampling different growth axes. We therefore pro-
portionally adjusted all linear extension rates measured in the13BND record by a factor of 1.29 to account
for the observed differences in average linear extension rates during the overlap period. It was not neces-
sary to make any such adjustment for the two Tantabiddi core records.

3. Results

3.1. Skeletal Trace Element Abundances at Tantabiddi
The 08TNT and 13TNT Sr/Ca records were generally in good agreement with the offshore SST record
(r2 5 0.94 and 0.87, respectively; Figure 2a and Table 1). Both the slope and y intercept terms of the linear
regressions for the 08TNT and 13TNT bulk Sr/Ca-SST data indicated the two bulk calibrations were not sta-
tistically different from one another (p> 0.05, Figure 2a and Table 1). Root mean squared errors (RMSE) for
the individual monthly Sr/Ca-SST estimates for the two records were 0.5 and 0.88C for the 08TNT and 13TNT
records, respectively. Both Sr/Ca records showed strong interannual and interdecadal variability in the mag-
nitude of their respective seasonal maxima and minima (equivalent to �38C) over the 1996–2013 period;
results consistent with the seasonal warming and cooling trends displayed in the instrumental SST record
(Figure 3a). For the 13TNT Sr/Ca record, Sr/Ca-SST estimates from the bulk calibration showed a cool bias of
20.58C on average compared to the offshore SST record for the period from April 2004 to June 2008
(–0.53 6 0.498C, average 61 S.E., p< 0.01, n 5 51, Figure 3b). This was followed by a warm bias in Sr/Ca-SST
estimates from the bulk calibration of 10.68C on average from July 2008 to May 2012 (0.58 6 0.51, average
61 S.E. p< 0.01, n 5 47). For the bulk 13TNT Mg/Ca-SST calibration, temperature estimates were largely
consistent across the entire record and showed good general agreement with OISST record (RMSE 5 0.78C,
R2 5 0.87; Figures 2b and 3a). During the summer of 2010/2011 (when mass coral bleaching occurred at
Bundegi), no anomalous Sr/Ca or Mg/Ca values were observed in the 13TNT record (see red markers, Fig-
ures 2a and 2b). From November 2010 to April 2011, Sr/Ca and Mg/Ca temperatures derived from the bulk
calibrations were within 18C of the remote SST record (see red markers, Figure 3a), suggesting no short-
term changes to the temperature relationship of either proxy occurred.

For the subdivided 13TNT record, a significant decline in the slope of the Sr/Ca-SST regression was observed for
the period from July 2008 to May 2012 compared to the period from April 2004 to June 2008 (i.e., 20.12,
p< 0.05, Figure 2a and Table 1). The change in the coral Sr/Ca-SST sensitivity recorded between these two peri-
ods corresponded with a change in the direction of the coral growth axis evident around the year 2008 in the
core X-ray (Figure 1). Conversely, no significant changes in Mg/Ca-SST relationships were observed between these
same periods in the 13TNT Mg/Ca record (p> 0.05) (Figure 2b and Table 1). For the short-term Sr/Ca-SST and Mg/
Ca-SST linear regressions calculated for the period in the 13TNT record from November 2010 to April 2011, no
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Figure 2. (A) Sr/Ca-SST correlations for the two Tantabiddi (08TNT and 13TNT) coral core records; and (B) Mg/Ca-SST correlations calculat-
ed for the 13TNT coral core record (linear regression equation coefficients are shown in Table 1). For the subdivided 13TNT Sr/Ca and
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significant changes were observed compared to the bulk calibrations (p> 0.05) (Figures 2a and 2b and Table 1).
Similarly, no change in the linear regression of the Sr/Ca versus Mg/Ca correlation was observed across this period
compared to the bulk 13TNT Sr/Ca versus Mg/Ca correlation (p> 0.05) (Figure 4).

Table 1. Slope (m) and y Intercept (b) Terms for the Sr/Ca-SST and Mg/Ca-SST Linear Regressions Equations Calculated for the Two Tantabiddi Core Records (08TNT and 13TNT)a

Bulk TNT Calibrations

Period

Sr/Ca Mg/Ca

n m b r2 p m b r2 p

08TNT, Apr 1996 to Jul 2008 148 20.057 (60.002) 10.552 (60.061) 0.94 <0.001
13TNT, Apr 2004 to May 2012 98 20.056 (60.004) 10.549 (60.104) 0.87 <0.001 0.152 (60.011) 0.587 (60.288) 0.88 <0.001

Subdivided 13TNT Core Record Calibrations

Apr 2004 to Jun 2008 51 20.061 (60.004) 10.692 (60.099) 0.95 <0.001 *0.150 (60.016) *0.591 (60.399) 0.88 <0.001
Jul 2008 to May 2012 47 20.049 (60.004) 10.332 (60.098) 0.94 <0.001 *0.150 (60.016) *0.670 (60.401) 0.90 <0.001
Nov 2010 to Apr 2011 6 20.061 (60.019) 10.642 (60.520) 0.95 <0.001 0.178 (60.071) 20.116 (61.988) 0.92 <0.01

aThe bulk Sr/Ca-SST and Mg/Ca-SST linear regression equations were used to calibrate the coral temperature records shown in Figure 3a and included all Sr/Ca and Mg/Ca data up
to May 2012. For the subdivided 13TNT record, the periods listed above correspond to the linear regressions shown in Figure 2 (except coefficients for Mg/Ca-SST equations indicated
by asterisks which are not shown in Figure 2b).
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Figure 3. (A, C) Sr/Ca-SST records (black circles—08TNT and 08BND records, blue circles—13TNT and 13BND records) and Mg/Ca-SST
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ture residuals (i.e., Sr/Ca-SST and Mg/Ca-SST minus instrumental SST) for (B) Tantabiddi and (D) Bundegi Sr/Ca-SST and Mg/Ca-SST records.
The Sr/Ca-SST and Mg/Ca-SST records were calibrated using the respective linear regression equations of the bulk correlations obtained
for each of the core records from the two sites (see Figures 2 and 5 and Tables 1 and 2). For the 13TNT and 13BND records, Sr/Ca-SST’s
and Mg/Ca-SST’s recorded during the 2010/2011 marine heat wave are indicated by marker points with red fill. For the 13BND record, the
anomalous increase and decrease in Sr/Ca and Mg/Ca ratios recorded during the summer of 2010/2011 (see red markers, Figures 5a and
5b) lead to Sr/Ca-SSTs and Mg/Ca-SSTs underestimating the instrumental temperature record by up to �58C (D) during this period. Where
no such changes in Sr/Ca and Mg/Ca ratios were observed in the Tantabiddi record, this was consistent with reports of increased coral
bleaching (and hence thermal stress) at Bundegi (�90% bleaching) compared to Tantabiddi (�20% bleaching) [Moore et al., 2012].

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006788

CLARKE ET AL. THERMAL STRESS AND Sr/Ca AND Mg/Ca RECORDS 1800



3.2. Skeletal Trace Element
Abundances at Bundegi
Unlike the Tantabiddi records, the
13BND bulk Sr/Ca-SST calibration
showed a significant reduction in
Sr/Ca-SST sensitivity compared
to the 08BND bulk calibration
(–0.052 6 0.003 versus 20.058 6

0.003 mmol/8C, p� 0.05, Figure 5a
and Table 2). Errors (RMSE) were
0.78C for all Sr/Ca-SST predictions
made from the 08BND time series
(n 5 125) and 1.08C for the 13BND
time series (n 5 84); or just �6 and
�13% of the total variance in the
nearshore SST record. Compared to
the Tantabiddi records, the 08BND
and 13BND records on average
showed increased seasonal variability

of Sr/Ca maxima and minima (Figures 2a and 5a). This contributed to Sr/Ca-SST minima that were�1.58C cooler
and maxima that were �0.58C warmer than the Tantabiddi records on average (Figures 3a and 3c). However,
the Bundegi records also showed reduced interannual variability of Sr/Ca-SST maxima and minima (�28C versus
�38C for Tantabiddi records) over the 1998–2013 period (Figures 3a and 3c).

During the 2010/2011 warming event from November 2010 to April 2011, an anomalous increase in Sr/Ca
ratios (up to 12.5%) and decrease in Mg/Ca ratios (up to 210.8%) was observed in the 13BND record (see
red markers, Figures 5a and 5b). This, in turn, resulted in predicted Sr/Ca-SSTs and Mg/Ca-SSTs from the
bulk calibrations underestimating observed SSTs by up to 3.5 and 4.58C, respectively, during this period (see
red markers, Figures 3c and 3d). These Sr/Ca and Mg/Ca anomalies were observed to correspond with sig-
nificant short-term declines (�70%, p< 0.05) in the slopes of both the Sr/Ca-SST and Mg/Ca-SST regressions
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marine heat wave at Ningaloo, a strong (�70%) decline in the slope of the Sr/Ca-SST and Mg/Ca-SST regressions was observed (see red
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calculated from November 2010 to April 2011, compared to their prethermal stress values (i.e., from June
2005 to October 2010, Figures 5a and 5b and Table 2). Interestingly, no significant change in the relation-
ship of Sr/Ca versus Mg/Ca was observed during or just after the severe warming event (p> 0.05, n 5 6, Fig-
ure 4). Following the 2010/2011 event, no significant differences in the slopes of either Sr/Ca-SST or Mg/Ca-
SST linear regressions were observed between the postthermal stress period (May 2011 to May 2012) and
the prethermal stress period (June 2005 to October 2010, p> 0.05, Figures 5a and 5b and Table 2).

3.3. Linear Extension Rates
The Tantabiddi records (08TNT and 13TNT) showed a mean linear extension rate of 11.1 6 1.6 mm yr21 (61 SD)
for the 1996–2013 period (Figure 6) with no abrupt changes in extension rate observed in either record. The
Bundegi records (08BND and 13BND) showed a mean linear extension rate of 12.3 6 2.4 mm yr21 for the 1998–
2013 period (after adjusting for differences in the growth rate of separate primary growth axes, see section 2
and Figure 1) and 13.2 6 1.4 mm yr21 for the 12 years prior to the summer of 2010/2011 (i.e., from 1998 to mid-
2010). However, there was a significant decrease in the rate of linear extension (7.5 mm yr21) observed in the
13BND record over the 12 month period following the warming event of 2010/2011. This abrupt decline in the
linear extension rate was accompanied by a thin, high-density band, typically indicative of environmental stress
[Lough and Cooper, 2011] that was evident in the X-ray image of the core (Figure 1). For the 2 years following
the 2010/2011 thermal stress event, annual rates of linear extension in the Bundegi coral averaged just 9.0 6

0.9 mm yr21 between July 2011
and June 2013; i.e., the coral
was growing at a significantly
slower rate (�30%) than before
the warming event (Welch’s t-
test, p< 0.05).

4. Discussion

4.1. Absence of Thermal
Stress Signatures at
Tantabiddi
In comparison to the Bundegi
core records, the Tantabiddi
records showed no significant
short-term variability in either
Sr/Ca-SST or Mg/Ca-SST regres-
sions or abrupt declines in
annual linear extension corre-
sponding with the timing of
the 2010/2011 warming event

Table 2. Slope (m) and y Intercept (b) Terms for the Sr/Ca-SST and Mg/Ca-SST Linear Regressions Equations Calculated for the Two Bundegi Core Records (08BND and 13BND)a

Bulk BND Calibrations

Period

Sr/Ca Mg/Ca

n m b r2 p m b r2 p

08BND, Apr 1998 to Aug 2008 125 20.058 (60.003) 10.572 (60.07) 0.93 <0.001
13BND, Jun 2005 to May 2012 78 20.052 (60.003) 10.4 (60.063) 0.96 <0.001 0.102 (60.013) 1.473 (60.32) 0.77 <0.001

Subdivided 13BND Core Record Calibrations

Jun 2005 to Oct 2010 65 20.054 (60.003) 10.425 (60.07) 0.96 <0.001 0.102 (60.015) 1.485 (60.373) 0.74 <0.001
Nov 2010 to Apr 2011 6 20.017 (60.011) 9.544 (60.313) 0.82 <0.05 0.039 (60.026) 2.908 (60.738) 0.81 <0.05
May 2011 to May 2012 13 20.048 (60.006) 10.291 (60.153) 0.97 <0.001 0.104 (60.024) 1.452 (60.608) 0.89 <0.001

aThe bulk Sr/Ca-SST and Mg/Ca-SST linear regression equations were used to calibrate the coral SST records shown in Figure 3c and included all Sr/Ca and Mg/Ca data up to May
2012 except anomalous values recorded during the 2010/2011 marine heat wave at Ningaloo from November 2010 to April 2011. For the subdivided 13BND record, the periods listed
above correspond to the linear regressions shown in Figures 5a and 5b.

4

6

8

10

12

14

16

18

1997

Linear Extension 
08TNT
13TNT
08BND
13BND
adj13BND

Li
ne

ar
 e

xt
en

si
on

 (m
m

/y
ea

r)

Year
1999 2001 2003 2005 2007 2009 2011 2013

Figure 6. Linear extension calculated for the 08TNT (black circles), 08BND (blue circles),
13TNT (black squares), and 13BND Sr/Ca data (blue squares). Linear extension was measured
for the 12 months from July to June of each year (i.e., centered on January) by measuring
the distance between Sr/Ca maxima’s (SST minima’s) for each of the core records. For the
overlapping section of the 08BND and 13BND cores, the later 13BND showed reduced exten-
sion rates (by a factor of 1.3 on average). Thus, to enable comparisons of extension rates
between the two Bundegi cores, we generated an adjusted 13BND linear extension record
(red squares) by multiplying all the 13BND extension values by a factor of 1.3.
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at Ningaloo Reef. This suggests that thermal stress during the summer of 2010/2011 was much lower (or not
present) at Tantabiddi relative to Bundegi; results consistent with in situ observations of bleaching made
throughout the Ningaloo Peninsula following this regional warming episode [Moore et al., 2012]. During the
peak of the 2010/2011 heat wave in January 2011, maximum weekly averaged temperatures reached 31.88C
(in situ) at Bundegi [Depczynski et al., 2013], or 3.68C above the highest 7 year average monthly maximum for
the reef site (28.28C from 2003 to 2010). Thus, it was not surprising that �90% of the coral bleached [Depczyn-
ski et al., 2013]. In comparison, maximum weekly average temperatures for January 2011 at Tantabiddi
reached 28.98C, which was only 1.08C above the highest 7 year average monthly maximum for the reef site
(27.98C); thus, explaining why only moderate coral bleaching (�20%) was observed at the site [Moore et al.,
2012]. As such, where the peak temperature anomaly at Tantabiddi only just reached the coral bleaching
threshold for the site (i.e., 28.98C) [Fitt et at., 2001], this was probably insufficient to result in significant stress
of the sampled Porites sp. colony. We suspect that coral bleaching at Tantabiddi was probably largely confined
to the more thermally sensitive branching coral species (e.g., Acropora sp. [Guest et al., 2012]). These sensitive
coral species are also more abundant in the shallower and more shoreward reef habitats [Collins et al., 2003;
Cassata and Collins, 2008] that are more susceptible to reef-scale temperature anomalies [Falter et al., 2014]
than the deeper channel at Tantabiddi where the sampled Porites corals were located.

Although no signs of thermal stress were observed in the Tantabiddi 13TNT core record, we did observe a
significant shift in the Sr/Ca-SST regression where there was a prominent change in the direction of the cor-
al growth axis along the sampling transect (around the year 2008, Figure 1). If these differences in Sr/Ca-SST
regressions were unaccounted for, this could produce a bias in temperature reconstructions of up to �28C
for predicted temperature minima and �0.58C for predicted temperature maxima. Thus, these results are
consistent with the findings of Alibert and McCulloch [1997] and Delong et al. [2013] in showing how off-axis
sampling of coral slices can lead to significant deviations in derived Sr/Ca-SST calibrations.

4.2. Impact of Thermal Stress on Trace Element Chemistry at Bundegi
The anomalous increase in Sr/Ca ratios and decrease in Mg/Ca ratios recorded from November 2010 to
June 2011 in the 13BND record was consistent with the timing of the regional marine heat wave along the
western coastline of Australia during the summer of 2010/2011 [Feng et al., 2013] as well as the onset of
severe coral bleaching observed at Bundegi reef [Depczynski et al., 2013]. These anomalous trace element
ratios were further accompanied by a strong decline in the linear extension rate (Figure 6) and an apparent
high-density stress band in the 13BND record, both of which provide additional compelling evidence for
acute thermal stress impacting the reef site and, in particular, the sampled coral colony during the summer
of 2010/2011.

The anomalous increase in Sr/Ca ratios during the 2010/2011 thermal stress event for the Bundegi colony is
consistent with previous research that has suggested that the ability of Porites sp. to pump calcium from
the ambient seawater into the calcifying fluid via the Ca21 ATPase transport enzyme can become impaired
during periods of thermal stress [Marshall and McCulloch, 2002; Sinclair, 2005]. Although still an unresolved
issue, if its assumed that the Ca21 ATPase enzyme is specific for Ca21 [e.g., Tanaka et al., 2015], then inhibi-
tion of the enzyme would result in reduced concentrations of Ca21 in the calcifying fluid relative to other
ions transported to the calcifying fluid via passive seawater pathways (e.g., Sr21 and Mg21) [Sinclair, 2005].
As Sr21 directly substitutes for Ca21 in coralline aragonite [Speer, 1983], reduced concentrations of Ca21 in
the calcifying fluid would therefore lead to increases in skeletal Sr/Ca ratios [Sinclair, 2005]; thus, potentially
explaining the anomalously high Sr/Ca ratios observed in the Bundegi core record during the 2010/2011
warming event.

Although a disruption of the Ca21 ATPase enzyme could occur via direct temperature effects, that is the
enzyme is forced to operate at suboptimal temperatures that result in a reduced ability to transport calcium
across the calicoblastic layer [Cossins and Bowler, 1987; Marshall and Clode, 2004; Al-Horani, 2005], it is also
possible that a reduction in calcium pumping could occur due to reduction in the supply of the energy
needed to drive the molecular pump [e.g., Fang et al., 1991]. Given that symbiotic algae provide the princi-
ple source of energy supporting calcification by the coral host [Muscatine, 1990], some reduction in the sup-
ply of metabolic energy (in the form of ATP) to the coral host during periods of thermal stress could be
expected [Fang et al., 1991; Jones et al., 1998]. This, in turn, could lead to a reduction in the activity of the
Ca21 ATPase enzyme during periods of thermal stress that is similar to what has been shown to occur
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during nighttime calcification when active Ca21 transport is reduced compared to during the day [Al-Horani
et al., 2003]. Interestingly, we observed that the decline in slope of the Sr/Ca-SST calibration for the Bundegi
coral during the 2010/2011 thermal stress event (�70%) was similar to the differences in slopes observed
between day and nighttime skeletal deposits (�80%) for Porites lutea [Cohen et al., 2001]. Thus, the reduc-
tion in the slope of the Sr/Ca-SST regression could suggest that the chemical conditions of the calcifying flu-
id of the Bundegi coral during the 2010/2011 warming event were more similar to that of nighttime and
thus ambient seawater conditions due to a reduction in the activity of the Ca21 ATPase enzyme. This idea is
further supported by the decline in linear extension and hence calcification [Lough and Barnes, 2000]
observed in the Bundegi record corresponding with the timing of the 2010/2011 event. The removal of two
H1 ions in exchange for the addition of Ca21 by the Ca21 ATPase enzyme plays a crucial role in the eleva-
tion of pH and aragonite saturation state of the calcifying fluid [Tambuttè et al., 2011; McCulloch et al., 2012],
which in turn, permits the rapid deposition of coral skeleton [Gattuso et al., 1998; Al-Horani et al., 2003;
Tambuttè et al., 2011]. Therefore, both the decline in slope of the Sr/Ca-SST regression and the decrease in
calcification observed during the 2010/2011 event provide strong evidence for reduced activity of the Ca21

ATPase enzyme due to thermal stress of the sampled Porites colony.

In contrast to the Sr/Ca data, the decrease in Mg/Ca ratios observed in the 13BND record during the 2010/
2011 heatwave could appear to contradict the idea that a reduction in active Ca21 transport to the calcify-
ing fluid occurs when corals are exposed to high levels of thermal stress. However, given the strong
decrease in calcification observed in the Bundegi record during the 2010/2011 event, a decrease in the pre-
cipitation efficiency (i.e., the mass fraction of aragonite precipitated from a given batch of calcifying fluid) of
the coral during this time could be expected [Gaetani and Cohen, 2006]. As such, the opposite response of
Sr/Ca and Mg/Ca ratios observed during this period probably reflects the differential effect of decreased
Rayleigh fractionation on the incorporation of Sr and Mg into the growing aragonite skeleton [Cohen and
Gaetani, 2010]. Strong differences between the aragonite-seawater exchange coefficients (KD) for Sr/Ca
(KSr=Ca

D 5�1.2) and Mg/Ca (KMg=Ca
D 5�0.001) [Cohen and Gaetani, 2010] indicate that precipitating skeletal

aragonite will have lower Mg/Ca ratios and higher Sr/Ca ratios relative to the calcifying fluid [Rimstidt et al.,
1998]. Thus, as calcification progresses (assuming a semienclosed calcification environment), the calcifying
fluid would become progressively enriched in Mg and depleted in Sr, leading to increasing Mg/Ca ratios
and decreasing Sr/Ca ratios in the precipitating coral skeleton [Cohen and Gaetani, 2010]. A reduction in the
precipitation efficiency of the coral would therefore act to lower skeletal Mg/Ca ratios and increase Sr/Ca
ratios and could explain the opposite behavior observed for these two trace element ratios from November
2010 to April 2011 in the 13BND record. This idea is supported by the observed differences in magnitude
between the Sr/Ca and Mg/Ca anomalies in the 13BND record during the 2010/2011 event (i.e., 12.5 versus
10%, respectively). Where the magnitude of the Mg/Ca anomaly was 5 times larger than the Sr/Ca anomaly,
this was observed to be consistent with previous research showing modeled precipitation efficiency related
changes being �6 times larger for Mg/Ca ratios than for Sr/Ca ratios in Diploria corals [Gaetani and Cohen,
2006]. Furthermore, the combined effect of a decrease in active Ca21 transport to the calcifying fluid and a
decrease in Rayleigh fractionation could also explain why the slope of the Sr/Ca-SST calibration observed
during the 2010/2011 event decreased below that of experimentally precipitated abiogenic aragonite pre-
cipitated from seawater (–0.038 6 0.004 mmol mol218C21 [Gaetani and Cohen, 2006]).

In addition to changes in precipitation efficiency, we also note that the incorporation of Mg into the coral
skeleton can be further complicated by other mechanisms. For example, Mg is probably trapped (incorpo-
rated) in lattice defects [Amiel et al., 1973; Cross and Cross, 1983; Watanabe et al., 2001; Montagna et al.,
2014] and slower calcification rates lead to reduced rates of defect occurrence in coral skeleton, which can
thereby also lower skeletal Mg/Ca ratios [Sinclair, 2005; Gaetani and Cohen, 2006]. Furthermore, the concen-
tration of Mg is heterogeneous in coral skeleton with enrichments observed in the centers of calcification
(COC) relative to the adjacent fibers [Meibom et al., 2006; Holcomb et al., 2009]. Diurnal variations in the ara-
gonite saturation state of the cf are thought to control the formation of these two distinct skeletal compo-
nents, with COCs deposited during the day (high aragonite saturation states) and fibers deposited during
the night (lower saturation states) [Holcomb et al., 2009]. Therefore, a decrease in the number of COCs per
mass of aragonite could also have contributed to the observed decrease in Mg/Ca ratios in the Bundegi
record during the summer of 2010/2011 as suggested by the strong decline in calcification rates observed
during this time.
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4.3. Modeling of Trace Element Thermal Stress Induced Changes
To constrain the relative effects of changes in precipitation efficiency and active Ca21 transport to the calci-
fying fluid on skeletal Mg/Ca and Sr/Ca ratios, a closed system, Rayleigh-type equation can be applied
[Albarede and Bottinga, 1972; Gagnon et al., 2007; Cohen and Gaetani, 2010; Sinclair, 2015; Stewart et al.,
2016]. Using the equation from Sinclair [2015] (see below), the observed and predicted Sr/Ca and Mg/Ca
ratios for January 2011 in the 13BND record were modeled considering the effects of variations in the con-
centration of Ca21 in the calcifying fluid or changes in P (Figure 7).

Me
Ca

� �
coral

5
Me
Ca

� �
i

12PKD
Me
Ca

� �
12Pð Þ (1)

where Me/Cacoral is the metal/calcium ratio (Sr/Ca or Mg/Ca) in the coral skeleton, Me/Cai is the initial metal/
calcium in the calcifying fluid before precipitation begins, and P is the proportion of Ca remaining in a batch
of cf after precipitation has ended (P). The changes in Cai can be considered to reflect changes in the activi-
ty of Ca21 ATPase enzyme: its ability to pump the concentration of Ca21 within the calcifying fluid above
the seawater end member of �10.28 mmol (no up-regulation) [Millero, 1979] while changes in P reflect
changes in precipitation efficiency. The model confirms that the opposite response of Sr/Ca and Mg/Ca
ratios observed in the Bundegi record for the summer of 2010/2011 could be explained by a decrease in
precipitation efficiency of the coral (increase in P). However, the model suggests an increase in P alone
could not account for the observed magnitude of both the Sr/Ca (12.5%) and Mg/Ca (–10%) anomalies
and, in order to obtain a single P value for both Sr/Ca and Mg/Ca, some decrease in Cai, is also required. For
example, the stress response observed in the BND coral Sr/Ca and Mg/Ca data during the summer of 2011
was able to be realistically matched (i.e., with a single P obtained for each of the pairs of the predicted and
observed Sr/Ca and Mg/Ca ratios) by assuming an increase in P (reduction in precipitation efficiency) from
0.68 to 0.87 and a small reduction in Ca21 from 10.63 to 10.53 (�1% decline). Regarding the latter, given
previous estimates of coral Ca21 up-regulation of �0.5 mmol kg21 above seawater values [Al-Horani et al.,
2003; McCulloch et al., 2012], this small decline in Cai could be considered to represent an �20% decline in
active Ca21 transport to the calcifying fluid although actual changes could vary substantially depending on
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Figure 7. Modeled response of Sr/Ca and Mg/Ca ratios to variations in P (i.e., 0–1) and the concentration of Ca21 in the calcifying fluid (i.e.,
10.53 for ‘‘low Ca’’ versus 10.63 for ‘‘high-Ca’’). Calculations were based on the Rayleigh fractionation definitions from Sinclair [2015] using a
KDSr 5 e(–1.86 1 600/T) from Gaetani and Cohen [2006] and KDMg 5 e(–12.9 1 1729/T). It was assumed that the active transport to CF is specific
only to Ca. The predicted and observed Sr/Ca and Mg/Ca ratios for January 2011 for the 13BND coral record are shown with the square
markers (no fill 5 predicted, black/blue fill 5 observed). The predicted Sr/Ca and Mg/Ca ratios were determined from the long-term, pre-
thermal stress calibrations (i.e., June 2005 to October 2010 calibrations, Figures 5a and 5b) for a temperature of 29.88C.
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slight variations in sensitive input parameters (e.g., KMg=Ca
D ). We emphasize that this model does not accom-

modate active Ca21 transport that occurs during calcification (i.e., closed system assumption); thus, the
effect of reduced Ca21 transport on skeletal Sr/Ca and Mg/Ca ratios could in reality be more complicated.
Nonetheless, our data provide strong evidence for changes in Ca21 ATPase and precipitation efficiency to
account for the observed Sr/Ca and Mg/Ca anomalies observed in the Bundegi record during the summer
of 2010/2011. As such, because no significant change in the slope of the Sr/Ca versus Mg/Ca linear regres-
sion was observed for the Bundegi coral during the 2010/2011 event (Figure 4), this provides strong evi-
dence suggesting changes in coral precipitation efficiency are related, either directly or indirectly to
changes in the activity of the Ca21 ATPase enzyme.

4.4. Recovery of Bundegi Coral Following Thermal Stress
Following the summer of 2010/2011 in the Bundegi (13BND) record, the reestablishment of the original
bulk Sr/Ca and Mg/Ca-SST relationships from May 2011 to May 2012 (see orange markers, Figures 5a and
5b) could be indicative of the return to ‘‘normal’’ calcification conditions for Bundegi coral. Previous research
has shown that in some cases, it is possible for corals to recover from thermal stress and bleaching within a
few months following acute warming events [e.g., Brown, 1997]; however, substantially longer recovery
times, of up to several years, have also been reported for Porites sp. corals following major bleaching events
on the Great Barrier Reef [D’Olivo et al., 2013; Cantin and Lough, 2014]. In this case, because linear extension
rates for the Bundegi coral were observed to remain anomalously low for at least 2 years following the
2010/2011 thermal stress event (Figure 6), it is unlikely that the coral had experienced a complete recovery
within such a short time frame. Nonetheless, the different recovery times between trace elements (months)
and growth rates (years) suggest that while the basic physiology governing the chemistry of the calcifying
fluid appeared to have returned to normal, the absolute rate at which the coral could precipitate its skele-
ton had clearly not.

5. Conclusions

Our results show that coral core geochemical records can provide a distinct signature of past environ-
mental stress events making them useful for understanding the variable impacts of acute ocean-
warming episodes within individual reef systems. The presence of Sr/Ca and Mg/Ca anomalies in the
Bundegi core record during the 2010/2011 marine heat wave at Ningaloo, and the absence of any such
anomalies in the Tantabiddi record, was consistent with the respective instrumental temperature
records and contrasting reports of coral bleaching from the two reef sites (�20% bleaching at Tanta-
biddi versus �90% at Bundegi) [Moore et al., 2012]. The anomalous increase in Sr/Ca ratios and decrease
in Mg/Ca ratios observed during the summer of 2010/2011 in the Bundegi coral core record indicated
that thermal stress can strongly influence the ‘‘vital’’ effects governing the incorporation of trace ele-
ments in the skeletons of Porites sp. corals resulting in significant short-term changes in coral Sr/Ca and
Mg/Ca ratios and, thus, biased predictions of in situ temperature. We show that the increase in skeletal
Sr/Ca ratios in Porites sp. could partially be explained by a reduction in active (Ca21 ATPase) Ca21 trans-
port to the calcifying fluid during thermal stress events [Marshall and McCulloch, 2002]. However, the
strong decline in skeletal Mg/Ca ratios recorded during this same period can only be explained by sec-
ondary growth effects (i.e., a decline in the precipitation efficiency and/or defect entrapment of Mg),
that could have directly or indirectly resulted from a decline in active Ca21 transport to the calcifying
fluid.

Although short-term deviations in coral Sr/Ca-SST and Mg/Ca-SST relationships due to changing vital effects
are a source of error for paleoclimate temperature reconstructions, they provide clear evidence of the signif-
icance of ‘‘vital’’ effects to modulate the climate signal preserved in coral core records. However, given that
the geochemical signature of a stress event could appear as a reduction in the seasonal amplitude of Sr/Ca
and Mg/Ca minima and maxima, distinguishing a past stress event from a cold year could prove difficult
solely based on the information from these geochemical proxies. We therefore suggest future research
investigate combining Sr/Ca and Mg/Ca analyses with additional trace element or isotopic proxies whose
abundance may be unaffected by changes in calcification processes during thermal stress events (e.g., Li/
Mg [Montagna et al., 2014]). This could potentially allow for historic stress events to be identified in coral
core records without the need for overlapping temperature data.
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Abstract The ability of massive corals to record the impacts of marine heat wave events provides a
unique perspective into the variable responses of corals to anthropogenic climate change. In this study,
coral cores (Porites spp.) were collected from seven reef sites across the inner‐, mid‐, and outer‐NW shelf of
Australia, to examine seasonal patterns of trace element (TE), Sr/Ca and Li/Mg ratios, and extension rate
signatures associated with past marine heat waves in the region. TE anomalies and declines in linear
extension rate were observed in the records during the late 1990s (two of five records) and more recently
during the summers of 2011 (three of seven records) and 2013 (five of seven records), indicating the
impacts of marine heat waves have become increasingly widespread in the region. However, for the
summers of 2011 and 2013, no significant relationships were observed between the magnitude of these
TE ratio anomalies in the core records and maximum thermal stresses predicted at the reef sites from
high‐resolution satellite records. We show that the strongest individual reductions in linear extension
rates and associated TE ratio anomalies occurred during the 2011 heat wave, rather than during the
subsequent and more intense (~1 °C warmer) 2013 event. Together, these observations suggest that at the
local reef scale, Porites spp. colonies and their symbionts exhibit differential responses to heat wave events,
with the prior exposure to less intense events probably playing an important role in acclimatization.

1. Introduction

The continued warming of global tropical oceans since the late 19th century (~1 °C above preindustrial
levels; Intergovernmental Panel on Climate Change, 2018) has led tomajor increases in the frequency, sever-
ity, and spatial extent of marine heat waves and associated coral bleaching events in recent decades (Bruno
et al., 2001; Hoegh‐Guldberg, 1999; Hoegh‐Guldberg & Ridgway, 2016; Hughes et al., 2003, 2017; Hughes
et al., 2018). Combined with the increasing impacts of local reef‐stressors (e.g., pollution, overfishing, and
eutrophication), coral reef ecosystems across the globe are now widely considered at risk of serious decline
(e.g., Bellwood et al., 2004; Hughes et al., 2017; Pandolfi et al., 2003). The cumulative footprint of recurrent
widespread coral bleaching events on the Great Barrier Reef (GBR), for example, now covers almost the
entire length of the marine park, and the proportion of live coral cover has decreased by ~30% to 50%
compared to levels of the early 1990s (De'ath et al., 2012; Hughes et al., 2017, 2018). However, while marine
heat waves are becoming increasinglymore frequent and intense, determining spatial and species‐dependent
variations in thermal sensitivities as well as the capacity for coral acclimation remains challenging
(Berkelmans, 2002; Coles & Brown, 2003; Howells et al., 2012; Marshall & Baird, 2000; Wooldridge, 2009).
Together, these factors add considerable uncertainty to predictions of the viability of coral reef ecosystems
under future climate change scenarios (e.g., Sheppard, 2003).

Empirical evidence has shown coral bleaching can occur with temperature anomalies of as little as +1 °C
above the long‐term average maximum sea surface temperature (SST; Glynn & D'croz, 1990; Fitt et al.,
2001; Eakin et al., 2009). This observation has allowed for predictions of the intensity and spatial extent
of coral bleaching impacts through the continuous satellite monitoring and integration of weekly SST
anomalies (i.e., via “Degree Heating Week” [DHW] method; Eakin et al., 2009, 2018). The DHW metric
has shown to be highly effective at predicting coral bleaching events at global to regional scales (Eakin
et al., 2009, 2018; Feng et al., 2013; Hughes et al., 2017); however, is typically less effective at
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predicting small‐scale patterns of bleaching within reef ecosystems due to a variety of local environmen-
tal and physiological influences on coral thermal tolerances (Donner, 2011; Logan et al., 2012). Local
scale variations in coral thermal tolerances can arise due to differences in, for example, nutrient concen-
trations (e.g., Wiedenmann et al., 2013; Wooldridge, 2009), turbidity, light, radiation (Anthony et al.,
2007; Fitt et al., 2001; Gleason & Wellington, 1993), and circulation (e.g., Davis et al., 2011; Goreau &
Hayes, 1994). Furthermore, thermal tolerances may vary through time as some coral species have shown
a limited capacity to acclimatize to increasing SSTs (e.g., Coles & Brown, 2003; Gates & Edmunds, 1999;
Yakovleva & Hidaka, 2004). Thermal histories as well as local conditions have shown to be key factors
influencing the capacity of corals to acclimatize to increased thermal stress (Marshall & Baird, 2000;
Middlebrook et al., 2008; Palumbi et al., 2014; Schoepf et al., 2015; Yakovleva & Hidaka, 2004). As such,
although remotely sensed products have become invaluable for monitoring the increased thermal pres-
sures faced by coral reefs, they cannot accommodate for the often variable and dynamic responses exhib-
ited by different corals and reef environments to these disturbances. The unique skeletal archives of
massive Porites spp. corals therefore have the potential to provide new insights into how local environ-
mental and physiological factors shape overall coral stress responses during periodic heat wave distur-
bances, allowing for more robust assessments of the cumulative impacts of climate change on coral
reef environments.

To date, geochemical and growth records from annually bandedmassive Porites spp. corals (Lough& Barnes,
2000) have primarily focused on assessing seasonal to centennial scale changes in ambient seawater para-
meters (e.g., SSTs and pH) and calcification rates (e.g., Cooper et al., 2012; D'Olivo et al., 2015; D'Olivo
et al., 2018; Grottoli & Eakin, 2007; McCulloch et al., 1994; Pelejero et al., 2005; Zinke et al., 2014; Zinke
et al., 2019). The incorporation of trace elements (TEs) like Sr, Li, or Mg in coral skeleton has shown to be
related to a variety of ambient parameters, notably temperature (e.g., Alibert & McCulloch, 1997; Armid
et al., 2011; Beck et al., 1992; Corrège, 2006; Montagna et al., 2014), allowing for long‐term (up to 100s of
years) paleoclimate reconstructions from coral cores at subseasonal to decadal resolutions. However, recent
developments in the understanding of coral vital effects (i.e., biological‐ and calcification‐related factors other
than temperature which also influence the incorporation of TEs in coral skeleton) have demonstrated that
the TE signal preserved along the growth axes of massive corals is strongly modulated by the conditions of
the calcifying fluid (e.g., Cohen & Gaetani, 2010; Sinclair, 2005). In particular, because corals do not calcify
in equilibrium with their ambient seawater (Al‐Horani et al., 2003; McCulloch et al., 2012; Sinclair, 2005),
the degree to which corals up‐regulate their calcifying fluid environment, as well as the various physiochem-
ical processes involved in the biomineralization of new skeleton (e.g., Rayleigh fractionation), also influence
the incorporation of many commonly analyzed TEs in the precipitating skeleton (Clarke et al., 2017; Cohen
et al., 2001; Cohen & Gaetani, 2010; D'Olivo et al., 2018; Gaetani & Cohen, 2006; Gagan et al., 2012; Gagnon
et al., 2007; Sinclair, 2005). As such, during periods of thermal stress and bleaching, the expulsion of algal
symbionts by the coral host can alter the balance of these processes, leading to distinctive TE ratio and
growth signatures that can allow for the relative impacts of these past disturbances to be assessed (e.g.,
Barkley et al., 2018; Barkley & Cohen, 2016; Cantin & Lough, 2014; Carilli et al., 2009; Clarke et al., 2017;
DeCarlo et al., 2019; DeCarlo & Cohen, 2017; D'Olivo & McCulloch, 2017; Hetzinger et al., 2016; Marshall
& McCulloch, 2002).

In this study, coral cores (Porites spp.) were collected from the northern coastline of Western Australia with
the primary aim to resolve the relative impacts of two recent widespread coral bleaching events in the region
during the summers of 2011 and 2013 (Feng et al., 2013; Lafratta et al., 2017;Moore et al., 2012; Ridgway et al.,
2016). Coral cores were collected from seven reef sites between Exmouth and the Montebello Islands
(Figure 1) and sampled for up to 20 years at ~monthly resolution for Sr/Ca and Li/Mg ratios, with correspond-
ing records of linear extension also obtained. High‐resolution overlapping satellite SST records were used to
assess for significant summertime Sr/Ca and Li/Mg thermal stress‐related anomalies across the entire
length of each core record. These same satellite recordswere also used to calculatemaximum thermal stresses
(DHW °C) at each reef site for the 2011 and 2013 events. We test for spatial and temporal consistencies
between the magnitudes of thermal stresses (including maximum SSTs) and the magnitudes of TE ratio
anomalies in the core records during these 2 years. This allowed us to ascertainwhether stress responses were
also influenced by environmental differences between the reef sites or variations in the thermal tolerances of
the corals (e.g., due to acclimatization).
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2. Methods
2.1. Site Description

The Pilbara is an arid and sparsely populated region of northwest Australia
that covers more than half a million square kilometers. The region is
renowned for its vast reserves of minerals as well as oil and gas, which con-
tribute significantly to Australia's economy with a total valuation of over
$70 billion (Department of Primary Industries and Regional
Development, 2017). The Pilbara coastline is bounded by an expansive,
shallow continental shelf (referred to as the “northwest shelf”) that ranges
from ~100 km in width around the Exmouth Peninsula to over 300 km in
width further north toward Onslow. Many small islands, fringed by shal-
low (<10m) reef habitats and isolated coral platforms (“shoals”), populate
the inner‐midsection of the NW shelf between Exmouth and Karratha
(~200 kmNE of Onslow). These reefs support a wide range of tropical mar-
ine species, and a variety of reef building corals (including massive Porites
spp.) can be found (McLean et al., 2016; Wilson, 2013).

The Pilbara coastline is frequently impacted by tropical cyclones, with 1
to 2 impacting the region per year on average (Drost et al., 2017).
Tropical cyclones typically occur between December and March, giving
rise to highly erratic and variable annual rainfall patterns across the
region (range of 74 to 624 mm over 1999–2013 period, median = 322 mm;
data from Onslow Airport; Australian Bureau of Meteorology, 2019).

Cyclonic rains often lead to flooding of the many ephemeral river systems that cover the landscape, in par-
ticular the Ashburton River, which is the largest river in the region with a basin area of ~70,000 km2.
Discharge from the Ashburton River is also highly variable, with an annual range of 3.26 × 103 to
4.09 × 106 ML, recorded over the 1999–2013 period, median = 5.71 × 105 ML (data from Nanuturra mon-
itoring station located ~160‐km inland of Onslow; Department of Water and Environmental Regulation,
2019). The Ashburton River discharges into the Indian Ocean approximately 20 km to the SW of Onslow,
often leading to highly turbid conditions on the inner‐mid‐NW shelf around Onslow, especially around
Ward and Herald Island (Abdul Wahab et al., 2017; Figure 1). These high levels of turbidity can persist
for much of the year due to the influence of tidal currents and locally generated wind waves, which, apart
from tropical cyclones, are the dominant hydrodynamic forcing on the inner‐NW shelf (Condie &
Andrewartha, 2008). Further offshore, reef waters become clearer (Moustaka et al., 2018) and increasingly
exposed to regional oceanographic influences. Offshore swells increase the circulation of reef waters around
West and Airlie Island and, in particular, around the Montebello Islands which are the most offshore group
of islands in the region (~100 km to the NW of Onslow).

Approximately 100 km to the south of Onslow, Bundegi Reef is located on the NE tip of the Exmouth
Peninsula, within the confines of the Exmouth Gulf: a shallow, protected region on the southern NW shelf.
Similar to the inshore reef sites around Onslow, ocean circulation at Bundegi is predominantly controlled by
the tides and locally generatedwindwaves (Brunskill et al., 2001). The exposure of Bundegi Reef to terrestrial
runoff is, however, likely to be substantially reduced compared to the sites around Onslow due to its
increased distance from the Ashburton River (~80 km to the SW) as well as other significant drainage outlets
in the region. Approximately 10 km to the SW of Bundegi, Tantabiddi Reef forms part of the fringing
Ningaloo Reef Marine Park along the offshore coastline of the Exmouth Peninsula. Tantabiddi is located just
10 to 15 km from the edge of the continental slope which, along with its increased regional oceanic exposure,
gives rise to highly complex ocean dynamics around the reef site: with offshore swells, transient upwelling
events and coastal countercurrents giving rise to more complex circulation and SST variability (Lowe
et al., 2012; Xu et al., 2013).

2.2. Coral Core Collection and Sampling

Coral cores from massive Porites spp. colonies were collected from three inner‐shelf sites (Bundegi, Ward,
and Herald), two midshelf sites (Airlie and West Reef), and two outer‐shelf/offshore sites (Tantabiddi and
Montebello) between August 2013 and January 2015 (Figure 1 and Table 1). Separate to the above, the

Figure 1. IMOS maximummonthly daytime SSTs from 2000 to 2010 across
the Exmouth/Onslow study area (available at: https://portal.aodn.org.au).
The reef sites where the coral cores were collected are shown with black
markers: Tantabiddi (TANT), Bundegi (BUND), Herald (HER), Ward
(WAR), Airlie (AIR), West (WEST), and the Montebello (MONT).
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coral records from Tantabiddi and Bundegi were extended by including additional Sr/Ca data from earlier
cores collected from the same coral colonies during August 2008 (no earlier Li/Mg data from these cores
were available; see Clarke et al., 2017). The corals that were selected for coring from each reef site were
alive at the time of sampling, larger than 2 m in size, spherical (or close to), and located in water depths of
between 4 and 8 m (Table 1). The cores, ~5 cm in diameter and up to 50 cm in length, were collected
using a pneumatic drill equipped with a hollow, tungsten carbide‐lined barrel.

Preparation and geochemical analyses of the coral cores were performed at the Advanced Geochemical
Facility for Indian Ocean Research located at The University of Western Australia. The cores collected from
each reef site (1–2 from each site) were cut along their long axes into slices 7 mm thick and left to soak over-
night in a 1:1 NaOCl solution to remove superficial (nonskeletal bound) organic contaminants. The core
slices were rinsed repeatedly with deionized water in an ultrasonic bath and then dried in a laboratory oven
at 50 °C. The slices were X‐rayed and those which displayed the clearest and most consistent growth axes
were selected for TE analysis (Supporting Information Figure S1). Except for the additional Sr/Ca data
included from the older Tantabiddi and Bundegi cores, only one coral core slice was sampled from each of
the reef sites.

Sample powders were collected along major growth axes using a Zenbot precision mill equipped with a
3‐mm diameter bit (see red lines, Figure S1). Except for the Montebello core, sample powders were collected
at fixed 1‐mmdown‐core increments. TheMontebello core showed substantially faster linear extension rates
and was instead sampled at 2‐mm increments. In total, 90 high‐resolution samples were collected from the
Montebello core, 190 from the Airlie core, 180 from theHerald Island core, 240 from theWard Island core, 83
from theWest core, and 58 and 75 samples from the Tantabiddi and Bundegi cores collected in 2013 (Table 1).
The Tantabiddi and Bundegi Sr/Ca and linear extension records were extended by combining the records
with an additional 300 samples from two earlier coral cores collected from the same coral colonies in 2008
(i.e., 150 samples from each core; see Clarke et al., 2017; Table 1). Lastly, an additional 70 samples were col-
lected and analyzed from an adjacent slice of the Ward coral core from ~1995 to 2001 and within the same
growth axes (Figure S1), to check the reproducibility of a longer‐term Sr/Ca and Li/Mg anomaly observed
in the first sampling transect.
2.2.1. Inductively Coupled Plasma Mass Spectrometer Analysis for Sr/Ca and Li/Mg
Sample powders were weighed to 10 ± 0.2 mg and dissolved in nitric acid. The dissolved samples were then
diluted through two stages to produce a 100 ppm [Ca2+] solution for Li/Mg analyses and a 10 ppm [Ca2+]
solution for Sr/Ca analysis (see Holcomb et al., 2015). All TE analyses were performed using a Thermo
Fisher Scientific (Bremen, Germany) X Series II quadrupole inductively coupled plasma mass spectrometer
using the standard Xt interface and plasma screen. For the high‐resolution sampling, long‐term reproduci-
bility (RSD) was derived from the repeated analyses of a gravimetrically prepared standard (JCP‐1) and

Table 1
Coral Cores From the NW Shelf That Were Analyzed for This Study

Name, collection
date Location

Coordinates
(lat., long.)

Water
depth (m)

Number of
samples

Sampling
interval (mm) Period

Analysis
(solution ICP‐MS)

Nearshore
BND Jun/13 Bundegi Reef −21.870, 114.157 4 75 1 Aug/05–Jun/13 Sr/Ca, Li/Mg

150 1 Apr/98–Jul/08 Sr/CaBND Jul/08
WAR Jan/15 Ward Is. −21.608, 115.072 6 240 1 Oct/93–Jan/15 Sr/Ca, Li/Mg

70
(second
transect)

1 Feb/95–Apr/01 Sr/Ca, Li/Mg

HER Jan/15 Herald Is. −21.569, 115.058 7 180 1 Oct/96–Jan/15 Sr/Ca, Li/Mg
Midshore
WEST Jan/15 West Reef −21.325, 115.393 4 83 1 Jan/07–Jan/15 Sr/Ca, Li/Mg
AIR Jan/15 Airlie Is. −21.327, 115.168 5 190 1 Nov/96–Jan/15 Sr/Ca, Li/Mg
Offshore
TNT Jun/13 Tantabiddi Reef −21.893, 113.964 8 58 1 Jul/08–Jun/13 Sr/Ca, Li/Mg

150 1 Apr/96–Jul/08 Sr/CaTNT Jul/08
MONT Feb/14 Montebello Islands −20.505, 115.483 6 90 2 Jul/03–Feb/14 Sr/Ca, Li/Mg
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yielded up to 0.4% for Sr/Ca (mean = 0.2%, n = 203) and 1.5% for Li/Mg (mean = 0.9%, n = 161). No
discernible “tissue layer” contamination (or related effects) was evident in any of topmost Sr/Ca or Li/Mg
samples collected from the cores, and no detectable effects were introduced by the chemical preparation
(D'Olivo et al., 2018).

2.3. In Situ SST Data

Approximately 2–3 years of monthly averaged, in situ SST data were compiled from six of the seven reef sites
to verify the precision and accuracy of the longer‐term satellite SST records, which were used to assess the
core records for significant TE anomalies. In situ temperature loggers were deployed for up to ~2 years from
the time the cores were collected (ranging from 14 months for the sites around Onslow to 28 months at
Tantabiddi and Bundegi; sampling rate of 1 per 15–30 min). For the Onslow sites (Ward, Herald, West,
and Airlie), up to ~3 years of additional temperature data (ranging from 13 months at Ward to 35 months
at Airlie, West, and Herald; sampling rate of 1 per 30 min) were obtained from buoys deployed for water
monitoring as part of the dredging component for the Wheatstone LNG project. Dredging of a 16‐km‐long
shipping channel, ~12 km to the SW of Onslow occurred from April 2013 to February 2015 with near‐
continuous temperature monitoring conducted at each site for ~2 years before dredging (17 May 2011 to
10 April 2013) and ~2 years during dredging; although only ~1 year of the “dredging” data were available
for this study (i.e., 11 April to 2013 to June 2014). For Bundegi, we also included previously published data
collected from the reef site between February 2011 and February 2012 (see Depczynski et al., 2013).
2.3.1. Satellite SST Data
Long‐term SST records for the reef sites were obtained using a high‐resolution (0.02° × 0.02° lat./long.) satel-
lite SST product: “IMOS–SRS Satellite–SST L3S–day and night time monthly composite,” available from
https://portal.aodn.org.au. The satellite records were all obtained from within 1 km of each of these coral
sites and showed good agreement with the in situ records (Figure S2): Ward (RMSE = ±0.35 °C,
R2 = 0.99, n = 30), Herald (RMSE = ±0.54 °C, R2 = 0.98, n = 51), West (RMSE = ±0.55 °C, R2 = 0.97,
n = 52), and Airlie (RMSE = ±0.3 °C, R2 = 0.99, n = 50), and Bundegi (RMSE = ±0.68 °C, R2 = 0.95,
n= 40), where RMSE is the root mean squared error. For the Tantabiddi reef site, the average of two, coarser
resolution satellite SST records (i.e., 0.25° × 0.25°, OISST v2, available from http://apdrc.soest.hawaii.edu/
las/v6/), 113.5° E, 21.5° S and 113.5° E, 22.5° S, showed a stronger agreement with the in situ data than
the IMOS data (i.e., RMSE = ±0.63 °C, R2 = 0.94, n = 28 for OISST, Figure S2 vs. RMSE = ±0.92 °C,
R2 = 0.87, n = 28 for the IMOS record) and was thus used instead to determine the core age model and com-
pare against the TE records.

2.4. Coral Core Age Model Determination and Linear Extension

Age models for the coral TE ratio records were obtained by aligning the seasonal maxima and minima in
Sr/Ca and Li/Mg records to the seasonal maxima and minima in the satellite SST records using
Analyseries v 2.08 software (Paillard et al., 1996). The adjusted Sr/Ca and Li/Mg records were then interpo-
lated to monthly resolution to give the final coral records for analysis (see Table 1). Annual rates of linear
extension were calculated by measuring the interpolated sampling distance between the successive seasonal
Sr/Ca maxima (i.e., seasonal SST minima) in each of the records. To compensate for difference in mean
growth rates between the core records, linear extension values were standardized against mean values for
the common period of all the core records (i.e., by subtracting mean values from annual values and dividing
result by the standard deviation for the period from 2007 to 2013 in each record).
2.4.1. Determination of Sr/Ca and Li/Mg Anomalies: “Thermal Stress Signatures”
The monthly interpolated Sr/Ca and Li/Mg data sets and respective satellite SST records were used to deter-
mine Sr/Ca‐SST and Li/Mg‐SST calibration equations for each core record. The calibration equations only
included data from January 2001 to December 2010 (or maximum period located within this range), when
nowidespread coral bleaching was reported from the region. This was important to reduce skewing of regres-
sion equations from thermal stress‐related anomalies recoded outside of this period (i.e., during late 1990s
and summers of 2011 and 2013).

From the calibration equations, annual, summertime SST residuals were calculated across the entire length
of each record between the seasonal Sr/Ca‐SST and Li/Mg‐SSTmaxima and the respective seasonal SSTmax-
ima in the satellite records. Anomalous residuals were then identified where mean values recorded for the
10 years from 2001 to 2010 (or maximum number of years therein) were exceeded by more than two
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Figure 2. Monthly resolution, coral‐core Sr/Ca (left‐hand panels), Li/Mg (right‐hand panels) records, and satellite SST
records (light blue lines) from the inner‐, midshelf, and outer‐shelf/offshore reef sites on the NW shelf of Western
Australia. Each trace element record is shownwith the overlapping satellite SST records (light blue lines) for each reef site.
The vertical red bars indicate where statistically significant SST residuals (p< 0.05) were observed between seasonal Sr/Ca
and Li/Mg minima (i.e., Sr/Ca‐SST and Li/Mg‐SST maxima) and seasonal SST maxima in the satellite records (based on
mean values recorded between 2001 and 2010; see Table S2). SST = sea surface temperature.
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standard deviations (i.e., p < 0.05). For the 2011 and 2013 events, the cali-
bration equations were used to calculate expected Sr/Ca and Li/Mg
minima for each core record based on the monthly SST maxima recorded
at each reef sites during these 2 years. These were then compared against
the observed values (Sr/Ca and Li/Mg minima) to quantify the magnitude
(%) of anomalous increases/decreases in Sr/Ca and Li/Mg ratios observed
in each of the records during these two warming events. Note that winter-
time residuals (i.e., between Sr/Ca‐SST and Li/Mg‐SST minima and SST
minima) were excluded from this analysis as they could not be verified
with past observations of coral bleaching (i.e., “cold water bleaching”;
see Hoegh‐Guldberg & Fine, 2004) or other documented environmental
disturbances at any of the reef sites.

2.5. Calculation of DHW During 2011 and 2013 Warming Events

A Matlab script was developed to enable the spatial assessment and inte-
gration of the high‐resolution IMOS satellite SST data across the study region for the 2011 and 2013
warming events. First, two bleaching threshold matrices were calculated: one for the 2011 event and
another for the 2013 event. Bleaching thresholds were calculated as +1 °C above the average monthly
daytime SST for the 10 years prior to each event (i.e., from December 2000 to November 2010 and
December 2002 to November 2012; see example in Figure 1). Next, daily daytime SST data were used to
calculate weekly SSTs from December to May 2011 and December to May 2013; with weekly hotspot
values recorded where bleaching thresholds were exceeded for each cell. Hotspot values were then
summed for the 12 weeks up to the last week of each month to give monthly DHW values for the
6 months across each of the two warming events: from December to May 2011 and December to May
2013. To obtain estimates of maximum thermal stresses at the reef sites for the 2011 and 2013 events,
the resolution of the DHW records was effectively reduced to 0.06° × 0.06° by averaging all neighboring
grid cells closest to where each of the cores was obtained. This was important as it reduced the effects of
fine scale SST variations along the coastline and numerous islands in the region that were too small to
be resolved.

3. Results
3.1. Coral Sr/Ca, Li/Mg, and Linear Extension Records

Each set of coral Sr/Ca and Li/Mg records was highly similar, with both TE ratios showing clear seasonal
variations that closely matched the seasonal SST variability in the satellite records for each reef site
(Figure 2). From the Sr/Ca‐SST and Li/Mg‐SST calibrations obtained for each of the core records
(Table S1), annual residuals between predicted Sr/Ca‐SST maxima and Li/Mg‐SST maxima, and the
SST maxima in the satellite records were mostly all within a few tenths of one degree across the 2001
to 2010 reference period (RMSE = 0.5 °C to 1.1 °C for all Sr/Ca and Li/Mg records; Table S2).
Significant residuals between the Sr/Ca‐SST and Li/Mg‐SST maxima in the core records, and the SST

Figure 3. Standardized annual linear extension records. Linear extension
was measured as the interpolated sampling distance between adjacent sea-
sonal Sr/Ca maxima in the core records. Standardized values were calcu-
lated based on average values from 2007 to 2013 in each core record (i.e.,
period where all the core records overlapped; Table 2).

Table 2
Linear Extension Rates Calculated for Each of the Core Records. The Average Values From 2007–2013 Were Used To
Calculate the Standardized Linear Extension Records Shown in Figure 5

Core record

Annual extension rate (mm year−1)

Period
Average across entire

record (±1 SD)
Average from 2007–2013

(±1 SD, n = 7) 2011 2013

West 2007–2014 9.7 ± 1.9 (n = 8) 10.2 ± 1.3 9.4 8
Airlie 1998–2014 9.0 ± 1.5 (n = 17) 8.1 ± 1.2 8.8 6.5
Herald 1998–2014 8.7 ± 1.1 (n = 17) 9.2 ± 1.4 7.3 7.1
Ward 1995–2014 10.3 ± 1.7 (n = 20) 10.3 ± 2.5 6.5 8.6
Bundegi 1999–2013 9.4 ± 2 (n = 15) 8.1 ± 2.1 5.2 6
Tantabiddi 1997–2013 11.1 ± 1.6 (n = 13) 10.7 ± 0.9 11.3 9.6
Montebello 2005–2013 15.7 ± 1.8 (n = 9) 15.6 ± 2 13.3 13.1
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maxima in the satellite records were observed during the late 1990s (two
of five records) as well as during the summers of 2011 (three of seven
records) and 2013 (five of seven records for Sr/Ca and three of seven
for Li/Mg, respectively; Figure 2; Table S2).

3.1.1. 2011 and 2013 Marine Heat Wave Events
The strongest Sr/Ca and Li/Mg anomalies were observed in the inshore
core records from Ward, Herald, and Bundegi during the summer of
2011 (~2% to 3% for Sr/Ca and ~15% to 17% for Li/Mg). These TE ratio
anomalies led to derived Sr/Ca‐SST and Li/Mg‐SST seasonal maxima
underestimating SST maxima in the satellite records by up to ~5 °C
(Table S2) and corresponded with strong declines in linear extension rate
in all three records (>1 SD below 2007 to 2013 average; Figure 3; Table 2).
A similar strong decline in linear extension rate was also observed in the
Montebello record during the year 2011 but no significant TE ratio anoma-
lies were also observed.

Consistent with the patterns of TE ratio and extension rate anomalies
observed in the core records, anomalous warming during the summer of
2011 predominantly impacted the Exmouth Gulf and, to a lesser extent,
the nearshore and midshore environment around Onslow (Figure 4).
Maximum weekly SSTs across the region were recorded during January
and February and ranged from 30 °C at Tantabiddi (i.e., +1 °C above the
bleaching threshold) to over 32 °C (+1 °C to 1.5 °C above bleaching thresh-
old) at the sites around Onslow (Ward, Herald, West, and Airlie). The
strongest SST anomalies were recorded along the protected eastern coast-

line of the Exmouth Peninsula, with Bundegi Reef recording a maximum weekly SST of ~31.5 °C (up to
+2.5 °C above bleaching threshold). This led to highly variable thermal stresses across the region with up
to 18 DHW °C recorded at Bundegi versus around 4 DHW °C at the near‐midshore sites around Onslow
and the Montebello and around 2–3 DHW °C around Tantabiddi, West, and Airlie.

During the summer of 2013, maximum SSTs across the region were, on average, ~1 °C warmer than the sum-
mer of 2011. During February/March 2013, maximum weekly SSTs ranged from ~31 °C (+2 °C above the
bleaching threshold) at Tantabiddi to over 33 °C (+2 °C to 2.5 °C above bleaching threshold) at the near‐
midshore sites around Onslow (Ward, Herald, West, and Airlie). This led to much higher levels of thermal
stress across the region with 19 DHW °C recorded at Bundegi versus 8 to 10 DHW °C at Tantabiddi,
Ward, Herald, and Airlie; 6 DHW °C at West and 13 DHW °C further offshore around the Montebello
(Figure 5). Consistent with the more intense and widespread warming observed during this second heat
wave event, significant increases in Sr/Ca and Li/Mg ratios and declines in linear extension rates (>1 SD
below 2007 to 2013 average) were again observed in the Ward, Herald, and Bundegi records (except Li/Mg
for Bundegi) and also in the West and Airlie records from the midshelf (Figures 2 and 3; Table S2). Below
average linear extension rates were observed in all the records during this year; however, the declines in lin-
ear extension in the Ward and Bundegi records were weaker than those recorded during the year 2011
(Table 2). Similarly, for the Ward, Herald, and Bundegi records, the anomalous increases in Sr/Ca and
Li/Mg ratios during 2013 were also weaker than those observed during the summer of 2011 (i.e., ~1.7%
and 10%, respectively) although still led to predicted Sr/Ca‐SST and Li/Mg‐SST maxima underestimating
the satellite SST records by 2 °C to 4 °C (Figure 2; Table S2).

3.1.2. Combined Assessment of All TE Ratio and Extension Rate Responses During 2011 and
2013 Events
The combined assessment of the magnitude of all the Sr/Ca and Li/Mg anomalies recorded in the cores dur-
ing the summers of 2011 and 2013 (including those that were insignificant) showed a significant, positive lin-
ear relationship between the two TE ratios (r2 = 0.83, p < 0.05, n = 14; Figure 6). Significant inverse
relationships were also observed between the magnitudes of both TE ratio anomalies recorded during the
2011 and 2013 events, and absolute linear extension rates recorded in each of the cores during these two
growth years (Figures 7a and 7b). However, despite the increased occurrence of TE ratio and growth rate
anomalies in the core records during the 2013 event, no significant relationships were observed between

Figure 4. Monthly degree heating weeks (DHW °C) across the 2011 marine
heat wave event. The location of the coral records is shown during the
month when maximum thermal stresses were recorded at each site: Ward
(W), Herald (H), Bundegi (B), Airlie (A), West (w), Tantabiddi (T), and
Montebello (M).
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the maximum thermal stresses or weekly SSTs recorded at the reef sites
and the magnitude of TE ratio anomalies observed in the core records dur-
ing the 2011 and 2013 events (Figures 7c to 7f).

3.2. Other Anomalous Periods in the Core Records

Separate to the summers of 2011 and 2013, anomalous increases in Sr/Ca
and Li/Mg ratios, combined with below average linear extension rates,
were also observed in the Herald and Ward records between the years
1997 and 2000. In the Herald record, the strongest increases in both TE
ratios occurred during the year 1998 (~1.5% and 12%, respectively), which
led to Sr/Ca‐SST and Li/Mg‐SST maxima underestimating the satellite
record by 3.6 °C and 3.4 °C, respectively (Figure 2). In the Ward record,
a single, significant Li/Mg anomaly was also observed during the year
1998; however, this appeared to be related to a longer‐term reduction in
the seasonal amplitude of both TE ratios across this period. In particular,
the follow‐up sampling of an adjacent slice through this section of the core
showed a highly contrasting response compared to the original transect:
an even stronger reduction in the seasonal amplitude of both TE ratios,
beginning during the year 1995 and progressively decreasing up to the year
2001 (see “T2” Figure 2). This led to multiple significant Sr/Ca and Li/Mg
anomalies across this period: during the summers of 1996, 1997, 2000, and
2001 (note the 2001 anomaly was negative and thus not highlighted in
Figure 2). The overlapping linear extension records were also highly dis-
similar across this period, with the shorter transect showing a strong trend

of decreasing values from 1996 to 2000 (from >1 SD above mean values to >1 SD below mean values; see
“Ward T2”; Figure 3). As such, despite these older TE ratio anomalies in the Ward record coinciding with
a period of high SSTs during the mid‐late 1990s, the lack of reproducibility between the two transects sug-
gested they were probably related to a temporary, three‐dimensional change in the direction of coral growth
(e.g., Delong et al., 2013) and therefore could not be considered conclusive indicators of thermal stress.

Last, we also observed various wintertime TE ratio anomalies in several of the coral cores (i.e., between
Sr/Ca‐SST and Li/Mg‐SST minima and SST minima; Figure 2). While not an emphasis of this study, several

of these anomalies appeared to occur directly following the positive sum-
mertime anomalies described above: in the Herald record during the win-
ters of 1998, 2011, 2013, and 2014 and in the West record during the
winters of 2013 and 2014. In other instances, however, these anomalies
appeared to occur more randomly (e.g., during the winter of 2006 in the
Herald record).

4. Discussion
4.1. Coral Core Thermal Stress Signatures

The analysis of seasonal Sr/Ca‐SST and Li/Mg‐SST residuals in high‐
resolution coral core records provide a novel method to assess the impacts
of past ocean warming events on coral reef environments. We show that
periods of thermal stress can lead to the temporary disruption of seasonal
TE profiles preserved along the growth axes ofmassive Porites spp. corals.
These anomalous changes in TE ratios can then be identified through the
use of coral‐specific reference calibrations if the coral and overlapping
satellite SST records are of sufficient length to assess the veracity of these
TE proxies under “normal” conditions. In this study, the seven coral core
records collected from across the NW shelf provide further verification of
an unprecedented sequence (over the last ~20 years) of widespread coral
bleaching events across the region during the summers of 2011 and 2013
(Feng et al., 2013; Lafratta et al., 2017; Moore et al., 2012). Where only

Figure 5. Monthly degree heating weeks (DHW °C) across the 2013 marine
heat wave event. The location of the coral records is shownwheremaximum
thermal stresses were recorded at each site: Ward (W), Herald (H),
Bundegi (B), Airlie (A), West (w), Tantabiddi (T), and Montebello (M).

Figure 6. Significant coupling observed between the magnitude of Sr/Ca
and Li/Mg ratio anomalies during the 2011 (black markers) and 2013 (red
markers) heat wave events. The magnitude of the Sr/Ca and Li/Mg
anomalies were determined by comparing observed Sr/Ca and Li/Mg
minima against predicted Sr/Ca and Li/Mg minima. Predicted values were
derived from the maximum monthly SSTs recorded at each reef site during
the two events, using the Sr/Ca‐SST and Li/Mg‐SST calibration equations
for the period from 2001–2010 in each record (Table S1).
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one record showed probable evidence for thermal stress during the late 1990s, three and five records
respectively showed strong evidence of significant thermal stress impacts during the recent 2011 and 2013
marine heat wave events. As such, although the onset of mass bleaching events on the NW shelf appear to
have been delayed by at least a decade compared to other major reef systems around the world (e.g., the
GBR; Hoegh‐Guldberg, 1999; De'ath et al., 2012), this study nonetheless confirms that coral reefs along
the western coastline of Australia are probably also at similar risk from continued anthropogenic
ocean warming.

4.2. 2011 and 2013 Marine Heat Wave Events

The incidence of anomalies in the core records during the summers of 2011 and 2013 was broadly consistent
with modelled spatial variations in thermal stresses across the study region for these two events. For one, the

Figure 7. The magnitude of Sr/Ca and Li/Mg anomalies observed in all core records during the 2011 (black markers) and
2013 events (red markers) versus (a, b) annual linear extension rates; (c, d) maximum degree heating weeks, and (e, f)
maximum weekly SSTs recorded at each reef site. Linear regressions are included where significant relationships were
observed (i.e., p < 0.05). DHW = degree heating weeks; SSTs = sea surface temperatures.
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isolated and much higher thermal stresses recorded on the inner shelf, between Bundegi and Onslow during
the summer of 2011, were consistent with the anomalous increases in Sr/Ca and Li/Mg ratios, and strong
declines in linear extension rate observed during this event in the Bundegi, Ward, and Herald records.
Similarly, for the summer of 2013, the increased incidence of TE and extension rate anomalies in the coral
records was consistent with the generally higher and more widespread thermal stresses recorded across the
region during this latter event. Field observations of coral bleaching impacts from several of the reef sites
during these 2 years further supported the variable incidence of anomalies observed in the records. Severe
coral bleaching and mortality was observed in the Exmouth Gulf during the summer of 2011, in particular
at Bundegi reef (up to 95% mortality in less resilient species; Depczynski et al., 2013), whereas bleaching
impacts were milder at the more offshore reef sites: Tantabiddi (~20%) and Montebello (30% to 60%;
Moore et al., 2012). Observations of severe coral bleaching and mortality on the inner‐mid‐NW shelf during
the summer of 2013 (Lafratta et al., 2017) were also consistent with the timing of significant TE anomalies
observed in the Ward, Herald, West, and Airlie records. However, the absence of any significant TE ratio
anomalies in the Montebello record during the summer of 2013 was inconsistent with the ~60% to 70% coral
mortality observed around the island group during this more severe event (Ridgway et al., 2016). While it is
possible that the sampled Montebello coral avoided major stress during this event (e.g., due to fine‐scale var-
iations in temperature or intercolonial variations in stress responses; e.g., Hoegh‐Guldberg, 1999); as dis-
cussed later, this disparity could also relate to an improved resilience and/or shortened recovery time by
this coral due to more favorable background conditions at the reef site, or a strong growth rate control on
the formation of anomalous TE ratio “stress” signatures.

The presence of negative Sr/Ca and Li/Mg anomalies in the core records that corresponded with timing of
seasonal SST minima (i.e., during winter months) could also be indicative of past coral stress (Figure 2).
In several instances, seasonal TE maxima (i.e., Sr/Ca‐SST and Li/Mg‐SST minima) appeared to significantly
underestimate SSTminima during unusually cold winters (e.g., during the years 2006 and 2010 in the Herald
and Bundegi records, respectively), or immediately following positive TE ratio anomalies recorded during
warm water stress events (e.g., during winters of 1998, 2011, and 2013 in Herald record). The timing of these
anomalies might therefore reflect the effects of cold‐water stress (see Colella et al., 2012; Hoegh‐Guldberg
et al., 2005; Hoegh‐Guldberg & Fine, 2004); or more severe stress impacts or longer recovery times in corals
that were subject to summer bleaching. However, unlike the positive TE ratio anomalies recorded during the
summers of 2011 and 2013, these additional anomalies could not be verified with direct observations of coral
stress from any of the reef sites.

4.3. Local Controls on Coral Bleaching Responses

Separate to the spatial variations in anomalous warming during the two warming events and the clear lack
of any significant relationship between the magnitude of thermal stresses or maximum SSTs at the reef
sites and the magnitude of TE anomalies in the coral records suggested stress responses during the 2011
and 2013 events were also influenced by environmental differences between the reef sites (Anthony
et al., 2007; Berkelmans, 2002; Carilli et al., 2009; Wiedenmann et al., 2013; Wooldridge, 2009). In particu-
lar, the strong TE ratio anomalies in the inshore Ward and Herald records during the summer of 2011 only
corresponded with levels of thermal stress typically associated with the onset of coral bleaching in more
vulnerable coral species (i.e., ~4 DHW °C; Eakin et al., 2009; Hughes et al., 2017; Hughes, Kerry, et al.,
2018). Along with the increased occurrence of significant TE ratio anomalies in these records, these appar-
ent increases in thermal sensitivity were consistent with the increased exposure of these reef sites to the
Ashburton River (Ateweberhan et al., 2013; Carilli et al., 2009; Fabricius et al., 2013; Wooldridge, 2009).
In particular, the summer of 2011 was one of the wettest of recent decades due to the passing of three tro-
pical cyclones between the 26th of January and 22nd of February (Drost et al., 2017). Four hundred and
seventy millimeters of rainfall and 1.1 × 106 ML of discharge was recorded from Onslow Airport and the
Ashburton River during the 4 months from December 2010 to March 2011. The thermal tolerances of these
corals could therefore have been compromised due to freshwater inundation (i.e., reduced ambient sali-
nities; Coles & Jokiel, 1978; Bahr et al., 2015) or associated increases in nutrient or suspended sediment
concentrations around these inshore sites (Fabricius et al., 2013; Wooldridge, 2009). In contrast, only
130 mm of rainfall and 1.1 × 105 ML of river discharge was recorded for the 4 months from December
2012 to March 2013, which could have contributed to the relatively weaker extension rate and Sr/Ca and
Li/Mg ratio anomalies recorded by the Ward and Herald corals during the more severe 2013 event.
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However, the similar magnitudes of TE ratio anomalies also recorded in the other inshore core record from
Bundegi during both these years could probably not be explained by variable terrestrial runoff due to its
increased distance from the Ashburton River (i.e., located ~80 km to the SW) and the smaller size of the
adjacent Exmouth Peninsula catchment area. The apparently similar stress responses in the three inshore
core records may therefore reflect the synergistic influence of some other, more widespread physiochem-
ical condition on the inner shelf (e.g., reduced circulation); the higher thermal stresses (although lower
maximum SSTs) recorded at Bundegi reef during both warming events; or alternatively, an increase in
the thermal resilience of these corals during the summer of 2013 due to the previous impacts of the
2011 event (see section 4.5).

In contrast to the three inshore records, no TE ratio anomalies were observed in the midshelf core records
from Airlie or West during the summer of 2011, when similar thermal stresses and maximum SSTs were
recorded; or in the offshore/outer‐shelf Tantabiddi or Montebello records during the 2013 event, when
higher thermal stresses of 6 to 10 DHW °C were recorded (Figures 7c to 7f). It is possible that these appar-
ent, offshore‐ward increases in coral resilience were influenced by reduced nutrient or suspended sediment
concentrations (e.g., Ateweberhan et al., 2013; Erftemeijer et al., 2012; Fabricius et al., 2013; Wooldridge,
2009), increased wave‐driven circulation (Fabricius, 2006; Jimenez et al., 2011), or increased phytoplankton
availability (Baird et al., 2009; Hughes & Grottoli, 2013) around these more regionally exposed sites.
Alternatively, given the significant relationship observed across all the coral records between the magni-
tudes of TE anomalies and absolute linear extension rates (Figures 7a and 7b), then reef conditions promot-
ing faster coral calcification rates around these sites (including increased light penetration; Pearse &
Muscatine, 1971; Lough & Barnes, 2000; Ferrier‐Pagès et al., 2000) could have indirectly mitigated the for-
mation and/or magnitude of anomalous TE signatures in these skeletal records (see section 4.4). This could
have effectively masked the impacts of thermal stress in these coral records, potentially also accounting for
the disparities between observations of coral bleaching at the Montebello and to a lesser extent at
Tantabiddi during the summers of 2011 and 2013, and the absence of TE ratio anomalies in these records
during these times.

4.4. Sr/Ca and Li/Mg Systematics: Evidence for Growth Rate Control on Formation of Anomalies

The close coupling observed between Sr/Ca and Li/Mg ratios during the 2011 and 2013 events was not con-
sistent with existingmechanisms that have sought to explain the formation of geochemical anomalies in core
records during periods of thermal stress. Anomalous increases and decreases in Sr/Ca and Mg/Ca ratios
observed in core records during periods of thermal stress have previously been attributed to a decrease in
active (ATPase) Ca2+ transport by the coral host (Clarke et al., 2017; D'Olivo & McCulloch, 2017; Marshall
& McCulloch, 2002; Sinclair, 2005) and an associated decrease in precipitation efficiency and Rayleigh frac-
tionation of TEs into the coral skeleton (Clarke et al., 2017). However, unlike Sr/Ca andMg/Ca ratios, Li/Mg
ratios should in theory be unaffected by changes in active Ca2+ transport by the coral host (presuming
ATPase enzyme is specific for Ca2+; Sinclair, 2005) or changes in Rayleigh fractionation (due to Li and Mg
both being highly incompatible in coral skeleton; Hathorne et al., 2013; Montagna et al., 2014; Marchitto
et al., 2018). The close coupling observed between the magnitude of Sr/Ca and Li/Mg anomalies in the core
records therefore warrants the need for a new explanation for their formation during periods of
thermal stress.

Rather than arising from intricate variations in coral vital effects, the coupled behavior of chemically differ-
ent TE ratios (e.g., Sr/Ca and Li/Mg) during periods of thermal stress could simply reflect changes in the den-
sity banding structure of coral skeleton. Observations of high‐density stress bands in coral cores that
correspond with the timing of past bleaching events (Barkley et al., 2018; Barkley & Cohen, 2016; Cantin
et al., 2010; Cantin & Lough, 2014; Carilli et al., 2009; DeCarlo et al., 2019; DeCarlo & Cohen, 2017) suggest
corals continue to calcify, however, with reduced extension during bleaching events (Carricart‐Ganivet,
2011; D'Olivo et al., 2013). The increased mixing of deposited skeletal material over narrower growth inter-
vals could therefore lead to a reduction in the amplitude of all seasonally variable TE ratios, irrespective of
differences in their physical and chemical properties. Although previously not associated with the formation
of coral stress bands, a similar effect has already been shown to influence the seasonality of TEs in Porites
spp. records under normal calcification conditions (dubbed “bio‐smoothing”; Gagan et al., 2012). Bio‐
smoothing results from variations in the distribution of skeletal mass within the tissue zone (e.g., Barnes
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& Lough, 1993) and is typically most pronounced in slower growing corals with increased tissue layer thick-
nesses (Gagan et al., 2012). As such, this, or a similar effect, could probably account for the significant rela-
tionship observed between absolute linear extension rates and the magnitude of the Sr/Ca and Li/Mg
anomalies observed in the core records during the 2011 and 2013 events (Figures 7a and 7b). This significant
relationship might therefore imply that the susceptibility of corals to record stress‐related TE anomalies is
biased toward corals with slower average growth rates.

However, while we provide evidence for significant linear extension rate controls on the amplitude of seaso-
nal TE cycles, the absence of TE anomalies in the core records where other significant annual declines in
extension rate were observed (e.g., during the year 2004 in theWard record, Figure 3) indicates other growth
or physiological factors can probably also lead or contribute to the short‐term deviation of TE ratios from
expected values.While this observation does not necessarily contradict a bio‐smoothing control for the forma-
tion of TE stress signatures (i.e., measurements of other calcification parameters such as tissue thickness and
skeletal density would also be required), it does provide further confirmation that declines in linear extension
rate are not unequivocal indicators of thermal stress (see commentary by Hoegh‐Guldberg et al., 2019).

4.5. Acclimatization of Corals to Thermal Stress

If the magnitudes of the TE ratio anomalies in the core records are presumed to be proportional to the degree
of stress experienced by the corals, then the relatively weaker Sr/Ca, Li/Mg, and extension anomalies
observed in the three inshore core records during the more severe 2013 event (max SSTs ~1 °C warmer than
2011 event) could indicate some degree of thermal acclimatization by these corals due to preconditioning
effects of the 2011 event (e.g., Baker et al., 2004; Maynard et al., 2008). Although only the Ward, Herald,
and Bundegi cores showed stress signatures during both the 2011 and 2013 events, the large distance between
the three sites (~100 km fromBundegi toHerald Is.) seemingly allows for the influence ofmany local stressors
(e.g., variable terrestrial runoff) to be discredited as contributing factors to these variations in stress responses.
Bleaching histories are therefore an obvious, common factor between the inshore corals that could account
for these relative reductions in coral stress during the latter and more intense 2013 heat wave event. While
this evidence for thermal acclimatization is limited by the absence of intrasite reproducibility of these TE sig-
natures, as well as supporting environmental data (water quality, light, etc.), we do note its consistency with
previous research that has shown increased thermal resilience in corals following their repeated exposure to
marine heat waves (DeCarlo et al., 2019; D'Olivo et al., 2019; Guest et al., 2012; Maynard et al., 2008). For
example, DeCarlo et al. (2019) recently showed a reduced proportion of stress bands in Porites spp. cores from
the GBR, Coral Sea, and New Caledonia between the years 2002 and 2016, despite strong increases in the
severity of marine heat waves at all three locations across this period.

A variety of mechanisms for coral acclimation have been suggested, including changes in the metabolic con-
dition and efficiency (heterotrophic status, respiration rates, nutrient cycling, energy stores, etc.) by the coral
holobiont (Baird et al., 2009; Gibbin et al., 2018); changes in the expression of certain genes associated with
heat tolerance (e.g., Palumbi et al., 2014); changes in the coral microbiome or coral‐microbe interactions
(Morrow et al., 2018; Osman, 2016; Webster & Reusch, 2017; Ziegler et al., 2017); and changes or selective
acclimatization in symbiont communities (Berkelmans & Van Oppen, 2006; Buddemeier & Fautin, 1993;
Hume et al., 2015; Thornhill et al., 2006). In this instance, because the 2011 event was preceded by an
extended period of relative climate stability (i.e., with no mass bleaching reported prior to this event;
Moore et al., 2012; Feng et al., 2013), coral assemblages in the region could have favored less temperature‐
resistant configurations prior to this event due to a variety of potential physiological trade‐offs associatedwith
acquired increases in heat tolerance. While this remains a subject of ongoing research, the switching or shuf-
fling of coral symbionts to more heat tolerant varieties (Berkelmans & Van Oppen, 2006; Buddemeier &
Fautin, 1993; Thornhill et al., 2006) has previously been shown to lead to reductions in growth rates and
reduced reproductive efficiencies (Baird & Marshall, 2002; Jones & Berkelmans, 2010; Thornhill et al.,
2006). Furthermore, given the substantial reductions in coral cover of less resilient branching, encrusting,
and tabulate coral species already reported across the study region (Depczynski et al., 2013; Moore et al.,
2012), care must be taken to ensure that dynamic responses evident in Porites spp. core records are not extra-
polated to infer broader ecological variability or species resilience to periodic heatwave events. As such, while
differences in reef environment and thermal acclimation will likely continue to give rise to strong spatial and
temporal variability in coral stress and bleaching impacts in the short to medium term, the longer‐term
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degradation of these fragile environments should nevertheless be expected to continue if current ocean
warming trends continue unabated.

In summary, this study shows how the collective analysis of multiple coral core geochemical records pro-
vides unique perspectives of the variable impacts of marine heat wave events on coral reef environments.
We show how the reproducibility of patterns of TE (Sr/Ca and Li/Mg) anomalies between corals collected
from inner‐, midshelf, and outer‐shelf environments can allow for some limited differentiation of the influ-
ences of local environment and thermal acclimatization on the intensity of coral stress responses during past
sequences of heat wave events. Furthermore, by highlighting significant linear extension rate controls on the
magnitude of both Sr/Ca and Li/Mg anomalies during two recent thermal stress events, this provides new
evidence that the formation of TE signatures is related to nonselective growth processes (e.g., bio‐
smoothing). This suggests a variety of additional TE, and possibly isotopic ratios may also be suitable as geo-
chemical tracers of thermal stress, therefore, potentially allowing for these analyses to be widely applied in
future studies.
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