
 

 
 

75 

4.! ENVIRONMENTAL AND PHYSIOCHEMICAL CONTROLS ON CORAL 

CALCIFICATION IN WESTERN AUSTRALIA 

 

4.1! Abstract  

The processes that occur at the micro-scale site of calcification are fundamental to 

understanding the response of coral growth in a changing world. However, our mechanistic 

understanding of chemical processes driving calcification are still evolving. Here, we report 

the results of a longoterm in situ study of coral calcification rates, photoophysiology, and 

calcifying fluid (cf) carbonate chemistry (using boron isotopes, elemental systematics, and 

Raman spectroscopy) for seven species (four genera) of symbiotic corals growing in their 

natural environments at tropical, subtropical, and temperate locations in Western Australia 

(latitudinal range of ~11°).  We find that changes in net coral calcification rates are primarily 

driven by pHcf and carbonate ion concentration [CO3
2-]cf in conjunction with temperature and 

DICcf. Coral pHcf varies with latitudinal and seasonal changes in temperature and works 

together with the seasonally varying DICcf to optimize [CO3
2-]cf at speciesodependent levels. 

Our results indicate that corals shift their pHcf to adapt and/or acclimatize to their localized 

thermal regimes. This biological response is likely to have critical implications for predicting 

the future of coral reefs under CO2odriven warming and acidification. 

 

4.2! Introduction  

Scleractinian corals are renowned for their capacity to create spectacular calcium 

carbonate (CaCO3) reef structures that harbour some of the most diverse ecosystems on the 

planet (Veron, 1995). The health and success of reef-building corals can be largely attributed 

to their photosynthetic endosymbiotic dinoflagellates, as well as the corals’ ability to harvest 

calcium and inorganic carbon to create their CaCO3 skeletons (Allemand et al., 2011). 

Ross C.L., DeCarlo T.M., McCulloch M.T. (in press). Environmental and physiochemical controls 
on coral calcification in Western Australia. Global Change Biology, doi.org/10.1111/gcb.14488 
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However, coral reefs worldwide face an uncertain future due to the impacts of both global 

warming and ocean acidification (OA) caused by rising anthropogenic CO2 (Orr et al., 2005; 

Hughes et al., 2017b). Abrupt increases in temperature cause widespread coral bleaching and 

mortality due to the loss of the algal symbiont (Glynn, 1996; Grottoli et al., 2014; Hughes et 

al., 2017b) and marine heatwaves are forecast to occur with increasing frequency and 

intensity globally (van Hooidonk et al., 2014; Ainsworth et al., 2016). In addition to ocean 

warming, increasing CO2 is also driving declines in seawater pH, and thus seawater aragonite 

saturation state (Ω = [CO3
2-][Ca2+]/Ksp). OA can result in morphological deformities in 

juvenile corals (Cohen et al., 2009; Foster et al., 2016) and a reduction in coral calcification 

rates for a reduction in coral calcification rates for some adult corals (e.g. Marubini et al., 

2003; Jokiel et al., 2008; Crook et al., 2013; Mollica et al., 2018), although this is not always 

the case (e.g. Jury et al., 2010; Schoepf et al., 2013; Comeau et al., 2014; Comeau et al., 

2018). Variation in the responses of coral calcification to OA can be explained by differences 

in species, life stage, food availability, growth form (e.g. Cohen & Holcomb, 2009; Albright 

& Langdon, 2011; Kornder et al., 2018), and bio-calcification mechanisms (e.g., Georgiou 

et al., 2015; Schoepf et al., 2017; Comeau et al., 2018; DeCarlo et al., 2018a). 

The influence of rising seawater temperatures and OA on coral calcification is also 

likely to vary spatially (e.g. with latitude) and temporally (e.g. seasonally; van Hooidonk et 

al., 2014; Heron et al., 2016). For instance, optimal seawater pH conditions for calcification 

are projected to contract towards the tropics, making high-latitude reefs (i.e. above 28°N and 

below 28°S) less suitable to support coral calcification (Orr et al., 2005; van Hooidonk et al., 

2014; Anderson et al., 2014). At the same time, ocean warming during winter at high-latitude 

when lower temperatures currently limit calcification rates (Crossland, 1984; Cohen et al., 

2004; Kuffner et al., 2013; Sawall et al., 2015; Courtney et al., 2017) could be expected to 

enhance coral calcification rates, and hence out-weigh the negative effects of OA (Cooper et 

al., 2012; McCulloch et al., 2012). In contrast, ocean warming at low-latitude is likely to 

correspond to a shortening of the winter ‘reprieve’ from summer temperatures, with potential 

negative effects on coral resilience (Maynard et al., 2015; Heron et al., 2016).  

While ocean warming could be expected to promote the poleowards migration of 

some tropical corals (Poloczanska et al., 2016; Yamano et al., 2011), the potential for large 

numbers of species to expand their distributions poleowards remains unclear at present due 
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to a number of potential limitations (e.g., low light levels, geographical barriers, competition; 

Muir et al., 2015). Given the wide range of possible outcomes, an improved understanding 

of the environmental and physiochemical controls on calcification across a range of locations 

is required. 

Latitudinal gradients provide unique natural laboratories to study the physio-chemical 

response of coral calcification to environmental drivers under various light, temperature, and 

pH regimes (Crook et al., 2013; Barkley et al., 2015; Prada et al., 2017; Silbiger & DeCarlo, 

2017). In tropical zones, latitudinal changes in coral calcification rates are thought to be 

primarily driven by changes in temperature (Lough & Barnes, 2000; Carricart-Ganivet, 2004; 

Cooper et al., 2012; Norzagaray-López et al., 2014; Lough et al., 2016). In contrast, 

latitudinal calcification rate studies that include temperate zones are relatively less common 

(Foster et al., 2014; Goffredo et al., 2009). Although coral calcification rates are generally 

expected to be lower in high-latitude reefs, this is not always the case (e.g. Goffredo et al., 

2009; Sawall et al., 2015). The environmental controls on calcification are therefore highly 

variable and depend on species and geographical location. 

In addition to the environmental controls that influence coral growth, calcification is 

a biologically-mediated process that is dictated by the corals’ physiology (Cohen & 

McConnaughey, 2003; Krief et al., 2010; Mass et al., 2013; Falini et al., 2015). Studies have 

shown that corals possess mechanisms to modulate the chemical conditions at the site of 

calcification inside the semi-isolated ‘pockets’ of calcifying fluid (cf) (Clode & Marshall, 

2003; Cohen & McConnaughey, 2003). This process of physiological control is thought to 

be predominantly driven by the regulation of pH (Al-Horani et al., 2003; McCulloch et al., 

2012; Venn et al., 2011) and [Ca2+] (DeCarlo et al., 2018a), as well as the supply of dissolved 

inorganic carbon (DIC) to the calcifying fluid. These three parameters can all be elevated 

above seawater levels to maintain high Ωcf (~10 to 25) and promote skeletal growth.  

The extent to which corals pump H+ out of the calcifying fluid to shift the composition 

of DIC in favour of carbonate (CO3
2-) relative to bicarbonate (HCO3

-) influences the chemical 

conditions in the calcifying fluid (Cohen & McConnaughey, 2003; Sinclair, 2005) and is 

therefore crucial for determining the sensitivity of coral calcification to OA (McCulloch et 

al., 2012; Venn et al., 2013; Comeau et al., 2018). At the same time, other factors beyond 

seawater pH may also influence pHcf, and potentially calcification rates. For example, studies 
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have shown that the regulation of pHcf on seasonal timescales may help to compensate for 

reduced supply of metabolic DIC and cooler temperatures during winter, resulting in less 

seasonally variable calcification rates (McCulloch et al., 2017). However, the influence of 

the coral calcifying fluid chemistry on rates of calcification has not yet been extensively 

documented for a wide range of coral species growing in situ along natural environmental 

gradients.  

To address these questions, we combine measurements of geochemical proxies to 

reconstruct the full calcifying fluid chemistry (i.e. pHcf, DICcf, CO3
2-

cf, Ca2+
cf, and !cf) with 

photo-physiology as a proxy for coral health (photochemical efficiency; Fv/Fm) and 

calcification rates for 5 species of symbiotic corals growing in a tropical reef in Coral Bay 

(23.1°S), Western Australia (WA). We then incorporate our new results with similar 

measurements taken for two coral species growing at Rottnest Island (32°S; Ross et al., 2017) 

and one coral species growing in Bremer Bay, WA (34.5°S; Ross et al., 2018), extending the 

latitudinal range of this study to ~11 degrees. Overall, our results show how corals regulate 

their calcifying fluid chemistry along a latitudinal temperature gradient to optimize 

calcification rates.  

4.3! Methods 

4.3.1! Overview and study sites 

This study examines coral calcification rates together with the chemical composition 

of the calcifying fluid for seven species (four genera) of symbiotic corals across three 

locations. However, we note that not all seven coral species were present at all locations (see 

below). The three study locations span ~1,600 km and ~11 degrees of latitude and range from 

a tropical climate in the north to a temperate climate in the south (Figure 4.1a). Here, a 

latitudinal temperature gradient is defined as the difference in temperature between two or 

more locations. While different coral species were present at each of the three locations (i.e., 

due to latitudinal changes in coral community composition), two coral genera (Pocillopora 

and Acropora) overlap across two locations spanning a latitudinal gradient of ~9°C. Field 

trips were conducted every 1 to 4 months for 1.5 to 2 years to capture the full seasonal 

dynamics of calcification mechanisms at each location. 

 Tropical Coral Bay (Ningaloo Reef): Experiments were conducted at Coral Bay 

(23°S, 113°E; Figure 4.1b) located in the southernmost region of Ningaloo Reef between and 
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December 2015 and April 2017. Photochemical efficiency (Fv/Fm), calcification rates, and 

the skeletal geochemistry were measured on two coral species (Acropora muricata, 

Pocillopora damicornis) at Site 1 (lagoon; depth of ~2.5m) and three coral species (Aropora 

nasuta, Acropora pulchra, and Stylophora pistillata) at Site 2 (back reef; depth of ~ 2m). 

Identification of species was based on corallite and colony morphology following Veron 

(2000).  

Sub-tropical Rottnest Island: Rottnest Island is located ~20 km off the coast of Perth 

in south-western Australia (32°S, 115°E; Figure 4.1c). Calcification rates (Ross et al., 2015) 

and the skeletal geochemistry were measured on A. yongei and P. damicornis growing in 

Salmon Bay (depth of ~2 m) between February 2013 and May 2015. 

 Temperate Bremer Bay: Bremer Bay is located approximately 500 km south-east of 

Perth (34.4°S, 119.4°E; Figure 4.1d). Photochemical efficiency (Fv/Fm), calcification rates, 

and the skeletal geochemistry were measured on Turbinaria reniformis at two reef sites 

(depth of ~7 m and 9 m) between November 2014 and October 2016 (Ross et al., 2018). 

 
Figure 4.1. (a) Location of the three study regions in Western Australia, and close-up maps of the 
study sites in (b) Coral Bay, (c) Rottnest Island, and (d) Bremer Bay. (e) Schematic of the abiotic 
conditions and calcifying fluid carbonate chemistry parameters measured for the four coral genera in 
this study. Arrows indicate potential interactions between environmental and physiochemical drivers 
of coral calcification rates (adapted from Courtney et al., 2017).  

 



 

 
 

80 

 

4.3.2! Environmental measurements 

Seawater temperature was measured at 10-minute intervals at each site (within 20 m 

radius of the corals measured for calcification rates) for the total duration of the study using 

HOBO temperature loggers (± 0.2°C, Onset Computer Corp.).!Measuring light continuously 

underwater for more than a few days has many limitations, including the risk of instrument 

failure and more importantly, the issue of bio fouling over the light sensor. After several 

days, the sensor becomes too bio-fouled to accurately record light. In accordance with 

commonly accepted practice, we have obtained measurements of light in air for the duration 

of the study and estimated the light reaching the benthos using measurements of the depth-

dependent light attenuation coefficient (kd). Down-welling planar photo-synthetically active 

radiation (PAR in mol m−2 d−1) in air was measured at Bremer Bay and Rottnest Island using 

Odyssey light loggers (± 5%, Odyssey Data Recording), which were calibrated against a 

high-precision LiCor 192A cosine PAR (± 5%, LiCor Scientific) sensor. Light data were not 

available for the total duration of the study at Rottnest Island and Coral Bay. Light data 

(global solar exposure; MJ m-2) for Rottnest Island (32.01°S, 115.50°E) were obtained from 

the Australian Government Bureau of Meteorology and a linear model was constructed (PAR 

= solar x 1.554 +6.958; r2 = 0.77, p < 0.001, n = 206) to predict PAR (mol m−2 d−1) for the 

missing values. Light data for Ningaloo (measured as PAR in mol m−2 d−1) measured using 

a high-precision LiCor 192SA cosine PAR (± 5%, LiCor Scientific) sensor were obtained 

from the Australian Institute of Marine Science (AIMS) weather monitoring station (22.02°S, 

113.92°E). Additional in-water measurements of light were made for ~1 to 6 days (depending 

on location) to quantify the kd.  

Seawater pH was measured on the total scale (pHT, ±0.03 accuracy) using a factory-

calibrated SeaFET ocean pH sensor (Satlantic, Canada) that had been calibrated to Tris buffer 

and then was deployed next to the plated experimental coral colonies at each location during 

summer and winter, incorporating both the warmest and coolest periods of the year. In Coral 

Bay, the SeaFET was deployed at both the back reef site (deployment periods: Nov-15 to 

Feb-16, Aug-16, Nov-16 to Jan-17, and May-17) and the lagoon site (deployment periods: 

Nov-15 to Feb-16, May-16 to Aug-16, and Jan-17 to Mar-17). In Bremer Bay, the SeaFET 

was deployed at Site 2 in Bremer Bay during the following periods: July to September 2015, 

March to June 2016, and June to September 2016 (Ross et al., 2018). Finally, at Rottnest 
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Island, the SeaFET was deployed in Salmon Bay during October 2014 (spring), April 2015 

(autumn), July 2013 (winter) and February 2014 (summer; Ross et al., 2015; Ros et al., 2017). 

Additional measurements of pHT were made during each field trip at all locations using a 

Schott Handylab pH meter calibrated as per the methods in Ross et al., (2015).  

During each field trip, discrete seawater samples were collected from each site 

adjacent to where the corals were growing and filtered with 0.7-µm glass fibre filters 

(Whatman GF/F; Sigma Aldrich) and taken back to The University of Western Australia 

(UWA) for the analysis of Total Alkalinity (TA) and dissolved inorganic nutrients. 

Concentrations of dissolved ammonium (± 0.1 µM), nitrate + nitrite (± 0.05 µM), and 

phosphate (± 0.03 µM) were measured using a QuikChem8500 Series 2 Flow Injection 

Analysis (FIA) System (Lachat Instrument, USA). TA (± 5 µeq kg−1) was measured using a 

modified version of the spectrophotometric approach (Yao & Byrne, 1998). Salinity (± 0.1 

ppt) was measured using a handheld YSI Salinity Meter (Model 85, Taylor Scientific). 

Dissolved Inorganic Carbon (DIC), the partial pressure of dissolved carbon dioxide (pCO2), 

and seawater Ω were calculated from measured pHT, TA, and temperature using the CO2SYS 

program assuming seasonally dependent salinity (Lewis et al., 1998). Monthly satellite-

derived chlorophyll a was obtained from the Integrated Marine Observing System (IMOS, 

2018). Although remotely sensed chlorophyll a in shallow-water environments may be 

influenced by benthic reflectance or turbidity, it should capture relative seasonal changes and 

it has been used in other shallow-water reef studies (e.g. Hughes et al., 2017b).  

4.3.3! Coral calcification rates  

Calcification rates at all sites were measured on individual coral colonies using 

samples taken from the natural population. Coral branches or sections were collected by hand 

(using hammer and chisel) from replicate colonies (one branch/plate per colony) at each site. 

Samples were buoyantly weighed, epoxied onto acrylic plates (Z-SparTM Splash Zone 

Compound A-788), and then buoyantly re-weighed to determine the weight of the plate and 

marine epoxy. Each sample plate was then secured randomly onto an aluminium tripod 

weighted to the seafloor, located close to the parent colonies (Ross et al., 2015). The plated 

coral samples were first allowed to recover for ∼4 weeks in situ, and buoyantly re-weighed 

prior to the start of the seasonal experiment to ensure unbiased measurements of calcification 

during the first time point. At 1 to 4 month intervals, the coral samples on plates were then 
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detached from their support structures, transported to the shore on snorkel or scuba, and 

weighed using the buoyant weight technique (Bak, 1973; Jokiel et al., 1978) as per previous 

methods (Ross et al., 2015). The plastic plates were cleared of any additional growth of 

epilithic organisms before being weighed. All changes in weight were normalised to surface 

area using regressions between surface area and dry weight. To prevent sacrificing any living 

sample colonies growing on plates during the experiment, the surface area of each colony 

was calculated using regressions of total surface area versus dry skeletal weight created from 

a range of separately collected colonies of each species (Table A.3.1; Foster et al., 2014; 

Dandan et al., 2015). Using the surface area and calculated skeletal mass in air, the 

calcification rate in mg cm−2 d−1 was calculated according to:  

&&&&&&&&&&&&&&&&&&&&&&&&&&&&L;>= = &
2(pG − p<)
q(rG + r<)

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& (4.1) 

where Mf is the final mass, Mi is the initial mass, τ is number of days between 

weighing dates, Sf is the final surface area and Si is the initial surface area. In Coral Bay, 

calcification rates were measured on colonies of A. muricata (n = 9) and P. damicornis (n = 

9) at Site 1 and colonies of A. pulchra (n = 3), A. nasuta (n = 6) and S. pistillata (n = 7) at 

Site 2 (Figure 4.1b). Previously published calcification rates were measured using the same 

methodology (described above) on A. yongei (n = 16) and P. damicornis (n = 9) at Rottnest 

Island (Ross et al., 2015) and on T. reniformis in Bremer Bay (n = 21 at Site 1 and n = 14 at 

Site 2; Ross et al., 2018). 

4.3.4! Coral photo-physiology   

The maximal quantum yield of electron transport through photosystem II (Fv/Fm) was 

measured using a Diving-PAM (Walz, Germany) on the corals in Coral Bay (this study) and 

Bremer Bay only (Ross et al., 2018). The fibre optic probe on the PAM fluorometer was kept 

at a fixed distance (5 mm) using plastic tubing. Scuba diving could not be undertaken at night. 

The plated corals were retrieved from the field site before dusk and transported to the 

laboratory where they were kept overnight in temperature-controlled aquaria with pumps to 

provide flow and aeration, and fresh seawater maintained at ambient seawater temperatures. 

Measurements of Fv/Fm were performed after one hour of dark acclimation. The PAM settings 

used for each species were: measuring intensity (3), gain (3), saturation intensity (12), and 

signal width (0.8). During February 2017, measurements of Fv/Fm were made for each coral 
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replicate, but the data could not be downloaded due to instrument malfunction. However, 

visual inspection for each measurement taken confirmed that all Fv/Fm values recorded were 

above 0.55 (authors personal observations).  

Calcification rate and Fv/Fm measurements were made on plated coral colonies, while 

extension rates and geochemical measurements were made on separate colonies growing 

‘naturally’ (i.e. not on plates) to avoid invasive sampling (i.e. breakage and drilling) on the 

corals that were being used for calcification measurements. However, colonies used for both 

calcification rate and Fv/Fm measurements were located close by (i.e. within a 20-metre 

radius) to the colonies that were measured for linear extension and sampled for skeletal 

geochemistry. Calcification measurements were conducted on colonies from the same 

location and at the same time as when branches were collected from replicate colonies for 

the analysis of skeletal geochemistry. This field-based approach allowed the comparison of 

seasonal changes of in situ determined coral calcification rates with concomitant changes in 

seawater conditions (i.e. temperature and pH), together with the coral calcifying fluid 

composition. 

4.3.5! Geochemical analyses 

Samples of the coral species A. pulchra, A. nasuta, S. pistillata, A. muricata, and P. 

damicornis were collected from three naturally growing colonies (n = 3; 1 sample per colony) 

at their respective sites in Coral Bay, Ningaloo during each field trip (i.e. every 3 to 4 months 

for ~1.5 years). The previously described samples of A. yongei and P. damicornis were 

collected from four naturally growing colonies (n = 4; 1 sample per colony) at Salmon Bay, 

Rottnest Island (Ross et al., 2017) and from ten naturally growing colonies of T. reniformis 

(n = 10; 1 sample per colony) at two study sites in Bremer Bay during each field trip (i.e. 

every 1 to 4 months for ~2 years; Ross et al., 2018).  

We sampled the uppermost section of the apical tip (growing edge) of the skeleton 

based on measurements of linear extension rates. Powders derived from the sampled coral 

skeleton were cleaned by placing them in 6% NaOCl solution for 15 min, rinsed in MilQ 

water three times and then dried for 24 hr (Holcomb et al., 2015). Samples were then acidified 

in 0.58 N HNO3. All powders were processed in the clean laboratory of the Advanced 

Geochemical Facility for Indian Ocean Research (AGFIOR) at The University of Western 

Australia (UWA). Trace element analyses (B/Ca) were performed on aliquots of the acidified 
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samples using an X-Series 2 Quadrupole Inductively Coupled Plasma Mass Spectrometer 

(Q-ICPMS; Thermo Fisher Scientific). The extraction of boron from the acidified sample 

solutions was performed via paired cation-anion resin columns and analysed with a NU 

Plasma II (Nu Instruments, Wrexham, UK) multi-collector inductively coupled plasma mass 

spectrometer (MC-ICPMS) at UWA (McCulloch et al., 2014). Sample measurements 

bracketed by an in-house standard (~19.8‰) and blank measurements. The boron isotopic 

composition of the skeleton (δ11B) is reported as the per mil deviation of the stable isotopes 
11B:10B. The pHcf was derived from the measured skeletal boron isotope ("11B) values 

according to the following equation (Zeebe & Wolf-Gladrow, 2001): 

DEFG = D,H − JKL& M
(NOOPQR − NOOPF28S)

(THNOOPF28S − &NOOPQR + 1000&(TH − 1))
W& (4.2) 

where pKB is the dissociation constant of boric acid in seawater (Dickson, 1990) at 

the temperature and salinity of the seawater. "11Bcarb and "11BSW are the boron isotopic 

composition of the coral skeleton and average seawater (39.61‰), respectively, and αB is the 

isotopic fractionation factor (1.0272; Klochko et al., 2006). 

We estimate the concentration of carbonate ions in the calcifying fluid ([CO3
2-]cf) 

using molar ratios of boron to calcium (B/Ca) according to the following relationship 

(Holcomb et al., 2016; McCulloch et al., 2017): 

[!'(#)]FG = ,-
H/12 &×& [P('E)[)]FG ∕ (P/!")121\]  

 
(4.3) 

where [B(OH)4
-]cf is the concentration of borate in the calcifying fluid, and is pH-

dependent and thus derived from "11B, ,-
H/12 is the distribution coefficient for boron between 

aragonite and seawater (Holcomb et al., 2016) that has been re-fit as a function of [H+] 

(McCulloch et al., 2017), and (B/Ca)CaCO3 is the elemental ratio of boron to calcium measured 

in the coral skeleton. To estimate [B(OH)4
-]cf, we assume that the concentration of total 

inorganic boron in the calcifying fluid is only salinity dependent (Foster et al., 2010), and 

equal to that of the surrounding seawater (Lee et al., 2010). The ,-
H/12

 is calculated as a 

function of pHcf
 according to (McCulloch et al., 2017): 
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,-
H/12 = 0.00297 ∗ exp&(−0.0202 ∗ [E$]FG) (4.4) 

where [H+] in the calcifying fluid is estimated from the coral "11B derived pHcf and 

only varies by less than ± 3% over the range in which most coral pHcf are known to occur 

(8.3 to 8.6; McCulloch et al., 2012). A strong linear relationship exists between the derived 

[CO3
2-]cf (using Equation 4.4) and the known [CO3

2-]cf from abiotic experiments by Holcomb 

et al., (2016) (Figure. A.1.2; see DeCarlo et al., 2018b; Ross et al., 2017). The concentration 

of DICcf was then estimated from pHcf and [CO3
2-]cf (D’Olivo & McCulloch, 2017; McCulloch 

et al., 2017) using the CO2SYS program (Lewis et al., 1998). The systematic error in 

estimating [CO3
2-]cf and DICcf (JCP-1) corresponds to 48.8 µmol kg-1 and 149.05 µmol kg-1, 

respectively (DeCarlo et al., 2018b).  

Raman measurements were conducted on the samples from Ningaloo described here, 

and on the previously described samples from Rottnest Island following the analytical 

methods of DeCarlo et al., (2017). These are combined with published measurements on the 

Bremer Bay corals using the same methodology (Ross et al., 2018). Multiple grains from the 

powders were dispersed onto a glass slide and Raman spectroscopy measurements were made 

on a WITec Alpha 300RA+ with a 785 nm laser, 1200 mm-1 grating, Andor iDUS 401 CCD 

maintained at -60 °C, and a 20x objective with 0.5 numerical aperture. Replication was set 

to 100 spectra per sample (i.e. per coral individual). Some spectra had poor signal and were 

removed during data processing to ensure quality control. Additionally, some of the Rottnest 

Island and Bremer Bay samples did not have enough powder remaining after boron isotope 

analysis and those samples were excluded from Raman spectroscopy analysis. The aragonite 

ν1 peak of each spectrum was fit with a Gaussian curve and the resulting full width at half 

maximum intensity (FWHM) converted to Ω as per the methodology described in DeCarlo 

et al., (2017). Repeated measurements of the coral geochemical standard JCp-1 (mean Ωcf of 

12.3) were used to account for instrument drift between analysis days (corrections all < 0.6 

Ωcf units). The replicate FWHM measurements per coral individual were weighted by peak 

intensity when calculating Ωcf means. 

Finally, the [Ca2+]cf was inferred from Ωcf (Raman) and [CO3
2-]cf (boron systematics: 

"11B and B/Ca) according to the following relationship:  
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[!"#$]FG = &
ΩFG&,Qg
[!'(#)]FG

 (4.5) 

where K*
sp is the solubility constant for aragonite as a function of temperature and 

salinity, Ωcf is the saturation state of the calcifying fluid determined from Raman and [CO3
2-

]cf is the carbonate ion concentration of the calcifying fluid estimated from "11B and B/Ca 

(Equation 4.3).  

4.3.6! Statistical analyses 

Repeated measures analysis of variance (rANOVA) was previously conducted (Ross 

et al., 2018) to test for the effect of site on coral calcification rate, Fv/Fm, DICcf, pHcf, [CO3
2-

]cf, [Ca2+]cf, and Ωcf for T. reniformis at the replicate sites in Bremer Bay. Since T. reniformis 

calcification rates (F5,165 = 0.473, p = 0.796), Fv/Fm (F6,198 = 2.297, p = 0.060), DICcf (F6,48 = 

1.736, p = 0.133), pHcf (F6,48 = 0.831, p = 0.552), [CO3
2-]cf (F6,48 = 0.938, p = 0.477), [Ca2+]cf 

(F6,37 = 1.138, p = 0.315), and Ωcf (F6,37 = 1.023, p = 452) did not significantly differ between 

sites, the data for each parameter were pooled across sites for linear regression analyses 

conducted here.  

A one-way ANOVA with post-hoc tests were used to test for the effect of species 

and/or genus on coral photo-physiology, calcification rates, and coral calcifying fluid 

parameters. Linear regression models were used to examine relationships between 

environmental and coral calcifying fluid parameters, where colony was treated as a random 

factor, while reef site and species were treated as independent factors. The variance 

attributable to species, colony, and reef site was assessed by comparison of the r2 values of 

the model including these as factors (i.e. parallel lines between variables per species) to the 

model without this factor (i.e. a single line). Models were also compared using Akaike 

Information Criterion (AIC) scores. Multiple linear regression was then used to test the 

attribution of total variation in pHcf caused by a combination of key environmental metrics 

(light, pHsw, and temperature).  

Type II reduced major axis regressions were used for regression analysis between 

calcifying fluid parameters and calcification rates. Species were grouped according to genus 

for regression analyses and all environmental variables were timeoaveraged to reflect the 

same interval as the measured coral parameters. Before conducting analyses, we tested for 
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independence of observations (Durbin-Watson statistic), homoscedasticity in the variance of 

errors (Levene's statistic), and dependent variables were tested for normality (Shapiro-Wilk 

test). In this study, significance is defined as p < 0.05. Statistical analyses were performed 

using SPSS statistical software (IBM, Foster City, CA, USA) and MATLAB (The 

MathWorks, Natick, MA, USA). 

4.4! Results 

4.4.1! Environmental conditions  

Monthly averaged seawater temperatures ranged from 15.99° to 20.85°C in Bremer 

Bay 18.84° to 23.69°C (Figure 4.2a) at Rottnest Island (Figure 4.2b), and 21.60° to 26.95°C 

in Coral Bay (Figure 4.2c) giving a latitudinal range in temperature extremes of ~11°C. On 

average, monthly averaged PAR reaching the benthos ranged from 10 to 26 mol m−2 d−1 in 

Bremer Bay (kd = 0.06 to 0.07 m−1), 15 to 48 mol m-2 d-1 at Rottnest Island (kd = 0.05 to 0.08 

m−1), and 13.1 to 36.7 mol m−2 d−1 in Coral Bay (kd = 0.19 to 0.21 m−1; Figure 4.2 d-f). 

Chlorophyll a ranged from 0.07 to 1.21 mg m-3 at Bremer Bay, 0.41 to 0.95 mg m-3 at Rottnest 

Island, and 0.27 to 3.27 mg m-3 at Coral Bay. Chlorophyll a was therefore highest at the 

tropical location (Coral Bay) and lowest at the sub-tropical and temperate locations (Figure 

4.2 g-i). Diurnal measurements of ambient seawater pH showed that all field sites, except the 

Coral Bay Site 1 (lagoon: 7.96 to 7.99), generally had similar seasonal ranges in seawater pH 

irrespective of temperature (Bremer Bay: 8.05 in summer to 8.11 in winter, Rottnest: 8.03 in 

summer and 8.07 in winter, Coral Bay Site 2: 8.04 in summer to 8.10 in winter; Figure 4.3a-

c). Based on daytime water sampling, seawater DICcf was similar across all locations (~2000 

µmol kg-1; Figure 4.3) and seawater Ωar was 3.0 to 3.3 in Coral Bay, 3.3 to 3.9 at Rottnest 

Island, and 3.0 at Bremer Bay (Figure 4.3; Table A.3.2). Nutrient concentrations (total 

dissolved inorganic nitrogen and phosphate) were <1 µM (Table A.3.2) at all locations (see 

Ross et al., 2015, 2018 for Rottnest Island and Bremer Bay). 
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Figure 4.2. Time-series of (a-c) monthly average temperature, (d-f) monthly average 
photosynthetically active radiation (PAR) reaching the benthos, (g-i) satellite-derived chlorophyll a 
(chl a; IMOS., 2018; mean ± s.d.), and (j-l) rates of coral calcification (mean ± s.e.) at Bremer Bay 
(Ross et al., 2018; column 1), Rottnest Island (Ross et al., 2015; column 2), and Coral Bay (this study; 
column 3). Ningaloo PAR data obtained from AIMS (2018). Panels for each location have different 
y-axis scales to preserve the sub-annual resolution at each location.  

 

4.4.2! Coral photo-physiology  

Average Fv/Fm for each species varied seasonally, with the lowest values during 

September 2016 and November 2016 (0.51 to 0.63 depending on species) and the highest 

values during February and May 2016 (0.56 to 0.67; Table 4.1). Fv/Fm was positively 

correlated with seasonal changes in temperature for A. nasuta (r2 = 0.18, Root Mean Squared 

Error (RMSE) = 0.050 Fv/Fm, p = 0.02), A. muricata (r2 = 0.38, RMSE = 0.042 Fv/Fm, p < 

0.001), and P. damicornis (r2 = 0.28, RMSE = 0.033 Fv/Fm, p < 0.001; Figure A.3.1). Fv/Fm 

was negatively correlated with light for S. pistillata (r2 = 0.26, RMSE = 0.035 Fv/Fm, p = 

0.002; Figure A.3.1). However, Fv/Fm was maintained above 0.50 for all species in Coral Bay 
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(Table 4.1). Average Fv/Fm for T. reniformis at Bremer Bay ranged from 0.45 to 0.65 (low 

Fv/Fm occurred during unusually cold El Niño winter) and was negatively correlated with light 

(r2 = 0.37, RMSE = 0.050 Fv/Fm, p = 0.027), but followed a nonlinear (polynomial) response 

to temperature (r2 = 0.56, p = 0.012; Ross et al., 2018). 

Table 4.1. Time series of photochemical efficiency (Fv/Fm) for (a) Acropora pulchra, (b) Acropora 
muricata, (c) Acropora nasuta, (d) Pocillopora damicornis, and (e) Stylophora pistillata (mean ± 
SE) in Coral Bay, Western Australia. *Asterisks denote time point where measurements were taken 
and PAM memory failure occurred but all measurements were above 0.55 (authors observations). 

 
 

4.4.3! Coral calcification rates  

Average rates of calcification differed significantly with genus (F6,635 = 245.81, p < 

0.001). Turbinaria and Pocillopora generally showed slower rates of calcification (< 1 mg 

cm-2 d-1), while Acropora and Stylophora were faster calcifiers (~1 to 2 mg cm-2 d-1; Figure 

4.2 j-l). On seasonal timescales, there were positive trends between species-specific average 

calcification rates and temperature for A. muricata and A. pulchra. However, calcification 

rates were not positively correlated with temperature for T. reniformis, A. yongei, P. 

damicornis, A. nasuta, and S. pistillata (Table A.3.3). Moreover, seasonal calcification rates 

did not conform to patterns of conceptual nonlinear polynomial temperature-growth curves 

(Figure 4.2). When grouped by genus, calcification rates showed a significant negative 

relationship with latitudinal changes in temperature for Pocillopora (r2= 0.253, RMSE = 

0.201 mg cm-2 d-2, p = 0.047; Figure 4.2) and Acropora (r2= 0.225, RMSE = 0.328 mg cm-2 

d-2, p = 0.011; Figure 4.2).  

On seasonal timescales, species-specific average calcification rates showed no 

relationship with light (i.e. PAR reaching benthos) for S. pistillata, P. damicornis, A. yongei, 

A. muricata, and A. pulchra. Calcification rates were negatively correlated with light for A. 

nasuta and T. reniformis (Table A.3.3; Figure 4.6b). When grouped by genus, calcification 

rates showed no relationship with latitudinal changes in light for Pocillopora (r2= 0.048, 
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RMSE = 0.227mg cm-2 d-2, p = 0.414; Figure 4.6b) and Acropora (r2= 0.002, RMSE = 0.373 

mg cm-2 d-2, p = 0.814; Figure 4.6b). Calcification rates were positively correlated with 

chlorophyll a concentration for T. reniformis in Bremer Bay (r2 = 0.53, RMSE = 0.07, p < 

0.003), but were not positively correlated with chlorophyll a concentration for the coral 

species at Rottnest Island and Coral Bay. 

4.4.4! Coral calcifying fluid composition 

On average, the "11B compositions varied by 4.93‰ from north to south along the 

WA coastline (i.e. 20.25‰ to 25.18‰; Figure A.3.2) and showed a significant negative 

correlation with temperature (r2 = 0.54, Root Mean Squared Error (RMSE) = 0.81‰, p < 

0.001, n = 33 colonies). Mean "11B-derived pHcf along the 11°C latitudinal gradient (and 

among four coral genera) and decreased with increasing temperature (seasonally and with 

latitude) such that the tropical corals at Coral Bay had lower pHcf (~8.23 to 8.45 at ~22° to 

27°C) than the subotropical corals at Rottnest Island (~8.4 to 8.6 at ~19° to 24°C) and Bremer 

Bay (~8.5 to 8.65 at ~16 to 21°C; Figure 4.3a-c). Given that seasonal range in seawater pH 

were similar across all locations (except for Coral Bay Site 1), biological pH upregulation 

(i.e. ΔpHcf = pHcf - seawater pH) was negatively correlated with temperature (r2 = 0.57, 

RMSE = 0.050, p < 0.001, n = 33 colonies) whereby ΔpHcf was highest in Bremer Bay (0.40 

to 0.55) and lowest in Coral Bay (0.20 to 0.45 depending on season and species). 

Temperature explained the most variance in coral pHcf (F2, 286 = 272.91, p < .0005; r2 

= 0.66; also see Table A.3.4) and the addition of pHsw and light did not explain any additional 

variation in the model (F4, 285 = 139.56, p < .0005; r2 = 0.66). Including species, site, and 

colony as a factor in the linear models for pHcf also explained minimal additional variance 

(Table A.3.4). In addition to genus-specific relationships, the combined multispecies 

relationship between pHcf and temperature is shown (r2 = 0.72, RMSE = 0.06, p < 0.001, n = 

33; Table A.3.5; Figure 4.4a). The gradient between seasonally varying temperature and pHcf 

differed between locations. Separate regressions for each location showed that there was a 

steeper slope in pHcf per 1°C seasonal change in temperature at both high-latitude locations 

(i.e. 0.03 to 0.04 units at Bremer Bay and Rottnest Island) compared to the tropical location 

(0.01 to 0.02 units at Coral Bay; Table A.3.6). 
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Figure 4.3. Time series of (a-c) pHcf, (d-f) DICcf, (g-i) [CO3

2-]cf, (j-l) [Ca2+]cf, and (m-o) Ωcf for the 
coral calcifying fluid (cf). Equivalent values for seawater are shown with red crosses. Values 
represent mean ± 1 s.e for calcifying fluid (cf) parameters. No shading denotes summer, and light 
blue shading denotes winter. Study locations from left to right are: Bremer Bay, Rottnest Island, and 
Coral Bay (Ningaloo Reef). 

 

DICcf ranged from 2900 to 4600 µmol kg-1 and was substantially elevated relative to 

ambient seawater by a factor of 1.4 to 2.3 depending on location, season, and species (Figure 

4.3 d-f). Acropora and Stylophora (‘faster’ calcifiers) generally showed higher internal DIC-

upregulation (DICcf/DICsw) compared to Pocillopora and Turbinaria (‘slower’ calcifiers; 

Figure 4.4b). Changes in DICcf were not consistently dependent on temperature and/or light 

(Table A.3.5, Table A.3.7). In Bremer Bay, DICcf for T. reniformis was lower during the first 

winter period and anomalously high during the second winter period and thus there was 

minimal seasonal coherency in DICcf (Figure 4.3d). At Rottnest Island, DICcf for A. yongei 

followed seasonal changes in light but not temperature, while DICcf for P. damicornis 
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followed seasonal changes in both temperature and light (Figure 4.3e). There was minimal 

seasonal coherency in DICcf for the coral species in Coral Bay (A. muricata, A. nasuta, A. 

pulchra, P. damicornis, and S. pistillata; Figure 4.3f); however, there is a long phase lag 

between seasonal temperature and light (approx. 4 months) at this location.  

Skeletal ratios of boron to calcium (B/Ca) corresponded to average [CO3
2-]cf that 

ranged from 439 to 1031 µmol kg-1 and was elevated above seawater for all coral species 

(Figure 4.3g-i). [CO3
2-]cf was negatively correlated with temperature (Table A.3.5; Figure 

4.4c), but generally showed no correlation with light (Table A.3.7). On average, [Ca2+]cf 

ranged from 6.76 to 12.95 mmol kg-1 (Figure 4.3j-l), which corresponded to values that 

ranged from 0.68 to 1.24 when normalised to seawater Ca2+ (i.e. [Ca2+]cf/[Ca2+]sw). [Ca2+]cf 

was as much as 30% lower than seawater values (depending on species and location), while 

approximately 10% of values corresponded to [Ca2+]cf/[Ca2+]sw that were elevated above 

seawater (i.e. [Ca2+]cf/[Ca2+]sw > 1). [Ca2+]cf/[Ca2+]sw was generally higher in the tropics (0.83 

to 1.24) compared to the sub-tropical and temperate locations (0.66 to 0.98) and thus showed 

a positive relationship with temperature for all species combined (Table A.3.5). 

[Ca2+]cf/[Ca2+]sw was positively correlated with light for T. reniformis and  negatively 

correlated with light for P. damicornis (Table A.3.7). Finally, !cf was ~3x to 4x higher than 

ambient seawater and ranged from just 9.5 to 12.5 depending on species and location (Figure 

4.3m-o).  
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Figure 4.4. (a) Calcifying fluid pH, (b) DICcf/DICsw, (c) [CO3

2–]cf, and (d) Ωcf plotted against seawater 
temperature for corals growing at Coral Bay (this study), Rottnest Island, and Bremer Bay (Ross et 
al., 2018) (mean ± SE). Significant (p < 0.05) correlations are indicated with asterisks.  
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Figure 4.5. [CO3

2–]cf plotted against pHcf, and (b) [Ca2+]cf/[Ca2+]sw plotted against pHcf for corals 
growing at Coral Bay (this study), Rottnest Island (Ross et al., 2017), and Bremer Bay (Ross et al., 
2018) (mean ± SE). Significant (p < 0.05) correlations are indicated with asterisks.  

 

There were significant species-specific correlations between pHcf and DICcf/DICsw for 

all species except for S. pistillata and A. pulchra (Figure A.3.3b; Table A.3.8). [CO3
2-]cf was 

positively correlated with pHcf in all coral genera except Turbinaria (Figure 4.5a), while 

[Ca2+]cf/[Ca2+]sw was negatively correlated with pHcf for all coral genera (Table A.3.9; Figure 

4.5b). Coral calcification rates were positively correlated with both pHcf and [CO3
2-]cf (Figure 

4.6c-d). Higher calcification rates generally resulted in declines in [Ca2+]cf and there was a 

significant negative relationship between rates of calcification and [Ca2+]cf/[Ca2+]sw (Figure 

4.6e). There were no significant relationships between Ωcf and calcification rates (Figure 4.6f; 

Table A.3.10) or between DICcf/DICsw and calcification rates (Figure A.3.3a; Table A.3.10).  
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Figure 4.6. Sensitivity of coral calcification rates to (a) temperature (juxta positioned with conceptual 
site-specific nonlinear polynomial temperature growth curves; RI = Rottnest Island and CB = Coral 
Bay), (b) photosynthetically active radiation (PAR), (c) pHcf, (d) [CO3

2–]cf, and (e) [Ca2+]cf/[Ca2+]sw, 
and (f) Ωcf for corals growing at Coral Bay (this study), Rottnest Island, and Bremer Bay (Ross et al., 
2018) (mean ± SE). Significant (p < 0.05) correlations are indicated with asterisks. 

 

4.5! Discussion  

4.5.1! Mechanisms and drivers of coral calcification  

Here we demonstrate that trends in calcification rates within a single genus and/or 

species can be explained by the corals’ ability to modulate their internal chemistry, such that 

changes in coral calcification rates primarily depend on pHcf and [CO3
2-]cf (in conjunction 

with temperature and DICcf). Corals growing in cooler climates show higher pHcf relative to 

tropical corals (0.42 pH units; Figure 4.4a) and pHcf works together with the seasonally 

varying DICcf (McCulloch et al., 2018, 2017) to optimise [CO3
2-]cf at species- and/or genus-

dependent levels (Figure 4.6d). There is a lower temperature dependence on pHcf (i.e. slope) 

in the tropical corals (0.01 to 0.02 pHcf unit change per °C depending on species) compared 

to the sub-tropical and temperate corals (0.03 to 0.04 pHcf unit change per °C). The elevation 
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of pHcf above seawater pH (#pHcf) is larger for temperate (approx. 0.44 to 0.55 pHcf units) 

and sub-tropical corals (approx. 0.30 to 0.55 pHcf units) growing in cooler conditions 

compared to the tropical corals (~0.20 to 0.44 pHcf units). While different species were 

investigated at each location, this shift in pHcf is indicative of a ubiquitous mechanism for 

symbiotic corals to acclimatize and/or adapt to their localised thermal regimes. Our results 

further show that curve-shaped seasonal temperature growth responses due to localised 

acclimation (e.g. for Galaxea spp. and Acropora dowingi; Marshall & Clode, 2004; Vajed 

Samiei et al., 2016) and the positive relationship between temperature and calcification rates 

along tropical temperature gradients (e.g. for Montastraea and Porites; Carricart-Ganivet, 

2004; Lough & Barnes, 2000; Lough et al., 2016; Norzagaray-López et al., 2014) may be 

species- and location-specific and not generally applicable to all coral genera, particularly 

those whose range extends to sub-tropical environments.  

4.5.2! Effects of temperature on calcifying fluid pH 

Previous studies have shown a temperature-dependence on pHcf on seasonal 

timescales such that higher pHcf in winter (approx. 0.1 to 0.2 units) compensates for declines 

in the metabolism of the symbionts that play an important role in the light and/or temperature 

driven supply of DIC in the form of metabolic CO2 to the coral (McCulloch et al., 2017, 2018; 

Ross et al., 2017). Seasonal changes in pHcf may also compensate for the reduced temperature 

dependent kinetics of aragonite precipitation, given by G = k(Ωcf – 1)n where k is the rate law 

constant and n is the order of the reaction. The physiological benefit to regulating pHcf is 

higher [CO3
2-]cf for calcification and increased stability of chemical conditions in the 

calcifying fluid, which can result in less seasonally variable calcification rates (McCulloch 

et al., 2017; Ross et al., 2017). The negative relationship between seasonal temperature and 

"11B-derived pHcf is, however, inconsistent with previous controlled aquaria studies, which 

have found a positive relationship between temperature and "11B (Dissard et al., 2012) and 

no influence of temperature on "11B (Reynaud et al., 2004).  

Our results show a negative relationship between temperature and "11B-derived pHcf, 

not only on seasonal timescales, but also across an 11° latitudinal gradient in temperature and 

for a range of species growing in different natural environments. We recognise however, that 

not all species were present at all locations and species-specific variability exists along the 

latitudinal temperature gradient. While the species investigated at different locations in this 
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study may be phylogenetically different, we found that temperature-pHcf trends exist within 

the same species at each location in response to seasonal changes in temperature and for the 

same species growing at two different locations spanning a latitudinal temperature gradient 

of approximately 9°C (i.e. P. damicornis at Rottnest Island and Coral Bay; Figure 4.4a). This 

indicates that the response of pHcf to temperature is likely a more general mechanism for 

symbiotic corals to maintain more stable chemical conditions in the calcifying fluid and to 

adapt or acclimatize to their localised thermal regimes. 

Consistent with previous studies, pHcf was generally counter-regulated with DICcf 

(Cornwall et al., 2018; D’Olivo & McCulloch, 2017; McCulloch et al., 2017; Ross et al., 

2017; Schoepf et al., 2017) thereby maintaining a tightly controlled chemical composition in 

the calcifying fluid at species-dependent levels (McCulloch et al., 2017). Accordingly, 

changes in coral pHcf up-regulation could be a mechanism aimed at maximising and 

stabilising both !cf and calcification rates. If this were the case, the species and location-

dependent change in pHcf with temperature may be attributed to the temperature dependence 

on !cf (i.e. where Ksp is temperature and salinity dependent) and aragonite precipitation rates 

(where k and n are temperature-dependent). In other words, lower pHcf in the tropics may 

contribute to achieving the same !cf and/or calcification rates as higher pHcf at high-latitude. 

Here, the change in Ksp with the 11°C decrease in temperature with increasing latitude was 

partially offset by changes in salinity (36 ppt at Coral Bay to 37.4 ppt at Bremer Bay). 

Moreover, the calcification rates for P. damicornis growing at Rottnest Island were almost 

two-fold higher than those at Coral Bay, despite having similar !cf (i.e. !cf of 11 ± 1.5). 

These findings suggest that the modulation of pHcf with temperature can achieve a threshold 

!cf, but does not necessarily result in the same calcification rates across latitude.  

Another explanation for the observed changes in pHcf (8.23 to 8.65; 0.42 pHcf units) 

is the influence of temperature alone on pH that is independent of biological influence 

because the carbonic acid equilibrium constants change with temperature. This would 

account for a 0.17 unit change in pH and thus a portion (approx. 42%) of the pHcf response 

across the 11°C temperature range (both between and within species), but the remaining 

variance is likely attributable to biological influences. The influence of salinity explains only 

a 0.02 pHcf unit change and is therefore very minor (i.e. <5%) compared to the change in 

pHcf. Additionally, there is a temperature dependence of boron speciation in seawater. 
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However, this was accounted for by applying a temperature correction to the temperature-

dependent dissociation constant (pKB) of Dickson (1990). Both the B/Ca and Raman-!cf 

proxies were found to be insensitive to temperature at 20 to 40°C (DeCarlo et al., 2017; 

Holcomb et al., 2016) and it is therefore unlikely that the pHcf response resulted from a 

temperature-dependence in the other calcifying fluid parameters.  

4.5.3! Potential effects of other factors on calcifying fluid pH and calcification rates 

An additional factor to consider is the influence of seawater pH on pHcf. Given that 

the calcifying fluid is not completely isolated from seawater, the external seawater pH can 

influence pHcf (Comeau et al., 2017; Holcomb et al., 2014; Hönisch et al., 2004; Krief et al., 

2010; McCulloch et al., 2012; Trotter et al., 2011; Venn et al., 2013) and rates of calcification 

(e.g. Comeau et al., 2018; Jokiel et al., 2008). Experimentally derived changes in coral pHcf 

are usually equal to approximately one-third to one-half of those in seawater pH (Trotter et 

al., 2011, McCulloch et al., 2012; Venn et al., 2013). However, field studies have 

demonstrated that seasonal changes in pHcf (0.15 to 0.2 pH units) can be ~3 times higher 

(rather than the expected 0.5x higher) than seasonal changes in seawater pH (i.e. ~0.06 pH 

units; McCulloch et al., 2017; Ross et al., 2017). Rottnest Island, Bremer Bay, and Coral Bay 

(Site 2) generally showed similar seasonal ranges in seawater pH. However, the latitudinal 

range in seawater pH measured across all locations was ~0.14 units due to the lower seawater 

pH at Site 1 in Coral Bay (i.e. 7.96 to 7.99). Based on seawater pH alone and the previously 

observed sensitivity of pHcf to seawater pH in laboratory studies, we would expect changes 

in pHcf across the latitudinal gradient to be just ~0.05 to 0.07. Instead, the measured ranges 

in pHcf were ~3 times higher (i.e. 0.42 pHcf units) than the latitudinal range in seawater pH 

(~0.14 units) suggesting that the relatively small changes in seawater pH were unlikely the 

driver of the pHcf change along the latitudinal temperature gradient. 

Possible stress caused by warmer temperatures during the summer months at the 

tropical sites could explain the reduction in pHcf and the decreased sensitivity of coral 

calcification rates to changes in temperaure (D’Olivo & McCulloch, 2017; Foster et al., 

2014). However, measurements of Fv/Fm at the warmest location (Coral Bay) showed no signs 

of chronic photo-inhibition at any time throughout the study and therefore do not support this 

hypothesis. Temperatures at the depth where our experimental corals were growing in Coral 

Bay (2 to 3 metres) did not exceed their maximum monthly mean (MMM) of 27.4°C (Le 
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Nohaïc et al., 2017) and no visible signs of bleaching (i.e. paling due to loss of photosynthetic 

pigments and/or symbionts) were observed throughout the study (authors© observations). 

These multiple lines of evidence demonstrate that thermal stress was not the main cause of 

the observed changes in pHcf and temperature-growth trends. While T. reniformis in Bremer 

Bay showed significant El Niño-driven cold stress during the 2016 winter (Fv/Fm: 0.47 ± 

0.01), the low Fv/Fm did not correspond to significantly lower calcification rates (Ross et al., 

2018).  

Heterotrophic feeding can influence the capacity of different coral species to regulate 

their internal carbonate chemistry and rates of calcification (Houlbrèque & Ferrier-Pagès, 

2009; Maier et al., 2016). A positive correlation between calcification rates and chlorophyll 

a (as a proxy for food availability) has been demonstrated previously (Courtney et al., 2017; 

Lough et al., 2016; Miller, 1995) and unexpected temperature-growth patterns have been 

attributed to possible changes in food availability (Goffredo et al., 2008). Here, the 

concentration of chlorophyll a was higher during winter compared to summer and positively 

correlated with calcification rates for T. reniformis in Bremer Bay (Figure 4.2). This 

increased food availability during winter may have thus contributed to the higher pHcf and 

calcification rates for T. reniformis during winter by providing the energy required for key 

calcification processes, including proton removal, calcium ‘pumping’, organic matrix 

synthesis, and tissue growth (Houlbrèque & Ferrier-Pagès, 2009; Rodolfo-Metalpa et al., 

2008).  

4.5.4! Coral calcification model 

We build upon the calcification model that was previously developed based on corals 

growing at high-latitude (Ross et al., 2018; Figure 4.7b) whereby changes in calcification 

rates are primarily driven by pHcf and [CO3
2-]cf. New geochemical results from sub-tropical 

and tropical locations along the WA coastline are consistent with this model (Figure 4.7b) in 

that changes in calcification rates can be largely explained by the up-regulation of pHcf. For 

instance, pHcf up-regulation. For instance, pHcf up-regulation (removal of H+; Figure 4.7b) 

increases the diffusion of metabolic CO2 into the calcifying fluid (Figure 4.7b; Cohen & 

McConnaughey, 2003). Metabolic CO2 is likely converted into bicarbonate using carbonic 

anhydrase and active transport using bicarbonate transporters may also occur (Zoccola et al., 

2015). Higher pHcf causes a shift in the equilibrium of DIC in favour of CO3
2- over 
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bicarbonate (HCO3
-) (Figure 4.7b), thereby raising the availability of CO3

2- and temporarily 

raising !cf (Figure 4.7b) to promote biomineralization (Cohen & McConnaughey, 2003; 

McCulloch et al., 2017; Ries, 2011; Sinclair, 2005). However, increases in pHcf do not appear 

to increase total DICcf but rather [CO3
2-]cf only, demonstrating that there are limits to the 

elevation of [CO3
2-]cf by pHcf up-regulation alone. 

While [Ca2+]cf is often assumed to remain at values approximately equal to that of 

seawater [Ca2+], we found that [Ca2+]cf can depart from seawater levels with increasing rates 

of calcification (Figures 4.6e, 4.7b). These results provide further support that [Ca2+]cf can be 

up-regulated above seawater in some coral species (i.e. Stylophora pistillata, Pocillopora 

damicornis and Galaxea fascicularis; Al-Horani et al., 2003; DeCarlo et al., 2018a; see 

Figure 4.6e). However, in some species [Ca2+]cf can also be up to ~30% lower than seawater 

as it is depleted from the calcifying fluid during calcification (Figure 4.6e) and thus there 

could be a species-specific ‘trade-off’ between rapid rates of calcification (high pHcf and 

depletion of [Ca2+]cf) and OA resistance via the up-regulation of [Ca2+]cf (also see DeCarlo et 

al., 2018a). Higher !cf due to increased [CO3
2-]cf is counter-balanced through the depletion 

of [Ca2+]cf during calcification. This results in a relatively ‘stable’ yet elevated !cf that falls 

within a relatively narrow range (11 ± 1.5 across all sites and species; Figure 4.7b) and a 

decoupling between !cf and rates of calcification can occur (Figure 4.6f). This is consistent 

with previous studies showing that a relatively ‘stable’ yet elevated threshold !cf inside the 

coral calcifying fluid is likely a pre-requisite for calcification (D’Olivo & McCulloch, 2017; 

McCulloch et al., 2017; Schoepf et al., 2017). During periods of lower calcification rates 

there is an increase in [Ca2+]cf that is consistent with less Ca2+ being depleted from the 

calcifying fluid during the calcification process (Figure 4.6e) indicating that [Ca2+]cf is not a 

limiting component of the calcification process. This is not surprising given that [Ca2+]cf is 

an order of magnitude larger (~7 to 13 mmol kg-1) than [CO3
2-]cf (~0.4 to 1.0 mmol kg-1).  

Throughout the calcification process [Ca2+] must be replenished to maintain 

biomineralization (Figure 4.7b). A number of different pathways exist for transporting 

calcium to the calcifying fluid (e.g. ATPase Ca2+–H+ exchange, Ca-channels, Ca2+/Na+ 

exchange, HCO3
- pumps, passive/paracellular transport, amorphous calcium carbonate; Al-

Horani et al., 2003; Gagnon et al., 2012; Hohn & Merico, 2015; Jokiel, 2011; Mass et al., 

2017; McConnaughey & Whelan, 1997; Ries, 2011). However, the ATPase Ca2+–H+ 
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exchange whereby two calcium ions are exchanged with two protons across the cell 

membrane is generally considered the primary mechanism to up-regulate both [Ca2+]cf and 

pHcf (Al-Horani et al., 2003;Allemand et al., 2004; Cohen & McConnaughey, 2003; Zoccola 

et al., 1999). Faster calcification is linked to greater ion pumping and therefore should 

correspond to higher [Ca2+]cf (Sinclair, 2005). However, we found that [Ca2+]cf was lowest 

when pHcf (and calcification rates) were highest (Figures 4.5b, 4.6e), which suggests that 

mechanisms other than the ATP-ase driven exchange of H+ for Ca2+ must be involved in the 

supply of Ca2+ (e.g. listed above) and/or up-regulation of pHcf (Hohn & Merico, 2015).  

 

 
Figure 4.7. Schematics of (a) coral calcification mechanisms (McConnaughey & Whelan, 1997; 
Cohen & McConnaughey, 2003; Allemand et al., 2004; McCulloch et al., 2017) that occur within an 
extracellular calcifying fluid located between the subcalicoblastic cells and the skeleton with fluid, 
and (b) calcification process (modified from Ross et al., 2018). In this basic calcification model, coral 
pH up-regulation occurs via the pumping of H+ out of the calcifying fluid, promoting the diffusion of 
metabolic CO2 from the mitochondria (M) into the calcifying fluid (Sinclair, 2005; McCulloch et al., 
2012). CO2 is converted into bicarbonate using carbonic anhydrase (CA) producing additional H+, and 
active transport using bicarbonate anion transporters (BAT) also occurs (Zoccola et al., 2015). 
Metabolic CO2 is also supplied to the symbionts (Z) (Furla et al., 2000; Zoccola et al., 2015). pH up-
regulation shifts the equilibrium of DIC in favour of carbonate (CO3

2-) relative to bicarbonate (HCO3
-

), producing additional H+. Calcification occurs and Ca2+ is depleted from the calcifying fluid, thereby 
causing a decrease in Ωcf. Multiple mechanisms of calcium transport may operate to re-supply Ca2+ 
(Zoccola et al., 1999; Al-Horani et al., 2003; Allemand et al., 2004). 
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4.5.5! Conclusions: Implications for coral calcification under future climate change  

In summary, we present new evidence that changes in net rates of calcification along 

a latitudinal temperature gradient can be driven by the up-regulation of pHcf and [CO3
2-]cf (in 

conjunction with temperature and DICcf). The physiological modulation of pHcf responds 

systematically to temperature and works together with DICcf (McCulloch et al., 2017) to 

increase the availability of CO3
2- and maintain stable chemical conditions in the calcifying 

fluid. The trend between pHcf and temperature can be attributed to a number of processes 

such as: (a) species- and/or genus-specific adaptation and/or acclimatization to localised 

thermal regimes, (b) the non-biological influence of temperature on pHcf, and (c) the 

temperature-dependence of !cf. In addition to responding to seawater pH (Holcomb et al., 

2014; McCulloch et al., 2012; Trotter et al., 2011), pHcf can thus be influenced by other 

factors (i.e. temperature) and caution is reccomended when interpreting the effects of OA on 

pHcf under different temperature regimes.  

Coral calcification rates were not positively correlated with temperature in the two 

high-latitude reefs, nor along a latitudinal temperature gradient of 9°C (between Coral Bay 

and Rottnest Island) in WA, indicating that ocean warming during winter and at high-latitude 

may not necessarily accelerate coral calcification rates. Further exploration is required to 

decipher why some corals show a positive or curve-shaped temperature-growth relationship 

while others do not. This knowledge will provide a broader framework for assessing the 

response of coral calcification to future ocean warming, particularly given that some corals 

are likely to continue to extend their distributions pole-wards as the tropical and sub-tropical 

zones of the ocean expand due to increasing temperatures (Poloczanska et al., 2016; Yamano 

et al., 2011).  

While high-latitude zones are expected to be the first and worst affected by OA due 

to the already relatively low seawater ! at high-latitude (Orr et al., 2005; van Hooidonk et 

al., 2014), our results show that corals from a range of environments (i.e. tropical to temperate 

surface waters) can regulate their pHcf (and potentially calcification rates), such that corals at 

high-latitude show a greater extent of pH up-regulation than their tropical counterparts (i.e. 

~8.5 to 8.65 at high-latitude and ~8.23 to 8.45 in the tropics). This substantial elevation in 

pHcf relative to seawater pH (i.e. #pHcf: ~0.44 to 0.55 at high-latitude and ~0.20 to 0.44 in 
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the tropics), together with an elevation in DICcf across multiple coral species, varies with 

temperature temporally (seasonally) and spatially (with latitude) and is likely to be a critical 

factor in determining both spatial and species-specific variability in the sensitivity of corals 

to OA (Comeau et al., 2018; McCulloch et al., 2012, 2017).  

Further studies of coral pHcf and Ca2+ up-regulation across a wide range of Indo-

Pacific coral genera are required to better establish how the response of coral calcification 

rates to the combined effects of future OA and warming will vary geographically. Finally, 

coral bleaching due to marine heatwaves is currently the foremost threat to coral reef survival 

(Hoegh-Guldberg et al., 2017, Hughes et al., 2017b), especially given that the capacity to 

maintain relatively high pHcf is impaired in thermally stressed corals with resultant declines 

in calcification rates (D’Olivo & McCulloch, 2017). The future vitality of coral reefs 

ultimately depends on the success of global efforts to rapidly and substantially reducing CO2 

emissions to reduce the impacts of ocean warming and OA. 
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A.3  ! Appendix for Chapter 4 

Note, this section is arranged to coincide with the order it is referenced in the above 

text (Chapter 4); this is different from the format in which it was submitted to Global Change 

Biology.  

Table A.3. 1. Regression statistics for the species-specific surface area versus weight calibrations. 
Calibrations in this study were fitted with a non-linear regression in the form of SA = m x dry 
weight(g)b for P. damicornis and A. yongei, and all other species were fitted with linear regression in 
the form SA(cm-2) = m× dry weight(g) + b. 
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Table A.3. 2. Seasonal averages of light, temperature and biogeochemical seawater (sw) data 
measured at the back reef and the lagoon in Coral Bay, Ningaloo, WA between 2015 and 2017. pHT 
is the pH on the total hydrogen ion concentration scale, Ωsw is aragonite saturation state, and DIC is 
dissolved inorganic carbon. Measurements of individual discrete samples of seawater are presented 
as mean ± SE. Continuous (10-minute sampling interval) measurements of temperature, light and pH 
are presented as the mean only. Summer (1-November to 30-April) and winter (1-May to 31-October) 
are defined based on seasonal changes in light and temperature at Coral Bay. 
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Table A.3. 3. Results of separate species-specific linear regression between calcification rates (g-
rate), temperature, and photosynthetically active radiation (PAR) for Pocillopora damicornis, 
Turbinaria reniformis, Acropora pulchra, Acropora muricata, Acropora nasuta, Acropora yongei, 
and Stylophora pistillata. Significant (p < 0.05) relationships are indicated in bold.  
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Table A.3. 4. Aikike Information Criterion (AIC) scores and r2 values for the comparison of linear 
regression models for variables influencing pHcf (temperature, DICcf, light and seawater pH) including 
the factors of site, species and colony. 
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Table A.3. 5. Results of linear regression for Pocillopora damicornis, Turbinaria reniformis, 
Acropora spp. (i.e. A. pulchra, A. muricata, A. nasuta, A. yongei), and Stylophora pistillata. 
Regressions are grouped by genus but include overlap between locations. Significant (p < 0.05) 
correlation between calcifying fluid parameters and temperature are indicated in bold. 
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Table A.3. 6. Results of separate location-specific linear regression (in the form pHcf = m× T(°C) + 
b) between pHcf and temperature for Bremer Bay (Turbinaria reniformis), Rottnest Island 
(Pocillopora damicornis and Acropora yongei), and Coral Bay (Acropora pulchra, Acropora 
muricata, Acropora nasuta, Pocillopora damicornis, and Stylophora pistillata. Significant (p < 0.05) 
relationships are indicated in bold.  
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Table A.3. 7. Results of linear regression between calcifying fluid parameters and photosynthetically 
active radiation (PAR) for Pocillopora damicornis, Turbinaria reniformis, Acropora spp. (i.e. A. 
pulchra, A. muricata, A. nasuta, A. yongei), and Stylophora pistillata. Regressions are grouped by 
genus and include overlap between locations. Significant (p < 0.05) relationships are indicated in 
bold.  
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Table A.3. 8. Results of separate species-specific linear regression for Pocillopora damicornis, 
Turbinaria reniformis, A. pulchra, A. muricata, A. nasuta, A. yongei), and Stylophora pistillata. 
Significant (p < 0.05) correlation between DICcf /DICsw and pHcf are indicated in bold. 
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Table A.3. 9. Results of genus-specific linear regression for Pocillopora damicornis, Turbinaria 
reniformis, Acropora spp. (i.e. A. pulchra, A. muricata, A. nasuta, A. yongei), and Stylophora 
pistillata. Significant (p < 0.05) correlation between DICcf, [CO3

2-]cf, and [Ca2+]cf /[Ca2+]sw with pHcf 
are indicated in bold.  
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Table A.3. 10. Results of linear regression for Pocillopora damicornis, Turbinaria reniformis, 
Acropora spp. (i.e. A. pulchra, A. muricata, A. nasuta, A. yongei), and Stylophora pistillata. 
Regressions are grouped by genus but include overlap between locations. Significant (p < 0.05) 
correlation between temperature, PAR, pHcf, [CO3

2-]cf, [Ca2+]cf /[Ca2+]sw, and !cf versus rates of 
calcification (G-rate) are indicated in bold. 
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Figure A.3.1. Sensitivity of photochemical efficiency (Fv/Fm) to (a) temperature, and (b) 
photosynthetically active radiation (PAR) for the coral species Acropora pulchra, Acropora nasuta, 
Stylophora pistillata, Pocillopora damicornis and Acropora muricata in Coral Bay, Western 
Australia. Values represent the mean ± 1 SE. Regression lines represent significant linear 
relationships. 
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Figure A.3.2. Relationship between "11B and temperature for corals growing at Coral Bay (this 
study), Rottnest Island (Ross et al., 2017), and Bremer Bay (Ross et al., 2018), in Western Australia. 
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Figure A.3.3. Sensitivity of (a) calcification rates to DICcf/DICsw, and (b) pHcf to DICcf/DICsw for 
corals growing at Coral Bay (this study), Rottnest Island (Ross et al., 2017), and Bremer Bay (Ross 
et al., 2018). Significant (p < 0.05) correlations are indicated with asterisks (see Tables S6 and S8 for 
further details on regression statistics). 
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5.! A COMPARISON OF THE SR/CA, LI/MG, AND SR-U 

PALEOTHERMOMETERS IN SEVEN CORAL SPECIES ACROSS AN 11°C 

GRADIENT 

 

5.1! Abstract 
Long-lived corals are the most commonly used high-resolution temperature proxy in 

the tropical oceans, and they provide paleo-climate reconstructions that date back several 

millennia. However, physiological artefacts that arise from coral biomineralisation (also 

known as ‘vital effects’) can interfere with the temperature-dependence of single element-to-

calcium ratio proxies (e.g. Sr/Ca). This has led to the development of new paleothermometry 

approaches, such as Sr-U and Li/Mg, which combine Sr/Ca and U/Ca, and Li/Ca and Mg/Ca, 

respectively, in efforts to reduce vital effects and isolate temperature. Here we compare the 

utility of the Sr/Ca, Sr-U, and Li/Mg thermometers using 7 coral species collected from three 

locations along the West Australian coastline (spanning 11° of latitude) with an experimental 

design that precludes the need for down-core chronological age modelling. When calibrated 

to instrumental temperature records, all three proxies record seasonal variations in 

temperature for their respective growth intervals, thereby providing multi-species 

calibrations across an ~11°C temperature range. Species effects on the temperature-

dependence were largest for Sr/Ca (22.7%), yet minor for Li/Mg (7.2%) and Sr-U (6.3%). 

Moreover, the residuals from the three proxy-temperature regressions were only significantly 

correlated between Sr/Ca and Li/Mg, indicating that similar biological processes may 

interfere with both Sr/Ca and Li/Mg thermometry. The implications of these results are that 

Sr-U may potentially be applied to derive mean temperature from coral skeletons that lack a 

modern-day instrumental calibration (e.g. fossil corals) with more confidence than Sr/Ca and 

Li/Mg thermometry and that Li/Mg still has utility in resolving seasonal variability.  

 

Ross C.L., DeCarlo T.M., McCulloch M.T. A comparison of the Sr/Ca, Li/Mg, and Sr-U 
paleothermometers in seven coral species across an 11°C gradient. Paleoceanography and 
Paleoclimatology (in revision).  
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5.2! Introduction  

Understanding how future ocean warming will influence marine ecosystems, such as 

coral reefs, requires documenting ecosystem responses to past ocean temperature variability 

for different regions. Geochemical analyses (e.g. Sr/Ca, Li/Mg, Li/Ca, Mg/Ca, U/Ca, Sr-U, 

and "18O) of coral skeletons provide a valuable tool for reconstructing past climate well 

beyond that of the instrumental record (prior to the mid-19th century), and are the most 

commonly used high-resolution (bi-weekly to annual) temperature proxies for the tropical 

oceans (PAGES 2k Consortium, 2017). Corals are particularly effective for capturing decadal 

to centennial climate changes given that they have annual density bands that serve as intrinsic 

chronologies. While the density banding of massive corals provides growth records that are 

themselves sometimes correlated with temperature (Saenger et al., 2009; Cantin et al., 2010; 

Vásquez-Bedoya et al., 2012), they are more commonly used to develop chronologies and 

age models for trace element-based temperature reconstructions (Buddemeier et al., 1974; 

Beck et al., 1992; Flannery & Poore, 2013). Fossil corals whose age is determined by U-Th 

dating have also been utilized as temperature archives (Cobb et al., 2003; Corrège et al., 

2004; Felis et al., 2004, 2012; Yu et al., 2004; DeLong et al., 2010; Chen et al., 2018; Xu et 

al., 2018) and offer great potential to fill many gaps in the global paleo-climate record of the 

past two millennia (Mann et al., 2008). However, the interpretation of temperatures derived 

from fossil corals has been complicated by the lack of modern calibrations between 

geochemical proxies and instrumental temperature (Crowley et al., 1999), which is especially 

problematic for proxies that vary in their temperature sensitivity between colonies or species 

(Corrège, 2006).  

The Sr/Ca ratio is by far the most widely used geochemical temperature proxy in coral 

archives (Beck et al., 1992; Bessat, 1997; Cohen & Thorrold, 2007; DeLong et al., 2011; 

Evangelista et al., 2018; Gallup et al., 2006; Hetzinger et al., 2006; Linsley et al., 2004; 

Marshall & Mcculloch, 2002; McCulloch et al., 1994; Quinn & Sampson, 2002; also see 

Table A.4.1). However, the incorporation of Sr (and other trace elements, such as Mg and U 

for example) in the aragonite (CaCO3) coral skeleton can be influenced by a number of 

environmental factors other than temperature (e.g. seawater carbonate chemistry, 

groundwater discharge, and rainfall/local run-off; Smith et al., 2006; Swart et al., 2002; Wei 

et al., 2000; Cole et al., 2016), as well as a range of physiological factors, often referred to 

as “vital effects” (de Villiers et al., 1994, 1995; Cardinal et al., 2001; Cohen et al., 2006; 
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Gagnon et al., 2013; Grove et al., 2013). For example, one of the major apparent vital effects 

on trace element compositions in the skeleton is the rate of coral growth (de Villiers et al., 

1994, 1995; Cohen et al., 2001; Ferrier-pagès et al., 2002; Goodkin et al., 2005; Kuffner et 

al., 2012). Vital effects arise because coral calcification occurs within a physiochemically 

modified, seawater-supplied, semi-isolated space located between the subcalicoblastic cells 

and the skeleton; herein termed the ‘calcifying fluid’ (cf) (Barnes, 1970; Allemand et al., 

2004; Gaetani et al., 2011). Both direct observations and geochemical lines of reasoning 

suggest that the calcifying fluid is sourced from seawater, although its carbonate chemistry 

may be modified substantially to drive aragonite precipitation (Venn et al., 2011; Gagnon et 

al., 2012; Tambutté et al., 2012). Varying amounts of CaCO3 precipitation from the calcifying 

“reservoir” modify the fluid trace element-calcium ratios (TE/Ca) ratios and thus influence 

the TE/Ca ratios in the resulting skeleton through a process known as Rayleigh fractionation 

(Sinclair, 2005; Gaetani & Cohen, 2006; Cohen & Gaetani, 2010). TE/Ca ratios change 

depending on the element partition coefficient (KD) and the amount of CaCO3 precipitation 

from the calcifying fluid (Sinclair, 2005; Gaetani & Cohen, 2006; Cohen & Gaetani, 2010). 

Studies have shown that across a range of coral colonies, species, and locations, there is no 

single universal relationship between temperature and Sr/Ca (Weber 1973; Swart et al., 2002; 

Corrège, 2006; Saenger et al., 2008; Sadler et al., 2016; Brenner et al., 2017; Kawakubo et 

al., 2017), which is inherently problematic for seawater temperature reconstructions.  

Much work has been done to improve Sr/Ca, for example, by replicating the 

temperature reconstructions (Alibert & McCulloch, 1997; DeLong et al., 2007; Maupin et 

al., 2008), accounting for “bio-smoothing” (Gagan et al., 2012), accounting for sampling 

regime (Bagnato et al., 2004), and correcting with growth rate (Saenger et al., 2008). 

However, coral Sr/Ca is influenced by many factors other than temperature. This has 

prompted the development of alternative paleothermometers, such as Li/Mg (Lear et al., 

2010; Hathorne et al., 2013a; Montagna et al., 2014; Fowell et al., 2016; Marchitto et al., 

2018). Since both Li+ and Mg2+ are incompatible elements in aragonite (KD << 1), [Li+] and 

[Mg2+] remain relatively constant in the calcifying fluid as precipitation proceeds (Montagna 

et al., 2014), even though [Ca2+] declines. The Li/Mg ratio is therefore thought to be largely 

independent of Rayleigh fractionation and instead should reflect primarily the different 

temperature sensitivities of Li and Mg incorporation (Hathorne et al., 2013a; Montagna et 

al., 2014; Marchitto et al., 2018). While a strong exponential trend exists between Li/Mg and 
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temperature (Montagna et al., 2014), some effects of colony, species, and location have been 

reported previously (Fowell et al., 2016). Furthermore, it has been noted that the slope of the 

relationship can change when temperatures exceed 26°C, with a steeper slope at cooler 

temperatures and a shallower slope at warmer temperatures (Hathorne et al., 2013a; 

Marchitto et al., 2018). This indicates that accurate temperature constructions using Li/Mg 

likely require site- and species-specific calibrations (Fowell et al., 2016).  

More recently, it has been proposed that combining Sr/Ca with U/Ca ratios into a 

metric called Sr-U can remove vital effects and improve the accuracy of long-term seawater 

temperature reconstructions (DeCarlo et al., 2016; Alpert et al., 2017). The Sr-U 

paleothermometer works by isolating the temperature component on the basis that Sr/Ca is 

sensitive to both temperature and Rayleigh fractionation, while U/Ca is sensitive only to 

Rayleigh fractionation and [CO3
2-]cf, but not temperature (DeCarlo et al., 2015, 2016). Alpert 

et al. (2017) demonstrated that Sr-U greatly improved the accuracy of a 20th century 

temperature reconstruction relative to using Sr/Ca alone. However, the precision of this new 

thermometer has not yet been tested for a range of different Indo-Pacific coral genera, 

timescales (i.e. seasonal) and temperatures below 23°C. Furthermore, no study to date has 

directly compared the utility of all three temperature proxies (Sr/Ca, Li/Mg and Sr-U) on the 

same coral specimens. 

To address these gaps, we compare coral species effects on the three different trace 

element paleo-proxies (Sr/Ca, Li/Mg and Sr-U) from coral reefs spanning an 11° latitudinal 

range (~11°C temperature range) in the southeast Indian Ocean. Skeletons were collected 

repeatedly from 7 different coral species and a total of 33 replicate colonies over 1.5 to 2 

years at three locations. Critically, we determine the temperature experienced by the corals 

for each growth period (approx. 1 month of skeletal growth) by using an experimental design 

with repetitive in situ skeletal sampling (i.e. repeat field trips to sample the same parent 

colonies every ~1 to 4 months), thereby precluding the need for age models from skeletal 

cores, and/or the use of temperature proxies to define the seasonal chronologies.  

5.3! Materials and Methods 

5.3.1! Overview 

This study combines measurements of linear extension rates and trace elements 

(Sr/Ca, Li/Mg, and Sr-U) for 7 species of reef-building corals (Acropora yongei, Acropora 
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nasuta, Acropora pulchra, Acropora muricata, Pocillopora damicornis, Stylophora 

pistillata, and Turbinaria reniformis) growing at three locations (Figure 5.1a). From north to 

south along the coast of Western Australia (WA), the three locations are: Coral Bay 

(Ningaloo Reef; Figure 5.1b), Rottnest Island (sub-tropical southwest; Figure 5.1c), and 

Bremer Bay (temperate southwest; Figure 5.1d). These three locations span ~1,600 km and 

~11 degrees of latitude and range from a tropical climate in the north (Coral Bay; ~21 to 

28°C) to a sub-tropical climate (Rottnest Island; ~18 to 24°C) and a temperate climate in the 

south (Bremer Bay; ~16 to 21°C). Seawater temperature was measured at 10-minute intervals 

at each site (within a ~20 m radius of where the coral samples were collected) for the total 

duration of the study using HOBO temperature loggers (± 0.2°C, Onset Computer Corp.). 

Coral skeletal samples (n = 33 colonies) were sampled at ~1 to 4 month intervals for 1.5 to 2 

years to capture the seasonal dynamics at each location (305 samples in total). Colonies for 

sampling at each location were tagged with coloured cable ties, mapped, and/or 

photographed, to assist in the repetitive sampling of the same colonies at each location and 

each time point. The unique sampling design of this study, whereby skeletons (i.e. 

branches/plate sections) from the same coral colonies were repeatedly collected and then 

sampled based on measured extension rates, provided a framework to determine the true 

temperature experienced by the corals for each 1 to 4 month growth period more precisely 

than previous studies that infer age models from skeletal cores, or those that use temperature 

proxies to define seasonal chronologies (often by maximizing the correlation between the 

proxy and temperature).  

5.3.2! Study sites and coral records 

Coral Bay is located at the southern section of Ningaloo Reef in Western Australia 

(23°S, 113°E; Figure 5.1b). Coral samples were collected from two sites in Coral Bay: the 

lagoon and the back reef (Figure 5.1b) every 2 to 3 months between December 2015 and May 

2017 (encompassing two summers and one winter). Samples (i.e. branches) of the coral 

species A. pulchra, A. nasuta, and S. pistillata were collected from three naturally growing 

colonies (1 sample per colony) on the back-reef site (depth of ~2m) and samples of A. 

muricata and P. damicornis were collected from three naturally growing colonies (1 sample 

per colony) at the lagoon site (depth of ~3m). Rottnest Island is located approximately 20 km 

off the coast of Perth in south-western Australia (32°S, 115°E; Figure 5.1c). Samples of A. 

yongei and P. damicornis were collected from four naturally growing colonies (1 sample per 
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colony) every 1 to 3 months between February 2013 and May 2015 from Rottnest Island 

(encompassing two summers and two winters). Bremer Bay is located approximately 500 km 

south-east of Perth in WA, bordering the Southern Ocean (34.4°S, 119.4°E; Figure 5.1d). 

Sections of T. reniformis in Bremer Bay were collected from ten naturally growing colonies 

(1 sample per colony) at two sites (i.e. 5 per site) every 3 to 4 months over a ~2-year study 

period between November 2014 and October 2016 (encompassing two summers and two 

winters). Branches/plate sections from the same coral colonies (different branches) were 

repeatedly collected and then sampled based on measured extension rates and in situ 

temperature was measured continuously (i.e. every 10 minutes). Using this approach, we 

were able to determine the true temperature experienced by the corals during the 1 to 4 month 

growth periods.  

 

Figure 5.1. (a) Location of the three study sites in Western Australia: (b) Coral Bay (Ningaloo), (c) 
Rottnest Island, and (d) Bremer Bay.  

 

5.3.3! Linear extension rates 

Linear extension rates were measured for each coral species at each location (Table 

A.4.2). At Coral Bay, linear extension rates were measured on plated colonies of A. pulchra 
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(n = 3), A. nasuta (n = 5), S. pistillata (n = 4), A. muricata (n = 8) and P. damicornis (n = 4) 

that had been glued to tiles to track their growth. At Rottnest Island, linear extension rates 

were measured on plated colonies of P. damicornis (n = 9) that had been glued to tiles to 

track their growth and naturally growing colonies of A. yongei (n = 5) that were tagged 2 cm 

from the growing tip with coloured plastic cable ties. Finally, linear extension rates were 

made on naturally growing colonies of T. reniformis (n = 2) in Bremer Bay that were marked 

with semi-permanent reference points by drilling nails into the colonies. The linear extension 

rates measured on either the plated or tagged naturally growing colonies (depending on 

species and location) were used to guide the selection of skeleton to be analysed for trace 

elements on the naturally growing colonies that we sampled. We therefore assume that the 

linear extension rates were similar among colonies of the same species located within a ~20m 

radius of one another. The plated or tagged coral samples were first allowed to recover for at 

least ∼4 weeks in situ prior to the start of the experiment to ensure unbiased measurements 

of linear extension rates during the first and subsequent time point/s. Alternate methods for 

determining the skeletal chronology of the deposited skeletal material include using 

fluorescent staining (Holcomb et al., 2013). Unfortunately, repeated staining of the coral 

colonies used in this study was not feasible due to the repeated and frequent (1 to 3 month) 

skeletal sampling resolution (on the same colonies) and the long study period (i.e. ~2 years). 

5.3.4! Trace elements  

We sampled the uppermost section of the apical tip or edge of the skeleton for 

measurements of trace element compositions (see Figure A.1.1; Chapter 2). Sampling 

distances were based on linear extension measurements (Table A.4.2). Sample weighing and 

chemical dissolution were undertaken in the metal-free, hepa-filtered (ISO 7) clean room 

complex at the Advanced Geochemical Facility for Indian Ocean Research (AGFIOR) at The 

University of Western Australia (UWA). To ensure complete removal of organic matter, 

powders derived from the sampled coral skeleton were cleaned with 6.25% NaClO solution, 

as per the bleaching procedure outlined by Holcomb et al., (2015). Samples were then 

acidified in 0.58 N HNO3 and diluted in two stages to produce 100 ppm and 10 ppm Ca2+ for 

analysis (Holcomb et al., 2015). Trace element analyses (Sr/Ca, Mg/Ca, Ba/Ca, U/Ca and 

B/Ca) were performed on aliquots of the acidified samples using an X-Series II Quadrupole 

Inductively Coupled Plasma Mass Spectrometer (Q-ICPMS; Thermo Fisher Scientific) 
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referenced to the international carbonate standard JCp-1 (Okai et al., 2002; Hathorne et al., 

2013a; Holcomb et al., 2015) at AGFIOR, UWA. 

The JCp-1 standard, Davies coral solution and NEP-3b coral powder were used to 

assess the reproducibility of results. Long-term reproducibility of each TE/Ca time series 

(representative of ~1 year of data collection) derived from repeated analyses of the Davies 

Reef coral standard solution resulted in ±6.24% for Mg/Ca, ±0.45% for Sr/Ca, ±1.05% for 

U/Ca, and ±1.05% for Li/Mg (n = 167; Table 5.1). Long-term reproducibility of TE/Ca 

derived from repeated analyses of the NEP-3b coral powder including the dissolution step 

resulted in Mg/Ca = ±2.25%, Sr/Ca = ±0.52%, and U/Ca = ±1.16% (n = 35; Table 5.1). The 

general agreement between the two sets indicates that our chemical dissolution protocol does 

not introduce additional uncertainty. The Li/Mg data was combined with Mg/Ca to estimate 

Li/Ca. Our long-term reproducibility for Li/Mg in the NEP 3b in-house standard yielded 

1.33% (n = 30; Table 5.1). Average values for the Davies Reef standard solutions and coral 

powders from NEP-3b as well as from the international JCp-1 standard treated as samples 

are provided in Table 5.1. Our analytical precision is comparable to other studies (i.e. Table 

1 in Fowell et al., 2016; also see Hathorne et al., 2013a; Hathorne et al., 2013b; Montagna et 

al., 2014; D’Olivo et al., 2018).  

Table 5.1. Average values (Avg.), precision (%) reported as 2 relative standard deviations (2s RSD 
in percentage), and number of samples (n) for the three coral standard analysed Davies, NEP-3b and 
JCp-1. Elemental ratios are Mg/Ca (mmol mol-1), Sr/Ca (mmol mol-1), U/Ca (μmol mol-1), and Li/Mg 
(mmol mol-1). The NEP-3b and JCp-1 values correspond to powder samples that underwent the full 
chemical treatment. 

 

5.3.5! Calculation of Sr-U 

Sr-U was calculated based on Sr/Ca and U/Ca in the coral skeleton according to the 

following relationship (DeCarlo et al., 2016):  
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where Sr/Ca 

and U/Ca are in the 

units of mmol mol-1 

and μmol mol-1, respectively. Previous applications of Sr-U have defined it using multiple 

years of approximately monthly resolution data. Calculating Sr-U on shorter (i.e. seasonal) 

timescales may cause larger uncertainty in the derived temperature; thus, we also calculate 

Sr-U for multiple Sr/Ca and U/Ca points averaged over the entire study period at each 

location (i.e. 1.5 to 2 years) for each colony to compare to previous studies (DeCarlo et al., 

2016; Alpert et al., 2017).  

5.3.6! Statistical analyses 

Type I linear regression was used to test for relationships between coral trace element 

data and temperature. The effect of colony and species on the relationship between Sr/Ca, 

Li/Mg, Sr-U and temperature and the relationships between the residuals (derived from TE-

temperature regressions) for Sr/Ca, Li/Mg and Sr-U in our coral samples was examined using 

linear regression models, where colony and species were treated as independent factors. The 

variance attributable to species was assessed by comparison of the r2 values of the model 

including species as an independent factor (i.e. parallel lines between proxy and temperature 

per species) to the model without this factor (i.e. a single line) for each proxy. Likewise, the 

variance attributable to colony was determined by comparison of the r2 values of the model 

including colony as an independent factor to the model with species as an independent factor. 

Normality of residuals was confirmed with Kolmogorov-Smirnov tests (p > 0.05 in all cases). 

Models including either species or colony were also compared using Akaike Information 

Criterion (AIC) scores (Table A.4.3). Interactive effects between temperature and factors 

(species or colony) were found to be minor (<3% variance explained in all cases) and were 

excluded. In this study, significance is defined as p < 0.05. All data were tested for outliers 

and for the Sr-U data, three points were statistically significant outliers (3σ) and were 

excluded from the regression analysis (giving n = 302). Coral trace element data are reported 

in Data Set 2.  

5.4! Results 

5.4.1! Seasonal temperature and Li/Mg, Sr/Ca, and Sr-U 

                    Sr-U = Sr/Ca - (1.1107*U/Ca)                                                (5.1) 
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Monthly average temperatures across all sites combined showed a latitudinal range 

of 15.8° to 26.9°C (Figure 5.2a-c). For instance, average temperatures for the respective 

growth periods ranged from 15.8°C to 20.4°C in Bremer Bay, 19.3°C to 23.7°C at Rottnest 

Island and 22.0°C to 26.9°C at Coral Bay (Figure 5.2a-c). Data from 33 individual corals are 

used: one plating coral genus (n = 10 Turbinaria), and three branching coral genera (n = 13 

Acropora, n = 7 Pocillopora, and n = 3 Stylophora). In Figure 5.2 d-l, Li/Mg, Sr/Ca, and Sr-

U (± 1σ) for all corals are plotted over multiple seasonal cycles (1.5 to 2 years). All three 

elemental proxies show seasonal cycles (Figure 5.2d-l) for all 7 species and are representative 

of the true temperature experienced by the coral, given that branches/sections of the colony 

were repeatedly sampled from the same colonies and then sub-sampled based on measured 

linear extension rates.  

 
Figure 5.2. Seasonal time-series of (a-c) monthly averaged seawater temperature, (d-f) Li/Mg, (g-i) 
Sr/Ca, and (j-l) Sr-U for corals from Bremer Bay (Turbinaria reniformis), Rottnest Island 
(Pocillopora damicornis and Acropora yongei) and Coral Bay (Pocillopora damicornis, Stylophora 
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pistillata, Acropora nasuta, Acropora pulchra and Acropora muricata) in Western Australia. Data 
are colour coded by genera. Values represent mean ± 1 σ (shading). Axis values are reversed for trace 
element ratios (panels d-l).  

 

In Figure 5.3a-c, the Li/Mg, Sr/Ca, and Sr-U for all corals are plotted against the 

measured in situ temperatures for each growth period (based on extension rates), with each 

proxy exhibiting a strong inverse relationship to in situ temperature (Figure 5.3a-c, Tables 

A.4.4 to A.4.6). The Li/Mg, Sr/Ca and Sr-U calculated for each coral species correlated with 

mean temperatures of the same growth interval that the corals were sampled over, covering 

a temperature range of ~11°C. Bulk regressions (all species combined) for Li/Mg with 

temperature showed the strongest relationship on seasonal timescales (based on r2), where 

Li/Mg = -0.08T + 3.62 that corresponded to a 0.08 unit change in Li/Mg per °C change in 

temperature (r2 = 0.74, Root Mean Squared Error (RMSE) = 0.13, p < 0.001, n = 305; Table 

A.4.4). The bulk regressions between Sr/Ca and in situ temperature and between Sr-U and in 

situ temperature were equally effective at explaining the variation in seasonally resolved in 

situ temperature, where Sr/Ca = -0.06T + 10.70 that corresponded to a 0.06 unit change in 

Sr/Ca per °C change in temperature (r2 = 0.62, RMSE = 0.12, p < 0.001, n = 305; Table A.4.5) 

and where Sr-U = -0.04T + 8.96 that corresponded to a 0.04 unit change in Sr/Ca per °C 

change in temperature (r2 = 0.62, RMSE = 0.08, p < 0.001, n = 302; Table A.4.6).  

 
Figure 5.3. Field-based calibrations of (a) Li/Mg, (b) Sr/Ca and (c) Sr-U temperature proxies in corals 
from Bremer Bay (BB; Turbinaria reniformis), Rottnest Island (RI; Pocillopora damicornis and 
Acropora yongei), and Coral Bay (CB; Pocillopora damicornis, Stylophora pistillata, Acropora 
nasuta, Acropora pulchra and Acropora muricata). Each data point represents a measurement for 
each colony (n = 33 colonies) at each time point. See Tables A.4.4 to A.4.6 for linear regression 
equations.  

 

5.4.2! Annual temperature and Li/Mg, Sr/Ca, and Sr-U 
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In previous applications of Sr-U, it has been defined by averaging data over multiple 

years (DeCarlo et al., 2016; Alpert et al., 2017), which differs from our analysis in Figure 5.3 

using seasonal data. Given that calculating Sr-U on shorter (i.e. seasonal) timescales has not 

been tested previously, we also calculated Sr-U for multiple Sr/Ca and U/Ca points averaged 

over the entire study period at each location (i.e. 1.5 to 2 years) for each colony in effort to 

minimize uncertainty when comparing the three paleothermometers (Figure 5.4a-c). When 

grouped by colony, strong significant (p < 0.001) linear regressions were observed for all 

three elemental ratios, with Sr-U showing the strongest relationship with in situ temperature 

(r2 = 0.89, RMSE = 0.03, n = 33; Figure 5.4c) compared to Li/Mg (r2 = 0.86, RMSE = 0.08, 

n = 33; Figure 5.4a) and Sr/Ca (r2 = 0.68, RMSE = 0.10, n = 33; Figure 5.4b).  
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Figure 5.4. Calibrations using individual means for 
(a) Li/Mg, (b) Sr/Ca and (c) Sr-U temperature 
proxies for all coral colonies (n = 33) growing at all 
locations, including Bremer Bay (n = 10 
individuals), Rottnest Island (n = 8 individuals) and 
Coral Bay (n = 15 individuals). Data points represent 
all measurements per colony. Temperatures (in situ) 
are averaged across the entire study period (i.e. 1.5 
to 2 years) for each site. Significant (p < 0.05) linear 
relationships are indicated with asterisks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.3! Effects of colony and species on temperature calibrations  

Including species as a factor in the linear models explained a relatively large amount 

of variance for Sr/Ca (22.7%) compared to Li/Mg (7.2%) and Sr-U (6.3%; Figs. 3a,c). When 

colony was included as a factor instead of species, the improvement in variance explained 

was negligible (less than 2%) for all three proxies. In addition, AIC scores were lower for 

each proxy in models with species as a factor compared to colony as a factor (Table A.4.3). 

Combined multispecies calibrations are therefore only shown for Li/Mg and Sr-U (Figure 

5.5a, c) and colony-specific calibrations were not evaluated due to the low explanatory power 



 

 
 

130 

of colony. The best-fit polynomial curve for Li/Mg-temperature was fitted to the seasonally 

resolved Li/Mg data for all four genera and gave the relationship: Li/Mg = 0.001T2 - 0.14T 

+ 4.21, with 75% of variation explained by in situ temperature (r2 = 0.75; Figure 5.5a). The 

exponents corresponded to a decrease in Li/Mg of approximately 4.3% per °C, which is 

similar, albeit slightly lower than the values reported previously (~5%; Hathorne et al., 

2013a; Montagna et al., 2014; Fowell et al., 2016). The relationship for Sr-U and temperature 

was fitted to the seasonally-resolved data for all four genera (this study only) and gave the 

relationship: Sr-U = 0.036T + 8.95 with 62% of the variation explained by temperature (r2 = 

0.62; Figure 5.5c). The new calibration for Sr-U combines the means of multiple species data 

(this study) with the literature (DeCarlo et al., 2016; Alpert et al., 2017) and gave the linear 

relationship: Sr-U = 0.004T2 + 0.14T + 7.04 (Figure 5.5c), with more than 95% of the 

variation explained by temperature (r2 = 0.95, RMSE = 0.08, p < 0.001; Figure 5.5c). The 

exponents corresponded to an average decrease in Sr-U of approximately 0.5% per °C.  
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Figure 5.5. Temperature calibrations 
for this study combined with the 
literature for (a) Li/Mg (Hathorne et 
al., 2013a; Montagna et al., 2014; 
Fowell et al., 2016), (b) Sr/Ca (see 
Table S1 for regression equations) 
and (c) Sr-U (DeCarlo et al., 2016; 
Alpert et al., 2017) for corals at 
seawater temperatures between 15°C 
and 30°C. Also shown are the 
abiogenic relationships for Li/Mg 
(for a calcifying fluid [CO3

2-] of 1000 
μmol kg-1) and Sr/Ca. Significant (p 
< 0.05) relationships are indicated 
with asterisks.  
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5.4.4! Effects of species on the residuals of TE-temperature regressions 

In a second set of linear models performed on proxy-temperature residuals, the Sr/Ca 

and Li/Mg residuals were significantly positively correlated (r2 = 0.28; Figure 5.6a), whereas 

the Sr-U residuals were not correlated with either Li/Mg residuals or Sr/Ca residuals (Figure 

5.6b-c). The variance in the residuals attributable to species was high between Sr/Ca and 

Li/Mg (34.3%) and were low between both the Sr/Ca and Sr-U residuals (7.9%) and the 

Li/Mg and Sr-U residuals (6.6%).  

 
Figure 5.6. (a-c) Regressions for the residuals of each TE-temperature relationship for a range of 
coral species at seawater temperatures between 15°C and 30°C. Significant (p < 0.05) relationships 
are indicated with asterisks.  

 

5.5! Discussion  

To date, Sr/Ca has been the most widely used coral paleothermometer (Shen et al., 

1996; Mitsuguchi et al., 1996; Heiss et al., 1997; Sinclair, Kinsley & McCulloch, 1998; 

Gagan et al., 1998; McCulloch, 1999; Fallon et al., 1999; Corrège et al., 2000; Linsley et al., 

2000; Marshall & McCulloch, 2001; Fallon et al., 2003; Zinke et al., 2004; Calvo et al., 2007; 

von Reumont et al., 2018). However, separating the effects of temperature from the influence 

of ‘vital effects’ on Sr/Ca has long proven difficult (de Villiers et al., 1995; Alibert & 

McCulloch, 1997; Corrège, 2006). New thermometers have been developed, including Li/Mg 

(Lear et al., 2010; Hathorne et al., 2013a; Montagna et al., 2014) and Sr-U (DeCarlo et al., 

2016). These approaches integrate an understanding of both the coral biomineralization 

process and element partitioning and reduce and/or eliminate the various effects that arise 

from the activity of the coral polyp. Here, we compare the utility of three trace element 



 

 
 

133 

thermometers (Li/Mg, Sr/Ca and Sr-U) for seven reef-building coral species growing along 

an 11°C latitudinal temperature gradient (i.e. from 15.8° to 26.9°C).  

5.5.1! Relationships between trace element ratios and in situ temperature  

All three paleothermometers recorded seasonal changes in seawater temperature 

(Figures 5.2 and 5.3). Based only on this study’s data, Li/Mg showed the strongest correlation 

with in situ temperature records when reconstructing seasonal cycles in temperature (r2 = 

0.75; Figure 5.5a). While Sr-U has not been previously applied to corals at high-resolution 

(i.e. seasonal) timescales, we show here that Sr-U was able to capture sub-annual changes in 

temperature across a range of environments and in four coral genera (r2 = 0.62; Figure 5.5b), 

but without improvement over Sr/Ca (r2 = 0.62; Table A.4.5). However, when comparing the 

mean proxy data and temperature experienced for each colony, the strongest correlation was 

found for Sr-U (r2 = 0.89, Figure 5.4c) followed closely by Li/Mg (r2 = 0.86, Figure 5.4a).  

5.5.2! Effects of species (vital effects) 

Previous studies have reported large divergences in Sr/Ca from instrumental 

temperature records (de Villiers et al., 1995; Alibert & McCulloch, 1997; Cohen et al., 2002; 

Storz et al., 2013; Alpert et al., 2016; Clarke et al., 2017). Differences in the Sr/Ca-

temperature calibrations are well documented (also see Table A.4.1) and have been attributed 

to calcification rate (Cohen et al., 2001; Kuffner et al., 2012), kinetic processes (Allison & 

Finch, 2004), Rayleigh fractionation (Gaetani and Cohen, 2006) and the sensitivity of coral 

calcification to environmental factors (e.g. seawater pH and pCO2) (Tanaka et al., 2015; Cole 

et al., 2016). Similarly, we demonstrate here that the Sr/Ca thermometer showed the largest 

species offsets (22.7% of the variance explained by species), with higher Sr/Ca for Acropora 

spp. and Turbinaria spp. and lower Sr/Ca for Stylophora spp. and Pocillopora spp., 

consistent with the wide range of Sr/Ca to temperature calibrations found in the literature 

(Figure 5.5b). This pattern was evident, albeit to a much lesser extent, in the calibrations for 

Li/Mg (7.2% variance explained by species; Figure 5.5a) and Sr-U (6.3%; Figure 5.5c). 

We also find that the residuals from the calibrations with temperature were correlated 

for Sr/Ca and Li/Mg (r2 = 0.28; Figure 5.6a), but not for Sr-U (Figure 5.6b, c). This pattern 

was unexpected given that Li/Mg and Sr/Ca are based on different elements, while Sr-U and 

Sr/Ca are not independent of one another, since both utilize information from Sr/Ca. Further, 

the basis for the utility of Li/Mg is that it largely eliminates the Rayleigh fractionation effects 
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that are thought to dominate many Sr/Ca records, implying that Sr/Ca and Li/Mg are not 

influenced by the same vital effects, and therefore their residuals should not correlate 

(Montagna et al., 2014). Nevertheless, this relationship between residuals may provide some 

insight into factors other than temperature that may influence Sr/Ca and Li/Mg, but not Sr-U 

(explored herein). A similar correlated breakdown in the Sr/Ca and Li/Mg thermometers has 

been noted previously, albeit in response to geographical differences in the calibrations 

(Fowell et al., 2016). The authors attributed this to some potential factors, such as differences 

in seawater pH at the sites, as well as analytical uncertainty.  

Given that species accounted for ~34% of the intercept variance (results from second 

set of linear models) in the correlation between the Sr/Ca and Li/Mg residuals (from TE-

temperature regressions; Figure 5.6a), this relationship may be driven in part by species-

specific physiochemical controls on calcifying fluid dynamics. The lattice substitution of 

trace elements into the CaCO3 skeleton is known to vary depending on their ratio relative to 

Ca2+ and CO3
2–. The co-precipitation of trace elements with CaCO3 would likely vary 

depending on any physiological process that influence the extent of minor element ‘dilution’ 

(Sinclair, 2005). The correlation between the Sr/Ca and Li/Mg residuals could therefore be 

linked to a number of factors and/or processes, such as kinetic effects, calcium pumping, 

Rayleigh fractionation, pH up-regulation and [CO3
2–]cf.  

5.5.3! Kinetic effects and species-specific calcification rates  

Kinetic effects that are related to growth rate can influence element ratios by surface 

entrapment, whereby impurities in the near-surface region of a growing crystal get ‘buried’ 

more effectively in faster growing crystals (Watson, 2004; Gaetani & Cohen, 2006). The 

effect of calcification rate on the coral Sr/Ca thermometer has been shown for some corals 

(de Villiers et al., 1995; Reynaud et al., 2007; Saenger et al., 2008; Kuffner et al., 2012), 

although this is not always the case (Shen et al., 1996; Alibert & McCulloch, 1997; Hayashi 

et al., 2013). Surface area normalized calcification rates for the coral genera used in this study 

have been measured previously and indicate that Acropora and Stylophora are generally 

faster growing genera (i.e. > 1 mg cm-2 d-1), while Pocillopora and Turbinaria are 

considerably slower calcifying (i.e. < 1 mg cm-2 d-1; Comeau et al., 2014b; Roik et al., 2015; 

Ross et al., 2015, 2018). These patterns are not consistent with the species offsets for Li/Mg 

and Sr/Ca (i.e. higher ratios for Acropora sp. and Turbinaria sp. and lower ratios for 
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Stylophora sp. and Pocillopora sp.; Figure 5.5a-b). Additionally, the crystal growth rate, 

which depends on the chemical conditions within the calcifying fluid, may be distinct from 

the bulk skeletal calcification rate (Ross et al., 2018). This suggests that the relationship 

between the Sr/Ca and Li/Mg residuals is not likely due to species-specific differences in 

calcification rates alone.  

5.5.4! Calcium pumping and Rayleigh fractionation 

Multiple different pathways and mechanisms exist for supplying calcium to the 

calcifying fluid (e.g. ATPase Ca2+–H+ exchange, Ca-channels, Ca2+/Na+ exchange, HCO3
- 

pumps, passive/paracellular transport; McConnaughey & Whelan, 1997; Al-Horani et al., 

2003; Jokiel, 2011; Ries, 2011; Gagnon, Adkins & Erez, 2012). However, the enzyme Ca2+-

ATPase that drives a Ca2+–H+ exchange, whereby two calcium ions are exchanged with 2 

protons across the cell membrane, may play an important role in up-regulating both [Ca2+]cf 

and pHcf (Zoccola et al., 1999; Al-Horani et al., 2003; Cohen & McConnaughey, 2003). In 

turn, the up-regulation of both [Ca2+]cf and pHcf can elevate the aragonite saturation state to 

promote rapid skeletal precipitation (Allemand et al., 2004; Tambutté et al., 2011; DeCarlo 

et al., 2018a). Slower calcification can be linked to lower ion pumping (Sinclair, 2005) and 

thus lower calcification rates could accompany higher skeletal Sr/Ca ratios due to a decrease 

in Ca2+. Similarly, faster calcifiers require more Ca2+ and this could correspond to relatively 

lower skeletal Sr/Ca ratios (Cohen & Gaetani, 2010). Another scenario to consider, however, 

is that Ca2+ is depleted faster during more rapid calcification and lower calcification rates may 

accompany higher Ca2+ concentrations in the calcifying fluid due to a lower proportion of 

CaCO3 precipitation (Ross et al., 2018). This could potentially result in lower skeletal Sr/Ca. 

However, Li/Mg is not influenced by [Ca2+] directly and therefore calcium supply does not 

explain the correlation between the Sr/Ca and Li/Mg residuals.  

Influences on the non-temperature dependent variability can also often be attributed 

to the amount of precipitation that occurs from a closed “reservoir”, which is known as the 

Rayleigh fractionation effect (Gaetani & Cohen, 2006). For example, the KD of Sr/Ca is 

greater than 1, and therefore Sr is incorporated into the skeleton as precipitation proceeds, 

depleting the calcifying fluid and causing a decline in skeletal Sr/Ca. In contrast, the Li/Mg 

ratio is thought to be largely independent of Rayleigh fractionation because both Li+ and Mg2+ 

are incompatible elements in aragonite (KD << 1; Montagna et al., 2014). This indicates that 
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Rayleigh fractionation may contribute to the species effects on Sr/Ca, but should not 

influence Li/Mg.  

5.5.5! Coral pH up-regulation and calcifying fluid [CO3
2-]  

Another explanation for the correlation between the residuals of the Sr/Ca and Li/Mg 

temperature calibrations is that changes to [CO3
2-]cf may indirectly influence the partitioning 

of the Sr/Ca and Li/Mg ratios between the calcifying fluid and the coral skeleton. Differences 

in [CO3
2-]cf can occur due to changes in pHcf, which would in turn also influence rates of 

calcification (Ross et al., 2018). While the effects of [CO3
2-]cf on Sr/Ca and Li/Mg is less 

understood than that of [Ca2+], abiogenic experiments provide a way to understand the 

underlying temperature sensitivities and dependencies of element ratios independent of 

activity from the coral polyp. While no abiogenic aragonite Li/Mg calibrations are available 

at present, the abiogenic experiments of Holcomb et al. (2016) provide the necessary data to 

evaluate controls on Li/Mg. To derive Li/Mg KD values, we used the Li/Mg data reported by 

Holcomb et al., (2016) and followed the calculation scheme of DeCarlo et al., (2015). These 

results indicate that there is a strong significant negative correlation between the Li/Mg KD 

and [CO3
2-] at 25 °C (r2 = 0.90; Figure 5.7a) and between the residual KD Li/Mg from the 

[CO3
2-] regression and temperatures ranging from 20° to 40°C (r2 = 0.81; Figure 5.7b; 

Holcomb et al., 2016). While the same experiments have shown that Sr/Ca is insensitive to 

[CO3
2-]cf (DeCarlo et al., 2015), Sr/Ca may be indirectly influenced by [CO3

2-]cf via kinetic 

effects and Rayleigh fractionation, assuming higher [CO3
2-]cf drives more precipitation 

(DeCarlo et al., 2016; Ross et al., 2018). As such, higher [CO3
2-]cf could drive a direct 

decrease in the Li/Mg KD, and a greater extent of Rayleigh fractionation, thereby 

simultaneously decreasing both Li/Mg and Sr/Ca. This [CO3
2-]cf effect could explain why the 

residuals (non-temperature effects) of Sr/Ca and Li/Mg are correlated (Figure 5.6a). 

Moreover, species-specific differences in [CO3
2-]cf and calcification rates (Chapter 4) may 

account for the variance explained by species (~34%). Conversely, Sr-U was specifically 

designed to account for the combined influence of [CO3
2-]cf and Rayleigh fractionation 

(DeCarlo et al., 2016). Accordingly, Sr-U does not change with [CO3
2-]cf and its residuals do 

not correlate with either Sr/Ca or Li/Mg (Figure 5.6b-c). 
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Figure 5.7. (a) KD Li/Mg plotted against [CO3

2-]. (b) Residual KD Li/Mg from [CO3
2-] regression (at 

25°C) plotted against temperature. Data for Li/Mg KD is derived from abiogenic Li/Mg experiments 
(see supplement from Holcomb et al., 2016) and is calculated using the scheme of DeCarlo et al., 
(2015). Significant (p < 0.05) relationships are indicated with asterisks.  

 

5.5.6! Conclusions: utility of the Sr/Ca, Li/Mg and Sr-U paleo-thermometers  

All three proxies record seasonal variations in temperature for their respective growth 

intervals, thereby providing multi-species calibrations across an ~11°C temperature range. 

While Sr/Ca is sensitive to temperature, this temperature-dependence is superimposed onto 

vital effects, primarily at the species level. Temperature reconstructions applied down-core 

on the same colony with a core-top calibration may perform well (Nurhati et al., 2009; 

Flannery & Poore, 2013; Seo et al., 2013; Wu et al., 2013; Ramos et al., 2017; Watanabe et 

al., 2017; Hennekam et al., 2018; Jimenez et al., 2018; Murty et al., 2018), but calibrations 
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cannot accurately be applied across species or perhaps even individuals (Corrège, 2006; Wu 

et al., 2014; Alpert et al., 2016). Li/Mg improves upon Sr/Ca by removing most of the species 

effects and performs well at a seasonal resolution. However, the correlation between Li/Mg 

and Sr/Ca residuals suggests the existence of vital effects common to both ratios. Results 

using abiogenic experimental data (Holcomb et al., 2016) indicate that these biological vital 

effects may be indirectly driven by the calcifying fluid composition (pHcf and [CO3
2-]cf), 

whereby higher [CO3
2-]cf causes a direct decrease in Li/Mg, a greater extent of Rayleigh 

fractionation, and in turn decreased Sr/Ca. 

Previous studies have shown that Sr-U may be a more accurate alternative to 

reconstructing mean annual temperatures given that it uses Sr/Ca to isolate the effects of 

temperature by separating them from the effects of coral biomineralisation using U/Ca 

(DeCarlo et al., 2016; Alpert et al., 2017). The utility of Sr-U at seasonal timescales has not 

previously been tested, but our study demonstrates that it performs similarly to Sr/Ca on these 

short timescales. However, in comparison to Sr/Ca, and to a lesser extent Li/Mg, Sr-U 

reduces the effects of species on temperature calibrations at both annual and sub-annual 

timescales. Sr-U performs well for reconstructing mean temperature per colony when data 

from multiple years are averaged, and may be especially useful for deriving the mean 

temperature of corals that do not have modern calibrations (e.g. fossil corals or instances 

where temperature data are not available). For example, fossil samples of Acropora and 

Pocillopora are common in reef cores and have been utilized in millennial-scale temperature 

reconstructions based on Sr/Ca alone (Guilderson et al., 1994; Toth et al., 2015). Although 

our understanding of the use of trace elemental compositions in the skeletons of corals as 

archives for oceanographic variability is still evolving, our results indicate that temperature 

reconstructions using Sr-U can minimize species and colony effects, potentially eliminating 

the need for modern-day calibrations to instrumental temperature records. Future 

applications deriving temperatures from fossil corals may thus benefit from the use of Sr-U. 
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A.4  ! Appendix for Chapter 5 

Note, this section is arranged to coincide with the order it is referenced in the above 

text (Chapter 5); this is different from the format in which it was submitted to 

Paleoceanography and Paleoclimatology.  
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Table A.4. 1. Summary of the published coral Sr/Ca-SST calibrations from linear regression (in the form Sr/Ca =m× T(°C) + b). 
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Table A.4. 2. Average skeletal linear extension rate (cm mo-1; mean ± s.e) for corals from Bremer 
Bay (Turbinaria reniformis) (Ross et al., 2018), Rottnest Island (Pocillopora damicornis and 
Acropora yongei), and Coral Bay (Pocillopora damicornis, Stylophora pistillata, Acropora nasuta, 
Acropora pulchra and Acropora muricata), in Western Australia. 
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Table A.4. 3. Akaike Information Criterion (AIC) scores for the comparison of linear regression 
models including either species or colony. 
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Table A.4. 4. Regression statistics for the individual species calibrations. Calibrations in this study 
were fitted with a linear regression in the form Li/Mg = m× T(°C) + b. 
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Table A.4. 5. Regression statistics for the individual species calibrations. Calibrations in this study 
were fitted with a linear regression in the form Sr/Ca =m× T(°C) + b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

145 

Table A.4. 6.!Regression statistics for the individual species calibrations. Calibrations in this 

study were fitted with a linear regression in the form Sr-U =m× T(°C) + b. 
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6.! GENERAL DISCUSSION, CONCLUSIONS AND FUTURE RESEARCH 

 

6.1! Overview 

Coral reefs are threatened by the unprecedented impacts of both CO2-driven ocean 

acidification (OA) and warming (Orr et al., 2005; Hoegh-Guldberg et al., 2007; Hughes et 

al., 2017b, 2018). Quantifying the variability of the coral calcifying fluid together with 

calcification rates for corals growing in situ is crucial for understanding the mechanisms and 

drivers of coral calcification, as well as for identifying potential strategies available to corals 

to cope with the challenges of Earth’s rapidly changing climate. An enhanced understanding 

of the calcification process can improve our interpretation of how coral trace element 

paleothermometry is used for reconstructing past temperature. Knowledge of how corals 

responded to past changes in climate can in turn provide valuable insights into how they may 

respond to future climate change (Lough, 2010). In this thesis I have: 

(i)! Examined the links between environmental drivers, the coral calcifying fluid 

chemistry and rates of calcification for a wide range of coral species growing 

in situ and across natural environmental gradients (Chapters 2 to 4)  

(ii)! Investigated how calcification processes and species effects influence the 

skill and utility of coral paleothermometry (Chapter 5).  

The unique set of field experiments presented in this thesis provides several key 

insights into the mechanisms and drivers of coral calcification (i.e. Chapters 2 to 4) and the 

influence of the coral calcification process on coral paleothermometry (i.e. Chapter 5). I first 

explore the mechanisms and drivers of coral calcification rates at two high-latitude 

environments: Rottnest Island (Chapter 2) and Bremer Bay (Chapter 3). These results are 

then incorporated with findings from a similar study on corals growing in a tropical reef 

location (Coral Bay, Ningaloo) to form a synthesis of the mechanisms and drivers of coral 

calcification along a latitudinal temperature gradient spanning ~1,600 km and ~11 degrees 

of latitude (Chapter 4). The findings presented in Chapters 2 to 4 are inter-related and have 

previously been discussed together in Chapter 4. These chapters are therefore discussed 

collectively herein. The organisation of this chapter is as follows: (1) the key findings of this 
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thesis are summarized in the context of the literature (sections 6.2 and 6.3), (2) the main 

conclusions are discussed (section 6.4), and (3) key areas for future research based on the 

findings in this thesis are identified (section 6.5). 

6.2! Mechanisms and drivers of coral calcification (Chapters 2 to 4) 

Temperature has long been thought to be the main factor influencing the rates of coral 

growth along latitudinal temperature gradients and on seasonal timescales. On seasonal 

timescales, calcification rates in tropical corals have been found to exhibit a curve-shaped 

temperature-growth response, whereby calcification increases as temperature increases until 

an optimum is reached and after this maximum, rates decline with increasing temperature 

(Marshall & Clode, 2004; Vajed Samiei et al., 2016). These temperature-growth responses 

can vary geographically due to thermal acclimatisation to localised temperature ranges 

(Clausen & Roth, 1975). Coral calcification can also closely follow light on diurnal and 

seasonal timescales due to the phenomenon of ‘light enhanced calcification’ (LEC; review 

by Gattuso et al., 1999), with the ATPase Ca2+–H+ exchange and rates of carbon fixation by 

the zooxanthellae symbiont being light sensitive (Al-Horani et al., 2003; Allemand et al., 

2004; Schneider et al., 2009). Higher rates of coral calcification are generally found in 

summer compared to winter (Crossland, 1981; Marshall & Clode, 2004; Mass et al., 2007; 

Rodolfo-Metalpa et al., 2009; Kuffner et al., 2013; Venti et al., 2014; Roik et al., 2015; Vajed 

Samiei et al., 2016; Courtney et al., 2017). Calcification rates are typically higher in the 

tropics and gradually decline with increasing latitude (Lough & Barnes, 2000; Carricart-

Ganivet, 2004; Norzagaray-López et al., 2014; Lough et al., 2016). 

A synthesis of results from three locations in WA reveals that changes in bulk coral 

calcification rates may largely depend on pHcf and the carbonate ion concentration [CO3
2-]cf 

in conjunction with temperature and DICcf (i.e. Chapters 2 to 4). Novel biogeochemical 

constraints indicate that latitudinal and seasonal trends in calcification rates within a single 

genus and/or species can be explained by the corals’ ability to modulate their internal 

chemistry, such that corals growing in cooler climates show higher up-regulation of pHcf 

relative to tropical corals. Changes in pHcf work to modulate [CO3
2-]cf by counter-regulating 

the seasonally varying supply of DIC in the form of metabolic CO2 to the coral (McCulloch 

et al., 2017, 2018). This process acts to increase and/or stabilise [CO3
2-]cf at species dependent 
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optimum levels, presumably to promote overall higher and/or relatively stable rates of 

calcification (i.e. Chapters 2 to 4).  

Our results suggest that the seasonal and latitudinal temperature-growth responses 

may not necessarily be applicable to all coral species, particularly those whose range extends 

to sub-tropical and temperate environments. The findings presented here provide additional 

support to a growing number of studies that have documented unusual seasonal or latitudinal 

variability in coral calcification rates and/or instances where coral calcification rates were 

not maximised under the warmest conditions (Goffredo et al., 2009; Roik et al., 2015; Ross 

et al., 2015; Sawall et al., 2015). Although the mechanisms underlying the broad range of 

temperature-growth responses are not yet fully understood, the results presented in this thesis 

provide insights into the mechanisms enabling these patterns (Chapters 2 to 4).  

Multiple factors likely contribute to the trends in calcification rates seasonally and 

along the latitudinal gradient in temperature. For example, corals possess physiological 

mechanisms (e.g. host-produced pigments, fluorescent proteins) that promote 

adaptation/acclimatisation to localised light regimes and play a key role in photoprotection 

and photo-enhancement (Dove et al., 2001; Roth et al., 2010; Smith et al., 2017). Photo-

acclimation/adaptation may influence patterns in coral growth rates (Roth et al., 2010) and 

potentially the regulation of the coral calcifying fluid carbonate chemistry. Here,  Fv/Fm for 

T. reniformis in the high-latitude location (Bremer Bay; Chapter 3) was negatively correlated 

with seasonal changes in light, such that these corals showed a seasonal photo-acclamatory 

response, with higher photosynthetic efficiency during winter under low light levels. These 

findings are similar to results from previous work, albeit in tropical locations (Warner et al., 

2002; Winters et al., 2006). This seasonal photo-acclimation (and potential photo-adaptation) 

may have contributed to the the capacity of T. reniformis to tolerate sub-optimal conditions 

(i.e. low light and temperature) and to calcify at faster rates during winter compared to 

summer.  

Food-availability and heterotrophic feeding can influence coral calcification rates 

(Ferrier-Pagès et al., 2003;  Houlbrèque et al., 2003). In addition to the energy provided by 

their photosynthetic symbionts, a greater reliance on heterotrophy in some corals may help 

to meet increased energy requirements (e.g. see review Houlbreque et al., 2009); although 

this ability likely varies between species. It is possible that only the species that can heavily 
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rely on heterotrophic feeding (in conjunction with high food availability), or have high 

environmental tolerance are able to survive sub-optimal conditions (Anthony & Fabricius, 

2000; Miller et al., 1995; Mizerek et al., 2016). Corals growing in environments with lower 

and more seasonally variable temperature and light levels, for example, may increase rates 

of heterotrophy to meet metabolic demands (Rodolfo-Metalpa et al., 2008). Here, the 

concentration of chlorophyll a (as a proxy for food availability; see Fox et al., 2018) was 

higher during winter compared to summer and positively correlated with calcification rates 

for T. reniformis in Bremer Bay. Increased food availability during winter (when 

temperatures were just 15° to 16°C) may have therefore contributed to the capacity for T. 

reniformis to maintain the higher winter-time pHcf and calcification rates. In contrast, 

calcification rates in the coral species at Rottnest Island (sub-tropics) and Coral Bay (tropics) 

did not show a positive relationship with chlorophyll a (as a proxy for food availability) and 

thus factors other than heterotrophy may have more of an influence on changes in 

calcification rates in these corals, at least on seasonal timescales. These results are not 

entirely surprising given that nutritional mode (i.e. reliance on heterotrophy versus 

autotrophy) and/or plasticity can vary with species, season, location, and environmental 

conditions (e.g. light, temperature and food availability; Rodolfo-Metalpa et al., 2008; 

Hoogenboom et al., 2010, 2015).  

A synthesis of calcifying fluid carbonate chemistry data from all locations reveals 

key information about the dynamics of coral calcification. Combining boron isotopes, trace 

elemental systematics, and Raman spectroscopy presents a new framework to better 

understand the calcification process in more detail than ever before, and provides information 

that is key to understanding the coral calcification process. Other more direct (and potentially 

invasive) methods of constraining the carbonate chemistry of the calcifying fluid have been 

developed, such as microelectrodes (Al-Horani et al., 2003; Ries, 2011; Cai et al., 2016) and 

pH-sensitive dyes (Venn et al., 2011; Gagnon, 2013; Holcomb et al., 2014). Although these 

provide informative results, they generally must be conducted under laboratory conditions 

(Al-Horani et al., 2003; Ries, 2011; Venn et al., 2011; Cai et al., 2016). Previous studies have 

shown that estimates of internal coral pHcf, [CO3
2-]cf and [Ca2+]cf derived from geochemical 

tracers (Trotter et al., 2011; McCulloch et al., 2012; Holcomb et al., 2014; DeCarlo et al., 

2018a) are generally consistent with more direct measurements (Al-Horani et al., 2003; Ries, 

2011; Venn et al., 2011; Cai et al., 2016). Some differences in the values obtained and the 
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sensitivity of the calcifying fluid carbonate chemistry to various parameters (e.g. light) may 

result from differences in the methods used (i.e. geochemical proxies and direct 

measurements) and between studies due to the timescales over which the measurements are 

taken (integrated over multiple days/weeks of biomineralisation versus instantaneous or 

diurnal), the different species used, the region of the coral sampled (Holcomb et al., 2014) 

and the conditions under which the measurements are conducted (aquaria versus field, natural 

light versus artificial, or low light levels). 

While the links between the external seawater pH and the coral calcifying fluid pH 

have been well documented, previous studies have suggested that other environmental factors 

beyond seawater pH, such as temperature, light levels, and food availability may also 

influence pH up-regulation (Reynaud et al., 2004; Hönisch et al., 2004; Dissard et al., 2012). 

The results presented here indicate that, in addition to responding to seawater pH (Marubini 

et al., 2001; Reynaud et al., 2004; Hönisch et al., 2004; Krief et al., 2010; Venn et al., 2011; 

McCulloch et al., 2012), pHcf also varies seasonal and latitudinal changes in temperature. 

This temperature-pHcf trend, where corals shift their pHcf (and hence [CO3
2-]cf) is indicative 

of a ubiquitous strategy to adjust to their localised thermal regimes. Changes in pHcf and DICcf 

are ‘counter-regulated’ and this plays an important role in maintaining relatively ‘stable’ !cf 

(i.e. 11 ± 1.5) that are elevated three to four times above seawater values; consistent with 

previous work on Porites corals (McCulloch et al., 2017). Both !cf and the calcium ion 

concentration [Ca2+]cf were quantified for the first time for corals growing in situ. While 

[Ca2+]cf is often assumed to remain at values approximately equal to that of seawater [Ca2+], 

we found that [Ca2+]cf can depart from seawater levels with increasing rates of calcification. 

To explain how the modulation of the calcifying fluid carbonate chemistry resulted in the 

observed calcification rates, I integrate these findings with the literature to form a conceptual 

model that includes my measurements of both aspects of !cf (i.e. CO3
2- and Ca2+) and 

calcification rates. 

These results highlight the importance of physiological mechanisms in mediating the 

response of coral calcification rates to key environmental conditions (i.e. temperature and 

light) on seasonal timescales. This has several outcomes and implications for understanding 

the mechanisms and drivers of coral calcification, as well as the future of coral reefs under 

CO2-driven ocean warming and acidification. For example, out results reveal that while 
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[Ca2+]cf may be up-regulated above seawater in some coral species (i.e. Styllophora pistillata, 

Pocillopora damicornis and Galaxea fascicularis; Al-Horani et al., 2003; DeCarlo et al., 

2018a), [Ca2+]cf can also be up to 30% lower than seawater in other coral species as it is 

depleted from the calcifying fluid during calcification (Chapters 3 and 4; see also DeCarlo et 

al., 2018a). This suggests that there may be a ‘trade-off’ between rapid rates of calcification 

(i.e. high pHcf and depletion of [Ca2+]cf; Chapter 4) and OA resistance via the up-regulation 

of [Ca2+]cf, given that [Ca2+]cf up-regulation can ‘buffer’ the effects of OA on calcification 

rates in some species (DeCarlo et al., 2018a). Our results further show that corals from a 

range of environments (i.e., tropical to temperate surface waters) can regulate their pHcf (and 

potentially calcification rates), such that corals at high!latitude show a greater extent of pH 

up!regulation than their tropical counterparts (i.e., ~8.5 to 8.65 at high!latitude and ~8.23 to 

8.45 in the tropics). This substantial elevation in pHcf relative to seawater pH (i.e., pHcf: ~0.44 

to 0.55 at high latitude and ~0.20–0.44 in the tropics), together with an elevation in [Ca2+]cf 

and DICcf varies temporally (seasonally), spatially (with latitude), and between species. The 

physiological mediation of the chemical composition in the calcifying fluid is therefore likely 

to be a critical factor in determining both spatial and species!specific variability in the 

sensitivity of corals to OA (Comeau et al., 2018; McCulloch et al., 2012; 2017). 

Finally, coral calcification rates were not positively correlated with temperature in 

the two high!latitude reefs, nor along a latitudinal temperature gradient of 9°C in WA, 

indicating that future ocean warming may not necessarily promote faster calcification rates 

(i.e. during winter and at high-latitude). Some corals are expected to continue to extend their 

distributions pole-wards, as the tropical and sub-tropical zones of the ocean expand due to 

increasing temperatures (Yamano et al., 2011; Couce et al., 2013; Poloczanska et al., 2016). 

Furthermore, marine heatwaves are expected to occur with increasing frequency and intensity 

on reefs globally and have recently caused mass bleaching of high-latitude reefs (Thomson 

et al., 2011; Abdo et al., 2012; Le Nohaïc et al., 2017). Given that the capacity to maintain 

relatively high pHcf is impaired in thermally stressed corals with resultant declines in 

calcification rates (D’Olivo & McCulloch, 2017), coral bleaching due to marine heatwaves 

is currently the foremost threat to coral reef survival (Hoegh-Guldberg et al., 2017). While 

corals are known to adapt to their local temperature regimes and some have shown signs of 

extreme thermal tolerance (Oliver & Palumbi, 2011; Schoepf et al., 2015; Grottoli et al., 
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2017), it is not yet clear whether corals can acclimatize or adapt to future extremely rapid 

changes in temperature and to withstand increasingly frequent marine heatwaves.  

6.3! The use of corals as paleothermometers (Chapter 5)  

Knowledge of past changes in climate can shed light on the response of corals to 

future changes in climate (Lough, 2010; D’Olivo et al., 2013; Poloczanska et al., 2016). 

However, historical variations in global temperatures derived from instrumental records are 

limited in both length (i.e. ~150 years) and spatial coverage (e.g. shipping route and/or point 

measurements; Carton & Giese, 2008), which are too short and spatially limited to fully 

characterise both the pre-industrial to present-day CO2-driven warming trends and longer 

term (i.e. millennial and centennial) natural variability. State-of-the-art global climate models 

(GCM’s) can provide global estimates of historical temperature variability as well as forecast 

future climate scenarios (Meehl et al., 2012). However, GCMs are limited in their ability to 

capture the natural cyclicity and spatial variability of climate phenomena due to the limited 

observational data available to validate them (Laepple & Huybers, 2014). Furthermore, 

GCM’s often assume that historical sensitivity of climate to CO2 will hold in to the future, 

but instrumental records of temperature variability (i.e. during the past century) incorporate 

influences from both natural and anthropogenic sources and are therefore not necessarily 

representative of any other era (Laepple & Huybers, 2014; Meehl et al., 2014). Historical 

records of temperature and climate variability that precede the instrumental record are 

required to build a more robust record (Briffa et al., 2009).  

Marine calcifiers, such as corals, can help to fill some of these observational gaps. 

New paleothermometers, such as Li/Mg (Lear et al., 2010; Hathorne et al., 2013a; Montagna 

et al., 2014; Fowell et al., 2016; Marchitto et al., 2018) and Sr-U (DeCarlo et al., 2015, 2016; 

Alpert et al., 2017) account for the coral biomineralization process and have great potential 

to improve the accuracy of seawater temperature reconstructions. However, further testing 

and a direct comparison of these three paleothermometers (Sr/Ca, Li/Mg and Sr-U) is 

required, particularly on those species commonly found in reef cores containing fossil 

specimens (e.g. Acropora and Pocillopora). We compared the utility of three coral 

paleothermometers (Sr/Ca, Sr-U, and Li/Mg) using branching and plating corals (Turbinaria, 

Stylophora, Pocillopora and Acropora) collected from three locations along the West 

Australian coastline (spanning 11° of latitude; Chapter 5). We found that when calibrated to 
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instrumental temperature records, all three paleothermometers recorded seasonal variations 

in temperature for their respective growth intervals, thereby providing multi-species 

calibrations across an ~11°C temperature range (15.8°C to 26.9°C). However, species effects 

on the temperature-dependence were large for Sr/Ca (yet minor for Li/Mg and Sr-U). The 

large species offsets for coral Sr/Ca with higher Sr/Ca for Acropora spp. and Turbinaria spp. 

and lower Sr/Ca for Stylophora spp. and Pocillopora spp., were consistent with the wide 

range of Sr/Ca to temperature calibrations found in the literature.  

The residuals from the three proxy-temperature regressions were significantly 

correlated between Sr/Ca and Li/Mg, indicating related vital effects. Using abiogenic 

experimental data (Holcomb et al., 2016) and methods of DeCarlo et al., (2015), we 

demonstrate that pH up-regulation and [CO3
2-]cf may drive the related vital effects, whereby 

higher [CO3
2-]cf causes a direct decrease in the Li/Mg KD. Sr/Ca may be indirectly influenced 

by [CO3
2-]cf via kinetic effects and Rayleigh fractionation, assuming higher [CO3

2-]cf drives 

more precipitation. Higher [CO3
2-]cf could therefore cause simultaneous declines in both 

Li/Mg and Sr/Ca. While Li/Mg likely has utility in resolving seasonal variability, our results 

indicate that calibrations between geochemical proxies and instrumental temperature are 

required (Fowell et al., 2016). Conversely, Sr-U was specifically designed to account for the 

combined influence of [CO3
2-]cf and Rayleigh fractionation (DeCarlo et al., 2016) and does 

not change with [CO3
2-]cf and thus does not show large species offsets. The development of 

the Sr-U temperature calibration was initially based on Porites coral at mean annual 

temperatures of 26° to 30°C, which was further validated for temperatures 23°C to 30°C by 

Alpert et al., (2017). Here, we extend the applicability of Sr-U to lower temperatures ranging 

from 15.8°C to 26.9°C for species that are commonly found in reef cores (e.g. Acropora and 

Pocillopora).  

6.4! Conclusions 

The characterization of the full suite of carbonate chemistry parameters in the 

calcifying fluid, including pHcf, DICcf, [CO3
2-]cf, [Ca2+]cf, and !cf, particularly for corals 

growing in situ and across natural gradients in environmental conditions is a key knowledge 

gap that this thesis has addressed (i.e. Chapters 2 to 4). The results from this thesis indicate 

how coral calcification rates may be highly mediated by the regulation of calcifying fluid 

composition (pHcf, DICcf, and [CO3
2-]cf) together with temperature. This has several 
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implications for determining the future of coral reefs under CO2-driven warming and 

acidification (as discussed in section 6.2).  

Secondly, the comparisons of the Sr/Ca, Li/Mg and Sr-U coral paleothermometers in 

this thesis (i.e. Chapter 5) provides improved constraints on the utility of coral-based 

reconstructions of past ocean temperatures. Our results indicate that that location- and/or 

species-specific calibrations between geochemical proxies and instrumental temperature may 

be a requirement for deriving temperature reconstructions using Sr/Ca and Li/Mg coral 

paleothermometry. In contrast, Sr-U paleothermometry may be applied to derive mean 

temperature from coral skeletons that lack a modern-day instrumental calibration with more 

confidence than Sr/Ca and Li/Mg thermometry. The Sr-U coral paleothermometer therefore 

provides a promising new tool for temperature reconstructions in well-preserved fossil corals, 

with implications for validating the long-term (centennial to millennial) variability in ocean 

temperatures (DeCarlo et al., 2016; Alpert et al., 2017). 

In summary, this thesis has advanced our understanding of coral calcification and 

coral paleothermometry in the following ways:  

(1)!Patterns in coral calcification rates can be explained by calcifying fluid pH 

and carbonate ion (together with temperature and DICcf).  

(2)!Seasonal and latitudinal temperature-growth relationships are highly species- 

and location-specific, and not generally applicable to all coral species, 

particularly those whose range extends to sub-tropical environments�  

(3)!Higher seawater temperatures are not necessarily required to support high-

latitude coral calcification rates during winter and increased seawater 

temperatures during winter due to continued ocean warming may not 

necessarily promote faster rates of coral calcification. 

(4)!The carbonate chemistry of the coral calcifying fluid (in symbiotic corals) is 

elevated above seawater values and can vary seasonally and along a latitudinal 

temperature gradient in WA.  

(5)!A strong negative trend exists between pHcf and temperature and is indicative 

of a mechanism for symbiotic corals to adapt and/or acclimatize to their local 

thermal regimes. Caution should be used when interpreting the response of 
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pHcf to pHsw (and other parameters) in studies with multiple temperature 

regimes. 

(6)!The coral Sr-U thermometer has functionality at temperatures below 23°C for 

a range of coral species. Sr-U is an effective proxy for capturing annual mean 

temperature and may be suited for application to fossil corals. 

(7)!Sr/Ca is largely influenced by species effects and the residuals of Sr/Ca and 

Li/Mg regressions to temperature were correlated, indicating the influence of 

related vital effects potentially related to coral pHcf and [CO3
2-]cf. Location- 

and/or species-specific calibrations between geochemical proxies and 

instrumental temperature may be a requirement for deriving temperature 

reconstructions using Sr/Ca and Li/Mg coral paleothermometry. 

6.5! Future research  

The findings presented in this thesis provide additional support to a growing number 

of studies that have documented unusual seasonal or latitudinal variability in coral 

calcification rates, and/or instances where coral calcification rates were not maximised under 

the warmest conditions (i.e. summer and at low-latitude; Goffredo et al., 2009; Foster et al., 

2014; Roik et al., 2015; Ross et al., 2015; Sawall et al., 2015). However, latitudinal 

calcification rate studies that include temperate zones are relatively uncommon (e.g. Foster 

et al., 2014; Goffredo et al., 2009) and further exploration of physiological 

acclimation/adaptation mechanisms (e.g. photo-physiology and bio-calcification) is required 

to decipher why some corals show a positive or Gaussian-shaped temperature-growth 

relationship while others do not, particularly for coral species with distributions that extend 

to tropical and temperate zones. This knowledge will provide a broader framework for 

assessing the response of coral calcification to future ocean warming.  

Combining boron isotopes, trace elemental systematics, and Raman spectroscopy 

provides an opportunity to better understand biomineralization dynamics in more detail than 

ever before. Reconstructions of the coral calcifying fluid using these approaches, although 

indirect, can be applied both to the skeletons of corals cultured in aquaria or grown in their 

natural environment and can be used to develop high-resolution and/or seasonally resolved 

time series. These recently established approaches have already been applied to corals and 

coralline algae as proxies for the carbonate chemistry of the calcifying fluid in several other 
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studies (McCulloch et al., 2017; D’Olivo & McCulloch, 2017; Schoepf et al., 2017; DeCarlo 

et al., 2018; Comeau et al., 2018; Cornwall et al., 2018). Future investigations should use 

boron isotope systematics and Raman spectroscopy to delve further into the relationships 

between the carbonate chemistry parameters identified in chapters 2 to 4. For instance, 

additional studies of coral pHcf and Ca2+ up-regulation across a wide range of Indo-Pacific 

coral genera are required to better establish the range of potential coral calcification responses 

under both naturally variable conditions and to the combined effects of future OA and 

warming. This could include further geochemical analyses in combination with controlled 

aquaria experiments to disentangle the biological and abiotic causes of the temperature-pHcf 

relationship, as well as the unexpected inverse relationship between pHcf and Ca2+ (i.e. given 

the role that Ca2+ ATP-ase would play in up-regulating both pHcf and [Ca2+]cf simultaneously). 

Investigating the biological mechanisms driving differences between the regions of the coral 

sampled (i.e. apical tip/leading edge versus lateral growth) could be a target of future coral 

calcification experiments. For example, Holcomb et al., (2014) documented spatial 

differences in pHcf for different regions of the colony, such as the axial growing tip and the 

basal or lateral growth areas, highlighting the importance of where skeletal material is 

sampled. This could have implications for understanding the mechanisms of calcification 

with respect to growth patterns, colony morphology, and the level of control that may be 

exerted on the speed, size, and/or direction of calcium carbonate deposition.  

Future paleo-climate research should aim to utilise temperature proxies such as Sr-U 

and/or Li/Mg, which appear to be less sensitive to species effects (compared to Sr/Ca), to 

reconstruct past temperatures in modern corals. Coral Sr-U paleothermometry shows 

significant promise and has now been validated for multiple coral genera and at temperatures 

ranging from ~16° to 30°C. Sr-U should be used to construct long-term (centennial to 

millennial) past changes in temperatures. This would help to constrain pre-industrial to 

present-day warming trends (i.e. over the past 300 to 400 years for modern coral cores and 

thousands of years in well-preserved fossilised corals) and can therefore contribute to 

understanding longer-term natural temperature variability in past climate (i.e. on interannual, 

decadal, centennial and millennial timescales).  

An increased understanding of past and current drivers of coral growth and the 

persistence of reefs over space and time is essential to the conservation and management of 
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coral reefs. Studies should combine Sr-U, boron isotopes, trace elemental systematics, and 

Raman spectroscopy to reconstruct the chemical composition of the calcifying fluid and 

growth rates for long-lived massive coral skeletons. Together, reconstructions of temperature 

and the calcifying fluid carbonate chemistry could advance our knowledge of how corals 

responded to past changes in climate, which could in turn provide valuable insights into how 

coral reefs may respond to future climate change. Finally, investigating the drivers of 

variability in coral calcification responses (including species, location, life stage, food 

availability, growth form, climate, and season) can aid coral reef management, particularly 

with respect to identifying potential ‘refugia’ and areas of high priority for conservation. 

However, the future vitality of coral reefs ultimately depends on the success of global efforts 

to rapidly and substantially reducing CO2 emissions to reduce the impacts of ocean warming 

and OA. 



 

 158 

FIRST AUTHOR PUBLICATIONS 

 



 

 159 

 



 

 
 

160 



 

 161 

CONSOLIDATED REFERENCES 
 

Abdo D., Bellchambers LM., Evans SN. 2012. Turning up the heat: increasing temperature 
and coral bleaching at the high latitude coral reefs of the Houtman Abrolhos Islands. 
PloS one 7:e43878. DOI: 10.1371/journal.pone.0043878. 

AIMS (2018). Australian Institute of Marine Science weather stations data export. [table] 
Data Centres, AIMS. Viewed 15th February 2018. Retrieved from 
https://apps.aims.gov.au/metadata/view/6401c331-9478-4cbb-a325-db77b376498d 

Ainsworth TD., Heron SF., Ortiz JC., Mumby PJ., Grech A., Ogawa D., Eakin CM., Leggat 
W. 2016. Climate change disables coral bleaching protection on the Great Barrier 
Reef. Science 352:338–342. 

Al-Horani FA., Al-Moghrabi SM., de Beer D. 2003. The mechanism of calcification and its 
relation to photosynthesis and respiration in the scleractinian coral Galaxea 
fascicularis. Marine Biology, 142:419–426. DOI: 10.1007/s00227-002-0981-8. 

Albright, R., & Langdon, C. (2011). Ocean acidification impacts multiple early life history 
processes of the Caribbean coral Porites astreoides. Global Change Biology, 17:2478–
2487. https://doi.org/10.1111/j.1365-2486.2011.02404.x. 

Alibert C., McCulloch MT. 1997. Strontium/calcium ratios in modern Porites corals from 
the Great Barrier Reef as a proxy for sea surface temperature: Calibration of the 
thermometer and monitoring of ENSO. Paleoceanography, 12:345–363. 

Allemand D., Ferrier-Pagès C., Furla P., Houlbrèque F., Puverel S., Reynaud S., Tambutté 
É., Tambutté S., Zoccola D. 2004. Biomineralisation in reef-building corals: from 
molecular mechanisms to environmental control. Comptes Rendus Palevol, 3:453–
467. DOI: 10.1016/j.crpv.2004.07.011. 

Allemand D., Tambutté É., Zoccola D., Tambutté S. 2011. Coral Calcification, Cells to 
Reefs. In: Z. Dubinsky and N. Stambler (eds.) ed. Coral Reefs: An Ecosystem in 
Transistion. 119–150. DOI: 10.1007/978-94-007-0114-4. 

Allison N., Cohen I., Finch AA., Erez J., Tudhope AW., Facility EIM. 2014. Corals 
concentrate dissolved inorganic carbon to facilitate calcification. Nature 
Communications, 5:5741. DOI: 10.1038/ncomms6741. 

Allison N., Finch AA. 2004. High-resolution Sr/Ca records in modern Porites lobata 
corals: Effects of skeletal extension rate and architecture. Geochemistry, Geophysics, 
Geosystems 5. DOI: 10.1029/2004GC000696. 

Alpert AE., Cohen AL., Oppo DW., DeCarlo TM., Gaetani GA., Hernandez-Delgado EA., 



 

 
 

162 

Winter A., Gonneea ME. 2017. Twentieth century warming of the tropical Atlantic 
captured by Sr-U paleothermometry. Paleoceanography, 32:146–160. DOI: 
10.1002/2016PA002976. 

Alpert AE., Cohen AL., Oppo DW., DeCarlo TM., Gove JM., Young CW. 2016. 
Comparison of equatorial Pacific sea surface temperature variability and trends with 
Sr/Ca records from multiple corals. Paleoceanography, 31:252–265. DOI: 
10.1002/2015PA002897. 

Anderson KD., Heron SF., Pratchett MS. 2014. Species-specific declines in the linear 
extension of branching corals at a subtropical reef, Lord Howe Island. Coral Reefs, 34: 
479-490. DOI: 10.1007/s00338-014-1251-1. 

Anthony, K.R., and Fabricius, K.E. 2000. Shifting roles of heterotrophy and autotrophy in 
coral energetics under varying turbidity. Journal of Experimental Marine Biology and 
Ecology 252:221–253. 

Anthony KRN., Kleypas JA., Gattuso J-P. 2011. Coral reefs modify their seawater carbon 
chemistry – implications for impacts of ocean acidification. Global Change Biology, 
17:3655–3666. DOI: 10.1111/j.1365-2486.2011.02510.x. 

Atkinson MJ., Bilger RW. 1992. Effects of water velocity on phosphate uptake in coral 
reef-flat communities. Limnology and Oceanography, 37:273–279. DOI: 
10.4319/lo.1992.37.2.0273. 

Atkinson MJ., Kotler E., Newton P. 1994. Effects of water velocity on respiration, 
calcification, and ammonium uptake of a Porites compressa community. Pacific 
Science, 48, 296–303. 

Bagnato S., Linsley BK., Howe SS., Wellington GM., Salinger J. 2004. Evaluating the use 
of the massive coral Diploastrea heliopora for paleoclimate reconstruction. 
Paleoceanography, 19:PA1032. DOI: 10.1029/2003PA000935. 

Bak RP. 1973. Coral weight increment in situ. A new method to determine coral growth. 
Marine Biology, 20:45–49. DOI: 10.1007/BF00387673. 

Balan E., Noireaux J., Mavromatis V., Saldi GD., Montouillout V., Blanchard M., Pietrucci 
F., Gervais C., Rustad JR., Schott J., Gaillardet J. 2018. Theoretical isotopic 
fractionation between structural boron in carbonates and aqueous boric acid and borate 
ion. Geochimica et Cosmochimica Acta, 222:117–129. DOI: 
10.1016/j.gca.2017.10.017 

Balan E., Pietrucci F., Gervais C., Blanchard M., Schott J., Gaillardet J. 2016. First-
principles study of boron speciation in calcite and aragonite. Geochimica et 
Cosmochimica Acta, 193:119–131. DOI: 10.1016/j.gca.2016.07.026. 



 

 
 

163 

Barkley HC., Cohen AL., Golbuu Y., Starczak VR., DeCarlo TM., Shamberger KEF. 2015. 
Changes in coral reef communities across a natural gradient in seawater pH. Science 
Advances, 1, 5:e1500328. DOI: 10.1126/sciadv.1500328. 

Barnes DJ. 1970. Coral skeletons: an explanation of their growth and structure. Science, 
170:1305–8. DOI: 10.1126/science.170.3964.1305. 

Beck JW., Edwards RL., Ito E., Taylor FW., Recy J., Rougerie F., Joannot P., Henin C. 
1992. Sea-surface temperature from coral skeletal strontium/calcium ratios. Science, 
257:644–647. DOI: 10.1126/science.257.5070.644. 

Bessat F. 1997. Variabilité hydro-climatique et croissance corallienne en Polynésie 
française: exemples de l’île de Mooréa et de l’atoll de Mururoa. Université Paris I – 
Panthéon – Sorbonne. 

Bessell-Browne P., Stat M., Thomson D. & Clode PL. 2014. Coscinaraea marshae corals 
that have survived prolonged bleaching exhibit signs of increased heterotrophic 
feeding. Coral Reefs 33: 795–804. 

Brenner LD., Linsley BK., Potts DC. 2017. A modern Sr/Ca-δ18O-sea surface temperature 
calibration for Isopora corals on the Great Barrier Reef. Paleoceanography, 32:182–
194. DOI: 10.1002/2016PA002973. 

Briffa KR., Ammann CM., Jones PD., Osborn TJ., Lough JM., van Ommen TD., Vinther 
BM., Luterbacher J., Wahl ER., Zwiers FW., Mann ME., Schmidt G A., Buckley BM., 
Cobb KM., Esper J., Goosse H., Graham N., Jansen E., Kiefer T., Kull C., Kuttel M., 
Mosley-Thompson E., Overpeck JT., Riedwyl N., Schulz M., Tudhope  a. W., Villalba 
R., Wanner H., Wolff E., Xoplaki E. 2009. High-resolution palaeoclimatology of the 
last millennium: a review of current status and future prospects. The Holocene, 19: 3–
49. DOI: 10.1177/0959683608098952. 

Buddemeier RW, Maragos JE, Knutson DW (1974) Radiographic studies of reef coral 
exoskeletons: rates and patterns of coral growth. Journal of Experimental Marine 
Biology and Ecology 14:179–200 

Burton EA., Walter LM. 1987. Relative precipitation rates of aragonite and Mg calcite from 
seawater: Temperature or carbonate ion control? Geology, 15:111. DOI: 
10.1130/0091-7613(1987)15<111:RPROAA>2.0.CO;2. 

Cai W-J., Ma Y., Hopkinson BM., Grottoli AG., Warner ME., Ding Q., Hu X., Yuan X., 
Schoepf V., Xu H., Han C., Melman TF., Hoadley KD., Pettay DT., Matsui Y., 
Baumann JH., Levas S., Ying Y., Wang Y. 2016. Microelectrode characterization of 
coral daytime interior pH and carbonate chemistry. Nature Communications, 7:11144. 
DOI: 10.1038/ncomms11144. 

Calvo E., Marshall JF., Pelejero C., McCulloch MT., Gagan MK., Lough JM. 2007. 



 

 
 

164 

Interdecadal climate variability in the Coral Sea since 1708 A.D. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 248:190–201. DOI: 10.1016/j.palaeo.2006.12.003. 

Cantin NE., Cohen AL., Karnauskas KB., Tarrant AM., McCorkle DC. 2010. Ocean 
warming slows coral growth in the central Red Sea. Science, 329:322. DOI: 
10.1126/science.1190182. 

Cardinal D., Hamelin B., Bard E., Patzold J. 2001. Sr/Ca, U/Ca and δ18O records in recent 
massive corals from Bermuda: Relationships with sea surface temperature. Chemical 
Geology, 176,:213–233. DOI: 10.1016/S0009-2541(00)00396-X. 

Carilli J., Donner SD., Hartmann AC. 2012. Historical temperature variability affects coral 
response to heat stress. PloS one, 7:e34418. DOI: 10.1371/journal.pone.0034418. 

Carricart-Ganivet JP. 2004. Sea surface temperature and the growth of the West Atlantic 
reef-building coral Montastraea annularis. Journal of Experimental Marine Biology 
and Ecology, 302:249–260. DOI: 10.1016/j.jembe.2003.10.015. 

Carton JA., Giese BS. 2008. A reanalysis of ocean climate using simple ocean data 
assimilation (SODA). Monthly Weather Review, 136:2999–3017. DOI: 
10.1175/2007MWR1978.1. 

Chappell J. and Shackleton N. J. (1986) Oxygen isotopes and sea level. Nature 324, 137–
140/. 

Chen T., Cobb KM., Roff G., Zhao J., Yang H., Hu M., Zhao K. 2018. Coral-derived 
Western Pacific tropical sea surface temperatures during the last millennium. 
Geophysical Research Letters, 45:3542–3549. DOI: 10.1002/2018GL077619. 

Clarke H., D’Olivo JP., Falter J., Zinke J., Lowe R., McCulloch MT. 2017. Differential 
response of corals to regional mass-warming events as evident from skeletal Sr/Ca and 
Mg/Ca ratios. Geochemistry, Geophysics, Geosystems, 18:1794–1809. DOI: 
10.1002/2016GC006788.Received. 

Clausen CD., Roth AA. 1975. Effect of temperature and temperature adaption on 
calcification rate in the hermatypic coral Pocillopora damicornis. Marine Biology, 33, 
93–100. 

Clode P., Marshall A. 2002. Low temperature FESEM of the calcifying interface of a 
scleractinian coral. Tissue & Cell, 34:187–198. 

Clode PL., Marshall AT. 2003. Calcium associated with a fibrillar organic matrix in the 
scleractinian coral Galaxea fascicularis. Protoplasma, 220: 153–161. DOI: 
10.1007/s00709-002-0046-3. 

Cobb KM., Charles CD., Cheng H., Edwards RL. 2003. El Nino/Southern Oscillation and 



 

 
 

165 

tropical Pacific climate during the last millennium. Nature, 424:271–276. 

Cohen AL., Gaetani GA. 2010. Ion partitioning and the geochemistry of coral skeletons: 
solving the mystery of the vital effect. In: Prieto M, Stoll HM eds. On Partitioning in 
Low Temperature Aqueous Systems: From Fundamen- tals to Applications in Climate 
Proxies and Environmental Geochemistry. 377–397. 

Cohen AL., Gaetani GA., Lundälv T., Corliss BH., George RY. 2006. Compositional 
variability in a cold-water scleractinian, Lophelia pertusa: New insights into “vital 
effects.” Geochemistry, Geophysics, Geosystems, 7. DOI: 10.1029/2006GC001354. 

Cohen AL., Holcomb M. 2009. Why corals care about ocean acidification uncovering the 
mechanism. Oceanography, 22:118–127. 

Cohen AL., Layne GD., Hart SR., Lobel PS. 2001. Kinetic control of skeletal Sr/Ca in a 
symbiotic coral: Implications for the paleotemperature proxy. Paleoceanography, 16: 
20–26. 

Cohen AL., McConnaughey TA. 2003. Geochemical perspectives on coral mineralization. 
Reviews in Mineralogy and Geochemistry, 54:151–187. DOI: 10.2113/0540151. 

Cohen AL., Owens KE., Layne GD., Shimizu N. 2002. The effect of algal symbionts on the 
accuracy of Sr/Ca paleotemperatures from coral. Science, 296: 331–3. DOI: 
10.1126/science.1069330. 

Cohen AL., Smith S., McCartney M., van Etten J. 2004. How brain corals record climate: 
an integration of skeletal structure, growth and chemistry of Diploria labyrinthiformis 
from Bermuda. Marine Ecology Progress Series, 271: 147–158. DOI: 
10.3354/meps271147. 

Cohen AL., Thorrold SR. 2007. Recovery of temperature records from slow-growing corals 
by fine scale sampling of skeletons. Geophysical Research Letters, 34:1–6. DOI: 
10.1029/2007GL030967. 

Cole C., Finch A., Hintz C., Hintz K., Allison N. 2016. Understanding cold bias: Variable 
response of skeletal Sr/Ca to seawater pCO2 in acclimated massive Porites corals. 
Scientific Reports, 6:1–8. DOI: 10.1038/srep26888. 

Coles, S. L. L., and Jokiel, P. L. L. (1977). Effects of temperature on photosynthesis and 
respiration in hermatypic corals. Marine Biology 43:209–216. DOI: 
10.1007/BF00402313 

Coles SL., Bahr KD., Rodgers KS., May SL., McGowan AE., Tsang A., Bumgarner J., Han 
JH. 2018. Evidence of acclimatization or adaptation in Hawaiian corals to higher 
ocean temperatures. PeerJ, 6:e5347. DOI: 10.7717/peerj.5347. 



 

 
 

166 

Comeau S., Carpenter RC., Nojiri Y., Putnam HM., Sakai K., Edmunds PJ. 2014a. Pacific-
wide contrast highlights resistance of reef calcifiers to ocean acidification. 
Proceedings of the Royal Society B, 281:20141339. 

Comeau S., Edmunds PJ., Spindel NB., Carpenter RC. 2014b. Fast coral reef calcifiers are 
more sensitive to ocean acidification in short-term laboratory incubations. Limnology 
and Oceanography 59:1081–1091. DOI: 10.4319/lo.2014.59.3.1081. 

Comeau S., Cornwall CE., DeCarlo TM., Krieger E., McCulloch MT. 2018. Similar 
controls on calcification under ocean acidification across unrelated coral reef taxa. 
Global Change Biology, 24:4857-4868. DOI: 10.1111/gcb.14379. 

Comeau S., Cornwall CE., McCulloch MT. 2017. Decoupling between the response of 
coral calcifying fluid pH and calcification to ocean acidification. Scientific Reports, 7: 
7573. DOI: 10.1038/s41598-017-08003-z. 

Connell JH. 1978. Diversity in tropical rain forests and coral reefs. Science, 199:1302–
1310. 

Cooper T., O’Leary R., Lough JM. 2012. Growth of Western Australian corals in the 
Anthropocene. Science,  335:593–596. DOI: 10.1126/science.1214570. 

Cornwall, C. E., Comeau, S., DeCarlo, T. M., Moore, B., D’Alexis, Q., & McCulloch, M. 
T. (2018). Resistance of corals and coralline algae to ocean acidification: 
Physiological control of calcification under natural pH variability. Proceedings of the 
Royal Society B: Biological Sciences, 285:20181168. 
https://doi.org/10.1098/rspb.2018.1168 

Corrège T. 2006. Sea surface temperature and salinity reconstruction from coral 
geochemical tracers. Palaeogeography, Palaeoclimatology, Palaeoecology, 232, 408–
428. DOI: 10.1016/j.palaeo.2005.10.014. 

Corrège T., Delcroix T., Récy J., Beck W., Cabioch G., Cornec FL. 2000. Evidence for 
stronger El Niño-Southern Oscillation (ENSO) events in a mid-Holocene massive 
coral. Paleoceanography, 15, 465–470. 

Corrège T., Gagan MK., Beck W., Burr GS., Cabioch G., Le Cornec F. 2004. Interdecadal 
variation in the extent of South Pacific tropical waters during the Younger Dryas 
event. Nature, 428:927–929. 

Couce E., Ridgwell A., Hendy EJ. 2013. Future habitat suitability for coral reef ecosystems 
under global warming and ocean acidification. Global Change Biology, 19:3592–
3606. DOI: 10.1111/gcb.12335. 

Courtney TA., Lebrato M., Bates NR., Collins A., de Putron SJ., Garley R., Johnson R., 
Molinero J-C., Noyes TJ., Sabine CL., Andersson AJ. 2017. Environmental controls 



 

 
 

167 

on modern scleractinian coral and reef-scale calcification. Science Advances, 3:  
e170135. DOI: 10.1126/sciadv.1701356. 

Crook ED., Cohen AL., Rebolledo-Vieyra M., Hernandez L., Paytan A. 2013. Reduced 
calcification and lack of acclimatization by coral colonies growing in areas of 
persistent natural acidification. Proceedings of the National Academy of Sciences of 
the United States of America, 110:11044–9. DOI: 10.1073/pnas.1301589110. 

Crossland C. 1981. Seasonal growth of Acropora cf. formosa and Pocillopora damicornis 
on a high latitude reef (Houtman Abrolhos, Western Australia). Proceedings 4th 
International Coral Reef Symposium, 663–667. 

Crossland C. 1984. Seasonal variations in the rates of calcification and productivity in the 
coral Acropora formosa on a high-latitude reef. Marine Ecology Progress Series, 15: 
135–140. DOI: 10.3354/meps015135. 

Cyronak T., Andersson AJ., D’Angelo S., Bresnahan P., Davidson C., Griffin A., 
Kindeberg T., Pennise J., Takeshita Y., White M. 2018. Short-term spatial and 
temporal carbonate chemistry variability in two contrasting seagrass meadows: 
Implications for pH buffering capacities. Estuaries and Coasts, 41:1282–1296. DOI: 
10.1007/s12237-017-0356-5. 

D’Olivo JP., McCulloch MT., Judd K. 2013. Long-term records of coral calcification 
across the central Great Barrier Reef: assessing the impacts of river runoff and climate 
change. Coral Reefs, 32:999–1012. DOI: 10.1007/s00338-013-1071-8. 

D’Olivo JP., McCulloch MT. 2017. Response of coral calcification and calcifying fluid 
composition to thermally induced bleaching stress. Scientific Reports, 7, 2207. DOI: 
10.1038/s41598-017-02306-x. 

D’Olivo JP., Sinclair DJ., Rankenburg K., McCulloch MT. 2018. A universal multi-trace 
element calibration for reconstructing sea surface temperatures from long-lived 
Porites corals: Removing 'vital-effects'. Geochimica et Cosmochimica Acta 239:109-
135. DOI: 10.1016/j.gca.2018.07.035 

Dandan SS., Falter JL., Lowe RJ., McCulloch MT. 2015. Resilience of coral calcification 
to extreme temperature variations in the Kimberley region, northwest Australia. Coral 
Reefs 34, 4:1151-1163. DOI: 10.1007/s00338-015-1335-6. 

DeCarlo TM., Gaetani GA., Holcomb M., Cohen AL. 2015. Experimental determination of 
factors controlling U/Ca of aragonite precipitated from seawater: Implications for 
interpreting coral skeleton. Geochimica et Cosmochimica Acta 162:151–165. DOI: 
10.1016/j.gca.2015.04.016. 

DeCarlo TM., Gaetani GA., Cohen AL., Foster GL., Alpert AE., Stewart JA. 2016. Coral 
Sr-U thermometry. Paleoceanography, 31:626–638. DOI: 10.1002/2015PA002908. 



 

 
 

168 

DeCarlo TM., D’Olivo JP., Foster T., Holcomb M., Becker T., McCulloch MT. 2017. Coral 
calcifying fluid aragonite saturation states derived from Raman spectroscopy. 
Biogeosciences, 14:5253–5269. DOI: 10.5194/bg-14-5253-2017. 

DeCarlo TM., Comeau S., Cornwall CE., McCulloch MT. 2018a. Coral resistance to ocean 
acidification linked to increased calcium at the site of calcification. Proceedings of the 
Royal Society B, 285:20180564. DOI: 10.1098/rspb.2018.0564. 

DeCarlo TM., Holcomb M., McCulloch MT. 2018b. Reviews and syntheses: Revisiting the 
boron systematics of aragonite and their application to coral calcification. 
Biogeosciences, 15:2819–2834. DOI: 10.5194/bg-15-2819-2018 

DeLong KL., Flannery JA., Maupin CR., Poore RZ., Quinn TM. 2011. A coral Sr/Ca 
calibration and replication study of two massive corals from the Gulf of Mexico. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 30:117–128. DOI: 
10.1016/j.palaeo.2011.05.005. 

DeLong KL., Flannery JA., Poore RZ., Quinn TM., Maupin CR., Lin K., Shen CC. 2014. A 
reconstruction of sea surface temperature variability in the southeastern Gulf of 
Mexico from 1734 to 2008 C.E. using cross-dated Sr/Ca records from the coral 
Siderastrea siderea. Paleoceanography, 29:403–422. DOI: 10.1002/2013PA002524. 

DeLong KL., Quinn TM., Shen CC., Lin K. 2010. A snapshot of climate variability at 
Tahiti at 9.5 ka using a fossil coral from IODP expedition 310. Geochemistry, 
Geophysics, Geosystems, 11:1–14. DOI: 10.1029/2009GC002758. 

DeLong KL., Quinn TM., Taylor FW. 2007. Reconstructing twentieth-century sea surface 
temperature variability in the southwest Pacific: A replication study using multiple 
coral Sr/Ca records from New Caledonia. Paleoceanography, 22:1–18. DOI: 
10.1029/2007PA001444. 

Denis V., Mezaki T., Tanaka K., Kuo CY., De Palmas S., Keshavmurthy S., Chen CA. 
2013. Coverage, diversity, and functionality of a high-latitude coral community 
(Tatsukushi, Shikoku Island, Japan). PLoS ONE 8:e54330. 

Dickson AG. 1990. Thermodynamics of the dissociation of boric acid in synthetic seawater 
from 273.15 to 318.15 K. Deep Sea Research Part A. Oceanographic Research 
Papers, 37:755–766. DOI: 10.1016/0198-0149(90)90004-F. 

Dickson AG., Millero FJ. 1987. A comparison of the equilibrium constants for the 
dissociation of carbonic acid in seawater media. Deep Sea Research Part A, 
Oceanographic Research Papers, 34:1733–1743. DOI: 10.1016/0198-0149(87)90021-
5. 

Dissard D., Douville E., Reynaud S., Juillet-Leclerc A., Montagna P., Louvat P., 
McCulloch MT. 2012. Light and temperature effects on δ11B and B/Ca ratios of the 



 

 
 

169 

zooxanthellate coral Acropora sp.: results from culturing experiments. Biogeosciences 
9:4589–4605. DOI: 10.5194/bg-9-4589-2012. 

Donner SD., Skirving WJ., Little CM., Oppenheimer M., Hoegh-Guldberg O. 2005. Global 
assessment of coral bleaching and required rates of adaptation under climate change. 
Global Change Biology 11:2251–2265. DOI: 10.1111/j.1365-2486.2005.01073.x. 

Drenkard, E.J., Cohen, A.L., McCorkle, D.C., de Putron, S.J., Starczak, V.R., and Zicht, 
A.E. 2013. Calcification by juvenile corals under heterotrophy and elevated CO2. 
Coral Reefs 32:727–735. 

Edmunds PJ. 2011. Zooplanktivory ameliorates the effects of ocean acidification on the 
reef coral Porites spp. Limnology and Oceanography 56:2402–2410. DOI: 
10.4319/lo.2011.56.6.2402. 

Evangelista H., Sifeddine A., Corrège T., Servain J., Dassié EP., Logato R., Cordeiro RC., 
Shen C-C., Le Cornec F., Nogueira J., Segal B., Castagna A., Turcq B. 2018. Climatic 
constraints on growth rate and geochemistry (Sr/Ca and U/Ca) of the coral Siderastrea 
stellata in the Southwest Equatorial Atlantic (Rocas Atoll, Brazil). Geochemistry, 
Geophysics, Geosystems, 19. DOI: 10.1002/2017GC007365. 

Ezzat L., Towle E., Irisson J-O., Langdon C., Ferrier-Pagès C. 2015. The relationship 
between heterotrophic feeding and inorganic nutrient availability in the scleractinian 
coral T . reniformis under a short-term temperature increase. Limnology and 
Oceanography, 61:89-102. DOI: 10.1002/lno.10200. 

Fabricius KE., Langdon C., Uthicke S., Humphrey C., Noonan S., De’ath G., Okazaki R., 
Muehllehner N., Glas MS., Lough JM. 2011. Losers and winners in coral reefs 
acclimatized to elevated carbon dioxide concentrations. Nature Climate Change, 
1:165–169. DOI: 10.1038/nclimate1122. 

Falini G., Fermani S., Goffredo S. 2015. Coral biomineralization: A focus on intra-skeletal 
organic matrix and calcification. Seminars in Cell and Developmental Biology, 46:17–
26. DOI: 10.1016/j.semcdb.2015.09.005. 

Fallon SJ., McCulloch MT., Alibert C. 2003. Examining water temperature proxies in 
Porites corals from the Great Barrier Reef: a cross-shelf comparison. Coral Reefs, 22: 
389–404. DOI: 10.1007/s00338-003-0322-5. 

Fallon SJ., McCulloch MT., van Woesik R., Sinclair DJ. 1999. Corals at their latitudinal 
limits: laser ablation trace element systematics in Porites from Shirigai Bay, Japan. 
Earth and Planetary Science Letters, 172:221–238. DOI: 10.1016/S0012-
821X(99)00200-9. 

Falter JL., Lowe RJ., Atkinson MJ., Cuet P. 2012. Seasonal coupling and de-coupling of 
net calcification rates from coral reef metabolism and carbonate chemistry at Ningaloo 



 

 
 

170 

Reef, Western Australia. Journal of Geophysical Research, 117:C05003. DOI: 
10.1029/2011JC007268. 

Falter JL., Zhang Z., Lowe RJ., McGregor F., Keesing J., McCulloch MT. 2014. Assessing 
the drivers of spatial variation in thermal forcing across a nearshore reef system and 
implications for coral bleaching. Limnology and Oceanography, 59, 1241–1255. DOI: 
10.4319/lo.2014.59.4.1241. 

Feely RA., Sabine CL., Lee K., Berelson W., Kleypas JA., Fabry VJ., Millero FJ. 2004. 
Impact of anthropogenic CO2 on the CaCO3 system in the oceans. Science, 305:362–
366. 

Felis T., Lohmann G., Kuhnert H., Lorenz SJ., Scholz D., Pätzold J., Al-Rousan SA., Al-
Moghrabi SM. 2004. Increased seasonality in Middle East temperatures during the last 
interglacial period. Nature, 429:164–168. 

Felis T., Merkel U., Asami R., Deschamps P., Hathorne EC., Kölling M., Bard E., Cabioch 
G., Durand N., Prange M., Schulz M., Cahyarini SY., Pfeiffer M. 2012. Pronounced 
interannual variability in tropical South Pacific temperatures during Heinrich Stadial 
1. Nature Communications 3: 965. DOI: 10.1038/ncomms1973. 

Felis T., Suzuki A., Kuhnert H., Dima M., Lohmann G., Kawahata H. 2009. Subtropical 
coral reveals abrupt early-twentieth-century freshening in the western North Pacific 
Ocean. Geology 37: 527–530. DOI: 10.1130/G25581A.1. 

Ferrier-Pagès C., Gattuso J-P., Dallot S., Jaubert J. 2000. Effect of nutrient enrichment on 
growth and photosynthesis of the zooxanthellate coral Stylophora pistillata. Coral 
Reefs 19: 103–113. DOI: 10.1007/s003380000078. 

Ferrier-pagès C., Boisson F., Allemand D., Tambutté E. 2002. Kinetics of strontium uptake 
in the scleractinian coral Stylophora pistillata. Marine Ecology Progress Series 245: 
93–100. 

 Ferrier-pagès, C., Witting, J., Tambutté, E., and Sebens, K.P. 2003. Effect of natural 
zooplankton feeding on the tissue and skeletal growth of the scleractinian coral 
Stylophora pistillata. Coral Reefs 22:229–240 

Ferrier-Pagès C., Peirano A., Abbate M., Cocito S., Negri A., Rottier C., Riera P., Rodolfo-
Metalpa R., Reynaud S. 2011. Summer autotrophy and winter heterotrophy in the 
temperate symbiotic coral Cladocora caespitosa. Limnology and Oceanography 56: 
1429–1438. 

Fietzke J., Heinemann A., Taubner I., Boehm F., Erez J., Eisenhauer A. 2010. Boron 
isotope ratio determination in carbonates via LA-MC-ICP-MS using soda-lime glass 
standards as reference material. Journal of Analytical Atomic Spectrometry 25: 1953–
1957. DOI: 10.1039/c0ja00036a. 



 

 
 

171 

Flannery JA., Poore RZ. 2013. Sr/Ca proxy sea-surface temperature reconstructions from 
modern and Holocene Montastraea faveolata specimens from the Dry Tortugas 
National Park, Florida, U.S.A. Journal of Coastal Research, 63:20–31. DOI: 
10.2112/SI63-003.1. 

Foster GL., Pogge von Strandmann PAE., Rae JWB. 2010. Boron and magnesium isotopic 
composition of seawater. Geochemistry, Geophysics, Geosystems, 11:1–10. DOI: 
10.1029/2010GC003201. 

Foster T., Short J., Falter JL., Ross C., McCulloch MT. 2014. Reduced calcification in 
Western Australian corals during anomalously high summer water temperatures. 
Journal of Experimental Marine Biology and Ecology, 461: 133–143. 

Foster, T., Falter, JL., McCulloch, MT., & Clode, PL. (2016). Ocean acidification causes 
structural deformities in juvenile coral skeletons. Science Advances, 2: e1501130. 
https://doi.org/10.1126/sciadv.1501130. 

Fowell SE., Sandford K., Stewart JA., Castillo KD., Ries JB., Foster GL. 2016. Intrareef 
variations in Li/Mg and Sr/Ca sea surface temperature proxies in the Caribbean reef-
building coral Siderastrea siderea. Paleoceanography 31:1315–1329. DOI: 
10.1002/2016PA002968. 

Fox MD., Williams GJ., Johnson MD., Radice VZ., Zgliczynski BJ., Kelly ELA., Rohwer 
FL., Sandin SA., Smith JE. 2018. Gradients in primary production predict trophic 
strategies of mixotrophic corals across spatial scales. Current Biology 28:3355–3363. 
DOI: 10.1016/j.cub.2018.08.057. 

Furla P., Galgani I., Durand I., Allemand D. 2000. Sources and mechanisms of inorganic 
carbon transport for coral calcification and photosynthesis. The Journal of 
Experimental Biology, 203:3445–57. 

Gaetani GA., Cohen AL. 2006. Element partitioning during precipitation of aragonite from 
seawater: A framework for understanding paleoproxies. Geochimica et Cosmochimica 
Acta, 70:4617–4634. DOI: 10.1016/j.gca.2006.07.008. 

Gaetani GA., Cohen AL., Wang Z., Crusius J. 2011. Rayleigh-based, multi-element coral 
thermometry: A biomineralization approach to developing climate proxies. 
Geochimica et Cosmochimica Acta, 75:1920–1932. DOI: 10.1016/j.gca.2011.01.010. 

Gagan MK., Ayliffe LK., Hopley D., Cali JA., Mortimer GE., Chappell J., McCulloch MT., 
Head MJ. 1998. Temperature and surface-ocean water balance of the mid-holocene 
tropical Western Pacific. Science, 279:1014-1018. DOI: 
10.1126/science.279.5353.1014. 

Gagan MK., Dunbar GB., Suzuki A. 2012. The effect of skeletal mass accumulation in 
Porites on coral Sr/Ca and δ18O paleothermometry. Paleoceanography, 27:1–16. DOI: 



 

 
 

172 

10.1029/2011PA002215. 

Gagnon AC. 2013. Coral calcification feels the acid. PNAS, 110:1567–8. DOI: 
10.1073/pnas.1221308110. 

Gagnon AC., Adkins JF., Erez J. 2012. Seawater transport during coral biomineralization. 
Earth and Planetary Science Letters, 329:150–161. DOI: 10.1016/j.epsl.2012.03.005. 

Gagnon AC., Adkins JF., Erez J., Eiler JM., Guan Y. 2013. Sr/Ca sensitivity to aragonite 
saturation state in cultured subsamples from a single colony of coral: Mechanism of 
biomineralization during ocean acidification. Geochimica et Cosmochimica Acta, 105: 
240–254. DOI: 10.1016/j.gca.2012.11.038. 

Gallup CD., Olson DM., Edwards RL., Gruhn LM., Winter A., Taylor FW. 2006. Sr/Ca-
Sea surface temperature calibration in the branching Caribbean coral Acropora 
palmata. Geophysical Research Letters, 33:2–5. DOI: 10.1029/2005GL024935. 

Gattuso J-P., Allemand D., Frankignoulle M. 1999. Photosynthesis and calcification at 
cellular, organismal and community levels in coral reefs: a review on interactions and 
control by carbonate chemistry. American Zoologist, 39: 160–183. 

Georgiou L., Falter JL., Trotter J., Kline DI., Holcomb M., Dove SG., Hoegh-Guldberg O., 
McCulloch MT. 2015. pH homeostasis during coral calcification in a free ocean CO2 
enrichment (FOCE) experiment, Heron Island reef flat, Great Barrier Reef. 
PNAS:201505586. DOI: 10.1073/pnas.1505586112. 

Glynn PW. 1996. Coral reef bleaching: facts, hypotheses and implications. Global Climate 
Change, 2:495–509. 

Goffredo S., Caroselli E., Mattioli G., Pignotti E., Dubinsky Z., Zaccanti F. 2009. Inferred 
level of calcification decreases along an increasing temperature gradient in a 
Mediterranean endemic coral. Limnology and Oceanography, 54: 930–937. DOI: 
10.4319/lo.2009.54.3.0930. 

Goffredo S., Caroselli E., Mattioli G., Pignotti E., Zaccanti F. 2008. Relationships between 
growth, population structure and sea surface temperature in the temperate solitary 
coral Balanophyllia europaea (Scleractinia, Dendrophylliidae). Coral Reefs, 27:623–
632. DOI: 10.1007/s00338-008-0362-y. 

Goodkin NF., Hughen KA., Cohen AL., Smith SR. 2005. Record of Little Ice Age sea 
surface temperatures at Bermuda using a growth-dependent calibration of coral Sr/Ca. 
Paleoceanography, 20:PA4016. DOI: 10.1029/2005PA001140. 

Goreau T. 1959. The physiology of skeleton formation in corals I. A method for measuring 
the rate of calcium deposition by corals under different conditions. The Biological 
Bulletin, 116, no. 1 (February 1959) 59-75. 



 

 
 

173 

Grottoli AG., Rodrigues LJ., Palardy JE. 2006. Heterotrophic plasticity and resilience in 
bleached corals. Nature, 440:1186–1189. DOI: 10.1038/nature04565. 

Grottoli AG., Tchernov D., Winters G. 2017. Physiological and biogeochemical responses 
of super-corals to thermal stress from the Northern Gulf of Aqaba, Red Sea. Frontiers 
in Marine Science, 4: 1–12. DOI: 10.3389/fmars.2017.00215. 

Grottoli AG., Warner ME., Levas SJ., Aschaffenburg MD., Schoepf V., McGinley M., 
Baumann J., Matsui Y. 2014. The cumulative impact of annual coral bleaching can 
turn some coral species winners into losers. Global Change Biology, 20:3823–3833. 
DOI: 10.1111/gcb.12658. 

Grove CA., Kasper S., Zinke J., Pfeiffer M., Garbe-Schönberg D., Brummer GJA. 2013. 
Confounding effects of coral growth and high SST variability on skeletal Sr/Ca: 
Implications for coral paleothermometry. Geochemistry, Geophysics, Geosystems, 14: 
1277–1293. DOI: 10.1002/ggge.20095. 

Guilderson TP., Fairbanks RG., Rubenstone JL. 1994. Tropical temperature variations 
since 20,000 years ago: Modulating interhemispheric climate change. Science, 263: 
663–666. 

Guo W., Daeron M., Niles P., Genty D., Kim S. T., Vonhof H., Affek H., Wainer K., 
Blamart D. and Eiler J. 2008. C-13–O-18 bonds in dissolved inorganic carbon: 
Implications for carbonate clumped isotope thermometry. Geochimica et 
Cosmochimica Acta 72, A336. 

Harriott V., Banks S. 2002. Latitudinal variation in coral communities in eastern Australia!: 
a qualitative biophysical model of factors regulating coral reefs. Coral Reefs, 21, 83–
94. DOI: 10.1007/s00338-001-0201-x. 

Harrison PL., Dalton SJ., Carroll AG. 2011. Extensive coral bleaching on the world’s 
southernmost coral reef at Lord Howe Island, Australia. Coral Reefs, 30: 775–775. 
DOI: 10.1007/s00338-011-0778-7. 

Hathorne EC., Felis T., Suzuki A., Kawahata H., Cabioch G. 2013a. Lithium in the 
aragonite skeletons of massive Porites corals: A new tool to reconstruct tropical sea 
surface temperatures. Paleoceanography, 28: 143–152. DOI: 10.1029/2012PA002311. 

Hathorne, E. C., et al. 2013b, Interlaboratory study for coral Sr/Ca and other element/Ca 
ratio measurements, Geochemistry Geophysics Geosystems, 14:3730–3750, DOI: 
10.1002/ggge.20230. 

Hayashi E., Suzuki A., Nakamura T., Iwase A., Ishimura T., Iguchi A., Sakai K., Okai T., 
Inoue M., Araoka D., Murayama S., Kawahata H. 2013. Growth-rate influences on 
coral climate proxies tested by a multiple colony culture experiment. Earth and 
Planetary Science Letters, 362:198–206. DOI: 10.1016/j.epsl.2012.11.046. 



 

 
 

174 

Heiss GA., Dullo W-C., Camoin GF. 1997. Stable isotope signal in corals from the Indian 
Ocean. 8th International Coral Reef Symposium, Abstracts, 1713–1718. 

Hemming, N.G., Hanson, G.N., 1992. Boron isotopic composition and concentration in 
modern marine carbonates. Geochimica et Cosmochimica Acta, 56:537–543. 

Hennekam R., Zinke J., van Sebille E., ten Have M., Brummer GJA., Reichart GJ. 2018. 
Cocos (Keeling) corals reveal 200 years of multidecadal modulation of southeast 
Indian Ocean hydrology by Indonesian throughflow. Paleoceanography and 
Paleoclimatology, 33: 48–60. DOI: 10.1002/2017PA003181. 

Heron SF., Maynard JA., Van Hooidonk R., Eakin CM. 2016. Warming trends and 
bleaching stress of the world’s coral reefs 1985-2012. Scientific Reports, 6:38402, 1–
14. DOI: 10.1038/srep38402. 

Hetzinger S., Pfeiffer M., Dullo W-C., Ruprecht E., Dieter GS. 2006. Sr/Ca and d18O in a 
fast-growing Diploria strigosa coral: Evaluation of a new climate archive for the 
tropical Atlantic. Geochemistry, Geophysics, Geosystems, 7:1–9. DOI: 
10.1029/2006GC001347. 

Hoegh-Guldberg O. 1999. Climate change, coral bleaching and the future of the world’s 
coral reefs. Marine and Freshwater Research, 50:839-866. DOI: 10.1071/MF99078. 

Hoegh-Guldberg O., Cai R., Poloczanska ES., Brewer PG., Sundby S., Hilmi K., Fabry VJ., 
Jung S. 2014. The Ocean. Climate Change 2014: Impacts, Adaptation, and 
Vulnerability. Part B: Regional Aspects. Contribution of Working Group II to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change, 1655–1732. 
DOI: 10.1017/CBO9781107415386.010. 

Hoegh-Guldberg O., Mumby PJ., Hooten AJ., Steneck RS., Greenfield P., Gomez E., 
Harvell CD., Sale PF., Edwards AJ., Caldeira K., Knowlton N., Eakin CM., Iglesias-
Prieto R., Muthiga N., Bradbury RH., Dubi A., Hatziolos ME. 2007. Coral reefs under 
rapid climate change and ocean acidification. Science, 318:1737–1742. DOI: 
10.1126/science.1152509. 

Hoegh-Guldberg O., Poloczanska ES., Skirving WJ., Dove S. 2017. Coral reef ecosystems 
under climate change and ocean acidification. Frontiers in Marine Science, 4:158. 
DOI: 10.3389/fmars.2017.00158. 

Hohn S., Merico A. 2015. Quantifying the relative importance of transcellular and 
paracellular ion transports to coral polyp calcification. Frontiers in Earth Science 2:1–
11. DOI: 10.3389/feart.2014.00037. 

Holcomb M., Cohen AL., McCorkle DC. 2013. An evaluation of staining techniques for 
marking daily growth in scleractinian corals. Journal of Experimental Marine Biology 
and Ecology, 440:126–131. DOI: 10.1016/j.jembe.2012.12.003. 



 

 
 

175 

Holcomb M., DeCarlo TM., Gaetani GA., McCulloch MT. 2016. Factors affecting B/Ca 
ratios in synthetic aragonite. Chemical Geology, 437:67–76. DOI: 
10.1016/j.chemgeo.2016.05.007. 

Holcomb M., DeCarlo T., Schoepf V., Dissard D., Tanaka K., McCulloch MT. 2015. 
Cleaning and pre-treatment procedures for biogenic and synthetic calcium carbonate 
powders for determination of elemental and boron isotopic compositions. Chemical 
Geology, 398:11–21. DOI: 10.1016/j.chemgeo.2015.01.019. 

Holcomb M., Venn AA., Tambutté E., Tambutté S., Allemand D., Trotter J., McCulloch M. 
2014. Coral calcifying fluid pH dictates response to ocean acidification. Scientific 
reports, 4,:5207. DOI: 10.1038/srep05207. 

Hönisch B., Hemming NG., Grottoli A., Amat A., Hanson GN., Bijma J. 2004. Assessing 
scleractinian corals as recorders for paleo-pH: Empirical calibration and vital effects. 
Geochimica et Cosmochimica Acta, 68:3675–3685. DOI: 10.1016/j.gca.2004.03.002. 

Hoogenboom, M., Rodolfo-Metalpa, R. and Ferrier-pagès C. 2010. Covariation between 
autotrophy and heterotrophy in the Mediterranean coral Cladocora caespitosa. Journal 
of Experimental Biolology 213: 2399-2409. 

Hoogenboom M., Rottier C., Sikorski S., and Ferrier-pagès C. 2015. Among-species 
variation in the energy budgets of reef-building corals: scaling from coral polyps to 
communities. Journal of Experimental Biolology 218:3866–3877. 

van Hooidonk R., Huber M. 2012. Effects of modeled tropical sea surface temperature 
variability on coral reef bleaching predictions. Coral Reefs, 31:121–131. DOI: 
10.1007/s00338-011-0825-4. 

van Hooidonk R., Maynard JA., Manzello D., Planes S. 2014. Opposite latitudinal 
gradients in projected ocean acidification and bleaching impacts on coral reefs. Global 
Change Biology, 20:103–12. DOI: 10.1111/gcb.12394. 

 Houlbrèque F., Tambutté É., Ferrier-Pagès C. 2003. Effect of zooplankton availability on 
the rates of photosynthesis, and tissue and skeletal growth in the Scleractinian coral 
Stylophora pistillata. Journal of Experimental Marine Biology and Ecology 296:145–
166. 

Houlbrèque F., Ferrier-Pagès C. 2009. Heterotrophy in tropical scleractinian corals. 
Biological Reviews, 84:1–17. DOI: 10.1111/j.1469-185X.2008.00058.x. 

Houlbrèque F., Tambutté É., Richard C., Ferrier-pagès C. 2004. Importance of a micro-diet 
for scleractinian corals. Marine Ecology Progress Series, 282:151–160. 

Hughes TP., Barnes ML., Bellwood DR., Cinner JE., Cumming GS., Jackson JBC., 
Kleypas J., Van De Leemput IA., Lough JM., Morrison TH., Palumbi SR., Van Nes 



 

 
 

176 

EH., Scheffer M. 2017a. Coral reefs in the Anthropocene. Nature, 546:82–90. DOI: 
10.1038/nature22901. 

Hughes TP., Kerry JT., Álvarez-Noriega M., Álvarez-Romero J., Anderson KD., Baird 
AH., Babcock R., Beger M., Bellwood D., Berkelmans R., Bridge T., Butler I., Byrne 
M., Cantin N., Comeau S., Connolly S., Cumming G., Dalton S., Diaz-Pulido G., 
Eakin CM., Figueira W., Gilmour J., Harrison H., Heron S., Hoey AS., Hobbs J-P., 
Hoogenboom M., Kennedy E., Kuo C-Y., Lough JM., Lowe R., Liu G., McCulloch 
M., Malcolm H., McWilliam M., Pandolfi J., Pears R., Pratchett MS., Schoepf V., 
Simpson T., Skirving WJ., Sommer B., Torda G., Wachenfeld D., Willis B., Wilson S. 
2017b. Global warming and recurrent mass bleaching of corals. Nature, 43:373-377, 
DOI: 10.1038/nature21707. 

Hughes TP., Kerry JT., Baird AH., Connolly SR., Dietzel A., Eakin CM., Heron SF., Hoey 
AS., Hoogenboom MO., Liu G., McWilliam MJ., Pears RJ., Pratchett MS., Skirving 
WJ., Stella JS., Torda G. 2018. Global warming transforms coral reef assemblages. 
Nature, 556:492–496. DOI: 10.1038/s41586-018-0041-2. 

IMOS. 2018. Integrated Marine Observing System ocean color (2012 to 2017). Retrieved 
from https://oceancurrent.imos.org.au/oceancolour.php (accessed 4 July 2018). 

IPCC. 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change, [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. 
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, USA, doi:10.1017/CBO9781107415324. 

Jimenez G., Cole JE., Thompson DM., Tudhope AW. 2018. Northern Galápagos corals 
reveal twentieth century warming in the eastern Tropical Pacific. Geophysical 
Research Letters, 45:1981–1988. DOI: 10.1002/2017GL075323. 

Jokiel PL. 2011. Ocean acidification and control of layer limitation of proton flux. Bulletin 
of Marine Science, 87:639–657. DOI: 10.5343/bms.2010.1107. 

Jokiel PL., Coles SL. 1977. Effects of Temperature on the Mortality and Growth of 
Hawaiian Reef Corals *. Marine Biology 208:201–208. 

Jokiel PL., Maragos J., Franzisket L. 1978. Coral Growth: Buoyant weight technique. In: 
Stoddart D, Johannes RE eds. Coral Reefs: Research Methods. Paris: UNESCO, 529–
542. 

Jokiel PL., Rodgers KS., Kuffner IB., Andersson AJ., Cox EF., Mackenzie FT. 2008. 
Ocean acidification and calcifying reef organisms: a mesocosm investigation. Coral 
Reefs 27:473–483. DOI: 10.1007/s00338-008-0380-9. 

Jury CP., Whitehead RF., Szmant AM. 2010. Effects of variations in carbonate chemistry 



 

 
 

177 

on the calcification rates of Madracis auretenra (Madracis mirabilis sensu Wells, 
1973): bicarbonate concentrations best predict calcification rates. Global Change 
Biology 16:1632–1644. DOI: 10.1111/j.1365-2486.2009.02057.x. 

Kajiwara K., Nagai A., Ueno S., Yokochi H. 1995. Examination of the effect of 
temperature, light intensity and zooxanthellae concentration on calcification and 
photosynthesis of scleractinian coral Acropora pulchra. Journal of the School of 
Marine Science & Technology Tokai University 40:95–103. 

Kawakubo Y., Alibert C., Yokoyama Y. 2017. A reconstruction of subtropical western 
north Pacific SST variability back to 1578, based on a Porites coral Sr/Ca record from 
the Northern Ryukyus, Japan. Paleoceanography 32:1352–1370. DOI: 
10.1002/2017PA003203. 

Klochko K., Kaufman AJ., Yao W., Byrne RH., Tossell JA. 2006. Experimental 
measurement of boron isotope fractionation in seawater. Earth and Planetary Science 
Letters 248:276–285. DOI: 10.1016/j.epsl.2006.05.034. 

Kornder, N. A., Riegl, B. M., & Figueiredo, J. (2018). Thresholds and drivers of coral 
calcification responses to climate change. Global Change Biology, 24, 5084–5095. 
https://doi.org/10.1111/gcb.14431. 

Krief S., Hendy EJ., Fine M., Yam R., Meibom A., Foster GL., Shemesh A. 2010. 
Physiological and isotopic responses of scleractinian corals to ocean acidification. 
Geochimica et Cosmochimica Acta 74:4988–5001. DOI: 10.1016/j.gca.2010.05.023. 

Kroeker KJ., Kordas RL., Crim RN., Singh GG. 2010. Meta-analysis reveals negative yet 
variable effects of ocean acidification on marine organisms. Ecology Letters 13:1419–
1434. DOI: 10.1111/j.1461-0248.2010.01518.x. 

Kuffner IB., Andersson AJ., Jokiel PL., Rodgers KS., MacKenzie FT. 2008. Decreased 
abundance of crustose coralline algae due to ocean acidification. Nature Geoscience 
1:114–117. 

Kuffner IB., Hickey TD., Morrison JM. 2013. Calcification rates of the massive coral 
Siderastrea siderea and crustose coralline algae along the Florida Keys (USA) outer-
reef tract. Coral Reefs 32:987–997. DOI: 10.1007/s00338-013-1047-8. 

Kuffner IB., Jokiel PL., Rodgers KS., Andersson AJ., MacKenzie FT. 2012. An apparent 
“vital effect” of calcification rate on the Sr/Ca temperature proxy in the reef coral 
Montipora capitata. Geochemistry, Geophysics, Geosystems 13:1–10. DOI: 
10.1029/2012GC004128. 

Laepple T., Huybers P. 2014. Ocean surface temperature variability: Large model–data 
differences at decadal and longer periods. Proceedings of the National Academy of 
Sciences 111:16682–16687. DOI: 10.1073/pnas.1412077111. 



 

 
 

178 

Laforsch C., Christoph E., Glaser C., Naumann MS., Wild C., Niggl W. 2008. A precise 
and non-destructive method to calculate the surface area in living scleractinian corals 
using X-ray computed tomography and 3D modeling. Coral Reefs 27:811–820. DOI: 
10.1007/s00338-008-0405-4. 

Langdon C. 2005. Effect of elevated pCO2 on photosynthesis and calcification of corals and 
interactions with seasonal change in temperature/irradiance and nutrient enrichment. 
Journal of Geophysical Research 110:C09S07. DOI: 10.1029/2004JC002576. 

Lear CH., Mawbey EM., Rosenthal Y. 2010. Cenozoic benthic foraminiferal Mg/Ca and 
Li/Ca records: Toward unlocking temperatures and saturation states. 
Paleoceanography 25:1–11. DOI: 10.1029/2009PA001880. 

Lee K., Kim TW., Byrne RH., Millero FJ., Feely RA., Liu YM. 2010. The universal ratio of 

boron to chlorinity for the North Pacific and North Atlantic oceans. Geochimica et 

Cosmochimica Acta 74:1801–1811. DOI: 10.1016/j.gca.2009.12.027. 

Lewis E., Wallace D., Allison L. 1998. Program Developed for CO2 System Calculations. 

Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, US 

Department of Energy. 

Linsley BK., Wellington GM., Schrag DP. 2000. Decadal sea surface temperature 
variability in the subtropical South Pacific from 1726 to 1997 A.D. Science 290:1145–
1148. 

Linsley BK., Wellington GM., Schrag DP., Ren L., Salinger MJ., Tudhope AW. 2004. 
Geochemical evidence from corals for changes in the amplitude and spatial pattern of 
South Pacific interdecadal climate variability over the last 300 years. Climate 
Dynamics 22:1–11. 

Lough JM. 2010. Climate records from corals. Wiley Interdisciplinary Reviews: Climate 
Change 1:318–331. DOI: 10.1002/wcc.39. 

Lough JM., Barnes D. 2000. Environmental controls on growth of the massive coral 
Porites. Journal of Experimental Marine Biology and Ecology 245:225–243. 

Lough JM., Cantin NE., Benthuysen JA., Cooper T. 2016. Environmental drivers of growth 
in massive Porites corals over 16 degrees of latitude along Australia’s northwest shelf. 
Limnology and Oceanography 61:684–700. DOI: 10.1002/lno.10244. 

Loya Y., Sakai K., Nakano Y., Woesik R Van. 2001. Coral bleaching: the winners and the 
losers. Ecology Letters 4:122–131. DOI: 10.1046/j.1461-0248.2001.00203.x. 

Maier C., Popp P., Sollfrank N., Weinbauer MG., Wild C., Gattuso J-P. 2016. Effects of 



 

 
 

179 

elevated pCO2 and feeding on net calcification and energy budget of the 
Mediterranean cold-water coral Madrepora oculata. The Journal of Experimental 
Biology 219:3208–3217. DOI: 10.1242/jeb.127159. 

Mann S. 2001. Biomineralization:! Principles and Concepts in Bioinorganic Materials 
Chemistry Stephen Mann. Oxford University Press, New York, 2001 (Daniel R. 
Talham) Crystal Growth & Design 2002 2: 675-675. DOI: 10.1021/cg020033l 

Mann ME., Zhang Z., Hughes MK., Bradley RS., Miller SK., Rutherford S., Ni F. 2008. 
Proxy-based reconstructions of hemispheric and global surface temperature variations 
over the past two millennia. PNAS 105:13252–13257. DOI: 
10.1073/pnas.0805721105. 

Marchitto TM., Bryan SP., Doss W., McCulloch MT., Montagna P. 2018. A simple 
biomineralization model to explain Li, Mg, and Sr incorporation into aragonitic 
foraminifera and corals. Earth and Planetary Science Letters 481:20–29. DOI: 
10.1016/j.epsl.2017.10.022. 

Marshall AT., Clode P. 2004. Calcification rate and the effect of temperature in a 
zooxanthellate and an azooxanthellate scleractinian reef coral. Coral Reefs 23:218–
224. DOI: 10.1007/s00338-004-0369-y. 

Marshall JF., Mcculloch MT. 2002. An assessment of the Sr/Ca ratio in shallow water 
hermatypic corals as a proxy for sea surface temperature. Geochimica et 
Cosmochimica Acta 66:3263–3280. DOI: 10.1016/S0016-7037(02)00926-2. 

Marshall JF., McCulloch MT. 2001. Evidence of El Niño and the Indian Ocean Dipole 
from Sr/Ca derived SSTs for modern corals at Christmas Island, eastern Indian Ocean. 
Geophysical Research Letters 28:3453–3456. 

Marubini F., Ferrier-Pagès C., Cuif J-P. 2003. Suppression of skeletal growth in 
scleractinian corals by decreasing ambient carbonate-ion concentration: a cross-family 
comparison. Proceedings of the Royal Society B 270:179–84. DOI: 
10.1098/rspb.2002.2212. 

Marubini F., Ferrier-Pagès C., Cuif J-P., Barnett H., Langdon C., Atkinson MJ. 2001. 
Dependence of calcification on light and carbonate ion concentration for the 
hermatypic coral Porites compressa. Marine Ecology Progress Series 220:153–162. 
DOI: 10.3354/meps220153. 

Marubini F., Ferrier-Pagès C., Furla P., Allemand D. 2008. Coral calcification responds to 
seawater acidification: a working hypothesis towards a physiological mechanism. 
Coral Reefs 27:491–499. DOI: 10.1007/s00338-008-0375-6. 

 Mass, T., Einbinder, S., Brokovich, E., Shashar, N., Vago, R., Erez, J., Dubinsky, Z., 2007. 
Photoacclimation of Stylophora pistillata to light extremes: Metabolism and 



 

 
 

180 

calcification, Marine Ecology Progress Series 334:93–102, doi:10.3354/meps334093. 

Mass T., Drake JL., Haramaty L., Kim JD., Zelzion E., Bhattacharya D., Falkowski PG. 
2013. Cloning and characterization of four novel coral acid-rich proteins that 
precipitate carbonates in vitro. Current Biology 23:1126–1131. DOI: 
10.1016/j.cub.2013.05.007. 

Mass T., Giuffre AJ., Sun C-Y., Stifler CA., Frazier MJ., Neder M., Tamura N., Stan C V., 
Marcus MA., Gilbert PUPA. 2017. Amorphous calcium carbonate particles form coral 
skeletons. PNAS 114. DOI: 10.1073/pnas.1707890114. 

Maupin CR., Quinn TM., Halley RB. 2008. Extracting a climate signal from the skeletal 
geochemistry of the caribbean coral siderastrea siderea. Geochemistry, Geophysics, 
Geosystems 9. DOI: 10.1029/2008GC002106. 

Maynard J., Van Hooidonk R., Eakin CM., Puotinen M., Garren M., Williams G., Heron 
SF., Lamb J., Weil E., Willis B., Harvell CD. 2015. Projections of climate conditions 
that increase coral disease susceptibility and pathogen abundance and virulence. 
Nature Climate Change 5:688–694. DOI: 10.1038/nclimate2625. 

McConnaughey TA. 1994. Ion transport and the generation of biomineral supersaturation. 
In: Allemand D, Cuif J-P eds.Biomineralization 93: 7th International Symposium 
Biomineralization. Monaco, 14(2):1–18. 

McConnaughey TA., Whelan JF. 1997. Calcification generates protons for nutrient and 
bicarbonate uptake. Earth-Science Reviews 42:95–117. DOI: 10.1016/S0012-
8252(96)00036-0. 

McCulloch MT. 1999. Coral record of equatorial sea-surface temperatures during the 
penultimate deglaciation at Huon Peninsula. Science 283:202–204. DOI: 
10.1126/science.283.5399.202. 

McCulloch MT., D’Olivo Cordero JP., Falter J., Holcomb M., Trotter JA. 2017. Coral 
calcification in a changing World: the interactive dynamics of pH and DIC up-
regulation. Nature Communications:1–8. DOI: 10.1038/ncomms15686. 

McCulloch MT., D’Olivo JP., Falter JL., Georgiou L., Holcomb M., Montagna P., Trotter 
JA. 2018. Boron isotopic systematics in scleractinian corals and the role of pH up-
regulation. In: Marschall H, Foster G eds. Boron Isotopes. Advances in Isotope 
Geochemistry. Springer, Cham,. DOI: https://doi.org/10.1007/978-3-319-64666-4_6. 

McCulloch MT., Falter JL., Trotter J., Montagna P. 2012. Coral resilience to ocean 
acidification and global warming through pH up-regulation. Nature Climate Change 
2:1–5. DOI: 10.1038/nclimate1473. 

McCulloch MT., Gagan MK., Mortimer GE., Chivas AR., Isdale P. 1994. A high-



 

 
 

181 

resolution Sr/Ca and d18O coral record from the Great Barrier Reef, Australia, and the 
1982-1983 El Niño. Geochimica et Cosmochimica Acta 58:2747–2754. DOI: 
10.1016/0016-7037(94)90142-2. 

McCulloch MT., Holcomb M., Rankenburg K., Trotter JA. 2014. Rapid, high-precision 
measurements of boron isotopic compositions in marine carbonates. Rapid 
Communications in Mass Spectrometry: RCM 28:2704–12. DOI: 10.1002/rcm.7065. 

Meehl GA., Teng H., Arblaster JM. 2014. Climate model simulations of the observed early-
2000s hiatus of global warming. Nature Climate Change 4:898–902. DOI: 
10.1038/nclimate2357. 

Meehl GA., Washington WM., Arblaster JM., Hu A., Teng H., Tebaldi C., Sanderson BN., 
Lamarque JF., Conley A., Strand WG., White JB. 2012. Climate system response to 
external forcings and climate change projections in CCSM4. Journal of Climate 
25:3661–3683. DOI: 10.1175/JCLI-D-11-00240.1. 

Mehrbach C., Culberson C., Hawley J., Pytkowicz R. 1973. Measurement of the apparent 
dissociation constants of carbonic-acid in seawater at atmospheric pressure. Limnology 
and Oceanography: Methods 18:897–907. DOI: 10.4319/lo.1973.18.6.0897. 

Miller MW. 1995. Growth of a temperate coral: effects of temperature, light, depth, and 
heterotrophy. Marine Ecology Progress Series 122:217–225. 

Min G. R., Edwards R. L., Taylor F. W., Recy J., Gallup C. D. and Beck J. W. (1995) 
Annual cycles of U/Ca in coral skeletons and U/Ca thermometry. Geochimica et 
Cosmochimica Acta 59: 2025–2042. 

Mitsuguchi T., Matsumoto EM., Abe O., Uchida T., Isdale PJ. 1996. Mg/Ca thermometry 
in coral skeletons. Science 274:961–963. 

Mizerek TL., Baird AH., Beaumont LJ., Madin JS. 2016. Environmental tolerance governs 
the presence of reef corals at latitudes beyond reef growth. Global Ecology and 
Biogeography. DOI: 10.1111/geb.12459. 

Moberg F., Folke C. 1999. Ecological goods and services of coral reef ecosystems. Ecol 
Economics 29:215–233. DOI: 10.1016/S0921-8009(99)00009-9. 

Mollica NR., Guo W., Cohen AL., Huang K-F., Foster GL., Donald HK., Solow AR. 2018. 
Ocean acidification affects coral growth by reducing skeletal density. PNAS 
115:1754–1759. DOI: 10.1073/pnas.1712806115. 

Montagna P., McCulloch MT., Douville E., López Correa M., Trotter J., Rodolfo-Metalpa 
R., Dissard D., Ferrier-Pagès C., Frank N., Freiwald A., Goldstein S., Mazzoli C., 
Reynaud S., Rüggeberg A., Russo S., Taviani M. 2014. Li/Mg systematics in 
scleractinian corals: Calibration of the thermometer. Geochimica et Cosmochimica 



 

 
 

182 

Acta 132:288–310. DOI: 10.1016/j.gca.2014.02.005. 

Muir PR., Wallace CC., Done T., Aguirre DJ., Aguirre JD. 2015. Limited scope for 
latitudinal extension of reef corals. Science 348:1135–1138. DOI: 
10.1126/science.1259911. 

Murty SA., Bernstein WN., Ossolinski JE., Davis RS., Goodkin NF. 2018. Spatial and 
temporal robustness of Sr/Ca-SST calibrations in Red Sea corals!: Evidence for 
influence of mean annual temperature on calibration slopes. Paleoceanography and 
Paleoclimatology 33. DOI: 10.1029/2017PA003276. 

Muscatine L. 1967. Glycerol excretion by symbiotic algae from corals and tridacna and its 
control by the host. Science 156:516–519. DOI: 10.1126/science.156.3774.516. 

Muscatine, L., 1990. The role of symbiotic algae in carbon and energy flux in reef corals. 
In: Dubinsky, Z. Ed., Coral Reefs vol. 25. Elsevier, Amsterdam, pp. 75–87. 

Naumann MS., Niggl W., Laforsch C., Glaser C., Wild C. 2009. Coral surface area 
quantification–evaluation of established techniques by comparison with computer 
tomography. Coral Reefs 28:109–117. DOI: 10.1007/s00338-008-0459-3. 

Le Nohaïc M., Ross CL., Cornwall CE., Comeau S., Lowe R., McCulloch MT., Schoepf V. 
2017. Marine heatwave causes unprecedented regional mass bleaching of thermally 
resistant corals in northwestern Australia. Scientific Reports 7: 14999. DOI: 
10.1038/s41598-017-14794-y. 

Noireaux J., Mavromatis V., Gaillardet J., Schott J., Montouillout V., Louvat P., Rollion-
Bard C., Neuville DR. 2015. Crystallographic control on the boron isotope paleo-pH 
proxy. Earth and Planetary Science Letters 430:398–407. DOI: 
10.1016/j.epsl.2015.07.063 

Norzagaray-López CO., Calderon-Aguilera LE., Hernández-Ayón JM., Reyes-Bonilla H., 
Carricart-Ganivet JP., Cabral-Tena RA., Balart EF. 2014. Low calcification rates and 
calcium carbonate production in Porites panamensis at its northernmost geographic 
distribution. Marine Ecology:1–12. DOI: 10.1111/maec.12227. 

Nurhati IS., Cobb KM., Charles CD., Dunbar RB. 2009. Late 20th century warming and 
freshening in the central tropical Pacific. Geophysical Research Letters 36. DOI: 
10.1029/2009GL040270. 

Okai T., Suzuki A., Kawahata H., Terashima S., Imai N. 2002. Preparation of a new 
Geological Survey of Japan geochemical reference material: Coral JCp-1. 
Geostandards Newsletter 26:95–99. DOI: 10.1111/j.1751-908X.2002.tb00627.x. 

Oliver TA., Palumbi SR. 2011. Do fluctuating temperature environments elevate coral 
thermal tolerance? Coral Reefs 30:429–440. DOI: 10.1007/s00338-011-0721-y. 



 

 
 

183 

Orr JC., Fabry VF., Aumont O., Bopp L., Doney SC., Feely RA., Gnanadesikan A., Gruber 
N., Ishida A., Joos F., Key R., Lindsay K., Maier-Reimer E., Matear R., Monfray P., 
Mouchet A., Najjar RG., Plattner G-K., Rodgers KB., Sabine CL., Sarmiento JL., 
Schlitzer R., Slater RD., Totterdell IJ., Weirig M-F., Yamanaka Y., Yool A. 2005. 
Anthropogenic ocean acidification over the twenty-first century and its impact on 
calcifying organisms. Nature 437:681–686. DOI: 10.1038/nature04095 

PAGES 2k Consortium. 2017. A global multiproxy database for temperature 
reconstructions of the Common Era. Scientific Data 4:1–33. DOI: DOI: 
10.1038/sdata.2017.88. 

Pandolfi JM., Connolly SR., Marshall DJ., Cohen AL. 2011. Projecting coral reef futures 
under global warming and ocean acidification. Science 333:418–22. DOI: 
10.1126/science.1204794. 

Patterson MR., Sebens KP., Olson RR. 1991. In situ measurements of flow effects on 
primary production and dark respiration in reef corals. Limnology and Oceanography 
36:936–948. 

Pelejero C., Calvo E., McCulloch MT., Marshall JF., Gagan MK., Lough JM., Opdyke BN. 
2005. Preindustrial to modern interdecadal variability in coral reef pH. Science 
309:2204–7. DOI: 10.1126/science.1113692. 

Poloczanska ES., Burrows MT., Brown CJ., García Molinos J., Halpern BS., Hoegh-
Guldberg O., Kappel C V., Moore PJ., Richardson AJ., Schoeman DS., Sydeman WJ. 
2016. Responses of marine organisms to climate change across oceans. Frontiers in 
Marine Science 3. DOI: 10.3389/fmars.2016.00062. 

Prada F., Caroselli E., Mengoli S., Brizi L., Fantazzini P., Capaccioni B., Pasquini L., 
Fabricius KE., Dubinsky Z., Falini G., Goffredo S. 2017. Ocean warming and 
acidification synergistically increase coral mortality. Scientific Reports 7:40842. DOI: 
10.1038/srep40842. 

Pratchett MS., McCowan D., Maynard JA., Heron SF. 2013. Changes in bleaching 
susceptibility among corals subject to ocean warming and recurrent bleaching in 
Moorea, French Polynesia. PLoS ONE 8:e70443. DOI: 10.1371/journal.pone.0070443. 

Quinn TM., Sampson DE. 2002. A multiproxy approach to reconstructing sea surface 
conditions using coral skeleton geochemistry. Paleoceanography 17:14-1-14–11. 
DOI: 10.1029/2000PA000528. 

Ramos RD., Goodkin NF., Siringan FP., Hughen KA. 2017. Diploastrea heliopora Sr/Ca 
and δ18O records from northeast Luzon, Philippines: An assessment of interspecies 
coral proxy calibrations and climate controls of sea surface temperature and salinity. 
Paleoceanography 32:424–438. DOI: 10.1002/2017PA003098. 



 

 
 

184 

Reaka-Kudla ML. 1997. The Global Biodiversity of Coral Reefs: A comparison with Rain 
Forests. Biodiversity II: Understanding and Protecting Our Biological Resources:83–
108. DOI: 10.2307/1791071. 

von Reumont J., Hetzinger S., Garbe-Schönberg D., Manfrino C., Dullo C. 2018. Tracking 
interannual- to multidecadal-scale climate variability in the Atlantic Warm Pool using 
central caribbean coral data. Paleoceanography and Paleoclimatology:395–411. DOI: 
10.1002/2018PA003321. 

Reynaud S., Leclercq N., Romaine-Liuod S., Ferrier-Pagès C., Jaubert J., Gattuso J-P. 
2003. Interacting effects of CO2 partial pressure and temperature on photosynthesis 
and calcification in a scleractinian coral. Global Change Biology 9:1660–1668. DOI: 
10.1046/j.1529-8817.2003.00678.x. 

Reynaud S., Hemming NG., Juillet-Leclerc A., Gattuso JP. 2004. Effect of pCO2 and 
temperature on the boron isotopic composition of the zooxanthellate coral Acropora 
sp. Coral Reefs 23:539–546. DOI: 10.1007/s00338-004-0399-5. 

Reynaud S., Ferrier-Pagès C., Meibom A., Mostefaoui S., Mortlock R., Fairbanks R., 
Allemand D. 2007. Light and temperature effects on Sr/Ca and Mg/Ca ratios in the 
scleractinian coral Acropora sp. Geochimica et Cosmochimica Acta 71:354–362. DOI: 
10.1016/j.gca.2006.09.009. 

Riegl B. 2003. Climate change and coral reefs: different effects in two high-latitude areas 
(Arabian Gulf, South Africa). Coral Reefs 22:433–446. DOI: 10.1007/s00338-003-
0335-0. 

Ries JB, Cohen AL, McCorkle DC. 2009. Marine calcifiers exhibit mixed responses to 
CO2-induced ocean acidification. Geology 37: 1131. 

Ries JB. 2011. A physicochemical framework for interpreting the biological calcification 
response to CO2-induced ocean acidification. Geochimica et Cosmochimica Acta 
75:4053–4064. DOI: 10.1016/j.gca.2011.04.025. 

Rodolfo-Metalpa R., Martin S., Ferrier-Pagès C., Gattuso J-P. 2009. Response of the 
temperate coral Cladocora caespitosa to mid- and long-term exposure to pCO2 and 
temperature levels projected in 2100. Biogeosciences Discussions 6:7103–7131. 

Rodolfo-Metalpa R., Peirano A., Houlbrèque F., Abbate M., Ferrier-Pagès C. 2008. Effects 
of temperature, light and heterotrophy on the growth rate and budding of the temperate 
coral Cladocora caespitosa. Coral Reefs 27:17–25. DOI: 10.1007/s00338-007-0283-1. 

Roik A., Roder C., Röthig T., Voolstra CR. 2015. Spatial and seasonal reef calcification in 
corals and calcareous crusts in the central Red Sea. Coral Reefs 35. DOI: 
10.1007/s00338-015-1383-y. 



 

 
 

185 

Ross CL., Falter JL., McCulloch MT. 2017. Active modulation of the calcifying fluid 
carbonate chemistry (δ11B, B/Ca) and seasonally invariant coral calcification at sub-
tropical limits. Scientific Reports 7: 13830:1–11. DOI: 10.1038/s41598-017-14066-9. 

Ross CL., Falter JL., Schoepf V., McCulloch MT. 2015. Perennial growth of hermatypic 
corals at Rottnest Island, Western Australia (32°S). PeerJ 3:e781. DOI: 
10.7717/peerj.781. 

Ross CL., Schoepf V., DeCarlo TM., McCulloch MT. 2018. Mechanisms and seasonal 
drivers of calcification in the temperate coral Turbinaria reniformis at its latitudinal 
limits. Proceedings of the Royal Society B 285: 20180. DOI: 10.1098/rspb.2018.0215. 

Roth, M. S., Latz, M. I., Goericke, R., and Deheyn, D. D. 2010. Green fluorescent protein 
regulation in the coral Acropora yongei during photoacclimation. Journal of 
Experimental Biology 213:3644–3655. doi: 10.1242/jeb.040881 

Sadler J., Nguyen AD., Leonard ND., Webb GE., Nothdurft LD. 2016. Acropora 
interbranch skeleton Sr/Ca ratios: Evaluation of a potential new high-resolution 
paleothermometer. Paleoceanography 31:505–517. DOI: 10.1002/2015PA002898. 

Saenger C., Cohen AL., Oppo DW., Halley RB., Carilli JE. 2009. Surface-temperature 
trends and variability in the low-latitude North Atlantic since 1552. Nature Geoscience 
2:492–495. DOI: 10.1038/ngeo552. 

Saenger C., Cohen AL., Oppo DW., Hubbard D. 2008. Interpreting sea surface temperature 
from strontium/calcium ratios in Montastrea corals: Link with growth rate and 
implications for proxy reconstructions. Paleoceanography 23. DOI: 
10.1029/2007PA001572. 

Saenger C., Affek HP., Felis T., Thiagarajan N., Lough JM., Holcomb M. 2012. Carbonate 
clumped isotope variability in shallow water corals: Temperature dependence and 
growth-related vital effects. Geochimica et Cosmochimica Acta, 99, 224–242. DOI: 
10.1016/j.gca.2012.09.035. 

Sawall, Y., Teichberg MC., Seemann J., Litaay M., Jompa J., and Richter C. 2011. 
Nutritional status and metabolism of the coral Stylophora subseriata along a 
eutrophication gradient in Spermonde Archipelago (Indonesia). Coral Reefs 30: 841–
853. doi:10.1007/s00338-011-0764-0 

Sawall Y., Al-Sofyani A., Hohn S., Banguera-Hinestroza E., Voolstra CR., Wahl M. 2015. 
Extensive phenotypic plasticity of a Red Sea coral over a strong latitudinal 
temperature gradient suggests limited acclimatization potential to warming. Scientific 
Reports 5:8940. DOI: 10.1038/srep08940. 

Saxby T., Dennison WC., Hoegh-Guldberg O. 2003. Photosynthetic responses of the coral 
Montipora digitata to cold temperature stress. Marine Ecology Progress Series 



 

 
 

186 

248:85–97. DOI: 10.3354/meps248085. 

Schneider K., Levy O., Dubinsky Z., Erez J. 2009. In situ diel cycles of photosynthesis and 
calcification in hermatypic corals. Limnology and Oceanography 54:1995–2002. DOI: 
10.4319/lo.2009.54.6.1995. 

Schoepf V., Grottoli AG., Warner ME., Cai W-J., Melman TF., Hoadley KD., Pettay DT., 
Hu X., Li Q., Xu H., Wang Y., Matsui Y., Baumann JH. 2013. Coral energy reserves 
and calcification in a high-CO2 world at two temperatures. PloS one 8:e75049. DOI: 
10.1371/journal.pone.0075049. 

Schoepf V., Jury CP., Toonen R., McCulloch M. 2017. Coral calcification mechanisms 
facilitate adaptive response to ocean acidification. Proceedings of the Royal Society B. 
DOI: 10.1098/rspb.2017.2117. 

Schoepf V., Stat M., Falter JL., McCulloch MT. 2015. Limits to the thermal tolerance of 
corals adapted to a highly fluctuating, naturally extreme temperature environment. 
Scientific Reports 5:17639. DOI: 10.1038/srep17639. 

Seo I., Lee Y Il., Watanabe T., Yamano H., Shimamura M., Yoo CM., Hyeong K. 2013. A 
skeletal Sr/Ca record preserved in Dipsastraea (Favia) speciosa and implications for 
coral Sr/Ca thermometry in mid-latitude regions. Geochemistry, Geophysics, 
Geosystems 14:2873–2885. DOI: 10.1002/ggge.20195. 

Shen CC., Lee T., Chen CY., Wang CH., Dai C-F., Li LA. 1996. The calibration of 
D[Sr/Ca] versus sea surface temperature relationship for Porites corals. Geochimica et 
Cosmochimica Acta 60:3849–3858. DOI: 10.1016/0016-7037(96)00205-0. 

Shinn E. 1966. Coral growth-rate, an environmental indicator. Journal of Paleontology 
40:233–240. 

Silbiger NJ., DeCarlo TM. 2017. Comment on “bioerosion: The other ocean acidification 
problem”: On field studies and mechanisms. ICES Journal of Marine Science 
74:2489–2493. DOI: 10.1093/icesjms/fsx069. 

Silbiger N., Nelson C., Remple K., Sevilla J., Quinlan Z., Putnam H., Fox M., Donahue M. 
2018. Nutrient pollution disrupts key ecosystem functions on coral. Proceedings of the 
Royal Society B:2–10. DOI: 10.1098/rspb.2017.2718. 

Silverman J., Lazar B., Erez J. 2007. Community metabolism of a coral reef exposed to 
naturally varying dissolved inorganic nutrient loads. Biogeochemistry 84:67–82. DOI: 
10.1007/s10533-007-9075-5. 

Sinclair DJ. 2005. Correlated trace element “vital effects” in tropical corals: A new 
geochemical tool for probing biomineralization. Geochimica et Cosmochimica Acta 
69:3265–3284. DOI: 10.1016/j.gca.2005.02.030. 



 

 
 

187 

Sinclair DJ., Kinsley LPJ., McCulloch MT. 1998. High resolution analysis of trace 
elements in corals by laser ablation ICP-MS. Geochimica et Cosmochimica Acta 
62:1889–1901. 

Smale DA., Wernberg T. 2012. Ecological observations associated with an anomalous 
warming event at the Houtman Abrolhos Islands, Western Australia. Coral Reefs 
31:441–441. DOI: 10.1007/s00338-012-0873-4. 

Smith SV., Buddemeier RW., Redalje RC., Houck JE. 1979. Strontium-calcium 
thermometry in coral skeletons. Science 204:404–407. 

Smith., Quinn TM., Helmle KP., Halley RB. 2006. Reproducibility of geochemical and 
climatic signals in the Atlantic coral Montastraea faveolata. Paleoceanography 21:1–
18. DOI: 10.1029/2005PA001187. 

Spalding M., Burke L., Wood SA., Ashpole J., Hutchison J., Zu Ermgassen P. 2017. 
Mapping the global value and distribution of coral reef tourism. Marine Policy 
82:104–113. DOI: 10.1016/j.marpol.2017.05.014. 

Spooner PT., Guo W., Robinson LF., Thiagarajan N., Hendry KR., Rosenheim BE., Leng 
MJ. 2016. Clumped isotope composition of cold-water corals: A role for vital effects? 
Geochimica et Cosmochimica Acta, 179, 123–141. DOI: 10.1016/j.gca.2016.01.023. 

Storz D., Gischler E., Fiebig J., Eisenhauer A., Garbe-Schönberg D. 2013. Evaluation of 
Oxygen isotope and Sr/Ca ratios from a Maldivian scleractinian coral for 
reconstruction of climate variability in the northwestern Indian Ocean. Palaios 28:42–
55. DOI: 10.2110/palo.2012.p12-034r. 

Swart PK., Elderfield H., Greaves MJ. 2002. A high-resolution calibration of Sr/Ca 
thermometry using the Caribbean coral Montastraea annularis. Geochemistry, 
Geophysics, Geosystems 3(11). DOI: 10.1029/2002GC000306. 

Tambutté, E., Allemand, D., Mueller, E., and Jaubert, J. 1996. A compartmental approach 
to the mechanism of calcification in hermatypic corals. Journal of Exerimental 
Biolology 199:1029–1041. 

Tambutté S., Holcomb M., Ferrier-Pagès C., Reynaud S., Tambutté É., Zoccola D., 
Allemand D. 2011. Coral biomineralization: From the gene to the environment. 
Journal of Experimental Marine Biology and Ecology 408:58–78. DOI: 
10.1016/j.jembe.2011.07.026. 

Tambutté S., Segonds N., Zoccola D., Venn AA., Erez J., Allemand D. 2012. Calcein 
labelling and electrophysiology: insights on coral tissue permeability and calcification. 
Proceedings of the Royal Society B 279:19–27. DOI: 10.1098/rspb.2011.0733. 

Tambutté S., Tambutté É., Zoccola D., Caminiti N., Lotto S., Moya A., Allemand D., 



 

 
 

188 

Adkins JF. 2007. Characterization and role of carbonic anhydrase in the calcification 
process of the azooxanthellate coral Tubastrea aurea. Marine Biology 151:71–83. 
DOI: 10.1007/s00227-006-0452-8. 

Tambutté E., Venn AA., Holcomb M., Segonds N., Techer N., Zoccola D., Allemand D., 
Tambutté S. 2015. Morphological plasticity of the coral skeleton under CO2-driven 
seawater acidification. Nature Communications 6:7368. DOI: 10.1038/ncomms8368. 

Tanaka Y., Miyajima T., Koike I., Hayashibara T., Ogawa H., Society A. 2007. Imbalanced 
coral growth between tissue and carbonate skeleton caused by organic nutrient 
enrichment. Limnology and Oceanography 52:1139–1146. DOI: 
10.4319/lo.2007.52.3.1139 

Tanaka K., Holcomb M., Takahashi A., Kurihara H., Asami R., Shinjo R., Sowa K., 
Rankenburg K., Watanabe T., McCulloch MT. 2015. Response of Acropora digitifera 
to ocean acidification: constraints from δ11B, Sr, Mg, and Ba compositions of 
aragonitic skeletons cultured under variable seawater pH. Coral Reefs 34: 1139. DOI: 
10.1007/s00338-015-1319-6. 

Thiagarajan N., Adkins J., Eiler J. 2011. Carbonate clumped isotope thermometry of deep-
sea corals and implications for vital effects. Geochimica et Cosmochimica Acta, 
75:4416–4425. DOI: 10.1016/j.gca.2011.05.004. 

Thomson DP., Bearham D., Graham F., Eagle J. 2011. High latitude, deeper water coral 
bleaching at Rottnest Island, Western Australia. Coral Reefs 30:775–775. DOI: 
10.1007/s00338-011-0778-7. 

Tolosa, I., Treignier C., Grover R., and Ferrier-pagès C. 2011. Impact of feeding and short-
term temperature stress on the content and isotopic signature of fatty acids, sterols, and 
alcohols in the scleractinian coral Turbinaria reniformis. Coral Reefs 30:763–774. 
doi:10.1007/s00338-011-0753-3. 

Toth LT., Aronson RB., Cobb KM., Cheng H., Edwards RL., Grothe PR., Sayani HR. 
2015. Climatic and biotic thresholds of coral-reef shutdown. Nature Climate Change 
5:369–374. DOI: 10.1038/NCLIMATE2541. 

Towle EK., Enochs IC., Langdon C. 2015. Threatened Caribbean coral is able to mitigate 
the adverse effects of ocean acidification on calcification by increasing feeding rate. 
PLoS ONE 10:e0123394. DOI:10.1371/journal.pone.0123394.t003) 

Trotter J., Montagna P., McCulloch MT., Silenzi S., Reynaud S., Mortimer G., Martin S., 
Ferrier-Pagès C., Gattuso J-P., Rodolfo-Metalpa R. 2011. Quantifying the pH ‘vital 
effect’ in the temperate zooxanthellate coral Cladocora caespitosa: Validation of the 
boron seawater pH proxy. Earth and Planetary Science Letters 303:163–173. DOI: 
10.1016/j.epsl.2011.01.030. 



 

 
 

189 

Tuckett CA., de Bettignies T., Fromont J., Wernberg T. 2017. Expansion of corals on 
temperate reefs: direct and indirect effects of marine heatwaves. Coral Reefs 36: 947. 
DOI:10.1007/s00338-017-1586-5 

Vajed Samiei J., Saleh A., Shirvani A., Sheijooni Fumani N., Hashtroudi M., Pratchett MS. 
2016. Variation in calcification rate of Acropora downingi relative to seasonal changes 
in environmental conditions in the northeastern Persian Gulf. Coral Reefs. DOI: 
10.1007/s00338-016-1464-6. 

Vásquez-Bedoya LF., Cohen AL., Oppo DW., Blanchon P. 2012. Corals record persistent 
multidecadal SST variability in the Atlantic Warm Pool since 1775 AD. 
Paleoceanography 27:1–9. DOI: 10.1029/2012PA002313. 

Vengosh, A., Y.K., Starinsky, A., Chivas, A.R., McCulloch, M.T., 1991. Coprecipitation 
and isotopic fractionation of boron in modern biogenic carbonates. Geochimica et 
Cosmochimica Acta 55, 2901–2910. 

Venn AA., Tambutté É., Holcomb M., Allemand D., Tambutté S. 2011. Live tissue 
imaging shows reef corals elevate pH under their calcifying tissue relative to seawater. 
PloS one 6:e20013. DOI: 10.1371/journal.pone.0020013. 

Venn AA., Tambutté É., Holcomb M., Laurent J., Allemand D. 2013. Impact of seawater 
acidification on pH at the tissue – skeleton interface and calcification in reef corals. 
PNAS 110:1634–1639. DOI: 10.1073/pnas.1216153110. 

Venti A., Andersson AJ., Langdon C. 2014. Multiple driving factors explain spatial and 
temporal variability in coral calcification rates on the Bermuda platform. Coral Reefs 
33:979–997. DOI: 10.1007/s00338-014-1191-9. 

Veron JEN. 1995. Corals in space and time: the biogeography and evolution of the 
Scleractinia. London, pp 1-321: Cornell Univ. Press, Ithaca. 

Veron J., Marsh L. 1988. Hermatypic corals of Western Australia. Records and annotated 
species list. Records of the Western Australian Museum:1–136. 

Veron, J. E. N. (2000). Chapter 1, Family Acroporidae. In M. Stafford!Smith (Ed.), Corals 
of the world (pp. 176-433). Townsville, Queensland: Australian Institute of Marine 
Science. 

de Villiers S., Nelson BK., Chivas A. 1995. Biological controls on coral Sr/Ca and δ18O 
reconstructions of sea surface temperatures. Science 269:1247–1249. DOI: 
10.1126/science.269.5228.1247. 

de Villiers S., Shen GT., Nelson BK. 1994. The Sr/Ca-temperature relationship in coralline 
aragonite: Influence of variability in (Sr/Ca) seawater and skeletal growth parameters. 
Geochimica et Cosmochimica Acta 58:197–208. DOI: 10.1016/0016-7037(94)90457-



 

 
 

190 

X. 

Wall M., Ragazzola F., Foster LC., Form  A., Schmidt DN. 2015. Enhanced pH up-
regulation enables the cold-water coral Lophelia pertusa to sustain growth in aragonite 
undersaturated conditions. Biogeosciences Discussions 12:6757–6781. DOI: 
10.5194/bgd-12-6757-2015. 

Wall M., Fietzke J., Schmidt GM., Fink A., Hofmann LC., Beer D De., Fabricius KE. 2016. 
Internal pH regulation facilitates in situ long-term acclimation of massive corals to 
end-of-century carbon dioxide conditions. Scientific Reports:1–7. DOI: 
10.1038/srep30688. 

Wall CB, Mason RAB, Ellis WR, Cunning R, Gates RD. 2017. Elevated pCO2 affects 
tissue biomass composition, but not calcification, in a reef coral under two light 
regimes. Royal Society Open Science. 4: 170683. 
http://dx.doi.org/10.1098/rsos.170683 

Warner ME., Chilcoat GC., McFarland FK., Fitt WK. 2002. Seasonal fluctuations in the 
photosynthetic capacity of photosystem II in symbiotic dinoflagellates in the 
Caribbean reef-building coral Montastraea. Marine Biology 141:31–38. DOI: 
10.1007/s00227-002-0807-8. 

Watanabe TK., Watanabe T., Yamazaki A., Pfeiffer M., Garbe-Schönberg D., Claereboudt 
MR. 2017. Past summer upwelling events in the Gulf of Oman derived from a coral 
geochemical record. Scientific Reports 7:1–7. DOI: 10.1038/s41598-017-04865-5. 

Watson EB. 2004. A conceptual model for near-surface kinetic controls on the trace- 
element and stable isotope composition of abiogenic calcite crystals. Geochimica et 
Cosmochimica Acta 68:1473–1488. DOI: 10.1016/j.gca.2003.10.003. 

Weber J. N. and Woodhead P. M. J. 1972. Temperature dependence of oxygen-18 
concentration in reef coral carbonates. Journal of Geophysical Research 77:463–473. 

Weber, J.N. 1973. Incorporation of strontium into reef coral skeletal carbonate. Geochimica 
et Cosmochimica Acta, 37, 2173-2190. DOI: 10.1016/0016-7037(73)90015-X 

Wei H., Jiang S., Xiao Y., Hemming NG. 2014. Boron isotopic fractionation and trace 
element incorporation in various species of modern corals in Sanya Bay, South China 
Sea. Journal of Earth Science 25:431–444. DOI: 10.1007/s12583-014-0438-2. 

Wei G., Sun M., Li X., Nie B. 2000. Mg/Ca, Sr/Ca and U/Ca ratios of a porites coral from 
Sanya Bay, Hainan Island, South China Sea and their relationships to sea surface 
temperature. Palaeogeography, Palaeoclimatology, Palaeoecology 162:59–74. DOI: 
10.1016/S0031-0182(00)00105-X. 

Weiner S., Addadi L. 1991. Acidic macromolecules of mineralized tissues: the controllers 



 

 
 

191 

of crystal formation. Trends in Biochemical Sciences 16:252–256. 

Winters, G., Loya, Y., and Beer, S. 2006. In situ measured seasonal variations in Fv/Fm of 
two common Red Sea corals. Coral Reefs 25:593–598. DOI: 10.1007/s00338-006-
0144-3 

Wu HC., Linsley BK., Dassié EP., Schiraldi B., DeMenocal PB. 2013. Oceanographic 
variability in the south pacific convergence zone region over the last 210 years from 
multi-site coral Sr/Ca records. Geochemistry, Geophysics, Geosystems 14:1435–1453. 
DOI: 10.1029/2012GC004293. 

Wu HC., Moreau M., Linsley BK., Schrag DP., Corrège T. 2014. Investigation of sea 
surface temperature changes from replicated coral Sr/Ca variations in the eastern 
equatorial Pacific (Clipperton Atoll) since 1874. Palaeogeography, 
Palaeoclimatology, Palaeoecology 412:208–222. DOI: 10.1016/j.palaeo.2014.07.039. 

Wyatt ASJ., Falter JL., Lowe RJ., Humphries S., Waite AM. 2012. Oceanographic forcing 
of nutrient uptake and release over a fringing coral reef. Limnology and Oceanography 
57:401–419. DOI: 10.4319/lo.2012.57.2.0401. 

Xu S., Yu K., Tao S., Wu CC., Wang Y., Jiang W., Wang S., Shen CC. 2018. Evidence for 
the thermal bleaching of Porites corals from 4.0 ka B.P. in the northern South China 
Sea. Journal of Geophysical Research 123:79–94. DOI: 10.1002/2017JG004091. 

Yamano H., Sugihara K., Nomura K. 2011. Rapid poleward range expansion of tropical 
reef corals in response to rising sea surface temperatures. Geophysical Research 
Letters 38:1–6. DOI: 10.1029/2010GL046474. 

Yao W., Byrne R. 1998. Simplified seawater alkalinity analysis: use of linear array 
spectrometers. Deep-Sea Research 45:1383–1392. 

Yu K-F., Zhao J-X., Liu T-S., Wei G-J., Wang P-X., Collerson KD. 2004. High-frequency 
winter cooling and reef coral mortality during the Holocene climatic optimum. Earth 
and Planetary Science Letters 224:143–155. DOI: 10.1016/j.epsl.2004.04.036. 

Zeebe R., Wolf-Gladrow D. 2001. CO2 in Seawater: Equilibrium (Kinetics, Isotopes) CO2 
in seawater: Equilibrium (kinetics, isotopes). Munich: Elsevier. 

Zinke J., Dullo WC., Heiss GA., Eisenhauer A. 2004. ENSO and Indian Ocean subtropical 
dipole variability is recorded in a coral record off southwest Madagascar for the period 
1659 to 1995. Earth and Planetary Science Letters 228:177–194. 

Zoccola D., Ganot P., Bertucci A., Caminiti-Segonds N., Techer N., Voolstra CR., Aranda 
M., Tambutté E., Allemand D., Casey JR., Tambutté S. 2015. Bicarbonate transporters 
in corals point towards a key step in the evolution of cnidarian calcification. Scientific 
Reports 5:9983. DOI: 10.1038/srep09983. 



 

 
 

192 

Zoccola D., Tambutté É., Sénégas-Balas F., Michiels J-F., Failla J-P., Jaubert J., Allemand 
D. 1999. Cloning of a calcium channel α1 subunit from the reef-building coral, 
Stylophora pistillata. Gene 227:157–167. DOI: 10.1016/S0378-1119(98)00602-7. 

 


