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ABSTRACT 
 

The ability of corals to mediate the chemical composition at the micro-scale site of 

calcification is critical to the macro-scale formation and maintenance of reef systems 

globally. Central to the process of coral calcification is the up-regulation of the calcifying 

fluid pH (pHcf) and dissolved inorganic carbon (DICcf) to elevate the carbonate ion 

concentration (CO3
2-

cf) and aragonite saturation state (Ωcf); thereby promoting the rapid 

formation of their calcium carbonate (CaCO3) skeletons. In addition, rates of coral 

calcification are influenced by numerous environmental factors; most notably temperature, 

light, food availability, and the carbonate chemistry of the seawater. However, further 

knowledge of the processes influencing the coral calcifying fluid chemistry, together with 

calcification rates for corals growing in situ and across natural gradients in environmental 

conditions is required. While studies on the coral calcifying fluid have long proven 

challenging, recently developed geochemical techniques provide a new framework to 

enhance our mechanistic understanding of the environmental and physiochemical processes 

driving the calcification rates of corals growing in the field under naturally variable 

conditions. Evaluating these drivers is imperative for predicting the future of coral reefs, as 

well as for identifying potential strategies available to corals to cope with the challenges of 

Earth’s rapidly changing climate. 

Understanding the responses of corals to past changes in climate can also help us to 

predict their future. However, where available, temperature archives only date back as far as 

the instrumental record (mid-19th century onwards). Coral skeletons can be utilised to create 

high-resolution reconstructions of past temperature that can track back hundreds, and in some 

cases, thousands of years (e.g. fossil corals) and can thus help to fill these observational gaps. 

However, our interpretation of temperatures derived from corals using single element-to-

calcium ratio proxies (e.g. Sr/Ca) is complicated by physiological artefacts that arise from 

coral biomineralisation (also known as ‘vital effects’). This has led to the development of 

new paleothermometry approaches, such as Sr-U and Li/Mg, that account for calcification 

processes in efforts to reduce vital effects and isolate temperature. The application these 

novel paleothermometers could benefit from further testing across a range of coral genera, 

particularly those that are common in fossil reef cores (e.g. Pocillopora and Acropora). 
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Moreover, a direct comparison of the utility of all three paleothermometers (Sr/Ca, Li/Mg 

and Sr-U) on the same coral specimens is required.  

In this thesis, I investigate the mechanisms and drivers of coral calcification and the 

influence of coral calcification processes on the skill and utility of coral paleothermometry 

(Sr/Ca, Li/Mg, and Sr-U). Firstly, I conducted in situ field experiments to measure 

calcification rates, photo-physiology and the calcifying fluid carbonate chemistry for 7 

species of corals growing in their natural environments at tropical, sub-tropical, and 

temperate locations in Western Australia (latitudinal range of ~11°C). Novel geochemical 

techniques (boron isotopes, elemental systematics, and Raman spectroscopy) are used to 

estimate the full suite of carbonate system dynamics within the calcifying fluid. We find that 

changes in coral calcification rates are primarily driven by pHcf and carbonate ion 

concentration [CO3
2-]cf, in conjunction with temperature and DICcf. Coral pHcf works together 

with seasonally variable DICcf to optimise [CO3
2-]cf at species-dependent levels. Calcium ion 

concentration [Ca2+]cf departs significantly from seawater levels with increasing rates of 

calcification, resulting in stable !cf levels that are elevated above seawater. A synthesis of 

data from all locations reveals latitudinal shifts in pHcf that are indicative of a mechanism for 

symbiotic corals to acclimatise to their localised thermal regimes and maintain more ‘stable’ 

chemical conditions in the calcifying fluid, thereby promoting year-round calcification.  

Secondly, I evaluate the sensitivity of three paleothermometers (Sr/Ca, Li/Mg, and 

Sr-U) to species effects across a range of locations and temperatures (15.8°C to 26.9°C). All 

three paleothermometers recorded seasonal changes in temperature. However, Sr/Ca showed 

large species offsets compared to Li/Mg and Sr-U. The residuals of Sr/Ca and Li/Mg 

regressions to temperature were correlated, indicating the existence of vital effects common 

to both ratios. We demonstrate that species-related changes in the carbonate chemistry of 

calcifying fluid (pHcf and [CO3
2-]cf) and calcification rates may drive the related biological 

vital effects. These results indicate that location- and/or species-specific calibrations between 

geochemical proxies and instrumental temperature are required. In contrast, our results 

suggest that coral Sr-U paleothermometry may be applied to derive mean annual temperature 

from coral skeletons that lack a modern-day instrumental calibration with more confidence 

than Sr/Ca and Li/Mg thermometry. Sr-U paleothermometry may thus provide a promising 
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new tool for temperature reconstructions in fossil corals, with implications for validating the 

long-term (centennial to millennial) variability in ocean temperatures. 

Overall, this thesis demonstrates how the modulation of the chemical composition of 

the calcifying fluid (pHcf, DICcf, and [CO3
2-]cf) can drive changes in coral calcification rates 

and we show how these calcification processes can influence coral paleothermometry. The 

findings presented in this thesis have implications for predicting the response of coral reefs 

to anthropogenic CO2-driven warming and ocean acidification (OA). Firstly, coral 

calcification rates were not positively correlated with temperature in two high-latitude reefs, 

nor along a latitudinal gradient of 11°C, indicating that ocean warming during winter and at 

high-latitude may not necessarily accelerate coral calcification rates. Secondly, the 

physiological modulation of the coral calcifying fluid, whereby corals substantially up-

regulate their pHcf and DICcf above seawater levels, varies with species, season, and latitude. 

This biological response is likely to play a critical role in influencing the sensitivity of corals 

to CO2-driven warming and acidification.  
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1.! GENERAL INTRODUCTION 

 

1.1! Coral reefs and a changing climate 
Hermatypic (reef-building) corals are renowned for their ability to construct 

spectacular reef frameworks through the biogenic accretion of their calcium carbonate 

(CaCO3) skeletons, forming ecosystems of considerable biological and socio-economic 

importance (Connell, 1978; Moberg & Folke, 1999; Allemand et al., 2004; Spalding et al., 

2017). Shallow-water coral distributions span a wide range of environments from the warm 

equatorial regions to cool temperate zones. The proliferation and success of reef-building 

corals can be largely attributed to the microscopic (6 to 15 µm) photosynthetic algae 

(Symbiodinium spp.) that live within the coral’s endodermal cells, as well as the corals’ 

ability to harvest calcium and inorganic carbon to create their CaCO3 skeletons (Muscatine, 

1967; Allemand et al., 2011). However, the future of these critical coral reef ecosystems is 

in question due to the combined impacts of global warming and ocean acidification (OA) 

caused by rising anthropogenic CO2 (Pandolfi et al., 2011; Hoegh-Guldberg et al., 2017; 

Hughes et al., 2017b).  

Tropical surface ocean temperatures have already increased by 0.7° to 1° C since the 

pre-industrial era, and are expected to increase by up to 2 to 4°C by the end of the century 

(Meehl et al., 2012; IPCC, 2013). 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., 2017), abrupt ocean warming events result in mass coral 

bleaching and mortality due to a break-down in the coral-algae symbiosis (Glynn, 1996; 

Grottoli et al., 2014; Hughes et al., 2017b). Coral bleaching events are forecasted to occur 

with increasing frequency and intensity (Donner et al., 2005; Hoegh-Guldberg et al., 2014; 

van Hooidonk et al., 2014; Ainsworth et al., 2016) and while there are signs of 

acclimatisation/adaptation, it is not clear whether corals can acclimatize or adapt to future 

extremely rapid changes in temperature and to withstand increasingly frequent marine 

heatwaves (Riegl et al., 2012; Pratchett et al., 2013; Coles et al., 2018). Some corals that are 

more thermally tolerant, can recover rapidly from bleaching and/or can avoid resource 
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limitation (e.g. due to heterotrophic feeding, energy reserves, and symbiont type) may persist 

under future climate change (Loya et al., 2001; Grottoli et al., 2006; Tolosa et al., 2011; 

Bessel-Browne et al., 2014). However, the loss of coral species is causing profound changes 

to the structure, species composition, and functioning of coral reefs worldwide (Hughes et 

al., 2017a, 2018).  

In addition to CO2-driven warming, one quarter to one third of atmospheric CO2 is 

being absorbed into the ocean, resulting in a reduction in the calcium carbonate saturation 

state (! = [CO3
2-][Ca2+]/Ksp). OA is expected to cause significant declines in the calcification 

rates of many marine calcifiers, including corals and coralline algae (Hoegh-Guldberg et al., 

2007; Kroeker et al., 2010). However, the calcification rates of some species are likely to be 

more affected than others (Kroeker et al., 2010; Comeau et al., 2018; DeCarlo et al., 2018a). 

OA experiments have shown mixed results whereby OA causes declines to calcification rates 

in some corals (e.g. Marubini et al., 2003; Jokiel et al., 2008; Krief et al., 2010; Ries et al., 

2009), while in other studies no effects on coral calcification rates have been detected (e.g. 

Reynaud et al., 2003; Jury et al., 2010; Schoepf et al., 2013; Comeau et al., 2014; Wall et al., 

2017; Comeau et al., 2018). Heterotrophic feeding has been identified as an important 

physiological variable that may ‘buffer’ coral calcification under OA by providing corals 

with the energy required for calcification processes (Edmunds et al., 2011; Drenkard et al., 

2013; Towle et al., 2015). Meanwhile, reef environments with naturally low pH have 

provided important insights into the capacity for physiological adaptation/acclimatisation 

and demonstrate the potential for some corals to acquire some resistance to the negative 

effects of OA (Fabricius et al., 2011; Georgiou et al., 2015; Wall et al., 2016; Schoepf et al., 

2017). There have also been suggestions of potential OA ‘refugia’. For example, the high-

productivity of benthic primary producers (e.g. macro-algae and seagrass) can act to increase 

seawater pH and may provide some refuge from OA (Anthony et al., 2011; Cyronak et al., 

2018).  

The combined influence of warming oceans and OA on coral physiology and 

calcification rates is likely to vary 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 and high-latitude zones are 

expected to be the first and worst affected by OA (Orr et al., 2005; van Hooidonk et al., 2014; 
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Anderson, et al., 2014). At the same time, ocean warming during winter and at high-latitude 

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

2004; Cooper et al., 2012; 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, 2012; McCulloch et al., 2012). Likewise, ocean warming 

is expected to promote the expansion of corals at high-latitude, as well as the pole-wards 

migration of some tropical and sub-tropical corals resulting on the ‘topicalisation’ of 

temperate reefs (Yamano et al., 2011; Poloczanska et al., 2016; Tuckett et al., 2017). Recent 

studies have suggested that range expansions to ‘high latitude refugia’ (i.e., above 28◦N and 

28◦S) could offer one pathway for some corals to survive despite increasing seawater 

temperatures (Denis et al., 2013; Couce et al., 2013). However, the potential for large 

numbers of coral species to migrate and expand their distributions pole-wards remains 

unclear at present, given that calcification may be limited by other factors (e.g. low light 

levels, geographical barriers and competition with macro algae; Muir et al., 2015). 

Furthermore, there have already been reports of coral bleaching at high-latitude (e.g. Harrison 

et al., 2011; Smale & Wernberg, 2012) and marine heatwaves are forecast to occur with 

increasing frequency and intensity on reefs globally (van Hooidonk et al., 2014; Ainsworth 

et al., 2016). Ocean warming during winter, particularly on low-latitude reefs, may 

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). Thus, there are 

a wide range of possible outcomes given the highly variable physiological response of coral 

calcification being dependent on a number of factors (e.g. species, geographical location, and 

local-scale adaptation/acclimatisation).  

1.2! Coral calcification 
Crucial to understanding the response of coral growth to changing environmental 

conditions are the processes that occur at the micro-scale site of calcification. Corals actively 

build their CaCO3 skeletons in the form of aragonite within a semi-isolated, extracellular 

calcifying fluid (cf), located between the living polyp and the skeleton (Barnes, 1970; Cohen 

& McConnaughey, 2003) according to the following chemical reaction:  

!"#$ +&!'(#) &⇒ !"!'( (1.1) 
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Corals physiologically modulate the calcifying fluid pH to elevate the carbonate ion 

concentration (CO3
2-) and promote rapid precipitation of their CaCO3 skeletons. At the same 

time, trace elements are incorporated into the coral skeleton during calcification, which can 

be utilised to reconstruct high-resolution records of past climate that date back prior to the 

instrumental record. However, corals exert strong physiological control on the calcification 

process and thus our understanding of the coral calcification process and of how corals record 

past climate is still developing.  

It has long been known that corals biologically mediate the calcification process via 

a close association with organic components (e.g. organic matrix templates), which are 

thought to facilitate crystal nucleation and control/regulate crystal growth (Goreau et al., 

1991; Mann, 2001; Clode & Marshall, 2002; Mass et al., 2013). While the rate kinetics of 

aragonite precipitation are still highly dependent on temperature and Ω (Burton & Walter, 

1987), the speed at which coral calcification occurs (Mass et al., 2017) and the corals’ crystal 

morphology (spherulitic) are indicative of highly supersaturated Ωcf that exceeds seawater ! 

(i.e. ! > 3; Cohen & McConnaughey, 2003). Some corals, most notably deep-sea corals, 

grow in waters that are under-saturated with respect to aragonite implying that corals must 

therefore possess mechanisms to elevate Ca2+ and/or CO3
2− (and thus !cf). One way that corals 

achieve this is by up-regulating their pH together with dissolved inorganic carbon (DIC) to 

elevate the carbonate ion concentration (CO3
2-) and the aragonite saturation state (Ω) and 

promote rapid precipitation of their calcium carbonate (CaCO3) skeletons via the reaction 

Ca2+ + CO3
2− ! CaCO3 (Equation 1.1; Al-Horani et al., 2003; Cohen & McConnaughey, 

2003; Ries, 2011; Tambutté et al., 2011; McCulloch et al., 2012, Allison et al., 2014). 

However, many aspects relating to the DIC for calcification, including the species used, the 

mechanisms of transport to the calcifying fluid, as well as its source (e.g. seawater supplied 

versus metabolic) remain controversial (Furla et al., 2000; Cohen & McConnaughey, 2003). 

It is generally accepted that the active exchange of Ca2+ with H+ using the enzyme 

Ca-ATPase is a primary mechanism for corals to achieve their high calcifying fluid pH 

(McConnaughey, 1994; Tambutté et al., 1996; McConnaughey & Whelan, 1997; Al-Horani 

et al., 2003; Cohen & McConnaughey, 2003; Allemand et al., 2004). Other mechanisms may 

also operate to transport calcium and protons between seawater and the calcifying fluid (e.g. 

Ca-channels, Ca2+/Na+ exchange, HCO3
- pumps, passive/paracellular transport, amorphous 
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calcium carbonate; McConnaughey & Whelan, 1997; Jokiel, 2011; Ries, 2011; Gagnon et 

al., 2012; Hohn & Merico, 2015; Mass et al., 2017). While direct measurements of [Ca2+]cf 

are very limited, Al-Horani et al., (2003) used micro-sensors to show that [Ca2+]cf was 

elevated above seawater by ~10% for the coral Galaxea fascicularis and that the ATPase 

Ca2+–H+ exchange differs between light and dark. More recent work using Raman 

spectroscopy and boron systematics to infer [Ca2+]cf revealed that Pocillopora damicornis can 

actively elevate [Ca2+]cf up to 25% higher than seawater (DeCarlo et al., 2018a). Both pHcf 

and [Ca2+]cf can therefore be up-regulated above seawater values to support rapid rates of 

crystal growth. While experiments under controlled laboratory conditions have shown that 

declines in pHcf typically occur under OA (e.g. Venn et al., 2011; Holcomb et al., 2014; 

Comeau et al., 2017), coral pHcf up-regulation together with the corals’ physiological capacity 

to elevate DICcf, [CO3
2-]cf, [Ca2+]cf, and !cf may ‘buffer’ coral calcification from the negative 

impacts of OA in some species (Comeau et al., 2018; DeCarlo et al., 2018a).  

Other factors beyond the carbonate chemistry of the seawater (e.g. temperature, light 

levels, and food availability) may also influence the carbonate chemistry of the coral 

calcifying fluid (Reynaud et al., 2004; Hönisch et al., 2004; Dissard et al., 2012; D’Olivo & 

McCulloch, 2017; McCulloch et al., 2017; Ross et al., 2017; Ross et al., 2018). For instance, 

light levels and temperature can influence metabolic productivity. Recent studies on tropical 

Porites spp. have further demonstrated that the regulation of pHcf on seasonal timescales may 

help to compensate for reduced supply of DIC (i.e. metabolic CO2) and cooler temperatures 

during winter, resulting in less seasonally variable calcification rates (McCulloch et al., 

2017). Additional work to understand the response of pHcf regulation to various factors 

(temperature, light, seawater pH) across a wide range of coral species and locations is 

required. 

In addition to the physiological controls that mediate coral calcification, 

environmental factors, such as temperature, light, seawater carbonate chemistry, nutrients, 

food availability, and hydrodynamic forcing can play a role in influencing rates of 

calcification (Shinn, 1966; Crossland, 1981; Ferrier-Pagès et al., 2000; Harriott & Banks, 

2002; Venn et al., 2011). For instance, higher light levels can increase skeletal growth 

through the increased production of photosynthetically fixed carbon by the symbiont 

(Gattuso et al., 1999) and the production of lipid biomass from translocated 
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photosynthates (Muscatine, 1990); also known as ‘light enhanced calcification’. Very high 

concentrations of nutrients can inhibit rates of coral calcification (Ferrier-Pagès et al., 2000; 

Silverman et al., 2007; Silbiger et al., 2018), whereas more modest increases in nutrient 

concentrations can enhance skeletal growth and metabolism (Tanaka et al., 2007; Sawall et 

al. 2011). Corals also gain nutrients from heterotrophic feeding and the links between food 

availability and increased calcification rates are well documented (Ferrier-Pagès et al., 2003; 

Houlbrèque et al., 2003; Houlbrèque & Ferrier-Pagès, 2009). Changes in external seawater 

carbonate chemistry can influence the calcification process (Cohen & Holcomb, 2009; Venn 

et al., 2013), given that the calcifying fluid is generally thought to be sourced from seawater 

(Gagnon et al., 2012; Tambutté et al., 2012; Venn et al., 2011). Finally, hydrodynamic 

conditions are known to influence coral calcification rates in several different ways, for 

example, water flow influences the boundary layer thickness, and thus the diffusion of gases, 

exchange of ions, uptake of nutrients, and transport of metabolites required for physiological 

processes (e.g. primary production and growth; Patterson et al.,1991; Atkinson & Bilger, 

1992; Atkinson et al., 1994).  

Despite the influence of the above variables on the calcification process, temperature 

is often considered to have the largest influence on rates of calcification (Jokiel & Coles, 

1977; Marshall & Clode, 2004; Courtney et al., 2017). Higher temperatures promote faster 

coral growth due to the strong temperature-dependence of aragonite precipitation rates 

(Burton & Walter, 1987) and the influence of temperature on metabolism (Coles & Jokiel, 

1977; Kajiwara et al., 1995; Reynaud et al., 2003; Dissard et al., 2012). Coral calcification 

rates typically increase with temperature until an optimum is reached, which is usually equal 

to, or slightly above, the annual average temperatures experienced by the coral (Jokiel & 

Coles, 1977; Marshall & Clode, 2004). Calcification are often highly variable on seasonal 

timescales and are generally higher in spring/summer compared to autumn/winter 

(Crossland, 1981; Marshall & Clode, 2004; 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). 

Latitudinal changes in temperature also drive variability in calcification rates. For instance, 

coral calcification rates in tropical/sub-tropical zones generally decline with increasing 

latitude generally due to decreasing temperatures (Lough & Barnes, 2000; Carricart-Ganivet, 

2004; Cooper et al., 2012; Norzagaray-López et al., 2014; Lough et al., 2016). However, 

latitudinal calcification rate studies that include temperate zones are relatively less common 
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(Goffredo et al., 2009; Foster et al., 2014). Although coral calcification rates are generally 

thought to be lower and more seasonally variable in high-latitude reefs, this is not always the 

case (Goffredo et al., 2009; Foster et al., 2014; Ross et al., 2015; Sawall et al., 2015). While 

much work has been done, our understanding of the mechanisms and drivers of calcification 

across a range of environmental conditions is still evolving. This is, in part, due to the 

challenges of quantifying the carbonate chemistry of the micro-scale site where calcification 

occurs. 

1.3! Characterizing the coral calcifying fluid carbonate chemistry  

Multiple approaches have been applied to characterise the chemical composition of 

the coral calcifying fluid, including pH-sensitive dyes (Venn et al., 2011; Gagnon, 2013; 

Holcomb et al., 2014), microelectrodes (Al-Horani et al., 2003; Ries, 2011; Cai et al., 2016), 

Raman spectroscopy (DeCarlo et al., 2017) and several isotope and/or trace element based 

geochemical proxies (Trotter et al., 2011; McCulloch et al., 2012; Holcomb et al., 2016; 

McCulloch et al., 2017). Until recently, typically one (Venn et al., 2011; Holcomb et al., 

2014; Georgiou et al., 2015; Wall et al., 2016) or at most two (e.g. D’Olivo & McCulloch, 

2017; McCulloch et al., 2017) aspects of the calcifying fluid chemistry (pH and CO3
2-) have 

been measured. However, all components of the calcifying fluid carbonate chemistry need to 

be quantified to understand the mechanisms and drivers of coral calcification (Comeau et al., 

2018; DeCarlo et al., 2018a; Ross et al., 2018). 

Boron isotopes are commonly used as a geochemical tool to reconstruct pH from the 

skeletons of corals (Vengosh et al., 1991; Hemming & Hanson, 1992). The δ11B pH proxy 

was developed on the basis that the relative abundance of the two major aqueous boron 

species in seawater, trigonal boric acid (B(OH)3) and tetragonal borate ion (B(OH)4
–), is 

highly pH dependent and that their isotopic composition differs by 27.2‰ (Klochko et al., 

2006). Assuming only (B(OH)4
–) is incorporated in the mineral structure during crystal 

growth and that no boron isotope fractionation occurs during uptake (Noireaux et al., 2015), 

the δ11B composition in aragonite coral skeletons reflects the pH of the coral calcifying fluid 

(Trotter et al., 2011; McCulloch et al., 2012).  

The ability to reconstruct the other carbonate chemistry parameters, including DICcf, 

[CO3
2-]cf, [Ca2+]cf and !cf, for corals growing in their natural environments and on seasonally 

resolved timescales has only recently become available due to the development of new 
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geochemical approaches that combine boron isotopes together with elemental systematics 

(Holcomb et al., 2016; McCulloch et al., 2017) and Raman spectroscopy (DeCarlo et al., 

2017, 2018a). The B/Ca ratio in aragonite has been shown to depend on [CO3
2-]cf in abiogenic 

aragonite precipitation studies. B(OH)4
– likely substitutes for CO3

2- in the lattice (Holcomb et 

al., 2016), however, our understanding of the mechanisms of boron incorporation in 

carbonates is still developing (Balan et al., 2016, 2018). The application of B/Ca to 

reconstruct [CO3
2-]cf from coral skeletons is based on a KD for B/Ca that has been fit as a 

function of [H+] (McCulloch et al., 2017), which can also be fit as a function of [CO3
2-] 

(DeCarlo et al., 2018b). The assumption that CO3
2- is taken up into the lattice over HCO3

- is 

supported by data from the abiogenic aragonite precipitation experiments by Holcomb et al., 

(2016), which show that aragonite precipitation rates are positively correlated with [CO3
2-] 

(r2 = 0.56, p < 0.01) and not [HCO3
-] (r2 = 0.00, p = 0.95; see DeCarlo et al., 2018b).  

Raman spectroscopy has been developed as a proxy for coral calcifying fluid !cf 

based on the analysis of abiogenic aragonite crystals precipitated under a wide range of !cf 

(from 10 to 34). DeCarlo et al., (2017) show that there is a strong dependence of Raman +1 

peak width on !cf. No significant effects of other factors, including pH, Mg/Ca partitioning, 

and temperature were detected (DeCarlo et al., 2017). Given that !cf is a function of both 

[CO3
2-] and [Ca2+], it is therefore possible to use boron systematics (to estimate [CO3

2-]cf) and 

Raman spectroscopy together to derive [Ca2+]cf. Boron isotopes, trace elemental systematics, 

and Raman spectroscopy have thus been applied to quantify the coral calcifying fluid 

carbonate system in several studies (McCulloch et al., 2017; D’Olivo et al., 2017; Schoepf et 

al., 2017; Comeau et al., 2017; Ross et al., 2017; DeCarlo et al., 2017, 2018a; Ross et al., 

2018).  

The use of geochemical proxies to characterise the carbonate chemistry of the 

calcifying fluid is generally supported by more direct from 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). For example, previous studies have shown that pHcf is approximately 

0.6 to 2 units above seawater values in the light (Venn et al., 2011; Holcomb et al., 2014), 

which is broadly consistent with δ11B derived pHcf (e.g. approx. 0.3 to 0.6 pH units above 

seawater; McCulloch et al., 2012; Holcomb et al., 2014; Georgiou et al., 2015; Tanaka et al., 

2015; Wall et al., 2016). The only previous measurements of coral [CO3
2-]cf were made using 
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carbonate-sensitive microelectrodes under laboratory conditions and ranged from 600 to 

1550 µmol kg-1. Although potentially invasive, these previous values fall within the range of 

[CO3
2-]cf inferred using boron isotopes together with elemental systematics of from 

approximately 800 to 2500 µmol kg-1 for several coral species (see review by DeCarlo et al.,  

2018b). Finally, previous data using microsensors showed an elevation above seawater of 

10% (Al-Horani et al., 2003), which is within the range of inferred [Ca2+]cf from Raman 

spectroscopy and boron systematics (up to 25% higher than seawater; DeCarlo et al., 2018a). 

Results from the geochemical proxies are therefore broadly consistent with more direct 

measurements, particularly given that data from the skeletal proxies are integrated over 

multiple weeks of biomineralization. Additional variability between methods may also result 

from the different species used and the conditions under which the measurements are 

conducted (Hönisch et al., 2004). 

1.4! Coral paleothermometry  

Understanding how corals responded to past ocean climate may help us to understand 

their future. Corals themselves provide high-resolution archives of the conditions that they 

have been exposed to throughout their lifetime and these records can date back hundreds, and 

in some cases, many thousands of years (i.e. fossil corals; Cobb et al., 2003; Lough, 2010; 

Xu et al., 2018). Of importance with respect to ocean warming are the valuable temperature 

records that marine-based carbonate proxies, given that reliable records of temperature only 

date back as far as the instrumental record (i.e. mid-19th century onwards). Using 

geochemical proxies, temperature can be reconstructed from the coral skeleton because the 

relative concentrations of some minor elements and isotopes that are trapped in the skeleton 

as the corals grow are temperature-sensitive; and hence they show cyclical changes that 

correspond to seasonal cycles in temperature (Smith et al., 1979; Beck et al., 1992; Felis et 

al., 2009; Fowell et al., 2016). Furthermore, the annual density bands (skeletal layering) in 

massive corals provide chronological markers that reflect the time over which the skeleton 

was deposited. A variety of approaches have been employed to reconstruct temperature from 

marine carbonates. These include trace element ratios, such as Sr/Ca (Beck et al., 1992; 

Bessat, 1997), Mg/Ca (Mitsuguchi et al., 1996), U/Ca (Min et al., 1995), Li/Mg (Lear et al., 

2010; Montagna et al., 2014) and more recently, Sr-U (DeCarlo et al., 2015, 2016). Isotope-

based approaches include oxygen isotopes ("18O; Chappell & Shackleton, 1986; Weber & 
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Woodhead; 1972) and carbonate clumped isotope thermometry (Δ47); the latter being a 

relatively new paleo-thermometer that is based on the temperature dependent ordering (or 

“clumping”) of 13C and 18O atoms into bonds with each other in the carbonate molecule 

(Guo et al., 2008; Thiagarajan et al., 2011; Saenger et al., 2012; Spooner et al., 2016). One 

advantage to using clumped isotope thermometry is that it is independent of the δ18O of water 

and the δ13C of DIC and can thus be used in cases where these measures are unknown.  

The most widely used geochemical temperature proxy in coral archives is the Sr/Ca 

ratio (e.g. Alibert & McCulloch, 1997; Beck et al., 1992; Cohen et al., 2002; DeLong et al., 

2011; Gagan et al., 2012; McCulloch et al., 1994; de Villiers et al., 1995). However, the 

strong control that the coral exerts on the calcification process (also referred to as ‘vital 

effects’) interferes with the temperature-dependence of single element-to-calcium ratio 

proxies (e.g. Sr/Ca; Gaetani & Cohen, 2006; DeCarlo et al., 2016). For instance, as 

calcification proceeds within a semi-enclosed “reservoir” some elements, such as Sr, are 

highly compatible with aragonite and are thereby preferentially incorporated into the skeleton 

relative to calcium causing the calcifying fluid to become depleted in Sr/Ca. This process is 

known as the Rayleigh fractionation effect (Gaetani & Cohen, 2006) and it has been 

implicated in a large variation of coral Sr/Ca ratios across a range of corals and locations. 

Consequently, no universal relationship exists between temperature and Sr/Ca, which is 

inherently problematic for seawater temperature reconstructions. There have been attempts 

to improve Sr/Ca, for example, by replicating reconstructions, accounting for “bio-

smoothing” (Gagan et al., 2012), and correcting with growth rate (Saenger et al., 2008). 

However, coral Sr/Ca is ultimately influenced by factors other than temperature and the 

utility of corals as paleo-climate archives requires an understanding of the physio-chemical 

controls on coral calcification (i.e. ‘vital effects’).  

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) and Sr-U (DeCarlo et al., 2015, 2016; Alpert et al., 2017). These new 

approaches account for the effects of the coral biomineralization process and therefore have 

great potential to improve the accuracy of seawater temperature reconstructions. The Li/Mg 

ratio works on the premise that it is largely independent of Rayleigh fractionation given that 

both Li+ and Mg2+ are incompatible elements in aragonite due to their element partition 
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coefficient (KD << 1; Montagna et al., 2014), where the KD for Te/Ca is defined by the 

following equation (Gaetani & Cohen, 2006):  

,-
.//12 = & (5./&/512&)7829:;<=> ∕ (5./&/512&)@AB<C& (1.2) 

where Ci is the molar concentration of TE of Ca in aragonite or fluid.  

The Sr-U paleothermometer works by isolating the temperature component of Sr/Ca 

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., 2016). Although these two thermometers have been shown to improve upon Sr/Ca, a 

direct comparison of the utility of all three paleothermometers (Sr/Ca, Li/Mg and Sr-U) on 

the same coral specimens has not yet been made. The Sr-U thermometer was only recently 

developed and still needs to be tested for a wide range of genera and for temperatures below 

23°C (DeCarlo et al., 2016; Alpert et al., 2017). Finally, 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, thereby extending temperature records beyond the life-

span of a single living colony (e.g. 300 to 400 years at most; Guilderson et al., 1994; Toth et 

al., 2015). However, there are uncertainties in applying temperature proxies to those corals 

that lack a modern-day calibration (e.g. fossil corals or instances where temperature data are 

not available). Further testing and comparisons of these three paleothermometers (Sr/Ca, 

Li/Mg and Sr-U), particularly on those species commonly found in reef cores (e.g. Acropora 

and Pocillopora), is required. 

1.5! Thesis aims, outline and research questions  

The broad aim/s of the thesis were to (1) investigate and explore the mechanisms and 

drivers of coral calcification with respect to the chemical composition of the coral calcifying 

fluid and across natural gradients in various environmental parameters, and to (2) evaluate 

the skill and precision of coral skeletons to record temperature with respect to biological 

effects arising from the calcification process. More specifically, this thesis aims to address 

the following questions:  

i.! How do coral calcification rates and the coral calcifying fluid chemistry 

respond to seasonal and latitudinal variation in environmental conditions?  
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ii.! What is the chemical composition of the coral calcifying fluid and how does 

it influence coral calcification rates?  

iii.! How do coral calcification processes affect the skill and utility of the Sr/Ca, 

Li/Mg, and Sr-U paleothermometers?  

This thesis has been written as a series of four manuscripts (Chapters 2 to 5), each 

with a separate introductory and discussion section. The first of these manuscripts (Chapter 

2) investigates the influence of varying environmental conditions on calcification rates and 

the chemical composition of the calcifying fluid for two coral species growing in a sub-

tropical location. The second of these manuscripts (Chapter 3) employs several techniques to 

de-convolve the drivers and mechanisms for corals growing at the limits of their latitudinal 

distributions in a marginal reef location. The third manuscript (Chapter 4) synthesises results 

from tropical, sub-tropical, and temperate reefs in WA and sheds light on the mechanisms 

corals use to adjust to different thermal regimes. The fourth manuscript (Chapter 5) evaluates 

the ability of three different coral paleo-thermometers to record changes in temperature. 

Finally, Chapter 6 draws together the findings and conclusions of the preceding chapters and 

identifies key areas for future research.  
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2.! ACTIVE MODULATION OF THE CALCIFYING FLUID CARBONATE 

CHEMISTRY ("11B, B/CA) AND SEASONALLY INVARIANT CORAL 

CALCIFICATION AT SUB-TROPICAL LIMITS  

 

2.1! Abstract 

Coral calcification is dependent on both the supply of dissolved inorganic carbon 

(DIC) and the up-regulation of pH in the calcifying fluid (cf). Using geochemical proxies 

("11B, B/Ca, Sr/Ca, Li/Mg), we show seasonal changes in the pHcf and DICcf for Acropora 

yongei and Pocillopora damicornis growing in situ at Rottnest Island (32°S) in Western 

Australia. Changes in pHcf range from 8.38 in summer to 8.60 in winter, while DICcf is 25 to 

30% higher during summer compared to winter (x1.5 to x2 seawater). Both variables are thus 

up-regulated well above seawater values and are seasonally out of phase with one another. 

The net effect of this counter-cyclical behaviour between DICcf and pHcf is that the aragonite 

saturation state of the calcifying fluid (!cf) is elevated ~4 times above seawater values and is 

higher during winter compared to summer. This indicates that these corals control the 

chemical composition of the calcifying fluid to help sustain near-constant year-round 

calcification rates, despite a seasonal seawater temperature range from just ~19° to 24°C. 

The ability of corals to up-regulate !cf is a key mechanism to optimise biomineralisation and 

is thus critical for understanding the future of coral calcification under changing ocean 

conditions. 

 

2.2! Introduction 
Coral reefs face an uncertain future due to increasing seawater temperatures and 

ocean acidification resulting from CO2-driven climate change (Feely et al., 2004; Orr et al., 

2005). Rising ocean temperatures are expected to lead to more frequent mass coral bleaching 

events, defined as a loss of the endosymbiotic dinoflagellates (zooxanthellae) from the coral 

Ross C.L., Falter J.L., McCulloch M.T. (2017). Active modulation of the calcifying fluid 
carbonate chemistry (δ11B, B/Ca) and seasonally invariant coral calcification at sub-tropical 
limits. Scientific Reports 7, Article number: 13830, doi.org/10.1038/s41598-017-14066-9. 
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host (Hoegh-Guldberg, 1999; Donner et al., 2005; van Hooidonk & Huber, 2012). While 

corals have demonstrated the capacity to adapt to long-term changes in climate, they are still 

extremely vulnerable to abrupt warming events (i.e. weeks to months) as evident, for 

example, by the mass bleaching events that often follow El Niño-Southern Oscillation 

(ENSO) driven warming events (Sawall et al., 2015; Schoepf et al., 2015). Additionally, 

evidences suggest that declining seawater pH will cause the growth rates of important marine 

calcifiers, such as hermatypic corals, to slow down (Marubini et al., 2003; Langdon, 2005; 

Kuffner et al., 2008). The effect of declining pH on the calcification process is however still 

in question, as corals possess the physiological mechanisms to partially resist or limit the 

effects of ocean acidification on the bio-calcification process (Venn et al., 2011, 2013; 

McCulloch et al., 2012; Holcomb et al., 2014; Georgiou et al., 2015; Wall et al., 2016). They 

accomplish this through the up-regulation of the pH of the calcifying fluid (pHcf); a process 

that likely occurs via active ionic exchange of Ca2+ with H+ via Ca-ATPase ’pumps’ at the 

site of calcification (McConnaughey, 1994; Al-Horani et al., 2003; Allemand et al., 2004). 

This, in turn, helps to elevate the aragonite saturation state in the calcifying fluid (Ωcf), a key 

requirement for the formation of their calcium carbonate (CaCO3) skeletons (Al-Horani et al, 

2003; Ries, 2011; Venn et al., 2011; McCulloch et al., 2012). In addition to up-regulating 

pHcf, corals supply the calcifying fluid with metabolically generated dissolved inorganic 

carbon (DIC) (Allemand et al., 2004). This raises the activity of carbonate ions within the 

calcifying fluid ([CO3
2-]cf) and increases Ωcf, indicating that corals manipulate rates of 

aragonite precipitation by actively elevating both pHcf and DICcf
 (McCulloch et al., 2017). 

Despite the importance of internal carbonate chemistry in determining rates of 

mineral precipitation, temperature is still the main factor influencing the rates of coral growth 

(Veron, 1995; Lough & Barnes, 2000; Marshall & Clode, 2004). This is due to both the strong 

temperature-dependent rate kinetics of aragonite precipitation (Burton & Walter, 1987), as 

well as the sensitivity of coral physiology to extremes in temperature (Grottoli et al., 2014; 

Schoepf et al., 2015). For example, calcification rates in tropical corals are generally thought 

to follow a Gaussian–shaped curve whereby calcification increases as temperature increases 

until an optimum is reached; after this maximum, rates decline with increasing temperature 

(Jokiel & Coles, 1977; Marshall & Clode, 2004; Sawall et al., 2015; Vajed Samiei et al., 

2016). Light is also an important driver of coral calcification on both diurnal and seasonal 

timescales, with rates of carbon fixation by the zooxanthellae symbiont being light dependent 
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(Al-Horani et al., 2003; Allemand et al., 2004; Schneider et al., 2009). Therefore, it is not 

surprising that higher rates of coral calcification are generally found in summer compared to 

winter (Crossland, 1981; Marshall & Clode, 2004; Rodolfo-Metalpa et al., 2009; Kuffner et 

al., 2013; Venti et al., 2014; Roik et al., 2015; Vajed Samiei et al., 2016). These findings are 

consistent with the assumption that during the summer there are higher rates of metabolically-

derived carbon supply to the coral (Allemand et al., 2004) and enhanced temperature-driven 

precipitation kinetics (Burton & Walter, 1987).  

A recent study by Ross et al., (2015), however, found that calcification rates for the 

reef-building species Acropora yongei and Pocillopora damicornis offshore Western 

Australia (Rottnest Island, 32°S) exhibited minimal seasonality and, in fact, exhibited similar 

or even higher rates in winter. The authors suggested that this uncharacteristic seasonal 

pattern in calcification rates was due to increased nutrient uptake in winter (Houlbrèque et 

al., 2004; Wyatt et al., 2012) and/or a possible sub-lethal stress response in summer (Foster 

et al., 2014). Another possibility, which is explored herein, is that corals physiologically 

manipulate the chemistry of their calcifying fluid to enhance rates of calcification. Earlier 

studies have demonstrated that the biological mediation of pH up-regulation can modulate 

rates of calcification (Venn et al., 2011; Holcomb et al., 2014; Georgiou et al., 2015; Wall et 

al., 2016). However, our ability to infer both aspects of the carbonate chemistry (i.e. pH and 

DIC) under in situ conditions has only recently become possible via measuring the boron 

isotopic composition ("11B; Pelejero et al., 2005; Trotter et al., 2011; Wei et al., 2014) and 

elemental abundance of boron (B/Ca; Allison et al., 2014) in coral skeletons. Furthermore, 

while other methods of interrogating the carbonate chemistry of the calcifying fluid have 

been developed and provide informative results (Al-Horani et al., 2003; Ries, 2011; Venn et 

al., 2011; Cai et al., 2016), they generally must be conducted under tightly constrained 

laboratory conditions that differ greatly from the in situ ‘natural’ reef habitats in which corals 

grow. Nonetheless, previous studies have shown that estimates of internal coral pHcf derived 

from geochemical tracers (Trotter et al., 2011; McCulloch et al., 2012; Holcomb et al., 2014) 

are consistent with more direct measurements (Ries, 2011; Venn et al., 2011; Cai et al., 2016), 

affirming that boron isotopes are providing unbiased estimates of pH at the site of 

calcification. With these new developments (Trotter et al., 2011; McCulloch et al., 2012, 

2017; Holcomb et al., 2016), we can now determine how the carbonate chemistry of the 

calcifying fluid (pHcf, DICcf, !cf) responds to natural and seasonally varying changes in light, 
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temperature and seawater pH. We show that quantifying these relationships is critical to 

understanding and predicting how coral growth will respond to man-made climate change 

under real-world conditions. 

Here we examine seasonal changes in the carbonate chemistry of the calcifying fluid 

(pHcf, DICcf, and estimated !cf) for branching corals, Acropora yongei and Pocillopora 

damicornis, sampled every 1 to 2 months for three summers and two winters in Salmon Bay, 

Rottnest Island (32°S), Western Australia (WA). Boron isotopic compositions ("11B) are used 

as a proxy for pHcf and are combined with skeletal B/Ca ratios to determine [CO3
2-]cf, and 

hence DICcf. We show that corals in this sub-tropical environment seasonally elevate !cf to 

levels that are ~4 times higher than ambient seawater and ~25% higher in winter compared 

to summer. We also find enhanced rates of skeletal precipitation relative to that expected 

from inorganic rate kinetics (Burton & Walter, 1987); thus, emphasizing the ability of corals 

to manipulate their internal carbonate chemistry to promote biomineralisation.  

2.3! Methods 

2.3.1! Overview 

This study was conducted at Salmon Bay on the south side of Rottnest Island, which 

is located approximately 20 km west of Perth, WA (32°S, 115°E). See Ross et al., (2015) for 

a detailed map of study area. Single individual branches of A. yongei and P. damicornis were 

collected from four naturally growing colonies (1 branch per colony) every 1 to 3 months 

between February 2013 and March 2015 and subject to the geochemical analyses described 

herein.  

2.3.2! Environmental data 

Continuous measurements of seawater pHT (Total scale, with ±0.03 accuracy) were 

made using a SeaFET ocean pH sensor (Satlantic, Canada) in October 2014 (spring) and 

April 2015 (autumn). Earlier measurements were made in July 2013 (winter) and February 

2014 (summer; Ross et al., 2015). Seawater temperature was continuously measured at the 

study site for the entire duration of the study using HOBO temperature loggers (± 0.2°C, 

Onset Computer Corp.). Daily down-welling planar photo-synthetically active radiation 

(PAR in mol m−2 d−1) was measured from December 2013 to July of 2014 using Odyssey 

light loggers (± 5%, Odyssey Data Recording) that had been calibrated against a high-

precision LiCor 192A cosine PAR (± 5%, LiCor Scientific) sensor (Ross et al., 2015). For 
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this location, seasons were defined as follows: winter from mid-April through to mid-October 

and summer from mid-November through to mid-April.  

2.3.3! Boron isotopic and trace element analyses 

The "11B of coral skeletons were measured from the uppermost apical section of the 

growing tip of A. yongei and P. damicornis skeletons (Figure A.1.1). We sampled ~4 mm of 

the apical growing tip based on our previous study showing average monthly extension rates 

of ~50 mm yr-1 (or ~4 mm month-1; Ross et al., 2015). Alternate methods for determining the 

sclero-chronology of the deposited skeletal material include using fluorescent staining 

(Holcomb et al., 2013) or isotope labelling, which are informative for analysis by laser 

ablation-multi-collector-ICP-MS (Fietzke et al., 2010). Unfortunately, repeated labelling of 

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

skeletal sampling resolution and long study period (i.e. ~2 years). Instead, we used molar 

ratios of strontium to calcium (Sr/Ca) and lithium to magnesium (Li/Mg) in the most recently 

deposited skeletal material and well-known, highly correlated relationships between these 

trace element ratios and ambient seawater temperature (Montagna et al., 2014) to confirm the 

seasonal chronology of skeletal growth histories (Georgiou et al., 2015).  

Powders derived from the temporally controlled samples of coral skeleton were 

cleaned (Holcomb et al., 2015) and dissolved in 0.58 N HNO3. Aliquots of these acidified 

samples were analysed for trace elements (Sr/Ca, Li/Mg, and B/Ca) using an X-Series 2 

Quadrupole Inductively Coupled Plasma Mass Spectrometer (Thermo Fisher Scientific). The 

extraction and concentration of boron-rich solutions from acidified sample solutions was 

performed via paired cation-anion resin columns and the resulting diluent analysed with a 

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

mass spectrometer (MC-ICPMS; McCulloch et al., 2014).  

2.3.4! Boron isotope pH-proxy 

We determined the pH of the calcifying fluid from the measured "11B values 

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

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

(THNOOPF28S − &NOOPQR + 1000&(TH − 1))
W& (2.1) 
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 where pKB is the dissociation constant of boric acid in seawater (Dickson, 1990) at the 

temperature and salinity of the seawater in Salmon Bay, "11Bcarb and "11BSW are the boron 

isotopic composition of the coral skeleton and average seawater, respectively, and αB is the 

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

2.3.5! Estimation of DICcf and modelled rates of mineral precipitation  

We estimate the concentration of carbonate ions at the site of calcification ([CO3
2-]cf) 

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

(Holcomb et al., 2016) refitted by McCulloch, et al., (2017): 

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

 
             (2.2) 

where [B(OH)4
–]cf is the concentration of borate in the calcifying fluid,  is the molar 

distribution coefficient for boron in aragonite, and [B/Ca]arag is the elemental ratio of boron 

to calcium in the coral skeleton. To estimate [B(OH)4
–]cf, we assume that the concentration 

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

equal to that of the surrounding seawater. The strong linear relationship between the 

calculated [CO3
2-]cf (using Equation 2.2) and the measured [CO3

2-] from abiogenic 

experiments by Holcomb et al., (2016) is shown in Figure A.1.2. The relative amounts of 

borate are determined by the pHcf
 (Dickson, 1990), as determined from the "11B isotopic 

measurements (see Equation 2.1). The  is calculated as a function of pHcf
 (Holcomb et 

al., 2016; McCulloch et al., 2017) according to: 

,-
H/12 = 0.00297 ∗ exp&(−0.0202 ∗ [E$]FG)    (2.3) 

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 thought to occur (8.3 to 8.6; 

McCulloch et al., 2012).  

The concentration of DICcf is then estimated from pHcf (Equation 2.1) and [CO3
2-]cf 

(Equation 2.2). The !cf is estimated from seawater [Ca2+] and [CO3
2-]cf (from "11B and B/Ca) 

according to the following relationship:  

/
D
B CaK

/
D
B CaK
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Ω =&
[!"#$] ∗ [!'(#)]

,Qg∗
 (2.4) 

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

This initial approach to estimating !cf assumes that [Ca2+]cf is equal to the surrounding 

seawater. However, the ability to directly quantify !cf has recently become feasible due to 

the development of new geochemical approaches using Raman spectroscopy (DeCarlo et al., 

2017, 2018a). In thesis Chapters 3 and 4, Raman spectroscopy is used to reconstruct !cf and 

infer [Ca2+]cf on the same sample powders that were analysed for "11B here in this manuscript. 

The estimated !cf presented here (assuming [Ca2+]cf is equal to the surrounding seawater) 

differ from those measurements of reconstructed !cf presented in Chapter 4 (using Raman 

spectroscopy).  

Finally, we used the combination of estimated !cf and temperature to infer rates of 

abiotic aragonite precipitation (G) at the site of calcification according to the model of 

internal pH-regulation abiotic calcification model (IpHRAC; McCulloch et al., 2012): 

h = i(ΩFG − 1); (2.5) 

where k and n are temperature-dependent empirical constants (Burton & Walter, 1987). 

2.3.6! Observed rates of coral calcification 

Calcification rates (mg CaCO3 cm-2 d-1) for both A. yongei (n = 16) and P. damicornis 

(n = 9) were measured on individual coral colonies mounted on plastic tiles and deployed in 

situ (i.e. on an aluminium frame weighted to the seafloor; Ross et al., 2015). Changes in 

weight were measured using the buoyant weight technique (Bak, 1973; Jokiel et al., 1978), 

and then normalised to surface area using regressions between weight and surface area using 

both geometric estimation (Naumann et al., 2009) and X-ray computed tomography (X-ray 

CT; Laforsch et al., 2008). These in situ calcification measurements conducted on colonies 

from the same location and at the same time as branches were collected from separate 

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 temperature, pH and DIC together with coral calcifying 

fluid pHcf and DICcf. 
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2.3.7! Statistical analyses 

Linear regression models were used to examine relationships between calcification 

rates, key environmental factors, and coral calcifying fluid parameters. Before conducting 

analyses, we tested for 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). All environmental variables were time-averaged to 

reflect the same interval as the measured coral parameters. In this study significance is 

defined as p < 0.05. Statistical analyses were performed using SPSS statistical software 

(IBM, Foster City, California, USA) and Matlab (The Mathworks, Natick, Massachusetts, 

USA). 

2.4! Results 

2.4.1! Coral habitat 

Monthly average water temperatures at Salmon Bay ranged from 19.3° to 23.7°C 

during this study period, giving a seasonal range of 4.4°C (Figure A.1.3). Monthly mean light 

levels increased from a minimum of just 15 mol m−2 d−1 in winter to a maximum of 48 mol 

m−2 d−1 in summer (Table A.1.1). Weekly average measured seawater pHT at Rottnest Island 

showed minimal variability (< 0.05 pH units) between summer (January 2014) and winter 

(July 2014; see Figure A.1.4).  

2.4.2! Internal skeletal carbonate chemistry  

Coral skeletal Li/Mg and Sr/Ca ratios show significant inverse relationships with 

seasonal increases in temperature for both A. yongei (r2 = 0.82, r2 = 0.76, respectively, p < 

0.001 for both; Figure 2.1) and for P. damicornis (r2 = 0.71, r2 = 0.73, respectively, p < 0.001 

for both; Figure 2.1; Table A.1.2). The geochemical composition of the apical section of the 

coral skeleton analysed confirms that coral skeletal growth was the same time as when 

ambient seawater chemistry was measured. This excellent agreement is further supported by 

earlier measurements showing that these coral colonies grew ~4 mm month-1 (Ross et al., 

2015). 
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Figure 2.1. (a–b) Li/Mg plotted against temperature with regression equation Li/Mg = -0.08Tsw + 
3.63 for Acropora yongei and Li/Mg = -0.05T + 2.99 for Pocillopora damicornis (c–d) Sr/Ca plotted 
against temperature with regression equation Sr/Ca = -0.061T + 10.92 for Acropora yongei, and Sr/Ca 
= -0.053T + 10.57 for Pocillopora damicornis. Coloured symbols represent each colony while the 
black symbols with lines denote the mean (± 1 s.e.; n = 4) for each time point. 

 

Seasonal "11B varies by up to 2.7‰ between the warmest month (23.7°C) and the 

coolest month (19.3°C), ranging from a minimum of 22.0‰ in February for both species to 

a maximum of 24.9‰ in August for A. yongei and 24.8‰ for P. damicornis (Figure 2.2 a-b; 

Table A.1.2). These ranges in "11B correspond to seasonal variations in derived pHcf of 8.38 

(summer) to 8.60 (winter) for both A. yongei and P. damicornis (Figure 2.3) with a lower 

ΔpHcf of 0.28 (ΔpHcf = pHcf - pHsw) corresponding to warmer seawater temperatures and a 

higher ΔpHcf of 0.50 corresponding to cooler seawater temperatures (Figure 2.3). Skeletal 

ratios of boron to calcium (B/Ca) range from 0.49 to 0.59 mmol mol-1 for A. yongei and 0.59 

to 0.74 mmol mol-1 for P. damicornis (Figure 2.2 c-d; Table A.1.2). These B/Ca ratios 

correspond to carbonate ion concentrations within the calcifying fluid [CO3
2-]cf of from 806 

to 973 µmol kg-1 for A. yongei, and 645 to 886 µmol kg-1 for P. damicornis (Table A.1.3) and 

are ~20 to 40% higher at their peak in winter compared to their low in summer. These values 

fall within the range of other tropical corals as reported using carbonate-sensitive 

microelectrodes under laboratory conditions (600 to 1550 µmol kg-1; Cai et al., 2016).  
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Figure 2.2. (a-b) Seasonal time-series of "11B (‰) and (c-d) boron to calcium ratios (B/Ca) for all 
four colonies sampled of Acropora yongei and Pocillopora damicornis. Coloured symbols represent 
each colony while the black symbols with lines denote the mean ± 1 s.e. (n = 4) for each time point. 
Light blue shading denotes winter and unshaded areas denote summer, defined based on seasonal 
changes in temperature and light. 

 

The DICcf derived from the B/Ca ratio proxy is 1.5 to 2 times higher than ambient 

seawater and is positively correlated with seasonal changes in seawater temperature (r2 = 

0.38, p = 0.015 for A. yongei and r 2 = 0.37, p = 0.017 for P. damicornis; Figure 2.4). The 

DICcf in both coral species is also 25 to 30% higher in summer compared to winter (4520 

µmol kg-1 in summer vs. 3620 µmol kg-1 in winter for A. yongei and 3700 µmol kg-1 in 

summer vs. ~2900 µmol kg-1 in winter for P. damicornis; Figure 2.3b). There is a counter-

cyclical relationship between DICcf and pHcf such that seasonal changes in DICcf are 

negatively correlated with seasonal changes in pHcf (r 2 = 0.64, p = 0.002 for A. yongei and r 

2 = 0.39, p = 0.01 for P. damicornis; Figure A.1.5). Due to the up-regulation of both DICcf 

and pHcf, !cf is roughly 3.5 to 5 times higher than the mean annual seawater aragonite 

saturation state (!sw ≈ 3.2) depending on taxa and season. 
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Figure 2.3. (a) Seawater temperature (b) pHcf, (c) predicted dissolved inorganic carbon (DICcf), and 
(d) estimated !cf for coral the species Acropora yongei and Pocillopora damicornis averaged (± 1 
s.e.) over each growth period. Light blue shading denotes winter and unshaded areas denote summer, 
defined based on seasonal changes in temperature and light. 
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Figure 2.4. (a–b) Seasonal changes in DICcf, (c–d) pHcf, and (e–f) estimated !cf with seawater 
temperatures for Acropora yongei and Pocillopora damicornis averaged (± 1 s.e.) over each growth 
period. 

 

2.5! Coral growth rates  

Results from Ross et al., (2015) demonstrated that calcification rates generally 

deviated from their long-term (>1 year) average growth rates of 1.6 mg cm-2 d-1 for A. yongei 

and 0.67 mg cm-2 d-1 for P. damicornis by just ± 20% to ± 30% over the 18-month period, 

respectively (Table 2.2; Ross et al., 2015). These calcification rates were either negatively 

correlated with temperature for P. damicornis (r2 = 0.45) or showed little or no seasonal 

coherency for A. yongei (i.e. no correlation with temperature r2 = 0.015; Ross et al., 2015). 

Calcification rates therefore exhibited unexpected seasonal patterns whereby they were, on 

average, similar across seasons for A. yongei and slighly higher in winter compared to 

summer for P. damicornis.  
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Table 2.1. Seasonal changes in rates of calcification (mg cm-2 d-1; mean ± s.e.) for coral species (a) 
Acropora yongei, and (b) Pocillopora damicornis (Ross et al., 2015). Light blue shading denotes 
winter and un-shaded areas denote summer. 

 

2.6! Discussion 

Here we show that corals living in a sub-tropical environment can modulate rates of 

calcification by seasonally counter-regulating pHcf and DICcf to elevate !cf. The ability to 

infer coral pHcf from "11B isotopic measurements is supported by measurements from 

microelectrodes (Al-Horani et al., 2003; Ries, 2011) and pH-sensitive dyes (Venn et al., 2011; 

Gagnon, 2013; Holcomb et al., 2014). For example, previous studies (Venn et al., 2011; 

Holcomb et al., 2014) have shown that pHcf up-regulation is ~0.6 to 2 units above seawater 

values in the light. Results from "11B-derived pHcf generally fall within this range and are 

broadly consistent (Gagnon, 2013) with these measurements (~0.3 to 0.6 pH units above 

seawater; Georgiou et al., 2015; Holcomb et al., 2014; McCulloch et al., 2012; Tanaka et al., 

2015; Wall et al., 2016), given that they are integrated over multiple weeks of 

biomineralisation. Additional variability between methods (i.e. geochemical proxies and 

direct measurements) may also result from the different species used and the conditions under 

which the measurements are conducted (Hönisch et al., 2004).  

More recent, albeit limited, measurements of the carbonate ion concentration using 

microelectrodes report values of 600 to 1550 µmol kg-1 in the calcifying fluid (Cai et al., 

2016). These instantaneous measurements performed under laboratory conditions, while 

providing some informative results, have some limitations. For instance, microelectrode 

measurements are currently unable to determine the dynamic seasonal interactions between 

components of the coral calcifying fluid carbonate chemistry (pHcf, DICcf, !cf) documented 

here under naturally fluctuating conditions. This is due to the limitations of existing 

technology, as measurements must be conducted using separate probes for pHcf and [CO3
2-]cf 

and under highly controlled laboratory conditions. Our findings highlight the importance of 
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"11B and B/Ca proxies as a method for inferring the internal carbonate chemistry in corals 

under real-world conditions and over longer (i.e. seasonal) time scales. 

Laboratory experiments have nevertheless demonstrated that coral pHcf typically 

shows a relatively consistent linear and muted response to changes in seawater pHsw, such 

that changes in coral pHcf are usually equal to approximately one-third to one-half of those 

in pHsw (Marubini et al., 2001; Reynaud et al., 2004; Hönisch et al., 2004; Krief et al., 2010; 

Venn et al., 2011; McCulloch et al., 2012). According to the results of those experiments, 

seasonal changes in coral pHcf should have been on the order of approximately 0.02 pH units 

due to the relatively small seasonal variability in pHsw at Rottnest Island (approx. 0.07; Figure 

A.1.4.). In contrast, seasonal variations in pHcf are an order of magnitude higher (> 0.2 pH 

units) and thus demonstrate that seawater pH is not the major factor driving seasonal changes 

in coral pHcf up-regulation in this study.  

Our current understanding of the sensitivity of the calcifying fluid chemical 

composition to changes in seawater carbonate chemistry has generally been inferred from 

controlled laboratory experiments (Marubini et al., 2001, 2008; Reynaud et al., 2004; 

Hönisch et al., 2004; Krief et al., 2010; Venn et al., 2011; Holcomb et al., 2014), which have 

kept other environmental conditions constant, such as temperature (Marubini et al., 2001, 

2008; Reynaud et al., 2004; Hönisch et al., 2004; Krief et al., 2010; Venn et al., 2011) and/or 

light (Marubini et al., 2008; Krief et al., 2010; Venn et al., 2011). However, our findings 

demonstrate that other environmental factors beyond pHsw may have a much larger influence 

on pHcf and [CO3
2-]cf, at least on seasonal time-scales. For instance, the observed inverse 

relationship between seasonally varying pHcf and DICcf is suggestive of a deliberate 

mechanism to compensate for seasonal declines in temperature and light, and thus changes 

to the supply and/or transport of DIC necessary for coral growth (McCulloch et al., 2017). 

The lower levels of DIC in the calcifying fluid during winter reflect a reduction in rates of 

carbon fixation by endosymbionts in winter and are compensated for by higher pHcf up-

regulation (Figure 2.3). Despite the stabilizing effects that a counter-cyclical seasonal 

relationship between pHcf and DICcf would have on !cf, we nonetheless show that !cf also 

varies seasonally. This seasonal behaviour of !cf may, at the very least, dampen any expected 

seasonality in rates of coral calcification.  
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To better constrain the relative sensitivity of coral calcification rates to seasonal 

changes in both temperature and carbonate chemistry of the calcifying fluid, calcification 

rates were modelled using the inorganic rate equation (see Equation 2.5 in Methods; 

McCulloch et al., 2012). In this model, aragonite precipitation occurs according to abiotic 

rate kinetics under chemical conditions dictated by the living coral (e.g. elevated pHcf and 

DICcf). Three scenarios are considered: (a) temperature and !cf vary with season, (b) 

temperature, DICcf and !cf vary with season while pHcf is calculated based on seawater pHsw 

in accordance with the results of fixed aquaria experiments (Reynaud et al., 2004; Trotter et 

al., 2011), and (c) !cf varies with season, but temperature is kept constant at the annual 

average (21.7°C). Modelled rates of calcification based on inorganic rate kinetics are a factor 

of 2 to 7 times lower than the measured calcification rates (see Table A.1.4). This indicates 

that an estimated !cf of 30 to 50 is required to attain the measured rates of calcification and 

thus much higher than our seasonal range of ~10 to 16, depending on taxa (Figure 2.3d). This 

suggests that physiological mechanisms are operative in enhancing rates of skeletal 

precipitation relative to that expected from inorganic rate kinetics. 
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Figure 2.5. Measured and modelled seasonal growth rate response for branching Acropora yongei 
and Pocillopora damicornis at Rottnest Island. (a) Seasonal changes in average seawater temperature 
(°C). (b-c) Actual calcification rates measured using the buoyant weight technique (Ross et al., 2015) 
and predicted calcification rates modelled using inorganic rate kinetics for (b-c) A. yongei, and (d-e) 
P. damicornis. Black symbols represent the measured calcification rates (mean ± 1 s.e.) for A. yongei 
(n = 16) and P. damicornis (n = 9; Ross et al., 2015). Green symbols represent the predicted 
calcification rates using seasonally varying temperature and seasonally varying !cf, blue symbols 
represent the predicted calcification rates using pHcf calculated from fixed condition experiments for 
Acropora spp., (y = 0.51pHsw + 4.28; where pHsw ranged from 8.03 to 8.10; Reynaud et al., 2004; 
Trotter et al., 2011), and red symbols represent the predicted rates using a constant mean temperature 
(21.7°C) and seasonally varying !cf. All growth rates are expressed as percentage relative to the mean. 
Light blue shading denotes winter and unshaded areas denote summer, defined based on seasonal 
changes in temperature and light. 

 

During summer, the higher DICcf supply is offset by a systematic reduction in pHcf to 

modulate !cf and potentially calcification rates. While the estimated calcification rates from 

inorganic rate kinetics in scenario 1 are still ~50% higher at the peak in summer compared 

to the minima in winter, this seasonal change is nevertheless substantially less than the 

estimated ~90% seasonal change in calcification rates if pHcf levels were generally constant 

year-round, as inferred from fixed condition aquaria experiments. Calcification rates 
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estimated from both scenarios indicate that the seasonal variation in the measured coral 

calcification rates should be pro-cyclical with temperature and much greater than observed 

(Figure 2.5). Scenarios 1 and 2, which allow for the full seasonal variation in temperature to 

be expressed through the inorganic rate kinetics, exhibit large deviations from the measured 

calcification rates for A. yongei (Scenario 1: RMSE = 17.0%; Scenario 2: RMSE = 30.3%), 

and P. damicornis (Scenario 1: RMSE = 32.7%; Scenario 2: RMSE = 43.3%). There is a 

strong physiological control over !cf such that calcification rates appear to be modulated 

more by the carbonate chemistry of the calcifying fluid, rather than temperature directly. We 

find that the calcification rates modelled under a constant mean temperature (i.e. scenario 3) 

show the best fit to the observed seasonal patterns in calcification (RMSE = 11.5% and 

20.8%, respectively; Figure 2.5). One possibility is that differences between the complex 

skeletal micro-architecture of coral growth (e.g. a higher active surface area on which 

precipitation can occur; Venn et al., 2013) compared to abiotic aragonite crystal formation 

could result in the enhanced rates of biologically-mediated coral calcification shown here. 

Another possibility is that other factors may influence seasonal patterns in rates of 

calcification, for example, changes in the speed at which the corals create organic matrices 

and crystal templates (Clode & Marshall, 2003; Tambutté et al., 2007, 2015; Mass et al., 

2013) necessary for mineralization. This cannot be ruled out given that the calcification rate 

measurements are integrated over several weeks of biomineralisation. 

Although the relatively seasonally invariant calcification rates for corals from 

Rottnest Island stand in contrast with findings from more tropical environments (Marshall & 

Clode, 2004; Roik et al., 2015; Vajed Samiei et al., 2016), there are also a number of studies 

(Falter et al., 2012; Foster et al., 2014; Dandan et al., 2015; Ross et al., 2015) that show 

limited seasonal variability in calcification rates for several coral species across a range of 

locations (i.e. spanning 10 degrees latitude) in Western Australia, and are thus widely 

applicable to reef-building corals growing in a various environments. There have been a 

number of hypotheses to explain this lack of seasonality, ranging from the residual effects of 

sub-lethal thermal stress following an unusually strong marine heat wave (Foster et al., 2014), 

to higher rates of particulate nutrient uptake in winter (Wyatt et al., 2012; Falter et al., 2012; 

Ross et al., 2015). In the present study, however, the limited seasonal variability in 

calcification rates can be explained by the seasonally counter-cyclical up-regulation of pHcf 

and DICcf to deliberately elevate !cf and support near-constant rates of calcification year-
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round, despite much cooler temperatures during winter. This apparent physiological ‘control’ 

over the internal carbonate chemistry is further supported by the results from the Papua New 

Guinea CO2 seeps (Wall et al., 2016) and Free Ocean Carbon Enrichment experiment (FOCE; 

Georgiou et al., 2015); both of which demonstrated the mechanism of pHcf ‘homeostasis’ in 

corals despite exposure to extreme variations in ambient pHsw. 

2.7! Conclusions 

We have now identified a key mechanism of chemical regulation within the calcifying 

fluid composition that assists reef-building coral to calcify year-round in sub-tropical 

conditions (i.e. lower and more seasonally variable temperature light). While these findings 

are based on branching coral at Rottnest Island, they nevertheless demonstrate key changes 

in the calcifying fluid carbonate chemistry to modulate calcification rates. Although such 

robust regulation of chemical conditions during calcification could help protect the growth 

of adult corals from the influence of declining seawater pH (McCulloch et al., 2012; Venn et 

al., 2013), it will not necessarily preclude corals from being vulnerable to thermal stress 

(Hoegh-Guldberg et al., 2007). The future survival of coral reefs in the face of Earth’s rapidly 

changing climate will ultimately depend on the capacity of reef-building coral to endure the 

increasingly frequent and intense CO2-driven warming events (Hoegh-Guldberg et al., 2007). 
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A.1  ! Appendix for Chapter 2 
Note, this section is arranged to coincide with the order it is referenced in the above 

text (Chapter 2); this is different from the format in which it was published in Scientific 

Reports.  

 

Table A.1.1. Seasonal changes in environmental conditions at the study site. Environmental data 
(mean ± 1 SE) measured at Rottnest Island, Western Australia. 
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Table A.1.2. The measurements of skeletal B/Ca, Li/Mg and Sr/Ca ratios and "11B values for 
Acropora yongei and Pocillopora damicornis (mean ± 1 SE) at Rottnest Island, Western Australia. 
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Table A.1.3. Coral carbonate ion concentrations [CO3
2-]cf (µmol kg-1) within the calcifying fluid. The 

[CO3
2-]cf estimated from boron to calcium ratios (B/Ca) for Acropora yongei and Pocillopora 

damicornis (mean ± 1 SE, n = 4) at Rottnest Island, Western Australia. 
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Table A.1.4. Seasonal changes in measured and modelled calcification rates for branching Acropora 
yongei and Pocillopora damicornis at Rottnest Island. Measured mean calcification rates (Ross et al., 
2015; mg cm-2 d-1) and predicted mean absolute calcification rates (mg cm-2 d-1) using the three model 
scenarios. Scenario 1 are calcification rates modelled using inorganic rate kinetics using seasonally 
varying temperature and Ωcf, scenario 2 are the rates estimated using the pHcf values calculated from 
fixed condition experiments for Acropora spp., (y = 0.51pHsw + 4.28; pHsw ranged from 8.03 to 8.10; 
Reynaud et al., 2004; Trotter et al., 2011), and scenario 3 are the estimated relative rates using a 
constant mean temperature (21.7°C) and seasonally varying Ωcf. Light blue shading denotes winter 
and un-shaded areas denote summer. 
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Figure A.1.1. Region sampled for geochemical measurements. Sampling schematic showing the 
apical location sampled for (a) Pocillopora damicornis, and (b) Acropora yongei (images from X-ray 
CT scans of the coral skeleton taken by C. Ross). 
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Figure A.1.2. Relationships between predicted [CO3
2-]pred (using Equation 2.2; McCulloch et al., 

2017) and measured [CO3
2-]obs from inorganic experiments (Holcomb et al., 2016). Symbols are the 

means of different experiments; (a) with added B and without added B, and (b) pumping experiments 
and degassing experiments. Both plots show 1:1 regression line. The relationship between the 
predicted and observed (Holcomb et al., 2016) for all data combined is [CO3

2-]obs = 0.97 [CO3
2-]pred + 

19.87 (mean absolute error of ± 116 µmol kg-1; r2 = 0.93, n = 64). 
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Figure A.1.3. Daily averaged water temperature at Salmon Bay, Rottnest Island from December 2012 
through December 2014. The heavy black line shows the average daily temperatures while the grey 
regions represent the range between hourly minimum and maximum temperatures for each day. 
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Figure A.1.4. Diurnal variations of seawater pHT at Salmon Bay, Rottnest Island taken during (a) 20 
to 25 January 2014, (b) 19 to 30 July 2014, (c) 25-October to 6-Nov 2014 and (d) 16-March to 1-
April 2015. The solid blue lines denote the average pHT over the period of deployment.   
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Figure A.1.5. Coral pHcf plotted against DICcf for (a) Acropora yongei (pHcf = -0.0002 DICcf + 9.17) 
and (b) Pocillopora damicornis (pHcf = -0.0002 DICcf + 9.21). Coloured symbols represent each 
colony while the black symbols denote the mean ± 1 s.e. (n = 4; colony 1 = grey, colony 2 = light 
blue, colony 3 = green, colony 4 = dark blue) for each time point. 
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3.! MECHANISMS AND SEASONAL DRIVERS OF CALCIFICATION IN 

THE TEMPERATE CORAL TURBINARIA RENIFORMIS AT ITS 

LATITUDINAL LIMITS  

 

3.1! Abstract 

High-latitude coral reefs provide natural laboratories for investigating the 

mechanisms and limits of coral calcification. While the calcification processes of tropical 

corals have been studied intensively, little is known about how their temperate counterparts 

grow under much lower temperature and light conditions. Here we report the results of a 

long-term (2-year) study of seasonal changes in calcification rates, photo-physiology, and 

calcifying fluid (cf) chemistry (using boron isotope systematics and Raman spectroscopy) 

for the coral Turbinaria reniformis growing near its latitudinal limits (34.5°S) along the 

southern coast of Western Australia. In contrast to tropical corals, calcification rates were 

found to be three-fold higher during winter (16 to 17°C) compared to summer (~21°C) and 

negatively correlated with light, but had no correlation with temperature. These unexpected 

findings are attributed to a combination of higher chlorophyll a and hence increased 

heterotrophy during winter compared to summer together with the corals’ ability to 

seasonally modulate pHcf, with carbonate ion concentration [CO3
2-]cf being the main 

controller of calcification rates. Conversely, calcium ion concentration [Ca2+]cf declined with 

increasing calcification rates, resulting in aragonite saturation states !cf that were stable yet 

elevated by 4x above seawater values. Our results suggest that corals growing near their 

latitudinal limits exert strong physiological control over their calcifying fluid to maintain 

year-round calcification rates that are insensitive to the unfavourable temperature regimes 

typical of high-latitude reefs. 

 

Ross C.L., Schoepf V., DeCarlo T.M., McCulloch M.T. (2018). Mechanisms and drivers of coral 
calcification in the temperate coral Turbinaria reniformis at its latitudinal limits. Proceedings of 
the Royal Society B, 285 (20180215), doi.org/10.1098/rspb.2018.0215.  
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3.2! Introduction  

Symbiotic corals are the foundation species of coral reef ecosystems, creating 

complex 3-dimensional habitats that harbour over one third of the oceans’ biodiversity 

(Reaka-Kudla, 1997). Their distribution spans almost 70 degrees of latitude, occupying a 

range of environments from tropical equatorial regions to cold temperate zones (Veron, 

1995). However, the future of these highly diverse and widespread ecosystems is threatened 

by the unprecedented impacts of both CO2-driven ocean acidification (OA) and warming 

(Hoegh-Guldberg et al., 2007). Abrupt El Niño-Southern Oscillation (ENSO) driven ocean 

warming events cause widespread coral bleaching and mortality due to the loss of the algal 

symbiont (Hughes et al., 2017b; Le Nohaïc et al., 2017), while declines in seawater pH and 

carbonate ion concentrations ([CO3
2-]) due to OA have often been shown to cause declines in 

coral calcification rates (e.g. Comeau et al., 2014; Marubini et al., 2003).  

However, the effects of OA and rising seawater temperatures on symbiotic corals are 

likely to vary geographically. For example, high-latitude reefs (i.e. above 28°N and below 

28°S) are already considered marginal, in part due to their low seawater aragonite saturation 

state (!) and will experience further declines in ! due to OA, making them less suitable to 

support coral calcification (Hoegh-Guldberg et al., 2007). In contrast, warming seawater 

temperatures may have a positive net effect on high-latitude coral calcification rates, 

particularly during winter when lower temperatures currently limit calcification rates 

(Crossland, 1984; Kuffner et al., 2013; Sawall et al., 2015; Courtney et al., 2017). However, 

during winter increased heterotrophic feeding at high-latitude may help to offset the negative 

influences of lower temperatures and Ωsw by providing corals with the energy required for 

calcification processes (Miller, 1995; Edmunds, 2011). Furthermore, while high-latitude 

warming would be expected to enhance coral calcification rates, and hence outweigh the 

negative effects of OA (Cooper et al., 2012), increases to summer-time temperatures beyond 

localised thermal limits is likely to result in bleaching and declines to calcification (Foster et 

al., 2014; Le Nohaïc et al., 2017). Given the wide range of possible responses, and that 

atmospheric CO2 concentrations are projected to continue increasing even under stringent 

emissions reduction scenarios, it is therefore critical to better understand the coral 

calcification mechanisms and strategies available for corals at high-latitude to endure ocean 

warming and acidification (McCulloch et al., 2012; Schoepf et al., 2017).  
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One such strategy to cope with and acquire resistance to OA is the corals’ ability to 

modulate chemical conditions at the site of calcification (Venn et al., 2011; McCulloch et al., 

2012, 2017; Georgiou et al., 2015; Wall et al., 2015; Schoepf et al., 2017). Reef-building 

corals create their calcium carbonate (CaCO3) skeletons within a seawater supplied, semi-

isolated extracellular calcifying fluid (cf), located between the sub-calicoblastic cells and the 

skeleton (Cohen & McConnaughey, 2003). While this process is highly biologically 

modulated (Clode & Marshall, 2003; Cohen & McConnaughey, 2003; Mass et al., 2013), the 

reaction kinetics are still nevertheless dependent on temperature and Ω in the calcifying fluid 

(Burton & Walter, 1987). Although aragonite is already supersaturated in ambient seawater 

(i.e. Ω > 3), corals possess mechanisms to up-regulate both pHcf and dissolved inorganic 

carbon (DICcf) to increase !cf above seawater levels (i.e. ~10 to 25; Venn et al., 2011; 

McCulloch et al., 2012, 2017), and thus promote rapid CaCO3 growth (Burton & Walter, 

1987). Additionally, the counter-regulation of pHcf and DICcf on seasonal timescales may also 

act to dampen the effect of seasonally variable temperature on high-latitude calcification rates 

(McCulloch et al., 2017; Ross et al., 2017). While laboratory experiments have demonstrated 

that declines in coral pHcf still typically occur under OA (e.g. Holcomb et al., 2014; Venn et 

al., 2011), the corals’ strong ability to up-regulate pHcf and DICcf is a critical mechanism for 

calcification and potentially provides corals with some resistance against the negative 

impacts of OA (McCulloch et al., 2017; Schoepf et al., 2017).  

The ability to infer pHcf, DICcf, !cf, and the calcium ion concentrations in the 

calcifying fluid ([Ca2+]cf), however, has only recently become feasible due to the development 

of new geochemical approaches using boron isotope ("11B) and elemental (B/Ca) systematics 

(McCulloch et al., 2017), together with Raman spectroscopy (DeCarlo et al., 2017, 2018a). 

Thus, until recently, typically one (Venn et al., 2011; Holcomb et al., 2014; Georgiou et al., 

2015; Wall et al., 2016) or at most two (e.g. D’Olivo & McCulloch, 2017; McCulloch et al., 

2017) aspects of the calcifying fluid chemistry (i.e. pH and CO3
2-) have been constrained. 

Quantifying [Ca2+]cf remains, to date, a key knowledge gap given that [Ca2+]cf is a critical 

component of the coral calcification process. While it is often assumed that [Ca2+]cf is equal, 

or similar to seawater, direct measurements of [Ca2+]cf are particularly limited. Recent work 

combining Raman spectroscopy with boron systematics suggests that active elevation of 

[Ca2+] in the calcifying fluid (up to 25% higher than seawater) may be fundamental to the 
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resistance of calcification to OA for some species (DeCarlo et al., 2018a). Prior to that, the 

only other [Ca2+]cf measurements were made using micro-sensors, which showed that [Ca2+]cf 

was elevated above seawater by ~10% (Al-Horani et al., 2003). Yet, [Ca2+]cf concentrations 

may play an important role in controlling !cf in addition to [CO3
2-]cf and thus all components 

of the calcifying fluid carbonate chemistry need to be quantified to understand the 

mechanisms and responses of coral calcification to changing environmental conditions.  

Here, we combine novel geochemical analyses (Raman spectroscopy and boron 

systematics) to constrain the coral calcifying fluid chemistry (i.e. pHcf, DICcf, CO3
2-

cf, Ca2+
cf, 

and !cf), together with calcification rates and photo-physiology as a proxy for coral health 

(photochemical efficiency; Fv/Fm) for the high-latitude coral species Turbinaria reniformis 

growing near the latitudinal limits for hermatypic coral growth in Bremer Bay, Western 

Australia (WA; 34.5°S; 17°C to 21°C). We show how corals seasonally regulate their 

calcifying fluid chemistry to optimise calcification rates at high-latitude. Our study is the first 

to reconstruct both aspects of !cf (i.e. CO3
2- and Ca2+) as well as pHcf for corals growing in 

situ. Informed by this unique dataset, we present a conceptual model to elucidate the 

mechanisms of high-latitude coral calcification with respect to the full suite of carbonate 

system dynamics within the calcifying fluid. 

3.3! Materials and Methods  

3.3.1! Study site 

Bremer Bay is located approximately 500 km south-east of Perth in WA, bordering 

the Southern Ocean (34.4°S, 119.4°E; Figure 3.1a). These waters support 7 symbiotic species 

of coral, which likely migrated southwards via the Leeuwin Current; a pole-wards flowing 

current that transports warm water along the WA coastline (Veron & Marsh, 1988). T. 

reniformis is the dominant coral species at this location with 100% coral cover in some areas, 

surrounded by macro-algae and seagrass. Seasonal mean monthly seawater temperatures 

typically range from just 17°C to 21°C and light levels range from 13.5 to 21 mol m−2 d−1 

(Figure 3.1 b-c).  
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Figure 3.1. (a) Map of Sites 1 and 2 in Bremer Bay, Western Australia. (b) Daily averaged seawater 
temperature (°C), (c) weekly averaged photosynthetically active radiation (PAR) reaching the benthos 
at sites 1 and 2, and (d) satellite-derived chlorophyll a for Bremer Bay obtained from the Integrated 
Marine Observing System (IMOS, 2018). Blue shading denotes winter (15-April to 14-October) and 
no shading denotes summer (15-October to 14-April). Seasons for this study are defined based on 
both seasonal changes in light and temperature. 

 

3.3.2! Overview 

We measured coral calcification rates, linear extension rates, photo-physiology 

(Fv/Fm), and used geochemical proxies to estimate the chemical composition of the calcifying 

fluid for T. reniformis at two sites in Bremer Bay. The two sites were: Back Beach (herein 

entitled Site 1; ~9 m water depth) and Little Boat Harbour (herein entitled Site 2; approx. 7 

m water depth; Figure 3.1). Measurements were taken every 3 to 4 months over a ~2-year 

period between December 2014 and October 2016. Measurements for Site 1 began 

approximately 3 months after Site 2 due to a shark sighting, which prevented us from diving 

at Site 1 during the first field trip. Calcification rate and Fv/Fm measurements were made on 

coral colonies that were mounted onto tiles, while extension rates and geochemical 

measurements were made on separate colonies growing naturally (i.e. not on tiles) to avoid 

invasive sampling (i.e. breakage and drilling) on the corals that were being used for 

calcification measurements. However, colonies used for growth rate and Fv/Fm measurements 

were located close by (i.e. within a 20-metre radius) to the naturally growing colonies that 

were measured for linear extension and sampled for skeletal geochemistry.!
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3.3.3! Environmental measurements and the 2016 El Niño 

Seawater temperature was measured continuously at each site for the total duration 

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

welling planar photo-synthetically active radiation (PAR in mol m−2 d−1) in air was measured 

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

a high-precision LiCor 192A cosine PAR (± 5%, LiCor Scientific) sensor. Additional in-

water measurements of light were made for ~3 days during summer and winter to quantify 

the depth-dependent light attenuation coefficients (kd). Light (PAR) reaching the benthos was 

calculated using measurements of in-air surface measurements of PAR according to the 

following equation:   

&&&&&&&&&&&&&&&&&&                          &j- = jkl)mn&-                                                         (3.1) 

where ID is the irradiance (PAR) measured at depth, I0 is the irradiance (PAR) 

measured at the surface, kd is the depth-dependent light attenuation coefficient, and D is the 

depth.  

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

calibrated SeaFET ocean pH sensor (Satlantic, Canada) that was deployed next to the plated 

experimental coral colonies at Site 2 in Bremer Bay during the following periods: July to 

September 2015, March to June 2016, and June to September 2016. Additional 

measurements of pHT were made during each field trip at both sites 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 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 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 
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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 for Bremer Bay was obtained from the 

Integrated Marine Observing System (IMOS, 2018; Figure A.2.1). In WA, there is a ~2 to 3 

month phase lag between the maximum light (i.e. December) and the seasonal maximum in 

temperature (i.e. February/March; Figure 3.1 b-c). For all data analyses, measurements from 

15th April through to 14th October were treated as ‘winter’ and measurements from 15th 

October through to 14th April were treated as ‘summer’, based on trends in both temperature 

and light (Figure 3.1 b-c). The 2015/16 global El Niño caused anomalously cold-water 

conditions during the 2016 winter in southwest WA. Seasonal seawater temperatures in 

Bremer Bay during the 2016 El Niño winter were, on average, up to 1°C cooler than the 20-

year long-term average (IMOS, 2017); highlighting the chronically cold winter events (16°C) 

that high-latitude corals must cope with. 

3.3.4! Photo-physiology  

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

measured using a Diving-PAM (Walz, Germany). Due to safety restrictions (i.e. shark attack 

risk), scuba diving could not be undertaken at night. Alternatively, the plated corals were 

retrieved from the field site just 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 fibre optic probe on the PAM 

fluorometer was kept at a fixed distance (5 mm) using plastic tubing. The PAM settings used 

were: measuring intensity (3), gain (3), saturation intensity (12), and signal width (0.8).  

3.3.5! Coral calcification and linear extension rates  

Calcification rates (mg CaCO3 cm-2 d-1) were measured on 35 individual coral 

colonies (n = 21 at Site 1 and n = 14 at Site 2) using samples taken from the natural population 

(1 sample per parent colony; n = 35 individual parent colonies, located ~3 to 5 m apart). The 

sample specimens were mounted on plastic tiles, and deployed in situ on aluminium frames 

weighted to the seafloor (Ross et al., 2015). Changes in weight were measured using the 

buoyant weight technique (Bak, 1973), and then normalised to surface area using a regression 

between surface area (measured using Image J Software ; Foster et al., 2014) and dry weight 
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(9 to 190 g; n = 23, r2 = 0.98; Figure A.2.2). Linear extension rates (mm month-1) were 

measured on naturally growing coral colonies at Site 2 only. We marked these corals with 

semi-permanent reference points by drilling 3 separate nails into 2 colonies. The extension 

rates were measured by taking the distance (± 1 mm) from the reference point to the growing 

edge at three-month intervals. Geochemical studies (see following) were undertaken on the 

outmost growing tips of specimens sampled every three months over the ~2-year period. 

3.3.6! Geochemical analyses  

We used Raman spectroscopy to determine !cf (DeCarlo et al., 2017) and boron 

systematics ("11B, B/Ca) to estimate coral pHcf, [CO3
2-]cf, and by inference [Ca2+]cf (DeCarlo 

et al., 2017; McCulloch et al., 2017). Sections of Turbinaria reniformis were collected from 

ten naturally growing colonies (1 sample per colony) at the two sites (i.e. 5 per site) every 3 

to 4 months over the ~2-year study period. We sampled the uppermost section of the growing 

edge of the skeleton for measurements of "11B and trace element compositions.!Sampling 

distances of the coral skeletons were based on linear extension measurements (0.3 to 1.5 mm 

month -1; Table A.2.1). Additionally, we used the molar ratios of strontium to calcium (Sr/Ca) 

and lithium to magnesium (Li/Mg) temperature proxies to confirm the seasonal chronology 

of skeletal growth histories.  

Powders derived from the sampled coral skeleton were cleaned using 6% NaOCl 

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

then acidified in 0.58 N HNO3. 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 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) (McCulloch et 

al., 2014) at the Advanced Geochemical Facility for Indian Ocean Research (AGFIOR), 

UWA. 

The pHcf was derived from the measured skeletal "11B values according to the 

following equation (Zeebe & Wolf-Gladrow, 2001): 
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DEFG = D,H − JKL& M
(NOOPQR − NOOPF28S)

(THNOOPF28S − &NOOPQR + 1000&(TH − 1))
W& (3.2) 

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

the temperature and salinity of the seawater in Bremer Bay, "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). All pH values are 

expressed on the total scale (pHT). 

We estimate the concentration of carbonate ions at the site of calcification ([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\]  

 
(3.3) 

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]arag is the elemental ratio of boron to calcium measured 

in the coral skeleton. A strong linear relationship exists between the derived [CO3
2-]cf (using 

Equation 3.2) and the known [CO3
2-]cf from abiotic experiments by Holcomb et al., (2016) 

(see Ross et al., 2017; DeCarlo et al., 2018a). The ,-
H/12

 is calculated as a function of [H+] 

according to (McCulloch et al., 2017): 

,-
H/12 = 0.00297 ∗ exp&(−0.0202 ∗ [E$]FG) (3.4) 

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 generally occur (8.3 to 

8.6; McCulloch et al., 2012). The concentration of DICcf was then calculated from the 

estimates of pHcf and [CO3
2-]cf (D’Olivo & McCulloch, 2017; McCulloch et al., 2017). 

Raman spectroscopy was conducted using published calibrations (DeCarlo et al., 

2017) to determine Ωcf on the same coral skeletal powders used for geochemical analyses.!

Multiple grains from the powders were dispersed onto a glass slide and measured following 
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the analytical methods of DeCarlo et al., (2017). 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 (Table A.2.2). Some samples did not have enough 

sample leftover after boron analysis and were excluded from the Raman 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 !cf (Raman) and [CO3
2-]cf (boron systematics: 

"11B and B/Ca) according to the following relationship:  

[!"#$]FG = &
ΩFG&,Qg
[!'(#)]FG

 (3.5) 

where Ksp is the solubility constant for aragonite as a function of temperature and 

salinity, !cf is the saturation state of the calcifying fluid reconstructed from Raman, and 

[CO3
2-]cf is the carbonate ion concentration of the calcifying fluid estimated from "11B and 

B/Ca (Equation 3.3).  

3.3.7! Statistical analyses  

A t-test was used to test for the effect of site on temperature and light levels averaged 

for summer and winter, respectively. Seawater temperature did not differ significantly 

between the two study sites (t(1194) = 0.000, p = 1.000) and thus temperatures were averaged 

across the two sites. There was a significant difference between the two sites for light (t(1052) 

= 5.685, p < 0.001). However, the monthly averaged PAR did not differ between the two 

sites by more than 4 mol m−2 d−1 and thus the data for each parameter were averaged across 

the two sites. A t-test was used to test for significant differences in calcification rates between 

the October 2015 time point and the October 2016 (unusually cold El Niño) time point. 

Repeated measures analysis of variance (rANOVA) was used to test for the effect of site on 
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coral calcification rate, Fv/Fm, DICcf, pHcf, [CO3
2-]cf, [Ca2+]cf, and !cf. Since 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 the linear regression analyses. Linear regression 

analysis was used to examine relationships between coral calcification rate, Fv/Fm, calcifying 

fluid parameters, and environmental data. Before conducting statistical analyses, residual 

values were tested for normality using a Shapiro-Wilk’s test, and homogeneity of variance 

was assessed using Levene’s test. 

3.4! Results  

3.4.1! Environmental conditions  

On average, monthly averaged seawater temperatures ranged from 16° to 21°C 

(Figure 3.1a). Site 2 showed unusual cold temperature ‘spikes’ during January and February 

2016 that were not evident at Site 1 (Figure 3.1a). However, for all months except January 

and February 2016, differences in mean temperatures generally did not differ by more than 

0.30°C. The light attenuation coefficient (kd) measured for seawater was very low year-round, 

signifying high water clarity (~0.06 m−1 in summer and ~0.07 m−1 in winter; Table A.2.3). 

On average, monthly averaged seasonal PAR reaching the benthos ranged from 9.8 to 22.3 

mol m−2 d−1 at Site 1 (~9m depth) and 10.8 to 26 mol m−2 d−1 at Site 2 (~7m depth; Figure 

3.1b). Diurnal measurements of ambient seawater pH (Figure A.2.2) showed that near shore 

waters in Bremer Bay varied minimally (0.06 pH units) between seasons (8.05 in summer to 

8.11 in winter; Table A.2.3). Seawater Ωar was, on average, ~3.0 based on daytime water 

sampling (Table A.2.3). Nutrient concentrations (total dissolved inorganic nitrogen and 

phosphate) were <1 µM (Table A.2.3) and monthly satellite-derived chlorophyll a for 

Bremer Bay was, on average, higher in winter compared to summer for both years (i.e. 0.14 

mg m−3 during 2014/15 summer to 0.79 mg m−3 during 2015 winter and 0.13 mg m−3 during 

2015/16 summer to 0.46 mg m−3 during 2016 winter mg m−3; Figure 3.1d).  

3.4.2! Photo-physiology  

On average, Fv/Fm seasonally ranged from 0.45 to 0.65 (Figure 3.2a). The lowest Fv/Fm 

(i.e. average of 0.45) occurred during the unusually cold El Niño winter period (Figure 3.2a). 

Average seasonal Fv/Fm was significantly negatively correlated with light (r2 = 0.37, Root 
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Mean Squared Error (RMSE) = 0.050 Fv/Fm, p = 0.027; Figure A.2.4), and there was a 

significant nonlinear (polynomial) relationship between average seasonal Fv/Fm and 

temperature (r2 = 0.56, p = 0.012; Figure A.2.4).  

 

 
Figure 3.2. Time series of (a) photochemical 
efficiency (Fv/Fm) (b) calcification rates, (c) pH, (d) 
DIC, (e) [CO3

2-], (f) [Ca2+], and (g) Ω for T. reniformis 
in Bremer Bay. Values represent mean ± 1 s.d. for 
calcifying fluid (cf) parameters (n = 5 per site) and 
mean ± 1 s.e for calcification rates and Fv/Fm (n = 14 
at Site 1, n = 21 at site 2). Light grey shading denotes 
winter, no shading denotes summer, and blue shading 
denotes El Niño winter cooling. 
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3.4.3! Coral calcification rates and extension rates  

Mean rates of calcification over the entire study for T. reniformis in Bremer Bay 

ranged from 0.16 to 0.45 mg cm-2 d-1, and were thus almost three-fold higher during the winter 

months compared to the summer months (Figure 3.2b). Calcification rates showed no 

significant relationship with temperature (r2= 0.004, RMSE = 0.113 mg cm-2 d-2, p = 0.857; 

Figure 3.3a), but were significantly negatively correlated with light (r2= 0.71, Root Mean 

Squared Error (RMSE) = 0.061 mg cm-2 d-2, p < 0.001; Figure 3.3b). The low Fv/Fm during 

the unusually cold El Niño winter period did not coincide with significantly lower 

calcification rates (i.e. compared to the October 2015 time point; t(34) = 1.797, p = 0.081). 

Average linear extension rates ranged from 0.47 to 1.28 mm mo-1, with higher extension rates 

during winter compared to summer (Table A.2.1).  

3.4.4! Coral calcifying fluid chemical composition  

Both Sr/Ca (Site 1: r2 = 0.62, Site 2: r2 = 0.71) and Li/Mg (Site 1: r2 = 0.67, Site 2: r2 

= 0.62) were significantly correlated with ambient seawater temperature (p < 0.001; Figure 

A.2.5), supporting that our sampling scheme captured different seasons of growth. On 

average, the "11B compositions varied seasonally by 2‰ ("11B ~23 to 25‰; Figure A.2.6), 

corresponding to seasonal ranges in pHcf of 8.50 (summer) to 8.65 (winter; Figure 3.2c). 

Seasonal changes in pHcf and temperature were inversely correlated (r2 = 0.46, p = 0.007; 

Figure A.2.7), and changes in pHcf were significantly positively linearly correlated with 

calcification rates (r2= 0.45, RMSE = 0.086 mg cm-2 d-2, p = 0.017; Figure 3.3c). Skeletal 

ratios of boron to calcium (B/Ca) ranged from 0.57 to 0.73 mmol mol-1 (Figure A.2.6), which 

corresponded to mean [CO3
2-]cf from ~780 to 930 µmol kg-1, with higher [CO3

2-]cf during 

winter compared to summer (Figure 3.2d). Furthermore, [CO3
2-]cf showed a significant 

positive relationship with calcification rates (r2= 0.68; RMSE = 0.069 mg cm-2 d-2, p = 0.001; 

Figure 3.2d). DICcf was substantially elevated relative to ambient seawater by a factor of 1.5 

to 2, with lower DICcf during the first winter period and anomalously high DICcf during the 

second winter period (i.e. during the 2016 El Niño winter; Figure 3.2e). There was no 

significant linear correlation between DICcf /DICsw and temperature (r2 = 0.10, RMSE = 

0.134, p = 0.301; Figure A.2.7), or between DICcf/DICsw and calcification rates (r2 = 0.002, 

RMSE = 0.112 mg cm-2 d-2, p = 0.886). There was, however, a significant negative correlation 

between DICcf/DICsw and pHcf (r2 = 0.50, RMSE = 0.022, p = 0.009; Figure A.2.7).  
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On average, [Ca2+]cf ranged from 8.3 to 9.7 mmol kg-1, and were thus 10 to 30% lower 

than seawater values (~10.7 to 11 mmol kg-1; Figure 3.2f). [Ca2+]cf/[Ca2+]sw was negatively 

correlated with calcification rates (r2= 0.64; RMSE = 0.072 mg cm-2 d-1, p = 0.002; Figure 

3.3e) and showed a significant correlation with pHcf (r2= 0.32, RMSE = 0.044, p = 0.037; 

Figure A.2.7). Lastly, mean !cf was relatively stable year-round ranging from just 10.3 to 

11.2 (Figure 3.2g) and thus, there was no significant linear relationship between Ωcf and 

calcification rates (r2 = 0.005, RMSE = 0.112 mg cm-2 d-1, p = 0.823; Figure 3.3f). 

 
Figure 3.3. Sensitivity of coral calcification rate (G) to (a) temperature (fitted with a conceptual non-
linear polynomial temperature growth curve), (b) photosynthetically active radiation (PAR; G = -
0.021 PAR + 0.677), (c) pHcf (G = 1.27 pHcf – 10.57), and (d) [CO3

2-]cf (best fitted by the exponential 
relationship G = 0.0007e0.0069x). (e) Relationship between [Ca2+]cf/[Ca2+]sw with calcification rates (best 
fitted by the polynomial relationship: [Ca2+]cf/[Ca2+]sw = 1.4313G2 - 1.2104G + 1.0377), and (f) 
sensitivity of calcification rate to Ωcf. Values represent the mean ± 1 s.e. (n = 5 per site for calcifying 
fluid parameters; n = 14 at Site 1, n = 21 at site 2 for calcification rates). Turquoise symbols denote 
values at time of -1°C El Niño winter cooling. Asterisks denote statistical significance. 
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3.5! Discussion  

3.5.1! Drivers of the unusual seasonal patterns of coral calcification  

We found that the high-latitude coral T. reniformis exhibited unusual seasonal 

patterns of calcification, with three-fold higher calcification rates during winter compared to 

summer. This is in strong contrast to the well-established pattern of enhanced summer 

calcification in both tropical (Marshall & Clode, 2004; Vajed Samiei et al., 2016) and high-

latitude corals (Crossland, 1984; Kuffner et al., 2013; Sawall et al., 2015; Courtney et al., 

2017), providing novel insights into the drivers and mechanisms supporting coral growth at 

its latitudinal limits. Our findings are unexpected given that seasonally higher temperatures 

should have promoted faster growth during summer compared to winter due to the strong 

temperature-dependence of aragonite precipitation rates (Burton & Walter, 1987) and light-

enhanced calcification (Gattuso et al., 1999). For example, in tropical corals, calcification 

rates typically increase with temperature until an optimum is reached, which is usually equal 

to, or slightly above, the annual average temperatures experienced by the coral (Figure 3.3a) 

(Jokiel & Coles, 1977; Marshall & Clode, 2004). Moreover, along latitudinal temperature 

gradients, coral calcification rates generally decline with increasing latitude (decreasing 

temperatures) and are much lower than their tropical counterparts (Carricart-Ganivet, 2004; 

Lough et al., 2016). In contrast, our findings demonstrate that the positive relationship 

between temperature and calcification rate observed in tropical corals is not applicable to all 

high-latitude coral species.  

Few other studies report area-normalised field-based calcification for T. reniformis. 

Our rates of calcification during the winter (34.5°S; 0.3 to 0.5 mg cm-2 d-1), however, were 

within the range of other tropical and sub-tropical corals, such as Pocillopora damicornis at 

both Rottnest Island (32°S; 0.3 to 0.9 mg cm-2 d-1; Ross et al., 2015) and Coral Bay, Ningaloo 

(21.5°S; 0.4 to 0.9 mg cm-2 d-1; Foster et al., 2014), despite the much cooler temperatures (i.e. 

16 to 21°C at Bremer Bay vs. 18 to 24°C at Rottnest and 22 to 28°C in Coral Bay, Ningaloo). 

This implies that corals in Bremer Bay have altered their thermal tolerance range, via 

adaptation and/or acclimatisation, to support rates of calcification similar to tropical corals 

but at cooler temperatures and lower light levels (Clausen & Roth, 1975). Our findings based 

on corals in Bremer Bay suggest that warming seawater temperatures may not necessarily 

accelerate coral calcification at high-latitude, or be required to sustain calcification during 

winter. Our results also provide additional support to a growing number of studies that have 
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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, the mechanisms underlying faster growth during winter and at high-

latitude are not yet fully understood, particularly for corals growing near their latitudinal 

limits, and our study is among the first to provide insights into the mechanisms enabling these 

patterns. One possible explanation for the lower growth rates during summer compared to 

winter is that the corals may have experienced heat stress during the warmer summer months 

resulting in suppressed summer growth rates (Foster et al., 2014; D’Olivo & McCulloch, 

2017). However, this hypothesis is not supported by measurements of Fv/Fm, which showed 

no signs of chronic photo-inhibition during the summer months (Figure 3.2a). Furthermore, 

no visible signs of bleaching (i.e. paling of corals due to loss of photosynthetic pigments 

and/or symbionts) were observed throughout the study (authors observations). Nevertheless, 

Fv/Fm was negatively correlated with seasonal changes in light (r2 = 0.37; Figure A.2.4), such 

that these corals showed a seasonal photo-acclamatory response, with higher photosynthetic 

efficiency during winter under low light levels. This is similar to results from previous work, 

albeit in tropical locations (Warner et al., 2002).  

3.6! Mechanisms of coral calcification at their latitudinal limits 
A more plausible explanation for the unusually high calcification rates in winter 

compared to summer is that the corals were able to ‘dictate’ seasonal rates of calcification by 

modulating their internal chemistry to counter-act changes in the external conditions (i.e. 

temperature and light). For example, the absence of any temperature and light dependent 

seasonality in the calcification rates can be largely explained by higher winter-time pHcf and 

[CO3
2-]cf to support higher calcification rates during winter, despite the seasonally lower light, 

temperature and DICcf. Meanwhile, during summer the reduced pHcf and [CO3
2-]cf 

corresponded to lower rates of calcification (Figures 3.1 and 3.4). The unexpected negative 

relationship between seasonal light and calcification rates may have therefore indirectly 

resulted from the concurrently higher up-regulation of pHcf (and thus higher [CO3
2-]) during 

winter (i.e. low light) compared to summer (i.e. high light).  
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We further found that pHcf was negatively correlated with DICcf, consistent with 

previous studies for tropical and sub-tropical corals (~0.1 to 0.2 pH unit; McCulloch et al., 

2017; Ross et al., 2017). Given that the process of pH up-regulation is thought to be relatively 

energetically inexpensive (McCulloch et al., 2012), healthy corals can systematically 

counter-regulate DICcf and pHcf to maintain elevated !cf (McCulloch et al., 2017; Ross et al., 

2017; Schoepf et al., 2017), therefore potentially regulating their calcification rates 

(McCulloch et al., 2012; Ross et al., 2017). These seasonal changes in DICcf (McCulloch et 

al., 2017) were pro-cyclical with temperature and light (except during the 2016 El Niño 

winter), and thus consistent with temperature- and/or light-driven seasonal changes in 

metabolic CO2 (Furla et al., 2000; Cohen & McConnaughey, 2003). Our results also support 

a recent study showing that corals growing in a sub-tropical environment at Rottnest Island 

(located ~550 km north-west of Bremer Bay in WA) can maintain stable calcification rates 

year-round by modulating their calcifying fluid carbonate chemistry, such that the effect of 

seasonally varying temperature and light on rates of bulk calcification was dampened. 

Interestingly, the counter-regulation of DICcf and pHcf appears to systematically shift 

biogeographically (i.e. with increasing latitude). Although we cannot rule out species specific 

differences, T. reniformis shows higher pHcf (~8.5 to 8.65 at 16 to 21°C) than both the sub-

tropical corals at Rottnest Island (~8.4 to 8.6 at 18 to 24°C; Ross et al., 2017) and the tropical 

corals at Coral Bay (~8.3 to 8.55 at 22 to 28°C) and Lizard Island (~8.25 to 8.5 at 23 to 

28.5°C; McCulloch et al., 2017), consistent with a temperature-dependence of pHcf. This 

trend occurs in the absence of any differences in absolute pHsw values and independently of 

the magnitude of seasonal changes in pHsw (i.e. ~8.03 to 8.10 at all locations). This 

physiological control on pHcf appears to be a ubiquitous strategy among both high-latitude 

and tropical corals for counter-acting declines in metabolically-supplied DICcf. 

Other factors likely contribute to 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. One possible explanation is that only the species that can heavily rely 

on heterotrophic feeding or have high environmental tolerance are able to survive in 

temperate reefs at high-latitude (Miller, 1995; Mizerek et al., 2016). For example, in addition 

to the energy provided by their photosynthetic symbionts, corals can also meet their energy 

requirements by heterotrophic feeding on plankton, although this ability varies between 
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species (Houlbrèque & Ferrier-Pagès, 2009). Another potential explanation for the unusual 

seasonality of calcification rates is a higher reliance on heterotrophy during winter when 

temperatures and light levels are low. The positive relationship between heterotrophic 

feeding and calcification rates is well-documented, particularly for temperate corals (Miller, 

1995; Rodolfo-Metalpa et al., 2008) and seasonal variability in feeding has been shown 

previously. For example, the symbiotic temperate coral Cladocora caespitosa in the 

Mediterranean Sea switches between autotrophy during summer and heterotrophy during 

winter (Ferrier-Pagès et al., 2011). Chlorophyll a levels were higher in winter compared to 

summer in Bremer Bay (Figure 3.1d) and a positive correlation between calcification rates 

and chlorophyll a has been demonstrated previously (Lough et al., 2016; Courtney et al., 

2017). Assuming the higher wintertime chlorophyll a corresponded to increased 

heterotrophy, this may have contributed to higher calcification rates during winter compared 

to summer by maintaining metabolic energy required for key growth processes, such as pHcf 

up-regulation, tissue growth and composition and organic matrix synthesis (see review 

Houlbrèque & Ferrier-Pagès, 2009).  

The higher rate of skeletal CaCO3 formation during winter resulted in a concurrent 

decline in [Ca2+]cf (Figure 3.3e). During summer, the opposite occurred whereby a reduction 

in calcification rate resulted in higher [Ca2+]cf (albeit still 10% lower than the surrounding 

seawater), consistent with less Ca2+ being depleted during periods of lower calcification. The 

observed reduction in [Ca2+]cf relative to seawater values (10 to 30% depending on rates of 

calcification; Figure 3.2b, Figure 3.3e) is not surprising given that [Ca2+]cf should decline as 

it is depleted from the calcifying fluid during calcification (Figure 3.4) and that [Ca2+]cf is 

most likely not limiting calcification in T. reniformis because it is far greater (~8.3 to 9.8 

mmol kg-1) than [CO3
2-]cf (~0.7 to 0.95 mmol kg-1; Figure 3.2). While elevating [Ca2+]cf above 

seawater concentrations is important for driving calcification in some coral species (such as 

Pocillopora damicornis and Galaxea fascicularis; Al-Horani et al., 2003; DeCarlo et al., 

2018), this does not appear to be the case for T. reniformis. 

Multiple mechanisms may operate to transport calcium and protons between seawater 

and the calcifying fluid. However, the active exchange of Ca2+ with H+ using the enzyme Ca-

ATPase at the site of calcification has long been considered the primary mechanism for corals 

to up-regulate both [Ca2+]cf and pHcf (McConnaughey, 1994; Allemand et al., 2004; Venn et 
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al., 2011). If Ca2+ up-regulation were operational in these corals due to the enzyme Ca-

ATPase exchange of Ca2+ with H+, we could expect simultaneously high [Ca2+]cf and pHcf 

caused by the pumping in of Ca2+ and the pumping out of H+ to elevate pHcf (Al-Horani et 

al., 2003). Yet, the opposite is observed here, such that [Ca2+]cf was lowest when both pHcf 

and calcification rates were highest (Figure 3.2). [Ca2+]cf may be initially elevated, but is then 

clearly outweighed by precipitation, given that [Ca2+]cf/[Ca2+]sw is less than 1. Furthermore, if 

seasonally higher rates of calcification were causing a systematic decline in pHcf due to an 

increase in protons when HCO3
- is converted to CO3

2- (i.e. instead of counter-balancing 

DICcf), then the lowest pHcf would have occurred when calcification rates were highest. 

Conversely, we show here that seasonally higher rates of calcification did not cause a 

systematic decline in pHcf, as would be expected if pHcf and [Ca2+]cf were controlled by the 

same processes (i.e. Ca-ATPase and CaCO3 precipitation). While the up-regulation of [Ca2+]cf 

may still be occurring (DeCarlo et al., 2018), the reduction in [Ca2+]cf when pH up-regulation 

is highest nevertheless suggests that mechanisms other than the ATP-ase driven exchange of 

H+ for Ca2+ must be involved in the supply of Ca2+ and up-regulation of pHcf (e.g. Ca-

channels, Ca2+/Na+ exchange, HCO3
- pumps; Cohen & McConnaughey, 2003; Allemand et 

al., 2004; Figure 3.4).  

The seasonal dynamics of pHcf, [CO3
2-]cf, [Ca2+]cf and calcification act to maintain 

relatively stable and elevated !cf (10.7 ± 0.5) year-round (Figure 3.2). However, the winter-

time !cf, for example, was far lower than it would be if constant levels of [Ca2+]cf were 

maintained (e.g. at seawater concentrations), or if [Ca2+]cf, were up-regulated above seawater 

values as it was for OA-resistant P. damicornis corals in a laboratory study (DeCarlo et al., 

2018). These results suggest that !cf is modulated by calcification through the depletion of 

[Ca2+]cf, such that decoupling between !cf and rates of calcification can occur. This would 

explain why the observed seasonally fluctuating growth rates do not mirror the relatively 

stable levels of !cf (Figure 3.2). If this is true, it implies that bulk coral calcification rates 

may not depend strongly on the instantaneous rate of aragonite crystal growth (i.e. !cf), but 

rather on the supply of carbon to the site of calcification. Further, our results are consistent 

with recent work, albeit in tropical corals under both heat and acidification stress, which 

suggests an optimum threshold of !cf is required for calcification to occur (D’Olivo & 

McCulloch, 2017; Schoepf et al., 2017), but !cf may not be the primary driver of calcification 
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rates beyond this threshold. Our results provide additional support to the hypothesis that 

maintaining a stable, yet elevated !cf is likely a prerequisite for biomineralisation. 

To explain how the modulation of the calcifying fluid carbonate chemistry resulted 

in the observed calcification rates, we have integrated our findings with the literature (Cohen 

& McConnaughey, 2003; Allemand et al., 2004; McCulloch et al., 2017) to form a conceptual 

model that includes our estimates of both aspects of Ωcf (i.e. CO3
2- and Ca2+) for corals 

growing at high-latitude (Figure 3.4). Firstly, pH up-regulation (removal of H+) raises the 

availability of CO3
2- at the site of calcification and elevates Ωcf, thus promoting calcification 

(Figure 3.4b). This is driven by two processes: (1) diffusion of metabolic CO2 into the 

calcifying fluid (Cohen & McConnaughey, 2003) and (2) shifting the equilibrium of DIC in 

favour of CO3
2- over bicarbonate (HCO3

-; Figure 3.4b). CO2 is converted into bicarbonate 

using carbonic anhydrase (CA), producing additional H+ and HCO3
- may be brought to the 

site of calcification using bicarbonate anion transporters (BAT; Zoccola et al., 2015). 

Elevating pH works in conjunction with the supply of DIC to increase the availability of 

CO3
2- (Figure 3.4b). Lastly, calcification occurs and Ca2+ is depleted from the calcifying fluid, 

thereby causing a decrease in Ωcf (Figure 3.4b). The same !cf can thus be achieved by either 

high CO3
2- up-regulation and high calcification (i.e. more [Ca2+]cf depleted), or low CO3

2- up-

regulation and low calcification (i.e. less [Ca2+]cf depleted; Figure 3.4b). 
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Figure 3.4. Schematics of the (a) coral calcification mechanisms (Cohen & McConnaughey, 2003; 
Allemand et al., 2004; McCulloch et al., 2017), and (b) calcification processes. Scleractinian corals 
create their calcium carbonate skeletons within an extracellular calcifying fluid located between the 
sub-calioblastic cells and the skeleton with fluid supplied from the seawater (Allemand et al., 2004). 
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. CO2 is converted into 
bicarbonate using carbonic anhydrase (CA) producing additional H+, and active transport using 
bicarbonate transporters (BAT) also occurs (Zoccola et al., 2015). Metabolic CO2 is also supplied to 
the symbionts (Z); however, the transport mechanisms remain uncertain (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 (e.g. Ca-ATPase, Ca-channels, and Ca2+/Na+ exchange), combined with seawater renewal, to 
re-supply Ca2+ for calcification. 

 

3.7!  Drivers and mechanisms of calcification during the 2016 El Niño winter 
cooling 

The anomalous cold temperatures during the 2016 El Niño winter provide further 

insight into the extreme cold periods that are likely to threaten high-latitude corals more 

frequently than tropical corals (Saxby et al., 2003). T. reniformis showed significant cold 

stress (Fv/Fm: 0.47 ± 0.01) when temperatures dropped, on average, 1°C cooler (~16°C) than 

the normal winter minimum (i.e. 17°C). Interestingly, however, calcification rates in the 

present study did not appear to be affected by the El Niño-driven cold stress, given that lower 

Fv/Fm did not correspond to significantly lower calcification rates (i.e. compared to the 2015 

winter) and the corals were still able to maintain high rates of calcification (Figure 3.2). The 
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high calcification rates during this period of El Niño-driven cold stress were supported via 

unusually high up-regulation of winter-time DICcf. This seasonal elevation in DICcf, despite 

cooler than normal temperatures (~16°C), could potentially be explained by an increase in 

metabolic DIC supply via increased heterotrophy during sub-optimal or stressful conditions 

(Ezzat et al., 2015).  

Our results show, however, that the higher levels of DICcf during the El Niño cold 

period were still counter-regulated systematically by lower pHcf during winter to maintain 

stable Ωcf and elevated [CO3
2-]cf to support high rates of calcification (Figure 3.3). The !cf 

during the 2016 winter was therefore lower than it would be if the mechanism of pHcf and 

DICcf counter-regulation were not operational (i.e. if pHcf was as high as the previous winter 

when DICcf was seasonally low (Figure 3.2). These results have important implications for 

high-latitude coral calcification during periods of ENSO-driven cold stress (Saxby et al., 

2003), as they demonstrate that corals can biologically modulate the carbonate chemistry of 

the calcifying fluid, with a shift to higher DICcf to maintain calcification rates during periods 

of cold stress.  

3.8! High-latitude coral calcification mechanisms and the future of high-latitude 
corals 

In the face of warming and acidifying oceans, calcification rates of high-latitude coral 

communities may be more negatively affected by OA than their tropical counterparts due to 

the already relatively low seawater ! at high-latitude (van Hooidonk et al., 2014). In contrast, 

rising temperatures at high-latitude could potentially have a positive effect on calcification 

rates, particularly during winter when growth is typically thought to be limited by lower 

temperatures (Crossland, 1984). We show here, however, that seasonally lower wintertime 

temperatures (~16 to 17°C) and light levels (13.5 mol m−2 d−1) did not limit the calcification 

rates of T. reniformis corals at their latitudinal limits. Furthermore, these corals were able to 

maintain high rates of calcification despite an ENSO-driven cold stress event. Nevertheless, 

the absence of any clear relationship between temperature and coral calcification rate can be 

explained by higher chlorophyll a during winter compared to summer providing the coral 

nutrition for increased heterotrophy, and the corals’ ability to modulate pHcf in response to 

seasonally variable DICcf, such that seasonal changes in bulk rates of calcification appear to 

depend strongly on [CO3
2-]cf, rather than !cf or temperature. These results indicate that 
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warmer seawater temperatures due to continued ocean warming may not necessarily promote 

faster rates of calcification at high-latitude, and are not necessarily required to support high-

latitude coral calcification during winter (Ross et al., 2015). Moreover, marine heatwaves 

have recently caused mass bleaching of high-latitude reefs (Le Nohaïc et al., 2017). Further 

work is required to establish how high-latitude coral calcification rates will respond to the 

combined effects of OA, warming, and marine heatwaves.  
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A.2  ! Appendix for Chapter 3 

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

text (Chapter 3); this is different from the format in which it was published in Proceedings 

of the Royal Society B.  

Table A.2.1. Average skeletal linear extension rate, skeletal density (g cm-3 y-1), and rate of 
calcification expressed as change in colony weight normalised to colony growing edge surface area 
(g cm-2 y-1) of the coral species Turbinaria reniformis at Bremer Bay (mean ± SE). 
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Table A.2.2. The !cf, FWHM (mean and standard error) and number of spectra used from the Raman 
measurements.  
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Table A.2.3. Seasonal averages of light, temperature and biogeochemical seawater (sw) data 
measured at Site 1 and Site 2 in Bremer Bay between 2014 and 2016. pHT is the pH on the total 
hydrogen ion concentration scale, Ωsw is aragonite saturation state, pCO2 is the partial pressure of 
dissolved carbon dioxide, and DIC is dissolved inorganic carbon. Measurements of individual 
discrete samples of seawater are presented as mean ± SE. Continuous measurements (i.e. sampled 
every 10 minutes) of temperature, light and pH are presented as the mean ± variance. Summer (15-
October to 14-April) and winter (15-April to 14-October) are defined based on seasonal changes in 
light and temperature. 
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Figure A.2. 1. Monthly satellite-derived chlorophyll a for Bremer Bay during (a) winter 2015, and 
(b) summer 2015/16. Red crosses denote the two field sites and the asterisk denotes the site of the 
satellite-derived chlorophyll a. 
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Figure A.2. 2. Surface area to weight regressions for colonies of Turbinaria reniformis (y = 0.92x + 
18.3, n = 23). Asterisks denote statistical significance. 
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Figure A.2. 3. Seawater pHT (pH on the total scale) measured during the three separate SeaFET pH 
sensor deployment in (a) July–September 2015, (b) March–June 2016, and (c) June–September 2016 
in Little Boat Harbour (site 2), Bremer Bay, Western Australia. The mean daily pHT is denoted in 
black while the daily minimum and maximum are shown in red. Blue shading denotes winter months 
while no shading denotes summer months. 
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Figure A.2. 4. Sensitivity of photochemical efficiency (Fv/Fm) to (a) temperature, and (b) 
photosynthetically active radiation (PAR) for the coral species Turbinaria reniformis in Bremer Bay, 
WA. Values represent the mean ± 1 SE (n = 14 at Site 1, n = 21 at site 2). Black line in (a) denote the 
fit of the non-linear regression (y = -0.020x2 + 0.729x - 6.136) and in (b) black line denotes the fit of 
the linear regression (y = -0.0059x + 0.660). Turquoise symbols denote values at time of -1°C 
temperature deviation from average winter monthly minimum (El Niño cooling). Asterisks denote 
statistical significance. 
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Figure A.2. 5. (a) Regressions of lithium to magnesium (Li/Mg) ratios with mean temperature at 
study site 1 (Li/Mg = -0.12T + 4.32, n = 5) and study site 2 (Li/Mg = -0.12T + 4.41, n = 5), and (b) 
strontium to calcium (Sr/Ca) ratios with mean temperature for Turbinaria reniformis at study site 1 
(Sr/Ca = -0.064T + 10.78, n = 5) and study site 2 (Sr/Ca = -0.069T + 10.91, n = 5) in Bremer Bay, 
Western Australia. Symbols represent each of the five replicate colonies at each site. Asterisks denote 
statistical significance. 
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Figure A.2. 6. (a) Boron isotope values and (b) boron to calcium (B/Ca) ratios for Turbinaria 
reniformis at study sites 1 and 2 in Bremer Bay, Western Australia. Symbols represent different 
colonies, while the black symbols represent the mean. Light grey shading denotes winter and no 
shading denotes summer. Dark blue shading denotes time of -1°C deviation from average winter 
monthly minimum (El Niño driven cooling). 
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Figure A.2. 7. (a) DICcf/DICsw response to seasonally varying temperature, (b) pHcf response to 
seasonally varying temperature (pHcf = -0.025T + 9.018), (c) relationship between pHcf and 
DICcf/DICsw (pHcf = -0.269 DICcf/DICsw + 9.036), and (d) response of [Ca2+]cf/[Ca2+]sw to pHcf 

([Ca2+]cf/[Ca2+]sw = -0.53 + 5.32) for Turbinaria reniformis in Bremer Bay, WA. Values represent the 
mean ± 1 SE (n = 5 per site). Turquoise symbols denote values at time of -1°C El Niño winter cooling. 
Asterisks denote statistical significance. 
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