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Abstract 

Ocean acidification typically reduces calcification in tropical marine corals but the mechanism for 

this process is not understood. We use skeletal boron geochemistry (B/Ca and δ11B) to reconstruct 

the calcification fluid DIC of corals cultured over both high and low seawater pCO2 (180, 400 and 

750 μatm). We observe strong positive correlations between calcification fluid pH and 

concentrations of the DIC species potentially implicated in aragonite precipitation (be they CO3
2-, 

HCO3
- or HCO3

-+CO3
2-). Similarly, with the exception of one outlier, the fluid concentrations of 

precipitating DIC species are strongly positively correlated with coral calcification rate. Corals 

cultured at high seawater pCO2 usually have low calcification fluid pH and low concentrations of 

precipitating DIC, suggesting that a reduction in DIC substrate at the calcification site is 

responsible for decreased calcification. The outlier coral maintained high pHCF and DICCF at high 

seawater pCO2 but exhibited a reduced calcification rate indicating that the coral has a limited 

energy budget to support proton extrusion from the calcification fluid and meet other calcification 

demands. We find no evidence that increasing seawater pCO2 enhances diffusion of CO2 into the 

calcification site. Instead the overlying [CO2] available to diffuse into the calcification site appears 

broadly comparable between seawater pCO2 treatments, implying that metabolic activity 

(respiration and photosynthesis) generates a similar [CO2] in the vicinity of the calcification site 

regardless of seawater pCO2.  
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1. Introduction 

Rising atmospheric CO2 has fundamentally affected seawater carbonate chemistry, lowering 

seawater pH (Caldeira and Wickett, 2003; IPCC, 2013). Understanding the impact of these 

changes on coral biomineralisation is essential for predicting the future of coral reef ecosystems. 

Most laboratory and field studies indicate that coral calcification is reduced at lower seawater pH 



(Erez et al., 2011), but it is unclear why this occurs. Multiple studies explore correlations between 

calcification rate and seawater dissolved inorganic carbon (DIC) chemistry e.g. [CO3
2-], [HCO3

-], pH 

and Ω (Marubini et al., 2001; Schneider and Erez 2006; Jury et al., 2009). However, coral 

aragonite does not precipitate directly from seawater but from an extracellular calcifying fluid which 

multiple techniques (microsensors, pH sensitive dyes and skeletal boron geochemistry) indicate 

has significantly different DIC chemistry to the surrounding seawater (Al Horani et al., 2003; Venn 

2011; Allison et al., 2014, Cai et al., 2016). The calcification fluid is probably derived from seawater 

(Tambutte et al., 2012) and located between the coral tissue and underlying skeleton (Clode and 

Marshall, 2002). Corals actively increase the pH of the fluid above that of seawater (Al Horani et 

al., 2003; Venn et al., 2011, 2012; Cai et al., 2016). This may serve as a mechanism to 

concentrate DIC, one of the substrates required for aragonite precipitation (Allison et al., 2014). 

Increasing calcification fluid pH shifts the DIC equilibrium in favour of carbonate (CO3
2-) at the 

expense of CO2 and bicarbonate (HCO3
-), creating a CO2 concentration gradient between the fluid 

and the surrounding environment. CO2 can diffuse into the calcification fluid and react to form more 

HCO3
- and CO3

2-, thereby increasing calcification fluid DIC (Erez 1978). Corals cultured at high 

seawater pCO2 have lower calcification fluid pH than their counterparts cultured at low pCO2 (Venn 

et al., 2012; McCulloch et al., 2012). This suggests that they are unable to concentrate DIC at the 

calcification site to the same extent and may explain the reduction in calcification rate.  

The DIC chemistry of the coral calcification fluid can be estimated from the boron geochemistry of 

the coral skeleton (Allison et al., 2014, McCulloch et al., 2017, Ross et al., 2017). In brief, there is a 

large B isotope fractionation between the predominate dissolved boron species in seawater and 

borate, B(OH)4
-, is depleted in 11B compared to boric acid, B(OH)3 (Kakihana et al., 1977). B 

speciation is controlled by ambient pH and the δ11B of B(OH)4
- is therefore pH dependent. Since 

B(OH)4
- is predominantly incorporated into the aragonite lattice (Sen et al., 1994, Noireaux et al., 

2015, Balan et al., 2016), skeletal δ11B reflects calcification fluid pH while [B] reflects both fluid pH 

and the concentration of the DIC species competing with borate for inclusion in the carbonate 

(Allen et al., 2012).  

In this study we have analysed the boron geochemistry of a suite of corals cultured over a range of 

seawater pCO2, including concentrations both lower and higher than the present day. The 

application of coral boron geochemistry assumes that aragonitic boron predominately occurs in 

tetrahedral coordination (B4), likely as B(OH)4
- substituted for CO3

2- (Balan et al., 2016). However 

Klochko et al. (2009) reported 36% of boron in trigonal co-ordination (B3) in the shallow tropical 

coral Porites spp. while Rollion Bard et al. (2011) identified 18% and 48% B3 in the skeletal fibres 

and centres of calcification respectively of a deep water coral. Klochko et al (2009) and Noireaux et 

al (2015) report good agreement between the observed aragonite δ11B and that predicted from the 

incorporation of B(OH)4
-, leading both to conclude that any B3 was initially incorporated as B4 and 

then underwent a coordination change whilst preserving the original B(OH)4
- isotopic signature. In 

contrast, in the deep sea coral, high B3 was associated with low δ11B suggesting that B(OH)3 was 

incorporated in the skeletal centres of calcification (Rollion Bard et al., 2011). During this research 

we avoided the analysis of centres of calcification and we assume that coral skeletal boron is 

derived from dissolved B(OH)4
-. We cultured three different massive Porites spp. genotypes, 

cutting multiple colonies (each >12 cm in diameter) from coral heads to enable the study of large 

individuals of the same genotype over a range of seawater pCO2. We reconstruct the DIC 

chemistry of the coral calcification fluids and correlate this with measured coral calcification rates 



(Cole et al., 2018).   

 

2. Methods and materials 

2.1 Coral culturing 

Large coral heads were collected from spatially separate (non-adjoining) massive Porites spp. 

colonies in Fiji and imported into the UK. We defined each massive colony as a separate genotype 

and divided each head into multiple pieces (each ~12 cm in diameter) to enable the culture of 

corals of the same genotype in each pCO2 treatment. Corals were cultured in a purpose-built large-

volume aquarium system constructed of low CO2 permeability materials and designed to control 

temperature, salinity and dissolved inorganic carbon (DIC) system parameters within narrow limits 

(Cole et al., 2016, 2018). The corals were maintained in 21 l cast acrylic tanks, recirculated with 

seawater from high density polyethylene reservoirs containing ~900 litres of seawater. At the start 

of the experiment the reservoirs were filled with fresh artificial seawater (Red Sea Salt, Red Sea 

Aquatics, UK) seeded with artificial seawater from a mixed coral/fish aquarium. During tank 

cleaning, ~10-15 l of seawater was typically removed from each reservoir each week and was 

replaced with fresh artificial seawater. No seawater replacement occurred during the experimental 

period (see below).  

The seawater in each treatment was bubbled with gas mixes set to reach the target seawater 

pCO2 compositions. Corals were cultured at seawater pCO2 of ~180 µatm (the CO2 atmosphere 

during the last glacial maximum, Petit et al., 1999), ~400 µatm (the present day) and ~750 µatm 

(projected to occur by the end of the present century, IPCC 2013). Physical and chemical 

parameters of the culture seawater are summarised in Table 1. Seawater temperatures were 

measured hourly (TinyTag Aquatic, Gemini Data Loggers, UK) salinities were measured twice daily 

on 4 days of each week in the experimental periods (Thermo Orion 5 star meter, calibrated to NIST 

conductivity standards). Total alkalinity was measured by automated Gran titration (Metrohm, 888 

Titrando) twice daily on 4 days of each week in the experimental periods. Precision of duplicate 

~30 ml analyses was typically ±2 μeq kg-1. The precision of multiple measurements of synthetic 

Na2CO3 standards was consistently ± 3 μeq kg-1 (1σ, between days). The total alkalinity, [Ca] and 

[Sr] of the culture seawater was maintained by additions of 0.6M Na2CO3 and a mixture of 0.58M 

CaCl2 + 0.02M SrCl2 by 200 μl volume solenoid diaphragm pumps, evenly spaced over a 24 hour 

period, controlled by a custom-written MATLAB® dosing control program. DIC was measured 

weekly in each reservoir using a CO2 differential, non-dispersive, infrared gas analyser (Apollo 

SciTech; AS-C3). Samples were calibrated against a natural seawater certified reference material 

(CRM; A. Dickson, Scripps Institution of Oceanography). Internal reproducibility was calculated 

from the standard deviation of 8 replicate measurements of a single sample (σ/√n), and was 

always ≤0.1%. Multiple measurements of the CRM analysed as an unknown were in excellent 

agreement with the certified value (within 5 μmol kg-1, Cole et al., 2016). Lighting of ~ 300 μmol 

photons m-2 s-1 was provided by Maxspect R420R 160w-10000k LED lamps on a 12h light: 12h 

dark cycle (with wavelength settings of 100% A and 20% B). Corals were fed weekly with frozen 

rotifers.  

Corals were maintained at ambient pCO2 conditions for 2 months, adjusted to pCO2 treatment 

conditions over another 2 months and then acclimated at the final treatment pCO2 for 5 months. 

Colonies were then stained with Alizarin Red S and cultured for a 5 week experimental period 



before sacrifice. Light and dark colony calcification rates were estimated 3-4 times in this 

experimental period by isolating the colony for 5 (in the light) or 7 (in the dark) hours and using the 

alkalinity anomaly technique (Cole et al., 2018).  

 

2.2 Seawater B/Ca and δ11B analyses 

Seawater samples were collected weekly during the experimental period and analysed for B and 

Ca by quadrupole ICP-MS (Thermo Scientific X Series) at the National Oceanography Centre, 

Southampton.  Samples were diluted 1000-fold in 5% HNO3 (with 5 ppb In as an internal standard) 

and calibrated against matrix-matched synthetic standards prepared from 1000 μg ml-1 single-

element stock solutions (Inorganic Ventures) in 5% HNO3. Replicate analyses (n = 4) of a standard 

seawater yielded a B/Ca standard deviation of 1.5%. Boron isotopes were separated from the 

seawater matrix by column chromatography and analysed on a Neptune Plus MC-ICPMS (Rae et 

al., 2011).  The long-term reproducibility of these measurements is 0.2 ‰ (2 SD).  

 

2.3 Skeletal δ11B and B/Ca analyses 

Corals were immersed in 3-4% sodium hypochlorite for ≥24 h with intermittent agitation to remove 

organic contamination, then rinsed repeatedly in distilled water and dried. Skeletal strips from the 

outermost surface of the colonies were sawn along the maximum growth axes and fixed in 25 mm 

epoxy resin blocks (Epofix, Struers Ltd.). Blocks were polished using silicon carbide papers (up to 

4000 grade, lubricated with water) and polishing alumina (0.05 µm, suspended in water).  

Skeletal δ11B and B/Ca were determined by SIMS using a Cameca 1270 in the School of 

GeoSciences at the University of Edinburgh. The experimental period was identified from the 

Alizarin Red S stain and multiple SIMS analyses (n=17-24) were evenly spaced across this section 

of the skeleton in 2-5 different corallites of each colony. The high spatial resolution of SIMS allows 

the selective analysis of the small volumes of aragonite deposited in the experimental period and 

the avoidance of centres of calcification which appear as dark areas in reflected light when 

exposed on the section surface (Allison and Finch 2009). Sections were gold coated and analysed 

with a primary 16O2
- beam of ~ 7 nA, accelerated at 22 keV and focussed to an oval ~25 x 35 μm. 

Instrument conditions were energy offset = 0 eV  (100 eV window), imaged field = 25 µm, entrance 

slits 150 μm and exit slits 500 μm (mass resolution was ~2400). Secondary ions were collected by 

a single electron multiplier and by cycling the magnetic field through the mass range. Singly-

charged cations were collected at masses 10B (11 seconds per cycle) and 11B (3s) yielding typical 

count rates of ~1400 and 5300 cps respectively. Doubly charged 40Ca2+ ions were collected at 

mass 20 (1s) and typical count rates were ~60000 cps. Each analysis is the sum of 60 cycles. A 

pre-analysis sputter time of 30 s in spot mode was used to remove surface contamination. Internal 

reproducibility (the precision at a single point) was calculated from the standard deviation (σ) of the 

60 cycles in each coral analysis (σ/(√60)) and was typically 1.6‰. The precision (1σ) of multiple 

analyses of each coral sample was typically 1.4‰ (δ11B) and 9% (B/Ca). 

All analyses were normalized to a Porites spp. coral standard (δ11B = 24.8‰, B/Ca = 

0.364 mmol mol-1, Kasemann et al., 2009). Minor differences in the B/Ca and δ11B of the SIMS 

coral standard and the chips of the same coral characterised by bulk methods may affect the 

accuracy of our SIMS estimates but our estimates of analytical precision are good. A 



Desmophyllum spp. cold water coral chip (δ11B ≈ 16.7 ± 1.2‰ (1σ); B/Ca ≈ 0.15 mmol mol-1 ± 3% 

(1σ), based on comparison with the coral standard) which exhibited limited heterogeneity in B/Ca 

and δ11B was analysed to confirm that there was no instrumental drift within and between days. 

Multiple analyses were completed each day (n=9-13) to yield a 95% confidence limit of the mean 

δ11B of the standard which was typically ~0.9‰ and was always better than ±1.2‰. 95% 

confidence limits of the mean B/Ca of the standard was always ≤±2.6%.  

 

2.4 Calculation of calcification fluid DIC parameters  

Equilibrium constants and their pK values were calculated from the known temperatures and 

salinity of the culture seawater in each treatment (Table 1.). Equilibrium constants for carbonic acid 

were calculated from Mehrbach et al. (1973), refit by Dickson and Millero (1987) and for KHSO4
 

from Dickson (1990). ECF pH was estimated from skeletal δ11B as: 

 

 pHECF =  pKB – log (-            δ11BECF - δ11Bskeleton           )      (1) 
                       δ11BCF - αB δ11Bskeleton - 1000(αB -1) 

using αB (=1.0266, the mean of two empirical estimates (Klochko et al., 2006, Nir et al., 2015) and 

assuming that the δ11B of the calcification fluid (δ11BCF) is the same as culture seawater (Table 1).  

 

Dissolved boron is transported into the calcification fluid in seawater and we infer that the total [B] 

of the fluid is the same as the seawater in each treatment (Table 1) and is constant (reflecting the 

very low partitioning of B(OH)4
- into aragonite, Allison et al. 2014). We assume that [B(OH)4

-] only 

partitions into aragonite and we used pHCF to estimate [B(OH)4
-]CF: 

 

 K*
B = [H+]CF  [B(OH)4

-]CF          (2) 
   [B(OH)3]CF  

 

B/Caskeleton equates to B/CO3
2-

skeleton as Ca and C are equimolar in CaCO3. We used [B(OH)4
-]CF, 

B/Caskeleton and the relevant B(OH)4
-/(co-precipitating DIC species) partition coefficient (KD) to 

estimate the concentration of the DIC species co-precipitating with B(OH)4
- in the calcification fluid 

e.g. if B(OH)4
- co-precipitates with [CO3

2-] then: 

 

 B/Caskeleton = KDB(OH)4
-/CO3

2-     x  [B(OH)4
-]CF     (3) 

                  [CO3
2-]CF 

 

KD have been calculated for aragonite under a range of different scenarios (Allison et al., 2014, 

2017, Mavromatis et al., 2015, Holcomb et al. 2016 and De Carlo et al., 2018). While it is likely that 

B(OH)4
- substitute for CO3

2- in aragonite (Balan et al., 2016), it is unknown which aqueous DIC 

species are involved in aragonite precipitation. De Carlo et al (2018) conclude that insignificant 

correlations between fluid [HCO3
-] and precipitation rates of inorganic aragonites indicate that 

HCO3
- is not involved in precipitation. However they did not utilise a seed in their experiments and 

they are unable to discriminate between the rates of CaCO3 nucleation (likely controlled by CO3
2-, 

Gebauer et al., 2008) and subsequent crystal growth. Both aqueous HCO3
- and CO3

2- are inferred 

to attach to growing calcite crystal surfaces with the HCO3
- subsequently deprotonating to leave 

CO3
2- preserved in the carbonate lattice (Wolthers et al., 2012). HCO3

- is observed in both coral 



and synthetic aragonite which may be a remnant of attached un-deprotonated HCO3
- (Von Euw et 

al., 2017). 

Holcomb et al (2016) identified an effect of saturation state on KD in synthetic aragonites which 

complicates the interpretation of coral skeletal [B]. McCulloch et al., (2017) replotted the Holcomb 

et al. data to describe KD as a function of precipitating fluid [H+] reasoning that B(OH)4
- likely 

deprotonates during substitution for CO3
2- to preserve charge neutrality. However 

B(OH)4
- deprotonation is not supported by experimental NMR data (Balan et al., 2016) and charge 

neutrality during B(OH)4
- substitution for CO3

2-, is likely accomplished by substitution of Na+ for 

Ca2+ (Balan et al., 2016). Neither the De Carlo et al. (2018) or McCulloch et al., (2017) replots of 

the Holcomb dataset consider the large variations in [Ca2+] (x3) which occur in the Holcomb et al 

(2016) dataset and affect fluid saturation state.  

Allison (2017) replotted the combined datasets of Mavromatis et al. (2015) and Holcomb et al 

(2016) for synthetic aragonites precipitated at 25°C to show that KD is highly dependent on 

precipitating fluid saturation state. This may reflect enhanced incorporation of B during rapid crystal 

extension, as in calcite (Gabitov et al., 2014). However observed patterns in coral skeletal B/Ca 

can only be reproduced assuming that KD is approximately constant (Allison, 2017). This apparent 

conflict can be resolved if changes in the coral calcification fluid saturation state are not associated 

with increases in crystal extension rate e.g. if  increases in coral calcifying fluid saturation state are 

associated with increases in the numbers of aragonite crystals deposited rather than the extension 

rates of individual crystals (Allison, 2017).  

In this study we utilize the B(OH)4
-/precipitating DIC aragonite partition coefficients calculated in 

Allison (2017) from the Holcomb et al (2016) dataset. We assume B(OH)4
- substitutes into 

aragonite for either CO3
2- only, HCO3

- only or both HCO3
-+CO3

2- and apply B(OH)4
-/CO3

2-, 

B(OH)4
-/HCO3

- and B(OH)4
-/(CO3

2-+HCO3
-) partition coefficients of 1.05x10-3, 6.36x10-3 and 

6.99x10-3 respectively  (Allison, 2017). We note that fluid saturations states within single aragonite 

precipitations in the Holcomb study are highly variable ([Ca2+] typically varies by up to x3, while 

[DIC] varies by up to x 4) and we consider that the calculated partition coefficients should be 

treated as broad approximations only.  

    

3. Results 

Seawater and skeletal B/Ca and δ11B data are summarised in Table 1. In all treatments, seawater 

[B] is close to natural values but δ11B is ~-1‰. Commercial sea salts are formed from the 

evaporation of seawater resulting in the removal of B in the water vapour phase (Gast and 

Thompson, 1959). Boron is replenished by the addition of boric acid yielding the high seawater 

δ11B observed here.  

We report all pH on the total scale and use the subscript CF to denote the DIC characteristics of the 

calcification fluid. We calculate fluid DIC assuming that B(OH)4
- co-precipitates with HCO3

- and/or 

CO3
2- and we express concentrations as [CO3

2-]CF (assuming that CO3
2- only is utilized during 

aragonite precipitation), [HCO3
-]CF (assuming that HCO3

- only is utilized during aragonite 

precipitation) and [HCO3
-+CO3

2-]CF (assuming that both HCO3
-+CO3

2- are utilized). We use the term 

[co-precipitating DIC] to discuss observations which apply to all of these precipitation scenarios. 

We cultured and analysed two duplicate colonies of the P. murrayensis genotype at 400 and 



750 μatm seawater pCO2 (Table 1). We observed significant variations in pHCF (2 tailed t test, 

p=0.05) between both duplicates although in only one case (at 750 μatm) was this associated with 

a significant difference in [co-precipitating DIC]CF.  

All corals increased pHCF (Fig. 1a) above that of seawater (Table 1). All corals cultured at 180 μatm 

exhibited significantly higher pHCF than their analogues at 400 μatm and 750 μatm but pHCF did not 

vary significantly between 400 μatm and 750 μatm in any coral genotype (Table 2). pHCF and [co-

precipitating DIC]CF exhibit a broad positive correlation under all co-precipitation scenarios (Fig 1b, 

r2=0.57, p=0.008). Replotting this figure to discriminate between coral species, produces stronger 

coefficients of determination (Figure 2) and indicates that [co-precipitating DIC] is more 

concentrated in P. murrayensis than in P. lutea for a comparable pHCF, yielding [CO3
2-]CF and 

[HCO3
-+CO3

2-]CF values which are typically higher by ~70 μmol kg-1 and ~400 μmol kg-1 

respectively.  

 

4. Discussion  

4.1 Calcification fluid DIC chemistry  

Regardless of the co-precipitating DIC species, pHCF and [co-precipitating DIC]CF are positively 

correlated in each coral species (Figure 2). The opposite trend has been observed between 

seasonal variations in pHCF and [DIC]CF in modern corals from Australia (McCulloch et al., 2017, 

Ross et al., 2017). Seasonal variations in ambient seawater pH, temperature and light likely impact 

coral carbon metabolism (photosynthesis and respiration), enzyme activities (e.g, Ca-ATPase 

pumping out of the calcification fluid) and calcification (which decreases pHCF). These confounding 

effects do not occur in the present study enabling us to isolate the impact of seawater pCO2 on 

calcification fluid chemistry.  

Our data indicate that increases in pHCF act to concentrate co-precipitating DIC at the calcification 

site. Increasing pHCF drives the DIC equilibrium to reduce calcification fluid [CO2] and probably 

creates a CO2 concentration gradient between the fluid and the surroundings i.e. coral tissues and 

local seawater, which are separated from the fluid by a permeable membrane. We note that corals 

of each species fall along a common line, describing pHCF and [co-precipitating DIC]CF, regardless 

of seawater pCO2 treatment. To emphasize the importance of this we illustrate the [co-precipitating 

DIC] of a seawater based fluid as a function of pH under two different CO2 diffusion scenarios. In 

the first scenario we assume that the system is fully open and that CO2 diffuses readily from the 

surroundings into the fluid to maintain an equilibrium with local seawater. CO2 diffusing into the 

calcification site predominantly converts to HCO3
- and CO3

2- and all [co-precipitating DIC]CF are 

positively correlated with pHCF (Fig 3a-c). In the second scenario we assume that CO2 diffuses into 

the system as in the open system but that the rate of diffusion is a function of the CO2 

concentration gradient (ΔCw) between the fluid and the seawater (see Allison, 2017 for full details 

and a sample calculation). We estimate the concentration gradient by assuming that the [CO2] of 

the calcification fluid reflects that of ambient seawater brought to pHCF and that seawater [CO2] is 

the same as ambient seawater in each pCO2 treatment (Fig. 4). We arbitrarily assume that CO2 

diffusion doubles the [DIC]CF at pH 8.5  in the 400 μatm CO2 scenario (as in Allison 2017) and 

scale the addition of DIC to the calcification fluid over the full fluid pH in all pCO2 treatments as a 

linear function of this ΔCw (Fig 3d-f). Although CO2 invasion is more limited in this second set of 

calculations (Allison 2017), both scenarios predict large variations in [co-precipitating DIC]CF 



between different seawater pCO2 treatments.  

These predictions are in marked contrast with our observed data (overlain onto Fig 3). The coral 

data implies that the concentration of co-precipitating DIC in the calcification fluid is not affected by 

changes in seawater pCO2 between treatments i.e. increasing seawater pCO2 does not impact the 

CO2 available to diffuse into the calcification site (Hohn and Merico, 2012). Rather our data 

suggests that the overlying [CO2] available to diffuse into the calcification site is broadly 

comparable between treatments implying that metabolic activities (respiration and photosynthesis) 

generates a similar [CO2] in the vicinity of the calcification site regardless of seawater pCO2. 

[Co-precipitating DIC]CF is higher in P. murrayensis than in P. lutea for a comparable pHCF (Fig. 2) 

Trace element partitioning into carbonates may be affected by mineral precipitation rate due to 

Rayleigh fractionation (Elderfield et al., 1996) or growth entrapment (Watson, 1994) but 

calcification rates for the 2 coral species are broadly comparable (Cole et al., 2018) and it is 

unlikely that this accounts for the offset in [DIC]CF. The more effective concentration of DIC in P. 

murrayensis could reflect a greater activity of bicarbonate anion transporters (Tambutte et al., 

1996; Zoccola et al., 2015) in this species or a higher tissue [CO2] which enables a greater 

diffusion of CO2 into the calcification site (Erez 1978).  

pHCF varied significantly between duplicate colonies of the P. murrayensis at 400 μatm and 

750 μatm. Water in the tanks was well mixed and duplicate differences do not reflect temperature, 

seawater pCO2 or nutrient levels. Similarly light variations over the tank footprint were small and 

photosynthetically active radiation light varied by 250-300 μmol photons m-2 s-1. The δ11B of 

massive corals has been applied as a proxy of past and modern seawater pH and to indicate 

air:sea carbon flux  (Pelejero et al., 2005; Shinjo et al., 2013; Kubota et al., 2014). The high pHCF 

variability observed between corals cultured at the same seawater pCO2 (even for prolonged 

periods of>9 months) suggests that it will be difficult to estimate past seawater pH accurately from 

fossil coral δ11B.  

 

4.2 Calcification fluid DIC chemistry and calcification rate 

We plotted calcification rate (from Cole et al 2018) against [CO3
2-]CF and [HCO3

-+CO3
2-]CF for each 

coral genotype (Fig. 5a). Assuming that calcification fluid [Ca2+] is similar to that of seawater (Al 

Horani et al., 2003), this is effectively a measure of the saturation state of the calcification fluid. We 

observe excellent correlations between [CO3
2-]CF and [HCO3

-+CO3
2-]CF and calcification rate in both 

P. lutea genotypes although we found the two genotypes exhibit markedly different relationships. 

P. lutea 1 attains higher calcification rates than P. lutea 2, at comparable values of [CO3
2-]CF or 

[HCO3
-+CO3

2-]CF,  particularly at the lower ends of the DICCF ranges. Clearly calcification rate 

variations between genotypes do not solely reflect calcification fluid DIC chemistry. Coral skeletons 

include soluble and insoluble organic materials which are present at the calcification site and/or are 

subsequently embedded in the skeleton (Clode and Marshall, 2002; Falini et al., 2013). These 

organic materials are implicated in the catalysis of crystallization and mediation of the skeletal 

architecture. For example, individual proteins, isolated from coral skeletal materials, can 

spontaneously catalyse the precipitation of aragonite at pH similar to that of seawater (Mass et al., 

2013). The skeletal organic matrix amino acid composition varies between coral species (Van de 

Locht, 2014) and between corals of different growth rates (Falini et al., 2013). We hypothesise that 

the two P. lutea genotypes produce different skeletal organic materials which impact the 



precipitation rates of their respective skeletons.  

The third coral genotype, P. murrayensis, also exhibits an excellent relationship between [co-

precipitating DIC]CF and calcification rate with the exception of one point (Fig. 5a). Calcification 

rates for this outlier were highly variable (note the large standard deviation of this mean). Skeletal 

chemistry predominantly reflects the higher rate of variable calcification (in this case 

14.1 mmol CaCO3 cm-2 day-1), when most of the analysed skeleton was deposited, but even after 

accounting for this, the calcification rate of this outlier coral is lower than that expected from the 

[co-precipitating DIC]CF versus calcification rate relationship observed in the other colonies of this 

genotype. Plotting calcification rate as a function of the H+ concentration gradient between the 

calcification fluid and the surrounding seawater produces strong inverse correlations in each 

genotype which span all coral samples with no outliers (Fig. 5b). Coral calcification is likely to be 

energetically expensive (Allemand et al., 2011) requiring synthesis of the skeletal organic matrix to 

guide precipitation of the skeleton and ion transport e.g. H+ extrusion from the calcification site by 

Ca-ATPase (Al Horani et al., 2003). We hypothesise that the outlier coral in Fig. 5a may expend a 

large proportion of its energy budget in maintaining a relatively high pHCF at the expense of 

synthesis of the skeletal organic matrix resulting in a low calcification rate for this individual.  

 

4.3 Implications for biomineralisation and ocean acidification 

With the exception of the outlier, corals cultured at high seawater pCO2 had low pHCF and DICCF. In 

our dataset the calcification fluid pH increase is fundamental in concentrating precipitating DIC for 

calcification (Fig 1b). While it is not clear which DIC species is/are utilised in aragonite precipitation 

calcification rate is usually strongly dependent on [co-precipitating DIC]CF. This suggests that the 

decreased calcification rates typically observed in corals cultured at high seawater pCO2 (Erez et 

al., 2011) reflect a reduced ability to concentrate DIC at the calcification site. Corals cultured at 

high seawater pCO2 may remove more protons from the calcification fluid than their lower 

seawater pCO2 analogues, partially offsetting the effects of ocean acidification, but they do not 

usually attain the same high pHCF (Venn et al., 2012) and probably do not accumulate DICCF to the 

same extent. Corals cultured at low seawater pH may upregulate genes coding for bicarbonate 

anion transport (Vidal-Dupiol et al., 2013) but, if this occurred in our samples, it did not compensate 

for the decrease in calcification fluid DIC. 

One coral in our datatset continued to attain high pHCF and DICCF at high seawater pCO2 but in this 

case the coral exhibited a reduced calcification rate suggesting that the coral has a limited energy 

budget to support proton extrusion from the calcification fluid and meet other calcification 

demands. We infer that future increases in atmospheric CO2 (and concurrent decreases in 

seawater pH) will likely decrease both coral pHCF and [DIC]CF and ultimately reduce coral 

calcification.  

 

Conclusions 

Calcification fluid pH and [co-precipitating DIC] estimates from skeletal δ11B and B/Ca are 

positively correlated in all corals. Corals cultured at high seawater pCO2 usually have relatively low 

fluid pH and [precipitating DIC]. [Precipitating DIC] and coral calcification rate are positively 

correlated in all but one outlier coral and reduced DIC substrate at the calcification site is the likely 



cause of decreased coral calcification rates under ocean acidification scenarios. The outlier coral 

maintained a high calcification fluid pH and [co-precipitating DIC] at high seawater pCO2 but 

exhibited a low calcification rate suggesting that corals have a limited energy budget for 

calcification which is apportioned between proton extrusion from the calcification site and other 

processes e.g. synthesis of the skeletal organic matrix. 
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Table 1. Physical and chemical characteristics of the seawater and coral skeletons in each 
treatment, measured over the 5-week experimental period. Seawater values are mean ± standard 
deviation (1σ) of n measurements. Dissolved inorganic carbon (DIC) and total alkalinity 
measurements were used to calculate seawater pH(total) using CO2sys and equilibrium constants 
for carbonic acid  (Mehrbach et al., 1973), refit by Dickson and Millero (1987) and HSO4

 (Dickson, 
1990). Skeletal δ11B and B/Ca are means ± 95% confidence limits. Calcification rates (μmol CaCO3 
cm-2 day-1) are means ± standard deviations. Duplicates of the P. murrayensis genotype were 
cultured at 417 and 750 μatm and the values measured for each colony are shown separately. 
 

 Seawater pCO2 

 180 μatm 400 μatm 750 μatm 

Seawater characteristics    

Temperature (°C) 25.3 ± 0.1 25.2 ± 0.2 25.1 ± 0.2 

Salinity 35.1 ± 0.04 35.2 ± 0.08 35.2 ± 0.05 

Total alkalinity (μmol kg-1) 2289 ± 14  (n=16) 2290 ± 8 (n=16) 2293 ± 5 (n=16) 

Total DIC (μmol kg-1) 1831 ± 11 (n=5) 1999 ± 8 (n=5) 2113 ± 11 (n=5) 

Seawater pH (total scale) 8.28 8.03 7.81 

Seawater [B] (μmol kg-1) 392 ± 8 (n=5) 395 ± 6 (n=5) 405 ± 8 (n=5) 

Seawater [Ca] (mmol kg-1) 9.78 ± 0.08 (n=5) 9.84 ± 0.10 (n=5) 9.86 ± 0.07 (n=5) 

Seawater δ11B (‰) -1.07 ± 0.20 (n=4) -0.90 ± 0.11 (n=3) -1.00 ± 0.15 (n=3) 

Skeleton characteristics    

 

Calcification 
rate  

P. lutea 1 20.8 ± 0.6 (n=3) 18.9 ± 1.0 (n=4) 17.8 ± 2.6 (n= 4) 

P. lutea 2 21.3 ± 2.9 (n=3) 9.86 ± 2.0 (n=2) 4.22 ± 1.2 (n=3) 

P. murrayensis 22.8 ± 0.8 (n=3) 16.7 ± 0.8 (n=2) 9.30 ± 4.3 (n=3) 

  15.0 ± 1.1 (n=3) 11.0 ± 1.5 (n=3) 

 

 

δ11B 

P. lutea 1 -16.0 ± 0.6 (n=17) -17.5 ± 0.5 (n=21) -17.0 ± 0.4 (n=22) 

P. lutea 2 -15.0 ± 0.8 (n=21) -17.0 ± 0.7 (n=21) -18.0 ± 0.7 (n=20) 

P. murrayensis -14.6 ± 0.7 (n=24) -16.5 ± 0.7 (n=18) 

-17.5 ± 0.4 (n=21) 

-15.8 ± 0.5 (n=19) 

-18.1 ± 0.5 (n=19) 

 

 

B/Ca 

P. lutea 1 0.367 ± 0.011 (n=17) 0.340 ± 0.018 (n=2)) 0.398 ± 0.019 (n=22) 

P. lutea 2 0.360 ± 0.016 (n=21) 0.367 ± 0.008 (n=21) 0.381 ± 0.009 (n=20) 

P. murrayensis 0.343 ± 0.016 (n=24) 0.329 ± 0.011 (n=18) 

0.306 ± 0.014 (n=21) 

0.316 ± 0.014 (n=19) 

0.317 ± 0.015 (n=19) 

pHCF P. lutea 1 8.50 ± 0.04 (n=17) 8.39 ± 0.03 (n=2)) 8.42 ± 0.02 (n=22) 

Total scale P. lutea 2 8.56 ± 0.05 (n=21) 8.43 ± 0.04 (n=21) 8.36 ± 0.05 (n=20) 

 P. murrayensis 8.58 ± 0.04 (n=24) 8.46 ± 0.04 (n=18) 

8.39 ± 0.03 (n=21) 

8.51 ± 0.03 (n=19) 

8.35 ± 0.04 (n=19) 

 



Table 2. . Summary of significant differences (p=≤0.05 one way ANOVA followed by Tukey’s pairwise 

comparisons) in pHCF (estimated from skeletal δ11B) between individuals of the same coral genotype 

in different seawater pCO2 treatments (180, 400 or 750 μatm). Data from duplicate corals are 

combined for this analysis. 

 

 pHCF 

Genotype 1 
(P. lutea) 

180 > 400 
180 > 750  
400 = 750 

Genotype 2 
(P. lutea) 

180 > 400 
180 > 750  
400 = 750 

Genotype 3 
(P. murrayensis) 

180 > 400 
180 > 750 
400 = 750  
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Figure 1. a) Coral pHCF (estimated from skeletal δ11B), and b) relationship between pHCF and [CO32-]CF, 
assuming CO32- only is utilized in calcification and [HCO3-+ CO32-]CF, assuming both HCO3- and CO32- are 
utilized in calcification (both μmol kg-1). [HCO3-]CF, assuming HCO3- only is utilized in calcification, is not 
shown but exhibits the same distribution with [HCO3-]CF spanning 2472-3659μmol kg-1). Symbols denote 
coral genotypes and colours denote seawater pCO2 treatment. pHCF error bars are calculated from 95% 
confidence limits of skeletal δ11B analyses while [CO32-]CF, and [HCO3-+ CO32-]CF error bars are 
calculated from propagating 95% confidence limits in B/Ca and δ11B analyses onto DIC system estimates.

Figure 2. Correlations between pHCF and [CO32-]CF and [HCO3-+ CO32-]CF (both μmol kg-1) for all corals 
by species. For explanation of error bars see Figure 1. Coefficients of determination (r2) for P. lutea and P. 
murrayensis are 0.84 and 0.83 respectively.
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Figure 3. Predicted [CO32-]CF, [HCO3-]CF and [HCO3
-+CO32-]CF, assuming the calcification fluid operates 

as: a-c) an open system in equilibrium with overlying CO2 of 180, 400 or 750 μatm or d-f) an open system 
where CO2 diffusion into the fluid is controlled by ΔCw. Observed coral data are overlain onto each graph. 
Symbols denote coral genotypes and colours denote seawater pCO2 treatment.
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Figure 5. Correlations between coral calcification rate (μmol CaCO3 cm-2 day-1) and a) [CO32-]CF and 
[HCO3

-+CO32-]CF and b) [H+]sw-[H+]CF for each coral genotype. Coefficients of determination (r2) for P. 
lutea 1, P. lutea 2 and P. murrayensis are a) 0.94, 1.00 and 1.00 (excluding the outlier P. murrayensis data 
point) and b) 0.88, 0.88 and 0.90 (including all data points) respectively. [CO32-]CF and [HCO3

-+CO32-]CF 
error bars are calculated from propagating 95% confidence limits in B/Ca and δ11B analyses onto DIC 
system estimates. Calcification rate error bars indicate the standard deviation of multiple (n=3-4) estimates 
over the 5 week experimental period.
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