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ABSTRACT 

 
 

Coral reefs are a critical building block of the ocean ecosystem, whose 

health is threatened by ocean acidification (OA) and warming due to increased 

atmospheric CO2 (Hoegh-Guldberg, 2010; IPCC, 2014). Reliably predicting how 

coral calcification may respond to OA depends on our understanding of their 

calcification mechanisms (Ries, 2011; Holcomb et al., 2014; Allison et al., 2014; 

Gagnon, 2013). But obtaining relevant data on the calcification mechanism is 

difficult.  First, because of coral’s structural arrangement, little is understood 

about the chemical dynamics inside coral polyps. Second, the speciation, sources, 

and dynamics of dissolved inorganic carbon (DIC) inside corals remain 

unresolved because only pH has been measured while a critical second parameter 

needed to fully characterize the internal carbonate chemistry at the site of coral 

calcification has been missing (Ries, 2011). Coral calcification processes are 

affected by changes in ion concentrations due to ocean acidification. Microsensors 

enable us to measure biological processes in different localities of the coral polyp 

and we have successfully built pH, CO3
2-, and Ca2+ microelectrodes that are 

suitable for coral studies with a tip diameter of 10-15 µm.  Also this research is the 

first to combine pH and CO3
2- to calculate DIC inside coral polyp.  
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Two chapters are included in this thesis: chapter 1 focuses on pH and 

CO3
2-concentrations inside calcifying fluid and chapter 2 focuses on the effects of 

light on Ca2+ , CO3
2-, and pH dynamics inside coral polyps and different factors 

that affect the concentration change.  

In chapter 1, we report the first depth profiles of pH and carbonate ion 

concentrations ([CO3
2-]) measured inside coral polyps. We observed sharp 

increases in pH and [CO3
2-] inside the calcifying fluid and very low pH and [CO3

2-

] above it in the coelenteron, supporting the existence of an active process that 

pumps protons (H+) out of the calcifying fluid. This results in a sharp CO2 

gradient from the coelenteron to the calcifying fluid, which draws in enough CO2 

to sustain the high calcification rates typically observed in tropical corals (Alison 

et al, 2014; Furla et al., 2000). However, in contrast to the current view that corals 

substantially concentrate both DIC and total alkalinity (TA) in their calcifying 

fluid (Allison et al., 2014), our data and model calculations suggest that corals can 

achieve a high aragonite saturation state (Ωarag) by maintaining a high pH while at 

the same time keeping [DIC] and TA relatively low. Such a state requires less H+-

pumping for upregulating pH compared to a high [DIC] scenario.  

In chapter 2, the effects of light on Ca2+ , CO3
2-, and pH dynamics were 

measured by microelectrodes inside the polyps of two scleractinian corals, 

Orbicella faveolata and Turbinaria reniformis. In the upper part of the coelenteron 

solution, pH and CO3
2- both increased in the light and decreased in the dark. Ca2+ 

concentrations decreased in the light and increased in the dark. pH and Ca2+ 
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dynamics have been studied in many other studies but no one has yet measured 

CO3
2- concentrations. Now with our CO3

2- data, we can get a better understanding 

of carbonate system dynamics over light/dark cycles. Based on our pH and CO3
2- 

data, we calculated the total alkalinity (TA) and dissolved inorganic carbon (DIC) 

dynamics and set up a numerical simulation model to analyze the effects of 

different parameters. The model incorporated calcification, photosynthesis, 

respiration, physical diffusion with seawater, transmembrane ion transport by Ca-

ATPase, and paracellular ion fluxes. Our model was based on the model of 

Nakamura et al., (2013) and our experimental data (e.g., depth, calcification rate, 

alkalinity and DIC concentrations) were used to replace some tuning parameters. 

In our experiment, we found that both TA and DIC decreased in the light and 

increased in the dark. Our model showed that: 1) Most of the TA and DIC increase 

in dark were due to physical diffusion from overlying seawater; 2) There are 

unknown TA sources inside coral polyp that provided about 40% TA in dark, 

about 15% of that come from inorganic sources; 3) TA and DIC decreases in the 

light were driven by calcification and photosynthesis. The model agreed with the 

trends in our experimental data and allowed us to constrain the ratio of different 

parameters. 
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Chapter 1 

CORALS CONCTROL THEIR INTERIOR PH AND CARBONATE 
CHEMISTRY AS REVEALED BY MICROELECTRODE PROFILES 

1.1 Introduction 

 
Atmospheric CO2 has increased from 280 parts per million (ppm) during pre-

industrial time to 400 ppm today(IPCC, 2014). This CO2 increase in the atmosphere 

has caused greater CO2 dissolution in the ocean, which has modified the DIC species 

composition in seawater such that proton concentration (i.e., [H+]) has increased, and 

surface ocean pH level and [CO3
2-] has decreased; a process popularly known as ocean 

acidification (OA) (Caldeira and Wickett, 2003; Orr et al., 2005). The decrease in 

[CO3
2-] is particularly detrimental to the health of coral reef organisms and its 

associated ecosystem functions and biogeochemical processes (Langdon et al., 2003; 

Hoegh-Guldberg, 2010), because OA leads to decreases in calcification in many, 

though not all reef species (Hoegh-Guldberg, 2010; Ries, 2011; Shamberger et al., 

2014). To understand and predict how corals might respond to current and future CO2 

increases and OA, we need to better understand the coral calcification mechanism, 

particularly the sources and speciation of DIC that sustain calcification inside the 

calcification medium (Ries, 2011; Cohen and Holcomb, 2009; Allison et al., 2004; 

Venn et al., 2011; Holcomb et al., 2014). Despite decades of research, our knowledge 
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on the internal carbonate chemistry of corals is still limited and direct evidence is still 

needed to constrain coral calcification mechanisms.  

In order to precipitate CaCO3, corals must be able to import Ca2+ ions and DIC 

from seawater, but the import processes remain poorly understood and controversial.  

Although proposed routes of ion import differ in their details, potential import 

processes can be broadly grouped into three categories: 1) transmembrane active 

transport, 2) paracellular diffusion, and 3) whole seawater import (Allemend et al., 

2004; Tambutte et al., 2015; Gagnon et al., 2012). Which of these three processes 

dominates the import pathway for DIC remains unknown because a complete 

characterization of the internal carbonate chemistry of corals is lacking. To keep the 

charge balance, a coral must also export H+ from its interior calcifying space, which 

also creates a high pH and, by chemical equilibrium, high CO3
2- concentration, and 

aragonite saturation state inside the coral calcification medium, thus promoting CaCO3 

precipitation there. This theoretical understanding of coral calcification is considered 

the foundation for hypotheses of how calcification will respond to future acidification 

(Ries, 2011), yet lacks the necessary direct measurements to fully substantiate this 

theoretical mechanisms of calcification in corals.  

Microelectrodes are a powerful technique for the direct measurement of 

chemical concentrations within organisms such as corals. Previous coral studies have 

primarily used pH microelectrodes and have shown that pH increases near the coral 

surface and in the upper region of the polyp’s gastric cavity due to photosynthesis but 
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decreases deeper in the coelenteron due to respiration (Kuhl et al., 1995). Most 

importantly, very high pHs (8.7–10) have been measured in the calcifying medium 

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

Horani et al., 2003). These experiments show corals export protons from the calcifying 

medium to achieve a high CaCO3 saturation state, which facilitates rapid rates of 

calcification. However, to characterize the internal carbonate chemistry fully, pH 

alone is not sufficient and another carbonate system parameter should be measured. 

1.2 Result  

 
In this work, we used both pH (Han et al., 2014; Cai et al., 2000; Zhao et al., 

1999) and CO3
2- microelectrodes (de Beer et al., 2008; Han et al., 2014) to profile the 

interior of coral polyps through the mouths (see Meth ods below).  We advanced a 

microelectrode inside the polyp’s gastric cavity at a resolution of 50 µm per step (5 

µm in one case) parallel to the polyp wall until it was broken on the solid CaCO3 base 

(Figure 1-1a & b).  Duplicate micro-profiles measurements revealed that the profiles 

were reproducible (Figure. 1-1b) even though polyp contraction may shift the relative 

depth (Figure A2).   

We obtained several full-depth profiles of pH and CO3
2- through the polyp 

mouth, the coelenteron, and into the calcifying medium for three tropical coral 

species:  Orbicella faveolata (previously Montastrea faveolata), Turbinaria 

reniformis, and Acropora millepora. For O. faveolata, two pH profiles were recorded, 
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one in a long polyp of about 2.6 mm and one in a short polyp of about 1.3 mm (Figure 

1-2a) while [CO3
2-] was recorded in one short polyp of about 1.2 mm (Figure 1-2b). In 

these cases, pH increased from 8.1 and [CO3
2-] from 180 µM in the overlying water to 

8.3-8.5 and 300 µM respectively in the upper part of the polyp in response to 

photosynthesis.  Deeper in the polyps, pH decreased to a value of 7.7 as a result of 

respiration, confirming earlier reports (Kuhl et al., 1995). Correspondingly, [CO3
2-] 

decreased to a value of 100 µM. Then, within a short distance, pH increased sharply to 

as high as 9.7 while [CO3
2-] increased to 600 µM before the electrode tips broke.  We 

interpret this rapid increase in pH and [CO3
2-] as evidence that the microelectrodes 

made measurements within the calcifying medium prior to breaking.  

Similar but variable profiles were measured inside coral polyps of T. 

reniformis with pH in the calcifying medium being 8.8 to 10.2 (Figure 1-2c) and 

[CO3
2-] being 1000-1400 µM (Figure 1-2d).  In the case of the A. millepora polyp, the 

electrode advancement step was reduced to 5 µm producing a very fine scale pH 

profile showing a sharp increase in pH from 8.15 to 8.65 within only a short distance 

of 15-55 µm (Figure 1-2c). Similarly, we observed an increase in [CO3
2-] from as low 

as ~100 µM in coelenteron to as high as >1500 µM in the calcifying medium within a 

distance of ~50 µm in A. millepora (Figure 1-2d).  Our microelectrode profiles of pH 

and [CO3
2-] confirm early assertions that corals maintain a high pH in their interior 

environment that allows CaCO3 formation. Moreover, the first ever measured [CO3
2-] 

profiles reported here demonstrate that [CO3
2-] (500 to 1500 µm) and aragonite 
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mineral saturation state (Ωarag = 8-24) (Table A4) inside the calcifying medium are 

high, which is generally consistent with inorganic CaCO3 formation experiments 

(Cohen and Holcomb, 2009) or previously proposed model frameworks (Ries, 2011; 

Venn et al., 2011).      

We were only able to collect data in the calcifying medium a few times out of 

numerous profiles on these coral species, most likely because the calcifying medium 

layer is very thin and isolated in pockets (Venn et al., 2011; Gagnon, 2013). In most 

cases, the electrode tips broke in one step (50 µm) between the bottom of the polyp 

gastric cavity space (coelenteron solution) and the hard CaCO3 base, but in some cases 

the data suggests the calcifying medium is much thicker than previously thought (up to 

100 µm). Alternatively, it is possible that the newly formed CaCO3 minerals are 

porous allowing the glass microelectrode tip to penetrate slightly or that the 

microelectrode may bend under force after contacting the skeleton thus giving an 

unrealistic measure of the calcifying medium thickness. Nonetheless a high pH and 

high [CO3
2-] layer is unequivocally detected in the calcifying medium, though further 

work is needed to better define its thickness. Our methods do not allow simultaneous 

profiling of pH and [CO3
2-] at the same depths.  Therefore, we constructed composite 

profiles of pH and [CO3
2-] based on the range of our data across all three species and 

calculated DIC, TAlk, [CO2] and Ωarag profiles (Table A4).   

Carbonate chemistry compositions through the coelenteron and into the 

calcifying medium are thus presented here alongside a conceptual model for coral 
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calcification (Figure 1-3). Our study shows that as pH and [CO3
2-] increase near the 

polyp surface and in the upper part of the coelenteron (Figure 1-1b, 2), DIC decreases 

slightly relative to seawater values due to photosynthetic CO2 consumption (Figure 1-

3). Next, DIC increases due to respiratory input of CO2 and reaches a peak at the 

bottom of the coelenteron before rapidly declining again in the calcifying space 

(Figure 1-3b).  TAlk in coelenteron is nearly constant throughout most of the gastric 

cavity space, but decreases slightly at the base of the coelenteron as a result of proton 

pumping from the calcifying tissue and medium below, then increases dramatically in 

the calcifying medium. Nonetheless, DIC and TAlk values in the coelenteron solution 

are not greatly different from those of the overlying seawater, similar to a direct TAlk 

measurement (Agostini et al., 2012). What is most conspicuous is a sharp increase in 

CO2, [CO2], to ~30 µmol/kg toward the bottom of the coelenteron solution (Figure 1-

3b). This increase not only is due to respiration-induced DIC increase but also is 

greatly enhanced by a simultaneous TA decrease. Thus, we attribute this [CO2] 

increase to the conversion of HCO3
- by H+ exported from the calcification fluid to CO2 

(Figure 1-3a), a process that requires enzyme carbonic anhydrase. Inside the calcifying 

medium, the [CO2] is nearly zero (Figure 1-3b), primarily due to the high pH there 

(Figure 1-2a, c). This very high CO2 concentration gradient (~30 µmol/kg, Table A1) 

would drive a high rate of CO2 molecular diffusion from coelenteron through the 

tissue into the calcifying medium, providing an essential source of inorganic carbon 

for CaCO3 precipitation. 
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We can estimate CO2 flux either by a 1-D diffusion model or by an exchange 

coefficient between two “boxes,” the coelenteron and the calcifying medium 

(equations given in Methods and Table A4 for details). Based on the pH and [CO3
2-] 

profiles, we determined that the distance between the measured  [CO2] gradient is on 

the order of 50-100 µm (even though the thickness of the calicoblastic epithelium is 

probably thinner) and assume that the seawater diffusion coefficient (Li and Gregory, 

1974) is applicable.  As such, the estimated CO2 diffusion flux is as high as 51.5-103 

mmol m-2d-1 (or 217-433 nmol cm-2h-1).  Alternatively, using the CO2 exchange 

coefficient determined by an isotopic tracer method (Agostini et al., 2012; Hohn and 

Merico, 2012), the CO2 influx is estimated as 20-72 mmol m-2d-1 (82-301 nmol cm-2h-

1).  These CO2 sink flux estimates compare favorably with coral calcification rates 

measured in the past (150 to 1500 nmol cm-2h-1) (Allemend et al., 2004; Barnes and 

Devereux, 1984).  Thus, the sharp CO2 depth profile determined here (Figure 1-3b) 

provides the first direct empirical evidence that DIC produced by respiration in the 

coelenteron is transported as CO2 into the calcification fluid. We further suggest that 

the coral’s proton pumping ability is essential not only for creating a high aragonite 

saturation state in the calcifying medium favoring calcification but also for creating a 

low pH condition at the bottom of the coelenteron facilitating inorganic carbon influx 

to support calcification.  The latter is reflected by the high ratio of [CO2] to DIC in the 

coelenteron above calicoblastic epithelium (i.e., as high as 12%) compared to the 

much lower ratio in seawater (i.e., 0.47%). This CO2 transport mechanism supports an 

earlier study that used radiotracers to show that respired CO2 is an important source of 
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DIC for calcification (Furla et al., 2008). Although not mutually exclusive, our passive 

CO2 transport mechanism removes the need for the active transport of HCO3
- either by 

active transport proteins such as carbonic anhydrase or by vacuoles and inter-cellular 

channels.     

Despite the great CO2 flux across the calicoblastic epithelium, our analysis 

reveals that the DIC inside coral calcifying medium is depleted or not much different 

from seawater (within 20%) due to the consumption of inorganic carbon during 

calcification, which balances the CO2 influx (Figure 1-3). Similarly, calcifying 

medium TAlk increases only moderately compared to outside seawater TAlk (i.e., 1 to 

2 times). Earlier attempts to assess the aragonite saturation state of the calcifying 

medium used pH values (the only measured carbonate parameter) but assumed that 

DIC and TAlk would be greatly elevated above seawater concentrations due to DIC 

import, respiration, and proton export (Furla et al., 2000;Caldeira and wicket, 2003; 

Orr et al., 2005). Our direct [CO3
2-] measurement shows that while aragonite 

saturation state inside the calcifying medium is elevated, DIC is low and TAlk is only 

moderately elevated from the background seawater. Thus, achieving a high CO3
2- 

concentration (and consequently a high aragonite saturation state) can be 

accomplished without the energetically costly import of HCO3
- and without TAlk 

greatly above seawater concentrations, as had been previously assumed. These 

conclusions are valuable to our understanding and modeling of coral calcification and 

its response to future ocean acidification. Further research is needed to confirm the pH 
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and [CO3
2-] profiles with a better spatial resolution, to narrow down the DIC and TAlk 

ranges inside the calcifying medium, and to confirm our results in other coral species.  

1.3 Methods 

 
Details of coral collection and tank incubation conditions are given in the 

Supplement section I.  Method details of making the microelectrodes and their 

calibration and stability evaluation are given in literature (Han et al., 2014; Cai et al., 

2000; Zhao et al., 1999).  Additional microelectrode fabrication details specific to this 

study are giving in the Supplement section II. Details of the microelectrode profiling 

methods and experiment setup are given in the Supplement section III.  In brief, a 

coral branch was transferred from the incubation tank together with the tank water into 

the small measurement chamber which was kept at 26°C.  The coral branch was 

allowed to sit in the small container for 1-2 hours until the microelectrode reading was 

stable in the chamber water (Figure A2). While pH and CO3
2- microelectrodes were 

calibrated right before use, chamber water pH measured by the large commercial 

electrode and measured TAlk value were used as the reference point before coral 

profiling.  Under the microscope, one could observe, the coral react and close its 

mouth when the microelectrode tip entered the polyp cavity space.  This depth was 

marked as the boundary and recorded as a polyp depth of 0 µm. Then the electrode 

was advanced down progressively at preset step of 5-50 µm until it was broken and a 

relatively stable pH reading was recorded at each step. The pH reading was considered 
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as stable if drift was <0.003 pH/min or a total of 3 min, whichever was first.   A 3 min 

limit was established because in some cases, completely stable pH was not realistic 

due to constant changes in biology. 

To check if the electrode maintained function during a profile measurement, a 

microelectrode was pulled out to the overlying seawater and checked (Figure 1-1b and 

Figure A2e). Then, the microelectrode was again brought inside the polyp mouth and 

advanced farther down the polyp until microelectrode broke from hitting the hard base 

of the CaCO3 skeleton and produced a noise-free and constant voltage reading.  

Using directly measured pH and [CO3
2-], we calculated concentrations of other DIC 

species and the total alkalinity (TAlk) as well as the CO2 flux as described in the 

Supplement section IV.  
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Figure 1-1  Microelectrode profiling and electrode performance. a) Close-up views of 
the coral Turbinaria reniformis showing the tip of a microelectrode as it enters the 
polyp. (b) Repeated pH microelectrode profile readings inside a T. reniformis coral 
polyp. (c) Repeated pH microelectrode profile readings inside an Acropora millepora 
coral polyp. Between the last point of the second insert and next reading (which is a 
noise-free reading and is marked as x), the microelectrode tip broke. 
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Figure 1-2  Coral internal pH (a) and [CO3

2-] (b) through the polyp mouth of an 
Orbicella faveolata and coral internal pH (c) and [CO3

2-] (D) through the polyp mouth 
of a Turbinaria reniformis and an Acropora millepora coral. Each profile was 
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collected separately at a different time and from different polyp mouths.  Dashed black 
lines indicate the top of the polyp mouths.  Colored dashed lines roughly indicate the 
location of the transition from the basal tissue layer and the calcifying fluid and differ 
in depth for each polyp. 
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Figure 1-3  (a) Conceptual model of coral calcification, CO2 transport mechanism, and 
distributions of internal [CO2], DIC and TAlk. Dark circles are photosynthetic 
endosymbionts.  (b) For DIC  (red line) and TAlk(purple line), calculated ranges of 
possible concentrations are provided based on calculations of all species from Table 
A4. The boundary between the base of the coral tissue and the calcifying medium is 
showed with a blue dashed line.  As DIC and TAlk in seawater in our incubation tank 
varied quite a bit, the ratios of internal to external concentrations are presented.  DIC = 
dissolved inorganic carbon, Talk = total alkalinity. 
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Chapter 2  

 A MODEL ON LIGHT EFFECTED CARBON SYSTEM INSIDE THE 
GASTRIC CAVITY CORAL ORBICELLA FAVEOLATA AND TURBINARIA 

RENIFORMIS  

2.1 Introduction 

 
Atmospheric CO2 has increased  by approximately 100 ppm since the 

beginning of the  industrial revolution. The ocean has absorbed about 30% of this CO2 

emitted by fossil fuel burning (Sabine et al., 2004), which lead to a series of 

chemical change including a drop in pH, a decrease of carbonate concentration (CO3
2-

), and a lower saturation state for calcium carbonate minerals (Ω; Orr., 2011). 

Climate change due to the release of CO2 threatens many marine organisms today; 

corals are one species among them as they could have difficulties in producing CaCO3 

skeleton as the saturation state for aragonite drops (Hoegh-Guldberg et al., 2007). 

Scleractinian corals live in a symbiotic relationship with the dinoflagellate 

Symbiodinium sp. (zooxanthellae). Photosynthesis, respiration, and calcification are 

the dominant physiological processes of the coral holobiont. The coral polyp has a 

“bag structure” with two single-celled layers, which is separated by mesoglea. The 

oral layer ectoderm and aboral layer endoderm lines the coelenteron, in which the 

fluid could exchange with surrounding seawater through the opened mouth (Barnes 



 16 

and Chalker, 1990). The cell layer overlying the coral skeleton that is involved in the 

production of coral skeleton is termed the calicoblastic epithelium. The calcifying 

fluid, from which new skeleton is precipitated, exists between the skeleton and the 

calicobalstic epithelium (Johnston, 1980).   

Many studies have focused on the macro scale of coral reefs, such as reef 

metabolism (e.g., Gattuso et al., 1996). But because of the structure of coral, only little 

attention has been paid on the micro scale inside coral polyp. Determining how the 

carbon concentrations change inside coral polyps is essential to understanding coral 

biomineralization and coral’s tolerance to ocean acidification. In recent decades it has 

been argued that corals elevate pH and the aragonite saturation state of the calcifying 

fluid to promote skeleton calcification, which could be enhanced with illumination 

(Goreau 1959, Carlon 1996, Gattuso et al., 1999). In addition to elevating pH, corals 

must transport ions from surrounding seawater, such as Ca2+, CO3
2-, and HCO3

-, to the 

site of calcification. But neither the source nor the species of these elements have been 

clearly identified. Coral biomineralization has been studies with limited techniques. 

Agostini et al., (2012) used a new micro titration method and first measured TA 

concentrations inside the polyp. They took gastric fluid from dozens of polyps and 

measured its pH and alkalinity. Their result showed a TA increase in the dark and 

decrease in the light. But the sampling process of gastric fluid would cause 

inaccuracy. Microelectrodes were used to measure the ion dynamics inside coral 

polyps. Al-Horani et al., (2013) built pH and Ca2+ electrodes and measured the ion 
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dynamic inside gastric fluid. However, in order to get a better understanding of carbon 

system inside coral polyp, we still need one more parameter among CO3
2-, HCO3

2-, 

pCO2, and TA. The design of CO3
2- microelectrode by de beer et al., (2008) enabled us 

to explore the carbon system at the micro space and the new CO3
2- ionophore designed 

by Lee et al., (2004) provided us a better stability and more accurate result. Therefore, 

by combining our pH and CO3
2- data, we successfully measured the whole carbonate 

chemistry inside coral polyp.  

 Many of the previous studies on models inside coral polyps have been done on 

photosynthesis, calcification, and their relationship with light (Hohn and Merico, 

2012; Kleypas et al., 2011; Watanabe et al., 2013). These models provide an 

estimate range of coral response to light. However, fewer models have been done on 

total alkalinity (TA) and dissolved inorganic carbon (DIC) because the lack of 

experimental data. Nakamura et al., (2013) developed a simulation model that includes 

both TA and DIC inside the coelenteron and calcifying fluid and the their 

concentrations change in response to light. But in the model, their initial condition and 

some parameter values might not be good enough because the lack of directly 

measured data on TA and DIC inside coral polyps. In this paper, we further developed 

their model with more parameters and microelectrode-measured data from our own 

microelectrode work, which provided us more information about chemical 

compositions at different parts of coral polyp.  
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2.2 Materials and Methods 
 

2.2.1  Experimental design 

2.2.1.1 Corals and maintenance conditions.  
 

Experiments focused on two species of corals: Orbicella faveolata, and 

Turbinaria reniformis. Orbicella faveolata is the major reef-building species in the 

Caribbean and Turbinaria reniformis is a common Pacific coral species. Both species 

contain photosynthetic symbionts, often called zooxanthellae, and form an aragonite 

skeleton. Small pieces of Orbicella faveolata were sampled from the Florida Keys and 

transported to the laboratory in University of Georgia. Turbinaria reniformis were 

collected between 3–10 m depth in northwest Fiji (17°29’19”S, 177°23’39”E) in April 

2011 and shipped to Reef Systems Coral Farm in New Albany, OH, prior to shipment 

to the our lab at the University of Georgia. Corals were acclimated to a laboratory 

aquarium at 26°C with light levels of about 200 µmol photons /m2/s for at least two 

weeks prior to conducting pH and CO3
2- profile measurements. 

 

2.2.1.2  Microelectrodes.  
 

pH microelectrodes (Zhao and Cai, 1999), CO3
2- microelectrodes (Han et al. 

2014; de Beer et al., 2008), and Ca2+ microelectrodes (de Beer et al., 2000) were 

constructed as described previously. By changing the temperature of our micro puller, 

we successfully made microelectrodes with a tip diameter between 10-15 µm, which 
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enables us to profile into the coral polyp. pH microelectrodes were calibrated with 

three commercial pH standard buffers( pH=4,7, and 10) at 25 °C.  

 

 

Figure 2-1  pH microelectrode with a tip diameter between 15-20 µm. Microelectrode 
was photo’d with a 10*40 microscope, each grid is 20 µm. 
 
 

CO3
2- microelectrodes were made follow Han and de Beer CO3

2- 

microelectrodes (Han et al. 2014; de Beer et al., 2008), but with different carbonate 

ionophere that was designed by Lee et al., (2004). CO3
2- microelectrodes were 

calibrated in CO3
2- standard solutions with five different concentrations ranging from 

50 to 500 µmol/L. By adding HCl or NaHCO3 into the seawater we collected from 

Gulf of Mexico, we shifted the carbonate system of seawater by adjusting the pH. 

Carbonate concentration gradients were set up at about 50, 150, 250, 350, and 500 

µmol/L by controlled amount of HCl and NaHCO3 added. Standard solutions were 
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then bubbled with air for 24 hours to make sure there is no further exchange of CO2 

with air during the experiment. Finally CO3
2- concentrations were precisely calculated 

by CO2SYS with total alkalinity and pH measured by Gran titration and Ross 

electrode. 

Ca2+ microelectrodes (de Beer et al., 2000) were calibrated with calcium 

standard solutions (5 mmol/L, 10 mmol/L, 20 mmol/L). To prepare these standard 

solutions, a known amount of CaCO3 powder was in HCl and diluted with artificial 

seawater that lacked calcium. Different concentrations were made by serial dilution.  

Ag/AgCl wire was used to connect microelectrode and pH meter. To ensure 

the accuracy of measurement, same Ag/AgCl wire was used for calibration and 

measurement.   

Performances of our microelectrodes are showed in Table 2-1.  

 

Table 2-1   Performances of pH, CO3
2-, and Ca2+ microelectrodes. 

Microelectrode Response Range Slope (mV/pH) Lifetime (days) t98 (S) 

Drift 

mV/Hour 

pH pH 5.5 - 12 58±2 14 5 0.5 

Ca2+ 5 - 30 mM 29±1 7 5 0.6 

CO3
2- 90 - 300 µM 30±1 3 5 0.5 

 

2.2.1.3 Experiments setup.  
 

A coral fragment was placed in a water bath at 26 °C for microsensor 

measurements. Artificial seawater was circulated inside water bath cell by a stir bar at 
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a constant rate. The overlying seawater had a salinity of 35‰, pH 8.2–8.3 and final 

total alkalinity of approximately 1.8 mmol/L. Light was incident vertically from above 

using a Fiber-Lite (Dolan-Jenner Industries Inc., USA) at a constant light intensity 

(500 µmol photons /m2/s). Microelectrodes were positioned vertically toward the coral 

polyp by a micromanipulator (Kloehn Co. LTD) that was controlled by a laptop. The 

output of the pH meter was recorded and analyzed using custom software. With the 

aid of a microscope, the surface of coral polyp was precisely observed by moving the 

microelectrode toward the polyp and this depth was marked as 0 depth for later data 

analysis. 

 

 

Figure 2-2  Experiment set up. Coral microelectrode setup with the coral T. reniformis 
in the seawater chamber Microelectrode was connected with a pH meter at the right of 
the figure.  
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Microelectrodes were stabilized again in the bulk solution and then moved into 

coral polyp and stopped at a depth of 500 µm. According to our early profiles, this 

depth could capture a highest photosynthesis rate and would be less affected by tissue 

movement the locations closer to the surface. The surface position (depth=0) was 

determined by slowly moving the microelectrode toward coral mouth while observing 

the coral movement under a microscope. Light intensity was set up as 500 µmol 

photons /m2/s and was cycled on and off every ~10 minutes.  

 

Figure 2-3 Microelectrodes on coral O. faveolata (left), and T. reniformis (right). 
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2.2.2 Carbonate chemistry calculation 

 
Measured pH on the NBS scale was converted to the total pH scale using 

following equation: 

pHT = pHNBS – 0.1        [eq 1] 

To calculate the carbonate chemistry inside the coral polyp, the measured pH 

and CO3
2- were used to calculate the other carbonate system parameters. The equations 

used were as follows with the definition of terms listed in Table 2-2: 

  

 [CO2aq+H2CO3] = [H+]2*[CO3
2-]/(K1*K2)     [eq 2]  

  

pCO2 = [CO2aq+H2CO3] /KH       [eq3] 
 

DIC = [CO2aq+H2CO3] + [HCO3
-] + [CO3

2-] = [CO3
2-] ([H+]2/(K1*K2) + [H+]/K2 + 1)           

[eq 4] 

 
C-Alk = [CO3

2-] ([H+]/K2 + 2)      [eq 5] 

   
B-Alk = [B(OH)4

-] = TB*KB/([H+]+KB),      [eq 6] 

 
TAlk = C-Alk + B-Alk       [eq 7] 

 
pH and CO3

2- data were recorded every 5 seconds and calculated for average 

value. TA and DIC were calculated by equation 1-7.   
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Table 2-2  Definition of terms in equations 1-7. 
 
pHT  Total pH scale 

pHNBS pH in NBS 

TB  Total B concentration in seawater. (Lee et al., 2010) 

Ksp-arag  The solubility constant of aragonite 

TB,  Total B concentration in seawater(Lee et al., 2010) 

KB  The dissociation constant of boric acid in seawater 

[CO2aq]  >99.5% of the total (Morel and Hering, 1992),(Dickson, 1993) 

K1 The first dissociation constants of carbonic acid 

K2 The second dissociation constants of carbonic acid 

 

2.2.3    Model 

2.2.3.1 Overview of the model 
This model is based on the ‘‘trans’’ calcification concept (McConnaughey and 

Falk 1991; McConnaughey and Whelan 1997; Allemand et al., 2004) and modified 

from Nakamura et al. (2013). Three components of the coral polyp system were 

included in this model: the ambient seawater, coelenteron and calcifying fluid. But as 

we only focus on TA and DIC, our model is expressed with six variables: (1) total 

alkalinity (TA) in the ambient seawater (TAamb); (2) total dissolved inorganic carbon 

(DIC) in the ambient seawater (DICamb); (3) TA in the coelenteron (TAcoe); (4) DIC 

in the coelenteron (DICcoe); (5) TA in the calcifying fluid (TAcal); and (6) DIC in the 

calcifying fluid (DICcal). 
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Figure 2-4  A schematic diagram of the coral polyp model. Three compartments and 
six parameters were used in simulation.  
 

2.2.3.2 Governing equations of the mass conservation model 

 
Calcification, photosynthesis and physical diffusion are the three main 

processes that affect the TA and DIC in this model. Calcification is the main processes 

inside the coral that would alter both TA and DIC: when 1 mole of CaCO3 is 

produced, TA decreases by 2 moles and DIC decreases by 1 mole. The 𝐻! flux via 

Ca-ATPase (FH), on the other hand, would only affect the TA: when 1 mole of 𝐻! is 

pumped out from calcifying fluid (CF), 1 mole of TA is produced in calcifying space 

and 1 mole of TA is consumed in the coelenteron.  Photosynthesis would alter DIC in 

coelenteron: when 1 mole C is produced, DIC is decreased by 1. Physical diffusion 
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also works to affect the chemical concentrations. The diffusion rate is determined by 

the concentration gradient of different components, and mass transfer coefficients 

between compartments.  

 

2.2.3.3  Mass balance equation 

 
Inside the calcifying fluid, physical diffusion, calcification and 𝐻! pump affect 

the carbon system. Therefore, to summarize all the fluxes, the TA and DIC dynamics 

in the calcifying fluid are expressed as follows: 

 

!!"!"#
!"

= (−2𝐺 + 𝐹! + 𝐹!!!!)
!

!!"#
                                                                        [eq 8]  

!!"#!"#
!"

= (−𝐺 + 𝐹!"! + 𝐹!"!!!)
!

!!"#
                                                                      [eq9] 

in which G is the calcification rate, FH is the H+ flux by H+ pumping, FTApp and 

FDICpp are TA  and DIC fluxes through the paracellular pathway. FCO2 is the CO2 flux 

from the coelenteron to the calcifying fluid. Values or calculations of the parameters 

were shown in Table 2-3 and Equations 16-17. 

Here we assume the calcification rate and H! pump rate are zero in dark 

because both of these processes requires energy, which is supported by 

photosynthesis.  

 Inside the coelenteron, H! pumping, physical diffusion with and overlying 

seawater and exchange through paracellular pathway with calcifying fluid affect the 



 27 

flux of TA. From Agostini et al., (2012), the release of organic acid also contributes a 

certain part of TA increase. 

!!"!"#
!"

= (−𝐹! − 𝐹!!!! + 𝐹!!!"##)
!

!!"#
                                                             [eq10] 

 

!!"#!"#
!"

= (−𝑃   + 𝑅 − 𝐹!"! − 𝐹!"!!! + 𝐹!"!!"## + 𝐹!"#!"#$)
!

!!"#
                        [eq11]                                                     

 

 In overlying seawater, because our chamber is an open system, our overlying 

seawater kept an stable TA and DIC concentrations at 2.4 mmol/L and 1.5 mmol/L. 

             

2.2.3.4  Physical diffusion 
The TA, DIC and DO physical diffusion between overlaying seawater and 

coelenteron through coral polyp mouth are driving by concentration gradient. Positive 

or negative value indicates the direction of each flux.  

The physical diffusion flux are expressed as follows: 

                                                      [eq12] 

where S is the mass transfer velocity. According to Hearn et al., (2001), S is expressed 

as following regression equation: 

                                                   [eq13] 

where t is the shear stress and can be calculated by: 
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                                                   τ  = !
!
𝐶!𝑈!ρ,                                                    [eq14] 

where ρ is the sea water density and Cb is the bottom drag coefficient, and U is the 

bulk horizontal current velocity.  

Anther diffusion pathway between the coelenteron and the calcifying fluid is 

molecular CO2 diffusion across the membrane. The CO2 flux through the membrane is 

expressed as the gradient difference between the concentrations of CO2 in the 

calcifying fluid and in the coelenteron fluid: 

                                           [eq15] 

where kCO2 is the permeability coefficient. The CO2* values can be calculated from 

TA and DIC using CO2SYS (Dickson et al., 2007).  

 

2.2.3.5 Paracellular pathway 

 
The transport of TA and DIC between the coelenteron and the calcifying fluid 

were via the paracellular pathway (FTA_pp and FDIC_pp, respectively). These fluxes 

are expressed as follows: 

                                        [eq16] 

                                            [eq17] 

where kpp is coefficient for the paracellular transport. 
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2.3 Numerical simulation with the mass conservation model 
 

A central difference scheme is used for converting a differential equation into a 

set of algebraic equations at each grid point (Boudreau, 1997). The numerical 

simulation code was written in Matlab. The parameter values and the initial conditions 

are listed in Tables 2-3 and 2-4. “Profile data” in Table 2-3 and Table 2-4 include both 

directly measured data from our earlier pH, CO3
2-, and Ca2+ profiles with 

microelectrodes (Cai et al., submitted), and calculated value with Equation 1-7(e.g., 

calcification rate, TA, and DIC).  

 

Table 2-3  The parameter values used in the model simulations 
 

Symbol Description Value Unit From 

hcoe Thickness of coelenteron 3000 mm Profile data 

hcal Thickness of calcifying fluid 10 mm Profile data 

P Photosynthesis rate 1.5*10-5 mol/m2/s Assumed 

R Respiration rate 1.4*10-5 mol/m2/s Assumed 

kpp 
 

Conductivity through the 

paracellular pathway 

 
3.0*10-10 

 
m/s 

 
Tuning 

Cb Bottom drag coefficient 0.01  Reidenbach 
etal.(2006) 

G Calcification rate 2.1*10-5 mol/m2/s Profile data 

𝐹! H+ flux through Ca-ATPase 2.1*10-5 mol/m2/s Tuning 
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Table 2-4  The initial conditions of the model simulations 
Symbol Description Value Unit 

TAsw TA in overlaying seawater 2400 µmol/L 

TAcoe TA in coelenteron 1800 µmol/L 

TAcf TA in calcifying fluid 1500 µmol/L 

DICsw DIC in overlaying seawater 1500 µmol/L 

DICcoe DIC in coelenteron 1400 µmol/L 

DICcf DIC in calcifying fluid 1400 µmol/L 

 

 

2.4 Result and discussion 

2.4.1 pH, CO3
2-, and Ca2+ dynamics.   

 
The effects of switching the light on were measured inside coral polyp, at a 

depth of 500 µm. The pH, CO3
2-, and Ca2+ in the gastric cavity exhibited variations 

in the light (Figure 2-5, Figure 2-6). Ion concentrations changed inside the coral 

polyp immediately in response to changes in light intensity. After turning on the light, 

pH and CO3
2- concentrations increased within a few seconds and decreased right after 

we turned off the light. The Ca2+ dynamics showed an opposite pattern, decreasing in 

the light and increasing in the dark. The concentration changes were about ±0.5 unit-

pH for proton, ±100 µmol/L for CO3
2-, and ±1 mM for Ca2+.   
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Figure 2-5  pH, CO3
2-, and Ca2+ dynamic on coral O. faveolata.  

 
  
 For coral Orbicella faveolata, pH increased reaching its highest value at 8.7 

during the light and dropping to its lowest point of ~7.5 after 10 min in dark. CO3
2- 

concentration reached its highest value at ~350 µmol/L after 10 min in light and 

decreased to ~220 µmol/L in the dark. The calcium concentration decreased in the 

light due to calcification and it had a minimum value of ~7 mmol/L, and a maximal 

value at ~10 mmol/L in the dark. For pH and CO3
2- concentrations, the rates of change 

were not always the same. Most of the time, pH and [CO3
2-] dropped sharply as we 

turned off the light. But during the light period, the rate is relatively steady. The rates 

of Ca2+ concentration changes were always approximately the same.  
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Figure 2-6  pH, [CO3

2-], and [Ca2+] dynamic on coral T. reinform.  
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In Tubinaria reinformis, we obtained similar results. The range of pH, [CO3

2-], 

and [Ca2+] swings between light and dark periods were only slightly different from 

those observed in O. faveolata.  Unlike O. faveolata, the pH and [CO3
2-] rates of 

change are relatively steady for T. reinformis, which may be a result of the widely 

opened mouth. But the calcium concentrations changed very rapidly when we turn 

on/off the light, which indicates the system reached steady state. 

 
 

2.4.2 Total alkalinity and dissolved inorganic carbon concentrations: 

experimental data vs simulation result. 

 

 
Figure 2-7  Calculated TA and DIC concentrations based on averaged pH and CO3

2- 

data. 0-600s indicate dark and 600-1200s is in light.  
 

As shown above, our calculated TA and DIC both decreased in light and 

increased during the dark period. TA increased from ~1800 µmol/L to ~2800 µmol /L 
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while DIC increased from ~1400 µmol/L to ~2400 µmol/L. The rate of increase was 

higher at first then became steady as the time approached 10 min. After we turned on 

the light, TA and DIC both dropped immediately. TA dropped from ~2800 µmol/L to 

1800 µmol/L and DIC dropped from ~2400 µmol/L to ~1400 µmol/L. Both of their 

final values are slightly lower than initial conditions.   

 

 

Figure 2-8  Simulation result of TA and DIC in coelenteron verse experimental data. 
Black star and red cycle are experimental DIC and TA. Black and red lines are the 
simulated DIC and TA.  0-600 seconds indicate dark and 600-1200 seconds is in light. 

 

The results of our initial simulation are shown in Figure 2-8. TA inside coral 

coelenteron reached ~2400 µmol/L in dark and went back down to 1800 µmol/L in the 

light. Similar to TA, DIC reached ~2800 µmol/L in dark and 1400 µmol/L in light. 

Our modeling results fit with the trend of experimental data but our simulated highest 

TA is ~400 µmol/L lower than experiment data and the highest modeled DIC is ~300 
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µmol/L higher. According to our simulation, the TA increase in the dark is due to 

physical diffusion into the coelenteron from overlying seawater. The DIC increase is 

due to respiration and diffusion. The rate of increase was fast at the beginning and 

became slower after the coelenteron TA concentration approached the overlying 

seawater, a trend that agreed with our experimental data. In the light, our model also 

showed a shift from rapid concentration changes initially to slower changes reaching a 

steady-state by approximately 10 min. For both TA and DIC, the concentrations 

dropped with a high rate immediately because both calcification and physical diffusion 

favor the decrease trend. As TA and DIC concentrations in the model kept dropping, 

the coelenteron concentrations approached that of the overlying seawater, which 

changed the net effect of physical diffusion and caused a lower rate of decrease. But 

the experimental data showed a steadier rate of decrease, which indicates the present 

of some factors that prevented the acute concentration change. Here we assume some 

buffering systems might work to resistant the pH change, and so modifying the rate of 

change of TA and DIC.  

To explain the difference between simulations and experimental data, we 

considered the following possibilities:  

1. Experimental error. According to our model, if there is no extra TA supply 

at dark, the concentration of coelenteron won’t be able to succeed the overlying 

seawater level, which is 2400 µmol/L for our experiment. But a high coelenteron TA 

value exceeding that of seawater was also measured by the complimentary micro-
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titration technique (Agostini et al., 2012). Beside, the microelectrode technique have 

been developed and tested for decades and we performed testing and calibration on 

both pH and [CO3
2- ] in every trial. Thus, we have confidence in our data. But corals 

are living organisms, it’s impossible for us to control their inside microenvironment, 

which may result in slightly difference among coral polyps and there could be 

mismatch as our pH and [CO3
2- ] data were not measured at the same polyp and same 

time.  

2. There might be an unknown TA pool in coelenteron that supplied extra 

alkalinity. If our experimental TA and DIC are correct, there must be another TA pool 

during the dark period, which allowed the TA to exceed that of the overlying seawater. 

Here we posit the presence of an additional “TA pool” and we develop our alkalinity 

mass balance equations as: 

 

!!"!"#
!"

= (−2𝐺 + 𝐹! + 𝐹!!!!)
!

!!"#
                                                                  [eq18] 

!!"!"#
!"

= −𝐹! − 𝐹!!!! + 𝐹!!!"## + 𝐹!!!""#
!

!!"#
                                                                                              [eq19] 

 

 Having defined this unknown alkalinity pool, we need to consider its source 

and whether DIC accompanies TA in this source. Here we considered two different 

assumptions: i) this TA pool only include inorganic alkalinity; ii) it only include 

organic alkalinity. As an inorganic TA source, according to Redfield ration, the rate of 
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TA/DIC change would fit a ration of 17:106, thus 𝐹!"#!""# = − !"#
!"
∗ 𝐹!!!""# . If this is 

an inorganic alkalinity source, our DIC mass balance equation will be developed as: 

!!"#!"#
!"

= (−𝐺 + 𝐹!"! + 𝐹!"!!!)
!

!!"#
                                                                  [eq20] 

!!"#!"#
!"

= −𝑃   + 𝑅 − 𝐹!"! − 𝐹!"!!! + 𝐹!"!!"## + 𝐹!"#!""#
!

!!"#
                                                    [eq21] 

 The simulation result for assumption I is shown in Figure 2-9. By tuning the 

input rate of the TA pool; the TA simulation result successfully fitted our experimental 

data but the DIC concentration reached a very small value at ~500 µmol/L, which is 

much too low, so we ruled out assumption I.  

 

Figure 2-9  Assumption I: Modeling result of TA and DIC in coelenteron verse 
experimental data. Black star and red cycle are experimental DIC and TA. Black and 
red lines are the simulated DIC and TA.  0-600 seconds indicate dark and 600-1200 
seconds is in light. 

 

 
If the additional “TA pool” is an organic alkalinity source, it will only affect 

TA, our DIC mass balance equations still remain the same. 
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!!"#!"#
!"

= (−𝐺 + 𝐹!"! + 𝐹!"!!!)
!

!!"#
                                                                      [eq22] 

!!"#!"#
!"

= −𝑃   + 𝑅 − 𝐹!"! − 𝐹!"!!! + 𝐹!"!!"##
!

!!"#
                                                                                                    [eq23] 

Simulation result of assumption II is shown in Figure 2-10. Coelenteron DIC 

concentration is still lower than expected, but fits better comparing to assumption I, 

which indicate that this part of unknown TA doesn’t come from signal source but 

comes both organic and inorganic way.  

 

Figure 2-10  Assumption II: Modeling result of TA and DIC in coelenteron verse 
experimental data. Black star and red cycle are experimental DIC and TA. Black and 
red lines are the simulated DIC and TA.  0-600 seconds indicate dark and 600-1200 
seconds is in light. 
 

By analysis our experimental data, we calculated the ratio of organic and 

inorganic TA (Figure 2-11). About 40% of TA increase in dark was due to this 

unknown TA pool and the simulation will perfectly fit our data if 15% of the unknown 

TA is from an inorganic source.  
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Figure 2-11  Final simulation result: 85% of unknown TA comes from organic 
sources. Black star and red cycle are experimental DIC and TA. Black and red lines 
are the simulated DIC and TA.  0-600 seconds indicate dark and 600-1200 seconds is 
in light. 
 
 

 

 

2.5 Conclusion 
 
 This work is the first to successfully measure CO3

2- concentrations inside coral 

polyps, which enabled the calculation of other parameters in the carbon system. We 

can only estimate a range of TA and DIC because we can’t get both pH and CO3
2- data 

on a same polyp at the same time, the calculated TA and DIC couldn’t be precisely 

enough. In the next step, we will try to combine pH and CO3
2- electrode together to 

avoid uncertainty during TA/DIC calculation.  However, our data basically fit with 

earlier micro-titration result by Agostini et al., (2012), in trend and approximate 
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concentrations, which indicates that our initial measurements of TA/DIC derived from 

independent pH and CO3
2- profiles were reasonable. In our model, we assumed 

calcification rate and H+ flux are zero in dark because of the lack of energy, and 

consider respiration rate are the same in both light and dark environment. However as 

much work on “light enhanced calcification” and respiration phenomenon have been 

conducted, we should find a better way to describe theses variables and have a better 

understanding of the rate of changes.  
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Chapter 3 

CONCLUSIONS 

 

In this research, we successful measured pH and CO3
2- concentration at 

different layers of coral polyps with microelectrodes. In chapter 1, we focused on 

calcifying fluid at a single time point and in chapter 2 we measured one-hour pH and 

CO3
2- dynamics in coelenteron with light turned on and off.  

 

 In chapter 1, our pH and CO3
2- profile data in calcifying fluid supports the H+ 

pumping mechanism and the whole carbon system at calcifying fluid were composed 

with the combined pH and CO3
2- data. Furthermore, with the value of different carbon 

species, we analysis their sources and find out how coral controlled their inner 

environment to against ocean acidification. 

 

In chapter 2, the light affected pH, CO3
2-, and Ca2+ dynamics in coral 

coelenteron were measured with microelectrode. Concentrations changes were fit the 

process of photosynthesis and earlier research.  By analyzing pH and CO3
2- 

concentration change, we got the result of light effected TA and DIC dynamics. A 3-

box model was created to analysis the sources of TA and DIC in coelenteron and 

calculated the rate of different resources.  
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Appendix A 

SUPPLEMENTARY MATERIALS 

I. Sample	  collection	  and	  maintenance	  
 

The measurements focused on three species of corals: Orbicella faveolata, 

Turbinaria reniformis and Acropora millepora. All species contain photosynthetic 

endosymbionts, often called zooxanthellae (Symbiodinium spp.), and form an 

aragonite skeleton. Small fragments of Orbicella faveolata were sampled from the 

Florida Keys (GPS coordinates) in month/year from xx depth and transported to the 

laboratory in University of Georgia (Florida Keys National Marine Sanctuary permit 

2014-015). Turbinaria reniformis and Acropora millepora were collected between 3–

10 m depth in northwest Fiji (17°29’19”S, 177°23’39”E) in April 2011 and shipped to 

Reef Systems Coral Farm in New Albany, OH, where they were maintained in 

recirculating indoor aquaria with natural light (greenhouse, 700–1000 µmol quanta 

m−2 s−1) and commercially available artificial seawater (Instant Ocean Reef Crystals) 

for at least 2 weeks before shipping to the Cai lab at the University of Georgia. Corals 

were acclimated to a closed-system laboratory aquarium with artificial seawater at 

26°C with light levels of about 200 µmol photons /m2/s for at least two weeks prior to 

conducting pH and CO3
2- profile measurements. Fragments of same species were 

collect from the same coral colonies.   
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II.  Microelectrode construction and properties 

pH microelectrodes (Cai et al., 2000; Zhao and Cai, 1999) and CO3
2- 

microelectrodes (de Beer et al., 2008; Han et al., 2014) were constructed as previously 

described. We made our microelectrodes with a tip diameter between 10-15 µm 

(Figure A1), which enabled us to make pH measurements along a profile into the coral 

polyp. pH microelectrodes were calibrated with three commercial pH NBS standard 

buffers ( pH=4,7, and 10) at 26 °C.  

 

 

 

 

 

 

 

Figure A1. pH microelectrode with a tip diameter between 15-20 µm. The 

microelectrode was photographed at 400x under a dissecting microscope. Note the 

microelectrode tip is flat and thus the vertical sensing resolution is believe to be only a 

few µm. 
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CO3
2- microelectrodes were calibrated in CO3

2- standard solutions (Han et al., 

2014). Carbonate concentrations were set at approximately 50, 150, 250, 350, and 500 

µmol/L by adding controlled amounts of HCl and NaHCO3 into filtered seawater 

collected from the Gulf of Mexico. Standard solutions were then bubbled with air for 

24 hours to minimize further exchange of CO2 with air during the experiment. Finally, 

CO3
2- concentrations were precisely calculated by CO2SYS with total alkalinity and 

pH measured by Gran titration and a Ross electrode, respectively. 

 

III. Coral microelectrode measurement setup and microelectrode stability 

For each coral microprofile, a coral was placed in the microelectrode setup 

chamber (Figure A2) under 500 µmol photons /m2/s of light in recirculating artificial 

seawater that was maintained under conditions shown in Tables A1, A2 and A3 for a 

maximum of 20-60 minutes. A stir bar provided seawater mixing within the chamber 

and a combination glass electrode was used to provide a reference pH and to monitor 

pH change in the water. During profile measurements, a calibrated Orion Ross glass 

electrode (NBS scale buffer solutions, 4.01, 7.00 and 10.01) was used in the overlying 

water as a reference. The microelectrode was inserted directly into a polyp mouth and 

advanced at 5 to 50 µm increments.  Repeated pH profiles in the same coral polyp 

were highly reproducible (Figure A3a, b). 
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  As with the pH profiles, during initial work, CO3
2- microelectrodes were 

inserted into each polyp twice (Figure A4). At the end of the 1st insertion, the electrode 

was retrieved back to the overlying water and read the same (previous) value. Even 

though the coral contracted (in this example, the zero depth moved downward) due to 

the microprobe insertion causing some variability in CO3
2- profiles, duplicate profiles 

on the same polyp were highly reproducible over 30-60 minutes. 

 

 

 

Figure A2 Coral microelectrode setup with 

the coral Turbinaria reniformis in the 

seawater chamber. 
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Figure A3  pH microelectrode electrode performance and stability test, showing 

repeated pHNBS microelectrode profile readings inside a T. reniformis (a) and A. 

millepora (b) coral polyp. Repeated profiles are listed as first (blue), second (red), and 

third (gray).  The boundary between the coral mouth and seawater is shown with a 

dashed line bisected by a yellow square. 

 

 

 

 

 

a b 
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Figure A4  Duplicate CO3
2- microelectrode profiles on T. reniformis. At the second 

insert, the polyp contracted, and thus the interface moved down. If the depths are 

adjusted, the two profiles are highly repeatable. Repeated profiles are listed as first 

(blue) and second (red).  The boundary between the coral mouth and seawater is 

shown with a dashed line bisected by a yellow square. 
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Table A1  Measurement conditions for each pHNBS and CO3
2- profile for the coral 

Orbicella faveolata. 

 Date Salinity pH T 

(°C) 

TA 

(mmol/L) 

pH1 04/22/2013 35.5 8.26 26.0 1.790 

pH 2 05/07/2013 35.0 8.19 26.0 1.701 

CO3
2- 08/18/2013 35.0 8.17 26.0 1.700 

 

Table A2  Measurement conditions for each pHNBS and CO3
2- profile for the coral 

Turbinaria reniformis  

 Date 

 

Salinity pH T 

(°C) 

TA 

(mmol/L) 

pH1 01/09/2015 35.0 8.17 26.0 1.790 

pH2 10/07/2012 35.0 8.01 26.0 2.040 

CO3
2- 1 07/11/2013 35.5 8.30 26.0 1.690 

CO3
2- 2 05/15/2013 35.0 8.24 26.0 2.087 
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Table A3  Measurement conditions for each pHNBS and CO3
2- profile for the coral 

Acropora millepora.   

 Date 

 

Salinity pH T 

(°C) 

TA 

(mmol/L) 

pH 09/20/2012 35.0 8.30 26.0 1.790 

CO3
2-  08/01/2013 35.0 8.10 26.0 1.611 

 

 

IV. pH and carbonate chemistry inside the coral polyp 

Measured pH on the NBS scale was converted to the total pH scale using methods 

described in Dickson (1993) where roughly,   

pHT = pHNBS – 0.1        [eq 1] 

To calculate the carbonate chemistry inside the coral polyp, the measured pH and 

CO3
2- were used to calculate the other carbonate species.  The equations used were as 

follows with the definition of terms listed in Table A4: 

[CO2aq+H2CO3] = [H+]2*[CO3
2-]/(K1*K2)     [eq 2]  

 Note in the main text, [CO2aq+H2CO3] are simply given as [CO2]. 

pCO2 = [CO2aq+H2CO3] /KH       [eq3] 

DIC = [CO2aq+H2CO3] + [HCO3
-] + [CO3

2-] = [CO3
2-] ([H+]2/(K1*K2) + [H+]/K2 + 1)

 [eq 4] 
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C-Alk = [CO3
2-] ([H+]/K2 + 2)      [eq 5] 

B-Alk = [B(OH)4
-] = TB*KB/([H+]+KB),      [eq 6] 

TAlk = C-Alk + B-Alk       [eq 7] 

Ωarag = [Ca2+][ CO3
2-]/Ksp-arag,                                                               [eq 8] 

 

 

Table A4  Definition of terms in equations 1-8 

pHT  pH on the total scale 

pHNBS pH on the NBS scale 

TB  Total B concentration in seawater (Lee et al., 2010) 

Ksp-arag  The solubility constant of aragonite 

TB  Total B concentration in seawater (Lee et al., 2010) 

KB  The dissociation constant of boric acid in seawater 

[CO2aq]  Aqueous CO2, >99.5% of the total molecular CO2 

(Morel and Hering, 1992) (Dickson, 1993). 

K1 The first dissociation constants of carbonic acid 

K2 The second dissociation constants of carbonic acid 
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Average carbonate chemistry values were calculated for the overlying 

seawater, upper coelenteron (the upper quarter of a profile, ~300-500 µm deep), and 

bottom of the coelenteron (the bottom quarter of a profile) (Table A5).  Based on these 

findings, likely combinations of carbonate chemistry for the calcifying fluid were 

calculated by equations 1-8 (Table A4).   

Next, using the calculated [CO2] gradient from Table A5, CO2 flux ( ) 

from the coelenteron into the calcifying fluid was calculated using two methods. Note 

the [CO2] gradient determined by the microelectrode data (Table A5) is not affected 

much by the uncertainty caused by relatively large pH and [CO3
2-] ranges inside the 

calcifying fluid as [CO2] is nearly 0 (that is an uncertainty of  [CO2] between 0.5 and 

0.1 µmol/kg only changes  [CO2] gradient from 29.9 to 30.3 µmol/kg). The two 

methods are described in the main text (Methods).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2COF
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Table A5. pH, [CO3

2-], DIC, TAlk, [CO2] (in µmol/kg),  pCO2, and Ωarag values inside 

an average  coral polyp (data were averaged for all three species in Fig. 2 across their 

relative depth profiles). Upper coelenteron is the first quarter of a profile where a 

larger pH and CO3
2- increase were observed, usually at 300-500 µm. Bottom 

coelenteron is the last quarter of a profile, usually 0-500 mm above the calcifying 

fluid. CO2 flux calculation (see methods below) into the calcification layer is 

calculated based on data in the two highlighted rows.  

Zone pH  [CO3
2-] DIC TAlk  [CO2aq]   pCO2 Ωarag 

Seawater 8.2 183 1479 1759 6.95 252 2.92 

Upper 

coelenteron 

8.5 320 1453 1937 3.05 111 5.10 

Bottom 

coelenteron 

7.7 80 1893 1982 30.4 1100 1.28 

Likely 

combinations 

of the 

calcifying 

fluid 

 

8.7 500 1616 2330 1.90 68.7 7.97 

8.9 700 1685 2649 1.06 38.3 11.2 

9.1 900 1699 2907 0.54 19.6 14.3 

9.5 1100 1489 2962 0.10 3.80 17.5 

10.2 1400 1271 3318 0.01 0.19 22.3 
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CO2 flux over 100 or 50 µm distance (mmol m-2d-

1) 

Or µmol cm-2d-1 

Or nmol cm-2h-1 

51.5-103.0 

5.15-10.3 

217-433 
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Appendix B 

PERMISSION LETTER 

 


