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ABSTRACT 
 

Understanding the long-term ecosystem level impacts of ocean acidification on 

marine environments is critical to informing national and international policies on carbon 

emission targets. However, key to understanding such long-term impacts is the ability of 

projection models to scale up short-term physiological responses to long-term ecosystem- 

level impacts. This thesis aims to improve upon previous models projecting the impacts of 

ocean acidification on coral reefs by incorporating the effects of ocean acidification on every 

stage of the coral life cycle, and also by deepening our understanding of how flow potentially 

influences the effects of ocean acidification on calcification. 

Experimental studies investigating the effects of ocean acidification on calcification 

have produced a wide range of responses. However, as yet there have been no attempts to 

produce a summary response that can be used in projection models. Thus in Chapter 2, I use 

regression-based meta-analysis to produce a quantitative summary of the effect of ocean 

acidification on calcification from all existing experimental studies. I also test several factors 

that may explain significant amounts of variability in experimental results so far. The effect 

of ocean acidification on calcification was found to be less sensitive than originally thought, 

~15% per unit change in aragonite saturation state (ΩArag). I also found that studies 

employing buoyant weighting found significantly smaller decreases in calcification per unit 

ΩArag (~10%), compared to studies using the alkalinity anomaly technique (~25%). 

Despite recent studies suggesting that coral recruitment (when including the effects on 

crustose coralline algae) is very sensitive to ocean acidification, projection models to date 

have yet to take into account the effects of ocean acidification on pre- and post-settlement 

stages of corals. In Chapter 3, I used the quantitative summary from Chapter 2, combined 



 

 

 

with a similar meta-analysis of recruitment, in an integral projection model to evaluate the 

effects of ocean acidification on growth and recruitment on long-term population growth. I 

found that the effects of ocean acidification on recruitment potentially exert more influence 

on long-term population growth rate than the effects of ocean acidification on growth, 

although there is substantial uncertainty associated with recruitment-mediated effects, due to 

the comparative paucity of studies of effects of ocean acidification on this aspect of the life 

cycle. 

The meta-analysis of the effects of ocean acidification on calcification also revealed 

that among-study variation is large. It had been suggested that interactions between ocean 

acidification and other factors might account for a proportion of the variability between 

experimental results. One potential interacting factor that has not received any attention is 

flow, despite its long recognized role in shaping reefs through its influence on mass-transfer 

rates. In Chapter 4, I show, using flume experiments, that flow, through its effects on 

photosynthesis, mediates the effect of ocean acidification on calcification of Acropora secale. 

The interactive effect is large, with the sensitivity of calcification to decreasing ΩArag 

increasing by ~0.5% per cms-1 increase in flow. To elucidate the mechanisms behind the 

flow-ocean acidification interaction, I then use an experimental micro-sensor study to 

parameterize a basic diffusion-reaction-uptake model (Chapter 5). The model predicted tissue 

surface pH well and showed that low flow, through thickening of the diffusive boundary 

layer, increases tissue surface pH. However, these elevations in tissue surface pH have been 

found at relatively low flows that are rarely encountered by corals in nature, suggesting that 

the DBL effect is unlikely to ameliorate the decreases in coral calcification under ocean 

acidification. 



 

 

 

The overarching aim of my thesis was to improve upon previous models projecting 

the impacts of ocean acidification on coral reefs. This is achieved both by incorporating the 

effects of ocean acidification (from all existing experimental studies) on every stage of the 

coral life cycle into projections, and also by deepening our understanding of an important 

interactive factor (flow) that is driving variability in sensitivity of calcification to ocean 

acidification. In a broader context, this thesis provides a template for quantitatively 

summarizing existing knowledge of how demographic rates change in response to a stressor, 

and a modelling framework that can be used to assess the impacts those changes on 

population growth and stability. 
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1. General Introduction 

Due to anthropogenic fossil fuel burning, atmospheric CO2 has risen from pre- 

industrial levels of ~280 ppm to ~380ppm (Sabine et al., 2004, Feely et al., 2009). If fossil 

fuel consumption continues unabated, atmospheric CO2  is projected to double (RCP 6.0 Kw- 

2: stabilization scenario in which total radiative forcing is stabilized shortly after 2100, by the 

application of a range of technologies and strategies) or triple (RCP 8.0: scenario with 

increasing greenhouse gas emissions over time) by the end of this century (IPCC, 2013, Tans, 

2009). This rise in atmospheric CO2 leads not only to global warming, but also a phenomenon 

known as ocean acidification. Ocean acidification refers to the lowering of the pH of the 

oceans due to atmospheric carbon dioxide (CO2) dissolving into the oceans (Doney et al., 

2009). 

Lowering of pH alters the distribution of dissolved inorganic carbon (DIC), which 

comprises 3 species (dissolved carbon dioxide (CO2), bicarbonate (HCO3
-) and carbonate 

ions (CO3
2-)) that are linked by the following reversible chemical reactions: 

 

𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 ↔ 𝐻𝐻2𝐶𝐶𝑂𝑂3 ↔ 𝐻𝐻𝐶𝐶𝑂𝑂− + 𝐻𝐻+ ↔ 𝐶𝐶𝑂𝑂2− + 2𝐻𝐻+ (Zeebe and Wolf-Gladrow, 2001) 

 

The distribution of these chemical species is set by the two equilibrium constants that 

describe the acid/base reactions of inorganic carbon in seawater: 

 

[𝐻𝐻𝐶𝐶𝑂𝑂−][𝐻𝐻+] [𝐶𝐶𝑂𝑂2−][𝐻𝐻+] 

𝐾𝐾1 = and 𝐾𝐾2 = 
[𝐶𝐶𝑂𝑂2] [𝐻𝐻𝐶𝐶𝑂𝑂−] Eqn 1.1 

 

where [X] is the total concentration of component X in seawater, and K1 and K2 are the 

equilibrium constants which depend on temperature, salinity and pressure (Dickson and 

Millero, 1987). Speciation depends strongly on pH (pH = –log10[H+]). In ‘standard’ surface 

seawater pHT of ~8.05, the distribution is 90% HCO3
-, 10% CO3

2-, <1% CO2. Ocean 
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acidification leads to an increase in hydrogen ions (H+) and HCO3
-, and a decrease in CO2 & 

CO3
2-. 

1.1 Ocean acidification: Implications for reef-building corals 
Aragonite saturation state (ΩArag) is a measure of the thermodynamic potential for 

aragonite to precipitate or dissolve, and is described by the following equation:- 

 

Ω𝐴𝐴𝑟𝑟𝑎𝑎𝑔𝑔 = 
[Ca2+][CO2−] 

𝐾𝐾𝑠𝑠𝑝𝑝 
Eqn 1.2 

 

where [Ca2+] and [CO3   ] are concentrations of calcium and carbonate, respectively, and Ksp  

is the solubility constant for a particular mineral phase of CaCO3 (Stumm and Morgan, 1981). 

Ksp is dependent on temperature, salinity and pressure. Due to the concentration of Ca2+ being 

conservative and determined solely by the salinity of the ocean (which generally vary by less 

than +/- 10%), ΩArag is determined entirely by [CO3
2-], temperature and salinity. A value of 

unity means saturation equilibrium (i.e. neither precipitation nor dissolution is 

thermodynamically favoured), while values greater than 1 indicate supersaturation. Present 

day surface seawater is supersaturated with typical values of 3.4-3.8 at temperature of 25°C 

and salinity of 35ppt (Gattuso et al., 1999). ΩArag is expected to decline to about 2.1 – 2.5 

under RCP 6.0 (IPCC, 2013). 

Aragonite (CaCO3) is the specific mineral form of calcium carbonate from which 

coral skeleton is constructed. It is known from chemical theory that the precipitation of 

aragonite is increasingly facilitated as ΩArag increases above 1.0. Changes in the aspect ratio 

of aragonite minerals in coral skeletons grown under low ΩArag indicate reduced rates of 

biomineralization (Cohen and Holcomb, 2009). Because of this, some ocean acidification 

researchers have argued that ocean acidification will slow rates of coral calcification to the 
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point where rates of reef erosion exceed rates of skeletal accretion, leading to widespread loss 

of coral reef ecosystems as we know them (e.g. Silverman et al. 2009). 

The study of the effects of ocean acidification is a relatively new field. Studies 

specifically designed to test the impacts of rising atmospheric CO2 on coral and coral reef 

communities began in the late 1990s (e.g. Marubini & Atkinson, 1999, Gattuso et al. 1999, 

Langdon et al. 2000). Most of these studies have focused on the effects of ocean acidification 

on the calcification of adult coral colonies, but studies investigating the effects of ocean 

acidification on pre- and post- settlement stages are beginning to emerge (see Chua et al. 

2013 for a review). While adult calcification rate has mostly been found to vary positively 

with ΩArag, there has been large variability in their sensitivity: ranging from a 25% increase to 

a 66% decrease in calcification per unit decrease in ΩArag (Pandolfi et al. 2011). Moreover, 

our knowledge of the impacts of ocean acidification is based overwhelmingly on short-term 

experimental studies of individual organisms’ physiological responses. However, it is 

concerns about reef-scale impacts that will inform national and international policies on 

carbon emission targets. Thus, projection models have been employed to scale these 

individual physiological responses up to reef-scale responses. Unfortunately there are 

shortcomings in current projection models that must be addressed if we are to adequately 

project the long-term reef-scale impacts of ocean acidification. 

1.2 Shortcomings in the way effects of ocean acidification are currently 
being modelled 

Firstly, as the primary concern has been the slowing of calcification by ocean 

acidification, many models have (e.g. Silverman et al. 2009, van Hooidonk et al. 2013). 

While projections of this type give important insights into whether reef accretion can keep up 

with erosion, they only tell part of the story. Corals have complex life cycles, with pelagic 

larvae and sessile adults. Ocean acidification has recently been shown to reduce rates of 
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larval recruitment (Albright et al. 2010, Doroupolus et al. 2012, Webster et al. 2013) which 

could have large impacts on population level measures such as abundance, percentage cover, 

and long-term population growth rate, and thus flow on effects for ecosystem level 

calcification. Thus it is necessary to consider the effects of ocean acidification on every part 

of the life cycle of corals. 

Secondly, models predicting the population level impacts of ocean acidification have 

often modelled coral cover in aggregate, using non-size structured models (e.g. Baskett et al. 

2009, Anthony et al. 2011). However, corals have been shown to have size dependent 

fecundity (Hall & Hughes 1996) and mortality (Madin et al. 2014). Ocean acidification 

driven decreases in calcification will lead to either a decrease in growth rate, a decrease in 

skeletal density, or a combination of the two. If it’s a decrease in growth, it will lead to 

decreased fecundity and lifetime reproductive output, and also increased mortality as coral 

colonies spend longer in more vulnerable smaller size classes. If it’s a decrease in skeletal 

density, colonies (especially branching ones) will be less tolerant to wave action and storms, 

leading to decreased niche width and increased mortality, respectively. Thus, non-size 

structured models do not adequately capture the full effect of ocean acidification. 

Thirdly, because there is no good consensus of how calcification declines with ocean 

acidification (the 4th IPCC report reported a 20 – 60% decrease in calcification by 2100, the 

5th IPCC report did not even contain a consensus estimate), most models are based on the 

calcification-ΩArag relationship from a single experimental study. As an example, projections 

in Silverman et al. (2009) are based on the relationship in Silverman et al. (2007), while 

projections in Anthony et al. (2011) based on the relationship in Anthony et al. (2008). The 

only exception is Madin et al. (2012), who explored relationships from three different studies 

that form extremes that bracketed all other relationships (Langdon & Atkinson, 2005, 
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Silverman et al 2007, Anthony et al 2008). As pointed out in the previous section, there is 

large variability in experimental results in the sensitivity of calcification to ocean 

acidification, thus there is a need to quantitatively synthesize existing experimental results 

into an average sensitivity. 

1.3 Interactions between ocean acidification and other factors 
Aside from ΩArag, studies examining environmental limits of coral reefs have 

identified temperate and light as the other primary determinants that potentially affect reef 

distribution, while salinity, hydrodynamic conditions and biological variables have been 

classified as secondary determinants (Kleypas et al., 1999b). A number of studies have 

examined the interactive effects of ocean acidification and temperature, nutrients or light, and 

the results support the position that interactions between ocean acidification and other factors 

may account for a proportion of the variability between experimental results to date 

(Atkinson and Cuet, 2008, Pandolfi et al., 2011). Calcification has generally been found to be 

more sensitive to ocean acidification when corals are also experiencing elevated temperatures 

(Reynaud et al., 2003, Anthony et al., 2008, Edmunds et al., 2012). However, some studies 

have found no interaction between ocean acidification and temperature (Langdon & 

Atkinson, 2005), whereas others have found certain species (e.g., massive Porites) to be 

resistant to both ocean acidification and increases in temperature (Edmunds et al 2012). 

Effects of ocean acidification on calcification have been found to be lessened when nutrients 

are added to the water surrounding corals (Langdon and Atkinson, 2005, Atkinson and Cuet, 

2008, Renegar and Riegl, 2005, Marubini and Atkinson, 1999, Atkinson et al., 1995). The 

interactive effect of light and ocean acidification is more variable. Some have found 

calcification to be more sensitive to ocean acidification under optimum light (compared to 

suboptimum light) (Comeau et al., 2013b, Marubini et al., 2001, Dufault et al., 2013) while 

others have found calcification to be more sensitive to ocean acidification under low light 
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(Suggett et al., 2012). Yet others have found no interaction between light and ocean 

acidification (Comeau et al., 2013a, Langdon and Atkinson, 2005). 

1.4 Flow: a potential interacting factor 
One potential interacting factor that has not received any attention is flow, although 

water-flow rates have a long recognized role in shaping reefs (Done 1983). Numerous studies 

have documented the positive influence of flow on the nutrient uptake rates (Atkinson and 

Bilger, 1992, Thomas and Atkinson, 1997, Reidenbach et al., 2006, Falter et al., 2004, Baird 

and Atkinson, 1997), photosynthetic production (Dennison and Barnes, 1988, Hoogenboom 

and Connolly, 2009, Carpenter and Willaims, 2007) and nitrogen fixation in corals and algae 

(Carpenter et al., 1991, Willaims and Carpenter, 1988), proving that the exchange of 

metabolites between reef communities and their surrounding environment is mass transfer 

limited (Falter et al., 2005, Falter et al., 2004).  The cause of this positive relationship 

between flow and uptake rates is the thin layer of water, where molecular diffusion governs 

the passage of dissolved substances (e.g. nutrients and carbon species), which exists at the 

surface of aquatic organism. This water film, which is typically only 10s to 100s um thick, is 

known as the diffusive boundary layer (DBL) (Falter et al., 2005). The rate at which 

molecules diffuse across DBLs depends both on the thickness of the DBL and on the internal 

and external concentrations of molecules (Fick’s laws: (Nobel 1983)). DBL thickness 

depends on water flow velocity and turbulence. Higher flow leads to thinner DBLs, and thus 

enables greater mass flux across the DBL. Likewise, turbulence leads to an effectively 

thinner DBL and greater mass flux. Under conditions of mass transfer limitation, thinning of 

the DBL can promote transport of metabolites and increase physiological processes. 

Because ocean acidification modifies the external concentration of molecules, the 

effects of ocean acidification on both calcification and photosynthesis have been proposed to 



Chapter 1 

7 

 

 

be linked to the uptake of available carbon (in the form of CO3
2-, HCO3

- or CO2) from bulk 

seawater (Comeau et al., 2012, Schneider and Erez, 2006) and the efflux of excess H+ back 

into bulk seawater (Jokiel 2011a,b). Flow, through its influence on mass transfer would thus 

be expected to interact with ocean acidification. Moreover, flow has also been shown to 

influence particle capture success (Sebens et al., 1997), which could have flow on effects as 

corals have been shown to be less sensitive to ocean acidification when able to feed 

heterotrophically (Edmunds, 2011). 

1.5 Thesis overview 
If we are to truly understand the long-term ecosystem level impacts of ocean 

acidification on coral reefs, we will need projection models that adequately describe the 

effects of ocean acidification on coral populations. This chapter has identified a number of 

areas where research should be targeted in order to improve on existing models projecting the 

future abundance and distribution of reef-building corals. In the first half of the thesis, I focus 

on building a model that takes into account responses of calcification to ocean acidification 

from all available experimental studies and also incorporates the effects of ocean acidification 

on recruitment. In the second half, I aim to reduce the uncertainty in projections by 

investigating the interacting effects of flow and ocean acidification as a potential source of 

variation in the response of calcification to ocean acidification. 

For models to take into account calcification sensitivity from all available 

experimental studies, a better consensus estimate is needed. As noted above, experimental 

studies investigating the effects of ocean acidification on calcification have produced a wide 

range of responses. And while there have been a number of attempts to summarize the data 

(Hendriks et al 2010, Kroeker et al 2010), these attempts only tell us whether there is a 

response, and if there is, whether it is positive or negative. As yet there have been no attempts 
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to produce a summary response that can be used in projection models (i.e. mean % decline in 

calcification per unit decline in ΩArag). Nor have there been attempts to quantify the 

variability in responses. In Chapter 2, I use regression-based meta-analysis to produce a 

quantitative summary of experimental results on the effects of ocean acidification on 

calcification and quantify the variability around this consensus estimate. I also tested whether 

methodological and biological factors that have been hypothesized to drive variation in 

response magnitude explain a significant proportion of the among-study variation. 

There have been many studies investigating the effects of ocean acidification on 

calcification, but only recently have studies investigating the effects of ocean acidification on 

coral recruitment begun to emerge. These studies suggest that coral recruitment (when 

including the effects on crustose coralline algae) is very sensitive to ocean acidification. 

However, projection models to date have yet to take into account the effects of ocean 

acidification on pre- and post-settlement stages of corals. In Chapter 3, I produce a 

quantitative summary of experimental results on the effects of ocean acidification on 

recruitment. Using this estimate and the estimate of sensitivity of calcification to ocean 

acidification from Chapter 2, I build an integral projection model to determine the relative 

impacts of the effects of ocean acidification on growth and recruitment on long-term 

population growth rate, and to assess whether the impacts are additive or synergistic. Studies 

have suggested that life-history traits can predict which corals will be ‘winners’ and ‘losers’ 

in the face of environmental change (Loya et al. 2001, van Woesik et al. 2012), so I also 

investigate if life-history strategy of fast versus slow growing has any effect on the impacts of 

the effects of ocean acidification on long-term population growth rate. 

In Chapters 4 and 5, I attempt to reduce the uncertainty in model projections by 

exploring interactions between ocean acidification and flow. Given that flow affects mass 
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transfer through its effects on the DBL, and the effects of ocean acidification on corals have 

been proposed to be linked to the uptake of available carbon or efflux of excess H+ and O2 

(Mass et al., 2010), flow has been suggested as a factor that could lead to variation between 

predicted responses and actual findings of ocean acidification studies (Hendriks et al., 2010). 

However, no study at the date of commencement of our experiments had looked at the 

interactive effects of flow and ocean acidification on coral metabolism. In Chapter 4, I use a 

flume study to show that flow mediates the effect of ocean acidification on calcification of 

Acropora secale. 
 

Low flow, which leads to increases in tissue surface pH (and thus ΩArag), has been 

shown to ameliorate the effects of ocean acidification in algae through a thickening of the 

DBL (Cornwall et al., 2014). In corals, flow has been shown to influence DBL thickness, 

with lower flows leading to thicker DBLs (de Beer et al., 2000, Jimenez et al., 2011), but so 

far no studies have investigated how flow influences tissue surface pH under either ambient 

or acidified conditions. In Chapter 5, I investigate whether low flows can lead to increases in 

tissue surface pH and thus produce the short-term flow-ocean acidification interaction 

exhibited in Chapter 4. I construct a model to elucidate the factors driving tissue surface pH 

and use microsensor experiments to parameterize and validate the model. Also, it is known 

from engineering literature that morphology could lead to different DBL dynamics 

(Patterson, 1992, Jimenez et al., 2011), so we investigate whether morphological differences 

in DBL dynamics lead to different increases in tissue surface pH. 
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1.6 Publication details 
Chapter 2 of my thesis was published in Global Change Biology in 2013 (Chan & 

Connolly et al 2013). Chapter 4 is currently under review. Chapters 3 and 5 have not yet been 

submitted for publication. 
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2. Sensitivity of coral reef calcification to ocean acidification: a 
meta-analysis 

2.1 Summary 
To date, meta-analyses of effects of ocean acidification have focused on the overall 

strength of evidence for statistically significant responses; however, to anticipate likely 

consequences of ocean acidification, quantitative estimates of the magnitude of likely 

responses are also needed. Here, we use random-effects meta-analysis to produce a 

systematically integrated measure of the distribution of magnitudes of the response of coral 

calcification to decreasing ΩArag. We also tested whether methodological and biological 

factors that have been hypothesized to drive variation in response magnitude explain a 

significant proportion of the among-study variation. We found that the overall mean response 

of coral calcification is ~15% per unit decrease in ΩArag over the range 2<ΩArag <4. Among- 

study variation is large (standard deviation of 8% per unit decrease in ΩArag). Neither 

differences in carbonate chemistry manipulation method, study duration, irradiance level, nor 

study species growth rate explained a significant proportion of the among-study variation. 

However, studies employing buoyant weighting found significantly smaller decreases in 

calcification per unit ΩArag (~10%), compared to studies using the alkalinity anomaly 

technique (~25%). These differences may be due to the greater tendency for the former to 

integrate over light and dark calcification. If the existing body of experimental work is indeed 

representative of likely responses of corals in nature, our results imply that, under business as 

usual conditions, declines in coral calcification by end-of-century will be ~22%, on average, 

or ~15% if only studies integrating light and dark calcification are considered. These values 

are near the low end of published projections, but support the emerging view that variability 

due to local environmental conditions and species composition is likely to be substantial. 
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2.2 Introduction 
Crucial to the capacity of coral reefs to provide various ecological and economic 

goods and services is corals’ ability to form three dimensional skeletal structures through the 

process of calcification (Moberg and Folke, 1999). One ongoing environmental change that 

has potential negative impacts on coral calcification is ocean acidification. Ocean 

acidification refers to the lowering of the pH of the oceans due to rising atmospheric carbon 

dioxide (CO2), which is caused by fossil fuel burning (Sabine et al., 2004). Under the 

Intergovernmental Panel on Climate Change’s “business as usual” (IS92a) scenario, increases 

in atmospheric CO2  will cause oceanic pH to decrease by 0.77 units by the year 2300 

(Caldeira and Wickett, 2003), altering the current distribution of dissolved inorganic carbon 

(DIC) ion species in seawater, causing a reduction in carbonate (CO3
2-) and the saturation 

state of aragonite (ΩArag): 

 

Ω𝐴𝐴𝑟𝑟𝑎𝑎𝑔𝑔 = [Ca2+][CO2−] 
𝐾𝐾𝑠𝑠𝑝𝑝 

Eqn 2.1 

 

Where [Ca2+] and [CO3   ] are concentrations of calcium and carbonate, respectively, and Ksp 

is the solubility constant for a particular mineral phase of CaCO3 (Stumm and Morgan, 1981). 

Changes in ΩArag are of particular relevance for coral calcification because rates of 

precipitation of abiotic aragonite are positively dependent on saturation state (Burton and 

Walter, 1987). Coral reefs in the modern ocean are restricted to regions where oceanic ΩArag 

exceeds ~3.3 (Kleypas et al., 1999b) and coral calcification rate has been found to vary 

positively with ΩArag in experimental studies (Schneider and Erez, 2006). 

Although there is broad agreement that ocean acidification will lead to decreased 

coral calcification, considerable uncertainty remains about the likely magnitude of the effect 

(i.e., the amount by which calcification will decline in response to a given decrease in ΩArag), 
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and about the factors that may drive geographic and inter-specific variation in the 

calcification response. The 4th  IPCC report projected a 20-60% reduction in coral 

calcification with doubling of atmospheric pCO2 (roughly 34% decline in ΩArag), and stated 

that by 2070, many reefs could reach critical ΩArag (IPCC, 2007). A more recent projection 

suggests a response towards the upper end of this range, with many reefs experiencing net 

dissolution by mid-century (Silverman et al., 2009). Some reviews report an average 30% 

decline in calcification in response to doubling of pCO2 (Kleypas et al., 2006) while yet other 

reviews argue that it is still unclear to what extent ocean acidification will influence 

calcification and call for more research (Atkinson and Cuet, 2008). Existing reviews that 

have graphically compared calcification response to ocean acidification from multiple studies 

have all noted both an overall tendency for calcification to decline as ΩArag declines, and a 

high degree of variability in apparent rates of decline. Several hypotheses have been proposed 

to explain this variability (e.g. Langdon & Atkinson 2005; Pandolfi et al 2011; McCulloch et 

al. 2012). For instance, differences in carbonate chemistry manipulation method, duration of 

study, irradiance levels, coral energetic status, and study species growth rate have all been 

proposed as a possible cause of variation in results, but experimental studies explicitly 

investigating these hypotheses have yielded mixed results (Marubini et al., 2001, Marubini et 

al., 2003, Cohen and Holcomb, 2009, Schulz et al., 2009, Krief et al., 2010, Rodolfo-Metalpa 

et al., 2010). Thus, understanding variability in the calcification response remains an active 

research area (Pandolfi et al., 2011). 

The number of experimental studies seeking to estimate the sensitivity of calcification 

to ΩArag has increased dramatically in recent years, but the magnitude of the calcification 

response estimated in these studies has varied enormously, from an increase of 25% to a 

decrease of 66%, per unit decrease in ΩArag. For this body of work to inform our 
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understanding of the likely response of calcification to ocean acidification, a quantitative 

approach to synthesizing the information from these studies is required. Meta-analysis is an 

analytical method for combining evidence from multiple studies, and for identifying the 

factors that explain variation between studies in measured experimental effects (Gurevitch 

and Hedges, 1999). To date, there have only been two meta-analyses published on the effects 

of ocean ocean acidification. Hendriks et al. (2010) examined the survival, metabolism, 

calcification and growth of bivalves, coccolithophores, coral, cyanobacteria, phytoplankton 

and sea grasses, while Kroeker et al. (2010) examined the survival, calcification, growth and 

photosynthesis (where applicable) of calcifying algae, coral, coccolithophores, molluscs, 

echinoderms, crustaceans, fish, fleshy algae and sea grasses. Both studies confirmed that, 

overall, ocean acidification causes a significant decrease in coral calcification. Moreover, 

Kroeker et al. (2010) considered the method of carbonate chemistry manipulation, and the 

duration of experiments, but found no evidence that either explained a significant proportion 

of the among-study variation in effect size (Kroeker et al., 2010). These two studies used 

“effect size” meta-analysis. This allows an assessment of whether ocean acidification has a 

positive, negative, or no significant effect on a response variable such as calcification. 

However, because this compares control and treatment effects without regard to the 

magnitude of the treatment imposed (Gurevitch and Hedges, 2001), and because the 

magnitude of decline in ΩArag varies dramatically among studies (e.g., from 0.8 to 2.5 in 

Hendricks et al. 2010), this approach cannot be used to quantitatively estimate the sensitivity 

of calcification to a given decline in ΩArag. The effect-size approach also complicates 

interpretation of tests for differences between groups of studies, since statistical power may 

be impaired by differences between studies in the magnitude of decline in ΩArag imposed in 

experimental treatments. 
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Here, we quantitatively synthesize the available experimental evidence to produce an 

overall estimate of the sensitivity of calcification to changes in ΩArag, and to determine how 

well among-study variation in the calcification response can be explained by biological and 

methodological differences between studies. Specifically, we use a random effects meta- 

analysis of regression slopes to produce a combined mean slope for calcification against 

ΩArag. We test carbonate chemistry manipulation methods, calcification measurement 

methods, study duration, irradiance level and species growth rate, as possible drivers of 

variation in responses between studies. We also assess the possibility of publication bias. 

 

2.3 Methods 

2.3.1 Data selection 
Our meta-analysis included 25 published estimates of the relationship between 

calcification and ΩArag (Appendix A). This collection of studies was compiled by searching 

the biological literature for studies that reported the effects of altered seawater chemistry on 

coral calcification. Literature searches were conducted using the ISI Web of Science database 

for the relevant keywords: coral calcification AND (ocean acidification OR increased CO2 

OR carbonate chemistry OR aragonite saturation state). We also searched the literature cited 

of all studies identified in that search. Studies were collected for analysis until 30 June 2011. 

We collected studies that reported calcification responses to decreases in ΩArag 

amongst populations of a single species as well as responses in multiple species assemblages. 

We then restricted our dataset to those studies reporting pH and total alkalinity (TA) values 

for the given manipulations. This was done to get a consistent measure of ΩArag because there 

are four different pH scales (total, free, NBS, and seawater scale) and a number of different 

carbonate system calculation programs (e.g. Seacarb and CO2SYS) used in the literature. 

Because regression-based meta-analysis assumes a linear relationship between the 
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explanatory and response variable, we took several steps to ensure that non-linearity in the 

relationship between calcification and ΩArag did not bias the estimates in our study. Firstly, 

we restricted our dataset by excluding studies which had a minimum ΩArag larger than 3 or a 

maximum ΩArag smaller than 2. This allowed us to focus on studies that encompassed a 

similar range of ΩArag values (Fig. 2.1), and where the calcification response was likely to be 

approximately linear (Anthony et al., 2011). It also focused our analysis on the range of 

values within the included studies most relevant to likely changes in tropical regions over the 

next century (a pH reduction from ~8.05 to ~7.8 and ΩArag reduction from ~3.5 to ~2). 

Secondly, we checked to confirm that there was no evidence of non-linearity by plotting 

standardized residuals (see section 2.3.2 for details on how data were standardized) against 

standardized ΩArag: a decelerating response would produce systematically positive residuals 

in the middle of the range of ΩArag, whereas approximate linearity would produce unbiased 

residuals. Finally, we considered only those studies examining calcification during the day 

(for studies using the alkalinity anomaly method) or across multiple days (for studies using 

the buoyant weighting method), i.e., excluding alkalinity anomaly method studies of dark 

calcification only, because previous studies have shown significant differences in sensitivity 

of day and night calcification to ΩArag (e.g., Anthony et al 2011). 
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Figure 2.1 The range of ΩArag explored in each study included in the meta-analysis. Each line 

represents an individual paper.(sometimes encompassing multiple experiments), and extends 

from the minimum ΩArag  to the maximum ΩArag of the study 
 

 
 
 
 

Many papers included experimental factors in addition to ΩArag (e.g. temperature), or 

more than one study species. If studies tested multiple study species, these were included as 

separate experiments (e.g. Acropora intermedia and Porites lobata in Anthony et al (2008)). 

However, following previous meta-analytical approaches (e.g., Kroeker et al 2010), only the 

experiments with other factors set to ambient were included in the meta-analysis. 

 
2.3.2 Data extraction and preparation 

We recorded all information about the study (pH, TA, DIC, temperature and salinity), 

the organism (species and growth rate) as well as methodological factors (duration of 
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experiment, method of carbonate chemistry manipulation and method of calcification 

measurement). Data were extracted from the primary literature using GraphClick (v3.0) 

(Neuchatel, Switzerland). pH, TA, temperature and salinity were then entered into the 

program Seacarb (Lavigne and Gattuso, 2011) in R (R Development Core Team 2011) to 

calculate other carbonate chemistry parameters (ΩArag and DIC). Due to the many different 

ways that calcification is measured and reported in the literature, a way of standardizing the 

sensitivity of calcification to declining ΩArag was necessary so that results from various 

studies could be combined. Thus, we chose to standardize each study’s calcification to be a 

percentage of a calcification at a selected baseline ΩArag level (hereafter termed baseline 

calcification). This was done because calcification is measured in many different ways in the 

literature (including % decline), thus standardizing the data in a more usual approach would 

have excluded too many studies from an already small pool. Previous studies have used a 

projected ΩArag and calcification that was outside of the experimental range as a baseline 

(e.g., pre-industrial ΩArag: Langdon & Atkinson 2005). However, this requires extrapolating 

the calcification-ΩArag response well beyond the range of the data, which can be biased even 

if nonlinearity in the relationship between calcification and ΩArag is relatively modest. 

Therefore, for our baseline ΩArag, we first calculated ambient ΩArag for each study (in Seacarb 

using study specific temperature and salinity, and pCO2 levels of 380). TA of seawater 

changes conservatively and is typically around 2300, so we used this value in our calculations 

(Kleypas & Langdon (2006). We then took the median of the ambient ΩArag  values, which 

was 3.517, to be our baseline. This baseline value of ΩArag is roughly the ΩArag of present-day 

average tropical seawater. 

 
For each study, the slope (of calcification against ΩArag), and its associated standard 

error, was estimated differently depending on whether studies reported all data points or only 
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mean calcification and standard error at particular levels of ΩArag. For studies that reported all 

data points, we fit a linear regression model to the calcification versus ΩArag data, using least 

squares regression (the lm() function in R) (R Development Core Team 2011). Calcification 

was then re-scaled so that predicted calcification at baseline ΩArag was 100%, and the value of 

the slope and its associated standard error re-computed on this normalized scale. For studies 

that only reported mean calcification and standard error, we used a Monte-Carlo routine to 

estimate the standard error of the regression slope. Specifically, using the sample size n and 

the standard error of calcification for each treatment, we calculated the within-treatment 

standard deviation of calcification. We then drew n calcification values at random for each 

treatment, using the appropriate mean and standard deviation, and fit a linear regression 

model to the Monte-Carlo sample, and noted the estimated slope, and then recalculated the 

slope with predicted calcification normalized to 100% at baseline ΩArag. We repeated this 

procedure 1000 times to obtain a bootstrap distribution of regression slopes. The standard 

deviation of this distribution is an estimate of the standard error of the regression slope for 

that study (Efron and Tibshirani, 1993). 

 
2.3.3 Data analysis 

There are two common meta-analysis approaches, fixed effects and random effects 

meta-analysis. Fixed effects meta-analysis assumes that all included studies share a common 

effect size (i.e. the true effect is the same for all studies), with the observed effects distributed 

about the common effect with a variance among studies that depends only on sampling 

effects (Borenstein et al., 2009). In contrast, random effects meta-analysis assumes that true 

effect sizes exhibit random variation among studies (i.e. the “combined effect” represents the 

mean of a distribution of “true” study-specific effects), and variance among studies therefore 

consists of a combination of the variance of true effect sizes among studies, and sampling 

effects (which cause the measured effect in any one study to differ from its study-specific 
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“true” value) (Borenstein et al. 2009). Our experiments varied widely in methodology and 

biological factors (such as different study species and duration of study); thus, we considered 

random effect meta-analysis to be most appropriate for the present study. Specifically, we 

used the random-effects procedure for combining regression slopes from Borenstein et al 

(2009) (Appendix B). 

To quantify the variability between studies, we calculated the I2 statistic, which is the 

ratio of excess dispersion to total dispersion, using the procedure from Borenstein et al (2009) 

(Appendix B). To examine the variation in the sensitivity of coral calcification to ΩArag, 

studies were separated to test for differences between a priori defined sub-groups (see 

Appendix A for information on groupings). Specifically, we compared studies using different 

carbonate chemistry manipulation methods, because the two most commonly used 

approaches acid addition and CO2 bubbling, decrease alkalinity at constant DIC and increase 

DIC at constant alkalinity respectively (Gattuso and Lavigne, 2009, Langdon and Atkinson, 

2005, Rodolfo-Metalpa et al., 2010). We also compared calcification measurement method 

(alkalinity anomaly technique versus buoyant weighting), as most studies using the alkalinity 

anomaly technique measure calcification over a couple of hours (and thus measure only light 

calcification) while buoyant weighting studies integrate over both light and dark calcification. 

Studies measuring light and dark calcification separately have shown them to have different 

sensitivities to ΩArag (Ohde and Hossain, 2004, Leclercq et al., 2000, Anthony et al., 2011), 

suggesting that calcification measurement method could lead to differences in results. 

Finally, we tested for differences based on whether study species were fast or slow-growing, 

because it has been hypothesized that fast growing corals might exhibit larger decreases in 

calcification due to their increased demand for carbonate (Rodolfo-Metalpa et al. 2010) or an 

increased need to dissipate hydrogen ions (Jokiel, 2011a). Growth rate classifications were 
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based on literature values for the study species, or values for the most-closely related species 

with similar growth forms that we could find. The fast-growing category had linear extension 

rates > 3cm yr-1 and included the branching Acropora and Stylophora and the plating 

Turbinaria, while slow-growing species had estimated linear extension rates <2cm yr-1 and 

included all other genera. To test for differences amongst these a priori defined groups, we 

performed separate random effects meta-analyses for each hypothesis and compared effects 

between subgroups using a Z-test (Borelstein et al 2009: summarized in Appendix B). 

 
Meta-regression is a tool used in meta-analysis to examine the impact of among-study 

variation in the value of continuously varying independent variables on study effect size 

using regression-based techniques. Meta-regressions were carried out to test for an effect of 

study duration and irradiance level on sensitivity of calcification to decreasing ΩArag, 

following the procedure for weighted regression that incorporates residual heterogeneity by 

including an additive between-study variance component (model 3a in Thompson & Sharp 

1999; summarized in Appendix B). Because both study duration and irradiance level varied 

by orders of magnitude across studies they were log-transformed to obtain a more even 

spread in the independent variable of the regression (transformations did not affect the 

statistical significance of the effects). The effect of study duration was tested because it has 

been suggested that, due to the possibility of coral acclimation, studies conducted over weeks 

or months are likely to show less sensitivity of calcification to decreasing ΩArag, compared to 

studies lasting less than a day (Langdon and Atkinson 2005; Krief et al. 2010; Pandolfi et al. 

2011). The effect of irradiance level was tested because light is known to be an 

environmental parameter that has a strong effect on calcification (Barnes, 1982) and previous 

work has found that the reduction of calcification by decreased ΩArag was greater in corals in 

high light than in corals in low light (Marubini et al. 2001). 
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2.3.4 Publication bias 
Publication bias occurs whenever the strength or direction of the results of published 

studies differ from those of unpublished studies (Moller and Jennions 2001). Two 

independent methods were used to investigate whether publication bias occurs in the ocean 

acidification literature. The first method was visual inspection of a “funnel graph” of sample 

size against estimated slope (Moller and Jennions 2001). If slopes derive from a random 

sample of studies using similar research methods, a plot of sample size against estimated 

slope should reveal a funnel centered on the weighted mean slope, with larger variation in 

values at small sample sizes and decreasing variance with increasing sample size (Moller and 

Jennions, 2001, Jennions et al., 2001). We also calculated the “fail-safe number”, X, for the 

dataset: this is an estimate of the number of future studies needed to change a significant 

effect to a non-significant one (Moller and Jennions 2001). Rosenthal (1991)(Rosenthal, 

1991) suggests that, if the fail-safe number is at least five times larger than the number of 

studies plus 10, publication bias is unlikely to alter conclusions about statistical significance 

from the meta-analysis (see Appendix B for details). 

2.4 Results 

2.4.1 General results 
We found 30 studies that quantified the calcification responses of corals to ocean 

acidification and of those, 25 studies met our criteria (Appendix A). Meta-analysis of these 

data revealed a significant negative effect on calcification, with an average 15% decline in 

calcification per unit decline in ΩArag, and an among study standard deviation of 8% (Fig. 

2.2). This heterogeneity in the calcification responses was large, relative to measurement 

error (I2 = 85.36), indicating that among-study variation reflected real differences in biology 

or methodology among studies and that a distribution of true means better reflected the data 

than a single fixed effect magnitude. In particular, estimated 95% confidence intervals on 
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study-specific effects (i.e., combined slope ± 1.96 times the among-study standard deviation) 

ranged from 0%-31% per unit of ΩArag. Inspection of standardized residuals versus both 

standardized ΩArag and absolute ΩArag suggested than any non-linearity present for the studies 

we included was small, relative to the residual variation. Specifically, residuals were 

symmetrically distributed around zero, exhibiting no evidence of linear or curvilinear trends 

(Fig. 2.3), indicating that linear regression slopes provide an adequate approximation for the 

calcification response for the studies in our analysis. 

Experiments that manipulated carbonate chemistry using acid addition (varying TA at 

a constant DIC) and those that modified pH using CO2  bubbling (increasing DIC at a 

constant TA) did not differ significantly (Z = 1.76, p = 0.08; Fig. 2.4). In contrast, studies 

that measured calcification using the total alkalinity method showing a 25% decline in 

calcification per unit decline in ΩArag which was significantly larger than the 10% decline 

shown in studies that measured calcification using the buoyant weighting method (Z = 2.85, 

p = 0.004; Fig. 2.4). The effects of ΩArag on calcification also did not differ significantly 

among experiments using fast versus slow growing coral taxa (Z = 1.88, p = 0.06; Fig. 2.4). 

Between study variability in sensitivity of calcification to ΩArag was not significantly 

explained by either study duration (t = 0.146, p = 0.89; Fig. 2.5a) or irradiance level (t = - 

0.773, p = 0.45; Fig. 2.5b) 
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Figure 2.2 Overall effects of ocean acidification on coral calcification. Calcification is 

denoted as a percentage decrease from baseline calcification (calcification at ΩArag of 3.517) 

per unit decrease in ΩArag. Thus, all lines intersect the point (ΩArag=3.517, 

calcification=100%). The thin black lines show the calcification responses for individual 

studies. The endpoints of these lines indicate the range of ΩArag values spanned in each study. 

The thick black line represents the combined (mean) calcification response across all studies, 

and the dashed lines represent upper and lower 95% confidence intervals for this combined 



Chapter 2 

25 

 

 

 

response (that is, they represent the uncertainty around the mean response, not the overall 

among-study variability) 

(a) (b) 
 
 

 

Figure 2.3 Standardized residuals, pooled across individual experiments. Residuals from 

each study were standardized against that study’s residual standard error, and (a) ΩArag was 

scaled in each study so that maximum and minimum ΩArag for each study were 100 and 0 

respectively (b) absolute ΩArag was plotted. Each combination of colour and symbol 

represents residuals from an individual study. The solid line is a regression line relating 

standardized residuals against standardized ΩArag. Note that the regression has a slope of 

approximately zero, and there is no evidence of a curvilinear trend in the residuals, as would 

be apparent if there were a qualitatively consistent pattern of nonlinearity in the calcification 

response over the range of ΩArag values considered. 
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Figure 2.4 Methodological and biological variation in effects of ocean acidification on coral 

calcification. Bars indicate the mean decrease in calcification per unit decrease in ΩArag for 

each subset of studies. Whiskers indicate 95% confidence intervals on the mean response. 

Abbreviations are as follows: AA = acid addition studies, CO2 = CO2 bubbling studies, BW= 

buoyant weighting studies, TA=Alkalinity anomaly technique studies, Slow = Studies using 

slow growing species (Fast) Studies using fast growing species. The slopes are significantly 

different only by calcification measurement method (indicated with an asterisk). 
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Figure 2.5 Slope (percentage change in calcification per unit ΩArag) against a) duration of 

experiment on the log scale, with ticks below indicating (left to right) durations of an hour, a 

day, a week, a month and a year b) irradiance level. The circles correspond to each study and 

have area proportional to the study’s weighting (reciprocal of the variance of the slope 

estimate). The line is obtained by weighted least squares regression using a maximum 

likelihood estimate of the residual heterogeneity. Note that the “slope” and “intercept” values 

reported in the figure panel are estimates of the parameters (with standard errors) that 

describe how the slope of the calcification-ΩArag relationship changes as a function of a) 

study duration and b) irradiance. 

 
 
 
 

2.4.2 Publication bias 
The fail-safe number was over an order of magnitude larger than five times the 

number of studies plus 10 (X=2681>>135), indicating that the overall negative effect of 

decreasing ΩArag on calcification is very robust to any publication bias that may be present. 

However, inspection of the funnel plot does suggest a bias towards publication of studies that 

find negative effects of decreasing ΩArag (i.e., a positive slope of calcification vs ΩArag: Fig. 
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2.6). If slopes derive from a random sampling of studies using similar research methods, a 

plot of sample size against slope should reveal values distributed within a funnel (solid lines 

in Fig. 2.6) symmetrically around the weighted mean slope (dashed line in Fig. 2.6), with 

larger variation in values at small sample sizes (studies with small sample size are less 

precise) and a decreasing variance with increasing sample size. In our study, while there 

were roughly the same number of studies on both sides of the weighted mean slope, the 

distribution of estimated slopes was highly asymmetric: values above the weighted mean 

slope were broadly distributed within the funnel, whereas values below the weighted mean 

slope were, with only one exception, concentrated above zero (dotted line in Fig. 2.6), very 

close to the weighted mean slope (Fig. 2.6). 
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Figure 2.6 Funnel plot depicting the relationship between sample size and slope. The points 

are individual studies, each with their own sample size and slope. The dotted line is a slope of 

0 (decreasing ΩArag has no effect on calcification). The dashed line is the observed weighted 

mean slope. The solid lines are an illustration of a funnel that should be formed by the points 

if there is no publication bias. 

 
 
 

2.5 Discussion 
Our random effects meta-analysis found that coral calcification declines by ~15% on 

average per unit decrease in ΩArag but with considerable among study variability. If existing 

experimental studies are indeed representative of the likely response to ocean acidification in 

nature, this finding implies that, on average, calcification will decline by ~22% by 2100, 
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under a “business as usual” emissions scenario. Specifically, assuming pCO2 doubles from 

400ppm to 800ppm and ΩArag decreases from 3.5 to 2, the consensus from reviews is for a 

20-60% reduction in coral calcification by the end of the 21st century (IPCC, 2007, Kleypas 

and Langdon, 2006, Langdon and Atkinson, 2005). Our estimate is within, but towards the 

low end of, the range of likely responses to ocean acidification that have been proposed in 

earlier work. However the large between study variability indicates that, while some corals’ 

responses are likely to fall below the range of estimates from previous work, others will be 

towards the middle or potentially upper end of the range. The decreases suggested by our 

analysis are not trivial, but they do suggest a consensus distribution of responses to ocean 

acidification from experimental studies that may be less severe than has been suggested by 

some recent reviews and models (e.g. Hoegh-Guldberg et al 2007 and Silverman et al 2009). 

Our results also reveal that studies measuring calcification via the alkalinity anomaly 

(TA) method found significantly larger decreases in calcification than studies using buoyant 

weighing. This would seem to contradict recent experiments that show no difference in 

decreases between calcification measured by TA or by buoyant weight, when all other factors 

are held constant (Holcomb et al., 2010). One possible explanation for this is that buoyant 

weighting studies, of necessity, estimate calcification over relatively long time scales (weeks 

to years). Consequently, they implicitly integrate over both light and dark calcification. In 

contrast, TA measurements can be made over very short intervals, even when studies 

themselves are conducted over a long period. Typically, these measurements are made during 

the day and thus include only effects of ocean acidification on light calcification. There is 

some evidence that the decrease in dark calcification with decreasing ΩArag  is less 

pronounced than that of light calcification (Leclercq et al. 2000; Anthony et al. 2011). If this 

is a common phenomenon, then the average decrease across light and dark calcification 
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measured in buoyant weighting studies would be less than the decrease in light calcification 

alone measured in TA studies. Consistent with this explanation, Holcomb et al (2010), who 

found no difference between the two methods, were unusual in carrying out their TA analysis 

over a 2 day period, thereby incorporating both light and dark calcification in both TA and 

buoyant weighting measurements. One other important aspect to using TA to measure 

calcification is that, in order to generate a significant change in TA over the (usually) short 

experimental period, it requires not only a higher (compared to buoyant weighting) amount of 

biomass relative to the amount of seawater being incubated but also a closed system (no 

exchange of seawater) during measurement. This results in an increased likelihood of 

environmental fluctuation and thus is increasingly likely to invoke more stressful 

environmental conditions with regards to flow and water quality, which could lead to an 

increased sensitivity to acidification. Our interpretation of this discrepancy between buoyant 

weighting and alkalinity anomaly studies warrants further testing. If correct, it would indicate 

that the calcification response is likely to be somewhat weaker than our headline result 

suggests: a decline of 10%, on average, per unit decrease in ΩArag, with 95% intervals on the 

among-study variation of 5.5 – 14.5%. 

In contrast to calcification measurement method, we found no significant difference 

between mean slopes for CO2 bubbling and acid addition methods, consistent with previous 

findings from effect-size meta-analysis (Kroeker et al 2010), and with reviews of 

methodology, which indicate that differences in speciation of the carbonate system, for 

moderate pCO2 levels, is small enough so as not to lead to differences in calcification (Cohen 

et al. 2009; de Putron et al. 2011; Gattuso et al. 2010; Schulz et al 2009). Although fast- 

growing corals have been hypothesized to be more sensitive to ocean acidification than slow- 

growing corals (Rodolfo-Metalpa et al. 2010), we did not find significant differences between 
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estimated slopes for experiments on fast versus slow growing corals. Similarly, although 

acclimation has been hypothesized to reduce the sensitivity of calcification to decreasing 

ΩArag (Pandolfi et al. 2011), we found no evidence that such a phenomenon explains 

significant variation in calcification sensitivity among studies in our analysis. We also found 

that differences in irradiance level did not explain significant variation in calcification 

sensitivity among studies in our analysis. These findings do not mean that growth rate, 

acclimation, or light have no effect on the response of calcification to ocean acidification, but 

they do indicate that these factors do not account for a statistically significant proportion of 

the large among-study variability in the calcification response to changes in aragonite 

saturation state documented to date. 

The mean sensitivity that we have produced could be an over-estimate if the 

published studies are a biased sample of those conducted. Publication bias has only been 

assessed once in previous studies, which reported a large fail-safe number but conjectured 

nevertheless that the published literature is probably biased towards studies that find 

significant effects (Kroeker et al 2010). We too determined the fail-safe number, which is the 

standard way of analyzing publication bias (Gurevitch and Hedges 1999), and also found that 

the conclusion that calcification is negatively affected by deceasing ΩArag is robust, consistent 

with previous work. However, the large fail-safe number does not confirm necessarily the 

robustness of the magnitude of that negative effect, and our funnel plot suggests that 

publication bias may well be present: studies to the left of the mean response are concentrated 

near it, rather than being spread more evenly within the left half of the funnel. This result 

should be interpreted with caution because skewed funnel plots may also be caused by other 

factors such as previous knowledge of effect sizes from pilot studies, reduced sample sizes 

for certain species, choice of effect measures and chance (Moller et al 2001). The large 
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variability in experimental techniques and lack of information about the role of prior 

knowledge in experimental design in published studies makes it difficult to rule out these 

other factors. 

Our finding that calcification responses, on average, are likely to fall towards the 

lower end of the range reported in the 4th IPCC report (IPCC, 2007) is consistent with some 

recent studies that have sought to infer calcification response based on estimates of the extent 

to which corals increase pH at the site of calcification, relative to the surrounding seawater. 

Specifically, four different approaches (pH microsensors, aragonite crystal aspect ratios, live 

tissue imaging, and boron-isotope schematics) indicate consistently higher pH at the site of 

calcification compared to the surrounding seawater (Al-Horani et al. 2003; Cohen et al. 2009; 

Venn et al 2011; McCulloch et al 2012). This provides a potential explanation for why coral 

calcification changes less steeply with seawater ΩArag, on average, than one would predict 

based on abiogenic aragonite precipitation rates (e.g., Langdon and Atkinson 2005; 

Silverman et al. 2009). For instance, the calibration of McCullouch et al. (2012) implies an 

average decline in calcification of ~11% per unit ΩArag when ΩArag is close to the median 

value from the studies in our meta-analysis (obtained by normalizing the calcification rates in 

their Fig. 2 to calcification at ΩArag=3.5, and then numerically differentiating the curve at this 

value). This is similar to our overall mean slope of 15%, and virtually identical to the mean 

slope of 10% obtained from our meta-analysis of the buoyant weighting subset of studies. 

McCulloch et al. (2012) also found that the ability of corals to elevate calcification site ΩArag 

differed between species, suggesting that this varying ability to elevate calcification site ΩArag 

could be a possible explanation for the large among-study variance that we found. 

 
Our findings indicate that, while that ocean acidification will have significant negative 

consequences for coral calcification by the end of this century, this decline will be, on 
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average, towards the low end of the range of responses that have been suggested in the 

literature. Nevertheless, even a relatively small (compared to previous projections) 15% 

decrease in coral calcification, has the potential to materially alter the accretion/erosion 

balance of reefs, particularly if climate change-induced increases in reef dissolution occur 

simultaneously (Yates and Halley, 2006, Langdon et al., 2000), and if other reef calcifiers 

such as crustose coralline algae and calcareous benthic macroalgae are more susceptible to 

ocean acidification than corals (Diaz-Pulido et al., 2012, Price et al., 2011). Moreover, there 

is some evidence that prevailing ΩArag levels on shallow-water reefs may be lower or higher 

than nearby open-ocean values, depending on whether they are net carbon sources or sinks 

(Kleypas et al., 2011). Thus, coral dominated reefs (which are more likely to be net CO2 

sources) may tend to have lower ΩArag levels compared to those commonly used as “ambient” 

in experimental studies. If there is greater sensitivity in the calcification response at lower 

ΩArag values (de Putron et al 2011; Ries et al 2010; Anthony et al 2011), then corals on low- 

ΩArag reefs may exhibit somewhat greater sensitivity to ocean acidification than is suggested 

by the experimental data. A recent review highlighted the need to better understand the 

magnitude of the calcification response, and the causes of its variability, in order to better 

inform projections of ocean acidification’s likely impact on coral reefs (Pandolfi et al. 2011). 

The present study contributes to those goals, by providing a quantitative synthesis of existing 

experimental work on the effects of ocean acidification on coral calcification, and evaluating 

some of the potential drivers of the apparent variation in the calcification responses of coral. 
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3. Scaling up impacts of ocean acidification on individual coral 
growth and reproduction into effects on long-term population 
growth rate 

3.1 Summary 
Recent experimental studies have revealed significant declines in coral recruitment 

under ocean acidification, which could affect long-term population growth rates (hereafter λ). 

Yet no models predicting the effects of ocean acidification on coral populations to date have 

taken the effect of ocean acidification on pre- and post- settlement stages into account. In this 

study, we use random effects meta-analysis to quantitatively synthesize available 

experimental evidence into an overall estimate of the sensitivity of coral recruitment to 

changes in aragonite saturation state (ΩArag). We then use an integral projection model to 

investigate the relative impacts of the effects of ocean acidification on growth and 

recruitment on λ under climate scenarios based on RCP 6.0. We also investigated whether 

differences in life history strategy (fast versus slow growing) lead to differences in the 

relative impacts of the effects of ocean acidification on growth and recruitment on λ. We 

found that recruitment success decreased by 32.25% on average per unit decrease in ΩArag 

and that the effects of ocean acidification on recruitment potentially exert more influence on 

λ than the effects of ocean acidification on growth. However, the uncertainty around our 

estimate of decrease in recruitment success per unit decrease in ΩArag is very large compared 

to the estimate of how growth decreases under ocean acidification. We also found that λ of 

fast growing species are more sensitive to ocean acidification (larger percentage decrease in λ 

per unit decrease in ΩArag) than that of slow growing species. Our study highlights both the 

importance of including recruitment in future ocean acidification models and the need to 

improve our understanding of the variability in the response of coral recruitment to ocean 

acidification. 
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3.2 Introduction 
Ocean acidification, the abnormally rapid reduction in ocean pH due to uptake of 

anthropogenic carbon emissions by the oceans, has been highlighted as an important threat 

facing coral reefs (Pandolfi et al., 2011). This is due to the fact that ocean acidification leads 

to a reduction in aragonite (CaCO3) saturation state ΩArag, which is a measure of the 

accessibility of aragonite to calcifying organisms. Experimental studies have shown that 

corals reared under decreasing levels of ΩArag have a skeletal morphology that is consistent 

with a slowdown in crystal growth rate (Cohen and Holcomb, 2009). There is, therefore, 

growing concern that ocean acidification may slow rates of CaCO3 production or calcification 

by reef building corals to the point where rates of reef erosion exceed rates of skeletal 

accretion, leading to widespread loss of coral reef ecosystems as we know them (Silverman et 

al., 2009). 

Currently, our understanding of the future ecological effects of ocean acidification is 

based overwhelmingly on short-term experimental studies of individual organisms’ 

physiological responses. Projection models have been employed to scale up these 

documented short-term organism-level responses into long-term reef-scale impacts (Pandolfi 

et al., 2011). Because the primary concern has been the slowing of calcification by ocean 

acidification, models have generally been used to project how much calcification would 

decline at various levels of atmospheric pCO2 (Silverman et al., 2009, van Hooidonk et al., 

2013). While these projections give us important insights into whether reef accretion can 

keep up with erosion, they only tell part of the story. Reductions in calcification could also 

lead to reductions in colony growth, and thus impact upon species abundance, percentage 

cover, and long term per-capita population growth rate (hereafter λ), with flow-on effects for 

ecosystem level calcification. Early models have begun to investigate ocean acidification 

driven reductions in coral populations by modeling reduced growth in the dynamics of coral 
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cover in the aggregate (Anthony et al., 2011, Baskett et al., 2009). However, these early 

population level models were not size structured, and thus did not take into account size- 

dependent demographic rates. Corals have size dependent growth, fecundity and survival 

(Hall and Hughes, 1996, Madin et al., 2014, Madin et al., 2012), and models of coral cover 

dynamics cannot capture important implications of these flow on effects of ocean 

acidification (e.g. ocean acidification not only reduces growth but that reduced growth shifts 

size structure of populations, changing fecundity and survival). 

Indeed, only one study to date has attempted to improve upon early projections by 

incorporating size-dependent demographic rates into projections of the effects of ocean 

acidification on coral populations (Madin et al., 2012). In their study, Madin et al. (2012) 

evaluated the population level effects (on cover, lifetime reproductive output, and λ) of ocean 

acidification, thermal stress, and increased storm intensity on the ecologically dominant table 

coral Acropora hyacinthus. Their size-structured model allowed for size dependent coral 

growth, fecundity and mortality. However, at the time of their study, a good quantitative 

summary of the sensitivity of calcification to ocean acidification did not yet exist (which now 

does – Chan and Connolly, 2013) , so they used estimates from three different experimental 

studies (Langdon and Atkinson, 2005, Silverman et al., 2007, Anthony et al., 2008), that form 

extremes that bracket the responses of all other studies. Moreover, their study did not take 

into account the effect of ocean acidification on pre- and post- settlement stages. A recent 

meta-analysis has suggested that various life history stages are likely to respond differently to 

ocean acidification (Kroeker et al., 2013) and thus could contribute differently to the effects 

of ocean acidification on population level measures. As such, it is important to assess the 

impact of the effect of ocean acidification on pre- and post- settlement stages on λ of corals 

as new data becomes available. With respect to the pre- & post-settlement stages of corals, 
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recent studies have revealed no significant effects of ocean acidification on fertilization, 

embryonic development, larval respiration, larval survival or larval metamorphosis (Albright 

et al., 2010, Chua et al., 2013, Cumbo et al., 2013, Nakamura et al., 2011). However, when 

the settlement substratum is also exposed to the acidified treatment, recruitment is 

significantly reduced (Albright et al., 2010, Doropoulos et al., 2012, Webster et al., 2013). 

This reduction in recruitment with ocean acidification could have significant impacts on λ. 
 

As a group, scleractinian corals encompass a wide range of life history strategies and 

it is unlikely that they will all respond equally to ocean acidification. Studies have suggested 

that life-history traits can predict which corals will be ‘winners’ and ‘losers’ in the face of 

environmental change (van Woesik et al., 2012, Loya et al., 2001). While there is still much 

debate over the perfect framework of life history strategies for this diverse group, most 

frameworks separate strategies by colony morphology, growth rate (fast growing versus slow 

growing) and reproductive strategy (brooders vs spawners) (Darling et al., 2012, Jackson and 

Hughes, 1985, Edinger and Risk, 2000). Fast growing, branching species that are sensitive to 

stress and disturbance are predicted to be ‘losers’ whereas slow growing massive species and 

fast growing small corals with brooding reproduction and high population turnover, which 

have the ability to persist in unfavourable environments, are predicted to be ‘winners’ 

(McClanahan et al., 2007). Moreover, since the effects of ocean acidification on coral 

calcification are proposed to be due mass transfer, fast growing corals may be more 

susceptible due to their larger need to uptake carbon/dispose of H+ (Comeau et al., 2012, 

Jokiel 2011a,b). If the sensitivity of long-term population growth rate to ocean acidification 

does indeed vary with colony growth rate, with fast growing, branching species more 

susceptible, then ocean acidification could lead to a shift in reef species composition, from 
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branching dominated to massive dominated reefs, which would reduce habitat complexity 

(Molberg & Folke, 1999). 

In this study we, examine how effects of ocean acidification on growth and 

recruitment combined to affect λ. To do this, we first use random effects meta-analysis to 

quantitatively synthesize available experimental evidence into an overall estimate of the 

sensitivity of coral recruitment to changes in ΩArag. We then use this estimate to project the 

effects of ocean acidification on λ using climate scenarios based on RCP 6.0 (IPCC, 2013). 

We determine the relative impacts of the effects of ocean acidification on growth and 

recruitment on λ and also whether the effects of ocean acidification on growth and 

recruitment acts additively or synergistically to impact λ. Next, we extend upon the previous 

projection by asking whether life history strategy of fast versus slow growing influences how 

ocean acidification affects λ, and whether it leads to differences in the relative impacts of the 

effects of ocean acidification on growth and recruitment on λ. Also, because many of the 

relevant biological parameters needed to project the effects of ocean acidification on coral 

reefs are known with considerable uncertainty, we characterize the uncertainty around the 

effects of ocean acidification on λ projections and the sensitivity of λ projections to model 

parameters. 

3.3 Methods 

3.3.1 Meta-analysis of the effects of ocean acidification on recruitment 
Of all the studies of the effects of ocean acidification on coral recruitment, there have 

only been three studies that have included the effects of ocean acidification on the ability for 

crustose coralline algae (CCA) to act as a suitable substrate in their investigations (i.e. CCA 

preconditioned to treatment pCO2 prior to conducting settlement assays) (Albright et al 2010, 

Doropoulos et al 2012, Webster et al 2013). Crustose coralline algae have been shown to be 
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the primary provider of settlement cues for coral recruits on coral reefs (Harrington et al., 

2004, Negri et al., 2001) so these studies are most likely to represent what will happen in 

nature. All three studies are focused on the Acropora group – A. palmata (Albright et al 

2010) and A. millepora (Doropoulos et al 2012, Webster et al 2013). Although we recognize 

that three studies are very few for a meta-analysis, we carried out a regression based, random 

effects meta-analysis to allow comparison with results from Chapter 2. As in Chapter 2, we 

calculated the mean percentage decrease in recruitment success per unit decrease in ΩArag. 

The meta-analysis was carried out using the metafor package (Viechtbauer, 2010) in R. 
 

Amount of heterogeneity was estimated using the Dersimonian-Laird estimator to maintain 

consistency with the meta-analysis in Chapter 2. 

3.3.2 Integral projection model 
First introduced by Easterling et at. (2000), integral projection models (IPMs) have 

become an increasingly popular tool for modelling organisms whose demographic rates vary 

continuously with size, as it allows the avoidance of coarse and arbitrary size classification 

that traditional matrix modelling applies. Corals are a prime example of such an organism, so 

IPMs were used to translate effects of ocean acidification on individual organism growth and 

recruitment into effects on λ. We modelled the number of individuals of size (measured as 

planar [projected] area) y within the total population at time t+1 given the number of 

individuals of size x at time t: 

 

𝑛𝑛(𝑦𝑦,  𝑡𝑡  + 1)  = 𝑈𝑈 𝐾𝐾(𝑦𝑦, 𝑥𝑥)𝑛𝑛(𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑥𝑥 
𝐿𝐿 

Eqn 3.1 

 

with the integration being over the entire set of all possible sizes (L = lower size bound, U = 

upper size bound). K(y,x) is a nonnegative surface representing all possible transitions from 

size x to size y, and is analogous to the projection matrix in matrix models. K(y,x) contains 
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the probability function for yearly growth (g), survival (s), fecundity (f) and recruitment 

success (r): 

𝐾𝐾(𝑦𝑦, 𝑥𝑥) = 𝑔𝑔(𝑦𝑦, 𝑥𝑥) ∗ 𝑠𝑠(𝑥𝑥) + 𝑟𝑟 ∗ 𝑓𝑓(𝑦𝑦, 𝑥𝑥) Eqn 3.2 
 

Growth, survival rate and fecundity are all a function of size x. To calculate λ, we ran each 

model for 150 years. To avoid transient effects, we estimated λ as the exponential of the slope 

of the natural logarithm of population size against time for just the last 50 years. All 

modelling was carried out in R (R Core Development Team 2011). 

3.3.3 Probability functions and parameter estimates 
We parameterized the IPM with estimates for Acropora nasuta, a corymbose shaped, 

reef building species on the Great Barrier Reef (see Tab. 3.1 for a full list of demographic 

parameter estimates). Constant linear growth estimates were taken from studies that measured 

linear extension over time (all three studies measured linear extension rates for A. nasuta that 

were quite similar) (Stimson, 1985, Morgan and Kench, 2012, Babcock, 1991). This was 

converted into projected planar area using the equation 

𝐴𝐴𝑡𝑡   = 𝜋𝜋(𝑙𝑙𝑡𝑡 ∗ cos(45))2 Eqn 3.3 

 
where At is projected area at time t and lt is branch length at time t. Branches are assumed to 

grow at 45° angle to the ground. Quadratic models were then used to describe the relationship 

between size (projected planar area) at time t+1 (y) and size at time t (x). Standard deviation 

around size at time t+1 was taken from unpublished data of size at time t+1 against size at 

time t from Lizard Island, Great Barrier Reef (Dornelas et al., unpublished data). Survival 

estimates for A. nasuta were taken from a previous study describing the quadratic (due to 

hydrodynamic dislodgement of the largest size classes) relationship between mortality and 

colony size for coymbose morphologies (Madin et al. 2014). For colonies smaller than those 
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used in Madin et al. (2014) we set mortality to be the same as that of the smallest colony. 

Fecundity and size at first maturity for A. nasuta was taken from data of fecundity against 

size from Lizard Island (Hoogenboom et al., unpublished data). Due to the planktonic nature 

of coral larvae, estimates of recruitment success for individual organisms are almost 

nonexistent. Therefore, we chose values for baseline recruitment success that produced 

baseline size structures similar to those observed in previous studies (Roth et al., 2010). 

For estimates of the effect of ocean acidification on recruitment, the results of the 

meta-analysis described above were used. Effect of ocean acidification on calcification was 

taken from Chapter 2 which calculated a mean percentage decrease of 16% in coral 

calcification per unit decrease in ΩArag based on 26 studies. We needed a conversion factor to 

convert projected decreases in calcification to projected decreases in growth. Only three 

studies have simultaneously measured decreases in calcification and growth under ocean 

acidification. Jokiel et al. (2008)  estimated that decreases in linear extension were 74% that 

of calcification in Montipora capitata, De’ath et al. (2009) found that decreases in linear 

extension were equal to decreases in calcification in massive Porites, and Enoch et al. (2014) 

showed that ocean acidification only decreased skeletal density and not linear extension in 

Acropora cervicornis. We chose the intermediate estimate (0.74) from Jokiel et al. (2008) as 

our baseline, but we investigate the sensitivity of our projections to the choice of conversion 

factor (see sensitivity analysis below). λ was calculated at year 2050 and 2100 based on IPCC 

projections of atmospheric pCO2 under RCP 6.0 (IPCC, 2013). ΩArag was calculated from 

values of pCO2  (2014 –380uatm, 2050 – 500uatm, 2100 – 670uatm), TA of 2300, 

temperature of 25°C and salinity of 35ppt using CO2Calc (Robbins et al., 2010). 
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3.3.4 Implementing and evaluating the effects of ocean acidification 
To implement the effect of ocean acidification on growth, we reduced constant linear 

growth by a percentage decrease per unit decrease in ΩArag based on the calcification meta- 

analysis multiplied by the calcification-to-growth conversion factor (e.g., a rate of 16%*74% 

or an 11.8% decline in extension rates per unit decline in Omega). To implement the effect of 

ocean acidification on recruitment, we reduced recruitment success (r) by the percentage 

decrease per unit decrease in ΩArag found in the recruitment meta-analysis. To tease apart the 

various effects of ocean acidification on λ, we ran three different models: One where ocean 

acidification only reduced growth, one where ocean acidification only reduced recruitment, 

and one where ocean acidification reduced both growth and recruitment. To determine if the 

effects of ocean acidification on growth and recruitment were additive or synergistic in 

nature, we compared the reduction in λ from the model with effect of ocean acidification on 

both growth and reproduction against the sum of the reductions from the models with effect 

of ocean acidification on either growth and reproduction. 

 
3.3.5 Life history strategy and sensitivity analysis 

To determine whether life history strategy of fast growing versus slow growing 

influenced how ocean acidification affected λ, we slowed growth rate while keeping λ 

constant (at year 2014, under ambient conditions) by either increasing recruitment success or 

decreasing mortality (models referred to as ‘slow growing (increased recruitment)’ and ‘slow 

growing (decreased mortality)’, respectively hereafter). There were only minor quantitative 

differences between results from slow growing (increased recruitment) and slow growing 

(decreased mortality) models, so only results from the slow growing (increased recruitment) 

model are presented in the main text with results from the slow growing (decreased mortality) 

model presented in Appendix C. We evaluated the effect of ocean acidification on λ at 0.5x 

constant linear growth rate (hereafter 0.5x) and 0.1x constant linear growth rate (hereafter 
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0.1x) of A. nasuta. Given that most slow growing species are of massive morphology, which 

do not share corymbose colonies’ increased mechanical vulnerability (to hydrodynamic 

dislodgement) at their largest size classes (Madin et al. 2014), we evaluated a model where 

survival stayed constant once it reached its highest point (hereafter massive survival) (Fig. 

3.3 b). Due to their slow growth rates, massive species also tend to have smaller size at first 

maturity, so we also evaluated a model that used size of first maturity estimate for Goniastrea 

retiformis taken from Hall & Hughes (1996). 0.5x models produced results (effects of ocean 

acidification on λ) that were on the continuum between 1x and 0.1x models, and there was 

little difference in the results between models with different survival curves and sizes at first 

maturity. Thus we only present results of the 0.1x, massive survival and G. retiformis size at 

first maturity model as our archetypal slow growing species. The distributions of the 

archetypal slow growing species is quite right skewed (compared to natural populations) 

because it is a single species model and thus the size distribution is not shaped by competition 

as would occur in nature. We also ran models of slow growing species where λ was allowed 

to vary (leading to slow growing species having lower λ than fast growing species), but had 

to remain over 1 at 2014, and found that the results produced by those models were not 

qualitatively different to the constant λ models. 

To test the sensitivity of model projections to parameters of growth and recruitment, 

we ran the model using growth and recruitment parameters that were ±10% of their baseline 

values. Sensitivity to the conversion factor for reductions in calcification to reductions in 

growth was tested by running the model using conversion factors of 0.5 and 1 respectively. 

To examine how the different uncertainties in the calcification and recruitment meta-analyses 

affected the confidence of projections of reduction in λ, we plotted upper and lower 

confidence intervals around projections using ±1.96*SE of the mean effect size. 
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Table 3.1. Statistical models and parameter estimates describing the demography of a fast 

growing (Acropora nasuta) and an archetypal slow growing (based on Goniastrea retiformis) 

species. y is size (projected area) at time t+1, x is size at time t, σ is standard deviation, m is 

morality, f is fecundity. 

 
Demographic 

process 

Fast growing Slow growing 

Growth y = 1.568+0.16x+0.119x2
 

 
σ = 0.12 

y = 0.299+0.81x+0.032x2
 

 
σ = 0.12 

Mortality For (x<1) 
 

m = 0.903 
 

For (1<x) 
 

Logit(m) = 0.659+1.645x+03271x2
 

For (x<1) 
 

m = 0.903 

For (1<x<2.6) 

Logit(m) = 0.659+1.645x+03271x2
 

 
For (2.6<x) 

 
m = 0.138 

Fecundity f = 0.48+1.93x f = 0.48+1.93x 

Recruitment 

success 

1.94 x 10-6
 8 x 10-5 (increasing recruitment success) 

Size at first 

maturity (cm2) 

158 8 
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(a) (b) 
 
 

 

Figure 3.1 Images of the model species. Fast growing A. nasuta (a) and slow growing G. 

retiformis (b). © Charlie Veron 

(a) (b) 
 
 

 
Figure 3.2 Projected colony area (cm2) at year t+1 plotted against area at year t for fast (a) 

and slow (0.1x constant linear growth of fast growing species) (b) growing species. Dashed 

line indicates unity line. 
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(a) (b) 
 
 

 

Figure 3.3 Survival plotted against projected colony area at year t for fast (a) and slow 

(increased recruitment) (b) growing species. 
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(a) 
 
 

 

(b) 
 
 

 

Figure 3.4 Colony size structure at year 2014 for fast (a) and slow (increased recruitment) (b) 

growing species. 

3.4 Results 
Meta-analysis of the three studies of effects of ocean acidification on recruitment 

produced a mean decrease in recruitment success of 32.25% per unit decrease in ΩArag. 
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Among study variation in the sensitivity of recruitment to ocean acidification is large with a 

standard deviation of 12% per unit decrease in ΩArag. 

Regardless of whether species are fast or slow growing, effects of ocean acidification 

on recruitment exert more influence on λ than effects of ocean acidification on growth 

(dashed lines are always steeper than solid lines in Fig. 3.5). However, sensitivity of λ to 

ocean acidification depends on life history strategy – the λ of fast growing species is more 

affected by ocean acidification than that of slow growing species (lines in Fig. 3.5a are 

always steeper than similar typed lines in Fig. 3.5b). In spite of this, the proportional 

contribution of effects of ocean acidification on growth and recruitment to declines in λ were 

similar between fast growing species and slow growing species. In models where ocean 

acidification affected both growth and recruitment, 33% of the decrease in λ could be 

attributed to the effect of ocean acidification on growth, and 67% to the effect of ocean 

acidification on recruitment (Fig. 3.5). 

Due to the small number of studies on the effect of ocean acidification on coral 

recruitment, the confidence intervals around projected decreases in λ rate are much larger 

when considering uncertainty around effect of ocean acidification on recruitment than effect 

on growth (red shaded area is much larger than grey shaded area in Fig. 3.5). In general, fast 

growing species are more sensitive to perturbations of growth and recruitment rate, relative to 

slow growing species (dashed lines are further away from the solid line in Fig. 3.6a than in 

Fig. 3.6b). Moreover, fast growing species are more sensitive to perturbations in growth rate 

than perturbations in recruitment rate (black dashed lines are further away from the solid 
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(a) (b) 
 
 

 

Figure 3.5 Model projections of the effects of ocean acidification under RCP 6.0 on the λ of 
 

(a) a fast growing species and (b) a slow growing species (increased recruitment success). 
 

The solid line represents the mean and the grey shade the confidence interval bounds 

(±1.96*SE) of projections with effect of ocean acidification on growth only, the dashed line 

represents the mean and the red shade the confidence interval bounds for projections with 

effect of ocean acidification on recruitment only, and the dot dashed line represents the mean 

and the line shade the confidence interval bounds for projections with effect of ocean 

acidification on both growth and recruitment. 

 

line than red dashed lines in Fig. 3.6a), whereas slow growing species are equally sensitive to 

both (Fig. 3.6b). With respect to the conversion factor (from reduction in calcification to 

reduction in growth), varying it between 0.5 and 1 led to only a small difference (1% at most) 

in reductions in long-term population growth rate (Fig. 3.7). Lastly, the influence of ocean 

acidification on growth and recruitment are approximately additive in their effect on λ (points 

fall close to the dotted (unity) line in Fig. 3.8). 
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(a) (b) 
 
 

 

Figure 3.6 Sensitivity of λ of a fast growing species (a) and a slow growing species (b) to 
 

±10% changes in growth and recruitment/fecundity 
 

(a) (b) 
 
 

 

Figure 3.7 Sensitivity of λ of a fast growing (a) and a slow growing (b) species (increased 

recruitment success) to conversion factor for calcification to growth. Dashed lines are with 

conversion factor of 0.5 and 1 
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(a) (b) 
 
 

 

Figure 3.8 Comparison of λ produced by model with effect of ocean acidification on both 

growth and reproduction against the sum of the results from models with effect of ocean 

acidification on either growth or reproduction for a fast growing species (a) and a slow 

growing species (increased recruitment success) (b). If effect of ocean acidification on 

growth and reproduction was additive, points would fall on the dotted (unity) line. 

 
 
 

3.5 Discussion 
In this chapter, we compared the relative impacts on λ of the effects of ocean 

acidification on individual colony growth and recruitment, and investigated whether life 

history strategy of fast versus slow growth influenced how ocean acidification affected λ. Our 

results show that the impact of ocean acidification, via growth and recruitment, on λ are 

approximately additive and that regardless of life history strategy (fast or slow growing) the 

effects of ocean acidification on recruitment exert more influence on λ than effects of ocean 

acidification on growth. Because the effects of ocean acidification on growth and recruitment 
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are additive, we were able to compare their sensitivities directly. We found that recruitment is 

three times as sensitive to ocean acidification (32.25% decrease per unit decrease in ΩArag) as 

growth is (11.68% decrease per unit decrease in ΩArag, based on estimates of ocean 

acidification effects on calcification from Chapter 2 and the conversion factor from Jokiel et 

al. (2008)). In their latest meta-analysis of the effects ocean acidification on marine 

organisms, Kroeker et al. (2013) found that differences in sensitivity to ocean acidification 

among life history stages varied between groups (e.g. while ocean acidification significantly 

decreased growth and survival of mollusk larvae and juveniles, but not adults, it had 

consistent effects on crustacean juveniles and adults). This led them to suggest the 

identification of potential life history bottlenecks for each taxonomic group – i.e. whether a 

particular life history stage’s susceptibility to ocean acidification could have a 

disproportionality large effect on λ. Our results suggest that while λ for coral populations is 

less sensitive to changes in recruitment (relative to changes in growth), recruitment could still 

be the population bottleneck for corals as it appears to be much more sensitive to ocean 

acidification (relative to growth). This highlights the importance of including recruitment 

(and the effect of ocean acidification on it) in future models that look to project the effects of 

ocean acidification on coral population trajectories (unlike what has been done in van 

Hooidonk et al. 2013 and Silverman et al. 2009). 

Despite assuming a similar percentage decrease in growth and recruitment per unit 

ΩArag between fast and slow growing species, we find that that λ of fast growing species is 

more sensitive to ocean acidification (larger percentage decrease in λ per unit decrease in 

ΩArag) than that of slow growing species. Underpinning this is the fact that λ of fast growing 

species are more sensitive to changes in growth and recruitment rate in general, than that of 

slow growing species. Previous studies have suggested that slow growing species could be 
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‘winners’ and fast growing species ‘losers’ in the face of warming oceans (Marshall and 

Baird, 2000, Loya et al., 2001). Our finding that λ of fast growing species is more sensitive to 

ocean acidification than that of slow growing species, coupled with recent findings from a 

short term laboratory study that calcification of fast calcifiers is more sensitive to ocean 

acidification than slow calcifiers (Comeau et al., 2014b), suggests that this trend also holds 

for ocean acidification. Thus, ocean acidification could contribute to climate driven shifts in 

species composition on reefs – from faster growing branching dominated to slower growing 

massive dominated. This means that habitat complexity of reefs would be severely reduced, 

which would reduce their ability to supply ecosystem services (Moberg and Folke, 1999). 

Unfortunately, while our study shows how vital it is that recruitment’s response to 

ocean acidification be included in projection models, our understanding of how ocean 

acidification impacts coral recruitment is very limited compared to our understanding of the 

sensitivity of calcification to ocean acidification. Given that only three experimental studies 

have investigated realistic scenarios (i.e. including effects on CCA) of how recruitment is 

likely to decrease with ocean acidification (Albright et al 2010, Doropoulos et al 2012, 

Webster et al 2013), the uncertainty around our estimate of the recruitment-ΩArag relationship 

is very large compared to the growth-ΩArag relationship. Moreover while the calcification 

meta-analysis included responses from 18 different species across 10 different families, all 

three studies in the recruitment meta-analysis focused on the Acropora genus, so the among– 

study variation estimated is intra–genus variation and likely to be much smaller than inter– 

family variation. More experimental studies investigating the effects of ocean acidification on 

recruitment success of different coral species are needed to improve our understanding of the 

variability in the response of coral recruitment to ocean acidification and to lessen uncertainty 

in projections. 
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The other parameter that was not known with much certainty was the extent to which 

reductions in calcification translate into reductions in growth versus reductions in skeletal 

density. Experimental results so far suggest species specific decreases in growth (ranging 

from 0 to 100% of the reduction in calcification). Models so far have used conversion factors 

of 0.75-1 with no increases in mortality due to weaker skeletons (except for Madin et al. 

2012). In our study, the uncertainty in the conversion factor makes very little difference to 

estimates of λ (less than 1% difference). Our model does not take into account the effects of 

weaker skeletons on mortality rates. It has been shown that such effects lead to smaller 

declines in λ than when decreased growth rates do (Madin et al. 2012). Assuming no 

weakening of the substrate, Madin et al. (2012) found that reduction in skeletal density led to 

reduction in λ of ~0.01-0.02 (roughly 2%) up to atmospheric pCO2 of 600 uatm (the threshold 

point for species that are mechanically vulnerable to hydrodynamic forces). This suggests  

that our estimates are towards the pessimistic end of the spectrum. 

The only other size-structured projection of coral populations under ocean 

acidification to date showed that λ of a fast growing tabular coral is only likely to decline 

below unity (indicating that populations are shrinking) towards atmospheric pCO2 of 600 

uatm (which will be reached by 2100 by the RCP 6.0 scenario) (Madin et al. 2012). Our 

results that the effects of ocean acidification on growth and recruitment are additive, and that 

the sensitivity of recruitment to ocean acidification is at the very least equal to the sensitivity 

of growth to ocean acidification suggest that λ is likely to decline below unity at lower levels 

of atmospheric pCO2, making ocean acidification a very real threat to coral population 

existence. More research into the effects of ocean acidification on recruitment success is 

needed (to reduce the uncertainty around projections), if we are to accurately predict the 

large-scale, long-term effects of ocean acidification 
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4 Flow mediates the effects of ocean acidification on reef coral 
calcification and photosynthesis 

4.1 Summary 
Reef-building corals, which perform critical ecosystem functions such as reef growth 

and carbon cycling, are vulnerable to ocean acidification. Growing evidence indicates that 

corals’ responses to ocean acidification are highly variable, but little is known about what 

drives this variability. Here, we investigated how flow, which influences both photosynthesis 

and calcification, changes the effects of ocean acidification on the coral Acropora secale. We 

found that calcification under high flow is more sensitive to ocean acidification (i.e., to 

lowered aragonite saturation state, ΩArag) than under low flow. For photosynthesis, due to 

high residual variance, the estimated flow and flow x ocean acidification effects, while 

potentially large in magnitude, were not statistically significant. Unexpectedly, the 

calcification/photosynthesis (gn/pn) ratio exhibits a considerably stronger relationship with 

ΩArag than either of these processes alone. These results suggest that the effects of ocean 

acidification vary substantially with flow speed, with flow having a stronger interactive effect 

on calcification than on photosynthesis. Differences in flow may account for some of the 

variability in calcification responses to ocean acidification documented in previous work, 

highlighting the potential for effects of ocean acidification to vary substantially along 

gradients of flow in coral reefs. Moreover, because many laboratory experiments on ocean 

acidification in corals have been conducted in low-flow conditions, the effects of ocean 

acidification on calcification in nature may be stronger than those experiments imply. 
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4.2 Introduction 
Photosynthesis and calcification are fundamental processes that enable tropical 

scleractinian corals to form extensive three-dimensional reef structures that underpin high 

concentrations of biodiversity and supply critical ecosystem goods and services (Moberg and 

Folke, 1999, Allemand et al., 2004). However, coral photosynthesis and calcification are 

sensitive to changes in ocean chemistry that are associated with ongoing carbon emissions 

(e.g. Hoeke et al 2010). Specifically, ocean acidification, the reduction in pH of the oceans 

due to uptake of increased amounts of atmospheric CO2, leads to an increase in the 

concentration of dissolved inorganic carbon (DIC) of seawater, which is a carbon source of 

coral symbiont photosynthesis (Furla et al., 2000). Also, ocean acidification leads to a 

decrease in the concentration of carbonate ions (CO3
2-) and thus a reduction in the ocean’s 

aragonite saturation state (ΩArag), which has been shown to correlate positively with coral 

calcification (Gattuso et al., 1999, Cohen and Holcomb, 2009, Schneider and Erez, 2006). To 

date, research into the effects of ocean acidification on corals has mainly focused on 

calcification, and while the consensus is that net calcification rate (calcification minus 

dissolution) varies positively with ΩArag (Anthony et al., 2011, Schneider and Erez, 2006, 

Langdon and Atkinson, 2005), results have been highly variable (Chan and Connolly, 2013). 

Sensitivities ranged from +25% to -66% calcification per unit decline of ΩArag and the cause 

of this variability is still poorly understood (Chan and Connolly 2013). Effects of ocean 

acidification on photosynthesis in corals are even less conclusive, with studies showing 

results varying from significant increases (Langdon and Atkinson, 2005, Marubini et al., 

2008) to significant reductions in photosynthesis with ocean acidification (Reynaud et al., 

2003, Anthony et al., 2008). 

The effects of ocean acidification on both calcification and photosynthesis have been 

proposed to be linked to the uptake of available carbon (in the form of CO3
2-, HCO3

- or CO2) 
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from bulk seawater (Schneider and Erez, 2006, Comeau et al., 2012) or the efflux of excess 

H+ back into bulk seawater (Jokiel, 2011a, Jokiel, 2011b). Thus, any factors influencing the 

rate of mass transfer would be expected to modulate effects of ocean acidification (Mass et 

al., 2010). Mass transfer is partly a function of the thickness of the diffusive boundary layer 

(DBL) surrounding aquatic organisms, through which dissolved substances (e.g. nutrients and 

carbon species) enter and leave by diffusion (Shashar et al., 1996, de Beer et al., 2000, 

Jimenez et al., 2011). The rate at which molecules diffuse across DBLs also depends on the 

internal and external concentrations of molecules (Fick’s laws: (Nobel, 1983). In turn, DBL 

thickness depends on water flow velocity over the surface of the organism: for a given 

organism shape and size, the DBL is thinner when flow is faster (Denny, 1988, Nobel, 1983). 

Previous studies have shown rates of nutrient uptake (Atkinson and Bilger, 1992, Thomas 

and Atkinson, 1997), photosynthetic production (Dennison and Barnes, 1988, Hoogenboom 

and Connolly, 2009) and nitrogen fixation in corals and algae to increase with greater water 

motion, proving that the exchange of metabolites between reef communities and their 

surrounding environment is mass transfer limited (Falter et al., 2005, Falter et al., 2004). 

Thus, flow velocity has been hypothesized to influence the effects of ocean acidification on 

marine organisms (Hendriks et al., 2010). Daily average flow rates among reef habitats vary 

within the range of 5 – 40 cms-1 (Fulton and Bellwood, 2005, Dennison and Barnes, 1988). 

Previous work has found no effect of flow on the effects of ocean acidification in the upper 

part of this range (20 – 40 cms-1) (Langdon and Atkinson, 2005). However, because DBL 

thickness asymptotically approaches zero as flow increases, effects of flow on coral carbon 

metabolism have been found to be more pronounced at lower flows (Lesser et al., 1994, 

Hoogenboom and Connolly, 2009, Mass et al., 2010). It is not known how flow and ocean 

acidification interact in this lower range. 
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Here, we investigate how coral calcification and photosynthesis are influenced by 

combinations of ocean acidification and water-flow rates, focusing on a range of flows over 

which the DBL has been shown to affect metabolic rates (Mass et al., 2010, Hoogenboom 

and Connolly, 2009). Previous studies have shown that, under low flow, pH at the surface of 

a photosynthesizing organism is much higher than in bulk seawater, due to the dampening 

effect provided by the thicker boundary layer (Kühl et al., 1995, Hurd et al., 2011). Thus, we 

hypothesize that this dampening will reduce the impact of ocean acidification at low flows 

compared to high flows. Specifically, we test two hypotheses: 1) low flow will weaken the 

(negative) effect of ocean acidification on calcification, and (2) low flow will weaken the 

(positive) effect of ocean acidification on photosynthesis. 

4.3 Methods 

4.3.1 Experimental study 
The study was carried out over 3 weeks from mid September to early October 2011. 

 
Colonies of Acropora secale were collected by scuba diving from a depth of 5 – 10m at 

Davies Reef (18.83S, 147.64E) on the Great Barrier Reef, Australia. Colonies were then 

relocated to the aquarium facilities at Reef HQ (the National Reef Education Centre for the 

Great Barrier Reef Marine Park Authority - www.reefhq.com.au) in Townsville and allowed 

to acclimate in rooftop holding tanks (continuous flow of seawater) for 4 weeks before 

laboratory experiments began. Holding tanks were shaded by shade cloth and had an average 

irradiance of 290 μmol photons m-2s-1. During experiments, four to five colonies (7 – 12cm in 

diameter) were placed in each of two 0.15m wide by 0.15m deep by 1m long recirculating 

flow tanks (Fig. 4.1). The flow tanks conformed to the design of Vogel and LaBarbera (1978) 

and are described as ‘producing fully turbulent flow with boundary layers with a clearly 

definable logarithmic layer, similar to measurements in the field taken under steady flow 

conditions’ (Jonsson et al., 2006). The use of the alkalinity anomaly technique to measure 
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calcification requires high ratio of coral surface area to water volume, and it’s implausible to 

have many individual coral colonies all lined up perpendicular to the direction of the flow, 

thus corals were lined up parallel to direction of flow and arranged by height, from shortest to 

tallest to minimize obstruction of flow to corals at the back by corals in front. The same 

corals were used for all treatment levels, with corals remaining in the flumes in the same 

configuration for the duration of the experiment. Four-hour long experimental runs (one run 

per day) were carried out at five different pH levels and three different flow velocities (with 

the same pH and flow velocity used in both flumes simultaneously), with no two consecutive 

days having the same flow (see Tab. 4.1 for details). Also, down (non experiment) time flow 

was always set to be different to the treatment flow immediately following that particular 

down time. There was no pre-incubation of corals to a given treatment. All measurements 

were made in the light (no dark period during incubation). Temperature was measured with 

Aquatronica temperature sensors and conductivity was measured with an Aquatronica 

saltwater high conductivity electrode (www.aquatronica.com). Salinity was calculated from 

values of temperature and density using Unisense seawater tables 

(www.unisense.com/files/PDF/Diverse/Seawater%20&%20Gases%20table.pdf). Light was 

provided by Aqua Medic Ocean Light Pluses (www.aqua-medic.com) at ~200 μmol photons 

m-2s-1  on a 10h on 14h off photoperiod. Photosynthesis saturation occurs in corals in the 

range of 200-300 μmol photons m-2s-1 (Goiran et al., 1996, Trench, 1987). As the objective 

of the study was to compare the effect of acidification at various flows, we did not require the 

corals to be photosynthesizing at maximum rate and, hence, we picked a light level that was 

around about the sub-saturation irradiance (i.e. where photosynthesis is 50-75% of maximum 

rate of photosynthesis but light levels aren’t high enough to cause any photoinhibition). 

Corals were also allowed to acclimate to experimental light conditions for 3 days. Seawater 

used in experimentation was taken directly from the inshore water outside Reef HQ. Flow in 
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each tank was manipulated by varying the voltage to the propeller until measured (via particle 

tracking) flow velocity was equal to target flow. Neutrally buoyant brine shrimp (Artemia) 

eggs were used as markers and were visually tracked between two points on the flume. Flow 

velocity was measured with corals present. An Aquatronica control unit connected to a Dupla 

CO2 manipulation system (www.dupla.com.au) was used to establish the initial desired 

treatment pH by dosing CO2 into a 250 L seawater reservoir. Flumes were filled from the 

reservoir at the start of each run and then pH was allowed to drift during incubation. As the 

initial total alkalinity (AT) was simply that of the incoming natural seawater, the highest ΩArag 

levels used in our experiments were that of the unmanipulated seawater from outside Reef 

HQ. These ΩArag levels were within the range of ΩArag found over the span of a day on Davies 

reef during winter (3.0-3.8) (Albright et al., 2013). A layer of bubble wrap was floated on the 

surface of flumes to reduce gas exchange with air. Empty flume runs were conducted as 

controls at each flow and pH treatment combination, with background pH changes (increases 

of 0.25, 0.25 and 0.35 for 5, 12 and 20 cms-1 respectively) used to correct all data. Water 

samples were collected (in triplicate) before and after each experimental run and were 

analyzed the same day for pH (Dupla pH probe in experimental flumes at Reef HQ) and AT. 

Potentiometric determination of the pH was performed on the NBS hydrogen ion 

concentration scale (pHNBS). The precision of the analysis based on triplicate measurements 

using the two different pH probes (Dupla pH probe at Reef HQ and Metrohm 888 Titrando 

Titrator at James Cook University) was better than ±0.02 units. AT was determined by 

automatic potentiometric titration to pH values well below the second end point (~3.3) 

(Metrohm 888 Titrando Titrator Metrohm AG, Switzerland), and the Gran function plot 

method, to within 1% of certified reference material (Prof. A. Dickson, Scripps Institute of 

Oceanography). The precision of the analysis based on triplicate measurements was typically 

±4 umol kg-1. Calculation of ΩArag and all other carbonate system parameters were carried out 
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using CO2Calc (Robbins et al., 2010) using the constants K1 and K2 from Mehrbach et al. 

(1973) refit by Dickson & Millero (1987)   , and Dickson for KHSO4. 

(a) (b) 
 
 

 

Figure 4.1 Images of the experimental setup. a) The flume b) Example of an A. secale colony 

used 

Table 4.1 Carbonate chemistry for each experimental treatment. Flow is in cms-1, 
temperature is in °C, salinity is ppt, atmospheric pCO2 is in µatm, pH is on the NBS 
hydrogen ion concentration scale, and total alkalinity (AT), bicarbonate (HCO3

2-), 
carbonate (CO3

2-), CO2, and dissolved inorganic carbon (DIC) are all in umol kg-1. 
Aragonite saturation state (ΩArag) is unit less. 

 
Order Flow Temp Sal pCO2 pHNBS AT 

2- 
HCO3 CO3

2- CO2 DIC ΩArag 
1 5 24.3- 

25.3 
38  

576 
8.04- 
8.08 

2397- 
2489 

 
1973 

 
192 

 
16 

 
2181 

 
2.97 

1 5 24.3- 
25.3 

37.7  
508 

8.08- 
8.13 

2409- 
2460 

 
1929 

 
206 

 
14 

 
2149 

 
3.21 

9 5 25.7- 
26.3 

37.4  
948 

7.76- 
7.97 

2297- 
2419 

 
2040 

 
129 

 
26 

 
2195 

 
2.03 

9 5 25.7- 
26.3 

37.9  
988 

7.77- 
7.95 

2379- 
2486 

 
2106 

 
134 

 
27 

 
2266 

 
2.08 

6 5 24.4- 
25.1 

38.2  
1515 

7.62- 
7.78 

2468- 
2540 

 
2269 

 
97 

 
42 

 
2408 

 
1.50 

6 5 24.4- 
25.1 

38.4  
1547 

7.62- 
7.77 

2502- 
2551 

 
2291 

 
97 

 
43 

 
2431 

 
1.50 

3 5 24.2- 
25.2 

37  
2943 

7.28- 
7.54 

2341- 
2395 

 
2251 

 
48 

 
83 

 
2382 

 
0.74 

3 5 24.2- 
25.2 

37.3  
2793 

7.33- 
7.55 

2407- 
2433 

 
2292 

 
52 

 
79 

 
2423 

 
0.82 

12 5 25- 
25.9 

37.8  
3859 

7.15- 
7.48 

2450- 
2473 

 
2360 

 
42 

 
106 

 
2508 

 
0.65 
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12 5 25- 

25.9 
38.1  

3887 
7.18- 
7.45 

2473- 
2492 

 
2380 

 
43 

 
107 

 
2529 

 
0.66 

2 12 24.3- 
25.2 

37.5  
453 

8.09- 
8.19 

2341- 
2440 

 
1863 

 
215 

 
13 

 
2090 

 
3.34 

2 12 24.3- 
25.2 

37.7  
465 

8.09- 
8.18 

2390- 
2461 

 
1894 

 
217 

 
13 

 
2124 

 
3.37 

10 12 25.6- 
25.9 

37.6  
1161 

7.72- 
7.87 

2374- 
2459 

 
2136 

 
115 

 
32 

 
2283 

 
1.80 

10 12 25.6- 
25.9 

38  
1187 

7.73- 
7.85 

2413- 
2476 

 
2161 

 
116 

 
32 

 
2310 

 
1.81 

5 12 24.4- 
25.4 

37.3  
1295 

7.65- 
7.84 

2341- 
2424 

 
2140 

 
99 

 
36 

 
2275 

 
1.55 

5 12 24.4- 
25.4 

37.7  
1334 

7.64- 
7.84 

2395- 
2466 

 
2183 

 
101 

 
37 

 
2322 

 
1.57 

7 12 24.6- 
25.5 

38.4  
2788 

7.3- 
7.61 

2471- 
2549 

 
2369 

 
58 

 
77 

 
2505 

 
0.90 

7 12 24.6- 
25.5 

38.5  
2845 

7.3-7.6 2515- 
2549 

 
2391 

 
58 

 
79 

 
2528 

 
0.90 

14 12 24.9- 
26 

38.1  
4436 

7.07- 
7.45 

2484- 
2484 

 
2393 

 
38 

 
122 

 
2553 

 
0.59 

14 12 24.9- 
26 

38.3  
4592 

7.07- 
7.43 

2506- 
2519 

 
2422 

 
37 

 
126 

 
2586 

 
0.58 

15 20 24.7- 
25.5 

38.1  
734 

7.89- 
8.05 

2380- 
2513 

 
2079 

 
166 

 
21 

 
2265 

 
2.59 

15 20 24.7- 
25.5 

38.2  
736 

7.9- 
8.06 

2418- 
2547 

 
2045 

 
164 

 
20 

 
2230 

 
2.54 

13 20 24.8- 
25.5 

38.2  
1252 

7.7- 
7.84 

2415- 
2512 

 
2193 

 
111 

 
35 

 
2339 

 
1.72 

13 20 24.8- 
25.5 

38.3  
1273 

7.71- 
7.82 

2435- 
2514 

 
2205 

 
111 

 
35 

 
2351 

 
1.71 

4 20 24.5- 
25.3 

37.8  
1700 

7.49- 
7.8 

2395- 
2484 

 
2236 

 
83 

 
48 

 
2367 

 
1.30 

4 20 24.5- 
25.3 

38.1  
1689 

7.5-7.8 2416- 
2501 

 
2250 

 
86 

 
47 

 
2383 

 
1.33 

8 20 24.3- 
25.7 

38.3  
2964 

7.22- 
7.63 

2464- 
2499 

 
2351 

 
54 

 
82 

 
2487 

 
0.83 

8 20 24.3- 
25.7 

38.1  
2847 

7.24- 
7.65 

2470- 
2524 

 
2364 

 
56 

 
79 

 
2499 

 
0.87 

11 20 24.5- 
25.8 

38.2  
2989 

7.32- 
7.53 

2480- 
2515 

 
2366 

 
54 

 
83 

 
2503 

 
0.84 

11 20 24.5- 
25.8 

38.4  
3169 

7.31- 
7.5 

2514- 
2537 

 
2398 

 
53 

 
88 

 
2538 

 
0.81 
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4.3.2 Data analysis 
Net calcification (gn) was calculated from the change in AT with the following 

equation: 

 

g  = 1 ∆A × 
2 

(Vflume-Vcolonies)×1.026 Eqn 4.1 
∆t×SA 

 
where ∆ AT (umol kg-1) is the difference in AT between samples taken before and after each 

flume run, Vflume (cm3) is the volume of the flumes used for the incubation, Vcolonies (cm3) is 

the displacement volume of the corals , 1.026 (g cm-3) is the seawater density, ∆t (h) is the 

duration of the incubation and SA (cm2) is the surface area of the calcifying coral (Smith and 

Kinsey, 1978). Net photosynthesis (pn) was calculated from the change in DIC and AT using 

the following equation: 

 

p  =(∆DIC- 1 ∆A )× 
2 

(Vflume-Vcolonies)×1.026 Eqn 4.2 
∆t×SA 

 
where ∆ DIC (umol kg-1) is the difference in DIC between samples taken before and after 

each flume run (Chauvin et al., 2011, Nakamura and Nakamori, 2009, Smith, 1978). DIC was 

calculated from measured AT and pH values using program CO2Calc, as previous studies 

have showed that the average percent error between predicted (from pH and AT) and 

measured values of DIC is 2% (Ries et al., 2010). 

 
4.3.3 Calculation of surface area and volume 

To estimate surface area, each coral was divided into branches and a hemisphere 

below the branches. Branches were assumed to be cylinders of variable radius, so surface 

area was estimated by numerically integrating up each branch with equation 

ℎ𝑚𝑚𝑎𝑎𝑥𝑥 2𝜋𝜋𝑟𝑟(ℎ) 𝑑𝑑ℎ where h is branch height and r is branch radius at height h. Hemispheres 
0 

 

were assumed to have surface area 2πR2, where R is the radius of the hemisphere. Total 
 

surface area was thus 𝑁𝑁 ∗ ℎ𝑚𝑚𝑎𝑎𝑥𝑥 2𝜋𝜋𝑟𝑟(ℎ) 𝑑𝑑ℎ + 2π𝑅𝑅2 − N ∗ 2πr(0)2 where N is the number 
0 
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∫ (  )2 

 

of branches. The first term (with the integral) is the surface area of each branch. The second 

term is the surface area of the basal hemisphere. The final term subtracts the parts of the basal 

hemisphere that where the branches are attached (which would therefore not be covered by 

ℎ𝑚𝑚𝑎𝑎𝑥𝑥 
tissue). Volume of colonies was calculated as  0 𝜋𝜋𝑟𝑟  ℎ 𝑑𝑑ℎ (volume of a cylinder) plus 
2 𝜋𝜋𝑟𝑟3 (volume of a hemisphere). All measurements were performed using the software 
3 

 

ImageJ (National Institute of Health, USA) with pixel counts standardized to ruler length. 
 

4.3.4 Fitting of models to data 
All statistical analyses were performed using the software R (R Development Core 

Team 2011). Linear model analysis was used to investigate how net calcification responds to 

flow and ΩArag, and how net photosynthesis responds to flow and DIC concentration. For 

photosynthesis, we used DIC, rather than ΩArag, because DIC is a more direct measure of 

substrate availability for photosynthesis. While photosynthesis is commonly believed to 

utilize only CO2 from the surrounding seawater, Al-Moghrabi et al. (1996) showed that 100% 

of DIC dependent O2  evolution is sensitive to DIDS (an anion exchange protein inhibitor), 

suggesting that HCO3
- uptake is responsible for the total DIC supply of zooxanthellae 

photosynthesis. These two carbon species make up the bulk of DIC. To better elucidate the 

mechanisms through which ocean acidification and flow affect net carbon fluxes, we also 

examined how the ratio of calcification to photosynthesis changed with ocean acidification 

and flow. To do this, we normalized net calcification to net photosynthesis, gn/pn, and used 

linear models to analyze how this composite response variable responded to ΩArag (as in 

Chauvin et al. 2011). Preliminary analysis suggested a non-linear response of net calcification 

to ΩArag (as has been found by Ries et al (2010) and Anthony et al (2011)), but log- 

transformation of ΩArag linearized the relationship between net calcification and ΩArag. This 
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allowed exploration of the interaction between ocean acidification and flow using standard 

linear model analysis. 

Because the study involved repeated experimental runs conducted on the same corals, 

we checked for temporal auto-correlation in the data. We also tested for tank effects in our 

analysis. All models were fitted using the gls() (generalized least squares) function from the 

nlme package (Pinheiro et al., 2012). We used model selection to test for temporal 

autocorrelation by the Likelihood ratio test using Restricted Maximum Likelihood estimation 

(Zuur et al., 2009). Specifically, we fit models including the compound asymmetry and auto- 

regressive moving average (ARMA) models implemented by gls(), and then we compared the 

best-fitting of these models with a model assuming no temporal autocorrelation. Models were 

then checked for normality and homogeneity of variance using standard visual diagnostics. 

We next used model selection to test for tank effects by likelihood ratio test using Maximum 

Likelihood estimation (Zuur et al., 2009). Where model selection indicated that the relevant 

effect did not significantly improve model fit, we excluded the variable from the final model. 

In addition, we carried out a leverage analysis (using Cook’s distance) to ensure that 

results of the linear model analysis were not sensitive to outliers. This involves measuring the 

effect on the model fit by deleting each observation and examining the response. Our 

observations were well below the recommended threshold Cook’s Distance of <1 as a rule of 

thumb for robust results (Zuur et al., 2009). Nevertheless, we re-ran our analyses without the 

point with the largest Cook’s distance value (0.46). As expected, we found no qualitative 

difference in the results: all statistically significant effects remained so after re-analysis; 

likewise, non-significant results remained non-significant. 
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4.4 Results 
For calcification, model selection identified an ARMA(2,0) temporal autocorrelation 

structure, and an interaction between flow and ocean acidification, but no tank effect 

(Appendix D, Tab. 4.2). The negative effect of ocean acidification on coral calcification 

increased with flow velocity. Specifically, higher flows were associated with higher 

calcification at high ΩArag but also greater sensitivity to decreasing ΩArag, compared to lower 

flows (Fig. 4.2a, Tab. 4.2). 

a) b) 
 
 

 

Figure 4.2 a) Calcification (Δ AT, gn) as a function of aragonite saturation state (ΩArag) and 

for A. secale, illustrating the nature of the interaction between flow and ocean acidification. 

Each point (N=30) is an individual experimental run. b) Photosynthesis (alkalinity corrected 

ΔDIC, pn) as a function of dissolved inorganic carbon (DIC) for A. secale, illustrating the 

nature of the interaction between flow and ocean acidification. Each point (N=30) is an 

individual experimental run. Note that under ocean acidification, DIC increases from 2100 to 

2600. The different symbols used for the points represent different flow velocities (circles – 5 

cms-1, triangles – 12 cms-1, and crosses – 20 cms-1). See table 4.2 for function parameters. 
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Table 4.2 Fitted parameters for linear models relating calcification to flow velocity and 

log(ΩArag), relating photosynthesis to flow velocity and DIC, and relating the ratio of 

calcification to net photosynthesis to log(ΩArag). 

 
 estimate standard error p-value 

calcification (µmol CaCO3 cm-2 h-1)    

intercept 0.487 0.123 0.0005 

log ΩArag 0.094 0.107 0.3912 

flow (cms-1) -0.006 0.004 0.1924 

flow (cms-1) x log ΩArag 0.041 0.009 0.0001 

    

photosynthesis (µmol C cm-2 h-1)    

intercept -5.647 4.3 0.2006 

DIC (umol kg-1) 0.003 0.002 0.0785 

flow (cms-1) 0.4014 0.348 0.2590 

flow (cms-1) x DIC -0.0002 0.0001 0.2822 

    

Calcification/photosynthesis    

intercept 0.213 0.018 0.0000 

log ΩArag 0.290 0.023 0.0000 

tank -0.05 0.024 0.0435 
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For photosynthesis, model selection indicated neither temporal autocorrelation nor 

tank effects (Appendix D). For flow and ocean acidification, parameter estimates suggested a 

potentially large interaction, with increased DIC having a smaller effect under high flow than 

low flow, contrary to our second hypothesis. However, due to high residual variance, the 

estimated flow and flow x DIC effects, while large in magnitude, were not statistically 

significant (Fig. 4.2b, Tab. 4.2). 

For gn/pn , model selection yielded no temporal autocorrelation structure but a 

significant main effect of tank (Appendix D). Analysis also showed that decreasing ΩArag 

reduces gn/pn, but that there was no effect of flow on this relationship (Fig. 4.3, Tab. 4.2). In 

other words, the effects of flow on calcification are canceled out by the effects of flow on 

photosynthesis. Coupled responses of calcification and photosynthesis are further suggested 

by the unexplained (residual) variability in the calcification and photosynthesis analyses: 

residuals from the calcification analysis are strongly positively correlated with the residuals 

from the photosynthesis analysis (Fig. 4.4). Consistent with this, the residual standard error 

(0.055) of the gn/pn analysis was an order of magnitude lower than that of the calcification 

(0.426) and photosynthesis (0.531) analyses. Tank did not interact significantly with flow or 

ΩArag, which meant that the tanks had different intercepts but the effect of ΩArag was 

consistent across tanks (Fig. 4.3, Tab. 4.2). 
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a) b) 
 
 

 

Figure 4.3 (a) Flow diagram of model selection for the ratio of net calcification to 

photosynthesis (gn/pn) based on Likelihood Ratio statistics (using ML estimation). Values on 

arrows represent the Likelihood ratio when comparing the two alternative models connected 

by the arrow, with the arrow indicating the direction of preference i.e. points to the favoured 

model. Dashed lines indicate that the more complex model is not significantly better (at 

α=0.05), in which case the simpler model is preferred (b) gn/pn of A. secale as a function of 

aragonite saturation state (ΩArag). See table 4.2 for function parameters. Each point (N=30) is 

an individual experimental run. The different symbols used for the points represent different 

flow velocities (as shown in legend). The line was plotted using the best-fit parameter 

estimates from Tab. 4.2. Black symbols and lines represent tank 1 and red symbols and lines 

represent tank 2. 



Chapter 4 

71 

 

 

 

 
 

Figure 4.4 Residuals from the calcification model versus residuals from the photosynthesis 

model. Each point is an individual run. 

4.5 Discussion 
This study shows that high flow increases the sensitivity of calcification to ocean 

acidification (measured as decreasing ΩArag), which is consistent with our first hypothesis: 

that low flow will weaken the (negative) effect of ocean acidification on calcification. This 

also is consistent with experimental work on other marine organisms showing that low flow 

leads to a thicker boundary layer and thus higher pH at the surface of a photosynthesizing 

organism (Hurd et al., 2011, Kühl et al., 1995). It is contrary to suggestions that the 

dampening effect may not happen in corals due to the spatial segregation in calcifying and 

photosynthesizing zones (Jokiel 2011b). A likely explanation for the reduced sensitivity with 
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lower flow is that thicker DBLs lead to increased O2 saturation at the coral tissue surface 

(Hoogenboom and Connolly, 2009). Increased O2 saturation has been shown to increase 

calcification rates (Wijgerde et al., 2012) and, in combination with glucose or glycerol, has 

been shown be the driver of ‘light enhanced’ calcification (Holcomb et al., 2014). More 

recently, hyperoxia has even been shown to reduce the sensitivity of calcification to changes 

in pH (Wijgerde et al., 2014). 

A recent meta-analysis summarizing the sensitivity of coral calcification to ocean 

acidification found that calcification decreases by ~25%, on average, per unit decrease in 

ΩArag, when calcification is measured by total alkalinity (TA), as in our study (Chan and 

Connolly, 2013). However, 40% of studies in that analysis had sensitivities less than 20%, 

which is of a similar magnitude to the sensitivity of our low flow treatment. This could be 

due to the fact that many experimental studies are conducted under laboratory conditions 

likely to be associated with very low flow (e.g., coral nubbins in small containers with 

circulation induced purely by the flow-through of seawater). Indeed, two studies in the meta- 

analysis which used wave generators to reproduce flow regimes more characteristic of natural 

reef conditions (20 – 50 cms-1) produced results at the uppermost end of the sensitivity 

distribution (40% and 65% change in calcification per unit of ΩArag, respectively Langdon et 

al., 2000, Langdon and Atkinson, 2005). Our results suggest that differences in flow may 

account for some of the variability in responses to ocean acidification documented in 

previous work, and highlights the potential for effects of ocean acidification to vary 

substantially along gradients of flow in coral reefs. Our results also suggest that the response 

found by experimental studies carried out under low flow conditions could be 

underestimating the effects of ocean acidification in the field, particularly at sites exposed to 

ocean currents and wave action. 
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Our finding that flow has a stronger effect on calcification than it does on 

photosynthesis is consistent with current understanding of the spatial distribution of 

calcification and photosynthesis in corals generally (see Jokiel 2011a for a review), and with 

the dynamics of flow around branching corals in particular (Chang et al., 2009, Reidenbach et 

al., 2006). Previous work on flow through densely packed branching corals indicates that 

friction between moving water and colony branches leads to reduced flows through the 

colony, with most of the water diverted around the coral (Chamberlain and Graus, 1977, 

Reidenbach et al., 2006). In branching corals, branch tips, which are exposed to the full 

effects of changing flow, have high calcification rates and low photosynthesis rates, whereas 

branch sides, which are mostly sheltered within the colony, have higher concentrations of 

zooxanthellae (Jokiel 2011a). Thus, changing flow could be expected to have a larger effect 

on calcification than it would on photosynthesis. This reduction of flows adjacent to zones of 

photosynthesis is likely to be less pronounced in encrusting or mound corals, suggesting that 

different colony morphologies might exhibit differing effects of flow and ocean acidification 

on coral production. 

The ratio of calcification to photosynthesis decreased with ΩArag but not with flow. At 

ΩArag ≈ 3, we found a gn/pn ratio of approximately 0.5, which is consistent with findings for 

patches of Acropora spp. on reef flats of Ishigaki Island, Japan (Nakamura and Nakamori, 

2009). A striking and unexpected finding of our study was that gn/pn  was independent of 

flow, despite the existence of a strong flow- ΩArag interaction, at least for calcification. A 

direct linkage between the responses of the two variables is indicated by the strong positive 

correlations between the residuals of the calcification and photosynthesis analyses (Fig. 4.4). 

That is, experimental runs with unusually high calcification, given the flow and ocean 

acidification levels, also tended to have unusually high photosynthesis, and runs with 
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unusually low calcification tended to have low photosynthesis. Consequently, the gn/pn model 

explained more variability (had a lower residual standard error) than the calcification and 

photosynthesis models individually. The smaller residual variation of the gn/pn  model 

suggests that photosynthesis and calcification are coupled (i.e. a reduction in one will cause a 

reduction in the other). Such a coupling, most probably with changes in photosynthesis 

driving changes in calcification (but see McConnaughey & Whelan, 1997 for a counter 

hypothesis), could be due to photosynthesis providing energy for calcification (Colombo- 

Pallotta et al., 2010), increasing O2 saturation in the tissue (Wijgerde et al., 2012), or 

increasing the pH of the polyp coelenteron (Al-Horani et al., 2003, McCulloch et al., 2012, 

Venn et al., 2011). 

The extent to which metabolic responses of corals to flow, such as those measured 

here, may be influenced by acclimation is relatively poorly understood. A previous study 

found that, after 14 days of acclimation to a new flow, there was an ~25% difference in net 

and gross photosynthesis (normalized to surface area) between flows of 1.3cms-1 and 11cms-1 

(Lesser et al., 1994). This is similar in magnitude to the difference that we found over a 

similar range (5 to 12 cms-1), suggesting that our results are likely robust to acclimation on 

physiological time scales. However, Lesser et al. (1994) did find that colonies of the coral 

Pocillopora damicornis had different morphologies when growing in low versus high flow 

environments in nature, in such a way that they had the same Reynolds numbers and 

metabolic rates across flow regimes. Likewise, a two-year long in-situ experimental study on 

Pocillopora verrucosa found that enhanced flow lead to more compact morphology, denser 

skeletons, higher chlorophyll and protein concentrations, a higher density of zooxanthellae 

and higher reproductive output (Mass et al., 2011). This suggests that corals with the capacity 

to alter their growth form substantially in response to flow environments may be able to 
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partially alter their metabolic responses to flow, relative to what may be measured in 

experimental settings. 

Experimental studies that combine multiple variables that affect calcification in 

marine organisms recently have been highlighted as a research priority (Kleypas and 

Langdon, 2006, Pandolfi et al., 2011). Flow is a critically important environmental driver of 

coral ecosystem functioning, via its influence on mass transfer (Atkinson and Bilger, 1992), 

and reef community structure (Done, 1983). The present study demonstrates a significant 

interaction between flow and ocean acidification in the calcification response of the coral 

Acropora secale. Coral calcification in high flow environments is more sensitive to 

decreasing ΩArag than in low flow environments, and higher flow shifts from promoting 

calcification to inhibiting it as ΩArag changes from over-saturated to under-saturated. 

Increased O2 saturation at the coral tissue surface, due to lower flow and thus thicker DBLs, 

potentially accounts for the reduction in sensitivity of calcification rates to ocean acidification 

under lower flows. Our results suggest that variation in corals’ responses to ocean 

acidification could be flow-mediated, but that the ratio of calcification to net photosynthesis 

ratios is likely to respond much more consistently to ocean acidification among different flow 

environments. Our findings also suggest that experimental studies are likely to underestimate 

the effects of ocean acidification on coral calcification in nature, when they are conducted 

under water flow conditions that are low, relative to what typically occurs on coral reefs. 
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5. Interaction of flow and colony morphology in determination of 
coral tissue surface pH 

5.1 Summary 
Considerable uncertainty remains about the impact of ocean acidification on coral 

calcification. Boundary layer effects have been suggested as one factor leading to differences 

between early models predicting ocean acidification to be a major threat to marine 

biodiversity and actual sensitivity of organisms to ocean acidification found in experimental 

studies. The build-up of a diffusive boundary layer (DBL) surrounding aquatic organisms, 

wherein solute transport is controlled by diffusion, can lead to steep concentration gradients 

of metabolic gases and ions. Such boundary layer effects can lead to pronounced differences 

between the bulk seawater pH, and the actual pH experienced by the organism. Tissue surface 

pH is modulated by both mass transfer and metabolic activity, which are in turn dependent on 

DBL thickness and thus flow and morphology. In the present study, we experimentally 

parameterized and evaluated a basic diffusion-reaction-uptake model to elucidate the factors 

that underpin the flow/morphology interaction. Specifically, we investigated whether the 

effect of flow on DBL dynamics differed between a branching and a massive species, and 

whether morphology-driven differences in DBL characteristics lead to differences in tissue 

surface pH. We also ask whether the model predicts differences in tissue surface pH under 

ambient versus acidified condition. Consistent with model predictions, we observed increases 

in the elevation of tissue surface pH at lower flows, and thus thicker DBLs. Moreover, under 

ocean acidification, elevations in tissue surface pH can reach a point at which tissue surface 

pH under acidified conditions is equal to tissue surface under non-acidified conditions. We 

also show that the degree of elevation of tissue surface pH differs by morphology, with 

massive corals able to elevate tissue surface pH to higher levels than branching corals. 

However, these elevations in tissue surface pH have been found at relatively low flows that 
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are rarely encountered by corals in nature, suggesting that the DBL effect is unlikely to 

ameliorate the decreases in coral calcification under ocean acidification. 

5.2 Introduction 
Besides harbouring a substantial proportion of the ocean’s biodiversity, corals reefs 

are estimated to have a net global economic value of $29.8 billion each year. Such reefs form 

when scleractinic corals (and a number of other calcifying reef organisms) can produce 

calcium carbonate (CaCO3) skeletons faster than the sea can erode them (Cohen and 

Holcomb, 2009, Cesar et al., 2003). These processes are inherently linked to the inorganic 

carbon chemistry of the oceans and atmosphere. Over the last half century, anthropogenic 

CO2 emissions have caused atmospheric CO2 to rise steadily from ~320 ppm to ~390ppm 

(IPCC, 2013). About 33% of this enhanced atmospheric CO2 dissolves into the oceans, 

causing a shift in the seawater carbonate system that results in a decrease in both oceanic pH 

and the abundance of carbonate ions that corals use to build their skeletons. These effects of 

enhanced dissolution of CO2 into the oceans are commonly termed ocean acidification, which 

has been identified as a global threat for coral reefs, predicted to slow coral calcification to a 

point where the rate of reef erosion exceeds the rate of skeletal accretion (Silverman et al., 

2009, van Hooidonk et al., 2013). However, considerable controversy remains about the 

actual impact of ocean acidification on coral calcification (Pandolfi et al., 2011, Chan and 

Connolly, 2013). 

The build-up of a diffusive boundary layer (DBL) surrounding aquatic organisms, 

wherein solute transport is controlled by diffusion (Jørgensen and Revsbech, 1985, Boudreau 

and Jørgensen, 2001), can lead to steep concentration gradients of metabolic gases and ions 

(Boudreaux and Jørgensen 2001). Such boundary layer effects can lead to pronounced 

differences between the bulk seawater pH, and the actual pH experienced by the organism, 
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which is modulated by both mass transfer and metabolic activity (Kühl et al., 1995). 

Microsensor measurements across the DBL thus show elevated pH at the tissue surface of 

corals during daylight and lower pH in darkness as compared to the bulk seawater (de Beer et 

al., 2000, Al-Horani et al., 2003, Kühl et al., 1995). Hence, the actual tissue surface pH of 

corals does not necessarily correspond to that predicted to occur in the bulk water phase by 

the end of the century, which tends to be what current predictions are based upon (Hendricks 

et al. 2010). The lack of consideration of so-called boundary layer effects has thus been 

suggested as one factor leading to differences between early models predicting ocean 

acidification to be a major threat to marine biodiversity (Kleypas et al., 1999a) and actual 

sensitivity of organisms to ocean acidification found in experimental studies (Hendriks et al., 

2010, Ries et al., 2009). 

Tissue surface pH of coralline alga and foraminifera has been shown to be dependent 

on the metabolic rate of the organism (i.e. photosynthesis, respiration and calcification) and 

the thickness of the DBL (Wolf-Gladrow et al., 1999, Cornwall et al., 2014). In turn, DBL 

thickness is largely a function of fluid velocity and surface roughness (Denny, 1988, Jumars 

and Nowell, 1984). Although flow regime has a central role in determining coral surface pH, 

experimental studies on the effects of ocean acidification on coral calcification are just only 

beginning to recognise the interactive effects of ocean acidification and flow (Comeau et al., 

2014a). As such, previous studies have been carried out over a large range of flow velocities, 

ranging from 1 cm s-1 (Ohde and Hossain, 2004) to 40 cm s-1 (Langdon et al., 2000), making 
 

a direct comparison of ocean acidification related effects difficult. Moreover, experiments 

have been carried out on a large variety of study species, and the effect of flow on respiration 

and photosynthesis has been shown to differ by genus (Hoogenboom and Connolly, 2009). 

Thus, flow velocity driven differences in tissue surface pH could possibly explain some of 
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the large variation in the response of corals to ocean acidification among experimental studies 

carried out so far. 

Coral morphology is another factor that could interact with flow velocity to further 

drive pH variation among coral studies. For instance, the DBL thickness of branching and 

massive corals can be very different, despite similar regimes of ambient flow (Jimenez et al., 

2011). Such differences in DBL thickness might explain why branching Porites have been 

found to be more negatively affected by ocean acidification than massive Porites (Edmunds  et 

al 2012). While branching colonies are often more abundant than massive colonies on tropical 

Indo-Pacific reefs, there are some regions (e. g. in the Caribbean) where massive colonies 

dominate (Bates et al., 2010). If the sensitivity of coral calcification to ocean acidification 

varies with colony morphology and flow exposure, then varying responses to ocean 

acidification between reefs could arise from differences in the most prevalent morphology of 

the primary reef builder. Such differences could also lead to a shift in reef species composition 

under climate change, from branching dominated to massive dominated reefs, which would 

reduce habitat complexity. 

The overarching aim of this study was to better understand the drivers that determine 

tissue surface pH of corals. Specifically, we compared whether flow effects on tissue surface 

pH differed between massive and branching colonies, and under ambient and acidified 

conditions in the water column. To elucidate the factors determining tissue surface pH, we 

constructed and parameterized (from microsensor measurements) a basic diffusion-reaction- 

uptake model, and evaluated how well the model predicted tissue surface pH across a range 

of flows for branching versus massive colonies, or between ambient versus acidified 

conditions. We also evaluated the likely generality of morphological differences in DBL 
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dynamics by analysing the Reynold/Sherwood number relationship for different branching 

and massive species. 

5.3 Methods 

5.3.1 The model 
We tested whether a simple diffusion-reaction-uptake model of the DBL, previously 

developed to describe the inorganic carbon chemistry in the DBL of foraminifera (Wolf- 

Gladrow et al 1999), could replicate tissue surface pH measured over corals with 

microsensors. The model calculates concentration profiles of chemical species in the 

carbonate system from the coral surface to bulk seawater as a function of distance from the 

coral surface (x), where x ranges from 0 at the coral surface to xbsw at bulk seawater. The 

model calculates the concentrations depending on diffusion, chemical conversion and the 

fluxes generated by metabolic rates. 

The following chemical reactions are taken into account (from Zeebe and Wolf- 

gladrow 2001) : 

 

𝑘𝑘+1 → − + 

𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 ← 𝐻𝐻𝐶𝐶𝑂𝑂3 
𝑘𝑘−1 

+ 𝐻𝐻 Eqn 5.1 

 
 

𝑘𝑘+4 → − 

𝐶𝐶𝑂𝑂2 + 𝑂𝑂𝐻𝐻− 
← 𝐻𝐻𝐶𝐶𝑂𝑂3 

𝑘𝑘−4 

Eqn 5.2 

 

𝑘𝑘𝐻𝐻+ 
2− + → − 
𝐶𝐶𝑂𝑂3 + 𝐻𝐻 

← 𝐻𝐻𝐶𝐶𝑂𝑂3 
𝐻𝐻+ 
−5 

Eqn 5.3 

 
𝑘𝑘𝑂𝑂𝐻𝐻− 

− − → 2− 
𝐻𝐻𝐶𝐶𝑂𝑂3 + 𝑂𝑂𝐻𝐻 ← 𝐶𝐶𝑂𝑂3 

𝑂𝑂𝐻𝐻 
−5 

+ 𝐻𝐻2𝑂𝑂 Eqn 5.4 

𝑘𝑘 

𝑘𝑘 
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𝑘𝑘+6 

𝐻𝐻 𝑂𝑂 →   𝐻𝐻+  + 𝑂𝑂𝐻𝐻− Eqn 5.5 
←  
𝑘𝑘−6 

 
 

𝑘𝑘+7 → − 

𝐵𝐵(𝑂𝑂𝐻𝐻)3 + 𝑂𝑂𝐻𝐻− 
← 𝐵𝐵(𝑂𝑂𝐻𝐻)4 

𝑘𝑘−7 

Eqn 5.6 

 
 

𝑘𝑘+8 
2− → − − 

𝐵𝐵(𝑂𝑂𝐻𝐻)3 + 𝐶𝐶𝑂𝑂3 + 𝐻𝐻2𝑂𝑂 ← 𝐵𝐵(𝑂𝑂𝐻𝐻)4 + 𝐻𝐻𝐶𝐶𝑂𝑂3 
𝑘𝑘−8 

Eqn 5.7 

 

where k+i and k-i are the rate (kinetic) constants. 
 

The basic equations of the model are of the following form 
 

𝜕𝜕𝑐𝑐(𝑥𝑥,𝑡𝑡) = 𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓𝑢𝑢𝑠𝑠𝑖𝑖𝑜𝑜𝑛𝑛 + 𝑅𝑅𝑒𝑒𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑜𝑜𝑛𝑛 Eqn 5.8 
𝜕𝜕𝑡𝑡 

 

where c(x,t) is the concentration of a particular chemical species at distance x from the coral 

surface, at time t. Specific sources and sinks are added for metabolic fluxes as boundary 

conditions at the coral surface. 

Concentration profiles are calculated as a function of the distance from the tissue 

surface. The time needed to establish a steady state can be estimated by the diffusional time 

scale τ=l2/D. where l ≈ 100–2000 µm is the boundary layer thickness, and D ≈ 2 x 10-9 m2 s-1 

is the diffusion coefficient for CO2. Given these values, τ = 5–2000s. The time scale for the 

slowest reaction, i.e. conversion from HCO3
- to CO2  is in the order of 100s (Wolf-Gladrow et 

al., 1999). Because the time scale for diffusion and reaction are small compared to typical 
 

time scales of photosynthesis, respiration and calcification in the natural environment (hours 

to days), a steady state of the fluxes will be assumed (as in Wolf-Gladrow et al 1999). Thus 

0 = 𝜕𝜕𝑐𝑐(𝑥𝑥,𝑡𝑡) = 𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓𝑢𝑢𝑠𝑠𝑖𝑖𝑜𝑜𝑛𝑛 + 𝑅𝑅𝑒𝑒𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑜𝑜𝑛𝑛 Eqn 5.9 
𝜕𝜕𝑡𝑡 
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The complete equations of the model are (Zeebe and Wolf-gladrow 2001):- 
 
 

0 = 𝐷𝐷𝐶𝐶𝑂𝑂2 
𝜕𝜕2[𝐶𝐶𝑂𝑂2] + (𝑘𝑘  
[𝐻𝐻+ 

𝜕𝜕𝑥𝑥 

 
] + 𝑘𝑘−4)[𝐻𝐻𝐶𝐶𝑂𝑂−] − (𝑘𝑘 + 𝑘𝑘  
[𝑂𝑂𝐻𝐻− 

 
])[𝐶𝐶𝑂𝑂2] Eqn 5.10 

 
 

𝜕𝜕2[𝐻𝐻𝐶𝐶𝑂𝑂−] 
 

− + − 
 

𝐻𝐻+ + 

0 = 𝐷𝐷𝐻𝐻𝐶𝐶𝑂𝑂3 𝜕𝜕𝑥𝑥2 + (𝑘𝑘+1 + 𝑘𝑘+4[𝑂𝑂𝐻𝐻 ])[𝐶𝐶𝑂𝑂2] − (𝑘𝑘−1[𝐻𝐻 ] + 𝑘𝑘−4)[𝐻𝐻𝐶𝐶𝑂𝑂3                                                ] + (𝑘𝑘+5              [𝐻𝐻  ] + 

 𝑂𝑂𝐻𝐻− 
)[𝐶𝐶𝑂𝑂2−] − (𝑘𝑘𝐻𝐻+ 

+ 𝑘𝑘𝑂𝑂𝐻𝐻−[𝑂𝑂𝐻𝐻−])[𝐻𝐻𝐶𝐶𝑂𝑂−] + 𝑘𝑘 [𝐵𝐵(𝑂𝑂𝐻𝐻) ][𝐶𝐶𝑂𝑂2−]  − 
𝑘𝑘−5 3 −5 +5 3 +8 3 3 

 
− − 

𝑘𝑘−8[𝐵𝐵(𝑂𝑂𝐻𝐻)4 ][𝐻𝐻𝐶𝐶𝑂𝑂3 ] Eqn 5.11 
 
 

𝜕𝜕2[𝐶𝐶𝑂𝑂2−]  𝐻𝐻+ 
 

𝑂𝑂𝐻𝐻− − 
 

− 𝐻𝐻+ +  𝑂𝑂𝐻𝐻− 2− 

0 = 𝐷𝐷𝐶𝐶𝑂𝑂3
− 

𝜕𝜕𝑥𝑥2 + 
(𝑘𝑘−5 

+ 𝑘𝑘+5 [𝑂𝑂𝐻𝐻 ])[𝐻𝐻𝐶𝐶𝑂𝑂3 ] − (𝑘𝑘+5      [𝐻𝐻 ] + 𝑘𝑘−5 )[𝐶𝐶𝑂𝑂3 ] − 

 
2− − − 

𝑘𝑘+8[𝐵𝐵(𝑂𝑂𝐻𝐻)3][𝐶𝐶𝑂𝑂3 ] + 𝑘𝑘−8[𝐵𝐵(𝑂𝑂𝐻𝐻)4 ][𝐻𝐻𝐶𝐶𝑂𝑂3 ] Eqn 5.12 
 
 

𝜕𝜕2[𝐻𝐻+]  
+ −  𝐻𝐻+ 

 
− 𝐻𝐻+ + 2− 

0 = 𝐷𝐷𝐻𝐻+ 
𝜕𝜕𝑥𝑥2 + 𝑘𝑘+1[𝐶𝐶𝑂𝑂2] − 𝑘𝑘−1[𝐻𝐻 ][𝐻𝐻𝐶𝐶𝑂𝑂3 ] + 𝑘𝑘−5 [𝐻𝐻𝐶𝐶𝑂𝑂3 ] − 𝑘𝑘+5              [𝐻𝐻 ][𝐶𝐶𝑂𝑂3 ] + 𝑘𝑘+6 − 

 

𝑘𝑘−6[𝐻𝐻+][𝑂𝑂𝐻𝐻−] Eqn 5.13 
 
 

𝜕𝜕2[𝑂𝑂𝐻𝐻−]  
− − 𝑂𝑂𝐻𝐻− − 

 
− 𝑂𝑂𝐻𝐻− 2− 

0 = 𝐷𝐷𝑂𝑂𝐻𝐻− 
𝜕𝜕𝑥𝑥2 + 𝑘𝑘−4[𝐻𝐻𝐶𝐶𝑂𝑂3 ] − 𝑘𝑘+4[𝑂𝑂𝐻𝐻 ][𝐶𝐶𝑂𝑂2] − 𝑘𝑘+5 [𝑂𝑂𝐻𝐻 ][𝐻𝐻𝐶𝐶𝑂𝑂3 ] + 𝑘𝑘−5 [𝐶𝐶𝑂𝑂3 ] + 

 

𝑘𝑘+6 − 𝑘𝑘−6[𝐻𝐻+][𝑂𝑂𝐻𝐻−] + 𝑘𝑘−7[𝐵𝐵(𝑂𝑂𝐻𝐻)−] − 𝑘𝑘 [𝐵𝐵(𝑂𝑂𝐻𝐻) ][𝑂𝑂𝐻𝐻− ] Eqn 5.14 

 

𝜕𝜕2[𝐵𝐵(𝑂𝑂𝐻𝐻)3] − 
 

− 2− 

0 = 𝐷𝐷𝐵𝐵(𝑂𝑂𝐻𝐻)3 
𝜕𝜕𝑥𝑥2 +              𝑘𝑘−7[𝐵𝐵(𝑂𝑂𝐻𝐻)4 ]        − 𝑘𝑘+7[𝐵𝐵(𝑂𝑂𝐻𝐻)3][𝑂𝑂𝐻𝐻 ] − 𝑘𝑘+8[𝐵𝐵(𝑂𝑂𝐻𝐻)3][𝐶𝐶𝑂𝑂3 ] + 

 
− − 

𝑘𝑘−8[𝐵𝐵(𝑂𝑂𝐻𝐻)4 ][𝐻𝐻𝐶𝐶𝑂𝑂3 ] Eqn 5.15 
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𝜕𝜕2[𝐵𝐵(𝑂𝑂𝐻𝐻)−] 

− 
 − 𝑘𝑘  [𝐵𝐵(𝑂𝑂𝐻𝐻)−  ] + 𝑘𝑘  [𝐵𝐵(𝑂𝑂𝐻𝐻)  ][𝑂𝑂𝐻𝐻−  ] + 𝑘𝑘  [𝐵𝐵(𝑂𝑂𝐻𝐻)  ][𝐶𝐶𝑂𝑂2−]  − 

0 = 𝐷𝐷𝐵𝐵(𝑂𝑂𝐻𝐻)4 𝜕𝜕𝑥𝑥2 −7 4 +7 3 +8 3 3 

 
− − 

𝑘𝑘−8[𝐵𝐵(𝑂𝑂𝐻𝐻)4 ][𝐻𝐻𝐶𝐶𝑂𝑂3 ] Eqn 5.16 
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The model was used with two boundary conditions:- 
 

1) The concentration of chemical species at the upper boundary of the DBL are set as 

bulk seawater conditions (either ambient or acidified) 

2) The flux of each chemical species through the tissue surface boundary is equal to 

the net metabolic rate that consumes or releases that species 

In the model, the values of the rate parameters are fixed constants (Zeebe and Wolf- 

Gladrow, 2001). The model also has 4 variable input parameters – DBL thickness, net 

photosynthesis, net calcification and bulk seawater chemistry. To test the model, we 

measured DBL thickness, net photosynthesis and bulk seawater chemistry experimentally 

(details in following sections). Net calcification was assumed to be a percentage of net 

photosynthesis as has been found in the literature (Schneider et al., 2009). The ratio of net 

calcification to net photosynthesis (gn/pn) has been found to remain constant across varying 

flows (Chapter 4), so we fit calcification to be a fixed percentage of net photosynthesis, 

independent of flow. However, we found that gn/pn does decrease with ocean acidification 

(Chapter 4), and previous work has suggested that different morphologies have different 

spatial patterns of zooxanthallae distribution and skeletal growth (Jokiel et al 2011). 

Consequently, gn/pn was estimated separately for different colony morphologies and bulk 

seawater conditions. With regards to DBL thickness, we used DBL thickness calculated from 

O2 profiles as a previous study has found no significant differences between DBL thickness 

when calculated with O2 or pH profiles (Cornwall et al., 2013). 

Corals acquire HCO3
- mainly from bulk seawater rather than from internal sources 

(Goiran et al., 1996, Schrameyer et al., 2014). To keep electric charge neutral, the uptake of 

HCO3
- is compensated for by the uptake of an equal amount of H+. Thus the equations used to 

represent photosynthesis and calcification were: 
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Photosynthesis: HCO3
- + H+  → CH2O + O2 

 
Calcification: Ca2+ + HCO3

- → CaCO3 + H+ (Allemand et al., 2004) 
 

Thus the flux of HCO3
- into the tissue is equal to net photosynthesis plus calcification while 

the flux of H+ into the tissue equals net photosynthesis minus calcification. 

5.3.2 Parameter estimation and model validation 
To parameterize the model, we required estimates of DBL thickness and net 

photosynthesis at a number of flow velocities. To evaluate the model, we required estimates 

of tissue surface pH. We measured these all using massive Favites sp. and branching 

Pocillopora damicornis colonies (~3cm diameter). Experiments were conducted at the 

University of Technology, Sydney (UTS). Corals originated from the local coral holding 

facility at UTS (see Wangpraseurt et al. 2014 for details). Experiments were run in a custom- 

made black acrylic flow chamber (0.07 x 0.07 x 0.20m). Microprofiles of O2 and pH within 

the DBL were measured under 4 flow velocities (0.1, 1, 2 and 5 cm s-1). Flow in each tank 

was manipulated by varying the output on a pump until measured (via particle tracking) flow 

velocity was equal to target flow. Neutrally buoyant brine shrimp (Artemia) eggs were used 

as markers and were visually tracked between two points on the flume. The O2 concentration 

and pH at the tissue surface was also recorded simultaneously as flow velocity was varied in 

light and darkness. Measurements were carried out at a temperature of 25.8°C and a salinity 

of 33.4, which are the prevailing conditions in the coral holding tanks. Microsensor 

measurements were performed at the branch tips for branching species and on the coenosarc, 

i.e., the tissue connecting two polyps, for massive species as these regions of the coral have 

been shown to have the highest calcification rate for each morphology respectively (de Beer 

et al 2000, Jokiel 2011). 
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a) b) 
 
 

 

Figure 5.1 Images of the experimental setup. a) The flume b) Example of a colony used 
 

To evaluate how well the model captured DBL dynamics under ocean acidification, 

we carried out additional measurements on the same Favites sp. colonies. Colonies were 

placed in acidified seawater (pHSWS = 7.8 (±0.08 SD; n=10), which represents predicted 

conditions at 2100 under RCP 6.0, and TA = 2011 µmol kg-1 (IPCC, 2013)) and O2 and pH 

profiles within the DBL were measured under the same flow velocities as used for the 

experiments with normal seawater (see above). Acidified seawater was obtained by sparging 
 

CO2 gas into tanks controlled via a pH controlling system (Tunze Aquarientechnik GmbH, 

Penzberg, DE), connected to a CO2 gas cylinder, allowing for fine automated control of pH 

for the duration of the experiment (within ±0.01 pH units). pH electrodes of the pH 

controlling system (Tunze Aquarientechnik GmbH, Penzberg, DE) were calibrated every 

week using pH 5.0 and 7.0 standard buffers (Fluka, Sigma-Aldrich, CH). Bulk seawater pH 

of the flume was monitored continuously and water replaced constantly to limit pH increase 

(due to equilibrium with air) to 0.05 units. 

 
5.3.3 Microsensor measurements 

Microscale O2 concentration measurements were done with Clark-type O2 

microsensors connected to a PA-meter (PA2000, Unisense, Denmark). The microsensors had 
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a tip diameter of 25 µm, a 90% response time of <0.5 s and a stirring sensitivity of ~1% 

(OX25, Unisense, Denmark). Sensors were linearly calibrated from signal readings in air 

saturated water and anoxic water (flushed with N2). The percent air saturation in seawater at 

experimental temperature and salinity was transformed to O2 concentration (µmol O2 L-1) 

using gas tables (Unisense, Denmark). 

 
Microscale pH was measured with pH glass microelectrodes with an outer tip size of 

40-60 µm (Unisense A/S, Aarhus, Denmark). The microelectrodes were connected to a high 

impedance mV meter (Unisense A/S, Aarhus, Denmark) that measured the pH-dependent 

microelectrode potential against a standard calomel reference electrode immersed in the same 

medium as the microelectrode and calibrated. The pH microelectrodes were calibrated in 

standard pH buffers (pH 4, 7, and 10). 

Visible light was provided by a tungsten-halogen lamp of constant colour temperature 

(Schott KL2500). The incident downwelling photon irradiance (PAR, 400-700 nm) was 

measured with a calibrated spherical quantum sensor (US-SQS/L, Heinz Walz GmbH) 

connected to a light meter (Li-250A, Li-COR). All measurements were carried out at a 

downwelling irradiance of 800μmol photons m-2 s-1  to maintain consistency with a pilot study 

done on Heron Island, GBR. 
 

For profiling, the microsensors were mounted on PC-controlled motorized 

micromanipulators for automatic profiling (Pyro-Science GmbH, Germany). The 

micromanipulators were fixed on a heavy-duty vibration-free metal stand. Positioning of the 

microsensors was facilitated by the manufacturer’s software (Profix, Pyro-Science GmbH, 

Germany). 

Measurements were done with the O2  microelectrode mounted vertically, while the 

pH microelectrode was mounted at a 45° angle and the light at a 25° angle relative to vertical. 
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Microsensor measurements were done in vertical steps of 50 to 100µm. Determination of the 

tissue surface position was done by observation of the microsensor tip under a dissection 

microscope while slowly approaching the surface. In the following, all depths are given 

relative to the coral tissue surface (depth = 0 µm), where negative depths indicate distance 

above the tissue surface. 

5.3.4 DBL thickness calculation 
The effective DBL thickness was calculated from the intercept between the linear 

extrapolation of the O2 concentration profile at the coral surface and the bulk seawater 

concentration (Jørgensen and Revsbech, 1985). The slope of the O2 concentration versus 

distance data was fitted using the linear model function (lm) in R (R Core Team 2014). 

 
5.3.5 Net photosynthesis calculation 

The diffusive fluxes of O2, J(x) were calculated from steady state O2 concentration 

profiles by Fick’s first law of diffusion: 

 

𝐽𝐽(𝑥𝑥) = −𝐷𝐷𝑆𝑆 
𝛿𝛿𝐶𝐶(𝑥𝑥) Eqn 5.18 

𝛿𝛿𝑥𝑥 

 

where is δC/ δx the slope of the O2 profile at depth x, and Ds is the apparent diffusion 

coefficient of O2. In seawater Ds=DO, the molecular diffusion coefficient of O2 in water. DO, 

corrected for temperature (2.1707x 10-5cm2 s-1), was taken from tabulated values provided by 

Unisense (Ramsing & Gunderson). 
 

5.3.6 Calculating of ratio of calcification to photosynthesis 
The model and data from one flow (5 cms-1) was used to fit the ratio of net 

calcification to net photosynthesis. Ratio of net calcification to net photosynthesis was 

independently fitted for each morphology and acidified condition. We then tested model 

predictions against the other 3 flows (0.1, 1 and 2 cms-1). 
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5.3.7 Morphological difference in DBL dynamics 
To better understand the role of morphological difference in DBL dynamics, we 

examined the relationship between the Reynolds (Re) and Sherwood (Sh) numbers in our 

Favites and P. damicornis experiment, and, to test the generality of the morphological 

differences we found, we also analysed data from a pilot study on Heron Island, which 

investigated the DBL dynamics of (massive) Goniastrea aspera and (branching) Stylophora 

pistillata. 

Re:Sh analysis is commonly used in mass transfer studies as it facilitates comparison 

to the large body of engineering theory on mass transfer to various regularly shaped, smooth 

structures such as cylinders and spheres (Patterson, 1992, Helmuth et al., 1997). Re is the 

ratio of inertial to viscous forces of the fluid, and hence characterizes flow past the coral 

colony (Schlichting and Gersten, 2000): 

 

Re = 𝑢𝑢𝑊𝑊
 

𝑣𝑣 
Eqn 5.19 

 

where u is the free stream flow velocity, W is the characteristic organism size (e.g. length in 

direction of flow), and v is the kinematic viscosity of the fluid. Sh is the ratio of the measure 

of total flux of a solute to the tissue surface assisted by fluid motion to the average flux that 

would occur if molecular diffusion through the diffusive boundary layer under stagnant 

conditions was the sole mechanism for mass transport (Patterson 1992): 

 

Sh = ℎ𝑚𝑚𝑊𝑊 
𝐷𝐷 

Eqn 5.20 

 

where D is the diffusion coefficient, and hm is the mass transfer coefficient, which was 

determined empirically from the ratio of mass flux (in our case net photosynthesis) per unit 

area to the gas (in this case O2) concentration difference between bulk seawater and tissue 

surface: 
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𝑀𝑀  =  ℎ𝑚𝑚(𝐶𝐶𝑠𝑠𝑤𝑤                              − 𝐶𝐶0) Eqn 5.21 

 
where M is the gas flux due to photosynthesis, Csw is the gas concentration in bulk seawater, 

and C0 is the gas concentration at the coral surface. Net photosynthesis was determined as 

outlined above, and values of Csw and C0 were taken from microsensor measurements. 

The relationship between Re and Sh has been well characterized experimentally as 

following a power law relationship 

Sh     =          𝑎𝑎𝑅𝑅𝑒𝑒𝑏𝑏 Eqn 5.22 
 

where a and b are empirically determined coefficients that depend upon organism shape and 

surface roughness (Incropera and DeWitt, 1996). The exponent b is the most important 

coefficient in determining the degree to which flow augments mass transfer relative to 

diffusion, and its numerical value gives an indication of whether transport is occurring 

through a laminar (b = 0.5) or turbulent (b > 0.6) boundary layer (Patterson et al., 1991). 

 
5.3.7 Statistical analysis 

To determine whether there was statistical support for calibrating the model 

differently for different colony morphologies or bulk seawater conditions, ANCOVA was 

used to test whether species interacted with flow in determining DBL thickness, 

photosynthesis and tissue surface pH, and to test whether species/bulk seawater pH interacted 

with flow in determining tissue surface pH. ANCOVA was also used to test whether species 

interacted with Re to affect Sh (mass transfer). ANCOVAs were carried out using the aov() 

function in R. 



Chapter 5 

90 

 

 

 

5.4 Results 

5.4.1 Parameter estimation 
DBL thickness had a negative power law relationship with flow for both Favites and 

 
P. damicornis, i.e., it was thick at low flow and thinned out as flow increased (Fig. 5.2a). The 

largest change in DBL thickness occurred between 0 and 2 cm s-1 (Fig. 5.2a). Flow and 

species interacted significantly to affect net photosynthesis, with net photosynthesis 

increasing more with increasing flow for Favites than for P. damicornis (Fig. 5.2b, Tab. 5.1). 

 
(a) (b) 

 
 

 
Figure 5.2 (a) DBL thickness (µm) versus flow (cm s-1) for Favites (blue circles) and P. 

damicornis (green circles). Symbols and error bars represent the mean ±1.96*SE (n=4-6). 

Lines represent the relationship between DBL thickness and flow from fitted power functions 

(DBLFavites = 767 flow -0.738, DBLP. damicornis = 432 flow -0.99). (b) Net photosynthesis at various 

flows (cm s-1) for Favites (blue circles), Favites under acidified conditions (blue triangles), 

and P. damicornis (green circles). Symbols with error bars represent the mean ±1.96*SE 

(n=4-6). 
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Table 5.1 ANCOVA summary for effects of flow and species on photosynthesis of Favites 
 

and P. damicornis 
 
 

Factor F df p 

Flow 36.38 1 <0.001 

Species 42.22 1 <0.001 

Flow x species 15.27 1 <0.001 

 

5.4.2 Microsensor measurement of tissue surface pH 
Flow significantly affected tissue surface pH with lower flows leading to increased 

elevation in tissue surface pH (Fig. 5.3a, Tab. 5.2). Species also had a significant effect on 

surface pH (Tab. 5.2), with Favites having a larger increase in tissue surface pH (0.2-0.6 pH 

units) than P. damicornis (0-0.2 pH units) (Tab. 5.2). There was no interaction between flow 

and species in determining tissue surface pH. For Favites, the highest deviations from bulk 

seawater pH occurred under flows of 1 and 2 cm s-1, but even at a flow of 0.1 and 5 cm s-1
 

 
tissue surface pH was still significantly elevated (Fig. 5.3a). For P. damicornis, tissue surface 

pH was highest at close to stagnant conditions. Enhanced flow velocities reduced tissue 

surface pH up until a velocity of ~5 cm s-1. Tissue surface pH did not differ from the bulk 

seawater pH at flow velocities >5 cm s-1 (Fig. 5.3a). 

There was a significant effect of bulk seawater pH on elevation of tissue surface pH 

(Tab.5.3). Tissue surface pH of Favites had larger elevation under acidified conditions (bulk 

seawater pH of 7.8) than under ambient pH conditions (bulk seawater pH of 8.2), at flows of 

1 and 2 cm s-1 (Fig. 5.3a). At a flow velocity of 2 cm s-1, there was no difference in tissue 

surface pH (~8.28) under ambient and acidified conditions. 
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5.4.3 Model predictions 
Net calcification was estimated to be 65%, 55% and 80% of net photosynthesis in 

Favites, Favites under acidified conditions, and Pocilloporia, respectively. Using these 

calcification rates, the diffusion-reaction-uptake model predicted tissue surface pH quite well 

for both Favites and P. damicornis, under ambient and acidified conditions, at all flow 

velocities except for 0.1cm s-1  (Fig. 5.3a & b). At a flow velocity of 0.1cm s-1, the model 

over-predicted tissue surface pH for Favites but under predicted it for P. damicornis (Fig. 
 

5.3a). 
 

Overall, the R2 for a linear regression of observed versus predicted values was 0.9229 

(Fig. 5.3b); moreover, the slope (1) and intercept (0) of the unity line (where observed value 

equal predicted value) was within the 95% confidence ellipse of the linear regression (Fig. 

5.3c). Thus, the model shows both high precision and low bias as a predictor of tissue surface 

pH. 
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(a) Figure 5.3 (a) Elevation of tissue surface 

pH relative to bulk seawater at various 

flows (cm s-1) for Favites (blue circles), 

Favites under acidified conditions (blue 

triangles) and P. damicornis (green 

circles). Symbols with error bars represent 

the mean ±1.96*SE (n=4-6). Lines 

represent model predictions. Bulk seawater 

had a pHSWS of 8.2 (±0.04 SD; n=10)) and 

TA = 2325 µmol kg- for ambient 

conditions and a pHSWS of 7.8 (±0.08 SD; 

(b) n=10) and TA = 2011 µmol kg-1 for 
acidified conditions. (b) Alternative 

visualization of the model performance for 

the data and predictions shown in the first 

panel. Observed (measured with 

microsensor) are plotted versus predicted 

(from model) values of elevation of tissue 

surface pH relative to bulk seawater at 

various flows (cm s-1) for Favites (blue), 

Favites under acidified conditions (blue 

triangles) and P. damicornis (green). Black 

numbers next to points are the flow 
(c) velocities. Black dashed line represents the 

unity line where predicted values equal 

observed values. (c) 95% confidence 

ellipse of slope and intercept parameters 

for the linear regression of observed 

increase in pH versus model predition. The 

dot represents the unity line (i.e., observed 

= predicted). which is within the 

confidence ellipse. 
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Table 5.2 ANCOVA summary for effects of flow and species on tissue surface pH of Favites 
 

and P. damicornis 
 
 

Factor F df p 

Flow 52.48 1 <0.001 

Species 231.64 1 <0.001 

 
 
 

Table 5.3 ANCOVA summary for effects of flow and bulk seawater pH on tissue surface pH 

of Favites 

 
Factor F df p 

Flow 12.32 1 0.002 

Bulk seawater pH 25.37 1 <0.001 

 
 
 

5.4.4 Correlation between net photosynthesis and tissue surface pH 
O2 concentration (here after [O2]) and pH at the tissue surface responded immediately 

to experimental changes in light and flow conditions (Fig. 3). Changes in [O2] and pH were 

positively correlated across flow velocities and illumination conditions (light or darkness), 

with illumination leading to elevation in both [O2] and pH (in relation to bulk seawater) and 

darkness leading to reductions (Fig. 5.4). The magnitude of elevation/reduction was flow 

dependent with larger elevation/reduction under lower flows and smaller elevation/reduction 

at higher flows (Fig. 5.4). 
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a) b) 
 
 

 

Figure 5.4 Continuous measurement of tissue surface O2 concentration (black line) and pH 

(red line) for a) P. damicornis and b) Favites under varying light/dark and flow conditions. 

Conditions in b) are in light (800 μmol photons m-2 s-1) unless stated otherwise. Numbers in 

figure represent flow velocity. Red dashed line represents pH in bulk seawater. 

 
 
 
 

5.4.5 Morphological difference in DBL dynamics 
We found power law relationships between Sherwood and Reynolds numbers for all 

coral species (Fig. 5.5). There was a significant interaction between Reynolds number and 

species, indicating that the slopes of the Sh:Re relationship were significantly different 

between species (Tab. 5.5). The exponent b was higher for the branching species (Stylophora, 

b = 0.785 and P. damicornis, b = 0.551) compared to the massive species (Goniastrea b = 

0.419and Favites b = 0.507). 
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Figure 5.5 Sherwood (Sh) versus Reynolds (Re) relationship for branching (P. damicornis 
 

and Stylophora, circles) and massive morphologies (Favites and Goniastrea, triangles). 

Symbols and error bars represents the mean ± 1.96*SE (n=6). Lines represent the relationship 

between Log10(Sh) and Log10(Re) from fitted linear models of the form Log10Sh = b * 

Log10Re + a (Log10ShP. damicornis = 0.55 Log10Re + 2.26, Log10ShFavites = 0.51 Log10Re + 2.02, 

Log10ShStylophora = 0.79 Log10Re + 1.18, Log10ShGoniastrea = 0.42 Log10Re + 2.49). 
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Table 5.4 ANCOVA summary for effects of log10 Reynolds number and species on log10 

Sherwood number of P. damicornis, Stylophora, Favites and Goniastrea 

 
Factor F df p 

Log10Re 197.30 1 <0.001 

Species 6.916 1 0.011 

Log10Re x species 4.328 1 0.041 

 
 
 

5.5 Discussion 

5.5.1 Determinants of tissue surface pH 
A diffusion-reaction-uptake model developed for foraminifera was able to predict 

quite well the tissue surface pH of Favites and Porites, under ambient and acidified 

conditions across a range of flows. This suggests that tissue surface pH is driven by diffusion- 

reaction-uptake kinetics alone and that the two model input parameters (DBL thickness and 

the difference in coral metabolic rates) are the key factors determining pH at the tissue 

surface. Thicker DBLs and larger difference in coral metabolic rates lead to larger elevation 

of tissue surface pH. In line with previous work, we found that photosynthesis increased with 

flow, with the increase dependent on species (Hoogenboom and Connolly, 2009, Lesser et al., 

1994). Moreover, microsensor profiles showed that the dynamics of tissue surface O2 

concentration and pH are tightly linked across a range of flows, demonstrating correlation 

between photosynthesis and elevation of tissue surface pH. Also, consistent with previous 

studies (e.g., Chapter 4 & Chauvin et al. 2011), the model fits suggest that the ratio of 

calcification to photosynthesis (gn/pn) is independent of flow. As flow and thus 

photosynthesis decrease, the constant ratio means that the difference in between 
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photosynthesis and calcification rate decreases and so does the elevation of tissue surface pH. 

However, we find that elevation in tissue surface pH is largest at low flow, thus we are able 

to conclude that DBL thickness is the major mechanism through which flow influences tissue 

surface pH. Under ocean acidification, we found that net photosynthesis did not increase with 

ocean acidification, which is consistent with previous work (Marubini et al., 2008, Reynaud 

et al., 2003, Houlbreque et al., 2012, Agostini et al., 2013, Anthony et al., 2008, Schneider 

and Erez, 2006). Thus the increase in tissue surface pH under ocean acidification is most 

likely due to a reduction in gn/pn. 

The diffusion-reaction-uptake model’s predicted tissue surface pH differed most from 

the dataset at flows of 0.1cm s-1 (close to stagnant), over-predicting it for Favites and under- 

predicting it for P. damicornis. A recent study has shown that, under conditions of zero flow, 

corals have the ability to use cilia beating to vigorously stir the water at the coral surface, 

leading to decreased DBLs and increased mass transfer (Shapiro et al., 2014). Under stagnant 

conditions, this biologically driven mass transport, rather than molecular diffusion, was 

shown to control the exchange of nutrients and O2 between the coral surface and the 

environment (Shapiro et al., 2014). This may explain our finding of comparatively weak 

performance of the model under near-stagnant conditions. However, for higher flow 

velocities, we found that tissue surface pH was very well predicted by a model of molecular 

diffusion-driven dynamics, suggesting that diffusion is the prime transport mechanism for 

corals under low and moderate flow velocities. 

 
5.5.2 Morphological differences in elevation of tissue surface pH 

Based on the model, a thicker DBL, and larger difference in coral metabolic rates lead 

to a greater elevation of tissue surface pH as compared to a thinner DBL, and lower net 

photosynthesis to calcification ratio. In branching corals, measurements were taken at branch 
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tips, which have been shown to have high levels of skeletal growth (calcification) but very 

few photosynthetic zooxanthellae (and thus low areal rates of photosynthesis) (Jokiel,  

2011b). The higher gn/pn leads to a small increase in tissue surface pH. For massive species, 

measurements were taken on the coenosarc, which has both high calcification and 

photosynthesis rates (de Beer et al. 2000). The lower gn/pn leads to a smaller increase in tissue 

surface pH. This is consistent with model fits where net calcification was estimated to be 

80% and 65% of net photosynthesis in the branching versus massive colonies respectively. 

These fitted ratios are similar to those found by Schneider et al (2009) (~75% for branching 

Acropora eurystoma and 67% for massive Favia favus). Thus the spatial patters of 

zooxanthellae distribution and skeletal growth may partly explain why massive corals have 

higher tissue surface pH than branching corals in this study. 

DBL thickness is affected by the type of flow over the colony surface, i. e. whether 

the flow is hydraulically smooth, rough or transitional (Jumars and Nowell 1984, Denny 

1988). Under similar free stream flow, laminar DBLs are much thicker than turbulent DBLs 

(Incropera & DeWitt 1996). Thus at flows low enough for DBLs to form, species that have 

laminar DBLs will have larger elevations of surface tissue pH than species that have turbulent 

DBLs. Based on the exponents of the Sh:Re relationship, our results suggest that the massive 

colonies exhibited laminar DBLs (b of ~0.4-5) while branching colonies exhibited 

transitional to turbulent DBLs (b of ~0.55-0.8) (Patterson et al. 1991, Bilger & Atkinson, 

1992, Incropera & DeWitt 1996)(Bilger and Atkinson, 1992). Most studies that have 

estimated a and b for corals based on direct measurements, assumed that the O2 concentration 

at the tissue surface (i.e. C0) was air saturated (100%), except for Hoogenboom & Connolly 

(2009) where C0 was measured directly using oxygen micro-optodes. Since C0 can vary 

between 107% - 400% of saturation during the day (Shashar et al., 1993, Kühl et al., 1995, 
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Wangpraseurt et al., 2012), we only compare our results to that of Hoogenboom & Connolly 

(2009). Using a length scale to calculate Re similar to the one we used, they found a turbulent 

boundary layer (b=0.9) for a branching species (Acropora nasuta). This is consistent with our 

results for Stylophora (b=0.79) and P. damicornis (b=0.55). However, they reported a 

turbulent boundary layer (b of 0.7) for a massive species (Leptoria), which was higher than 

what we found for Favites (b=0.51) and Goniastrea (b=0.42) (Hoogenboom & Connolly 

2009). Our study used 3-7 cm wide colonies, while Hoogenboom & Connolly (2009) used 

15-20 cm wide colonies. Thus the discrepancy between the laminar/turbulent nature of the 

DBL of massive species could be due to the different size of colonies used in the 

experiments, because Re (an indicator of the laminar/turbulent nature of the fluid) is depends 

on colony size. More studies are needed understand how colony rugosity and size influence 

whether DBLs are laminar or turbulent, especially for branching colonies, which have more 

geometrically complex forms. 

 
5.5.3 Effects of ocean acidification on tissue surface pH 

Oceanic pH is predicted to decline by 0.3-0.4 pH units by the end of this century 

(Caldeira and Wickett, 2003). For benthic macroalgae, it is known that a thickening of the 

DBL, via reduced flow velocity, causes an elevation of tissue surface pH which reduces the 

negative effects of ocean acidification (Cornwall et al., 2014, Cornwall et al., 2013). This is 

well within the range of tissue surface pH elevations measured for massive species (0.2-0.6), 

but higher than that of branching species (0-0.2; Fig. 5.2a). We found that at flow velocities 

of 2 cm s-1, tissue surface pH of Favites was elevated to similar values under ambient and 

acidified treatments (pH difference of 0.5). This finding is consistent with that of Agostini et 

al. (2013), that tissue surface pH values of Galaxea fascicularis were not significantly 

different at atmospheric CO2 of 400 and 700 ppm under a flow of 5 cm s-1. However, all these 

elevations in tissue surface pH have been found a relatively low flows that are rarely 
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encountered by corals in nature (Falter et al., 2007), suggesting that the DBL effect is 

unlikely to ameliorate the decreases in coral calcification under ocean acidification, as it does 

in macroalgae. 

5.5.4 Shortcomings of the study and directions for future research 
Firstly, the experimental calibration part of the study involves the use of 

microsensors, so it necessitates the use of low energy flows due to the fragile nature of the 

microsensors. Moreover, the microsensors are relatively large compared to the thickness of 

the DBL, so their presence could disrupt the micro flow field around it. Both these factors 

mean that DBLs measured will probably be thicker than corals actually experience in nature. 

Consistent with this, a previous study that measured DBL thickness using Gypsum 

dissolution on reefs found DBLs thickness to be slightly less than the DBL thickness we 

measured for P. damicornis and much less than the DBL thickness we measured for Favites 

(Falter et al., 2005). Secondly, due to the small size of the available flume, corals used in this 

study were quite small (3-5cm) compared to what is growing on a real reef. As Re depends 

on colony size, it is likely that our results about massive species having laminar boundary 

layers will not hold for larger corals. Future studies should investigate the DBL thickness 

over a larger range of coral sizes. Lastly, the study only examined the effects of unidirectional 

flow, however oscillatory flow resulting from the propagation and transformation of surface 

gravity waves can dominate the flow environments of many shallow reef communities. 

Compared to unidirectional flow of the same velocity, oscillatory flow has been shown to 

increase the penetration of flow into branching corals, reduce boundary layer thickness, and 

increase mass transfer to and from the coral (Falter et al., 2005, Reidenbach et al., 2006), thus 

it is vital that future studies extend the analysis into conditions of oscillatory flow. 
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5.5.5 Implications 
Our study shows that tissue surface pH is well predicted by diffusion-reaction-uptake 

kinetics, and is driven by boundary layer thickness and the ratio of net calcification to net 

photosynthesis. Our findings raise the possibility that, due to thicker DBLs and a lower net 

calcification to net photosynthesis ratio in regions of calcification, massive species may have 

higher elevation (in light) and larger depression (in darkness) of tissue surface pH than 

branching species, especially under ocean acidification. However, these elevation in tissue 

surface pH only occur at fairly low flows which are unlikely to be the norm in nature. As 

such, it is unlikely that the buffering effect of the DBL will ameliorate the effects of ocean 

acidification on corals, as has been found in benthic macroalgae. 
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6. General discussion 

6.1 Summary of results and implications 
Understanding the long-term ecosystem level impacts of ocean acidification in marine 

environments is critical to informing national and international policies on carbon emission 

targets. However, key to this is the ability of projection models to scale up short-term 

individual organism physiological responses to long-term ecosystem level impacts. In the 

first half of the thesis, I have improved upon existing models projecting the effects of ocean 

acidification by incorporating the effects of ocean acidification on growth and recruitment, 

using quantitative summaries from all existing experimental studies, into projections. While 

the effects of ocean acidification on growth were found to be less sensitive than originally 

thought (Chapter 2), effects of ocean acidification on recruitment could substantially increase 

the risk of population collapse (Chapter 3). This highlights the need for more study to deepen 

our understanding of the effects of ocean acidification on recruitment, and for future 

projection models to adequately account for the effects of ocean acidification on recruitment. 

Moreover, I found that long-term population growth rate of fast growing species is more 

sensitive to ocean acidification than that of slow growing species. Coupled with the fact that 

fast growth species are also more sensitive to warming oceans (van Woesik et al., 2012, Loya 

et al., 2001), it provides further support for the hypothesis that, under climate change, there 

will be a greater relative proportion of massive corals on reefs compared to what there is now 

(Glynn, 1996). A recent paper calling for ecological theory to be applied more widely in 

ocean acidification research stressed the need for ocean acidification research to evaluate 

rigorously whether observed shifts in demography and life history parameters do in fact alter 

population growth or stability (Gaylord et al., 2015). My work provides both a means of 

quantitatively summarizing our knowledge of how demographic rates change under ocean 
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acidification, and a modelling framework that can be used to assess the impacts those 

changes on population growth and stability. 

It had been suggested that interactions between ocean acidification and other factors 

may account for a proportion of the variability between experimental results to date 

(Atkinson & Cuet 2008, Pandolfi et al 2011). Interactive effects of ocean acidification and 

temperature, light and nutrients have all been examined, but at the time of inception of this 

thesis, no study had investigated the interactive effects of flow and ocean acidification. In the 

second half of thesis, I have shown that flow mediates the effect of ocean acidification on 

calcification of Acropora secale, with low flows leading to lower sensitivity of calcification 

to ocean acidification (Chapter 4). The interactive effect is large, with the sensitivity of 

calcification to decreasing ΩArag increasing by ~0.5% per cms-1 increase in flow. A recent 

study investigating the interactive effects of flow and ocean acidification on coral 

communities also found a flow-ocean acidification interaction but only in darkness, in light 

there was only a significant effect of flow (Comeau et al., 2014a). These results suggest that 

more studies are needed to deepen our understanding of how flow and ocean acidification 

will interact to affect reef corals. In an attempt to elucidate the mechanisms behind the flow- 

ocean acidification interaction, I also present the first evidence of flow driven increases in 

tissue surface pH and that this increase can lead to similar tissue surface pH under ambient 

and acidified conditions in massive corals (Chapter 5). However, these elevations in tissue 

surface pH have been found at relatively low flows that are rarely encountered by corals in 

nature, suggesting that the DBL effect is unlikely to ameliorate the decreases in coral 

calcification under ocean acidification, as it has been found to in macroalgae. 
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6.2 Broader implications of this work 
Broader implication of this work fall into two categories: broader conservation 

implications and broader scientific implications. With regard to broader conservation 

implications, ocean acidification is often viewed as the ‘other CO2 problem’ (Doney et al., 

2009) that is less of a concern for coral reefs than global warming. In Chapter 2, I show that 

the effects of ocean acidification, on all stages of the life cycle, could potentially lead to 

declining coral populations on RCP 6.0 (doubling of pre-industrial atmospheric CO2 by 

2100). While more research is required to reduce the uncertainty about our estimate of the 

sensitivity of coral recruitment to ocean acidification, it would be prudent for policy makers 

to set emissions targets to keep us below emission levels for RCP 6.0. 

With regard to broader scientific implications, there is currently a debate in the 

literature as to whether there is causal relationship between ΩArag and calcification (Marubini 

et al., 2008, Andersson and Gledhill, 2013). Underpinning this is our inadequate 

understanding of the mechanism of coral calcification (Gattuso et al. 1999). As recently as 

2008, it was still the common belief that calcification was unquestionably influenced by ΩArag 

(Atkinson & Cuet, 2008). However, it was still unknown why external concentrations of 

carbonate should have such a strong effect on calcification (Atkinson & Cuet, 2008) as 

calcification either utilized HCO3
- derived from host tissue respiration (Furla et al., 2000, 

Allemand et al., 2004) or CO2  taken up from the surrounding water (via diffusion) (Cohen 

and McConnaughey, 2003). Current understanding is that DIC is transported to the site of 

calcification in the form of HCO3
- and CO2 and converted to CO3

2- under the calicoblastic 

layer by the elevation of pH (McCulloch et al., 2012, Venn et al., 2011). However, it is still 

not well understood how the elemental composition and physical chemistry of the external 

environment interacts with biological control under different saturation state conditions 

(Cohen et al., 2006). Regardless of whether there is a causal relationship between ΩArag and 
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calcification, Chapters 2 and 4 add to the body of evidence that calcification and ΩArag are 

highly correlated and that ΩArag is a good indicator of calcification. 

Ocean acidification is not the only threat facing coral reefs; they also have to contend 

with sea surface warming and disease outbreaks on a global scale and pollution, and 

eutrophication and overfishing on a more local scale. The techniques used in this thesis 

(regression based meta-analysis combined with size structured integral projection models 

[IPMs]) could also be applied in the impact assessment of these other threats to long-term 

reef growth. Previous attempts to summarize the response of corals to a stressor have either 

been effect size meta-analyses (Kroeker et al., 2013, Harvey et al., 2013) or purely qualitative 

summaries (Loya and Rinkevich, 1980, Jackson et al., 2001, Wilkinson, 1999, Weil et al., 

2006). Neither summary is of a form (e.g. mean % change in demographic rate per unit 

change in a particular stressor) that is needed for projection models to be able to scale up 

individual organism demographic rate responses to long-term reef scale impacts. I show in 

this thesis how regression based meta-analysis allows us to summarize all available data in 

such a way that it is useful in projecting the impacts of a threat. Nevertheless, is important to 

highlight that the quality of a meta-analysis is dependent on the quality of the experimental 

design from which the data came from, so judgment should be employed when selecting 

studies to include. For example, in Chapter 2, I omitted studies that used unrealistically low 

ranges of ΩArag. 

With respect to the use of the size-structured IPM, mine is the third example of the 

utility of IPMs in modelling the impact of threats on coral populations. Bruno et al (2011) 

first used IPMs to model the effects of aspergillosis (disease) on sea fans, with Madin et al 

(2012) next using IPMs to model the effects of warming and ocean acidification on tabular 

corals. Other population-level studies have utilized non-size structured models (e.g. warming: 
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Baskett et al 2009, warming and ocean acidification: Anthony et al 2011, Hoeke et al 2011; 

overfishing: Gurney et al 2013) or stage structured matrix models (e.g. Riegl et al 2012). 

Using warming as an example, moderate elevations in temperature will increase metabolic 

rates and thus growth but extreme elevations increase the frequency and severity of bleaching 

events with negative consequences for coral survival and growth (Hoegh-Guldberg, 1999, 

Jones et al., 1998). However, given the size dependence of coral survival and fecundity, both 

the increase and decrease in growth will have flow on implications for survival and 

reproductive output. These flow-on effects, which have important implications for long-term 

population growth rate, will not be captured by non-size structured models. 

6.3 Robustness of results and direction for future studies 

6.3.1 Adaptation and acclimation 
Like most other studies projecting the effects of ocean acidification, all the 

projections in this study are based on the assumption that the response to ocean acidification 

will remain constant over time. Thus they may be biased if corals are able to adapt (i.e. 

genetic evolution) to ocean acidification. Indeed it has been shown from modelling of 

warming, which incorporated evolution of thermal tolerance under varying emissions 

scenarios, that a wide range of outcomes is possible (from a complete collapse of cover by 

the middle of the century to maintenance of comparable levels of cover to 2100 and beyond) 

with the outcome dependent on the extent of thermal adaptation (Baskett et al 2009). Quite 

appropriately then, review papers have concluded that determining the generality of how 

marine organisms will evolve to cope with ocean acidification is central to accurately 

predicting future outcomes in an elevated-CO2 world (Pandolfi et al 2011, Gaylord et al 

2014). 
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The majority of ocean acidification research has focused on the physiological effects 

of simulated future conditions on modern populations, while the capacity for genetic 

adaptation has received relatively little attention (but see review by Kelly & Hofmann 2013). 

This is likely due to the fact that evolution is complicated in corals, as symbiosis (the inter- 

dependency of coral and zooxanthellae) can affect rates of evolution. Generation times of 

corals are orders of magnitude greater than those of zooxanthellae, so zooxanthellae are likely 

to show faster evolutionary responses than their host. Indeed, while the possibility of 

symbiont mediated changes in ocean acidification resistance in corals has not yet been tested 

directly, recent work has shown dramatic differences among symbiont types in the responses 

of free-living cells to elevated CO2 (Branding et al., 2011), suggesting that symbionts may 

help corals adapt to ocean acidification. Moreover, the modular nature of corals means that 

somatic line mutations could provide additional sources of variation that selection could act 

upon within a single generation (Pandolfi et al 2011). Incorporating well-calibrated 

adaptation sub-models into IPMs remains an important challenge for future work. 

Another way that corals could possibly modify their response to ocean acidification 

through time is via acclimatization (i.e. phenotypic plasticity). I investigated the possibility of 

this in Chapter 2 by testing for a significant relationship between study duration and 

sensitivity. The lack of a significant relationship suggests that acclimation does not reduce 

sensitivity of calcification to ocean acidification. However, an individual study on Lophelia 

pertusa has shown that 1 weeks exposure led to a 25% decline in growth but after 6 months 

exposure, growth was back to normal (Form and Riebesell, 2012). 

6.3.2 Single species model 
My IPM is a single species model, which means projections about the impacts of 

ocean acidification on λ do not take into account the effect of ocean acidification on species 
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interactions. Work in the area of warming demonstrates that most temperature associated 

cases of severe population decline originate not from direct physiological responses to heat 

but rather from modified species interactions (Cahill et al., 2013). This may well be true in 

the case of ocean acidification, which acts to increase resources (CO2) for primary producers 

and induce energetic costs for consumers (Gaylord et al 2014). For example, increased 

aquatic CO2  leads to increases in the growth rate and competitive ability of macroalgae, 

which is frequently found in competition for space with corals (Harley et al., 2014, Koch et 

al., 2013, Diaz-Pulido et al., 2009). Alternatively, ocean acidification might elevate the 

energetic needs of a corallivore, which may increase its consumption rate, leading to 

increased coral mortality. As such, an important extension to the work presented in this thesis 

would be the addition of species interactions. 

 
6.3.3 Mechanism behind the flow-ocean acidification interaction 

By examining the effect of flow and ocean acidification on tissue surface pH, I have 

only just begun to try and unravel the mechanisms behind the flow-ocean acidification 

interaction. While I have shown that thicker DBLs can lead to higher tissue surface pH in 

massive species, and to a lesser extent in branching species, it is pH under the calicoblastic 

layer (hereafter pHi), and not tissue surface pH, that determines calcification rate. 

Unfortunately, our understanding of how the elemental composition and physical chemistry 
 

of the external environment interacts with biological control to determine pHi is limited 

(Cohen et al., 2006). Corals have been shown to elevate pHi (Al-Horani et al 2003, Venn et al 

2011, McCulloch et al 2012), with the ability to increase elevation of pHi under acidified 

conditions recently found to be species-specific (McCulloch et al 2012). While all corals 

studied so far elevated pHi  by 0.3-0.5 pH units under ambient conditions, Stylophora 

pistillata and Porites spp. have been shown to be able to increase the elevation of pHi by up 

to an additional 0.5 pH units under ocean acidification, while Acropora spp. and Porites 
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cylindrica were found to only be able to maintain the 03-0.5 pH unit elevation (Al-Horani et 

al 2003, Venn et al 2011, McCulloch et al 2012). The only study so far to have measured pHi 

under various flows has suggested that it has no measurable influence on pHi (Mass et al., 

2011). However, Mass et al. (2011) only investigated P. damicornis, which has been shown 

to be exceptionally resilient to ocean acidification (Huang et al., 2014, Schoepf et al., 2013, 

Comeau et al., 2013c), possibly due to an abnormally strong pH regulatory mechanism (Mass 

et al., 2011). Moreover they made these measurements under some pretty unrealistic flow 

conditions, so the generality of the outcome is yet to be proven. Thus, expanding our 

understanding of how pH under the calicoblastic layer varies with flow and ocean 

acidification is a logical next step in elucidating the mechanism behind the flow-ocean 

acidification interaction 

6.4 Conclusions 
The work in this thesis has improved upon previous models projecting the impacts of 

ocean acidification on coral reefs by incorporating the effects of ocean acidification on every 

stage of the coral life cycle. Not only does it allows us to integrate the collective knowledge 

of individual organism’s physiological responses into population level effects but it also 

allows us to pinpoint key areas to direct future research (recruitment response to ocean 

acidification). Moreover, it highlights flow as an important interactive factor that needs to be 

taken into consideration in future ocean acidification research. Lastly, as future research 

deepens our understanding of how corals will adapt to ocean acidification and how ocean 

acidification will affect species interactions, this work presents a template to easily 

incorporate the new knowledge into climate change projections. 
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List of studies included in the meta-analysis, including references, species, study specimen origin, carbonate manipulation method, 
 

calcification measurement method, growth rate classification, reference for the growth rate classification (if different from the study 
 

reference), duration of study, range of ΩArag used, temperature, salinity, slope and standard deviation. 
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Appendix B 
Procedure for random effects meta-analysis 

 

Random-effects meta-analysis is a two step process. Step one involves conducting a 

fixed effects meta-analysis to determine the between study variance. Step two produces the 

random effects estimates, which involves using the estimate in step one to partition the total 

variance into among-study and within-study components. 

In the first step, the combined slope, mc is expressed as a weighted average of slopes: 
 

k k 

mc   = ∑ wimi  / ∑ wi 
i=1 i=1 

 
where k is number of studies, mi is the estimated slope of the calcification-Ωarag relationship 

from the ith study, and wi  is the study-specific weight of study i (Borenstein et al 2009). 

Weights are simply the reciprocal of the variance (i.e. the square of the slope standard error) 
 

of the slope estimate, wi=1/vi. The variance of the combined slope, mc, is thus given by: 
 

Smc
 = 1/  

k 

∑ wi 
i=1 

 
(note that this represents measurement uncertainty around the mean slope, not the total 

amount of among-study variation). 

The Q statistic, which is used to test for heterogeneity of variance, was then calculated 
 

by: 
 
 

𝑘𝑘 𝑘𝑘 2 
2 𝑖𝑖=1 𝑖𝑖 𝑖𝑖 

𝑄𝑄     =     ∑  𝑤𝑤𝑖𝑖𝑚𝑚𝑖𝑖 − 
𝑖𝑖=1 

𝑘𝑘 
𝑖𝑖=1 𝑤𝑤𝑖𝑖 

 
And the between-study variance, τ2, was calculated as: 

∑ 
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𝑖𝑖 

𝑣𝑣 

∗ 

𝑖𝑖 

 

 
𝜏𝜏2   = { 

𝑄𝑄 − 
𝑑𝑑𝑓𝑓 

𝑖𝑖𝑓𝑓  𝑄𝑄   >  𝑑𝑑𝑓𝑓 
𝐶𝐶 
0 𝑖𝑖𝑓𝑓 𝑄𝑄 ≤ 𝑑𝑑𝑓𝑓 

 

where C is a scaling factor to ensure that τ2 has the same units as the within-study variance, 

and calculated by 

 

 
𝐶𝐶 = ∑ 𝑤𝑤𝑖𝑖 − 

∑             𝑤𝑤2 
 

 

∑ 𝑤𝑤 
 
 

and df (degrees of freedom) is number of studies minus 1. 
 

In the second step, the combined (within and between study) variance for each study 
 

is 
 

∗          =  𝑣𝑣𝑖𝑖         + 𝜏𝜏2 
 

Combined slope, variance and 95% confidence intervals are then re-calculated as 
 

done in step one but with the study weights wi
* set equal to 1/𝑣𝑣𝑖𝑖 , instead of 1/𝑣𝑣𝑖𝑖, as in step one. 

 
 
 

Quantifying variance between studies 
 

The I2  statistic, the ratio of excess dispersion to total dispersion, was calculated by 

 
𝑰𝑰𝟐𝟐 = (𝑸𝑸−𝒅𝒅𝒇𝒇) × 𝟏𝟏𝟎𝟎𝟎𝟎% 

𝑸𝑸 
 

I2 values of 25%, 50% and 75% have been suggested as indicative of low, moderate and high 

variance respectively (Higgins et al 2003). 

Testing for between-group differences 
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𝜎𝜎 

 

The estimated difference between two effects is 
 

𝜇𝜇𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓 = 𝑀𝑀𝐵𝐵 − 𝑀𝑀𝐴𝐴 

 

where MA & MB are the mean estimated slopes for groups A & B, calculated according to eq. 

1 

 
The standard error of this estimated difference is 

 
 

𝜎𝜎𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓 = √𝑉𝑉𝑀𝑀𝐴𝐴 + 𝑉𝑉𝑀𝑀𝐵𝐵 

 
 

And thus the Z-statistic is 
 

𝜇𝜇𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓 
𝑍𝑍𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓 = 

𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓 
 
 

Under the null hypothesis that the true mean effect size μ is the same for both groups 
 

𝐻𝐻0: 𝜇𝜇𝐴𝐴 = 𝜇𝜇𝐵𝐵 

 
ZDiff would follow the normal distribution. For a two-tailed test the p-value is given by 

 
𝑝𝑝  =  2 [1 − (𝛷𝛷(|𝑍𝑍𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓|))] 

 

Meta-regression procedure 
 

As with the original meta-analysis, meta-regression involves, first, a fixed effects 

meta-regression to determine the between study variance, followed by a random effects step 

that partitions the total variance into among-study and within-study components. 

In step one, the fixed effects weighted regression uses the model: 
 

𝑚𝑚𝑖𝑖~N(�̂�𝛼 + �̂�𝛽𝑥𝑥𝑖𝑖 , 𝑣𝑣𝑖𝑖) 
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∗ 

𝑖𝑖 

 

Where mi is the estimated slope of the calcification-Ωarag relationship from study i, xi is the 

value of the explanatory variable (log(study duration) or log(irradiance level), depending on 

the meta-regression) in study i, vi is the variance of the estimated slope within study i, �̂�𝛽 

represents the change in the calcification-Ωarag slope per unit change in the explanatory 

variable, and �̂�𝛼 is the intercept of the relationship between the calcification-Ωarag slope, and 

the explanatory variable (Thompson & Sharp 1999). N(�̂�𝛼 + �̂�𝛽𝑥𝑥𝑖𝑖 , 𝑣𝑣𝑖𝑖) denotes a normal 

distribution with mean �̂�𝛼 + �̂�𝛽𝑥𝑥𝑖𝑖  and variance 𝑣𝑣𝑖𝑖. Maximum likelihood estimates of �̂�𝛼 and �̂�𝛽 

were obtained by weighted least squares regression (glm() in R) of mi on xi, with weights 

wi = 1/vi 

The moment estimator of between-study variance, 𝜏𝜏2, was calculated as 
 

𝜏𝜏2 = 𝑄𝑄−(𝑘𝑘−2) 
if Q > k – 2, or 0 otherwise 

𝐹𝐹(𝑤𝑤,𝑥𝑥) 
 
 

where 
 

𝑄𝑄 = ∑ 𝑤𝑤𝑖𝑖 (𝑦𝑦𝑖𝑖  − �̂�𝛼 − �̂�𝛽𝑥𝑥𝑖𝑖)2 

 
k is the number of studies, and 

 
 

2 2 2 2   2 ∑ 𝑤𝑤𝑖𝑖 ∑ 𝑤𝑤𝑖𝑖𝑥𝑥𝑖𝑖 −2 ∑ 𝑤𝑤𝑖𝑖 𝑥𝑥𝑖𝑖 ∑ 𝑤𝑤𝑖𝑖𝑥𝑥𝑖𝑖+∑ 𝑤𝑤𝑖𝑖 ∑ 𝑤𝑤𝑖𝑖 𝑥𝑥𝑖𝑖 
𝐹𝐹(𝑤𝑤, 𝑥𝑥) = ∑ 𝑤𝑤𝑖𝑖 −  

 ∑ 𝑤𝑤 ∑ 𝑤𝑤 𝑥𝑥2−(∑ 𝑤𝑤 𝑥𝑥 )2 

𝑖𝑖 𝑖𝑖  𝑖𝑖 𝑖𝑖  𝑖𝑖 

 
 

In step two, the random effects weighted regression uses the model 
 

𝑚𝑚𝑖𝑖~𝑁𝑁(�̂�𝛼∗  + �̂�𝛽∗𝑥𝑥𝑖𝑖 , 𝑣𝑣𝑖𝑖 ) 

 
Where vi

*=vi+τ2, and estimates of �̂�𝛼∗  and �̂�𝛽∗  were obtained in the same way as �̂�𝛼 and �̂�𝛽, 
 

except with weights 𝑤𝑤∗ = 1/(𝑣𝑣𝑖𝑖 + 𝜏𝜏 2) used in place of 𝑤𝑤𝑖𝑖 = 1/𝑣𝑣𝑖𝑖. 
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Publication Bias 
 

The fail-safe number (X) is: 
 
 

𝑋𝑋 = 

 
(∑ 𝑍𝑍𝑗𝑗 ) 

 

− 𝐾𝐾 

2.706 
 

where Zj = Zrj√(Nj – 3), Zrj is Fisher’s z-transformed correlation coefficient for the 

relationship between calcification and ΩAragonite for sample j, Nj is sample size for sample j 

and K is the number of studies (Moller and Jennions 2001). The z-test value 2.706 (=1.6452) 

is based on a one-tailed p value of 0.05 (Moller and Jennions 2001). Fisher’s z-transformed 

correlation coefficient is: 

 

1 1 + 𝑟𝑟 
𝑍𝑍𝑟𝑟𝑗𝑗                                                                                                                         =  2  𝑙𝑙𝑛𝑛  1  − 𝑟𝑟 

 

where r is the correlation coefficient between calcification and ΩArag. 
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Appendix C 
Slow growing (decreased mortality) model 

 
Demographic functions for the slow growing species (decreased mortality) (a) survival 

plotted against area at year t and (b) colony size structure at year 2014 

(a) 
 
 

 
(b) 
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Results from the slow growing (decreased mortality) model. (a) Model projections of the 

effects of ocean acidification under RCP 6.0 on the long term population growth rate. (b) 

Sensitivity of λ to ±10% changes in growth and recruitment/fecundity. (c) Sensitivity of λ to 

conversion factor for calcification to growth. (d) Comparison of long term population growth 

rate produced by model with effect of ocean acidification on both growth and reproduction 

against the sum of the results from models with effect of ocean acidification on either growth 

and reproduction 

 
 

(a) (b) 
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(c) (d) 
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Appendix D 
Model selection for flow-ocean acidification experiments (Chapter 4) 

 
Flow diagram of model selection for calcification (a), photosynthesis, and calcification/photosynthesis 

 
(c) based on Likelihood Ratio statistics. We first tested for temporal auto-correlation (using REML 

estimation) and then tested for a significant tank effect (using ML estimation). For temporal auto- 

correlation, we fit a number of structures (compound symmetry & auto-regressive moving average 

(ARMA) models) and the best-fitting structure was then compared with a model including no 

temporal autocorrelation. Likelihood ratio test statistics comparing models with and without temporal 

autocorrelation shown on the Figure are those for this latter comparison. To test for the tank effect, we 

included tank in the model as a fixed effect, and starting with the most complex model (with three 

way interaction between ΩArag/DIC, flow and tank), selected for the optimal fixed effects structure. 

Values on arrows represent the Likelihood ratio when comparing the two alternative models 

connected by the arrow. Asterisks (*) indicate p < 0.05; the arrow indicates the direction of preference 

i.e. points to the favoured model. Solid lines indicate that the more complex model is significantly 

better (at α=0.05); dashed lines indicate that the more complex model is not significantly better (in 

which case the simpler model is preferred). 
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Appendix E 
Methods for pilot study on Heron Island (Chapter 5) 

 
The study was carried out over 2 weeks from mid to late September 2013 at Heron 

Island (151°55’E, 23°26’S) on the Great Barrier Reef, Australia. Colonies of Goniastrea 

aspera and Stylophora pistillata (~5cm diameter) were collected at low tide from Shark Bay. 

Colonies were returned to the Heron Island Research Station and allowed to recover in the 

outdoor aquaria for a day before the start of experiments. Holding tanks were shaded by 

shade cloth. Colonies were then placed in a 0.15m wide by 0.15m deep by 1m long 

recirculating flumes (see Chapter 4 for details). O2  profiles within the boundary layer were 

measured under 4 flow velocities (2, 5, 10 & 15 cms-1) using Clark type O2  microsensors (as 

described in Chapter 5). Visible light was provided by a tungsten-halogen lamp of constant 

colour temperature (Schott KL1500). All measurements were carried out at an irradiance of 

800 μmol photons m-2s-1. Measurements were done with the microelectrodes mounted at a 

25° angle and light mounted vertically. Measurements were carried out at a temperate of 

24°C and in water salinity of 36 ppt. Measurements were taken at branch tips for branching 

species and on the coenosarc for massive species as these regions of the coral have been 

shown to have the highest calcification rate for each morphology respectively (de Beer et al 

2000, Jokiel 2011). 
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a) b) 
 
 

 

Figure AE.1 Images of the experimental setup. a) The flume b) Example of a colony used 
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