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ñPeople ask: Why should I care about the ocean? Because the ocean is the cornerstone of earth's 

life support system, it shapes climate and weather. It holds most of life on earth. 97% of earth's 

water is there. It's the blue heart of the planet ð we should take care of our heart. It's what 

makes life possible for us. We still have a really good chance to make things better than they are. 

They won't get better unless we take the action and inspire others to do the same thing. No one is 

without power. Everybody has the capacity to do something.ò  

ˈ Sylvia A. Earle 
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Summary 

It is predicted that ocean acidification (OA) threatens coral reefs worldwide, by lowering 

seawater pH which in turn compromises essential metabolic processes such as carbonate genesis 

of corals. Inshore waters however, experience different spatial and temporal carbonate chemistry 

variability, raising questions over the future impact of OA within these habitats. It also remains 

unclear whether local biogeochemical conditions of some marine habitats can buffer, or provide 

a refuge against OA. The thesis systematically examines the response (ecological abundance, 

distribution, recruitment, and metabolic expenditure) of corals that have expanded their niche 

into variable pH habitats, to assess both the potential impact of OA and whether any habitats 

may act as a refuge against its effects by: (i) establishing robust methods to measure the local 

carbonate chemistry and the metabolic activity of corals in situ, (ii) characterising the natural 

carbonate chemistry variability over different temporal and spatial scales, and evaluating the 

biological versus abiotic control of non-reef habitats, (iii) quantifying the metabolic expenditure 

of corals living within non-reef habitats and assessing whether there are similarities in the 

physiological responses of corals existing in different regions to ascertain commonalities, and 

finally (iv) testing the impact of future predicted changes in temperature and pH on the 

physiological responses of corals from different variability habitats. The thesis demonstrates that 

across bioregion sites non-reef habitats exist that have highly variable carbonate chemistry but 

still house corals. These non-reef habitats have very different carbonate chemistry, influencing 

both their own susceptibility to future OA and their potential services (buffering versus pre-

conditioning) for local coral populations. Future studies can expand on this work by assessing 

the molecular differences of corals found within these highly-variable habitats to explore further 

the potential of adaptation and/or acclimatisation of coral species to low pH.   
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Chapter 1| General Introduction  

 

1.1 | Tropical coral reefs  

Coral reefs are considered a flagship ecosystem, providing life support and housing greater 

diversity than any other habitat on planet Earth. Coral reefs occupy less than 0.01 % of the 

marine environment, yield approximately 25 % of the fish catch in developing nations, and 

generate up to 30 % of export earnings in 100 countries that promote reef-related tourism (Burke 

et al., 2011); together these services from coral reefs and associated connected systems (e.g. 

seagrass beds) have been valued between $6,075 and $22,832 US$ per hectare per year (Moberg 

& Folke, 1999). Reef habitats support millions of people through the economic, biological and 

social services they provide (Table 1.1) (Worm et al., 2006; Wilkinson, 2008; Sheppard et al., 

2010; Barbier et al., 2011; Hicks, 2011).  

 The main skeletal structure of coral reefs is formed by scleractinian corals, an order 

within the phylum Cnidarian. Scleractinian corals are typically colonial and are comprised of 

individual polyps that secrete calcium carbonate (CaCO3), which forms the basis of the reef 

infrastructure. The secreted CaCO3 remains after a coral dies which allows reef accretion by 

providing a suitable framework for future growth and reef evolution (Merks et al., 2004; CoRis, 

2012). Scleractinian coral communities around the worldôs oceans are highly diverse with more 

than 700 species found in the Indo-Pacific, but fewer than 70 species found in the Atlantic basin 

(Sorokin, 1995). Corals are both auto- and hetero-trophs with many taxa reliant upon a symbiotic 

relationship with endosymbiotic algae (collectively termed zooxanthellae), which can transfer up 

to 90 % of the organic products produced by photosynthesis to the host coral (Sumich, 1996). In 

some instances coral species can up-regulate their heterotrophic capacity under conditions that 
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are not optimal for the alga symbionts (e.g. Anthony, 1999), thus, in addition to providing 

complex reef architecture, scleractiniain corals act as keystone primary producers at the base of 

reef food webs.  

 Corals exhibit different life histories that influence their growth rates, energy expenditure 

and reproductive strategies (Hughes et al., 1992; Sorokin, 1995; Hall & Hughes, 1996), which 

in-turn can determine the survival and resilience of coral species challenged by increasing 

disturbances and environmental change (Garrabou & Harmelin, 2002). Massive corals tend to 

have a slow growth rate and expend large amounts of energy into growth and metabolic 

regulation (Sorokin, 1995). The low-profile of massive corals often provides greater stability to 

the reef infrastructure (Lirman & Fong, 1997) and consequently their presence is thought to 

enhance reef resilience (Kenyon et al., 2006). However, ecosystems dominated by massive 

corals appear to support less biodiversity and productivity (Alvarez-Filip et al., 2009). Other 

corals, such as the branching and plating corals have a faster growth rate and can repair damage 

quicker than the massive corals (Lirman & Fong, 1997; McClanahan et al., 2002). Branching 

corals provide the greatest three-dimensional infrastructure and are thus considered the dominant 

habitat-creating corals on a healthy reef system (Bellwood et al., 2004; Sheppard et al., 2010).   
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Table 1.1| Summary of key services provided by coral reef habitats 

(Hoegh-Guldberg, 1999; Moberg & Folke, 1999; Barbier et al., 2011) 

 

Biological 

 

Social Economic 

Support high-

biodiversity  

 

Heritage and culture Support over 500 million peopleôs 

livelihoods 

Nutrient cycling Recreation   Support fisheries  

Biological control Intrinsic value Coastal protection 

Water purification  Artistic inspiration Tourism and coastal jobs 

Biogeochemical services  Support of spiritual and 

religious values 

Erosion control 

Information services  Education and research Supply many ecological goods 

such as: 

¶ Raw materials  

¶ Pharmaceuticals 

¶ Live fish and coral for the 

aquarium trade 

¶ Algae for agar 

¶ Materials for jewellery and 

gifts 
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1.2 | Coral calcium carbonate genesis  

Coral reefs precipitate ca. half of the worldôs CaCO3 (Smith, 1978), with rates of calcification 

estimated at 10 kg m
2
 year

-1 
(Chave et al., 1975). Coral skeleton formation is thought to use 

carbonate ions (ὅὕ  as described by equation 1, whereby ὅὕ  combines with calcium ions 

(ὅὥ ) to form CaCO3. However, bicarbonate (HCO3
-
) has also been proposed as the main 

source of dissolve inorganic carbon (DIC) due to the low ratio of [ὅὕ ]/[HCO3
-
] at the 

physiological pH of 7.5-9.0 (Ichikawa, 2007). In this case, calcification would occur by the 

reaction of ςὌὅὕ and ὅὥproducing two by-products: ὅὕ and Ὄὕ as shown in equation 2. 

Thus the major source of DIC for calcification remains debated. Similarly, both external DIC 

(Land et al., 1975; Goiran et al., 1996; Gattuso et al., 1999) and internal metabolically-derived 

sources of DIC (Taylor, 1983; Furla et al., 2000) have been argued as the preferred carbon 

source. As yet, no ñone size fits all modelò has been determined for the process of calcification 

in corals, perhaps reflecting that different taxa may ultimately have evolved different strategies 

to calcify. 

 

ὅὥ ὅὕ ᴼὅὥὅὕ         [1] 

ὅὥ  ςὌὅὕᴼ ὅὥὅὕ ὅὕ  Ὄὕ       [2] 

 

Within corals, the site of calcification is between the base of the calicoblastic epithelium 

and the skeleton surface. Seawater is broadly thought to provide the starting fluid for coral 

calcification, which passively diffuses to the site of calcification (Cohen et al., 2001; Braun & 

Erez, 2004; Cohen & Holcomb, 2009), for example, seawater leakage through the tissue 

membranes as the calicoblastic epithelium pulsates (Tambutté et al., 1996; Furla et al., 2000; 
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Cohen & Holcomb, 2009). Coral calcification will not occur spontaneously due to kinetic 

barriers which include: (i) low concentrations of ὅὕ  (Garrels & Thompson, 1962; Lippmann, 

1973), (ii) high hydration energy of Ca
2+

 (Lippmann, 1973), and (iii)  high concentration of 

sulphate and magnesium (Kastner, 1984). Consequently, calcification occurs in compartments 

that can be modified and tightly regulated to the required conditions (Cohen & Holcomb, 2009; 

Tambutté et al., 2011). In 2003, Al-Horani et al. demonstrated a pH change at the site of 

calcification, which has been attributed to a plasma membrane Ca
2+

-ATPase antiporter elevating 

the calcification fluid pH and saturation state (ɋ). The antiporter removes two hydrogen ions 

(H
+
) for every Ca

2+
 transported from the calicoblastic epithelial cells (Cohen & Mc Connaughey, 

2003; Zoccola et al., 2004; Tambutté et al., 2012). The described ion-transporter demonstrates 

the energetic cost of calcification to corals with estimates that up to 20 % of a coralôs energy 

budget can be spent on calcification (Cohen & Holcomb, 2009).  

Coral calcification does not directly require photosynthesis as corals can calcify at night 

(Cohen & McConnaughey, 2003). However, coral calcification appears to be elevated in the 

light, with average calcification rates reported to be three times greater during light-periods 

(Gattuso et al., 1999). The relationship between photosynthesis and calcification remains debated 

despite extensive research into this area (Allemand et al., 2011). One train of thought is that 

photosynthesis increases the concentrations of ὅὕ  and the aragonite saturation state (ɋarg) 

which may stimulate calcification (Allemand et al., 1998). However, it seems unlikely that the 

elevation of the ɋarg by photosynthesis is solely responsible for light-enhanced calcification 

because: (i) photosynthesis lowers CO2 levels which is self-inhibiting and consequently limits 

the ability to increase the ɋarg (Cohen & McConnaughey, 2003), and (ii) an experimental 

increase in the ɋarg driven by the addition of Ca
2+

 was shown to have minimal impact on 
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calcification rates (Gattuso et al., 1998). Photosynthesis does however result in an active carbon 

cycle and the production of Adenosine Tri-Phosphate (ATP), which can enhance processes that 

require ATP, such as calcification (Al-Horani et al., 2003). 

 An alternative view is that calcification may stimulate photosynthesis by maintaining 

CO2 levels via the by-product of CaCO3 formation, thus ensuring that CO2 levels are not 

depleted for photosynthesis (McConnaughey et al., 2000). However, work by Gattuso et al. 

(2000) found that photosynthesis continued uninhibited when calcification was almost ceased. 

Another suggestion has been that calcification may stimulate nutrient uptake by the proton 

secretion of the Ca
2+

-ATPase antiporter, aiding nutrient uptake (Cohen & McConnaughey, 

2003). As summarised, review of the current literature demonstrates that the exact relationship 

between calcification and photosynthesis remains unclear. It seems plausible that species 

differences exist for the way these two processes interact, which would explain some of the 

differences in experimental results. The interaction of these two processes is explored further in 

Chapters 5 & 6.   

 

1.3 | Ocean acidification  

 The ocean plays a vital role in climate regulation through its role as a óbiological pumpô and 

through the absorption of atmospheric CO2 (Ducklow et al., 2001; IPCC, 2007).  However, since 

the industrial revolution elevated atmospheric CO2 has driven ocean warming and the 

simultaneous absorption of this CO2 by the ocean (ca. 33-50 %, Sabine et al., 2004) is making it 

more acidic (ocean acidification, OA, Gattuso et al., 1999; Hoegh-Guldberg, 2011). OA is the 

net result of lowered pH via alterations in carbonate chemistry (Gattuso & Hansson, 2011; 

Hoegh-Guldberg, 2011). The oceansô pH has already dropped from 8.2 to 8.1 between pre-
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industrial times and may get as low as 7.8 by 2100 (Gattuso & Lavigne, 2009), with various 

anthropogenically-driven CO2 emissions scenarios suggesting that by the end of the century 

ocean pH could be the lowest it has been in more than 50 million years (Figure 1.1, IPCC, 2015).   

 

 

 

 

 

 

 

 

 

Figure 1.1| Global ocean surface pH historical record and future predicted trajectory. 

Taken from the Intergovernmental Panel on Climate Change (IPCC) 5
th
 assessment report, the 

multi-model assessment shows time series data from 2050 to 2100 for global mean surface pH. 

The blue line is the RCP2.6 projection (best-case) and the red line is the RCP8.5 projection 

(worst-case, business-as-usual). The black line shows the historical model using reconstructed 

data. The shading around each line shows the levels of uncertainty. Numbers indicate the number 

of models that went into the projection (IPCC, 2015).  

 

 The carbonate system of seawater ï The carbonate system of seawater consists of three 

main inorganic forms: CO2 (aq), HCO3
-
 and ὅὕ .  A fourth form, carbonic acid (H2CO3) also 

exists but is normally represented by CO2 (aq) as its concentrations are minimal (~ 0.3 %) 

(Zeebe & Wolf-Gladrow, 2001). The carbonate system is related via a series of chemical 

equilibrium reactions that can shift in accordance to changes in temperature, pressure and salinity 

(see equations 3-5). As atmospheric levels of CO2 increase the carbonate system of the ocean 

shifts to re-establishes equilibrium. Atmospheric CO2 is absorbed by surface seawater and is in 
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thermodynamic equilibrium according to Henryôs Law. Dissolved CO2 forms a weak acid 

(H2CO3) which rapidly dissociates to form HCO3
-
 and a proton (H

+
). The HCO3

-
 also dissociates 

to form ὅὕ  and another H
+
; this H

+
 formation lowers the pH to make the water more acidic 

(strictly, less alkaline for OA where even the most severe emission scenarios predict pH to 

remain >7.0, i.e. neutral). 

 

ὅὕ  Ὄὕ P  Ὄὅὕ     [3] 

Ὄὅὕᴾ Ὄὅὕ  Ὄ      [4] 

Ὄὅὕ P  ὅὕ  Ὄ      [5] 

 

 The buffering capacity of seawater is quantified by the Revelle factor which is a measure 

of how the partial pressure of CO2 in seawater changes for a given change in DIC (Sabine et al., 

2004). The Revelle factor means that a doubling in atmospheric CO2 only results in a 10 % 

change in DIC (provided temperature and other factors remain the same). Buffering ability of 

seawater is due to ὅὕ  
which reacts with CO2 and H2O to form 2HCO3

-
 (see equation 6).  

However, despite the buffering from ὅὕ , the acidity of seawater still increases slightly as 

some of the HCO3
- 
dissociates to form ὅὕ and H

+
. Current rates of change in CO2 (and 

consequently H
+
 production) exceed the natural geological scales of buffering; historically (over 

the last 50 million years) ocean mixing over longer time scales has been able to buffer the 

seawater chemistry via interactions with carbonate-sediment.  As the oceans absorb more CO2 

their ability to buffer changes in seawater chemistry are reduced (Zeebe & Wolf-Gladrow, 2001). 
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 The total alkalinity (TA) of seawater also influences the buffering capacity of seawater 

and according to Dickson (1981) is defined as: 

 ñthe number of moles of hydrogen ion equivalent of excess proton acceptors with a 

dissociation constant KÒ 10
-4.5

over proton donors (acids K>10
-4.5

) in 1kg of sampleò 

(Dickson, 1981).   

TA is a conservative property and relational to charge balance in seawater. In seawater, the 

charge balance of conservative species is not equal with slightly more cations than anions (~ 2.2 

mmol kg
-1

). Such an imbalance is equal to the TA and is compensated for by the anions of 

H2CO3. Thus, TA can be described as the difference between the sum of conservative cations 

minus the sum of conservative anions in seawater (see equation 7).  Both TA and DIC are 

important to ocean chemistry and are influenced by biogeochemical processes such as 

precipitation and dissolution of CaCO3.   

ὅὕ ὅὕ  Ὄὕ O ςὌὅὕ         [6] 

ВὧέὲίὩὶὺὥὸὭὺὩ ὧὥὸὭέὲί  ВὧέὲίὩὶὺὥὸὭὺὩ ὥὲὭέὲί  Ὕέὸὥὰ ὃὰὯὥὰὭὲὭὸώ   [7] 
 

The saturation states of calcium carbonate ï The saturation state (ɋ) of carbonate 

minerals calcite and aragonite are influenced by changes in the oceansô acidity. ɋ of CaCO3 in 

seawater is dependent on the concentrations of Ca
2+

 and ὅὕ  and their solubility products (see 

equation 8).  If ɋ is > a value of 1.0 then the water is supersaturated with regards to aragonite, 

and if < 1.0 then seawater is under-saturated. Importantly, ɋ for the different mineral forms of 

CaCO3 are not the same as aragonite is more soluble than calcite due to its orthorhombic 

structure (Figure 1.2) (Zeebe & Wolf-Gladrow, 2001). Consequently some marine organisms, 

e.g. corals (aragonite skeleton), are at a greater risk from OA than others, e.g. soft corals (calcite 

skeleton). There are differences in ɋ of CaCO3 between the North Pacific and North Atlantic 
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Oceans; the North Pacific has a lower ɋ because the water is óolderô, meaning that it has been 

longer since it was last in contact with the atmosphere so it has taken up more CO2 from 

remineralisation, resulting in lower ὅὕ  concentrations (Zeebe & Wolf-Gladrow, 2001). As the 

oceans become more acidic, there will be less ὅὕ  resulting in lower ɋ of CaCO3.  The reduced 

ɋ is extremely problematic for marine calcifers as seawater will start to become under-saturated 

at shallower depths, making calcification a more costly process (Gattuso et al., 1999; Gattuso & 

Hansson, 2011; Ries, 2011a). 

 

   
          [8] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2| The different structures of the calcium carbonate minerals calcite and aragonite 

(Pengelly, 2012). Aragonite is the more soluble form of calcium carbonate due to its 

orthorhombic structure and is the form typically used by hard corals. The lines indicate the 

bonding structure.  

 

Unite Cell 

Pseudohexagonal prism 

Calcite     Aragonite 

 Ca2+ 
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 Threats of ocean acidification on reef processes ï The range of threats of OA on marine 

life and reef processes are still being uncovered. A decrease in pH of 0.4 units (expected by 

2100) will result in an 100-150 % increase in H
+ 
concentrations (Orr et al., 2005), a 30-50 % 

decrease in ὅὕ  (Sabine et al., 2004) and a resulting decrease in the ɋ of CaCO3 (Figure 1.3). 

All of these chemical changes threaten to disrupt marine systems and their functions (Gattuso et 

al., 1999; Zeebe & Wolf-Gladrow, 2001; Gattuso & Hansson, 2011; Hoegh-Guldberg, 2011). 

Some of the major threats identified include: (i) interference with extracellular and intercellular 

pH of organisms (Crawley et al., 2010; Gattuso & Hansson, 2011; McCulloch et al., 2012), (ii) 

reduced buffering capacity of the ocean and thus increased sensitivity to environmental change 

(Egleston et al., 2010), (iii) disrupted and reduced rates of calcification which can alter species 

fitness and potentially create a phase-shift from a CaCO3 dominated reef system to an organic 

algal dominated system (Fabry et al., 2008; Hall-Spencer et al., 2008; Kuffner et al., 2008), (iv) 

altered biological processes like photosynthesis that consume inorganic carbon (Gattuso et al., 

1999; Gattuso & Hansson, 2011), (v) potential metabolic suppression (Portner & Reipschlager, 

1996; Guppy & Withers, 1999), (vi) disruption to larval stages (Munday et al., 2009), (vii) a shift 

in species distribution, (viii)  disruption of trophic levels, and (ix) an altering of CaCO3 and 

organic matter cycling (Fabry et al., 2008). Collectively these impacts threaten marine food 

webs, ecosystem services and biodiversity; negative effects are predicted on the survival, growth, 

calcification and reproduction of many marine organisms by the end of the century (Kroeker et 

al., 2010).  
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Figure 1.3| The Bjerrum Plot. Illustration of the carbonate species of seawater and their 

equilibrium relationships (Nature Education, 2012). Changes in the relative proportions of 

carbon dioxide (CO2), bicarbonate (Ὄὅὕ ) and carbonate (ὅὕ ) influence seawater pH and the 

buffering ability of seawater.  

 

 

 The impact of ocean acidification on scleractinian corals ï Global CO2 emissions are 

tracking above worst-case scenarios from the 5
th
 Intergovernmental Panel on Climate Change 

(IPCC) report, with dire consequences predicted for coral reef ecosystems (van Hooidonk et al., 

2014). Corals with their CaCO3 skeleton are at risk as ɋ decrease (Anthony et al., 2011a; 

Pandolfi et al., 2011). As the oceans become more acidic rates of dissolution will increase and 

the availability of ὅὕ  will fall making it harder to form CaCO3 (Rodolfo-Metalpa et al., 2011; 

McCulloch et al., 2012). Coral reefs produce the more soluble form of CaCO3, aragonite during 

bio-mineralisation (Cohen & Holcomb, 2009) and thus are more susceptible to dissolution. 

Notably dissolution of CaCO3 is increasing by 0.003 to 1.2 mmol kg
-1

 year
-1 

near the ɋarg horizon 

(Feely et al., 2004). When [ὅὕ ] reach 200 mmol kg
-1

 (water) or less, the net accretion of coral 

reefs nears zero. This ion concentration is approached as atmospheric levels of CO2 reach 450 
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ppm, a level predicted to be reached before 2100 (IPCC, 2007; Gattuso & Hansson, 2011; 

Hoegh-Guldberg, 2011).   

 As pH and ɋ fall, many reef species and communities are predicted to experience a net 

decrease in calcification (Langdon et al., 2000; Andersson et al., 2009; Deôath et al., 2009; 

Silverman et al., 2009; Price et al., 2012). Controlled laboratory studies have documented a 

reduction in calcification rates of a wide range of marine organisms, including corals, under 

future predictions for OA (see Table 1.2, Gattuso et al., 1998; Marubini & Thanke 1999; Ohde & 

vanWoesik, 1999; Langdon et al., 2000; Leclercq et al., 2000; Leclercq et al., 2002; Gazeau et 

al., 2007; Fabry et al., 2008; Ries et al., 2010; Porzio et al., 2011; Ries, 2011a; Kroeker et al., 

2013; Crook et al., 2013).  Laboratory studies have documented decreases in coral calcification 

ranging from 3 % to 79 % (Gattuso et al., 1998; Marubini and Thanke, 1999; Ohde and 

vanWoesik, 1999; Leclercq et al., 2000; Leclercq et al., 2002; Crook et al., 2013), and have 

found juvenile recruitment and post-settlement particularly threatened to decreasing ɋ (Albright 

et al., 2008; Albright et al., 2010; Albright & Langdon, 2011; de Putron et al., 2011). Other 

studies however, have revealed species-specific responses to OA that include negative, neutral 

and positive responses to increasing levels of CO2 (Reynaud et al., 2003; Jury et al., 2010; Ries, 

2011b; Kroeker et al., 2013).  Examples of physiological mechanisms that can influence coral 

species abilities to tolerate changes in seawater chemistry include: (i) the control of carbonate 

chemistry at the site of calcification (Ries, 2011b; McCulloch et al., 2012) through the ability of 

coral species to modify H
+
 concentrations within the calicoblastic fluid (Jokiel et al., 2013), 

and/or (ii) their ability to utilise HCO3
-
 within calcification (Comeau et al., 2012). 

 

 



 Chapter 1  

14 
 

Table 1.2 | A summary of the response of major taxa to predicted ocean acidification conditions 

Taxa Response References 

 Calcification Growth Photosynthesis Development Abundance 

 

 
Coral 

- 32 % 

 

 

 

 

 

 

 

  - 47 % Kroeker et 

al., 2013 

 

 
Seagrass 

 

 

 

 

 

 

 

 

 

+ 85 % 

+ 260 % 

 

  Durako, 

1993 

Zimmerman 

et al., 1997 

 

 

 
Flesy algae 

 

 

 

 

+ 17 % 

 

 

 

 

   Kroeker et 

al., 2013 

 

 

 

 

Molluscs 

- 40 % 

 

- 17 %  

 

 

 

 

 - 25 %  Kroeker et 

al., 2013 

 

 

 

 

Echinoderms 

 - 10 % 

 

 

 

 

 

 

 

 

 

 - 11 %  Kroeker et 

al., 2013 

 

 
Coccolithophores 

 - 23 % 

 

 

 

 

 

 

 

 

   Kroeker et 

al., 2013 

 

 

 

 

Diatoms 

 

 

 

 

 

+ 17 % + 28 %   Kroeker et 

al., 2013 

 

 

 

 

Fish 

 

 

 

 

 

+ 15 % 

+ 18 % 

  - 50 % 

- 90% 

Munday et 

al., 2009 

Munday et 

al., 2010 

 

 
Crustaceans  

 

 

 

 

 

- % 

- % 

   Kurihara et 

al., 2008 

Wickins, 

1984 

 

For the major taxa known to currently be affected by ocean acidification, a summary of their response to a pH 

change of up to 0.5 pH units is shown. For all taxa other than Fish, Crustaceans and Seagrass the values provided 

come from Kroeker et al., 2013 who conducted a meta-analysis on 155 studies. The values provided are the mean 

affects measured. Fish, Crustaceans and Seagrass were excluded from the Kroeker et al., 2013 summary due to 

confidence intervals overlapping at the 95 % level, or due to data deficiency. Relevant data for these taxa are shown 

to illustrate what is currently known. For Crustaceans due to data deficiency only general trends were reported. 
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 Investigating the impacts of OA on taxa is complex due to the number of abiotic factors 

that can interact to influence a species response to changes in pH. Also, changes in other abiotic 

parameters, e.g. temperature, occurring alongside pH can influence a species response. For 

example, a moderate rise in temperature is associated with increased metabolic rates in corals 

that potentially enhances growth and off-sets some of the negative effects associated with low 

pH (Lough & Barnes, 1999; Reynaud-Vaganay et al. 1999; Bessat & Buigues 2001; McNeil et 

al. 2004), while a larger rise in temperature can push corals to their physiological limits resulting 

in catastrophic mortality (Hoegh Guldberg et al. 2007; Hoegh-Guldberg & Bruno 2010). The 

interactive effects of pH and temperature are explored further in Chapter 5. Light has also been 

shown to enhance calcification (Suggett et al., 2013) as has the addition of nutrients (Langdon 

and Atkinson, 2005) or the upregulation of heterotrophy (Cohen and Holcomb, 2009). 

Conversely, threats from OA can be exasperated by other global (e.g. deoxygenation and 

increased UVB damage) or local stressors (e.g. over-fishing, pollution) (IGBP- IOC- SCOR, 

2013).  

 The interactive effect of biological and abiotic factors provides a challenge to researchers 

studying the impacts of OA on marine life. A criticism of almost all OA experimental studies is 

natural timescales with which OA as a stressor operates. Consequently, to overcome this, 

researchers have moved towards working in naturally acidified systems, e.g. CO2 vents 

(Fabricius et al., 2011). However, this has provided additional complexities in: (i) being able to 

deconvolve out the role of other stressors and/or, (ii) confidently dialling in ñrealistic scenariosò 

(e.g. abiotic interactions, specifically OA and elevated temp). A combination of both laboratory 

and field studies are thus required to try and resolve these complexities and has been the 

approach adopted within this thesis (see Chapterôs 2 through 5).  
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1.4| Approaches to study the threats of ocean acidification  

Coral reef climate research has to-date disproportionately focused on species-specific responses 

under controlled laboratory conditions (Wernberg et al., 2012). Whilst this research has provided 

valuable insight into the capacity of individual taxa to tolerate stress, it largely fails to account 

for the complex interactions that exist between all biological components of the system. 

Therefore, in an attempt to more confidently predict the future of reef community structure and 

functioning research approaches have diversified to overcome such limitations through increased 

emphasis on ecosystem level studies (e.g. Kleypas et al., 2011; Anthony et al., 2013), in situ 

experimentation (e.g. Klein et al., 2012; Okazaki et al., 2013), experimentation involving 

multiple climatic stressors (e.g. Anthony et al., 2011a; Dove et al., 2013), experimentation across 

natural climate gradients (Dunne et al., 2004), as well as opportunistic experiments (e.g. 

temperature induced gradients from thermal outfall of a power station: Schiel et al., 2004). The 

international research community has also attempted to optimise and standardise sampling 

practices to minimise sampling error and increase confidence in the results obtained. Similarly, 

efforts have been directed into establishing new methodologies to limit destruction and stress on 

test colonies. These topics are expanded upon in Chapter 2.    

Complementary to these various approaches has been the growing popularity of 

examining the nature and extent with which corals persist within environments that are 

considered extreme and towards their physiological limits for growth and survival (e.g. Fabricius 

et al., 2011; Price et al., 2012; Hume et al., 2015); specifically, broad scale latitudinal limits of 

coral growth (e.g. elevated temperature, Rodolfo-Metalpa et al., 2014), reef habitats that are 

considered atypical (e.g. CO2 vents, Fabricius et al., 2011) or typical  (reef-flat, Price et al., 

2012; Andersson et al., 2013) and non-reef habitats such as mangroves (Yates et al., 2014) and 
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seagrasses (Manzello et al., 2012). Recent interest in coral populations within mangroves and 

seagrasses is particularly intriguing since these habitats typically experience large diel variability 

in temperature and light conditions that included periods that would over longer-durations lead to 

bleaching-induced mortality within a classical reef setting; they also routinely experience pH 

conditions (daily average and/or variance) expected for many reefs under future OA scenarios 

(Price et al., 2012; Guadayol et al., 2014; Yates et al., 2014). Previous studies investigating 

environmental extremes have focused on the presence or absence of coral species in relation to 

their local carbonate chemistry conditions, however, the function and viability for coral survival 

remains largely unknown and is explored in Chapterôs 3 and 4 of this thesis.  

 

1.5| Coral habitats with large natural pH variability  

Non-reef habitats that house corals, such as seagrass beds and mangroves, are part of the main 

reef complex and are typical habitats found globally, however, they experience very different 

abiotic conditions to the main reef. Both seagrass and mangrove habitats are important primary 

producers and nursery habitats for fish and crustacean species (Dawes, 1998; Mumby et al,. 

2003; Harborne et al., 2006) as they provide shelter from predation (Nakamura & Sano, 2004) 

and an abundance of food. They are also often situated in locations that receive high larval 

supply (Parrish, 1989). Both systems also provide important coastal protection. In addition, 

seagrass beds provide support in biogeochemical cycling and substrate stabilisation (Dawes, 

1998; Duarte, 2000; Abecasis et al., 2009). Despite the range of important ecological services 

provided by seagrass beds and mangroves they are among the worldôs most threatened habitats 

(Valiela et al., 2001; Short et al., 2011). Mangrove habitats are being lost at a rate of 1.8 % year
-1 

(Valiela et al., 2001) whilst seagrass habitats are being lost at an estimated rate of 1.5 % year
-1
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(Waycott et al., 2009). Persistence of corals within non-reef habitats such as mangroves and 

seagrass beds is receiving renewed attention (Manzello et al., 2012; Hendriks et al., 2014; Yates 

et al., 2014) and is particularly intriguing for two reasons:  

Firstly, the capacity of corals to grow under highly-variable sub-optimal growth 

conditions (Price et al., 2012; Yates et al., 2014) demonstrates their ability to adapt or 

acclimatise, and potentially tolerate wider environmental conditions. Several studies support the 

notion that highly-variable environments are important to enhancing coral tolerance against 

climate change (e.g. temperature: Baker et al., 2004; pH: Comeau et al., 2014). However, other 

studies have demonstrated no improved tolerance to stress despite prior regular exposure to 

environmental extremes (e.g. temperature: Rodolfo-Metalpa et al., 2014; pH: Crook et al., 2013; 

Okazaki et al., 2013). As such, it remains unclear to what extent corals currently persisting in 

highly-variable environments will actually provide added tolerance to future stressors.  

Secondly, the ability for certain non-reef habitats to locally buffer or off-set the negative 

impacts of OA. Inherent biogeophysical processes of seagrass habitats have been proposed to 

significantly alter the intrinsic carbonate chemistry so as to buffer coral populations by off-

setting future decreases in seawater pH (Hoegh-Guldberg et al., 2007; Manzello et al., 2010; 

Anthony et al., 2013), and thus effectively operate as a refuge.  Throughout the thesis refugia 

will refer to the ability of a habitat to maintain favourable chemical conditions that are being lost 

elsewhere (sensu Keppel & Wardell-Johnson, 2012). Mangroves have similarly been proposed as 

potential coral órefugiaô against climate change (Yates et al., 2014) but whether they could 

provide the same protective role (i.e. buffering) as  determined for seagrass beds remains 

unclear.  
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Whilst corals clearly demonstrate some form of tolerance to survive within highly 

variable habitats (Price et al., 2012; Yates et al., 2014) the physiological properties that govern 

tolerance remain unknown. Similarly, it is unknown whether species are selected for within these 

systems and thus are adapted, or are they just part of the wider species pool and have 

acclimatised (a species has adjusted to its local environmental conditions, sensu Folk 1966).  

Whether corals can persist in non-reef habitats, across bioregions and independent of taxa is also 

unclear and will be studied in this thesis across four bioregion sites (see Chapter 4).  

 

1.6| Study locations  

Within this thesis four study locations were selected each contributing differently to the overall 

project (Table 1.3). Methods development both in terms of analysis techniques, sampling 

strategies and respirometry were carried out in the Atlantic (Cayman Islands and Brazil) whilst 

biological assessments were studied at three sites (Cayman Islands, the Seychelles and 

Hoga/Kaludepa Islands) within the three ocean basins (Atlantic, Pacific and Indian). The three 

sites were selected to assess whether similar coral species occupied the marginal non-reef 

habitats across ocean basins, and whether the species found in non-reef systems was proportional 

to the diversity of the region. For example, in the Atlantic region site, are the species present in 

non-reef habitats restricted due to the species pool.  
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Table 1.3| Study site information  

Bioregion Location Site GPS N/S GPS E/W 

Atlantic Ocean Little Cayman, Back-reef 1 19°41.767 80°06.066 

 Cayman Islands Back-reef 2 19°42.479 80°00.161 

  Back-reef 3 19°42.503 79°.98.256 

  Seagrass 1 19°41.810 80°03.775 

  Seagrass 2 19°42.470 79°98.250 

  Seagrass 3 19°42.489 79°98.231 

  Outer-reef 1 19°41.815 80°04.122 

  Outer-reef 2 19°42.627 80°09.241 

  Outer-reef 3 19°42.623 79°98.344 

Atlantic Ocean Salvador, Brazil Patch-reef 12°59.570 38°31.500 

Indian Ocean Curieuse, Seychelles Mangrove 04°17.290 55°43.898 

  Seagrass 04°17.059 55°44.059 

  Outer-reef 04°17.081 55°44.219 

Pacific Ocean Hoga, Indonesia Mangrove 05°28.427 123°43.645 

  Seagrass 05°28.384  123°43.746 

  Outer-reef 05°28.382 123°43.738 

The study sites for each location indicated by their general habitat type and their GPS 

location. 

 

1.6.1| Atlantic Ocean: Little Cayman, Cayman Islands, British West Indies 

Little Cayman geography and oceanography ï The Cayman Islands are made up of three low-

lying subtropical islands located in the northwest Caribbean Sea, approximately 145 km south of 

Cuba. Little Cayman is located 120 km northeast of Grand Cayman, and 10 km southwest of 

Cayman Brac (Manfrino et al., 2013). Little Cayman is the smallest island (17 x 2 km) and has a 

low resident population (< 200) meaning it is subject to minimal local anthropogenic stress 

(Turner et al., 2013). The Cayman Islands experience complex currents that can vary in duration, 

velocity and intensity across small spatial scales (Turner et al., 2013). The location of the 

Cayman Islands within the Caribbean Sea means that they are subject to a spin-off of the north 

Atlantic Gyre (Kinder, 1983). Typically currents move in a north-westerly direction (Stoddard, 
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1980; Turner et al., 2013), however, unpublished data from the Department of the Environment 

for the Cayman Islands shows that the local currents around Little Cayman head southeast and 

then loop back towards Little Cayman before they reach Jamaica. The currents then move west 

towards Grand Cayman (Turner et al., 2013).   

Little Cayman climate ï The Cayman Islands have a tropical marine climate governed by 

two distinct seasons: the wet-summer season (May-November, average rainfall ca. 7.5 in per 

month), and the dry-winter season (April-December, average rainfall ca. 2.0 in per month) 

(Turner et al., 2013). Average air temperature is 24.8 °C in February and 28.4 °C in July, with 

northeast trade winds predominant most of the year. The Cayman Islands are vulnerable to 

hurricanes between August and early November, with the islands typically receiving a direct hit 

every ten years. The reefs of the Cayman Islands were impacted by hurricane Ivan in 2004, 

which severely damaged soft coral communities. Hurricane Gilbert in 1989 decimated Acropora 

colonies (Turner et al., 2013).  

Little Cayman marine habitats ï The dominant coastal boundaries of Little Cayman are 

lagoons, seagrass beds, coral reefs, iron-shore and mangroves. The lagoons are shallow saltwater 

systems locally known as ñSoundsò. Sounds typically have a back-reef habitat with marginal 

coral reef growth compared to the deeper spur-and-groove and reef flats. On the landward side of 

the back-reefs the substrate is a mix of small coral colonies, hard-ground, seagrass, sand, 

sediment, and algae (calcareous, macroalgae and filamentous) (Turner et al., 2013). Seagrass 

beds are dominant around the lagoons of Little Cayman covering 4.5 km
2
 (Turner et al., 2013). 

Ironshore (white limestone with a hard calcrete crust) is another common habitat, with coral 

reefs constituting the last major substrate type surrounding the coastal marine habitats of Little 

Cayman.  
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Little Cayman coral reefs ï The Cayman Islands are the peaks of underwater mountains 

and consequently have a very narrow coastal shelf (< 1 km) where reef development occurs. At 

the edge of the coastal shelf a deep wall system exists that drops off to depths of greater than 

2000 m. Little Cayman has a northeast to southwest orientation which results in a high-energy 

and moderate-energy zone. The high-energy zones impact spur-and-groove reef formation with 

the south and east coasts developing the greatest spur-and-groove reef formations (Mc Coy et al., 

2010; Dromard et al., 2011).The north shelf of Little Cayman is comprised of two reef terraces: a 

shallow reef terrace (5-12 m), consisting of a lagoon and fringing reef, and a deeper reef terrace 

(12-25 m) which drops off into a vertical abyss. An exception to this general geomorphology is 

the northwest section of the Bloody Bay-Jackson Point Marine Park, where the shallow terrace 

extends to the vertical drop off into the abyss, and the deeper terrace is lacking (Fenner, 1993).   

Little Cayman has documented live coral cover higher than, or equivalent to, other 

islands in the Caribbean (Figure 1.4, Gardner et al., 2003). Between 1999 and 2004, Little 

Cayman experienced a decrease in live coral cover from 26 % to 14 % (Coelho & Manfrino, 

2007), primarily due to white plague syndrome which occurred after the 1998 bleaching event 

(Eakin et al., 2010; van Hooidonk et al., 2012). However in 2013, coral cover around Little 

Cayman was reported to be on a positive trajectory, with coral cover returning to levels seen in 

1999 (Manfrino et al., 2013).  

Little Cayman marine protected areas ï Since 1986, approximately 50 % of Little 

Caymanôs near-shore habitats have been managed as Marine Protected Areas and no-take 

Replenishment Zones (Dromard et al., 2011). Bloody Bay Marine Park on the north coast of 

Little Cayman is one of the main diving attractions of the Cayman Islands. On Little Cayman, 

there are currently four environmental designations: Marine Park Zones, Designated Grouper 



 Chapter 1  

23 
 

Spawning Areas, Replenishment Zone and Animal Sanctuaries/RAMSAR sites. There are four 

additional designations found elsewhere in the Cayman Islands: No Diving Zone, Environmental 

Zone, Wildlife Interaction Zone, and Prohibited Diving Zone (see Table 1.4).   

 

 

Figure 1.4| A photograph of the coral reef on the deeper terrace of Little Cayman, Cayman 

Islands, BWI. The picture was taken in 2012 on the dive site known locally as Mixing Bowl 

within the Bloody Bay Marine Park. 
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Table 1.4| The environmental designations on Little Cayman. The Cayman Islands have had 

Marine Protected Areas in place since 1986 (DOE, 2015). On Little Cayman there are four 

environmental designations whose rules are detailed below:  

Environmental 

designation 

Rules 

Marine Park Zone ¶ No taking of any marine life alive or dead, except: line fishing 

from shore is permitted; line fishing at depths of 80 ft or 

greater is permitted; taking fry and sprat with a fry or cast net 

is permitted.  

¶ Fish traps, spear guns, pole spears and other nets are totally 

prohibited.  

¶ No anchoring ï use of fixed mooring only, except; boats of 60 

ft or less may anchor in sand as long as no grappling hook is 

used, and neither the anchor of rope will impact coral; 

anchoring prohibitions are suspended during emergencies and 

by permission of the Port Director.  

¶ No commercial operations may use Bloody Bay Marine Park 

without a license from the Marine Conservation board.  

Designated Grouper 

Spawning Areas 
¶ East and west End of Little Cayman; no fishing for Nassau 

groupers 1
st
 November through 31

st 
March; No fish pots or 

spear fishing within one-mile radius of Designated Grouper 

Spawning Area during this period.  

Replenishment Zone ¶ No taking of conch or lobster by any means; no anchors, lines 

or chains may touch coral; no spear guns, pole spears, fish 

traps or nets allowed.  

Animal 

Sanctuaries/RAMSAR 

Sites 

¶ No hunting; no littering; no collection of any species.  
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1.6.2| Atlantic Ocean: Salvador, Brazil 

Salvador geography and oceanography ï The city of Salvador is located on the east coast of 

Brazil within the Bahia region. Salvador has a large population estimated at three million people 

making it the third most populated city in Brazil (Lessa et al., 2001). Located in the southern 

Atlantic, Salvador is situated at the entrance of Todos os Santos Bay (TSB). TSB is the second 

largest bay ecosystem of Brazil (Cirano & Lessa, 2007).  There is low annual variation in 

currents, with tides primarily responsible for annual variations (Cirano & Lessa, 2007). The tides 

are semidiurnal with a tidal range of 0.1 to 2.6 m (Cirano & Lessa, 2007). Tides are amplified by 

a factor of 1.5 in the bay and are bi-directional. The tides are strongest during the ebbing tide 

(Lessa et al., 2001).   

Salvador climate ï Salvador experiences a tropical humid climate with mean annual 

water temperatures of 25.2 ± 3.0 °C and an annual mean precipitation of approximately 2100 

mm yr
ï1 

(Cirano & Lessa, 2007). Salvador is subject to high-pressure weather cells due to its 

location within the south Atlantic trade wind belt (Bittencourt et al., 2000). The Atlantic Polar 

Front occurs during the autumn and winter, increasing wind speed whilst changing the wind and 

wave direction (Bittencourt et al., 2000).  

Salvador coral reefs ï Along the eastern coasts of Brazil and the small offshore islands, 

there are shallow fringing reefs that have low hard coral diversity (ca. 21 species) and are 

characterised by high endemism (38 %) (Leão et al., 2003). The basal structure of these patch 

reefs originates from the pre-Cambrian basement that outcrops along the Salvador Fault (Dutra, 

et al., 2006). The TSB offers tropical shallow waters that house patch reefs ca. 1-4 m high (Leão 

et al., 2003). These patch reefs are subject to a lot of direct human pressure from the city.  
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Salvador marine protected areas ï There is an Ćrea de Proteּפ«o Ambiental for the TSB 

which was designated in 1999. It falls under the class of a sustainable-use area under Brazilian 

law, meaning that activities are restricted rather than any significant levels of marine protection. 

However, local police monitor research activities.  

 

 

Figure 1.5| A photograph of the fringing coral reef of Salvador, Brazil. The picture was 

taken in 2014 at a site in Todos os Santos Bay adjacent to the Yacht Clube da Bahia harbour. 

 

 

1.6.3| Indian Ocean: Curieuse, Seychelles 

Curieuse geography and oceanography ï The Seychelles Archipelago on the northern edge of 

the Mascarene Plateau consists of 115 islands located 1600 km east of Africa within the Indian 

Ocean. The central islands are composed of granite, whilst the outlying islands are coral atolls 

(Stoddart, 1984). Curieuse is the fifth largest granitic island within the Seychelles Archipelago 

and has an area of 2.86 km
2
 (Hill et al., 2002). Curieuse consists of two large peaks (the highest 

172 m above sea level) which enclose a shallow bay (Baie La Raie). The Seychelles are subject 
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to seasonal currents, with north-westerly currents approaching from the Somali Basin dominating 

between December and March; May through September the wind shifts south-easterly changing 

the direction of the currents and exposing sites previously sheltered.  

Curieuse climate ï The Seychelles Islands experience a seasonal humid tropical climate 

(Walsh, 1984), with temperatures typically ranging between 24-32 °C.  Wind speed is normally 

15-22 km h
-1

. Most of the annual rainfall occurs during the months of December and February. 

April marks the end of the órainy seasonô and is the month of monsoon reversal; the shift from 

northwest Monsoon to the onset of the southeast Trade Winds. From May to October, the climate 

is drier with cooler weather and often rougher seas resulting from elevated wind speeds of 19ï37 

km h
-1

 (SNPA, 2014).  

Curieuse marine habitats ï Curieuse is surrounded by patchy fringing reefs that have 

submerged granitic boulders where corals directly grow and provide a suitable substrate for 

recruitment. Surrounding the island are intertidal seagrass and dense algal beds comprised of 

calcifying and non-calcifying algae as well as small coral colonies. Baie La Raie is a bay located 

on the south side of the island. In 1909, a seawall was built across Baie La Raie effectively 

separating the mangroves from the rest of the bay. The 40 acre pond now has some connectivity 

with the surrounding waters as the 2004 Tsunami broke down part of the wall. Baie La Raie 

contains six of the seven mangrove species found in the Seychelles and is an important fish 

nursery habitat for the surrounding reefs (Domingue et al., 2010).  

Curieuse coral reefs ï The Seychelles have an estimated 1690 km of coral reefs, 

comprised of fringing reefs, platform reefs and atolls (Spalding et al., 2001). The coral reefs of 

the Seychelles have species richness values between 47-59 % of the total species found in the 

western Indian Ocean (Figure 1.6, Obura, 2012). The Seychelles has granitic and carbonate reef 
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systems, both of which can be located around Curieuse. Historical monitoring data shows large 

variability in coral cover (1-40 %) for the shallow reef systems (Smith/Suggett, Unpublished 

data, pers. Comm.). Over the last two to three decades, an increase in development around the 

Seychelles has significantly altered parts of the coastline. The severe El Niño event of 1997/98 

resulted in unprecedented coral bleaching in the Indian Ocean, which severely impacted the reefs 

of the Seychelles with certain reefs experiencing 95 % bleaching (Dominigu et al., 2010). 

Graham et al. (2014) documented 12 out of 21 reefs around the Seychelles returning to pre-

disturbance coral cover after a loss of greater than 90 % of coral cover. The remaining nine reefs 

underwent a phase-shift to a macroalgae reef which was attributed to other local stressors and 

reef conditions (e.g. structural complexity and water depth).  

Curieuse marine protected areas ï Curieuse and its surrounding waters make up one of 

the six National Marine Parks (NMP) of the Seychelles. A NMP is designated in the Seychelles 

as: 

ñAn area set aside for the propagation, protection and preservation for wildlife or the 

preservation of places or objects of aesthetic, geological, prehistoric, historical, 

archaeological or other scientific interest for the benefit, advantage and enjoyment of the 

general public and includes in the case of a Marine National Park an area of shore, sea or 

sea-bed together with coral reef and other marine featuresò (pg 30, Dominigue et al., 2010).  

The Curieuse National Marine Park consists of 2.86 km
2  

land and 13.70 km
2 
sea (total 16.56 

km
2
)  and stretches 200 m offshore around the island and all the way across to the westerly 

neighbouring island of Praslin. The Curieuse NMP was designated in 1979 and attracts many 

tourists annually (>21,000 tourists in 2007). Designation of this NMP has helped with socio-
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economic development of the surrounding islands, with the local economy heavily reliant on the 

fishing industry and tourism (Campling & Rosalie, 2006; Dominigue et al., 2010).  

 

 

Figure 1.6| A photograph of the Acropora beds found around Curieuse, the Seychelles. The 

picture was taken in 2014 on a site known locally as House Reef off the south coast of Curieuse 

within the Seychelles National Marine Park.  
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1.6.4| Pacific Ocean: Hoga and Kaledupa Islands, Wakatobi, southeast Sulawesi, Indonesia 

Hoga and Kaledupa Islands geography and oceanography ï Hoga and Kaledupa Islands are 

located in the Wakatobi, southeast Sulawesi. The Wakatobi was established as its own separate 

district in 2004 and consists of four main islands: Wangi, Kaledupa, Tomia and Binongko (the 

acronym ñWakatobiò formed by the first two letters of each island). Several smaller islands are 

located in the Wakatobi, including Hoga found to the north of Kaledupa. The Wakatobi is central 

within the Coral Triangle; a global centre of marine biodiversity and a priority for marine 

conservation (Tomascik et al., 1997; Pet-Soede & Erdman, 2003; TNC, 2007). The Wakatobi 

region is subject to complex, highly variable currents (Clifton, 2010). During the north-westerly 

monsoon season (typically November to April) the currents run anti-clockwise around Sulawesi, 

whilst from May to November no clear pattern is apparent. On the Sulawesi side of the Makassar 

Straits the currents run southwards year-round. Along the northern Sulawesi coast there is a year-

long eastward current (Whitten, 1987). Locally, the reefs are subject to a large semi-diurnal tidal 

cycle with the inter-tidal zone being largely exposed at low tide.   

Hoga and Kaledupa Islands climate ïThe climate of Sulawesi is best described in 

relation to rainfall. Between September and March, north-westerly winds crossing the South 

China Sea pick up moisture and arrive in north Sulawesi around November time. After this 

period, variable and humid south-easterly winds blow towards the eastern side of Sulawesi, with 

rainfall peaking on the southeast coast between April and June. The east coast of Sulawesi where 

the Wakatobi is located experiences its wettest month around May (Whitten, 1987).  

Hoga and Kaledupa Islands marine habitats ï The Wakatobi Marine National Park 

(WMNP) contains coral reef, mudflats, algal beds, seagrass and mangrove habitats, all with high 

conservation value which provide vital resources to local communities (Unsworth et al., 2007). 
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The coral reefs are some of the most diverse in the world and have been identified as a 

biodiversity hotspot. Mangroves are located on the northwest coast of Hoga, as well as the east 

and south coasts of Kaledupa (Pet-Soede & Erdman, 2003). 37 species of mangroves have been 

documented within the WMNP. The mangroves of the WMNP are unusual as they are able to 

develop on shallow calcium carbonate-rich sediments that contain fossilised corals that restrict 

root formation (Cragg & Hendy, 2010). Mangrove habitats throughout Sulawesi have 

unfortunately been cleared for timber or to create brackish aquaculture ponds (Whitten et al., 

1987). Around Hoga and Kaledupa, large areas of mangroves have been cleared over the last 30 

years for timber, fuel, and to accommodate the increasing populations.  

Seagrass beds dominate the intertidal zones of the WMNP, with numerous beds 

extending for several kilometres (Whitten et al., 1987). The two dominant species found in the 

seagrass beds of the WMNP are: Thalassia hemprichii and Enhalus acoroides (Unsworth et al., 

2007). However, a further seven species (Thallasodendron cilliatum, Halodule uninervis, 

Halophila spinulosa, Halophila ovalis, Halophila decipiens, Cymodocea rotundata, Syringodium 

isoetifolium) have been noted within the region. Like most intertidal areas of the Indo-Pacific, 

seagrass beds in the WMNP experience vertical zonation down the shore (Unsworth et al., 

2007). Seagrass beds are an important fishing location for the local communities and when in 

continuum with mangroves and reef environments they support significantly higher fish densities 

(Salinas De León, 2006). Unfortunately, seagrass beds are often overexploited locally with 

communities harvesting fish stocks and exposed invertebrates at low tides (Clifton, 2010).  

Hoga and Kaledupa Islands coral reefs ï The Wakatobi district is located within the 

Coral Triangle and contains 600 km
2
 of the most biodiverse coral reefs in the world, with over 

350 species of hermatypic corals and 590 species of fish (Figure 1.7, Pet-Soede & Erdmann, 
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2003). From 2002 to 2007 hard coral cover for the WMNP fell by an average of 45 % for all 

study sites except Hoga, this suggested that local point sources were to blame for the decrease 

(McMellor & Smith, 2010). Overall, the reefs have experienced little impact from coral 

bleaching, likely due to cool water upwelling from the south (Tun et al., 2004) and seasonal 

temperature fluctuations increasing thermal tolerance. During the 2010 El Niño-La Niña event, 

the reefs around Wakatobi showed a high tolerance to prolonged thermal stress with only sub-

lethal bleaching documented, primarily on the branching Acropora spp. (Smith/Suggett, 

Unpublished data, pers. Comm). Certain reefs have been damaged by the illegal practice of blast 

fishing and other reefs close to local Bajo villages experience higher impact and exploitation.  

Hoga Island Wakatobi marine protected areas ï The WMNP was established in 1996 

and covers 1.39 million ha making it the second largest national park in Indonesia (Tomascik et 

al., 1997). Unfortunately, the WMNP has historically been regarded as having ineffective 

enforcement, inappropriate zonation, insufficient funding and a lack of community support in 

management activities (Elliott et al. 2001). More recently however, several organisations have 

worked with the National Marine Park authorities to develop the areaôs management and the 

added value of the WMNP has come from its worth as a óliving laboratoryô. Operation Wallacea 

and other NGOs have supported significant scientific research projects in the region. 

Collectively, this has resulted in the designation of the WMNP as a World Biosphere Reserve in 

2012. The biosphere reserve is recognised under UNESCOôs Man and the Biosphere programme 

and it acknowledges the site as an area of excellence, with sound science and local community 

efforts to conserve and preserve biodiversity (UNESCO, 2014).  
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Figure 1.7| A photograph of the coral cover on the reef crest of Hogaôs reefs, southeast 

Sulawesi, Indonesia. The picture was taken in 2014 on a site known locally as Pak Kasims off 

the north coast of Hoga.  
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1.7| Thesis aims  

Coral reefs are threatened by OA. However, there are habitats (e.g. seagrass and mangroves) that 

house corals where conditions already are considered representative of the future under climate 

change. The distribution of these habitats across bioregions in tropical reef locations makes them 

a potentially important management option for corals threatened by climate change. However, 

the ability of corals to expand their niches into these environments, and the metabolic cost of 

living in these habitats is entirely undescribed. Similarly, whether the biogeochemical conditions 

of non-reef habitats, like seagrass beds and mangroves, are able to provide an ecological service 

in the form of refugia against OA is unresolved. The main aims of this thesis were therefore to: 

1. Ascertain the natural levels of pH variability corals are already exposed to in reef and 

non-reef habitats;  

2. Understand the ability of corals to persist in non-reef habitats; 

3. Know the metabolic (photosynthesis, respiration and calcification rates) cost for 

dominant coral species living in non-reef habitats;  

4. Understand whether corals living in non-reef habitats that have highly-variable pH 

experience the same metabolic (photosynthesis, respiration and calcification rates) 

response as corals from a more stable reef environment when subjected to pH and 

temperature stress predicted under future climate change.  

In addressing these aims, a novel evaluation will be conducted to assess whether the local 

chemistry of non-reef systems can act as a buffer against future OA (see Chapter 6).  
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To achieve the thesis aims a systematic four-part approach was adopted; this approach is 

presented as each of four separate data chapters, all of which have been submitted or are in the 

final stages of preparation for submission, to peer review Journals: 

1) Chapter 2: Methodological development was undertaken to determine the appropriate 

water sampling procedure necessary to capture the natural spatial and temporal variability 

in carbonate chemistry. A novel in situ respirometry chamber was also developed to 

assess the metabolic activity (photosynthesis, respiration and calcification) of corals.  

Camp E, Krause S, Freitas L, Naumann MS, Kikuchi R, Smith DJ, Wild C, Suggett DJ. The 

"Flexi-Chamber": a novel cost-effective in situ respirometry chamber for coral physiological 

measurements. PLoS One (Accepted). 

2) Chapter 3: A low biodiversity Atlantic Ocean site was used to assess in detail the spatial 

and temporal variability in carbonate chemistry, and to evaluate the biological versus 

abiotic control of non-reef habitats and the rates of photosynthesis, respiration and 

calcification of corals living within them. 

Camp E, Lohr K, Dumbrell A, Manfrino C, Suggett DJ, Smith DJ. Coral recruitment into non-

reef habitats: Consideration for coral refugia. Marine Ecology Progress Series (Final draft).  

3) Chapter 4: To ascertain commonalities in the physiological responses of corals existing in 

non-reef habitats, three sites that were genetically disconnected and ranged in background 

diversity were compared. 

Camp E, Suggett DJ, Gendron G,
 
 Jompa J, Manfrino C, Smith DJ. Pre-conditioning and 

buffering services of mangroves and seagrass beds for corals threatened by climate change. 

Global Change Biology (In review).  
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4) Chapter 5: The impact of future predicted changes in temperature and pH on the 

physiological responses of corals pre-adapted to habitats of differing inherent 

environmental variability was assessed by superimposing temperature and pH changes 

estimated for 2100 on top of the natural diurnal oscillations of each habitat through a 

laboratory manipulation study.  

Camp E, Smith DJ, Evenhuis C, Enochs I, Suggett DJ. The roles of temperature and pH in non-

reef habitats on coral calcification and metabolic activity: Can marginal systems buffer against 

change? Proceedings of the Royal Society B (Final draft).  

A final general discussion (Chapter 6) considers these outputs to evaluate the role of non-reef 

habitats in providing some form of refuge for corals to future climate change. The discussion 

also considers what drives variability of non-reef habitats and how this variability may itself be 

changed in the future. The discussion considers the future for corals and coral reefs and 

concludes by identifying points for consideration for future OA research.  
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1.8| Thesis structure 

The thesis studies different non-reef habitats that house corals and have natural variability in 

carbonate chemistry to: (i) determine the appropriate sampling regime to capture accurate and 

precise carbonate chemistry and coral mertabolic activity data (Chapter 2); (ii) understand the 

levels of variability corals are already exposed to within these systems (Chapters 3 & 4); (iii) 

determine which corals are currently living in these non-reef habitats (Chapters 3 & 4); (iv) 

measure what the metabolic cost is for the coral species found living in non-reef habitats 

(Chapters 3 & 4); (v) understand whether corals living in non-reef habitats experience the same 

metabolic cost as corals from a more stable reef environment when subjected to pH and 

temperature stress predicted under future climate change (Chapter 5). The thesis will then 

summairse the main findings and will include a discussion where the role of non-reef habitats to 

act as refugia to future climate change is considered (Chapter 6).  
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Chapter 2| Methodology for capturing the 

variance of carbonate chemistry and 

inherent metabolic activity of corals within 

reef and non-reef systems  

Part of this chapter is in review in PLoS One as the manuscript: The ñFlexi-Chamberò: a novel 

cost-effective in situ respirometry chamber for coral physiological measurements. 

 

2.1| Introduction 

Assessing the variability of carbonate chemistry parameters between habitats fundamentally 

depends on accurate and precise measurements from a highly resolute sampling approach. Such 

an approach needs to critically capture the environmental mean and variance of any given 

habitat. Determination of carbonate chemistry parameters within ocean acidification (OA) 

studies form the basis for assessing the biological response of systems and species to future 

predicted levels of CO2 (Ribas-Ribas et al., 2014). Thus, the integrity of the data collected is 

imperative in ensuring maximum confidence in the results obtained. The Carbon Dioxide 

Information Analysis Centre (CDIAC) protocol and the Dickson et al. (2007) Guide to Best 

Practice for Ocean CO2 Measurements provide guidelines on the levels of accuracy and 

precision within carbonate chemistry measurements that methods should strive for, as developed 

by the international community attempting to optimise and standardise sampling practice.  

 Similarly, when developing new methods and sampling techniques, it is imperative that 

their reliability is tested and that their outputs are compared to established methods that are 

considered the current ñgold standardò. Current in situ respirometry chambers typically require 

colony removal and are rigid vessels requiring artificial mixing to disrupt the outer coral 
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boundary layer (McCloskey et al., 1978). They are often expensive and difficult to travel with 

due to the fragility of transporting glass/plexi-glass vessels and their often large size for 

deployment, which limits the scale and resolution with which respirometry data can be 

generated. Established chambers are also typically a fixed size and thus a range of chambers may 

be necessary, or experimentation would otherwise be limited to a targeted organism size. The 

size of the chamber (i.e. volume of the incubation medium) relative to the organism to be 

incubated is critical in order to balance: (i) maximised signal strength as compared to, (ii) 

minimising potential toxicity via hypoxic or anoxic conditions (Orr et al., 2014). Thus, there has 

remained a long-standing need to develop a low-technology, cost-effective, non-destructive 

respirometry vessel to measure in situ coral metabolism. Note that metabolism throughout this 

thesis will refer to the physiological processes of photosynthesis, respiration and calcification. 

The objectives of this chapter are therefore to:  

(1) Develop a discrete water sampling regime to capture the spatial and temporal pH 

variability of reef habitats; 

(2) Establish a discrete sampling method for pH and total alkalinity (TA) that meets 

CDIAC standards; 

(3) Construct a novel in situ bag respirometry chamber to test coral metabolism 

(respiration, photosynthesis and calcification) and verify against an established technique.  

Through meeting these objectives the core methods for assessing both the carbonate chemistry as 

well as coral metabolic properties used throughout Chapters 3 through 5 are established. 
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2.2| Materials and Methods 

Chapter two deals with a variety of methodological testing; figure 2.1 illustrates the layout of the 

material and methods section, whose format is followed in the results section.  

 

Figure 2.1| Flow-diagram of the material and methods section of chapter two. The sub-

sections of each chapter are indicated to clarify the outline of the chapter. The results section 

follows this lay-out.  

 

2.2.1| Study locations 

Water sampling regime ï Little Cayman, Cayman Islands, British West Indies (BWI) was used 

as the study location to identify an appropriate sampling regime to capture the spatial and 

temporal variability in pH of reef and non-reef coral habitats (see Chapter 1, section 1.6.1). 

Sampling took place between November 2011 and January 2012. Preliminary pH sampling was 

conducted around the five main lagoons of Little Cayman, known locally as: Grape Tree Bay 
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(GTB), Maryôs Bay West (MBW), Maryôs Bay East (MBE), Charles Bay (CB) and South Sound 

(SS) (Figure 2.2). High resolution pH sampling was conducted in a dense seagrass biomass site 

within GTB. All sites were 2-4 m in depth and situated away from any freshwater inputs. Sites 

experienced a tidal cycle range of 0.12-1.00 ± 0.03 m during sampling. 

 Respirometry chamber development ï All laboratory testing of the Flexi-Chamber design 

was conducted using the aquarium facility at the Coral Reef Research Unit, University of Essex 

(January 2013- December 2014). Field validation was conducted in Salvador (Brazil) from 

March 26
th
 to April 2

nd
 2014 (see Chapter 1, section 1.6.2). The study site was a near-shore 

fringing reef located at the entrance of Todos os Santos Bay adjacent to the Yacht Clube da 

Bahia harbour (Figure 2.3) at a depth of 3-5 m.  

 

 

Figure 2.2| Preliminary sampling sites around Little Cayman, Cayman Islands, BWI. 66 

sites (yellow dots) were sampled diurnally between November 2011 and January 2012 to identify 

different habitats with natural pH variability. pH was directly measured on discrete water 

samples collected at each site.  
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Figure 2.3| Study site location in Todo os Santos Bay (TSB) (modified from Ramos et al., 

2010). The study site was located at the entrance of TSB in depths between 3 and 5 m adjacent to 

the Yacht Clube da Bahia harbour in Salvador, Brazil.  

 

2.2.2| Discrete water sampling regime and approach  

To identify the spatial pH variability of different habitats, diurnal (one hour before sunrise and 

one hour before sunset) samples were collected at several sites (n= 66) inside and outside of the 

five main lagoons of Little Cayman (Figure 2.2). Basic abiotic data (depth, temperature, salinity, 

water velocity) was collected for each lagoon during the sampling period (Table 2.1). To 

quantify the resolution of sampling necessary to capture the diurnal variability in highly variable 

pH habitats, three 24 h sampling sessions were conducted in the seagrass habitat of GTB. pH was 
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determined every hour over the 24 h period starting at sunrise (ca. 7:00 h). Finally, to determine 

the extent of pH variability around sunrise and sunset, and thus whether initiating sampling at 

sunrise was the best time to capture the diurnal range in conditions, pH measurements were 

collected every 15 min for a 3 h window around sunrise and sunset to assess differences in mean 

and variability (coefficient of variation (Cv)) in pH values. 

 

Table 2.1| Abiotic data for the five main lagoons of Little Cayman. Data (mean ± 

standard error, SE) was obtained during water sample collection between November 

2011 and January 2012 (n= 66). 

Lagoon Dominant 

substrate* 

 

Depth  

(m) 

 

Salinity 

(ppm) 

 

Temperature 

(°C) 

 

Water 

velocity  

(cm/s) 

Grape Tree 

Bay 

Seagrass 1.4 ± 0.01 35 ± 0.01 26.3 ± 0.03 14 ± 0.01 

Maryôs Bay 

East 

Seagrass 1.6 ± 0.03 35.5 ± 0.01 26.4 ± 0.02 12 ± 0.04 

Maryôs Bay 

West 

Seagrass 1.9 ± 0.02   35 ± 0.01 26.4 ± 0.01 11 ± 0.02 

Charles Bay Seagrass 1.1 ± 0.01 35 ± 0.01 26.3 ± 0.01 13 ± 0.01 

South Sound Hard-

ground/sand 

1.9 ± 0.01 35 ± 0.01 26.2 ± 0.02 11 ± 0.01 

*Dominant substrate was assessed from GIS maps provided by the Cayman Islands 

Department of the Environment.  

 

Discrete water samples were collected between 0.5-1 m directly into 250 ml acid washed 

(2 % HCL) borosilicate glass bottles (Manzello, 2010). Immediately before sample collection the 

bottles were rinsed twice with the sample water as recommended by CDIAC and filled to 

overflow to eliminate headspace for gas exchange (Dickson et al., 2007). Mercuric chloride 

(0.05 ml of saturated (aq) solution) was added as the standard operating procedures for CDIAC 

to poison the samples and prevent any biological activity altering the carbonate chemistry 

parameters before measurement (Dickson et al., 2007). Stoppers were inserted to ensure a gas 
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tight seal and where possible, samples were stored in the dark until returned to the laboratory 

(within 30 min) for further analysis.   

During every sampling period, an additional seawater sample (250 ml) was collected to 

allow immediate measurements of pH, temperature, and salinity to obtain the in situ conditions 

needed for calculation of the carbonate parameters. The ORION 5 Star meter (model A329, 

Fisher Scientific, USA) with a pH/temperature probe (pH accuracy within ± 0.002 pH units, 

temperature accuracy within  ± 0.1°C; combination probe Ross Ultra, Fisher Scientific, USA) 

and a handheld refractometer to measure salinity (accuracy within ± 0.5 ppm;  model RF20, 

ExTech, USA) were used to obtain these measurements (pH measured in NBS scale). pH was 

measured in the field to ensure that it did not drift before samples were taken in the laboratory. 

Water flow was also measured using a mechanical flow meter (model 2030 series, General 

Oceanics, USA). All laboratory and field equipment were calibrated as recommended by their 

instruction manuals and/or CDIAC protocols (Dickson et al., 2007).    

 

2.2.3| Carbonate chemistry determination 

pH was quantified on all samples returned to the laboratory using an Orion Ross Ultra Glass 

Triode Combination Electrode (accuracy ca. ± 0.002 pH units; Ross Ultra, Fisher Scientific, UK) 

using the potentiometric technique and the total scale (Dickson et al., 2007). The pH probe was 

calibrated at 25 °C using 2-amino-2-hydroxy-1-3-propanediol (TRIS)/ HCL and 2-aminopyridine 

(AMP)/HCL buffers in synthetic seawater with a salinity of 35 ppm. The buffers were made up 

in the laboratory following the CDIAC recommendations and had their pH defined as (Dickson 

et al., 2007):  
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TRIS (2-amino-2-hydroxy-1-3-propanediol) 

pH (s)TRIS = (11911.08 ï 18.2499S ï 0.039336S
2
 ) 
Ⱦ

  ï 366.27059 + 0.53993607S +              [1]             

0.00016329S
2 
+ (64.52243 ï 0.084041S) ln (T/K) ï 0.11149858 (ὝȾὑ). 

 

AMP (2-aminopyridine)  

pH (s)AMP = (111.35 + 5.44875S) 
Ⱦ

 + 41.6775 ï 0.015683S ï 6.20815 ln (Ὕὑϳ ) ï                  [2] 

    log10 (1 ï 0.00106S).       

 

From equations 1 and 2 the electrode response(s) was calculated: 

    Ó  
  

                                       [3]                      

s is the buffer, S is salinity, T/K is temperature in Kelvin and E is the e.m.f of the cell. 

 

The electrode response was compared to the Nerst value (RTln10/f) to ensure that the difference 

was not above the acceptable difference of 0.3 % (Dickson et al., 2007).  The pH was then 

calculated: 

 

     pH(x) = pH(s) + 
Ⱦ

                                 [4] 

Where x is the sea water sample. 

 An open-cell potentiometric titration procedure was used to measure TA on the same 

sample as pH (Dickson et al., 2007). The Gran method was used to determine the second end 

point of the carbonate system, from which TA was then determined: 
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 TA= 
   ᶻ       

   
                                     [5] 

 

TA of all samples was determined using a Titrino titrator (model 848, Metrohm, Buckingham, 

UK) or high precision burette (Fisher Scientific, USA). 0.1 N standardised HCL was used 

(Appendix 1). TA was measured with an accuracy and precision of ca. Ò 2 mmol kg
-1

. The 

remaining carbonate chemistry parameters (pCO2, TCO2, ɋarg) were calculated with CO2SYS 

using TA and pH as determined in the laboratory (Riebesell et al., 2010), in situ temperature and 

salinity, and sampling depth (m) (accuracy within ± 0.5 m) as a proxy for pressure (Lewis and 

Wallace, 1998). For CO2SYS the dissociation constants of Mehrbach et al. (1973) were used for 

carbonic acid as refined by Dickson and Millero (1987), and for boric acid (Dickson, 1990). 

Pressure effects, orthophosphate and silicate concentrations were assumed to be negligible (see 

Jury et al., 2010). 

  To check the validity of the seawater sample storage method, a number of samples (n= 

72) had their pH measured in the field and subsequently re-measured in the laboratory to check 

for any drifts. Samples were collected over the three 24 h sampling sessions in GTB, with three 

replicate samples collected every 3 h over the three 24 h periods. In addition, to test the precision 

of the pH and TA measurements, R charts were created, whilst  ὢ charts were used to assess the 

stability of the measurements (Dickson et al., 2007). 15 sequential pH and TA measurements 

were taken on the initial 24 h sampling day in GTB to test the absolute differences of duplicate 

measurements to assess their precision. Over 15 sequential days, pH and TA were measured 

from a control sample collected from GTB on the initial day at 7:00 h to assess the stability of 

the measurement process. For each graph, an upper control limit (UCL), upper warning limit 
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(UWL), lower warning limit (LWL) and lower control limit (LCL) were calculated as shown 

below: 

 ὢ Charts: x is the mean value, s is the standard deviation  

     UCL = x + 3 s              [6]

 UWL = x + 2 s             [7] 

     LWL = x ï 2 s             [8] 

     LCL = x ï 3 s             [9] 

R charts: Ὑ is the average range and is related to the short-term standard deviation: 

UCL = 3.267 R           [10] 

 

UWL = 2.512 R           [11] 

 

LWL = 0           [12] 

 

LCL = 0           [13] 

 

The recommendations by CDIAC are that 95 % of the plotted points should fall between the 

UWL and LWL, and rarely should any fall outside of the control limits. TA was also compared 

to Dickson Standards (Scripps University) to test accuracy against a stable reference material.  

 A comparative analysis was finally conducted on the calculated pCO2 values using 

CO2SYS to a direct pCO2 measurement technique. Water samples were collected as previously 

described, every 3 h starting at sunrise (ca. 7.00 h) over the three 24 h sampling days in GTB (n= 

24). For each sample, pH and TA were measured and pCO2 derived using CO2SYS. The direct 

measurement technique used a custom-built gas diffusible membrane (standard silicone tubing, 

0.31mm ID-0.64mm OD, Helix Medical, USA) attached to an external infrared gas analyser 

(IRGA, Li-820, Li-COR, Nebraska, USA) with a pump flow through system (see Suggett et al., 

2013).  The gas analyser was also attached to a notebook computer with Li-820 software.  Each 
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sample was transferred to a custom-built chamber and analysed for 60 min to allow the probe 

time to stabilise. A water bath was used to maintain the sample within 0.1 °C of the in situ 

temperature. After 60 min the stable probe reading for pCO2 was used for comparison with the 

pCO2 value derived from CO2SYS. To ensure that the direct measurement set-up was gas-tight, 

it was calibrated with CO2 free air, created by stripping the CO2 from air using Sodalime. If the 

computer readout from the IRGA read zero, then it could be confirmed that the direct 

measurement set-up was gas-tight and reading accurately.  

   

2.2.4| In situ, non-destructive respirometry chamber design  

 In the following sections, a novel in situ, low-cost, high thorough-put incubation chamber, 

termed the Flexi-Chamber is described and tested, both in the laboratory and field.  

Flexi-Chamber description ï A transparent, gas-impermeable, 3 L urine bag (Vital Care, 

Essex) with a built-in heat-seam secured valve, formed the basis of the Flexi-Chamber (Figure 

2.4a). The bottom of the bag was cut to create a fringe that was secured around the base of the 

test colony. A watertight seal was created by using a customised neoprene cuff and fastening 

(Figure 2.4a). The neoprene cuff was customised to fit securely around the base of the test 

colony, thereby minimising the possible contribution of the surrounding substrate and/or water 

column to the metabolic signal of the test specimen (Figure 2.4b). The internal water volume was 

adjusted to accommodate corals of different sizes: larger coral colonies (ca. 5 cm diameter) 

required the entire volume of the chamber, whereas smaller colonies (ca. 2-3 cm diameter) 

required a reduced volume (in this case 60 % of the bag volume) to optimise the metabolic 

signal.  
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Figure 2.4| The Flexi-Chamber design: A) A schematic diagram of the Flexi-Chamber: A is 

the fastening mechanism, B is the neoprene cuff around the base of the coral, C is the urine bag 

(Vital Care, Essex), D is standard silicon tubing used to create a water tight seal with the valve, E 

is the valve of the urine bag and F is the three-way-valve. Figure 2.4 B) An example of the Flexi-

Chamber set-up.  

 

Flexi-Chamber incubation procedure ï Prior to any experimental use all Flexi-Chambers 

were acid washed (2 % HCL). For each deployment, three Flexi-Chambers were filled with in 

situ water without any coral colonies to act as a control to correct for any planktonic metabolic 

activity within the surrounding water. Whilst colonies where haphazardly selected within any 

one habitat, colonies had to be ca. 3-5 cm in diameter, and chosen with no visible signs of 
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disease, bleaching, loss of colour (relative to the site mean), or excessive algal overgrowth 

(McCloskey et al., 1978). Colonies also needed a suitable surrounding substrate to allow the 

attachment method, i.e. a basal area raised from the substrate for chamber attachment. 

Photographs were taken of each colony before incubations (Canon G12 in an underwater 

housing, Canon, WP-DC 34, Amazon, England).  

Water was extracted from the chamber via the built-in three-way valve mechanism, 

which could be opened or closed to sample the internal water volume (Figure 2.4a). In this way, 

water could be conveniently extracted via a syringe without cross-contamination of the 

surrounding seawater. Two 100 ml syringes were attached to the three-way valve system; the 

first to remove ca. 30 ml of excess water from the bags valve which was discarded, and the 

second to extract 100 ml of the seawater sample from inside the Flexi-Chamber. For 

standardisation of the physiological measurements, water volume inside the chamber was 

accurately determined as the total of the water volume removed during the sampling process 

(100 ml) and the remaining water volume within the chamber (typically 950-1000 ml) 

determined by subsequent syringe removal of water until the bag was emptied. The swivel lock 

of the syringe to the valves as well as the watertight nature of the bag (see leakage testing) 

ensured that the water removed from the Flexi-Chamber was not contaminated with that from the 

surrounding seawater. 

Sample water was syringed from each Flexi-Chamber and immediately transferred to pre-

washed and labelled 250 ml borosilicate glass bottles (Naumann et al., 2013). Sample bottles 

were kept at ambient temperature and under dark conditions until analysis (within 30 min of 

collection, as per Dickson et al., 2007). Chambers were left in situ for 3 h. After this period, 

water samples were re-collected from each chamber and stored as previously described. After all 
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samples had been collected, chambers were removed from each colony, the water was flushed 

with ambient water, and chambers were re-secured; control chambers were treated in exactly the 

same way. The whole process was then repeated at 3 h intervals for the duration of the study 

period. For the procedure validation, dark-cycle metabolism was examined by artificially 

darkening (opaque black polyester material) the Flexi-Chambers, but the technique could be used 

equally well during night-time sampling (see Chapterôs 3 & 4).  

Analytical procedures ï pH, TA, temperature and salinity of each sample were measured 

as previously described for the carbonate chemistry determination (see section 2.2.3). To 

determine the oxygen (O2) content (accuracy ca. 0.05 mmol/L ) of each sample, a 100 ml aliquot 

of each water sample was transferred into a sealed chamber in the laboratory, where an O2 and 

temperature probe (O2 probe: Foxy-R, Temperature Probe: NeoFox TB, Ocean Optics, England) 

were attached to a bench-top fluorometer (NeoFox-FT, Ocean Optics, England) via a bifurcated 

fibre assembly (BIFBORO-10000-2, Ocean Optics, England) and attached to a PC running the 

O2 sensing software (NeoFox Viewer, Ocean Optics, England). Samples were run in a climate-

controlled laboratory until the O2 concentrations stabilised. All probes were calibrated according 

to the Ocean Optics instruction manual.  

Measurements of photosynthesis, respiration and calcification  ï For all samples, 

calcification was determined via the TA anomaly method (Jury et al., 2010) corrected for any 

changes in TA of the seawater controls, to yield hourly calcification rates (G, mmol CaCO3 m
2
 h

-

1
) as: 

Ὃ ὸ 
Ў ϽϽȢ Ͻ

 Ͻ
/1000     [14] 

Where TA= total alkalinity (mmol kg
-1

), V = volume of water (L) surrounding the coral within 

the respirometry chamber, It (h) is incubation time, SA is the coral surface area (m
2
), r is the 
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density of seawater and 0.5 accounts for the decrease of TA by two equivalents for each mole of 

CaCO3 precipitated. Calcification rates were not corrected for any changes in nutrients as 

Langdon et al. (2000), with Chisholm and Gattuso (1991) demonstrating that the assumptions of 

the TA method without the correction for nutrients are correct in obtaining accurate calcification 

rates for tropical coral reefs. 

Net photosynthesis and respiration rates were determined for several time points (t) 

throughout the light and dark cycles respectively as the change in O2 in the respirometry 

chamber corrected for any changes in O2 of the seawater controls to yield hourly rates (mmol O2 

m
2
 h

-1
) as: 

ὖ ὥὲὨ Ὑ ὸ  
Ў  Ͻ

 Ͻ
 Ⱦρπππ                              [15] 

Integration of all photosynthesis and respiration measurements during the light (dark) yielded the 

daily daily photosynthesis (PN) and respiration (mmol O2 m
2
 d

-1
) as: 

ὖ  В ὖ ὸ Ўὸ and Ὑ  В Ὑ ὸ Ўὸ                           [16] 

Gross photosynthesis (PG) was calculated by the addition of PN and R. All values of R are 

subsequently multiplied by the factor -1 to convert to positive values. The surface area of all 

colonies was determined by the advanced geometric technique (Naumann et al., 2008). 

Measurements of length and diameter were taken in situ using callipers, and the respective 

surface area calculations were calculated using the area formula of the most fitting geometric 

shape. 

Flexi-Chamber method validation ïAcropora sp. coral specimens supplied by Tropical 

Marine Centre Ltd. (Chorleywood, UK) was the test organism since this genus is present across 

bioregions and widely used in physiological process measurements (Connell, 1973). Five 

colonies were used and were secured into 1 cm
2
 PVC plugs with a non-toxic epoxy resin 
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(Milliput -Standard) and left to acclimatise for 24 h prior to experimentation. Colonies were not 

fragmented and therefore did not need to heal before experimentation. Aquarium tanks were 

supplied with Tropic Marine PRO REEF salt-based seawater supplemented with NaHCO3 

maintained at 28.0 ± 0.9 °C (using Aquael Neo Heaters, IPX8, Poland), 35 ppm, a 4 L min
-1

 flow 

rate circulating between the tanks and a common biological sump of Fijian live rock (Tropical 

Marine Centre Ltd., Chorleywood, UK) and were kept under daylight conditions (ca. 80.2 mmol 

photons m
2
 s

-1
) using 150 W Metal-Halide lamp (Arcadia Products PLC, Redhill, UK). A series 

of laboratory tests were conducted:  

Water extraction ï To determine the average error of the water extraction method a Flexi-

Chamber was filled with exactly 250 ml of seawater and subsequently extracted via the syringe 

method described above; the volume removed was measured and subtracted from the 250 ml to 

quantify the amount of seawater unaccounted for. The process was repeated 30 times to gauge 

the mean and error for this step. 

Temperature ï Possible temperature drifts as a result of incubation were tested. A Flexi-

Chamber was filled with synthetic seawater and maintained in an aquarium of a known constant 

temperature of 28.0 ± 0.9°C (Aquael NeoHeater, IPX8, Poland). The internal temperature within 

the Flexi-Chamber was then determined every hour over an 8 h period (repeated three times) by 

opening the valve and inserting a temperature probe (NeoFox TB, Ocean Optics, England). An in 

situ temperature comparison between the Flexi-Chamber and surrounding seawater was also 

conducted in Salvador, Brazil, with a HOBO Pendant Temperature/Light Loggers (model UA-

002-64, Microdaq, USA) set to log every 30 s, placed inside the Flexi-Chamber, and one outside 

the Flexi-Chamber for three 24 h periods. 
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Water flow ï To test the extent of water movement (circulation) within the Flexi-

Chamber, the relative acceleration in the X, Y and Z planes (Figure 2.5a) was determined inside 

and outside of the Flexi-Chamber during a 1 h period (n= 3) using a G Pendant HOBO logger 

(UA-004-64; Microdaq, USA) set to log every second. The logger had tethered anchored beams 

in fixed locations that had centre plates. As the beams move, the centre plate is displaced 

creating a change in capacitance proportional to the applied acceleration (Onset, 2012). This 

change in capacitance is converted to an output voltage which is processed with calibration data 

to produce an equivalent acceleration value where 1G =9.8 m/s
2
. Prior to launch, both loggers 

were inter-calibrated by comparing their readings relative to one another when moving them 

through a series of set orientations (Figure 2.5b) (Onset, 2012).  Both loggers were initiated at 

the same time and set to log at 1 s intervals. To establish a reading in all three planes, the logger 

had to be free to move without touching the inside of the chamber. As the logger is positively 

buoyant, a 6 cm length of cable of 1 mm thickness was used to tie the logger to a weight, 

resulting in the HOBO being orientated upside down. A small piece of glass was then attached to 

the underside of the logger to make it neutrally buoyant so that it sat centrally within the Flexi-

Chamber. High water velocity could cause the HOBO to make contact with the Flexi-Chamber, 

constraining its movement and thus the acceleration; however this was never observed (as per 

Camp observation) and any restrictions associated with the cabling would influence both HOBOs 

equally and is therefore negligible.  
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Figure 2.5| The HOBO Pendant G Logger. A) The orientation of the three orthogonal axis. 

The HOBO logger measures acceleration along three planes: X, Y and Z. When the logger is 

orientated as shown, the direction of the three planes are as illustrated. B) The calibration 

orientations used for the two Pendant G HOBO Loggers.  

Lighting ï Light penetration through the Flexi-Chamber was measured using a 

spectroradiometer (M/A-COM, model SR9910-UF, Lamington, Scotland), and converted from 

energy (W/m
2
)
 
to photons (µmol m

2
 s

-1
) by multiplying by the light source coefficient (Kirk, 

1994). Percent transmission was then determined as the amount of light transmitted through the 

respirometry chamber relative to no chamber present. Artificial lighting (240-800 nm) consisted 

A 

B 
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of LED arrays covering the Photosynthetically Active Radiation (PAR) (400-700 nm) spectra 

(Heliospectra, Göteborg, Sweden) and UV fluorescent 20 w tubes (Philips, Netherlands) 

covering UVB and UVA radiation (240-400 nm).  

Leakage testing ï To ensure that a watertight seal could be created around coral colonies, 

the Flexi-Chamber was secured around a colony of Acropora sp. and natural red food colouring 

was syringed into the Flexi-Chamber via the three-way-valve mechanism. Five replicate colonies 

were sampled. The Flexi-Chamber was situated inside an aquarium with a pendant 

temperature/light HOBO placed inside the aquarium and Flexi-Chamber. An initial 30 mL 

aliquot of water was syringed out of the Flexi-Chamber and also from the surrounding aquarium 

water. The Flexi-Chamber was left in the aquarium for 3 h, before another water sample was 

collected from inside the Flexi-Chamber and aquarium. Absorbance of each sample was then 

measured using a USB 2000
+
 Spectrometer (Mikropack Halogen Light Source (HL-2000), 1 cm 

Cuvette Holder, serial fibre optic probes (727-733-2447) Ocean Optics, England) to determine if 

any dye had transferred from inside the Flexi-Chamber to the surrounding aquarium water.  

 Gas permeability ï Whilst the Flexi-Chamber material is designed to be gas 

impermeable, we verified negligible permeability for both CO2 and O2 by filling five Flexi-

Chambers with in situ seawater (Salvador, Brazil). Mercuric chloride (as per CDIAC protocols) 

was added to prevent any further biological activity within the water and an initial 100 ml water 

sample was taken from each Flexi-Chamber. Flexi-Chambers were then secured in situ and left 

for 3 h. After the 3 h period, an additional 100 ml of water was removed from each Flexi-

Chamber (end sample). For the initial and end samples taken, O2 and CO2 were measured. O2 

was measured using Foxy-R O2 probe (Ocean Optics, England) and CO2 was measured using a 
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custom-built gas diffusible membrane attached to an external infrared gas analyser (see Suggett 

et al., 2013). 

Oxygen toxicity ï Prior to any incubation procedure, a sensitivity analysis is first required 

to establish the optimum vessel size-to-organism biomass ratio, relative to the flushing time 

procedure to prevent anoxic or hypoxic conditions; time taken to reach anoxic or hypoxic 

conditions will be highly variable as a result of inherent differences in metabolism across taxa 

and growth environments. A benefit of the Flexi-Chamber is that the internal volume of water 

can be adjusted to accommodate different volumes of water to help mediate the balance of 

biomass-to-water required. An example of the sensitivity analysis required and how the Flexi-

Chamber can easily be adjusted to accommodate different water volumes was undertaken on 

Acropora sp. 18 colonies of Acropora sp. of similar size (mean ± SE) (12 ± 0.13 cm
2
) were 

enclosed in the Flexi-Chambers with a volume of either 250 ml, 500 ml, 750 ml, 1000 ml, 1250 

ml or 1500 ml of surrounding seawater to compare when anoxic or hypoxic levels were reached. 

Chambers were maintained in the aquaria under light-dark cycles (conditions previously 

described). Initial water samples were collected to measure the O2 levels at time zero. An aliquot 

of 30 ml of seawater was then removed every hour over a 4 h period to examine for changes in 

[O2].   

Additional stress factors ïTo ensure that no unforeseen factors were stressing the coral, 

such as chemicals leaching from the plastic, we further incubated Acropora sp. nubbins (n= 5) in 

separate Flexi-Chambers for 9 h with regular 3 h flushing to observe for any visible signs of 

stress, in the form of mortality, excessive mucus formation or loss of pigmentation. 

Zooxanthellae counts were taken from tissue stripped from the base of each nubbin (Berkelmans 

& van Oppen, 2006). Coral tissue was removed using a water pik (Waterpik Inc, England) in 5 



 Chapter 2  

58 
 

mL of GF/Fïfiltered seawater, and the area of tissue removed was quantified via the advanced 

geometric technique (Naumann et al., 2008). The tissue slurry was homogenised using a pipeta 

pasteur and a small aliquot subsequently taken for cell quantification via microscopy using a 

neubauer haemocytometer (Berkelmans & van Oppen, 2006) 

Flexi-Chamber practical application ï The performance of the Flexi-Chamber design 

was compared in situ with that of an established glass respirometry vessel routinely used in 

metabolic activity measurements (Naumann et al., 2013). Colonies of the commonly occurring 

Siderastrea cf. stellata were sampled from the entrance of Todos os Santos Bay in 3-5 m water 

depth. In total 40 colonies of S. cf. stellata were examined for P, R and G throughout a one-week 

period. All incubations occurred at a water depth of ca. 2-3 m. For 30 of the colonies, 

measurements using the Flexi-Chamber and glass chamber were made on separate colonies (15 

colonies per chamber type). For the remaining ten colonies, metabolic measurements for both 

chambers were made on the same colony but for different days, with a minimum rest period of 

24 h for any one colony between measurements, and random allocation to the initial chamber.  

Colonies tested in the glass chamber were removed from the seafloor at least 48 h prior to 

measurements (Naumann et al., 2013). During collection, all coral colonies were handled 

without any air exposure or direct tissue contact and gloves were worn throughout the handling 

process. Any extensive epibionts or endolithic boring organisms were excluded and any 

remaining overgrowth was cleaned using a soft toothbrush. Similarly, any air bubbles or large 

particulates in the water were removed from the chambers, to minimise O2 fluxes from non-coral 

sources (McCloskey et al., 1978). Colonies were chiselled from their substrate and transferred 

using individual zip-lock bags to avoid mechanical damage during transport (Naumann et al., 

2013). The chambers were fixed to a custom-made metal frame, to facilitate transport and rapid 
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deployment in situ (Figure 2.6). Chamber incubations were conducted under no-flow conditions 

so hourly manual stirring (magnetic stirring bars) was necessary to break-up the boundary layer 

(Patterson et al., 1991).  

In this case study, a 3 h light incubation was followed by a 3 h dark incubation. All 

incubations were run around the daylight maximum (ca. 11:00-14:00 h) for the light incubations 

for PN and GL. Corresponding dark rates, i.e. R and GD, were obtained during daylight hours by 

covering the Flexi-Chambers with an opaque black polyester material bag. During the dark 

sampling periods, the Flexi-Chambers were left for 1.5 h before the 3 h sampling session to 

ensure steady state respiration rates that were consistent with prolonged maintenance in darkness 

(Appendix 2). 

 

Figure 2.6| Example of a traditional incubation procedure. A photograph of the glass 

respirometery chambers on the metal frame used in incubations in Salvador, Brazil.  

 

2.2.5| Statistical analysis 


