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ABSTRACT 

 

Ocean acidification has the potential to drastically alter the coral reef ecosystem 

by reducing the calcification rate of corals and other reef-builders, and hence a 

considerable amount of research is now focused on this issue. It also is conceivable that 

acidification may affect other physiological processes of corals. In particular, 

acidification may alter photosynthetic physiology and hence the productivity of the coral-

dinoflagellate symbiosis that is pivotal to the reef’s survival and growth. However, very 

little is known about the impacts of acidification on the photophysiology of corals or, 

indeed, other invertebrate-algal symbioses. This gap in our knowledge was addressed 

here by measuring the impacts of acidification (pH 7.6 versus pH 8.1) on the 

photophysiology and health of the tropical coral Stylophora pistillata and its isolated 

dinoflagellate symbionts (‘zooxanthellae’), and the temperate sea anemone Anthopleura 

aureoradiata. The comparative nature of this study allowed for any differences between 

tropical and temperate symbioses, and zooxanthellae in a symbiotic or free-living state, to 

be assessed. Corals, anemones and cultured zooxanthellae were maintained in flow-

through seawater systems, and treated either with non-acidified (control) seawater at pH 

8.1, or seawater acidified with CO2 or HCl to pH 7.6. A variety of parameters, including 

zooxanthellar density, chlorophyll content, photosynthetic health (Yi), and the ratio of 

gross photosynthetic production to respiration (P:R) were measured via cell counts, 

spectrophotometry, respirometry and PAM fluorometry, at a series of time-points up to a 

maximum of 42 days. Acidification generated by the addition of CO2 had no discernible 

effect on Yi of either the corals or anemones. However, in the coral, chlorophyll content 

per zooxanthella cell increased by 25%, which was countered by a near-significant 

decline (22%) in the rate of gross photosynthesis per unit chlorophyll; as zooxanthellar 

density remained unchanged, this led to a constant P:R ratio. When acidified via CO2, the 

isolated zooxanthellae exhibited no impacts in recorded Yi or chlorophyll levels. The 

response of the anemone to acidification via CO2 was different to that observed in the 
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coral, as the density of zooxanthellae increased, rather than the chlorophyll content per 

cell, leading to an increased rate of gross photosynthesis. However P:R again remained 

constant as the increased photosynthesis was matched by an increased rate of respiration. 

In contrast to the impacts of CO2, HCl adversely impacted the chlorophyll content per 

cell in both the isolated zooxanthellae and sea anemone, and Yi, gross photosynthesis per 

cell, and overall gross photosynthesis in the sea anemone; however, despite the decline in 

gross photosynthesis, P:R remained constant due to the concurrent decline in respiration. 

Unfortunately, the corals in the HCl experiment died due to technical issues. There are 

two plausible reasons for this difference between CO2 and HCl. Firstly, HCl may have 

caused intracellular acidosis which damaged chloroplast structure and photosynthetic 

function. Secondly, the increased levels of aqueous CO2 stimulated photosynthetic 

function and hence mitigated for the effects of lowered pH. In addition, evidence is 

presented for a pH threshold for A. aureoradiata of between pH 6 and pH 6.75 (acidified 

with HCl), at which point photosynthesis ‘shuts-down’. This suggests that, even without 

the potentially beneficial effects from increased CO2 levels, it is likely that oceanic pH 

would need to decrease to less than pH 6.75 for any acidosis effects to compromise the 

productivity of this particular symbiosis. Since acidification will have the benefits of 

increased CO2 and will reach nowhere near such low pH levels as those extremes tested 

here, it is proposed that ocean acidification via increased dissolution of CO2 into our 

oceans will have no impact on the photosynthetic production of symbiotic cnidarians. 

Indeed, it is entirely likely that increased CO2 will add some benefit to the usually 

carbon-limited symbiotic zooxanthellae. Ocean acidification is not likely to benefit corals 

however, with compromised calcification rates likely to undermine the viability of the 

coral. Symbiotic sea anemones, which do not bio-mineralise CaCO3, are better placed to 

take advantage of the increased CO2 as we move toward more acidic oceans.  

 

 

Keywords   Ocean acidification │ CO2 │ sea anemone │ coral │ zooxanthellae│ 

photosynthesis │ acidosis │ symbiosis │ dissolved inorganic carbon │  
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the desired pH. (Page 115) 
 

 Figure 4.2: Experimental set-up, consisting of 25 treatment tubes placed in a 
waterbath at 16 + 1°C, and illuminated from the side by a halogen lamp. The position 
of the tubes was randomly re-assigned twice daily to prevent bias caused by the 
single light source. (Page 117) 

 
 Figure 4.3: View of Anthopleura aureoradiata (20 of the total 25 anemones) under 

the IPAM fluorometer showing chlorophyll fluorescence (F). The black rectangle 
represents an ‘area of interest’. (Page 118) 

 
 Figure 4.4: Photosynthetic health (Yi) of Anthopleura aureoradiata in response to 

seawater acidification. Treatments: A) pH 8.1 (blue); pH 7.6 (red); pH 7.25 (black); 
pH 7 (yellow); and pH 6.75 (orange). B) pH 8.1 (blue); pH 7.6, as a reference from 
Chapter 3 results (red dash); pH 7.25 (orange); pH 6.75 (black); pH 6 (purple); and 
pH 5 (green). Treatments were acidified using 10% HCl. Values are means + SE, n = 
5 per time-point, with the same anemones measured repeatedly throughout the 
experiment.  (Page 121) 

 
 Figure 4.5: Free-energy profile of a typical enzymatic reaction. Points 1 (initial 

substrate); 2 (enzyme active site binds onto substrate and initial conversion); and 3 
(enzyme and product at up to 1019 increased efficiency) represent optimal function of 
an enzyme under optimal conditions (for example, specific pH, temperature and 
alcohol concentrations). The free energy made available by the enzyme (e) either 
allows the most efficient conversion rate of the substrate (A) to the product (B), or 
even permits the conversion to occur at all. Points 4 (initial substrate); 5 (enzyme 
binding on to substrate and initial conversion (e. B) or no binding occurs (e. A)); and 
6 (enzyme and product catalysed at a reduced rate (e + B) or not at all (A) represent 
what is likely to occur should an enzyme  operate out of optimal conditions or 
become denatured. In the chloroplast, the substrate for the enzyme RuBisCO is CO2 
or O2 combined with H2O; if RuBisCO fixes CO2 the product produced is the 
intermediate photosynthetic product 3-keto-2-carboxyarabinitol 1,5-bisphosphate. If 
RuBisCO decreased in efficiency or ceased to function there would be dire 
consequences for photosynthetic health. (Page 124) 
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Chapter V − General Discussion 
 

 Figure 5.1: Key changes to carbon oceanic chemistry as a result of ocean 
acidification. Using information from the IPCC and assuming scenario IS92a, by 
2100 pH is predicted to fall to 7.8-7.6, CO3

2- will drop by 50%, there will be 
significantly increased dissolved CO2, and total DIC will increase. (Page 137) 
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 Table 1.1: Environmental impacts on coral reefs. The table outlines the various 
environmental impacts known to affect coral reefs. The table lists these impacts in 
ascending order; from small scale, high frequency, and short term impacts to those 
impacts which are large scale, low frequency and longer term. (Page 22) 
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CHAPTER  I  

INTRODUCTION  

 
 

1.1 Symbiosis: a definition  
 
 

In the late nineteenth century, de Bary coined the term symbiosis and defined it as 

the living together of two dissimilar organisms, regardless of the nature of their 

interactions.  This broad definition of ‘living together’ can be broken down further and 

used to construct a continuum of potential fitness outcomes to the partners in the 

symbiosis. This symbiotic continuum can be thought of as a progression from a 

mutualistic symbiosis, where the fitness of both members is positively affected, to a 

parasitic symbiosis, where the fitness of one partner is positively affected at the expense 

of the other.  Theoretically, at the midpoint between these two extremes, is 

commensalism, where one partner benefits while there is no benefit or cost for the other 

partner. A symbiosis can be defined as either endosymbiotic or ectosymbiotic, the former 

referring to a smaller organism (the ‘symbiont’) living within a larger organism (the 

‘host’), and the latter referring to a symbiont living on the host.  Finally, if the symbiotic 

relationship is vital for the survivorship of one or both of the partners, then it is 

considered as obligate; otherwise it is facultative.  
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1.2 Algal−invertebrate symbiosis  
 
 
Phototrophic symbioses are abundant in the marine environment, with numerous taxa of 

marine invertebrates forming endosymbiotic relationships with photosynthetic 

prokaryotes and eukaryotes. For example, many diatoms, dinoflagellates, sponges, 

cnidarians (including corals), ascidians and echiuroid worms may contain prokaryotic 

cyanobacterial symbionts (Usher et al. 2007). Symbiotic photosynthetic eukaryotes 

include a variety of unicellular microalgae, including chlorophytes, rhodophytes, 

prasinophytes, diatoms or dinoflagellates. Unicellular chlorophytes are found in a variety 

of invertebrates including cnidarians, molluscs, sponges, protozoans and foraminiferans, 

single-celled rhodophytes are found exclusively in foraminiferans, and symbiotic 

prasinophytes are known from flatworms, radiolarians and dinoflagellates (Trench 1993). 

Diatoms commonly form symbioses with foraminiferans (Lee et al. 1982) as well as 

larger dinoflagellates such as Dinothrix paradoxa, Gymnodinium quadrilobatum and 

Peridinium quinquecorne (Inagaki et al. 2000; Horiguchi and Takano 2006); such 

dinoflagellate-diatom symbioses are thought to provide some insight into chloroplast 

evolution, given that extant photosynthetic algae are thought to have originated from the 

engulfment of a photosynthetic alga by a larger and colourless protist (Chesnick et al. 

1996). Some flatworms and sponges also harbour symbiotic diatoms, with sponge-diatom 

symbioses being especially common in Antarctic waters (Bavestrello et al. 2000). A 

small number of invertebrate species also form symbioses with macroalgal seaweeds, for 

example, the sponge Haliclona cymiformis envelopes the rhodophyte Ceratodictyon 

spongiosum and is never found outside of this symbiosis (Davy et al. 2002). 
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Unquestionably the most well known and ecologically important phototrophic symbionts 

are, however, the dinoflagellates. These symbiotic dinoflagellates are commonly known 

as zooxanthellae and largely belong to the genus Symbiodinium, though other symbiotic 

genera include Amphidinium, Scripsiella, Gloeodinium, Pyrocystis and Prorocentrum 

(Trench 1993). Zooxanthellae form mutualistic symbioses with an array of marine 

invertebrate taxa, including the scleractinian (= hard) corals (fig 1.1A and C), soft corals, 

sea anemones (fig 1.1B), jellyfish, molluscs (e.g. giant clams, nudibranchs) (fig 1.1D), 

sponges, protists (e.g. foraminiferans) and turbellarian flatworms. The dinoflagellates 

may reach densities of several million or more per cm2 of host tissue in these organisms 

(LaJeunesse 2002).  

 

The highest diversity and abundance of invertebrates that contain symbiotic 

dinoflagellates are found in tropical marine ecosystems, and especially on coral reefs 

(LaJeunesse 2002). Indeed, reef-building ( = hermatypic) scleractinian corals all contain 

zooxanthellae of the genus Symbiodinium, where this association of primary producer and 

heterotrophic consumer enables polytrophy and the tight recycling of nutrients in 

nutrient-poor waters (Hoegh-Guldberg 1999; see section 1.4); it also accelerates the rate 

of coral skeletogenesis.  

 

Coral reefs calcify at 2 – 6 kg CaCO3 m–2 yr–1 over an area of approximately 284,300 km2 

(Allemand et al. 2004). This makes coral reefs the most extensive bioconstruction on the 

planet (Allemand et al. 2004). This structure resists hydrodynamic stress (Schuhmacher 

and Zibrowius 1985) and so helps to protect shorelines from erosion, which is crucial for 

shoreline stability, especially of small island nations but also of larger countries (Hoegh-

Guldberg 1999; Allemand et al. 2004; Cornish and DiDonato 2004). This in turn protects 
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Figure 1.1: A) A scleractinian coral, Pocillopora sp., in the Central Pacific (photo: S. 
Davy). B) A temperate symbiotic sea anemone, Anemonia viridis, from northern Europe 
(photo: S. Davy). C) A bleached coral, Porites sp., on the reef flat at Heron Island, 
Great Barrier Reef (photo: S. Davy). D) A giant clam, Tridacna gigas, in the Central 
Pacific (photo: S. Davy) E) TEM showing Symbiodinium sp. in the tissues of the sea 
anemone Aiptasia pallida (photo: K. Lee and G. Muller-Parker), scale bar = 2µm, Ch = 
chloroplast, Nu = nucleus, Cs = chromosomes, Py = pyrenoid, L = lipid, Cw = cellulose 
based cell wall, and Mt = mitochondrion.
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other coastal ecosystems such as mangroves and seagrass beds (Hoegh-Guldberg 1999). 

The growth of coral reefs in otherwise nutrient-poor regions also creates biodiversity 

hotspots, supporting much more life than would otherwise be supported in their absence 

and much more life than in most other ecosystems on the planet (Sebens 1994; Hoegh-

Guldberg 1999; Allemand et al. 2004). In the open sea surrounding coral reefs, 

productivity can be as little as 0.01 g C m-2 day-1, while productivity within the reef can 

be thousands of times higher (algal turfs: 280 g C m-2 day-1; corals: 40 g C m-2 day- 1; 

benthic microalgae: 363 g C m-2 day-1 (Hoegh-Guldberg 1999)). This high productivity, 

combined with the complex reef architecture afforded by coral skeletogenesis, supports 

about 9 million species worldwide (Knowlton 2001a). Indeed, corals alone support a third 

of all known species of fish (Allemand et al. 2004) and hundreds of thousands of other 

taxa (Hoegh-Guldberg 1999). This rich biodiversity and high biomass are of immense 

socio-economic value, with approximately 15% of the world’s population living within 

100 km of a coral reef (Pomerance 1999; Hoegh-Guldberg 1999). In particular, coral 

reefs support industries associated with tourism, fishing and other marine harvests, 

building materials, and pharmaceutical production (Carte 1996; Hoegh-Guldberg 1999; 

Allemand et al. 2004). In the case of fisheries alone, coral reefs yield at least 6 million 

metric tonnes of fish catches world-wide and provide employment for millions of fishers 

(Roberts et al. 1998; Hoegh-Guldberg 1999). None of this would exist without the 

symbiosis between corals and their dinoflagellate symbionts. 

 

Many soft corals (the Octocorallia) on reefs also contain zooxanthellae. After the 

scleractinian corals, soft corals are the second-most abundant macroinvertebrates on 

many Indo-Pacific and Caribbean coral reefs. Soft corals lack the ability to produce 

calcium carbonate structures so they are neither reef-building nor able to lay platforms for 
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future coral (van Alstyne et al. 1992). Nevertheless, they are abundant on many reefs, 

ranging from 50% to 95% cover (van Oppen et al. 2005), provide habitat for other 

organisms, and are important for the health and ecological balance of a coral reef 

(Cornish and DiDonato 2004). As in the scleractinian corals, the symbiosis between soft 

corals and zooxanthellae plays an important role in promoting this ecological significance.  

 

The other conspicuous reef invertebrates to commonly form a symbiosis with 

zooxanthellae are the giant clams (Blidberg et al. 2000) and sea anemones (Scott and 

Harrison 2007), though these taxa are less crucial to the structure and biodiversity of reefs 

than are the hard and soft corals. A small number of sponge species, which are very 

important for the consolidation of reefs, also form symbioses with zooxanthellae (Garson 

et al. 1998). Symbiotic sea anemones perhaps become more significant at higher latitudes, 

where they may be locally abundant and contribute markedly to community productivity 

in intertidal and shallow sub-tidal locations (Fitt et al. 1982; Davy et al. 1997; Davy and 

Turner 2003; Rodriguez-Lanetty et al. 2003). For instance the North American sea 

anemone Anthopleura elegantissima is a locally dominant member of intertidal 

communities of the Pacific Northwest; this anemone contains not only zooxanthellae but 

also unicellular chlorophytes (zoochlorellae) that contribute to its ecological success 

(Muller-Parker et al. 2007).  
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1.3 The nature of anthozoan−dinoflagellate symbioses 
 
 
Anthozoans are diploblastic animals with two tissue layers, the ectodermis which faces 

the ambient seawater, and the endodermis which faces the gastrovascular cavity or 

coelenteron (Fig 1.2) (Furla et al. 2005). The zooxanthellae are, for the most part, located 

in the endodermal cells of the host, where a perisymbiont membrane of animal origin 

forms a vacuolar compartment isolating the dinoflagellate from the animal cytoplasm 

 

 

Figure 1.2: A) A typical anthozoan polyp illustrating extended tentacles; B) a cross 
section of a polyp tentacle illustrating the various cellular layers and the location of 
the dinoflagellate symbionts. 

Source: Adapted from Hauck (2007) 
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(Fig 1.2) (Furla et al. 2005). This compartment also contains multiple layers of additional 

membranes (most likely of algal origin) that surround the ‘pellicle’ or cell wall of the 

dinoflagellate, and together this entire compartment and all of its inclusions (including 

the symbiont itself) comprise what is termed the ‘symbiosome’ (Wakefield and Kempf 

2001).  

 

Zooxanthellae are acquired via the parent colony (vertical transmission) or via the 

environment (horizontal transmission) (Marlow and Martindale 2007; Gomez-Cabrera et 

al. 2008). In the former case, the zooxanthellae are acquired during embryogenesis by 

maternal inheritance, while in the latter case the zooxanthellae must be phagocytosed by 

the gastrodermal cells, while the host anthozoan is either in its planktonic planula stage or 

soon after it has settled (Marlow and Martindale 2007). The mechanisms that enable the 

host anthozoan to recognise the zooxanthellae as friend rather than foe are not well 

understood, but likely include the recognition of specific glycoprotein patterns on the 

surface of the dinoflagellate cell and the subsequent down-regulation of the host’s 

immune system (Weis et al. 2008).  

 

The morphology of the zooxanthellae is quite similar across all species or types within 

the genus Symbiodinium (phylum Dinophyta, order Gymnodiniales) (Blank 1987). They 

are typically 5-10 μm in diameter and are encompassed by a cellulose-based cell wall (fig 

1.1E) (Black 1987; Reimer et al. 2007) and when inside the host they take the coccoid 

form (spherical) and lack flagella (Fig. 1.3B) (Blank 1987). Internally, zooxanthellae 

possess a dominant nucleus containing permanently-condensed chromosomes, and a 

peripheral chloroplast(s) which displays a stalked pyrenoid, a structure containing the 

CO2-fixing enzyme ribulose-1,5-bisphosphate carboxylase (fig 1.1E) (RuBisCO; Leggat 

C)

C) 
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et al.1999). To aid in photosynthesis, zooxanthellae contain chlorophylls a and c in 

combination with accessory pigments such as peridinin and diadinoxanthin (Gantt 1996). 

While most zooxanthellar cells stay in the their coccoid form while within their host cells, 

 

when outside the animal host they develop two flagella and all the structural elements of 

free-living dinoflagellates, including the epicone and hypocone – this is known as the 

dinomastigote stage (Fig. 1.3A) (Titlyanov and Titlyanova 2002). It is well documented 

that zooxanthellae exhibit asexual reproduction through mitosis (Goh and Chou 1990; 

Strychar et al. 2004; Porto et al. 2008), though there is little evidence for sexual 

recombination. However recent evidence indicating high allelic diversity does suggest 

sexual reproduction (Porto et al. 2008). 

 

Figure 1.3: A) Dinomastigote zooxanthella with anterior epicone, posterior hypocone, 
and two flagella (only transverse flagellum labelled). B) Coccoid zooxanthella. 
 

Source: Adapted from Hauck (2007) 
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Advances in genetic sequencing have enabled a deeper, more accurate, interpretation of 

zooxanthellar diversity. Originally all zooxanthellae were classified as one species, 

Symbiodinium microadriaticum (Coffroth and Santos 2005). However, molecular 

methods based on small and large ribosomal subunits (SSUrDNA and LSUrDNA) and, 

more recently, the internal transcribed spacer (ITS) region have led to a proliferation in 

the number of described members of the genus Symbiodinium (LaJeunesse 2002). Indeed, 

it is now known that there are at least eight clades of Symbiodinium ranging from Clade 

A through Clade H (LaJeunesse 2002; Coffroth and Santos 2005; Gomez-Cabrera et al. 

2008), of which clades A, B, C, D and F only occur in symbiosis with corals (Gomez-

Cabrera et al. 2008). Moreover, there are numerous (100+) sub-clades within these clades; 

these sub-clades are often referred to as ‘types’ (Fig. 1.4) (Coffroth and Santos 2005). 

 

 

Figure 1.4: Symbiodinium diversity. Schematic illustrating the multiple layers and 
complexity within the genus Symbiodinium. Each of the 8 clades (A-H) are defined 
by sequencing conserved genes, however, due to adaptive radiation each of the clades 
have converged to a point where clade-specific traits are few. The within-clade 
diversity is resolved by utilising more genetically variable molecules, which allows 
resolution of types within a clade, as the figure illustrates for Clade B. 
 

Source: from Coffroth and Santos (2005) 
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The various types of Symbiodinium show various levels of specificity for their host corals 

(Baker 2003): certain Symbiodinium types are noted as ‘specialists’ (found in a single 

taxon of coral) while others are known as ‘generalists’ (found in a large number of coral 

taxa). For example, LaJeunesse et al. (2003) found that on the Great Barrier Reef, 

Symbiodinium type C8a occurs only in the coral Stylophora pistillata, while types C1, C3 

and C21 were found in a range of different coral species. Corals themselves can also be 

considered as ‘specialists’ or ‘generalists’, whereby some coral species are able to 

harbour numerous types of Symbiodinium (often simultaneously), and others may only 

form symbioses with a single type or a sub-set of closely related types (LaJeunesse 2002; 

Baker 2003).  

 

The environmental regime of a given location has considerable influence on the types of 

Symbiodinium found there and their abundance. This stems from the physiological 

suitability of the Symbiodinium type to its environment.  For instance, various types 

belonging to Clade C tend to be more prevalent in more stable conditions, while those 

types belonging to Clade B become more abundant in harsher, colder conditions. Indeed, 

Clade C dominates Pacific reefs and Clade B is more common on Caribbean reefs, 

possibly because it was favoured over Clade C by the relatively tough conditions 

experienced in the Caribbean during the Pliocene-Pleistocene transition (Baker 2003; 

LaJeunesse et al. 2003). Likewise, the widespread Indo-Pacific coral Plesiastrea 

versipora performs a latitudinal shift from Clade C to Clade B as one moves south from 

the tropical waters of the Great Barrier Reef to the temperate, more variable waters of 

southern Australia (Rodriguez-Lanetty et al. 2001). Moreover, some zooxanthellae are 

more suited to high-temperature/high-turbidity environments, allowing them to persist in 

stressful locations such as the Persian Gulf where seawater temperatures regularly exceed 
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33 °C (Baker et al. 2004); such zooxanthellae mostly belong to Clade D (Fabricius et al. 

2004; Berkelmans and Van Oppen 2006).  

 

Physiological diversity also explains within-site distributions of different Symbiodinium 

types, with Rowan and Knowlton (1995) discovering that the composition and relative 

abundance of Clades A, B and C in the Caribbean corals Montastraea annularis and M. 

faveolata changes with depth (i.e. light regime); in particular, Clade C became more 

abundant relative to the other clades as depth increases. 

 

1.4 Photosynthesis and nutritional interactions in 
anthozoan−dinoflagellate symbioses 

 

1.4.1 Photosynthesis 
 
The principal method by which zooxanthellae photosynthesise has been a contentious 

issue, with earlier works advocating that the presence of phosphoenol-pyruvate 

carboxylase and malate dehydrogenase activity was indicative of the C4 pathway (Bil et 

al. 1992). More recently, however, conclusive evidence for the presence of a form II 

RuBisCO, amongst other biochemical evidence, has led to a consensus that the primary 

pathway for CO2 fixation in zooxanthellae is the C3 Calvin-Benson Cycle (Bil et al. 1992; 

Streamer et al. 1993; Leggat et al. 1999). In C3 photosynthesis, there are two main stages 

that are worth briefly expanding upon. Firstly there are the light-dependent reactions that 

occur in photosystems II and I, and secondly there are the light-independent reactions of 

the Calvin-Benson cycle. Photosystem II absorbs reddish light around 680 nm and 

photosystem I absorbs red light at around 700 nm; a photon arriving at the respective 
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wavelength at either photosystem II or I is captured by antenna pigments and transferred 

to the reaction centre where it raises the energy of an electron. At photosystem II, 

electrons excited by photons at the 680 nm wavelength are accepted by the primary 

electron acceptor plastoquinone; plastoquinone transfers the excited electron to the b6-f 

complex which creates a positive H+ gradient within the thylakoid by the pumping H+ 

from the stroma.  As the thylakoid membrane is impermeable to H+ protons, the H+ 

protons must pass through the channels provided by ATP synthase, and as the protons 

pass through ATP synthase, ADP is phosphorylated to make ATP – a process known as 

photophosphorylation. In non-cyclic electron flow, photosystem II must replace the 

deficit in electrons created by this process; electrons are replaced by the splitting of H2O, 

a process that releases O2. At photosystem I, electrons excited by photons at the 700 nm 

wavelength are accepted by the primary electron acceptor ferredoxin; ferredoxin transfers 

excited electrons to NADP reductase, NADP reductase creates NADPH by transferring 

protons to an NADP acceptor. As with photosystem II, photosystem I must also replace 

electrons lost in this process. Photosystem I differs from photosystem II in that is does 

not split water to liberate electrons, but rather replaces lost electrons with the spent 

electrons from the b6-f complex from photosystem II. Photophosphorylation is required to 

create the necessary energy to drive the light-independent reactions. Using RuBisCO, the 

light independent-reactions fix CO2 and utilise 18 ATP and 12 NADPH molecules, 

created by the light-dependent reactions and mitochondrion respiration, in the synthesis 

of photosynthate. 

 

At low light levels photosynthesis increases linearly with increased light before steadily 

reaching a plateau (i.e. photosynthetic saturation) and eventually tapering (Long et al. 

1994; Beer et al. 1998). For marine organisms photosynthetic saturation can vary, but for 
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coral it typically occurs at an irradiance of approximately 200 - 300 µmol photons m-2 s-1 

(S. K. Davy, VUW, personal communication); 200 - 300 µmol photons m-2 s-1 can be 

considered a low irradiance in comparison to the surface irradiance of >2000 µmol 

photons m-2 s-1 experienced on a clear day in equatorial regions (Muller-Parker and Davy 

2001). At any given moment the irradiance is at its highest levels at the surface of the 

water and decreases exponentially with depth, meaning that photosynthetic organisms 

that span different depths must contend with varying light levels (Titlyanov et al. 2001; 

Anthony and Hoegh-Guldberg 2003). To counter the low light levels experienced at 

greater depths, corals for example can employ a number of methods to optimise the use 

of light. The principal tool that zooxanthellae are known to use is photoacclimation, 

where, in response to reduced light, the zooxanthella may increase the size of the 

photosynthetic units (PSUs) and in doing so increase the amount of chlorophyll a per 

zooxanthella (Falkowski and La Roche 1991; Titlyanov et al. 2001; Anthony and Hoegh-

Guldberg 2003; Suggett et al. 2007).  

 

While under reduced irradiances, the increased PSU size enables greater light harvesting 

efficiency; under high irradiances, the PSUs are smaller and less efficient, but more 

numerous, meaning that the maximum rate of carbon fixation is greater (Falkowski and 

La Roche 1991; Titlyanov et al. 2001; Major and Dunton 2002; Suggett et al. 2007). The 

increased chlorophyll content, as a result of the photoacclimatory response, is thought to 

explain why shade-adapted corals are visibly darker than light-adapted corals. For 

instance, Falkowski and Dubinsky (1981) noted that shade- and light-adapted colonies of 

S. pistillata contained similar densities of zooxanthellae, but visibly darker shade-adapted 

colonies contained >7 times more chlorophyll a per unit biomass than the more pale 

light-adapted colonies; these findings were later corroborated by Stambler and Dubinsky 
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(2005). Increasing the size of the PSU is the practical evolutionary response to 

overcoming low light levels, as increasing the chlorophyll concentration in the coral’s 

tissues by increasing the density of zooxanthellae would result in self-shading and little 

gain in overall light harvested (McCloskey and Muscatine 1984; Fitt and Cook 2001; 

Stambler and Dubinsky 2005). A further way in which corals have evolved to cope with 

declining light availability is by forming symbioses with specific zooxanthella types that 

have adapted to low light levels.  As noted earlier in this chapter (section 1.3) Rowan and 

Knowlton (1995) identified that, out of clades A, B, and C, Clade C becomes more 

dominant with increasing depth. A less known photoacclimatic adaptation involves the 

coral positioning fluorescent pigments in a manner that enhances the light available to the 

zooxanthellae – the pigments do this by scattering light onto the zooxanthellae (Salih et 

al. 2000; Mazel et al. 2003). However, in high light conditions, alternative fluorescent 

pigments, that emit light at non-useable wavelengths, are situated above the 

zooxanthellae so reflecting potentially damaging light (Dodds et al. 1999) away from the 

zooxanthellae (Salih et al. 2000).  

 

1.4.2 Carbon flux 
 
In the symbiosis between Anthozoa and their intracellular dinoflagellates, the 

photosynthate is, in part, used by the zooxanthella to satisfy its own respiratory and 

growth demands, but by far the majority (up to 95% or so) is released (translocated) to 

the host animal (Muscatine et al. 1981; Davies 1984; Davy and Cook 2001a). The 

photosynthate is a cocktail of glycerol, glucose, amino acids (e.g. alanine), and perhaps 

lipids (Muscatine et al. 1994; Ishikura et al. 1999; Davy and Cook 2001a). In contrast to 

when in symbiosis, isolated zooxanthellae release very little (<5%) photosynthate to the 
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surrounding seawater, leading many physiologists to believe that the host animal 

‘induces’ the release of photosynthate via chemical stimuli known as  host release factors 

(HRFs) (Muscatine 1967; Grant et al. 1998; Davy and Cook 2001a). The organic carbon 

translocated to the host is then used to support its respiration, growth and reproduction, or 

is released to the seawater as dissolved organic matter (DOM) or mucus (Crossland et al. 

1980; Muscatine et al. 1984; Stimson 1987; Palardy et al. 2006). This autotrophic carbon 

source can meet more than all of the host’s metabolic carbon needs, at least under well-lit 

conditions such as those in shallow coral reef waters (Davies 1991). For this reason, this 

nutritional interaction is one of the key reasons for the success of corals and other 

symbiotic invertebrates in the nutrient- and hence food-poor waters of the tropics. 

 

1.4.3 Nitrogen and phosphorus fluxes 
 
For symbiotic anthozoans to make full use of their zooxanthellar photosynthate, which is 

nutrient-poor, they must obtain key nutrients from the surrounding seawater, such as 

nitrogen and phosphorus (Burris 1984). Nitrogen is essential in the formation of amino 

acids, which in turn are essential for the synthesis of proteins. Hence, acquisition of 

exogenous nutrients is essential for physiological function, growth and reproduction. 

Anthozoans can acquire nitrogen from the water as: 1) dissolved nitrogen, either in 

organic form as amino acids or inorganic form as ammonium (NH4
+), nitrate (NO3

-) and 

perhaps nitrite (NO2
-); or 2) particulate nitrogen, for example in the form of sediment or 

by heterotrophic feeding on zooplankton (Meyer et al. 1983). As seawater in the tropics 

is typically nitrogen limited (Meyer et al. 1983), zooxanthellae play a pivotal role in the 

acquisition, conservation and recycling of this essential nutrient. Firstly, there is strong 

evidence to suggest that inorganic nitrogen, primarily as NH4
+, can only be acquired and 
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retained in the presence of zooxanthellae and light, largely because the synthesis of 

amino acids requires an organic carbon skeleton as an acceptor for NH4
+ (Muscatine and 

D'Elia 1978). Secondly, the translocation of photosynthetic carbon provides a freely 

available respiratory substrate for the host that is utilised in favour of more ‘precious’ 

amino acids, so conserving nitrogen (Wang and Douglas 1998). Finally, the 

zooxanthellae assimilate excretory NH4
+ from the host (the product of cellular catabolism) 

and convert it to amino acids. These amino acids are then either used by the 

zooxanthellae (e.g. for growth) or are translocated back to the host anthozoan where they 

are eventually catabolised once again to NH4
+ (Rees 1986; Rees & Ellard 1989; Wang 

and Douglas 1998; Lipschultz and Cook 2002).  This serves to recycle the nitrogen 

between the host and zooxanthellae, so preventing its loss to the surrounding seawater. 

 

Phosphorus fluxes in anthozoan-dinoflagellate symbioses are poorly understood when 

compared to nitrogen fluxes. However, it is known that uptake is once again light-driven 

(D'Elia 1977). The role of the zooxanthellae in phosphorus acquisition was further 

supported by Dean and O’Brien (1981), who found that zooxanthellae cultured in 

isolation were able to assimilate phosphorus from the ambient medium.  

 

1.5 Photosynthesis and calcification 
 
The coral skeleton is made of two primary components, 1) the organic matrix and 2) 

calcium carbonate (aragonite) crystals. The organic matrix is a composite of proteins, 

glycoproteins, mucopolysaccharides and calcium-binding phospholipids (Goreau 1959; 

Constantz and Weiner 1988; Allemand et al. 1998; Muscatine et al. 2005). The organic 

matrix is synthesised by the calicoblastic epithelium at which point it is secreted into the 
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underlying sub-epithelial space; the matrix then facilitates CaCO3 nucleation and 

provides a framework for the aragonite crystals (Muscatine et al. 2005). While a 

heterotrophic food supply provides much of the nutrients needed for the formation of the 

organic matrix, including being the primary source for nitrogenous components, 

(Allemand et al. 1998; Houlbreque et al. 2004), zooxanthellae also contribute to the 

synthesis of the organic matrix through the provision of organic carbon (Muscatine and 

Cernichiari 1969; Pearse 1971; Pearse and Muscatine 1971). Unlike the contribution that 

zooxanthellae make to the synthesis of the organic matrix, the role that the zooxanthellae 

play in CaCO3 deposition (i.e. calcification) is poorly understood and furthermore a topic 

that is keenly debated. There is, however, some strong circumstantial evidence which 

suggests that zooxanthellae do play a key role in calcification: 1) In >90% of cases 

CaCO3 secretion is much faster in symbiotic corals than in non-symbiotic corals (Gattuso 

et al. 1999); and 2) symbiotic corals secrete CaCO3 at a higher rate in the light as 

opposed to in the dark (Gattuso et al. 1999). To illustrate these points, Gattuso et al. 

(1999) provided radioactive calcium (45Ca) to the coral Manicina areolata and found that 

the incorporation of 45Ca was approximately 6 times faster in the light than in the dark, 

and 16 times faster in the light when zooxanthellae were present than when they were 

absent.  Furla et al. (2000) also found the incorporation of 45Ca to be 4 times greater in 

the light as in the dark in the coral S. pistillata.  

 
There is a clear link, albeit circumstantial, between photosynthesis and calcification. 

What is not so clear, however, is the precise mechanism by which these two biological 

processes interact. In the middle of the twentieth century, Goreau (1959) proposed the 

‘light-enhanced calcification’ hypothesis, where photosynthesis removes CO2, so 

reducing the partial pressure of CO2 within the coral’s tissues, and causing an equilibrium 
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shift in favour of CaCO3 secretion. Smith and Douglas (1987) highlighted a major flaw in 

this theory however: coral calcification occurs at the fastest rate as the tips of the coral 

branches where the zooxanthellae are considered to be the least dense. More recent 

research, such as McConnaughey (1991), McConnaughey and Whelan (1997), and Cohen 

and McConnaughey (2003), has led to the prominence of the ‘trans-calcification’ 

hypothesis, where Ca2+-ATPase delivers Ca2+ to the calcification site and carries H+ 

released during CaCO3 precipitation to the coelenteron, where 2 x H+ protons reduce 2 x 

HCO3
- and hence generate CO2 (fig 1.5, equation 2). During calcification, it is this step 

that researchers believe, through increased CO2 availability, can enhance photosynthesis. 

This could explain why calcification increases during daylight hours, if the coral has 

Figure 1.5: The chemistry underpinning calcification (equation 1), bicarbonate 
conversion (equation 2), and photosynthesis (equation 3). Calcification, via 
bicarbonate conversion, provides carbon for photosynthesis. Using this source of 
carbon (and that from other sources), and during light hours, photosynthesis is able to 
provide energy which enhances calcification. Often equations 1-3 occur 
simultaneously, and this can result in net calcium carbonate accretion and energy to 
the coral (equation 4). 

Source: Adapted from Gattuso et al. (1999).
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adapted to increase its CaCO3 deposition rate (thus increasing CO2 availability) at times 

when the zooxanthellae most need this carbon source i.e. for photosynthesis. As with  

‘light-enhanced’ calcification, the ‘trans-calcification’ hypothesis has its doubters. For 

instance, Gattuso et al. (2000) inhibited calcification in the coral S. pistillata, to test 

whether or not photosynthesis is impacted as predicted by trans-calcification, yet they 

found no effect. It may well be a collection of mechanisms, some of which are not 

mentioned, which together explain how zooxanthellae help to increase the rates of CaCO3 

deposition.  

 

1.6 Environmental threats to anthozoan−dinoflagellate 
symbioses 

 
Marine systems, including coral reefs, can be affected by both localised and global 

impacts. Some local impacts, which affect an area, large or small, in the vicinity of the 

source of the impact, have been impacting upon coral reef ecosystems for as long as those 

ecosystems have existed (Nystrom et al. 2000). These impacts have naturally ranged 

from frequent but minor pulses, such as grazing and predation, to larger more infrequent 

events, like overwhelming predator populations and hurricanes (Nystrom et al. 2000), 

and are part of a natural disturbance regime that allows for new evolutionary 

opportunities and renewal of reef ecosystems (Nystrom et al. 2000). However, 

anthropogenic stresses are now exacerbating these local impacts, with often drastic 

consequences. For example, the proliferation and intensity of the outbreaks of coral 

predators, such as the crown-of-thorns starfish (Acanthaster planci) or the predatory sea 

urchin (Echinometra mathaei) has been linked to human-induced algal growth resulting 

from nutrient run-off from agricultural land, and eutrophication (McClanahan and Mutere 
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1994; Bell and Elmetri 1995; Nystrom et al. 2000; Knowlton 2001a). Nutrient run-off 

and sedimentation can reduce light penetration in the water column, decreasing 

photosynthetic rates and indirectly reducing energy production. The problem is further 

compounded given that additional energy is required to remove the sediment from the 

surface of the coral (Rogers 1990; Riegl and Brancha 1995; Nystrom et al. 2000). The 

fishing and tourism industries also have significant local impacts. For instance, cyanide 

fishing for the aquarium trade is associated with localised bleaching (i.e. loss of 

photosynthetic pigments or zooxanthellae) in corals, especially in Southeast Asia (Hoegh-

Guldberg 1999; Jones and Hoegh-Guldberg 1999; Mous et al. 2000), overfishing leads to 

excessive removal of grazers and hence algal overgrowth of corals (Tanner 1995; Lirman 

2001), and the development of hotel resorts in and around coral reef locations has 

enormous potential for reduction in reef health and cover (Hawkins and Roberts 1994). 

 

While localised environmental impacts can have severe consequences for reasonably 

large areas of reef habitat, it is perhaps the global impacts which ultimately pose the most 

complete and irreversible threat (see table 1.1 for comparison of local/global impacts). 

These impacts, such as sea level rise, increased seawater temperature and ocean 

acidification, which all result from climate change and/or the associated emissions of CO2, 

could alter reef ecosystems beyond current recognition (Hoegh-Guldberg 1999; Walther 

et al. 2002; Hoegh-Guldberg et al. 2007). CO2 acts like an insulator heating the planet by 

trapping the Sun’s energy. This is an entirely natural process, but with excessive amounts 

of CO2 being released by human activity, the planet is now heating up far quicker, and 

with more intensity, than has been seen in the last 10,000 years, or possibly longer (Petit 

et al. 1999; Epstein 2001).  
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The oceans act as a climate regulator, storing heat that reaches the planet and releasing it 

when temperatures are cooler; as the planet warms, the oceans will store increasing 

amounts of heat energy (Clark et al. 2002). Increased stored heat will result in the oceans 

increasing in temperature, which is likely to have both direct and indirect effects on 

corals. Together with rising atmospheric temperatures, increased sea surface temperatures 

will act to destabilise ice sheets, such as the Antarctic ice sheet, which has an area of 13.6 

million km2 and averaging over 2 km in thickness (Barker et al.  1999). The huge 

Table 1.1: Environmental impacts on coral reefs. The table outlines the various 
environmental impacts known to affect coral reefs. The table lists these impacts in 
ascending order, from small scale, high frequency, and short term impacts to those 
impacts which are large scale, low frequency and longer term.  

 
Source: adapted from Nystrom et al. (2000) 
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Antarctic ice sheet contains a volume of freshwater equivalent to 4% of the modern ocean 

which if melted in its entirety would equate to approximately a 66 m rise in global sea-

level (Barker et al. 1999). Through melting of the ice sheets and thermal expansion of 

water, global sea levels have already risen by 0·1 – 0·2 m in the past one hundred years 

(Houghton et al. 2001; Hulme 2005) and levels are projected to rise by 0.09 to 0.88 m 

between 1990 and 2100 (Houghton et al. 2001); this could have indirect and dire 

consequences for coral reefs.  Coral reefs and the atolls they form are particularly 

vulnerable to sea level rise (Barnett and Adger 2003; Church et al. 2006), it is believed 

that corals will not be able to accrete enough reef (at the rate required by the rise in sea 

level) to enable them to maintain access to light levels to which they are currently 

adapted (Woodroffe 1990), causing bleaching and reduced calcification (Knowlton 2001b; 

Barnett and Adger 2003; Church et al. 2006). 

 

It is thought that rising sea surface temperatures can directly promote coral disease, and 

the loss of symbiotic algae and/or their photosynthetic pigments (bleaching) (Walther et 

al. 2002; Hughes et al. 2003). This thermal bleaching arises because of loss of 

photosynthetic function, which means that the rate of light (i.e. energy) capture in 

photosynthesis exceeds the rate of light utilisation, so causing photoinhibition and the 

build-up of toxic reactive oxygen species (ROS) (Hoegh-Guldberg 1999; Weis 2008). 

Coral bleaching is perhaps the most widely recognised global threat to coral reefs with, 

for example, the 1998 mass bleaching event killing 16% of corals worldwide, and the 

frequency and duration of bleaching events becoming ever greater (Hoegh-Guldberg 

1999; Hoegh-Guldberg et al. 2007). Moreover, bleaching can act synergistically with 

more localised impacts, worsening the impacts that humans place upon reefs 

(Buddemeier et al. 2004; Hoegh-Guldberg et al. 2007; Nicholls et al. 2008). Increased 
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levels of CO2 not only accumulate in the atmosphere, but in the oceans too. Indeed the 

oceans act, as they have done for millennia, as a considerable reservoir for carbon, readily 

exchanging CO2 with the atmosphere and absorbing about 2 gigatons (Gt) of CO2 more 

than they release (Royal Society 2005; Pelejero et al. 2005).  Indeed, it has been 

estimated that the oceans have absorbed approximately half of the total anthropogenic 

emissions of CO2 released since the industrial revolution (Sundquist 1993; Royal Society 

2005).  The CO2 absorbed by the oceans reacts with water to form a carbonic acid, which 

then readily releases H+ ions into the seawater and in doing so reduces the pH of the 

seawater. The oceans naturally buffer against this by using carbonate (CO3
2-) to react 

with the H+ ions to form bicarbonate (HCO3
-), so neutralising any adverse drop in pH 

(Royal Society 2005). This is an entirely natural process, but with elevated levels of CO2, 

this carbonate buffer is becoming overwhelmed, resulting in a decrease in seawater pH of 

0.1 of a pH unit since pre-industrial times; pH is predicted to drop a further 0.3-0.4 units 

by the end of this century (Royal Society 2005; Orr et al. 2005; Lovejoy 2006; Miles et al. 

2007; Turley et al. 2007). The decrease in pH is accompanied by a decrease in CO3
2-, so 

reducing its availability for the formation of calcium carbonate (CaCO3), either as 

aragonite or calcite (Royal Society 2005; Calderia 2007). For calcification (refer to 

section 1.5) to take place, seawater must be saturated with respect to CaCO3 (more 

specifically, aragonite and calcite) (Orr et al. 2005; Royal Society  2005; Schneider and 

Erez 2006); if the seawater becomes under-saturated with respect to these molecules, then 

it becomes increasingly difficult to form and maintain CaCO3 structures, with 

implications such as weakened coral skeletons and the reef structures they create (Orr et 

al. 2005; Royal Society 2005; Schneider and Erez 2006).   
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In the field of ocean acidification, the vast majority of research has focused on coral reefs 

and pelagic coccolithophores, and more specifically CaCO3 depletion and its effects on 

calcification (Blackford et al. 2007; Fabry et al. 2008). Much of the research states that, 

at atmospheric CO2 concentrations of around 550 ppm (today atmospheric CO2 stands at 

380 ppm), coral calcification will be reduced by 40%, primarily due to the under-

saturation of aragonite/calcite (fig 1.6) (Hoegh-Guldberg et al. 2007). Indeed, empirical 

research suggests that calcification rates may decline by: 25% for mussels by 2100 

 

 

Figure 1.6: Ocean acidification and carbonate (aragonite/calcite depletion). As more and 
more CO2 is emitted more is absorbed by our oceans. As CO2 is absorbed by the oceans 
it reacts with water (H2O) to form a carbonic acid (H2CO3

-) which readily releases H+
 

protons that are able to react with carbonates (CO3
2-) decreasing the calcium carbonate 

(CaCO3) saturation state of the oceans to below that required by corals. 
 

Source: Hoegh-Guldberg et al. (2007) 
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(Gazeau et al. 2007); 21% for scleractinian corals by 2065 (Leclercq et al. 2000); 59% 

for the scleractinian coral Acropora cervicornis (Renegar and Riegl 2005); 18% and 66% 

for the coccolithophorids Emiliania huxleyi and Gephyrocapsa oceanica, respectively 

(Riebesell et al. 2000); and a much lower 6 to 14 % for the Foraminifera (Bijma et al. 

2002; Spero et al. 1997). Initially the impact from carbonate under-saturation will not be 

uniform. CO2 is more readily absorbed by colder water, and therefore it is predicted that 

much of the Southern Ocean will become under-saturated with respect to aragonite by 

2050, and by 2100 this under-saturation is predicted to spread to the entire Southern 

Ocean and into the subarctic Pacific Ocean (Orr et al. 2005). Furthermore, changes in 

ocean acidity will not only vary with respect to latitude but also within similar 

ecosystems, with some ecosystems, such as the Great Barrier Reef, Coral Sea, and the 

Caribbean Sea, attaining risky levels of aragonite saturation more rapidly than other 

tropical ecosystems (Fig. 1.7) (Hoegh-Guldberg et al. 2007). This predicted pattern in 

carbonate chemistry leads researchers to believe that calcification rates will initially 

decrease in colder water low-latitude corals (Gattuso et al. 1998 Kleypas et al. 1999 

Langdon et al. 2003), which form reefs/skeletal structures from aragonite, and in low 

latitudinal phytoplankton that form their tests (shells, such as coccolithophores) out of 

calcite (Riebesell et al. 2000; Zondervan et al. 2001).  
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Little information, however, is available on other physiological processes, such as growth, 

development, reproduction, metabolism, and pH balance under predicted acidic 

conditions (Fabry et al. 2008). Indeed, research on the biological implications of ocean 

acidification is in its infancy. This thesis will address one of the major gaps in our 

knowledge: what are the impacts of CO2-induced seawater acidification on the 

Figure 1.7: Ocean acidification and carbonate (aragonite/calcite depletion). Changes in 
aragonite saturation (Ωaragonite) are predicted to occur as atmospheric CO2 concentrations 
(ppm = number top left of each scenario panel) increase. Pre-industrial revolution (280 
ppm), almost all shallow-water coral reefs had Ωaragonite of > 3.25 (blue regions in the 
figure), which is the minimum Ωaragonite that coral reefs are associated with today. 

 
CO2 is more readily absorbed in the colder water at the poles, therefore the southern and 
northern oceans are predicted to become further under-saturated with respect to 
aragonite, with this spreading to the equatorial regions. 

 
Source: Hoegh-Guldberg et al. (2007) 
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photosynthetic physiology and productivity of anthozoan-dinoflagellate symbioses? In 

particular, the research described here focuses on two model anthozoans, the tropical 

coral Stylophora pistillata and the temperate sea anemone Anthopleura aureoradiata, the 

comparison of which allows for unique insights into how the photophysiology of 

temperate and tropical symbioses may differ in response to seawater acidification. 

Furthermore, this thesis considers impacts on zooxanthellae isolated from S. pistillata, to 

discern any impacts that living inside the host might have. Lastly, this thesis compares 

the impacts of acidification caused by CO2 versus HCl, in order to determine whether any 

positive relationship between photophysiology and CO2 availability can potentially 

overcome any negative impacts of cellular acidosis.  

  

1.7 Aims and objectives 
 
This study aimed to determine the potential impact that seawater acidification may have 

on: 1) the photophysiological health of zooxanthellae both in hospite and while isolated 

from the symbiosis; and 2) the health of the symbiosis itself. Furthermore, comparisons 

were made between tropical and temperate symbiotic organisms. 

In particular, this study aimed to: 

1. Determine whether the tropical scleractinian coral S. pistillata and the temperate 

mudflat sea anemone A. aureoradiata exhibited any negative photophysiological 

impacts when the seawater was acidified to levels forecast for 2100. 

2. Establish whether the zooxanthellar photophysiology in both S. pistillata and A. 

aureoradiata is enhanced by an increased availability of DIC (i.e. CO2), and 

whether this might moderate any negative impacts of acidification.  
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3. Compare and contrast the photophysiological impacts of seawater acidification (if 

any) on zooxanthellae from S. pistillata, when both inside the host coral (i.e. in 

hospite), and when in isolation. 

4. Identify the pH threshold (if any) at which A. aureoradiata suffers a marked and 

potentially irreversible loss of photosynthetic function. 

 

Ultimately this study will contribute to the growing body of research on the impacts of 

ocean acidification on marine flora and fauna. Only recently has the central focus shifted 

from calcification to other physiological impacts, and this study is uniquely placed to 

compare and contrast the potential impacts of ocean acidification on the photosynthetic 

function of temperate and tropical symbiotic algae. Furthermore, this is the first ever 

study to compare the impacts on algal symbionts when inside and outside their hosts. 
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CHAPTER  II   

PHOTOPHYSIOLOGICAL RESPONSES OF 
THE RED SEA CORAL STYLOPHORA 
PISTILLATA TO SEAWATER 
ACIDIFICATION 
 

2.1 Introduction 
 

A common ecosystem analogy places coral reefs alongside rainforests, with 

regards to the abundance of life, species diversity and species density (Knowlton 2001a; 

Barneah et al. 2007; Sale 2008).  The capacity of a coral reef to support such a huge 

volume and array of life is due, at least in part, to the niches created – and filled – by 

highly specific symbiotic relationships (Knowlton 2001a; Barneah et al. 2007).  

Invertebrates such as corals and sea anemones can form various symbiotic relationships, 

often simultaneously. The symbiotic relationship may involve one partner, or a 

combination of different partners, such as vertebrates (e.g. fish), other invertebrates, 

bacteria or algae (Buddemeier et al. 2004).  With regards to reef-building corals and other 

cnidarians, the most common symbiotic relationship is with photosynthetic 

dinoflagellates of the genus Symbiodinium, known commonly as zooxanthellae. These 

dinoflagellates also form symbioses with members of the Porifera, Mollusca, 

Platyhelminthes and Protozoa (Barneah et al. 2007), though their symbiosis with corals is 

the most important ecologically (Gierck 2007; Weis et al. 2008). Generally, tropical 

waters are high in sunlight, but have low levels of nutrients and dissolved O2 (Muller-
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Parker & Davy 2001); they should be unable to sustain the abundance of life that is 

currently present.  However, as a result of the coral-dinoflagellate symbiosis, and its 

capacity for tight nutrient recycling and primary production, coral reefs are able to persist 

and grow in these conditions (Shick and Dykens 1985). In addition, the symbiosis 

accelerates the deposition of calcium carbonate by corals, so enabling the construction of 

the reef which in turn creates a biodiversity hotspot, through the provision of food and 

habitat for a multitude of organisms (Lough 2008).  These reefs can also protect 

shorelines from coastal erosion (Richmond 1993).  

 

Climate change, which is the shift in global climatic patterns arising from excessive 

amounts of atmospheric CO2, poses a real threat to the long term survival of coral reefs. 

CO2 acts like an insulator heating the planet by trapping the Sun’s energy. This is an 

entirely natural process, but with excessive amounts of anthropogenic CO2 released, the 

planet is heating up much faster, and to a greater degree, than has been observed in the 

last 10,000 years – possibly longer (Petit et al. 1999; Epstein 2001). Rising sea surface 

temperatures can promote coral disease and the loss of symbiotic dinoflagellates and/or 

their photosynthetic pigments from corals (i.e. bleaching) (Walther et al. 2002; Hughes et 

al. 2003). In 1997/98 it was estimated that as much as 16% of the world’s coral reefs 

were damaged by human induced coral bleaching, whereas, pre-1980s, widespread coral 

bleaching was largely unheard of (Buddemeier et al. 2004; Gierck 2007). This increased 

bleaching, and cases of coral disease, are not solely attributable to climate change, but 

rather a synergistic relationship with non-climatic stresses which humans also place upon 

reefs (Buddemeier et al. 2004; Hoegh-Guldberg et al. 2007; Nicholls et al. 2008).  
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There is potentially an even greater threat to the world’s coral reefs: ocean acidification. 

Not only is CO2 a greenhouse gas heating the planet, but it also dissolves into the ocean. 

Therefore, as the rate at which it is being pumped into the atmosphere has intensified, so 

has the amount being absorbed by the world’s oceans; this is likely to overwhelm natural 

systems. CO2, when dissolved in water, undergoes a chain of simple chemical reactions 

and, when combined with H2O, it forms a carbonic acid which readily releases H+ ions to 

the water, making it more acidic (Royal Society 2005). When an acid, such as carbonic 

acid, is added to seawater, the additional hydrogen ions react with available CO3
2– ions 

and convert them to HCO3
-. This acts to reduce the concentration of hydrogen ions, so 

preventing acidification of the seawater (Royal Society 2005); this process is known as 

the carbonate buffer. However, with the ever increasing amount of CO2 added to 

seawater, the ability of the carbonate buffer to maintain a constant pH is reduced, as the 

availability of CO3
2– ions becomes less (Royal Society 2005). Crucially, this reduced 

availability of CO3
2– ions has serious implications for the numerous marine organisms, 

including reef corals that utilise carbonate for building their skeletons and shells. 

 

Oceans have already decreased 0.1 of a pH unit since the industrial revolution (late-

eighteenth to mid-nineteenth centuries) and are predicted to drop to pH 7.6 by 2100 and 

beyond (Caldeira and Wickett 2003; Orr et al. 2005; Wood et al. 2008; Zeebe et al. 2008; 

Doney et al. 2009).  As a result, the future for marine calcifiers is bleak (Orr et al. 2005; 

Hoegh-Guldberg et al. 2007). How ocean acidification may affect other physiological 

processes is, however, much less clear. Of particular interest is photosynthesis, as the 

addition of CO2 and cellular acidosis (i.e. acidification and disruption of the intracellular 

environment) could have quite different, and opposing, effects. For example, Hall-

Spencer et al. (2008), using volcanic CO2 vents which locally acidified the water off the 
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coast of Italy, found that seagrass production was highest in areas of pH 7.6. This 

suggests that, rather than causing physiological dysfunction, photosynthetic production 

can in fact be increased with acidification by CO2. Similarly, in a mesocosm experiment 

performed by Palacios and Zimmerman (2007), the seagrass Zostera marina 

photosynthesised more at elevated CO2 levels, leading to increased biomass production. 

Likewise, increases in dissolved inorganic carbon (DIC) to 750 parts per million or the 

equivalent decrease to a pH of 7.7, at least doubled the rate of photosynthesis in the 

coccolithophore Emiliania huxleyi (Iglesias-Rodriguez et al. 2008); this finding is 

particularly interesting in the context of corals, as coccolithophores also produce CaCO3 

structures and suffer reduced calcification in acidified water (Zondervan et al. 2002; 

Riebesell 2004).  

 

It is therefore conceivable that ocean acidification could benefit coral photosynthesis, if 

not calcification, though this topic has received little attention to date. In particular, given 

that zooxanthellae are present at high densities within the coral’s tissues, it has been 

suggested that they are carbon limited (Leggat et al. 2000) and hence an increased 

availability of CO2 may be especially valuable. Alternatively, zooxanthellae in corals 

may not respond to elevated CO2 levels as readily as do the likes of seagrasses and 

phytoplankton, because they are isolated from the seawater reservoirs of DIC by their 

endosymbiotic habitat (Weis and Reynolds 1999; Leggat et al. 2002). Increased levels of 

CO2 and increased acidification could therefore cause different photosynthetic responses 

in symbiotic zooxanthellae than in other marine phototrophs, and quite different 

responses in symbiotic zooxanthellae than in ones isolated from their host coral. Clearly, 

there is a need to better understand the effects of acidification via CO2 on the 

photophysiology of corals and their endosymbionts. 
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This experiment aimed to identify the photophysiological effects of seawater acidification 

on the symbiotic zooxanthellae contained within the tropical coral Stylophora pistillata. 

In addition, the photophysiological effects of acidification on cultured zooxanthellae, 

originally isolated from the same coral species, were measured.  It was hypothesised that 

seawater acidified using CO2 would have a positive effect on the photophysiology of the 

zooxanthellae contained within S. pistillata, due to their carbon limitation in the coral’s 

tissues. Conversely, it was hypothesised that the cultured (i.e. isolated) zooxanthellae 

would experience less marked photophysiological benefits, if any, as they were less likely 

to be carbon limited as a result of having ready access to DIC in their culture medium. It 

was further hypothesised that seawater acidified with HCl rather than CO2 would have a 

negative effect on the photophysiology of both the zooxanthellae in symbiosis with S. 

pistillata and in isolation, due to a decrease in pH with no associated increase in DIC 

availability that could potentially help the cell to counter any cellular impacts of acidosis. 
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2.2 Materials and methods   
 

2.2.1 Experimental organisms 
 
Experiments were conducted on the branching scleractinian coral S. pistillata (fig 2.1). S. 

pistillata is a shallow-water Indo-Pacific coral, and is the most common of the 100 or 

more coral species found in the Gulf of Aqaba, situated between Saudi Arabia and the 

Sinai Peninsula in the north-eastern arm of the Red Sea. S. pistillata is pervasive along 

the light continuum: from full sunlight to almost complete shade. Small colonies can be 

removed from the substratum, without damaging the coral's living tissue; this makes them 

ideal as a study species. Corals had previously been collected by researchers at the Centre 

Scientifique de Monaco (CSM) from the Gulf of Aqaba (Latitude: 29° 0 Min, 0 Sec. 

Longitude: 34° 40 Min. 1.2 Sec.). The corals were then maintained in culture at CSM for 

several years.  

Figure 2.1: Stylophora pistillata on a sandy reef. Photo taken by Paul Kay, photo accessed 
online at www.arkive.org.  
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Experiments were also conducted on the zooxanthellae originally isolated from S. 

pistillata and cultured long-term (>5 years) in F/2 culture medium at the CSM. The 

zooxanthellar clade or type (i.e. sub-clade) was not identified. 

 

2.2.2 Coral maintenance and preparation  
 
Corals were stored in 300 L tanks which were supplied with nutrient-poor Mediterranean 

seawater (pumped from a depth of 50 m) at an exchange rate of 6 L h-1 in an open water 

system. Temperature (26.0 + 1 °C), salinity (38 ppt) and light (300 µmol photons m-2 s-1) 

were all held constant; light was provided using two 400 W metal halide lamps (Philips, 

HPIT) on a 12 h light:12 h dark cycle. Corals were fed using a mix of Artemia salina 

Figure 2.2: Stylophora pistillata coral nubbins suspended by nylon within their respective 
tanks.   
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nauplii, A. salina frozen adults, and frozen krill. Corals were fed twice per week up until 

experimentation began (last feeding the day before experimentation), at which time 

feeding was discontinued. Four weeks before experimentation, coral fragments or 

‘nubbins’ (20 – 30 mm in length) were cut with bone-cutting pliers from the terminal 

branches of coral colonies. The nubbins were suspended with nylon line in a 30 L 

aquarium and subjected to the same environmental regime as the parent colony (fig 2.2). 

Approximately 4 weeks later, nubbin tissue had overgrown the cut region leaving no 

areas of exposed skeleton, and nubbins were ready for experimental use.  

 

2.2.3 Experimental Design 
 
Coral nubbins 

The impact of acidified seawater on the photophysiology of S. pistillata was assessed; 

including any differing impacts of acidification with HCl or CO2. The seawater naturally 

had a pH of 8.1 and this was considered as the control treatment. However, the pH-

adjusted tanks required acidification to attain a pH of 7.6 (Fig. 2.4). The pH 7.6 HCl 

treatment involved the addition of HCl via a peristaltic pump, whereas the pH 7.6 CO2 

treatment involved the addition of industrial-grade gaseous CO2. In both cases, to achieve 

and maintain a lowered pH, a PINPOINT® pH controller (American Marine Inc.) was 

used. This pH controller consisted of a probe that, upon detecting an abnormally high pH, 

would switch on either the peristaltic pump delivering 10% HCl into the reservoir tank or 

the CO2 solenoid which delivered dissolved CO2 to the reservoir tank via the Red Sea Pro 

System. The Red Sea Pro System is a commercially available aquarium tool for CO2 

control - how the system works is elaborated in the following steps:  
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1. Pinpoint pH controller registers a deviation (rise) in pH and switches on power to 

the solenoid. 

2. Upon being initiated the solenoid allows CO2, from the tank, to pass through its 

valve. 

3. CO2 enters the piping of the Red Sea Pro System and into the highly efficient CO2 

Reactor 500 which can dissolve over 180 bubbles of CO2 per min. 

4. Seawater, supersaturated with CO2, is contained within the Reactor 500 and 

released into the water. The process stops when the pinpoint pH monitor registers 

a return to the desired pH range, resulting in the power supply to the solenoid 

being turned off and the cessation of CO2 flow. 

 

The coral nubbins were housed in a wet lab at CSM (fig. 2.5). The three 30 L treatment 

tanks were fed from three 200 L reservoir tanks, which were constantly supplied at a rate 

of 1 L min-1 with nutrient-poor and unfiltered Mediterranean seawater pumped from a 

depth of 50 m. The seawater had a natural salinity of 38 ppt and the reservoir tanks were 

wrapped in foil to retard algal growth. For the duration of the experiment, seawater was 

pumped from the bottom of the reservoir tank into the bottom of the respective treatment 

tank at a rate 600 ml h-1.  The overflow from the treatment and reservoir tanks was 

returned to the Mediterranean Sea.  A powerful 35 W pond pump was used to ensure 

complete mixing within each reservoir tank, to ensure that the pH was maintained at a 

constant level throughout.  Furthermore, each treatment tank had a small pump within it 

to ensure continuous mixing of newly added water with older water. A 12 h light: 12 h 

dark regime was used, with 400 W metal halide lamps (Philips, HPIT) generating an 

irradiance of 300 + 15 µmol photons m-2 s-1.  
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Coral nubbins (n = 60) were transferred from the stock aquaria to the pH 8.1 treatment 

tank to allow acclimation to experimental (light and temperature) conditions for 6 days; 

they were not fed during this time. After this acclimation period, 12 nubbins were 

removed for initial processing; this was considered as time zero (t = 0 d). A further 16 

nubbins were transferred to each of the pH 7.6 HCl and pH 7.6 CO2 experimental tanks, 

leaving 16 nubbins in the pH 8.1 control tank. The coral nubbins remained undisturbed in 

their treatment tanks for 18 days, with temperature and pH being measured three times 

per day to ensure environmental stability; nubbins were not fed for the duration of the 

experiment. At each time-point (0 d and 18 d, fig 2.3), photosynthetic health, 

 
 
Figure 2.3: Experimental timeline. pH 8.1 control conducted concurrently with the pH 
7.6 HCl and the pH 7.6 CO2 treatments. Colour-coded boxes indicate what 
measurements were taken for each corresponding time-point, with twelve coral nubbins 
processed at time 0 and sixteen at time 18 for each treatment. 
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chlorophyll content per zooxanthella, and zooxanthella density were measured. 

Furthermore, as a measure of autotrophic potential, the ratio of photosynthesis to 

respiration was measured (see below for methods). 

 

For pH 8.1 and pH 7.6 CO2, the temperature remained at 26 + 1°C for both and pH was 

constant at 8.1 + 0.01 and 7.6 + 0.01, respectively. However, due to a major problem with 

the water inflow system, on Day 17 the pH of the pH 7.6 HCl treatment dropped to pH 4. 

Unfortunately, as a result, the corals died and no data could be collected for the final 

time-point (t = 18 d). This particular treatment is therefore not considered further here. 

 

Cultured zooxanthellae 

The impact of acidified seawater on the photophysiology of zooxanthellae isolated from S. 

pistillata was measured, again including any differential impacts arising from 

acidification with HCl or CO2 (fig 2.6). Due to space limitations, this experiment was 

completed in two stages, with HCl first being used and then CO2. The experiment was 

conducted in a temperature controlled room (fig. 2.7) and each pH 7.6 treatment, 

acidified with either HCl or CO2, was run concurrently with a pH 8.1 treatment. The 

zooxanthella cultures were maintained in 150 ml conical flasks held within a waterbath. 

Each flask was fed with 1 µm-filtered seawater (FSW), via dialysis tubing connected to 

one of two 50 L reservoir tanks (one containing acidified water and one containing non-

acidified water). The seawater flowed into each flask, by gravity, at a rate 50 ml h-1.  The 

overflow from each flask filled the waterbath, from where it flowed into the drain before 

it could reach the tops of the flasks; to ensure a continuous flow of FSW, the reservoir 

tanks were topped up as needed.  A 20 W pond pump was used to ensure complete 
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mixing within each reservoir tank to maintain a constant temperature and pH, while the 

tank was completely blacked-out to prevent growth of algal contaminants  Furthermore, 

the waterbath contained a small pump to ensure mixing of recently overflowed seawater 

with older seawater, so maintaining an even temperature. Irradiance was on a 12 h light: 

12 h dark regime at 275 + 25 µmol photons m-2 s-1; light was provided via a light bank 

containing thirty-five 5 W LED lamps (Green Lights, Taiwan) 

 

In total, 6 culture flasks were used for each 35-day trial. All culture flasks were initially 

fed for 6 days via the pH 8.1 reservoir tank, allowing for acclimation to experimental 

conditions. Subsequently (t = 0 h), physiological measurements (see below) were taken 

for all 6 flasks, before 3 of them were transferred to either the pH 7.6 HCl (first trial) or 

pH 7.6 CO2 (second trial) treatments. Photosynthetic health was measured at 0, 3 and 7 

days, and every 7 days until Day 35 (t = 0, 3, 7, 14, 21, 28, 35 d). Chlorophyll content per 

zooxanthella was measured at the same time-points, except for t = 3 d. Temperature and 

pH were recorded once a day over the course of the experiment to ensure a constant 

environment: in the pH 8.1 and pH 7.6 CO2 and HCl treatments temperature remained at 

26 + 1°C and pH remained at 8.1 + 0.01 and 7.6 + 0.01, respectively. 
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Figure 2.4: 
Coral 

experimental 
set-up. 

Experiment 
was run for 

18 days, 
treatments 

were pH 8.1, 
pH 7.6 HCl 
and pH 7.6 

CO2. 
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pH 8.1 
reservoir tank  

pH 7.6 CO2 
reservoir tank  

pH 7.6 HCl reservoir tank, all reservoir 
tanks are covered in tin-foil to prevent 
algal growth from unfiltered seawater 

6.8 kg 
CO2 
tank  

Unfiltered fresh 
seawater into 

reservoir tank 

HCl treatment 
tank 

CO2 treatment 
tank 

Reservoir 
overflow 

Control treatment 
tank 

Acclimating Coral 

Treated seawater added to treatment 
tanks from reservoir tanks   

Heater maintains 
treatment tanks at 
26 + 1 °C 

Pump ensures 
mixing of 

fresh 
seawater, 

within 
treatment 

tanks  

Treatment 
overflow  

Figure 2.5: Experimental set-up outlined in diagram figure 2.3. The photo was taken during the pH 8.1 versus pH 7.6 HCl and pH 7.6 CO2 
experiment.  

Fresh 
seawater 

Pinpoint pH 
monitor 
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Figure 2.6: Cultured zooxanthellae experimental set-up. Each 
trial was run for 35 days, with the treatments being pH 8.1 
versus pH 7.6 HCl, and pH 8.1 versus pH 7.6 CO2 



45 
 

 

CO2 tank bubbled CO2 into the seawater 
when triggered by the Pinpoint pH 
controller. Or HCl was added.  

Figure 2.7: Photo of the experimental set-up outlined in diagram figure 1.4. The 
photo was taken during the pH 8.1 versus pH 7.6 CO2 experiment.  
 

50 L reservoir tanks (pH 7.6 left, pH 8.1 
right) fed the zooxanthellar cultures via 
dialysis tubing. Seawater added as needed 
and acidified when pH probe measured 
increased pH levels. 

Rate controlled drips. Fed treatment water 
from the reservoir tanks to the 
zooxanthellar cultures 

Lights, 12 h light: 12 h dark regime at 
275 ± 25 µmol photons m-2 s-1.  
 
Pinpoint pH controller, regulated 
pH via a probe and initiated the 
addition of either CO2 or HCl as 
required. 
 

Heater, maintained temperature at 26 + 
1°C

Lights, 12 h light: 12 h dark regime at 
275 + 25 µmol photons m-2 s-1.  
 
150 ml flasks contained cultures. 
Overflow water flowed into the waterbath. 
 

Overflow hose from bath to drain 
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2.2.4 Photosynthetic health 
 
Using a Diving PAM (Walz, Germany), and the interface WinControl v2.08, 

photosynthetic health (Yi, light-adapted yield) of the zooxanthellae was measured, while 

both in hospite (i.e. in the coral) and in culture (fig 2.8).  Coral nubbins from each 

treatment and time-point (t = 0 h, n = 12; t = 18 h, n = 16) were immediately placed into a 

beaker containing their specific treatment seawater, and Yi measured while using a shade 

cloth to prevent excessive natural light reaching them from nearby windows. For each 

flask containing cultured zooxanthellae (n = 6 at 0 h, n = 3 per treatment thereafter), three 

Yi measurements were taken in different regions of the culture, and averaged; this 

accounted for any spatial variability in photosynthetic health associated with the growth 

and ageing of the culture. After PAM (and respirometry if required), coral nubbins and 

isolated zooxanthellae were placed in the freezer (-20 + 1.5°C) until a time when further 

processing of the samples was undertaken. Diving PAM was set as follows: Measuring 

light intensity 8; Saturation Pulse Intensity 5; Gain 5; Damping 4 and 30 second intervals 

between measuring light pulses.  

 

Figure 2.8: 
WinControl interface 
showing the light 
curve generated using 
the Diving Pulse 
Amplitude 
Modulated (Diving-
PAM) Fluorometer. 
The photosynthetic 
parameter Yi was 
recorded. 
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2.2.4 Coral tissue processing 
 
To measure total chlorophyll levels, the zooxanthellae were first isolated from the coral. 

Coral tissue was removed from defrosted corals, using an Oral B waterpik type 4803 (fig. 

2.9) and 50 ml of FSW. The resulting tissue slurry was mixed using a vortex, and 400 µl 

removed for zooxanthellar counts (section 2.2.5). The remaining slurry was centrifuged at 

5°C and x 11,000 g for 12 min. The supernatant was discarded and the remaining 

zooxanthellar pellet was re-suspended in FSW and re-centrifuged for 6 minutes at the 

same temperature and g. The supernatant was again discarded and the remaining 

zooxanthellar pellet was frozen for later chlorophyll analysis (section 2.2.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Processing coral tissue. Coral tissue was 
removed from the skeleton using a waterpik, and 
isolated zooxanthellae were then used to measure algal 
density and chlorophyll levels. 
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2.2.5 Zooxanthellar counts and densities 

 
Numbers of zooxanthellae were necessary for subsequent calculations of chlorophyll per 

cell and cell density (i.e. zooxanthellae per cm2 coral). Zooxanthellae were counted using 

an automated computer system running Histolab v6.02 by Microvision Instruments (fig. 

2.10). Each coral tissue slurry sub-sample (400µl) was placed into a Hydro Bios Kiel 

Chamber and a further 2.5 ml of FSW added to fill the chamber. A coverslip was then 

placed over the chamber, forming a bubble-free, air-tight seal. The Histolab software 

estimated the number of cells within the field of view (fig. 2.10, computer screen), with 

16 random fields of view used per sample. The number of zooxanthellae per ml and 

hence in the total 50 ml extracted from each coral nubbin was then calculated, as 

described in equation 2.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Set-up for counting zooxanthellae. Software calculated algal density in the 
field of view (as shown on computer screen), before this value was used to calculate the 
density of zooxanthellae within the coral nubbin.  
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X = 1753 x (Z/C) x 50   [equation 2.1] 

 
Where:  
X  =  number of zooxanthellae per ml 
Z  =  number of zooxanthellae per field of view 
C  =  volume of original suspension used for counting (400 µl)  
 
 
Cultured zooxanthellae were counted via a different method, as the software described 

above was not available. For each flask and time-point, 2.3 ml of seawater + 

zooxanthellae were removed, of which 800 µl were used for cell counts and the 

remaining 1.5 ml were frozen for subsequent chlorophyll analysis (section 2.2.6). Eight 

cell counts per culture flask (i.e. 8 x 100µl) were performed using a haemocytometer 

(Weber Scientific Instruments, England). These counts were then averaged and the 

number of zooxanthellae per ml estimated (equation 2.2). Total chlorophyll was then 

standardised to the number of zooxanthellae present in the 1.5 ml of algal suspension 

from which chlorophyll was extracted (section 2.2.6), to give chlorophyll content per cell.  

 

X = A * C  [equation 2.2] 

 
Where: 
X =  Cells per ml 
A = Number of cells in haemocytometer field of view  
C = Haemocytometer coefficient (10,000)  
 

Coral surface area was estimated using the standard tin-foil method. Coral skeletons were 

wrapped in tin foil, ensuring a single layer of foil that enveloped the entire coral nubbin. 

The tin foil was removed and weighed, and the weight converted to surface area (cm2) 

using a previously generated standard curve (fig. 2.11).  
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Once the surface area and total number of zooxanthellae per nubbin were measured, the 

density of zooxanthellae was expressed as number of cells cm-2. 

2.2.6 Chlorophyll analysis 
 

Chlorophyll levels were normalised per algal cell and/or per cm2 coral. The tubes 

containing the zooxanthellar pellet (50 ml Falcon tubes for the coral experiment; 2 ml 

Eppendorf tubes for the cultured zooxanthellae) were wrapped in tin foil to prevent light 

entering the tube. Acetone (5 ml for coral experiment and 1.5 ml for the cultured 

zooxanthellae) was added to each tube and the tubes placed in a fridge (3 + 1 °C) for 24 h, 

during which time the solvent extracted the chlorophyll. The following day the tubes 

were centrifuged at 5°C and x 11,000 g for 12 min to pellet cellular debris, and the 

acetone/extracted chlorophyll (3 ml for the coral experiment; 1 ml for the cultured 

Figure 2.11: Standard curve of coral surface area versus tin-foil weight.  
The formula of the best fit line allowed surface area to be estimated from 
a given weight of tin-foil. Black circle = the set measured tin-foil sizes, 
white circles = the best fit predictions and the black line = the linear best 
fit line. 
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zooxanthellae) pipetted into an acetone-proof cuvette.  Using a spectrophotometer, 

absorbance readings were taken at the wavelengths 630 nm, 663 nm and 750 nm, where 

absorbance at 750 nm was indicative of background turbidity. Chlorophyll concentration, 

and hence the total amount chlorophyll extracted, was then calculated from the standard 

equations: 

[equation 2.3] 

Chlorophyll a (mg per ml) = (11.43 x (A663-A750)) - (0.64 x (A630 - A750)) 

 

[equation 2.4] 

Chlorophyll c2 (mg per ml) = (27.09 x (A630 - A750)) - (3.63 x (A663 - A750)) 

 

Total chlorophyll was calculated by adding together the amounts of chlorophylls a and c2, 

and total chlorophyll content per algal cell and per cm2 coral were estimated by 

normalising to the cell densities and surface areas measured before.  

 

2.2.7 Coral productivity 
 

A Strathkelvin 928, 6 channel O2 v.2 system was used for respirometry readings. At 0 

days and 18 days, each coral nubbin was placed in a transparent 60 ml Perspex chamber 

(fig. 2.12), containing FSW. A bung was placed firmly into the chamber, expelling any 

air and forming an air-tight seal. An O2 electrode entered the chamber through the side, 

and water pre-heated in a waterbath was pumped into the jacket surrounding the chamber; 

this maintained a constant temperature inside the chamber (26°C). Once in the chamber, 

the coral nubbin was allowed to settle for 10 min, before the chamber was blacked-out 
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completely by placing a sheet over it; a light meter was used to test the validity of this 

method. Dissolved O2 content (% saturation) was measured in darkness for a minimum of 

10 min (i.e. until a steady rate was observed), to obtain the dark respiration rate. The 

sheet was then removed and the chamber illuminated at 135 µmol photons m-2 s-1 for at 

least 10 min, after which the chamber was illuminated with a photosynthesis-saturating 

irradiance of 400 µmol photons m-2 s-1 for a further 10 min or more. Dissolved O2 content 

was measured at 135 and 400 µmol photons m-2 s-1 to obtain rates of mid- to maximum 

photosynthesis. To enable the O2 electrode to calculate the O2 saturation of the seawater 

surrounding the coral, the O2 electrode needed to be calibrated to the upper (100% O2 

saturation) and lower (0% O2 saturation) O2 saturation extremes. In order to calibrate the 

O2 electrode to an environment of 100% O2 saturation, FSW used for calibration was 

 
Figure 2.12: Respirometry set-up for coral nubbins. A temperature of 25°C was 
maintained via a waterbath and light levels were manipulated with a halogen light 
attached to a movable rail. A computer recorded all changes in dissolved O2 and 
calculated rates of O2 depletion in mg O2 L-1 h-1. 
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supplied with continuous air via a pump for 20 min. Subsequent O2 saturation readings 

were assumed to be indicative of seawater at 100% O2 saturation. To calibrate the O2 

electrode to an environment of 0% O2 saturation, FSW used for calibration was supplied 

with nitrogen from a compression tank, for 20 min. Subsequent O2 saturation readings 

were assumed to be indicative of seawater at 0% O2 saturation. All seawater used during 

the calibration process was maintained at 26°C, by placing the beakers containing the 

calibration seawater in a waterbath. 

 

Once provided with values for temperature, salinity and the volume of water in the 

chamber, the Strathkelvin software automatically calculated the rate of O2 consumption 

or net production (mg O2 h-1) within the chamber. Water volume was measured at the end 

of the incubation by decanting the water into a measuring cylinder, so allowing for the 

various sizes of the coral nubbins in the 60 ml chamber. Respiration, and gross 

photosynthesis (i.e. net photosynthesis + respiration) at 135 µmol photons m-2 s-1 and 400 

µmol photons m-2 s-1 were then divided by the surface area (cm2) of the coral nubbin, to 

give rates in mg  O2 cm-2 h-1. Finally, the maximum P:R ratio was calculated by dividing 

the maximum rate of gross photosynthesis (i.e. the rate at  400 µmol photons m-2 s-1) by 

the respiration rate. This ratio was indicative of the potential for autotrophy, with a 

P:R >1 indicating autotrophy and a P:R<1 indicating a requirement for a heterotrophic 

carbon source. 

 

2.2.8 Alkalinity 
 
To understand how seawater acidification, via addition of CO2 versus HCl, affects 

seawater chemistry, measurements of alkalinity were performed. A Mettler DL 70 titrator, 



54 
 

with the addition of 0.01N HCl (containing 38 grams per L of NaCl), was used to 

determine the alkalinity of the different seawater treatments. Alkalinity was measured 3 

times per treatment on each of 4 days across the duration of the experiment, resulting in a 

total of 12 alkalinity measurements per treatment; more frequent measures of alkalinity 

were prevented by intermittent availability of the titrator. 

 

2.2.9 Statistics 
 
 
For the coral CO2-acidification experiment, significant changes in the various 

photophysiological parameters between 0 and 18 days were determined with a Student’s 

T-test, with the test statistic calculated by hand. For the cultured zooxanthellae, simple 

linear regression was used to analyse indiscrete data with multiple time-points.  The 

statistical software package R was used to perform this latter analysis, and diagnostic 

graphs were checked for normality and equal variance. T-tests were also utilised to gain a 

more detailed perspective on any differences between the various parameters at specific 

time-points. 
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2.3 Results  

Whole corals  
 

2.3.1 Zooxanthella density 
 
Over the 18-day trial, zooxanthella density remained constant for both the pH 8.1 and pH 

7.6 CO2 treatments (T-test, p > 0.05). At 18 days, the pH 7.6 CO2 treatment had a 4% 

higher zooxanthella density than did the pH 8.1 treatment, though this difference was 

insignificant (T-test, p > 0.05) (fig. 2.13). 

 
 

 
 
 
 
 
 
 
 
 

Figure 2.13: Density of zooxanthellae. Stylophora pistillata was treated at 
pH 8.1 (blue) and pH 7.6 CO2 (red).  Densities were standardised per cm2 of 
coral skeleton surface. Values are means + SE. The experiment consisted of 
two time points over the 18 days with n = 12 at Day 0 and n = 16 at Day 18. 
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2.3.2 Chlorophyll content per zooxanthella 
 
Over the duration of the experiment, chlorophyll concentration at pH 8.1 did not change 

significantly (T-test, p > 0.05), despite a 15% increase between 0 and 18 days. However, 

in the pH 7.6 CO2 treatment, there was a significant 25% increase in chlorophyll per 

zooxanthella between 0 and 18 days (T-test, p < 0.01). Nevertheless, at 18 days, there 

was no distinguishable difference between the chlorophyll content per zooxanthella in the 

two treatments (T-test, p > 0.05) (fig 2.14). 

 

 
 
 
 
 
 
 

 
 
 

Figure 2.14: Chlorophyll content per zooxanthella cell. Stylophora pistillata 
was treated with pH 8.1 (blue) and pH 7.6 CO2 (red).  Values are means + 
SE. The experiment consisted of two time points over the 18 day period 
with n = 12 at 0 Days and n = 16 at 18 Days. 
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2.3.3 Photosynthetic Health  
 
Photosynthetic yield (Yi) did not change over the 18 day experiment for either pH 8.1 or 

pH 7.6 CO2 (T-test, p > 0.05). Moreover, there was no difference in Yi between the two 

treatments at 18 days (T-test, p > 0.05) (fig 2.15). At Day 0, the average Yi of S. pistillata 

was 0.623, while at Day 18 the average Yi was 0.622 and 0.622 for the pH 8.1 and pH 7.6 

CO2 treatments, respectively.  

 

 

  

 
 
 
 
 
 
 
 
 

Figure 2.15: Photosynthetic health (Yi). Stylophora pistillata was treated 
with pH 8.1 (blue) and pH 7.6 CO2 (red).  Values are means + SE. The 
experiment consisted of two time points over the 18 days, with n = 12 at 0 
Days and n = 16 at 18 Days. 
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2.3.4 Gross Photosynthesis 
 
 
There was no change in gross photosynthesis per zooxanthella for either of the pH 7.6 

CO2 or pH 8.1 treatments (T-test, p > 0.05).  Indeed, at 18 days, gross photosynthetic 

rates per cell were not significantly different between the two treatments (T-test, p > 0.05) 

(fig 2.16A).  

 

There was no change in the rate of chlorophyll-specific gross photosynthesis for either 

treatment over 18 days (T-test, p > 0.05), despite measurements at Day 18 for the pH 7.6 

CO2 treatment being 22% lower than at the start of the treatment.  Furthermore, at Day 18, 

there was no significant difference in gross photosynthetic rate per unit chlorophyll 

between the two treatments (T-test, p > 0.05) (fig 2.16B).  

 

Despite an 11% higher gross photosynthetic rate in the pH 7.6 CO2 treatment at 18 days 

than at the start of the experiment, there was no significant change with time for either pH 

treatment (T-test, p > 0.05).  Similarly, total gross photosynthesis at the end of the 

experiment was 8% higher in the pH 7.6 CO2 treatment than in the control, but this 

difference was again insignificant (T-test, p > 0.05) (fig 2.16C). 
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Figure 2.16: Gross Photosynthesis. A) Gross photosynthetic rate per zooxanthella cell; 
B) Gross photosynthesis per unit chlorophyll; and C) Total gross photosynthesis. 
Stylophora pistillata was treated with pH 8.1 (blue) and pH 7.6 CO2 (red).  Values are 
means + SE. The experiment consisted of two time points over the 18 days with n = 12 
at Day 0 and n = 16 at Day 18. 
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2.3.5 Respiration 
 
There was no significant change in dark respiration rate between 0 and 18 days, at either 

pH (T-test, p > 0.05 for both treatments). However, at 18 days, the respiration rate of 

corals at pH 7.6 CO2 was 19.5% higher than at the control pH, and was hence 

significantly different (T-test, p < 0.05) (fig. 2.17). 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 2.17: Dark respiration rate (R). Stylophora pistillata was treated 
with pH 8.1 (blue) and pH 7.6 CO2 (red).  Values are means + SE. The 
experiment consisted of two time points over the 18 days, with n = 12 at 
Day 0 and n = 16 at Day 18. 
 



61 
 

2.3.6 P: R ratio  
 
Over the duration of the experiment, P:R increased markedly, by 17%, at pH 8.1 (T-test, 

p < 0.05), but remained unchanged in the pH 7.6 CO2 treatment (T-test, p > 0.05). 

Furthermore, in the pH 8.1 treatment, P:R was 20% higher at 18 days than it was in the 

pH 7.6 CO2 treatment (T-test, p < 0.05). In all cases though, P:R exceeded 1.5, indicating 

that the corals remained potentially autotrophic with respect to carbon irrespective of the 

pH (fig 2.18). 

 

 
 
 
 
 
 

 
 
 
 

Figure 2.18: Gross photosynthesis (P) to dark respiration (R) ratio. 
Stylophora pistillata treated with pH 8.1 (blue) and pH 7.6 CO2 (red).  
Values are means + SE. The experiment consisted of two time points over 
the 18 days, with n = 12 at Day 0 and n = 16 at Day 18. 
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2.3.7 Alkalinity 
 
The alkalinity of the pH 8.1 and pH 7.6 CO2 treatments did not differ significantly over 

the duration of the experiment (multiple T-test, p > 0.05). At every time-point during the 

18-day trial, the alkalinity of the pH 7.6 HCl treatment averaged 12% lower than in the 

control and pH 7.6 CO2 treatments (multiple T-test, p < 0.001) (fig 2.19). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.19: Seawater alkalinity. pH 8.1 (blue), pH 7.6 CO2 (red) and 
HCl (green).  Values are means + SE. The experiment consisted of 4 
time-points over an 18-day period; n = 3 per time-point. 
 



63 
 

Isolated zooxanthellae 
 

2.3.8 Photosynthetic Health  
 
In both the HCl and CO2 trials, photosynthetic health (Yi) was consistent throughout at 

both pH 8.1 and pH 7.6 (linear regression p > 0.05 for both trials). Furthermore, the linear 

trends for the two pH levels did not differ in either trial (p > 0.05) (fig. 2.20). 

 

 
 
 
 

 
 

Figure 2.20: Photosynthetic health (Yi) of isolated (i.e. cultured) 
zooxanthellae versus pH. Zooxanthellae isolated from Stylophora pistillata 
were treated with A) pH 8.1 (blue) and pH 7.6 HCl (red); and B) pH 8.1 
(blue) and pH 7.6 CO2 (red).  Values are means + SE. The experiment 
consisted of 6 time-points over 35 days, with n = 6 at Day 0 and n = 3 at all 
other time-points. 
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2.3.9 Chlorophyll content 
 
In the HCl trial (fig 2.21A), chlorophyll per algal cell remained constant over time at pH 

7.6 (linear regression, p > 0.05). In contrast, in the corresponding pH 8.1 treatment, 

chlorophyll per algal cell increased with time (linear regression, p < 0.05), with the 

concentration being 64% higher at 35 days than at Day 0. These opposing trends meant 

that, at the final two time-points, the chlorophyll concentration was 48 and 35% lower, 

respectively, at pH 7.6 than at the control pH (T-test, p < 0.05).  

In the CO2 trial (fig 2.21B), chlorophyll concentration per cell did not change 

significantly with time, at either the treatment or control pH (linear regression p > 0.05). 

However, there were differences between the chlorophyll concentrations in two 

treatments, largely because a slight but insignificant decline in the control. In particular, 

at Days 28 and 35, the chlorophyll concentration in the pH 7.6 treatment was 41 and 45% 

higher, respectively, than in the pH 8.1 control (T-test, p < 0.05 for both time-points).  

 
 
 
 

Figure 2.21: Chlorophyll concentrations per cell. Zooxanthella isolated from 
Stylophora. pistillata were treated with A) pH 8.1 (blue) and pH 7.6 HCl (red) and 
B) pH 8.1 (blue) and pH 7.6 CO2 (red).  Values are means + SE, the experiment 
consisted of 6 time-points over 35 days, n = 6 at time 0, otherwise n = 3. 
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2.4 Discussion 
 
The experiments in this chapter were designed to assess any impact of acidification on 

the photophysiology of zooxanthellae in the coral S. pistillata, both while in symbiosis 

and in isolation (i.e. in culture). Moreover, as the addition of HCl affects seawater 

chemistry differently to the addition of CO2 (Kikkawa et al. 2003; Atkinson and Cuet 

2008; Fabry 2008; Iglesias-Rodriguez et al. 2008), the experiments demonstrated any 

differential effects of these two treatments. Unfortunately, due to unforeseen 

circumstances, the 7.6 pH HCl/intact coral trial could not be completed, limiting the 

conclusions that can be drawn here, however the remaining experiments still revealed 

some interesting patterns.  

 

 

CO2 impacts on whole corals 
 
 

In S. pistillata, zooxanthella density did not change and chlorophyll levels per 

zooxanthella increased in the 18-day pH 7.6 CO2 treatment. Similarly, in a 4-day study by 

Crawley et al. (2009), the coral Acropora formosa showed increased chlorophyll levels 

per zooxanthella and no increase in overall zooxanthella density. Due to the high 

densities of zooxanthellae within their host, it has been suggested that zooxanthellae 

could be carbon limited in hospite (Goiran et al. 1996), and since the pH 7.6 CO2 

treatment acted to increase carbon availability in the current experiment, this may help 

explain the increased chlorophyll concentration per zooxanthella. In S. pistillata, however, 

this did not translate into increased gross photosynthesis per cell or total gross 

photosynthesis, most likely because of the near-significant (22%) decline in 
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photosynthetic rate per unit chlorophyll. The reason for this chlorophyll-specific decline 

is unknown and in fact this trend seems inconsistent with the PAM data where the 

photosynthetic health (Yi) was amongst the least variable of all parameters measured. 

Indeed, there is current debate among photophysiologists about whether data recorded via 

PAM, which measures electron transport rate, are directly comparable with data recorded 

via an O2 electrode. Electrons sourced for the key stages of the dark reactions of 

photosynthesis are sourced from the splitting of water (Jones et el. 1999), and PAM 

quantifies this and allows for a rapid and non-invasive assessment of the photochemical 

efficiency of photosystem II (Jones et al. 1999). In these experiments, gross 

photosynthesis was derived by correcting net oxygen evolution rate for the corresponding 

rate of dark respiration. PAM fluorometry assumes that gross photosynthetic rate is 

represented by the electron transport rate at photosystem II, therefore omitting light-

dependent alternative electron pathways, such as the oxygen-consuming Mehler reaction, 

mitochondrial respiration or the electron cycle around photosystem II (Wagner et al. 2006; 

Jakob et al. 2007). The range of alternative electron pathways, which are not detected by 

PAM, could explain why Jakob et al. (2007) highlighted that measuring gross 

photosynthesis, by detecting evolution of O2, includes the activity of “alternative” 

electron consuming reactions, and it is for this reason results obtained via an O2 electrode 

cannot be directly compared with results obtained via PAM fluorometry. More detailed 

biochemical assessment is necessary to reveal why gross photosynthesis per unit 

chlorophyll declined while photosynthetic health remained constant. 

 

The autotrophic potential of S. pistillata when acidified was determined by the P:R ratio. 

Given that the rates of gross photosynthesis and respiration remained unchanged between 
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0 and 18 days, P:R also remained unchanged in the pH 7.6 CO2 treatment. Somewhat 

surprisingly, however, P:R increased in the control pH 8.1 treatment and at 18 days it was 

17% higher than in the pH 7.6 CO2 treatment. This increase was not related to any 

increase in gross photosynthesis, which remained unchanged at this pH too, but instead to 

a small drop in the respiration rate. While this temporal drop was statistically 

insignificant, it was sufficient to result in the respiration rate at 18 days being ~20% 

different between the two pH treatments. Why the respiration rate dropped in the control 

treatment is not obvious. One possibility, however, is that the coral nubbins were 

continuing to recover from their initial handling even after the start of the experimental 

period. This decline in respiratory rate may not have been seen in the acidified treatment 

because it was countered by a degree of physiological stress to the animal and/or algae, 

resulting in enhanced respiration. Importantly though, in both the control and acidified 

treatments, P:R remained considerably above the autotrophic threshold value of 1. As a 

result, it seems that S. pistillata can continue to survive autotrophically (with respect to 

carbon at least) even under the long-term projections for ocean acidification. In a 

comparable study by Anthony et al. (2008), productivity (P:R) in the corals Acropora 

intermedia and Porites lobata, and the coralline alga Porolithon onkodes was reduced by 

doses of CO2 that resulted in acidification levels similar to those used here. These authors 

also tested for the synergistic effects of increased acidification and increased temperature. 

In marked contrast to the current study, using the 3 different coral species, they showed 

between a 30% (P. lobata) and almost 100% (A. intermedia and P. onkodes) reduction in 

productivity at the lowest experimental pH (pH 7.60 – 7.70) and the lowest experimental 

temperature (26°C); notably, the low pH and temperature were comparable to those used 

here. While at the same pH, but the highest temperature (29°C), productivity levels 

dropped even further, from a decrease of almost 100% (P. lobata and A. intermedia) to a 
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decrease of 160% (P. onkodes) (i.e. removing the alga’s capacity for complete 

autotrophy). Also contrary to the current study, Anthony et al. (2008) claimed that these 

negative effects on productivity were a function of decreased photosynthesis rather than 

any major increase in respiration, which fluctuated by <10%. However, more similarly to 

S. pistillata, all three species described by Anthony et al. (2008) remained autotrophic 

while at a similar temperature and pH as used in the current experiment. Furthermore, 

two out of three species remained autotrophic when at the same pH but at the higher 

temperature. From this published study and this current work, it appears that corals and 

other coralline phototrophs have distinct physiological responses to acidification, with S. 

pistillata (this study) and P. lobata (Anthony et al. 2008) both showing relatively limited 

photophysiological responses to acidification (pH 7.6) when compared to some other 

species. It is important to note though that more prolonged exposure to acidification 

could have induced more marked impacts in S. pistillata, and that Anthony et al.’s (2008) 

study ran for 8 weeks, rather longer than the 18 days of this current investigation.  

 

 

CO2 and isolated zooxanthellae 
 
 
Unlike the zooxanthellae in symbiosis, chlorophyll levels per cell in the isolated 

zooxanthellae did not increase with the addition of CO2 over the duration of the 

experiment, even after 35 days. However, chlorophyll levels declined by 27% in the pH 

8.1 control treatment.  This decline, although not significant, was enough to lead to a 

significantly lower chlorophyll concentration at pH 8.1 than at pH 7.6 towards the end of 

the experiment, suggesting that the zooxanthellae were beginning to bleach under the 

control conditions. Indeed, being maintained in seawater rather than a nutrient-enriched 
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culture medium or inside the nutrient-rich intracellular environment of the host (i.e. in 

hospite), most likely led to physiological stress or nutrient-limitation for these algae. 

Indeed, the open ocean is subject to large fluctuations and low overall concentration of 

key critical nutrients such as nitrogen, but within the cytoplasm of the host coral, 

zooxanthellae avoid such fluctuations and can experience nutrient levels an order of 

magnitude higher than those available in the open ocean (Miller and Yellowlees 1989; 

Cook et al. 1994). Given this, it seems likely that the maintenance of steady chlorophyll 

concentrations in the CO2-treated zooxanthellae was assisted by this additional inorganic 

carbon supply.  However, why this same decline was not seen in the control treatment in 

the HCl trial is unknown; indeed, the cellular chlorophyll content actually increased. This 

inconsistency between the two trials warns of drawing strong conclusions from a single 

experimental run and a single set of algal cultures.  

 

 
HCl and isolated zooxanthellae 
 
 

Acidification via HCl resulted in no negative effect on the photosynthetic health (Yi) of 

zooxanthellae isolated from S. pistillata, contrary to an expected impact of cellular 

acidosis. In comparison, chlorophyll levels per zooxanthella fluctuated and were 

significantly lower when compared to the controls, though there was no significant 

overall decrease. It was initially predicted that the lower alkalinity arising from 

acidification via HCl rather than CO2, and shown during the course of these experiments, 

would have greater potential for causing intracellular acidosis than acidification via CO2 

– which by comparison maintains similar alkalinity levels to normal seawater but with 

higher levels of DIC. In turn, it was expected that acidosis would negatively impact upon 
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the healthy operation of photosynthesis, with impacts for example on the function of 

ribulose-1,5-bisphosphate carboxylase (RuBisCO) and membranes such as the thylakoid 

membranes of the chloroplast (May et al. 1986; Reaich et al. 1992; Mitch et al. 1994 and 

May et al. 1996; Patel et al. 2001; Doerr et al. 2005).  Even in less extreme cases, a 

lowered pH may not necessarily denature an enzyme but may move it out of its optimal 

range of efficiency, thus reducing its activity (Irwin et al. 1994; Laffey et al. 2000; 

Wildbrett et al. 2003). There are many examples in the literature detailing how acidosis 

affects protein function. In animals it has been shown that denaturation of proteins in 

skeletal muscle and increased oxidation of amino acids, such as leucine, occurs with 

acidosis (May et al. 1986; Reaich et al. 1992; Mitch et al. 1994 and May et al. 1996); 

moreover, membrane function and repair may be hindered by extreme acidosis (Patel et 

al. 2001; Doerr et al. 2005) and the increased [H+] may cause lipid peroxidation (Hall et 

al. 1995).  Further effects of acidosis have been reported in plants. For example, cytosolic 

acidification in plants triggers a reduction of carbon flow along the glycolytic pathway 

(Sakano 2001; Nocito 2008).  Acidosis in plants has also been found to affect the enzyme 

L-galactono-gamma-lactone dehydrogenase (GAL), which is important for the formation 

of ascorbic acid, which acts as an antioxidant in plants, removing free radicals and 

preventing cellular damage (Ostergaard et al. 1997; Blokhina et al. 2003). The failure of 

these isolated zooxanthellae to show any signs of acidosis, at least in terms of their 

photosynthetic health (Yi), may well be related to their usual habitat inside the 

symbiosome membrane complex of their coral host. Indeed, very recently (Venn et al. 

2009) it has been discovered, via the use of pH-specific fluorescent probes and confocal 

microscopy, that the pH in S. pistillata, in the region surrounding the zooxanthellae, is 

just 7.13 in the dark and 7.41 in the light. Likewise, these same authors found that the pH 

in the symbiotic sea anemone Anemonia viridis was only 7.01 in the dark and 7.29 in the 
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light. This important finding strongly suggests that the zooxanthellae are adapted to living 

in an acidic environment, and hence it is not as surprising as it first seemed that 

acidification had no impact on photosynthetic health in these isolated algae.  

It is unfortunate that the failure to complete the whole coral/HCl experiment prevented 

comparison with the isolated zooxanthellae/HCl trial. In particular, on Day 17 of the 

whole coral experiment (i.e. less than 24 hours before the planned endpoint and just 

before the tanks were accidentally over-acidified), it was noted that the coral nubbins 

were extremely pale and showing signs of tissue or mucus sloughing. It may well be that 

the coral animal itself is more susceptible to acidification with HCl than are its 

zooxanthellae, and if so then degradation of the coral’s tissues might introduce a 

secondary source of stress for the zooxanthellae. This interesting topic warrants further 

study.  

 

 

Ecological implications  
 
 
Whether in isolation or symbiosis, zooxanthellae from S. pistillata suffered no negative 

effects on photosynthetic health (Yi) in response to acidification caused by increased 

levels of CO2. Furthermore, in the intact corals, an increased concentration of chlorophyll 

at elevated CO2 levels was countered by a decrease in the chlorophyll-specific rate of 

photosynthesis, meaning that there was no impact on the total gross photosynthetic 

capacity of the coral. All of this suggests that acidification of the seawater to the long-

term projected value of pH 7.6 would have negligible impacts on the photophysiology of 

S. pistillata unless, as stated previously, impacts on the coral itself have secondary 

impacts on the zooxanthellae. However, if the coral itself was impacted and bleached as a 
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consequence of acidification, this study indicates that the expelled zooxanthellae might 

retain their photosynthetic viability and the potential to infect new hosts. Such a scenario 

would be consistent with the so-called Adaptive Bleaching Hypothesis, where 

zooxanthellae form new symbioses after stress events that are better suited to the new 

environmental regime (Buddemeier and Fautin 1993).  

 

It is of course important to discriminate between the impacts on symbiont 

photophysiology and other physiological impacts, especially those involving calcification. 

Zooxanthellae, like all dinoflagellates, have no calcium carbonate-based structures, so 

will remain unaffected by acidification in this respect. However their coral hosts will 

have to contend with reduced aragonite and calcite concentrations, and hence reduced 

rates of skeletogenesis. This fact means that coral reefs are still unlikely to persist in the 

face of acidification, and that the zooxanthellae would lose their endosymbiotic habitat. 

Indeed, even now zooxanthellae are rarely found in the free-living state, and when they 

are they tend to be close to their hosts, in low numbers and transient (Carlos et al. 1999; 

Savage et al. 2002). It would therefore seem likely that, unless symbiotic zooxanthellae 

rapidly evolve the ability to persist in the free-living state (which is highly improbable 

given the extent of host-symbiont integration), then they would become extinct along 

with their coral hosts.  

 

To gain a better understanding of how S. pistillata and its zooxanthellae could be affected 

in the long term by seawater acidification, a longer-term study should be performed. This 

current study evaluated the effects arising from seawater acidification in the short term, 

and it would appear that some effects occur quite quickly.  However, some other patterns, 
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such as those relating to cellular chlorophyll content, were only just becoming apparent 

or were inconsistent between trials and over time. Clarification of these patterns requires 

longer-term study. Furthermore, the synergistic impacts of acidification and other 

environmental stressors (e.g. temperature) should be considered (Anthony et al. 2008). If 

environmental predictions are true, then seawater will become more acidic and warmer in 

the future (Hoegh-Guldberg et al. 2007), which may prove too much for most of the 

world’s coral. Moreover, when global warming and acidification are considered 

alongside other environmental impacts such as sediment runoff, poorly managed tourism, 

destructive fishing practices and sea-level rise, then the future for S. pistillata, and other 

corals around the world looks bleak. Modelling the synergistic impacts of these various 

stressors is a major challenge for coral reef scientists in the immediate future. 



74 
 

CHAPTER III  
 

PHOTOPHYSIOLOGICAL RESPONSES OF 
THE TEMPERATE SEA ANEMONE 
ANTHOPLEURA AUREORADIATA TO 
SEAWATER ACIDIFICATION 
 
 
 

3.1 Introduction  

Climate change, which is the shift in global climatic patterns arising from 

excessive amounts of atmospheric CO2, poses a real threat to the long term survival of 

coral reefs. CO2 acts like an insulator heating the planet by trapping the Sun’s energy. 

This process is natural, but with excessive anthropogenic CO2 emissions the planet is now 

heating at a much faster rate than what has been recorded in the last 10,000 years – 

possibly longer (Petit et al. 1999; Epstein 2001). Rising sea surface temperatures can 

potentially promote coral disease and loss of the symbiotic algae from corals (bleaching) 

(Walther et al. 2002; Hughes et al. 2003). In 1997/98, it was estimated that as much as 

16% of the world’s coral reefs were damaged by human induced coral bleaching whereas, 

pre-1980s, widespread coral bleaching was considered uncommon (Buddemeier et al. 

2004; Gierck 2007). This increased bleaching, and cases of coral disease, are not solely 

attributable to climate change, but rather a synergistic relationship with non-climatic 

stresses which humans also place upon reefs (Buddemeier et al. 2004; Hoegh-Guldberg et 

al. 2007; Nicholls et al. 2008).  
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There is potentially an even greater threat to the world’s coral reefs: ocean acidification. 

As already mentioned CO2 is a greenhouse gas which acts to alter the climate of the 

planet, but in addition to atmospheric storage CO2 also dissolves into the ocean. 

Therefore, as the rate at which CO2 is released to the atmosphere has intensified, so to has 

the amount being absorbed by the world’s oceans, and there are early signs that this is 

beginning to overwhelm natural systems. CO2, when dissolved in water, undergoes a 

chain of simple chemical reactions and, when combined with H2O, forms a carbonic acid 

which readily releases H+ ions to the water, making it more acidic (Royal Society 2005). 

When an acid, such as carbonic acid, is added to seawater, the additional hydrogen ions 

react with available CO3
2– ions and convert them to HCO3

-. This acts to reduce the 

concentration of hydrogen ions and hence limit the acidification that would have 

otherwise occurred (Royal Society 2005); this process is known as the carbonate buffer. 

However, with the ever increasing amount of CO2 added to seawater, the ability of the 

carbonate buffer to maintain a constant pH is reduced. This is due to the fact that, as more 

and more CO2 dissolves into seawater, the CO3
2– ions used to buffer against acidification 

are reduced in number, and so are not as readily available for maintaining the seawater’s 

buffering capacity (Royal Society 2005). 

 

As a result of this overwhelming of the carbonate buffer, oceans have decreased 0.1 of a 

pH unit since the Industrial Revolution (late-eighteenth to mid-nineteenth centuries), and 

are predicted to drop to pH 7.6 by 2100 and beyond (Caldeira and Wickett 2003; Orr et al. 

2005; Wood et al. 2008; Zeebe et al. 2008; Doney et al. 2009).  This decrease in pH will 

make it very difficult for marine calicifiers to form their calcium carbonate structures, 

which are integral to their physiology (Orr et al. 2005; Hoegh-Guldberg et al. 2007). 



76 
 

Since ocean acidification was highlighted by the Royal Society (2005), research in the 

area of ocean acidification impacts on marine calcification has grown exponentially; as a 

result it has left other potential physiological impacts of acidification somewhat 

understudied.     

 

Contrary to the situation with calcification, increased levels of dissolved CO2 may 

increase rates of photosynthesis and algal/plant production. For example, Hall-Spencer et 

al. (2008) used volcanic CO2 vents, which locally acidified the water off the coast of Italy, 

as a natural in situ simulation of ocean acidification. Results identified that seagrass 

production was highest in areas of pH 7.6 (i.e. acidified). Similarly, in a mesocosm 

(Palacious and Zimmerman 2007), the seagrass Zostera marina exhibited increased 

photosynthetic rates when exposed to elevated levels of dissolved CO2 for 45 days; over 

longer periods of time (1 year) increased production was manifested as increased below-

ground biomass and improved reproductive output. Also of note, an increase in dissolved 

inorganic carbon (DIC) concentration to 750 parts per million by volume (ppmv) 

(causing a decrease to pH 7.7) at least doubled the rate of photosynthesis in the 

coccolithophore Emiliania huxleyi (Iglesias-Rodriguez et al. 2008). Clearly it seems as 

though increased levels of CO2 may have the potential to enhance photosynthetic 

production of symbiotic algae in corals and other invertebrates, though little is known 

about this. While there has been a small amount of recent work on this issue in reef corals 

(Chapter 2, this study; Anthony et al. 2008; Crawley et al. 2009), there have been no such 

studies on other zooxanthellate invertebrates, either in the tropics or at other latitudes.  
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At temperate latitudes, the same environmental factors that favour cnidarian-

dinoflagellate symbiosis in tropical regions are not present. For instance, there are greater 

fluctuations of irradiance and temperature, and greater supplies of inorganic nutrients and 

particulate food. However, cnidarian-dinoflagellate symbiosis, exhibited mostly in sea 

anemones, is still ecologically dominant and very productive at some locations (Muller-

Parker & Davy 2001; Rodriguez-Lanetty et al. 2003), even though far fewer cnidarian 

species form such symbioses at high latitudes than in the tropics (Muller-Parker & Davy 

2001; Davy and Turner 2003). The biogeographical distribution of temperate 

zooxanthellate anemones in the Pacific Basin extends from Alaska (60°N) to New 

Zealand (45°S), and in the eastern Atlantic Basin extends from south and west Europe 

and as far north as Scotland (Muller-Parker & Davy 2001). Temperate anemones have 

lower densities of zooxanthellae than their tropical counterparts, while the symbiosis 

seems to be more resistant to fluctuations in light and temperature (Muller-Parker & 

Davy 2001; Muller-Parker et al. 2007). However, how these temperate symbioses 

respond to acidification is completely unknown. This is of interest given both their 

aforementioned robustness to environmental fluctuations, and the fact that high latitudes 

are predicted to suffer the effects of ocean acidification before the tropics (Hoegh-

Guldberg et al. 2007; Sheppard 2008).  

 

The aim of this study was to identify the photophysiological effects of seawater 

acidification on temperate zooxanthellae. Using a model organism, the temperate sea 

anemone Anthopleura aureoradiata sourced locally from the Wellington region (fig 3.6), 

it was hypothesised that seawater acidified using CO2, due to increased availability of 

photosynthetically important DIC, would have a positive effect on the photophysiology 
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of A. aureoradiata, but that seawater acidified with HCl, due to the decrease in pH and no 

corresponding increase in available DIC, would have a negative effect.  

 

3.2 Methods 

3.2.1 Experimental organism 

 

A. aureoradiata is a common sea anemone found on mudflats throughout New Zealand, 

although it also frequents rocky shores. Due to a lack of hard substrate on mudflats, the 

anemone attaches itself to the shells of common bivalves (fig 3.1), especially the cockle 

Austrovenus stutchburyi, a filter-feeding bivalve that can occur at very high densities (up 

to 200 m-2). A. aureoradiata can reach an average height of up to 2-3 cm when fully 

extended and attaches to the cockle using its basal disk. Typically the cockle is a few 

centimetres or less from the sediment surface, allowing the anemone’s tentacles to 

surface at high tide. 

 

A. aureoradiata (n = 150) was collected from Pauatahanui Inlet (Latitude: -41° 05 Min. 

50 Sec. Longitude: 174° 52 Min. 54 Sec; fig 3.2) at low tide during October 2008.   Once 

brought back to Victoria University of Wellington, the anemones were housed in a 2 L 

specimen bowl, filled with 1-µm filtered seawater (FSW). The anemones were 

maintained at 16 + 1°C and an irradiance of 250-300 µmol photons m-2 s-1 on a 12 h 

light:12 h dark cycle; light and temperature control was provided via a standard incubator. 

The anemones were fed on a diet of Great Salt Lake Artemia sp. nauplii (MacKay Marine
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Figure 3.1: Pauatahanui Inlet at low tide. A) Typical shallow pools of water that Anthopleura aureoradiata is found in once the tide had 
receded. B) A. aureoradiata with its tentacles above the sediment surface layer.  Note that the body of the animal is buried beneath the 
sediment. C) The anemone in B) when removed from the sediment, attached to a deceased cockle.  A further three anemones were also 
attached to this cockle. 
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Figure 3.2: Collection site. A) New 
Zealand; B) Pauatahanui Inlet, 33 
km north of Wellington; C) 
magnified view of the collection 
site. Photo illustrates site at partial 
low tide. 
 
Images from Google Earth, 2009 
 

A 

B
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USA), with feeding every 5 days. The anemones were left to acclimate to this 

environment for 10 days before the commencement of any experimentation. 

3.2.2 Experimental design  

The whole set-up was housed in a temperature-controlled room. Two 200 L black plastic 

reservoir tanks were filled with FSW and each led to a single glass aquarium containing a 

further 25 L of FSW.  Water was pumped from the bottom of each reservoir tank into the 

bottom of the corresponding aquarium, at a rate of 1 L min-1; the overflow from each 

aquarium was then returned to the surface of the reservoir tank. One reservoir tank 

contained untreated seawater at pH 8.1 (the control) while the other contained acidified 

seawater at pH 7.6; in the first experiment this pH was achieved by adding HCl while in 

the second experiment it was achieved by adding gaseous CO2. To acidify the seawater in 

the reservoir tank, a PINPOINT® pH controller (American Marine Inc.) switched on 

either: 1) a peristaltic pump (fig 3.3) which triggered the addition of 10% HCl; or 2) a 

CO2 solenoid (Red Sea Pro) that delivered dissolved industrial-grade CO2 from a 6.8 kg 

cylinder.  A powerful 35 W pond pump ensured complete mixing within each reservoir 

tank, while each aquarium had a small pump/filter within it to ensure further mixing; the 

pump also filtered out any debris and created a slight current that favoured anemone 

expansion. The pH of both the treatment and reservoir tanks was checked twice-daily 

with an independent pH probe, to ensure a pH of 7.6 + 0.01, and all probes were 

recalibrated weekly. Temperature was maintained at 16 + 1°C via the temperature 

controlled room and a light regime of 12 h light:12 h dark regime at 275 + 25 µmol 

photons m-2 s-1 was maintained via a light bank containing thirty-five 5 W LED lamps 

(Green Lights, Taiwan) (fig 3.4).  

 



82 
 

 

 

 

 

 

Figure 3.3: Experimental set-up. Experiment was left 
for a duration of 42 days for both the pH 8.1 versus 
pH 7.6 HCl and pH 8.1 versus pH 7.6 CO2 
experiments. 
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Figure 3.4: Photograph of the experimental set-up shown diagrammatically in figure 2.6. The photograph was taken during the pH 8.1 
versus pH 7.6 HCl experiment, so the CO2 cylinders are not in use. The experimental set-up for the pH 8.1 versus pH 7.6 CO2 
experiment was otherwise the same, except that the pH controller triggered a CO2 solenoid and hence the delivery of dissolved CO2 to 
the reservoir tank, rather than triggering the peristaltic pump to add 10% HCl.  
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Once a steady pH was established, all experimental anemones (n = 75) were placed in the 

pH 8.1 control aquarium for 10 days, after which 5 anemones were immediately sampled, 

and 35 were transferred into the pH 7.6 aquarium (leaving 35 anemones at pH 8.1). 

Anemones (n = 5 per time-point per treatment) were sampled at 0, 4, and 7 days, and then 

every 7 days until Day 42.  At each time-point, photosynthetic health, chlorophyll content 

per zooxanthella, and zooxanthellar density were measured as described below. The ratio 

of photosynthesis to respiration (P:R, a measure of autotrophic potential) was measured 

at 0 and 42 days only (fig 3.5). 

 

 

 

 

 

 

Figure 3.5: Experimental timeline. pH 8.1 control conducted in tandem with a specific 
treatment – either pH 7.6 HCl or pH 7.6 CO2. Colour-coded boxes indicate what 
measurements were taken for each corresponding time-point, with 5 anemones 
processed per time-point per treatment. 
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3.2.3 PAM fluorometry 

Photosynthetic parameters of the zooxanthellae were measured with an Imaging Pulse 

Amplitude Modulated (IPAM) Fluorometer (Walz, model IAMG-MAX/l, Germany). 

Anemones from each treatment and time-point (n = 5) were placed into the IPAM 

immediately after treatment, without dark adaptation (fig 3.6). Light curves were 

constructed using exponential waiting-in-line fit, and the light curves used to estimate the 

light-saturated rate of photosynthesis (Pmax), the saturation irradiance (Ik), and the 

photosynthetic efficiency (alpha, α) for each anemone (via a standardised “area of 

interest”). The average of each of these parameters was then calculated for each time-

point and treatment. Imagaing PAM was set as follows: Measuring light intensity 2; 

Saturation Pulse Intensity 10; Gain 5; Damping 4 and 30 second intervals between 

measuring light pulses. 

 

 

Figure 3.6: View of 
Anthopleura 
aureoradiata (5 
anemones) under the 
IPAM fluorometer. 
The partial red ring 
encircling the 
anemones is light 
scatter from the Petri 
dish in which the 
anemones were 
placed. The black 
rectangles are the 
“areas of interest”. 
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3.2.4 Zooxanthellar counts and density 

Each anemone was ground in 10 ml of FSW in a hand-held glass tissue grinder and, using 

a vortexer, the resulting slurry was thoroughly mixed. Sub-samples (n = 8 x 100 µl) of 

each slurry were taken for algal counts, conducted via light microscopy with a 

haemocytometer (Weber Scientific Instruments, England). These numbers were then used 

to calculate: 1) density of algae per ng of anemone protein; 2) concentration of 

chlorophyll per algal cell; and 3) gross photosynthesis per algal cell.   

 

To enable calculation of the zooxanthellar density (to test for evidence of 

photoacclimatory changes or bleaching) it was necessary to measure the protein content 

of each anemone. To do this, the remaining 9.2 ml of slurry were centrifuged at x 7,500 g 

for 5 minutes.  A sub-sample (5 ml) of the supernatant (animal fraction) was then pipetted 

off and kept aside.  The algal pellet was re-suspended in the remaining 4.2 ml of 

supernatant, to further remove animal contamination from the algal cells, and centrifuged 

at x 7,500 g for another 5 minutes. The secondary supernatant was added to the primary 

supernatant and made up to 10 ml by the addition of ~800 µl of FSW.  Two 1.5 ml sub-

samples were taken from this 10 ml sample and frozen in Eppendorf microfuge tubes; the 

pellet of zooxanthellae was also frozen, and the remaining 7 ml solution was discarded. 

One of the two 1.5 ml animal fraction samples (the other was kept as a back-up) was 

defrosted, poured into a 10 ml tube, and diluted 6-fold with FSW.  The solution was 

thoroughly mixed with a vortexer, decanted into a glass quartz cuvette, and the 

absorbances at 235 and 280 nm measured with a spectrophotometer. Equation 3.1 was 

used to calculate the protein content of the original 10 ml solution (i.e. the total protein 

content of the sea anemone): 
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P = (A235 – A280) x 2.51 x DF x V (ml)   [Equation 3.1] 

Where: 

P  =  protein content of original 10 ml solution (total protein of anemone in ng) 

DF =  dilution factor  

V  =  Volume of original supernatant 

A235 /A280  =  Absorbance at either 235 or 280 nm 

  

In addition to calculating zooxanthellar density, the protein content was also used for 

standardising the chlorophyll content of each anemone, and rates of photosynthesis and 

respiration.  

 

3.2.5 Chlorophyll analysis 

Chlorophyll concentration, when normalised per algal cell or per ng of anemone protein, 

provided further insight into the impacts of acidification on photophysiology. Falcon 

tubes (15 ml) containing the algae isolated from each anemone (as per section 3.2.4) were 

wrapped in tin foil, to prevent light-induced degradation of chlorophyll. Acetone (2 ml) 

was added to each tube, and the tubes shaken and then placed in a fridge (3 + 1 °C) for 24 

hours. The following day, the tubes were centrifuged at 5°C and x 7,500 g for 12 minutes, 

to pellet cellular debris, and 1.2 ml of the resulting supernatant was pipetted from each 

tube into an acetone-proof cuvette.  Using a spectrophotometer, absorbance was 

measured at 630 nm, 663 nm and 750 nm, where absorbance at 750 nm was indicative of 

background turbidity. The concentrations of chlorophylls a and c2 were then calculated 

according to Equations 3.2 and 3.3. 
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Chlorophyll a (mg per ml) = (11.43 x (A663-A750)) - (0.64 x (A630 - A750)) [Equation 3.2] 

Chlorophyll c2 (mg per ml) =   (27.09 x (A630 - A750)) - (3.63 x (A663 - A750)) [Eq. 3.3] 

 

Chlorophyll a and c2 per anemone were calculated from these concentrations and the 

total volume of acetone in which the extraction occurred (2 ml), and total chlorophyll was 

calculated by adding together the amounts of these two chlorophylls. Chlorophyll per 

algal cell and chlorophyll per ng of anemone protein were then calculated by dividing the 

total chlorophyll content by the total algal numbers or the protein content of each 

anemone.  

 

 

3.2.6 Respirometry  

 

The ratio of maximum gross photosynthesis to respiration (P:R, an indicator of 

autotrophic potential) was measured at 0 and 42 days. At these time-points, each 

anemone was placed individually in a 30 ml transparent Perspex respirometry chamber 

(fig 3.7B) with FSW. The anemone sat on a piece of plastic mesh above a magnetic spin 

bar, and the whole chamber was placed on a submersible magnetic stirrer (Variomag 

Compact) in a transparent water bath at 16oC. A rubber bung was placed firmly into the 

chamber, forming an air-tight seal, and a temperature probe and O2 electrode were placed 

through the bung and into the water. 
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Figure 3.7: Respirometry. A) The respirometry set-up within the 
laboratory. B) Anthopleura aureoradiata in an O2 chamber, and 
the electrodes measuring the temperature and the dissolved O2 
content. The chamber was illuminated at 300 µmol photons m-2 
s-1; and C) A. aureoradiata within its O2 chamber covered in tin 
foil, for measuring respiration rates in darkness. 
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The oxygen and temperature sensors were calibrated to a 0% oxygen state using 1 g 

Na2SO3 per 100 ml FSW, and stirring for 30 seconds. Alternatively, preparation for 

oxygen-saturated state involved using an air pump to circulate air through 500 ml of FSW 

for an hour to provide surplus oxygenated FSW for measurements. To measure dark 

respiration, aluminium foil was wrapped around the O2 chamber to ensure that no light 

entered (fig 3.7C), and the anemone was allowed to settle for 10 minutes. The Fibox 3 

temperature-compensated oxygen meter (PreSens, Germany) was then switched on and 

the dissolved O2 content (%O2 saturation) of the seawater was measured for at least 20 

minutes, to obtain a constant respiration rate. The foil was then removed and the chamber 

illuminated at a photosynthesis-saturating irradiance of 300 µmol photons m-2 s-1 (Fig 

3.7A); the dissolved O2 content was then measured for a further 20 minutes to obtain the 

rate of maximum net photosynthesis.  

 

These respiratory and net photosynthetic fluxes were then converted to rates of mg O2 

anemone-1 h-1, by measuring the exact volume of FSW in the chamber with a measuring 

cylinder, and using standard conversion factors (%O2 to mg O2) for seawater at 35 ppt 

and 16oC. Gross photosynthesis was calculated by adding the respiratory rate to the net 

photosynthetic rate, and this value was divided by the respiratory rate to give P:R. A P:R 

of >1 was indicative of autotrophy with respect to carbon. The gross photosynthetic rate 

was divided by the number of zooxanthellae in the anemone, to give gross photosynthesis 

per cell (mg O2 zoox-1 h-1). This value was of use for comparing with changes in 

chlorophyll content and overall photosynthetic production, to gain more detailed insight 

into any photophysiological responses to acidification.  
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3.2.7 Statistics 
 
 
 
Simple linear regression was used to analyse data with multiple time-points, and hence to 

identify any temporal trends and significant differences (if any) between these trends. 

The simple linear regression was performed using the statistical software package R, and 

diagnostic graphs were checked for normality and equal variance. Student’s T-test was 

used as an effective way of comparing two means that were discrete from each other; this 

test statistic was calculated by hand.  
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3.3 Results  

3.3.1 Zooxanthella density 

In the HCl acidification experiment, there was a decrease in zooxanthella density over the 

42-day period at both pH 8.1 and pH 7.6 (p < 0.0001 for both treatments; fig. 3.8A).  

There was no difference between these trends (p > 0.05). There was also a decrease in 

zooxanthella density in the CO2 acidification experiment, in both the pH 8.1 (p < 0.0001) 

and pH 7.6 CO2 (p < 0.0001) treatments (fig. 3.8B), though of considerable note the 

decline was less marked in the CO2 treatment than in the control (p < 0.05). 

 

 Figure 3.8: Zooxanthella density in response to seawater acidification by 
HCl and CO2. A) pH 8.1 (blue) and pH 7.6 HCl (red).  B) pH 8.1 (blue) 
and pH 7.6 CO2 (red).  Values are means + SE; n = 5 per time-point. 
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3.3.2 Chlorophyll content 
 

When acidified to pH 7.6 with HCl, there was no significant change in chlorophyll per ng 

anemone protein, even though on average it declined markedly, by 46% (fig. 3.9A). This 

was the same at pH 8.1 in this same experiment, where no significant change was 

identified in the chlorophyll content (p > 0.05); consequently the two trends were not 

significantly different (p > 0.05). Figure 3.9B shows that there was a significant decrease 

in chlorophyll content per ng anemone protein at both pH 7.6 CO2 (p < 0.05) and pH 8.1 

in this experiment (p < 0.001); of note, the rates of chlorophyll loss were similar in both 

treatments (p > 0.05).  

 

 

 

Figure 3.9: Biomass-specific chlorophyll content versus pH in Anthopleura 
aureoradiata. A) pH 8.1 (blue) and HCl-induced pH 7.6 (red).  B) pH 8.1 
(blue) and CO2-induced pH 7.6 (red).  Values are means + SE, n = 5 per 
time-point. 
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3.3.3 Photosynthetic health (Yi) 

In the HCl treatment, photosynthetic health (Yi) was consistent throughout the 

experiment at pH 8.1 (p > 0.05), but declined by 23% at pH 7.6 (p < 0.0001); indeed, the 

trends at the two pH values were significantly different (p < 0.0001) (Fig 3.10A). In the 

CO2 experiment there was no significant change in Yi at either pH 7.6 or pH 8.1, and 

these trends were not significantly different (p > 0.05 for all comparisons) (Fig 3.10B). 

 
 

 
Figure 3.10: Photosynthetic health (Yi) in response to acidification. A) pH 
8.1 (blue) and HCl induced pH 7.6 (red). B) pH 8.1 (blue) and CO2 
induced pH 7.6 (red).  Values are in means + SE, n = 5 per time-point. 
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3.3.4 Other photosynthetic parameters: Pmax, Ik and alpha 

When acidified to pH 7.6 with HCl, the maximum rate of photosynthesis (Pmax) declined 

significantly, by 23%, over the 42-day trial (p < 0.05). In the pH 8.1 control of this same 

experiment, Pmax also decreased significantly, but only by 7% (p < 0.05). However, these 

two trends were not significantly differently from one another (p > 0.05), perhaps 

reflecting the considerable variability in some of the data (fig 3.11A). At both pH 8.1 and 

pH 7.6 in the HCl experiment, the saturation irradiance (Ik) remained constant, and the 

trends were not significantly between these two treatments (p > 0.05 for all comparisons; 

fig 3.11B). Similarly, at pH 8.1 in this same experiment, photosynthetic efficiency (alpha) 

did not change (P > 0.05). At pH 7.6, however, there was a significant decline in alpha of 

26% over the 42-day period (p < 0.05), though the trends at pH 7.6 and pH 8.1 were not 

significantly different (p > 0.05; fig 3.11C). 

 

In comparison, in the CO2 experiment, Pmax did not change significantly at either pH 8.1 

or pH 7.6, despite a 55-62% increase in the mean rate being observed, and both trends 

were statistically similar (p > 0.05 for all comparisons; fig 3.12A). Likewise, Ik did not 

change significantly in this experiment at either pH value, even though the mean value 

did increase by about 30%, and the trends were not significantly different between the 

two treatments (p > 0.05 for all comparisons; fig 3.12B). Alpha also did not change 

significantly at either pH, with the trends being the same in both cases (p > 0.05 for all 

comparisons; fig 3.12C).  
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Figure 3.11: Photosynthetic parameters of Anthopleura aureoradiata in 
response to acidification by HCl, as measured by IPAM fluorometry. 
Maximum rate of photosynthesis (Pmax, A), saturation irradiance (Ik, B), 
and photosynthetic efficiency (α, C) were calculated using an exponential 
waiting-in-line fit curve, pH 8.1 (blue) and pH 7.6 (red).  Values are 
means + SE, with n = 5 per time-point. 
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Figure 3.12: Photosynthetic parameters of Anthopleura aureoradiata in 
response to acidification by CO2, as measured by IPAM fluorometry. 
Maximum rate of photosynthesis (Pmax, A), saturation irradiance (Ik, B), 
and photosynthetic efficiency (α, C) were calculated using an exponential 
waiting-in-line fit curve, pH 8.1 (blue) and pH 7.6 (red).  Values are means 
+ SE, with n = 5 per time-point. 
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3.3.5 Photosynthesis in Anthopleura aureoradiata in response to 
acidification by HCl or CO2 

 

 

Biomass-specific photosynthesis 

In the HCl experiment, total gross photosynthetic production (Pgross) declined 

significantly, by 40% and 70%, between 0 and 42 days at pH 8.1 and pH 7.6 respectively 

(T-test, p < 0.05 for both treatments). This greater impact of pH 7.6 meant that Pgross at 42 

days was significantly lower in this acidified treatment than it was in the control (T-test, p 

< 0.05; fig 3.13A). In comparison, in the CO2 experiment, Pgross at both pH 8.1 and 7.6 

showed a decline, of about 50%, between 0 and 42 days; this decline was significant in 

both cases (T-test, p < 0.05), but was not significantly different between treatments (T-

test, p > 0.05; fig 3.13A). 

 

Cell-specific photosynthesis 
 
In the HCl experiment, gross photosynthesis per zooxanthella was not significantly 

different between 0 and 42 days, either at pH 8.1 or pH 7.6 (T-test, p > 0.05 for both 

treatments). However, the mean value declined sufficiently (by 62%) in the pH 7.6 

treatment for the photosynthetic rate per zooxanthella to be significantly lower than in the 

control at this end time-point (T-test, p < 0.05; fig 3.13B). In comparison, in the CO2 

experiment, gross photosynthesis per zooxanthella did not change in either pH treatment, 

nor was it significantly different between the pH treatments at the end of the experiment 

(T-test, p > 0.05; fig 3.13B). 
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Chlorophyll-specific photosynthesis 

In the HCl experiment, despite decreases in the average rate of gross photosynthesis per 

unit chlorophyll of 75% and 85% at pH 8.1 and pH 7.6, respectively, the declines were 

not significant (T-test, p > 0.05); this most likely results from the highly variable rates at 

Day 0 (fig 3.13C). In comparison, in the CO2 experiment, the chlorophyll-specific rate of 

gross photosynthesis remained the same between 0 and 42 days at both pH 8.1 and pH 

7.6, and the rates at these two pH levels were statistically similar at the end of the 

experiment (T-test, p > 0.05 for all comparisons; fig 3.13C).  
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Figure 3.13: Photosynthesis in Anthopleura aureoradiata in response to 
acidification by HCl or CO2. A) Biomass-specific gross photosynthesis (mg O2 ng-

1 h-1), B) Cell-specific gross photosynthesis (mg O2 zoox-1 h-1) and C) 
Chlorophyll-specific gross photosynthesis (mg O2 mg-1 chlorophyll h-1). 
Treatments were pH 8.1 control (blue); pH 7.6 generated with either HCl or CO2 
(red). Note that anemones at Day 0 were removed from the same control (pH 8.1) 
stock tank and analysed, prior to further anemones being placed in either the 
control or two acidification treatments; hence there is only one bar at this first 
time-point. Values are means + SE, n = 5 per time-point. 
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3.3.6 Respiration 

In the HCl experiment, respiration at pH 8.1 remained constant between 0 and 42 days 

(T-test, p > 0.05), whereas respiration at pH 7.6 dropped significantly between these 

time-points (T-test, p < 0.05). This resulted in the respiration rate being significantly 

lower in the pH 7.6 treatment than in the pH 8.1 treatment at the end of the experiment 

(T-test, p < 0.05; fig 3.14). In comparison, in the CO2 experiment, the respiration rate did 

not decline significantly at either pH 7.6 or 8.1 (T-test, p > 0.05), though it declined 

enough at pH 8.1 for the rate at pH 7.6 to be significantly higher (40% higher) at the end 

of the experiment (T-test, p < 0.05; fig 3.14).  

 

 

 

 

 

Figure 3.14: Respiration of Anthopleura aureoradiata in response to 
acidification of seawater by HCl or CO2. pH 8.1 control (blue); pH 7.6 
generated with either HCl or CO2 (red). Note that anemones at Day 0 were 
removed from the same control (pH 8.1) stock tank and analysed, prior to 
further anemones being placed in either the control or two acidification 
treatments; hence there is only one bar at this first time-point. Values are 
means + SE, n = 5 per time-point. 
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3.3.7 P:R 

 
In the HCl experiment, the ratio of total light-saturated gross photosynthesis to respiration 

(P:R) did not change between 0 and 42 days, either at pH 7.6 or pH 8.1 (T-test, p > 0.05, 

for both treatments); mean P:R at 42 days was virtually identical at both pH values (T-test, 

p > 0.05; fig 3.15). Likewise, in the CO2 experiment, there was no significant change in 

P:R  between 0 and 42 days at either pH value (T-test, p > 0.05). Furthermore, P:R was 

not significantly different between pH 7.6 and pH 8.1 at the end of the experiment (T-test, 

p > 0.05; fig 3.15). 

 

 

 

 

 

 

Figure 3.15: The ratio of gross photosynthesis (P) to respiration (R) of 
Anthopleura aureoradiata at the different pH values.  pH 8.1 (blue) were 
independent samples recorded at time 0 and twice at time 42 for both 
experiments. pH 7.6, induced with either HCl or CO2 (red) was recorded at 
time-point 42 only, as indicated on the axis. Values are in means + SE, n = 5 
per time point. 
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3.4 Discussion  

Acidification by HCl caused no reduction in the density of zooxanthellae in A. 

aureoradiata beyond that seen in the controls. Yet total gross photosynthesis decreased, 

reflecting the reduced rate of gross photosynthesis per zooxanthellar cell; interestingly 

however, this decrease was not a direct response to reduced chlorophyll per cell, as this 

remained unchanged. Concurrent with the reduced rate of total gross photosynthesis was 

a drop in respiration, which meant that the anemone was still able to meet its metabolic 

requirements despite its lower productivity. In comparison, when seawater was acidified 

with CO2, the decline in zooxanthellar density was far less than that seen in the control, 

suggesting a stimulatory effect that counteracted a general stress response (most likely 

due to the artificial lighting used). The increase was reflected in an increased rate of total 

gross photosynthesis, though not in gross photosynthesis per cell or per unit chlorophyll. 

However, a concurrent increase in respiration rate meant that the P:R ratio remained the 

same. These results suggest that the seawater acidified using CO2 improves the 

photosynthetic performance of the symbiosis through increasing the density of symbiotic 

algae rather than the photosynthetic performance of the individual algal cells, while HCl 

is detrimental to photosynthetic function. However, the potential for autotrophy in the 

symbiosis is not altered due to proportional changes in respiratory demands. 

 

Furthermore, this study supports recent claims that adjusting the pH with HCl does not 

accurately reflect the impacts of CO2 on seawater acidification (Kikkawa et al. 2003; 

Atkinson and Cuet 2008; Fabry 2008; Iglesias-Rodriguez et al. 2008).  Using A. 

aureoradiata as a model organism, it was found that most physiological parameters were 



104 
 

either more severely affected, or affected differently by HCl than they were by CO2. 

Indeed, of the eleven parameters recorded, seven were significantly different between the 

HCl and CO2 treatments.  

 

The underlying mechanisms of these various photophysiological trends and their 

ecological implications, as well as the reasons for the different responses to CO2 versus 

HCl, will be discussed here. 

 

Acidification via HCl 
 
 
The loss of photosynthetic function when seawater was acidified with HCl strongly 

suggests cellular acidosis, which can affect a broad range of intracellular processes. For 

instance, in animals it has been shown that denaturation of protein in skeletal muscle and 

increased oxidation of amino acids, such as leucine, occurs when acidosis is induced 

(May et al. 1986; Reaich et al. 1992; Mitch et al. 1994 and May et al. 1996). Moreover, 

membrane function and repair may be hindered while at extreme levels of acidosis (Patel 

et al. 2001; Doerr et al. 2005) and the increased [H+] may cause lipid peroxidation (Hall 

et al. 1995).  Further effects of acidosis have been reported in plants. For example, 

cytosolic acidification in plants triggers a reduction of carbon flow along the glycolytic 

pathway (Sakano 2001; Nocito et al. 2008).  Acidosis in plants has also been found to 

affect the enzyme L-galactono-gamma-lactone dehydrogenase (GAL), which is important 

for the formation of ascorbic acid, which acts as an antioxidant in plants, removing free 

radicals and preventing cellular damage (Ostergaard et al. 1997; Blokhina et al. 2003). 
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The loss of photosynthetic potential in the symbiosis was not due to loss of symbionts, 

but rather less photosynthesis per zooxanthellar cell. This suggests that the lowered pH 

may have an effect on the photosynthetic apparatus.  Lowered pH can denature proteins 

and can affect the viability of membranes (May et al. 1986; Reaich et al. 1992; Mitch et 

al. 1994 and May et al. 1996; Patel et al. 2001; Doerr et al. 2005), meaning that the 

chloroplast, which contains ribulose-1,5-bisphosphate carboxylase (RuBisCO) and the 

thylakoid membranes, is likely compromised by a more acidic environment. Furthermore, 

even in less extreme cases, a lowered pH may not necessarily denature a protein but may 

move it out of its optimal range of efficiency, thus reducing its activity (Irwin et al. 1994; 

Laffey et al. 2000; Wildbrett et al. 2003); this could explain the witnessed reduction in 

photosynthetic efficiency, health and potential seen in A. aureoradiata in the pH 7.6 HCl 

treatment. Similarly, Maury et al. (1981) induced stromal acidification of isolated spinach 

chloroplasts (a drop in stromal pH by 0.07-0.15 pH units) by the addition of Mg2+.  The 

study found that, despite only a small decrease in pH, there was a significant decrease in 

O2 evolution, indicative of inhibition of photosynthesis.  The authors suggested that 

increased acidity of the stroma causes photosynthesis to become more sensitive to 

internal phosphate levels, therefore for efficient photosynthesis to occur, the maximum 

desired levels of intracellular phosphate decrease with increasing cellular acidity (Maury 

et al. 1981 and Rutter and Cobb 2006). Therefore, while extracellular pH does not 

necessarily equilibrate exactly with intracellular levels (Boag et al. 1989), it has the 

potential to affect internal process, such as photosynthesis, directly. Similar effects most 

likely explain the reduced photosynthetic function seen here.  
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Acidification via CO2 
 
 

CO2 did not induce the same photophysiological responses that were witnessed in the 

HCl treatment. Indeed, the reduction in zooxanthellar density seen in the control 

treatment, which was likely a general stress response to artificial lighting, was 

dramatically slowed with the addition of CO2. This meant that total photosynthetic 

production was higher than that seen at the control pH; there was no loss of 

photosynthetic function per zooxanthella. However, as photosynthesis was matched by a 

proportional increase in respiration rate, the anemone was no better off metabolically, i.e. 

its potential to meet its metabolic carbon demands by autotrophy remained unchanged.  

One possible reason for the different response to HCl versus CO2 is that CO2 counteracted 

the loss of function caused by cellular acidosis. With respect to this, it is important to 

note that zooxanthellae within their hosts do not have access to the vast amounts of 

dissolved inorganic carbon (DIC) stored as bicarbonate within the sea, as they are 

isolated from such reservoirs by their endosymbiotic habitat (Leggat et al. 2002; Weis 

and Reynolds 1999). Zooxanthellae must rely on a steady stream of CO2, inter-converted 

from bicarbonate by the host via carbonic anhydrase, in order to maximise photosynthesis; 

thus their carbon supply is under host control (Yellowlees et al. 1993; Weis 1993; Baillie 

and Yellowlees 1998; Leggat et al. 1999; Leggat et al. 2002). This CO2 demand is further 

supported via respiration of the host animal (Schwarz and Weis 2003). Together, DIC 

from the seawater and CO2 from host respiration contribute to the metabolic needs of the 

zooxanthellae, which are considerable.  There is good evidence that, when in symbiosis, 

zooxanthellae are carbon-limited, reflecting both the controlled supply of DIC and the 

very high densities of zooxanthellae within the host. For example, Leggat et al. (2000) 
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claimed that the host haemolymph of giant clams would be entirely depleted of CO2 

within just 13 minutes as a result of the photosynthetic demands of the zooxanthellae. 

Given this demand, it is not surprising that competition for CO2 increases as 

zooxanthellar density increases (and vice versa). Davy and Cook (2001b) found that 

carbon was a limiting factor and a strong determinant in the density of zooxanthellae 

found within the sea anemone Aiptasia pallida. Host anemones were starved and the 

resultant decrease in zooxanthellar density (50%) was correlated with increases in cell-

specific rates of photosynthesis. This inverse relationship between zooxanthellar cell 

density and productivity resulted in the total quantity of photosynthetic carbon 

translocated to the host anemone remaining the same. Further evidence for in hospite 

carbon limitation comes from Harland and Davies (1995), who found that light-enhanced 

stimulation of gross photosynthesis in the zooxanthellate sea anemone Anemonia viridis 

led to a proportional increase in respiration, which in turn provided a CO2-rich 

intracellular environment which further enhanced the photosynthetic rate of the 

zooxanthellae. Results in the current study are consistent with carbon limitation, with the 

addition of CO2 increasing the total DIC content of the ambient seawater and so 

sustaining a more dense population of zooxanthellae.  The more dense population and 

greater photosynthetic production appear to increase the respiration rate, which is likely 

to provide even more CO2 to the photosynthetic symbionts, so further supporting 

zooxanthellar photosynthesis in a positive feedback loop.   

 
Ecological implications of acidification for Anthopleura aureoradiata 
 
 
The carbon fixed by the zooxanthellae typically meets their metabolic requirements. 

When production of carbon exceeds this requirement a fraction is translocated to the 
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animal host and can contribute significantly, and in some cases completely, to its 

metabolic needs (Muscatine et al. 1981; Iglesias-Prieto and Trench 1994; Verde and 

McCloskey 1996). The direct relationship between total gross photosynthesis and 

respiration meant that, irrespective of whether photosynthesis declined (with HCl) or 

increased (with CO2) relative to the control, any potential advantage or disadvantage was 

countered by a proportional change in the respiratory rate. Indeed the P:R of ~1.5-2.0 

suggests that, in all cases, not only can the zooxanthellae completely support host 

respiration but they can also contribute surplus carbon to host growth, reproduction and 

mucus production. This suggests that seawater acidification may have little impact on the 

survival and growth of A. aureoradiata. 

 

It is important to recognise that the P:R ratios measured here were generated under 

optimal environmental conditions. In the field, most temperate symbioses are in fact 

exposed to highly variable light and temperature regimes, so P:R ratios of >1 are rare and 

symbiotic cnidarians must rely heavily on heterotrophic sources of carbon (Davy et al. 

1996). However, the results here still suggest that, whatever the autotrophic potential of A. 

aureoradiata in the field, it is still unlikely to be impacted by acidification, unless the 

quantity and identity of the translocated carbon products are altered. This is worthy of 

future investigation. 

 

It is predicted that ocean acidification and its associated effects will first become apparent 

in the colder Southern Ocean due to CO2 being more readily absorbed by colder waters 

than warmer ones (Orr et al. 2005; Montenegro et al. 2007; Fabry et al. 2008). If, as Orr 

et al. (2005) and others suggest, the Southern Ocean and the Sub-Antarctic Pacific Ocean 
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are the first to experience flow-on effects arising from ocean acidification, then the seas 

around New Zealand may become under-saturated with aragonite by 2100. Literature is 

prevalent, and the effects well-publicised, on the consequences of oceanic under-

saturation of aragonite and the effects that this may have on organisms which use CaCO3 

to form integral physiological structures. While this may not affect A. aureoradiata 

directly, there are potential repercussions. On mudflats, which are perhaps the primary 

habitat of A. aureoradiata, the anemone is almost exclusively found on the cockle A. 

stutchburyi. Should the aragonite saturation horizon reach surface waters and hence 

impact on shell-forming molluscs such as A. stutchburyi, then A. aureoradiata 

populations on mudflats could be seriously impacted. If there is a positive note, then the 

current study at least suggests that those A. aureoradiata that inhabit rocky shores (where 

they are not reliant on cockles for substrate) may not be negatively impacted by 

acidification. More long-term experimentation is required, however, to confirm this. 
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CHAPTER  IV 
 

PHOTOSYNTHETIC HEALTH OF THE 
TEMPERATE SEA ANEMONE 
ANTHOPLEURA AUREORADIATA IN 
RESPONSE TO INCREMENTAL INCREASES 
IN SEAWATER ACIDIFICATION 
 

4.1 Introduction  

 
Climate change, which is the shift in global climatic patterns arising from excessive 

amounts of atmospheric CO2, poses a real threat to the long term survival of coral reefs. 

CO2 acts like an insulator, heating the planet by trapping the Sun’s energy. While this is 

an entirely natural process, mean global temperatures are, in a relative sense, increasing 

at a rate not seen before and to levels not seen in 10,000 or more years. This can largely 

be attributed to anthropogenic CO2 emissions (Petit et al. 1999; Epstein 2001). There is 

potentially an even greater threat to the world’s coral reefs: ocean acidification. Not only 

is CO2 a greenhouse gas, but it also dissolves into the ocean. Therefore, as the rate at 

which it is being pumped into the atmosphere has intensified, so has the amount being 

absorbed by the world’s oceans; this has overwhelmed natural systems. CO2, when 

dissolved in water, undergoes a chain of simple chemical reactions and, when combined 

with H2O, forms a carbonic acid which readily releases H+ ions to the water, so making 

it more acidic (Royal Society 2005).  
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As a result of the increased oceanic absorption of CO2, oceans have decreased 0.1 of a 

pH unit since the industrial and are predicted to drop further, to a pH of 7.6 by 2100 and 

beyond (Caldeira and Wickett 2003; Orr et al. 2005; Wood et al. 2008; Zeebe et al. 2008; 

Doney et al. 2009).  This decrease in pH is likely to make it very difficult for marine 

calcifiers to form their calcium carbonate structures, and in most cases the organism 

depends on these structures for its survival (Orr et al. 2005; Hoegh-Guldberg et al. 2007). 

Ocean acidification was brought to the fore in a report by the Royal Society (2005), 

which highlighted numerous gaps in our knowledge of ocean acidification and the 

implications it may have. Ensuing research focused on these gaps, especially concerning 

marine calcification, meaning that we now know considerably more than we once did. 

However, as a result of this focus on calcification, other potential physiological impacts 

of acidification have remained somewhat understudied. There is, however, some evidence 

that acidification may in fact benefit primary production rather than harm it.     

 

Increased levels of dissolved CO2 may lead to increases in photosynthesis. A unique in 

situ study by Hall-Spencer et al. (2008), using volcanic CO2 vents that locally acidified 

the water off the coast of Italy, found that seagrass production was highest in areas of pH 

7.6. This evidence suggests that, not only was photosynthesis unaffected by increased 

levels of dissolved CO2, but also that it may have indeed been improved. Palacious and 

Zimmerman (2007) found that, in the short-term (45 days), elevated levels of dissolved 

CO2 were accompanied with increased photosynthetic rates in the seagrass Zostera 

marina. Given such positive effects on photosynthesis in seagrasses as well as brown 

algae (Riebesell 2008), and the fact that dissolved inorganic carbon is thought to be 
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limiting for the symbiotic dinoflagellates (zooxanthellae) in hospite (Crawley et al. 2009), 

it stands to reason that the addition of CO2 may in fact improve photosynthesis in corals 

and other zooxanthellate invertebrates, though the evidence for this, from a very small 

number of relatively recent experiments, is equivocal.  

 

Anthony et al. (2008) found detrimental effects on photosynthesis in the corals Acropora 

intermedia and Porites lobata and the crustose coralline alga Porolithon onkodes, but 

conversely Langdon and Atkinson (2005) found a positive effect on photosynthetic rate 

in the corals Porites compressa and Montipora verrucosa (capitata). Positive impacts on 

zooxanthellar photosynthesis, utilising HCO3- as the primary source of carbon, are 

further supported by empirical studies using the corals Porites porites and Acropora sp. 

(Herfort et al. 2008) and Stylophora pistillata (Marubini et al. 2008). Langdon and 

Atkinson (2005) suggested that these positive effects could be related to the fact that the 

production of enzymes required to utilise HCO3- as a source of carbon is energy 

expensive, and perhaps under conditions of increased CO2 (relative to available HCO3-) 

the energy-costly HCO3- mechanism could be deactivated with the zooxanthellae 

switching to CO2 as their primary source of carbon. However, any potential benefit 

ignores the fact that acidification of seawater may cause intracellular acidosis, leading to 

a disruption and possibly cessation of cell function. For example, denaturation of protein 

in skeletal muscle, increased oxidation of amino acids (May et al. 1986; Reaich et al. 

1992; Mitch et al. 1994 and May et al. 1996), impaired membrane function and repair 

(Patel et al. 2001; Doerr et al. 2005), and lipid peroxidation (Hall et al. 1995) all result 

from cellular acidosis. Of these impacts, the denaturation of proteins is of particular 

interest here, as proteinaceous enzymes are a crucial component of the mechanism 
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involved in the conversion of HCO3- to CO2 (Langdon and Atkinson 2005), and hence 

for creating a source of carbon for photosynthesis. In the previous experiments described 

in this thesis (Chapters 2 and 3) the impacts of acidification were very subtle, whether 

induced by CO2 or HCl. This raises the question of: what seawater pH is actually 

required to induce significant acidosis and cellular dysfunction in cnidarian-dinoflagellate 

symbiosis? 

 

While the impacts of acidification on tropical coral reefs are receiving ever-increasing 

amounts of attention, largely because of the critical role that calcification plays in reef 

accretion (Hoegh-Guldberg et al. 2007), the impacts on temperate systems have been 

considered far less. However, while far less diverse than their tropical counterparts, 

temperate cnidarian-dinoflagellate symbioses are still locally dominant and ecologically 

significant members of coastal benthic communities (Muller-Parker & Davy 2001). 

Moreover, they provide an interesting contrast with tropical symbioses, as they are 

known to be more resistant to fluctuations in light and temperature, and to extremes in 

such environmental parameters (Muller-Parker & Davy 2001; Muller-Parker et al. 2007). 

The impacts of acidification on temperate cnidarian-dinoflagellate symbioses are 

therefore worthy of our consideration.  

 

Using the temperate zooxanthellate sea anemone Anthopleura aureoradiata, the aim of 

this study was to identify the impacts of acidification via HCl on its photosynthetic health. 

In particular, it aimed to identify the pH required to see a substantial loss of 

photosynthetic function, presumably as a result of cellular acidosis, without the 

confounding, potentially positive effects of CO2. It was hypothesised that a linear decline 
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in photosynthetic health would be evident with decreasing pH levels, until a ‘pH 

threshold’ was reached where photosynthetic function suddenly ceased. 

 

4.2 Methods 

4.2.1 Experimental organism 

A. aureoradiata is a common sea anemone found on mudflats throughout New Zealand; 

it also frequents rocky shores. Due to a lack of hard substrate on mudflats, the anemone 

attaches to the shells of common bivalves (fig 3.1), especially the cockle Austrovenus 

stutchburyi, a filter-feeding bivalve that can occur at very high densities (up to 200 m-2). 

A. aureoradiata can reach an average height of up to 2-3 cm when fully extended and 

attaches to the cockle using its basal disk; typically the cockle itself is more than 1 cm 

from the sediment surface, allowing the anemone’s tentacles to reach the surface at high 

tide. 

4.2.2 Anemone collection and maintenance  

A. aureoradiata (n = 50) was collected from Pauatahanui inlet (Latitude: -41° 05 Min. 50 

Sec. Longitude: 174° 52 Min. 54 Sec; fig 3.2) at low tide during October 2008.   Once 

brought back to Victoria University of Wellington, the anemones were housed in a 2 L 

specimen bowl, filled with 1-µm filtered seawater (FSW). The anemones were 

maintained at 16 + 1°C and an irradiance of 250-300 µmol photons m-2 s-1 on a 12 h light: 

12 h dark cycle in a standard incubator. The anemones were fed on a diet of Great Salt 

Lake Artemia sp. nauplii (MacKay Marine, USA), with feeding every 5 days. The 
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anemones were acclimated to this environment for 10 days before the commencement of 

any experimentation. 

 

4.2.3 Experimental design  

This chapter details two similar experiments which were conducted one after the other. 

The first experiment utilised five different pH levels to determine whether there were any 

effects of acidification on the photosynthetic health of A. aureoradiata, and at what point 

any major loss of function was observed. 

The second experiment refined the 

protocol of the first: it again employed 5 

pH levels, three of which duplicated 

those used in the first experiment, and 

two of which were lower. This 

refinement further increased the chances 

of establishing a ‘pH threshold’ at which 

photosynthetic function became unviable. 

 

The pH levels used were based on the 

results in Chapter 3, where 

photosynthetic yield (Yi) was negatively 

impacted in the pH 7.6 HCl treatment, yet Yi remained above a value of 0.4 so indicating 

reasonable health. The pH range chosen therefore extended considerably below pH 7.6, 

with the treatments in the first experiment being pH 8.1 (control), 7.6, 7.25, 7.0, and 6.75. 

Figure 4.1: Anthopleura aureoradiata 
settled in a 15 ml Falcon tube, in seawater 
of the desired pH. 
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In the second experiment, the treatments were pH 8.1, 7.25, 6.75, 6, and 5. These ranges 

were deliberately overlapped to test for inconsistencies in the photosynthetic responses 

between the two experiments. In every other respect the two experiments were identical. 

 

Five anemones were used per pH treatment, with the same five anemones being 

monitored across all time-points. Each anemone was placed singly into a 15 ml Falcon 

tube (fig 4.1, previous page), which was then filled with FSW of the desired pH. The pH 

of the FSW stock was adjusted by the addition of 10% HCl, with measurement by a S30 

SevenEasy™ conductivity pH probe (Mettler-Toledo, Switzerland) that was calibrated 

daily. The tube was then sealed with parafilm and a plastic cap to prevent exchange with 

the air. It had previously been determined (data not shown) that the pH remained constant 

for approximately 35 hours under these conditions, so to ensure a constant pH throughout 

the experiment the pH-adjusted FSW was replaced daily.  
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The Falcon tubes were then placed into a test-tube rack, which in turn was placed into a 

transparent, Perspex waterbath (Fig. 4.2). The waterbath was set to 16 + 1°C. Due to the 

lids of the Falcon tubes being opaque, a halogen lamp was used to illuminate the sea 

anemones from one side. Lights were operated on a 12h light: 12h dark regime at 275 + 

25 µmol photons m-2 s-1 (point A in fig 4.2) and as 150 + 25 µmol photons m-2 s-1 (point 

B in fig 4.2). Due to the uneven light distribution, the tubes were randomly re-positioned 

Figure 4.2: Experimental set-up, consisting of 25 treatment tubes placed in a waterbath 
at 16 + 1°C, and illuminated from the side by a halogen lamp. The position of the 
tubes was randomly re-assigned twice daily to prevent bias caused by the single light 
source.
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twice-daily to take account of the uneven light-field. To do this, numbers were assigned 

to each Falcon tube (1-25) and also to each space within the rack, and twice a day (at 9 

am and again at 7 pm) for the duration of the experiment a random number generator on a 

Casio FX-115ES was used to assign each tube a position.  

 

The experiment was run for a total of 21 days, with measurements being taken at 0, 1, 3, 

7, 14 and 21 days. At each time-point, each anemone was removed from its tube and 

placed into a plastic well-plate; each well was numbered to correspond to one of the 

Figure 4.3: View of Anthopleura aureoradiata (20 of the total 25 anemones) under the 
IPAM fluorometer showing chlorophyll fluorescence (F). The black rectangle 
represents an ‘area of interest’. 
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tubes/anemones. To limit disturbance of the anemones and the time that the tubes were 

open to the air, this procedure coincided with the daily water change. Without dark-

adapting the anemones, the well-plate was then placed into the Imaging Pulse Amplitude 

Modulated (IPAM) fluorometer (Walz, model IAMG-MAX/l, Germany). The 

photosynthetic yield (Yi), a proxy of photosynthetic health for light-adapted cells, was 

then recorded (Fig. 4.3, previous page) before the anemones were returned to the 

waterbath. Imagaing PAM was set as follows: Measuring light intensity 2; Saturation 

Pulse Intensity 10; Gain 5; Damping 4 and 30 second intervals between measuring light 

pulses. 

 

4.2.4 Statistics 

Simple linear regression was used to analyse data with multiple time-points, to identify 

temporal trends and any differences between treatments. This was performed using the 

statistical software package R, and diagnostic graphs were checked for normality and 

equal variance. T-tests were used to compare two means that were discrete from each 

other; these tests were performed by hand. 
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4.3 Results 
 

4.3.1 Photosynthetic Health 
 
Experiment 1 − Despite a 13% drop in photosynthetic yield (Yi) between Days 0 and 

1, the pH 8.1 treatment maintained constant photosynthetic health throughout the 

experiment (linear regression, p > 0.05), while Yi in all of the other treatments declined 

(linear regression, p < 0.05). This meant that, by the last three time-points (7, 14, 21 days), 

Yi was up to 10% higher in the control than in the pH 7.6 treatment (T-test, p < 0.05, for 

all pair-wise comparisons; fig. 4.4A). The difference was even bigger between the control 

and the other pH treatments (pH 7.25, 7.0, 6.75), where Yi was between 17 and 22 % 

lower than at pH 8.1 at the final three time-points (T-test, p < 0.05).  However, the trends 

in the various acidified treatments were not significantly different from one another 

(linear regression, p > 0.05), and were only significantly different from the control (p < 

0.05). 

 

Experiment 2 − Simple linear regression identified 3 different trends in this 

experiment (fig. 4.4B; linear regression, p < 0.01 for all comparisons with the control, p < 

0.05 for all other comparisons): 1) Constant Yi in the control; 2) slowly declining Yi at 

pH 7.25 and 6.75; and 3) rapidly declining Yi at pH 6 and 5. After 21 days at pH 7.25 and 

pH 6.75, Yi was 23% and 27% lower than at pH 8.1, respectively (T-test, p < 0.01). In 

comparison, after 21 days at pH 6 and pH 5, Yi was 48% and 63% lower than at pH 8.1, 

respectively (T-test, p < 0.01); Yi at these same two acidic pH values was also at least 

30% lower than at pH 7.25 and pH 6.75 (T-test, p < 0.01). 
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Figure 4.4: Photosynthetic health (Yi) of Anthopleura aureoradiata in response to 
seawater acidification. Treatments: A) pH 8.1 (blue); pH 7.6 (red); pH 7.25 (black); 
pH 7 (yellow); and pH 6.75 (orange). B) pH 8.1 (blue); pH 7.6, as a reference from 
Chapter 3 results (red dash); pH 7.25 (orange); pH 6.75 (black); pH 6 (purple); and 
pH 5 (green). Treatments were acidified using 10% HCl. Values are means + SE, n 
= 5 per time-point, with the same anemones measured repeatedly throughout the 
experiment. 
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4.4 Discussion  

By Day 7, all acidified treatments in the first experiment (pH 7.6, 7.25, 7, and 6.75) 

showed a negative impact on photosynthetic health when compared to the control. This 

negative impact continued until the end of the 21-day experiment, though the decline was 

very slight. However, the trends of declining photosynthetic health at these acidic pH 

levels were not different from one another, clearly indicating that no ‘pH threshold’ had 

been reached, at which cellular acidosis suddenly caused a massive loss of photosynthetic 

function (this finding corroborates the results of Chapter 3). Similar trends were seen in 

the second experiment, however at the two lower pH values (pH 6 and 5) there was a 

much more marked deterioration in photosynthetic health. 

 

The results presented here for the less acidic treatments are consistent with those of 

Thornton (2009), who studied photosynthetic production of the marine planktonic diatom 

Chaetoceros muelleri. As in the current study, this author used HCl to acidify the 

seawater, to pH values of 7.9, 7.4 and 6.8; the control pH was 8.2. Thornton (2009) found 

that photosynthesis was unaffected at pH 7.9, that there was a significant decrease in 

photosynthetic health at pH 7.4 and pH 6.8, and that the effect of these two lowest pH 

values was statistically similar. Thornton (2009) proposed that the reduction in 

photosynthetic health with acidification is due to less energy being available to fix carbon. 

The reduction in available energy can be linked to two potential mechanisms, operating 

either in concert or exclusively: 1) impacts of acidosis on mitochondrial function; and 2) 

impacts of acidosis on photosynthetic enzyme activity and thylakoid function. Under 

normal physiological conditions, and due to proton transport by the electron transport 
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chain, mitochondria generate and maintain an alkaline pH in the mitochondrial matrix 

(Gursahani and Schaefer 2004). When proton generation by the mitochondrion is 

compromised (metabolic inhibition) this steady pH can be lowered causing mitochondrial 

acidification (Gursahani and Schaefer 2004). Acidification can result in inefficient 

protein translocation and membrane binding (Olsen et al. 1989), a decreased rate of net 

Ca2+ uptake, reduced electron transport chain integrity, and mitochondrial depolarisation 

– all of which act to impair the production of adenosine triphosphate (ATP) and the 

reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) (Gursahani and 

Schaefer 2004; Wilson et al. 2006).  

 

Hoefnagel et al. (1998) noted that the chloroplast generates insufficient ATP and 

NADPH from the light-dependent reactions to perform all cellular processes, therefore 

any impact on the capacity of the mitochondria to generate ATP is likely to impair 

photosynthetic performance, which in turn reduces the availability of energy-rich 

photosynthate for mitochondrial metabolism (Hoefnagel et al. 1998). Secondly, the pH 

may have moved out of the optimal range for the operation of mitochondrial/chloroplast 

enzymes. Enzymes require specific intracellular conditions to perform their function and, 

if these conditions are stable, enzymes are able to reduce the energy required (provide 

‘free energy’) to initiate a chemical reaction. As a result, they can potentially catalyse a 

specific reaction up to 1019 times faster than if these stable conditions are absent (fig 4.5) 

(Albery and Knowles 1976; Kraut 1988; Garcia-Viloca 2004). In more extreme cases, 

acidosis can cause denaturation of enzymes (May et al. 1986; Reaich et al. 1992; Mitch et 

al. 1994 and May et al. 1996). Impacts on mitochondrial processes were discussed above, 

however the impacts that acidosis may directly have on the chloroplast are subtly 
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Figure 4.5: Free-energy profile of a typical enzymatic reaction. Points 1 (initial 
substrate); 2 (enzyme active site binds onto substrate and initial conversion); and 3 
(enzyme and product at up to 1019 increased efficiency) represent optimal function of 
an enzyme under optimal conditions (for example, specific pH, temperature and alcohol 
concentrations). The free energy made available by the enzyme (e) either allows the 
most efficient conversion rate of the substrate (A) to the product (B), or even permits 
the conversion to occur at all. Points 4 (initial substrate); 5 (enzyme binding on to 
substrate and initial conversion (e. B) or no binding occurs (e. A)); and 6 (enzyme and 
product catalysed at a reduced rate (e + B) or not at all (A) represent what is likely to 
occur should an enzyme  operate out of optimal conditions or become denatured. In the 
chloroplast, the substrate for the enzyme RuBisCO is CO2 or O2 combined with H2O; if 
RuBisCO fixes CO2 the product produced is the intermediate photosynthetic product 3-
keto-2-carboxyarabinitol 1,5-bisphosphate. If RuBisCO decreased in efficiency or 
ceased to function there would be severe consequences for photosynthetic health. 

 
Source: Adapted from Albery and Knowles (1976) and Kraut (1988)
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different, as acidosis may affect the proteinaceous enzyme ribulose-1,5-bisphosphate 

carboxylase (RuBisCO) or the enzymes involved in the conversion of HCO3
- to CO2, and 

impair the membranes of the chloroplast, particularly the thylakoid membranes (Thornton 

2009). Either working in concert with the reduced supply of ATP from the mitochondria, 

or exclusively on the basis of decreased chloroplast enzymatic/membrane efficiency, 

these hypotheses potentially account for the reduced photosynthetic health seen in A. 

aureoradiata. Clearly, at the more extreme pH values used in the current study (pH 5 and 

6) such biochemical impacts will be more severe, and this is entirely consistent with the 

large decline in photosynthetic health seen at these levels of acidification.   

 

The fact that the negative impacts of acidification, even at a pH of 6.75, were only 

moderate and still allowed for reasonable photosynthetic function suggests that the 

zooxanthellae were somewhat buffered from the external pH, or that they have adapted to 

function under these conditions. In terms of buffering from the ambient environment, not 

only are the zooxanthellae protected within the animal’s cells, but it may be that the 

animal is somehow able to regulate its intracellular pH to avoid excessive acidification. 

Furthermore, it is possible that the cytosol of the zooxanthellae is somewhat resistant to 

changes in external pH. In support of this latter hypothesis, Smith and Raven (1979) 

concluded that the cytosol of plant cells is relatively insensitive to changes in the external 

pH, and that changes in the internal pH are not directly proportional to changes in the 

external medium. Such a response could explain why the responses to the various pH 

treatments in the current study tended to occur in groups rather than as a continuum. The 

relative resistance to acidity, at least at the less acidic pH values, could result however 

from these pH values being closer to the pH inside the host’s cells than initially suspected. 
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Indeed, very recently the application of fluorescent pH-sensitive probes and confocal 

microscopy has enabled the measurement of the pH at the interface between the 

zooxanthellae and the host’s cytoplasm, with values of pH 7.01-7.41 being measured in a 

tropical coral (S. pistillata) and a temperate sea anemone (Anemonia viridis) (Venn et al. 

2009). It therefore seems likely that zooxanthellae are adapted to living in conditions that 

are somewhat more acidic than the surrounding seawater, though if this is the case then it 

is perhaps surprising that photosynthetic health declined at all in A. aureoradiata at pH 7-

7.65. 

 

Despite any buffering capacity of the host tissues or the algal cell itself, the results of this 

study suggested that eventually the pH was too low and the buffering system was 

overwhelmed, causing marked loss of photosynthetic function. Coleman and Colman 

(1981) studied photosynthetic O2 evolution and the intracellular pH of the 

cyanobacterium Coccochloris peniocystis, and noted that the intracellular pH did not 

change in proportion to the external pH. For example, the intracellular pH was 7.6 and 

7.9 when the external pH was 7.0 and 10, respectively. However, when the external pH 

was reduced to pH 6.6, the intracellular pH suddenly decreased to a value of 5.25, and as 

a result photosynthetic production ceased entirely. Coleman and Colman’s (1981) results 

therefore suggest a photosynthetic pH threshold of between pH 7.6 and 6.6. This 

compares to an apparent ‘tipping point’ somewhere between 6.75 and 6 for A. 

aureoradiata, though further experimentation is required to confirm this and, if there is 

indeed such a threshold, at exactly what pH it occurs. 
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It is important to note that the lower pH levels used in the current study are far more 

acidic than even the most extreme long-term predictions for oceanic pH (Caldeira and 

Wickett 2003). Furthermore, it is well established that the addition of HCl is not a good 

proxy for ocean acidification, due to it having different impacts on seawater chemistry 

than does CO2 (Kikkawa et al. 2003; Atkinson and Cuet 2008; Fabry 2008; Iglesias-

Rodriguez et al. 2008). Nevertheless, these results provide insight into the pH/acidosis 

tolerance of zooxanthellae in A. aureoradiata without the confounding effects of CO2. It 

appears that these zooxanthellae suffer only a small decline in photosynthetic health with 

minor decreases in seawater pH (~ 1 pH unit). Given this, and the prediction of an 

oceanic pH of 7.6 by 2100, it is unlikely that ocean acidification will have a major impact 

on zooxanthellar production in A. aureoradiata, which supports the evidence presented in 

Chapter 3. Further study is needed to assess whether other temperate symbiotic and free-

living algae behave in a similar manner, and how these compare to their tropical 

counterparts. However, it seems safe to assume from the data presented in this chapter 

and elsewhere in this thesis, that negative impacts of ocean acidification on zooxanthellar 

photosynthesis, in both corals and sea anemones, are not a major concern. This is in stark 

contrast to the potentially devastating impacts on coral calcification. 
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CHAPTER  V 
 

GENERAL DISCUSSION 
 
 
 
Summary of Results 

This thesis aimed to detect any effect of seawater acidification on the 

photophysiology of symbiotic dinoflagellates (zooxanthellae). In particular, the effects on 

the zooxanthellae of a tropical coral and a temperate sea anemone were compared, as 

were the effects on zooxanthellae both inside and outside their coral host. 

 

The response of various photophysiological parameters in the tropical coral Stylophora 

pistillata to acidification by CO2 was measured; unfortunately the data for the HCl trial 

were lost due to circumstances beyond the author’s control. Over the 18-day experiment, 

zooxanthellae within acidified S. pistillata exhibited increased concentrations of 

chlorophyll when compared to zooxanthellae in corals at the control pH. This did not, 

however, translate into increased levels of either gross photosynthesis per zooxanthella 

cell or total gross photosynthesis (i.e. photosynthesis per unit coral biomass), seemingly 

because there was a 22% (though non-significant) drop in gross photosynthesis per unit 

chlorophyll. After 18 days in the pH 8.1 control treatment, S. pistillata exhibited a 

decreased respiration rate and this was reflected in a superior P:R ratio (the ratio of 

biomass-specific gross photosynthesis to respiration) when compared to the pH 7.6 CO2 

treatment; both the respiration rate and P:R ratio of S. pistillata in the pH 7.6 CO2 
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treatment remained constant over the duration of the experiment. Despite the difference 

in P:R responses between treatments, the P:R ratio of S. pistillata remained at >1 in both 

treatments, indicating that complete autotrophy was maintained under both pH regimes. 

Photosynthetic health (Yi), zooxanthella density, and all other photosynthetic parameters 

(i.e. Pmax, Ik and α) remained unchanged for both treatments. While comparisons with 

HCl data were not possible, it is worth mentioning that alkalinity was an order of 

magnitude lower in the pH 7.6 HCl treatment than in the control and pH 7.6 CO2 

treatments; these latter treatments had almost identical alkalinities. The variation in 

alkalinity may have explained why, at Day 17 (one day prior to the end of the experiment 

when over-acidification accidentally occurred) S. pistillata looked far less healthy (e.g. 

much paler, more mucus) than it did in the other treatments. Repetition of this experiment 

was not possible due to limited time at the Centre Scientifique de Monaco, but future 

studies should focus on the apparently different responses to CO2 versus HCl, to better 

discriminate between the impacts of cellular acidosis and an increase in available 

Dissolved Inorganic Carbon (DIC) on the zooxanthellae of this, and other, tropical corals. 

 

In addition to the experiments with in hospite zooxanthellae, zooxanthellae isolated and 

cultured from S. pistillata were also subjected to acidification with both CO2 and HCl. Yi 

did not change in either pH treatment, while chlorophyll concentration per zooxanthella 

cell also remained unchanged. It is interesting that the coral and the zooxanthellae 

isolated from the coral exhibited similar increases in chlorophyll per zooxanthellae, with 

25% and 33% increases respectively. These increases were narrowly insignificant and 

hence inconclusive, and could be interpreted as evidence against the theory that 

zooxanthellae are carbon limited while in hospite, however this is unlikely (see below) 
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and further investigation will be required to confirm this. The difference between the 

isolated and in hospite zooxanthellae indicates that acidosis may impact on the animal 

host first, with consequent effects on the algal symbionts; a similar trend has been 

suggested with respect to thermal bleaching in some coral species (Ralph et al. 2001). 

Alternatively, the physiology of the zooxanthellae might change upon isolation from the 

host. Further work is required to elucidate the cellular basis of this difference. 

 

Using the temperate sea anemone Anthopleura aureoradiata, and a longer-term 

experimental duration, similar acidification regimes were applied. The zooxanthella 

density declined slightly in the pH 7.6 HCl treatment but this decline was not different 

from that in the pH 8.1 control, suggesting that acidification itself had no impact on this 

parameter. However, total gross photosynthesis decreased in the pH 7.6 HCl treatment as 

a result of a reduced photosynthetic rate per zooxanthella cell. This reduced rate in 

cellular productivity was not related to a change in chlorophyll per cell, which remained 

constant. Though both Yi and photosynthetic efficiency (α) did decline, suggesting a loss 

of photosynthetic function, the other photosynthetic parameters remained unchanged. 

Concurrent with the reduced rate of total gross photosynthesis in the pH 7.6 HCl 

treatment was a drop in respiration, which meant that the anemone was potentially still 

able to meet its metabolic carbon requirements despite its lower overall photosynthetic 

production.  

 

As in the pH 7.6 HCl treatment, there was a decline in the zooxanthella density of A. 

aureoradiata in both the pH 8.1 and pH 7.6 CO2 treatments. Importantly though, the 

decline witnessed in the pH 7.6 CO2 treatment was less marked than that seen in the pH 
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8.1 control. This relative increase in zooxanthella density was reflected in an increased 

rate of total gross photosynthesis, though not in gross photosynthesis per cell or per unit 

chlorophyll. However, an increase in the respiration rate with acidification meant that the 

P:R ratio was the same at the beginning and end of the experiment. Furthermore, Yi, Pmax, 

Ik and α did not change significantly throughout the experiment. 

 

Finally, A. aureoradiata was subjected to graduated decreases in pH (with HCl) to 

determine the pH threshold at which photosynthetic shut-down occurs; pH 7.6 HCl had 

previously been shown to reduce photosynthetic health, Yi, by 23%. There was a 

positively-correlated relationship between declining pH and declining Yi, though the 

responses to acidification clustered into three distinct groupings. The first ‘grouping’ 

contained pH 8.1 only, at which Yi remained at control levels. The second grouping 

contained pH 7.25 and pH 6.75, which had medium-level impacts on photosynthetic 

health that were comparable to those seen in the previously-described experiment. Lastly, 

the third grouping contained the extreme pH values of 6 and 5, both of which had severe 

impacts on the photosynthetic health of A. aureoradiata; indeed, pH 6 induced 

photosynthetic shut-down and hence the threshold was somewhere between pH 6 and pH 

6.75. Further experiments are needed to pinpoint the exact pH at which shut-down occurs, 

however, and whether this threshold differs between different species. 

 

With respect to the results described in this thesis, one broad question arises: are there 

likely to be any long-term effects of ocean acidification on photosynthesis by symbiotic 

cnidarians, and if so what are the ecological implications of such effects? This question is 

considered in detail here. 
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Long-Term Effects of Ocean Acidification on Photosynthesis 

The question of whether ocean acidification will have a long-term impact on 

photosynthetic production and ecosystem function has neither a single nor simple answer. 

A quick review of the current literature, both on symbiotic and non-symbiotic 

phototrophs, shows that ocean acidification could have: 1) a very positive effect on 

photosynthetic function (Palacious and Zimmerman 2007; Riebesell et al. 2007; Hall-

Spencer et al. 2008; Iglesias-Rodriguez et al. 2008); 2) a moderately positive effect on 

photosynthetic function (Leonardos and Geider 2005; Hutchins et al. 2007); 3) a neutral 

effect on photosynthetic function (Rost et al. 2008); and 4) some loss of photosynthetic 

function (Anthony et al. 2008).  

Anthony et al. (2008) found that the productivity of two coral (Acropora intermedia, 

Porites lobata) and one macroalgal species (Porolithon onkodes) reacted differently to a 

mixture of temperature and pH regimes: Porites lobata was much less negatively 

impacted than the other two species when maintained at temperatures and pH values 

similar to those used in this thesis. As the basic principles of photosynthesis are largely 

similar across all species, an important question remains as to why different 

photosynthetic organisms react differently to the same elevated DIC content and 

corresponding decrease in pH? Rost et al. (2008) noted that acidification studies that find 

impacts on photosynthesis can only speculate as to the mechanisms behind the patterns 

observed, meaning that knowledge of these mechanisms is severely limited at present. 

However, one potential explanation for the variable responses to acidification relates to 

the supply of DIC to the algal cell and its subsequent utilisation.  
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Unlike free-living microalgae, zooxanthellae are typically carbon limited when in hospite 

as a result of their high densities and endosymbiotic habitat (Yellowlees et al. 1993; Weis 

1993; Baillie and Yellowlees 1998; Leggat et al. 1999; Leggat et al. 2002). This situation 

has led to carbon concentrating mechanisms (CCMs) in symbiotic cnidarians that aid the 

delivery of DIC to the algae for photosynthesis. Foremost among these CCMs is the 

enzyme carbonic anhydrase (CA), which inter-converts bicarbonate and CO2; CA is 

found both in the animal’s tissues, on or near the surface of the algal cell, and within the 

alga (Weis 1993; Leggat et al. 1999). Once in the algal cell, the CCM serves to 

concentrate CO2 around the primary carboxylating enzyme, Ribulose-1,5-bisphosphate 

carboxylase (RuBisCO). RuBisCO is an ancient and highly conserved enzyme which 

evolved in times of elevated atmospheric CO2 and low O2 levels, and therefore is 

characterised by low affinities for its primary substrate CO2 and a susceptibility to 

perform a photorespiratory reaction with O2 (Rost et al. 2008). All photosynthetic 

organisms have developed methods to maximise the efficiency of RuBisCO. C3 plants 

have evolved highly efficient RuBisCO, while C4 plants have evolved the structural and 

biochemical capability to concentrate carbon, though it is perhaps aquatic photosynthetic 

organisms that have developed the greatest diversity of strategies to improve the catalytic 

potential of RuBisCO (Badger et al. 1998; Giordano et al. 2005). Srel ratios, or the 

relative specificity factor for the Rubisco to function as a carboxylase versus an 

oxygenase, provides insight into the ability of the RuBisCO to discriminate between CO2 

and O2. Therefore if the Srel ratio is low then there is likely a need for a CCM to create 

high internal concentrations of inorganic carbon (Badger et al. 1998; Leggat et al. 1999; 

Giordano et al. 2005). Evidence from Badger et al. (1998) suggests that there is 

considerable variation in the ability of photosynthetic organisms to use CCMs to create 
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high intracellular concentrations of inorganic carbon. For example, the green alga 

Chlorella saccharophila can create up to a 180-fold higher concentration than would be 

expected from passive diffusion alone, while the photosynthetic freshwater flagellate 

Peridinium gatunense can create concentrations up to 80-fold greater (Badger et al. 1998). 

At the opposite end of the scale are organisms such as the red alga Porphyridium 

cruentum and the coccolithophorid Emiliania huxleyi, which are capable of creating 

concentrations of only 1- to 15-fold greater than that expected through diffusion. To 

counter this, these organisms contain RuBisCO with relatively high Srel ratios and 

therefore a relatively high affinity for CO2 (Badger et al. 1998). Dinoflagellates appear to 

be a unique case. For example, Leggat et al. (1999) illustrated that zooxanthellae 

(Symbiodinium sp.) from the giant clam Tridacna gigas have a similar ability to 

concentrate intracellular inorganic carbon to other marine algae, at around 40-fold the 

concentration expected from diffusion alone, yet their RuBisCO has an 

uncharacteristically low Srel score. Likewise, the free-living dinoflagellate Amphidinium 

carterae has a similarly strong capacity to concentrate carbon, but when its Srel score was 

compared with a range of other organisms, it ranked 4th lowest out of 33 species (Badger 

et al. 1998). What makes dinoflagellates highly unusual is that they are the only group of 

organisms (along with anaerobic bacteria, where low Srel values are of low physiological 

significance) to contain form II RuBisCO (Badger et al. 1998; Leggat et al. 1999; 

Giordano et al. 2005). This isoform has a maximum Srel score that is 40% lower than the 

lowest score of form I RuBisCO. The functional diversity of CCMs (in both symbiotic 

hosts and algae) and RuBisCO isoforms therefore provide a basis to explain the different 

responses of corals and other photosynthetic organisms to elevated levels of CO2, though 
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far more work is needed to confirm the relationship between these cellular processes and 

the response to ocean acidification.  

From the previous paragraph, it is a reasonable prediction that the susceptibility of a 

photosynthetic organism to ocean acidification will depend more upon its phylogeny 

rather than its latitudinal origin or habitat, with certain evolutionary groupings of 

organisms likely to benefit from elevated CO2 levels more than others (Giordano et al. 

2005). Indeed, it is possible that any differences between the responses of S. pistillata and 

A. aureoradiata observed here are the result of phylogenetic differences rather than 

latitudinal ones, though a much broader survey of temperate versus tropical symbioses is 

needed to confirm this. According to Rost et al. (2008), species that rely solely on CO2 

uptake by diffusion or those with inefficient CCMs are highly CO2 sensitive in 

photosynthesis, and thus may rapidly and directly benefit from any increases in ambient 

CO2 levels. Furthermore, this same author concludes that those species operating highly 

efficient CCMs are already at, or close to, rate-saturation under present day CO2 

concentrations. Therefore, these algae are less likely to benefit from increases in CO2 in 

the short/medium-term but nevertheless may benefit in the future, since a down-

regulation of the CCM under elevated CO2 levels may allow for optimised energy and 

resource allocation. Given that the effects of CO2 supplementation in the current study 

were relatively minor, this could suggest that the zooxanthellae and their host possess a 

highly effective CCM that largely (though not wholly) counters the low affinity of form 

II RuBisCO. Alternatively though, it could indicate that the host tightly regulates the 

delivery of CO2 to its symbionts as a means of controlling their growth. Regulation of the 

symbiont population, as well as inter-partner signalling, is a characteristic of cnidarian-

dinoflagellate symbioses (Smith and Muscatine 1986; Davy and Cook 2001b). This latter 
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possibility could certainly explain why, even with the more efficient form I RuBisCO, a 

number of other free-living algae and seagrasses studied to date respond more 

dramatically to the addition of CO2 than did the symbiotic dinoflagellates in the current 

study (Palacious and Zimmerman 2007; Riebesell et al. 2007; Hall-Spencer et al. 2008; 

Iglesias-Rodriguez et al. 2008).  

 

Most commonly, the literature reports neutral or positive impacts of ocean acidification 

on photosynthetic function (Riebesell et al. 2007; Guinotte and. Fabry 2008; Doney et al. 

2009), which is consistent with the different CCMs and RuBisCO affinities discussed 

above. However, the negative impacts reported by Anthony et al. (2008) and in response 

to HCl in this thesis suggest that other detrimental physiological events must be occurring 

in these cases, presumably as a result of cellular acidosis. By 2100, the pH of the oceans 

is predicted to decrease to 7.6 (Caldeira and Wickett 2003; Orr et al. 2005; Wood et al. 

2008; Zeebe et al. 2008; Doney et al. 2009), representing an exponential increase in H+ 

ions present in the oceans. Dissolved CO2 is expected to increase to a greater extent than 

the decrease in carbonate ions meaning that total DIC is expected to be significantly 

higher than in pre-industrial times (Royal Society 2005; Caldeira 2007; Rost et al. 2008) 

(fig 5.1). It is apparent that, without the mitigating effects of elevated CO2 levels, 

acidification in the future has the potential to lead to physiological dysfunction in 

zooxanthellae, perhaps by removing the optimal intracellular conditions required for CA 

and/or RuBisCO function, or by denaturing these and other enzymes completely. 

However, with the predicted rise in DIC, events may be rather different, with higher rates 

of photosynthesis and greater productivity actually being seen. This suggests that 

enhanced CO2 availability somehow counters, either partially or wholly, the impacts of 
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acidosis. While this would do little to save coral reefs given the changes in seawater 

carbonate availability for calcification, it could conceivably benefit non-calcifiers such as 

phototrophic sea anemones, and even assist the survival of coral polyps that may have 

lost their skeletons as a result of ocean acidification (Fine and Tchernov 2007). It is worth 

bearing in mind, though, that environmental factors such as temperature, light, inorganic 

nutrient supply and UV-B light can potentially impact upon the operation of CCMs and 

hence indirectly impact photosynthetic DIC supply, and that different algae have different 

susceptibilities to these factors (Giordano et al. 2005). Hence, in reality, the impacts of 

pH cannot be considered in isolation. 

 

 

From the preceding discussion it is clear that the response to acidification is species 

specific. We therefore still need to know far more about how different species of corals 

Figure 5.1: Key changes to carbon oceanic chemistry as a result of ocean acidification. 
Using information from the IPCC and assuming scenario IS92a, by 2100 pH is 
predicted to fall to 7.8-7.6, CO3

2- will drop by 50%, there will be significantly 
increased dissolved CO2, and total DIC will increase.  
 

(Source: Rost et al. 2008) 
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and other symbiotic invertebrates respond to acidification and what the cellular bases are 

for any differences between species. Only then can we begin to accurately predict what 

the ecological implications of ocean acidification are. For instance, a comprehensive 

understanding of different cladal and intra-cladal responses of Symbiodinium spp. may 

allow us to predict which dinoflagellates will benefit or not as our oceans acidify, and 

consequently whether any symbiont community shifts might occur, as have been 

observed in responses to sea surface temperature fluctuations (Berkelmans and van 

Oppen 2006; Jones et al. 2008).  Such shifts have been experimentally shown in free-

living diatom communities in the Ross Sea, Antarctica, where CO2 concentrations 

matching those of long term projections caused a change in the species composition in 

favour of larger chain-forming species (Tortell et al. 2008). Furthermore, we need to 

clarify the extent to which HCl can be trusted to isolate the effects of cellular acidosis 

from any positive effects of CO2 fertilisation, as the alkalinity of HCl-acidified water is 

considerably below that of seawater acidified with CO2. Until then, the conclusions of 

comparative experiments, such as those presented here, should be treated with caution.  

 

In general, however, it seems likely that the impacts of ocean acidification on the 

photophysiology of symbiotic dinoflagellates in corals and other cnidarians will, as a 

result of the positive effects of greater CO2 supply and reduced carbon limitation, be 

relatively minor when compared to the impacts on calcification or, potentially, other 

metabolic processes that are impacted by intracellular acidosis. However, the potential 

still exists for community shifts in both host and symbiont species, and further research is 

essential for us to better predict what these might be. 
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