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Abstract 

Over half of the world's calcification is carried out by algae or by 

organisms which harbour them, such as coccol ithoph ores, foraminiferans, 

coralline seaweeds and reef-building corals. Calcification acts as a sink for 

inorganic carbon and although rather little is known about the precise 

mechanisms of biological CaC03 formation, the process as a whole is thought 

to be under threat from atmosphericC02 rise. 

This study examined the response of a reef-building coral, Montipora 

digitata and a coralline seaweed, Corallina officinalis to the main factors 

which influence calcification, namely light, dissolved inorganic carbon (DIC), 

pH, nitrate and calcium. 

In contrast to the commonly held view, this study demonstrates that both 

photosynthesis and calcification were carbon limited in seawater. Since the 

degree of stimulation by DIC in the light was different for each process, and 

dark calcification also increased with added DIC, it is clear that 

photosynthesis and calcification are only loosely coupled. 

Simultaneous pH measurements were made on the surface of the 

epithelium and at the site of calcification in the coral Galaxea fascicularis 

using pH microelectrodes, and demonstrated for the first time that pH at the 

site of calcification is not a simple response to seawater pH. 
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In this study, nitrate inhibition of calcification was shown to be more 

powerful in the dark than in the light, indicating that daylength may be a more 

significant factor in coral biology than previously realised. 

The currently-accepted hypothesis that biological calcification rates are a 

simple function of seawater CaC03saturation state was tested 

experimentally. Results from both Corallina officinalis and Montipora digitata 

reveal that: 

a) calcification is far more responsive to changes in inorganic carbon 

than to calcium concentrations; and 

b) when [C03 2-] is kept constant, increases in [HC03-1 cause dramatic 

increases in calcification rates, even at reduced pH. 

All of these data suggest that calcification in M. digitata and C. officinalis 

is a strongly biologically controlled process, influenced principally by the 

seawater bicarbonate concentration and pH, but strongly mediated by light 

and combined nitrogen. 
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1 Introduction 

Living coral comprises only a thin film of living tissue. Yet this thin film 

has shaped the face of the Earth by creating limestone structures sometimes 

over 1,300m thick from the surface down to its base of volcanic rock 

(Enewetak Atoll), or over 2000 km long (Great Barrier Reef). Coral reefs 

cover 6x 10 5 km 2 of the Earth's surface (Smith 1978). Despite the fact that 

"Corals calcify a hundred times faster than inorganic calcification rates on the 

reef, and faster than most animals" (Cohen and McConnaughey 2003) it is 

obvious that reef building corals must have been abundant through geological 

history in order to build those massive reefs of limestone. 

Despite this long prevalence, coral reefs appear always to have been 

especially sensitive and have vanished about a million years before other 

groups of organisms each time there was a global mass extinction (Copper 

1994). Reefs of plant-animal symbioses, occupied over 10 times their 

present area at some time during the Palaeozoic, yet at times they have 

completely disappeared or have occupied only a hundredth of their present 

area. The first hermatypic corals, harbouring algal symbionts in their tissue 

appeared around 230 million years ago in the Triassic, the beginning of the 

Mesozoic (Hallock and Mullerkarger 1993). Although coral reefs are fragile, 

they are resilient. Coral reefs vanished from the record during a period of 10 

million years following the late Cretaceous, but many of the same families of 

scleractinian (reef-building) corals eventually returned (Birkeland 1997). 
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Although the term 'coral' is widely used, paradoxically it has no valid 

taxonomic definition. 'Coral' initially referred to the Mediterranean Coral, 

Corallium rubrum (Anthozoa: Octocorallina) with a calcite skeleton. 

Afterwards it was also used to name other Octocorallians or reef-building 

corals (Scleractinians) with aragonite skeletons. In this study'coral' refers to 

the latter sort. 

1.1 The scleractinian coral 

Tentacle 

Pharynx 

Mesenterial 
filament 

Connecbng sheet 

Theca 

Scleroseptum 

IIIHi Basal plate 

Figure 1.1: Diagram showing the structure of hermatypic corals (from Muller-Parker 

and D'Elia in Birkeland 1997) 

The animal part of this association belongs to the Phylum Cnidaria 

whose most characteristic features are given above. These animals display 

radial symmetry, which is created by the tentacles that encircle the mouth 
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located at one end of the body. Figure 1-1 shows the structure of a typical 

polyp of hermatypic corals. This mouth also serves as the anus and is the 

connection between the outside seawater and a vascular digestive cavity 

called the coelenteron. These are two-layered organisms, with a band of 

mesoglea separating two tissues: the ectoderm (epiderm) and the endoderm 

(gastroderm). These cnidarians produce stinging organelles (nernatocysts) 

containing a paralysing toxin, which enable them to adopt predatory 

behaviour. Finally their body can take two different forms, either a pelagic 

medusa, or a benthic polyp. The class Anthozoa includes hermatypic corals 

and is characterised by large and complex polyps. The coelenteron of 

hermatypic corals contains vertical diversions, called mesentery. Although 

these invertebrates appear quite primitive, they form reefs that are the largest 

structure ever made by an animal, including humans. 

Hermatypic reef building corals are confined to warm tropical waters of 

well-lit coastlines of the Earth as shown in figure 1.2. 
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Figure 1.2: The distribution of coccolithophorids blooms (blue dots) and coral reefs 

(red dots) in the ocean (from Gattuso and Budderneier 2000) 

Coral reefs constitute the most important bioconstruction of the world 

with a calcification rate of about 2-6 kg CaC03 M-2 yr-1 (Barnes and Devereux 

1984). These reefs are of major importance, not only for marine ecosystems 

and biodiversity (tropical reefs are the most productive marine ecosystem and 

would host almost a third of all world fishes), but also for the economy of 

numerous countries (tourism, fishing), for coastal wave protection to prevent 

land erosion, for palaeoclimatology or geological studies (Barnes and Lough 

1993, Paulay in Birkeland 1997, Wilkinson and Budderneier 1994). Several 

applications of coral reefs are known, from drugs isolated from organisms to 

the use of coral skeleton as bio-implants for human surgery (Demers et al. 

2002, Fricain et al. 2002). 

Daily CaC03deposition as a function of reef surface relief indicate 

potential contributions to reef accretion of 4.1 to 28.1 g M-2 d-1, assuming 

100% coral cover. These estimates predict annual deposition rates of 1.5 to 

,0 IN 
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10.3 kg CaC03 M-2 yr-1, provided that measurements made between late 

summer and mid-winter are representative of calcification throughout the 

year. 

1.2 Corallinales 

In the North-Western Mediterranean sea the highest algal carbonate 

production is found in coralline algae-dominated rock bottoms with deposition 

rates of approximately 0.46 kg M-2 yr-1 (Canals and Ballesteros 1996). 

Since observed accretion falls far short of the quantities predicted by these 

measurements, erosive agencies must remove much of the CaC03deposited 

annually by crustose coralline algae on windward reef margins (Chisholm 

2000). 

It is recognized that crustose coralline algae also make a significant 

overall contribution to coral reef primary production by virtue of their high 

abundance, they are regarded as low rate producers of organic carbon. 

(Larkum 1983). If this is true, it is surprising that some species are able to 

calcify their tissues at rates of up to 9.1 g CaC03 M-2 d-1 (Chisholm 2000), 

since this would require significant concomitant production of organic carbon 

(see chapter 4). 

Calcification occurs within the cell walls of coralline algae, thus 

photosynthesis creates the organic environment in which the calcite crystals 

are deposited. Coralline algae are prominent among marine plants for their 

ability to deposit large amounts of calcium carbonate in their cell walls. The 

mineral is deposit as Mg-calcite, a calcite that contains magnesium, replacing 
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calcium ions by 11-19 mole percents. Coralline algae are major producers of 

magnesian calcite in the ocean, especially in tropical areas. Articulated 

coralline algae consist of branching flexible fronds attached to crustose or 

rhizome-like holdfasts. The fronds are made up of small, calcified segments, 

called intergenicula, which are separated by uncalcified nodes called genicula 

(Johansen 1981). Coralline algae are pinkish calcified red algae living in 

most euphotic zones where stable surfaces are present such as on rock, 

midticlal pools and drainage runnels, lower interticlal and shallow subticlal 

surfaces. They are widespread and abundant, especially on exposed coasts 

and are distributed in all phytogeographical regions from the tropics to 

temperate zones and towards the poles (Johansen 1981). 

1.3 Dissolved inorqanic carbon 

Inorganic carbon in seawater originates from minerals and from the 

atmosphere (Stumm and Morgan 1996). Substantial amounts of the 

dissolved inorganic carbon (DIC) in seawater comes from weathering of 

rocks, whileC02addition to the atmosphere is primarily derived from volcanic 

eruption and fossil fuel combustion, but also comes from respiration. 

C02not only dissolves in seawater, it mainly reacts with it and 

dissociates into three distinct species: carbonate (C03 2-) 

, bicarbonate (HC03-) 

and carbonic acid (H2CO3) and aqueousC02. 

Equation 1.1 shows that when atmosphericC02dissolves in water, it 

reacts with it and dissociates into the different carbon species as shown 

below: 
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C02+ H20<-> H2CO3 <-> HC03- + H+ <4 2H+ +C03 2- Equation 1.1 

The reaction of the uncatalysed hydration and dehydration0f C02 iS 

relatively slow (1-2 minutes), while the others occur instantaneously (Stumm 

and Morgan 1996). The equilibrium is mainly dependent on the pH of 

seawater, but is also affected by solute concentration, temperature and 

salinity. At high pH, the equilibrium is shifted towards the right of equation 

1.1 , while at low pH, it is moved towards the left. Figure 1.3 shows the 

variation in the species composition of DIC in seawater with different pH. 

Since the current pH of seawater is 8.0-8.2, most of the carbon is in the form 

of bicarbonate. 

1 Qö*ssssss. u 

(f) 
"I 
F 0.8 j 
C) 
CL 
(f) 
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0.6 
co 

cu 
CD 0.4 

cr- 

0.2 

0.00 
3 

--- ... ... ..... 
Speciation of inorganic carbon in aqueous 

Figure 1.3 : The distribution Of C02 (+ H2CO3), HC03- and C03 2- 
as a function of pH 

(from Falkowski and Raven 1997) 
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Bicarbonate ions are also used in calcification. Equations 1.2 and 1.3 

show that, during CaC03andMgCO3precipitation, aquatic organisms 

sequester DIC into mineral structures (Raven and Falkowski 1999). 

2 HC03-+Ca 2+ 
op,. CaC03 + C02+ H20 Equation 1.2 

2 HC03- + Mg 2+ 
I-p- 

MgC03 + C02+ H20 Equation 1.3 

Calcium carbonate precipitation is the most common form of calcification 

in marine organisms. The diagram presented in figure 1.4 demonstrates that 

CaC03precipitation has been a very active process over geological time, 

because now most of the carbon is located in the lithosphere in the form of 

calcium carbonate. In fact, in oceanic sediments, 85 % of the total carbon is 

in the form of calcium carbonate, while only 15 % is organic carbon 

(Westbroek et al. 1994). At present, there is 2000 times more carbon in 

inorganic deposits than there is in theC02of the atmosphere (Holland 1984). 

This massive difference illustrates the massive ability of calcification to 

sequester carbon. 
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Lithosphere 
(kerogens and fossil 

19.99% 

Lithosphere 
(sedimentary carbonab 

79.95% 

Oceans 
(organic + inorganic) 

0.051% 

Biosphere 
(terrestrial + aquatic) 

0.003% 

Atmosphere 
0.001% 

Figure 1A Diagram showing the distribution of carbon of the earth crust and 

atmosphere (data taken from Falkowski et a/. 2000). 

It is interesting to note that although surface seawater is saturated with 

respect to calcite and aragonite (Gattuso et al. 1999b, Stumm and Morgan 

1996), CaC03precipitation does not occur spontaneously, but is biologically 

driven (Kempe and Kazmierczak 1994). 

To sum up: while carrying out photosynthesis and calcification, aquatic 

organisms actively participate in the global cycling of carbon on Earth. For a 

few decades, the central question has been the extent to which human 

alteration of the carbon cycle affects these two processes. 
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Over the last 250 years, increases in the human population and 

inclustrialisation had led to an augmentation of the rate of fossil fuel burning 

and deforestation (Raven and Falkowski 1999). The partial pressureOf C02 

(PC02) has increased in the atmosphere due to anthropogenic inputs of 

carbon dioxide. It has increased by 32% between 1880 and 2000 (Houghton 

et al. 1996). Although on century-to-millennium time scales, the PC02 is 

controlled by the DIC concentration of seawater, the net flux0f C02 from 

ocean to atmosphere is now inverted (Raven and Falkowski 1999). Because 

theC02concentration of surface seawater co-varies with atmosphericC02 

levels, the last 2.5 centuries have been marked by an increase of the surface 

seawaterC02partial pressure (Broeker and Peng 1982). Since the 

beginning of the Industrial Revolution, oceans have absorbed 30 % of the 

additional atmosphericC02 (Houghton et al. 1996, Biggs 1992) and has 

indeed turned in most places, from a net carbon source into a net sink for 

atmospheric PC02 (Tyrrell T., ASLO summer meeting, Santiago de 

Compostela, 2005). 

Within a few centuries a doubling of the PC02 is expected, which will 

correspond to the highest level recorded in the last 24 million years (Gattuso 

and Budderneier 2000). 

As long as seawater remains supersaturated with respect to CaC03, 

C02exchange does not affect alkalinity because it does not cause the 

dissolution of CaC03 (Stumm and Morgan 1996). (Alkalinity is the sum of the 

charges of all anions of weak acids, see chapter 2 for details). Thus, a 
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doubling in PC02 would simply result, under equilibrium conditions, in a 

concomitant increase of the DIC concentrations of seawater and a diminution 

of the seawater pH by 0.279 units (Stumm and Morgan 1996). 

It is easy to predict the way in which ocean chemistry changes in 

response to PC02 increases, but biological responses are much harder to 

foresee because of our limited understanding of physiology and of the 

relationship between photosynthesis and calcification (Gattuso and 

Buddemeier 2000). 

HC03- is the form of DIC taken up by most photosynthetic aquatic 

organisms (Gattuso and Budderneier 2000). In these marine plants, 

subsequent internal HC03- dehydration occurs and providesC02 to the main 

enzyme of the carbon reduction cycle, ri bu lose- 1,5-bisphosphate 

carboxylase/oxygenase (Rubisco). Hence, if the alkalinity of seawater 

remains constant under increased PC02 levels, little direct effect should be 

noticed on the photosynthetic rates of most marine organisms, except for a 

few such as seagrasses (Gattuso and Budderneier 2000). On the other 

hand, calcification is likely to be inhibited by the predicted high concentration 

Of C02of seawater. Indeed, several studies have shown that the 

calcification rate of marine organisms is repressed by enhancedC02 

concentrations (Riebesell et al. 2000b, Langdon et al. 2000, Leclercq et al. 

2000, Gattuso et al. 1999b). 
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However, the biological effects of increased PC02 may not be as 

straightforward as described above. Photosynthesis and calcification were 

generally thought to be closely coupled (Nimer and Merrett 1996, 

McConnaughey 1991, Pentecost 1978) so a it geochernical factor" was used to 

explain calcification behaviour. Doubt has recently been cast on the strength 

of links between calcification and photosynthesis in the coccolithophore 

Emiliania huxleyi, but there is still considerable uncertainly in this area. Also, 

the fact that long-term effects and possible adaptations may not be 

predictable from short-term experiments should be taken into consideration. 

An understanding of the nature of the relationship between 

photosynthesis and calcification is therefore essential in order to make any 

predictions of the biological effect of increasedC02 levels. 

The aim of the present thesis is to improve our knowledge on this 

subject by examining the link between photosynthesis and calcification and by 

establishing the physiological effect of bicarbonate and calcium ions on these 

two processes. 

For this study the hermatypic coral and the coralline seaweed Corallina 

officinalis were chosen because these two groups are the main 

photosynthetic representatives of major calcifiers. Because of their 

widespread distribution, any physiological changes concerning these 

organisms, caused by increasedC02concentrations, are likely to strongly 

affect the biogeochernistry of the ocean and possibly of the whole planet. 
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A brief description of the main characteristics of both organisms used in 

this study is given below: 

Montipora digitata (Cnidaria) is a reef-building hermatypic coral 

commonly found in the well-lit shallow coasts of the Indopacific Ocean. It 

deposits aragonite crystals and is a "trans calcifying" organism. 

M. digitata belongs to the family of the Acroporidae (GK. Akron, 

extremity, summit; L. porous, pore), relating to the presence of a corallite at 

the tip of each branch. It is not only the most species-rich family of reef- 

building scleractinia even though it contains only three genera, but it is 

taxonomically the most problematic and difficult to deal with since different 

parts of the same colony can have very different growth forms (Veron 1986). 

Montipora (L. mons, mountain; porus, pore) is a small polyped coral, which 

forms leafy branching, or semi-massive colonies with numerous intermediates 

and is found in all reef habitats, from high-energy upper-reef slopes to deeper 

calm lagoonal habitats in the Indopacific Ocean. 

C. officinalis (Rhodophyceae) is an articulated coralline seaweed found 

in pools in the intertidal zone of rocky shores in the temperate zone. It 

deposits calcite crystals mixed with some magnesium carbonate on the inside 

of cell walls. According to McConnaughey's model, C. officinalis is 

considered as a "trans calcifying" organism, since inorganic carbon for 

photosynthesis is taken up from the external seawater, whereas calcification 

occurs on the inside of the cell walls. 

It builds whitish-pink to lilac, calcified, articulated fronds, 60-70 (-120) 

mm high, axis cylindrical to compressed, repeatedly pinnate from and 
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expanded discoid base, branching often irregular. The growth form is very 

variable and often stunted. In unfavourable habitats the erect system is 

vestigial, but extensive bases may be present. Corallina precipitates 

magnesium calcite. 

This brief presentation of some of the characteristics of hermatypic 

corals and C. officinalis shows that although both organisms carry out 

photosynthesis and calcification, differences exist between the two groups. 

Thus, because hermatypic corals and C. officinalis are phylogenetically 

different and differ in many aspects, if they behave similarly in their 

physiological responses, it will be possible to draw fundamental conclusions 

about the relationship between calcification and photosynthesis. 

Corals are long lived and hermatypic corals have been extensively 

studied, because they are useful tools in the study of past climates. They 

hold climatic and environmental records for the world's shallow water, tropical 

ocean region, since these areas are poorly represented by other proxies as in 

tree rings, ice cores or pollen (Allemand et al. 2004). The analysis of coral 

skeletons affords a glimpse at past climates. Data from cores extracted from 

the skeleton of hermatypic corals can also indicate past variations in light, 

temperature and nutrient concentrations, because of the sensitivity of the 

calcification rate to these variables. 

The American Society for Limnology and Oceanography (ASLO) 

summer conference in 2005 emphasised our need to understand the effect of 

a rise in atmospheric PC02 on photosynthesis and calcification to improve our 
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understanding of past climates in order to make better predictions of future 

carbon cycle and therefore variations in climate. 

1.4 Uncertaintv: The future for calcifiers 

Locally a higher nutrient influx from the increasing human population of 

tropical coasts is thought to reduce calcification rates and thus their ability to 

compete for light and space (Koop et al. 2001). On a global scale 

atmospheric PC02 increases and despite the fact that there is a huge 

variability of different members of the calcifying community in their response 

to the acidifying ocean, a part of them is sensitive to those future conditions 

and severely reduces their calcification rate. To date much numerical 

modelling and surveying has been done, but there have been rather few 

physiological studies (Langdon and Atkinson 2005). Often models fit well 

only in parts and may seriously contradict physiological evidence. Instead of 

creating new models for the other part, which do not fit, it was realised only 

very recently that interdisciplinary studies should be undertaken to link the 

observation with physiological and molecular evidence instead of basing 

models on "best fits". 

Somewhat ironically, the current anxiety over risingC02and the ways in 

which this will affect calcifiers has been a stimulus (and a source of funding) 

for research. The realisation that what will happen to calcifiers will help us to 

understand geological proxies of past climates and determine "vital" effects 

since current studies show that elemental composition in coral skeletons is 
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not in equilibrium with the ambient seawater. These disequilibria evidently 

vary depending on species and environmental conditions. 

At the present time, the PC02 rise in the atmosphere is predicted to 

cause a large decrease in global calcification owing to the drop in the CaC03 

saturation state of seawater. However, several very recent experiments 

have produced equivocal results (Engel et al. 2005, Reynaud et al. 2003) and 

have reinforced the importance of understanding the physiological as well as 

the geochernical influences on biological calcification. 

1 
.5Aim. q 

The following hypotheses are widely regarded by the marine scientific 

community as true: 

- DIC is not limiting for photosynthesis and calcification 

Photosynthesis and calcification are strongly coupled processes 

- Reduced calcification rate upon N addition caused by competition for 

carbon 

- Calcification is simply a chemical response to seawater saturation 

state and not biologically controlled 

The research reported here challenges these hypotheses. Hence, the 

results of experiments designed to test the hypotheses form the basis of this 

thesis. 
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Chapter 2 

Materials and Methods 
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Materials and Methods 

2.1 Organisms 

Montipora digitata and Galaxea fascicularis 

The hermatypic, zooxanthellae bearing and reef-building coral M. 

-1 - 

d1*g1tata (Indo-pacific) was kindly provided by the London Aquarium, brought 

back to Queen Mary College and kept in tanks especially set up for coral 

culturing which will be later described in detail. Galaxea fascicularis (used 

for microelectrode experiments) was purchased from an Aquarium shop. 

Corallina officinalis 

The red articulate coralline seaweed was collected at St. Margaret's Bay 

near Dover, Kent at low tide, kept wet and cool and transported back to 

Queen Mary College, University of London, where it was kept in running 

seawater (S=30) at 150C under fluorescent lights providing a 12 h light : 12 h 

dark photoperiod with of clownwelling photon flux density (pfd) of 150 pmol 

photons M-2 S-1. C. officinalis was used for experiments within 3 days after 

collection. 

2.2 Culturing 

Coral tank 

The following set up proved to be successful (after a couple of less 

successful culturing attempts). Upon arrival at Queen Mary College 

laboratory, coral cuttings were ground flat to IC nubbins", consisting of the top 

3-4 cm of a growth tip, and glued to Perspex tiles with super glue, slid into a 

Perspex holding rail and placed in the holding tank. Corals were maintained 
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at 260C +/- 0.5 in circulating seawater with a total volume of -180 litres I 

providing a 200 fold turnover per day. Initial seawater was provided by the 

London Aquarium. Seawater was made up using synthetic sea salt (Tropic 

Marine) with deionised water to salinity (S) = 35 for a 20% water change per 

week. Down-welling irradiance of - 250 ýLrnol photos m -2 s -1 over a 12 h light 

: 12 h dark photoperiod was provided by metal halide lamps (Philips, HPIT 

40OW). In this system seawater from holding tanks flows into a two step 

filter unit. It is first pumped into a protein skimmer (Turboflotor Multi SQ, in 

which fine air bubbles are introduced and mixed with water. Hydrophobic 

molecules/particles (i. e. dissolved proteins) cling to the air bubbles, rise and 

overflow into a collection cup. This first water treatment step is called foam 

fractioning. The second step is denitrification: This takes part in the voids of 

the porous 'live rock'which was provided by the London Aquarium. 

Ammonium is oxidised to nitrite and then nitrate, followed by a reduction to 

gaseous N2and N20in the anaerobic parts which are found mainly in the 

gaps in the rock. 

After this second step, seawater is pumped back into the holding tanks. 

Water motion in the holding tanks is provided by water jets (Eheim). Water 

loss through evaporation is compensated by deionised water. This "top up 

system" is operated with a ball cock. A schematic drawing of the set-up is 

given in figure 2.1. 

31 



LLA 
MP 

LLAM 
P 

i 

Figure2.1: Schematic diagram of the coral culturing system atQMUL. 

2.3 Incubation media 

A simplified version of Harrison's artificial seawater medium containing 

the main salts (Harrison et al. 1980, see appendix) was freshly made up to 

the desired salinity, and DIC is added from a stock solution to a final 

concentration of 2 mM DIC (unless stated otherwise). If the medium was to 

be buffered, bicine (N, N-bis[2-Hydroxyethyl]glycine) was added to a final 

concentration of 25mM before DIC addition and the salinity checked. 
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Additional calcium and nitrate were added from stock solutions to the required 

final concentration. In the case of calcium addition an equimolar amount of 

NaCl was omitted beforehand to compensate for the increase in salinity since 

calcium was added in the form of CaC12-21-120- pH is adjusted using 1M HCI 

or NaOH. 

2.4 Photosynthetic activity measurements 

2.4.1 Luminescent dissolved oxygen (LDO) meter (Hach Instrument 

Company). 

Light is focused onto a fluorescing material, which produces light at a 

different wavelength. The presence of oxygen reduces the amount of 

fluorescent light produced. As light is constantly produced in a bandwidth 

rather than a single wavelength, there is no absolute zero. However, as the 

measurement is frequency (rate of change) based, there is no drift as long as 

the signal strength is reasonable. However, the detector is sensitive to any 

light (sunlight, area lighting, etc. ), so it must be calibrated and operated in an 

almost black-box environment. 

Because this type of oxygen measurement system is novel, the 

luminescent probe was cross-calibrated against the long-established Winkler 

method. 
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2.4.2 Winkler Method 

In the basic Winkler procedure (Winkler 1888, Hansen 1999), the water 

sample is treated with manganous sulphate, potassium iodide and sodium 

hydroxide. Under highly alkaline conditions, the manganous ion is oxidised 

by molecular oxygen to manganic dioxide, a brown precipitate 

Mn 2+ 
+20-+ 

1/202 Mn02+ H20 Equation 2.1 

In the absence of oxygen a white precipitate Mn(OH)2 is formed. 

Sulphuric acid is added to the sample to dissolve the precipitate and produce 

acid conditions for the oxidation of iodide to iodine by manganic dioxide 

according to 

Mn02+ 21- + 4H+ Mn 2+ + 12+ 2H20 Equation 2.2 

The quantity of 12 released is proportional to the total amountOf 02 

originally present. One half of a moleculeOf 02 results in the release of one 

molecule of iodine(12). 

[021 = cs x Thio, ol x [Thio] x 106 / ((Sample,,,, - Reagent, (,, ) x 4) 

Where 

[021 ": oxygen concentration (pM) 

cs = correction factor from the standardisation of thiosulphate 

Thiovol = titrant volume (ml) 

[Thio] = titrant concentration (M) 

Samplevol = titrated sample volume (ml) 
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Reagent,,,, = Reagent (1+11) volume x (sample volume / exetainer volume) 

is. 

Samples were analysed using both methods. After the incubation 

period, blanks (no organism) and samples were analysed representing the 

"after" and the "before" sample respectively. 

Figure 2.2 shows the cross-calibration of oxygen determined by Winkler 

against luminescence 
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Figure 2.2: Cross-calibration of luminescence and Winkler technique for determining 

oxygen. n=43 

Since the luminescent probe is a faster method and there is a strong, 

positive correlation between02determination using the LIDO probe and 
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Winkler (y=0.70x+61; t=35.36, df=41, p<0.001), it was used without 

correction. High levels of oxygen supersaturation were avoided for 

physiological as well as methodological reasons. The upper limit of the 

measurement of the LDO probe was 200% saturation0f 02with respect to 

air. 

2.4.3 Fluorescence Monitoring System 

Photosynthesis was also directly measured by assessing photosystern 11 

(PSII) activity using a Hansatech Fluorescence Monitoring System (FMS). 

This instrument measures chlorophyll fluorescence emission from PSII. This 

is a non-intrusive method, which was originally developed as a field tool to 

predict crop health. This technique works on the principle that in plants, at 

room temperature, the reaction centre of PSII is the main source of variable 

fluorescence and that any change in fluorescence is related to a modification 

of the excitation state of PSII. 

Indeed, photons absorbed by chlorophyll molecules can trigger either 

photochemical or non-photochemical processes. The former uses the 

absorbed energy for photochemical reactions, hence constituting the first 

phase of photosynthesis. In contrast, non-photochemical processes 

dissipate energy and thus do not drive photosynthesis (Schreiber et al. 1994). 

In this case, energy is either quenched as infrared radiation (heat) or red / far- 

red radiation (chlorophyll fluorescence). Increases in non-photochemical 

processes are correlated with a diminution in photosynthetic activity. 
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Chlorophyll fluorescence emission is therefore a good indicator of the state of 

Psil. 

The FIVIS provides two sorts of fluorescence parameters: dark- and light- 

adapted ones. Fo, also called the fluorescence origin, characterises the 

minimum fluorescence yield, i. e. when the primary electron acceptor, QA is 

fully oxidised (Schreiber et al. 1994). This fluorescence parameter is 

measured after dark adaptation. On the other hand, Fm, the maximum 

fluorescence yield, is gained by exposing dark-adapted tissue to a short, 

intense and saturating pulse of light. Thus, Fm corresponds to the fully 

reduced state Of QA (Schreiber et al. 1994). The variable fluorescence, 

denoted Fv, is calculated as follows: 

Fv = Fm - Fo 

Since Fv is the difference between Frn and Fo, it is an estimation of the 

maximum capacity for photochemical quenching. The most important dark- 

adapted fluorescence parameter is the ratio of variable to maximum 

fluorescence (Fv/Fm), which is directly proportional to the maximum quantum 

efficiency of PSII. Fv/Fm is biomass independent and is widely used as a 

measure of plant health. 

PSII quantum efficiency (OPS11) is a light-adapted parameter and is the 

equivalent of Fv/Fm in the light. Fs, the steady state fluorescence yield or 

light adapted Fo, corresponds to Fo, and a saturating pulse of light is required 

to obtain Frn', the light-adapted equivalent of Fm. ýPSII is calculated as 

follows: 
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ýPSII = (Fm'- Fs) / Fm' 

The photochemical (qP) and non-photochemical quenching parameters 

(qNP) are computed using the equations below: 

qP = (Fm'- Fs) / (Fm'- Fo) 

qNP = (Fm - Fm') / (Fm - Fo) 

The Hansatech instrument program allows the user to write purpose-built 

scripts which are combinations of measurements made at different time 

intervals. These scripts can be run repetitively. The script which was 

designed and used to measure PSII activity with increasing pfd in this study 

was as follows. 

LOG: 1 

WAIT: 10 (seconds) 

Fv/Fm : 2.5,85,0.7 (averaging duration, intensity, pulse duration) 

WAIT: 30 

ACT: 5 (brightness of continuous light) 

WAIT; 40 

0 PSII: 11.0,85,0.7 (as Fv/Fm) 

WAIT: 30 

Repeat from line 5 with next actinic light 
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In these experiments, the sequence was: ACT : 10, and then 15,20,25, 

and 30. 

The actinic light control is simply a power switch and must be calibrated 

to convert to pfd. A nubbin was placed on the side so that coral tissue was 

touching the bottom of a cut open acrylic Nunc bottle filled with seawater. 

The nubbin was dark incubated for 20 minutes. In the experiments, the 

fluorescence probe was then positioned flat against the bottom of the bottle, 

closest to the coral tissue. The actinic light emitted by the FIVIS was 

converted into PFD by calibrating through a piece of Nunc bottle and 

recording the pfd given on a Skye Instruments Ltd SKP 200 (figure 2.3). 
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Figure 2.3: The conversion of actinic light emitted by the FMS into PFD when calibrated 

through a piece of Nunc bottle. 
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2.5 Calcification measurements 

2.5.1 Alkalinity Anomaly Technique 

Calcification rates were measured using the alkalinity anomaly technique 

(AAT), a non-destructive method, whereby the total alkalinity (TA) of seawater 

is determined from potentiometric titration data. This method for the 

determination of the calcification rate of corals has been validated by 

Chisholm and Gattuso (1991). Dickson (1981) describes the total alkalinity of 

seawater as 'a measure of the proton deficit of the solution relative to an 

arbitrary defined zero level of proton'. In other words, TA which is an excess 

of base over acid in seawater, can be represented as followed: 

TA = [HC03-1 +2 [C03 2-] + [B(OH)4-1 + [OH] - [H+] Equation 2.3 

Although three biological processes (calcification, photosynthesis and 

respiration) affect the total amount of DIC in seawater, only calcification 

(calcium carbonate dissolution) changes the TA of seawater (Chisholm and 

Gattuso 1991). This is due to the fact that as shown in equation 2.3, 

alkalinity is associated with charge balance, so that the addition or removal of 

neutral C02by photosynthesis and respiration do not generate alkalinity 

changes (Smith and Key 1975). Furthermore, when bicarbonate is the form 

of DIC taken up by organisms as the source of carbon for photosynthesis, 

becauseC02 is the DIC species fixed by Rubisco, ultimately this bicarbonate 

uptake is equivalent to the removal Of C02 from seawater. So, in these 
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conditions, the TA of seawater remains unaffected by photosynthesis 

(Chisholm and Gattuso 1991). On the other hand, when one mole of CaC03 

is precipitated, TA is reduced by two molar equivalents 

Ca 2+ 
+ 2HC03- CaC03 + C02 + H20 Equation 2.4 

Calcification rates can therefore be determined from measured changes 

in TA. 

TA is estimated by titrating a known volume of seawater with a strong 

acid until reaching the endpoint corresponding to the formation of carbonic 

acid from bicarbonate (Dickson 1981). The amount of acid used is 

proportional to the total amount of hydrogen ions required to neutralise the 

negative charges of the solution. Gran (1952) proposed astep-wise 

procedure whereby only a few pHs are recorded between pH 4.4 and 3.7. 

The pH readings and the corresponding volumes of acid titrant in this range 

are then used to calculate the Gran function 172given by: 

F2 '-': [antilog (5 - pH)] x (V,, + v) Equation 2.5 

where V,., and v are the volume (ml) of the sample and of the titrant 

respectively. The Gran function F2yields a linear plot against the volume of 

titrant v, so that, by extrapolation, the point of intersection with the horizontal 

axis, denotedV2, can be determined. This valueV2marks the alkalinity 

equivalence end-point. Finally, the TA of the sample is obtained using the 

following equation: 
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TA (mEq 1-1) '": V2 X (1000 / Vs) xn 

Where n is the concentration of the titrant. 

Equation 2.6 

M. digitata nubbins and C. officinalis were rinsed with medium before the 

experiment. Detailed information is given under i1experimental set up II . Afte r 

the incubation period a minimum of 10 ml of medium was withdrawn from the 

experimental chambers with and without organism, constituting the 99 after" and 

the "before" sample respectively. 

Samples were equilibrated with room temperature before TA 

measurements. 10 g of each sample were titrated with 0.01 M HCI using a 

motorised titrator (EDP Plus, RAININ instrument co, inc., USA). TA was then 

computed and the difference in TA obtained by subtracting the TA value of 

the'after'from the'before' sample. Calcification rate was calculated using 

the stoichiometric relationship between CaC03precipitation and the TA 

depletion of seawater. 

2.5.2 Buoyant weighing technique 

The skeletal weight of M. digitata nubbins is calculated as follows (Jokiel 

et al. 1978) 

Mair ": Mwater / [1 - (Dwater / Dobject)] Equation 2.7 
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Where Mair is the weight of the nubbin in air (g), Mwater the weight of the 

nubbin in water, Dwater and Dobject the seawater and skeletal density (2-93 9 

CM-3 ). Seawater density is calculated from temperature and salinity. 

Calcification rate (% d-) is determined as follows: 

(Wn / Wo)'/'- 1 Equation 2.8 

Where G represents calcification rate (% d-1), Wn the skeletal weight 

after n days (g), Wo the skeletal weight measured the previous week (g) and 

n the days of culture. 

2.6 Skeletal microhardness determination 

For the indentation hardness test a square-based pyramidal diamond 

indenter is pushed, under a predetermined force, into the surface of the 

skeleton. After removal the diagonals of the resulting indentation are 

measured to determine the skeleton's microhardness after Vickers (ASTM 

1999). 

Figure 2.4: View of Porites porites skeleton set in resin, ground flat and polished. 

The impact of inserted diamond (load of 50gf for 15s) causing an indentation, which 

dimensions are used to determine the skeleton's microhardness after Vickers (ASTM 1999). 
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2.7 FID-Gas Chromatography 

Total dissolved inorganic carbon of seawater was analysed by gas 

chromatography fitted with a flame ionisation detector (FID-GC) of the model 

Agilent GC ChemStation 5890 (Wilmington, USA) with a Multipurpose 

sampler MPS 2. The carrier gas was nitrogen. 

A helium headspace was created in the air-tight glass bottles 

(exetainers), containing the water samples. Each sample was acidified with 

12 N HCI in order to convert inorganic carbon toC02. After equilibration with 

the headspace, a portion of this headspace gas was analysed using FID-GC. 

C02 is reduced to CH4at a Nickel catalyst and burned in a hydrogen flame. 

Freed electrons form an electro current proportional to the amount of CH4 

which entered the flame. A more detailed description of the method is given 

by Miyajima etal. (1995). For each experiment a calibration was run using 

the same seawater medium with different [DIC] to eliminate differences in 

headspace gas equilibration caused by pressure and temperature difference 

during sample analysis. An example is shown in figure 2.5. 
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Figure 2.5: Calibration Of C02 peak area to total [DIC] in seawater using FID-GC 

2.8 pH meter 

The pH of the incubation medium was measured with a 420A Orion pH 

meter, calibrated with pH 7.0 and 9.2 BDH buffers. 

2.9 pH microelectrodes 

All studies involving pH microelectrodes were performed at the 

Department of Physiology, University of Cambridge, Downing Street, 

Cambridge. Dr Christof J. Schwiening demonstrated the principle of the 

microelectrode technique and assisted in the experimental design. 

Construction and preparation of LIX pH microelectrodes 
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Borosilicate glass capillaries (GC 100 -15) were pulled to a3 ýtrn tip 

using a glass capillary puller (Gutter Instrument CO, Model P-2000, USA). 

Afterwards they were silanised according to the method by Thomas (2000). 

The electrode tips were filled with hydrogen ionophore 11 - cocktail A (Fluka 

Chemica) and backfilled with snail ringer solution. Electrodes were fixed on 

heavy stands and connected with an Ag/AgCl wire. The signal was amplified 

and computed using 'Spike 2' program. 

Positioning of the electrodes on the surface of G. fascicularis polyps was 

done as described by KOhl et al. (1995). The time period for each cycle of 

illumination was determined from the response of the coral to the light switch 

until almost a steady state was reached. Previous studies done with 

microelectrodes on corals show that a steady state cannot be easily reached, 

but close to a steady state is often reached in less than 10 min of incubation 

and very little change occurs afterwards (K(jhl et al. 1995, De Beer et al. 

2000). G. fascicularis is glued to a piece of an acrylic Perspex ruler (Muji) 

and placed in a polycarbonate flow cell for microelectrodes measurements. 

Micromanipulators fixed on a heavy stand were used to position the 

electrodes. Figure 2.6 shows the setup. 
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Figure 2.6: G. fascicularis polyp (arrow) in polycarbonate flow cell for microsensor 

study. pH microelectrodes (a) were inserted in seawater, ready for calibration. A pfd of 140 

pmol photons M-2 S-1 was provided by halogen light source (b, KL 1500 Schott Mainz, 

Germany). Positioning of microelectrodes was observed through a binocular microscope (c). 

pH microelectrodes were first calibrated in buffered seawater flowing 

through the in the experimental chamber. After the experiment this 

procedure was repeated to ensure that no pH drift had occurred. 
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Electrodes were carefully positioned either on the surface of the 

epithelium of G. fascicularis or pushed through the membrane layers until 

resistance against further movement of sensor was experienced, indicating 

that the electrode was positioned at the calicoblastic layer near the skeleton. 

The tissue was left to relax and cover the electrode. This allowed time to re- 

establish conditions until they were stabilised. pH responses were measured 

using the light-dark shift method (KOhl et al. 1995). Figure 2.7 gives an 

example of the signals. The signal is measured in mV and later converted 

into pH values according to the Nernst equation (0.058 mV =1 pH unit), thus 

the smaller the value for mV the higher the corresponding pH. The traces 

show that upon switching the light on, pH increased at both electrodes, while 

darkness caused a lowering of pH. 
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Figure 2.7: Example of signals positioned at the calicoblastic layer (a) and on the 

surface of the epithelium (b) of Galaxea fascicularis over time (s). The parallel signals at the 

start of the measurements (*) indicates an example of a calibration, when both electrodes are 

submersed in the seawater bath before positioning. The arrow indicates a change of the 

offset, since pH is increasing upon formation of a tight seal around the electrode at the 

calicoblastic layer. 
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Trace a) demonstrates that at the calicoblastic layer upon "tissue 

sealing" around the electrode the average pH increases continuously until 

ti stable conditions" are reached. Simultaneous measurements at the 

epithelial surface (Trace b) demonstrated that amplitudes upon light/dark 

shifts and average pH stayed stable. Signals are slightly unstable. In order 

to improve the signal stability a better seal was formed between the electrode 

and the surface epithelium by very carefully pressing the electrode tip against 

the tissue surface. 

A pl-l-irradiance curve was established on the surface epithelium of 

Galaxea fascicularis to determine saturating light for pH,,.. Epithelial surface 

pH reaches a plateau > 100 pfd 
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Figure 2.8 pH-Irradiance curve measured on the epithelial surface of G. fascicularis 

with increasing pfd to establish saturating light. 

50 



2.10 Nitrate measurement 

Nitrate (+nitrite) was analysed colouri metrically after cadmium reduction 

using a HACH DR/890 colorimeter, Hach Company, USA. 

Nitrate (N03-) is reduced almost quantitatively to nitrite (N02-) in the 

presence of cadmium (Cd) treated with copper sulphate(CUS04). The N02 

produced thus is determined by diazotizing with sulfanilamide and coupled 

with a second aromatic amine, N-(l-naphthyl)-ethylenediamine 

clihydrochloricle to form a purple coloured azo dye. The Absorbance due to 

the dye is then read spectrophotometrically at a wavelength of 210 nm. In 

the linear range of the calibration the higher the concentration of nitrate or 

nitrite, the greater the degree of UV absorption. 

Photon flux densities (PFD) were determined using a Hansatech light 

meter type QRT1. 

2.11 General experimental set ups 

Medium to nubbin ratio for M. digitata 

In this study alkalinity concentrations could be determined within +/- 1% error 

The aim was to determine an incubation medium to nubbin (me: nu) 

ratio (weight of incubation medium (g) : buoyant weight of nubbin (g)) over a 

fixed experimental time, which was small enough to allow the sample value to 

be distinguished from the control (incubation without organism), but big 

enough to avoid big changes in the incubation medium due to metabolic 
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activity of the coral, i. e. pH shift, oxygen concentration, accumulation of 

metabolic waste etc.. Figure 2.9 showed the effect of using different me: nu 

ratios at two different [DIC], while the exposure time was kept constant using 

the AAT. 
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Figure 2.9: Dark calcification of M. digitata varying [DIC] and different me: nu ratios. 

Exposure time was kept constant. Data represent means +/- se, n=4. 

The result indicated the bigger the me: nu ratio, the bigger the signal, but 

only dark calcification at 4.5 mM DIC proved to be significantly bigger (t-test, 

p=0.004) at a me: nu ratio of 100 compared with 50. For all following 

experiments me: nu ratios were therefore kept around 100. 
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2.11.1 Set up for M. digitata 

Nubbins were incubated (hanging upside down) in 60ml Rank Brothers 

(Cambridge) electrodes filled with artificial seawater (S=35). These clear 

acrylic Perspex chambers with stoppers were used as reaction chambers, 

maintained at 260C by a water jacket containing circulating water from a 

thermostatically controlled water-bath. Projectors provided cool halogen light 

and irradiance was controlled using neutral density filters, which were 

inserted as slides Dark incubation was achieved by covering the 

experimental chamber completely with aluminium foil. A magnetic stirring 

bar in the bottom of the chamber provided water motion. Stirrer speed 

(revolutions per minutes) was manipulated by a control box. 

Experiments investigating the effect of seawater saturation state of 

CaC03on calcification were carried out in an air-conditioned room (T=260C). 

Incubation vessels were clear polycarbonate vials (60 ml), which were cut to 

size according to the required me: nu ratio. The nubbin was placed in the 

vessel, which was then completely filled with medium. Instead of the 

stopper, a planar clear Perspex tile to avoid gas exchange with the 

atmosphere covered the vessel. Saturating down-welling light was provided 

by metal halide lamps (Philips, HPIT, 40OW). 

After the experiment, oxygen was measured by luminescence and a 

water sample was collected for determination of total dissolved inorganic 

carbon. In order to minimise gas exchange with the atmosphere, an air-free 

water sample was drawn using a 20 ml syringe fitted with a piece of tubing. A 

12.5 ml exetainer was filled to over flowing while slowly pulling out the tubing, 
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ensuring that the end of the tubing was always just below the rising surface. 

Exetainers, were closed without trapping any air bubbles. Vials and 

exetainers without organisms were considered as the "before" sample. 

For the two-week incubation in +/- 100 ýM nitrate, nubbins were placed 

in 2.5 1 glass beakers, filled with seawater from the coral system and placed in 

one of the coral tanks to ensure that temperature and light were the same as 

under culturing conditions. Water was daily replaced by carefully siphoning 

seawater. Bubblers provided water motion in the beakers. Algal growth in 

the beakers could significantly reduce the nitrate concentration by nitrate 

assimilation so beakers were replaced by clean ones every 4 days. Since 

this incubation method had a significant effect on calcification, "long-term" 

2 weeks) was manipulated as follows: 

The long-term effect of different seawater saturation states regarding 

CaC03was investigated. Nubbins were placed in Perspex chambers, which 

were filled with 41 of seawater. They were positioned in one of the coral 

tanks for the same reasons as stated in the above paragraph. Chambers 

were fitted with a mini water jet to provide water motion. Seawater was taken 

from the coral system and modified using stock solutions of CaC12-2H20 and 

NaHC03 tOgain the desired [Ca 2'] and [DIC] for the different treatments. 131 

d-1 of modified seawater was continuously supplied through the Perspex 

chambers via a peristaltic pump. 
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2.11.2 Set up for C. officinalis 

C. officinalis was examined in order to discard epiphytic organisms and 

damaged samples as well as possible. Fronds were carefully blofted and a 

piece of 300 mg was cut of the growing front and immediately placed in a 

clear polycarbonate vial completely filled with 30 ml seawater (S=30) and 

closed to avoid further gas exchange with the atmosphere. Vials were 

placed on SPIRA rollers providing water motion. Saturating down-welling 

light (300 ýtmol M-2 S-) was provided by metal halide lamps (Philips, HPIT, 

40OW). Temperature was kept at 150C. Dark samples were completely 

wrapped in aluminium foil. 

After the experiment, oxygen was measured by the LDO probe and a 

water sample was collected for determination of total dissolved inorganic 

carbon. In order to minimise gas exchange with the atmosphere, an air-free 

water sample was withdrawn using a 20 ml syringe fitted with a piece of 

tubing. A 12.5 ml exetainer was filled to over flowing while slowly pulling out 

the tubing, ensuring that the end of the tubing was always just below the 

rising surface. Exetainers were closed without trapping any air bubbles. 

Vials and exetainers without organisms were considered as the "before" 

sample. 
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2.12 Calculating CaC03seawater saturation state 

Example 

The following seawater saturation state regarding aragonite was 

determined for temperature (T) = 260C, salinity (S) = 35 and pH 8.2. 

Qarag 
--: [Ca 2+ ]X [C03 2-] /Karag 

Karag *": 10-6.19 is the stoichiometric solubility constant of aragonite 

depending on temperature and salinity calculated according to Mucci (1983) 

[Ca 2+] = 0.0174 mol kg-1 was the final molal concentration of calcium in 

artificial seawater. Now the only missing component is the concentration of 

carbonate. 

In order to calculate[C03 2-] following parameter had to be taken into 

account: 

Total dissolved inorganic carbon in water is composed of the ion 

fractionsOf C02*, HC03- andC03 2-+ ion pairs. The equilibrium constants, 

depending on temperature, salinity and pH, were calculated by equations 

taken from Roy et al. (1993). 

Kl= 1.47 x 10-6 

K2"'ý 1.23 x 10-9 

The ionisation fractions were then calculated as given by the equations 

in Stumm and Morgan (1996) 

ao = (i + Kl/[H+] + KlK2/[H +]2)-l 
= 0.004 

+ [H+]/Ki + K2/[H+])-l = 0.833 

a2= (1 + [H+]/K2+[H +]2 /Ki K2)-l = 0.164 
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Following concentrations were then calculated: 

mmo g-l 

Total DIC = 2.00 

C02*'-': 0.007 

HC03-7-- 1.667 

C03 2- 
= 0.327 

-Qarag can therefore be calculated as follows 

Qa�. g = (0.0174 mol kg-' x 0.000327 mol kg-') / 10-6,19 

In this thesis a simplified calculation model was applied which takes the 

analytical concentrations instead of the ion activities (effective concentrations) 

of calcium and carbonate into account. 

When ions of opposite charge approach within a critical distance they 

form an ion pair and are no longer electrostatically effective. Seawater has a 

high ionic strength, thus the distance between anions and cations is 

automatically reduced and the formation of ion pairs is significant. The 

higher the ionic strength, the lower the ion activity coefficient of the ions. 

When a solute (here i. e. in form of CaC12) is added to seawater, the ion 

activity of the ion in question increases to a lesser extent then its total 

analytical concentration. A decrease in temperature increases ion pairing. 

The CaC03saturation state is therefore reduced, even if the overall seawater 

composition stayed the same. 
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In this study all calculated CaC03saturation values therefore 

overestimate the actual ones, but the relative increases are still correct. 

Program packages are available which take the effect of ion pairing on 

saturation state values into account. 

2.13 Normalisation 

Montipora digitata 

Current normalisation parameters include protein concentration, 

chlorophyll a, skeletal weight and surface area. Each of those measures / 

normalising parameters can introduce an ambiguity for normalising 

calcification rates which will be briefly explained in the following paragraph. 

(So far no satisfying, non-destructive normalisation technique has been found 

for calcification rates. ) 

Normalisation to protein concentration is dependent on the nutritional 

status of the coral. Feeding can increase protein concentrations and 

possibly calcification rates (Houlbr6que et al. 2003, Al-Moghrabi et al. 1996, 

Muller-Parker 1985, Szmant-Froehlich and Pilson 1980), hence increased 

skeletogenesis is underestimated when normalised to protein. Nutrient 

addition, while increasing biomass of the symbiotic association, reduces 

calcification rates, leading to an overestimation of the decrease in calcification 

rate. 
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Chlorophyll a, cell specific density and cell size of zooxanthellae is 

subject to variation in nutritional status according to different symbiotic 

associations (Houlbr&que et al. 2003, Al-Moghrabi et al. 1996, Marubini and 

Atkinson 1999, Marubini and Davies 1996, Muller-Parker 1985, Szmant- 

Froehlich and Pilson 1980). 

Skeletal weight as a normalisation factor would only be suitable if weight 

to surface area ratios did not vary during growth (e. g. isometry), since only 

the top few millimetres of the skeleton are subject to "coral induced yy 

calcification. Even calcification rates of different sized specimens, but of the 

same coral species, normalised to skeletal weight can only be compared 

when shape and growth form are very similar/distinct (i. e. Acropora sp. ). 

Surface area provides the most useful normalisation when comparing 

calcification rates between coral species, but becomes more erroneous the 

more branched the skeleton becomes (apart from the aluminium foil 

technique (Marsh 1970), all other techniques are also destructive- see 

paraffin- (Stimson and Kinzie 1991) or dye-dipping (Hoegh-Guldberg 1988). 

Montipora digitata "has no distinct shape". For each experiment, 

nubbins of similar size and shape were chosen (height 3.5 -4 cm). Attempts 

to normalise calcification rates to surface area gave no satisfactory results. 

Corallina officinalis 

Changes in oxygen, CaC03and total dissolved inorganic carbon were 

normalised per gram of fresh weight of seaweed per hour. 
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Chapter 3 

Carbon limitation in hermatypic corals 
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3. Carbon limitation in hermatypic corals 

3.1 Introduction 

3.1.1 Carboninthesea 

Much attention has been given to the influence of light and some 

essential inorganic solutes, e. g. N, Fe, Si, and P, on primary productivity in 

the ocean, but dissolved inorganic carbon (DIC) has received little 

consideration. In the textbook "Aquatic Photosynthesis" (Falkowski & Raven 

1997), it states that carbon is not a significant limiting factor in the sea, 

although the authors do concede that the coccolithophore, Emiliania huxleyi 

might constitute an exception. 

Marine plants, unlike terrestrial ones, encounter bicarbonate and 

carbonate ions as well asC02and part of the reason for the paucity of 

investigations into marine carbon limitation is that in comparison with other 

essential solutes, seawater contains an apparently abundant supply of DIC. 

The total concentration of 2.2 mmol 1-1 comprises HC03- (91 %), C03 2-(g%), 

withC02 forming less than 1% of the total. In concentration terms, seawater 

contains 12 PM Of C02, which is comparable with 14 pM in the air (Falkowski 

& Raven 1997). Hence, at first glance, it would appear that marine and 

terrestrial plants are exposed to a similar supply0f C02. This is not the case 

however, because the rate of diffusion of gases in liquids is 103_104 times 

slower than gases in gases (Falkowski & Raven 1997), so that diffusion 

boundary layers can isolate marine plants from their carbon source, as of 

course they do for other essential solutes. The difference is that dissolved 

ions such as nitrate and phosphate are present in the ocean at concentrations 
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in the same order asC02, but one or two orders of magnitude lower than 

carbonate and bicarbonate, and diffusion rates depend on concentration 

(activity) gradients as well as path length. However, simply being present at 

high concentration is not the same as being biologically available, and in any 

case, it is C02 that is the substrate for Rubisco and other ion species of 

carbon would have to be converted toC02once inside the cell and/or 

chloroplast. 

C02possesses the important chemical property of reacting with water as 

well as dissolving in it and its behaviour as a non-ideal gas has considerable 

implications for both photosynthesis and calcification. WhenC02 reacts with 

water it forms carbonic acid which dissociates into bicarbonate and carbonate 

ions (see chapter 1). 

This series of equilibria is dependant on a variety of factors, with pH and 

concentration being the most important. When plants removeC02 from the 

water in photosynthesis, if the rate of replacement is slower than this, the pH 

and the distribution of ion species moves to the right. Furthermore, since the 

uncatalysed conversion of HC03- to C02 in seawater is also a slow process 

(Cook et al. 1986) and only a small amount of inorganic carbon in the form of 

C02can diffuse through boundary layers and cell membranes per unit time. 

At present there is only one report of carbonate transport into cells and that is 

Boron (2001). 

In contrast to the generally perceived view, it has been shown by several 

workers in our laboratory that DIC is indeed limiting in the sense that in 
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experiments where more DIC was added, the rates of the respective 

processes increased. This has been shown for photosynthesis and 

calcification in E. huxleyi (Herfort et al. 2002), photosynthesis in Palmaria 

palmata (Dong et al. 1991) and calcification and photosynthesis in the 

hermatypic coral Porites porites (Marubini & Thake 1998, Marubini & Thake 

1999). 

3.1.2 Spatial and temporal separation of photosynthesis and 

calcification in corals 

The equal importance of Emiliania huxleyi and hermatypic corals in 

global calcification budgets has already been noted, and since both groups 

carry out photosynthesis as well as calcification, it is tempting to extrapolate 

the results of research work from one to the other. It would, however, be 

unwise to draw too many parallels between coccol ithop h ores and corals. 

The spatial relations between photosynthesis and calcification for example, 

are very different. In Emiliania huxleyi, both processes occur in the same cell 

and the site of calcification in the Golgi apparatus is only a few microns away 

from the site of photosynthesis in the large cup-shaped chloroplast. 

In contrast, photosynthesis in corals is carried out by the algal cells in 

the oral layer of the polyp's endoderm, and calcification occurs at the base of 

the polyp near the skeleton, at the calicoblastic cells. Thus, in many corals, 

the two processes are spatially separated by a distance of at least 25 pm. 

This space, moreover, is by no means empty but contains several 

membranes plus the mesoglea (Vandermeulen and Muscatine 1974). In 

63 



addition, the dinoflagellate algae of the genus Symbiodinium, which are inside 

the encloderm are surrounded by another animal-derived membrane, the 

symbiosome, which thus adds a further barrier to communication between the 

two processes (figure 

Seawater 

Oral ectoderm 
Oral encloderm 
Symbiotic alga 

Aboral endoderm 
Aboral ectoderm 

I 
, Aboral tissue 

Oral tissue 

Coelenteron 

Figure 3.1: Diagram illustrating the morphology of the epithelium of hermatypic corals 

(modified from Furla et al. 2000b and Tambutte et al. 1996) 

As for separation in time, photosynthesis and calcification in corals have 

always been thought to be closely coupled functionally and hence temporally, 

with all of the photosynthesis and most of the calcification occurring in the 

light. Little attention has so far been directed either at the potential 

importance of dark respiration or at the calcification rates achieved in 

darkness. 
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3.1.3 Carbon supply in corals 

Dissolved inorganic carbon is supplied to the zooxanthellae in 

hermatypic corals either via the respiration of organic material by the animal 

tissue or from the seawater, but there seems to be no general agreement on 

the relative importance of each of the two sources. Falkowski et al. (1984) 

have demonstrated that zooxanthellae exhibit high rates of photosynthesis 

and Muscatine et al. (1 989a) considered that although animal respiration 

could SUPPlY C02 for algal carbon assimilation, the high carbon demand of 

photosynthesis could not be satisfied unlessC02were drawn from the 

seawater pool. Hence, Goiran et al. (1996) and Al-Moghrabi et al. (1996) 

suggested that DIC orC02might be limiting for photosynthesis by 

zooxanthellae within the coral symbiosis. This again raises the question 

about the biological availability of the ionic forms of DIC. 

It seems reasonable to suggest that in a hyperoxic environment the coral 

must maintain maximum photosynthetic capacity by keeping the equilibrium 

between carboxylase and oxygenase activity of Rubisco in favour of carbon 

fixation and thus reducing photorespi ration. Rubisco in dinoflagellates is a 

form 11 enzyme (Morse et al. 1995), which characteristically discriminates 

poorly betweenC02andO2. Many marine organisms have been shown to 

possessC02concentrating mechanisms (CCMs) (Allemand et al. 1998a, 

Leggat et al. 2002) which increase photosynthetic efficiency by raising the 

C: 02 ratio and lessening the loss of fixed carbon via glycollate etc. CCMs, 

including active uptake systems for HC03-, and intracellular carbonic 
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anhydrase (which catalyses the interconversion betweenC02and HC03- at 

the active site of Rubisco, Weis 1991) have been found in corals. Al- 

Moghrabi et al. (1996) suggested that a Cl-/ HC03- exchanger and possibly a 

Na'/ HC03- symport might be necessary to transport bicarbonate into the 

zooxanthellae. Since a variety of methods seemed to be available to allow 

corals to access bicarbonate, it was still thought that carbon supply was more 

than adequate to satisfy demand (Goiran et al. 1996) and hence, few actual 

experimental tests were performed. Weis (1993) was an exception and 

showed in the symbiotic sea anemone Aiptasia pulchella (Carlgren) that 

photosynthetic rates change with [DIC] and that ambient seawater 

concentration may still be limiting. 

In addition to its use in photosynthesis, inorganic carbon is also used by 

corals to build their skeleton, which mainly consists of aragonite (crystalline 

CaC03composed of orthorhombic crystals). The skeleton allows the colony 

to grow in size and actively contributes to the formation of reefs. Since 

corals deposit around 10 kg CaC03 M-2 year-' (Chave et al. 1975), 

calcification is both a major process in coral reef formation and a means by 

which soluble DIC is sequestered. 

Goreau and his collaborators (Goreau and Bowen 1955, Goreau 1959, 

Goreau and Goreau 1959) began their pioneering work with studies on 

calcification several decades ago, but biochemistry of coral biornineralisation 

still remains unclear (Allemand et al. 1998b). Marshall and Wright (1993) 

showed that calicoblastic cells seem to be elongated where rapid calcification 
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occurs. Barnes and Lough (1993) explained the calcification process over 

time. They described two phases of calcification: the extension phase is 

characterised by the crystallisation of aragonite on the outer surface of the 

skeleton, followed by the thickening of the existing skeleton during the day. 

This remains associated with the animal tissue. Animal tissue subsequently 

detaches from the skeleton, enabling the expansion of coral reefs. 

McConnaughey (1994) has separated calcification into two distinct 

types, using the terms 'cis' and 'trans'. The difference between them lies in 

the sites at which calcification and photosynthetic carbon uptake occur. 'Cis- 

calcification' describes the case where calcification takes place on the same 

surface of the organism as photosynthetic carbon uptake. The other is the 

'trans-calcification' model, where CaC03deposition and carbon uptake occur 

at separate and distinct surfaces. Hence, McConnaughey describes corals 

as trans-calcifying organisms. 

In hermatypic corals, both inorganic carbon-consuming processes; 

photosynthetic fixation of carbon dioxide and precipitation of CaC03 for 

calcification, are thought to be closely coupled. The first indication of a 

possible link between photosynthesis and calcification in the sea was given 

by Kawaguti and Sakurnoto (1948), who noted higher calcification rates in the 

light than in darkness. Gattuso et al. (1 999a) reviewed over 108 data sets on 

coral calcification and demonstrated that 71 % of the light: dark calcification 

ratios are in the range 1-5. This light enhancement of calcification was 

attributed to photosynthesis by the symbiont, though the exact mechanism of 
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coupling was not well established and is still a matter of debate (see reviews 

by Allemand et al. 1998a, Gaftuso et al. 1999a). The idea, which prevails in 

textbooks, however, is that of Goreau (1959,1961). 

The idea is that since for every molecule of aragonite deposited, a 

moleculeOf C02 is released, the reaction can continue as long there is 

enough light because reduction of extracellular partial pressureOf C02by 

photosyntheticC02 uptake increases calcium carbonate saturation and 

facilitates CaC03precipitation. In other words, photosynthetic uptake of the 

C02will ensure that the reaction keeps going. This idea is immensely 

plausible, but is almost certainly wrong. 

Marshall (1996) measured similar light calcification rates in a non- 

zooxanthellate coral and a zooxanthellate coral, arguing that calcification in 

dinoflagellate-bearing corals is dark repressed rather than light enhanced. 

His view was challenged vigorously by several researchers (Carlon 1996, 

Goreau et al. 1996), mainly on the basis of his normalisation of the data, 

rather than anything more physiologically substantive. However there are 

data on calcification rates of colonies of the same species, one with reduced, 

one with normal zooxanthellate densities, which demonstrate a strong 

correlation between CaC03deposition and number of symbionts. Based on 

these data, calcification can still be considered "light-enhanced" rather than 

"dark-repressed". 

68 



Various other hypotheses have been proposed in order to explain the 

higher calcification rates in the light. One, based on McConnaug hey's (199 1) 

'trans-calcification' model, suggests that Ca 2+ 
-ATPase at the calicoblastic 

layer supplies Ca 2+ to, and removes H+ ions from, the site of calcification in 

the coelenteron to formC02by the dehydration of bicarbonate. This 

mechanism supports both processes, since pH is kept high at the calcification 

site, favouring CaC03precipitation, and the additionally generatedC02 in the 

coelenteron which is readily available for photosynthetic carbon fixation by 

Rubisco after diffusion through various cell membranes. 

Many attempts have been made to validate these models. Whilst 

inhibition of photosynthesis generally results in a reduction of calcification 

rates, the reverse, a reduction of calcification rates, has different effects on 

photosynthesis and strongly depends on the method used to reduce 

calcification rates. Al-Moghrabi et al. (1996) measured a 50% inhibition in 

photosynthetic rate of Galaxea fascicularis when using Ca-free seawater and 

a positive linear correlation between this inhibition and the concentration of 

the calcium uptake inhibitor, verapamil. Protein-synthesis inhibitors in 

contrast, seem to decrease coral calcification by 60-85% without disturbing 

photosynthesis (Allemand et al. 1998b). Marshall and Clode (2002) argued 

that studies done with no or low calcium concentrations ignored the 

deleterious effects on some aspects of coral physiology and therefore 

conducted experiments in standard seawater with increased [Ca 2+ ] to 

reinvestigate the effect of calcification on photosynthesis. They observed a 

rise in calcification rates along with enhanced photosynthetically fixed 14C 
, but 
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interestingly, photosynthetic rate measured by oxygen evolution was 

unchanged compared with control conditions. An explanation for this 

phenomenon has not yet been found. While photorespi ration possibly 

disguises increased02production, it usually also causes reduced net 

photosynthetic carbon fixation, so that is unlikely to be the answer. The 

inorganic carbon supply for photosynthesis in anthozoans is regarded as 

being mainly bicarbonate in the review by Gattuso et al. (1 999a). Its uptake 

for photosynthesis in Galaxea fascicularis is sensitive to the specific 

inhibitors, 4,4'-diisothiocyanato-stilbene-2,2'-disulphonic acid (DIDS), iodide 

and ethoxyzoalmide (EZ), suggesting the involvement of an anion exchanger 

and carbonic anhydrase (Furla et al. 2000b). 

Thus, there remains a debate over the source and transport mode of 

inorganic carbon for calcification. Additions of 2 mM dissolved inorganic 

carbon (DIC) to natural seawater doubled coral growth in Porites porites 

(Marubini and Thake 1999), demonstrating a clear DIC limitation at ambient 

seawater concentration. In contrast to their findings, Furla et al. (2000a) 

concluded that calcification in Stylophora pistillata was carbon saturated in 

natural seawater. Irrespective of lighting conditions they concluded that the 

major source was metabolicC02, and that only 25-30% directly originated 

from the inorganic carbon pool of the surrounding seawater. 

3.1.4 Effect of water motion 

The metabolic rate of corals can be influenced by the water motion on 

the reef. Fast-growing corals generally dominate in shallow reef zones with 

70 



high wave action and deposit robust branching skeletons (Goreau et al. 

1979). 

Several researchers tried to explain this observation. Since flow rates 

are negatively correlated with the thickness of the diffusive boundary layer 

around a static object, it might affect the dilution of metabolic wastes, 

changes in pH, [021, and the rate of arrival of solutes at the site of 

assimilation. Hence, inorganic carbon delivery might also be reduced and so 

limit the rates of photosynthesis and calcification in low flow conditions. 

Dennison and Barnes (1988) tested the hypothesis on Acropora 

formosa, Dana. They found that high water motion resulted in elevated 

photosynthetic and calcification rates. In contrast to these findings, Sebens 

et al. (2003) detected no significant effects of flow either on photosynthetic 

rates or on growth in Agaricia tenuffiblia. They concluded that this reef coral 

"displays specific adaptations that allow it to tolerate very low flow conditions" 

since it was widely distributed over the reef. In another study, Pocillopora 

damicomis (Linnaeus) was taken from a high flow habitat and subsequently 

exposed to low flow conditions. The activity of carbonic anhydrase (CA) in 

the host tissues increased, thus showing an inverse relationship with flow 

(Lesser et al. 1994). Since CA is known to catalyse the conversion between 

HC03- andC02particularly when carbon is limiting, this could augment the 

delivery of carbon to the site of assimilation and possibly ameliorate diffusion 

limitation. 
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The aim of this part of the study was to test the hypothesis that 

photosynthesis and calcification in Montipora digitata are DIC limited and to 

assess the closeness of the coupling between those two processes. 

3.2 Results 

3.2.1 Calcification 

DIC-dose responses on Montipora digitata nubbins show that both 

processes, calcification and photosynthesis are DIC limited. Calcification 

rates in the light increased to 5.4 ýtrnol nubbin-1 h-1 at 8 mM DIC (figure 3.2). 

Calcification did not saturate at the concentrations tested. However, DIC 

addition also had a pronounced effect on the dark calcification. Statistical 

analysis (ANCOVA) shows that calcification rate varies with DIC for light 

(Fl3=242.57, p<0.0001) and dark (Fl3=126.53, p<0.0001). Linear regression 

analysis demonstrated that the slope (0.28) is roughly half of the one obtained 

for light calcification (0.76) and significantly different from each other 

(Fj 26=75.60, p<0.0001). Somewhat surprisingly, the decalcification 

measured at 2 mM DIC turned into net calcification when Montipora digitata 

was exposed to 8 mM DIC. This rate exceeds the light calcification rate at 2 

mM DIC. 
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Figure 3.2-. The effect of DIC additions on the calcification rate of M. digitata nubbins at 

saturating light (610 pfd) and in the dark. Data represent means +/- scl, n=3, 

3.2.2 Photosynthesis 

Although photosynthesis too increases with DIC addition, it saturated at 

6mM DIC with 2.5 ýtmoI02nubbin-' h-1 (figure 3.3), which is almost double the 

rate gained at 2 mM DIC. Respiration rates stayed constant throughout with 

an average rate of - 0.5 ýtrnol nubbin-1 h-1. Statistical analysis (ANCOVA) 

shows that photosynthetic rate varies with DIC for light (F13=26.41, p<0.0001) 

and dark (Fl3=2.895, p<0.01). Linear regression analysis demonstrated that 

the slope are significantly different from each other (ANCOVA, F1 267-13.35, 
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p<0.005). In this study photosynthesis is clearly less responsive to DIC 

additions compared with calcification. 
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Figure 3.3-. The effect of DIC additions on photosynthesis of M. digitata nubbins at 

saturating light (610 pfd) and in the dark. Data represent means +/- scl, n=3. 

3.2.3 Skeletal hardness 

It is possible that the faster rate of skeletal deposition at higher than 

ambient DIC could result in an aragonite skeleton which is softer and less 

mechanically robust. Material was still available in the minus 700C freezer 

from the previous study carried out in indoor aquaria in Barbados in 1997 

where Porites porites nubbins were grown in natural seawater and seawater 

at 4 mM DIC for 7 weeks (Marubini and Thake 1999). These freeze-dried 
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coral skeletons were tested for the effect of DIC addition on their skeletal 

hardness. Instead of decreasing hardness, DIC additions produced a 

considerable and significant (Mest, p=0.002) increase in the micro-hardness 

of the skeleton (figure 3.4). Hardness tests of the resin in which the bare 

coral skeleton is set, show a significantly lower micro hardness. 
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Figure 3.4: The effect of DIC addition on skeletal microhardness of Porites porites. 

Data represent means +/-sd. n=26 

3.2.3 Effect of flow 

A closer look at the DIC dose response of calcification rate in Montipora 

-1: - 

ulgi Itata reveals that if light and dark calcification rates are extrapolated over a 

24 h day with 12 h light: 12 h dark exposure, a light regime typical for the 

tropics, the overall net calcification rate at 2 mM DIC turns out to be close to 

zero. Since this is clearly not the case under natural conditions, several 

other factors which might possibly influence the outcome were investigated. 

75 



The DIC dose responses were measured in still seawater. Low 

calcification rates could have been caused by uptake limitation due to an 

increased thickness of the diffusive boundary layer around the coral. In order 

to reduce the path length, the effect of flow on both processes (figure 3.5 and 

3.6) was investigated at 1 and 5 mM DIC in the light and in the dark. 

(Maximum stirring speeds were determined by monitoring dispersion of ink 

over time in the experimental chamber at set stirring speeds. Maximum rates 

were comparable with flow rates found in the surf zone of shallow fore reefs 

of -30 cm s-1 (Sebens et al. 2003). Montipora digitata nubbins were exposed 

to maximal flow speeds at which full polyp extension was still observed (25 - 

40 CM-2 s-1). As shown in figure 3.5 a and 3.5 b, flow had no significant effect 

on photosynthesis. Quite the reverse was observed with respiration rates, 

which were increased by 30%, significantly at 5 mM DIC (p-value = 0.016). 

Calcification seemed about half as fast again in the flow treatment compared 

with no flow, but only the increase at 5 mM DIC is significant (t-test, p=0.028) 

(figures 3.6 a and b) 
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Figure 3.5: The effect of flow on photosynthetic rate of M. digitata nubbins exposed to 

saturating light (500pfd) and darkness at 1 and 5 mM DIC. F= flow, INIF = no flow 

Data represent means +/- sd, n=5 
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Figure 3.6. The effect of flow on calcification of M. digitata nubbins exposed to 

saturating light (500pfd) and darkness at 1 and 5 mM DIC. F= flow, NF = no flow 

Data represent means +/- sd, n=5 
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3.2.5 Effect of light 

All calcification measurements in the light were performed in saturating 

light (> 500 ýtrnol photons M-2 s-) based on the assumption that both 

processes reached maximal rates at similar photon flux densities (PFD) as 

shown by Ikeda and Miyachi (1995). Aphotosynthesis-Irradiance (P/1) curve 

was established using an oxygen electrode in order to determine the 

saturating irradiance for photosynthesis (figure 3.7). Measurements were 

made by first exposing the nubbin to increasing photon flux densities (pfd) 

and then to decreasing ones. Photosynthetic rates were positively correlated 

with irradiance, reaching a plateau at > 500 ýimol photons M-2 S-1 
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Figure IT Photosynthesis-Irradiance curve of M. digitata 

The implications of this finding are interesting. Since photosynthesis 

and calcification may be coupled, a reduction in photosynthetic performance 

due to exposure to very bright light or lengthy exposure to saturating light, 

could be mirrored in decreasing calcification rates. One way of testing the 
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latter possibility would be to extend the light period and shorten the dark one 

over a 24 hour period. Different combinations of light and dark exposure 

were set up and 24-hour-calcification rates were measured to test the effect 

of light exposure on calcification rates. As shown in figure 3.8 calcification 

rates were directly correlated with length of light exposure, attaining 1.5 pmol 

CaC03production nubbin-1 h-1 at 24 h exposure to saturating light. There is 

a significant difference in mean calcification rates among the different 

exposure times (oneway ANOVA, F2,12=23.27, p<0.0001). 
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Figure 3.8: Calcification of M. digitata to different light/dark exposures. Data 

represent means +/- sd, n=5 

Quite surprisingly, even over a period of 72 hours of continuous light, no 

significant decline in calcification rates were detected (oneway ANOVA, 

F4,15=2.37, p>0.05), and mean rates were still around 83% of the initially 

measured one (figure 3.9). 
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Figure 3.9: Calcification of M. digitata to continuous saturating light over three days. 

Data represent means +/- sd, n=5 

3.2.6 Effect of exposure time 

In all previous experiments dark calcification was assumed to be linear 

over experimental time. As can be seen in figure 3.10a changes in alkalinity 

- after an initial increase - decrease over time in a non-linear way. 

Normalised dark calcification rates therefore decrease with length of 

experimental time (figure 3.10b). 
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Figure3.10-. The effect of varying experimental time on change in alkalinity (a) and 
derived calcification rates (b) for M. digitata exposed to 2 mM DIC ASW in the dark. Data 

represent means +/- sd, n=5. 

3.3 Discussion 

Hermatypic corals are reef-building anthozoans carrying out two 

important inorganic carbon-consuming processes, which take place at 

spatially separated sites. Since the rates of calcification in the light are 

higher compared with those in darkness, the prevailing view is that both 

processes are closely coupled. The results of studies on the source and 

transport of carbon for calcification in corals are somewhat contradictory. It 

is possible that methodological differences caused disagreement about 

whether carbon used for calcification predominantly originates from seawater 
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uptake or from metabolicC02 (Furia et al. 2000a, Muscatine et al. 1984, Erez 

1978). Furla et al. (2000a) concluded that calcification saturated at ambient 

[DIC], but dissimilar results were gained when DIC addition to natural 

seawater doubled the rate of coral growth in Porites porites (Marubini and 

Thake 1999) applying the buoyant weight technique (Chisholm and Gattuso 

1991). Discussion with P. Furla in 1999 (pers comm. B. Thake) revealed that 

the carbon additions in her experiment has been added only once. In an 

open, bubbled system, the high DIC concentrations would soon be converted 

to C02. Marubini and Thake used a continuous culture system in which DIC 

was added via peristaltic pumps. Furthermore, a similar pattern of DIC 

stimulation was shown in Acropora sp. (Herfort 2002), again contradicting the 

hypothesis that calcification is saturated at ambient [DIC]. 

In this study, both photosynthesis and calcification in Montipora digitata 

are limited at 2 mM DIC, and the two processes show different kinetics in 

response to the additions. It is possible that the elevated calcification rates 

were simply due to an increase in photosynthetic rates, but two major 

observations challenge this idea. First of all, in the light, both processes, 

even though stimulated by DIC addition, displayed different kinetics and 

saturated at different concentrations. In addition, DIC addition also raised 

calcification rates in the dark, albeit from a lower baseline. Furla Is statement 

that for calcification, "irrespective of the lighting conditions, the major source 

of dissolved inorganic carbon is metabolicC02 (70-75% of total CaC03 

deposition), while only 25-30% originates from the external seawater carbon 
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pool" is questionable, since dark calcification increased while respiration rates 

stayed constant. 

Another currently well-accepted theory to explain calcification rates in 

symbiotic calcifiers and calcareous algae is the direct response to the 

saturation state of the CaC03mineral phase in the surrounding seawater. 

This will be discussed in more detail in chapter 6. 

Growth-enhancement through bicarbonate addition has important 

implications for coral propagation in aquaria, and it could provide assistance 

in the restoration of damaged reefs and hence in coral conservation. But 

enhanced growth rates through DIC addition could have structural effects on 

the formation of the skeleton. If the coral skeleton became more brittle, this 

method of growth enhancement would be useless for reef restoration 

because weak skeletons would be unable to withstand wave action. 

Determining Vickers micro hardness is one of the measures generally applied 

to determine mechanical properties of materials suitable for bone substitution. 

Alvarez et al. (2002) evaluated the exoskeleton of Acropora palmata for bone 

substitution application. Mechanical tests showed that the mean value of 

Vickers hardness obtained for A. palmata was 329.5HV which is equivalent to 

3.3 GlPa. In this experiment, skeletons from untreated corals were on 

average 293 (±4) HV compared with 316 (+5.6) HV at seawater with 

additional 2 mM DIC. Therefore, coral skeletons grown in DIC enriched 

seawater do not show reduced microhardness. This method is therefore 

appropriate for coral propagation in aquaria to enable the recolonisation of 
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damaged reefs with cultured corals. This method could also become useful 

for stimulating skeletal growth to be used for bone grafting, without changing 

the mechanical properties of the bone skeleton. 

As for the other factors which might affect the outcome of the DIC dose 

response was tested; the effect of flow seems to increase the effect rather 

than to diminish it. The rate of arrival of solutes at the site of uptake is also 

called the flux rate and is described by Fick's first law. 

Fz = -D (6C/6z) Equation 3.1 

Fz the flux rate is a function of the molecular diffusion coefficient (D) 

multiplied by the concentration of the substance (C) by the distance (z) 

perpendicular to the surface (of the coral in this case). 

Since neither the diffusion coefficient nor the distance to the site of 

uptake, (the thickness of the diffusive boundary layer, DBL) actually changed 

under the static experimental conditions, the flux rate was directly proportional 

to the [DIC]. Applied water motion reduces the thickness of the DBL and 

therefore increases the flux rate at constant [DIC]. Of course the result might 

have been that metabolic rates increased to the extent that DIC addition had 

no significant effect, but on the contrary, flow did not lessen the impact of DIC 

addition, but as the significant effect at 5 mM shows; it enhanced it. 
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The P/I curve in figure 3.7 shows that exposure to continuous saturating 

light can lower the performance of zooxanthellae and subsequently lowered 

02production. Since photosynthesis enhances calcification rates in corals, a 

reduction might be mirrored in slowed down calcification rates. But when 

subject to different light: dark combinations, Montipora digitata shows a 

positive linear response to exposure time in saturating light. Even when the 

coral was in saturating light for 72 hours, calcification rate was still more than 

80% of the initial value. The increased calcification rate observed after 36 

hours was caused by accidentally added 2.2 mM DIC instead of 2mM. But 

care must be taken, when interpreting those data. It could still be the case 

that after 24 h light exposure the maximal calcification rate was reached in a 

shorter time than after 48h. Even if photosynthesis and calcification slow 

down with prolonged exposure to saturating light, when left in the 

experimental chamber long enough, the same total amount of carbon would 

be fixed by both processes. This realisation led to test the effect of exposure 

time on dark calcification. 

3.4 Summa 

The results described in this chapter show that calcification and 

photosynthesis are both limited at seawater DIC concentrations and their 

kinetics indicate that the two processes are not tightly coupled. On the 

contrary, the photoperiod-exposure experiments show that while long 

exposure to saturating light can inhibit photosynthesis, this does not affect 

calcification. As far as the latter process is concerned, the more light the 
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better. However, the evidence presented on calcification in the dark shows 

that whilst calcification is light-enhanced, it is not light-dependent. There are 

several light-driven processes, which could be involved, light requiring 

calcium ATP-ase is one example (Al-Horani et al. 2003a). Although 

photosynthesis is the obvious choice of a light-driven process in this context, 

it does not, so far, appear to be the correct one. 
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Chapter 4 

Effect of Nitrate Enrichment on Corals 
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4 Effects of nitrate enrichment on corals 

4.1 Introduction 

Hermatypic corals have dominated the shallow parts of tropical seas for 

the last 200 million years (Stanley 2003). Despite inhabiting oligotrophic 

waters, coral reefs have primary production rates as high as tropical 

rainforests (Hatcher 1990). The range of inorganic nutrient concentrations 

are typically: 0.2 - 0.5 ýM ammonium, 0.1 - 0.5 ýM nitrate and less than 0.3 

ýM phosphate. The establishment and maintenance of thriving benthic 

communities in nutrient-poor conditions may be due to tight nutrient recycling 

within the reef (Sorokin 1993) and/or between corals and their symbiotic 

algae (Muscatine and Porter 1977). 

Corals have two primary feeding modes: capture of particles by the 

animal, and receipt of translocated photosynthates from the zooxanthellae in 

the form of essential amino acids and photosynthetically fixed carbon. Algal 

photosynthesis plays a major role in coral metabolism. Photosynthates 

exported from zooxanthellae have been estimated to account for up to 70% of 

the host's requirements in the coral symbiosis. In giant clams as much as 

95% can be provided by the alga (Falkowski et al. 1993). 

Since they are autotrophs, zooxanthellae require inorganic nutrients. 

These can be acquired from animal-derived nitrogenous metabolic waste, or 

be taken up directly from seawater (Muscatine and D'Elia 1978, Bythell 1990). 

It appears that these symbiotic organisms can function as a closed system for 

dissolved nitrogen in which the inorganic nitrogen produced by animal 
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metabolism is assimilated by the algae and translocated back to the host 

(Falkowski et al. 1993). Hence, the plant provides photosynthesis-derived 

carbon and essential amino acids, to the animal tissue (Muscatine et al. 

1989b). By this such recycling of dissolved nitrogen and carbon between 

both partners, the animal host can thus be considered to have gained access 

to two complex capabilities generally absent from the animal kingdom; 

photosynthesis and essential amino acid synthesis; through symbiosis with 

algae (Muscatine et al. 1972, Douglas et al. 1993, Falkowski et al. 1993). 

Information about the synthesis and role of the organic matrix in 

scleractinian corals is still scarce. By incubating corals in Na2 14CO3 labelled 

seawater, M uscati ne et al. (1972) and You ng et al. (197 1) detected 14C_ 

labelled molecules in the skeletal matrix of Pocillopora damicomis, suggesting 

that part of the organic matrix was derived from the products of algal 

photosynthesis. However, by using 14C_Iabelled food, Pearse and Muscatine 

(197 1) showed that some of the 14 C derived from the food was also 

incorporated into the organic matrix of the skeleton. CuifandGauret(1995) 

showed that the amino acid composition of the organic matrix is different 

between zooxanthellate and azooxanthellate corals, suggesting that their 

nutritional source may affect organic matrix synthesis. 

The organic matrix is generally < 0.1 % of the total skeleton by weight 

(Constanz and Weiner 1988) and as in many other biomineralisation 

processes, it is believed to initiate the nucleation of calcium carbonate and 

provide a framework for the species-specific architecture (Addadi and Weiner, 
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1985). Inhibition of matrix synthesis by emetin cycloheximide brings coral 

calcification to a halt without affecting photosynthesis or respiration (Allemand 

et al. 1998b). Acidic amino acids, especially aspartate and glutamate are 

considered to be organic matrix precursors (Dauphin and Cuif 1997). 

Muscatine et a/. (2005) confirmed that there is a metabolic link between 

symbiont photosynthesis and organic matrix synthesis as zooxanthellae fix 

14CO2and 
release 14C_Iabeled products to the animal cells. 

14C 
was 

detected in the organic matrix after decalcification of the skeleton (Rinkevich 

1991 in Muscatine et al. 2005). 

While feeding is the only source of nitrogen for azooxanthellate corals, 

symbiotic corals can thus also use translocated photosynthates of 

zooxanthellae, which either recycle the host's metabolic waste or take up 

inorganic nitrogen directly from seawater. The paradox of this is that 

although the algae have access to organic nitrogen, they are still generally 

regarded as nitrogen-limited inside the host (D'Elia and Cook 1988, Muller- 

Parker 1985). 

4.1.1 Effect of elevated inorganic nitrogen concentration on 

photosynthesis 

Over the past 50 years, an increase in nutrient concentrations has been 

observed in many reef systems (Crossland and Barnes 1983, Tomascik and 

Sander 1987). In both laboratory and in situ experiments, a large number of 

researchers have concluded that corals can be affected by elevated nutrient 
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concentrations (e. g. Tomascik and Sander 1987, Dubinsky et al. 1990; 

Stambler et al. 1991, Jokiel and Bigger 1994). 

Marubini and Davies (1996) incubated POrites porites and Montastrea 

annularis in nitrate-enriched seawater for a period of 30 to 40 days and 

observed an increase in total coral protein and the density of zooxanthellae. 

Oxygen evolution rates per algal cell remained the same, but photosynthesis 

per unit area increased. 

The effect of inorganic nitrogen addition on the cell volume of 

zooxanthellae is still a matter of debate. While Hoegh-Guldberg and Smith 

(1989) found no effect of enrichment on overall cell size, Marubini and Davies 

(1996) showed larger cell volumes while smaller ones were observed in 

Porites cylindrica (Nordemar et al. 2003). These contradictory observations 

indicate that there are other factors besides nutrient availability which 

influence cell size, such as photon flux density and probably nutrient and 

feeding history (Titlyanov et al. 2000). 

Despite the increase in protein biomass (to which respiration rates are 

usually linked), Marubini and Davies (1996) found no rise in respiration per 

unit surface area with nitrate additions. It has been hypothesised that low 

oxygen diffusion rates limit respiration which was then exacerbated as the 

biomass per unit area increased (Harland and Davies 1995). On the other 

hand, Stambler et al. (1994) who observed a similar response argued that the 

increase in algal respiration associated with increased algal density, is 

possibly offset by reduced animal respiration. 
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4.1.2 Effect of elevated inorganic nitrogen concentration on calcification 

Experimental work to date has largely centred on the effects of 

ammonium on coral calcification, possibly because this ion is the principal 

excretory product of invertebrates. It has been shown that exposure to 20 

pM NH4+for 3 weeks resulted in a decrease in skeletogenesis (Stambler et al. 

1991). However, ammonium in situ on reefs is normally rapidly removed via 

nitrification, and the actual build up is in the form of nitrate. Addition of 1 to 

20 pM N03- tOoligotrophic seawater reduced calcification by 30% to 50% in 

two hermatypic corals Porites porites and Montastrea annularis after 5 weeks 

(Marubini and Davies 1996). Using the same buoyant weight technique to 

measure skeletal growth, Marubini and Thake (1999) observed a 50% 

decrease in growth of P. porites in 20 pM N03- nitrate compared with the 

control, but the effect of exposure was only significant after 17 days when 

calcification rates stabilised. Exposure to the same concentration of 

ammonium affected the growth rate less than nitrate, but even 20 pM NH4+ 

reduced growth significantly. It seems therefore that the effect of nitrogen on 

coral calcification is not straightforward and the precise mechanisms 

responsible for the inhibition are not yet well understood. However two 

possible explanations have been proposed. 

Falkowski et al. (1993) and Dubinsky and Stambler (1996) suggested it 

could be that the "balance between the algal population and host may be 
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perturbed". In nutrient-poor water, zooxanthellae are nitrogen-limited and 

most of the fixed carbon (in excess of that respired by the zooxanthellae) is 

translocated to the animal. If the external inorganic nitrogen concentration is 

increased, nitrogen is incorporated into algal biomass. This results in a 

decrease in translocation of photosynthetic products, leading in turn to a 

lower rate of calcification (Dubinsky and Stambler 1996). Hence, according 

to this hypothesis, less photosynthate is available for organic matrix 

synthesis, which builds nucleation sites for initiating formation of aragonite 

crystals. 

Stambler et al. (1991) and Marubini and Davies (1996) also 

hypothesised that there may be competition for inorganic carbon between 

algae (for photosynthesis) and their host (for calcification). Since 

zooxanthellae are spatially closer to the external inorganic carbon pool, they 

have an advantage over the animal demand for DIC. In general, studies 

have demonstrated that exposure to increased inorganic nitrogen 

concentrations in seawater caused a decrease in calcification. Assessing the 

effect of nitrogen additions to seawater on coral growth revealed that the 

inhibition was never immediate, but became apparent after two to four weeks 

of incubation. 

In contrast, in the present study a slow increase in growth was observed 

while monitoring Montipora digitata nubbins during acclimatisation to new 

culture conditions at QMUL (see figure 4-1). Since physical factors such as 

temperature and light conditions were kept very similar to those in the London 
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Aquarium (see Materials and Methods), the seawater was analysed in order 

to find an explanation for the change in the coral's metabolism. Alkalinity, 

which is closely correlated with [DIC] in open seawater systems, was 

somewhat higher in the London Aquarium water (3.0 vs. 2.4 mEq kg-1). 

Since higher [DIC] causes an increase in calcification rates as demonstrated 

in figure 4.1, a decrease rather than an increase in calcification would be 

expect during acclimatising to QMUL culture conditions; instead growth was 

stimulated. Nitrate in London Aquarium seawater was between 100 ýM and 

120 ýLM, which was 100 times the concentration measured in the QMUL coral 

tank. 

It has been shown that combined nitrogen can cause a reduction in coral 

growth rates, but so far, no studies have investigated the separate effects of 

light and dark on this reduction. The aim of this part of the present work was 

to determine if high nitrate concentrations are responsible for reduced 

calcification and how light and dark incubation influences this. "Acclimatised" 

nubbins at QMUL were exposed to seawater with high nitrate concentrations. 

The effect on photosynthesis and calcification was examined and results 

discussed in the context of the existing literature. 

4.2 Results 

4.2.1 Acclimatisation 

Figure 4.1 showed the rates of calcification measured by the alkalinity 

anomaly technique over a two month period. These Montipora digitata 

nubbins were collected from the London Aquarium in early October and 
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monitored after arrival, after two weeks and then two months later. The light 

calcification rates remained at around 1 ýtmol CaC03 nubbin-1 h-1 after two 

weeks, but increased dramatically to 2 ýtmol CaC03 nubbin-1 h-1 by 

December. The change in dark rates was even more surprising since the 

nubbins showed small rates of decalcification in the dark initially, but after two 

months in the QMUL aquarium, they were performing positive calcification at 

0.4 ýtmol CaC03 nubbin-1 h-1. 
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Figure 4.1 Monitoring calcification of M. digitata nubbins over time using alkalinity 

anomaly technique. Data represent means +/- se, n=5 

Fluorescence induction measurements were made at the same time as 

the calcification ones (figure 4.2). The baseline fluorescence of dark-adapted 

(Fo) and light-adapted tissue (Fs) were good indicators of chlorophyll 

concentration and both variables deceased with time in the QMUL aquarium; 
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the nubbins also became visibly paler in colour. Fo for example, fell from 

1200 to 730 bits, and Fs at the highest photon flux density used fell from 600 

to 300 after two months. The differences were highly significant (oneway 

ANOVA, F20,147""-- 11.26, p<0.0001). 
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Figure 4.2: Photosystem 11 activity of M. digitata nubbins over time using induced 

fluorescence measurements. Data represent means +/- se, n=8 

4.2.2 Nitrate addition 

Acclimatised nubbins were incubated in seawater with 100 ýM N03- for 

two weeks. This rather short-term exposure did not result in a significant 

difference in either photosynthesis or calcification. Figure 4.3 showed that 

mean photosynthetic rates (measured using oxygen meter) increased from 

1.63 ýtrnoI02 nubbin-1 h-1 to 2.50 ýtmol 02 nubbin-1 h-1, but the increase was 
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significant only at p=0.08. There was no significant change in the rate of 

dark respiration with added nitrate, 
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Figure 4.3: Photosynthetic rates of Montipora digitata nubbins after two weeks 

incubation in seawater (SW) and seawater with a final concentration of 100 pM nitrate 

(+N03) in saturating light (white bars) and in the dark (grey bars), Data represent means 

se, n=5. 

When photosynthesis was monitored using fluorescence induction, Fo 

was higher in nitrate-incubated nubbins than in the controls of seawater with 
)I 

no addition. Fs, the "light-adapted Fo , was measured after the tissue was 

exposed to continuous white light and also increased with nitrate addition 

(figure 4.4a). The maximum fluorescence in dark-adapted (Fm) and light 

adapted tissue (Fm) showed a similar pattern. In contrast, the light-adapted 

quantum efficiency of PS 11 (OPS 11) was lower in the plus nitrate tissue at all 

measured irradiances (figure 4.4b). This lower OPS 11 with nitrate was not in 
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agreement with the oxygen electrode measurements and neither were the 

results for qP, photochemical quenching (qP = (Fm'-Fs)/(Fm'-Fo)). 

This parameter provides an index of the extent to which fluorescence is 

quenched because the excitation energy is being used in photosynthesis. 

Figure 4.4. d shows that the qP of the nitrate treatment was always somewhat 

lower than the controls, but that at high light, this difference was smaller than 

at low light. However the difference was not significant (oneway ANOVA, 

F7,40ý-- 1 
. 22, p>O. 1). 

The qNP parameter (qNP = (Fm-Fm')/(Fm-Fo)) gives a measure of the 

proportion of the excitation energy, which is dissipated via non-photochemical 

quenching, and this usually shows an inverse relationship with qP. This is 

true of the FIVIS results in this experiment. The pattern of qNP with pfd 

followed that of a P/I (photosynthesis/irradiance) curve, with the values at low 

light being very similar, but at high light, the qNP of the nitrate treatment, was 

significantly higher (t-test, p=0.007). 
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Figure 4.4: Photosystem 11 activity of M. digitata after two weeks incubation in 

seawater (empty triangles) and 100 pM N03- addition (filled triagles). Data represent means 

+/- se, n=5 
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The rate of calcification in Montipora digitata nubbins in the light seemed 

nitrate-inhibited (a mean rate of 0.16 ýtmol CaC03 nubbin-1 h-lcompared with 

0.23 ýtmol CaC03 nubbin-1 h-1 in the controls), but again, the within treatment 

variability was high and the difference was not significant (t-test, p=0.26) 

(figure 4.5). Interestingly though, in the dark controls, calcification was just 

positive at 0.01 Vtmol CaC03 nubbin-1 h-1, but in the nitrate treatments, the 

corals decalcified at a mean rate of 0.09 ýtmol CaC03 nubbin-1 h-1 and the 

difference was highly significant (t-test, p=0.003). 
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Figure 4.5: Calcification of Montipora digitata nubbins after two weeks incubation in 

seawater (SW) and seawater with a final concentration of 100 kM nitrate (+N03) in saturating 

light (white bars) and in the dark (grey bars). Data represent means +/- se, n=5. 
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4.3 Discussion 

In the previous chapter, it was shown that the calcification rate of 

hermatypic corals could be influenced by physical factors such as water 

motion and light, as well as chemical factors such as the carbon content of 

seawater. Here, the effect of nitrate was shown both by the unintentional 

experiment of the acclimation of coral nubbins to the much lower N03- 

concentration in the QMUL aquarium, and by the intended nitrate-addition 

experiment. 

4.3.1 Photosynthesis 

The results of this section show that after two weeks incubation in 100 

ýM nitrate, there was evidence of an increase in photosynthetic rate of M. 

digitata, but it was statistically insignificant. Marubini and Davies (1996) 

observed a similar response to nitrate additions in Porites porites and 

Montastrea annularis, but this conclusion was dependent on the way in which 

the data were expressed. When photosynthesis was normalised to coral 

surface area, it increased with nitrate concentration, but when normalised per 

algal cell, no significant increase was observed. These authors attributed 

this difference to the higher population density of zooxanthellae that was 

generated in high nitrate. Chlorophyll a and protein biomass per unit area 

were also positively correlated with nitrate concentration. The increased 

protein was almost wholly associated with increased protein of the symbiont; 

the host protein did not change. 

In studies where corals were unaffected by different nitrate 

concentrations up to 20 ýM, it was hypothesised that sufficient NH4+was 
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present to suppress nitrate reductase activity thus precluding an effect of 

nitrate (Marubini and Atkinson 1999). 

Nitrate enrichment had no significant effect on respiration rate (figure 

4.3), which has also been shown in other investigations (Marubini and Davies 

1996). In this study, despite an increase in protein biomass per unit surface 

area with elevated [N03-1, respiration rates stayed constant. It had been 

hypothesised that oxygen diffusion rate limits respiration (Harland and Davies 

1995), and this is exacerbated as the biomass per unit area increases. 

Stambler et al. (1994) on the other hand argued that there could be an 

increase in algal respiration associated with increased algal density, but that 

this is offset by reduced animal respiration. Without firm evidence to support 

it, this sounds like wishful thinking. It is more probable that since algal 

respiration is usually low, an increase may not be easily measured above the 

background of total respiration in the coral. 

Chlorophyll fluorescence induction was monitored in order to 

characterise the ability of zooxanthellae to use light energy. The decrease in 

Fo was correlated with lighter-coloured nubbins in the acclimatisation 

"experiment". Fs (the light adapted Fo), was also lower. These results 

indicate a decrease in overall chlorophyll a concentration. Similarly, in the 

nitrate addition experiment, the higher Fo and Fs values indicate that more 

chlorophyll a had been synthesized. The difficulty is that OPSII (the quantum 

yield, see 4.4. e) is lower for the nitrate treatments than for the controls, 

whereas the converse would be expected and indeed, is shown by the02 

results. Hipkin et al. (1983) noticed that in cultures of Nannochloropsis 
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oculata, nitrogen deficiency resulted in a decrease of cellular protein and 

chlorophyll coupled with an increase in the efficiency of photosynthesis per 

unit chlorophyll. This is consistent with the observations made in the control 

nubbins in this study, and by extrapolation may explain the high chlorophyll 

and low photochemical efficiency of the nitrate nubbins. 

In a later study, Gorbunov et al. (2001) examined the effect of light on 

photoprotection in symbiotic corals. They observed a reduction in quantum 

efficiency and a proportional increase in Fo fluorescence at high light and 

suggested that a proportion of the reaction centres may have become 

chronically damaged by light. This too would agree with the results in figure 

4.4 (a, b and e) but the explanation would seem more plausible in nutrient 

deficient, rather than nutrient replete conditions. A more satisfactory 

explanation of the puzzling lowered OPS 11 in high nitrate is shown by figure 4 

(d & e). If the Fo and Fs are raised by added nitrate to the extent that the 

zooxanthellae become light-limited, this could cause the reduction in quantum 

yield. In fact, the qP and qNP results support this idea since in the nitrate 

treatment qP is at its lowest at low light, and qNP is highest at high light. 

Thus, both parameters indicate lower light utilising efficiency with added 

nitrate compared with the controls. Hence it seems that the addition of a 

major limiting nutrient may be causing light limitation and consequently a 

reduction in photosynthesis (although an increase in efficiency per unit 

chlorophyll could occur). This need not contradict Marubini and Davies 

(1996) when they found that photosynthesis per cell remained constant with 

nitrate addition. They used only 20 ýM N03- and this may not have been 
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enough to cause measurable light limitation. 

to be certain. 

4.3.2 Calcification 

Without FIVIS data it is difficult 

The acclimatisation data showed that when corals are taken from high 

nitrate seawater and placed in low nitrate, their calcification rate increased 

significantly. When the reverse occurs and acclimatised (low nitrate) nubbins 

were placed in a similar nitrate concentration as the London Aquarium 

seawater, the calcification rate fell again. Since there was little difference 

between the calcification rates in the acclimatisation "experiment )) samples 

after 12 days, it is clear that the response takes weeks rather than days to 

appear. These findings agree with the work of Marubini and Davies (1996) 

and Marubini and Thake (1999), but what is not clear is the mechanism by 

which N03-inhibits calcification. 

Two main hypotheses have so far been proposed to account for this 

inhibition: 

1) competition for inorganic carbon between the twin processes of 

photosynthesis and calcification; 

2) disturbance of the balance between the zooxanthellae and the animal 

tissues in the hermatypic symbiosis. 

The first of these hypotheses was supported by the results of the present 

study to the extent that extra nitrate did result in more02 production and 

bigger Fo and Fs signals, so that photosynthesis in the zooxanthellae was 
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stimulated, even if the photochemical efficiency per unit chlorophyll seemed 

to be lower with increased nitrate. A comparison of the ratesOf 02 

production with those of CaC03 deposition show that under the conditions 

used, calcification was much slower than photosynthesis, even in the control 

seawater, so that the 54% increase in photosynthesis in the nitrate treatment 

would use far more DIC than would be needed to compensate for reduced 

calcification rates. Also, Marubini and Thake (1999) showed that an 

additional 2 mM bicarbonate to a plus nitrate treatment removed any 

inhibitory effect of nitrate on calcification; a result that was consistent with 

competition for inorganic carbon between photosynthesis and calcification. 

However, the most interesting result in this part of the present study was 

the effect of nitrate on dark calcification. It may be trite to observe that 

without light there can be no photosynthesis, but it remains true that 

photosynthetic DIC uptake is confined to the light. This provides the most 

powerful argument against the carbon competition theory. In the dark, the 

calcification process would be free to use the DIC which was not providing the 

substrate for photosynthesis. But the dark data showed very clearly that 

nitrate did not allow the liberation of the DIC which could have been used in 

photosynthesis, instead, calcification was dramatically and significantly 

reduced in the dark. 

The second hypothesis proposed to account for the nitrate depression of 

coral calcification is the "symbiotic balance" theory. There is certainly a long 

history of algal physiology to support the increased rates of extracellular 
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release of photosynthate under nutrient limiting conditions (Fogg 1971). It is 

also true that a supply of nutrients, especially nitrogen, reduces such release 

in phytoplanktonic algae. The problem with this idea is that the ammonium 

ion is more readily assimilated in algae, either because cations traverse 

membranes more readily that anions, or because before nitrate can be 

assimilated via the GS, GOGAT pathway, it has to undergo reduction to 

ammonium. A further difficulty with the second theory lies with results in the 

Marubini and Thake (1999) paper. These authors tested the effects of 

equirnolar NH4+ and N03-on calcification, and whilst NH4+caused some 

reduction of calcification, it was less inhibitory than N03-. Hence, if the 

"balance" theory were true, ammonium should have had more impact than 

nitrate, not less. 

In conclusion, it appears that an additional testable hypothesis is needed 

to explain nitrate inhibition of coral calcification, since those suggested to date 

have not proved satisfactory. The clear candidate is nitrate-induced light 

limitation on photosynthesis and hence calcification. 
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Chapter 5 

The effect of hydrogen ion concentration on 

calcification and photosynthesis in corals 
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5 The effect of hydrogen ion concentration on calcification and 

photosynthesis in corals 

5.1 Introduction 

The health of a coral reef is linked to its growth rate, which is mainly 

determined by skeletogenesis. The rate of net calcification in corals is a 

measure of their ecological success in competing for space and 

counterbalancing net structural loss due to breakage and bio-erosion 

(Langdon and Atkinson 2005). If this balance is disturbed and net loss of 

reef substance is bigger than net gain, it is only a matter of time until hard 

corals are out competed, reefs experience net erosion and eventually die 

(Glynn 1977). 

In the previous chapter it was demonstrated that nitrate additions to 

seawater not only reduced "light enhanced" calcification, but could also result 

in net decalcification in the dark. While nitrate enrichments affect 

skeletogenesis mostly on near shore reefs of highly populated coasts (Lough 

and Barnes, 1992; see review by Edinger et al. 2000), it is not currently 

considered as serious a threat as increasing atmosphericC02which is likely 

to reduce calcification in marine organisms on a global scale. 

5.1.1 Rise in atmosphericC02 

Atmospheric partial pressure Of C02 (PC02) steadily increased due to 

anthropogenic inputs (Houghton et al. 1996). The upper layers of the oceans 

tend to slowly equilibrate with the atmosphere (Goyet et al. 1998). As noted 
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in chapter 1, during this processC02dissolves in seawater and reacts with it 

causing a decrease in pH. 

Chemical precipitation of CaC03 is directly proportional to the calcium 

carbonate saturation state in the seawater, which is the ion concentration 

product ([Ca 2+] X [C03 2-]) divided by the solubility constant of the mineral 

deposited (in coral skeletogenesis this is aragonite). Since P03 2-] is directly 

proportional to pH, precipitation of CaC03can be considered as a direct 

function of pH. For this reason, a rise in atmospheric PC02 and hence 

acidification of the oceans has raised concerns about the effect of this on 

calcification and therefore the future of coral reefs (Smith and Buddemeier 

1992, Kleypas et al. 1999b 2001, Marubini et al. 2002, Langdon and Atkinson 

2005). 

5.1.2 Effect of ocean acidification on calcification 

The effects of elevated PC02 or lowered pH on corals and reef 

assemblages have been the subject of considerable research over the past 

decade. Low seawater pH conditions were either achieved by addition of 

HCI or by gassing seawater withC02. In the latter case, pH change is 

accompanied by a small increase in total [DIC]. Calcification rates were 

monitored directly via changes in buoyant weight of the coral skeleton or 

indirectly through the reduction of seawater alkalinity caused by CaC03 

accretion (Langdon et al. 2000, Leclercq et al. 2000, Ohde and Hossain 

2004). 
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When pH was lowered to -7.8, the predicted value in year 2100 

(Houghton et al. 1996), the calcification rate Of POrites compressa measured 

by buoyant weight decreased by about 10%. The effect of high and low 

light, (photon flux density of 700 and 80 pMol M-2 s-1), was also tested and 

Marubini et al. (2001) claimed that low pH reduced skeletogenesis more when 

coral nubbins were exposed to high light. In another study, phylogenetically 

different hermatypic corals were exposed to similar acidic seawater 

conditions. The magnitude of response was remarkably constant between 

species with variations from 13 to 18%, although the within specie variation in 

Acropora verweyi ranged from 4- 32%. 

Reynaud et al. (2003) compared some of the predicted changes of 

calcification in corals, coral communities and other calcifying ecosystems in 

response to seawater acidification ranging from -85 - +5% of nowadays 

calcification rates. So far only a few studies have examined the effect of low 

seawater pH on light and dark calcification separately. Ohde and Hossain 

(2004) changed seawater pH by addition of HCI or NaOH and noticed that in 

Porites lutea the changes in calcification rates were the same in light and 

dark. In contrast to their findings Leclercq et al. (2000) measured CaC03 

accretion of a reef community and discovered that dark calcification was more 

affected by low pH than light calcification. Since there is no consensus in the 

literature, it seemed appropriate in this study to examine the effect of low pH 

on light and dark calcification more carefully. 
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Microsensors offer a non-destructive technique with sufficient spatial and 

temporal resolution to measure ionic changes in microenvironments 

(Revsbech and Jorgensen 1986). De Beer et al. (2000) were the first to 

measure Ca 2+ andC02dynamics in comparison with02and pH dynamics on 

the surface of the coral epithelium by applying microsensors. 02and Ca 2+ 

fluxes on the coral surface were monitored and allowed the estimation of 

photosynthesis and calcification rates. Flux changes in response to varying 

irradiance and inhibitors have been measured to date (KQhI et al. 1995, de 

Beer et al. 2000, Marshall and Clode 2003, Al-Horani et aL 2003a, Al-Horani 

et al. 2005). 

Until recently, measurements have been mainly carried out on the 

surface of the epithelium. Al-Horani et al. (2003a) presented the first 

comparative study of Ca 2' and pH fluxes in Galaxea fascicularis at three 

distinct sites of the coral. Microsensors were positioned on epithelia[ surface, 

the coelenteron and at the site of calcification, the calicoblastic layer. The pH 

always rose in reaction to light and dynamics of pH and Ca 2+ were inversely 

correlated on the epithelium and in the coelenteron: pH reduced when [Ca 

increased. Since zooxanthellae are usually located in the oral endoderm of 

the polyp, pH rise was attributed to photosynthetic activity. At the 

calicoblastic layer the average pH and [Ca 2+] 
were higher and Ca 2+ fl uxes 

positively correlated with pH. This indicated a light enhanced Ca 2+ flUX 

through the membrane to the calicoblastic layer at high pH. The conclusion 

could be drawn that high pH always correlated with high Ca 2+ uptake in the 
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light. Additions of DCMU a specific inhibitor of PS 11 severely decreased the 

amplitude of the [Ca 2+] dynamics at the calicoblastic layer. 

Marshall and Clode (2003) investigated light-regulated Ca 2+ uptake and 

02evolution at the surface of G. fascicularis by means of minisensors. Since 

Ca 2+ uptake and02secretion correlated well, they concluded that 

photosynthesis and calcification must be tightly coupled. 

Recap: 

High pH favours CaC03precipitation 

From the literature it is evident that low pH of seawater has the potential 

to decrease calcification. However, on a diurnal basis coral tissue, in most 

corals thinner than one millimetre, is subject to even bigger pH changes 

experienced in natural seawater (pH 7.6 -8.8) (see Al-Horani et al. 2003b). 

Since pH seems to play an important role in calcification, the aim of this 

study is to examine its effect on light and dark calcification. 

5.2 Results 

The pH of seawater was modified using HCI insteadOf C02 to avoid the 

confounding effect of different [DIC]. Seawater with pH 7.8 will be referred to 

as "acidic seawater". 

112 



5.2.1 The effect of acidic seawater on photosynthesis and calcification 

in Montipora digitata 

M. digitata showed no significant difference in photosynthetic or 

respiration rates (-8.1 and -5.2 pmol nubbin-1 h-1 respectively) when exposed 

to seawater at pH 7.8 and 8.2 (figure 5.1). 
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Figure 5.1: Photosynthesis and respiration of M. digitata in response to exposure to 

seawater at pH 8.2 and 7.8 in saturating light and in the dark. Data represent means +/- se, 

n=5. 

Figure 5.2 shows that although there was an apparent reduction in the 

rates of light calcification at pH 7.8 compared with 8.2, this was not significant 

(t-test, p= 0.26). In contrast, dark calcification showed a strong response to 

reduced seawater pH. The difference in dark decalcification was significant 

(t-test, p< 0.00 1) with -0.11 and -0.5 pmol nubbin-1 h-1 at pH 8.2 and pH 7.8 

respectively. 
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Figure 5.2: Calcification of M. digitata in response to exposure to seawater at pH 8.2 

and 7.8 in saturating light and in the dark. Data represent means +/- se, n=5. 

5.2.2 The effect of acidic seawater and irradiance on epithelial and 

skeletal pH in Galaxea fascicularis 

Pilot studies on M. digitata showed that sudden stimuli, e. g. by touching 

the epithelial surface with microelectrode tips or changes in irradiance, always 

resulted in contraction of the coral tissue. Since the best results are 

achieved in non-volume-changing microenvironments a "close fit" positioning 

of the tip to the surface is essential. Any attempt to position a pH 

microsensor at the calicoblastic layer under the epithelium resulted in tissue 

retraction and exposed the sensor. Tissue overgrowth or "healing" was 

never observed, which was also confirmed by the unresponsiveness of the 

pH electrode to irradiance-induced pH changes. Since it was impossible to 

measure pH profiles on M. digitata, G. fascicularis was used as a surrogate. 
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pH microelectrodes were positioned on the surface of the epithelium and 

under the calicoblastic layer to examine responses to changes in seawater 

pH and illumination (figure 5.3a and 5.3b). 
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Figure 5.3: pH measurements of M. digitata in response to seawater pH of 8.2 and 7.8 

in the light and the dark on the epithelial surface (a) and at the calicoblastic layer (b). Data 

represent means +/- se, n= 

The results show that the pH measured upon illumination was always 

higher than in the dark, irrespective of the position of the pH electrode or pH 

of seawater. The epithelial pH on exposure to acidic seawater in the light 

and dark always dropped by about 0.2 pH units (see figure 5.3a). 

Figure 5.3b demonstrates a slightly different pattern for pH at the 

calicoblastic layer. In general it was observed that the average pH was 

always higher compared with surface epithelium pH. Interestingly, while pH 

in the dark was more responsive to external changes in seawater pH 

(comparable to changes on the epithelium), pH in the light only reduced from 
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9.15 to 9.1 on exposure to acidic seawater. pH measurements from the 

calicoblastic layer show a good fit when superimposed on calcification rates in 

response to changes in seawater pH and irradiance (fig. 5.4). 
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Figure 5.4: Calcification in M. digitata and pH measurements under the calicoblastic 

layer of G. fascicularis in response to seawater pH of 8.2 and 7.8 in the light and the dark. 

Data represent means +/- se, n=5 

pH dynamics under the calicoblastic layer and rates of calcification were 

examined when seawater pH was reduced and [DIC] increased. 
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Figure 5.5: Dark calcification in M. digitata and pH measurements under the 

calicoblastic layer of G. fascicularis in response to seawater pH of 8.2 and 7.8 and acidic 

seawater with additional 3 mM DIC. Data represent means +/- se, n=5 

DIC addition to acidic seawater can compensate for the effect of low pH, 

which causes decalcification in the dark as shown in figure 5.5. pH 

measurements at the calicoblastic layer demonstrate no increase in 

calicoblastic layer pH. 

6.3 Discussion, 

This study showed that neither photosynthesis nor respiration rates were 

affected by exposure to seawater at pH 7.8. Lowering pH from 8.2 to 7.8 

2- 
mainly increased [C02*] and decreased [C03 ]. Changes in bicarbonate 

concentrations ([HC03-1)were smaller than 10%. Goiran et al. (1996) and Al- 
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Moghrabi et al. (1996) established that HC03- is the main carbon species 

taken up by zooxanthellae for photosynthesis in G. fascicularis. 

In contrast to photosynthesis, calcification in M. digitata was significantly 

affected by acidic seawater in the dark. This adds weight to the evidence 

from both previous chapters, that the processes of calcification and 

photosynthesis are only loosely coupled. 

Leclercq et al. (2002) and Reynaud et al. (2003) found no significant 

change in photosynthetic rate with elevated PC02. While net carbon fixation 

increased in response to reduced pH, Langdon and Atkinson (2005) observed 

no change in net oxygen evolution. Their results suggest that the 

photosynthetic quotient (Qp) defined as the ratio of evolvedMOI Of 02 to MOI 

Of C02 fixed must decrease as pH reduces. Since [C02*] doubled they 

argued thatC02becomes more readily available. Energy-costly carbon 

concentrating mechanisms (CCM) were therefore deactivated and energy 

was saved in not having to produce them. 

In this study only oxygen evolution was measured, and it was therefore 

not possible to establish if Qp had changed. 

5.3.1 pH controls calcification? 

The present study has been the first to make simultaneous comparisons 

of pH dynamics at the surface of the epithelium and under the calicoblastic 

layer in response to seawater pH and light changes. As demonstrated in 

figure 5.3, the effect of external seawater pH is more dominant at night, 
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whereas in the light an equally high pH of 9.2 was achieved, much higher 

than could simply be induced by photosynthesis. 

It has been shown that calcification is not simply a direct response to 

changes in seawater pH since calcification rates increased greatly upon 

illumination. Epithelial pH measurements, a combination of photosynthesis 

induced pH change and seawater pH, would give a better fit if superimposed 

on calcification rates. Still, the best fit was gained when matching 

calicoblastic pH measurements with calcification rates. This clearly 

demonstrated that calcification is biologically controlled by a mechanism 

active in the light located at the calicoblastic layer and that pH changes under 

the calicoblastic layer are not simply a response to photosynthesis induced 

pH changes mainly caused by zooxanthellae. 

With each mole CaC03precipitated, one mole of H+ is liberated 

according to the following equation: 

Ca 2+ 
+ HC03- 4 CaC03 + H+ Equation 5.1 

Thus unless H+ is actively pumped away, pushing the equation to the 

right, CaC03 precipitation would decline rapidly on reaching equilibrium. 

Independently of pH, Ca 2' needs to be available at the calcification site. Ca 2+ 

transport involves at least one transcellular pathway through calicoblastic 

cells facing the skeleton (Gattuso et al. 1999a, Tarnbutte et al. 1996). Al- 

Horani et al. (2003a) observed that Ruthenium Red (an unspecific inhibitor 

also acting on Ca 2+-ATPases) stopped the dynamics under the calicoblastic 

layer in G. fascicularis. Hence calcification was thought to be mainly 
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controlled by a Ca 2'-ATPase pumping Ca 2+ to and H+ ions away from the 

calcification site. Recently Zoccola et al. (2004) managed to isolate and 

characterise a Ca 2+-ATPase, a plasma-membrane calcium pump (PMCA), 

from a protein of the coral Stylophora pistillata. It was localised in the 

calicoblastic ectoderm, facing the skeleton. Ca 2+-ATPase is thought to be 

responsible for high pH and increased [Ca 2+ ] at the calicoblastic layer upon 

illumination. 

Light calcification is less responsive to seawater pH changes then dark 

calcification. Leclercq et al. (2000) observed a similar phenomenon when 

measuring CaC03accretion of a coral community. Seawater pH was 

manipulated by bubbling withC02-rich orC02-depleted air. In this study 

dark calcification showed a steeper slope in response to pH than light 

calcification, indicating that dark calcification is more affected by low pH. On 

the other hand Ohde and Hussain (2004) failed to show this response in 

Porites lutea since light and dark calcification showed the same slope in 

response to pH changes. It could be argued that the differences were specie 

dependent or due to the fact that "light enhanced" calcification was carried out 

under unusually low light of c. 13 ýtrnol photons M-2 s-1 and Ca 2'-ATPase 

activity was possibly not at its maximum, resulting in a lower rates of Ca 2+/H+ 

exchanges and therefore giving lower rates of calcification. 

So far it can be concluded that pH at the calicoblastic layer determines 

calcification rate (compare Al-Horani et al. 2003b). 
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In chapter 3 dark calcification increased with DIC addition. If pH at the 

calicoblastic layer is the determining factor for calcification rate, could DIC 

stimulated dark calcification simply be a result of additional DIC in seawater 

acting as a buffer? Since Ca 2+-ATPase is inactive in the dark, calcification is 

limited by the rate of diffusion of H' ion away from calcification site, which is 

produced for each mol of CaC03precipitated. 

5.3.2 DIC: Buffer or substrate for calcification? 

Liberated H+ ions of calcification could be simply buffered by additional 

DIC. Figure 5.5 reveals that dark decalcification caused by exposure to 

acidic seawater can be compensated by DIC addition. The pH microsensor 

studies revealed that despite increased dark calcification rates upon DIC 

addition, pH at the calicoblastic layer remained at 7.8 (compare figure 5.5). 

"What has happened? " 

The fact is that calcification rates increased, thus DIC must initially 

stimulate calcification and therefore act as a source. Increased calcification 

rates in return produce more H+ ions at the calicoblastic layer. Since 

elevated H+ production did not decrease pH, DIC must also act as a buffer. 

DIC is therefore both a substrate and a buffer for dark calcification. 

It can be concluded that calcification rate is a direct function of 

calicoblastic layer pH as long as [DIC] remain unchanged. Ideally, 

calcification rates and pH measurements would have been carried out on the 

same hermatypic coral. The conclusion above is based on the assumption 
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that calcification in G. fascicularis would respond similarly to seawater pH and 

DIC changes. Since the corals Porites porites (Marubini and Thake 1999), 

Acropora sp. (Herfort 2002) and M. digitata (current study) are DIC limited in 

ambient seawater, calcification in G. fascicularis was assumed to be DIC 

limited as well. While this assumption still needs verification, Marshall and 

Clode (2002) observed increased 45 Ca 2+ incorporation into skeleton with 

calcium addition to seawater. Thus it can be concluded that calcification rates 

in G. fascicularis are limited under ambient conditions. 

In summary, the following conclusion can be drawn: 

- Photosynthesis and calcification are only loosely coupled processes 

- Calcification is a direct function of calicoblastic pH when [DIC] is 

unchanged. 

- Variation in pH and [DIC] of seawater perturb the relationship 

between pH measured at the calicoblastic layer and calcification rate 

To what does calcification respond? 

For the last experiment (figure 5.5) carbon ion species concentration in 

all three seawater compositions were calculated. P03 2-] followed a similar 

pattern as the pH measured at the calicoblastic layer in response to normal 

seawater at pH 8.2, pH 7.8 and pH 7.8 with 5.1 mM DIC. 

Whether or not calcification rate is simply determined by [C03 2-] 
and 

[Ca 2+] as predicted by the saturation state theory will be examined in the 

following chapter. 
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Chapter 6 

Seawater CaC03saturation state, 

the controlling factor for biological calcification? 
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6 Seawater CaC03saturation state, the controlling factor for 

biological calcification? 

6.1 Introduction 

For the past ten years or so, one idea has prevailed among coral 

biologists about what controls calcification, although this idea has not been so 

enthusiastically promulgated by botanists. This idea is simple; that the 

CaC03saturation state of seawater (Ocaco, ) determines biological 

calcification rate. Qcac03 is defined as the product of the ion concentration 

product ([Ca 2+ 1X P03 2-]) divided by the stochiometric solubility product (Kp) 

for the mineral deposited (calcite, aragonite or high-magnesian calcite). The 

greater the concentration of ions, the greater is the formation of mineral 

(Burton and Walter 1987). 

Studies conducted on hermatypic corals (Gattuso et al. 1998b, Marubini 

et al. 2001, Marubini et al. 2002, Reynaud et al. 2003), coralline algae 

(Agegian 1985 in Marubini et al. 2001, Borowitzka 1981, Gao et al. 1993), 

coccolithophorids (Riebesell et al. 2000b, Engel et al. 2005) and mesocosm 

coral reef communities (Langdon et al. 2000, Leclercq et al. 2000, Leclercq et 

aL 21-1002, Langdon and Atkinson 2005) have shown that calcification rates 

correlate reasonably well with QCaC03 The relationshiP is described by the 

function 

k X(Omineral phase - 1) n Equation 6.1 

Where G is the calcification (growth) rate, k is the rate constant and n is 

the order of reaction. 

124 



The three crystalline forms of CaC03, calcite, aragonite and magnesian- 

calcite are deposited by different calcifying organisms and are characterised 

by different structures, calcite has trigonal crystals and aragonite is 

characterised by orthorhombic crystals. Magnesian calcite, mc (sometimes 

called high magnesian calcite, hmc) formed in seawater has approximately 8 

mole percent magnesium carbonate (Mucci 1986). These three forms differ 

in their solubility in seawater and in their reaction to pH change, so their 

vulnerability to future increases in PC02 will also be different. 

In biological systems the mineral phase is thought to be controlled by the 

basal organic matrix, which provides nucleation sites for crystal I isation. 

Tropical surface waters are supersaturated with respect to all CaC03mineral 

phases, but the degree of saturation varies: 0.1 is 5-6, Oarag is 3-4, and 

Ohm is 2-3 (Kleypas et al. 2001). With the predicted drop of 0.4 pH units in 

surface seawater pH by 2100 (Caldeira and Wickett 2003), and the 

associated decline in [C03 2-] 

, all saturation states will lower. Because the 

upper ocean is super-saturated with CaC03, carbonate chemistry was 

previously not considered to be a limiting factor in biological calcification; 

recent studies on calcifying organisms have revealed that when (Ocaco, ) 

decreased, calcification rates also fell, even though the seawater remained 

supersaturated with CaC03. "The response holds across multiple taxa - 

from single-celled protists to reef-building corals, and across all CaC03 

mineral phases. " (Feely et al. 2004). There is, however, very little real 

understanding of the causes behind the correlation between Ocaco, and 

calcification rate. For example, in a recent review, Langdon and Atkinson 
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(2005) state "differences in the response to reduced saturation states are 

thought to reflect differences in temperature, light and nutrients and possibly 
py mechanisms of calcification . That seems to cover everything. 

A better knowledge of the way in which saturation state affects biological 

calcification would not only improve future predictions of calcification and its 

relationship to atmospheric [C021, it would also improve the interpretation of 

coral proxies for seawater pH, PC02 and temperature when attempts are 

made to reconstruct past climates using CaC03deposits. 

Saturation states of CaC03 

K, p'is temperature, salinity, and pressure-dependent. If these variables 

are kept constant, 0 can be manipulated by changing the concentrations of 

calcium and carbonate. 

6.1.1 Changing seawater [Ca 

Gattuso et al. (1 998b) investigated the calcification rate of Stylophora 

pistillata in response to artificial seawater containing different calcium 

concentrations. The idea was to manipulateQ, without changing the 

inorganic carbon equilibrium, which might have confounding effects on coral 

photosynthesis and hence influence calcification. 0 was calculated for each 

[Ca 2+]. Calcification rates increased up to contemporary seawater saturation 
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levels, but showed no further increase at saturation values above this 

threshold. In previous studies, as artificial seawater [Ca 2+] increased, 

calcification rate tended to plateau at around the natural concentration in 

seawater of 10 mM (Chalker 1976, lp and Krishnaveni 1991, Tambutte et al. 

1996). They concluded, "There is no further increase of calcification at 

11 saturation values above this threshold . 

The work of Gattuso et al. (1 998b) was challenged by Marshall and 

Clode (2002) who argued that exposure to low [Ca 2+] may have caused 

deleterious effects to some aspects of coral physiology and they therefore 

reinvestigated the response to different [Ca 2+] by adding 2.5 and 5 mM 

calcium to natural seawater. Calcium incorporation into the skeleton of 

Galaxea fascicularis significantly increased upon exposure to natural high 

light conditions comparable to those found on the reef flat. Increases in 

calcification rates at similarly increased [Ca 2+] were previously observed in 

Galaxea fascicularis, but stimulation was much smaller (Krishnaveni et al. 

1989 in Marshall and Clode 2002). The differences in the experimental 

conditions (medium and light) were assumed to be the cause of the 

differences in calcification rates. Upon calcium addition, Marshall and Clode 

(2002) also found an increase in photosynthesis, measured as 14c 

incorporation into the tissue, while net photosynthetic oxygen evolution 

remained unchanged. Explanations for the change in the photosynthetic 

quotient were speculative, but it was clear that changes in [Ca 2+] had the 

potential to influence photosynthetic carbon fixation. 
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6.1.2 Changing seawater [C03 2-] 

The carbonate ion concentration in seawater can be reduced by 

increasing PC02. As already mentioned in the previous chapter, this can 

either be achieved by treating seawater withC02or HCI. Langdon and 

Atkinson (2005) gave a brief example of the differences in both methods 

when PC02 is increased from 350 atm to 700 atm. The more realistic 

scenario, simulated by bubbling withC02, caused an increase in total DIC of 

- 7% accompanied by a decrease in [C03 2-] 
of - 37%. When using HCI 

addition, total [DIC] does not increase and hence the drop in [C03 2] is bigger: 

45%. This difference of 8% in [C03 2-] 
was not considered to make a 

significant difference in their study to the overall response of calcification to a 

decreased Q. The consensus opinion is that calcification will decrease by 

14-30% by 2100 (Gaftuso et aL 1999b, Kleypas et al. 1999b). However, 

these predictions are hampered by the great variability of the responses 

monitored so far. These rank from +5% (Stylophora pistillata at 250C, 

Reynaud et aL 2003) to -85% (Biosphere 2, reef mesocosm, Langdon et al. 

2003). 

Only a few studies have been conducted to investigate the response of 

calcifying algae to changes in seawater Q. Studies have been sparse. 

Borowitzka (1981) varied the pH of "artificial Pacific seawater" with a DIC of 

2.2 mM between 7.0 and 9.0 by addition of HCI or NaOH and examined the 

effects on calcification and photosynthesis of the coralline alga Amphiroa 

foliacea. Calcification rates at pH 7.2 and 8.3 were almost the same, 
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dropped by half at pH 9.0 and reached a maximum at 9.7. Photosynthesis 

followed a similar pattern but did not increase at high PH. The strange 

behaviour of calcification remains unexplained. A. foliacea fits 

McConnaughey's trans calcification model since the site of inorganic carbon 

uptake for photosynthesis is a spatially distinct different (outside) one 

(separated by membranes) compared to the site where CaC03 is being 

precipitated (outside). Ions have to cross membranes before reaching the 

calcification site. It could be argued that the maximal calcification rate at pH 

9.7 is 91 accidental" for plausible reasons: When Al-Horani et al. (2003a) 

increase the pH of natural seawater to > pH 9.0, chemical precipitation readily 

occurred in the medium. Chemical rather than biological precipitation could 

have lead to the apparent calcification peak at high pH. At an experiment 

conducted at two constant pHs and different [DIC] calcification rates were 

always very close to ratiosOf [C03 2] at the respective pH. Gao et al. (1993) 

performed similar experiments on Corallina pilulifera at constant pH of 8.2. 

Both photosynthesis and calcification increased up to the highest 

concentration tested of 10 mM DIC. Calcification rate was considered to be 

a function0f [C03 2- ] and thus of the saturation state in seawater. 

In this study [DIC] higher than 8mM were avoided due to the risk of 

spontaneous chemical precipitation in the experimental chamber. Since the 

alkalinity anomaly technique measures the reduction of the buffer capacity of 

the medium, differentiation between chemically and biologically induced 

precipitations of CaC03 is not possible. 
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Feely et al. (2004) suggested that coralline algae, a major source of 

biogenic magnesian-calcite, show possibly the strongest calcification 

response to elevated PC02, since the mineral phase is at least 50% more 

soluble in seawater than calcite (Mucci 1983). Corallina sp. is a major 

calcifying seaweed, which, in some parts of the Mediterranean is the principal 

species in a diverse ecosystem. 

With so many discrepancies in response to 0, it is evident that there is a 

need for a clear experiment, which truly challenges the Saturation State 

Theory (SST) as the rate-determining factor for calcification. 

A series of experiments were therefore designed to test the following 

hypotheses. 

A) Changes in [Ca 2+ ] have same effect on calcification as changes in 

[C03 2-] 
while keeping the saturation state constant. 

B) Calcification responds to[C03 2-] 
and not to other ion species of DIC. 

C) Since the Saturation State Theory is essentially a simple chemical 

idea and does not involve any "vital force", all calcifying organisms should 

respond similarly. In this study, C. officinalis was taken as a representative 

of Mg-calcite precipitators and Montipora digitata represented aragonite 

depositors. 
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6.2 Results 

Hypothesis A): Changes in [Ca 2'] have same effect on calcification as 

changesin [C03 2-] 
while keeping the saturation state constant. 

In the first experiment, in a defined seawater medium, QcaC03was 

increased to the same value by manipulating either the calcium concentration, 

or by changing the concentration of DIC. The medium was buffered with 25 

mM bicine to pH 8.2 in order that pH effects would not confound the results. 

Doing this meant that the alkalinity anomaly technique could no longer be 

used because the buffer would of course, interfere with the titration. Instead, 

total dissolved inorganic carbon (TIC) was measured in the seawater medium 

before and after incubation with organism. Any change in the concentration 

of TIC would be due to a combination of photosynthesis, respiration and 

calcification. Photosynthesis and respiration were therefore monitored 

independently in the same samples using an oxygen probe and the02 

measurements were converted to carbon assuming a photosynthetic quotient 

of 1. The rates of calcification were calculated by subtracting the net 

photosynthetic uptake from the total TIC uptake. 

The same combination of concentrations of calcium and DIC was used 

for both organisms; 

a) normal seawater calcium of 10 mM and added DIC of 3.4 mM and 

b) normal seawater DIC of 2 mM and added calcium of 16.9 mM 

Because the seaweed and the coral deposit different CaC03minerals 

(magnesian-calcite and aragonite), a) and b) produce slightly different 
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saturation state values for each mineral. Thus, Omc was 5.8 for Corallina and 

0,,,,, g was 6.5 for Montipora. 

In addition, since Chapter 4 showed the importance of monitoring 

calcification in the light and in the dark, in these experiments both light and 

dark incubations were used. 

Figure 6.1 demonstrates DIC uptake in C. officinalis in response to Qmcý 

5.8 in saturating light and in darkness. 
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Figure 6.1: DIC uptake in C. officinalis at Qrnc - 5.8. Seawater (S=30) was buffered 

with 25 mM bicine to pH 8.2 and had the following Ca 2+ and DIC combinations- a) 10 and 3.4 

mM ("SW + DIC") or b) 16.9 and 2 MM ("SW + Ca") respectively. The sum of total DIC 

uptake ("total"), by photosynthesis ("by ps") and uptake through calcification ("by calc") was 

measured in saturating light and darkness. Data represent means +/- se, n=5-6 
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Despite the fact that the saturation state of the seawater was kept 

constant, light calcification almost doubled when stimulated by DIC compared 

with Ca 2+ (t-test, p<0.001). However, dark incubations resulted in a small 

DIC loss from C. officinalis irrespective of the treatment. Dark respiration 

rates stayed typically small for C. officinalis with just - 1/30th of the net 

photosynthetic rate. 

Exposing M. digitata to the same treatment revealed a similar response 

in the light as demonstrated in figure 6.2. Again it was demonstrated that 

-% 2+ 
calcification was more stimulated by DIC than Ca at constant Oarag of 6.5. 

DIC stimulation of light calcification appears to be stronger in M. digitata than 

in C. officinalis. Neither photosynthetic nor respiratory rates showed 

significant differences between treatments (t-test, p= 0.8). M. digitata has a 

much smaller NPS/resp rate of about 1-1.4 compared with C. officinalis (ratio 

-30). Even in the dark, although to a smaller extent, DIC stimulated dark 

calcification more than Ca 2+ when Oarag was kept the same. 
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Figure 6.2: DIC uptake in the hermatypic coral M. digitata at Darag - 6.5. Seawater 

(S=35) was buffered with 25 mM bicine to pH 8.2 and had the following Ca 2+ and DIC 

combinations: a) 10 and 3.4 mM ("SW + DIC") or b) 16.9 and 2 mM ("SW + Ca") respectively. 

The sum of total DIC uptake ("total"), by photosynthesis ("by ps") and uptake through 

calcification (''by calc") was measured in saturating light and darkness. Data represent 

means +/- se, n=5 

The "long term" effect on calcification of exposure to elevated Daragwas 

investigated in M. digitata (figure 6.3). It was confirmed that the stimulating 

effect of DIC on growth (measured by weekly buoyant weighing) persisted for 

the five weeks of incubation achieving higher growth rates than those 

incubated at elevated [Ca 2+] 
, but at the same saturation state, in this case 

-Oaragwas - 6.7. 
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Figure 6.3: Response of M. digitata to 5 weeks incubation in seawater from the 

culturing unit (SW), in SW with 7.1 mM calcium added (+Ca) and SW with 1.4 mM DIC added 

(+DIC). Buoyant weight was measured weekly. Data represent means +/- scl, n=7 

This experiment showed clearly that that DIC is more potent then 

calcium (t-test, p=0.02) for stimulating calcification, but the DIC effect could 

have been due to carbonate, bicarbonate, or both. 

6.2.2 Hypothesis 13): Calcification responds to [C03 2] 
and not to other 

ion species of DIC 

2- To test whether or notC03 , the carbon species generally thought to 

control calcification is really the rate-limiting factor for calcification, the 

following experiment was conducted. The pH of normal seawater (8.2) with 2 

mM DIC was reduced to 7.88, thereby halvIng [C03 2-]. In order to 
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compensate for this decrease, double the amount of DIC (4mM) was then 

added to the seawater in order to produce the same concentration [C03 2] as 

present in normal seawater. Montipora and Corallina were used in an 

experiment in which the effects of normal seawater at 2 mM DIC and pH 8.2 

and a [C03 2-] 
of 0.15 mM were compared with seawater at 4 mM DIC and pH 

7.88 and the same P03 2-] 
ofO. 15mM. Both seawater media were buffered 

with 25mM bicine to the above-mentioned pHs. 

In addition, the effect of buffering was examined by comparing the TIC 

uptake measurements of calcification with incubations carried out in similar 

vessels with unbuffered seawater using the alkalinity anomaly technique. 

At a stabilised [C03 2-] 
of 0.1 5mM, light calcification in C. officinalis 

increases by an astonishing 197% in response to elevated seawater DIC 

even at low pH, while net photosynthesis increases by only 40% (fig. 6.4). 
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2- Figure 6.4: DIC uptake in C. officinalis at 0.1 5MM C03 
. Seawater (S=30) was 

buffered with 25 mM bicine to pH 8.2 with 2mM DIC or to pH 7.88 with 4 mM DIC. The sum 

of total DIC uptake ("total"), by photosynthesis ("by ps") and uptake through calcification ("by 

calc") was measured in saturating light and darkness. Calcification was also measured in 

unbuffered seawater using the alkalinity anomaly technique (by calc (AAT)) in saturating light 

and darkness. Data represent means +/- se, n=5-6 

The stimulating effect in C. officinalis was less pronounced in the dark, 

although net loss of TIC to the medium at 2 mM and pH 8.2 was converted to 

net uptake at 4mM and pH 7.88. 
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When light calcification was determined in unbuffered conditions using 

the alkalinity anomaly technique (AAT), the rates were not significantly 

different from those in the buffered medium (t-test, p>0.1). In the dark 

samples at pH 8.2 with 2mM DIC though, the decalcification rate in the dark 

was significantly smaller in the unbuffered conditions (t-test, p<0.05). 

Interestingly, the light calcification rates in M. digitata (figure 6.5) showed 

a similar response to the same treatment as that observed in C. officinalis, 

although the stimulating effect of elevated DIC appeared to be even stronger 

at 4 mM DIC and pH 7.88 at around 800% faster than at 2 mM and pH 8.2. 
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2- Figure 6.5: DIC uptake in M. digitata at 0.25 MM C03 
. 

Seawater (S=35) was 

buffered with 25 mM bicine to pH 8.2 with 2mM DIC or to pH 7.88 with 4 mM DIC. The sum 

of total DIC uptake ("total"), by photosynthesis ("by ps"), uptake through calcification ("by 

calc") Calcification was also measured in unbuffered seawater using the alkalinity anomaly 

technique ("by calc (AAT)") in saturating light and darkness. Data represent means +/- se, 

n=5 

Under dark conditions no net calcification was detected and treatment 

made no significant difference in decalcification rates. Error bars of total DIC 

uptake exceed 10% of the mean value, questioning its suitability for deriving 

precise calcification rates. This was not observed in experiments performed 

on C. officinalis. When calcification was determined in unbuffered seawater 
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using AAT, calcification rates were all significantly higher (t-test, p<< 0.01) 

and net calcification occurred in the dark. Light calcification was 300% and 

dark calcification was 700% faster in 4 mM and pH 7.88 compared with 2mM 

DIC and pH 8.2. 

Figure 6.6 reveals that the buffer had no significant effect on 

photosynthetic rates (t-test, p>0.1), but demonstrates that exposure to pH 

7.88 with 4mM DIC increases respiration rates compared with pH 8.2 with 
0 

2mM DIC (t-test, p<0.05). 
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Figure 6.6: Response of photosynthesis and respiration of M. digitata to unbuffered 

and buffered seawater (S=35) with 25 mM bicine to pH 8.2 with 2mM DIC or to pH 7.88 with 4 

mM DIC. Data represent means +/- se, n=5-6 
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6.3 Discussion 

Since [Ca 2'] has been an essentially conservative element in seawater 

for over 104 years (Broecker and Peng 1982 in Ohde and Hossain 2004), the 

main focus of earlier work has involved the factors, which influence [C03 2-1 

such as seawater alkalinity, PC02 and pH, whilst keeping the others constant. 

Several researchers have come to the conclusion thatC03 2- seems to be the 

limiting inorganic carbon species for calcification (Leclercq et aL 2000, 

Langdon et al. 2000, Schneider and Erez 2000, Marubini et al. 2001, Marubini 

and Atkinson 1999, Gao et al. 1993, Borowitzka 1981). The general view is 

that calcification will decrease by 14-30% by 2100 (Gattuso et al. 1999b, 

Kleypas et aL 1999b), but the apparent linear response of calcification to 

OcaCO3varies with species (compare Leclercq et al. 2002). The credibility of 

the predicted decrease in calcification is reduced by the great variability in the 

responses by hermatypic corals and calcifying ecosystems to elevated PC02 

(Reynaud et al. 2003). This is the first study truly challenging the prevailing 

hypothesis that calcification is a simple function Of DCaCO3. Two major 

proponents of the Saturation State Theory, Langdon and Atkinson very 

recently (2005) came to the conclusion that more studies are needed "that 

test the saturation state hypothesis by manipulating both [Ca 2+] and [C03 2-y. 

The experiments described in this chapter have done exactly that. 

As demonstrated in figure 6.1 and 6.2 when QCaC03was kept constant, 

light calcification in C. officinalis and M. digitata was clearly more responsive 

to increases in [DIC] than to [Ca 2'] and did not respond to Ocam. This effect 

was confirmed by the buoyant weight increase of M. digitata (figure 6.3). 

Calculated calcification rates in C. officinalis at elevated [Ca 2+] were of the 
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same magnitude as those established for Corallina Pilulifera by changes in 

[Ca 2+] (Gao et al. 1993), of around 30 PMOI C gdwt-1 h-1. In a more recent 

study El Haikali et aL (2003) applied the alkalinity anomaly technique and 

estimated calcification rates in Corallina elongata around 20 pmol CaC03 gdwt- 

1 h-1. Generally it can be said that light calcification rates are higher 

compared to dark ones. It is not surprising that the response to increases in 

[Ca 2'] and [C03 2-] is not the same since both ions employ different transport 

mechanisms for traversing membranes before reaching the calcification site 

in hermatypic corals (see review by Gattuso et aL 1999a). 

Even if inorganic carbon is a more potent stimulant for calcification, it is 

still debatable whether carbonate or bicarbonate is the responsible anion. So 

far the prime candidate has been [C03 2-] (Marubini et al. 2001), but since the 

calcifying epithelium is not in direct contact with seawater, the means by 

which calcification could respond to changes in [C03 2-] 
was unclear. It was 

suggested thatC03 2- could diffuse freely across coral tissue, but no direct 

evidence0f [C03 2-] 
penetration via diffusion or transport has been found 

(Gattuso et al. 1999a). Furla et al. (2000b) discovered that the passage of 

DIC from the external medium and across the oral tissue was accomplished 

by paracellular diffusion whereas an anion transporter was required for further 

transport it to the calicoblastic cells. In contrast to those in the oral 

epithelium, cells at the calicoblastic layer show tight junctions, making ionic 

diffusion extremely difficult (Marshall and Clode 2002). Marubini et al. (2001) 

concluded, while HC03- is often assumed to be the ionic species transported, 

C03 2- 
cannot be ruled out. However, it has to be mentioned that Furla et al. 
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(2000b) also demonstrated the inhibitory effect on calcification of iodide, a 

competitor of HC03- notC03 2- in some anion exchange mechanisms. 

As demonstrated in figure 6.4 and 6.5, light calcification at constant 

[C03 2-] in both organisms clearly respond to increases in [HC03-1, irrespective 

of the method used to measure calcification. This result appears to support 

the PWP model of inorganic calcification (precipitation and dissolution) in 

seawater. Plummer et al. (1979) described a precipitation/dissolution model 

in which only ion pairs (CaHC03+)or charged ions (Ca 2+ in combination with 

HC03-) in the boundary layer of a crystal surface collide at the reaction site in 

order to form CaC03crystals. They assumed that from an electrostatic 

consideration, precipitation occurs at negatively charged reaction sites. Their 

mechanistic model is proportional to the ion activity product of Ca 2' and 

HC03- in the boundary layer. However, Plummer etal. (1979) describe a 

model in which the fluid composition determines the rate of precipitation or 

dissolution, whereas this study demonstrates a clear biological control over 

the rate of arrival of ions and pH at the calcification site. 

In C. officinalis calcification and photosynthesis seem to be more tightly 

coupled processes than in M. digitata. Gao et al. (1993) observed a tight 

coupling between rates of calcification and photosynthetic carbon fixation in 

Corallina pilulifera as a function of [DIC] in seawater. 

The biological buffer used in these experiments acts on "animal 

calcification", since calcification in C. officinalis and photosynthetic rates in 

both organisms appear to be unaffected. An explanation for this 
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phenomenon has not been found so far, but it is possible that bicine be 

partially decarboxylated. This is an aspect that needs further investigation. 

The important message however is that calcification is more responsive 

to HC03- than it is to C03 2- 
and that the process is strongly biologically 

controlled. Although the supply of DIC is clearly central, and that the 

saturation state of CaC03close to site of deposition is critical, the idea that 

seawater OCaCO3 iSthe controlling factor for calcification is untenable. 

Another observation, also supporting the biological control of the 

calcification process, is the fact that precipitation occurs at very specific 

areas. During the carbon fixation process of photosynthesis, carbon dioxide 

is removed from the surrounding seawater, increasing theC03 2- ion activity, 

and further increasing the {Ca 2+) {C03 2-} activity product. Photosynthetic 

organisms in shallow water, it would seem, have to actively prevent 

calcification on their cell wall surfaces. In Bahamian stromatolites protein 

and carboxylated polysaccharides are involved in the inhibition of CaC03 

precipitation in unlithified layer (Kawaguchi and Decho 2002). They suggest 

that the extracellular polymeric secretions (EPS) by cyanobacterial, which 

forms the matrix in which aragonite needles are imbedded in, influence the 

precipitation, composition, and CaC03polymorphism in the lithified layers of 

stromatolites. Evidence for anticalcifying activity was also demonstrated by 

Borman et al. (1982) who isolated a water-soluble polysaccharicle from 

calcifying microalga Emiliania huxleyi which inhibited in vitro calcification. 

More recently Pentecost (2004) observed an inhibition of calcite precipitation 

in the presence of algal extracts of Halimeda and Corallina. 
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In this study, C. officinalis and M. digitata carry out photosynthesis and 

are considered "trans" calcifying organisms according to McConnaughey's 

model. Apart from those similarities, this study demonstrated that 

calcification in two vastly different organisms (plant and animal, origin: 

temperate and tropics, forming magnesium-calcite and aragonite) was 

stimulated by HC03- under strong biological control and was not simply a 

geochernical response which could be the case for "cis" calcifying organisms. 

This is where the DIC for photosynthesis is taken up from the external 

seawater and calcification occurs externally at the same site: externally so 

there is no membrane protection against CaC03dissolution. 

This still leaves the question of how the apparent direct response of 

calcification to [C03 2] in seawater can be explained. 

Marubini et al. (2001) suggested that the mechanism could be based on 

pH. They made the assumption that DIC equilibrated intracellularly 

depending upon pH and independent of the species entering the symbiotic 

association. If cellular pH in proximity to the calicoblastic cells followed the 

pH in the external medium, then, for example, a decrease in external 

seawater pH would cause the internal pH to drop and hence decrease the 

2- 
internal availability0f [C03 
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This idea can also be rejected as it was shown in the previous chapter 

that pH at the calicoblastic layer is not a direct response to external medium 

pH, but is strongly influenced by light and calicoblastic pH changes more in 

response to irradiance than to the acidity or alkalinity of the external medium. 

Marshall and Clode (2002) suggested that Oa,,, g at the skeletal interface might 

directly influence precipitation rate. Al-Horani et al. (2003b) estimatednarag 

in Galaxea fascicularis according to [Ca 2+ ] and pH. In this study, as a 

reaction to low pH seawater, pH measurements at the calicoblastic layer were 

demonstrated to be less influenced in the light compared to dark. If the 

assumption is made that skeletal Oarag is a direct function of pH at the 

calicoblastic layer, light calcification in corals should be less affected by 

exposure to acidic seawater than dark calcification. This phenomenon was 

demonstrated by Leclercq et al. (2000) when they showed that dark 

calcification rates decreased at a faster rate in response to increased PC02. 

Presumably owing to the threat of increasingC02 rise, most studies 

have so far only used lowered seawater pH, thus keeping [HC03-1 largely 

unchanged whilst reducing [C03 2-] 

. No one thus far has conducted studies in 

which [C03 2-] 
was kept the same while manipulating [HC03-1. Physiological 

studies and the results from this study clearly demonstrate that HC03-, not 

C03 2- is the rate-limiting factor. It is possible that researchers have been 

sidetracked by the good linear correlation of calcification rates with [C03 2-1, 

masking the fact that calcification seen from a physiological point of view 

could be influenced by changes in [HC03-] and pH. The trap of ascribing 

causality to correlation may also have been fallen into here. 
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What is needed is a physiologically applicable model based on [HC03-1 

and pH insteadOf [C03 2-] that fits the data, irrespective of the relevance of the 

model to predicted changes in carbon chemistry in the oceans. Species- 

specific coefficients for pH and HC03- sensitivity could be allocated, thus 

potentially explaining the variability in the response of different calcifying 

organisms to future increases inC02. 
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Chapter 7 

Discussion 
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7 General discussion 

At the outset of this study, several commonly-held views about 

calcification in hermatypic corals were identified, namely, that it is closely 

connected with photosynthesis, it is inhibited by essential solutes such 

as nitrate, it is provided with an excess of dissolved inorganic carbon and 

that the rate at which CaC03 is laid down is a simple function of 

seawater chemistry. However, earlier work in the algal physiology 

laboratory at QMUL on the coccolithophore Emiliania huxleyi, plus a 

review of the recent literature, led to the questioning of these apparent 

certainties. Hence, in this project, the statements were rephrased as 

hypotheses, and experiments were designed to test them. 

In the preceding chapters, the difficulty of working with corals in 

Central London has not been emphasised. However, it should be 

pointed out that corals (for very good reason) are now hard to come by 

and once obtained, are hard to maintain in a healthy condition. After 

several other attempts to secure a reliable source of healthy corals, Mr. 

Clayton John Smith of the London Aquarium became a generous and 

helpful supplier of good quality coral fragments, mainly of the common 

branched coral, Montipora digitata. Once a really effective culture setup 

was organised, again with expert help, this time from an undergraduate 

coral enthusiast, Mr. Nathan Sudell; proper experiments could be carried 

out without fear of the material becoming unhealthy during their 

progress. 
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The first really interesting results were obtained from the carbon 

limitation work. The stimulation of both photosynthesis and calcification 

at DIC concentrations above ambient and the diminution in the rates of 

both processes below 2 mM clearly showed that DIC is a critical factor in 

coral growth. The somewhat different kinetics of the two processes 

indicated that the degree of coupling might not be very close and that 

photosynthesis is less light limited than calcification. Also, the fact that 

adding DIC allows calcification to precede in the dark showed that 

although light may increase the calcification rate considerably; it is not an 

obligatory requirement. 

Despite the fact that essential inorganic solutes such as phosphate 

and nitrate are normally considered to be severely limiting in the ocean, 

several reports have indicated that combined nitrogen, either in the form 

of ammonium or as nitrate, reduces coral growth (Dubinsky et al. 1990, 

ýtirnson and Kinzie 1991, Marubini and Davies 1996, Ferrier-Pages et al. 

2000b). In this study, the effect of adding nitrate was also examined but 

with the extra dimension of testing the impact separately in the light and 

the dark. The results of the dark experiments were more convincing 

than the light ones, with nitrate inhibition of dark calcification being 

stronger and more highly significant. Photosynthesis as measured by 

oxygen evolution was not significantly increased by nitrate addition, but 

the corals were visibly darker in colour. Induced fluorescence 

measurements showed that excitation energy was photochemically 

quenched to a greater extent in high light than low in those samples, 
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indicating that light limitation was caused by nitrate addition. The 

mechanism of nitrate repression of calcification is not clear but the 

"carbon competition" theory was not supported by the results of the dark 

experiments because calcification was at its lowest with nitrate in the 

dark. Since no carbon was being taken up in photosynthesis it was 

unlikely that lack of inorganic carbon was the cause of the low 

calcification rate. Falkowski's "symbiotic balance" theory seems more 

plausible, but again, the mechanism remains unclear. The suggestion 

that nitrate repletion results in a failure of organic carbon export to the 

calicoblastic layer and hence prevents formation of the organic matrix 

template for CaC03deposition is attractive but unproven. 

Some of the most interesting results in this study come from the 

experiments which tested the saturation state theory. The dramatic 

stimulation of calcification at elevated bicarbonate even when the pH 

was reduced to 7.88 was surprising and has implications for the effects 

of an acidifying ocean on carbon sequestration by corals and other 

calcifiers. The fact that calcification in Montipora digitata responded 

even more strongly to than Corallina officinalis lends credence to this 

argument. The next question, however is, how much extra bicarbonate 

is needed to offset a given decrease in pH. Clearly doubling the DIC 

content of the seawater was not intended to simulate scenarios for the 

immediate future, it was an experiment in which the carbonate 

concentrations were kept the same at as pH 8.2. Even so, the 

predictionsOf C02concentrations doubling by 2100 does mean that 
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seawater bicarbonate will also rise by 17%. In absolute terms that is 340 

uM as HC03- compared with 12uM asC02. Given the marked 

stimulation of calcification by bicarbonate shown in two chapters of this 

thesis, it may be that the impact on calcification0f C02 in the acidifying 

ocean has been exaggerated. 

The idea that calcium carbonate would dissolve, or at least be 

deposited more slowly at lower pH has been reiterated many times. In 

this study, the direct effect of pH in seawater of normal [DIC] was 

investigated using microelectrodes. Given that organisms can regulate 

their internal pH against sometimes considerable gradients of H', (in 

Caulerpa for example there is a 10,000- fold difference between the 

cytosol and the sea, Thake et al. 2003), it may not be surprising that the 

pH near the calicoblastic cells does not simply reflect the seawater pH. 

However, low pH remains the main cause of anxiety about the future of 

corals and coralline algae and other influences are often ignored. The 

research reported here shows clearly that pH is not the only factor 

determining the rates of biological calcification. At one point light 

seemed to be the key, but with enough bicarbonate, Montipora and 

Corallina calcify rather well in the dark. Corals are tropical and one 

obvious but seldom -mentioned consequence of this is that they 

experience little seasonal alteration of the length of the nights. It is 

clearly simplistic to argue that the reason corals are restricted to the 

tropics is that they cannot cope with the long winter nights in higher 

latitudes, but this may not be quite as fanciful as it sounds. The 

152 



experiments with daylength reported in chapter 3 show that they do very 

well in continuous light. In a recent review, Yentsch et al. (2002) put 

light as a second-order anthropogenic effect for corals and showed that 

Florida corals were operating close to their light compensation point for 

photosynthesis. Yentsch attributed this to sediment loading and nutrient 

enrichment in the coastal seas. This study has confirmed that nitrate 

addition reduced calcification rates and added the novel finding that this 

was exacerbated in darkness. Once more it is possible that the adverse 

impactOf C02has been overstated. Measurements of atmospheric 

transparency over the past 50 years show that this has declined sharply 

and that dust and water vapour from industry and aircraft are the 

principal causes (Stanhill 1995). This gives rise to the less notorious 

phenomenon of global dimming and some meteorologists argue that 

global warming would be much worse were it not offset by this cooling. 

For calcifiers, the consequence is the same whether light penetration is 

being lowered in the atmosphere or the sea, low light means slow 

calcification. 

Taken together, the results presented in this thesis show that 

biological calcification as demonstrated in the coral Montipora digitata 

and the red coralline seaweed Corallina officinalis, is governed by a 

variety of physiological factors and that although rates may correlate to 

some extent with the CaC03saturation state of the seawater, correlation 

does not imply cause. Indeed, as this work shows, bicarbonate supply, 
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pH, light and nutrients are all major influences on the calcification in 

these important organisms. 
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Appendix 

30 

mmol kg-' 

35 

NaCl 355.6 406.0 
Na2SO4 24.50 27.9 

KCI 7.88 8.97 
MgC12 6 H20 46.25 52.7 
CaC12 2 H20 8.96 10.2 

Table 1: Simplified composition of artificial seawater after Harrison et al. 
(1980), BDH chemicals were used. 

Stock solutions: 
Dissolved inorganic carbon (DIC): 500 mM NaHC03 

Calcium: 1M CaC12-2H20 

Nitrate: 1M NaN03 

Buffer: bicine (N, N-bis[2-Hydoxyethyl]glycine) 

91-1 

NaCl 8.0 

KCI 0.41 

CaC12 (anhydrous) 0.69 
MgC12 -6 H20 0.49 

HEPES 2.0 

Table 2: Snail Ringer solution, pH 7.5, for microelectrode back fill 
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