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Abstract 

Coralline algae play a central role in tropical reef ecology helping to build and stabilise the 

reef framework. Due to their high Mg-calcite skeleton, coralline algae are also one of the 

most sensitive marine calcifying organisms to ocean acidification, and potential indicators for 

assessing the impacts of climate change. However, despite their importance in reef ecology, 

basic information on coralline algae, such as their growth and calcification rates, are 

relatively unknown. The reason for this scarcity of information is, in part, due to the lack of 

effective and efficient methods for obtaining these rates in the field, and the slow growth of 

coralline algae necessitating lengthy studies. Therefore, the aims of this study were to 

establish more effective methods to determine in situ growth and calcification rates of 

coralline algae, to determine baseline growth and calcification rates of a key reef-building 

coralline algae species on the Great Barrier Reef (GBR), and to investigate the effects future 

climate change scenarios may have on these growth rates.   

 

The first study in this project (Chapter 2) was to establish a more efficient and effective 

staining method of obtaining in situ growth and calcification rates of coralline algae. To 

achieve this, three calcium markers were selected from previous use on marine calcifiers in 

the literature. These markers were then tested at three different concentrations and immersion 

times, ranging from 1min to 24hrs, on two of the most abundant encrusting (Porolithon 

onkodes) and branching (Lithophyllum pygmaeum) species of coralline algae on the GBR. 

Results of this experiment found immersion time for staining coralline algae could be 

reduced from the commonly used 24hr immersion time down to less than 3hrs, thus making 

the staining method a far more efficient and effective technique for obtaining in situ growth 

and calcification rates. In Chapter 3, I determined the seasonal growth and calcification rates 

of most abundant reef-building crustose coralline alga on the GBR in a 15 month in situ 
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study, and explored the effects of shaded and exposed irradiance levels on these rates. 

Seasonal variation was detected in each of the metrics measured (vertical growth, marginal 

growth and calcification), with maximum vertical growth and calcification observed in 

spring, and marginal extension in autumn. Surprisingly the summer season did not produce 

the maximum vertical or marginal rates as expected. Light treatments revealed significant 

difference in growth rates between exposed and shaded treatments.  

 

The presence of growth banding in the P. onkodes skeleton was examined in Chapter 4 to 

determine if changes in mineralogy, density, cell size or reproductive cycles (conceptacle 

banding) could be used to measure growth rates of coralline algae without the need for 

lengthy in situ studies (such as in Chapter 3). Results from this study showed that 

conceptacles viewed under UV light, and changes in skeletal density revealed in micro-CT 

scans, provided easily distinguishable banding that could be used to determine growth rate of 

the organism. Mineralogical mapping also revealed patterns of banding created by changes in 

Mg content. The determination of this banding in the tropical CCA P. onkodes offers another 

method for obtaining growth rates of coralline algae without the need for long-term in situ 

studies. 

 

The final experiment in this thesis (Chapter 5) examined the effects of future ocean 

acidification conditions, coupled with increased nutrient and irradiance levels, on the growth 

rates of the abundant branching coralline alga L. pygmaeum. Understanding the effects of 

rising pCO2 and its interaction with other key photosynthetic drivers such as irradiance and 

nutrient levels is fundamental for developing accurate predictions on the response of coralline 

algae to future climate change scenarios. To assess the individual and interacting effects of 

these three factors on growth, a four week multi-factorial laboratory study was conducted 
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incorporating three pCO2 levels, two irradiance and two nutrient (ammonium and phosphate) 

levels. Results from this study indicate future nutrient enrichment will decrease growth 

irrespective of pCO2 conditions, and that these detrimental effects will be further enhanced 

when combined with low light conditions. This is very relevant to coralline algae living in 

inshore GBR regions, where light levels are often reduced during flooding events. 

 

In this thesis I have: 1) determined the calcium marker calcein is a more efficient and 

effective staining method for use on tropical coralline algae. 2) Provided seasonal growth and 

calcification rates of the key reef-building coralline alga Porolithon onkodes, and determined 

seasonal variation within these rates. 3) Determined conceptacle and skeletal density banding 

is present in tropical coralline algae and can be used to measure growth. 4). Demonstrated 

growth of the branching coralline alga Lithophyllum pygmaeum is enhanced under elevated 

pCO2 and light conditions, but inhibited by nutrient enrichment. 
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Chapter 1: General introduction 

Coralline algae importance 

 

Coralline algae are red algae (Rhodophyta) belonging to the Corallinophycidae subclass (Le 

Gall & Saunders 2007) characterised by the presence of calcium carbonate (CaCO3) within 

their cell walls (Harvey et al. 2005). With a worldwide distribution and habitat ranging from 

the intertidal zone down to over 250m in depth (Littler et al. 1985), coralline algae are among 

the most abundant marine calcifying organisms to live in the euphotic zone (Steneck 1986). 

Coralline algae play fundamental and ecologically important roles in tropical reef 

environments such as: cementing and stabilising the reef framework (Littler & Littler 1984), 

providing significant carbonate sediment contributions (Chave & Wheeler 1965), providing 

hard substrate and settlement cues for corals and other commercially important species 

(Harrington et al. 2005, Diaz-Pulido et al. 2007), providing food and habitat (Littler & Littler 

1984, Foster 2001), and by transferring carbon from the biological to the geological cycle by 

way of calcification (Steneck 1986). Aside from the ecologically important roles coralline 

algae play in the tropical reef environment, they have also been identified as a key indicator 

species for climate change due to their vulnerability to ocean acidification (Anthony et al. 

2008, Jokiel et al. 2008, Martin & Gattuso 2009).  

 

Threats to coralline algae on the Great Barrier Reef 

 

As with coral reefs worldwide, the Great Barrier Reef (GBR) is currently under threat on both 

a global (ocean acidification), and local (water quality degradation) scale (GBRMPA 2016). 

The term ‘ocean acidification’ refers to the reduction of oceanic pH due to the increased 

absorption of anthropogenically produced carbon dioxide (CO2) (Doney et al. 2009, Cornwall 

et al. 2012). Since the industrial revolution, CO2 levels in the atmosphere have increased 



 
 

2 
 

from 280ppm to the current level of 405ppm (NOAA 2016). The world’s oceans have 

absorbed approximately 30% of this atmospheric CO2, causing a 26% increase in acidity 

(IPCC 2014a), and a reduction in carbonate ion concentrations and saturation states by 

changing the carbonate-bicarbonate ion balance (Feely et al. 2009b, Gagliano et al. 2010). 

This reduction in carbonate ion concentrations and saturation states has been shown to affect 

the ability of marine calcifying organisms, such as coralline algae, to produce their calcium 

carbonate (CaCO3) skeletons (Gao et al. 1993, Martin et al. 2006, Anthony et al. 2008, 

Martin et al. 2013) and increases dissolution rates (Martin & Gattuso 2009, Diaz-Pulido et al. 

2012). Unlike corals, or other abundant calcifying algae such as Halimeda, the carbonate 

skeleton of coralline algae is primarily made up of high magnesium calcite (Mg-calcite), 

ranging from 10-20% mol MgCO3 calcite (Moberly 1970), the most soluble form of CaCO3 

(Ries 2011b, Smith et al. 2012). This high solubility makes coralline algae one of the most 

vulnerable organisms to ocean acidification, and as such, a good indicator species for future 

climate change. Aside from calcification and dissolution rates, other responses to increased 

pCO2 levels on coralline algae include a reduction in growth (Kuffner et al. 2008, Ragazzola 

et al. 2012, James et al. 2013, Ragazzola et al. 2013), recruitment (Kuffner et al. 2008, 

Russell et al. 2009), and abundance (Hall-Spencer et al. 2008, Kuffner et al. 2008).  

 

Nutrient inputs (particularly nitrogen and phosphate) have increased in coastal environments 

worldwide as a result of population growth, agricultural run-off, dredging and industrial 

development (Baldwin 1990, Fabricius 2005, Teichberg et al. 2010). Declining water quality 

due to land-based runoff is currently one of the most significant threats to the health of the 

GBR (GBRMPA 2016). In recent years, the GBR has experienced many extreme weather 

events, including flooding and five major cyclones (Category 4 or 5), these stressors 

combined with declining water quality has seen a deterioration in the health of the GBR since 
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2009 (GBRMPA 2014). Studies conducted to determine the effects of nutrient enrichment of 

coralline algae have found decreases in growth, abundance and calcification (Brown et al. 

1977, Kinsey & Davies 1979, Bjork et al. 1995, Russell et al. 2009). The reduction in growth 

under enriched nutrient conditions has been attributed to reductions in both cell size and cell-

wall thickness (Bjork et al. 1995). This negative effect of nutrient enrichment suggests 

coralline algae living in inshore regions may be significantly affected under predicted future 

increased nutrient loads. 

 

Another key driver of growth and calcification in coralline algae is irradiance (Adey 1970, 

Gattuso et al. 1999). The ubiquitous distribution of coralline algae in the marine environment 

highlights their ability to tolerate a wide range of light conditions, however this tolerance has 

been shown to be species specific (Kuhl et al. 2001, Payri & Maritorena 2001, Wilson et al. 

2004). Depending on the irradiance levels a species is adapted to, the intensity, quality and 

time of light impact can cause an increase or reduction in the rates of photosynthesis and, in 

turn, the growth and calcification rates of the organism (Gattuso et al. 1999, Jodłowska & 

Latała 2012). As light intensifies more chemical energy is created increasing the 

photosynthetic rate. This increase, however, only lasts to a point, after which the 

photosynthetic rate drops off due to competing forces between pCO2 and oxygen. Under low 

light intensity only a small quantity of chemical energy is created by the light dependent 

reactions decreasing the photosynthetic rate and growth. However, excessive light intensity 

can cause photoinhibition of photosynthesis (Hader et al. 2011), which results in a reduction 

of photosynthetic capacity through damage to the photosystem II (PSII) and decreasing 

electron transfer activity, resulting in the redirection of energy to cellular repair mechanisms 

and away from growth (Hurd et al. 2009). Coralline algae living in tropical shallow reefs 

receive very high amounts of irradiance (Payri & Maritorena 2001), and may already be at 
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the upper levels of their light tolerance. The impacts of increased irradiance on coralline 

algae growth in tropical reefs environments is largely unknown, however results from the few 

studies carried out suggest further increases in irradiance may reduce growth and calcification 

rates, and when coupled with other stressors such as pCO2, this negative effect may be further 

exacerbated (Gao & Zheng 2010). 

 

Growth and calcification 

 

In this study, coralline algae ‘growth’ refers to the vertical or marginal (horizontal) extension 

of cells (measured as a distance), whereas ‘calcification’ refers to the precipitation of CaCO3 

within these cell walls (measured in weight). Coralline algae grow both vertically to increase 

thickness, and marginally to increase surface area at rates of millimetres per year (Steneck 

1986). Growth rates of coralline algae are generally regarded as being slow, and while linear 

extension in branching species may be faster than in encrusting species (Smith 1972), both 

morphologies extend their crust at rates measured in millimetres per year (Littler 1972, Adey 

& Vassar 1975, Steneck & Adey 1976, Matsuda 1989). There are a multitude of 

environmental variables that can influence growth and calcification rates in the natural 

environment, these include temperature (Adey 1970, Agegian 1985, Steneck 1986), 

irradiance (Adey 1970, Leukart 1994, Halfar et al. 2011), pCO2 (Jokiel et al. 2008, Kuffner et 

al. 2008, Martin & Gattuso 2009), nutrients (Kinsey & Davies 1979, Bjork et al. 1995), 

herbivory (Adey & Vassar 1975, O'Leary & McClanahan 2010), and water motion (Agegian 

1981, Larkum et al. 2003), moreover growth rates of a particular species can vary depending 

on location (Edyvean & Ford 1987).  Determining growth and calcification rates of coralline 

algae can not only provide information on a particular species life history such as age, 

longevity or age of reproduction, it can be also used to monitor reef health, assess the impacts 
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of disturbances and recovery times, calculate carbon budgets and can provide a reference 

point from which to assess the impacts of future climate change.  

 

Currently there is little information available on growth and calcification rates of coralline 

algae on the GBR, or in tropical reef environments in general. Slow growth rates 

necessitating lengthy in situ studies in often difficult and turbulent conditions, such as those 

found on reef crest environments where the highest reef accretion rates occur (Adey 1978), 

make obtaining coralline algae growth and calcification rates difficult. With the health of the 

GBR under threat from both global and local stressors, there is a pressing need to establish 

baseline coralline growth and calcification rates under present day conditions, in order to 

effectively monitor, assess, predict and potentially mitigate further impacts from these 

disturbances. However, to make this information more attainable under in situ conditions, 

more efficient and effective methods of collecting this data need to be established.  

 

Current methods of obtaining growth and calcification rates 

 

Methods used to determine coralline growth and calcification in both the field and laboratory 

vary widely, both in technique and success rate (Steller et al. 2007, Carricart-Ganivet 2011, 

Morrison et al. 2013). Currently the most widely used method is to stain the coralline algae 

skeleton with the calcium marker Alizarin Red, as shown in Table 1. This staining produces a 

line in the coralline algae skeleton providing a reference point that can be used to measure the 

extension of the skeleton from the time of immersion. Although this method is reasonably 

successful for obtaining growth rates, the currently most utilised technique of applying this 

stain involves a 24hr immersion time (Table 1), making it unsuitable for staining corallines in 

the turbulent reef crest zone. Other markers are available; however their application for use 
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on tropical coralline algae is yet to be examined. Fluorescent markers such as the calcofluor 

white stain (CFW) have been successfully used on coralline algae in cold water environments 

(Martone 2010, Fisher & Martone 2014) with an immersion time of 10min or less, but is 

untested on tropical species. Calcein, another fluorescent marker, has also been successfully 

used to stain marine calcifying organisms (Marschal et al. 2004, Riascos et al. 2007, Linard et 

al. 2011), and while it shows the characteristics to be a successful marker at a much shorter 

immersion time than Alizarin, it is yet to be tested on any coralline algae species.
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Table 1. Staining methods previously used on coralline algae to obtain growth and calcification rates (CFW: Calcofluor white stain) 

Marker Method Species Reference 

Alizarin 0.25g L-1 for 5hrs Corallina officinalis Linnaeus Andrake and Johansen 1980 

Alizarin 6mg L-1 for 24hrs Hydrolithon reinboldii (Weber-van Bosse & Foslie) Foslie Payri 1997 

Alizarin 0.25g L-1 for 24hrs Hydrolithon sp. Caragnano et al. 2016 

Alizarin 0.5 g L-1 for 24hrs Lithothamnion corallioides (P. Crouan & H. Crouan) P. 

Crouan & H. Crouan 

Blake and Maggs 2003 

Alizarin 0.5 g L-1 for 24hrs Lithothamnion glaciale f. boreale (Foslie) Foslie Blake and Maggs 2003 

Alizarin 0.5 g L-1 for 24, 48, 72, 120, 192, 

288hrs 

Lithothamnion glaciale f. boreale (Foslie) Foslie Kamenos et al. 2008 

Alizarin 0.5 g L-1 for 24hrs Lithothamnion glaciale f. boreale (Foslie) Foslie Ragazolla et al. 2012 

Alizarin 0.5 g L-1 for 24hrs Lithothamnion glaciale f. boreale (Foslie) Foslie Ragazolla et al. 2013 

Alizarin 0.5 g L-1 for 24hrs Lithothamnion glaciale f. boreale (Foslie) Foslie Ragazolla et al. 2016 

Alizarin 0.25g L-1 for 24hrs Lithophyllum kotschyanum var. subreduncum (Foslie) Foslie Caragnano et al. 2016 

Alizarin 0.025 w/v for 24hrs Lithophyllum margaritae (Hariot) Heydrich Steller et al. 2007 

Alizarin 0.25, 0.50, 0.75 & 1 g L-1  for 24hrs Lithothamnion muelleri Lenormand ex Rosanoff Rivera et al. 2004 

http://www.algaebase.org/search/species/detail/?species_id=N7eaa3b40a2b7b8aa&sk=0&from=results
http://www.algaebase.org/search/species/detail/?species_id=N7eaa3b40a2b7b8aa&sk=0&from=results
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Alizarin 0.25g L-1 for 24hrs Neogoniolithon brassica-florida f. congestum (Foslie) Caragnano et al. 2016 

Alizarin 0.25g L-1 for 24hrs Neogoniolithon fosliei (Heydrich) Setchell & L.R.Mason Caragnano et al. 2016 

Alizarin 0.25g L-1 for 24hrs Neogoniolithon sp. Caragnano et al. 2016 

Alizarin 0.5g L-1 for 24hrs Phymatolithon calcareum Pallas W. H. Adey & D. L. 

McKibbin 

Blake and Maggs 2003 

Alizarin 0.5 g L-1 for 24, 48, 72, 120, 192, 

288hrs 

Phymatolithon calcareum Pallas W. H. Adey & D. L. 

McKibbin 

Kamenos et al. 2008 

Alizarin 0.25g L-1 for 24hrs Porolithon gardineri (Foslie) Foslie Agegian 1981 

Alizarin 0.25g L-1 for 24hrs Porolithon onkodes (Heydrich) Foslie Caragnano et al. 2016 

Alizarin 75mg in 10 L-1 for 48hrs Sporolithon durum (Foslie) R. A .Townsend & Woelkerling Darrenougue et al. 2013 

CFW 0.04% for 5-10min Bossiella plumose (Manza) P. C. Silva 

 

Fisher and Martone 2014 

CFW 0.02%  for ~5min Calliarthron cheilosporioides Manza Martone 2010 

CFW 0.04% for 5-10min Calliarthron tuberculosum (Postels & Ruprecht) E. Y. 

Dawson 

Fisher and Martone 2014 

CFW 0.04% for 5-10min Corallina vancouveriensis Yendo Fisher and Martone 2014 

http://www.algaebase.org/search/species/detail/?species_id=Zdaefabcd5fb59561&sk=0&from=results
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An alternative method of determining growth and calcification rates in coralline algae is to 

examine skeletal banding. Similarly to tree rings, skeletal banding can provide information on 

growth rate, age, and longevity. Banding in the coralline algae skeleton can form as a result 

of changes in mineralogy (Halfar et al. 2000), cell size and density (Freiwald & Henrich 

1994, Blake & Maggs 2003, Darrenougue et al. 2013), or reproductive cycles (Adey et al. 

2013), and occur in response to changing surrounding environmental conditions, such as 

seasonal variation in temperature and irradiance levels (Chave & Wheeler 1965). In regions 

of high seasonal contrast, annual cycles in growth and calcification can be grouped into 

paired light and dark bands, characterised by short, heavily calcified (high density) cells 

produced over winter months and longer, less calcified (low density) cells produced in 

summer (Halfar et al. 2011, Darrenougue et al. 2013). These seasonal banding cycles in the 

skeleton can be measured and used to determine growth rate. However, while there are a 

number of studies examining the presence of growth banding in coralline algae from 

temperate and subarctic waters (Table 7, Chapter 4), the presence of skeletal banding in 

coralline algae living in the tropical GBR is yet to be determined. 

Study Site 

All fieldwork in this study was carried out from the Heron Island Research Station. Heron 

Island is a small coral cay located 80km off the central Queensland coast of Australia in the 

southern Great Barrier Reef region (Fig. 1). Heron Island has a sub-tropical climate with the 

majority of rain falling over summer and autumn, leading into relatively dry winter and spring 

seasons. Average seasonal waters temperatures range from 21°C in winter, to 26°C in summer 

(AIMS 2016). The experimental site and sample collections for this project were carried out 

on the reef slope and crest of the Tenements 1 site (23º26’00.4 S, 151º55’41.3 E), located on 

the north facing side of the Heron Island lagoon (Fig. 1).  
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Figure 1. Location of fieldwork site, Heron Island, southern Great Barrier Reef. 

 

Thesis aims  

 

The main aims of this thesis were to examine seasonal growth and calcification rates of a key 

reef-building species of coralline algae on the GBR, to explore alternative methods of 

obtaining growth and calcification rates in the field, and to investigate the effects future 

climate change scenarios may have on coralline algae growth.  To achieve these aims I 

addressed the following objectives: 

 To determine seasonal growth and calcification rates of Porolithon onkodes 

(Heydrich) Foslie on the Great Barrier Reef, and to explore the effects of reduced 

irradiance on these rates. 

 To establish a more efficient and effective method of staining both branching and 

encrusting coralline algae in situ to obtain growth rates in tropical reef environments. 
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 To determine the presence of mineralogical, density and cell size, or reproductive 

banding in the encrusting coralline alga P. onkodes skeleton and to examine the 

application of this banding for determining growth and calcification rates. 

 To investigate the effects increased pCO2, irradiance and nutrient levels have on the 

growth of the branching coralline algae Lithophyllum pygmaeum. 

 

Thesis outline 

 

The first experiment in this project (Chapter 2) was to establish a more efficient and effective 

staining method of obtaining in situ growth and calcification rates of both branching and 

encrusting coralline algae species. To do this three calcium markers were selected from 

previously used marine calcifiers in the literature and tested at three different concentrations 

and immersion times ranging from 1min to 24hrs. These markers were trialled on two of the 

most abundant encrusting (P. onkodes) and branching (L. pygmaeum) species of coralline 

algae on the GBR. Results of this in situ experiment found immersion time for staining 

coralline algae can be reduced from the commonly used 24hr immersion time, down to less 

than 3hrs, thus making the staining method a far more efficient and effective technique for 

obtaining in situ growth and calcification rates.  

In the third chapter of this thesis I determined the seasonal vertical growth, marginal growth 

and calcification rates of most abundant reef-building crustose coralline algae species on the 

GBR. This was an in situ 15 month study set up on the reef slope of Heron Island. During this 

study I also explored the effects of shaded and exposed light levels on growth and 

calcification rates. Seasonal variation was detected in each of the metrics measured with 

maximum vertical growth and calcification observed in spring and marginal extension in 

autumn; surprisingly the summer season did not produce the maximum vertical or marginal 
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rates as expected. Light treatments revealed a significant variation in growth and calcification 

rates between exposed and shaded treatments. 

In Chapter 4 I explore the presence of skeletal banding in the crustose coralline alga P. 

onkodes. This investigation was to determine if changes in mineralogy, density, cell size or 

reproductive cycles (conceptacle banding) could be used to measure growth rates of coralline 

algae without the need for lengthy in situ studies (such as in Chapter 3). Results from this 

study showed that conceptacles viewed under UV light, and changes in density revealed in 

micro-CT scans, provide easily distinguishable banding that can be used to measure growth 

rate and establish the age of the organism. Mineralogical mapping revealed patterns of 

banding created by changes in Mg content. The determination of this skeletal banding in the 

tropical P. onkodes presents another effective method of obtaining growth and calcification 

rates of tropical coralline algae species. 

The final experiment of my research (Chapter 5) examined the effects of elevated pCO2, 

irradiance and nutrients levels on the growth rate of the abundant branching coralline algae L. 

pygmaeum. Understanding the effects of ocean acidification conditions and its interaction 

with other key photosynthetic drivers such as irradiance and nutrient levels is fundamental to 

developing reliable predictions on the response of coralline algae to future climate change 

scenarios. To assess the effects of these interacting factors, a four week laboratory study was 

conducted based at Griffith University in Brisbane, Queensland. Results from this multi-

factorial experiment indicate future nutrient enrichment will decrease growth irrespective of 

pCO2 conditions, and when coupled with low irradiance levels, these negative effects on 

growth will be further enhanced. The results of this study are very relevant to coralline algae 

in inshore regions, where light levels are often reduced as a result of population growth, 

agricultural run-off, dredging and industrial development (Baldwin 1990, Fabricius 2005, 

Teichberg et al. 2010).
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Chapter 2: Suitability of three fluorochromes markers for obtaining in situ growth rates 

of coralline algae 

Introduction 

 

Coralline algae play fundamental roles in reef ecology by cementing and stabilising the reef 

framework (Littler & Littler 1984), providing hard substrate for invertebrate larvae settlement 

(Harrington et al. 2005, Diaz-Pulido et al. 2007), as a habitat (Foster 2001), and food source 

(Littler & Littler 1984, Guinotte & Fabry 2008). Coralline algae have also been earmarked 

among marine calcifying organisms as one of the most sensitive to ocean acidification (Jokiel 

et al. 2008, Martin & Gattuso 2009) and as such, a potential indicator for assessing the 

impacts of climate change. Currently, information on in situ growth and calcification rates of 

coralline algae are lacking (Chisholm 2000, Villas Bôas et al. 2005, Morrison et al. 2013, 

Fisher & Martone 2014) due to their slow growth (Blake & Maggs 2003, Rivera et al. 2004, 

Fisher & Martone 2014) (necessitating lengthy studies) and the difficulty in obtaining field 

measurements (Martone 2010), often from turbulent areas such as reef crests or rocky shores. 

With the effects of ocean acidification and warming becoming increasingly evident (Kuffner 

et al. 2008, Martin & Gattuso 2009, Diaz-Pulido et al. 2012), a reliable and efficient method 

of obtaining coralline algae growth and calcification rates in the field is essential to better 

understand and identify the effects of future climate change.  

 

Various techniques have been previously used to determine coralline growth and calcification 

rates in the field, these include growth banding (Freiwald & Henrich 1994, Halfar et al. 2007, 

Kuffner et al. 2008, Kamenos & Law 2010, Darrenougue et al. 2013),  Mg/Ca ratio cycles 

(Halfar et al. 2000, Hetzinger et al. 2009, Darrenougue et al. 2013), buoyant weight (Potin 

1990, Payri 1997, Steller et al. 2007, Jokiel et al. 2008, Johnson et al. 2014), and the 

alkalinity anomaly (Chisholm & Gattuso 1991, Payri 1997, Steller et al. 2007, Egilsdottir et 
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al. 2012), each with their own specific limitations and levels of accuracy (Steller et al. 2007, 

Carricart-Ganivet 2011, Morrison et al. 2013). For example, some species show clearer 

annual banding than sub-annual banding patterns (Halfar et al. 2008, Kamenos et al. 2008) 

limiting their use in the analyses of short-term responses to environmental changes. 

Meanwhile, a study by Steller et al. (2007),  found the buoyant weight method gave two-fold 

greater rates of calcification than the alkalinity anomaly method in the same experiment, 

highlighting the inaccuracies between methods. 

 

Staining the coralline algae with a chemical marker such as alizarin is another growth and 

calcification measurement technique that has been widely utilised (Andrake & Johansen 

1980, Agegian 1981, Blake & Maggs 2003, Rivera et al. 2004, Steller et al. 2007). 

Fluorochromes such as alizarin work by binding to the calcium in newly deposited skeleton, 

providing a reference point that can then be used to measure growth from the time of 

exposure. This enables identification of skeleton that has been deposited during a specific 

time-frame, allowing analysis of short-term responses to changes in environmental conditions 

such as seasonal changes in light and temperature. Advantages of this staining technique for 

use in the field include its simple implementation (Holcomb et al. 2013), quick incorporation 

into the skeleton (Lartaud et al. 2013), and ease of detection (Holcomb et al. 2013, Lartaud et 

al. 2013). Importantly, staining methods (unlike the buoyant weight or the alkalinity 

anomaly) provide a direct measurement of the calcium carbonate deposited by the thallus 

(skeletal extension), excluding secondary calcification processes occurring deeper in the 

skeleton that may confound measurements of primary calcification. 

 

Alizarin applied with a 24 hr immersion time is currently the most utilised method of staining 

coralline algae (Agegian 1981, Payri 1997, Blake & Maggs 2003, Rivera et al. 2004, Steller 
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et al. 2007, Ragazzola et al. 2012) and, while highly successful, this long immersion time is 

less suited to in situ staining. A study carried out by Andrake and Johansen (1980) found an 

immersion time of just 5 hrs to be successful in marking the articulated (geniculate) Corallina 

offincinalis with alizarin in rock pools. However, the success of this shorter immersion time 

has yet to be tested on other coralline species, including encrusting (non-geniculate) forms.  

Shorter immersion times in other marine calcifying organisms such as gastropods have 

resulted in faint imprecise banding (Riascos et al. 2007) or, in corals, a complete absence of 

marks (Harriott 1999). Studies by Blake and Maggs (2003) and Raggazola et al. (2012) have 

also found alizarin to be species specific in corallines with the percentage of visible marks 

falling from 80 – 30% between species and from 30% to non-distinguishable for the two 

studies, respectively. The use of alternative markers for growth studies, such as the 

fluorochromes calcein and calcofluor white (CFW) has gained momentum in recent years. 

Calcein has been successfully used to indicate skeletal growth in a wide variety of marine 

animals including corals (Tambutte et al. 2012), gastropods (Moran 2000), molluscs (Linard 

et al. 2011), and on early stage calcification of corallines in a laboratory setting (Bradassi et 

al. 2013). With a short immersion time and no detectable or sub lethal effects on these 

organisms, calcein displays the characteristics needed in an efficient and effective marker for 

use on corallines in the field. CFW is a fluorochrome that has been successfully used to stain 

articulate corallines in the field by Martone (2010) and Fisher & Martone (2014). These 

studies found CFW to be an effective marker on the three temperate coralline species and 

suitable for use in the field due to its short immersion times (5 mins) and high marking 

success rate.  However its effectiveness on encrusting corallines is yet to be determined.  

 

Here we present a study on the most suitable staining technique for use in situ on both 

encrusting (Porolithon onkodes (Heydrich) Foslie) and branching (Lithophyllum pygmaeum 
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(Heydrich) Heydrich) non-geniculate tropical coralline algae. The aim was to test three 

fluorochromes and identify the marker that was non-toxic, reliable and highly visible, and 

efficient for use on these two abundant coralline species. 

 

Materials and Methods 

Sample collection & staining  

In this study we compared the suitability of calcein and CFW against the commonly used 

alizarin for in situ staining on two abundant species of coralline algae; the encrusting 

Porolithon onkodes and the branching Lithophyllum pygmaeum. Species were identified in 

the field using colour, morphology, crust thickness and crust surface appearance. Once back 

in the lab, species identification was confirmed under the microscope using anatomical 

features such as cell connections, thallus organisation, trichocytes and reproductive structures 

(Ringeltaube & Harvey 2000, Littler & Littler 2003, Harvey et al. 2005). Both species were 

selected for the study due to their high abundance (Ringeltaube & Harvey 2000) and 

importance as reef-builders (P. onkodes) and habitat providers (L. pygmaeum). Using these 

two species also allowed a comparison of the three different markers effectiveness between 

the two (encrusting and branching) morphologies.  We initially conducted an experiment over 

the austral spring season (Experiment 1) comparing alizarin (Chem Supply C.I 58005), 

calcein (Sigma-Aldrich, CAS 1461-15-0) and CFW (18909 Fluka). However, as no visible 

marking resulted from the CFW treatment (18909 Fluka), a more concentrated version of 

CFW (Fluorescent Brightener 28, Sigma-Aldrich CAS 4404-43-7) was used and compared to 

alizarin in a second experiment conducted over the summer season (Experiment 2). Due to 

logistic constrains, we were unable to compare all three markers simultaneously in the same 

climatic season. 
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The two consecutively run experiments were based on the Heron Island Research Station 

(HIRS), southern Great Barrier Reef (GBR), Australia. Specimens were carefully collected 

using hammer and chisel from the nearby reef crest and upper reef slope (4 - 6m) of Heron 

Island (Tenements 1; 23º26’00.4 S, 151º55’41.3 E) and transported back to the outdoor flow-

through tank facilities on HIRS where fresh seawater was supplied directly from the reef 

lagoon. While in the flow-through tanks samples were gently cleaned by hand to remove 

epiphytes, invertebrates and loose material and cut to size (P. onkodes: 3 x 3cm chips, L. 

pygmaeum: 2cm high fragments of approx. 5 branches) as shown in Figure 2. 

 

 

Figure 2. Photos of the crustose coralline algae Porolithon onkodes (left) and Lithophyllum 

pygmaeum (right) set in PVC rings with epoxy. Epoxy aims to protect the underside skeleton 

from potential dissolution. 

 

Each of the three markers (Alizarin, Calcein and CFW) were tested under three different 

concentrations for three different immersion times (as shown in Table 2) to determine best 

staining protocol. Concentration and time treatment levels were based on previous use on 

marine calcifying organisms found in the literature (Blake & Maggs 2003, Marschal et al. 

2004, Rivera et al. 2004, Riascos et al. 2007, Steller et al. 2007, Martone et al. 2010, Linard 
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et al. 2011). For each treatment combination, five individuals of both P. onkodes and L. 

pygmaeum were randomly selected to be stained together in 5 L of fresh seawater. Each 

treatment container had a small pump for circulation and was placed in a temperature 

controlled room to maintain the current in situ water temperature (22ºC for Experiment 1, 

26ºC for Experiment 2) and prevent overheating. Alizarin was dissolved in a small beaker of 

fresh seawater and then added to the treatment, while Calcein and CFW were first dissolved 

in de-ionised water (<100ml), with the addition of small amounts of sodium bicarbonate 

(NaHCO3) to enhance solubility (Wilson 1987) and then added to the fresh seawater 

treatment. After staining, individuals were rinsed under fresh seawater to remove any residual 

stain, set in a PVC ring (40 mm diameter) with epoxy (Selleys Aqua Knead It), to secure the 

sample and prevent dissolution of exposed skeleton (Fig. 2), and attached to the reef slope (4 

- 6m depth, approximately in the same area where samples were collected) on galvanised 

racks for a period of three months (Fig. 3) 

 

Table 2. Treatment concentrations and immersion times for the three fluorochromes used in 

this study. 

 Fluorochromes Concentrations Immersion Times 

 

Low Medium High Short Intermediate Long 

Alizarin 0.15g/L-1 0.25g/L-1 0.75g/L-1 6hr 12hr 24hr 

Calcein 10mg/L-1 50mg/L-1 100mg/L-1 1hr 3hr 6hr 

CFW 100mg/L-1 200mg/L-1 300mg/L-1 1min 5min 10min 
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Figure 3. Samples of both Porolithon onkodes and Lithophyllum pygmaeum attached to 

galvanised racks and secured to the reef slope of Heron Island (Tenements reef, Great Barrier 

Reef) at 4 - 6 m depth for a period of 3 months. 

 

Detection of marker using Fluorescence Microscopy and Vertical Growth Measurements 

 

Following the three month period all samples were collected from the reef slope, brought to 

the HIRS labs and oven-dried at 60°C for 24 hrs. To determine visibility of the markers and 

vertical growth of both species samples were cross-sectioned; P. onkodes using a diamond 

cut wheel and L. pygmaeum by embedding the individual branch tips in a cast (Barnes Forton 

MG) and cross-sectioning using a belt sander. The detection of the three individual markers 

was performed under fluorescence microscopy (Olympus BX51), with the excitation and 

emission peaks of each marker used to select the most suitable filter block (Table 3). The 

success of the marker was categorised into: 
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- No Mark: not visible, or not visible enough to accurately obtain measurements;  

- Usable Mark: faint fluorescent line, sometimes patchy but could accurately be 

measured over the majority of the sample;  

- Bright Mark: a very clear and uniform fluorescent line 

Vertical growth was obtained by measuring the distance from the marker to the growing edge 

of the crust under fluorescent microscopy, three measurements were taken per sample. 

 

Table 3. Characteristic Fluorochrome excitation and emission peaks, and filter blocks used in 

the detection of the three fluorochromes alizarin, calcein & CFW. 

Fluorochromes Excitation peak  

wavelength(s) (nm) 

Emission peak  

wavelength (nm) 

Filter block 

Alizarina 530-560 (Green) 580 (Red) TxRed or RITC 

Calceina 494 (Blue) 517 (Green) FITC  

CFWb 365 (UV) 435 (UV) DAPI (UV) 

Olympus Fluorochrome Dataa (Abramowitz & Davidson 2012), Sigma-Aldrichb (Sigma-

Aldrich 2016) 

 

Statistical analyses  

The suitability of the three markers for use on coralline algae was determined by: (1) toxicity 

– did the marker affect the growth rate of the sample; (2) reliability & visibility – was there a 

high percentage of usable marks and (3) efficiency – the length of immersion time needed to 

produce a visible mark. To determine toxicity of the three markers growth rate was compared 

among each experiment and species using a three-way ANOVA, with type of marker, 

concentration, and immersion time as fixed factors, and fragments as replicates. When 
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significant interactions occurred between these factors, means were further compared using 

two and one-way ANOVAs within treatment combinations. Post hoc comparisons where 

made using Tukeys tests (Table 4). The Shapiro-Wilk test was used to confirm the normal 

distribution of data, and the Cochran’s test was applied to confirm the homogeneity of 

variance. To examine if there was any difference in marker visibility at higher or lower 

growth rates an independent samples t-test was used with Levene’s test for homogeneity.  To 

investigate the effect of concentration and immersion times on the visibility frequency of the 

markers each sample mark was categorised into (‘0’= no usable mark, ‘1’ = usable mark) and 

displayed in bar graphs representing visibility percentage, concentration and immersion times 

of each marker on each species. 

 

Results 

Effects on Growth  

Porolithon onkodes - Alizarin & Calcein (Experiment 1) 

 

No significant difference in vertical growth rate was found between the two markers alizarin 

and calcein (main effect for a three-way ANOVA, f = 0.995, p = 0.322, Table 4; Fig. 4). 

However, because the three-way ANOVA showed significant interactions between marker, 

concentration and time on the growth of P. onkodes (f = 3.018, p = 0.025, Table 4), we 

present the results by marker. For alizarin, growth rates in the medium concentration where 

significantly different (f = 8.035, p = 0.008), with a 63% increase in growth under the 

intermediate immersion time over the short immersion time.  For calcein, growth rates in the 

low concentrations where significantly different (f = 6.030, p = 0.030) showing a 38% 

increase in growth in the intermediate immersion time over the long immersion time. Growth 

rates under the calcein intermediate immersion time also reported a significant difference (f = 

13.00, p = 0.001) between treatments with a 75% increase in low over medium concentration.   
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Figure 4. Vertical growth (µm/month) of Porolithon onkodes under Alizarin and Calcein 

treatments during Experiment 1 (September – December 2013). 

 

Alizarin & CFW (Experiment 2)  

No significant difference in vertical growth rate was found when comparing the two markers 

alizarin and CFW (main effect for a three-way ANOVA, f = 1.317, p = 0.225, Table 4; Fig. 5. 

A two-way ANOVA, however, showed a significant interaction between marker and time (f = 

3.746, p = 0.029). Presented by marker, alizarin growth rates in the high concentration were 
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significantly different (f = 9.495, p = 0.010), with a 39% higher growth rate in the 

intermediate immersion time over the long immersion time. Calcein also had a significant 

difference in growth under the low concentration treatment (f = 17.791, p = 0.008) with the 

long immersion time having a 61% higher growth rate than the short immersion time.  

 

 

Figure 5. Vertical growth (µm/month) of Porolithon onkodes under Alizarin and CFW 

treatments during Experiment 2 (December 2013 – March 2014). 
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Lithophyllum pygmaeum- Alizarin & Calcein (Experiment 1)  

 

A three-way ANOVA reported a significant difference in growth rate between markers 

alizarin and calcein (p <0.01), with calcein treatments resulting in a 26% higher growth rate 

(at the level of the main effect) than the alizarin treatments during Experiment 1 (Fig. 6). 

There was no effect of concentration or immersion time on growth (Table 4). 
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Figure 6. Vertical growth (µm/month) of Lithophyllum pygmaeum under Alizarin and 

Calcein marker treatments during Experiment 1 (September – December 2013). 

 

Alizarin & CFW (Experiment 2) 

A three-way ANOVA also found a significant difference in growth rates between markers 

alizarin and CFW (f = 6.233, p = 0.016) in Experiment 2, with alizarin treatments reporting a 

24% higher growth rate than CFW treatments (Fig. 7). There was no effect of concentration 

or immersion time on growth (Table 4). 
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Figure 7. Vertical growth (µm/month) of Lithophyllum pygmaeum under Alizarin and CFW 

treatments during Experiment 2 (December 2013 – March 2014). 
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Table 4. Factorial analyses of variance (ANOVA) for the effects of marker, concentration 

and immersion time on the vertical growth of P. onkodes and L. pygmaeum 

Source of variation df F P Conclusion – Tukey 

test 

P. onkodes – Experiment 1     

Marker 1 .995 .322 Ns 

Concentration 2 

2 

8.035 

6.030 

AM & MC =.008 

CM & LC =.030 

ST > LT > IT 

IT > ST > LT 

Immersion Time 2 .918 .404 Ns 

Marker*Concentration 2 .475 .625 Ns 

Marker*Time 2 .001 .999 Ns 

Concentration*Time 4 1.334 .268 Ns 

Marker*Concentration*Time 4 3.018 .025 s 

Error 58    

     

P. onkodes – Experiment 2     

Marker 1 1.317 .255 Ns 

Concentration 2 .307 .737 Ns 

Immersion Time 2 1.663 .198 Ns 

Marker*Concentration 2 .081 .922 Ns 

Marker*Time 2 3.746 AM & HC =.010 IT > ST > LT 

   CFM & LC = .008 ST > LT 

Concentration*Time 4 1.160 .340 Ns 

Marker*Concentration*Time 2 6.389 .003 s 

Error 49    

     

L. pygmaeum – Experiment 1     

Marker 1 14.334 < 0.001 Calcein > Alizarin 

Concentration 2 .448 .641 Ns 

Immersion Time 2 2.991 .058 Ns 

Marker*Concentration 2 2.605 .083 Ns 

Marker*Time 2 .771 .468 Ns 

Concentration*Time 4 .196 .940 Ns 

Marker*Concentration*Time 4 .479 .751 Ns 

Error 55    

     

L. pygmaeum – Experiment 2     

Marker 1 6.233 .016 Alizarin > CFW 

Concentration 2 1.888 .161 Ns 

Immersion Time 2 1.374 .262 Ns 

Marker*Concentration 2 .255 .775 Ns 

Marker*Time 2 .361 .698 Ns 

Concentration*Time 4 1.311 .277 Ns 

Marker*Concentration*Time 4 .710 .588 Ns 

Error 55    
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AM: alizarin marker, CM: calcein marker, CFM: CFW Marker, LC: Low Concentration, MC: 

Medium Concentration, HC: High Concentration; ST: Short Immersion Time, IT: 

Intermediate Immersion Time, LT: Long Immersion Time.
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Visibility 

Alizarin provided the highest visibility percentage for P. onkodes treatments (Fig. 8 and 9), 

with 100% usable marks in all 9 treatments from Experiment 1 (Fig. 8), and 7 of 9 treatments 

in Experiment 2 (Fig. 9), resulting in ≥80% usable marks for both experiments. In the L. 

pygmaeum treatments, alizarin again provided the highest percentage of usable marks with all 

9 treatments in both Experiment 1 (Fig. 10) and Experiment 2 (Fig. 11), recording ≥80% 

usable marks. Calcein recorded ≥80% usable marks in 7 of the 9 P. onkodes treatments in 

Experiment 1 with the lowest concentration and immersion time treatment the only poor 

performer (Fig. 8). For L. pygmaeum, calcein staining resulted in 6 of the 9 treatments 

displaying usable marks of ≥80%, with increasing concentration positively affecting visibility 

(Fig. 10). CFW performed poorly on P. onkodes with only 3 of the 9 treatments leaving 

≥80% usable marks, although visibility was also shown to increase with concentration (Fig. 

9). For L. pygmaeum CFW produced far better results with ≥80% usable marks in all but 2 

treatments (Fig. 11)
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Figure 8. Spring visibility frequency under the different concentration and immersion times of Alizarin and Calcein treatments for Porolithon 

onkodes. 
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Figure 9. Summer Visibility frequency under the different concentration and immersion times of Alizarin and CFW treatments for Porolithon 

onkodes. 
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Figure 10. Spring visibility frequency under the different concentration and immersion times of Alizarin and Calcein treatments for Lithophyllum 

pygmaeum. 
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Figure 11. Summer visibility frequency under the different concentration and immersion times of Alizarin and CFW treatments for Lithophyllum 

pygmaeum. 
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Relationship between Growth & Visibility 

To examine if there was any difference in marker visibility at higher or lower growth rates, 

independent samples t-tests were conducted on each marker. Results revealed significant 

differences between growth rate of ‘usable’ and ‘clear’ visibility intensities for all but one of 

the alizarin treatments (Experiment 1: L. pygmaeum treatment was omitted as ‘usable’ n = 1).  

Samples stained with alizarin displayed significantly greater visibility intensity on individuals 

that had a high growth rate (for P. onkodes in Experiment 1: p = 0.004, and Experiment 2: p 

= 0.006; for L. pygmaeum Experiment 2 (p <0.01). Calcein also reported a significant 

increase in visibility intensity at higher growth rates for Experiment 1 on P. onkodes (p = 

0.054), but not of L. pygmaeum (p = 0.909). No significant differences were found between 

average growth and visibility in CFW treatments for either P. onkodes (p = 0.293) or L. 

pygmaeum (p = 0.700). 

 

Discussion 

The aim of this study was to establish a more effective and efficient staining technique to 

obtain in situ coralline growth measurements. The criterion for this was to identify a marker 

that was non-toxic, left a high percentage of clear usable marks and had a short immersion 

time. Under these criteria, calcein proved to be the most effective, reliable and efficient 

marker to use on both species of encrusting and branching tropical corallines trialled in this 

study.  

 

Effects of toxicity on growth  

Determining the effect markers may have on the growth of stained individuals is essential in 

assessing their suitability for use as a growth measurement tool. The toxicity of some 

markers, even at low concentrations and immersion times, could potentially inhibit or 

accelerate growth (Holcomb et al. 2013), resulting in a misrepresentation of growth rates. 
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Here we found no significant differences in growth rate of the encrusting P. onkodes when 

stained by any of these three chemical markers (Fig. 4 and 5), indicating that, within the 

criteria of toxicity for this study, these markers are all suitable for use. However, as shown in 

the results, some minor variation in growth rate may exist under different concentrations and 

immersion times within the same marker. In contrast, the branching L. pygmaeum proved to 

be more sensitive to staining in comparison to the encrusting P. onkodes. In the branching 

treatments calcein produced a 24% higher growth rate than alizarin in the first experiment, 

and alizarin 26% higher growth rates than CFW in the second (Fig. 6 and 7). While alizarin 

has been extensively used to mark various coralline species without affecting growth 

(Andrake & Johansen 1980, Blake & Maggs 2003, Steller et al. 2007) it has been observed on 

occasion to inhibit growth in corallines & corals in the days directly following staining 

(Dodge et al. 1984, Payri 1997, Anderson et al. 2012, Holcomb et al. 2013), and a reduction 

in coral polyp expansion during exposure to alizarin has also been noted (Holcomb et al. 

2013), suggesting alizarin may be toxic to a minor extent in some species. 

 

The CFW marker showed great potential as an effective and efficient marker to use on 

corallines. The use of CFW as a marker for obtaining coralline growth rates is a relatively 

new method first introduced by Martone (2010), and followed by Fisher and Martone (2014). 

Both studies found CFW to be a non-toxic and effective fluoromarker producing bright marks 

with little immersion time (5 mins) on articulated coralline algae from the temperate British 

Columbia coast. The results of our investigation also indicate that CFW has great potential as 

a marker on tropical branching corallines producing a high percentage of usable marks after 

an immersion time of just one minute. However, we also found the use of CFW resulted in 

significantly lower growth rates in L. pygmaeum when compared to alizarin stained samples, 
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suggesting lower concentrations may need to be trialled before use in our experimental 

species to minimise this negative effect.  

 

Calcein proved to be a non-toxic, effective and efficient marker with no reduction of growth 

in either P. onkodes or L. pygmaeum in this investigation. This result is supported by many 

other studies assessing the suitability of calcein as a growth marker in various marine 

calcifying organisms, including corals (Holcomb et al. 2013, Lartaud et al. 2013), abalone 

and surf clams (Day et al. 1995, Riascos et al. 2007), sea cucumbers (Purcell et al. 2006), 

mussels (Kaehler & McQuaid 1999, Eads & Layzer 2002, Fitzpatrick et al. 2013), snails 

(Moran 2000), oysters (Linard et al. 2011) and fish (Cameron et al. 2012). All of these studies 

found calcein to be an effective and efficient marker with little or no adverse effects and, in 

those comparing a number of fluorochromes, calcein outperformed other markers such as 

alizarin red, alizarin complexone, oxytetracycline, strontium chloride, tetracycline, 

manganese and xylenol orange as the preferred marker (Day et al. 1995, Riascos et al. 2007, 

Holcomb et al. 2013, Lartaud et al. 2013). We therefore suggest that calcein can be safely 

used in tropical corallines. 

 

Visibility  

Each of the three markers produced clear usable marks in all concentration and immersion 

time treatments. However, the occurrence frequency of these visible marks varied over the 

different treatments. Alizarin proved to be the most consistent in visibility across both species 

with 34 of the 36 treatments producing ≥80% usable marks, followed by calcein with 13 of 

its 18 treatments. CFW treatments resulted in only 10 of its 18 treatments producing ≥80% 

usable marks; however this result suggests some species specificity as 7 out of the 9 L. 

pygmaeum treatments produced ≥80% usable marks compared to just 3 of 9 P. onkodes 
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treatments. Although not further quantified beyond ‘usable’ or ‘clear’ in this study, in terms 

of marker intensity and clarity, calcein produced far superior marks in comparison to alizarin 

and CFW for both study species, as shown in Figure 12. This superiority in marker intensity 

by calcein has also been recorded in previous studies comparing various markers (Day et al. 

1995, Riascos et al. 2007, Holcomb et al. 2013, Lartaud et al. 2013). Based on calceins 

superior visibility, non-toxicity and short immersion time we suggest that calcein is a very 

suitable marker to be used for staining tropical coralline species.  

 

Figure 12. Fluorescent images of calcium makers showing intensity of the stain, a) 

Lithophyllum pygmaeum and calcein b) L. pygmaeum and alizarin c) L. pygmaeum and CFW 

d) Porolithon onkodes and calcein e) P. onkodes and alizarin f) P. onkodes and CFW. 

 

Average growth and visibility 

The visibility intensity of the markers alizarin and calcein was greater at higher growth rates, 

CFW was however not affected. In this study results from t-tests comparing the intensity of a 

stain (usable or clear) to the growth rate of the sample found growth rate to be a significant 

factor in visibility intensity for alizarin in both species, while calcein was found to be 
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significant in only P. onkodes. Evidence of greater visibility intensity with higher growth rate 

in markers has also been found in studies on abalone and mussels (Day et al. 1995, Eads & 

Layzer 2002). Day et al (1995) found the success of marking in abalone to be higher after the 

animal had been fed, while Eads & Layzer (2002) found marks to be most visible at the 

growing edge of the shell. Alizarin and calcein work by binding to calcium deposits and are 

incorporated into growing calcium carbonate structures (Moran 2000). It could therefore be 

suggested that higher growth, resulting in more calcium deposition for the marker to bind to 

would result in an increase in visibility intensity. In the CFW treatments growth rate had a no 

effect on the visibility of the marker, indicating that the lower growth rate in Experiment 2 

would not have affected the overall marking success or visibility intensity on P. onkodes. 

CFW, unlike alizarin and calcein, binds to cellulose and chitin in cells walls (Sigma-Aldrich 

2016) and is therefore not affected by the rate of which calcium is deposited in the skeleton. 

With this trait CFW may prove to be more useful at marking corallines than alizarin or 

calcein in regions of slow growth. 

 

Advantages and disadvantages of the markers 

There are advantages and disadvantages in using each of the three tested markers and these 

should be taken into consideration when selecting the most suitable marker for a particular 

study. For example, one advantage of alizarin over the fluoromarkers is that it can be viewed 

under both natural and fluorescence microscopy. When both options are available, however it 

should be noted that in this study when observing alizarin marks under both natural light and 

fluorescence, the latter provided a much more uniform and distinguishable mark, particularly 

in samples where marks left by the saw-cut interfered with the stain line visibility. Both 

alizarin and calcein have the advantage of fluorescing under different filter blocks as shown 

with alizarin in Figure 13, a characteristic that can be very useful when the stain line becomes 
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indistinguishable from naturally occurring autofluorescence (discernible in the top part of the 

crust in Figure 13b and c). Another advantage to mention of all three markers is that they are 

all visible in the water column, an important characteristic when filling plastic staining bags 

in situ. 

 

Figure 13. Images of alizarin stained Porolithon onkodes under a) natural light b) Texas red 

c) RITC d) FITC. All images are from the same specimen and clearly show the alizarin mark 

(band). 

 

Cost of the marker is also a key factor to consider when selecting a marker. For example the 

current online purchase price (from Sigma Aldrich Australia), for the three markers used in 

this study, vary considerably from A$110 for 25 g of alizarin to over A$220 for 5 g of calcein 

or CFW. Costs considerations such as: - the number of samples being stained, number of 
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treatments needed (i.e. are the samples been stained in one treatment or individually), and the 

cost of marker over the cost of extra immersion time in the field should be taken into account. 

 

Efficiency  

The aim of this investigation was to determine a marker that could be used for in-situ studies 

such as on the upper reef slope of offshore reefs on the GBR. Therefore the level of 

‘efficiency’ for this study was to find a non-toxic stain what would produce a reliable (≥80% 

frequency), usable mark in a short timeframe. To this end, all stains were efficient in 

producing a usable and often highly visible mark. While in the past alizarin has most 

commonly been used at a 24 hr immersion time (Payri 1997, Blake & Maggs 2003, Steller et 

al. 2007, Ragazzola et al. 2012), we found that for P. onkodes and L. pygmaeum, this long 

immersion time can be reduced to 6 hrs or even less, and in fact for L. pygmaeum the shorter 

immersion times resulted in a higher frequency of usable marks. This staining success in 

alizarin at a shorter immersion time was first reported in an in situ study by Andrake and 

Johansen (1980), who successfully used alizarin at a 5 hr immersion time in a tide pool on the 

branching coralline alga Corallina officinalis. This much more efficient method, however, 

appears to have been lost amongst the more recent studies employing the 24 hr immersion 

time. 

 

Calcein, with its high frequency of usable (often brilliant) marks, short 3 hr immersion time 

at low concentrations (10 mg/L), and no negative growth effects on either species, proved to 

be a highly effective and efficient marker for use in in situ conditions. And lastly, while CFW 

showed potential as a strong candidate for marking branching species with its extremely short 

immersion time (<10 mins) and strong visibility frequency, its potential negative effect on 

growth rate on a particular species needs to be determined before use. 
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Conclusion 

Many factors contribute to the selection of a suitable marker when designing a growth study. 

The location of the study (field or laboratory based), the field site (reef crest, rocky intertidal 

zone, tide pools, etc), the timeframe available for staining, number of samples, species and 

cost of the marker are all important factors that need to be taken into account during the 

selection process, along with the toxicity, visibility and efficiency of the marker. Calcein 

proved to be the standout marker for use on the encrusting P. onkodes and branching L. 

pygmaeum. With its vibrant mark, short immersion time (3 hrs) and no apparent toxic effects 

on growth, calcein demonstrated its superior suitability over alizarin and CFW as an effective 

and efficient coralline marker. The successful identification of an effective and efficient 

marker for use on these abundant species of coralline algae of the GBR will greatly assist in 

improving the current lack of growth and calcification data, providing managers with much 

needed information to better identify and mitigate future climate change impacts. 
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Chapter 3: Seasonal growth and calcification rates of the coralline alga Porolithon 

onkodes on the Great Barrier Reef 

Introduction 

 

Coralline algae play crucial roles in the ecology of tropical and temperate reefs worldwide 

and are among the most abundant marine organisms to live on hard substrate in the euphotic 

zone (Steneck 1986). As well as stabilising the reef framework (Littler & Littler 1984), 

coralline algae make significant carbonate sediment contributions (Chave & Wheeler 1965), 

provide hard substrate and settlement cues for corals and commercially important species 

(Harrington et al. 2005, Diaz-Pulido et al. 2007), are an important food source and habitat 

(Littler & Littler 1984, Foster 2001), and transfer carbon from the biological to the geological 

cycle by way of calcification (Steneck 1986). With a soluble high Mg-calcite skeleton, 

corallines have also been identified as one of the most sensitive marine calcifying organisms 

to ocean acidification (Anthony et al. 2008, Jokiel et al. 2008, Martin & Gattuso 2009), and 

consequently a potential indicator species for future climate change.  However, despite their 

ecological importance little information is available on crustose coralline algae (CCA) 

autoecology, and baseline growth and calcification rates in situ in tropical environments such 

as the Great Barrier Reef (GBR) are largely unknown. 

  

While polar and temperate corallines have received attention due to their capacity as 

palaeoenvironmental recorders (Halfar et al. 2000, Kamenos et al. 2008), tropical corallines 

have in comparison been little examined (Figueiredo 1997). Currently, available information 

on CCA growth and calcification in warmer climates is restricted to a handful of studies 

taken from tropical reefs scattered worldwide. Studies that have been conducted in tropical 

environments include growth measurements in the Caribbean (Adey & Vassar 1975, Steneck 

& Adey 1976, Stearn et al. 1977), Brazil (Figueiredo 1997, Villas Bôas et al. 2005), Japan 
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(Matsuda 1989), and the GBR (Ringeltaube 2001). Calcification rates in the northern GBR 

(Chisholm et al. 1990, Chisholm 2000), have been estimated using seawater carbonate 

chemistry measurements. The scarcity of baseline information on basic physiological and 

ecological processes of CCA in tropical environments such as the GBR needs to be addressed 

given the important roles these species play on reefs and the rapidly changing environmental 

conditions. 

 

 There are a number of environmental factors that can influence the rates of growth and 

calcification of corallines in the natural environment, leading to spatial variability in the 

distribution and abundance of the same species (Edyvean & Ford 1987). Temperature and 

irradiance are two key factors that regulate coralline growth and calcification rates, both 

independently (Adey 1970, Steneck 1986, Leukart 1994, Figueiredo 1997, Halfar et al. 2011, 

Short et al. 2015), and interactively (Leukart 1994, Macchiavello et al. 1998). In temperate 

and polar environments, the highest growth and calcification rates (of various species and 

morphologies) are reported over the warmer months of spring and summer, when these two 

factors (irradiance and seawater temperature) prevail (Adey & McKibbin 1970, Potin 1990, 

Freiwald & Henrich 1994, Foster 2001, Steller et al. 2007, Halfar et al. 2008, Martin et al. 

2013, Egilsdottir et al. 2015). Of the limited studies conducted on tropical CCA growth and 

calcification, few have investigated seasonality (but see Figueiredo 1997, Short et al. 2015). 

Aside from temperature and light, other variables such as CO2 (Jokiel et al. 2008, Kuffner et 

al. 2008, Martin & Gattuso 2009, Gao & Zheng 2010), nutrients (Ichiki et al. 2000, Langdon 

& Atkinson 2005, Russell et al. 2009), herbivory (Adey & Vassar 1975, Matsuda 1989, 

O'Leary & McClanahan 2010), water movement (Agegian 1981, Larkum et al. 2003), space 

competition (Matsuda 1989, Paine 1990, Steneck et al. 1991) and reproductive cycle 

(Edyvean & Ford 1987, Figueiredo 1997) can also influence growth and calcification. While 
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these factors may prove to be just as important in governing rates of growth in tropical CCA, 

quantifying the effects of irradiance and temperature on growth were given priority in this 

study. This was to ascertain the influence of these two key factors in tropical shallow reef 

environments of the GBR where seasonal changes in temperature and light are not as 

pronounced as they are in colder climes. 

 

Porolithon onkodes (Heydrich) Foslie (Fig. 14) is a smooth, non-geniculate coralline alga that 

can grow to become several centimetres thick (Farr et al. 2009, Steneck et al. unpublished). It 

is arguably one of the most widespread tropical to subtropical non-geniculate coralline alga, 

and has been reported to be the single-most important ecological species because of its wide 

distribution (Maneveldt & Keats 2014) and extreme importance to reef development (Doty & 

Morrison 1954). P. onkodes is also the most abundant species of CCA on the GBR (Dean et 

al. 2015, Steneck et al. unpublished), due to its ability to withstand desiccation to some extent 

(Ringeltaube 2001, Steneck et al. unpublished), and survive intense grazing (Steneck et al. 

unpublished). Information on how key reef building CCA species, such as P. onkodes, 

respond to current environmental conditions and seasonal variation is vital if we are to 

effectively monitor the health of the GBR, and other Pacific and Indo-Pacific reefs in general, 

and accurately assess the impacts of climate change. Once baseline seasonal variations in 

growth and calcification rates are established, this information can be utilised for a multitude 

of conservation and management practices such as assessing the impacts of local disturbances 

and recovery times, refining carbon cycle modeling, and to better understand the response of 

CCA to manipulative experiments concerning ocean acidification and warming. 
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Figure 14. Porolithon onkodes is one of the most abundant and key reef-building species of 

CCA on the GBR 

 

To address the lack of critical knowledge on baseline CCA growth and calcification rates in 

the GBR, the aim of this study was firstly to establish the seasonal baseline vertical growth, 

marginal growth and calcification rates in situ of the abundant and important reef building CCA 

species P. onkodes on Heron Island (GBR). Secondly, we aimed to explore the effects of 

irradiance on these growth and calcification rates. It was hypothesised that the maximum 

seasonal growth rates would occur over the summer season, and the samples in the exposed 

treatments would have higher growth rates than those in the shaded treatment.  
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Materials and Methods 

Sample collection & staining  

In this experiment we compared the seasonal growth and calcification rates of the encrusting 

coralline alga Porolithon onkodes (Heydrich) Foslie (Fig. 14), under two different irradiance 

treatment levels during five separate three month sampling periods, representing the different 

climatic seasons from spring 2013 to summer 2014. This was an in situ experiment based on 

the Tenements 1 site (23º26’00.4 S, 151º55’41.3 E) of Heron Island, on the southern GBR. 

Heron Island has a sub-tropical climate with the majority of rain falling over summer and 

autumn, and a relatively dry winter and spring. The climatic seasons were defined as spring 

(September – December), summer (December – March), autumn (March – June), winter 

(June– September). The average seasonal temperatures and irradiance during this study (as 

displayed in Fig. 20), show the highest temperature and irradiance occurred over the summer 

season at 26.4°C and 635 µmol m-2 s-1 (AIMS 2016), while the lowest was recorded in winter 

at 21.2°C and 382 µmol m-2 s-1 (AIMS 2016). 

 

At the beginning of each climatic season (commencing from spring in September 2013) 

specimens were carefully collected using hammer and chisel from the nearby reef crest and 

upper reef slope (< 6 m) of Tenements 1 and transported back to the outdoor flow-through 

tank facilities on the Heron Island Research Station (HIRS) where seawater was supplied 

directly from the reef lagoon. Samples were cleaned by hand to remove epiphytes, 

invertebrates and loose material and cut to size (3 x 3 cm chips). After cutting, samples were 

placed in 5 L of fresh seawater and stained using the Alizarin Red stain at 0.25 g L-1 for 24 

hrs (Blake & Maggs 2003). This long-term experiment commenced prior to the calcium 

marker experiment (Chapter 2), therefore the commonly used alizarin stain was utilised. 

During staining each container had a small pump for circulation and was placed in a 

temperature controlled room to maintain the seasonal in situ water temperature and prevent 
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overheating. After staining, samples were rinsed with fresh seawater to remove any residual 

stain and set into epoxy rings (40 mm diameter x 10 mm height) to secure the sample and 

prevent dissolution of the underside exposed skeleton. The epoxy rings were comprised of 

PVC pipe filled with Selleys Aqua Knead It TM epoxy, set inside a previously prepared 90 

mm PVC ring filled with cement and covered with a thin layer of the epoxy to keep a uniform 

surface (of the same substrate). The purpose of the rings (in addition to preventing 

dissolution) was to provide a surface for surficial marginal growth to occur (Fig. 15). Holes 

were drilled into the outer cement ring allowing for cable ties to attach the samples to racks; 

each ring was labelled using alphabet beads set into the epoxy (visible from the back) 

(Fig.15). Photographs of each ring with the CCA sample embedded in epoxy were taken prior 

to the experiments using a Canon G12 camera with a ruler to calibrate distance for marginal 

growth measurements. Once prepared, samples were attached (2 per rack) in situ to 

galvanised racks secured to the reef slope at approximately 4 - 6 m depth (high tide).  
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Figure 15. Epoxy rings were comprised of 40 mm PVC pipe filled in with Selleys Aqua Knead 

It epoxy, set inside a previously prepared 90 mm PVC ring filled with cement and covered with 

a thin layer of the epoxy to keep a uniformed surface over which marginal growth 

 

The irradiance treatment consisted of two levels: 1) ambient: between approximately 382 and 

635 µmol m-2 s-1 depending on season (Fig. 20). 2) Shaded: samples protected from direct 

sunlight during the highest irradiance hours of the day (Fig. 18) receiving 35-60 μmol quanta 

m-2 s-1 during these midday hours. Shade was created using Bunnings dark green Coolaroo 

70% UV protection shade cloth fixed to racks so that the shade cloth was at 20 cm from the 

CCA. All in situ irradiance measurements were taken each season with a Waltz Diving-PAM. 

In situ irradiance and water temperature was measured during deployment and collection of 

samples using the Waltz diving PAM. Further daily irradiance levels and water temperature 

were taken from the AIMS weather stations located on Heron Island (AIMS 2016). There 

were 20 samples per irradiance level (10 racks containing two samples each were exposed to 

ambient irradiance, and the other 10 racks were shaded). Following a three month period all 

samples were collected and replaced with new CCA samples for the following season. All 
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shade cloths were scrubbed at the beginning of each season to remove turf algae. Collected 

samples were oven-dried at 60°C for 24 hrs. Dead (bleached) and unhealthy (discoloured or 

declining tissue) samples were excluded from the following measurements. 

 

Growth measurements 

 

In this study ‘vertical’ growth refers to the vertical extension of the crust which increases 

crust thickness, whereas ‘marginal’ growth refers to the lateral extension of the crust which 

increases surficial area.  To determine vertical growth, a ~3 mm thick cross-section was 

sliced from the middle of the sample (Fig. 16a) using a dremel diamond cut wheel. Vertical 

growth (µm) was then obtained by measuring the distance from the alizarin mark to the 

growing edge of the crust under a compound microscope (Olympus BX53) using a 4x 

objective (Fig. 16c). Five measurements at equal distance apart were taken along the length 

of each crust and averaged to get the growth measurement. An annual vertical extension 

growth rate was calculated by adding the spring, summer, autumn and winter seasonal growth 

rates.  

To determine marginal growth over the three month period the surface area of each sample 

was photographed before and after collection. Absolute marginal growth (useful for 

comparisons with other studies) was calculated by subtracting the final from the initial 

surface area (mm2) using the ImageJ software program (https://imagej.nih.gov.ij/) (Fig. 17). 

Changes in diameter were also calculated using ImageJ by taking the final from initial lengths 

(mm), estimated by tracing around the edge of the crust. For statistical analyses percentage 

change in surface area was used to normalise marginal extension to crust starting size.  

https://imagej.nih.gov.ij/
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Figure 16. a) Samples of Porolithon onkodes are cross-sectioned using a dremel. b) Five 

measurements were taken along the crust. c) Measurements were taken under the microscope 

from the alizarin stain to the edge of the sample 
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Figure 17. Marginal growth was determined using the ImageJ program by tracing around the 

edge of the crust and calculating the difference between the final and initial measurements. 

 

Figure 18. Samples were attached to reef slope on either exposed (A) or shaded (B) racks at 

5-6m depth 

 

Calcification measurements 

 

Net calcification rates of P. onkodes were estimated using the buoyant weight method as 

outlined by Davies (1989). For this method each fragment was buoyant weighed (to the 

nearest 0.01 g) at the start of each season directly before deployment, and then again upon 

collection (after the careful removal of fouling organisms). Net deposition of CaCO3 was then 
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estimated by the difference between these initial and final weights (W0 and W1, converted to 

dry weight based on the density of the seawater and CaCO3), normalised to the surface area 

(initial and final surface area A0 and A1) of the fragment and divided by the number of days 

in that particular season (d). This was then multiplied by 365 and expressed at a rate of grams 

per year (g CaCO3 cm-2 year-1). 

Buoyant weight net calcification = (
W1−W0 

A0+A1 /2
) /d 

 

Statistical Analysis 

 

To determine any significant differences in the rates of vertical growth, marginal growth and 

net calcification between seasons and irradiance levels, general linear model two-way 

ANOVAs were used with season and light treatment as fixed factors. Data normality and 

homogeneity of variance were tested using the Kolmogorov-Smirnov and Levene’s tests, 

respectively. Data for vertical and marginal growth were also Log10 transformed to meet 

requirements prior to analysis. The Tukey’s test was used for post hoc comparisons.  

 

Results 

Vertical growth measurements 

 

Vertical growth rates of P. onkodes on the reef slope at Heron Island varied significantly over 

the climatic seasons (two-way ANOVA f = 22.462, p <0.01, Table 5, Fig. 19a). A significant 

increase in growth was observed during spring  (both 2013 and 2014) with daily growth rates 

up to 45% higher than in the other seasons (Tukeys test). The highest mean growth for the 

exposed irradiance treatment, 4.97 (±1.06) µm day-1, was reported in spring 2013, while the 

lowest occurred over autumn at 3.39 (±0.61) µm day-1 (Table 6, Fig. 19a). Annual vertical 
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extension (sum of spring 2013, summer, autumn and winter seasonal growth) was 1.43 

(±0.06) mm year-1 (3.92 µm day-1). A significant difference was found in irradiance 

treatments (f = 8.854, p = 0.003) with samples under the shaded treatment producing higher 

vertical growth rates than samples in the exposed treatment. 
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Figure 19. Panel of seasonal growth and calcification rates for exposed and shaded irradiance 

treatments. a) Daily vertical growth rate. b) Daily absolute marginal growth. c) Calcification 

rate. 

 

 Marginal growth measurements 

 

Marginal extension of P. onkodes also varied seasonally on Heron Island (two-way ANOVA, 

f = 5.754, p <0.01, Fig. 19b). The highest absolute daily increase in surface area was found to 

be in autumn and this was consistent in both irradiance treatments (ambient: at 4.07 (±1.28) 

mm2 day-1 and shaded: 5.07 (±1.43) mm2 day-1, Table 6). The post hoc results showed these 

significant seasonal variations were from autumn compared to winter (p = 0.001), and 

autumn compared to spring 2014 (p = 0.002) (Table 5). Seasonal averages (spring 2013, 

summer, autumn and winter) gave an annual absolute marginal growth rate (surface area) of 

11.12 (± 0.71) cm2 year-1, and absolute marginal extension rate (diameter) of 24.66 (± 1.37) 

mm year-1. 

The irradiance treatment significantly affected the rate of marginal growth (f = 7.955, p = 

0.006), with all seasons reporting a higher daily percentage increase in marginal growth 

under the shaded treatments. One-way ANOVA revealed this difference in marginal growth 

between exposed and shaded treatments was only significant in the spring 2014 season (p = 

<0.001). The shaded samples in spring 2014 had an 82% higher absolute daily growth rate 

than the exposed samples. 

Calcification rate 

 

Variation was also observed in the seasonal calcification rates of P. onkodes (two-way 

ANOVA, f = 2.556, p = 0.043, Table 5) with calcification in spring 2014 (3.40 ± (0.66) g 
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CaCO3 cm -2 year -1) 25% higher than its lowest in summer (2.72 (± 0.39) g CaCO3 cm -2 year 

-1) (Table 6). No significant difference was found in the calcification rate between irradiance 

treatments or the interactions between season and irradiance. 

Table 5. ANOVA results for vertical, absolute marginal and calcification rates 

 

 Source of Variation Df F P Conclusion – Tukey’s Test 

Vertical Growth     

Season 4 22.46 < 0.01 Spring > Summer, Winter, Autumn 

Irradiance 1 8.854 .003 Shaded > Exposed 

Season*irradiance 4 2.141 .079 Ns 

Error 128    

     

Marginal Growth     

Season 4 5.754 < 0.01 Autumn > Winter & Spring 2014 

Irradiance 1 7.955 .006 Shade > Exposed 

Season*irradiance 4 1.658 .165 Ns 

Error 114    

     

Calcification (Buoyant Weight Method)  

Season 4 2.556 .043 Spring 2014 > Summer 

Irradiance 1 2.020 .158 Ns 

Season*Treatment 4 1.828 .129 Ns 

Error 103    
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Table 6. Vertical growth, marginal growth and calcification rates 

Vertical Growth (µm/day) 

Exposed Shaded 

Season n Max Mean (SD) Min n Max Mean (SD) Min 

Spring13 11 6.38 4.97 (1.06) 3.48 17 8.69 6.23 (1.45) 3.51 

Summer 15 5.93 3.89 (.80) 3.05 10 4.69 3.70 (.66) 3.06 

Autumn 15 4.53 3.39 (.61) 2.26 12 4.91 3.54 (.73) 2.43 

Winter 19 5.60 3.67 (.85) 2.10 10 5.53 4.52 (.73) 3.28 

Spring14 15 6.46 4.62 (.92) 3.18 12 6.29 5.01 (.66) 3.92 

 

Absolute Marginal Growth in Area (mm2/day) 

Exposed Shaded 

Season n Max Mean (SD) Min n Max Mean (SD) Min 

Spring13 11 6.13 2.53 (1.4) 1.01 14 6.75 3.35 (1.49) 1.15 

Summer 15 6.08 3.38 (1.72) .50 9 7.15 3.41 (2.17) .62 

Autumn 12 5.49 4.07 (1.28) 1.50 9 6.44 5.07 (1.43) 2.61 

Winter 18 5.73 2.37 (1.24) .80 12 6.19 2.81 (1.55) 1.02 

Spring14 12 4.08 2.06 (1.03) .91 12 6.05 3.77 (1.20) 1.84 

 

Absolute Marginal Growth in Diameter (mm/day) 

Exposed Shaded 

Season n Max Mean (SD) Min n Max Mean (SD) Min 

Spring13 11 .15 .061 (.032) .027 14 .14 .077 (.031) .028 

Summer 15 .15 .078 (.038) .014 9 .16 .076 (.043) .019 

Autumn 12 .12 .084 (.026) .023 9 .13 .10 (.026) .060 

Winter 18 .10 .051 (.022) .019 12 .12 .061 (.030) .024 

Spring14 12 .08 .041 (.018) .022 12 .11 .075 (.021) .038 

 

Calcification (g CaCO3 cm -2 year -1) 

Exposed Shaded 

Season n Max Mean (SD) Min n Max Mean (SD) Min 

Spring13 10 4.07 3.27 (.52) 2.54 13 3.48 2.75 (.63) 1.41 

Summer 15 3.33 2.72 (.39) 2.05 9 4.77 3.06 (.72) 2.35 

Autumn 8 4.51 3.23 (.64) 2.67 8 3.32 2.78 (.39) 2.21 

Winter 17 4.14 3.32 (.51) 2.23 8 4.35 3.19 (.75) 2.44 

Spring14 11 4.66 3.40 (.66) 2.71 11 4.24 3.35 (.66) 2.37 
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Figure 20. Seasonal variance in seawater temperature and irradiance levels at Heron Island 

on the Great Barrier Reef  (AIMS 2016). 

 

Discussion 

 

This is the first study providing empirical data of in situ growth and calcification rates of 

coralline algae on the GBR. Results from this study have demonstrated high seasonal 

variability in vertical and marginal extension rates in coralline algae and the effects of 

irradiance on growth in the tropical environment. Importantly, the growth and calcification 

metrics used in this study each displayed different trends, highlighting the varying responses 

of each metric to the changing environmental conditions. The information collected in this 

study is vital for future monitoring, management and conservation practices concerning the 

effects of future climate change on the GBR. 
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Seasonality had a major effect on both vertical and marginal growth of P. onkodes. Vertical 

growth of P. onkodes peaked during the spring season, while marginal growth was highest 

over the autumn season. Rates of calcification were however not affected by seasonality in 

this study. The annual vertical growth rate of 1.43 (± 0.06) mm year-1 observed in this study 

for the encrusting P. onkodes on the southern GBR were comparable to rates recorded in 

studies from similar tropical reef environments such as by Matsuda (1989), Figueiredo 

(1997), Villas Boas et al. (2005), Adey and Vasser, (1975), and Short et al. (2015) (Table 7). 

Although there was a significant difference between spring 2013 and spring 2014 (p = 0.033), 

both seasons still recorded higher growth than the other three and this slight variation may be 

attributed to the 2014 season running 26 days longer into the warmer summer months in 

which the rate of vertical growth was declining. 

 

The marginal extension rates of 24.66 (± 1.37) mm year -1 (2.05 mm mth-1) recorded for P. 

onkodes in our study were also comparable to various CCA species in similar tropical reef 

environments (including P. onkodes) as displayed in Table 7, by Matsuda (1989), Short et al. 

(2015), Figueiredo (1997), and Villas Boas et al. (2005). Marginal extension rates reported by 

Ringeltaube (2000) during a 8 week experiment at Heron Island were slightly higher than 

those found in this study but this may be due to the measurements being taken from newly 

settled recruits, and from three different species of CCA (including P. onkodes).  

Calcification rates of P. onkodes from Heron Island were calculated to be approximately 2.72 

– 3.40 g CaCO3 cm -2 year -1. This exceeds rates reported by Chisholm (2000) for P. onkodes 

using carbonate chemistry measurements on the northern GBR (Table 7). The use of two 

different methods, locations, experimental depths and seasons may account for the difference 

in calcification rates between these two studies. Other investigations using different methods 

to calculate calcification have reported even lower rates of P. onkodes such as Short et al. 
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(2015) using the buoyant weight method (Table 7). Although the calcification rate in this 

study is within the same order of magnitude as rates reported by Chisholm (2000), the 

differences can be attributed to methodical, spatial or seasonal variances. 
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Table 7. Vertical growth, marginal growth, and calcification rates of coralline algae worldwide 

Species Growth 

Form 

Region Metric Growth or Calcification 

rate 

Reference 

Bossiella gardneri Geniculate California, USA Vertical  3.3 mm year-1 Smith, 1972 

Bossiella plumose Geniculate British Columbia, Canada Vertical 24.6 mm year-1 Fisher & Martone, 2014 

Calliarthron 

cheilosporioides 

Geniculate California, USA Calcification 0.18 - 1.14 g CaCO3 cm-2
 

yr-1 

Martone, 2010 

  California, USA Vertical 39.6 mm year-1 Martone, 2010 

Calliarthron 

tuberculosum 

Geniculate British Columbia, Canada Vertical 20.4 mm year-1 Fisher & Martone, 2014 

  California, USA Vertical 20.4 mm year-1 Johansen & Austin, 1970 

  California, USA Vertical 4.2mm year-1 Smith, 1972 

Calliarthron spp. Geniculate California, USA Marginal 0.24 – 1.21 mm mth-1 Goldberg & Foster, 2002 

  California, USA Vertical 1 – 8 mm year-1 Goldberg & Foster, 2002 

Corallina officinalis Geniculate Massachusetts, USA Vertical  16.8 mm year-1 Andrake & Johansen, 1980 

  Northern Ireland Vertical 2.5 mm year-1 Blake & Maggs, 2003 

  Massachusetts, USA  Vertical  1.4 – 25 mm year-1 Colthart & Johansen, 1973 

Corallina vancouveriensis Geniculate British Columbia, Canada Vertical 18 mm year-1 Fisher & Martone, 2014 

  California, USA Vertical 4.2mm year-1 Smith, 1972 

Hydrolithon boergesenii Encrusting St Croix, Caribbean Marginal 12 mm mth-1 Adey & Vasser, 1975 

Hydrolithon reinboldii Rhodolith French Polynesia Calcification 0.002 g CaCO3 cm-2 year -

1 

Payri, 1997 

  French Polynesia Vertical 0.37 mm year-1 Payri, 1997 

Hydrolithon sp. Rhodolith Ras Ghamila lagoon, Red 

Sea 

Vertical 0.49 mm year-1 Caragnano et al., 2016 

  Ras Ghamila lagoon, Red 

Sea 

Marginal 0.3 mm mth-1 Caragnano et al., 2016 

Lithophyllum congestum Encrusting St Croix, Caribbean Marginal 0.9 mm mth-1 Steneck & Adey, 1976 

  St Croix, Caribbean Vertical 8 mm year-1 Steneck & Adey, 1976 

Lithophyllum incrustans Rhodolith South West Wales Calcification 0.04 g CaCO3 cm-2
 yr-1 Edyvean  & Ford, 1987 

  South West Wales Marginal 0.19 - 0.26 mm mth-1 Edyvean  & Ford, 1987 
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  South West Wales Vertical 0.27 - 0.3 mm year-1 Edyvean  & Ford, 1987 

Lithophyllum insipidum Encrusting Ishigaki  Island, Japan Marginal 0.7 mm mth-1 Matsuda, 1989 

  Ishigaki  Island, Japan Vertical 1.2 mm year-1 Matsuda, 1989 

  Northern Ireland Vertical 0.45 - 0.65 mm year-1 Blake & Maggs, 2003 

Lithophyllum 

kotschyanum 

Rhodolith Ras Ghamila lagoon, Red 

Sea 

Vertical 1.08 mm year-1 Caragnano et al., 2016 

  Ras Ghamila lagoon, Red 

Sea 

Marginal 0.7 mm mth-1 Caragnano et al., 2016 

Lithothamnion glaciale Rhodolith Troms, Norway Calcification 420 - 1432 g CaCO3 m
-2 

yr-1 

Freiwald & Henrich, 1994 

  Troms, Norway Vertical 0.6 - 1mm year-1 Freiwald & Henrich, 1994 

  Svalbard, Norway, Calcification 101 – 200g CaCO3 m
-2 yr-

1 

Teichert & Freiwald, 2014 

Lithothamnion muelleri Rhodolith California, USA Vertical 0.6 mm year-1 Rivera et al., 2004 

Neogoniolithon brassica-

florida 

Rhodolith Ras Ghamila lagoon, Red 

Sea 

Vertical 0.63 mm year-1 Caragnano et al., 2016 

  Ras Ghamila lagoon, Red 

Sea 

Marginal 0.77 mm mth-1 Caragnano et al., 2016 

Neogoniolithon fosliei Rhodolith Ras Ghamila lagoon, Red 

Sea 

Vertical 0.85 mm year-1 Caragnano et al., 2016 

  Ras Ghamila lagoon, Red 

Sea 

Marginal 0.78 mm mth-1 Caragnano et al., 2016 

Neogoniolithon fosliei Encrusting Ishigaki  Island, Japan Marginal 0.7 mm mth-1 Matsuda, 1989 

Neogoniolithon 

imbricatum 

Encrusting St. Croix, Caribbean Marginal 2.1 mm mth-1 Adey & Vasser, 1975 

Neogoniolithon 

megacarpum 

Encrusting St. Croix, Caribbean Marginal 2.3 mm mth-1 Adey & Vasser, 1975 

Neogoniolithon 

westindianum 

 St. Croix, Caribbean Marginal 1.9 mm mth-1 Adey & Vasser, 1975 

Neogoniolithon sp. Rhodolith Ras Ghamila lagoon, Red 

Sea 

Vertical 0.57 mm year-1 Caragnano et al., 2016 

Paragoniolithon conicum  Ishigaki Island, Japan Marginal 0.9 mm mth-1 Matsuda, 1989 
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  Ishigaki Island, Japan Vertical 0.5 mm year-1  Matsuda, 1989 

Phymatolithon calcareum Rhodolith Northern Ireland Vertical 0.9 mm year-1 Blake & Maggs, 2003 

Porolithon gardeneri Branching Hawaii, USA Vertical 7-20 mm year-1 Agegian, 1981 

Porolithon onkodes Encrusting Ishigaki  Island, Japan Marginal 0.8 mm mth-1 Matsuda, 1989 

  Ishigaki  Island, Japan Vertical 1.4 mm year-1  Matsuda, 1989 

  Marmion Lagoon, 

Australia 

Calcification 0.14 g CaCO3 cm-2 yr-1 Short et al., 2015 

  Marmion Lagoon, 

Australia 

Marginal 0.97 – 5.28 mm mth-1 Short et al., 2015 

  Heron Island, Australia Calcification 2.72 – 3.40 g CaCO3 cm-2 

yr-1 

This paper 

  Heron Island, Australia Vertical 1.4 mm year-1 This paper 

  Heron Island, Australia Marginal 0.9 mm mth-1 This paper 

  Heron Island, Australia Marginal 2.8 – 3.2 mm mth-1 Ringeltaube, 2001 

 Rhodolith Ras Ghamila lagoon, Red 

Sea 

Vertical 0.75 mm year-1 Caragnano et al., 2016 

  Ras Ghamila lagoon, Red 

Sea 

Marginal 1.16 mm mth-1 Caragnano et al., 2016 

Porolithon pachydermum Encrusting Sueste & St. Barbara, 

Brazil 

Marginal 0.6 – 3.6 mm mth-1 Figueiredo, 1997 

  Rocas Atoll, Brazil Marginal 0.3 – 1.5 mm mth -1 Villas Boas et al., 2005 

Sporolithon durum Rhodolith New Caledonia Vertical 0.6 mm year-1 Darrenougue et al., 2013 

Four spp  of CCA Encrusting Great Barrier Reef Calcification 0.15 – 1.03 g CaCO3 cm-2
 

yr-1 

Chisholm, 2000 
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The maximum vertical and marginal growth rates of P. onkodes did not occur in summer in 

correlation with the highest temperature and irradiance (Figs. 19 & 20) as reported in studies 

from polar and temperate regions (Adey & McKibbin 1970, Halfar et al. 2008, Egilsdottir et al. 

2015). The reasons for this deviation in expected summer growth are unknown but may be 

related to: 1) Temperature fluctuations in tropical reef environments are not as strong as in polar 

and temperate regions, therefore the algae are less sensitive to changes in temperature variability. 

For example a study by Freiwald and Henrich (1994) reported a 12°C difference between 

summer and winter temperatures, while in this study average temperature varied by 

approximately 5°C between winter and summer. 2) The steep incline in average temperature and 

irradiance at the end of winter (Fig. 20.) is enough to trigger spring vertical growth. Although 

average temperatures and irradiance only varied by 5°C annually, there is a large increase of 3°C 

and 200 µmol m-2 s-1 respectively from winter to spring. 3) Elevated temperatures during 

summer may cause heat stress. CCA living in shallow tropical reef environments already live at 

the upper limits of their temperature tolerance and slight increases in maximum temperature may 

inhibit growth and calcification (Agegian 1985, Martin & Gattuso 2009). 4) Various ecological 

and physiological processes such as reproduction (Edyvean & Ford 1987) space competition 

(Matsuda 1989, Rogers 1997), nutrients (Bjork et al. 1995) or herbivory (Steneck & Adey 1976) 

may cause stress on CCA during summer. Although these factors each have the potential to 

individually or interactively influence the growth of CCA during the summer season, the effect 

each of these have on seasonal changes in coralline growth and calcification of P.onkodes from 

Heron Island were not quantified in our baseline growth and calcification study. Until such 

research is carried out, the reasons behind the seasonal variation in the growth of P.onkodes on 

Heron reef remain speculative. 
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This study demonstrates that irradiance is an important factor affecting the rates of growth of 

CCA on Heron Island. Samples attached under the shaded racks tended to grow faster (both 

vertically and marginally) than those attached to the exposed racks with full access to sunlight 

(as shown in Fig. 19). This result is to some extent unexpected, as it is generally accepted that a 

decrease in light availability results in decreased growth and calcification rates of CCA. It is 

however likely that under high light intensity, as found in shallow tropical reef environments 

such as Heron Island, CCA may be susceptible to light-induced stress (Payri & Maritorena 

2001), causing photoinhibition. 

 

Although P. onkodes is typically a shallow water species that grows abundantly in shallow reef 

crests where irradiance can reach levels of approximately 2000 µmol m-2 s-1 (Payri & Maritorena 

2001) there may be an optimal light level at which growth is maximised. Diurnal cycles in 

photosynthetic capacity have been observed in various marine macroalgae species (Belshe et al. 

2007, Edwards & Kim 2010), including red algae (Hanelt et al. 1993). In general, this cycle 

involves a high photosynthetic efficiency occurring in the morning and decreasing with 

increasing light intensity until maximal photoinhibition occurs around midday or early afternoon 

(Hanelt et al. 1993). In our study, the shaded samples were protected from high midday 

irradiance under the shade cloth. Therefore, during the midday hours of high irradiance the 

exposed samples may have experienced reduced levels in photosynthetic activity, while the 

shaded samples may not have been affected by these photo-protection or inhibition processes. 

Without further physiological experiments, it is not possible to discern the mechanisms 
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associated to the patterns observed, however, this study does demonstrate that irradiance is an 

important factor affecting the growth of CCA in tropical reef environments. 

 

Interestingly, the rates of net calcification were not affected by reduction of light intensity. This 

lack of response in calcification rates to changing irradiance levels was also unexpected as, along 

with growth, increased light is generally accepted to result in increased calcification (Potin 1990, 

Chisholm 2000, Martin et al. 2006, Martin et al. 2013). The fact that no changes were observed 

in calcification, between light treatments, suggests that the method used (buoyant weight) to 

measure this metrics may not have been sensitive enough to pick up subtle differences in 

calcification rates. Further, as this method represents the balance between new skeletal 

deposition, and dissolution processes, the relationship between vertical and marginal growth with 

net calcification is not necessarily positive. Light has been shown to stimulate coralline algae 

calcification (Borowitzka 1987) with increasing light levels increasing calcification until 

saturation (Chisholm 2000, Martin et al. 2006). The lack of response in calcification to changes 

in light treatment and season in this study may also indicate irradiance saturation. A study by 

Payri and Maritorena (2001) in a similar coral reef environment found saturating irradiance for 

P. onkodes varied from 200-600 µmol m-2 s-1
. At these levels both exposed and shaded treatments 

may have been irradiance saturated resulting in similar calcification rates both seasonally and 

between light treatments. 

 

Comparison between metrics  

 

The difference in the behaviour of the metrics used to document growth responses to seasonal 

changes in this study reveal a very interesting aspect of the life history of P. onkodes that had not 
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been previously documented in the literature. While vertical growth was lowest during autumn, 

marginal extension was the highest during the same season. Similarly, when high rates of vertical 

growth occurred, rates of marginal growth were lower. The different seasons of maximum 

growth between the two metrics suggests a trade-off between energy expenditure in vertical and 

marginal growth. These trade-offs may be in response to environmental and physiological 

processes such as reproductive cycles or space competition, or herbivory (Adey & Vassar 1975, 

Edyvean & Ford 1987, Matsuda 1989). The cause of this separation in vertical and marginal 

growth direction was outside of scope of this study, however it does draw attention to how little 

we know about CCA growth and calcification and the need for ongoing research into these topics 

if we are to accurately assess and monitor growth and calcification rates under future climate 

change scenarios. 

 

Conclusion 

 

I found significant variability of key parameters of the life history of the important reef-building 

coralline alga P. onkodes in response to climatic seasons and light intensity on the GBR. 

Maximum rates of in situ growth and calcification were found to vary seasonally and separately 

with each measured metric achieving maximum rates in different seasons. Establishing the 

presence of seasonal variation in these rates further refines existing baseline data and shows 

seasonality needs to be taken in consideration in instances such as extrapolating growth and 

calcification rates for predictive modelling from short term studies. This is particularly relevant 

in the context of ocean acidification and warming and the sensitivity of CCA to these stressors. 
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Chapter 4: Presence of skeletal banding in the tropical crustose coralline algae Porolithon 

onkodes on the Great Barrier Reef  

 

Introduction 

 

Coralline algae are members of the phylum Rhodophyta (red algae), algae characterised by the 

presence of calcium carbonate (CaCO3) within their cell walls (Harvey et al. 2005). With a 

worldwide distribution and habitat ranging from the intertidal zone to over 250 m in depth 

(Littler et al. 1985), coralline algae are among the most abundant marine calcifying organisms to 

live in the euphotic zone (Steneck 1986).  The carbonate skeleton of coralline algae is primarily 

made up of high magnesium calcite (Mg-calcite), ranging from 10-20% mol MgCO3 calcite 

(Moberly 1970), meaning 10-20% of calcium in the calcite lattice has been substituted for Mg. 

Other carbonate minerals such as aragonite (Alexandersson 1974) and dolomite (Nash et al. 

2011) are also present in the skeleton (via secondary precipitation).  

 

Due to this precipitation of CaCO3 coralline algae also play fundamental roles in temperate and 

tropical reef environments by cementing and stabilising the reef framework (Littler & Littler 

1984), providing hard substrate and settlement cues for various invertebrate species such as 

corals (Harrington et al. 2005, Diaz-Pulido et al. 2007), providing habitat and food (Littler & 

Littler 1984, Foster 2001, Harrington et al. 2005), and transferring carbon from the biological 

cycle to the geological cycle (Steneck 1986). Although coralline algae have long been regarded 

as a vital component of healthy coral reef ecosystems (Steneck & Testa 1997) it is their high 

vulnerability to ocean acidification (OA) (Jokiel et al. 2008, Martin & Gattuso 2009), and their 

function as palaeoenvironmental recorders (Halfar et al. 2000, Kamenos et al. 2008, Kamenos & 
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Law 2010, Burdett et al. 2011) that has sparked renewed interested in coralline algae research. 

However, in order to properly understand the outcomes of OA research on coralline algae it is 

essential to first have knowledge of basic information, such as growth rates.  

 

Growth is a vital rate in population ecology and necessary for understanding population 

dynamics (Caswell, 2001) such as longevity and age of reproduction. Currently there is little 

information available on growth rates of tropical coralline algae. Slow growth rates (Blake & 

Maggs 2003, Rivera et al. 2004) necessitating lengthy in situ studies in often difficult, and 

turbulent conditions such as found on reef crest environments (where highest reef accretion rates 

occur; Adey 1978) are partly to blame for this lack of basic information. Following on from a 15 

month study to determine the growth and calcification rates of the abundant and key reef-

building coralline alga Porolithon onkodes on the southern Great Barrier Reef (GBR) (Chapter 

3), this investigation looks to explore the patterns of growth and banding in the P. onkodes 

skeleton, and ascertain if these patterns can be utilised to determine past and present growth 

rates, without the need for lengthy in situ studies (e.g. Chapter 3). 

 

The distinct banding pattern observed in temperate and cold water coralline skeletons result from 

changes in the mol% Mg of the precipitated CaCO3 (Halfar et al. 2000), as well as changes in 

cell size and density (Freiwald & Henrich 1994, Blake & Maggs 2003, Darrenougue et al. 2013). 

These changes reflect seasonal variability in environmental conditions such as light and seawater 

temperature (Foster 2001, Kamenos & Law 2010, Darrenougue et al. 2013). In regions of high 

seasonality annual banding cycles are characterised by long, less densely calcified cells and high 

mol% Mg in summer, and by shorter more densely calcified cells and lower mol% Mg in winter 
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(as shown in Figure 21 (Freiwald & Henrich 1994, Halfar et al. 2000, Kamenos et al. 2008), with 

the seasonal range in mol% Mg depending on the species and location. For example Halfar et al. 

(2000) using electron microprobe analysis, found mol% MgCO3 ranged from 7.7 – 18.5 in 

Lithothamnion glaciale from Newfoundland, while L. crassiusculum from the Gulf of California 

ranged from 13.2 – 22.5. The varying composition of the carbonate skeleton is thought to be 

driven mainly by changes in temperature (Chave & Wheeler 1965) with higher temperatures 

favouring Mg substitution in calcite. There are several studies of skeletal banding in coralline 

algae from temperate and subarctic waters (Table 8.), however the presence and function of 

growth banding has not been well studied in tropical waters (but see Agegian 1981, Rivera et al. 

2004, Schafer et al. 2011, Darrenougue et al. 2013) and is yet to be investigated for any species 

on the GBR. The extent to which skeletal density and mol% Mg will change on the GBR, where 

average temperatures remain high (average winter and summer temperatures are 21.8°C and 

26.7°C respectively; AIMS 2016)  year round, may potentially limit the development of these 

banding patterns in tropical coralline algae, rendering these methods ineffective for use as 

palaeoenvironmental or growth proxies.  
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Figure 21.  An example of density banding in the branching Lithothamnion glaciale taken from 

waters off the west coast of Scotland in a study by Kamenos et al., 2008 (scale bar ‘A’ = 500µm, 

‘B’ = 10 



 
 

72 
 

Table 8. Coralline algae reported to have skeletal banding patterns that have been used to measure growth or as a 

palaeoenvironmental record. 

Species Growth 

Form 

Region  Banding Type Reference 

Clathromorphum 

compactum 

Encrusting Subarctic – Labrador, Canada Mineralogy Adey et al. 2015 

  Subarctic – Newfoundland, Canada Mineralogy Gamboa et al. 2010 

  Subarctic /Temperate – Gulf of Maine, 

US 

Stable oxygen 

isotope 

Halfar et al. 2008 

  Subarctic – Northwestern Atlantic Mineralogy Halfar et al. 2011 

C. nereostratum Encrusting Subarctic – Bering Sea Oxygen isotope Halfar et al. 2007 

  Subarctic – Aleutian Islands, Bering Sea Mineralogy and 

oxygen isotopes 

Hetzinger et al. 2009 

Lithothamnion 

crassiusculum 

Rhodolith Temperate/Sub tropical - Gulf of 

California, US 

Carbon isotope Frantz et al. 2000 

  Temperate/Subtropical: Gulf of 

California 

Mineralogy Halfar et al. 2000 

L. glaciale Rhodolith Temperate – West coast of Scotland Density Burdett et al. 2011 

  Arctic – Northern Norway Density  Freiwald and Henrich 

1994 

  Subarctic – Newfoundland, Canada Oxygen isotope and 

mineralogy 

Halfar et al. 2000 

  Temperate - West coast of Scotland Mineralogy Kamenos et al. 2008, 

2009 

  Temperate - West coast of Scotland Density  Kamenos and Law 

2010 

  Temperate - Kattegat, Norway Mineralogy, cell size Ragazzola et al. 2016 

L. muelleri Rhodolith Temperate/Subtropical – Gulf of 

California, US 

Density Rivera et al. 2004 
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3 species – 

Lithothamnion sp, 

Lithophyllum sp,  

Lithoporella sp 

Encrusting, 

Branching & 

Rhodolith 

Tropical – Gulf of Chiriqui, Gulf of 

Panama 

Mineralogy and 

density 

Schafer et al. 2011 

Phymatolithon 

calcareum 

Rhodolith Temperate – Northern Ireland Density and cell size Blake and Maggs 

2003 

  Temperate – West coast of Scotland Mineralogy Kamenos et al. 2008, 

2009 

Porolithon gardineri Branching Tropical – Hawaii Density and cell size Agegian 1981 

Sporolithon durum Rhodolith Tropical – New Caledonia Density, cell size 

and mineralogy 

Darrenougue et al. 

2013 
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Conceptacle banding is another method from which growth rates can be determined for coralline 

algae (Adey et al. 2013). All species of coralline algae form reproductive chambers, known as 

conceptacles, that are open to the surface and contain reproductive structures (Edyvean & Moss 

1984). While information on coralline reproduction cycles are largely unknown on the GBR, in 

temperate regions coralline algae have distinct reproductive cycles, and the time of year these 

reproductive structures are formed is largely species specific (Chihara 1974, Noro et al. 1983). 

With continued growth these rows of buried conceptacle chambers form bands of newly 

regenerated or infilled cells, often with a different mineralogical composition from the 

surrounding skeleton (Nash et al. 2011, Diaz-Pulido et al. 2014). These changes in mineralogy or 

organic content in the chambers fluoresce under UV light, producing discernible horizontal 

banding in the coralline crust, as shown in Figure 22a. Once calibrated to seasonal or annual 

timeframes, conceptacle banding could also be used as a method for obtaining demographic 

information such as growth rate, age and longevity of tropical coralline algae. 

 

Figure 22. a) Cross-section of Porolithon onkodes under UV light (BX50 Olympus microscope), 

arrows point to bands of conceptacles in skeleton; b) Cross-section of Porolithon onkodes under 
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UV light, horizontal arrow points to conceptacles, vertical arrow points to stain mark indicating 

the start of the summer season (CFW marker, Chapter 2). 

 

In recent years, interest in skeletal banding of coralline algae as a method for determining growth 

rates and as archives of paleoclimatic information has produced many studies, the majority of 

which have been conducted in the colder climates of northern Europe and Canada (Table 8). 

Skeletal banding studies in tropical waters are few; however Agegian (1981) observed density 

banding in the branching P. gardineri from the Hawaiian Islands, and Darrenougue et al. (2013) 

observed density banding and seasonal changes in Mg/Ca ratio in the rhodolith Sporolithon 

durum from New Caledonia. The presence of banding in these tropical studies suggests that the 

method of using skeletal banding to determine growth rates may also be successfully applied to 

coralline algae of the GBR. Importantly, examining skeletal banding will help us obtain baseline 

demographic information, without the need for long-term in situ growth experiments, for the 

most important and abundant reef-building CCA in the GBR, P. onkodes (Dean et al. 2015, 

Steneck et al. unpublished). Once established, this method can be applied to determine growth 

rates of P. onkodes across the entire region of the GBR simply by examining these banding 

patterns, making this growth information more accessible and attainable. 

 

Therefore the aim of this study was to explore the presence of skeletal banding in the abundant 

and tropical reef-building species P. onkodes on the GBR, and to establish its usability in 

determining current or past growth rates.  
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Specific questions addressed include:  

 Do seasonal changes in mol% MgCO3 exist in P. onkodes? This will be determined using 

the standard XRD method (Nash et al., 2013). 

 Does the reproductive cycle of P. onkodes form annual conceptacle banding? This will be 

determined using the novel method of observing this banding under UV light. 

 Are bands of short, heavily calcified cells with low mol% MgCO3; and long, less 

calcified cells with a high mol% MgCO3 present in the skeleton? This will be analysed 

using X-ray and the recently utilised (in coralline algae research) micro-CT scanning 

(Torrano-Silva et al. 2015, Krayesky-Self et al. 2016). 

 Do changes in mol% Mg form banding patterns throughout the coralline algae skeleton 

when traversing from the pigmented (photosynthetic) surface to the unpigmented base on 

the algae? This will be analysed using a new method, Quantitative Evaluation of Minerals 

by Scanning electron microscopy (QEMSCAN), which can determine changes in mineral 

composition of the skeleton.  
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Materials and Methods 

Sample collection & staining  

 

Samples examined in this study (Table 9) were taken from a long-term seasonal in situ growth 

experiment based at the Tenements 1 site (23º26’00.4 S, 151º55’41.3 E) of Heron Island in the 

southern GBR (Chapter 3). Samples were deployed and collected during five separate three-

month sampling periods, representing the different climatic seasons from austral spring 2013 to 

summer 2014. This seasonal sampling allowed for the determination of exact time periods for 

which reproductive conceptacles appeared, and precise rates of seasonal growth and 

calcification. At the beginning of each season 20 specimens of coralline algae were carefully 

collected using hammer and chisel from the nearby reef crest and upper reef slope (< 6 m) of 

Tenements 1, and transported back to the outdoor flow-through tank facilities on the Heron 

Island Research Station (HIRS), where seawater was supplied directly from the reef lagoon. 

CCA samples were prepared as described in Chapter 3. In summary, samples were cleaned by 

hand to remove epiphytes, invertebrates and loose material and cut to size (3 x 3 cm chips). After 

cutting, samples were stained using the Alizarin Red stain at a concentration of 0.25 g L-1 for 

24hrs (Andrake & Johansen 1980, Blake & Maggs 2003) and set into epoxy rings to secure the 

sample and prevent potential dissolution of exposed skeleton. The epoxy rings were made of 40 

mm PVC pipe filled with Selleys Aqua Knead It epoxy, set inside a previously prepared 90 mm 

PVC ring filled with cement and covered with a thin layer of the epoxy to keep a uniform surface 

of the same substrate for marginal growth to occur. Holes were drilled into the outer cement ring 

(allowing for cable ties to attach the sample to racks) and each ring was labelled using alphabet 

beads set into the epoxy (visible from the bottom) (as shown in Figure 15, Chapter 3). Once 

prepared, samples were attached (2 per rack) in situ to galvanised racks secured to the reef slope 
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at approximately 4 - 6 m depth (high tide) (see Figure 18, Chapter 3 for underwater racks). 

Following the seasonal three month period all 20 samples were retrieved, cleaned of fouling 

organisms and oven dried at 60°C for 24 hrs. These samples were replaced on the reef by 20 

newly collected and stained samples for the following season. Five long-term samples were 

deployed for the entire 15 month experiment. These samples were retrieved from the reef briefly 

for staining at the beginning of each season and then redeployed providing a continuous record 

over the 15 month experiment. Each of these samples produced five alizarin marks defining the 

growth area of the five seasons (Fig. 24). For subsequent analyses all samples were cross-

sectioned (approx. 3 mm thick) using a dremel diamond cut wheel (as outlined in Chapter 3).  In 

total 120 seasonal samples, and five long-term samples were deployed (see Table 9).  
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Table 9. Crustose coralline algae samples used in analysis of each method 

Method Purpose Samples Number used 

XRD Seasonal  mol% MgCO3 Spring 2013 – OF, MB, 

OL, OV, OQ 

Summer – AR, BR, AV, 

AQ, AT 

Autumn – OH, NX, ND, 

NF, OI 

Winter – PC, OI, OF, OH, 

PZ 

5 samples per 

season 

X-ray Density banding Spring 2013 – OL, OQ, 

OV 

Summer – AA, AB, AH 

Autumn – OK, OL, NV 

Winter – OL, PL, PK 

3 samples per 

season 

Micro-CT Density banding Long-term – OE 

Spring 2013 – OL 

Summer – AM 

Autumn – NV 

Winter – PJ, PK 

Spring 2014 – LK 

1 long-term sample 

6 seasonal samples 

QEMSCAN Mineralogy banding Long-term – OE 1 long-term sample 

UV Imaging Conceptacle banding Long-term OE 

Spring 2013 – OL, OQ, 

OV 

Summer – AA, AB, AH 

Autumn – OK, OL, NV 

Winter – OL, PL, PK 

1 long-term sample 

3 samples per 

season 

Alizarin 

staining 

Determine annual and  

seasonal growth 

All samples in study were 

stained 

5 long-term samples 

20 samples per 

season 

 

UV images to examine conceptacle banding 

 

UV conceptacle banding was examined for both seasonal and long-term samples (Table 9) using 

fluoroscopy microscopy and camera images. This technique allows visualisation of distinct 

conceptacle banding patterns in the skeleton when illuminated under UV light, as displayed in 

Figure 22a & b and Figure 24, which then may be calibrated and used to measure growth rates. 

The presence of this fluorescent banding was revealed during a previous experiment (Chapter 2) 
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when analysing samples stained with calcofluor white under UV light. Although not previously 

applied to coralline algae, UV banding has been utilised in corals to reconstruct past river flow 

and rainfall (Barnes et al. 2003, Lough 2011) and are formed by the inclusion of humic 

substances inshore corals are exposed to during heavy rainfall (Lough 2011). 

 

Initial images were taken using a BX50 Olympus fluorescent compound microscope under a UV 

filter (Figure 22a and b). To capture the entire cross-section a Nikon D800e DSLR camera with a 

Nikon 105mm micro lens was used (Figure 24). Exposure was set to 200ISO, F22, 5 secs and the 

light source was from 6 x 40W BLB UV Fluorescent tubes in a purpose built box, images were 

post processed using Adobe Photoshop. 

 

X-ray imaging and micro-CT scans to examine density banding 

 

Twelve seasonal (3 samples per season), and one long-term sample were sent to the Australian 

Institute of Marine Science (AIMS) for X-ray imaging analysis. X-ray imaging is a commonly 

used technique for determining the presence of banding in the skeleton in both corallines and 

corals (as reviewed by Lough & Cooper 2011 and illustrated in Figure 23). These bands are 

derived from cylindrical changes (annual or seasonal) in skeletal density, which can then be used 

to determine linear extension (Lough & Cooper 2011). With banding observed in the coralline 

samples from this analysis (Fig. 25), samples were then sent to the Australian National 

University (ANU) for higher resolution scanning under the micro-CT, allowing for more precise 

measurements of the banding width and extension rates  

Five seasonal and one long-term sample of P. onkodes were sent to the ANU (Centre for 

Advanced Microscopy) for 3D imaging. Scans were taken using a high-cone-angle helical micro-
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CT system at a resolution of 8.1 microns, with a 200 kV reflection-style X-ray source and large 

area amorphous-silicon (a-Si) flat panel detector. The open source computer software program 

Drishti (developed at ANU) was employed to render and analyse the image stacks. This method 

of micro-CT scanning to analyse density in the coralline skeleton was first used by Torrano-Silva 

et al. (2015), followed more recently by Krayesky-Self et al.  (2016).  

 

 

Figure 23. An X-ray (positive print) of a coral slice showing annual density banding pattern, 

dark bands represent high density, light bands represent low density (Lough 2008). Mineralogy 

mapping to determine Mg-calcite banding 

 

Mineralogy mapping of a single long-term P. onkodes skeleton was also carried out at ANU 

using QEMSCAN. This mapping integrates scanning electron microscopy and energy-dispersive 

x-ray spectroscopy (SEM-EDS) hardware with expert software to generate micron-scale 

compositional maps of rocks and sediments and is widely used in mining and petroleum 

industries (Haberlah et al. 2011). To apply this method of mineral analyses to the MgCO3 

coralline algae skeleton, the technique was modified to determine changes within the Mg 

intensity (i.e., high Mg-calcite, dolomite and magnesite), rather than changes between minerals. 

Images of these changes in Mg intensity were taken at a resolution of 5 µm. SEM-EDS, using a 
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Zeiss Ultraplus field emission scanning electron microscope, operated at 15.0 kV, 10.9 mm 

working distance was then used to provide elemental composition using spot analysis within 

each of these bands. As outlined in Nash et al. (2011, 2013), Mg-calcite was identified ranging 

from 8-25 mol% MgCO3, dolomite as 38-62%, and magnesite as 100% (however measurements 

falling above the dolomite range are thought to be magnesite with small amounts of the 

neighbouring Mg-calcite or dolomite). Samples were carbon coated and mounted using carbon 

tape.  

 

SEM to examine cell size and density banding 

 

To determine the presence of banding in the P. onkodes skeleton, due to changes in cell size and 

skeletal density SEM was used. SEM was carried out at ANU (Centre for Advanced 

Microscopy) using a Hitachi 4300 SE to produce backscatter electron images at a 27.1 mm 

working distance operated at 15.0 kV. SEM-EDS was also carried out (as outlined above) to 

determine elemental composition in these bands.   

 

X-ray Diffraction (XRD) to determine seasonal mineralogy 

 

Powdered XRD analysis (conducted at ANU by Merinda Nash) was used to determine seasonal 

changes in mol% MgCO3 of the P. onkodes skeleton from four of the five sample seasons (Table 

9). Pigmented tissue was scraped from the surface of the sample (no white crust was included) 

ground into a powder by hand using mortar and pestle, and scanned and analysed following the 

methods outlined in Nash et al. (2013). This method uses the asymmetry off the right side 

(higher 2-theta) of the Mg-calcite XRD peak to detect dolomite. A shoulder off the higher 2-theta 



 
 

83 
 

side of the peak indicates that magnesite (MgCO3) is also present. This asymmetry and shoulder 

is captured with the asymmetry mol% measurement. The asymmetry mol% is used to compare 

for differences in relative dolomite and magnesite quantities.  

 

Results 

UV images to examine conceptacle banding 

 

As outlined in Chapter 3, alizarin staining was successfully used to determine seasonal and 

annual growth of P. onkodes. The alizarin mark pinpointed the area of growth in the skeleton that 

formed during a particular season, allowing for the determination of exact time period for which 

the formation of conceptacles occurred (Fig. 24). For P. onkodes, conceptacles were 

predominately observed over the summer season (Fig. 22b & Fig. 24), occurring once a year.  

These bands of annual conceptacles were the dominant feature of the P. onkodes skeleton when 

examined under UV light (Fig 22a). Annual growth rates of ~1.38 (± 0.03) mm year-1, 

determined by the alizarin stain in Chapter 3, coincided with this conceptacle banding, with the 

distance between the bands of conceptacles equal to the annual growth rate.  
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Figure 24. Long-term sample (OE) viewed under UV light showing five alizarin stains, each 

stain line represents the start of a season, beginning with Spring 2013 the lowest stain mark on 

the skeleton, conceptacles are also present within the summer growth band. 

 

Micro-CT scans to examine density banding 

 

The presence of high and low density banding within the P. onkodes was first investigated using 

X-ray imaging at AIMS (Fig. 25). Although evidence of banding was clearly seen in these 

images produced under X-ray (Fig. 25), the resolution (~200 pixels/inch) was too coarse to 
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clearly define and measure this banding. To obtain clearer images, samples were sent to ANU for 

micro-CT scanning at a resolution of 8 µm. As presented in Figure 26a and c, density banding 

was clearly evident and well defined in the P. onkodes skeleton under micro-CT scanning. Under 

this high resolution scanning, conceptacles could also be observed in the skeleton, and the 

thickness of the bands and distance between banding could be measured. From these images and 

measurements it was also observed that changes in skeletal density appeared to coincide with 

conceptacle bands in the skeleton (Fig 26b), where conceptacles are usually present in the high 

density bands. Additionally, density banding in the long-term sample coincided with the banding 

displaying in the QEMSCAN from changes of mol% MgCO3.  

 

 

Figure 25. Low resolution X-ray image of Porolithon onkodes sample PK taken at AIMS 

indicating banding. 
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Figure 26. Three images of the same Porolithon onkodes sample (PK) showing relationship 

between conceptacle and density banding, arrows indicate areas of a) high density banding (dark 

areas) in 2D micro-CT image; b) conceptacle banding in UV image; c) high density banding in 

3D micro-CT image 

 

Mineralogy mapping to determine Mg-calcite banding 

 

Images of the long-term sample (Table 9) taken with the QEMSCAN revealed bands of changing 

mol% MgCO3 moving from the epithallus down to the base of the skeleton (Fig. 27 and 28). The 

first band, starting at the epithallus to ~300 µm in depth (as shown as Band 1 in Fig. 27), was 

composed of densely calcified high Mg-calcite, with an average of 16 mol% MgCO3. Below this, 

the second band (starting at ~300 µm and running down to ~1430 µm depth) was also dominated 

by high Mg-calcite, however the mineral dolomite was present in this band. Using SEM this 

dolomite (~60 mol% MgCO3) was found to occur in the cell lining and around the edges of 

infilled conceptacles of this high-Mg band. In the third band (starting at ~1430 µm and ending at 

~2860 µm depth) the dominant mineral changed from high Mg-calcite to dolomite with ~60 

Mg%. Although difficult to image with SEM (due to damage caused by QEMSCAN) this 

increase in dolomite may be due to thicker cell linings containing dolomite within this band. The 

fourth and final band of mineralogy (starting at ~2860 µm and running down to the bottom of the 

skeleton) contained high Mg-calcite, dolomite and small quantities of the magnesite mineral, 

identified as >80 mol% MgCO3 using SEM spot analyses. 
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Figure 27. Mineralogical mapping using QEMSCAN showing four bands (labelled on right side 

of image) of dominant mineral changes. Conceptacles are indicated by arrows. Black lines 

indicate changes in dominate mineral 
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Figure 28. Individual QEMSCAN images of dominant mineral compositions a) Mg-calcite; b) 

Dolomite; c) Magnesium mineral 

 

SEM to examine CaCO3 carbonate and cell size banding 

 

SEM analysis of seasonal P. onkodes samples did not reveal the obvious banding pattern in the 

skeleton (Fig. 29), as seen in many other species that result from changes in cell size between 

summer and winter seasons or from seasonal variations in Mg-calcite composition (Fig. 21). 

Changes in cell size and density were observed in the skeleton, however these were small areas 

of long, less densely calcified cells that were probably rapidly growing (Freiwald & Henrich 

1994, Kamenos & Law 2010), as shown in Figure 29. 
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Figure 29. SEM of Porolithon onkodes cross-section showing no regular banding patterns (from 

changes in cell size) as seen in other coralline algae samples (e.g. shown in Figure 21). Vertical 
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arrows indicate areas of higher density within the conceptacle band, horizontal arrow indicates 

conceptacle 

 

X-ray Diffraction (XRD) to determine seasonal mineralogy 

 

XRD analysis carried out on the pigmented surface tissue of P. onkodes from four (of the five) 

climatic seasons (spring 2013 – summer 2014) found seasonal changes in the mol% MgCO3 (Fig. 

30). Average mol% MgCO3 was highest in summer, 15.2 ± 0.2, with similar values in spring 

14.4 ± 0.4 and autumn 14.3 ± 0.8, and lowest values in winter with an average of 13.2 ± 0.4. 

Using a one-way ANOVA and Tukey tests (SPSS), this difference between summer and winter 

mol% MgCO3 was found to be significantly different (f = 104.962, p <0.001). 

 

 

Figure 30. Seasonal mol% Mg from XRD analysis. Values are means ± SD, n = 5 
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Discussion 

 

This is the first study documenting the presence of growth and conceptacle bands in the most 

important reef-building CCA of the GBR using a variety of skeletal and mineralogical 

techniques.  UV imaging, X-rays, micro-CT scans, and mineralogy profiles provided strong 

evidence of the presence of skeletal bands that are related with the environmental climatic 

seasonality to which the CCAs are exposed. Skeletal bands can be used to determine rates of 

growth, reproductive periodicity and mineralogical variation. Importantly, calibration of these 

bands with the known seasonal variability will allow a better understanding of the potential 

effects of the environmental changes projected for the future on the growth and calcification of 

important reef building coralline algae. 

 

UV images to examine conceptacle banding  

 

Conceptacle banding was highly visible and uniform in the P. onkodes skeleton, displaying great 

potential for use as a proxy in the determination of past and present growth rates in tropical 

coralline algae. As little information is available regarding reproductive cycles of coralline algae 

on the GBR, before growth rate could be determined using this conceptacle banding, the 

frequency at which the banding occurs first needed to be established. The frequency of 

conceptacle formation in the P. onkodes skeleton was successfully determined using alizarin 

staining. By marking each season with alizarin it was observed that P. onkodes produce 

conceptacles once a year, predominantly during the summer season. The measured distance 

between this banding gave an annual growth rate of ~1.4 mm year-1, and the number of bands in 

the skeleton indicated the age of the organism.  The period of time and growth that occurred 

before the earliest set of conceptacles formed is unknown. However, P. onkodes have been 
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observed to start producing conceptacles within three months of settlement (as observed and 

illustrated in Ordonez et al. 2014, image S.2 B), therefore it is likely reproduction starts during 

the first summer after settlement.  

 

With the periodicity of conceptacle banding in the P. onkodes skeleton established, this 

inexpensive and efficient method for determining growth rate using conceptacle banding can be 

applied to determine the growth rate of P. onkodes at different spatial scales across the GBR. For 

example Figure 31 presents a P. onkodes sample collected on the southern GBR, this image 

shows four clearly distinguishable conceptacle bands in the crust representing four years growth. 

The distance between the conceptacle banding gives a growth rate of ~1.4 mm year-1 and the 

relatively uniform banding indicated this growth rate was consistent over the past four years and 

that reproduction occurred annually without disruption.  

 

Figure 31. UV image of Porolithon onkodes showing four bands of conceptacles indicating age 

and growth rates of the sample. 
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Density and cell size banding 

 

Seasonal banding, often used for calibrating growth rate and caused by changes in cell length and 

density (Blake & Maggs 2003) was not evident in the P. onkodes skeleton under SEM analysis 

(Fig. 29). Areas of rapid growth, represented by longer less calcified cells were present in the P. 

onkodes crust; however these occurred in small areas such as in the cell regrowth of damaged 

tissue or as in the case of Figure 32, to overgrow the epoxy shading the epithallus, and were not 

consistent across the width of the sample suggesting they are not a response to seasonal 

environmental changes in temperature or light. This lack of banding due to changes in cell size 

and length has also been observed in other studies analysing the skeleton of P. onkodes from the 

GBR using SEM (communications with Merinda Nash at ANU).  
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Figure 32. Long and less calcified cells in Porolithon onkodes skeleton on the top right hand 

corner of image (upper arrow) indicate an area of rapid growth compared to cells beneath this 

(lower arrow), in this sample the rapid growth was to overgrow the epoxy that had covered that 

part of the epithallus 

 

Density banding in the tropical P. onkodes is present however and appears to be strongly related 

to the conceptacle bands, as shown in Figure 26. In this figure, the three images of the same 

sample show areas of high density banding associated with the presence of conceptacles (in the 

high density bands) and areas of low density banding in areas where conceptacles were absent. 
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While further analysis is needed to determine the cause of these areas of higher density within 

the conceptacle bands, it may be due to the infilling of aragonite and dolomite into the 

conceptacle cavities, as shown in Figure 29 (Nash et al. 2011, Diaz-Pulido et al. 2014). 

Additionally the density may be influenced from the cells surrounding the conceptacle cavity 

that have become compressed during the conceptacle formation, or as shown in Figure 29, from 

more densely calcified cells that appear within the conceptacle banding area.  

In species where traditional methods such as Mg-calcite ratios or changes in cell size and density 

are not well defined, conceptacle banding under UV light may prove to be an efficient and cost 

effective method of establishing coralline growth information. 

 

Mineralogy mapping to determine Mg-calcite banding.  

 

Mineralogy maps of P. onkodes using the QEMSCAN revealed bands in the skeleton resulting 

from changes in Mg intensity (Fig. 27 and 28). To confirm changes in the elemental composition 

within each of these identified bands, SEM-EDS analysis was applied. The top band (Fig. 27) of 

pigmented tissue at the surface (epithallus) of the skeleton revealed a mol% MgCO3 consistent 

with that found in the seasonal XRD analysis of 13-15%. This epithallus band of new growth 

contained very little or no dolomite (Fig. 28), a finding consistent with Diaz-Pulido et al. (2014) 

and Nash et al. (2015), who both reported dolomite mainly in the bulk part of the skeleton 

(lacking pigmented algal tissue). Below this, a band of purely high Mg-calcite (Band 2) begins, 

distinguished from ‘Band 1’ by the presence of dolomite. ‘Band 3’ was an area dominated by the 

dolomite mineral, and ‘Band 4’ was distinguished by the appearance of the mineral magnesite. 

The increasing presence of the minerals dolomite and magnesite  from the surface down to the 

base of the skeleton has also been reported in P. onkodes from the GBR by Nash et al. (2011) but 
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has not been observed under SEM analysis in any samples since. The formation of these minerals 

may be associated with dissolution and remineralisation of the skeleton base. Using QEMSCAN 

to map changes in mineral intensities of the coralline algae skeleton is a new method of 

examining banding and, due to the cost and time constraints in this study, only one (long-term) 

sample was used as a trial in this investigation (Table 9). The long-term sample used provided 

highly visual and easily recognisable images of banding that occurs in the coralline skeleton due 

to slight changes in the mineralogical composition. Skeletal banding in this long-term sample 

was not obvious when viewed under the more widely used SEM analysis, illustrating the 

potential application of the QEMSCAN method as another avenue from which to examine 

banding in the coralline algae skeleton.  

 

X-ray Diffraction (XRD) to determine seasonal mineralogy 

 

Seasonal variation in the mineral composition of P. onkodes from the GBR was observed in our 

study, with the lowest mol% MgCO3 recorded in winter, and the highest in summer at 13.2 and 

15.2 mol% MgCO3, respectively. This relationship between Mg-calcite composition and 

seasonal changes in seawater temperature has been reported in many coralline mineralogy 

studies worldwide (particularly in the higher latitudes), and found to be a useful proxy for 

determining growth rates and palaeoenvironmental records (Chave & Wheeler 1965, Halfar et al. 

2000, Kamenos et al. 2008, Kamenos & Law 2010, Darrenougue et al. 2014). However, although 

seasonal changes in Mg content were observed, unlike studies in higher latitudes (Halfar et al. 

2000, Kamenos et al. 2008), the range of variation in my study was very low. For example, using 

an electron microprobe with spot analyses, Kamenos et al., (2008) reported ranges of mol% 

MgCO3 between 12.9 - 24.6 for Lithothamion glaciale and 14.7–23.8 for Phymatolithon 
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calcareumin in waters off Scotland, and using the same method in the subarctic waters of 

Newfoundland (Canada), Halfar et al.(2000)  also found large variation in mol% MgCO3 ranging 

from 7.7– 18.5 in L. glaciale. The difference in the seasonal range of variation between the cold 

and tropical climate studies may be attributed to the narrow range of seawater temperature 

variability. For example, average seawater temperature varied from 21.8°C – 26.7°C at the study 

site in the southern GBR, while temperate experienced much larger variability in Scotland (7°C – 

16°C) and subarctic Canada (-2°C – 9°C). On the other hand, Moberley (1968) compared the Mg 

content of P. onkodes from the Tuamotu Islands (15.82°S) to P. onkodes in the warmer waters of 

Arno Atoll (Marshall Islands, 7.06°S) with no significant relationship between temperature and 

Mg content. Moberley (1968) pointed out that Mg incorporation was more related to growth 

rates of P. onkodes rather than temperature. My study demonstrated that Mg concentration (and 

presumably incorporation) was higher in the season of higher average temperature, but did not 

coincide with the period of maximum vertical growth which occurred in spring (Chapter 3). 

Further experimental studies are needed to identify the drivers governing Mg incorporation and 

growth of tropical CCA. 

 

The use of different techniques to determine mol% MgCO3 may also be a source of variability 

which may affect the comparisons between studies. For example, when comparing 

measurements from XRD and SEM-EDS analysis Nash et al. (2013) reported 17.15 mol% 

MgCO3 from the XRD and 15-23 mol%MgCO3 from the SEM-EDS. In a separate study Nash et 

al. (2011) observed an average composition of 16.78 mol% MgCO3 using XRD and a range of 

22.60 – 33.70 mol% MgCO3 using ICP-AES (Inductively coupled plasma – atomic emission 

spectroscopy), highlighting the difficulty in comparing measurements between studies using 
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different methods. The studies in Scotland and Canada also differed using the electron 

microprobe technique. Further, Kamenos et al. (2008) also suggested interspecific variability of 

Mg incorporation into the calcite skeleton may be a contributing factor to variations in 

measurements across studies.  

 

Conclusions 

 

My study has demonstrated that skeletal banding does exist in the tropical encrusting coralline 

algae species P. onkodes, and that this banding can be utilised to provide baseline information on 

mineralogical, growth and reproductive cycles of corallines on the GBR. Seasonal changes in 

mol % MgCO3 were confirmed and appear to follow previously reported variations with the 

highest mol% MgCO3 occurring over summer, and the lowest during the colder winter months. 

The reproductive cycle was successfully calibrated with the alizarin stain and showed 

conceptacle banding occurred once a year during the summer period, and that this banding may 

be a useful proxy for the determination of growth rate of P. onkodes in other areas of the GBR. 

Micro-CT scanning provided images of very clear density banding within the coralline algae 

skeleton that appears to be related to the reproductive cycle. This density can also be used to 

obtain growth rates and age by measuring the distance between bands of less and more densely 

calcified cells. Despite the limited sample size used in the mineralogical mapping, this method 

produced images of highly visible banding indicating it also has potential for use in future 

studies of coralline mineralogy, particularly in identifying changes in mineral composition that 

may not be so obvious using SEM analysis. Applying all these techniques to older P. onkodes 

samples, may also provide valuable insights into past calcification and growth rates and their 

variability. This exploratory investigation into the growth, reproductive and mineralogical cycles 



 
 

100 
 

of a key reef-building species, P. onkodes, contributes to the small but growing body of literature 

focused on the growth, calcification and life history of coralline algae on the GBR. With the rise 

of ocean acidification and warming threatening the health of coral reefs, it is of vital importance 

that more effective and efficient methods of obtaining coralline algae baseline information be 

identified in order to make this information more accessible and available in future studies. 
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Chapter 5: Physiological responses of the branching coralline algae Lithophyllum 

pygmaeum to increased levels of pCO2, irradiance and nutrients.  

Introduction 

 

Ocean acidification, caused by an increase of anthropogenically produced CO2, is currently 

threatening coral reefs worldwide. Research into the effects of increased pCO2 on key reef-

building species such as coralline algae is imperative to understanding, predicting and 

mitigating the impacts of ocean acidification in the upcoming years. Coralline algae are 

calcifying red algae (Rhodophyta, Corallinaceae) found worldwide from the poles to the 

tropics. With their tolerance to a broad range of light conditions (Littler et al. 1991, Payri & 

Maritorena 2001) coralline algae are amongst the most abundant marine calcifying organisms 

to live in the euphotic zone (Steneck 1986). For example, they cover large areas in shallow 

reef crests in the Caribbean (Adey 1978) and central Pacific (Littler 1973) and have reported 

approximately 20-31% cover in some habitats of the Great Barrier Reef (GBR) (Fabricius & 

De'ath 2001, Dean et al. 2015). Aside from their ubiquitous distribution and high abundance, 

coralline algae play ecologically significant roles in the tropical reef environment (Littler & 

Littler 1984) and have been earmarked as a key indicator species for climate change due to 

their vulnerability to ocean acidification. 

 

The term ‘ocean acidification’ describes a reduction in oceanic pH due to the increased 

absorption of anthropogenically produced CO2 (Raven et al. 2005, Doney et al. 2009). The 

additional pCO2 absorbed in seawater lowers the pH and reduces carbonate ion concentration 

and saturation states by changing the carbonate-bicarbonate ion balance (Feely et al. 2009a, 

Gagliano et al. 2010). This change in seawater carbonate chemistry makes untangling the 

impacts of increased pCO2 on calcifying organisms such as coralline algae difficult, as the 

metabolic processes that are affected by pCO2, such as photosynthesis, respiration or 
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calcification, can themselves change the carbonate chemistry of the seawater (Hurd et al. 

2009). Also, seawater CO2 enrichment may potentially enhance coralline algal growth (or 

gross calcification), as CO2 is a substrate for algal photosynthesis (e.g. as discussed in Roleda 

et al. 2012). On the other hand, coralline algae may also experience reduced net calcification 

under increased pCO2 conditions (Martin & Gattuso 2009, Diaz-Pulido et al. 2012). Further, 

due to their skeletal mineralogy, coralline algae may suffer elevated dissolution rates under 

ocean acidification (Martin & Gattuso 2009, Diaz-Pulido et al. 2012). Unlike corals, or other 

abundant calcifying algae such as the green Halimeda, red coralline algae precipitate a 

skeleton make up of high Mg-calcite, the most soluble form of CaCO3 (Morse et al. 2006, 

Morse et al. 2007, Ries 2011a, Smith et al. 2012), thus making them one of the most 

vulnerable marine calcifying organisms to dissolution and a key indicator species for ocean 

acidification. However, due to the difficulty of measuring the rates of gross calcification in 

coralline algae, it is unclear to discern whether the decline in rates of net calcification is due 

to declines in gross calcification or due to an increase in dissolution rates.  

 

Although increasing pCO2 levels is a threat to marine calcification as an individual factor, 

other environmental variables such as temperature, irradiance and nutrients can also 

negatively affect the growth of coralline algae under elevated conditions (including Bjork et 

al. 1995, Martin & Gattuso 2009, Gao & Zheng 2010). The interaction between elevated 

pCO2 and increased temperature on coralline algae has been explored in various studies 

(Anthony et al. 2008, Martin & Gattuso 2009, Diaz-Pulido et al. 2012, Johnson & Carpenter 

2012), and results indicate this increase in temperature further exacerbates the negative 

effects of increased pCO2. Other key drivers of the photosynthetic processes, such as 

irradiance and nutrients have been little examined in relation to increased pCO2, and their 

interactive effects on coralline algae growth are currently unknown.  
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Coralline algae living in tropical shallow reefs receive high levels of irradiance (Payri & 

Maritorena 2001). The intensity, quality and time of light impact can cause an increase or 

reduction in the rates of coralline photosynthesis and, in turn, the growth and calcification 

rates of the organism (Gattuso et al. 1999, Jodłowska & Latała 2012). As light intensifies 

more chemical energy is created increasing the photosynthetic rate. This increase, however, 

only lasts to a point, after which the photosynthetic rate drops off due to competing forces 

between pCO2 and oxygen. Under low light intensity only a small quantity of chemical 

energy is created by the light dependent reactions decreasing the photosynthetic rate and 

growth. However, excessive light intensity can cause photoinhibition of photosynthesis 

(Hader et al. 2011), which results in a reduction of photosynthetic capacity through damage 

to the photosystem II (PSII) and decreasing electron transfer activity, resulting in the 

redirection of energy to cellular repair mechanisms and away from growth (Hurd et al. 2009). 

The impacts of increased irradiance on coralline algae growth when coupled with other 

stressors such as pCO2 are largely unknown, however a study by Gao and Zheng (2010) 

investigating this interaction reported a reduction in growth of the articulated coralline alga 

Corallina sessilis under increased light levels by 47%. The effects of increased irradiance on 

coralline algae growth when coupled with elevated nutrient and pCO2 conditions on coralline 

algae is yet to be investigated, but may provide important insights into the impacts future 

climate conditions may have on the coralline algae, particularly in inshore regions frequently 

exposed to flood plumes. 

 

Nutrient inputs (particularly nitrogen and phosphate) have increased in coastal environments 

worldwide as a result of population growth, agricultural run-off, dredging and industrial 

development (Baldwin 1990, Fabricius 2005, Teichberg et al. 2010).  Little information is 

available on the effects of nutrient enrichment on coralline algal growth, most studies on this 
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issue have been conducted on the impacts on calcification and abundance, and results from 

these studies have reported mixed responses.  For example, Bjork et al. (1995), Simkiss 

(1964), Brown et al. (1977), and Kinsey and Davies (1979) found phosphate significantly 

decreases growth and calcification in coralline algae, attributing the decrease in calcification 

to the interference of phosphate on biological precipitation of CaCO3, caused by phosphate 

settling on the surface of the crystal and inhibiting the continued formation of the crystalline 

(CaCO3) lattice and calcite precipitation (Bachra et al. 1963, Simkiss 1964). On the other 

hand, Miller et al. (1999) found no effect of increased nutrient enrichment on coralline algae 

abundance or calcification, and Smith et al. (2004), reported an increase in abundance and 

calcification under elevated nutrient conditions. Water quality is currently one of the main 

threats to the health of many coral reefs around the world (e.g. Lapointe 1997, Littler & 

Littler 2007), particularly in the GBR (Fabricius et al. 2005, GBRMPA 2016). Information on 

the effect nutrient enrichment has on coralline algal growth is needed to better predict the 

responses in growth from future increased land-based run off and flooding events (e.g. 

Fabricius & De'ath 2001).   

 

Understanding the impacts of rising pCO2 and its interaction with other key photosynthetic 

drivers such as irradiance and nutrient levels is fundamental to developing reliable 

predictions on how coralline algae will respond to future climate change and ocean 

acidification conditions. With this in mind, the aim of this study was to examine the 

individual and interactive effects of increased pCO2, nutrients and irradiance on the rates of 

growth and algal metabolism (rates of oxygen production and consumption) of the abundant 

branching coralline algae Lithophyllum pygmaeum. I hypothesise that elevated levels of pCO2 

and irradiance will increase growth, however this enhancement may be inhibited when 

combined with elevated nutrient conditions. 
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Materials and Methods  

Experimental set-up and sample collection 

 

The branching Lithophyllum pygmaeum (Heydrich) Heydrich was selected as the study 

species in this experiment due to its high abundance and importance as a habitat provider on 

the GBR. It also has a growth rate high enough to allow for vertical growth measurements 

after a one month period which was essential for this short term study. Samples of the 

abundant branching coralline algae Lithophyllum pygmaeum (Heydrich) Heydrich (as shown 

in Figure 2. of Chapter 2) were collected in June 2015 at ~4 m depth using a hammer and 

chisel from the Tenements 1 site (23º26’00.4 S, 151º55’41.3 E) at Heron Island on the 

southern GBR. Once collected, samples were taken back to the Heron Island Research 

Station and held in an outdoor flow-through aquarium system. Samples were then cleaned of 

epiphytes, cut into fragments of 3-5 branches, and transported to a re-circulating seawater 

aquarium system based at Nathan Campus Griffith University in Brisbane. Before beginning 

the experiment all samples were stained using calcein (Sigma-Aldrich, CAS 1461-15-0) at 

100 mg/L-1 for 3 hrs (determined to be an effective method in Chapter 2). After staining, 

excess calcein was rinsed off and samples were randomly allocated to one of forty-eight 

experimental tanks (Fig. 33) 
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Figure 33. Experimental set-up based at Griffith University testing the growth response of L. 

pygmaeum exposed to elevated levels of pCO2, irradiance and nutrients.  

 

Experimental set-up, treatments and monitoring 

 

This laboratory experiment based at Nathan campus ran from the 20th of June to the 20th July 

2015. Seawater collected on an incoming high tide from the Gold Coast seaway (27°56’ 05.3 

S, 153°26’ 01.3 E) was pumped into six 200 L sumps. Each sump contained a circulation 

pump, heater and out-flow pump that supplied seawater to eight 50 L experimental tanks at a 
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flow rate of 1 L/min, which was then recirculated back to the sump. Three pCO2 levels, 

Control (pH 7.90 - 8.18, pCO2  = 130 – 465 ppm, ambient), Medium (pH 7.85 – 7.95, pCO2  

= 520 – 700 ppm, mid-century) and High (pH 7.60 – 7.70, pCO2  = 1000 – 1300 ppm, late 

century – early 22nd century) were selected based on the  representative concentration 

pathways 8.5 (RCP8.5) scenario of the Intergovernmental Panel on Climate Change (IPCC) 

for CO2 stabilisation scenarios (IPCC 2014b) and followed the standard protocols for ocean 

acidification research as outlined by Gattuso et al. (2010). The three pCO2 concentrations 

were continuously monitored (every 30 sec) using temperature-compensated pH electrodes 

(Mettler-Toledo, inPro4501VP), and adjusted using computer-operated (Aquatronica-AEB 

Technologies) solenoid valves that bubbled pure CO2 into the sump when necessary to 

maintain treatment concentrations. The pH electrodes were calibrated once a day using 

Mettler-Toledo NBS/NIST primary standard buffer solutions to 0.01 pH units.  

 

The three pCO2 levels (Control, Medium and High), assigned to two sumps each, were then 

divided into Control or High nutrient levels. Ambient nutrient concentrations of seawater 

collected from Gold Coast seaway and used as the Control were 1.4 (±0.2) µM ammonium, 

and 0.2 (±0.01) µM phosphate. The nutrient concentrations aimed for in the High treatment 

were 8.0 µM ammonium and 1.6 µM phosphate, which are within concentration limits taken 

from the GBR lagoon during flood plumes (Devlin et al. 2001). Nutrient concentrations in 

each of the six sumps were analysed daily following the protocol outlined by Parsons et al. 

(1984); for ammonia assay (Chapter 1.4: Determination of Ammonia; Alternative Method), 

and phosphate assay (Chapter 1.6: Determination of Phosphate). Sumps were spiked with 

KH2PO4 and NH4Cl in both Control and High when levels were exhausted, approximately 

every 5 days. A 50% water change was carried out halfway through the experiment. 
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Experimental seawater was constantly circulated between treatment sumps and experimental 

tanks. 

 

Irradiance treatment had two levels: Low (40-50 μmol quanta m-2 s-1) and High (160-170 

μmol quanta m-2 s-1). Light levels were based on measurements taken during the time of 

collection from shaded and exposed areas of the reef using a Waltz Diving-PAM. Irradiance 

levels in the reef where the samples were collected ranged from 40 – 180 μmol quanta m-2 s-1. 

Light was provided by Aqua Medic metal halide Oceanlight Plus with a 1 x 150w Aqualine 

10k globe and 2 x 24w ‘Reef Blue’ T5 fluorescent globes at a 10 hr light:14 hr dark 

photoperiod to correspond with in situ light availability (winter season). One light covered 

four tanks with the two high irradiance treatments directly under the light and the two low 

irradiance treatments situated on the outside of these two high irradiance tanks. Light levels 

were monitored using a Walz diving PAM. Each of the twelve treatments (3 x pCO2 + 2 x 

nutrient + 2 x irradiance) had four replicates tanks (n = 4), each with five coralline algae 

individuals. The experimental design for this study is outlined in Figure 34.  
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Figure 34. Experimental design to determine the effects of increased pCO2, nutrients and 

irradiance on growth rate of Lithophyllum pygmaeum. 

 

Water quality parameters 

 

Temperature in all tanks was kept at a constant 23.5°C throughout the experiment to 

correspond with in situ seawater temperature at the collection site. Aquarium heaters (Eheim 

Jager 50 w) were positioned inside each experimental tank and sump (Aqua One 300 w) to 
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maintain temperature. Salinity was monitored daily and maintained at a constant 34 ppt, as 

recorded in the fresh seawater collected from the Gold Coast seaway. Deionised water was 

added to sumps when needed to maintain salinity levels. Temperature, salinity, and pH were 

monitored daily using both the Aquatronic system and Mettler Toledo SevenGo Duo Pro pH 

and conductivity meters. Samples for total alkalinity measurements were taken twice over the 

four week experiment on the 7th and 17th of July. Samples were collected every 6 hrs over a 

24 hr period from each treatment. Total alkalinity replicates within a sample were measured 

using Gran titration until a maximum 1% error was met, using a titrator (T50, Mettler-

Toledo, Langacher, Switzerland). Saturation state of seawater with respect to high-Mg calcite 

was calculated for a 16.8 mol% MgCO3, following protocol described in Diaz-Pulido et al. 

(2012).  Information on the carbonate chemistry in the experimental treatments is provided in 

Table 10. 
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Water parameters 

 

Table 10.  Seawater carbonate chemistry under the various treatments 

Treatment pH 
TA  

(µmol kg-1) 

pCO2 

(µatm) 

HCO3
-     

(µmol kg-1) 

CO3
2-      

(µmol kg-1) 
Ω Calcite 

Ω 

Aragonite 

NH4
+ 

(µmol/L-1) 

PO4
3- 

(µmol/L-1) 

CC & LN 8.04 ± 0.003 2476 ± 20 431 ± 6 1958 ± 15 208 ± 3 5.00 ± 0.07 3.14 ± 0.04 7.7 ± 0.5 0.1 ± 0.02 

CC & HN 8.07 ± 0.002 2435 ± 17 384 ± 4 1897 ± 16 216 ± 1 5.19 ± 0.04 3.26 ± 0.02 8.7 ± 0.6 1.6 ± 0.2 

MC & LN 7.88 ± 0.003 2459 ± 19 652 ± 9 2072 ± 17 155 ± 2 3.7 ± 0.04 2.33 ± 0.02 7.2 ± 0.4 0.1 ± 0.02 

MC & HN 7.88 ± 0.003 2458 ± 19 650 ± 7 2076 ± 17 154 ± 2 3.69 ± 0.04 2.32 ± 0.03 8.6 ± 0.4 1.4 ± 0.2 

HC & LN 7.68 ± 0.004 2466 ± 18 1107 ± 11 2214 ± 16 101 ± 1 2.41 ± 0.03 1.52 ± 0.02 7.7 ± 0.4 0.1 ± 0.02 

HC &HN 7.68 ± 0.005 2411 ± 19 1091 ± 10 2166 ± 16 97 ± 1 2.34 ± 0.03 1.47 ± 0.02 7.9 ± 0.4 1.6 ± 0.2 
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Response Variables – Growth, Respiration and Photosynthetic parameters 

Growth 

 

Growth rate was determined by measuring the distance from the calcein mark to the tip of the 

branch (as described in Chapters 2 & 3). Samples were prepared for measurement by cutting 

the branch tips off fragment sub samples (5 subsamples) in each of the four experimental 

tanks (n = >5), embedding the branch tips in a cast (Barnes Forton MG), and cross-sectioning 

them using a belt sander. Detection and measurement of the calcein stain was performed 

under fluorescence microscopy using an Olympus BX51 fluorescence microscope, as 

outlined in Chapter 2. 

Respirometry 

 

On the last day of the four week experiment, rates of net oxygen production and consumption 

(respirometry) were measured on samples from each of the 12 treatments. Net productivity 

(Pnet), dark respiration (Rdark) and light-enhanced dark respiration (LEDR) were all recorded. 

Samples were dark-acclimated for at least one hour before being placed into 82 ml acrylic 

incubation chambers filled with 0.45 μm filtered seawater from the corresponding treatment. 

After dark-acclimation measurements were taken for 10mins to record Rdark. The Aqua Medic 

light was then turned on (pre-adjusted to each irradiance treatment) and 10 mins of Pnet was 

recorded. Following this the light was again turned off and LEDR was immediately measured 

for 15 min. This protocol followed that described in Bender et al. (2015). Changes in 

dissolved oxygen were recorded during these incubations with oxygen optodes connected to 

Oxy – 10 mini system (PreSens, Regensburg, Germany). Temperature was regulated using a 

water bath that circulated water around the incubation chambers at 23.5°C. Incubation 

chambers were positioned on magnetic stirrers to circulate water within the chamber and 

irradiance levels used for Pnet were identical to the Low and High irradiance treatment used in 
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the four week experiment. Respirometry rates were normalised to the wet weight of the 

sample.  

 

Maximum Quantum Yield 

 

To complement the respirometry measurements, additional photosynthetic parameters were 

measured using a Diving PAM fluorometer (Walz, Germany) to determine changes in 

photochemical efficiency under the different experimental conditions. Three samples were 

measured from each tank to give a replicate number for each treatment of nine. Maximum 

quantum yield of PSII (Fv/Fm) was determined after >1 hr dark adaptation (PAM settings - 

measuring intensity 8, saturation intensity 8, damp 2, gain 1-3). 

Statistical Analysis 

 

To determine significant differences in growth, and algal metabolism under the different 

treatments, three-way ANOVAs were carried out. The fixed factors in this analysis were 

pCO2, irradiance and nutrients, and fragments as replicates, with rates of growth, Pnet, Rdark, 

LEDR and Fv/Fm as the dependent variables. Data normality and homogeneity of variance 

were tested using Shapiro-Wilk and Cochran’s tests respectively. When further breakdown of 

the three-way ANOVA was required due to significant interactions between factors, two and 

one-way ANOVAs were also performed followed by post hoc Tukey’s test for comparisons. 

Linear regression analysis was used to explore the relationship between vertical growth, 

respirometry and photosynthetic responses to the increase in pCO2, nutrients and light. 
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Results  

Vertical Growth 

 

Results from the three-way ANOVA showed a significant interaction between factors pCO2, 

nutrients and light on vertical growth (f = 8.265, p = 0.001). Subsequent one-way analyses 

conducted within treatment combinations revealed that pCO2 and irradiance manipulations 

significantly affected vertical growth rates (Table 11, Fig. 35). L. pygmaeum grew 79% more 

in the high pCO2 treatment level than in the low pCO2 level (Fig. 35), and this effect was 

particularly clear under the combination of low nutrient concentrations and high light. 

Vertical growth also increased under high irradiance by up to 47%, a pattern consistent across 

all pCO2 and nutrient treatments. While nutrient manipulations did not affect growth as a 

single factor, when interacting with increased irradiance, growth in low nutrient treatments 

was greater than in the high nutrient treatments across all pCO2 treatments (Fig.35, Table 11)  
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Figure 35. Effects of pCO2, irradiance and nutrient treatments on vertical growth of 

Lithophyllum pygmaeum. Increasing pCO2 and high irradiance had a positive effect on growth 

whereas growth as inhibited under elevated nutrients. 

Net Productivity, Respiration and LEDR 

 

Results from the three-way ANOVA demonstrate a significant interaction between pCO2, 

irradiance and nutrients on Pnet (f = 6.119, p = 0.005, Table 11, Fig. 36). Further analysis 

using one-way and two-way ANOVAs revealed irradiance had a significant effect on Pnet 

(Table 11). Under the high irradiance treatment level Pnet was 48% greater than in the low 

irradiance level (Fig. 36). No significant interactions were found between any factors using 

two-way analysis.  

No significant interactions were found between the three factors pCO2, nutrients and light in 

the dark respiration (f = 1.825, p = 0.176, Table 11, Fig. 37). However, a significant two-way 

interaction was found between light and nutrients (f = 6.502, p = 0.014). As LEDR was lower 

than Rdark, no further analysis was carried out on LEDR. 
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Figure 36. Effects of pCO2, irradiance and nutrient treatments net productivity. Irradiance 

levels had a significant effect on Pnet with up to 48% higher growth in the high irradiance 

treatments 
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Figure 37. Effects of pCO2, irradiance and nutrient treatments on dark respiration. A two-

way ANOVA showed an interaction between the factors irradiance and nutrients.
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Table 11. Effects of pCO2, irradiance and light on vertical growth of Lithophyllum 

pygmaeum 

Source of Variation Df F P Conclusion – Tukey 

Test 

Vertical Growth     

pCO2 2 18.273 LN & LI = 0.001 CC < MC < HC 

   LN & HI = <0.001 CC < MC < HC 

   HN & LI = <0.001 CC < MC < HC 

   HN & HI = <0.001 CC < MC < HC 

Irradiance 1 20.892 HN & CC = 0.009 LL < HL 

   LN & MC = <0.001 LL < HL 

   LN & HC  = <0.001 LL < HL 

   HN & HC  = 0.020 LL < HL 

Nutrients 1 1.461 0.233 Ns 

pCO2*Irradiance 2 2.157 0.128 Ns 

pCO2*Nutrients 2 0.017 0.983 Ns 

Irradiance*Nutrients 2 2.810 0.101 Ns 

pCO2*Irradiance*Nutrients 2 8.265 0.001  

Error 36    

     

Photosynthesis     

pCO2 2 0.710 0.497 Ns 

Irradiance 1 21.323 HN & CC  = 0.001 LL<HL 

   HN & MC  = 0.002 LL<HL 

   HN & HC  = 0.055 LL<HL 

Nutrients 1 2.461 0.124 Ns 

pCO2*Irradiance 2 0.595 0.556 Ns 

pCO2*Nutrients 2 1.952 0.155 Ns 

Irradiance*Nutrients 1 0.758 0.389 Ns 

CO2*Irradiance*Nutrients 2 6.119 0.005  

Error 35    

     

Respiration     

pCO2 2 0.134 0.875 Ns 

Irradiance 1 1.660 .206 Ns 

Nutrients 1 0.890 0.352 Ns 

pCO2*Irradiance 2 2.486 .097 Ns 

pCO2*Nutrients 2 0.339 0.714 Ns 

Irradiance*Nutrients 1 6.734 LN & LL = 0.038 CC < MC 

pCO2*Irradiance*Nutrients 2 1.825 0.176 Ns 

Error 36    

     

Fv/Fm     

pCO2 2 7.361 0.002 MC < HC < CC 

Irradiance 1 16.085 <0.001 CL > HL 

Nutrients 1 0.002 .965  

pCO2*Irradiance 2 1.595 0.217  

pCO2*Nutrients 2 0.130 .879  

Irradiance*Nutrients 1 .469 .498  

pCO2*Irradiance*Nutrients 2 .121 .886  

Error 36    
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Photosynthetic parameters 

 

Three-way ANOVAs using pCO2, nutrients and light did not reveal significant interactions 

between these three factors in Fv/Fm  (f = 0.121, p = 0.886, Table 11, Fig. 38), therefore the 

main effect of each factor can be interpreted directly from the 3-way ANOVA. This showed 

that pCO2 significantly affects Fv/Fm, with algae exposed to the medium pCO2  level showing 

lower values compared to control (f = 7.361, p = 0.002) increased irradiance reduced Fv/Fm 

(f = 16.085, p = <0.001) and this trend was consistent across pCO2  and nutrient levels.   

 

 

Figure 38. Effects of pCO2, irradiance and nutrient treatments on Fv/Fm showing reduced 

ratios under high irradiance level treatments and medium pCO2 treatment 
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Relationships between response variables 

 

Linear regression analysis showed a positive relationship between growth and net 

productivity (R = 0.396, R2 = 0.157, f = 8.375, p = 0.006). This relationship appears to be in 

response to the irradiance and nutrient treatments with both variables a positive response to 

the high light level treatment, but a negative response to increased nutrients when combined 

with high light levels. Vertical growth and Fv/Fm were found to be negatively related (R = 

0.460, R2 = 0.212, f = 12.374, p = 0.001). This negative relationship appears to be connected 

to pCO2 levels, with increasing pCO2 levels positively effecting growth, but negatively 

effecting photosynthetic efficiency. Irradiance levels also appear to be negatively related 

between growth and Fv/Fm, with high light treatments positively effecting growth, but 

negatively effecting Fv/Fm. 

 

Figure 39. Relationship between response variables vertical growth and net photosynthesis 

under pCO2, irradiance and nutrient treatments 
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Figure 40. Relationship between response variables vertical growth and Fv/Fm under pCO2, 

irradiance and nutrient treatments 

 

Discussion  

Effects of pCO2 

 

In this four week laboratory experiment, growth rate of the branching coralline algae L. 

pygmaeum was significantly enhanced under high pCO2. This study is the first to report a 

positive response in growth to elevated pCO2 conditions using these linear extension 

methods. Although non-calcifying algae often report an increase in growth as a function of 

increased pCO2 (Kubler et al. 1999, Hall-Spencer et al. 2008), growth studies on coralline 

algae using linear extension of the crust have reported decreases in extension rates 

(Ragazzola et al. 2012, Ragazzola et al. 2013) or space occupation (Kuffner et al. 2008, 

James et al. 2013). Interference in cell division rates under elevated pCO2  has been 

suggested as the cause of this declined growth (Ragazzola et al. 2012). While other studies 

have looked at coralline algae growth response to pCO2 using changes in weight (such as Ries 

et al. 2009, Gao & Zheng 2010, Hofmann et al. 2012, Padilla-Gamiño et al. 2016), this 
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method does not separate growth from calcification and so are not included in this discussion. 

Studies on growth under ocean acidification conditions are severely limited in number and 

varying results on the more thoroughly researched calcification and photosynthesis variables 

have found the effects of ocean acidification to be largely species specific (as reviewed in 

Martin et al. 2013) suggesting this positive response in growth may become increasingly 

common with the more species studied. 

 

Although elevated pCO2 resulted in a significant increase in growth of L. pygmaeum during 

our study, it did not produce a significant increase in net photosynthesis. This lack of 

photosynthetic response to elevated pCO2 in coralline algae has also been demonstrated in 

studies by Noisette et al. (2013), Johnson et al., (2014), Pandilla-Gamino et al. (2016), and 

Comeau et al. (2016), who found no photosynthetic response in seven different coralline 

species exposed to elevated levels of pCO2 up to 2000 µatm. The absence of either a positive 

or negative response in photosynthetic rates to an increase in pCO2 has been attributed to 

acclimation in longer studies (Martin & Gattuso 2009, Ragazzola et al. 2013), and the 

presence of carbon concentrating mechanisms in some coralline algae species, allowing the 

alga to convert HCO3
- in CO2 in order to counteract limited availability of CO2 (Giordano et 

al. 2005). 

While the responses of growth and photosynthesis in this study under increased pCO2 are not 

unusual when considered individually, it was unexpected to find an increase in growth 

without a corresponding increase in photosynthetic rate.  It is difficult to discern the exact 

cause for this uncoupling of photosynthesis and growth under the high pCO2 treatment, as the 

relationship between photosynthesis, growth and calcification in marine calcifying organisms 

is not well understood. However, it is possible that at the high pCO2 concentrations, the 

photosynthetic assimilation of carbon has exceeded levels needed for maximum growth when 
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combined with the levels of irradiance and/or nutrients available. This excess pCO2 may have 

instead been respired, excreted, stored or diverted to various cellular functions (Dubinsky & 

Berman-Frank 2001) such as photo-protection or cellular repair.  

 

Effects of Irradiance 

 

Light intensity is critical to growth rate (Adey 1970, Ichiki et al. 2000) and in the current 

study the increase in irradiance was found to have significant positive effects on growth, 

photosynthesis, respiration, both interactively and individually. The response of coralline 

algae growth and photosynthesis under high light levels will vary depending on the light 

environment the sample species was collected from, and light levels they were adapted to. 

Positive response to increased light levels in growth and photosynthesis has been observed in 

many previous studies (including Goreau 1963, Ichiki et al. 2000, Martin et al. 2013, Comeau 

et al. 2014), while other studies have reported negative responses due to photoinhibition (Gao 

& Zheng 2010).  

 

As a single factor, the high irradiance level used in the study resulted in higher algal growth 

rates for each of the three pCO2 levels, a pattern that was also observed in photosynthesis 

(with the exception of the control treatment). This positive effect of increased irradiance on 

growth was then further enhanced when combined with increased pCO2 levels, but hindered 

under the exposure to high nutrients. These trends clearly demonstrate the importance of 

conducting multi-factorial experiments which help our understanding of the way the different 

factors interact to alter the growth of the individuals. The photosynthetic efficiency 

(measured as maximum quantum yield, Fv/Fm) was negatively affected by high irradiance 

(Fig. 38). High irradiance also exacerbates the negative effects of increased pCO2 on Fv/Fm, 

resulting in lowest yield produced in the high pCO2 + high light treatments (Fig 38). This 
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negative effect of high light combined with high pCO2 has also been observed in studies by 

Hofmann et al. (2014) and Gao and Zheng (2010) and indicate stress to the photosynthetic 

parameters under the elevated pCO2 and irradiance treatments. 

 

Effects of nutrients 

 

Studies carried out on the responses of coralline algae to elevated levels of the nutrients 

ammonia and phosphate has found decreases in abundance, growth, and calcification (Brown 

et al. 1977, Kinsey & Davies 1979, Bjork et al. 1995, Russell et al. 2009). In this study, 

increased nutrient levels resulted in a decrease of both growth and net productivity rates, with 

even further reductions when exposed to low light conditions (Fig. 35 and 36). This negative 

response to increased nutrients has been previously reported in field studies by Brown et al. 

(1977) and Bjork et al. (1995). For example, in Port Phillip Bay (Victoria, Australia) Brown 

et al. (1977) reported a decrease in coralline algae presence in seawater with phosphate levels 

of 2.1 µM, declining until a complete absence of coralline algae under phosphate levels of 4.8 

µM. In accord to this, a study by Bjork et al. (1995) has also reported decreasing coralline 

algae cover with increasing nutrient concentrations off the coast of Tanzania, with further 

reductions in cover observed when coupled with shaded areas. Corresponding laboratory 

studies by Bjork et al. (1995) separating phosphate and ammonia found the reduction in 

growth was caused by reductions in both cell size and cell-wall thickness under increasing 

phosphate levels, no effect however was found on growth from ammonia. Declining water 

quality influenced by land-based runoff is one of the most significant threats to the health of 

the GBR (GBRMPA 2016). For this reason is essential to understand the effects nutrient 

enrichment has on key coralline species and their interactive effects with pCO2 and irradiance 

in order to better understand and predict the response of elevated nutrients on coralline algae 

growth under future climate conditions. 
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Respiration of L. pygmaeum was not significantly affected by the interaction between pCO2, 

light and nutrients and a significant relationship between photosynthesis and respiration was 

not found using regression analysis. There was a significant two-way interaction found 

between light and nutrients, however results show no discernible pattern in either a negative 

or positive direction of response. Respiration in the control and medium pCO2 treatments 

were greatest under high light + high nutrient levels, whereas in the high pCO2 treatment low 

light + low nutrients produced the highest rate (Fig. 37). The response of respiration to ocean 

acidification in coralline algae is poorly understood (Martin et al. 2013). Few studies have 

focused on the effect of coralline algae respiration under elevated pCO2 conditions and those 

that have also found no effect (Semesi et al. 2009, Egilsdottir et al. 2012, Martin et al. 2013, 

Noisette et al. 2013, Comeau et al. 2016). One of two reasons proposed by Zou et al. (2011) 

for increased pCO2 levels not affecting respiration in soft macroalgae is due to elevated 

growth increasing soluble carbohydrate content, which increases respiration rate by providing 

more respiratory substrates. However this does not explain the results in our study as the 

treatments that produced the highest growth did not produce high respiration rates. Further 

studies are required to fully understand the importance of these results and the roles of these 

factors on the dark respiration of coralline algae. 

 

Relationship between response variables 

 

It is widely believed that growth is strongly coupled with photosynthesis (Pentecost 1978, 

Borowitzka 1981, Gao et al. 1993, De Beer & Larkum 2001, Martin et al. 2013) as both 

physiological processes require CO2. However few studies to date have investigated the 

response of these processes together in coralline algae, under future climate change scenarios. 

In this study a positive relationship was found between growth and net photosynthesis, while 
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growth and Fv/Fm, was negatively linked. Although the relationship between growth and 

photosynthesis is usually attributed to pCO2 uptake, in my study the link between growth and 

photosynthetic responses appear to be connected more in the response to light and nutrient 

treatments then pCO2, as the positive response to pCO2 in growth rate was not similarly 

observed in net photosynthesis. Irradiance levels also appear to be negatively related between 

growth and Fv/Fm, with high light treatments positively effecting growth, but negatively 

effecting Fv/Fm. However, in the Fv/Fm response pCO2 was also negatively related, with the 

increasing pCO2 levels positively effecting growth, but negatively effecting photosynthetic 

efficiency. 

The strong influence of irradiance and nutrient levels in photosynthetic efficiency and 

productivity of fleshy macroalgae and cyanobacteria under increased pCO2 levels have been 

highlighted in studies by Kranz et al. (2010), Pierangelini et al. (2014) and Celis-Pla et al. 

(2015). The results of these studies, combined with the outcomes found in my coralline algae 

experiment emphasize the importance of combining other key drivers of photosynthesis, such 

as irradiance and nutrients when investigating the effects of ocean acidification.   

  

Conclusion 

 

Water quality is currently one of the main threats to reef health on the GBR and results from 

this study indicate future increases in these nutrient loads may have a detrimental effect on 

coralline algae growth, this is particularly relevant to inshore reef areas where irradiance 

levels are reduced due to run-off and higher sediment loads. Investigations in how global and 

local stressors combine provides information that can assist local policy and management 

practises in the mitigation of these predicted increased stressors on the GBR.  
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My study demonstrates that the rate of skeletal growth of L. pygmaeum is enhanced under 

elevated pCO2 concentrations, suggesting that ocean acidification may actually benefit 

coralline algae growth. This is at odds with a number of studies that have documented that 

elevated pCO2/reduced pH impairs coralline algal calcification (Anthony et al. 2008, Kuffner 

et al. 2008, Martin & Gattuso 2009, Diaz-Pulido et al. 2012). However, because those studies 

have based their conclusions on measurements of net calcification rates, not gross growth (or 

calcification), it is not possible to discern the relative contributions of the new growth (or new 

calcification) from dissolution of the existing skeleton to net calcification. My study 

illustrates the importance of measuring rates of new growth to understand the nature of the 

effects of ocean acidification on important coral reef building coralline algae.  
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Chapter 6. General Discussion 

The overall aim of this thesis was to address the current information gap concerning 

growth and calcification rates of coralline algae on the Great Barrier Reef (GBR). With 

this in mind I have: 1) identified a more effective and efficient staining method to use 

on coralline algae in tropical reef environments (Chapter 2). 2). I have determined 

seasonal and annual growth and calcification rates of a key reef-building crustose 

coralline algae, including both vertical and marginal growth rates. And identified 

seasonal variation both marginal and vertical growth 3). I have demonstrated growth 

banding can be used as a method to determine growth in tropical coralline algae from 

the GBR. 4). I have demonstrated growth of L. pygmaeum is enhanced under elevated 

pCO2 concentrations, suggesting that ocean acidification may actually benefit coralline 

algae growth. 

 

Effective calcium markers to determine coralline growth 

 

Results from the calcium marker study in Chapter 2 identified alternative markers that 

improve the usability of the commonly used staining method for obtaining growth and 

calcification of rates coralline algae in tropical reef environments. The three markers 

tested (alizarin, calcein and CFW) all demonstrated they can effectively stain both 

branching and encrusting species of coralline algae. However reductions in growth rate, 

particularly in the branching species when exposed to alizarin and CFW, highlight the 

importance of pilot studies to determine toxicity of the marker on a particular study 

species.   

 

The fluorescent marker calcein was the stand out performer in this study, producing 

highly visible and reliable marks in less than 3 hrs with no effects of toxicity. Results 
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from this study also showed the immersion time of alizarin could be reduced down to at 

least 6 hrs, or even potentially lower (6 hrs was the lowest immersion time tested for 

alizarin in this study) without effecting visibility. This demonstrates the 24 hr 

immersion time most commonly used for staining coralline algae with alizarin can be 

significantly reduced when used on some species. CFW demonstrated its potential for 

being an extremely efficient maker producing highly visible marks in less than 10 min. 

Although this fluorescent marker reduced growth in some treatments, further studies at 

lower concentrations may prove successful for its use on coralline algae, and if so this 

would be highly advantageous to future in situ studies in coralline algal growth. 

  

While reducing the immersion time of staining makes the application of calcium 

markers more practical for use in the tropical reef environment, it does not eliminate the 

need for the lengthy in-situ studies, which are necessary in order for coralline algae to 

produce a measureable amount of growth. In tropical regions, particularly in areas such 

as the northern GBR, cyclones are a common occurrence over the warmer months of the 

year. Any long-term in situ experiments based on the reef during cyclone season run the 

risk of being lost. For this reason, in Chapter 4 of this thesis, I also explored alternative 

methods, aside from staining, that may be used to determine the growth of coralline 

algae in tropical reef environments without the need for long-term studies, such as 

skeletal banding. 

 Baseline growth and calcification rates 

 

Chapter 3 of my thesis focused on determining baseline growth and calcification rates 

of the key reef-building crustose coralline algae (CCA) species P. onkodes. This study 

also provided the first investigation in which vertical growth, marginal growth and 

calcification of a coralline species were measured simultaneously on the GBR. Results 
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from this study revealed growth rates comparable to those found in similar tropical reef 

environments such as in Japan and Hawaii. Seasonal variation in the vertical and 

marginal growth rates of P. onkodes was also found. The result of seasonal variation in 

growth in itself was not surprising, as many species of coralline algae report seasonal 

changes in growth rate in response to changing environmental conditions as outlined in 

Chapter 3. However, what was unexpected in this study was: 1) the highest growth rates 

did not occur over the summer season where temperature and irradiance levels were 

highest. 2) The two growth metrics (vertical and marginal) reached their maximum 

growth rates in different seasons, vertical growth showed maximum extension rates in 

the spring season, while marginal growth extension occurred in autumn. 3). Highest 

growth was predominately found under the shaded treatment in both vertical and 

marginal growth metrics.   

 

The divergence in outcomes of this study away from expected results based on previous 

studies in the literature (such as higher growth in warmer summer temperatures and 

under high light conditions) highlights the importance in conducting these seasonal 

growth studies in the GBR and in incorporating both growth metrics as well as 

calcification. The determination of CCA seasonal growth and calcification rate in this 

chapter provide accurate and reliable baseline data from which future climate change 

impacts can be monitored and assessed, and allows for more accurate predictive 

modelling. This baseline and seasonal variation data also provide the information 

needed to better understand the response of CCA growth and calcification rates to 

manipulative experiments on ocean acidification and warming.  
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Skeletal banding in tropical crustose coralline algae 

 

The skeletal banding study in Chapter 4 identified density, mineralogical and 

conceptacle banding in P. onkodes. Using samples from the long-term seasonal growth 

study (Chapter 3), I was able to confirm that P. onkodes formed new conceptacle bands 

once a year, over the summer season. Density banding was also obvious when viewed 

under micro-CT scan and appeared to be linked to the conceptacle bands, with higher 

density found in conjunction with conceptacle banding, and lower density reported in 

areas were conceptacles were absent. With this information I could then determine the 

annual growth of P. onkodes by measuring the distance between conceptacle or density 

bands. This method can now be applied to determine the growth of P. onkodes in other 

regions of the GBR by simply collecting samples, cross-sectioning, and either 

measuring growth under a UV microscope or by micro-CT scans, eliminating the need 

for future lengthy in situ growth studies of this species. By determining more efficient 

and effective methods of obtaining coralline algae growth and calcification it is hoped 

this information will be more obtainable in future field studies. 

Climate change and coralline algae growth 

 

Following on from the in situ study on coralline algae growth and calcification rates, 

Chapter 5 concentrated on the impacts future climate changes scenarios may have on 

growth rates in a multi-factorial laboratory experiment based at Griffith University in 

Brisbane. Coralline algae worldwide are currently under threat from global stressors 

(ocean acidification and warming) and local stressors (declining water quality). 

Investigations on how global and local stressors individually and interactively affect 

ecologically important species, such as coralline algae on the GBR, provide information 
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essential to the better understanding and management of these increasing threats. 

Results from this study showed that ocean acidification actually enhanced coralline 

algae growth, along with high irradiance, while nutrient enrichment inhibited growth. 

These results are particularly relevant to inshore reef areas where irradiance levels are 

often reduced due to run-off and higher sediment loads. The increase in growth rate of 

coralline algae under elevated pCO2 contradicts findings from many studies that 

document ocean acidification reduces calcification. However there are currently very 

few studies that have measured growth by way of linear extension of crust, as opposed 

to changes in weight. The results of my study demonstrate the importance of measuring 

this new growth using methods that separate growth from calcification, in order to 

better understand the effects ocean acidification will have on these ecologically 

important species. 
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Major findings 

 

 Chapter 2 identified a far more efficient and effective calcium marker for use on 

coralline algae. The fluorescent marker calcein proved to be highly successful in 

staining coralline algae with a high visibility frequency, no toxic effects on 

growth and a short immersion time of 3 hrs or less.  

 Chapter 3 determined: 1). Seasonal variation in both vertical and marginal 

growth rates. 2). Variation in maximum growth seasons between vertical and 

marginal metrics. 3). Summer did not provide highest growth or calcification 

rates. 4). Irradiance levels significantly influence coralline algae growth on the 

GBR 

 Chapter 4 confirmed the presence of density, mineralogical, and conceptacle 

banding in the tropical CCA P. onkodes, and demonstrated that once calibrated, 

conceptacle and density banding provided a very efficient method of calculating 

growth rates of P. onkodes.  

 Chapter 5 found nutrient enrichment had a major negative impact on coralline 

growth, irrespective of pCO2 concentration. This negative effect was further 

exacerbated under low light conditions. In contradiction to studies, growth rates 

increased under elevated pCO2 conditions highlighting the importance of 

including this metric into future studies in combination with calcification to 

better understand the nature of effects of ocean acidification on coralline algae. 
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