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Abstract 
Coral reefs are one of the most diverse and complex ecosystems on the planet and 

provide incomes, food, and important ecosystem services for hundreds of millions of 

people. However, reefs are in global decline and are changing from highly diverse and 

topographically complex ecosystems dominated by coral species to species-poor and 

structurally simple ecosystems dominated by macroalgae. The reason of this decline is 

complex but can be attributed to multiple local stressors such as overfishing, marine 

pollution and declining water quality, and global stressors such as global warming and 

ocean acidification product of anthropogenic activities. Corals and algae compete 

intensely for space, light and nutrients in coral reefs, and this competition is a 

structuring and shaping process which determines the abundance of both groups of 

species.  

Therefore, the general aim of this thesis is to explore experimentally and descriptively 

the dynamics between corals and macroalgae in coral reefs from three approaches. The 

first approach focuses on the temporal variability of coral-algal interaction and its 

implications for coral mortality in different reef habitats. The second study explores the 

spatial variability of coral-algal interactions and coral health at the local and regional 

scales within a terrestrial gradient of influence. The third study addresses the potential 

effects of ocean acidification on competitive mechanisms utilised by algae during coral-

algal competition and explores coral-algal competitive outcomes under different levels 

of ocean acidification. This study was carried out in Heron Island and Keppel Islands, in 

the southern Great Barrier Reef, Australia. 

The Chapter 2 focuses on the temporal variability of coral-algal interactions between 

habitats (reef flat and fore reef) over a one year period. There was an important seasonal 

variability of algal species interacting with corals in the reef flat habitat. In contrast, 

seasonal variability in the fore reef was less striking in terms of algal species and 

number of coral algal interactions. The reef flat had significantly higher number of coral 

algal interactions than the fore reef during all seasons. Reef flat corals were overgrown 

and shaded significantly more during spring than any other season, while the fore reef 

corals were overgrown significantly more during spring and summer. My results show 

that there is a high spatial (between habitat) and temporal variability of coral-algal 

interactions in the reef flat and fore reef of Heron Island.  



The Chapter 3 focuses on the spatial variability of coral-algal interactions and coral 

health along a gradient of terrestrial influence in the southern GBR. Algal and coral 

species varied across sites in both reef zones. Frequency of algal interactions increased 

with decreasing distance away from the mainland. Yet, stress responses (pale and 

recently dead tissue in the coral-algal interface) from corals to algal competition were 

found across the gradient. Coral paleness and coral mortality in the coral-algal 

interfaces decreased and increased respectively with increasing distance away from 

mainland. Data suggests that not only local stressors caused by human activities are 

negatively affecting coral reefs because the farthest site showed the highest proportion 

of coral colonies with recently dead tissue. This situation is important for the 

management of coral reefs because it seems that measures to decrease the terrestrial 

influence could not be sufficient to prevent the coral reef decline. 

Chapter 4 examined space competition and the algal competitive mechanisms 

(allelochemicals) under ocean acidification conditions (elevated CO2/decline pH). Rates 

of coral mortality and tissue loss of corals interacting with algae increased under 

medium and high ocean acidification levels in competitive treatments. The brown alga 

Canistrocarpus cervicornis (=Dictyota) induced the highest coral mortality and tissue 

loss rates and increased its allelochemical effects on corals when algae were exposed to 

acidified conditions. I discovered that not only many macroalgal species will be the 

“winners” during coral competition under ocean acidification conditions, but also C. 

cervicornis enhances algal allelochemicals under high CO2 levels. Therefore, ocean 

acidification will strengthen the competitive abilities of some algae to outcompete 

corals and may compromise the resilience of coral reefs in the future. 

In accordance with my results, the intensity of the effects of algal competition on coral 

reefs depends on the spatial and temporal variability and on the differences in 

community structure of coral reefs. Understanding this situation is critical for the 

maintenance of present and future coral reefs and should be considered for a better 

management and conservation of these valuable ecosystems.  
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Title: Ecology of coral-algal interactions and the effect of 

ocean acidification on coral-algal competition in the Great 

Barrier Reef 

Chapter 1. Introduction 

1.1 Overview 
Globally, coral reefs are one of the most diverse and complex ecosystems providing 

income, food, and important services for many communities and countries (Jackson et 

al. 2001, Dodge et al. 2008). As well as ecosystem services for humans, coral reefs are 

ecologically and physically unique ecosystems that house a vast global biodiversity and 

protect shorelines from hurricanes/cyclones, storm damage and erosion (Hughes 1994, 

Wilkinson 1998). However, there is a global decline in both the extent and health of 

coral reefs with reefs changing from highly diverse and topographically complex 

ecosystems dominated by corals to species-poor and structurally simple ecosystems 

dominated by macroalgae (a process described in the literature as an ecological phase 

shift) (Hughes 1994, Hughes et al. 2007, Jackson et al. 2014). While the shift in 

dominance on reefs from corals to macroalgae has been observed across many locations 

(Hughes 1994,  Jackson et al. 2014), the mechanisms driving the shift and the natural 

abundance of macroalgae in healthy coral reefs are unclear (Bruno et al. 2014).  An 

increase in macroalgal abundance associated with decreased coral cover could reflect 

the direct competitive exclusion of corals by macroalgae (Diaz-Pulido and McCook 

2005) or could be caused by algal proliferation after coral mortality due to 

environmental disturbances (e.g. bleaching, cyclones, crown-of-thorns starfish (COTS), 

coral diseases) (Knowlton 1992, Jackson et al. 2001, McCook et al. 2001, Gardner et al. 

2003, Dodge et al. 2008, Mumby and Steneck 2008, De’ath et al. 2012, Roff and 

Mumby 2012). Therefore, understanding the drivers and consequences of increased 

macroalgal abundance on coral reefs is critically needed for the conservation and 

management of reef ecosystems.  

Corals and algae compete intensely for space, light and nutrients in coral reefs and this 

competition is a structuring process which affects the abundance of both groups, 

particularly in degraded reefs (Done 1992, Lapointe 1997, Mumby et al. 2007).  

However, the underlying mechanisms determining the competitive outcomes of coral-

algal interactions are still unclear and this information is critical in our understanding of 
3 

 



coral reef dynamics and needed to better manage these ecosystems (Jackson et al. 

2001). 

Coral reefs globally are under increasing pressure from human activities. For example, 

eutrophication and overfishing are important ecological stressors that modulate the 

growth and abundance of algae and consequently the intensity of algal competition 

against corals (McCook et al. 2001, Sotka and Hay 2009, Barott et al. 2012). Increased 

inputs of nutrients, sediment and pollutants in coral reefs reduce the photosynthetic 

efficiency of the coral symbionts Symbiodinium (due to decline in water transparency) 

and thereby may decrease the competitive abilities of corals (Bell 1992, McCook et al. 

1997, De'ath and Fabricius 2010). Moreover, increased levels of atmospheric carbon 

dioxide, a product of human activities, is causing ocean acidification and global 

warming and thereby deleterious changes in coral reefs by reducing the competitive 

abilities of corals (Orr et al. 2005, Hoegh-Guldberg et al. 2007). Therefore, human 

activities can influence the strength and direction of the coral-macroalgae interaction in 

favour of macroalgae. 

Some studies have previously investigated the effects of anthropogenic activities on 

coral-algal interactions with different findings. For example, coral Porites was not 

competitively inferior to algae even in the most anthropogenically influenced site in the 

GBR (McCook 2001). Coral reefs showed changes in the dominance patterns from 

Acropora-crustose coralline algae (CCA) dominating where human influence was low, 

to macroalgal dominated ecosystem with potential competitive outcomes in favour of 

macroalgae when the  human impact was high in the northern Line Islands (Kiribati, 

Pacific Ocean) (Sandin et al. 2008, Barott et al. 2012). However, the direct effects on 

coral health, the species involved during the competitive interactions, and the temporal 

and spatial (within reef) variability of these interactions were not considered.   

The abundance of macroalgae on coral reefs varies spatially and temporally (e.g. 

Benayahu and Loya 1977, Done 1992, McCook 1997). Many studies have described 

patterns of spatial zonation in the abundance of macroalgal species and differences in 

community structure between reef zones in coral reefs (Benayahu and Loya 1977; Done 

1992; McCook 1997). However, it is still unclear how the ‘within-reef’ variability in 

macroalgal abundance is correlated with differences in the number of coral-algal 

interactions and how these interactions affect coral health. Furthermore, tropical 

macroalgae undergo seasonal changes in growth rates, reproduction and abundance, and 

these changes are reflected in macroalgal community dynamics (Tanner 1995; Diaz-
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Pulido and Garzón-Ferreira 2002; Ateweberhan et al. 2006; Diaz-Pulido et al. 2009; 

Haas et al. 2010; Lefèvre and Bellwood 2010). This temporal variability of macroalgae 

may also have important implications for the dynamics of coral populations. For 

example, the seasonal die-back of some species of macroalgae (e.g. L. variegata) may 

free-up space for coral settlement and recruitment (Birrell et al. 2008) and may favour 

coral tissue regeneration (Diaz-Pulido et al. 2009). However, little is known of how this 

seasonality in algal abundance and composition influences competitive interactions 

between corals and macroalgae, particularly in terms of the frequency of interactions, 

identity of coral and algal species, and the type and context of their interactions (e.g. 

shading, overgrowth, chemical, or physical contact). 

Temporal variability in the frequency of coral-macroalgal interactions and the 

associated impacts on coral health has been documented previously. Some algal species 

varied seasonally with implications for coral recovery.  However, the impacts from 

these interactions were not always the same for all species (Jompa and McCook 2003) 

because there is an interspecific variability of coral sensitivity to macroalgal 

competition being Acropora the most sensitive coral (Tanner 1995). Nonetheless, these 

studies did not evaluate the frequency of each type of mechanistic interaction (e.g. 

overgrowth, shading, contact) across climatic seasons and the effects of each type on 

coral health, a major focus of one of the chapters of my thesis. Understanding the 

impacts of macroalgal competition on corals across seasons is critical in order to 

comprehend the implications of these processes for coral reefs. Importantly, more 

information on coral-algal competitive outcomes, coral and algal species involved 

during interactions, and nature of the competitive mechanism used by macroalgae 

during coral mortality events is needed.  

There is high variability of the detrimental effects of algae on interacting corals and 

these effects depend largely on the algal species and the competitive mechanism 

involved (McCook 2001, Jompa and McCook 2003, Barott and Rohwer 2012, Wolf et 

al. 2012, Bonaldo and Hay 2014). Some macroalgal species are able to deter coral 

recruitment, growth and fecundity and even induce coral mortality utilising different 

mechanisms (Tanner 1995, Birrell et al. 2008, Rasher et al. 2011). For example, some 

macroalgae and turf algae release dissolved organic carbons, which indirectly kill corals 

by stimulating the growth of bacteria and other pathogens and by creating anoxic 

conditions in the coral-algal interface (Smith et al. 2006, Barott and Rohwer 2012, 

Barott et al. 2012). Furthermore, some macroalgae (e.g. Sargassum) negatively affect 
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the growth of corals through abrasive (River and Edmunds 2001) and shading (Miller 

and Hay 1996, McCook et al. 2001) mechanisms or kill corals by overgrowth (Hughes, 

1989).  

While the previous competitive mechanisms have been related to physical or direct 

inhibition, there are several studies that suggest macroalgae can produce secondary 

metabolites to inhibit corals such as the macroalgae Chlorodesmis fastigiata and 

Galaxaura sp. which poison and kill coral tissue in adjacent colonies by direct contact 

(Rasher and Hay 2010, Rasher et al. 2011). Conversely, other macroalgae are also able 

to use secondary metabolites to inhibit other macroalgal species; for example Dictyota 

sp. reduces the growth rate of Halimeda tuna by probably utilising secondary 

metabolites (and shading) as competitive mechanism (Beach et al 2003). Secondary 

metabolites of vascular plants and algae are carbon-based (Rasher and Hay 2010, 

Rasher et al. 2011) and high CO2 conditions increase the production of secondary 

metabolites of some terrestrial plants in some cases, but responses are variable 

(Landosky and Karowe 2014). Accordingly, algal responses may be similar to terrestrial 

plant responses and ocean acidification could strengthen the potency of algal secondary 

metabolites enhancing algal competitive abilities and enabling algae to outcompete and 

kill corals more effectively. Few studies have been carried out addressing this issue in 

marine environments. For example, elevated CO2 decreases phenolics in seagrasses 

(Arnold et al. 2012) and brown macroalgae (Betancor et al. 2014). Therefore, more 

studies are critically needed given the levels of ocean acidification projected by the 

International Panel of Climate Change (IPCC) (Field et al. 2014) in which seawater CO2 

concentrations will reach approximately 1000 CO2ppm by 2100. 

Ocean acidification is a process in which atmospheric CO2 is absorbed by the ocean 

resulting in a decreased pH (Field et al. 2014) and may be a potential driver of increase 

macroalgal abundance in coral reefs (Anthony et al. 2011, Diaz-Pulido et al. 2011, 

Fabricius et al. 2011). High CO2 levels in seawater may increase algal growth rates 

(Diaz-Pulido et al. 2011, Johnson et al. 2014), decrease coral growth and calcification 

rates (Anthony et al. 2008), and consequently favour macroalgae during coral-algal 

competition (Connell and Russell 2010, Anthony et al. 2011, Diaz-Pulido et al. 2011, 

Mumby and van Woesik 2014). Naturally elevated-CO2 ecosystems have increased 

fleshy macroalgal abundance (Hall-Spencer et al. 2008) and decreased coral abundance 

compared to non-acidified sites (Diaz-Pulido et al. 2011) suggesting possible changes in 

coral-algal competition and community structure under ocean acidification conditions. 
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Experimental approaches exploring the effect of ocean acidification on coral-macroalgal 

competition are currently limited to a single pair of species (Diaz-Pulido et al. 2011) 

and it is unknown if the outcomes of this single pairing is a general pattern of such 

interactions. Furthermore, the underlying mechanism for the enhanced competitive 

ability of macroalgae has not been identified.   

1.2 Study area 
The Great Barrier Reef is the largest coral reef ecosystem in the planet with a length of 

2300 km along the east coast of Queensland State, Australia. The GBR has almost 3000 

coral reefs and represents about 10 per cent of all the coral reefs in the world. 

(GBRMPA, 2009). The GBR entails numerous complex natural ecosystems which hold 

a large diversity of species such as coral reefs, seagrasses and mangroves (GBRMPA, 

2009). 

The GBR has been impacted by climate change and its increasing effects make these, 

coral reef habitats more vulnerable. The average annual sea surface temperature on the 

GBR is likely to continue to rise over the coming century and could be as much as 1 to 

3°C warmer than the present average temperature by 2100. In the last decade there have 

been two severe mass coral bleaching events resulting from prolonged elevated sea 

temperatures. In addition, Great Barrier Reef waters are predicted to become more 

acidic with even relatively small increases in ocean acidity decreasing the capacity of 

corals to build skeletons (GBRMPA, 2009). 

This study was carried out in the southern GBR, specifically in Heron Island and a 

group of Islands named Keppel Islands (Fig 1.1, 1.2 and 1.3). Heron Island is a 

carbonate sand Island whose approximate dimensions are 750 by 240 m. It is located 

approximately at 85 km off the coast in the northeast of Australia, Pacific Ocean. The 

average water temperature of Heron Island ranges from 20 to 26°C (minimum 15°C and 

maximum 29°C). Wet season occurs in January to March and in May and June. Heron 

Island shore is exposed to a semidiurnal tidal regimen, with two high tides and two low 

tides daily. The mean tidal ranges are about 2 m (spring) and 1 m (neap) (Diez et al 

2007). 
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Figure 1. 1. Map of Australia and the study area (framed area). 

 
Figure 1. 2. Map of the Great Barrier Reef and the study area (framed area). 
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Figure 1. 3. Map of the study area. 

The Keppel Islands are a group of 18 inshore Islands. The group of Islands has 

numerous fringing reefs, although there are also well-developed reefal shoals. Because 

of its closeness to mainland, many of the reefs of the Keppel Islands are exposed to 

relatively high rates of use. This includes a range of activities such as diving, fishing 

and commercial collecting of aquarium species (Frisch and Hobbs 2009). 

The evaluated sites in Keppel Islands were Pelican Island (5 km away from mainland), 

Halfway Island (15.54 km from mainland) and Barren Island (33 km from mainland). 

Pelican, Halfway and Barren Islands are part of Keppels Islands, which have different 

levels of exposure to anthropogenic influence and natural perturbations reflecting the 

distance from the mouth of the Fitzroy River and Cawarral Creek. Pelican Island is the 

reef most influenced by anthropogenic activities due to its close proximity to the 

Australian mainland and river mouths. Halfway and Barren Islands are further from 

mainland and river mouths than Pelican Island, and thereby they are less influenced by 

human activities. 

1.3 Conceptual model 
A conceptual model has been developed to graphically summarise the content of this 

thesis (Fig 1.4). In brief, CO2 emissions from anthropogenic activities are released into 

the atmosphere. Then, CO2 enters into the ocean and reduces the pH of the seawater. 

This acidification process favours the algae in coral-algal competition (issue addressed 

in Chapter 4). On the other hand, coral-algal competition is also subject to temporal and 

spatial variability (within reef, reef flat and fore reef) (issue addressed in Chapter 2 and 
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3) and it is also influenced by anthropogenic activities through nutrient and pollutant 

inputs from rivers and associated catchment runoff (issue addressed in Chapter 3). This 

thesis addressed the spatial variability of coral-algal interactions at two scales: the 

regional scale, by evaluating coral-algal interactions across a gradient of anthropogenic 

influence of sites with different distances from the mainland; and at a local scale by 

evaluating coral-algal interactions within two reef zones: the reef flat and the fore reef. 

The temporal variability of coral-algal interactions and its implications for coral 

mortality was addressed by evaluating coral-algal interactions and coral mortality in 

both reef zones (reef flat and fore reef) during four climatic seasons: winter, summer, 

spring and autumn. Finally, the effects of ocean acidification on coral-algal competition 

and on algal competitive mechanisms were examined by running two experiments. The 

first experiment determined the competitive outcomes between corals and algae under 

ocean acidification conditions and the second experiment evaluated the effects of ocean 

acidification on the potency of algal allelochemicals when competing with corals. 
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Figure 1. 4. Conceptual diagram of the aspects of this thesis.
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1.4 Experimental species 
This thesis focussed on the coral species Acropora intermedia and the macroalgal 

species Melanamansia glomerata, Chlorodesmis fastigiata and Canistrocarpus 

cervicornis (synonym Dictyota cervicornis). The coral A. intermedia was chosen as the 

experimental coral because it is very abundant in the study area and an important reef 

builder on the Great Barrier Reef (Anthony et al. 2008). The macroalga M. glomerata 

was selected because it is common and often observed in contact with corals on the 

reefs in Heron Island (location of this study). To explore the impact of chemical 

competitive interactions C. fastigiata was included, it is common but less abundant in 

the area however, it produces allelopathic substances (bioactive terpenoids) that harm 

corals (Rasher et al. 2011). The final macroalgae included in the study was C. 

cervicornis, this alga is abundant and likely to have physical competitive interactions 

but also produces allelochemicals (Rasher et al. 2011). These coral and algal species 

provide representative ecological scenarios of competition in coral reefs in the GBR and 

thereby provides information for a better understanding of the competitive dynamics in 

corals reefs in the GBR. Therefore, I decided to use the coral A. intermedia and the 

macroalgae M. glomerata, C. fastigiata and C. cervicornis during the experiments to 

test the potential effects of macroalgae on competing corals under different CO2 levels.  

1.5 Aims 
The general aim of this thesis is to explore experimentally and descriptively the coral-

algal competitive dynamics from different viewpoints. I addressed three different 

scientific questions covered with the following specific objectives: 

- What is the variability of coral-algal interactions within a temporal context, 

emphasising seasonal changes of species involved and the seasonal effect on coral 

welfare and competitive outcomes? (Chapter 2).  

- What is the variability of coral-algal interactions within a spatial context under 

different levels of terrestrial influence and its implications for coral health? (Chapter 3). 

- What are the potential effects of ocean acidification on coral-algal competitive 

outcomes and on the algal competitive mechanisms during coral-algal competition? 

(Chapter 4).  
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1.6 Thesis outline 
This thesis is composed of five chapters including this general introduction, three 

chapters of data and their findings and a final chapter which is a general discussion and 

conclusion. The chapters are briefly described in the following paragraphs: 

1.6.1 Chapter 2. Seasonal and between habitat dynamics in coral-macroalgal interactions.  

This chapter evaluated the seasonal and between habitat variability of coral-algal 

interactions in two reef zones: the reef flat and the fore reef in Heron Island, Great 

Barrier Reef. Frequency of coral-algal interactions, the coral and algal species involved 

during competitive events and the proportion of colonies with recently dead tissue were 

recorded in both reef zones in September 2012 (spring), December 2012 (summer), 

February 2013 (autumn) and June 2013 (winter).  

1.6.2 Chapter 3. The gradient of terrestrial influence controls the frequency of competitive 

interactions between corals and macroalga but not the damage on coral tissue.   

This chapter evaluated coral-algal interactions within the spatial context along a 

gradient of terrestrial influence. Frequency of coral-algal interactions, competing 

species of corals and algae and proportion of coral colonies with recently dead or pale 

tissue associated to these interactions were recorded in reefs with different distances 

from the closest point to mainland (5 to 30 km) and thereby different levels of terrestrial 

influence. I evaluated the reef flat and the fore reef in each reef. 

1.6.3 Chapter 4. Ocean acidification increases the potency of macroalgal allelopathy to 

reef corals.  

This chapter investigated the effects of ocean acidification on the competitive outcomes 

between coral and algal species and on the potency of competitive mechanism of algae 

when competing with corals (secondary metabolites). In this chapter two experiments 

were run. In the experiment #1 I attached separately the algal species Melanamansia 

glomerata, Chlorodesmis fastigiata and Canistrocarpus cervicornis to the coral species 

Acropora intermedia and I exposed the pairs to three different acidification levels in 

accordance to IPCC scenarios: ambient and near and far future (380, 540 and 936 CO2 

ppm) (Field et al. 2014). In experiment #2, I exposed the same algal species to two 

IPCC scenarios: ambient and far future for two weeks and then algal allelochemicals 

were extracted and placed on Acropora intermedia in situ for 24 Hrs. 
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1.6.4 Chapter 5. General discussion and conclusion.  

The aim of this chapter was to integrate and analysed the information collected and 

provided by the chapters 2, 3 and 4. I also focused on the implications of my results for 

the status of present and future coral reefs emphasising on coral reef phase shift. 
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Chapter 2. Seasonal and between habitat dynamics in coral-macroalgal 

direct interactions. 

2.1 Abstract 
ABSTRACT: Space competition is a structuring process of benthic communities in 

coral reefs, especially between macroalgae and corals. However, little is known about 

how coral-macroalgal interactions vary among climatic seasons and their implications 

for coral health. I evaluated the interactions between algae and corals using 347 coral 

colonies in the reef flat and fore reef across the four main climatic seasons in Heron 

Island, Great Barrier Reef. The number of interactions between corals and algae were 

counted and categorised according to the type (contact, overgrowth and/or shading) and 

damage on the corals. The reef flat presented significantly more coral algal interactions 

of any type than the fore reef during all seasons, with shading and overgrowth being the 

most prevalent type of interactions. However, the reef flat had significantly less coral 

mortality than the fore reef. Reef flat corals were overgrown and shaded significantly 

more during spring than any other season, while the fore reef corals were overgrown 

significantly more during spring and summer. My results show that there is high spatial 

(between habitat) and temporal variability of coral-algal interactions and indicate that 

the high frequency of coral-algal competitive interactions is not correlated with high 

coral mortality. The coral and algal species involved in the interactions seem a better 

predictor of the amount of damage on the corals. Therefore, to fully understand the 

nature of these interactions and competitive outcomes, a species-by-species approach 

should be considered. 

KEY WORDS: Competition, Coral-algal interactions, Algal interaction type, Coral 

mortality, Coral reefs, Great Barrier Reef. 

2.2 Introduction 
Space competition between corals and macroalgae has long been known as a structuring 

process on coral reefs (Done 1992, Lapointe 1997), and research in this field has 

increased in recent decades because of the dramatic replacement of corals by 

macroalgae. This has caused a considerable loss of biodiversity and structural and 

ecological complexity in coral reefs (Hughes 1994, Hughes et al. 2003, Jackson et al. 

2014). Therefore, understanding the patterns in coral-algal competition and the 

processes underlying these dynamics is of vital importance. Despite this importance, it 
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is yet unclear whether the increasing macroalgal abundance and the decreasing coral 

cover in reefs worldwide are caused by direct competitive exclusion of corals by 

macroalgae (Diaz-Pulido and McCook 2005), caused by algal colonisation following 

coral mortality due to environmental disturbances (e.g. bleaching, cyclones) (McCook 

et al. 2001) or combination of both.   

Macroalgal abundance varies considerably in space and time in coral reefs.  Patterns of 

spatial zonation in the abundance of macroalgal species and differences in community 

structure between reef habitats are well documented in coral reefs (Benayahu and Loya 

1977, Done 1992, McCook 1997). However, little is known about how the within-reef 

variances in macroalgal abundances are translated into differences in frequency of 

coral-algal interactions and whether these interactions have an effect on coral mortality 

in the field. Further, tropical macroalgae are also quite seasonal and experience changes 

in growth rates, reproduction and abundance, with implications for macroalgal 

community dynamics (Diaz-Pulido and Garzón-Ferreira 2002, Ateweberhan et al. 2006, 

Diaz-Pulido et al. 2009, Haas et al. 2010, Lefèvre and Bellwood 2010). Macroalgal 

seasonality may also have important ramifications for coral population dynamics. For 

example, the seasonal die-back of some species of macroalgae (e.g. L. variegata) 

provided opportunities for coral tissue regeneration (Diaz-Pulido et al. 2009) and may 

open spaces for coral settlement and recruitment (Birrell et al. 2008). Despite the 

knowledge acquired so far on the spatial and temporal variability in macroalgal 

dynamics, little is known about how the seasonal dynamics in algal abundance affects 

the temporal variability of space competition between corals and macroalgae. In 

particular, there is limited information on the frequency and the nature of their 

interactions (e.g. shading, overgrowth, chemical, or physical contact), and the species of 

corals and algae involved in these interactions. 

Few studies have investigated the seasonal variability in the frequency of coral-

macroalgal interactions and the impacts on coral health and reef recovery. Jompa & 

McCook (2003) investigated the dynamics of the interface between corals and three 

species of macroalgae in the GBR and found that some algal species varied seasonally 

with implications for coral recovery. In the Red Sea, coral mortality increases in parallel 

with the number of coral-algal encounters, particularly in winter; algal turfs were the 

most prevalent algal component and the fast growing corals the most sensitive to 

competition (Haas et al. 2010). Tanner (1995) assessed the effects of macroalgal 

competition on coral growth, survivorship and reproduction over 16 months and found 
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that Acropora sp. were the most sensitive corals to macroalgal competition. However, 

none of these studies examined the frequency of each type of mechanistic interaction 

across seasons, and importantly, the impacts of each type on coral mortality.  A better 

understanding of the implications of macroalgal seasonality on coral mortality is critical 

to understand the potential effects of algal competition on coral reefs. In particular, 

better information on the competitive outcomes, interacting coral and algal species, and 

nature of the competitive mechanism used by macroalgae during coral mortality 

occurrences is needed. 

Coral-macroalgal competition not only varies seasonally but is also highly variable in 

terms of the negative effects of algae on the interacting corals. Further, these effects 

depend largely on the algal and coral species involved in the interaction (McCook et al. 

2001, Jompa and McCook 2003, Barott and Rohwer 2012, Wolf et al. 2012, Bonaldo 

and Hay 2014). Some macroalgal species inhibit coral recruitment, growth and 

fecundity and even kill corals using diverse mechanisms (Tanner 1995, Birrell et al. 

2008, Rasher et al. 2011). For example, the macroalgae Chlorodesmis fastigiata and 

Galaxaura sp. produce secondary metabolites that damage coral tissue in adjacent 

colonies by direct physical contact (Rasher and Hay 2010, Rasher et al. 2011). 

Conversely, some macroalgae and turf algae release dissolved organic carbon, which 

indirectly kills corals by stimulating the growth of bacteria and other pathogens and by 

generating anoxic conditions in the coral-algal interface (Smith et al. 2006, Barott and 

Rohwer 2012, Barott et al. 2012). Other macroalgal species (e.g. Sargassum) affect 

coral growth by means of abrasive (River and Edmunds 2001), shading (Miller and Hay 

1996, McCook et al. 2001) or overgrowth mechanisms (Hughes 1989). Also, some 

macroalgae (e.g. Halimeda opuntia) are potential vectors which trigger coral diseases 

such as white plague II (Nugues et al. 2004). However, little is known about how the 

abundance of the different types of competitive mechanisms varies directly in the reef 

and the effects on coral mortality.  

It is normally assumed that high macroalgal abundance is positively related with 

increased coral mortality and decreased coral abundance (Hughes 1989, Hughes et al. 

2007). However, there are also instances where macroalgal abundance is not associated 

with coral mortality (Coles 1988, Coles and Fadlallah 1991, McCook et al. 2001). It can 

also be assumed that high algal abundance translates into high frequency of algal 

competitive interactions with corals, and increased frequency may therefore be 

associated with increased coral mortality. However, empirical evidence determining the 
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relationship between algal abundance, frequency and mortality is scarce and it is unclear 

how seasonal variability in algal abundance affects these relationships.  

It has also been suggested that the size of the colony is a critical factor for the 

competitive outcomes between corals and algae because small colonies are more 

vulnerable than large colonies during coral-algal competitive events (e.g. overgrowth, 

shading, etc) and thereby algal blooms could negatively affect the coral population 

dynamic (Ferrari et al. 2012). Therefore, quantifying the frequency of the interactions, 

colony size and mortality associated with the interactions is useful for understanding 

coral reef dynamics and the roles of algae in coral reef phase shifts. 

The aim of this study was to assess the seasonal and between-habitat variability in 

coral-macroalgal interactions, specifically addressing how the frequency, type of 

competitive interactions and algal/coral species involved vary between climatic seasons 

and reef zones. To investigate how the ecology of coral-algal interactions vary between 

coral reef habitats, I evaluated the frequency, type of interactions and coral mortality in 

the shallow reef flat and fore reef of Heron Island, Great Barrier Reef.  Since 

macroalgal abundance, frequency of interactions and coral mortality are conceptually 

related, I also expect that the high frequency of coral-algal interactions in coral reefs 

drives higher coral mortality.   

2.3 Methods 

2.3.1 Study area  

Heron Island (23°25.98'S, 151°55.99'E) is a remote Island in the southern Great Barrier 

Reef with very few inhabitants and is exposed to little terrestrial influence (Devlin et al. 

2001). The reef flat (0 – 4 m depth) is located in the south-southwest side of Heron 

Island and corals are exposed to harsh physical conditions such as daily tidal changes, 

above-sea-level exposure and significant changes in water temperature (Tanner, 1995). 

The fore reef (4-12 m depth) is located in the north side of the Island and despite being 

exposed to daily tidal changes; corals are not exposed to above sea level conditions 

(Pers. Obs). 

Sea surface temperature (SST) was variable across seasons in Heron Island during the 

course of this study (Fig. 2.1). The lowest SST recorded was 20.95 ºC in July, 2012 and 

the highest was 27.09ºC in January, 2013. The annual average of SST was 24.01 ± 0.62 

ºC (Mean ± SE) (AIMS, 2015 http://www.aims.gov.au/). 
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Figure 2. 1. Sea surface temperature (SST) across seasons in Heron Island, GBR 

during this study (reef flat) (AIMS, 2015). 

2.3.2 Abundance of algal and coral species 

To estimate the community structure of the reef flat and the fore reef in Heron Island, 

the abundance of benthic species was assessed by the Point Intercept method (Bauer 

1943). This method included the identification and count of species every 0.5 m. 

underneath of three 30 m long parallel-to-the-reef crest transects randomly placed. This 

was done in the reef flat (Coral Garden, 1-3 m depth, 23°26.60'S; 151°54.78'E) and the 

fore reef  (Tenements 1, 5-7 m depth; 23°25.98'S, 151°55.99'E) of Heron Island, 

Southern Great Barrier Reef (GBR), Australia in June, 2012 (Fig 2.2). 

2.3.3 Frequency of coral-algal interactions, colony size and coral mortality. 

To assess the temporal variability of coral-algal interactions in Heron Island, surveys 

were conducted in spring (August-September, 2012), summer (December, 2012), 

autumn (February, 2013) and winter (June, 2013) to cover the annual seasonal 

variability of coral-algal interactions in Heron Island. I randomly selected and delimited 

three 9 m2 plots in the reef flat and three in the fore reef and evaluated all coral colonies 

present within each plot every season. Plots were 10 m apart approximately. Coral and 

algal interacting species were identified and counted and the number of algal 

interactions per coral colony were counted and categorised according to the type of 

interaction (contact, overgrowth and/or shading, Table 2.1, McCook et al. 2001) in each 

reef zone [the reef flat (149 colonies) and the fore reef (198 colonies)]. I also measured 

the maximum diameter of the colonies with a measuring tape to explore the effect of 

colony size on the number of coral algal interactions per colony.  
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Figure 2. 2. Map of the study area of chapter 2. Coral garden (reef flat) and 

Tenements 1 (Fore reef). 

Table 2. 1. Types of competitive interactions between corals and macroalgae 

considered in this study.  

Type of competitive 

interactions 

Description on the Interaction 

Contact 

Interaction implying direct physical contact between the macroalga and the coral. Include 

abrasion and allopathic interactions. In most cases it was not possible to discern between 

damage from overgrowth and allelopathic interactions as many allelochemicals are located on 

the algal surface and cause damage when in contact with the competitor (Rasher et al. 2011).  

Overgrowth 
Interactions where the alga partially covered, or totally covered the coral colony. This 

interaction also implied physical contact. 

Shading 
Algal interaction where alga partially or completely shaded the colony. Occasionally this type 

of interaction did not involve any physical contact. 

To estimate coral mortality, I counted the number of dead, healthy and partially dead 

colonies that occurred over the entire study period. Sequential photographs were taken 

seasonally to evaluate the competitive outcomes between the interacting species across 

the four seasons.  

To investigate potential correlations between coral colony size and the number of 

macroalgal interactions, I measured the diameter of the colonies with a measuring tape. 

Coral recruits and juveniles of <5 cm diameter were excluded from the surveys because 

they were too small to be observed with the naked eye.  

2.3.4 Data analyses 

The frequency of coral-algal interactions (shading, overgrowth and total interactions) 

was compared between habitats and among climatic seasons with a two-way nested 
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ANOVA (Systat 8.0), with reef zone (reef flat and fore reef) and season as fixed factors 

and plots as replicates. This analysis allows exploration of the interactions between 

factors. Because the same plots were visited in every season, this makes the season 

factor not amenable for ANOVA (due to non-independence). To overcome this 

limitation and treat the season factor as an independent factor, I randomised the 

selection of the coral colonies to be used in every season (10 colonies per plot per 

season). Plot effect was included as the nested factor (i.e. colonies were nested within 

plots). Non-independent statistical methods were used because of the effect of the 

nested factor (plot).  There was no significant effect of the nested component (plot) in 

the ANOVA on any type of interaction (total p=0.69; shading p=0.29; overgrowth p= 

0.82) (Table 2.2). I therefore pooled the plots removing the nested component of the 

analyses to increase the power of the analyses, as outlined by Underwood (1997).To 

compare the abundance of algal and coral species between the reef flat and the fore reef, 

two T-student analyses (SPSS 17.0)  were run separately for each type of organism. 
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Table 2. 2. Nested Repeated Measures Analysis of varianza tests of the differences 

between numbers of coral algal interactions per coral colony (total, shading and 

overgrowing interactions) during all seasons between the reef flat and the fore reef, 

Heron Island. 

  Source 

Type III 

Sum of 

Squares 

df 
Mean 

Square 
F Sig. 

Total 

Reef Zone 16.97 1 16.97 111.79 <0.01 

Season 2.64 3 0.88 3.26 0.02 

Reef Zone*Season 0.5 3 0.17 0.17 0.6 

Plot(Reef Zone) 0.61 4 0.15 0.15 0.69 

Error 61.737 229 0.27 0.27   

Shading 

Reef Zone 39.15 1 39.15 134.02 <0.01 

Season 2.21 3 1.07 4.59 <0.01 

Reef Zone*Season 2.44 3 0.81 3,62 0.01 

Plot(Reef Zone) 1.7 4 0.29 1.25 0.29 

Error 54.03 229 0.23     

Overgrowth 

Reef Zone 8.75 1 8.75 194.37 <0.01 

Season 3.26 3 1.09 9.23 <0.01 

Reef Zone*Season 2.75 3 0.92 7.79 <0.01 

Plot(Reef Zone) 0.18 4 0.05 0.38 0.82 

Error 26.91 229 0.12 0.12   

 

A subsequent and complementary statistical analysis was used to investigate the 

seasonal and spatial variability in the number and type of algal interactions (total, 

shading and overgrowth) between (inter) and within (intra) reef zones (reef flat and fore 

reef). Two Repeated Measures Analysis of Covariance (RMANCOVA) and post hoc 

Tukey tests were done (SPSS 17.0); one RMANCOVA for intra reef comparison and 

one for inter reef comparison. Each colony was treated as a replicate. Coral colony size 

was included as a potential covariate in the analyses to account for the effect of colony 

size on the competitive outcomes. Data were transformed (Xtrans =   √X +1  , constant 

was added to remove zeros from variables) in order to meet normality and 

homoscedasticity requirements. 
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The factors of the inter reef RMANCOVA test were season (time) and reef zone (reef 

flat and fore reef) and for the intra-reef RMANCOVA were season and interacting coral 

genus. The response variables for both RMANCOVAs were the number of each 

competitive interaction (shading and overgrowing interactions) and the total number of 

interactions (sum of contact, shading and overgrowing interactions). I could not 

integrate both RMANCOVA analyses (intra and inter-reef) because of the differences in 

coral interacting genera between both reef zones. I used the following models for both 

tests (Equations 1 and 2): 

Equation 1 (Inter-reef RMANCOVA). Variable = µ + Factor (reef zone) + covariate 

(colony size) + main error + Season + Season*Covariate + Season*Factor + Repeated 

Error. 

Equation 2 (Intra-reef RMANCOVA). Variable = µ + Factor (Coral genus) + covariate 

(colony size) + main error + Season + Season*Covariate + Season*Factor + Repeated 

Error. 

In the intra-reef RMANCOVA, I only considered corals with a representative number of 

evaluated colonies in both reef zones, all of which are ecologically important in terms of 

reef building and abundance. In the fore reef, the coral genera included in the analysis 

were Acropora (49 colonies), Montipora (24), Seriatopora (44) and Stylophora (12) 

whereas the reef flat included Isopora (55 colonies), Porites (37), Montipora (11) and 

Acropora (9).  

To identify possible associations between coral genera and macroalgal species in terms 

of frequency of interactions, correspondence analyses (CA) (MVSP 3.2) were run for 

the reef flat and fore reef separately. All seasons were included in the analysis. I 

standardised the variable (interaction per colony) with the perimeter of all recorded 

colonies by dividing the number of interactions and the colony perimeter in order to 

prevent colony size bias. Coral perimeter was estimated by the formula colony 

perimeter = colony diameter x ¶. 

To determine whether coral mortality varied between the reef flat and fore reef a T-

Student test was used. I considered the same coral species and the same number of 

colonies aforementioned for both reef zones (reef flat and fore reef). The variables used 

were the percentage of dead, healthy and non-healthy colonies observed in each reef 
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zone. Data were transformed (Xtrans =   √X+1) in order to meet requirements of 

homoscedasticity and normality (SPSS 17.0). 

2.4 Results 

2.4.1 Community structure 

The abundance of macroalgae in July 2012 was significantly higher in the reef flat 

compared to the fore reef during all seasons (t-test, p<0.01). The most abundant 

macroalgae in the reef flat were Sargassum sp. and Padina sp., while the most common 

macroalgal species in the fore reef was Lobophora sp. (Fig. 2.3). I found 13 macroalgal 

species in the reef flat during this evaluation (Amphiroa sp., Halimeda sp., Caulerpa 

sp., Dictyota sp., Padina sp., Avrainvillea sp., Laurencia sp., Lobophora sp., 

Chlorodesmis fastigiata, Chnoospora implexa, Sargassum sp. and Turbinaria ornata) 

and 6 in the fore reef Avrainvillea sp., Halimeda sp., Lobophora sp. and Chlorodesmis 

fastigiata, Portieria sp. and Peyssonnelia sp.). In contrast, coral abundance was 

significantly higher in the fore reef than in the reef flat (t-test, p<0.01). The most 

abundant coral taxa in the reef flat were Porites sp., Montipora sp., Isopora sp. and 

Acropora sp., whereas in the fore reef were Acropora sp., Montipora sp. and 

Seriatopora sp. (Fig. 2.3). I found 19 coral species in the fore reef and 6 coral species in 

the reef flat. 
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Figure 2. 3. Percent cover (mean ± StE) of the most common macroalgal (A) and 

coral (B) taxa in the reef flat and fore reef, Heron Island, GBR. N=3. The algae 

Amphiroa sp., Avrainvillea sp., Laurencia sp., Chlorodesmis fastigiata, Chnoospora 

implexa and Portieria sp. are not presented in the Figure A given their low 

abundance. 

2.4.2 Seasonality and coral-algal interactions 

I found 30 macroalgal taxa and 25 coral taxa interacting in the reef flat and fore reef 

during the four climatic seasons (summer, winter, autumn and spring). The most 

common species of macroalgae interacting with corals were Turbinaria ornata, 

Chnoospora implexa, Sargassum sp., Padina sp. and Hypnea pannosa in the reef flat 

(Fig. 2.4 and 2.5) and in the fore reef the algal species that interacted more frequently 
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with the corals were crustose coralline algae (CCA), Laurencia sp. and Halimeda sp. 

(Fig. 2.6 and 2.7). 

 

Figure 2. 4. Frequency of total interactions of macroalgal taxa per coral colony 

during the four seasons in the reef flat, Heron Island, GBR. 

 

Figure 2. 5. Frequency of shading (A) and overgrowing (B) interactions of coral 

genera with algal species during all seasons in the reef flat, Heron Island, GBR. 
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Figure 2. 6. Frequency of total interactions of macroalgal species per coral colony 

during the four seasons in the fore reef, Heron Island, GBR. 

 

A B 

 

Figure 2. 7. Frequency of shading (A) and overgrowing (B) interactions of coral 

genera with macroalgal species during all seasons in the fore reef, Heron Island, 

GBR. 

2.4.3 Between habitat variability in coral-macroalgal interactions 

The reef flat had significantly more coral algal interactions (total, shading and 

overgrowth) than the fore reef across all seasons (RMANCOVA, p<0.01) (Fig. 2.8, 2.9 

2.10 and Table 2.3).  The type of algal interaction also largely varied between the reef 

flat and the fore reef. Shading and overgrowth were dramatically higher in the reef flat 

than in the fore reef across all seasons (RMANCOVA, p<0.01) (Fig. 2.9 and 2.10 and 

Table 2.3). Average values of overgrowth frequency in the reef flat were ten-fold higher 

than those of the fore reef, whereas frequency of shading interactions in the reef flat was 

3.5 fold higher than that in the fore reef. Most coral-algal interactions in the fore reef 

were direct physical contact. In the statistical tests, the interaction between the factors 

reef zone and season was significant in the shading and overgrowth analyses 

(RMANCOVA, p<0.01) because the seasonal changes of the frequency of these 
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interactions were higher in the reef flat than the fore reef (Fig. 2.9 and 2.10, 

Supplementary Material 2.1). During spring, the predominant algal species that shaded 

and overgrew corals included C. implexa, Colpomenia sp. and Hydroclathus sp.; for 

summer it was C. implexa and for autumn and winter H. pannosa (Figs. 2.9, 2.10, 2.11 

and 2.12). Reef flat corals were overgrown and shaded significantly more during spring 

than any other season (RMANCOVA, p<0.05) (Table 2.4) and Porites sp.and 

Montipora sp. were the highest and the least significantly overgrown coral genera 

respectively (p<0.05) (Fig 2.13 and Table 2.5). The frequency of the competitive 

interaction of shading was similar across coral genera in the reef flat (RMANCOVA, 

p>0.05, Supplementary Material 2.2). It is important to point out that seasonality of 

algal interactions (total, shading and overgrowing interactions) similarly affected all 

coral colonies irrespective of the size or genus in the reef flat  (sources of variation: 

Season * Coral genus and Season * Colony size were non-significant, Supplementary 

Material  2.2). 

 

Figure 2. 8. Number of total macroalgal interactions per coral colony during all 

seasons in the reef flat and the fore reef, Heron Island, GBR. 
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Figure 2. 9. Number of macroalgal shading interactions during all seasons in the 

reef flat and the fore reef , Heron Island, GBR. 

 

Figure 2. 10. Number of algal overgrowing interactions per coral colony in the reef 

flat and the fore reef, Heron Island, GBR. 

Table 2. 3. Post hoc Tukey tests of the differences between the reef flat and the fore 

reef in terms of number of interactions of algal species per coral colony (total, 

shading and overgrowing interactions), Heron Island, GBR. 

Interaction (I) Reef Zone  Reef Zone (J) 
Mean Difference 

(I-J) 
Std. Error Sig.a 

Total Reef flat Fore reef 0.35 0.04 <0.01 

Shading Reef flat Fore reef 0.77 0.05 <0.01 

Overgrowth Reef flat Fore reef 0.77 0.05 <0.01 
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Figure 2. 11. Acropora colony interacting with C. implexa in spring, 2012 (A), with  

H. pannosa  in autumn (B) and winter, 2013 and C. implexa in spring 2013 (D) in 

the reef flat. 

 

Figure 2. 12. Porites colony interacting with H. pannosa in winter, 2012 (A), with C. 

implexa  in spring 2012 (B), with H. pannosa in  autumn, 2013 (C) and with C. 

implexa in spring, 2013(D) in the reef flat. 
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Table 2. 4. Post hoc Tukey tests of the differences between seasons in terms of 

number of coral algal interactions per coral colony (total, shading and 

overgrowing interactions) in the reef flat, Heron Island, GBR. 

    Total Shading Overgrowth 

(I) 

Season 

(J) 

Season 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Spring 

Summer -0.1 0.17 0.55 0.34 0.14 0.01 0.32 0.13 0.02 

Autumn 0.21 0.16 0.2 0.32 0.14 0.03 0.37 0.13 0.01 

Winter 0.23 0.14 0.11 0.41 0.14 <0.01 0.37 0.15 0.01 

Summer 
Autumn 0.31 0.16 0.06 -0.03 0.16 0.88 0.05 0.13 0.7 

Winter 0.33 0.16 0.04 0.07 0.17 0.67 0.05 0.12 0.69 

Autumn Winter 0.02 0.14 0.88 0.1 0.14 0.5 <0.01 0.11 1 

 

Figure 2. 13. Frequency of algal interactions per coral genus in the reef flat (RF) 

and fore reef (FR) during evaluated seasons. (Total Interactions are the sum of 

contact, shading and overgrowing interactions). 
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Table 2. 5. Post hoc Tukey tests of the differences between coral genera in terms of 

number of algal interactions per coral colony (total, shading and overgrowing 

interactions) in the Reef flat, Heron Island, GBR. 
    Total Shading Overgrowth 

(I) Coral (J) Coral 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Acropora 

Isopora -0.33 0.12 0.01 -0.23 0.2 0.25 -0.08 0.13 0.54 

Montipora -0.33 0.15 0.03 -0.25 0.26 0.33 0.08 0.17 0.62 

Porites -0.02 0.12 0.89 -0.3 0.21 0.16 -0.3 0.14 0.03 

Isopora 
Montipora <0.01 0.11 1 -0.02 0.19 0.93 0.16 0.13 0.2 

Porites 0.31 0.07 <0.01 -0.07 0.12 0.59 -0.22 0.08 0.01 

Montipora Porites 0.31 0.12 0.01 -0.05 0.21 0.81 -0.39 0.13 0.01 

The frequency of shading and overgrowth interactions in the fore reef were also 

significantly different among seasons (RMANCOVA, p<0.05, Supplementary Material 

2.3), although occurred at much lower numbers compared to the reef flat (Table 

Supplementary Material 2.2 and 2.3). Fore reef corals interacted with algae significantly 

more during spring and summer than during autumn and winter (RMANCOVA, 

p<0.05) (Table 2.6). Temporal variability in the frequency of algal overgrowth and 

shading had different effects on the interacting coral genera (sources of variation: 

Season * Coral genus and Season * Colony size were significant, p<0.05, 

Supplementary Material 2.2). For example, corals were disproportionately shaded and 

overgrown much more during summer in the fore reef (p < 0.05, Table 2.6) and 

Seriatopora colonies were more overgrown and shaded compared with the rest of the 

corals (Table 2.7 and Fig.2.13), especially by a turf of filamentous red algae (Fig.2.7 

and 2.14).  This turf of red algae was composed of the red algae Ceramium sp. 

(predominant), Antithamnion sp., and Polysiphonia sp., and the brown Ectocarpus sp. 

and the green Enteromorpha (less abundant). A correspondence analysis test confirmed 

the association between the coral S. hystrix and the red turf during all seasons 

(Fig.2.15). Conversely, Acropora colonies were the least overgrown and shaded by 

algal species in the fore reef (p<0.05) (Table 2.7). 
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Table 2. 6. Post hoc Tukey tests of the differences between seasons in terms of 

number of coral algal interactions per coral colony (Total, shading and 

overgrowing interactions) in the fore reef, Heron Island, GBR. 

    Total Shading Overgrowth 

(I) 

Season 

(J) 

Season 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Spring 

Summer -0.1 0.07 0.12 0.22 0.06 <0.01 0.1 0.03 <0.01 

Autumn 0.23 0.06 <0.01 -0.14 0.06 0.03 <0.01 0.04 0.93 

Winter 0.27 0.06 <0.01 0.22 0.05 <0.01 0.1 0.03 <0.01 

Summer 
Autumn 0.33 0.06 <0.01 -0.35 0.06 <0.01 -0.09 0.03 <0.01 

Winter 0.38 0.06 <0.01 0.01 0.04 0.9 <0.01 0.02 0.86 

Autumn Winter 0.05 0.05 0.39 0.36 0.04 <0.01 0.1 0.02 <0.01 

 

Table 2. 7. Post hoc Tukey tests of the differences between coral genera and in 

terms of number of coral algal interactions per coral colony (Total, shading and 

overgrowing interactions) in the fore reef, Heron Island. 
    Total Shading Overgrowth 

(I) Coral (J) Coral 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig.a 

Acropora 

Montipora -0.3 0.07 <0.01 -0.18 0.05 <0.01 -0.01 0.03 0.61 

Seriatopora -0.21 0.07 <0.01 -0.19 0.05 <0.01 -0.2 0.03 <0.01 

Stylophora -0.08 0.07 0.23 -0.08 0.05 0.15 -0.08 0.03 0.01 

Montipora 
Seriatopora 0.09 0.09 0.29 -0.01 0.07 0.87 -0.19 0.04 <0.01 

Stylophora 0.22 0.09 0.01 0.1 0.07 0.13 -0.06 0.04 0.11 

Seriatopora Stylophora 0.13 0.09 0.15 0.11 0.07 0.09 0.12 0.04 <0.01 
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Figure 2. 14. S. hystrix colony interacting with red turf in the fore reef during 

spring (A) and summer (B), 2012 and autumn (C) and spring (D), 2013. 
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Figure 2. 15. Correspondence analysis tests showing coral-algal interactions in 

evaluated seasons in the fore reef, Heron Island, Great Barrier Reef. Spring (Sp), 

Autumn (A), summer (Su) and winter (W). Chn: C. implexa, Col: Colpomenia sp., 

Hal: Halimeda sp., Hyd: Hydroclathrus sp., Hyp: H. pannosa, Lau: Laurencia sp., 

Lob: Lobophora sp., Pad: Padina sp., Sar: Sargassum sp., Tur: T. ornata Amp: 

Amphiroa sp., Av: Avranvillea sp., Chl: C. fastigiata, RT: red turf, Dic: Dictyota sp., 

Hal: Halimeda sp. 

2.4.4 Relationship between colony size and frequency of interactions 

Larger coral colonies had more shading interactions than smaller ones as bigger 

colonies have larger surfaces to shade. This pattern was consistent in both reef zones 

(the covariate colony size was significant in the intra-reef RMANCOVA, p<0.01) 

(Supplementary Material 2.2 and 2.3). However, in the analysis of algal overgrowth 

interactions, the covariate colony size was only significant in the reef flat (p<0.05) and 

not in the fore reef (p>0.05) (Supplementary Material 2.2 and 2.3), indicating that the 

size of the colony was not related to the number of overgrowing interactions in the fore 

reef.  This situation was validated with a simple regression analysis where overgrowth 

interactions and colony size were only significantly correlated in the reef flat (p<0.01, 

r2=0.32) (Fig 2.16). In the inter-reef RMANCOVA test (reef flat and fore reef 

comparison), the effects of colony size was also significant for the number of total, 

shading and overgrowing interactions (p<0.05) (Supplementary Material 2.1). 
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Figure 2. 16. Simple Linear Regression of frequency overgrowing interactions and 

coral colony size in the reef flat and the fore reef. 

2.4.5 Coral mortality 

The reef flat showed significantly less coral mortality of colonies interacting with 

macroalgae than the fore reef (T-Student, p<0.01) (Fig. 2.17). In the reef flat 1 of 149 

coral colonies showed mortality when interacting with macroalgae. This coral was an 

Acropora colony and was gradually overgrown by brown filamentous algae. In contrast, 

31 of 198 coral colonies in the fore reef showed signs of mortality. 

The coral Seriatopora hystrix was the most sensitive coral species to algal competition, 

as 52% of Seriatopora colonies died or experienced partial mortality during the surveys. 

When tissue mortality of S. hystrix occurred, a turf of filamentous red algae (composed 

of the algae Ceramium sp. and Antithamnion sp., Polysiphonia sp., Ectocarpus sp. and 

Enteromorpha sp.) was commonly observed overgrowing the skeleton. Some areas of 

living coral tissue were also seen overgrown by the filamentous red algae (Fig.2.14). 

Likewise, 16% of the total number of Acropora colonies died or suffered partial 

mortality during the survey in the fore-reef, in some instances caused by the red turf and 

other by the green alga Chlorodesmis fastigiata (Fig. 2.18). Stylophora pistillata 

colonies experienced some mortality caused by Lobophora sp. and the red turf, both of 

which progressively overgrew the colony. When the red turf colonised or killed the 

coral colony a successional process occurred in which other algae, such as Caulerpa sp. 

and Laurencia sp. and a green sponge colonised as the dead tissue area increased. This 

situation occurred for Acropora, Seriatopora and Stylophora. In contrast, there was no 

mortality recorded for Montipora colonies either in the reef flat or the fore reef despite 
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the fact that Montipora showed a higher number of interactions with numerous algal 

species in both reef zones (Fig.2.5 and 2.7).  

 
Figure 2. 17. Coral mortality recorded in the reef flat and fore reef from 

September 2012 to September 2013, Heron Island, GBR. 

 
Figure 2. 18. Acropora colony interacting with C. fastigiata in the fore reef during 

spring, 2012 (A); summer, 2012 (B); winter, 2013 (C) and spring 2013 (D), Heron 

Island, GBR. 
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2.5 Discussion 

2.5.1 Variability of frequency of coral-algal interactions and coral mortality 

The frequency and type of interactions varied considerably among climatic seasons 

demonstrating the dynamic nature of the competition for space between macroalgae and 

reef-building corals in reefs around Heron Island. Most competitive interactions 

occurred during spring and summer, although this depended on the type of algal species 

and type of competitive mechanisms. The algae Chnoospora, Colpomenia and 

Hydroclathrus are more commonly observed in spring and summer (pers. obs.) (Rogers 

1997) and consequently interact more frequently with corals during these climatic 

seasons. Meanwhile, other macroalgal species that are more abundant during summer 

and autumn such as Sargassum sp. and Turbinaria sp. (pers. obs.) (Price 1989, Rogers 

1997) interacted with corals more frequently during the warmer months.  Therefore, my 

data shows that the abundance of algae varies considerably between climatic seasons 

(Price 1989, Rogers 1997), and this variability has important consequences on the 

frequency of competitive interactions in the study area. The natural dynamics in algal 

abundance and competitive interaction are very likely related with seawater temperature 

changes (see Methods section), which have been shown to affect macroalgal seasonality 

and phenology in tropical reefs (Price 1989, Diaz-Pulido and Garzón-Ferreira 2002).  

The damage caused by macroalgae to the corals seems to depend on the seasonal nature 

of the algal species. The algae that showed high seasonal variability in the frequency on 

the interactions with the corals (such as H. pannosa, C. implexa, Halimeda sp., 

Colpomenia sp., Laurencia sp. and Hydroclathrus sp.) did not inflict an apparent 

damage to the coral and no coral mortality occurred during their competitive 

interactions over the course of this study (Fig 2.11 and 2.12). In contrast, macroalgal 

taxa that caused, or were involved in, coral mortality (such as C. fastigiata and red turf) 

did not vary seasonally in terms of frequency of coral-algal interactions. This may 

suggest that the intensity of space competition of these algae over the corals is relatively 

constant across seasons and no (or little) interruption in the strength of the interaction 

occurs, which may have negative implications to coral health. Accordingly, it is likely 

that seasonal variability of coral-algal interactions is not reflected in seasonal changes in 

coral mortality on Heron Island because only non-aggressive algae show clear temporal 

changes in frequency of competitive interactions across seasons.  
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2.5.2 Variability and type of coral-algal interactions and coral mortality between habitats 

The type of reef habitat governs to a large extent the natural history of coral-macroalgal 

interactions. There were clear differences between the reef flat and fore reef of Heron 

Island in terms of frequency of coral-algal interactions and the interacting species. For 

example, the frequency of coral-algal interactions per colony was much higher in the 

reef flat than that in the fore reef, probably because the reef flat is protected from strong 

wave action (Done 1982), which may favour macroalgal proliferation and increasing the 

number of coral-algal interactions in this habitat. Grazing by herbivorous fishes is also 

lower in the reef flat compared to fore reef zones, and so allowing accumulation of 

macroalgal biomass in the fore-reef (Hay 1981).  

The reef flat of Heron Island not only exhibited a much higher number of coral algal 

interactions than the fore reef, but also showed more invasive algal interactions year 

round (more shading and overgrowing interactions). This is because the reef flat corals 

were profusely shaded and overgrown by different macroalgal species, whereas the 

most frequent interactions in the fore reef were the physical contact between both corals 

and macroalgae. Yet, in spite of its relatively high frequency of algal interactions, coral 

mortality recorded in the reef flat was significantly lower than that in the fore reef of 

Heron Island. Nonetheless, earlier work in the Caribbean Sea showed that increased 

macroalgal abundance [e.g. due to reduction of grazing pressure in manipulative caging 

experiments (Lewis 1986)] generally leads to algal overgrowth of corals causing coral 

mortality (Lewis 1986, Hughes 1996), especially in encrusting coral species (Hughes 

1989). On the other hand, shading interactions may not be exclusively deleterious to 

corals because it mitigates the effects of excessive light on corals and thereby; increases 

survival in mature corals during mass coral bleaching (Jompa and McCook 1998). 

Exposure of corals to high light levels could lead to coral photoinhibition compromising 

a high amount of energy (Hoogenboom et al. 2006) and potentially cause coral 

bleaching (Lesser 1997).  

In contrast, low coral mortality and high frequency of algal interactions have been 

observed (Coles 1988, McCook et al. 2001) and estimated in Australian reefs (Tanner 

1995). Therefore, higher macroalgal abundance not always prompts higher coral 

mortality, and my results suggest that the relationship between algal abundance, 

frequency of interactions and coral damage in Heron Island reefs is highly dependent of 

the habitat studied. It is worth mentioning that my study was conducted only in one 

location, and further studies are needed in additional locations to confirm these patterns. 
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Heron Island is a typical outer reef of the southern GBR, and therefore my study may be 

more representative of this type of reef formation. Further studies are needed in inshore 

reefs or reefs further north to examine the generalisation of my findings.  

The differences in the dynamics of the coral-algal interactions between the reef flat and 

the fore reef can also be attributed to differences of community structure between 

habitats. Both habitats were composed of different coral and algal species. These 

differences in community structure between both habitats are likely due to differences in 

levels of tolerance to environmental conditions (Benayahu and Loya 1977) or 

differences in herbivory levels (McCook 1997). For instance, corals in the reef flat are 

capable of coping with the intrinsically harsh physical and chemical conditions of this 

environment (daily tidal and thermal variations, high light exposure, desiccation, etc.) 

(Done 1982). Different levels of resistance to physical conditions between habitats 

might also be translated into different levels of coral sensitivity to macroalgal 

competition. For instance, fore reef corals were more sensitive to macroalgal 

competition than those in the reef flat, because a higher proportion of fore reef colonies 

were partially or completely dead when interacting with macroalgae compared with the 

reef flat. Further, the most sensitive coral species (S. hystix) to macroalgal competition 

and the most competitively aggressive algae (red turf and C. fastigiata) reported in this 

study were absent in the reef flat (although occasionally these taxa occur is the reef flat 

as well, pers. obs.). My findings suggest that different coral species have different 

susceptibilities when competing with macroalgal and therefore the outcomes of 

competition are species specific (e.g. McCook et al 2001). The variability in 

competitive outcomes may also be related to the presence (or absence) of a variety of 

competitive mechanisms (e.g. mesenterial filaments (Nugues and Bak 2006), 

allelopathy (De Ruyter van Steveninck et al. 1988) that were not examined directly in 

this thesis chapter.  

2.5.3 Most common interacting coral-algal species and coral mortality 

The present study shows that some macroalgae that can be highly abundant and able of 

overgrowing corals (e.g. the brown C. implexa and red H. pannosa) have mild 

deleterious effects on corals, in comparison to some macroalgae that occur at lower 

abundance (such as C. fastigiata and the red turf) but that can inflict considerable 

damage on the coral. One study indicated that some corals that were profusely 

overgrown by the alga H. pannosa showed no signs of stress or mortality (Jompa and 

McCook 2003) In contrast, the alga C. fastigiata is able to kill corals directly by 
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physical contact because this alga is loaded with allelochemicals (secondary 

metabolites) (Rasher and Hay 2010, Rasher et al. 2011). Deleterious effects of algal 

turfs on corals have been evaluated previously. For example, algal turfs in direct contact 

with the coral Orbicella faveolata reduced the zooxanthellae densities of the coral tissue 

(Quan-Young and Espinoza-Avalos 2006). The filamentous red alga Ceramium (which 

was the predominant alga found in the red turf of my study) inhibited the settlement of 

competing algae and the presence of planktonic bacteria (Bazes et al. 2006, Lam and 

Harder 2007). It is likely that allelochemicals produced by Ceramium are used as a 

competitive mechanism against corals. There are other competitive mechanisms 

employed by algae when competing with corals. For example, some algae are also able 

to kill coral indirectly by releasing dissolved organic carbon (DOC) which enhances 

microbial activity and generates hypoxic conditions (Kline et al. 2006, Smith et al. 

2006, Barott et al. 2009). However, the exact mechanisms by which the turf found in the 

fore reef kill corals are a matter of future studies. 

2.5.4 Frequency of coral-algal interactions and colony size 

Coral colony size is a critical factor determining the competitive outcomes between 

corals and macroalgae, because small colonies are more vulnerable to competitive 

interactions than large colonies, thus increased macroalgal abundance can negatively 

affect coral population dynamics (Ferrari et al. 2012). In accordance with my findings, 

the nature of coral-macroalgal interactions is not only dependent on the type of reef 

habitat, climatic season, or species of algae and corals involved, but also on the size of 

the coral colony. I showed that the frequency of coral-algal interactions increases 

proportionately with colony size. However, this pattern was not universal and depended 

on the type of habitat examined as the relationship was positive only for the reef flat 

habitat.  

The sensitivity of corals to space competition with macroalgae plays an important role 

in altering the positive relationship between colony size and frequency of interactions 

(Ferrari et al. 2012). For instance, both small and large colonies of the branching coral 

Seriatopora are highly sensitive to algal overgrowth (e.g. colonies experienced 

overgrowth and mortality caused by Lobophora sp. and red turf algae), and therefore a 

clear relationship between colony size cannot be observed here. Studies conducted in 

the Caribbean showed that coral vulnerability to macroalgal competition largely 

depends on coral colony size [e.g. for the species Porites astreoides, Agaricia agaricites 

and Colpophyllia natans (Ferrari et al. 2012)]. Larger colonies (>30 cms) are able to 
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survive and keep growing irrespective of algal competition in Caribbean reefs (Ferrari et 

al. 2012). Colony morphology is another factor which could be playing an important 

role. For example, macroalgae entangled in branching corals could often result in 

necrosis of the polyps (Littler and Littler 1997). Also, branching corals usually exhibit 

higher growth rates than massive corals; thereby branching corals are unable to allocate 

the same energy to competitive defences in comparison with slow growing massive 

corals (Littler and Littler 1997, Huston 1985, James et al. 2005). My results are 

consistent with the findings of Ferrari et al. (2012), Littler and Littler (1997), Huston 

(1985) and James et al. (2005) for the fore reef and overgrowing interactions, but 

differed from my observations on other types of interactions in the reef flat and the fore 

reef. 

2.5.5 Implications for coral reefs  

As demonstrated, coral and algal interactions are very complex and are driven by a 

multitude of factors, including habitat, seasons, type of algae and corals, type of 

competitive mechanism, and colony size, and much more work is needed before we can 

fully understand the ecology of coral-algal interactions. My results suggest that there is 

a high seasonal variability of coral-algal interaction. Nonetheless, it seems that the 

abundance and type of interactions are poor indicators of coral mortality in the studied 

reefs. My results may suggest that coral reefs facing fewer incidences of macroalgal 

interactions may experience higher negative impacts from macroalgal competition than 

reefs profusely overgrown by macroalgae, because algae that may occur at lower 

abundance can actually be more aggressive and damaging to the coral tissue. The type 

of coral and algal species engaged in space competition play a crucial role in 

determining the competitive outcomes and coral mortality. Accordingly, to fully 

understand the nature and ecology of these interactions and the potential ecological 

consequences for reefs, a species-by-species approach should be used instead of the 

classic metric that only examines the total number of coral-algal competitive 

interactions as an index of coral reef status.  

42 
 



2.6 Supplementary Material 
Supplementary Material 2.1. Repeated Measures Analysis of Covariance tests of 

the differences between numbers of coral algal interactions per coral colony (total, 

shading and overgrowing interactions) during all seasons between the reef flat and 

the fore reef, Heron Island. 

  
Source 

Type III 

Sum of 

Squares 

df 
Mean 

Square 
F Sig. 

Total 

Intercept 1353.28 1 1353.28 3719.51 <0.01 

Colony size 65.82 1 65.82 180.9 <0.01 

Reef Zone 24.1 1 24.1 66.23 <0.01 

Error 72.04 198 0.36 
  

Season 0.13 1 0.13 0.65 0.42 

Season * Colony size 9.53 1 9.53 48.62 <0.01 

Season * Reef Zone 0.1 1 0.1 0.49 0.49 

Error(Season) 38.81 198 0.2     

Shading 

Intercept 822.23 1 822.23 1642.82 <0.01 

Colony size 42.81 1 42.81 85.53 <0.01 

Reef Zone 117.31 1 117.31 234.39 <0.01 

Error 99.1 198 0.5 
  

Season 0.97 1 0.97 5.13 0.02 

Season * Colony size 4.06 1 4.06 21.53 <0.01 

Season * Reef Zone 2.97 1 2.97 15.72 <0.01 

Error(Season) 37.36 198 0.19     

Overgrowth 

Intercept 822.23 1 822.23 1642.82 <0.01 

Colony size 42.81 1 42.81 85.53 <0.01 

Reef Zone 117.31 1 117.31 234.39 <0.01 

Error 99.1 198 0.5 
  

Season 0.97 1 0.97 5.13 0.02 

Season * Colony size 4.06 1 4.06 21.53 <0.01 

Season * Reef Zone 2.97 1 2.97 15.72 <0.01 

Error(Season) 37.36 198 0.19     
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Supplementary Material 2. 2. Repeated Measures Analysis of Covariance tests of 

the differences between frequency of coral algal interactions per coral colony 

(total, shading and overgrowing interactions) during all seasons in the reef flat, 

Heron Island. 

  
Source 

Type III 

Sum of 

Squares 

df 
Mean 

Square 
F Sig. 

Total 

Intercept 376.1 1 376.1 1140.57 <0.01 

Colony size 4.89 1 4.89 14.83 <0.01 

Coral genus 7.72 3 2.57 7.8 <0.01 

Error 27.04 82 0.33 
  

Season 1.06 1 1.06 4.54 0.04 

Season * Colony size 0.06 1 0.06 0.26 0.61 

Season * Coral genus 0.39 3 0.13 0.56 0.64 

Error(Season) 19.06 82 0.23     

Shading 

Intercept 255.65 1 255.65 266.95 <0.01 

Colony size 16.44 1 16.44 17.17 <0.01 

Coral genus 1.95 3 0.65 0.68 0.57 

Error 78.53 82 0.96 
  

Season 1.55 1 1.55 6.17 0.02 

Season * Colony size 0.13 1 0.13 0.51 0.48 

Season * Coral Genus 0.7 3 0.23 0.93 0.43 

Error(Season) 20.65 82 0.25     

Overgrowth 

Intercept 124.75 1 124.75 303.61 <0.01 

Colony size 9.03 1 9.03 21.97 <0.01 

Coral genus 5.15 3 1.72 4.18 0.01 

Error 33.69 82 0.41 
  

Season 1.39 1 1.39 5.84 0.02 

Season * Colony size 0.06 1 0.06 0.24 0.62 

Season * Coral genus 0.33 3 0.11 0.47 0.71 

Error(Season) 19.48 82 0.24     
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Supplementary Material 2.3. Repeated Measures Analysis of Covariance tests of 

the temporal differences between numbers of coral algal interactions per coral 

colony (total, shading and overgrowing interactions) during all seasons in the fore 

reef, Heron Island. 

  
Source 

Type III Sum 

of Squares 
df 

Mean 

Square 
F Sig. 

Total 

Intercept 543.64 1 543.64 2412.16 <0.01 

Colony size 36.88 1 36.88 163.63 <0.01 

Coral genus 5.85 3 1.95 8.65 <0.01 

Error 24.57 109 0.23 
  

Season <0.01 1 0 0 0.95 

Season * Colony size 8.33 1 8.33 61.68 <0.01 

Season * Coral genus 0.83 3 0.28 2.05 0.11 

Error(Season) 14.73 109 0.14     

Shading 

Intercept 239.1 1 239.1 1731.66 <0.01 

Colony size 13.74 1 13.74 99.51 <0.01 

Coral genus 2.98 3 0.99 7.19 <0.01 

Error 15.05 109 0.14 
  

Season 0.48 1 0.48 3.85 0.05 

Season * Colony size 3.57 1 3.57 28.85 <0.01 

Season * Coral genus 1.52 3 0.51 4.09 0.01 

Error(Season) 13.5 109 0.12     

Overgrowth 

Intercept 226.66 1 226.66 5302.59 <0.01 

Colony size 0.15 1 0.15 3.44 0.07 

Coral genus 2 3 0.67 15.62 <0.01 

Error 4.66 109 0.04 
  

Season 0.14 1 0.14 4.72 0.03 

Season * Colony size 0.12 1 0.12 4.08 0.05 

Season * Coral genus 0.63 3 0.21 7.03 <0.01 

Error(Season) 3.28 109 0.03     
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Chapter 3 The gradient of terrestrial influence alters the frequency of 

competitive direct interactions between corals and macroalgae but not 

the damage on coral tissue. 

3.1 Abstract 
The aims of this study were to evaluate the frequency of coral-macroalgal direct 

interactions and the competitive effects on corals, in terms of pale and recently dead 

tissue in the coral-algal interface across a gradient of terrestrial influence in the Great 

Barrier Reef. Reefs from 5 to 70 km away from mainland were selected and the 

frequency of coral algal interactions, type of interaction (contact, shading and/or 

overgrowing interactions) and the proportion of colonies with pale or recently dead 

tissue in the coral-algal interface were investigated in the reef flat and the fore reef 

habitats. Pale and dead coral tissue in the coral-algal interface was found across the 

gradient, even in the farthest site where local stressors have little influence. The 

frequency of macroalgal interactions for all algal species collectively and of Lobophora 

sp.  increased with decreasing distance away from the mainland, whereas the frequency 

of C. fastigiata and a red turf interactions increased with increasing distance from 

mainland. The fore reef had a higher proportion of colonies with recently dead tissue 

and paleness in comparison with the reef flat. Coral paleness and mortality decreased 

and increased, respectively, with increasing distance away from mainland. My data 

suggest that not only local stressors associated with human activities are negatively 

affecting the corals, but also the impacts of macroalgal competition are highly 

dependent on the natural history of each site (e.g. adaptation to local conditions and 

variability in community structure). The findings from this study are significantly 

important for the management of coral reefs because they suggest that measures to 

reduce the impacts of terrestrial influence could not be enough to prevent coral reef 

decline. 

Key words: Coral reefs, Terrestrial gradient, Coral-algal interactions, Coral mortality, 

Coral paleness, Great Barrier Reef. 

3.2 Introduction 
Globally, coral reefs are changing from highly diverse and topographically complex 

ecosystems dominated by coral species to structurally simple ecosystems of low 

diversity and dominated by macroalgae (Hughes 1994, Hughes et al. 2003, Hughes et al. 
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2007, Jackson et al. 2014). On coral reefs, corals and macroalgae compete for space, 

light and nutrients, and this process of competition is important in structuring and 

shaping the diversity and abundance of both groups, particularly in degraded reefs 

(Done 1992, Lapointe 1997, Mumby et al. 2007). Human activities such as 

eutrophication and overfishing are important ecological processes that modulate the 

growth and abundance of algae and consequently the intensity of algal competition 

against corals (McCook et al. 2001, Sotka and Hay 2009, Barott et al. 2012). However, 

the general importance of competition between macroalgae and corals at different levels 

of anthropogenic impact remains unclear. A better understanding of the underlying 

mechanisms determining the competitive outcomes of coral-algal interactions, and how 

anthropogenic stressors alter these interactions, is needed to better manage coral reefs 

(Jackson et al. 2001). 

The competitive mechanisms that macroalgae use against corals vary widely (McCook 

et al. 2001, Jompa and McCook 2003, Barott and Rohwer 2012, Wolf et al. 2012, 

Bonaldo and Hay 2014). Some macroalgae are able to kill corals and prevent coral 

recruitment, growth and fecundity by means of species-specific mechanisms (Tanner 

1995, Birrell et al. 2008, Rasher and Hay 2009, Rasher et al. 2011). For example, there 

are chemically aggressive macroalgae such as Chlorodesmis fastigiata and Galaxaura 

filamentosa that produce secondary metabolites which poison coral tissue by direct 

contact (Rasher and Hay 2010, Rasher et al. 2011). However, not all macroalgal 

competitive interactions require direct contact to kill corals; some algal species release 

dissolved organic carbon and thereby stimulate the growth of bacteria and other 

pathogens generating anoxic conditions in the coral-algal interface with resulting coral 

mortality (Smith et al. 2006, Barott and Rohwer 2012, Barott et al. 2012). Conversely, 

some physical interference mechanisms are also competitively effective. For example, 

algal overgrowth smothered and killed corals in a Caribbean reef (Hughes 1989), 

whereas abrasive and shading mechanisms negatively affected the growth of corals (e.g. 

Sargassum) (Miller and Hay 1996, McCook et al. 2001, River and Edmunds 2001).  

However, it is still not clear which species of corals and macroalgae are the most 

common interacting species in reefs, and what are the possible detrimental effects of 

these algal species on corals along a gradient of water quality. 

Human activities, as well as natural disturbances can influence the strength and 

direction of coral-macroalgae interactions in favour of the macroalgae. Exploring the 

benthic community structure across gradients of human and natural disturbance on coral 
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reefs can help determining how the outcome of the competitive interaction changes as a 

consequence of human activities. For example, dominance patterns shifted from 

Acropora-crustose coralline algae (CCA) where human disturbance was low, to fleshy 

macroalgal dominated communities with potential competitive outcomes in favour of 

macroalgae in reefs where human influence was high in the northern Line Islands 

(Kiribati, Pacific Ocean) (Sandin et al. 2008, Barott et al. 2012). However, not all 

changes in the strength of competitive interactions are related to human disturbances. 

Human activities did not affect the competitive abilities of algal turfs over the coral 

Porites along a cross-shelf gradient in the Great Barrier Reef, Australia (GBR) 

(McCook 2001). Nonetheless, none of these studies have considered the effects of algal 

interactions on coral health and the specific algal species involved in the interactions 

under a gradient of terrestrial influence.         

Coral reefs of the GBR span a gradient which encompasses a gradual change in water 

quality from inshore to offshore reefs due to different exposures to levels of nutrient and 

sediment input associated with natural processes (e.g. runoff) and human activities (land 

clearing and increased agriculture in the nearby terrestrial catchments) (De'ath and 

Fabricius 2010). These differences are reflected in important dissimilarities in 

community structure of associated coral reefs according to their distance from sources 

of terrestrial influence (Bell 1992, Philipp and Fabricius 2003, Fabricius et al. 2005, 

De'ath and Fabricius 2010). For example, inshore reefs are more influenced by land than 

offshore reefs due to their relatively close proximity to mainland and sources of 

nutrients and sediments through river outflow and direct local runoff. The increased 

sediment and nutrient inputs from the terrestrial environment affect coral populations on 

these inshore reefs due to reduction in photosynthetic efficiency of the coral symbionts 

Symbiodinium (due to decline in water clarity), presence of toxic pollutants and possibly 

to macroalgal proliferations (Bell 1992, McCook 1997, De'ath and Fabricius 2010). 

Therefore, understanding the effects of terrestrial inputs on the frequency of coral-algal 

interactions and coral health is critically needed for an appropriate management of 

catchments and rivers that are potentially affecting coral reefs in the GBR.    

I aimed to assess the frequency of coral-algal interactions and the associated 

competitive effects of macroalgae on coral health along a gradient of continental 

influence from inshore to offshore reefs across two reef habitats (reef flat and fore reef).  
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I hypothesised that:  

1) The frequency of coral algal interactions will increase with the proximity to the coast 

due to changes associated with water quality.  

2) I also expect that the species involved in coral-algal interactions vary among sites and 

between reef zones across the gradient of terrestrial influence.  

3) Finally, I hypothesise that exposure to reduced water quality weakens the ability of 

corals to compete with macroalgae, thereby the terrestrial gradient will be positively 

correlated with the intensity of the deleterious effects of macroalgae on competing 

corals (pale and dead tissue in the coral-algal interaction interface).  

3.3 Methods 

3.3.1 General approach and study area  

To investigate the influence of land proximity on the competition between macroalgae 

and corals, I selected 4 reefs along a gradient of terrestrial influence on the GBR (Figure 

3.1), and within each reef I conducted surveys of the benthic community structure and 

frequency and type of coral-algal interactions. The reefs included inshore, mid-shore 

and offshore reefs. The sites were Pelican Island (5 km away from mainland), Halfway 

Island (15.54 km from mainland), Barren Island (33 km from mainland) and Heron 

Island (70 km from mainland). Pelican, Halfway and Barren Islands are part of Keppel 

Islands, which are exposed to different levels of water quality as they are located at 

varying distance from the mouth of the Fitzroy River and Cawarral Creek. To confirm 

the gradient of terrestrial influence on the studied reefs, chlorophyll-a and Kd490 

(diffuse attenuation coefficient for down-welling irradiance at 490 nm, an indicator of 

the turbidity of the water column) values were compared among locations using satellite 

images. Pelican Island (23°14.44' S; 150° 52.55' E) is the reef with lowest water quality 

due to its close proximity to the Australian mainland and river mouths, and also fishing 

activities are allowed (except trawling)(Habitat Protection Zone, GBRMPA, 2016). 

Halfway (23°12.19' S; 150° 58.19' E) and Barren (23° 09.976' S; 151° 05.51' E) are 

further from mainland and river mouths than Pelican Island, thereby they are less 

influenced by low water quality. Fishing activities are also allowed in these Islands 

(except trawling) (Habitat Protection Zone, GBRMPA, 2016). Conversely, Heron Island 

(23°25.98'S, 151°55.99'E) is a remote Island with very few inhabitants and is less 

exposed to terrestrial influence (Devlin et al. 2001). No fishing activities are permitted 

in the evaluated area of Heron Island (Marine National Park, GBRMPA, 2016). Within 
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each reef, surveys were conducted in two reef habitats, reef flat (2 – 4 m depth) and fore 

reef (6-8 m depth), to gain further understanding in local coral-algal dynamics. Due to a 

strong seasonality in macroalgal abundance in the southern GBR (Rogers 1996, 1997, 

Diaz-Pulido et al. 2009) and coral macroalgal interactions, field surveys were limited to 

the summer season (Heron Island: December 2012; Keppel Island: December 2013). It 

is worth mentioning that December is part of the wet season in the GBR, thereby due to 

increased nutrient and temperature levels in this season, it is expected that reefs are 

more affected by algal interactions.     

 

Figure 3. 1. Map of the study area. 

3.3.2 Environmental variables 

To relate the frequency of coral-algal interactions with the gradient of terrestrial 

influence a range of environmental variables were quantified using satellite data. Three 

1 km2 resolution satellite images (MODIS. Terra+Aqua) (SeaDAS 2014, 

http://seadas.gsfc.nasa.gov/) were acquired. Environmental variables calculated from 

these images included: distance from mainland (km), sea surface temperature (SST, 

annual average temperature 2012-2013), chlorophyll-a concentration (mg/m3, annual 

average chlorophyll-a 2012-2013) and water turbidity (annual average turbidity 2012-

2013) (KD-490 or Diffusive Attenuation Coefficient of the spectral solar downward 

irradiance at wavelength 490-nm, which is an indicator of the turbidity of the water 

column (Mueller 2000). 

3.3.3 Community structure across the gradient of anthropogenic influence 

To investigate how the benthic community structure varied across the gradient of 

terrestrial influence and between reef zones (reef flat vs fore reef), the Line Point 

Intercept method was utilised (Bauer 1943). Three 30-m parallel-to-the-shore LPI 
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transects were placed on the benthos and the taxa (genera or species) and/or benthic 

categories underneath each transect were identified and recorded every 0.5 m. 

3.3.4 Frequency of coral-algal interactions and coral health along the gradient. 

To assess the number of coral-algal interactions and coral health, the closest neighbour 

method was used at all sites. Three 30 m long parallel-to-the-shore transects were 

randomly allocated and the closest colony to each transect was assessed every two 

meters by counting the number of coral-algal interactions and identifying the species 

involved in the interaction (16 colonies per transect, 48 colonies per reef zone, 96 

colonies per reef). The proportion of colonies with pale or recently dead tissue in the 

coral-algal interface was recorded. Coral health was determined by recording the 

absence/presence of pale or recently dead coral tissue in the coral-algal interface 

(presence of pale or recently dead tissue were used as indicators of poor health). To 

determine potential differences among types of interactions (contact, shading and/or 

overgrowing interactions, Fig. 3.2) and its effects on corals, interactions were 

categorised and evaluated separately with their respective length of the interactive 

perimeter.  

   

Figure 3. 2. Examples of coral-algal interactions: contact (A) (the macroalga 

Chlorodesmis fastigiata and the coral Acropora sp.), overgrowth (B) (Filamentous 

algae and the coral Acropora sp.) and shading (C) (the coral Porites sp. and the 

macroalga Chnoospora implexa). 

3.3.5 Data analyses. 

Principal Component Analysis (PCA) was used to explore the variation of the measured 

environmental variables, including sea surface temperature, distance away from 

mainland, turbidity and chlorophyll-a concentrations among sites. PCA was run using R 

Statistical Software: R-Studio. 

Differences between sites and reef zones were displayed in reduced dimensional space 

using Non Metric Multidimensional Scaling (NMDS) ordination (R Statistical Software: 
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R-Studio Package); NMDS was run using 999 iterations and the dimensional solution 

with the lowest stress used. Where differences were detected, the main species 

responsible were determined using the Similarity Percentages procedure (SIMPER) 

based on the Bray-Curtis similarity matrix (R Statistical Software: R-Studio). All 

macroalgal and coral species recorded in the surveys were included in these analyses.  

To group the reefs and reef habitats in the ordination test (NMDS), a cluster analysis 

was run (Past Statistical Software, Version 2.13) (Bray-Curtis similarity test). The 

composition of coral and algal species was used in this analysis. This was done to 

correlate the abundance of coral and algal species with the frequency of coral-algal 

interactions of these interacting species. To compare the benthic community structure 

between reefs and reef habitats in terms of coral and algal abundances, two-way 

ANOSIM (factors: sites and reef zones) and SIMPER (Bray-Curtis index) tests were run 

(one for each group of organisms respectively). Relationships between environmental 

variables and the frequency of algal interactions with corals across the gradient of 

anthropogenic influence were explored using linear regressions. To analyse the changes 

in the measured variables along the gradient of terrestrial influence, linear regressions 

were used because these analyses estimate the potential effects of changes in 

environmental factors (in this case water quality) on the response variables.    

I evaluated the interactions of corals with all algal species (total), interactions with 

Chlorodesmis fastigiata, Lobophora sp. and red turf [the red turf was composed of 

Ceramium sp. (predominant) and Antithamnion sp., Polysiphonia sp., Ectocarpus sp. 

and Enteromorpha sp.] (dependent variables). These algal species were selected because 

pale or recently dead tissue was observed in corals when interacting with these algae. 

The independent variables used in the model were the proximity to mainland from the 

site, SST (°C), turbidity (KD490, m-1) and chlorophyll-a values (mg/m3).  

Linear regressions were also used to assess potential effects of physical and biotic 

variables on the proportion of coral colonies with pale or recently dead tissue in the 

coral-algal interface across the gradient. The independent variables used in this model 

were the frequency of total, shading and overgrowing interactions with macroalgae 

(specifically interactions with C. fastigiata, red turf, Lobophora sp. and total sum of all 

algal species), abundance of Seriatopora and Acropora corals, proximity to mainland 

from the site, SST (°C), water turbidity (FD490, m-1) and chlorophyll-a values (mg m-

3). The macroalgae C. fastigiata, red turf and Lobophora sp. were included in the 

models because they were interacting when coral pale and/or recently dead tissue was 
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observed in the coral/algal interface. The corals Seriatopora and Acropora were added 

to the regressions as independent variables because these genera presented the highest 

proportions of colonies with recently dead or pale tissue in coral- algal encounters. The 

following model was used for all regressions (Equation 1):  

Equation1. Y = µ + mn Xn + Residuals. 

3.4 Results 

3.4.1 Environmental Variables 

Satellite images (MODIS. Terra+Aqua) (SeaDAS 2014, http://seadas.gsfc.nasa.gov/) 

showing annual average (2012-2013) seawater chlorophyll-a concentration (mg/m3), 

turbidity (KD490, m-1) and surface temperature (°C) in coral reefs of Pelican, Halfway, 

Barren and Heron Island are presented in Fig. 3.3.   

  

53 
 



 

Figure 3. 3. Annual average (2012-2013) seawater chlorophyll-a concentration 

(mg/m3) (A), turbidity (KD490, m-1) (B) and surface temperature (°C) (C) in coral 

reefs of Pelican, Halfway, Barren and Heron Island. Data derived from satellite 

images. 
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Annual average chlorophyll-a concentration and water turbidity decreased as distance 

away from mainland increased, demonstrating a clear cross shelf gradient in 

environmental variables (Table 3.1 and Fig. 3.3). Pelican, the closest Island to the 

mainland (5.00 km away from mainland) had the highest chlorophyll-a and turbidity 

average of the four reefs, whereas Heron Island had the lowest values. Annual average 

SST was relatively similar across all sites, ranging between 24.26 (Halfway Island) and 

24.86 °C (Pelican Island) (Table 3.1, Fig. 3.3). Principal Component Analysis (PCA) of 

the environmental data verified the strong gradient of reduced chlorophyll-a and 

turbidity with increasing distance from the coast (Fig. 3.4). 

Table 3. 1. Physical parameters recorded in Pelican, Halfway, Barren and Heron 

Islands. SST, Chlorophyll-a and Turbidity values are annual averages of 2012-

2013. 

Site 

Mainland 

distance 

(Km) 

SST 

(°C) 
Chlorophyll-a (mg/m3) 

Turbidity 

(m-1) 

Pelican 5.00 24.86 3.80 0.27 

Halfway 15.54 24.26 2.26 0.20 

Barren 32.96 24.30 1.44 0.14 

Heron 70.93 24.38 0.49 0.08 
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Figure 3. 4. Principal component analysis of the environmental parameters 

recorded in Pelican, Halfway, Barren and Heron Islands. SST, Chlorophyll-a and 

Turbidity values are annual averages of 2012-2013. 
3.4.2 Community structure  

I found clear differences in community structure of benthic assemblages across the 

gradient of terrestrial influence (Figs. 3.5, 3.6, 3.7 and 3.8). The taxonomic composition 

of both coral and algal assemblages varied significantly among reefs (ANOSIM, coral 

community Global R = 0.50; p=0.0001, algal community, Global R = 0.47: p=0.0001), 

but not between coral reef habitats (reef flat and fore reef; ANOSIM, coral community 

Global R = -0.12, p=0.90; algal community Global R = -0.17, p=0.83). Among-site 

variances were mostly attributed to differences in abundance of the coral Acropora 

(SIMPER, 93%), and the macroalgae Lobophora (SIMPER, 31.43%) and Sargassum 

(SIMPER, 14.77%). There were no significant differences in macroalgal abundance 

between reef zones (T-Student: T = 1.36, df= 6, p=0.22). Coral abundance was lower on 

reef flats compared with fore reefs, but the difference was not significant (T-Student: T 

= 1.72, df=6, p=0.14) (Fig. 3.8).  

Pelican Island reef habitats presented the most distinctive community structure of the 

study (SIMPER, coral community: 26.34%; algal community: 41.35%), and had the 

highest macroalgal diversity (Fig. 3.5) and abundance (Fig. 3.6) compared to the other 
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reefs. Abundant macroalgae in the fore reef included those of the order Gelidiales, Jania 

sp. and Asparagopsis sp. (Figs. 3.6 and 3.7), while the reef flat had the highest 

abundance of brown macroalgae Dictyopteris sp., Zonaria sp. and Dictyota sp. (Figs. 

3.6 and 3.7). Pelican Island reef flat presented low coral diversity (only one coral genus, 

Montastraea sp.) and abundance (1.08 ± 0.88%) (mean ± SE), whereas Pelican Island 

fore reef had relatively high diversity of coral species (10 species) (Fig. 3.5) and high 

abundance of the coral genera Favites, Coscinarea and Favia (Fig. 3.8).   

Halfway and Barren Islands had a relatively simple community structure with low 

macroalgal and coral diversity (Fig. 3.5), dominated by Lobophora and Acropora 

respectively (Fig. 3.6, 3.7 and 3.8). Fore reefs of both Halfway and Barren Islands were 

grouped in one single cluster in conjunction with the reef flat of Barren Island (Fig. 

3.7). Heron Island reef habitats were different from the other sites (SIMPER, coral 

community: 34.70%; algal community: 16.65%), mainly because of the abundance of 

Padina, Sargassum and Caulerpa (Figs. 3.6 and 3.7). The most abundant coral genera 

in Heron reef flat were Porites, Acropora, Isopora and Montipora (Figs. 3.7 and 3.8), 

while the corals Montipora, Acropora, Seriatopora and Porites were common in the 

fore-reef (Figs. 3.7 and 3.8). 

 

Figure 3. 5. Number of algal (A) and coral species (B) in the reef flat and fore reef 

in all sites. 
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Figure 3. 6. Percent cover (%, means ± SE) of algal genera at the reef sites across 

the gradient of terrestrial influence, GBR  (Asp: Asparagopsis sp.; CCA: crustose 

coralline algae; Chn: Chnoospora implexa; Dictyop: Dictyopterus sp.; Dictyot: 

Dictyota sp.; Hal: Halimeda sp.; Jan: Jania sp.; Lob: Lobophora sp.; Mel: 

Melanamansia glomerata; Pad: Padina sp.; Sar: Sargassum sp.; Zon; Zonaria sp.; 

Tur: Turbinaria ornata). 
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Figure 3. 7.  NMDS ordination in two dimensions (Stress = 0.13) of the assemblage 

data collected from both the reef flat and the fore reef at Pelican, Halfway, Barren 

and Heron Islands. (Acr: Acropora sp.; Alv: Alveopora sp.; Amp: Amphiroa sp.; 

Asp: Asparagopsis sp.; Avr: Avrainvillea sp.; Cau: Caulerpa sp.; Chl: Chlorodesmis 

fastigiata; Chn: Chnoospora implexa; Dictyop: Dictyopterus sp.; Dictyot: Dictyota 

sp.; Gel: Gelid; Hal: Halimeda sp.; Hyp; Hypnea pannosa; Jan: Jania sp.; Lob: 

Lobophora sp.; Pad: Padina sp.; Poc: Pocillopora sp.; Por: Porites sp.; Sar: 

Sargassum sp.; Spa: Spatoglossum sp.; Sty: Stylophora sp.; Tur: Turbinaria ornata; 

Zon; Zonaria sp.; Tur: Turbinaria ornata). Sites and reef zones were grouped 

according to Similarity indexes. 
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Figure 3. 8. Percent cover (means ± SE) of coral genera at reef habitats across the 

gradient of terrestrial influence, GBR. Acr: Acropora sp.; Alv: Alveopora sp.; Ast: 

Astreopora sp.; Cos: Coscinarea sp.; Favia: Favia sp.; Favite: Favites sp.; Iso: 

Isopora sp.; Monta: Montastraea sp.; Monti: Montipora sp.; Por: Porites sp.; Ser: 

Seriatopora sp.   

3.4.3 Frequency of coral-algal interactions across the gradient of continental influence. 

The frequency of overgrowth interactions of all algal species decreased as distance 

increased from shore, although this trend was only significant for the reef flat habitat 

(Multiple Lineal Regression; r2=0.87; p=0.01) (Fig. 3.9). Shading and overgrowth 

interactions for the alga Lobophora sp. did not vary significantly along the gradient, 

although decreased towards the offshore reefs (Fig. 3.9). Conversely, the frequency of 

C. fastigiata and red turf interactions increased significantly with increased distance 

from the mainland (Multiple Lineal Regression; Red turf r2=0.65; p=0.01, fore reef; C. 

fastigiata; r2=0.65; p=0.01, reef flat; r2=0.52; p=0.01, fore reef). In fact, the highest 

frequency of C. fastigiata  interactions was found in the farthest coral reef from the 

mainland (Heron Island) at both reef zones. 
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Figure 3. 9. Linear regressions between the frequency of algal of interaction types 

(shading, overgrowth and total) for all species and Lobophora sp. and the distance 

from mainland. Regressions are presented for the reef flat and the fore reef. 

In general, both reef zones presented similar number of algal species interacting with 

corals compared at all sites across the gradient of terrestrial influence (26 vs. 25 algal 

species respectively) (Table 3.2). 
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Table 3. 2. Interacting algal species of the reef flat and the fore reef in all sites. 

Reef flat Fore reef 

Amphiroa sp. Amphiroa sp. 

Asparagopsis sp. Asparagopsis sp. 

Caulerpa sp. Caulerpa sp. 

Chlorodesmis fastigiata Ceramium sp. 

Chnoospora implexa Chlorodesmis fastigiata 

Codium sp. Chnoospora implexa 

Colpomenia sp. Colpomenia sp. 

Dictyopteris sp. Dictyota sp. 

Dictyota sp. Galaxaura filamentosa 

Halimeda sp. Halimeda sp. 

Halymenia sp. Halymenia sp. 

Hydrochlatrus sp. Hypnea sp. 

Jania sp. Jania sp. 

Laurencia sp. Laurencia sp. 

Lobophora sp. Lobophora sp. 

Lomentaria sp. Lomentaria sp. 

Melanamansia glomerata Melanamansia glomerata 

Microdictyon sp. Peyssonnelia sp. 

Padina sp. Plocamium sp. 

Peyssonnelia sp. Portieria sp. 

Sargassum sp. Rosavingea sp. 

Zonaria sp. Sargassum sp. 

Spatoglosum sp. Stypopodium sp. 

Stypopodium sp. Zonaria sp. 

Turbinaria ornata   

 

Nevertheless, the algal species changed across reefs in both reef habitats. For example, 

Dictyota sp. and Jania sp. shaded and overgrew corals more frequently in the reef flat of 

Pelican Island than in any other reef flat. Lobophora sp. dominated almost exclusively 

the shading and overgrowth interactions in the reef flat of sites located intermediate in 

the gradient (i.e. Halfway and Barren Islands), whereas Sargassum sp. and Chnoospora 

sp. were the most common algal species shading and overgrowing corals in the reef flat 

of Heron Island (the farthest reef from mainland). Conversely, Jania sp. and Lobophora 
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sp. were the main macroalgae shading and overgrowing coral colonies in Pelican Island 

fore reef; Lobophora sp. in Halfway and Barren fore reefs and Laurencia sp. and 

Halimeda sp. in the Heron Island fore reef (Fig. 3.10).

 
Figure 3. 10. Frequency of total (total, shading and overgrowing algal 

interactions), shading and overgrowing  algal interactions (Means ± StE) of each 

algal species in the reef flat and fore reef in the studied reefs along the gradient of 

terrestrial influence. (Amp: Amphiroa sp.; Asp: Asparagopsis sp.; CCA: crustose 

coralline algae; RT: Red turf; Chn: Chnoospora implexa; Dictyop: Dictyopterus 

sp.; Dictyot: Dictyota sp.; Gel: Gelid; Hal: Halimeda sp.; Hyp; Hypnea pannosa; 

Jan: Jania sp.; Lau: Laurencia sp.; Lob: Lobophora sp.; Mel: Melanamansia 

glomerata; Pad: Padina sp.; Sar: Sargassum sp.; Zon; Zonaria sp.; Tur: Turbinaria 

ornata). 
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The frequency of coral-algal interactions was also related to changes in environmental 

variables along the gradient of continental influence. For example, the frequency of 

shading and total interactions was positively correlated with increased chlorophyll-a 

concentrations in both reef habitats (reef flat and fore reef) (shading in the reef flat: 

Multiple Lineal Regression; r2=0.51; p=0.01; shading in the fore reef: r2=0.85; p=0.001; 

Total in the reef flat: r2=0.50; p=0.01; total in the fore reef: r2=0.33; p=0.05). In 

contrast, the number of total interactions between the macroalga C. fastigiata  (found in 

both reef zones) and the red turf (only found in the fore reef) and corals declined with 

increasing levels of chlorophyll-a, although only the red turf correlation was significant 

(Multiple Lineal Regression; red turf r2=0.38; p=0.03; C. fastigiata  r2=0.29; p=0.06). 

No clear patterns were observed in the frequency of Lobophora sp. interactions of any 

type and chlorophyll-a values in either reef zone.  

The sum of interactions of all algal species increased with decreasing water clarity in 

both reef zones (reef flat: Multiple Lineal Regression; r2=0.35; p=0.04; fore reef: 

r2=0.31; p=0.04). In contrast, number of C. fastigiata and red turf thalli interacting with 

corals decreased significantly with decreasing transparency in the reef flat (Multiple 

Lineal Regression; r2=0.41; p=0.02) and the fore reef (Multiple Lineal Regression; 

r2=0.32; p=0.05). No clear patterns were observed between the abundance of Lobophora 

sp. interactions and water clarity. 

On the other hand, SST was positively correlated with the frequency of the sum of all 

algal species interactions in both reef zones (Multiple Lineal Regression; r2=0.81; 

p=0.01 in the reef flat and r2=0.33; p=0.05 in the fore reef) and negatively and 

significantly correlated with any type of Lobophora sp. interactions in the reef flat and 

fore reef (Multiple Lineal Regression; r2=0.81; p=0.04 in the reef flat and r2=0.81; 

p=0.02 in the fore reef). Correlations of SST and abundance of red turf and C. fastigiata 

interactions were negative but non-significant in both reef zones (p<0.05).  

 In most cases, the frequency of interactions of the sum of all algal species was 

negatively correlated with the abundance of Acropora corals, although only the reef flat 

regressions were significant (shading in the reef flats: Multiple Lineal Regression; 

r2=0.41; p=0.02; Total in the reef flat: r2=0.50; p=0.02) (Fig. 3.11).  These negative 

correlations differed from the trend shown by the alga Lobophora sp. whose interactions 

increased with increasing Acropora abundance in the fore reef habitat (Fig. 3.11). 

Shading of Lobophora sp. over corals was negatively correlated with the abundance of 

Seriatopora (Multiple Lineal Regression; r2=0.17; p=0.01). 
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Figure 3. 11. Linear regressions of interactions of the sum of all algal species (total, 

shading and overgrowing interactions), Lobophora sp. interactions (Total, shading 

and overgrowing Lobophora sp. interactions) and Acropora sp. abundance 

recorded in the reef flat and the fore reef in all sites. 

3.4.4 Coral health and coral algal interactions within sites and across the terrestrial 

gradient. 

To look at the relationship between coral health and coral-algal interactions, a total of 

384 colonies were evaluated, 192 colonies per reef habitat (reef flat and fore reef) across 

all reefs. Of the 192 colonies, 29 colonies (7.55%) showed pale tissue and seven showed 

recently dead tissue (1.82%) at the coral-algal interface in both reef zones. The 

remaining colonies looked healthy. The fore reef presented a higher proportion of 

colonies with recently dead tissue and paleness at the coral algal interacting zone in 

comparison with the reef flat colonies (Fig. 3.12). Two coral genera presented pale 

tissue at the coral-algal interface: Acropora and Porites, whereas three coral genera 

showed recently dead tissue: Acropora, Montipora and Seriatopora. Acropora and 

Seriatopora were the most sensitive corals in terms of paleness and recently dead tissue 

respectively (Fig. 3.12). 
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Figure 3. 12.  Proportion of coral colonies with pale and recently dead tissue in the 

coral algal interface in the reef flat and the fore reef. 

Six macroalgal species were found to interact with corals with pale and/or recently dead 

tissue in the coral-algal interacting area (Fig. 3.13). Algal species interacting with corals 

with pale tissue in the coral-alga interface included C. implexa and Lobophora sp. in the 

reef flat and Lobophora sp. in the fore reef. However, the number of individuals of 

Lobophora sp. involved during coral paleness was higher than that of C. implexa. 

Conversely, corals with recently dead tissue were interacting with an unidentified 

filamentous alga in the reef flat and with C. fastigiata, red turf and a non-identified 

filamentous alga in the fore reef (Fig. 3.13)  

 

Figure 3. 13.  Percentages of algal species involved in coral-algal interactions which 

apparently caused coral tissue to pale or die in the coral – algal interface in the 

reef flat (RF) and the fore reef (FR). 
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When looking at the relationship between the gradient of terrestrial influence and coral 

health (tissue paleness and mortality), I found that recently dead coral tissue along the 

interface of coral-algal interactions increased with increasing distance from the 

mainland in the fore reef habitat (fore reef p=0.01, r2=0.64; not significant for the reef 

flat, r2=0.11; p=0.29) (Fig. 3.14). Interestingly, Heron Island, the site less affected by 

the influence of mainland, presented more recent coral mortality in the coral-algal 

interface than any other site. In contrast, Pelican Island, which is the closest site to the 

mainland, had the least proportion of colonies with pale and recently dead tissue in the 

coral-algal interface in this study, although the relationship was non-significant (reef 

flat: Multiple lineal regression; r2=0.01; p=0.75; fore reef p=0.98, r2=0.01) (Fig. 3.14). 

 
Figure 3. 14.  Linear regressions between the proportion of coral colonies with 

recently partial mortality and pale tissue in the algal interacting zone and distance 

away from mainland, recorded in the reef flat and the fore reef in all sites. 

Conversely, colonies with pale tissue during algal interactions were more commonly 

seen in Acropora colonies (Fig. 3.12), thereby abundance of the coral Acropora was 

significantly and positively correlated to coral pale tissue in the reef flat (reef flat; 

Multiple Lineal Regression; r2=0.42; p=0.02). No clear patterns between the abundance 

of Acropora and proportion of colonies with pale tissue were found in the fore reef (Fig. 

3.15). Presence of Acropora colonies and the proportion of colonies with recently dead 

tissue showed non-significant relationship (r2=0.35, p=0.09) and positive correlations in 

the fore reef (non-significant) (Multiple lineal Regression, r2=0.03, p=0.38) (Fig. 3.15). 

In contrast, Seriatopora colonies presented more recently dead coral tissue at the coral-

algal interface than any other coral species (Fig. 3.12), while no Seriatopora colonies 

presented pale tissue at the coral-algal interaction zone (Fig. 3.12). Therefore, there was 

a positive association between the abundance of Seriatopora colonies and coral 

mortality and a negative association between Seriatopora abundance and coral paleness, 
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however, neither relationship was significant (Mortality, Multiple lineal Regression, 

r2=0.09, p=0.12; paleness, Multiple lineal Regression, r2=0.08, p=0.35).    

 

Figure 3. 15.  Linear regressions of proportion of colonies with recently partial 

mortality and pale tissue in the algal interacting zone and Acropora abundance 

recorded in the reef flat and the fore reef in all sites. 

There were negative and mostly significant correlations between the proportion of 

corals with pale tissue in the coral-algal interface and the frequency of algal interactions 

in the reef flat (Multiple Lineal Regression; r2=0.17; p=0.03) (Fig. 3.16). However, no 

clear general patterns between pale coral tissue and the frequency of any type of 

interactions in the fore reef were detected (Fig. 3.16); only a significant and positive 

correlation between frequency of overgrowing and shading algal interactions and coral 

pale tissue in the coral algal interface in the fore reef was observed (overgrowing: 

Multiple Lineal Regression; r2=0.60; p=0.01; shading: r2=0.93; p=0.01) (Fig. 3.16).  

There were also recorded positive correlations between the proportion of coral colonies 

with pale tissue in the coral algal interface and the frequency of any type of Lobophora 

sp. interactions in both reef zones (Fig. 3.16). However, Lobophora sp. overgrowth 

interactions were the only type of interactions that were significant (Multiple Lineal 

Regression; r2=0.54; p=0.05). 
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Figure 3. 16. Linear regression of proportion of colonies with pale tissue in the 

algal interacting zone and abundance of algal interactions (total, shading and 

overgrowth and Lobophora sp. interactions (total, shading and overgrowth) 

recorded in the reef flat and fore reef in all sites. 

There were not significant correlations between the recently dead tissue of corals and 

the frequency of algal interactions. A significant and positive correlation between the 

numbers of red turf interactions with the proportion of colonies affected by coral 

mortality was found (Multiple Lineal Regression; r2=0.47; p=0.01). There was no 

relationship between the proportion of colonies with pale and recently dead tissue and 

the water turbidity and with the SST in both reef zones, with the exception of water 

turbidity and recently dead tissue in the fore reef, which showed a negative and 

significant correlation between both variables. 

3.5 Discussion 
There is a widespread perception that corals exposed to anthropogenic activities or local 

factors are competitively inferior compared to corals in remote or pristine coral reefs 

during coral-algal interactions (Lapointe 1997, Barott et al. 2012). The study aimed to 

investigate how the ecology of coral-macroalgal interactions varied along a gradient of 

terrestrial influence to provide important background information to understand the 

dynamics between corals and macroalgae in the natural environment.  Understanding 

these dynamics and the changes in the nature of coral-algal interactions along a gradient 
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of terrestrial influence enhances the scientific foundations for management and 

conservation of coral reefs.  

I found that the frequency of coral-algal interactions and the species involved, as well as 

coral reef community structure was related with the gradient of terrestrial influence. The 

pattern in frequency of interaction across the gradient, however, depended on the type 

of algal interaction considered. Shading interactions decreased across the cross shelf 

gradient while overgrowth interactions did not show any clear pattern. The total number 

of interactions increased with proximity to mainland (total algal interactions). Nutrient 

inputs from terrestrial sources such as rivers and runoff can potentially stimulate 

productivity, growth and abundance of macroalgae and this may increase the likelihood 

of competitive encounters between both organisms in coral reefs (Bell 1992, Lapointe 

1997). However, the frequency of algal overgrowing interactions was not correlated 

with water quality (only shading and total algal interactions). In fact, coral colonies in 

the reef flat of Heron Island were similarly overgrown by macroalgae in comparison 

with the sites most influenced by land. There are interspecific differences in the effect 

of the water quality on algal abundance within a gradient of terrestrial influence 

reported in the literature (the abundance of some species decreased and others increased 

when exposed to low water quality) (Fabricius et al. 2005).  

Therefore, it seems that the gradient of terrestrial influence is not affecting the 

frequency of overgrowth interactions, because it likely depends on the specificity of the 

competitive mechanisms of the algal species involved during the competitive interaction 

(McCook et al. 2001, Jompa and McCook 2003, Barott and Rohwer 2012, Wolf et al. 

2012, Bonaldo and Hay 2014). The ability of corals and reefs to acclimate to, and cope 

with, low levels of water quality may be reflected in reduced damage caused by algal 

interactions. Pelican Island reef was profusely overgrown by the macroalgae Dictyota 

sp. and Jania sp., Halfway and Barren Islands by the macroalga Lobophora sp. and 

Heron Island by Halimeda sp. (fore reef) and C. implexa (reef flat). 

It is likely that coral and algal species have different specificities in their ecological 

niche partitioning which is defining their distribution and abundance at the local (within 

sites) and at the regional scale (within the gradient). As a result, niche specificities of 

coral and algal species could be playing an important role during coral-algal interactions 

at both scales. At the local scale, presence/absence of species could be driven by the 

high differences between both reef habitats in terms of tides, currents, temperature, 
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light, etc; and at the regional scale species distribution could be defined by different 

levels of exposure of reefs to sources of nutrients from continental runoff. 

3.5.1 Coral-algal interactions and coral health. 
The most common local stressors brought about by human activities affecting coral 

reefs are sedimentation, overfishing, chemical pollution and nutrient input (Hughes 

1994, Lapointe 1997). However, my findings suggests that the effect of local factors 

[nutrient input (measured with chlorophyll-a concentration images) and sedimentation 

(measured with KD490 images)] are not the only factors to consider in relation to the 

vulnerability of corals to algal competition, as global factors and community structure 

of reefs could also be playing and important role. This is because different detrimental 

responses from corals to algal competition were found across the entire gradient, even in 

the furthest site (Heron Island) where local stressors have little influence and where 

community structure highly differed from inshore reefs. Some macroalgae (turf) are 

stronger competitors in reefs close to human activities due to the increased nutrient 

concentrations (Barott et al. 2012). However, other macroalgae are not competitively 

superior to corals even in reefs highly exposed to eutrophic conditions where their 

competitive effect did not affect the growth of the coral Porites (McCook 2001). 

Therefore, conflicting results about the competitive outcomes between coral and 

macroalgae under the effect of a terrestrially influenced gradient have been previously 

reported in the scientific literature.  

In this study, coral health (paleness and mortality) in the interface of the competitive 

interaction zone varied across the gradient of terrestrial influence likely because of 

changes in the community structure in reefs (different interacting species) and probably 

due to changes of local and global stressors. My data showed that corals in competition 

with macroalgae in reefs located on Halfway and Barren Islands presented the highest 

number of colonies with pale tissue on the coral-algal interface, whereas colonies in the 

remote reef (Heron Island) showed the highest number of colonies with recently dead 

tissue when interacting with macroalgae. Interestingly, Pelican Island corals did not 

show any apparent stress when interacting with macroalgae, as measured by tissue 

paleness or coral mortality, despite being the located closest to land. There are three 

potential explanations about the aforementioned responses from competing corals in 

response to algal competition across the gradient. Firstly, coral community structure 

could be playing a critical role in determining the vulnerability (or resistance) of 

competing corals to anthropogenic influences and to natural stressors. Pelican Island 
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showed a different community structure compared with the other sites. Pelican reefs 

seem likely more resistant to local stressors. In contrast, Halfway, Barren and Heron 

reefs were dominated by Acropora corals, which are generally more sensitive to 

anthropogenic and natural stressors (Wallace 1999). In this study, Acropora was the 

most sensitive coral genus in terms of tissue paleness during coral-algal interactions. 

Furthermore, incidence of coral paleness was higher in sites with high Acropora 

abundance. Conversely, Seriatopora is apparently a very sensitive coral genus to algal 

interactions since it showed the highest proportion of colonies with recently dead tissue 

in the coral-algal interface. Seriatopora is locally extinct in some reefs in Japan due to 

its high vulnerability to stressors (Woesik 2001). 

Secondly, the presence of specific algal species could also be playing a relevant role in 

determining the vulnerability of corals across the gradient of terrestrial influence. For 

example, Lobophora sp. was the most common alga involved in coral interactions when 

coral tissue paleness was observed, whereas the red algal turf and C. fastigiata were 

found in most of the interactions where recently coral dead tissue was recorded. The 

outcomes of coral-algal competition are quite variable because it largely depends on the 

type of algal functional groups and algal specific mechanisms (McCook 2001, McCook 

et al. 2001). For example, C. fastigiata utilises secondary metabolites to poison and kill 

coral tissue (Jompa and McCook 2003, Rasher and Hay 2009, Rasher et al. 2011, 

Chapter 4 this thesis), whereas Lobophora sp. exacerbated coral mortality by 

overgrowing stressed corals in Keppel Islands (Diaz-Pulido et al. 2009).  

On the other hand, fore reef colonies were more sensitive to algal competition than 

those in the reef flat, because fore reef colonies presented a higher proportion of pale 

and recently dead tissue in the coral-algal interface. There are some potential reasons for 

this pattern. For example, coral community structure in the reef flat and fore reef in 

some sites highly differed. Seriatopora hystrix, the most sensitive coral species reported 

in this study in terms of coral mortality, was absent in the reef flat of all sites. Another 

possible explanation is that reef flat colonies are more acclimatised to tolerate 

competitively and physically harsher conditions than fore reef colonies, because reef 

flats are usually more exposed to daily tidal and thermal variations, resulting in a 

physically dynamic environment (Done 1982).   

Conversely, sedimentation could also affect the distribution and abundance of coral 

species and the frequency of coral algal interactions and coral health along the gradient 

of terrestrial influence. For instance, Nugues and Roberts (2003) reported that there is 
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interspecific variability in the effects of sedimentation on two coral species, and 

asserted that sedimentation could potentially smother and kill corals during algal 

interactions, thereby increasing algal overgrowth (Nugues and Roberts 2003). I did not 

observe this situation in Pelican Island, which is the closest site to the river mouth and 

exposed to lower water quality (possibly higher sedimentation rates) in the study area. 

Sedimentation, however, could be affecting the distribution of the coral and algal 

species within the gradient. 

Space competition between corals and algae is a very complex ecological process that 

varies at the local and regional scale. It seems that combined factors involving coral reef 

community structure (presence of coral and algal species), coral adaptive abilities, and 

local and global environmental stressors, are acting synergistically in order to define the 

frequency and type of interactions and the coral-algal competitive outcomes at the local 

(between reef zones) and regional scale (i.e. terrestrial gradient). However, it is likely 

that not only local factors associated to human activities are negatively affecting coral 

reefs because corals in remote sites such as Heron Island are also undergoing stress and 

mortality as a direct consequence of space competition with macroalgae. Remote reefs 

are prone to be negatively affected by global factors such as ocean acidification and 

global warming whereas sites relatively close to human populations are subject to 

impacts by both local and global anthropogenic stressors (Hoegh-Guldberg et al. 2007, 

Wilkinson and Network 2008). Other anthropic stressors (e.g. fishing and mass tourism) 

could also be playing a role in the frequency of coral-algal interactions and their effects 

on coral health. 

Finally, hypotheses 1 proposing that the frequency of coral algal interactions increases 

with increasing degree of terrestrial exposure and hypothesis 2 about the variability of 

coral-algal interactions among sites and reef zones across the gradient of terrestrial 

influence have to be accepted. However, hypothesis 3 proposing that the exposure to 

terrestrial influence weakens the ability of corals to compete with macroalgae cannot be 

supported. I found that the frequency of coral-algal interactions increases with the 

proximity to mainland (hypothesis 1) and coral-algal interaction were highly variable 

within (local scale) and among sites (regional scale) in terms of species involved 

(hypothesis 2). However, exposure to low water quality (e.g. high sediments and 

elevated chlorophyll-a as a proxy of nutrients) did not weaken coral competitive 

abilities as I found that algal competition stresses corals across the gradient of terrestrial 

influence (hypothesis 3).  
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It is worth emphasising that this study was conducted during the summer period; 

thereby, the results of this chapter are mostly applicable to this climatic season. 

However, the studied reefs did not experience, to my knowledge, any considerable 

ecological/climatic disturbance, including mass coral bleaching, cyclone, or period of 

abnormal rainfall that could have affected the representativeness of my study along 

much larger temporal scales (e.g. years).  

The findings of this study are significantly important for the management of reef 

degradation because they suggest important interspecific variability of the competitive 

effects of macroalgae on corals.  This variability depends on the degree of sensitivity of 

coral species and the intensity of the aggressiveness of algal species. Moreover, 

measures to reduce the effects of terrestrial influence on coral-algal competition might 

not be enough to prevent coral reef decline because reefs in remote locations are also 

affected by algal competitive interactions.   
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Chapter 4. Ocean acidification increases the potency of macroalgal 
allelopathy to reef corals 

4.1 Abstract 
Many coral reefs are experiencing ecological phase shifts from systems dominated by 

corals to systems dominated by macroalgae. It has been hypothesised that elevated 

concentrations of CO2 in seawater and the resulting ocean acidification (OA) advantage 

macroalgae over corals in competitive interactions, further contributing to reef 

degradation. However, the mechanism by which algae outcompete corals under elevated 

CO2 conditions is unknown. Here, I show that i) three macroalgae are more damaging to 

corals when they compete under concentrations of CO2 predicted to occur in 2050 and 

2100 than under present-day conditions, ii) that each macroalga damages corals via 

allelopathy, and iii) that macroalgal allelopathy can be strengthened under conditions of 

elevated CO2. Lipid-soluble, surface extracts from the common macroalga 

Canistrocarpus cervicornis were significantly more damaging to corals (Acropora 

intermedia) growing in the field if these extracts were from thalli grown under elevated 

vs ambient concentrations of CO2. Our results demonstrate that algal allelopathy plays 

an important role in mediating competitive interactions between some macroalgae and 

corals and that the potency of algal allelopathy may increase as oceans acidify, 

potentially further compromising the resilience of coral reefs. 

KEY WORDS: Ocean acidification, Allelochemicals, Coral-algal interactions, Coral 

reefs, Great Barrier Reef. 

4.2 Introduction  
Coral reefs are one of the most diverse and complex ecosystems on the planet and 

provide livelihoods, food, and important ecosystem services for hundreds of millions of 

people (Jackson et al. 2001, Dodge et al. 2008). However, a large proportion of reefs 

worldwide are severely degraded (Jackson et al. 2001, Dodge et al. 2008), and many – 

though not all – reefs appear to be on a trajectory of decline (De’ath et al. 2012). A 

characteristic symptom of decline is reduced cover of reef-building corals and an 

increased abundance of benthic macroalgae, particularly upright fleshy species 

(Knowlton 1992, Hughes et al. 2003). Therefore, understanding the drivers and 

consequences of increased macroalgal abundance on coral reefs, and the role they play 

in reef degradation, is of critical importance for the conservation of reef ecosystems 

(McCook et al. 2001, Mumby and Steneck 2008). 
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The drivers of coral loss and increased macroalgal abundance are varied and change 

geographically (Roff and Mumby 2012). For example, drivers of macroalgal 

proliferation include decreased herbivory after parrotfish are overfished and sea urchins 

are lost because of disease, decreased water quality, and coral mortality caused by 

hurricanes, coral bleaching and diseases (Knowlton 1992, Jackson et al. 2001, McCook 

et al. 2001, Gardner et al. 2003, Hughes et al. 2003, Dodge et al. 2008, Mumby and 

Steneck 2008, De’ath et al. 2012, Roff and Mumby 2012) followed by rapid algal 

colonization (Ostrander et al. 2000). In contrast, major causes of reef degradation on 

Australia’s Great Barrier Reef (GBR) include cyclones, coral predation by crown-of-

thorns starfish (COTS), and coral bleaching (De’ath et al. 2012), which free-up space 

that is then colonised by benthic algae (Diaz-Pulido and McCook 2002). Problems 

arising from ocean acidification, that occurs as atmospheric CO2 is absorbed by the 

ocean and lowers pH (Field et al. 2014), have also been suggested as potential drivers of 

elevated algal populations on reefs (Anthony et al. 2011, Diaz-Pulido et al. 2011, 

Fabricius et al. 2011). Elevated seawater CO2 concentrations may enhance algal growth 

rates(Diaz-Pulido et al. 2011, Johnson and Carpenter 2012), reduce coral growth and 

calcification rates (Anthony et al. 2008), and consequently strengthen space competition 

between macroalgae and corals with outcomes that favor macroalgae over corals 

(Connell and Russell 2010, Anthony et al. 2011, Diaz-Pulido et al. 2011, Mumby and 

van Woesik 2014). Habitats with naturally elevated CO2 concentrations show increased 

fleshy macroalgal abundance (Hall-Spencer et al. 2008) and decreased coral cover 

compared to control sites (Diaz-Pulido et al. 2011), suggesting possible shifts in 

competitive interactions between taxa under conditions of ocean acidification. 

Manipulative experiments on the role of elevated CO2 in coral-macroalgal competition 

are currently limited to a single pair of species (Diaz-Pulido et al. 2011) and it is unclear 

whether this coral-algal pairing is representative of such interactions. Moreover, the 

underlying mechanism for altered competitive ability has not been identified.  

Some algal competitive mechanisms have been previously identified. Macroalgae may 

directly overgrow coral tissue, reduce light levels required for photosynthesis, abrade 

tissue, or produce chemical compounds that directly (McCook et al. 2001, Rasher and 

Hay 2010, Rasher et al. 2011) or indirectly stress or kill corals (Smith et al. 2006, 

Morrow et al. 2011). However, it is completely unknown the potential effects of ocean 

acidification on the potency of algal secondary metabolites when competing with corals.  
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In terrestrial systems, elevation of CO2 tends to increase the production of plant 

secondary metabolites, but responses are variable (Landosky and Karowe 2014). The 

limited investigations in marine systems suggest that elevated CO2 decreases phenolics 

in seagrasses (Arnold et al. 2012) and brown macroalgae (Betancor et al. 2014). 

Elevated CO2 could increase the production and release of macroalgal primary 

metabolites (dissolved organic carbon -DOC), and release of DOC has been associated 

with a detrimental increase in microbial activity and hypoxic conditions on the coral 

surface (Kline et al. 2006) [however, it seems that water flow limits the hypoxic 

conditions in the coral-algal interface (Brown and Carpenter 2013)]. This is an 

additional mechanism by which macroalgae might impact corals.   

Here, I evaluate the hypothesis that macroalgae growing under conditions of ocean 

acidification may increase the production of allelopathic metabolites that can bleach and 

kill corals (Rasher and Hay 2010, Rasher et al. 2011). I use a combination of outdoor 

tank and in-situ field experiments to quantify the effects of elevated CO2 on the strength 

of allelopathic interactions between macroalgae and corals on the GBR. I also assess 

whether elevated CO2 enhances the potency of allelopathic interactions between 

macroalgae and corals.  

4.3 Materials and methods 

4.3.1 Effects of elevated CO2 on coral-seaweed competition (Experiment #1) 
To evaluate the effects of elevated CO2 on coral-seaweed competition and how this 

varies among species pairings, I conducted a multifactorial outdoor experiment at the 

Heron Island Research Station (HIRS), GBR (23°26.50’S – 151°54.76’E). I used the 

branching coral Acropora intermedia and three fleshy macroalgal species, the green 

alga Chlorodesmis fastigiata, the brown alga Canistrocarpus cervicornis, and the red 

alga Melanamansia glomerata. I chose these seaweeds because they were common and 

often observed in contact with corals on the reef. Corals and macroalgae were collected 

at 3 - 6 m depth from Harry’s-Bommie, Heron Island, GBR (23° 27.50’S, 151° 55.75’E) 

and acclimatised separately in shaded outdoor tanks using a flow-through system with 

ambient conditions for two weeks. A. intermedia was chosen as the assay coral because 

it is abundant in the study area and an important reef builder on the GBR (Anthony et 

al. 2008). C. cervicornis and M. glomerata are also abundant in Heron reefs, the latter 

particularly so at the base of coral branches. C. fastigiata is common but less abundant 

in the area, and similar to C. cervicornis, it produces bioactive terpenoids that harm 
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corals (Rasher et al. 2011). These algal species have been commonly seen interacting 

with Acropora intermedia in the study area (data Chapters 2 and 3; also pers. obs.).   

The multifactorial experiment consisted of a competition treatment with four levels and 

an ocean acidification treatment with three levels of CO2/pH manipulation. Competition 

treatments included the following levels for each algal species: 1) coral-algal interaction 

(a live coral branch with an alga attached to the base with a plastic cable tie); 2) coral 

control (coral alone, no alga present); 3) algal control (algal thallus attached to a dead 

coral branch); and 4) a coral branch in contact with an inert algal mimic (monofilament 

fabric) attached to the base of the coral with a plastic cable tie; this assessed the effect 

of an alga’s physical, but not chemical or biological, presence on the coral. Coral 

branches were 8-10 cm long and the algal biomass was 3-7 g (wet weight). There were 

three replicate tanks (20 l plastic containers) for each competition level and macroalgal 

species, each tank holding four experimental units (coral-algal pairs, coral branches, 

macroalgal thalli, or algal mimics). Units were randomly allocated to replicate tanks and 

were suspended in the water column on a fishing line. A small power head in each 

container assured water circulation, and all containers were cleaned every 3 days to 

reduce biofilms. Shading screens were placed over the experimental area to reduce light 

intensity and heating. Underwater light measurements in the containers averaged 242.11 

± 84.78 (SEM) µM (in situ light measurements in the field ranged between 220 and 488 

µM at 4 m depth) and seawater temperature averaged 25.87 ± 0.14 (SEM) °C during the 

experiment. 

Corals and macroalgae were exposed to three CO2 regimens; ambient (380 CO2 ppm, 

pH=8.16 ± 0.02), medium (540 CO2 ppm; pH=7.86 ± 0.03), and high (936 CO2 ppm; 

pH=7.70 ± 0.02) CO2, simulating current levels and those predicted for 2050 and for 

2100, respectively, under the RCP 8.5 model of the Intergovernmental Panel for 

Climate Change (IPCC) (Field et al. 2014). CO2 concentrations were achieved using 

established methods (Diaz-Pulido et al. 2011, Diaz-Pulido et al. 2014). In brief, pH was 

regulated by computer operated solenoid valves (Aquatronica-AEB Technologies, 

Cavriago, Italy) that controlled the amount of analytical grade CO2 bubbled into 200 l 

mixing sumps. pH sensors (Mettler-Toledo, InPro4501VP) logged measurements every 

30 minutes. Ambient and CO2 treated seawater from the mixing sumps continuously fed 

the experimental tanks at a flow rate of 1.79 ± 0.08 (SEM) l/min) using unfiltered 

seawater from the reef flat. Seawater temperature in containers averaged 25.87 ± 0.14 

(SEM) °C during the whole experiment. Underwater light measurements in containers 
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averaged 242.11 ± 84.78 (SEM) µM (in situ light measurements ranged 220 – 488 µM 

at 4 m depth). Three replicate containers were used for each CO2/competition treatment 

combination, totalling 72 tanks [3 CO2 levels x 2 competition levels (interaction and 

algae in isolation x 3 algal species x 3 replicates = 54 tanks; coral control and coral-

algal mimic levels each had 9 tanks]. The experiment was carried out for 25 days during 

March 2013. 

Two response variables measured mortality of coral tissue. 1) Frequency and rate of 

coral mortality, estimated daily by counting the number of coral branches that exhibited 

any tissue loss (even if the branch still had living tissue). Data are presented as 

frequency of dead colonies over the experimental period (25 days). 2) Actual tissue loss 

was recorded daily as the amount of sloughed tissue using four categories: 0, 1-33, 34-

66 and 67-100% per branch.  

Total alkalinity was estimated by an open-cell potentiometric titrator (Model T90 

Mettler Toledo) using water samples taken from the experimental containers every 4 

hours during a 24 h-period. Total alkalinity, temperature, and pH values determined in 

the samples were utilised to constrain the carbonate chemistry of the experimental 

system (Lewis et al. 1998, Dickson et al. 2003) (Table 4.1). 

Table 4. 1. Seawater carbonate chemistry parameters estimated in experimental 
containers of all treatments in experiment #1. Values are means (n=72; 
pCO2=partial pressure CO2, TA=Total alkalinity; ΩArag: Aragonite saturation 
State). 

CO2 level 

pH 
pCO2 
(ppm) 

TA (µmol/Kg SW) ΩArag 
(Mean ± 

SEM) 
(Mean ± SEM) 

(Mean ± 

SEM) 

High CO2 7.70 ± 0.02 936 2245.28 ± 1.65 1.52 ± 0.04 

Medium CO2  7.86 ± 0.03 540 2241.37 ± 2.06 2.13 ± 0.05 

Ambient 8.16 ± 0.02 380 2236.27 ± 3.96 3.74 ± 0.08 

 

4.3.2 Effects of elevated CO2 on the potency of seaweed allelopathy (Experiment #2) 

To test whether elevated CO2 enhanced the allelopathic potency of seaweeds, the 

macroalgae C. cervicornis, M. glomerata and C. fastigiata were exposed to elevated 

CO2 concentrations, their surface metabolites extracted, these extracts applied to corals 

in situ, and the damage on the corals compared to control extracts from algae grown at 

ambient CO2 concentrations. Macroalgal collections and CO2 manipulations were 

conducted in the same way as described for Experiment 1. Macroalgae were exposed to 
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two levels of CO2, ambient (control, pH: 8.16 ± 0.02 SEM) and high (936 CO2-ppm, 

pH: 7.69 ± 0.02 SEM) for 14 days (February 25th to March 10th, 2013). Each macroalgal 

species was grown separately in 200-l plastic sumps exposed to natural sunlight. 

Experimental conditions including light levels, temperature, and water circulation were 

the same as for experiment 1. Following exposure to the CO2 treatment, surface 

allelochemicals from the experimental macroalgae were extracted following existing 

protocols (Nylund et al. 2007). In short, thalli of each algal species (aprox 20 ml of 

displaced volume) was cleaned of fouling organisms and spun with a salad spinner to 

remove excess water; algae were then submerged in hexane (98%) and vortexed for 30 

seconds. Algal tissue was then removed, the solvent removed via rotary evaporation, 

and the hexane-soluble surface extract retained for testing. Once extracts of each algal 

species were acquired, they were incorporated into 1x1cm Phytagel pads (following 

methods of Rasher and Hay (2010) and Rasher et al. (2011). Gel pads impregnated with 

macroalgal extracts from each species and CO2 level were put into contact with A. 

intermedia branches in situ at a depth of 6 m on the fore reef of Heron Island (Harrys 

Bommie, 23°26.50’S - 151°55’E). Gel pads were placed approximately 2.50 cm from 

the tip of the coral branch and gently secured with a plastic cable tie. 15 replicates per 

CO2 and algal treatment combination were used, in addition to 15 control pads (same 

solvent used but no extracts) to test for possible effects of the gels, solvents, and 

extraction protocol on the corals. In total, I used 105 gel pads that were placed on coral 

colonies distributed over an area of aprox 150m2. Gel pads were removed after 24 hours 

and the symbiotic dinoflagellate chlorophyll fluorescence (Effective Quantum Yield, 

EQY) assessed in situ beneath the area that had been covered by the gel pad using a 

Pulse-Amplitude-Modulation Fluorometer (Walz, Diving-PAM). EQY has been 

previously used to estimate photosynthetic efficiency and coral health (Rasher et al. 

2011, Roth and Deheyn 2013). PAM measurements were conducted between 11:00 and 

13:00 hrs. 

4.3.3 Data analyses 

For experiment 1, the frequency of coral death and rate of coral tissue loss were 

statistically compared with a two-way nested ANOVA and post hoc Tukey tests, with 

CO2, competition, and algal species as fixed factors and tanks as replicates. Container 

effect was included as a nested factor. There was no significant effect of the container 

on the number of days before coral death (p=0.97) (Table 4.2) or the rate of coral tissue 

loss (p=0.40) (Table 4.3). I therefore pooled separately the data of both variables per 
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treatment in order to increase the number of replicates and the power of the analyses 

(Underwood 1997). Control and abrasion treatments were only included in the coral 

mortality rate analyses (included in the Algae factor within the ANOVA). These 

treatments were not included in the coral tissue loss rate analyses as the obvious 

differences obtained in the coral mortality rate analyses. 

Table 4. 2. Two-way nested ANOVA tests of number of days before coral death 

occurred interacting with C.cervicornis, C.fastigiata and M.glomerata and control 

(coral alone) and abrasion treatments (corals with algal mimic) under ambient, 

medium, and high CO2 conditions. 

Source 

    

df 
Mean-

Square 
F p Conclusion Tukey Test 

CO2  2 544.42 149.25 < 0.01 High = Medium < Ambient 

Algae 4 1390.97 381.31 < 0.01 C. fastigiata=C. cervicornis<M.glomerata<control=abrasion 

Algae * CO2 8 15.71 4.31 0.27 n.s 

Container (Algae*CO2) 31 3.65 0.29 1 n.s 

Error     134 12.43       

 

Table 4. 3. Two-way nested ANOVA tests of coral tissue loss rate for corals 

interacting with C.cervicornis, C.fastigiata and M.glomerata under ambient, 

medium, and high CO2 conditions. 

Source 

    

df Mean-Square F p Conclusion Tukey Test 

CO2  2 195.98 35.16 < 0.01 High = Medium > Ambient 

Algae 2 51.69 9.27 < 0.01 C. fastigiata = C. cervicornis > M.glomerata 

Algae * CO2 4 0.73 0.13 0.97 n.s 

Container (Algae*CO2) 18 5.57 10 0.5 n.s 

Error    81 5.25       

 

For experiment 2, EQY values of corals were compared with a two-way ANOVA (fixed 

factors: CO2 (two levels) and interacting algal species (3 taxa), and 15 coral branches as 

replicates) followed by post hoc Tukey tests. Fluorescence of control corals (corals with 

control gel pads) could not be included in this analysis because gels were not exposed to 

different CO2 levels. Interactions between CO2 level and algal species was significant 

(p=0.05), therefore, I conducted a one way ANOVA per algal species followed by post 
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hoc Tukey tests. This one way ANOVA included the control gel pads within each algal 

species analysis.  

4.4 Results 

4.4.1 Experiment #1: Effects of CO2 and macroalgal species on coral mortality 

Macroalgal contact with corals increased the frequency and extent of coral damage in 

all CO2 conditions compared with coral alone and corals with mimic algae (Fig. 4.1, 

4.2, 4.3, 4.4; Table 4.1, 4.2), but, the frequency (Fig 4.1, S1), extent (Fig 4.2), and rate 

(Fig. 4.3) of damage increased significantly under elevated concentrations of CO2 

(effects of high = medium > ambient; Fig 4.1, 4.2; Table 4.1, 4.2).  
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Figure 4. 1. Frequency of living coral replicates through time during a coral-algal 

interaction and ocean acidification experiment where corals were exposed to 

contact with M. glomerata, C. fastigiata, C. cervicornis, coral alone and a plastic 

algal mimic at three levels of CO2: Ambient = 380 ppm; Medium = 540 ppm, and 

High = 936 ppm. Controls were corals without macroalgae. N=12.    

M. glomerata

Control

Abrasion

C. cervicornis

C. fastisgiata
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Figure 4. 2. Percentage of coral tissue sloughed off per replicate through time 

during a coral-algal interaction and ocean acidification experiment. Corals were 

exposed to contact with M. glomerata, C. fastigiata, or C. cervicornis under three 

levels of CO2: Ambient, 380 ppm; Medium: 540 ppm or High, 936 ppm. 
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Figure 4. 3. Number of days prior to death of corals interacting with C.cervicornis, 

C.fastigiata and M.glomerata and control (coral alone) and abrasion treatments 

(corals and mimic algae) under ambient, medium and high CO2 conditions. 

 
Figure 4. 4. Coral tissue loss rates (%/day) of corals interacting with C.cervicornis, 

C.fastigiata and M.glomerata under ambient, medium and high CO2 conditions. 

Damage also varied by algal species, with C. fastigiata and C. cervicornis being 

strongly and significantly more damaging than M. glomerata. Corals exposed to any 

macroalga experienced significantly more damage, and experienced it more rapidly, 

than control corals or corals exposed to the abrasion treatment (Table 4.2 and 4. 3). This 

suggests a chemical mechanism rather than simple impacts due to shading or abrasion. 

However, corals isolated from all macroalgae and corals in contact with plastic 
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macroalgal mimics (mimicking the physical presence of algae) exposed to medium or 

high CO2 levels experienced some bleaching and tissue loss, indicating that OA alone 

led to some coral damage (Fig 4.1). The number of days that corals remained 

unbleached did not differ between control and algal-mimic treatments, again indicating 

that the physical presence of a macroalga did not affect the corals and suggesting a role 

for chemical mechanisms (Table 4.2). 

4.4.2 Experiment #2: – Effects of CO2 on the potency of algal allelochemicals 

Surface extracts from all macroalgal species were allelopathic and significantly reduced 

effective quantum yield relative to control treatments (gel pads without allelochemicals) 

(p<0.05; Fig 4.5; Table 4.4). As in the previous experiment, the magnitude of effect 

varied among species (C. fastigiata > M. glomerata = C. cervicornis; Fig. 4.5, Table 

4.4), here was also a significant algal species by CO2 concentration interaction (p=0.05; 

Table 4.4); allelochemicals from C. cervicornis incubated under high CO2 conditions 

suppressed effective quantum yield significantly more than extracts from thalli grown in 

ambient CO2 (Table 4.4). Thus, for C. cervicornis, elevated CO2 concentrations enhance 

the negative effects of allelochemicals on coral tissue. In contrast, surface extracts from 

C. fastigiata and M. glomerata were not more potent when grown under elevated CO2 

concentrations (Fig. 4.5, Table 4.4). 

 
Figure 4. 5. Mean effective quantum yield (±SEM, n = 15) of symbiotic 

dinoflagellates in in-situ corals exposed to contact with lipid-soluble surface 

extracts from C. cervicornis, C. fastigiata and M. glomerata grown under elevated 

CO2 (936 CO2-ppm) and ambient conditions.  
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Table 4. 4. Two-way ANOVA to test for the effects of elevated CO2 on the potency 

of allelopathic interactions between the coral Acropora intermedia and the 

macroalgae C.cervicornis, C.fastigiata and M.glomerata. 

Source df 
Mean 

Square 
F Sig. Conclusion Tukey Test 

Alga 2 5873.41 3.51 0.03 
C. fastigiata <M.glomerata = C.cervicornis < 

Control 

CO2 1 184.9 0.11 0.74 n.s 

Alga * CO2 2 5140.83 3.07 0.05 

C.cervicornis high CO2 < C.cervicornis amb. 

conditions.  

C.fastigiata high CO2 = C.fastigiata amb. 

conditions.  

M.glomerata high CO2 = M.glomerata amb 

conditions. 

Error 84 1672.97 
  

 Total 90         

 

4.5 Discussion 
The relative roles of seaweeds damaging corals directly versus simply colonising coral 

skeletons following their death from other causes is unclear and variable (McCook 

1999, McCook et al. 2001), but numerous experimental manipulations indicate that an 

increase in macroalgae can directly suppress coral growth, survivorship, and recruitment 

(Lewis 1986, Hughes et al. 2007, Burkepile and Hay 2008). As corals decline and 

macroalgae increase, coral-macroalgal contact increases in frequency (Bonaldo and Hay 

2014), making it critical to understand the mechanisms determining the outcome of 

coral-macroalgal competition (McCook et al. 2001, Smith et al. 2006, Fabricius et al. 

2011, Morrow et al. 2011, Rasher et al. 2011, Barott and Rohwer 2012).  

All three macroalgae I investigated were allelopathic to Acropora intermedia, but C. 

cervicornis became more allelopathic under medium and high conditions of OA. A 

strengthening of macroalgal competition against reef-building corals under enhanced 

OA was documented previously for a single macroalgal species, but the mechanism was 

unknown and it was unclear if the cause was enhanced algal allelopathy, enhanced 

corals susceptibility, or both (Diaz-Pulido et al. 2011). Here I document that enhanced 

allelopathy with increasing OA can be a key mechanism by which some macroalgae 

cause higher levels of coral mortality under elevated concentrations of CO2 and that can 

be due to enhanced algal allelopathy alone. Investigations have documented macroalgal 
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allelopathy against corals in about 75% of the 40+ coral-macroalgal combinations 

assayed to date  (Rasher and Hay 2010, Rasher et al. 2011, Andras et al. 2012), and 

elevated effects of macroalgae on corals have been seen for two of the four contrasts 

tested under conditions of OA (Fabricius et al. 2011). Thus, macroalgal allelopathy 

against corals is common. If enhanced allelopathic potency under OA is also common, 

corals will experience greater stress from macroalgae in future.  

Surface extracts from the brown macroalga C. cervicornis grown under CO2 enriched 

conditions in flow through tanks caused greater damage to in-situ corals than extracts 

from C. cervicornis grown under ambient CO2. Because the extract experiment was 

conducted using in situ corals that had not been exposed to elevate CO2, CO2, effects on 

the coral can be ruled out. The stronger allelopathy noted in Fig. 4.5 was due to C. 

cervicornis becoming more allelopathic rather than the coral becoming more 

susceptible.  

Increased atmospheric CO2 generally enhances production of secondary metabolites in 

terrestrial plants (Agrell et al. 2000, Bidart-Bouzat and Imeh-Nathaniel 2008). Effects of 

elevated CO2 on secondary metabolites in marine plants appear variable. For example, 

concentrations of polyphenolics decline while concentrations of 

dimethylsulfoniopropionate (DMSP) appear to increase with increasing elevated CO2 

(Arnold et al. 2012, Burdett et al. 2013, Betancor et al. 2014). In these examples, both 

phenolics and DMSP are more polar (i.e. more water soluble) secondary compounds 

that can mediate trophic interactions (e.g. as herbivory deterrents). In our experiment, I 

extracted lipid-soluble constituents from the surface of macroalgae because surface 

associated lipids have been involved in contact competitive interactions with reef corals, 

and to cause suppression of photosynthesis, bleaching, and sometimes mortality of 

corals (Rasher and Hay 2010, Bonaldo and Hay 2014). The allelopathic compounds 

identified earlier (Rasher et al. 2011, Andras et al. 2012) are hydro-phobic terpenes 

associated with macroalgal surfaces. Production of some terpenes increases under 

elevated CO2 in some terrestrial plants due to higher availability of carbon for plant 

metabolism (Peñuelas and Llusià 1997, Sun et al. 2013). This has not been investigated 

for marine algae, but elevation of CO2 might have enhanced production of allelopathic 

lipids in C. cervicornis, but not in the other two macroalgae I investigated (Fig. 4.5). 

Because C. fastigiata and C. cervicornis both make bioactive terpenes (Rasher and Hay 

2010, Rasher et al. 2011), the response appears to vary by species and not simply by 

metabolic class of compound involved. Enhanced concentrations of allelopathic 
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compounds (e.g. terpenes) could have also occurred due to reduced macroalgal growth. 

However, this is unlikely as the photosynthetic efficiency of our experimental 

Canistrocarpus did not change with CO2 (One-Way ANOVA, n=12, F=0.69 p=0.55) 

(Fig. 4.6), and our own previous work on a closely related Dictyotaceae macroalgae 

(Lobophora) and that of others on Dictyota (Johnson et al. 2014) has demonstrated 

increased growth under OA conditions. The mechanisms by which elevated CO2 

modifies the potency of algal allelopathy require additional investigation.  

 
Figure 4. 6. Fluorescence values of the algae C. fastigiata, C. cervicornis and 

M.glomerata interacting with corals in experiment 1. 

In our outdoor mesocosm experiment, the frequencies and rates of tissue loss for corals 

in contact with M. glomerata and C. fastigiata also increased under OA conditions, but 

surface extracts from these species grown under elevated CO2 did not show enhanced 

allelopathic activity on corals in situ. Thus, other competitive mechanisms or some 

processes affecting coral physiology may be driving interactions among these species. 

Corals exposed to OA but free of macroalgae experienced some bleaching and tissue 

loss, suggesting that elevated CO2 alone is a physiological stressor (Connell and Russell 

2010, Anthony et al. 2011). This physiological stress may make corals more susceptible 

to competition with allelopathic seaweeds. In addition to producing allelopathic lipids, 

macroalgae may also stress corals indirectly by releasing dissolved organic carbon 

(DOC), which may alter the balance between beneficial versus pathogenic microbes on 

coral surfaces and lead to coral death (Smith et al. 2006, Barott and Rohwer 2012). 

Little is known about the effects of elevated CO2 on DOC production by macroalgae, 

but it is possible that macroalgae under conditions of OA may uptake excess CO2 and 
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increase release of DOC, as suggested for planktonic microalgae (Arrigo 2007). 

Increased release of DOC could have contributed to coral bleaching and tissue loss in 

our experimental tank experiment, but could not explain the allelopathy seen in our field 

assays using gel-strips because these contained the non-polar, not the polar, extracts 

from macroalgae. Combination of enhanced coral sensitivity to macroalgal 

allelochemicals and DOC release may have acted in concert to compromise coral health 

in the presence of M. glomerata and C. fastigiata under elevated CO2.  

Our study has implications for understanding of the impacts of OA on the dynamics of 

coral-macroalgal interactions that may affect coral-algal phase shifts. First, I 

demonstrate that common macroalgae are allelopathic to corals and that this allelopathy 

is strengthened for some macroalgae under elevated CO2. This suggests that 

macroalgae’s competitive advantage over corals may increase and further accelerate 

phase shifts as OA continues. Secondly, our data demonstrates variance in competitive 

mechanisms and intensity between corals and macroalgae under elevated CO2 levels. 

For example, the brown alga C. cervicornis and the green alga C. fastigiata both 

damage corals faster than the red alga M. glomerata. C. cervicornis and C. fastigiata 

both produce potent allelochemicals (Rasher and Hay 2010, Rasher et al. 2011, Bonaldo 

and Hay 2014). M. glomerata is not known to produce strong, bioactive compounds, 

and it affects corals more slowly. This variability implies that coral reefs dominated by 

Dictyotalean algae like C. cervicornis and Lobophora papenfussii, (Diaz-Pulido et al. 

2011) may be more susceptible to damage than reefs dominated by M. glomerata as 

CO2 concentrations increase. The macroalga C. fastigiata is common but rarely 

abundant on reefs (Littler and Littler 2003, Bonaldo and Hay 2014) and may be a lesser 

concern under future OA scenarios.  

Our results may be particularly important given the current dominance of Dictyota (now 

changed to Canistrocarpus for some species) and Lobophora on many Caribbean (Diaz-

Pulido and Díaz 1997, Lapointe et al. 1997, Jackson et al. 2014) and a number of Indo-

Pacific, reefs (Mumby et al. 2007, Diaz-Pulido et al. 2009, Cheal et al. 2010). Their 

dominance has been attributed mainly to reductions of grazing by reef herbivores and to 

coral mortality from cyclones, disease, thermal bleaching, and crown-of-thorn-starfish, 

that makes more substrate available for macroalgal colonization (Ostrander et al. 2000, 

Diaz-Pulido and McCook 2002, Mumby and Steneck 2008). The increased potency of 

allelopathic interactions with C. cervicornis (and potentially Lobophora papenfussii 

(Diaz-Pulido et al. 2011) due to OA conditions, suggests that the 75% increase in CO2 
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concentrations that have occurred since preindustrial times (Field et al. 2014) may 

already be advantaging these macroalgae over corals. Further, enhancement of algal 

allelochemicals due to CO2 enrichment may not only alter competitive interactions, but 

also trophic interactions by reducing macroalgal palatability and consequently 

macroalgal removal by herbivores (via reduction in grazing) (Mumby et al. 2007, Cheal 

et al. 2010). Reduction in herbivory pressure due to overfishing (Jackson et al. 2001) as 

well as enhanced coral mortality due to increased sea surface temperature (Hoegh-

Guldberg et al. 2007) and reductions of coral recruitment due to algal competition and 

dominance (Borell et al. 2013) will further contribute to algal proliferation, ultimately 

eroding reef resilience. Numerous seaweeds may be competitively advantaged over 

corals as OA increases. This will occur not only from corals being weakened by OA, 

but also by the allelopathic potency of some seaweeds being enhanced by OA. This 

adds to the complex list of interacting stressors that tropical reefs face now, as well as in 

the future (Jackson et al. 2001, Gardner et al. 2003, Hughes et al. 2003, Dodge et al. 

2008, Mumby and Steneck 2008, De’ath et al. 2012, Mumby and van Woesik 2014).  
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Chapter 5 General discussion 
This thesis aimed to evaluate the dynamics of competition between corals and algae in 

coral reefs. This was done by documenting the spatial and temporal variability of coral-

algal interactions and the implications of this variability for coral mortality. Further, the 

specific effect of ocean acidification on coral-algal interactions was investigated to 

document the algal competitive mechanism involved (secondary metabolites).  

5.1 Algal Variability in coral reefs 
This thesis highlighted the variability in the nature of coral-algal interactions. 

Temporally (Chapter 2), coral-algal interactions were highly variable seasonally; 

especially in the reef flat of Heron Island where the number and the interacting species 

of algae changed according to season. For example, the alga Chnoospora implexa 

dominated in spring and summer, whereas the alga Hypnea pannosa replaced C. 

implexa during autumn and winter. Across all sites, seasonal variability and number of 

algal interactions was higher in the reef flat than the fore reef. Despite the number of 

interactions being higher in the reef flat, coral mortality, resulting from algal 

interactions, was significantly higher in the fore reef. These differences in coral 

mortality likely reflected dissimilarities in coral community structure between reef 

zones and the presence or absence of specific coral and algal species in both the reef flat 

and the fore reef of Heron Island.  

Algal dynamics, in terms of number of coral-algal interactions, not only varies 

temporally but also spatially at local and regional scales (Chapter 3). At the local scale, 

the reef flat habitat had higher abundance of algae interacting with corals in comparison 

with the fore reef across all reef sites (Chapters 2 and 3). Conversely, at the regional 

scale the number of coral-algal interactions decreased with increasing distance away 

from the mainland; however, stressing responses from corals (colonies with pale or 

recently dead tissue in the coral-algal interface) varied along the cross-shelf gradient. 

Higher coral tissue mortality in the coral-algal interface of corals interacting with algae 

was recorded in the remote Island (Heron Island) compared with the other reef locations 

which were more affected by terrestrial influence (due to their closeness to the 

mainland). Coral colonies in mid-gradient locations were also vulnerable to algal 

interactions; however, the coral stress responses consisted of a higher frequency of 

colonies with pale tissue in the interacting zone. These spatial dissimilarities between 

reefs in terms of stressing responses from coral - algal competition probably reflect 

differences in community structure of coral reefs and differences in levels of resistance 

92 
 



or acclimatization of corals to local and global stressors (Chapter 3).  This study, again, 

highlights the importance of the nature and composition of the reef community on the 

competitive outcomes. 

The thesis also demonstrated high variability in the competitive effects of macroalgae 

on corals under different levels of ocean acidification (Chapter 4). Using three 

experimental algal species: Canistrocarpus (=Dictyota) cervicornis, Melanamansia 

glomerata and Chlorodesmis fastigiata, algal competitive effects on all species of corals 

were higher under high CO2 conditions. This is consistent with previous natural (Hall-

Spencer et al. 2008, Fabricius et al. 2011) and manipulative (Diaz-Pulido et al. 2011) 

experiments, as well as conceptual studies (Anthony et al. 2011, Connell et al. 2013, 

Mumby and van Woesik 2014). However, C. cervicornis and C. fastigiata competitive 

effects were more lethal on corals than those of M. glomerata under any CO2 level and 

this variability observed here had not been previously documented in the manipulative 

or natural experiments mentioned earlier (op. cit.). Further investigations of the 

potential competitive mechanism by which algae killed corals more effectively under 

ocean acidification conditions (Chapter 4) suggested that C. cervicornis increased the 

potency of its secondary metabolites when algae were exposed to elevated CO2 levels 

(Fig 4.5). However, ocean acidification did not affect the potency of secondary 

metabolites equally in the three experimental algal species; unlike C. cervicornis, ocean 

acidification reduces the competitive effect of M. glomerata on corals and it seems that 

secondary metabolites effects of C. fastigiata on competing corals are not affected by 

elevated CO2 levels in comparison with present levels. Therefore, it is very clear that 

algal competitive mechanisms are highly variable and depend on the specific species 

involved during the interaction. This variability has implications for understanding the 

effects of algae on corals under projected ocean acidification scenarios, suggesting that 

brown algae may become more aggressive towards corals in future oceans. 

5.2 Comparison of the observed variability with previous studies 
My study documented a high variability of coral-algal interactions across a range of 

temporal and spatial scales (within reef and between sites with different levels of 

exposure to terrestrial influence). A number of studies have documented significant 

variability in coral algal interactions as well. For example, Haas et al. (2010) evaluated 

the effect of macroalgal competition on coral health across climatic seasons and found 

that there was a high seasonal variability of the frequency of coral-algal interactions and 

also that some algae killed corals during these interactions. Jompa and McCook (2003) 

93 
 



found a high interspecific variability of the competitive mechanisms of macroalgae and 

their detrimental effects on corals. Tanner (1995) investigated the effects of macroalgal 

competition on coral growth, survivorship and reproduction over 16 months and found 

important changes in algal community structure across seasons and that Acropora sp. 

was the most sensitive coral to macroalgal competition. My study also demonstrates 

high variability of the frequency of coral-macroalgal interactions and of the competitive 

mechanism of macroalgal species (also McCook et al. (2001). However, I also found 

that the frequency of coral macroalgal interactions or the type of interaction (e.g. 

overgrowth, shading or contact) are not good indicators of the potential damage of algae 

over corals in Heron Island, because it is likely that coral mortality depended on the 

coral and algal species involved during the interaction. Importantly, a high frequency of 

interactions (e.g. in the reef flat) does not necessarily indicate high coral mortality in the 

evaluated reef. This observation is an important aspect of my research and has received 

very little attention in the literature. Further studies with replicated ecosystems should 

be carried out in order to determine if this result reflects a general pattern of global coral 

reefs or if it is a specific finding for the studied reef of Heron Island. 

Regarding the spatial variability in relation to other studies, Sandin et al. (2008) found 

important changes in the dominance patterns of species in coral reefs exposed to 

different levels of anthropic influence in the Northern Line Islands. Coral reefs in this 

area shifted from Acropora-crustose coralline algae (CCA) dominated where nutrient 

input was low, to macroalgal dominated communities in reefs exposed to high nutrient 

input. Moreover, Barott et al. (2012) found that high nutrient input favoured macroalgae 

when competing with corals. In contrast, McCook (2001) conducted an experiment 

along a cross-shelf gradient in the GBR and suggested that water quality did not affect 

the competitive abilities of turfs over corals. In my study, I also found important 

differences in the community structure of coral reefs across the terrestrial gradient 

because the most terrestrially influenced reef (Pelican) was macroalgal dominated 

whereas less influenced sites were mostly Acropora dominated [as has been observed 

by Wismer et al. (2009)]. As a consequence of this variability in community structure, 

the frequency of coral algal interactions was higher in more terrestrially influenced 

reefs. However, unlike previous studies, I found detrimental responses from corals to 

algal competition across the entire gradient, even in the furthest site, where local 

stressors have little influence and where community structure highly differed from 

inshore reefs. 
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5.3Algal competitive mechanisms and coral mortality  
Some algal competitive mechanisms have been previously identified in some studies. 

For example, macroalgae may directly overgrow coral tissue, reduce light levels 

required for photosynthesis (Miller and Hay 1996, McCook et al. 2001, Quan-Young 

and Espinoza 2006), abrade tissue (River and Edmunds 2001), or produce chemical 

compounds that directly (McCook et al. 2001, Rasher and Hay 2010, Rasher et al. 2011) 

or indirectly stress or kill corals (Smith et al. 2006, Morrow et al. 2011). I also found 

that some macroalgal species are capable of killing corals, however, unlike previous 

studies, I found that the type of competitive mechanism of macroalgae does not 

determine the level of coral mortality, but the coral and algal species involved during 

the competitive interaction. The algal competitive mechanisms considered in this study 

were algal overgrowth, algal shading, algal contact and release of algal secondary 

metabolites. Algal species were found to employ different competitive mechanisms 

when competing with corals and, at the same time, these mechanisms varied in terms of 

aggressiveness and effectiveness in killing corals (Chapters 2, 3). From the experiments 

conducted in Chapter 4, I found that there was a high interspecific variability of algal 

effects on corals. Furthermore, I also tested the effects of ocean acidification on the 

potency of the allelochemicals of these algal species and interspecific differences were 

also found [e.g. C. cervicornis enhanced its competitive abilities; M. glomerata 

decreased the potency of its secondary metabolites whereas C. fastigiata did not show 

any difference (Chapter 4)]. This variance in the mechanisms of space competition by 

macroalgae over corals emphasise an emerging trend in my research associated with the 

variability not only in the organisms involved in the competition, but also in the way the 

players compete, and the outcomes of the competitive processes.  

There were important interspecific differences in coral sensitivity when competing with 

C. fastisgiata, C. canistrocarpus and Lobophora sp. For example, coral mortality was 

only observed in two coral genera: Acropora and Seriatopora despite the fact that these 

algae were observed interacting with other coral species without any apparent stressing 

response from corals (Chapter 2 and 3). Therefore, these interspecific differences should 

also be playing an important role during coral-algal competitive outcomes in coral reefs 

(Rasher et al. 2011, Bonaldo and Hay 2014).   

Based on the information collected in this thesis, some algal species were found to 

damage corals directly by release of allelochemicals, such as C. cervicornis and C. 

fastigiata and probably this situation may become more serious in the future when 
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ocean acidification intensifies according to the IPCC scenarios. This assertion derives 

from the higher sensitivity shown by corals under ocean acidification scenarios during 

coral-algal competition and the enhanced competitive mechanisms revealed by C. 

cervicornis during the experiments (Chapter 4). However, I did not find any harmful 

effects on corals from the interactions with many other algal species despite their high 

abundance in the field (e.g. C. implexa and H. pannosa from Heron Island). Therefore, 

these findings suggest that total algal abundance may not be an adequate indicator of 

reef status or crucial triggers for coral mortality. Appropriate assessments of reef status 

will require examination of the type of, coral and algal species involved in the 

competitive interactions.   

5.4 Implications for coral-alga phase shift and reef degradation 
Across reefs globally, corals are being replaced by algae. The results of this thesis 

suggest that some algae are potentially contributing to phase shifts by directly killing 

and outcompeting corals; however, the species contributing to coral mortality are 

restricted to some habitats, and are highly seasonal. It is likely that this coral-by-algae 

replacement will become a more serious issue in the future according to the IPCC 

projected conditions of ocean acidification and global warming (due to increased 

bleaching) (Hoegh-Guldberg 1999, Hoegh-Guldberg et al. 2007, Eakin et al. 2010) and 

subsequent algal colonization (Ostrander et al. 2000, Diaz-Pulido and McCook 2002). 

However, not all algal species damaged corals and not all coral species showed 

sensitivity to algal competition (Chapter 4). Further, the documented natural spatial and 

temporal variability in coral-algal interactions suggest that the ocean acidification 

projections (Field et al. 2014) will not affect all coral reefs equally at either the local or 

regional scale. For example, corals in the reef flat zones were more resistant to algal 

competition than in the fore reef (Chapter 2). Reef flat colonies tolerated massive 

overgrowth and shading across all climatic seasons and experienced limited tissue 

mortality; in contrast, fore reef corals showed higher tissue mortality despite showing 

significantly fewer and generally less invasive algal interactions (mostly contact). On 

the other hand, at the regional scale, I found stressed corals across the entire gradient of 

anthropogenic influence. However, the stress response of the corals was different and 

probably reflected the changes in community structure (different coral and algal 

species) and the local environmental stressors. Corals in remote reefs showed higher 

rates of recently dead tissue compared to corals closer to the mainland that showed more 

paleness in the coral algal interface (Chapter 3). This situation is remarkably important 
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for the management and conservation of coral reefs because it seems that measures to 

decrease the terrestrial influence could not be sufficient to prevent the reef decline 

because reefs in remote places are also being negatively affected by algal competition. 

The vulnerability of coral reefs to macroalgal competition is also affected by seasonal 

variability which induces changes in the abundance and thereby in the frequency of 

coral-algal interactions and the community structure (Chapter 2). Therefore, coral reefs 

may be more vulnerable to macroalgal competition in climatic seasons with increased 

abundance of some algal species (Tanner 1995, Diaz-Pulido et al. 2009, Haas et al. 

2010). This seasonal variability has also implications for coral recovery because the 

decrease of algal abundance during certain climatic seasons reduces temporarily the 

algal pressure on corals allowing coral recruitment and growth (Tanner 1995, Jompa 

and McCook 2003, Birrell et al. 2008, Diaz-Pulido et al. 2009, Haas et al. 2010).  

In accordance with the results of this thesis, the intensity of the effects of algal 

competition on coral reefs under acidified and non-acidified conditions depends on the 

community structure of coral reefs or the absence/presence of competing species rather 

than type of algal interaction (e.g. shading, overgrowth or direct contact). Evidently, 

Acropora dominated reefs with high abundance of C. fastigiata, C. cervicornis, 

Lobophora sp. or/and the red turf are more susceptible to coral mortality and algal 

proliferation compared with reefs dominated by more competitively resistant coral 

species or dominated by the macroalgae Melanamansia glomerata, Chnoospora 

implexa or Hypnea pannosa (Chapters 2, 3 and 4). Under acidified scenarios (2050 and 

2100), this situation could be aggravated because of these two non-mutually exclusive 

reasons. Firstly, an enhancement of the potency of secondary metabolites under ocean 

acidification scenarios which enables algae to kill corals more effectively (e.g. C. 

cervicornis) and secondly, increased vulnerability of corals in response to algal 

competition (e.g. Acropora intermedia) under elevated CO2 conditions (Chapter 4). 

However, the temporal variability in the abundance of some algal species could also 

play a crucial role in the intensity of the effect of algal competition on reefs. For 

example, potential seasonal blooms of Lobophora sp. could lead to an increase in the 

frequency of coral-algal interactions potentially contributing to coral mortality.    

Nonetheless, other factors should be also considered. It is well documented that 

elevated sea-surface temperature is an important reef stressor with rates of coral 

bleaching projected to increase in the near future (Hoegh-Guldberg 1999). Mass 

bleaching could induce phase shifts to algal dominance in Acropora dominated reefs, 

such as those registered in Heron Island, Halfway Island or Barren Island.   
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The research work presented in this thesis has important implications for the 

management and conservation of coral reefs, particularly for the GBR. First, it 

documents large variability in the nature and outcomes of space competition and it 

seems that high frequency of algal contacts does not necessarily imply high coral 

mortality. Management authorities should be aware of the variability in the damage 

caused by different algal species and explore this variability to understand the resilience 

potential of reefs. High algal dominance and consequently high frequency of algal 

contact does not necessarily mean high coral mortality and declined resilience potential. 

Clearly, there are other aspects that need to be taken into account, such as the effects of 

fleshy macroalgae on coral recruitment (Kuffner et al. 2006, Birrell et al. 2008, Borell et 

al. 2013) and the role of herbivory in mediating coral algal interactions (Lewis 1986, 

Knowlton 1992, Jompa and McCook 2002, Rasher and Hay 2010), aspects which were 

not considered in this study. Second, this thesis generated knowledge to understand the 

possible effects of ocean acidification on the ecology of coral algal dynamics and 

suggests that GBR reefs will respond in many different ways to projected OA scenarios. 

Inshore corals may be able to better resist space competition with algae in the future, 

compared to offshore (particularly reef front) reefs. Offshore reefs may be more 

vulnerable to algal competition which is exacerbated by elevated CO2. Understanding 

the spatial and temporal effects of ocean acidification on ecological interactions is 

fundamental to understand the possible impacts of human activities on coral reefs and 

will provide information useful for the management and conservation of these valuable 

ecosystems.  

5.5 Conclusions 

5.5.1 Chapter 2.  

- Coral-algal interactions were significantly variable across seasons in both reef zones. 

However, the reef flat presented a higher variability of coral algal interactions due to its 

clear change of interacting algal species across seasons (Chnoospora implexa during 

spring and summer and Hypnea pannosa during autumn and winter) which were 

profusely overgrowing corals. 

- Despite the fact that the fore reef had significantly less frequency of total coral and algal 

interactions than the reef flat, the fore reef had significantly more coral mortality than 

the reef flat in the evaluated reef of Heron Island. Further studies in similar habitats 

should be conducted to confirm this conclusion.  
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- Algal abundance and frequency of coral-algal interactions is not a trigger of coral 

mortality in the evaluated reef of Heron Island. Instead, the presence of some algal 

species is likely triggering coral mortality of some coral species. The most damaging 

algal species were Chlorodesmis fastigiata, Lobophora sp. and a red turf composed of 

Ceramium sp., Enteromorpha sp., etc. The most sensitive corals were Seriatopora and 

Acropora.  

5.5.2 Chapter 3. 

- Coral-algal interactions vary spatially across the terrestrial influenced gradient. 

- The structure community of coral reefs changes across the gradient of terrestrial 

influence and this is a key factor in determining the sensitivity of coral reefs to 

stressors. Mid-gradient corals presented more pale tissue in the coral-algal interface 

whereas farthest corals showed more coral mortality in the coral-algal interacting zone. 

- Reef zones presented also high spatial variability. Reef flats recorded significantly more 

coral-algal interactions than the fore reefs in all evaluated sites. 

5.5.3 Chapter 4 

- There is a high algal interspecific variability of the effects of ocean acidification on the 

potency of allelochemicals of algae when interacting with corals.  

- Elevated CO2 enhances the ability of C. cervicornis to kill corals by enhancing the 

potency of its allelochemicals. However, elevated CO2 levels did not significantly affect 

the potency of allelochemicals of C. fastigiata and M. glomerata when they were 

interacting with corals.  

- Ocean acidification favors the algae C. fastigiata, C. cervicornis and M. glomerata 

during coral-algal competitive interactions. This algal competitive enhancement could 

be an ecologically degrading pattern in coral reefs.  

- The algae C. fastigiata and C. cervicornis were more competitively aggressive than M. 

glomerata when competing with corals under ambient, medium and high CO2 levels.  
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6. Appendix 
Appendix 1. Relevant studies related to the findings of this thesis are summarised. The 

tables include the location, the aims of the study, the results and aspects which were not 

considered in these studies. This was done to provide theoretical context for this thesis 

(Tables 6.1 and 6.2).

100 
 



 

 

Table 6. 1. Studies related to the chapter 2 named Seasonal and between habitat dynamics in coral-macroalgal direct interactions 

and chapter 3 named The gradient of terrestrial influence alters the frequency of competitive direct interactions between corals 

and macroalgae but not the damage on coral tissue of this thesis.   

Ref Where Aim Results Not study 

Haas et al, 

2010 
Red Sea 

Provide seasonal monitoring data on the abundance and the 

competitive dynamics of coral-algal interactions, growth and 

tissue mortality of the interacting species.  

Slow-growing massive corals were more resistant against 

negative algal influence than fast-growing branching corals 

The authors did not specify the type of 

algal interaction which induced coral 

mortality and there was no evaluation 

of different reef zones. 

Tanner, 1995 Heron Island 
Evaluate the effects of macroalgae on growth, survivorship, 

fission, fecundity and recruitment of corals 

Algal abundance affected significantly the demography of 

corals, especially coral growth and fecundity. However, it did 

not affect coral survivorship. 

The authors did not specify the type of 

algal interaction which induced coral 

mortality and there was no evaluation 

of different reef zones. 

Ateweberhan et 

al, 2006 
Red Sea 

To investigate the spatial and temporal variation in the 

biomass of coral reef algae. 

Authors observed strong seasonal changes in the relative 

contribution of the algal species and the algal biomass 

correlated negatively with seawater temperature for most of the 

algal species. 

The authors did not estimate the 

frequency of coral-algal interactions 

and coral mortality associated. 

Diaz-Pulido 

and Garzon-

Ferreira, 2002 

Caribbean 
Investigate the seasonality of the algal composition and 

abundance in relation to changes in environmental variables. 

Benthic algal assemblages of coral reefs are a highly dynamic 

component. The algal assemblage changed in composition and 

abundance throughout the year with a bimodal cover pattern 

observed for macroalgae and turf algae.   

The authors did not estimate the 

frequency of coral-algal interactions 

and coral mortality associated. 

River and 

Edmunds 2001 

Jamaica, 

Caribbean 

To investigate competition between the alga Sargassum 

hystrix and the coral Porites porites and examine the 

competitive mechanisms involved during the coral-algal 

competition 

The alga used abrasion as a primary competitive mechanism 

when it competes with corals. 

This study did not evaluate algal 

seasonality or the frequency of coral 

algal interactions. 
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Table 6. 1. (Continuation) Studies related to the chapter 2 named Seasonal and between habitat dynamics in coral-macroalgal 

direct interactions and chapter 3 The gradient of terrestrial influence alters the frequency of competitive direct interactions 

between corals and macroalgae but not the damage on coral tissue of this thesis.   

Ref Where Aim Results Not study 

Sandin et al, 

2008 
Pacific Islands 

To create a base line of reef community structure with 

different levels of anthropogenic influence  

Fleshy algae dominated reefs close to inhabited Islands whereas 

reefs far away from populated areas were dominated by CCA 

Effects of algal interactions on coral 

health was not evaluated  

McCook, 2001 Great Barrier Reef 
To test competition for space between the coral Porites lobata 

and the algal filamentous turf along a cross-shelf gradient 

The algae had little effect on coral growth during competitive 

interactions at any site in the gradient. Therefore, corals were not 

competitively inferior.  

Study did not considered fleshy algae 

and frequency of coral-algal 

interactions 

Barott and 

Rohwer 2012 
NA 

Review the algal competitive mechanisms within coral-algal 

competition context. 

The authors determined that there is a high species-specific 

variability of algal competitive mechanisms when compete with 

corals 

It did not evaluate differences 

between reef zones or coral-algal 

species. 

Wolf 2012 
Curacao, 

Caribbean 

Investigate coral responses in contact with different 

macroalgal species 

Authors determined a high variability of the effects of algal 

species in terms of coral mortality when algae were in contact 

with corals 

This study did not evaluate algal 

seasonality or the frequency of coral 

algal interactions. 

Barott et al, 

2012 

Northern Line 

Islands, Pacific 

Ocean 

To Survey the type and outcomes of coral-algal interactions 

with algae from a nearly pristine to a heavily fished coral reef 

Coral and algal competitive outcomes changed along the 

terrestrial gradient. Corals were superior competitors in pristine 

reefs whereas they were competitively inferiors in sites highly 

exposed to human activities. 

They did not determine the 

proportion of corals with recently 

dead or pale tissue associated to algal 

interactions 
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Table 6. 2. Studies related to the chapter 4 of this thesis named Increase of allelopathic interactions between seaweeds and corals 

under ocean acidification conditions. 

Ref Where Aim Results Not study 

Diaz-Pulido 

et al, 2011 
Great Barrier Reef 

To test the combined effects of algal competition and ocean 

acidification on coral survival 

Ocean acidification increased the vulnerability of corals when 

competing with algae. 

This study did not evaluate the 

algal competitive mechanism 

during ocean acidification 

scenarios 

Arnold et 

al, 2012 

Aeolian 

Archipelago, 

Mediterranean sea 

To evaluate the effects of elevated CO2 conditions on 

allelochemicals of seagrasses. 

Ocean acidification conditions decreased the concentration of 

phenolic protective substances in seagrasses 

This study did not consider the 

competitive effects of 

seagrasses and corals 

Betancor et 

al, 2014 
Canary Islands 

To study the effects of ocean acidification on the morphology, 

photosynthesis and physiological performance of the algae 

Padina pavonica and Lobophora variegata. 

P. pavonica showed decalcification and loss of photoprotective 

compounds and antioxidant activity under elevated CO2 conditions.  

L. variegata suffered a decrease in photo-protective compounds and 

antioxidant activity but its photosynthetic performance remained 

unaltered under ocean acidification conditions 

This study did not consider the 

competitive effects of algae and 

corals 

Kenneth et 

al, 2011 
N/A 

To analyse different combinations of CO2 and fishing levels on 

herbivores and the effects on the resilience in a coral 

community. 

Severe acidification and warming alone lower de resilience of coral 

reefs even under high grazing intensity and low nutrients 

This study did not evaluate 

algal seasonality or the 

frequency of coral algal 

interactions. 
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Table 6. 2. (Continuation) Studies related to the chapter 4 of this thesis named Increase of allelopathic interactions between 

seaweeds and corals under ocean acidification conditions. 

Ref Where Aim Results Not study 

Bidart-

Bouzat and 

Imeh-

Nathaniel, 

2008 

Laboratory 
Evaluate the effects of global change factors, such as elevated CO2, 

O3 UV light and temperature on plant secondary chemistry 

The authors found that elevated CO2 in the atmosphere increased 

the potency of allelochemicals in some plants. 

This study was focused on 

plants, not algae. 

Fabricius et 

al 

Papua New 

Guinea 

To investigate the effects of natural in situ exposure to elevated 

seawater CO2 on tropical coral reef communities, coral growth, 

recruitment, seagrasses and sedimentary properties 

Authors observed reduction in coral diversity, recruitment and 

abundances of structurally complex coral builders under ocean 

acidification conditions 

The authors did not study the 

effect of ocean acidification 

on the potency of algal 

allelochemicals. 

Rasher and 

Hay, 2009 

Fiji and 

Caribbean 

Assess the outcomes and mechanisms involved in seaweed-coral 

competition across multiple seaweed species and functional groups 

Several common seaweeds produce lipid-soluble metabolites 

that damage corals when seaweeds and corals come into direct 

contact 

The authors did not study the 

effect of ocean acidification 

on the potency of algal 

allelochemicals. 

Rasher et al 

2011 
Fiji 

Assess the role of the seaweed allelopathy in algal-coral 

interactions across abundant shallow-water corals contacting 

macroalgae 

Numerous macroalgae harm a diverse array of corals using 

allleochemicals and that harmful macroalgae contain multiple 

hydrophobic compounds that fulfill this allelopathic role. 

The authors did not study the 

effect of ocean acidification 

on the potency of algal 

allelochemicals. 

Morrow et 

al, 2011 
Caribbean 

Evaluate the effects of macroalgae on the bacteria community 

associated to corals 

Authors demonstrated that extracts of macroalgae have 

inhibitory and stimulatory effects on bacteria associated to 

corals. 

The authors did not study the 

effect of ocean acidification 

on the potency of algal 

allelochemicals. 

Bonaldo 

and Hay, 

2014 

Fiji 

Assess the frequency, magnitude and dynamics of macroalgal-

coral competition involving allelopathic and non-allelopathic 

macroalgae in no-take Marine Protected Areas (MPA) and non-

MPAs. 

Non-MPAs presented less herbivorous fishes and more 

macroalgal abundance than MPAs. There was an important 

variability in the coral sensitivity to allelopathic macroalgae. 

The authors did not study the 

effect of ocean acidification 

on the potency of algal 

allelochemicals. 
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