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ABSTRACT

Habitat structure has a major influence on the composition of all animal 

communities. In complex coral reef environments, a range of habitat features appear to 

influence the structure of reef fish assemblages, with the effects of live coral cover and 

topographic complexity receiving most attention. The role of coral diversity in 

determining the structure of local fish communities and the consequences of species-

specific fish-coral interactions in these ecosystems have not been fully explored. The 

aim of this thesis was to investigate the relationships between coral reef fish 

assemblages and habitat structure by sampling species-specific fish and coral 

associations in the lagoon at Lizard Island on the Great Barrier Reef. Specifically, I 

examined (a) the relative importance of coral cover, habitat topographic complexity and 

coral diversity in explaining the structure of the local fish community, (b) the role of 

different coral species in supporting diverse and abundant fish communities and, the 

structural characteristics of coral species likely to be responsible for the observed 

relationships, (c) the effects of sampling scale on the strength of the measured 

associations between fish and corals, (d) patterns of habitat specialisation and habitat 

overlap among the 14 co-existing damselfish species, and among ontogenetic stages.

The relationships between a range of habitat features and local fish diversity, 

abundance and community structure were investigated by sampling over sixty 2m² 

quadrats at three sites in the Lizard Island lagoon. Fish species richness, total abundance 

and community structure were examined in relation to location within the lagoon and a 

wide range of habitat variables, including topographic complexity, habitat diversity, 

coral diversity, coral species richness, hard coral cover, branching coral cover and the 

cover of corymbose corals. Fish species richness and total abundance were strongly 

related to coral species richness and cover, but only weakly related to topographic 

complexity. Regression tree analysis indicated that coral species richness accounted for 

over 63% of the variation in fish species richness, while hard coral cover explained 

more variation in total fish abundance (17.4%), than any other variable. The results 

suggest that the diversity of scleractinian corals is critical in maintaining local coral reef 

fish diversity, and loss of coral species will in turn lead to declining fish diversity.

Further surveys were carried out to assess the relative importance of different 

coral species in structuring fish communities, to identify the characteristics of corals 
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that support higher fish diversity, and to evaluate whether sampling scale has any effect 

on the perceived strength of fish-habitat relationships. The communities of fishes 

present on colonies of eight common coral species (Porites cylindrica, Echinopora 

horrida, Hydnophora rigida, Stylophora pistillata, Seriatopora hystrix, Acropora 

formosa, A. tenuis and A. millepora) were examined at three spatial scales of sampling 

(2x2 m, 1x1 m, 0.5x0.5 m) at multiple sites in the Lizard Island lagoon. Coral species 

was the only variable that explained significant amount of variation in fish species 

richness among the samples. It also explained a significant amount of variation in total 

fish abundance. Coral species explained more of the variability in fish species richness 

(36-54%), than in fish abundance (10-15%). Colonies of E. horrida and H. rigida,

which exhibited an intermediate level of branching structure, supported more fish 

species and individuals than similar sized colonies of all other coral species. Species of 

coral with either very fine branching structure (A. millepora, A. tenuis, S. hystrix) or 

very open branching structure (A. formosa), supported the lowest number of species and 

individuals. The relationships between coral species and fish species richness or 

abundance became stronger as the spatial scale of sampling increased. These results 

indicate that the types of coral present on reefs can significantly influence the structure 

of reef fish communities, and that coral species with an intermediate level of branching 

structure support the most diverse and abundant fish communities. Furthermore, the 

spatial scale of sampling can influence the perceived relationship between fish 

communities and their habitats.

The decline in fish diversity with coral diversity may be explained by habitat 

specialisation and partitioning among reef fishes and/or common preferences for 

particular corals that are susceptible to disturbance. These preferences may develop at 

different life history stages. To test this, I examined species-specific habitat preferences 

and ontogenetic habitat shifts among 14 co-occurring damselfish species in the Lizard 

Island lagoon. The percent cover of 17 substratum types was estimated at four sites 

within the lagoon: Palfrey Island, Lagoon centre, Lizard Head and Bird Island. The 

habitat use of each damselfish species was then estimated by focal animal sampling 

across the lagoon. Although live coral cover contributed only 26% of the substratum, 

28% of adults and 57% of new settlers were mostly found on live coral substratum, 

indicating a strong preference for live coral habitat by these species. Some species 

exhibited a high degree of habitat specialisation and low overlap in habitat use with 

other species, which could help explain the importance of coral diversity on fish 



7

community structure. In general, however, there was a substantial overlap within coral 

associated and non-coral associated groups, with different species using similar 

resources. Some species exhibited ontogenetic habitat shifts. In particular, new settlers 

were commonly associated with finely branched corymbose corals, whereas adults were 

more commonly linked to more open branching morphologies or non-coral substratum.

The results from this study indicate a closer association between fish and coral 

diversity than previously demonstrated. It suggests that human impacts on the 

composition and diversity of coral communities are likely to have profound and 

negative effects on reef fish biodiversity, more so than would be predicted on the basis 

of declining coral cover or topographic complexity alone.
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CHAPTER 1

Introduction

All organisms are associated with particular habitats within which they derive 

the resources essential for growth, survival and reproduction. Given a choice, 

individuals generally exhibit preferences for habitat types that provide the highest 

fitness advantages (Klopfer 1969, Orians and Wittenberger 1991, Pulliam and 

Danielson 1991). The resources provided by habitats may limit population abundances,

and habitat characteristics may play a key role in determining the structure of 

communities (Klopfer 1969, Gorman and Karr 1978, Brown 1984, Bell et al. 1991). In 

particular, it has frequently been observed that species diversity and abundance can be 

positively associated with habitat complexity and/or habitat diversity (e.g. Recher 1969, 

Dean and Connell 1987, Bell et al. 1991, Herzon and O’Hara 2007, Chabanet et al. 

1997, Pratchett et al. 2008). The complexity of the habitat can influence species 

composition directly, or indirectly by modifying the outcomes of biological interactions

such as competition and predation (MacArthur and Levins 1964, Murdoch and Oaten 

1975, Holt 1987, Hixon and Menge 1991, Almany 2004a,b), and habitat diversity 

promotes animal diversity by providing a variety of specific microhabitat types for 

different fish species to co-occur. In recent years, the fundamental importance of habitat 

quality and availability has become increasingly apparent as habitat loss and 

degradation have lead to dramatic declines in animal diversity and abundance in all 

ecosystems (e.g. Fahrig 2001, Ford et al. 2001, Jones et al. 2004, Attum et al. 2006). 

Although all organisms are dependent on particular habitats, there is wide 

variation among species in the level of habitat specialisation (Fox and Morrow 1981, 

Futuyama and Moreno 1988, MacNally 1995, McKinney 1997). A species’ level of 

habitat specialisation has a substantial influence on how structural changes to a habitat 

will affect its distribution and abundance (Rosenzweig 1981, McKinney 1997, Jones et 

al. 2002, Swihart et al. 2003). Communities composed largely of habitat specialists will 

tend to display a predictable structure and are likely to exhibit dramatic responses to 

habitat change. In such communities, loss of particular habitat features readily leads to 

local extinctions (Pimm et al. 1988, Foufopoulos and Ives 1999, Henle et al. 2004, 

Munday 2004). In contrast, communities composed of generalists may exhibit more 
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variable community structures and be more resilient to habitat degradation. Thus, 

assessing the level of habitat specialisation is crucial for understanding how 

communities are structured and the likely consequences of habitat loss or degradation. 

However, habitats exhibit many characteristics and it is not always clear which features 

are most important to the majority of species in a community.

Coral reefs are well-known for the high diversity of fishes that are closely 

associated with the complex and diverse reef substratum (Tyler 1971, Sale 1977, Choat 

and Bellwood 1991, Munday and Jones 1998). Reef fishes rely on different coral reef 

substrata for critical resources, including food, shelter and living space; and different 

coral reef habitats vary in their ability to provide these resources. The distributions and 

abundance of many individual species appear to be determined by the availability of 

specific habitat features. In particular, coral cover (Bell and Galzin 1984, Sano et al.

1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Jones et al. 2004, 

Munday 2004) and habitat topographic complexity (Risk 1972, Luckhurst and 

Luckhurst 1978, Syms and Jones 2000, Friedlander et al. 2003, Bozec et al. 2005, 

Gratwicke and Speight 2005) appear to be especially important in explaining local reef 

fish diversity and community structure. As a consequence, the widespread degradation 

of reef habitats is leading to major changes in reef fish communities and has also been 

responsible for declining reef fish diversity (Edinger et al. 1998, Bellwood et al.2004, 

2006, Jones et al. 2004, Munday 2004, Pratchett et al. 2008). Reef degradation 

potentially involves a number of structural changes to the reef habitat, including 

declines in coral cover, topographic complexity, coral diversity or the loss of particular 

habitat features (Edinger et al. 1998, Hughes 1994, Jones and Syms 1998, Caley et al. 

2001, Jones et al. 2004). While the roles of both coral cover and topographic 

complexity have received considerable attention, the importance of declining coral 

diversity and the relative importance of the different structural changes to reef habitat 

are poorly understood. 

While it has been demonstrated that reef fish diversity and abundance may have 

strong positive relationships with coral cover and habitat topographic complexity, not 

all studies have found some of these relationships to be significant (e.g. Risk 1972, Sale 

and Douglas 1984, Roberts and Ormond 1987). Discrepancies in the results of different 

studies may be explained by a range of factors. Firstly, the different studies may have 

focussed on different regional faunas or reef fish families that differ greatly in the level 

of habitat specialisation. For example, coral cover is expected to be particularly 
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important in explaining the abundance of obligate coral-dwelling species (Munday et al. 

1997, Munday 2002), corallivorous fishes (Bell and Galzin 1984, Sano et al. 1984, 

1987, Kokita and Nakazono 2001, Spalding and Jarvis 2002) or species reliant on coral 

habitat for recruitment (Öhman et al. 1998, Syms and Jones 2000, Jones et al. 2004). 

Declines in the abundances of these coral-dependent species have often been associated 

with loss of coral cover (Williams 1986, Munday et al. 1997, Jones et al. 2004, Munday 

2004, Pratchett et al. 2008), but this might not be the case for larger, more mobile and 

less habitat dependent species.

A second critical factor that may explain the apparent variation in the strength of 

fish-habitat interactions is that the correlative approach is often limited to a single 

habitat variable, such as coral cover (e.g. Bell and Galzin 1984, Williams 1986, Jones et 

al. 2004). However, declining coral cover may or may not be associated with changes in 

other factors such as loss of coral species and topographic complexity, which makes 

distinguishing the most important habitat characteristic very difficult.  Individual studies 

must examine a wide range of factors and measure the level of co-variation among 

them, in order to isolate the most important habitat factors that structure coral reef fish 

communities. While examining the strength of bivariate relationships can provide part 

of the answer, more sophisticated multivariate approaches (e.g. regression tree analysis 

(De’ath and Fabricius 2000)) provide means to measure and partition the variance 

explained by different sources.

Differences in the degree to which different components of habitat structure are 

identified and measured represent a third factor that can mask the importance of fish-

habitat interactions. For example, if a community predominantly consists of habitat 

specialists, measuring total hard coral cover may be coarse setting to detect species 

specific responses to declines in particular microhabitat type (Holbrook et al. 2002a, 

Gardiner and Jones 2005). Similarly, the way structural complexity was measured could 

influence the results. For instance, many studies have used the common chain method as 

an index of structural complexity (Risk 1972, Luckhurts and Luckhurst 1978, Ault and 

Johnson 1998, Friedlander and Parrish 1998, Friedlander et al. 2003), whereas others 

have used the percent cover of branching corals (Chabanet et al. 1997). The number of 

holes of a certain size provided by the habitat structure has been used as a measure of 

shelter availability (Ault and Johnson 1998, Gratwicke and Speight 2005). Likewise, the 

range of different conclusions may stem from the use of different habitat diversity 

measures. Several studies interpret habitat diversity as total diversity of all habitat types 



17

present (e.g. Risk 1972, Sale and Douglas 1984, Roberts and Ormond 1987), while 

others focus solely on coral diversity (e.g. Bouchon-Navaro and Bouchon 1989, 

Chabanet et al. 1997). Some assess diversity using species richness measures (e.g. 

Chabanet et al. 1997), while others use diversity indices of various kinds (Risk 1972, 

Sale and Douglas 1984, Roberts and Ormond 1987, Bouchon-Navaro and Bouchon 

1989, Chabanet et al. 1997). In general, the effects of coral diversity on fish 

communities may be underappreciated because of differences in the classification 

methods that have been used and difficulties associated with coral identification 

(Chabanet et al. 1997). 

Another factor which may account for different conclusions about the strength 

of fish-habitat associations is the scale of sampling used in different studies.  Fish-

habitat associations may be most apparent at the scale of meters within reefs (Syms 

1995). At smaller spatial scales, fish-habitat associations may appear to break down due 

to a patchy distribution of individuals (Ault and Johnson 1998, Hewitt et al. 1998). At a 

larger scale, habitat can become homogenised and the effects of other key 

environmental characteristics, such as depth, currents or reef position may become more 

important in structuring fish communities (Syms 1995, Hewitt et al. 1998, Sale 1998, 

Holbrook et al. 2002a). Furthermore, the strength of fish-habitat associations at 

different scales could be largely dependent on the particular fish species examined. Fish 

species from different families might operate at different scales, even if they belong to 

the same trophic group. For example, herbivorous parrotfish and surgeonfish are more 

mobile and have larger home ranges than territorial herbivorous damselfishes 

(Robertson et al. 1976, 1979, Sano et al. 1984, 1987, Sale 1998). Therefore, the spatial 

scale of sampling could have a significant effect on the perceived relationships between 

coral community structure and diversity and the abundance and community composition 

of these different fish species (Syms 1995, Syms and Jones 1999).

Understanding the response of coral reef fish communities to habitat change 

clearly requires greater attention to the degree of habitat specialisation for the majority 

of the constituent species. To date, only a handful of studies have shown that the 

presence of different coral species influences the structure of fish communities and 

identified the characteristics of the corals likely to be responsible for these differences 

(Shpigel and Fishelson 1986, Munday 2001, Holbrook et al. 2002a, b). The physical 

characteristics of different coral species that attract and support high fish diversity and 

abundance of coral-dwelling fishes have not been well studied, but may relate to the 
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branching structure of the coral colonies (Munday 2001, Holbrook et al. 2002a, b). 

Coral species that provide adequate space among their branches for movement and 

feeding of resident fish, and at the same time offer a sufficiently dense structure for 

protection from larger predators might be expected to be favoured by a wide range of 

small reef fishes. Coral reef fish often use holes of approximately their own body 

diameter as shelter (Hixon and Beets 1993, Holbrook et al. 2002a), which may explain 

why more structurally complex coral species support more diverse fish communities. 

Additional to the complexity of a coral species, the size of the coral colony may 

also play an important role in structuring fish community. In general, larger coral heads 

are expected to support larger fish communities (Rosenzweig 1995, Lomolino 2001, 

Holbrook et al. 2002a). However, even though this relationship may be true for coral 

colonies of the same species or similar morphologies, coral colonies of different species 

and various morphologies may support different fish communities, with more complex 

corals exhibiting more diverse and abundant fish communities even at smaller sizes 

(Lomolino 2001, Holbrook et al. 2002b).  Coral species differ greatly in growth forms 

and branching structure and, therefore, may be expected to provide a range of different 

microhabitats for fishes. Some reef fishes preferentially associate with particular coral 

species and coral morphologies (Hixon and Menge 1991, Munday et al. 1997, Jones and 

Syms 1998, Holbrook et al.2002a, b, Munday 2004). These relationships suggest that 

individual coral species differ in their characteristics as favourable habitat or food 

sources for reef fishes, and consequently, that the species composition of coral 

assemblages will influence the composition of the associated reef fish communities. 

Some coral reef fish species have stronger association with hard coral cover 

(obligate corallivorous and coral-dwellers) and show stronger negative response to 

habitat loss (Munday et al. 1997, Kokita and Nakazono 2001, Spalding and Jarvis 

2002), than do other species. In general, coral-dependent species are expected to exhibit 

the strongest responses to coral loss (Munday 2004). Current estimates suggest that less 

than 10% of fish-species are coral dependent (Munday et al. 2007). Nevertheless, some 

studies have found that larger number of fish species decline in abundance with a 

decline in hard coral cover than would be predicted by adult habitat association alone 

(e.g. Jones et al. 2004, Wilson et al. 2006). This suggests that a larger percentage of reef 

fish have some level of coral dependence than previously thought. For example, new 

settlers of fish species that are not coral dependent as adults often prefer to settle on live 

coral, seeking shelter in this ‘vulnerable to predation’ life stage (Jones et al. 2004, 
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Wilson et al. 2008). For instance, Jones et al. (2004) reported that 65% of fish species 

preferentially settled on live corals, even though only 10% of adults were coral 

dependent. Differences in the resources used by different fish species and differences in 

habitat use among life stages increase the dependence of the community on the diversity 

of habitat types available. 

Assessing the relationships between fish community structure and different 

habitat components is important because coral reefs are under increasing threat from 

global climate change and a range of other anthropogenic stresses (Hughes 1994, 

Hoegh-Guldberg 1999, Cheevaporn and Menasveta 2003, Hughes et al. 2003, Graham 

et al. 2006, Munday et al. 2008). These stresses may lead to an overall loss of coral 

cover (Hughes 1994, Hughes et al. 2003, Bellwood et al. 2006, Graham et al. 2006, 

Wilson et al. 2006, Munday et al. 2008), declining reef complexity (Marshall and Baird 

2000, Graham et al. 2006, Munday et al. 2008) and/or loss of coral species most 

sensitive to disturbance (Hoegh-Guldberg and Salvat 1995, Marshall and Baird 2000). 

Teasing apart species-level interactions between fish and corals represents a crucial step 

in understanding the nature and threat of global change to coral reef biodiversity.

The overall aim of this thesis was to investigate the relationships between coral 

reef fish assemblages and habitat structure by sampling species-specific fish and coral 

associations. In Chapter 2, I examined the relative importance of coral cover, habitat 

topographic complexity and coral diversity in explaining the structure of fish 

communities in the lagoon at Lizard Island on the Great Barrier Reef. This chapter 

revealed the central importance of coral diversity to the structure of local fish 

communities; consequently in Chapter 3 I investigated the role of different coral species 

in supporting diverse and abundant fish communities. In this chapter I also examined 

the structural characteristics of coral species likely to be responsible for observed 

relationships between coral species, fish diversity and abundance. I then investigated the 

effects of sampling scale on the strength of the measured associations between fish and 

corals (Chapter 3). In the final data chapter (Chapter 4) I explored patterns of habitat 

specialisation and habitat overlap among 14 co-existing damselfish species, and among 

ontogenetic stages, to determine if species-specific patterns of habitat use can explain 

the strong influence of coral diversity and abundance observed in the previous chapters. 

This is followed by a discussion of the implications of this research (Chapter 5), 

stressing the importance of impacts that threaten a narrow range of coral species.
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To the best of my knowledge, this is the first study to measure and partition the 

variance in fish abundance and diversity explained by a large range of habitat structural 

characteristics using the Regression Tree approach, and to investigate fish-coral species 

specific relationships and potential coral physical characteristics responsible for these 

relationships for a large array of different coral species. My research makes an 

important contribution to the knowledge of the habitat preferences of damselfish species 

for two different ontogenetic stages, and helps to understand what changes fish 

communities may undergo under an increasing threat from climate change and other 

anthropogenic disturbances, which may cause extensive modifications of coral reef 

habitats.
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CHAPTER 2

Relative importance of coral cover, complexity and diversity in 

determining the structure of reef fish communities.

2.1 Introduction

Coral reefs are well-known for the high diversity of fishes that are closely 

associated with the reef substratum (Tyler 1971, Sale 1977, Choat and Bellwood 1991, 

Munday and Jones 1998). Reef fishes exhibit diverse patterns in their association with 

coral reef habitat, relying on different substrata for critical resources such as food, 

shelter and living space. Many studies have indicated that both coral cover (Bell and 

Galzin 1984, Sano et al. 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al.

1997, Jones et al. 2004, Munday 2004) and habitat topographic complexity (Risk 1972, 

Luckhurst and Luckhurst 1978, Syms and Jones 2000, Friedlander et al. 2003, Bozec et 

al. 2005, Gratwicke and Speight 2005) are particularly important in explaining local 

reef fish diversity and abundance. The widespread degradation of reef habitats is 

leading to major changes in reef fish communities and has also been responsible for 

declining reef fish biodiversity (Edinger et al. 1998, Bellwood et al.2004, 2006, Jones et 

al. 2004, Munday 2004, Pratchett et al.2008). Reef degradation potentially involves a 

number of structural changes to the reef habitat, including declines in coral cover, 

topographic complexity, coral diversity or the loss of particular habitat features 

(Edinger et al. 1998, Hughes 1994, Jones and Syms 1998, Caley et al. 2001, Jones et al. 

2004). While the roles of both coral cover and topographic complexity have received 

considerable attention, the importance of declining coral diversity and the relative 

importance of the different structural changes to reef habitat are poorly understood. 

The species richness and abundance of reef fish communities has often been 

related to structural or topographic complexity – a measure of variation in the vertical 

relief of the habitat (e.g. Risk 1972, Luckhurst and Luckhurst 1978, Sano et al. 1984, 

Friedlander et al. 2003, Bozec et al. 2005, Dominici-Arosemena and Wolff 2005, 

Gratwicke and Speight 2005). High topographic complexity may promote high 

abundance and diversity because it provides more refuges, decreases the encounter rates 

between competitors as well as predators and their prey, and consequently reduces the 

effects of predation and competition (MacArthur and Levins 1967, Sano et al. 1984, 
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1987, Hixon and Menge 1991, Beukers and Jones 1997, Jones and Syms 1998, Almany 

2004a, b). High complexity may also promote the co-occurrence of the species that are 

specialized on different reef habitat features, such as vertical walls, horizontal reef 

matrix and caves (Depczynski and Bellwood 2004). Although habitat topographic 

complexity has been identified as one of the major predictors of coral reef fish diversity, 

it does not appear to be universally important (e.g. Sale and Douglas 1984, Roberts and 

Ormond 1987), and the possibility that it co-varies with other important habitat 

characteristics has rarely been considered. 

A large number of studies have shown a positive relationship between fish 

diversity or abundance and live coral cover (e.g. Bell and Galzin 1984, Sano et al. 1984, 

Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Munday 2002, Jones et al. 

2004). Coral cover is expected to be particularly important in explaining the abundance 

of obligate coral-dwelling species (Munday et al. 1997, Munday 2002), corallivorous 

fishes (Bell and Galzin 1984, Sano et al. 1984, 1987, Kokita and Nakazono 2001, 

Spalding and Jarvis 2002) or species reliant on coral habitat for recruitment (Öhman et 

al.1998, Syms and Jones 2000, Jones et al. 2004). Declines in the abundance of these 

coral-dependant species have often been associated with loss of coral cover (Williams 

1986, Munday et al. 1997, Jones et al. 2004, Munday 2004, Pratchett et al. 2008). 

However, declining coral cover may or may not be associated with other factors such as 

loss of coral species and topographic complexity, which makes assessing the overall 

significance of coral loss difficult. 

While the vast majority of studies have identified habitat complexity and live 

coral cover as a major factors structuring coral reef fish community, other potentially 

important factors have received little attention. Differences in coral cover or 

topographic complexity may also be associated with changes in habitat diversity. A 

number of studies have shown positive relationships between fish community structure 

and habitat diversity (e.g. Bell and Galzin 1984, Bouchon-Navaro and Bouchon 1989, 

Chabanet et al. 1997), coral diversity and coral species richness (e.g. Bell and Galzin 

1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997), while others have not 

found these relationships (e.g. Risk 1972, Luckhurst and Luckhurst 1978, Sale and 

Douglas 1984). The conflicting results may stem from the use of different habitat 

diversity measures. Several studies interpret habitat diversity as total diversity of all 

habitat types present (e.g. Risk 1972, Sale and Douglas 1984, Roberts and Ormond 

1987), while others focus just on coral diversity (e.g. Bouchon-Navaro and Bouchon 
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1989, Chabanet et al. 1997). Some assess diversity using species richness measures (e.g. 

Chabanet et al. 1997), while others use diversity indices of different kinds (Risk 1972, 

Sale and Douglas 1984, Roberts and Ormond 1987, Bouchon-Navaro and Bouchon 

1989, Chabanet et al. 1997). Chabanet et al. (1997) pointed out that the relationship 

between fish diversity and the diversity or abundance of corals may be distorted in the 

literature due to difficulties associated with classifying corals to species. 

There are a number of reasons to expect that a reduction in coral diversity will 

affect reef fish communities. Most reef fish species have specific microhabitat 

requirements (Holbrook et al. 1990, Munday et al. 1997, Schmitt and Holbrook 2002) 

and many are highly dependent on a specific coral species (Tyler 1971, Sale 1977, 

Munday et al. 1997, Gardiner and Jones 2005) or coral morphology (Liberman et al. 

1995, Holbrook et al. 2002a, b) for shelter or reproduction sites. However, because 

coral species differ greatly in their growth form and branching structure (Veron 2000, 

Holbrook et al. 2002b), coral diversity and reef topographic complexity may be closely 

linked. This makes it difficult to assess the relative importance of different habitat 

variables in structuring fish community.

Our understanding of the relative importance of topographic complexity, coral 

cover and habitat diversity has been hampered by the limited number of studies that 

have been addressed all these factors together. Also, because these habitat variables are 

potentially interrelated, statistical techniques that can isolate the contribution of each 

factor are required. The aim of this study was to investigate the relationships between 

fish species richness, total abundance and species composition, and a range of habitat 

characteristics (structural complexity, habitat diversity, coral diversity, and coral species 

richness, percent hard coral, branching and plate coral cover). Regression tree analysis 

was applied to quantify the variance in fish community structure explained by the 

different habitat factors and determine thresholds in these variable at which the greatest 

changes in reef fish communities occurred. This assessment was to investigate what 

kinds of changes to reef health will impact coral fishes the most, and what are the 

thresholds of habitat decline at which the greatest losses of fish biodiversity will occur.
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2.2 Materials and Methods

2.2.1 Study location

The study was conducted within the lagoon of Lizard Island, northern Great 

Barrier Reef (Lat. 14ᵒ40’S, Long. 145ᵒ28’E) (Fig 2.1), between November 2006 and

January 2007.  The lagoon encompasses an extensive area of protected coral reef. The 

reef flat is largely degraded due to regular sun exposure at low tides. It is dominated by 

soft coral and dead coral rubble and partially dead massive corals. The reef edge and 

slope is dominated by hard corals predominantly by Porites cylindrica. The community 

of small reef fishes was dominated by the families Pomacentridae and Labridae.

a)                                            b)

Fig. 2.1 Location of the study sites. (a) Lizard Island, Northern Great Barrier Reef (Lat. 

14ᵒ40’S, Long. 145ᵒ28’E) (map was provided by the Lizard Island research station, 

copyright to GeoEye, 2005). Lizard Island lagoon is illustrated by a dashed square. (b) 

Four study sites within the lagoon: Site 1- Palfrey Island, Site 2 – Lagoon central, Site 

3- Lizard Head and Site 4 – Bird Island reef.

Site 1

Site 2

Site 3

Site 4

1 km

1 km
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2.2.2 Sampling design

To estimate the effects of a range of habitat characteristics on the diversity and 

structure of the fish community within the lagoon, twenty-two 2x2 m quadrats were 

surveyed at each of three sites: Palfrey Island, Lizard Head and Bird Island reef (Fig 

2.1). The sites were selected haphazardly within the lagoon, where extensive reefs with 

a range of habitat types were present. Lizard Head and Bird Island reefs had more 

extensive reef slopes than Palfrey Island, and potentially are subject to larger current 

movements due to their proximity to the channel. No other obvious physical differences 

have been noted among sites. Quadrats were placed haphazardly on the reef flat and 

crest at depths ranging from approximately 1-4 m. This sampling effort and quadrat size 

was considered sufficient to represent the range of habitat diversity and habitat 

structural complexity present at each site. Quadrats were marked out by placing marker 

buoys at each of the corners. 

2.2.3 Fish data

Fish were allowed 5 min to become accustomed to the presence of the quadrat 

markers before censuses were conducted. Each quadrat was then observed for 10 

minutes, during which all fish species present were recorded.  During the first 5 minutes 

all the larger and more obvious fishes were counted. During the second 5 minutes, the 

quadrat was searched for smaller and more cryptic fish species. Fish that entered the 

quadrat during the 10 minute observation period and remained within the quadrat during 

this time were included in the counts. Fish that swam through the quadrat during the 

observation period were not counted.  All observations were done on SCUBA.

2.2.4 Substratum data

Topographic complexity of the substratum was assessed for each quadrat using 

the chain method (Risk 1972, Luckhurst and Luckhurst 1978). Tape measures were first 

placed across the diagonal corners of the quadrat.  A fine link chain (1 link = 

2.5x1.0x0.4 cm) was then placed underneath each tape measure conforming as closely 

as possible to all contours and crevices. Topographic complexity was estimated as a 
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ratio of actual surface distance relative to linear distance along each diagonal transects. 

The average of the two estimates for each quadrat was calculated and used in 

subsequent analysis.

Habitat within the quadrats was categorised into 16 non-live coral substratum 

types (Table 2.1), 11 growth forms were recognised for live and dead corals and live 

corals were identified to the lowest possible taxonomic level (Table 2.1). For each 

substrate type within each quadrat, percentage cover was calculated based on the total 

distance each substrate type intercepted each of the two diagonal transects (recorded to 

the nearest centimetre) as a proportion of the total length of the two transects.

Additionally, Simpson’s diversity indexes were calculated for habitat and coral diversity 

using the formula:

1-D=1-∑ (pi) ²,

where pi – proportion of habitat type (i) in the sample. The percent cover of non-live 

coral substratum types, dead coral growth forms and live coral taxa were used to 

calculate habitat diversity. Finally, all coral species present within the quadrat were 

counted to estimate species richness.

2.2.5 Statistical analysis

2.2.5.1 Bivariate relationships

Exploratory analysis of the strength and form of the relationships between fish 

and habitat variables was examined using regression analyses. The relationships that 

fish species richness and total reef fish abundance exhibited in relation to coral species 

richness, coral cover and topographic complexity were examined. Fish abundance was 

log10 transformed in order to meet test assumptions. Also, given the potential for co-

variation in the habitat characteristics, the interrelationships between coral cover, coral 

species richness and topographic complexity were also examined. Data from the three 

sites were pooled for examining these general relationships.
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Table 2.1 Substrate types and hard coral growth forms recognised.

Substrate types Hard coral growth forms

Coarse sand Massive

Fine sand Arborescent

Coarse coral rubble Branching

Fine coral rubble Corymbose/Plate

Macro-algae Caespitose/Plate

Turf algae Columnar

Dead coral (including growth form) Digitate

Dead reef complex Bottle-brush

Lobophytum spp. Folious

Sarcophyton spp. Encrusting

Sinularia spp. Free-living

Other soft corals

Clams

Sponges

Ascidians

Rock

2.2.5.2 Regression tree analysis

A regression tree approach (De’ath and Fabricius 2000) was used to explore and 

describe the relationship between fish species richness and abundance and a range of 

physical variables: site, topographic complexity, habitat diversity (Simpson’s index), 

coral species richness, coral diversity (Simpson’s index), percent hard coral cover, 

percent branching coral cover and percent corymbose coral cover. Corymbose corals 

were recognised as corals with “horizontal interlocking branches and short upright 

branchlets” (Veron 2000). Fish abundance was log10 transformed to reduce the 

influence of extreme values. Analysis was performed using the TreesPlus statistical 

computer package. Squared deviations were used as split measures for fish species 

richness and absolute deviations were used as split measures for fish abundance data. 

The size of each tree was selected by cross-validation, with a four-leaf tree having the 

smallest estimated predictive error in both cases. Regression tree analysis was used 

because it is well suited to data sets that are not fully balanced, have missing values or 
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many zero values, and exhibit non-linear relationships between variables and high order 

interactions (De’ath and Fabricius 2000), such as are common in environmental and 

biological data sets. 

A multivariate regression tree approach was used to explore and describe the 

relationship between the eleven most frequently occurring fish taxa and nine most 

widely distributed substrate variables, which included: site, depth, habitat topographic 

complexity, habitat diversity, coral diversity, coral species richness, percent hard coral 

cover, branching coral cover and corymbose coral cover. This analysis was performed 

using the TreesPlus statistical computer package.  Abundance data tends to mask fish-

habitat associations especially for species that occur in low numbers, therefore fish 

presence/absence data was used instead of total abundances in this analysis. Absolute 

deviations were used as split measures. The size of the tree was selected by cross-

validation, with a five-leaf tree being the smallest tree within one standard error of the 

best (i.e. the 1 – SE rule (Breiman et.al. 1984 in De’ath and Fabricius 2000)). 

2.3 Results

A total of 115 fish species and 2637 individuals were counted in the 66 quadrats 

at 3 sites in the lagoon of Lizard Island. Fish communities were dominated by 

damselfishes (Pomacentridae), which represented 36% (41 species) of the total number 

of species encountered, followed by wrasses (Labridae), which accounted for 16% (18 

species).

2.3.1 Relationships between fish and habitat variables

2.3.1.1 Fish species richness

Fish species richness exhibited a strong linear relationship with coral species 

richness (Fig. 2.2a, r²=0.64, F (1, 64) =114.714, p<0.001). Fish species richness increased 

from less than 10 species in quadrats with less than 3 coral species to over 20 species in 

quadrats with high coral species richness (Fig. 2.2a). Fish species richness was 

positively related to hard coral cover, but the relationship was weaker (Fig. 2.2b, 

r²=0.15, F (1, 64) =11.471, p<0.01). Fish species richness was also positively related to 
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topographic complexity, but again accounted for considerably less variation than coral 

species richness (Fig. 2.2c, r²=0.11, F (1, 64) =8.152, p<0.01).

2.3.1.2 Fish total abundance

Log fish abundance exhibited a significant linear relationship with coral species 

richness (Fig. 2.3a, r²=0.24, F (1, 64) =19.636, p<0.001) and hard coral cover (Fig. 2.3b, 

r²=0.28, F (1, 64) =24.828, p<0.001). Coral species richness and hard coral cover 

explained very similar amounts of the variation in log fish abundance between quadrats 

(24% and 28% respectively). There was no significant relationship between log fish 

abundance and habitat topographic complexity (Fig. 2.3c, r²=0.02, F (1, 64) =1.255, 

p>0.05).

2.3.2 Relationships among habitat variables

There was significant co-variation among the three habitat variables: coral 

cover, coral species richness and topographic complexity (Fig. 2.4). However, in each 

case, the correlations were comparatively weak. Hard coral cover was positively 

correlated with coral species richness (Fig. 2.4a, r=0.31, p<0.05) and habitat 

topographic complexity (Fig. 2.4b, r=0.26, p<0.05). Habitat topographic complexity 

was also positively associated with coral species richness (Fig. 2.4c, r=0.37, p<0.01).

2.3.3 Fish diversity and abundance – regression tree analyses

2.3.3.1 Fish species richness 

Regression tree analysis of the spatial distribution of the fish species richness 

resulted in a four-leaf tree, explaining 70.5% of the variance in the data, with splits 

based on coral species richness and percent hard coral cover. Overall, coral species 

richness explained 63.6% of the variation in fish species richness among quadrats, and 

percent live coral cover explained an additional 6.9%. No other variables explained 

significant amounts of variation (Fig. 2.5). 
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a) Coral species richness

b) Hard coral cover (%)

c) Habitat topographic complexity

Fig. 2.2 Relationships between fish species richness and habitat variables in the lagoon 

of Lizard Island, GBR. All relationships were statistically significant (p<0.05).
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a) Coral species richness

b) Hard coral cover (%)

c) Habitat topographic complexity

Fig. 2.3 Relationships between log fish abundance and habitat variables in the lagoon of

Lizard Island, GBR. Lines were only fitted to the statistically significant relationships 

(p<0.05).
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The first branch in the regression tree was based on coral species richness, with 

the first group comprising quadrats with coral species richness lower than 7.5, and the 

second group including quadrats with coral species richness higher than 7.5. The areas 

with lower coral species richness were split again based on the percent hard coral cover, 

resulting in two leaves. One leaf represents areas with low fish species richness 

(mean=9.2) associated with low coral species richness and hard coral cover lower than 

11.3% (12 quadrats in total). The second leaf represents areas with slightly higher fish 

species richness (mean=13.1) associated with low coral species richness and hard coral 

cover higher than 11.3% (27 quadrats in total) (Fig. 2.5). 

The areas with high species richness from the first split were split again based 

on the same physical variable, resulting in two leaves. One leaf represents areas with 

high fish species richness (mean=18.4) and coral species richness lower than 11.5 (17 

quadrats in total). The second leaf represents areas with very high fish species richness 

(mean=23) and coral species richness higher than 11.5 (10 quadrats in total) (Fig. 2.5).

2.3.3.2 Fish abundance and habitat characteristics

Regression tree analysis of the spatial distribution of the log fish abundance 

produced a four-leaf tree, explaining 34.1% of the variance in the data, with splits based 

on percent hard coral cover, coral species richness and site. Overall, percent hard coral 

cover explained 17.4%, coral species richness explained 8.1% and site explained 

additional 8.6% of the variation in log fish abundance among quadrats. No other 

variables explained significant amounts of variation (Fig. 2.6).

The first branch in the regression tree was based on percent hard coral cover, 

with the first group comprising quadrats with hard coral cover lower than 23.1%, and 

the second group including quadrats with hard coral cover higher than 23.1%. The areas 

with lower hard coral cover were split again based on the coral species richness, 

resulting in two leaves. One leaf represents areas with low log fish abundance 

(mean=1.4) associated with low hard coral cover and coral species richness lower than 

7.5 (27 quadrats in total). The second leaf represents areas with slightly higher log fish 

abundance (mean=1.8) associated with low hard coral cover and coral species richness 

higher than 7.5 (4 quadrats in total) (Fig. 2.6). 
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a)

b)

c)

Fig. 2.4 Relationships between habitat variables in the lagoon of Lizard Island, GBR. All 

relationships were statistically significant (p<0.05).
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Fig. 2.5 Regression tree analysis of the fish species richness at Lizard Island, QLD, Australia. 

The explanatory variables were: site, topographic complexity, habitat diversity, coral species 

richness, coral diversity, percent hard coral cover, branching coral cover and corymbose coral 

cover. For each of the four terminal nodes the distribution of the observed values of fish species 

richness is shown in a histogram. Each node is labelled with the mean rating and the number of 

observations in a group (in parentheses). The tree explained 70.5% of the total variability in the 

data. The first and second splits based on coral species richness explained 56.4% and 7.2% 

respectively, the third split based on percent hard coral cover explained additional 6.9%.

The areas with high coral cover from the first split were split again based on site, 

resulting in two leaves. One leaf represents areas with high log fish abundance 

(mean=1.6) associated with high hard coral cover and Lizard Head and Bird Island 

sampling sites (20 quadrats in total). The second leaf represents areas with very high log 

fish abundance (mean=1.9) associated with high hard coral cover and Palfrey Island 

sampling site (15 quadrats in total) (Fig. 2.6). 
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2.3.3.3 Coral reef fish community – multivariate regression analysis

Multivariate regression tree analysis of the spatial distribution of the eleven most 

abundant coral reef fish species resulted in a five-leaf tree, explaining 25.1% of the 

variance in the data, with splits based on coral species richness, hard coral cover and 

site (Fig. 2.7). The first split was determined by coral species richness. The first group, 

characterised by quadrats with high coral species richness (> 5.5), was then split by site, 

with one group consisting of Lizard Head and Bird Island reefs (22 quadrats total) and 

another group comprising Palfrey Island reef (15 quadrats total). The group consisting 

of quadrats with low coral species richness (< 5.5) was split by hard coral cover

(H.C.C.). The group consisting of quadrats with low coral species richness and 

relatively high hard coral cover (> 13.0%) was then split again. This fourth split was 

driven by hard coral cover as well. Therefore areas with low coral species richness (< 

5.5) formed three distinct groups: the first one determined by low hard coral cover (< 

13.0%) (12 quadrats total), the second determined by intermediate hard coral cover 

(13.0% < H.C.C. <27.7%) (11 quadrats total) and the third group determined by high 

hard coral cover (> 27.7%) (6 quadrats total) (Fig. 2.7). No other variables explained 

significant amounts of the variation in abundance of the 11 most common fish species.

The most diverse fish community, with similar frequencies of occurrence of 

most fish species was found in areas of high coral species richness at Palfrey Island 

reefs. Relatively diverse fish communities were also present in areas of high coral 

species richness at the two other sites, as well as areas of relatively low coral species 

richness (<5.5), but with intermediate to high hard coral cover. Areas with low coral 

species richness (<5.5) and low hard coral cover (<13.0%) had the least diverse fish 

community with most fish species being absent or occurring in low frequencies. 

Of the 11 fish species sampled, only Halichoeres melanurus, Pomacentrus 

chrysurus and Pomacentrus wardi were associated with areas of low coral species 

richness and low hard coral cover. H. melanurus and P. wardi also occurred in other 

areas with similar frequencies, with exception of low coral species richness and high 

hard coral cover for P. wardi, where its frequency of occurrence was low. P. chrysurus 

was absent or occurred at low frequencies in all other areas (Fig. 2.7).

Acanthochromis polyacanthus, Apogon cyanosoma, Chromis viridis and

Pomacentrus moluccensis occurred in most areas. However, A. polyacanthus, Ap. 

cyanosoma and C. viridis seemed to be more commonly associated with areas of high 

coral cover even when coral species richness was low. They also occurred with much 
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higher frequencies in areas with high coral species richness at Palfrey Island, rather than 

Lizard Head or Bird Island. Pomacentrus moluccensis had high frequency of occurrence 

in most areas (Fig. 2.7).

Fig. 2.6 Regression tree analysis of the log fish abundance at Lizard Island, QLD, Australia. 

The explanatory variables were: site, topographic complexity, habitat diversity, coral species 

richness, coral diversity, percent hard coral cover, branching coral cover and plate coral cover. 

For each of the four terminal nodes the distribution of the observed values of log fish abundance 

is shown in a histogram. Each node is labelled with the mean rating and the number of 

observations in a group (in parentheses). The tree explained 34.1% of the total variability in the 

data. The first split based on percent hard coral cover explained 17.4%, second split based on 

coral species richness explained 8.1% and the third split based on site explained additional 

8.6%.
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Wrasses and Plectroglyphidodon lacrymatus were associated predominantly 

with areas of high coral species richness. However, wrasses had much lower 

frequencies of occurrences at Palfrey Island, than at the other two sites. Pl. lacrymatus 

also occurred with similar frequencies in areas of low coral species richness and 

intermediate hard coral cover but was absent in areas of high hard coral cover (Fig. 2.7).

Pomacentrus adelus and P. amboinensis occurred in most areas. P. adelus was 

associated with areas of high coral species richness or/and high hard coral cover. P. 

amboinensis was mostly associated with hard coral cover, rather than coral species 

richness. It occurred in higher frequencies in areas of high to intermediate hard coral 

cover (Fig. 2.7).

2.4 Discussion

The role of topographic complexity and coral cover has dominated the literature 

on the importance of habitat structure to reef fish communities and their response to 

disturbance (see reviews by Jones and Syms 1998, Wilson et al. 2006, 2007, Pratchett et 

al. 2008). While various measures of habitat diversity have also implicated the 

importance of the variety of substrata (Bell and Galzin 1984, Roberts and Ormond 

1987, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997), the relative effects of 

these potentially interacting factors have been little studied. Here we have shown using 

regression tree analysis that for small site attached fish species in Lizard Island lagoon, 

coral species richness is a good predictor of reef fish diversity, with coral cover of some 

significance, and topographic complexity much less so. Coral richness was also 

implicated in explaining total reef fish abundance and changes in species composition. 

Coral cover had important effects on reef fish diversity, abundance and species 

composition, especially below levels of 20%, with only three fish species studied 

having preferences for areas of low coral cover and low coral species richness.

Coral species richness may play a more important role than habitat complexity 

in structuring this reef fish community due to a high level of coral dependence and 

habitat specialisation. At least 9-11% of coral reef fish are dependent on live coral 

(Jones et al. 2004, Munday et al. 2007), although some families appear to have a much 
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Fig. 2.7   Multivariate regression tree of the frequencies of occurrence of eleven most abundant

coral reef fish species in the lagoon of Lizard Island, GBR, QLD, Australia. The explanatory 

variables included: site, depth, habitat topographic complexity, habitat diversity, coral diversity, 

coral species richness, percent hard coral cover, branching coral cover and corymbose coral 

cover. Absolute deviations were used as split measures. For each of the five terminal nodes the 

distribution of the frequency of occurrence of each species is shown (presence/absence data 

used). The number of quadrats is shown in parentheses. The tree explained 25.1% of variability 

in the dependant variable. The first split based on coral species richness explained 7.2%. Second 

and third split based on hard coral cover and site respectively, explained 6.8% each. The fourth 

split based on hard coral cover explained additional 4.3% of the variability in the data.
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higher percentage of species dependent on live coral than others (e.g. 53% 

Pomacentridae Wilson et al. 2008). Furthermore, juveniles of many fish species prefer 

to settle near live coral (Jones et.al. 2004). Reasonably high levels of specialisation 

have been reported for at least some coral reef fish families (e.g. Bouchon-Navaro and 

Bouchon 1989, Munday et al. 1997, Munday 2004, Gardiner and Jones 2005, Wilson et 

al. 2008). Although some species of fish tend to have similar preference for specific 

coral species or morphologies that provide considerable fitness advantages (Hixon and 

Menge 1991, Jones and Syms 1998, Holbrook et al.2002a, b, Munday 2000, 2004), 

there are also differences among species in the types of corals they inhabit or prefer to 

feed on (Cox 1994, Munday et al. 1997, Pratchett 2005).   Therefore, a higher diversity 

of coral species should provide a greater range of habitats for habitat specialist fishes.  

Coral species also vary greatly in their physical structure and presumably a larger 

number of corals would provide a greater diversity of shelter sites for a large number of 

different fish species to co-exist. Further studies are now needed to determine if some 

coral species are favoured over others by a broad range of reef fishes and if habitat 

specialisation among coral species could explain the coral species richness – fish 

species richness relationship observed here.

Percent hard coral cover was also identified as an important predictor of fish 

community structure. Similar to reports from some other studies (e.g. Williams 1986, 

Chabanet et al. 1997, Jones et al. 2004, Bozec et al. 2005, Wilson et al. 2006), fish 

species richness and abundance increased with hard coral cover. Changes in fish 

community structure became apparent, exhibiting lower fish species richness, 

abundance and community evenness, as coral cover fell below 15-20%. Wilson et al. 

(2006) reported declines in the abundance of 62% of coral-dwelling fish species with 

declines in coral cover as little as 10%, and less than 20% coral loss has resulted in a 

decline in species richness. However, the potential relationship between coral species 

richness and coral cover may make it difficult to identify which one of the habitat 

characteristics were responsible for the changes in fish community. Assessing the 

relative amounts of variation explained by these factors requires that both are quantified

within the same study.

In the lagoon of Lizard Island, percent hard coral cover had weak but significant 

positive relationship with coral species richness. Therefore, it is reasonable to assume, 

that a reduction in hard coral cover would be associated with some reduction in coral 

species richness. The regression tree approach enabled me to partition the effects of 
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different habitat variable on fish community to some degree.  Fish species richness 

showed a stronger positive relationship with coral species richness and fish abundance 

had a stronger relationship with percent hard coral cover. This suggests that the 

abundances of some common fish species are driven by the availability of particular 

coral species. However, at this stage it is not possible to identify the precise 

mechanisms involved.

Even though habitat complexity did not appear to be important in structuring the 

fish community surveyed here when all variables where considered together, a weak but 

significant positive relationship was found between fish species richness and habitat 

complexity when just these two variables were examined. Since habitat complexity, 

coral species richness and hard coral cover were weakly inter-correlated, it is reasonable 

to assume the reduction in one trait could potentially cause some reduction in another. It 

has been suggested that reduction in topographic complexity is not necessarily a direct 

consequence of massive reduction in live coral cover (Pratchett et al. 2008) and in many 

areas dead coral skeleton may remain undisturbed, providing foundation for new coral 

growth (e.g. Bellwood et al. 2004). In other areas, mainly dominated by erect branching 

corals, after death of live coral tissue, fragile skeleton can be exposed to destructive 

weathering and wave action (Hoegh-Guldberg et al. 2007) and reduction in habitat 

complexity can be rapid (Sheppard et al. 2002, Garpe et al. 2006, Glynn 2006, Graham 

et al. 2006), causing loss of shelter sites. The potential inter-relationships between 

habitat complexity, hard coral cover and coral species richness makes it difficult to 

separate the specific effect of each variable on the structure of the coral reef fish 

community. 

The absence of any significant effect of habitat complexity on fish abundance in 

this study could be due to dominance of the samples by small, site attached fish species 

for which habitat complexity measure in this study could have been too coarse. Small 

fish species (<10 cm) are expected to respond to reduction in habitat complexity at a 

finer scale estimates of complexity (Graham et al. 2006, Wilson et al. 2007). In 

addition, the relationship between habitat structural complexity and fish diversity and/or 

abundance may not be valid for monotypic coral stands because of limited diversity of 

shelter sites provided by a single coral morphology (Talbot 1965 in Luckhurst and 

Luckhurst 1978). Due to the structural complexity of certain morphotypes, complexity 

measures can be high even if only one coral species or morphotype is present (e.g. only 

branching Acropora). 



41

Habitat appeared to not only influence fish species richness and abundances, but 

species composition of the fish community. Coral species richness, hard coral cover and 

site were identified as important variables in determining fish community structure. The 

areas with high coral species richness and/or high coral cover appeared to have more 

diverse and more even fish communities than areas with low coral species richness and 

low hard coral cover. Only two pomacentrids (P. chrysurus and P. wardi) and one 

wrasse (H. melanurus) appeared to exhibit a preference for areas with low coral cover 

and low coral species richness. The majority of fish species occurred most frequently in 

areas of high coral species richness and/or coral cover, with some having slightly 

stronger preference for areas with high coral species richness (e.g. A. polyacanthus and 

P. lacrymatus) and some having stronger positive relationships with high hard coral 

cover (e.g. Ap. cyanosoma and C. viridis). Other fish species occurred with similar 

frequencies across all areas, discriminating only against areas where coral species 

richness fell below 6 species and hard coral cover was below 13% (e.g. P. moluccensis). 

Small fish species, which remain close to the substratum, might be expected to 

be influenced the most by the substratum characteristics (Roberts and Ormond 1987,

Nanami et al. 2005). Smaller fish species would be expected to be more vulnerable to 

predation and the availability of larger diversity and quantity of shelter site would allow 

higher fitness advantages for these species (Hixon and Beets 1989, Beukers and Jones 

1997, Holbrook et al. 2000). Damselfish species are expected to have close associations 

with habitat structure due to their site attached behaviour. Many species are suggested 

to use corals for refuge sites (Sano et al. 1984, 1987, Sale 1978, Wilson et al. 2008).

Indeed, strong positive relationships of most studied damselfish species with both coral 

species richness and hard coral cover were observed. In contrast, larger and more 

mobile species are less likely to exhibit close association with coral species richness or 

coral cover. Correlations between Labridae fish abundance and coral species richness 

and/or live coral cover, reported by some other studies (Bell and Galzin 1984), have 

been suggested to be largely driven by labrids’ behavioural traits, such as social 

interactions with other fishes (Jones 1984), or dependence on the prey distribution,

which may have strong associations with the availability of living corals (Bell and 

Galzin 1984).

The results of this study suggest that coral species richness and hard coral cover 

are critical to the maintenance of local reef fish diversity. Consequently, we should 

expect that loss of coral species or reduction in coral cover will have a significant 
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impact on fish communities. The effects of coral cover and diversity have not been 

distinguished in many studies. Loss of coral species may be an important factor in 

explaining the close relationship between declining fish diversity and declining coral 

cover that has been observed in some regions (e.g. Jones et al. 2004). Moreover, coral 

cover may play an important role in supporting more abundant fish communities, while 

high coral species richness enhances fish diversity. Longer-term effects of declining 

topographic complexity may be less important in this system as has been described 

elsewhere (e.g. Graham et al. 2006), but may be more important for larger, more mobile 

reef fishes. Further multi-factorial and long-term studies in different reef habitats are 

necessary to complete the picture of the nature of the relationship between fish and their 

complex and fragile habitat. Experimental manipulative studies are required to test 

whether fish diversity is responding to coral species richness and hard coral cover, or to 

certain environmental factors which may not have been considered in this study, or 

were overlooked. However, similarity in obvious physical characteristics of study sites 

and the lack of other variables that strongly co-varied with coral and fish diversity 

suggest that the presented relationship is potentially casual.
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CHAPTER 3

Do coral species affect the structure of reef fish communities? A multi-

scale analysis.

3.1 Introduction

Habitat characteristics play a key role in structuring natural communities 

(Klopfer 1969, Gorman and Karr 1978, Brown 1984, Bell et al. 1991). In many 

ecosystems living organisms create biogenic habitat that provides critical resources used 

by a wide variety of other species (Dean and Connell 1987, Holbrook et al. 1990, 

Nagelkerken et al. 2008). For example, trees build the habitat structure essential for the 

survival of many insects, birds and mammals in temperate and tropical forests (Ford et 

al. 2001, Araujo et al. 2006, McAlpine et al.2006, Posa and Sodhi 2006, MacGregor-

Fors 2008). A range of algae have a similar habitat forming role in freshwater and 

temperate marine ecosystems (Dean and Connell 1987, Johns and Mann 1987, 

Chemello and Milazzo 2002, Curtis and Vincent 2005, Hauser et al. 2006).  On coral 

reefs hermatypic corals are the habitat builders; their calcium carbonate skeletons form 

the physical structure of the reef (Hoegh-Guldberg et al. 2007, Hopley et al. 2007) that 

is habitat to thousands of other invertebrate species and fish (Simon-Blecher and 

Achituv 1997, Zuschin et al. 2000, Munday 2004, Gardiner and Jones 2005).  The 

complex structure of coral growth produces a diversity of habitat types that provide 

shelter, sites for reproduction and in some instances a source of food for other reef 

organisms (Roberts and Ormond 1987, Kokita and Nakazono 2001, Pratchett et al. 

2008). Despite the obvious importance of live coral in building reef habitat, very little is 

known about the relative value of different coral species in supporting and structuring 

communities of reef associated species, such as coral reef fishes.

Coral species differ greatly in growth forms and branching structure and, 

therefore, might be expected to provide a range of different microhabitats for fishes. 

Some reef fishes preferentially associate with particular coral species and coral 

morphologies (Hixon and Menge 1991, Munday et al. 1997, Jones and Syms 1998, 

Holbrook et al.2002a, b, Munday 2004). Positive correlations have been reported 

between coral species richness, coral diversity and fish species richness or abundance 

(e.g. Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997).  These correlations 
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suggest that individual coral species differ in their characteristics as favourable habitat 

or food sources for reef fishes, and consequently, that the species composition of coral 

assemblages will influence the composition of the associated reef fish communities. 

Some reef fish species depend on live coral for shelter or food throughout life 

and groups of these coral-dependent fish species often appear to favour similar coral 

species (Munday et al. 1997, Gardiner and Jones 2005, Pratchett et al. 2006). To date, 

only a handful of studies have shown that the presence of different coral species 

influences the structure of fish communities and identified the characteristics of the 

corals likely to be responsible for these differences (Shpigel and Fishelson 1986, 

Munday 2001, Holbrook et al. 2002a, b). The physical characteristics of different coral 

species that attract and support high fish diversity and abundance of obligate coral-

dwelling fishes have not been well studied, but may relate to the branching structure of 

the coral colonies (Munday 2001, Holbrook et al. 2002a, b). For example, Holbrook et 

al. (2002b) found that the structurally complex coral species Porites rus supports a 

more diverse and abundant fish community, than the less complex Porites lobata. Coral 

species that provide adequate space among the branches for movement and feeding of 

resident fish and at the same time a sufficiently dense structure to offer protection from 

larger predators might be expected to be favoured by a wide range of small reef fishes. 

Coral reef fish often use holes of approximately their own body diameter as shelter 

(Hixon and Beets 1993, Holbrook et al. 2002a) which may explain why more 

structurally complex coral species support more diverse fish communities. 

Habitat structural complexity has been widely recognised as an important 

predictor of reef fish community structure (e.g. Risk 1972, Luckhurst and Luckhurst 

1978, Sano et al. 1984, Friedlander et al. 2003, Bozec et al. 2005, Dominici-Arosemena 

and Wolff 2005, Gratwicke and Speight 2005, Pratchett et al. 2008). In general, reefs 

with high structural complexity support more individuals and more species than reefs 

with low structural complexity (Shulman 1984, Syms and Jones 2000, Holbrook et al. 

2002b, Graham et al. 2006).  It has been suggested that habitat structural complexity 

may promote higher abundances and diversity of coral reef fishes due to reduced 

predation and competition in more complex habitats. Complex habitats provide more 

refuge sites (Sano et al. 1984, 1987, Hixon and Menge 1991, Beukers and Jones 1997, 

Almany 2004a, b) and can decrease encounter rates between competitors as well as 

predators and their prey (MacArthur and Levins 1967, Hixon and Menge 1991, Jones 

and Syms 1998). These examples suggest that the composition of coral communities 
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should have a significant effect on reef fish communities, with communities composed 

of structurally complex coral species supporting richer and more abundant fish 

communities.

Coral species come in different colony sizes and distribution of colony sizes 

may play an important role in structuring fish community. In general, larger coral heads 

are expected to support larger fish communities (Rosenzweig 1995, Lomolino 2001, 

Holbrook et al. 2002a). However, even though this relationship may be true for coral 

colonies of the same species or similar morphologies, coral colonies of different species 

and morphologies may support different fish communities, with more complex corals 

exhibiting more diverse and abundant fish communities even at smaller sizes (Lomolino 

2001, Holbrook et al. 2002b).

Corals that form large colonies can potentially be sampled at different spatial 

scales, which may affect the observed strength of fish-habitat interactions. At very small 

spatial scales of sampling, fish-habitat associations may appear to break down due to 

patchy distribution of individuals (Ault and Johnson 1998, Hewitt et al. 1998). At larger 

spatial scales, fish-habitat associations may also appear to become less important in 

structuring fish community composition due to the effects of other key environmental 

characteristics, such as depth or reef position (Syms 1995, Hewitt et al. 1998, Sale 

1998, Holbrook et al. 2002a). Moreover, the strength of fish-habitat associations at 

different scales could be largely dependent on the fish species examined, with different 

taxa or topographic groups responding to habitat at inherently different spatial scales. 

For example, a single coral head may represent the entire universe for small gobies or 

damselfish, while this scale may be irrelevant to larger, highly mobile herbivores and 

predators (Robertson et al. 1976, 1979, Sano et al. 1984, 1987, Sale 1978, 1998). 

Therefore, the spatial scale of sampling of different corals could have a significant 

effect on the perceived relationship between the coral community structure and the 

diversity, and abundance and community composition of these different fish species 

(Syms 1995, Syms and Jones 1999).

Assessing the relationships between coral species and fish community structure 

is important because coral reefs are under increasing threat from global climate change 

and a range of other anthropogenic stresses (Hughes 1994, Hoegh-Guldberg 1999, 

Cheevaporn and Menasveta 2003, Hughes et al. 2003, Graham et al. 2006, Munday et 

al. 2008). Some coral species are more susceptible than others to disturbance such as 

mass coral bleaching (Marshall and Baird 2000, Loya et al. 2001). A decline in the 
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abundance of these coral species could have significant effects on fish communities if 

these species support diverse and abundant fish assemblages. At the same time, mass 

coral bleaching and other disturbances will tend to reduce the average size of coral 

colonies, which could affect the diversity and abundance of local fish communities if 

smaller corals support fewer individuals or fewer species of fish (Thompson et al. 

2007). Understanding the influence of coral species, coral structural complexity and 

coral colony size on fish species richness and abundance will assist efforts to predict the 

likely consequences of coral loss to reef fish communities (Munday et al. 2008, 

Pratchett et al. 2008).

In this study I compared patterns of fish species richness, abundance and 

community structure across a range of common coral species to determine if: 1) some 

coral species support more diverse and abundant fish communities than others, 2) the 

spatial scale of sampling affects the observed relationships between coral species and 

fish community structure, 3) different coral species tend to accumulate fish species 

richness and abundance at different rates as colony size increases, 4) differences in 

growth form and physical structure among coral species could explain observed 

differences in fish community composition among coral species.

3.2 Materials and Methods

3.2.1 Comparative analysis of fish community structure among coral species and 

spatial scales

This study was conducted within the lagoon of Lizard Island, Northern Great 

Barrier Reef (Lat. 14ᵒ40’S, Long. 145ᵒ28’E) (Fig. 2.1) between November 2006 to 

January 2007. To determine if some species of coral support more diverse and abundant 

fish communities than others I compared fish community structure among eight of the 

most commonly occurring coral species in the Lizard Island lagoon: Porites cylindrica, 

Echinopora horrida, Hydnophora rigida, Stylophora pistillata, Seriatopora hystrix, 

Acropora formosa, A. tenuis and A. millepora. These species have a complex branching 

structure; however, they differ in characteristics such as branch density, overall colony 

morphology, and maximum colony size, which provided the opportunity to investigate 

the effects of coral species, morphology and branching structure on fish community 

structure.
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To determine if the spatial scale of sampling influenced the relationship between 

fish community structure and coral species identity, single-species coral stands of the 

selected coral species were surveyed at 2x2 m, 1x1 m and 0.5x0.5 m spatial scales. Due 

to differences in growth form, not all coral species could be included at all sampling 

scales. All selected coral species were sampled at the 0.5x0.5 m scales. A. formosa, P. 

cylindrica, E. horrida and H. rigida were also sampled at the 1x1 m scale and only P. 

cylindrica, E. horrida and H. rigida were sampled at the 2x2 m scale. A minimum of 5 

colonies of each species were sampled at each special scale (Table 3.1). Coral colonies 

to be surveyed were haphazardly selected from numerous locations within the lagoon. 

In most instances, individual coral colonies that matched one of the sampling sizes were 

chosen. The size of each coral colony was estimated with a measuring tape. In few 

instances (predominantly the 2x2 m scale) the area surveyed was a portion of a much 

larger coral colony. In these instances a 2x2 m quadrat was haphazardly placed over the 

coral to delineate the sample area. Each coral colony was sampled at only one spatial 

scale.

Table 3.1 Coral colonies sampled at three different scales.

Coral species Colony size (m)
Number of colonies

E. horrida 2x2 (9), 1x1 (12), 0.5x0.5 (12) 

H. rigida 2x2  (6), 1x1 (12), 0.5x0.5 (13) 

P. cylindrica 2x2 (10), 1x1 (11), 0.5x0.5 (12) 

A. formosa 1x1 (7), 0.5x0.5 (5) 

S. pistillata 0.5x0.5 (11) 

S. hystrix 0.5x0.5 (10) 

A. millepora 0.5x0.5 (9) 

A. tenuis 0.5x0.5 (6) 
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To estimate fish species richness and abundance the total number of individuals 

of each fish species on each coral colony was counted up to 0.5 m above the coral. The 

spaces between branches were then carefully searched for cryptic fish species. The 

maximum and minimum axis and the height of the coral colony was estimated with a 

tape measure and water depth, reef zone and colony approximate location within the 

lagoon recorded. 

A regression tree approach (De’ath and Fabricius 2000) was used to explore and 

describe the relationships between coral species, fish species richness and fish 

abundance at the three different scales. Other physical variables included in the analysis 

were:  colony location, depth, reef zone and height of the coral colony. Fish abundance 

was log10 transformed to reduce the influence of extreme values. Analysis was 

performed using the TreesPlus statistical computer package. Absolute deviations were 

used to estimate tree branching and the size of trees was selected by cross-validation, 

choosing the tree with the smallest estimated predictive error. Regression tree analysis 

was used because it is suited to the exploration of relationships between ecological 

communities and multiple environmental variables and where the sampling of variables 

may be unbalanced, possess missing values or where there are non-linear relationships 

between the ecological community and the environmental variables (De’ath and 

Fabricius 2000).

To examine patterns of habitat use amongst fourteen of the most frequently 

occurring fish taxa, a Multivariate Regression Tree approach was used at the three 

different scales. Some fish species could not be identified to species level or did not 

occur with high frequencies; therefore, data for these fish species was pooled together to 

form higher classification groups (Pomacentrus spp., Chaetodon spp., Halichoeres spp.

and Labrids). Explanatory variables included were: site, depth, reef zone, coral species 

and colony height. Abundance data tends to mask fish-habitat associations especially 

for species that occur in low numbers, therefore fish presence/absence on each coral 

colony was used instead of total abundance in this analysis. Squared deviations were 

used to estimate tree branching splits and the sizes of the trees were selected by cross-

validation, choosing the tree with the smallest estimated predictive error (i.e. the 1 – SE 

rule (Breiman et.al. 1984 in De’ath and Fabricius 2000)). 
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3.2.2 Fish community structure and coral colony size

Species richness and total abundance is well-known to increase with habitat 

patch size for many organisms (Rosenzweig 1995, Lomolino 2001). To determine if 

different coral species accumulate fish species richness and/or total abundance at 

different rates with increasing colony size I compared the relationship between these 

traits for three coral species, for which a wide range of colony sizes was available: P. 

cylindrica, E. horrida and H. rigida. Colonies’ maximum height, width and length were 

measured with a measuring tape to the nearest centimetre. Every individual of all fish 

species present within the colony and up to 0.5 m above it was counted. 

ANCOVA was used to test how fish species richness and fish abundance scaled 

with coral colony size among the three coral species. Fish abundance and colony 

average diameter was log transformed to meet the assumptions of data distribution. The 

analysis was performed using Statistica version 8.

3.2.3 Fish community structure and coral structural characteristics

To determine if differences in physical structure might be responsible for 

differences in fish community structure detected among the eight coral species sampled, 

I estimated maximum and minimum axis, colony height and inter-branch space for 8-16 

colonies from each of the 8 coral species. Corals were evenly sampled from each of the 

four sites within the Lizard Island lagoon. Ten distances between branch tips were 

measured to the nearest millimetre using callipers or a ruler for longer branches, for 

each coral colony. The length of ten branches was only measured for six branching 

corals: A. formosa, E. horrida, H. rigida, P. cylindrica, S. hystrix and S. pistillata.

Kruskal-Wallis test was used to compare physical characteristics among the different 

coral species.  
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3.3 Results

3.3.1 Comparative analysis of fish community structure among coral species

3.3.1.1Fish species richness

Coral species was the only variable that explained a significant amount of 

variation in fish species richness at each of the three sampling scales (Figs 3.1-3.3). 

Regression tree analysis for the three coral species sampled at the 2x2 m scale produced 

a two-leaf tree explaining 53.6% of the variance (Fig. 3.1). One leaf represented high 

fish species richness associated with E. horrida and H. rigida and the second leaf 

represented low fish species richness associated with P. cylindrica colonies. On 

average, E. horrida and H. rigida (21 species) colonies contained twice as many fish 

species compared with P. cylindrica (12 species) at the 2x2 m scale.

Regression tree analysis of the fish species richness for the four coral species 

sampled at 1x1 m scale produced a two-leaf tree, explaining 36.1% of the variance in 

the data. One leaf represented high fish species richness associated with E. horrida and 

H. rigida and the second leaf represented low fish species richness associated with P. 

cylindrica and A. formosa colonies (Fig.3.2). On average E. horrida and H. rigida (12 

species) supported twice as many fish species compared with P. cylindrica and A. 

formosa (6 species). 

Regression tree analysis of the fish species richness for the eight coral 

species sampled at 0.5x0.5 m scale produced a three-leaf tree, explaining 38.4% of the 

variance in the data, with the first and second splits explaining 33% and 5.4 % 

respectively. One leaf represented high fish species richness associated with E. horrida 

and H. rigida, the second leaf represented an intermediate fish species richness 

associated with A. formosa, P. cylindrica and S. hysrix and the third leaf represented 

low fish species richness associated with A. millepora, A. tenuis and S. pistillata 

(Fig.3.3). On average E. horrida and H. rigida (9 species) supported twice as many fish 

species compared with  A. formosa, P. cylindrica and S. hystrix (5 species), and three 

times as many compared with A. millepora, A. tenuis and S. pistillata (3 species).  
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3.3.1.2 Fish abundance

Several variables explained significant amount of variation in log fish 

abundance at each of three sampling scales, however coral species richness explained 

the greatest amount of variation in each instance (Figs 3.4-3.6). Regression tree analysis 

of log fish abundance for the three coral species sampled at the 2x2 m scale produced a 

four-leaf tree explaining 35.7% of the variance (Fig. 3.4), with the first split, based on 

coral species, explaining 15.1%. The second and the third splits were based on depth 

and colony height explaining 11.4% and 9.2% of the variation in abundance 

respectively. One leaf represented high fish abundance associated with E. horrida and 

H. rigida colonies at shallower depth (<1.9 m), the second and third leaf represented 

intermediate fish abundance associated with E. horrida and H. rigida colonies in deeper 

areas (>1.9 m), and P. cylindrica colonies of smaller height (<2.08 m) respectively. The 

fourth leaf represented the lowest fish abundance associated with P. cylindrica colonies 

of larger height (>2.08 m). On average, E. horrida and H. rigida (2.015 log fish) 

colonies supported higher fish abundance than P. cylindrica (1.69 log fish).

Regression tree analysis of the log fish abundance for the four coral species sampled at 

the 1x1 m scale produced a five-leaf tree explaining 27.9% of the variance (Fig. 3.5), 

with the first split, based on coral species, explaining 10.3%. The second split based on 

colony location explained 5.8% of the variance in abundance, the third and fourth splits 

based on depth and colony height explained 3.4% and 8.4% of the variance in 

abundance respectively. One leaf represented high fish abundance associated with E. 

horrida and H. rigida colonies located at Bird Island, shallow depth (<4.6 m) and on 

higher coral colonies (>0.57 m). The second leaf represented slightly lower fish 

abundance associated with E. horrida and H. rigida colonies located at Palfrey Island,

Lagoon centre and Lizard Head reefs. The third and fourth splits represented low fish 

abundance associated with shorter (<0.57 m) E. horrida and H. rigida colonies located 

at Bird Island at shallow areas and with E. horrida and H. rigida colonies located at 

Bird Island at deeper areas (>4.6 m). Finally, the fifth leaf represented very low fish 

abundance associated with A. formosa and P. cylindrica coral colonies. On average, E. 

horrida and H. rigida (1.42 log fish) supported higher fish abundance than P. cylindrica 

and A. formosa (1.16 log fish).
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Fig. 3.1 Regression tree analysis of the fish species richness supported by three coral 

species on 2x2m sampling scale at Lizard Island, QLD, Australia. The explanatory 

variables were: coral species, colony location, depth, reef zone, and height of the coral 

colony. For two terminal nodes the distribution of the observed values of fish species 

richness is shown in a histogram. Each node is labelled with the mean rating and the 

number of observations in a group (in parentheses). The tree explained 53.6% of the 

variability in the data.  

P. cylindrica E. horrida, H. rigida

11.7

(10)

21.5

(15)
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Fig. 3.2 Regression tree analysis of the fish species richness supported by four coral 

species on 1x1m sampling scale at Lizard Island, QLD, Australia. The explanatory 

variables were: coral species, colony location, depth, reef zone, and height of the coral 

colony. For two terminal nodes the distribution of the observed values of fish species 

richness is shown in a histogram. Each node is labelled with the mean rating and the 

number of observations in a group (in parentheses). The tree explained 36.1% of the 

variability in the data.  
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5.61

(18) (24)



54

Fig. 3.3 Regression tree analysis of the fish species richness supported by eight coral 

species on 50x50cm sampling scale at Lizard Island, QLD, Australia. The explanatory 

variables were: coral species, colony location, depth, reef zone, and height of the coral 

colony. For each of the three terminal nodes the distribution of the observed values of 

fish species richness is shown in a histogram. Each node is labelled with the mean 

rating and the number of observations in a group (in parentheses). The tree explained 

38.4% of the variability in the data. First and second splits were both based on coral 

colony and explained 33% and 5.4% respectively.
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Regression tree analysis of the log fish abundance for the eight coral species 

sampled at the 0.5x0.5 m scale produced a two-leaf tree explaining 14.6% of the 

variance (Fig. 3.6). Coral species was the only variable to explain a significant amount 

of variation in fish abundance at this scale. One leaf represented high fish abundance 

associated with E. horrida, H. rigida and P. cylindrica coral colonies, the other leaf 

represented low fish abundance associated with A. millepora, A. formosa, A. tenuis, S. 

hystrix and S. pistillata. On average E. horrida, H. rigida and P. cylindrica (1.24 log 

fish) supported almost twice the fish abundance found on A. millepora, A. formosa, A. 

tenuis, S. hystrix and S. pistillata (0.841 log fish).

3.3.1.3 Fish community structure

Multivariate regression tree analysis of the distribution of the fourteen most 

frequently occurring coral reef fish taxa supported by three coral species at the 2x2 m 

scale resulted in a two-leaf tree, explaining 21.5% of the variance in the data, with the 

only split based on coral species (Fig. 3.7). No other variables explained significant 

amounts of the variation in the frequencies of occurrence of the 14 most common fish 

taxa. In general E. horrida and H. rigida supported more diverse and even fish 

communities with most fish species occurring at similar frequencies on these two coral

species. Only Amblyglyphidodon curacao, Apogon cyanosoma, Pomacentrus 

moluccensis and Pomacentrus. spp. occurred with high frequencies in P. cylindrica 

colonies. Apogon compressus, Chromis viridis, P. wardii and wrasses occurred at 

intermediate frequencies, while Gobiodon acicularis and Atrosalarias fuscus were 

absent or occurred at very low frequencies on P. cylindrica colonies (Fig. 3.7).

Multivariate regression tree analysis of the distribution of the fourteen most 

frequently occurring coral reef fish taxa supported by four coral species at 1x1 m scale 

resulted in a three-leaf tree, explaining 19% of the variance in the data, with both splits 

based on coral species (Fig. 3.8). No other variables explained significant amounts of 

the variation in the frequencies of occurrence of the 14 most common fish taxa. The 

first split explained 11.6% and the second split explained additional 7.4% of the total 

variability in the data.  First split formed one leaf describing the fish community

supported by E. horrida and H. rigida. In general, E. horrida and H. rigida supported 

more diverse and even fish communities, than P. cylindrica and A. formosa.
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Fig. 3.4 Regression tree analysis of the fish abundance at Lizard Island, QLD, Australia, 

supported by three coral species on 2x2m sampling scale. The explanatory variables 

were: coral species, colony location, depth, reef zone, and height of the coral colony. 

For each of the four terminal nodes the distribution of the observed values of fish 

abundance is shown in a histogram. Each node is labelled with the mean rating and the 

number of observations in a group (in parentheses). The tree explained 35.7% of the 

variability in the data. First split based on coral colony explained 15.1%, second split 

based on depth explained 11.4% and third split based on height explained additional 

9.2%. 
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Fig. 3.5 Regression tree analysis of the fish abundance at Lizard Island, QLD, Australia, 

supported by four coral species on 1x1m sampling scale. The explanatory variables 

were: coral species, colony location, depth, reef zone, and height of the coral colony. 

For each of the five terminal nodes the distribution of the observed values of fish 

abundance is shown in a histogram. Each node is labelled with the mean rating and the 

number of observations in a group (in parentheses). The tree explained 27.9% of the 

variability in the data. First split based on coral colony explained 10.3%, second split 

based on site explained 5.8%, third split based on depth explained 3.4% and finally 

fourth split based on height explained additional 8.4%.  
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Fig. 3.6 Regression tree analysis of the fish abundance at Lizard Island, QLD, Australia, 

supported by eight coral species on 50x50cm sampling scale. The explanatory variables 

were: coral species, colony location, depth, reef zone, and height of the coral colony. 

For each of the two terminal nodes the distribution of the observed values of fish 

abundance is shown in a histogram. Each node is labelled with the mean rating and the 

number of observations in a group (in parentheses). The tree explained 14.6% of the 

total variability in the data. 
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Only Stegastes nigricans, Ap. compressus and Ap. cyanosoma had low 

frequencies of occurrence at the colonies of these two coral species. Labrids and most 

Pomacentrids had very high frequencies of occurrence. The second split, formed two 

leafs of different community structures, one supported by A. formosa and the other one 

supported by P. cylindrica. Pomacentrids and labrids, especially S. nigricans occurred 

with high frequencies on A. formosa colonies, while other studied fish species were 

quite rare (7 colonies in total). P. moluccensis occurred with very high frequency on P. 

cylindrica colonies (11 colonies in total) (Fig. 3.8).

Multivariate regression tree analysis of the distribution of the fourteen most 

frequently occurring coral reef fish taxa supported by eight coral species at 0.5x0.5 m 

scale resulted in a two-leaf tree, explaining 13.4% of the variance in the data, with the 

only split based on coral species (Fig. 3.9). No other variables explained significant 

amounts of the variation in the frequencies of occurrence of the 14 most common fish 

taxa. In general, E. horrida and H. rigida and P. cylindrica supported more diverse fish 

communities, than the other 5 coral species. Pomacentrids and labrids occurred with 

highest frequencies on these coral species, P. moluccensis was approximately equally 

common on all coral species examined (Fig. 3.9). 

3.3.2 Fish community structure and coral colony size

Fish species richness increased as colony size increased (ANCOVA; colony size 

F (1, 67) =75.3195, p<0.001; Fig. 3.10a). There was no interaction between coral species 

and coral colony size (Homogeneity of slopes, F(2,65) =0.5147, p>0.05) indicating that 

all three coral species accumulated fish species richness at approximately the same rate 

with increasing colony size. As described in previous analyses, E. horrida and H. rigida 

supported higher fish species richness than P. cylindrica (ANCOVA; coral species, F (2, 

67) =6.1785, p<0.05; Fig. 3.10a). 

Similarly, log fish abundance increased with colony size (ANCOVA; colony 

size, F (1,67) =70.6107, p<0.001, Fig. 3.10b). There was no interaction between coral 

species and colony size (Homogeneity of slopes, F(2,65) =0.2785, p>0.05) indicating that 

all three coral species accumulated fish abundance at approximately the same rate with 

increasing colony size.  E. horrida supported higher log fish abundance then P. 

cylindrica and H. rigida (ANCOVA; coral species, F (2, 67) = 4.6293, p<0.05; Fig. 

3.10b). 



60

Fig. 3.7 Multivariate regression tree of the frequencies of occurrence of fourteen most 

common coral reef fish taxa in the lagoon of Lizard Island, supported by coral colonies 

of 2x2 m in size of three coral species. The explanatory variables included: colony 

location, depth, reef zone, coral species and colony height. Square deviations were used 

as split measures. For each of the two terminal nodes the distribution of the frequency 

of occurrence of each species is shown. The number of quadrates is shown in

parentheses. The tree explained 21.5% of variability in the dependant variable. 
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Fig. 3.8 Multivariate regression tree of the frequencies of occurrence of fourteen most 

common coral reef fish taxa in the lagoon of Lizard Island, supported by coral colonies 

of 1x1 m in size of four coral species. The explanatory variables included: colony 

location, depth, reef zone, coral species and colony height. Square deviations were used 

as split measures. For each of the three terminal nodes the distribution of the frequency 

of occurrence of each species is shown. The number of quadrates is shown in 

parentheses. The tree explained 19% of variability in the dependant variable. Both splits 

were based on coral species and explained 11.6% and 7.4% of variability in the data 

respectively.
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Fig. 3.9 Multivariate regression tree of the frequencies of occurrence of fourteen most 

common coral reef fish taxa in the lagoon of Lizard Island, supported by eight coral 

colonies of 0.5x0.5 m in size of four coral species. The explanatory variables included: 

colony location, depth, reef zone, coral species and colony height. Square deviations 

were used as split measures. For each of the two terminal nodes the distribution of the 

frequency of occurrence of each species is shown. The number of quadrates is shown in 

parentheses. The tree explained 13.4% of variability in the dependant variable.
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3.3.3 Fish community structure and coral structural characteristics

The eight coral species studied differed significantly in their average inter-

branch space (Kruskal-Wallis, Chi-Square=374.44, p<0.001). Five branching corals 

differed significantly in their branch length (Kruskal-Wallis, Chi-Square=176.042, 

p<0.001). 

There was a dome-shaped relationship between fish species richness and 

average inter-branch space of each coral species (Fig. 3.11a). A. tenuis, S. hystrix and A. 

millepora, which had the smallest inter-branch space, exhibited low fish species 

richness (Fig. 3.11a).  A. formosa with the largest distance between branches also 

exhibited low fish species richness. Coral species with intermediate inter-branch 

distance and branch density, such as E. horrida, H. rigida and P. cylindrica supported 

the highest fish species richness (Fig. 3.11a).

Similar patterns were found for the relationships between fish abundance and 

coral inter-branch space. Corals of intermediate inter-branch space supported the 

highest fish abundance. In general, coral species with either narrow or wide inter-branch 

space supported lower fish abundance (Fig. 3.11b). Coral species with shorter branches, 

such as S. hystrix and S. pistillata, as well as coral species with longer branches, such as

A. formosa on average supported lower fish species richness and fish abundance. While 

corals with intermediate to relatively short branch length, such as E. horrida, H. rigida 

and P. cylindrica supported on average highest fish species richness and fish abundance 

(Fig.3.12a, b).
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a)

b)

Fig. 3.10 (a) Relationships between fish species richness supported by three different 

coral species and an average diameter of a range of coral colonies. (b) Relationships 

between fish abundance supported by three different coral species and average diameter 

of a range of coral colonies.
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a)

b)

Fig. 3.11 (a) Relationship between mean distance between coral branches and fish 

species richness obtained from 0.5 x 0.5 m colonies. (b) Relationship between mean 

distance between coral branches and fish abundance obtained from 0.5 x 0.5 m colonies.
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a)

b)

Fig. 3.12 (a) Relationship between mean fish species richness obtained from 0.5 x 0.5 m 

coral colony and mean branch length of 6 branching corals. (b) Relationship between 

mean fish abundance obtained from 0.5 x 0.5 m coral colony and mean branch length of 

6 branching corals.
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3.4 Discussion

This study found significant relationships between coral species and fish 

community structure at all three spatial scales. Importantly, coral species was the main 

variable explaining variation in fish species richness and abundance in all cases. This 

explains why declining coral diversity had such a strong influence on these community 

parameters (Chapter 2). Coral species was the only variable to explain significant 

amounts of variation in fish species richness among samples. Colony location, depth, 

reef zone and height of the colony did not affect fish species richness on the eight coral 

species. Coral species explained a greater amount of total variation at the 2x2 m scale 

(54%) compared with 1x1 m scale (36%) and 0.5x0.5 m scale (38%) indicating that the 

spatial scale of sampling can have a significant effect on the perceived relationship 

between coral community structure and fish species richness.

Coral species explained more variation in fish abundance that any of the other 

variables measured, but the relationship was not as strong as that observed for fish 

species richness. Coral species explained approximately 10-15% of the variation in fish 

abundance among samples compared to 36-54% for species richness. The similarity in 

the proportion of variation explained at all three spatial scales of sampling indicated that 

the spatial scale has much less effect on fish abundance-habitat associations that it does 

on fish species richness-habitat associations. 

Besides the results highlighting the importance of coral species in structuring the 

fish community, depth of sampling also played a role in influencing overall fish 

abundance.  It explained little (3-11%) variance in fish abundance. In general, higher 

fish abundances were found to be associated with coral colonies in shallower depths. It 

has been suggested that the relationship between fish abundance and live coral cover 

may be stronger in shallower zones, as the fish are forced to remain in close proximity 

to the substratum in such areas (Chabanet et al.1997). Combinations of other variables

that had significant effects on fish abundance explained 9-14% of the variation in fish 

abundance among samples. These variables explained significant amounts of variation 

in fish abundance only at larger scales (2x2 m and 1x1 m), supporting the results of 

previous studies, which suggested that fish-habitat associations are stronger at smaller 

scales, while physical-geographical factors structure the community on larger scales 

(Syms 1995, Sale 1998).
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   There was a significant difference in fish species richness and fish abundances 

among the coral species sampled. The corals E. horrida and H. rigida maintained more 

diverse and more abundant fish communities than all other coral species at all three 

scales. The only exception was that P. cylindrica exhibited similar fish abundance to E. 

horrida and H. rigida at the 0.5x0.5 m scale where all coral species could be included in 

the analysis. A. millepora, A. tenuis and S. pistillata supported the least diverse and 

abundant fish communities. Differences in species richness and abundance among the 

coral species appeared to be associated with the branching structure of the corals. Coral 

species with the intermediate inter-branch space, such as E. horrida and H. rigida

supported the high diversity and abundance of fishes. Less diverse and abundant fish 

communities occurred on coral species, with both small inter-branch space and shorter 

branches (A. tenuis, S.  hystrix, A. millepora, S. pistillata), or coral species with large 

inter-branch space and long branches (A. formosa). Even though only one coral species 

with large inter-branch space and large branch length was examined, the results still 

suggest a bell shape relationship between physical characteristics of coral species and 

diversity and abundance of the fish communities they support. Therefore it would be 

expected that tightly branched corals should decrease predation levels and allow higher 

survival rate for smaller fish species, however, only a few fish species would be able to 

use these corals as refuge due to the size limitations. On the other hand, the more 

“open” corals, with large distances between branches and abundant free space available 

would allow a large number of different fish species to enter the colony; however it also 

means that larger predators can access prey more easily. Although complexity of 

branching corals may not necessarily exclude predators it should aid in prey escape 

(Caley and St. John 1996). Corals with intermediate branching structure would allow 

small to intermediate coral reef fish species to enter the colony and move between coral 

branches, while at the same time excluding large predators.  

The two coral species, E. horrida and H. rigida, supported not only the most 

diverse, but also the most even fish communities at all three scales, although evenness 

tended to decline with decreasing spatial scale of sampling. P. cylindrica also supported 

a relatively diverse fish community; however evenness was low, with a few fish species 

occurring at high frequencies and others at very low frequencies at all three scales. Fish 

species that did not show any preferences in selecting P. cylindrica were predominantly 

small fish species (e.g. gobies, blennies), as well as large ones. Small fish species tend 

to occupy tightly branched corals like A. millepora and A. tenuis. Some of the larger 
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fish species, such as butterflyfishes and S. nigricans did not occur on P. cylindrica at 

all, probably because they could not manoeuvre among the branches of this relatively 

tightly branched coral.  The large damselfish, S. nigricans was almost exclusively 

confined to A. formosa coral colonies, which was the most open branching coral in this 

study. 

Overall, among the fish species considered to be coral specialists there were 

clear differences in patterns of habitat specialisation. For example, G. acicularis 

exclusively inhabited E. horrid and H. rigida. In contrast, P. moluccensis occurred on 

most coral species. Adults and juveniles of P. moluccensis were not separated in the 

analysis; however, observations indicated that smaller adults and juveniles were more 

frequently encountered on tighter branched coral species, such as A. millepora and A. 

tenuis, which probably accounts for the high abundance of P. moluccensis on these 

corals. 

Another important aim of this study was to determine if different coral species 

accumulate fish diversity and abundance at different rates as colony size increases.  The 

species-area relationship, one of the best known in ecology, predicts that species 

richness increases as surface area increases (Lomolino 2001). As expected, I found that 

fish species richness and abundance increased with coral colony size. Other studies have 

also reported positive correlations between reef or coral head size and corresponding 

fish species or fish abundance (Fricke 1980, Sale and Douglas 1984, Kuwamura et.al. 

1994, Holbrook et.al. 2002a). This relationship is usually explained by the assumption 

that larger area contains a large number of refuges that can support a greater number of 

individuals, and thus, are a larger area is also likely to contain a larger number of 

species too. Fish abundance and richness increased at a similar rate with increasing 

colony size for the three coral species examined. This suggests that the same 

mechanisms are regulating abundance and species richness on the three coral species. 

Such mechanisms could be coral structural characteristics. In the lagoon of Lizard 

Island, the variations in fish species richness and log abundance were also explained by 

coral species themselves. E. horrida and H. rigida supported higher fish species 

richness than P. cylindrica at all sizes, while E. horrida supported higher log fish 

abundance than the other two corals at all sizes. Therefore, not only colony size, but 

structural complexity of the coral can potentially influence fish community structure. 

In conclusion, this study found that the structure of the fish communities was 

largely related to the coral species that supported it, rather than location of the colony 
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within the lagoon. A large number of fish had obvious preferences for two of the coral 

species surveyed: E. horrida and H. rigida, which formed large colonies and exhibited 

intermediately complex structures. In addition, for a given coral species fish species 

richness and abundance increased as colony size increased, however E. horrida and H. 

rigida supported higher fish species richness than P. cylindrica at all colony sizes. 

These results suggest that similar processes determine fish distribution up to the largest 

scale examined here and that branching structure has a significant influence on both the 

number of individuals and number of fish species likely to be found on coral colonies. 

Overall, it appears that coral specific complexities influence fish species richness and 

abundance, with intermediately complex corals supporting the most diverse fish 

communities. This relationship between fish species richness and coral species appears 

to diminish at smaller spatial scales, probably due to the patchy distribution of species 

and random sampling effects at small sampling scales.

The results of this study have implications for understanding the likely effects 

that mass coral bleaching and other disturbances to coral communities will have on fish 

communities. The coral species shown here to be particularly important for supporting 

diverse fish communities also appear to be highly susceptible to coral bleaching 

(Marshall and Baird 2000). At the same time bleaching will tend to reduce the average 

size of surviving coral colonies and there was a clear trend for larger colonies to support 

more abundant and diverse communities. Together these results suggest that a reduction 

in the cover of coral species, especially those that support diverse and abundant fish 

communities, could cause significant reductions in the diversity and abundance of local 

fish communities. More coral species, their physical characteristics, and the structure of 

fish community supported by a range of coral species will need to be examined in order 

to better understand the relationship between fish communities’ abundance and 

diversity and coral physical characteristics and develop effective management plans to 

preserve the biodiversity on the reefs.
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CHAPTER 4

Comparative analysis of habitat use and ontogenetic habitat-shifts 

among coral reef damselfishes.

4.1 Introduction

The abundance and diversity of species in local communities is often associated 

with habitat structural complexity and the availability of preferred habitat types (e.g. 

vegetation cover, coral cover etc.) (Dean and Connell 1987, Johns and Mann 1987, 

Attum et al. 2006, Pratchett et al. 2008). Moreover, habitat diversity has been shown to 

promote animal diversity in a range of different environments by providing a range of 

microhabitat types required for different species to co-occur (Chabanet et al. 1997, Ford 

et al. 2001, Herzon and O’Hara 2007, Chapter 1). The response of animal communities 

to variation in habitat diversity is predicted to depend on whether they are composed of 

habitat specialists or habitat generalists, and the degree of overlap in habitat use among 

species (MacNally 1995, McKinney 1997). Communities might be expected to respond 

strongly to variation in habitat diversity if they contain many habitat specialists that do 

not overlap in habitat use, but not if they are composed mostly of habitat generalists that 

all have similar habitat requirements. The degree of habitat specialisation within animal 

communities will also influence their susceptibility to habitat loss because habitat 

specialists appear to be more prone to the effects of habitat degradation than do habitat 

generalists (MacNally 1995, McKinney 1997, Munday 2004). Consequently, 

determining if communities of animals are composed of mostly habitat specialists or 

habitat generalists, and the degree of overlap in habitat use between species can provide 

valuable insight into the susceptibility of these communities to habitat degradation.

Reef fishes exhibit diverse patterns in their association with coral reef habitat, 

relying on a range of different substrata for critical resources such as food, shelter and 

living space. Fish diversity and abundance have often been positively associated with 

habitat topographic complexity (e.g. Risk 1972, Wilson et al. 2006, Graham et al. 

2008), and to a lesser extent with live coral cover (e.g. Bell and Galzin 1984, Bouchon-

Navaro and Bouchon 1989, Pratchett et al. 2008). In contrast, only a handful of studies 

have shown that the presence of different coral species can also influence the structure 

of fish communities (e.g. Bell and Galzin 1984, Chabanet et al. 1997). The relative 
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paucity of studies demonstrating a positive effect of coral diversity on reef fish diversity 

may reflect the few studies that have investigated this relationship rather than the 

weakness of any associations between fish and coral diversity. Indeed, in Chapter 2, I 

found that the diversity and abundance of reef fishes sampled in the lagoon at Lizard 

Island was much more closely associated with coral diversity than it was with reef 

structural complexity. This suggests that the importance of coral diversity to reef fish 

community structure has been underestimated.

The importance of habitat diversity in structuring fish communities should 

depend on the level of specialisation and degree of overlap in habitat use exhibited by 

reef fish species. If most species are habitat generalists then habitat diversity may have 

little effect on the structure of local communities. If, however, some species are habitat 

specialists, and there is little overlap in the preferred microhabitats these species use, 

then habitat diversity should have a strong effect on the structure of local fish 

communities. Although some reef fish taxa are known to exhibit specific microhabitat 

requirements (Holbrook et al. 1990, Munday et al. 1997, Schmitt and Holbrook 2002, 

Gardiner and Jones 2005), the habitat requirements of most species are poorly 

documented, even for some of the most abundant and widespread families such as the 

damselfishes (Pomacentridae). Coral reefs provide a vast diversity of habitat types 

ranging from sandy and coral rubble patches to a variety of coral species different in 

size and morphology. This diversity of habitat types provides an opportunity for 

differences in habitat use between species to facilitate the co-existence of a large 

number of different fish species at relatively small spatial scales.  

Coral cover and species richness is expected to be particularly important in 

explaining the diversity and abundance of obligate coral-dwelling species (Munday et 

al. 1997, Munday 2002, Gardiner and Jones 2005) and corallivorous fishes (Bell and 

Galzin 1984, Kokita and Nakazono 2001, Spalding and Jarvis 2002, Pratchett et al. 

2006). Current estimates indicate that less than 10% of reef fish species are coral 

dependent (Pratchett et al. 2008). However a larger percentage of fish species may 

decline in abundance with a decline in hard coral cover (e.g. Jones et al. 2004, Wilson 

et al. 2006) because new settlers of many fish species prefer to settle near live coral 

(Jones et al. 2004, Wilson et al. 2008), even if adults are not coral dependant. There 

may also be ontogenetic differences in habitat use among coral-dwelling species, with 

adults often having stronger associations with branching corals, whereas new settlers 

exhibit preferences for finely-branched growth forms (Wilson et al. 2008). Ontogenetic 
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habitat shifts of this type are likely to increase the dependence of fish communities on 

the diversity of habitat types available. Therefore, it is important to consider habitat use 

at different life stages when assessing the importance of habitat diversity to fish 

community structure.

In this study I examined species-specific patterns of habitat use and ontogenetic 

habitat shifts among 14 common damselfish species in the Lizard Island lagoon on the 

Great Barrier Reef, Australia. Specifically, I aimed to determine: (1) the level of 

dependence on live coral versus other habitat types among these species, (2) the degree 

of habitat specialisation exhibited by each species, (3) the amount of overlap in habitat 

use among these coexisting species, and (4) the frequency of ontogenetic habitat shifts. 

Damselfishes were selected as the study group because they are one of the most diverse 

reef fish families, their territorial and site-attached behaviour facilitates the assessment 

of habitat use, and they are known to exhibit a range of associations with both live coral 

and non-coral habitats (Ceccarelli et al. 2001, Wilson et al. 2008), allowing me to 

compare habitat use among a range of species.

4.2 Materials and Methods

4.2.1 Sampling design

4.2.1.1 Substratum data

Point intercept transect were used to estimate the percent cover of substratum 

types within each of the four sites in the Lizard Island lagoon: Palfrey Island, Lagoon 

centre, Lizard Head and Bird Island (Fig. 2.1). Five 50 m transects were laid parallel to 

the shore at each site, with three transects on the reef flat and two on the reef crest, 

where a distinct reef crest was identifiable. The substratum type directly underlying the 

transect was recorded every 0.5 meters. A total of 17 different coral and non-coral 

substratum types were recognised (Table 4.1). Percent cover of each substratum type 

was pooled across the sampling sites and graphed in order to compare relative 

availability of each substratum type.
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Table 4.1 Coral and non-coral substratum types recognised in the lagoon of Lizard 

Island.

Coral Non/dead coral

Echinopora horrida / Hydnophora rigida Dead coral

Acropora formosa Coral rubble

Other branching Soft coral

Seriatopora hystrix Sand

Stylophora pistillata Other

Pocillopora damicornis

A. millepora

A. nasuta

A. tenuis

Other corymbose

Porites cylindrica

Other corals

4.2.1.2 Fish-habitat associations 

The 14 study species were: Amblyglyphidodon curacao, Chromis viridis, 

Chrysiptera rollandi, Dascyllus aruanus, Dischistodus perspicillatus, D. prosopotaenia, 

Hemiglyphidodon plagiometopon, Neoglyphidodon melas, Pomacentrus adelus, P. 

amboinensis, P. moluccensis, P. nagasakiensis, P. chrysurus and P. brachialis. Habitat 

use of each species was estimated by focal animal sampling at each of the four study 

sites. To do this, individuals of each species were selected haphazardly as encountered 

until the habitat use of a minimum of 25 individuals of each species had been surveyed. 

Where possible, a similar number of adults and newly settled juveniles were sampled so 

that habitat use could be compared among these two life stages. The habitat type 

immediately underneath each individual at the time of observation was recorded. A 

group of individuals of the same species occupying the same substratum was treated as 

a single observation. Only species where adequate samples of both new settlers and 

adults could be obtained were included in the study. 
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4.2.2 Associations with live coral

To identify the percentage of species that were coral specialists all substratum 

types were pooled into coral and non-coral/dead coral categories and the proportional 

use of live coral versus other substratum types was compared among species and life 

stages.

4.2.3 Habitat specialisation

Percent frequencies of occurrence on 17 substratum types for new settlers and 

adults of each species were graphed in order to identify specific habitat use patterns. 

The Shannon-Wiener diversity index was used to characterise specialisation of each 

damselfish species and each life stage. The Shannon-Wiener diversity index was used to 

describe specialization because it accounts for total number of substratum types used by 

each fish species and the frequency that different habitat types are used. The fewer 

habitat types are used by one species the lower is the index value and the higher is the 

specialisation level. The Shannon-Wiener index was calculated using formula:

H’=∑ (pi)*(-logpi), where pi – the proportional use of substratum type (Krebs 1999).

4.2.4 Inter-specific overlap in habitat use

Pianka’s measure of overlap was used to estimate the level of habitat overlap 

among different fish species. Pianka’s overlap was calculated, using the formula:
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where  Ojk = Pianka’s measure of habitat overlap between species j and species k

pij = Proportion resource i is of the total resources used by species j

pik = Proportion resource i is of the total resources used by species k

The index measure ranges between 0 and 1, with higher values indicating higher levels 

of overlap (Krebs 1999).
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4.2.5 Ontogenetic habitat shifts

For each species a Chi-square test was used to identify whether there was a 

significant difference in the relative frequency that newly settled juveniles and adults 

use different habitat types. Pianka’s measure of overlap was then used to estimate the 

amount of overlap in habitat use between new settlers and adults of the 14 fish species.

4.3 Results

4.3.1 Habitat availability

Habitat types differed greatly in their availability (Fig. 4.1). Approximately 26% 

of the substratum was live coral cover and 74% was non-coral/dead coral cover. Percent 

cover of different microhabitats ranging from less than 2% to more than 20%. Sand, 

dead coral and soft coral had the highest percent cover, each over 15%.  P. cylindrica

was the most abundant coral species with percent cover just under 7%. Percent cover of 

other branching corals was under 3% for each coral species. The lowest cover was 

exhibited by different species of corymbose corals with just 1-2% each (Fig.4.1).

4.3.2 Associations with live coral

Patterns of habitat use differed greatly among the 14 fish species. For adults 4 of 

the14 species were most commonly found on live corals (>50% of observations were on 

live coral) (Fig. 4.2a), even though live coral constituted only 26% of the substratum. 8 

of the 14 species were most commonly found on non-coral or dead coral habitats and 2 

species (N. melas and P. nagasakiensis) were found in equal frequency on coral and 

non-coral habitats.

For new settlers, 8 of the 14 species were most commonly found on live coral 

habitat (>50% of observations) (Fig. 4.2b), indicating that new settlers in general have a 

stronger affinity for live coral habitat than adults. Some species such as D. aruanus, P. 

moluccensis and C. viridis almost exclusively used live coral regardless of life stage 

(>85% of observations), however the majority of species used some combination of 

both live coral and non-coral or dead coral habitat (Fig. 4.2a, b).
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Fig. 4.1 Percent cover of 17 different substratum types in the lagoon of Lizard Island.
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a) Adults

b) New settlers

Fig.4.2 Percent live coral and non-coral substratum use by adults and new settlers of 14 

most abundant damselfish species in the lagoon of Lizard Island. Dashed line marks 

50% in habitat use.
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4.3.3 Habitat specialisation

Fish species differed in their level of specialisation (Fig. 4.3). Some species 

exhibited very low levels of specialisation regardless of life stage, using more than 9 out 

of 17 habitat types examined and showing no apparent preference for any of those (e.g. 

P. amboinensis, H. plagiometopon, P. nagasakiensis). In contrast other species were 

reasonably specialised, using only 4-5 of the habitat types measured and using some 

particular microhabitat with much higher frequency than other. For example, C. rollandi

and P. chrysurus had much higher frequency of occurrence on coral rubble at both life 

stages, P. adelus and H. plagiometopon occurred more frequently on dead coral 

colonies and A. curacao predominantly used Porites cylindrica coral colonies and soft 

corals (Fig. 4.4). 8 of the 14 fish species showed higher specialisation by newly settled 

juveniles compared to adults. In particular the specialisation index, for two species D. 

prosopotaenia and N. melas, was 3 times lower for new settlers than adults (Fig. 4.3).

4.3.4 Inter-specific overlap in habitat use

The degree of overlap in habitat use between fish species ranged from 2 to 97% 

for adults and from 0 to almost 100% for new settlers (Table 4.2a, b). The low habitat 

overlap (0-4%) was found between coral versus non-coral specialists regardless of life 

stage (e.g. D. aruanus, P. moluccensis, C. viridis, A. curacao vs. D. perspicillatus, C. 

rollandi) (Fig. 4.2, Table 4.2).  In general, there was considerable overlap in habitat use 

between species that were commonly associated with live coral and also a large amount 

of habitat overlap between non-coral using species (Table 4.2). For example, habitat 

overlap between non-coral users D. prosopotaenia and P. chrysurus was 94% for adults 

and 99.7% for newly settled juveniles. Similarly, habitat overlap between coral 

specialists C. viridis and P. moluccensis was 78% for adults and 68% for new settlers 

(Table 4.2a, b).  There were, however, exceptions to this trend. For example, adults of 

A. curacao and D. aruanus had only 39% habitat overlap even though both were coral 

specialists (Fig. 4.2a, Table 4.2a). D. aruanus mostly occurred on Seriatopora hystrix 

colonies (Fig. 4.4d), while A. curacao occurred with highest frequencies on Porites 

cylindrica (Fig.4.4a). Similarly, for new settlers, coral specialists N. melas and C. viridis 

showed 72% habitat overlap with each other but only about 23% habitat overlap with 
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most other coral specialists (Table 4.2b).  N. melas almost exclusively occurred on 

Acropora millepora, and C. viridis most frequently occurred on A. millepora and S.

hystrix, while other coral users occurred on a range of different coral species showing 

little species-specific preferences (Fig. 4.4). 

For the non-coral user, D. perspicillatus had a small habitat overlap with most 

other non-coral specialists (Table 4.2a). Adults of D. perspicillatus almost exclusively 

occurred on sand while other non-coral users most frequently were observed on coral 

rubble and dead coral (Fig. 4.4). New settlers of non-coral users P. adelus and D. 

perspicillatus exhibited only 34% habitat overlap, with P. adelus more frequently 

occurring on dead and soft corals, and D. perspicillatus being more common on the 

coral rubble (Fig. 4.4e, i; Table 4.2b).

Fig. 4.3 The degree of habitat specialisation exhibited by adults and new settlers of 14 

most abundant damselfish species in the lagoon of Lizard Island. Shannon-Wiener 

index is used as a measure of specialisation, the lower is index value the higher is 

specialisation level.
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Table 4.2 Pianka’s habitat overlap among 14 most abundant damselfish species in the 

lagoon of Lizard Island.
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D. 
perspicillatus

0.03 0.03 0.02 0.03 0.07 0 0.27 0.24 0.02 0.15 0.23 0.37 0.27

C. rollandi 0.07 0.04 0.03 0.08 0.33 0.04 0.74 0.97 0.12 0.51 0.47 0.97

D. 
prosopotaenia

0.12 0.14 0.14 0.27 0.48 0.15 0.81 0.94 0.28 0.53 0.54

H. 
plagiometopon

0.11 0.19 0.17 0.46 0.35 0.25 0.5 0.6 0.63 0.88

P. adelus 0.05 0.04 0.1 0.31 0.2 0.24 0.4 0.63 0.44

P. brachialis 0.21 0.42 0.42 0.83 0.57 0.75 0.39 0.27

P. chrysurus 0.05 0.03 0.06 0.14 0.33 0.18 0.76

P. 
amboinensis 

0.31 0.33 0.45 0.38 0.76 0.44

P. 
nagasakiensis

0.19 0.29 0.52 0.54 0.5

N. melas 0.27 0.46 0.45 0.69

A. curacao 0.39 0.71 0.56

C. viridis 0.63 0.78

P. 
moluccensis

0.63
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b).

New settlers
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D. perspicillatus 0 0 0.01 0 0 0.01 0.55 0.96 0.59 0.34 0.64 0.96 0.89

C. rollandi 0 0.04 0.03 0.14 0.01 0.18 0.65 0.95 0.77 0.56 0.77 0.93

D. prosopotaenia 0.02 0 0 0 0 0.01 0.55 0.997 0.62 0.37 0.65

H. 
plagiometopon

0.03 0.11 0.05 0.3 0.05 0.36 0.69 0.67 0.67 0.66

P. adelus 0.05 0.08 0.03 0.49 0.11 0.48 0.57 0.4 0.42

P. brachialis 0.05 0.17 0.12 0.48 0 0.25 0.61 0.64

P. chrysurus 0 0 0 0 0 0.03 0.57

P. amboinensis 0.34 0.47 0.52 0.22 0.15 0.34

P. nagasakiensis 0.29 0.31 0.15 0.58 0.22

N. melas 0.2 0.62 0.72 0.13

A. curacao 0.03 0.15 0.16

C. viridis 0.23 0.68

P. moluccensis 0.67
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a). A. curacao           b). C. viridis
    Habitat overlap: 0.83                                                  Habitat overlap: 0.54
     χ²=14.96 p>0.05                                                         χ²=24.82 p<0.05

c). C. rollandi d). D. aruanus
     Habitat overlap: 0.96                                                  Habitat overlap: 0.45
     χ²=8.95 p>0.05                                                            χ²=15.79 p>0.05

e). D. perspicillatus f). D. prosopotaenia
     Habitat overlap: 0.42                                                 Habitat overlap: 0.94
     χ²=21.26 p<0.05                                                        χ²=22.34 p<0.05
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g). H. plagiometopon h). N. melas
     Habitat overlap: 0.69                                                  Habitat overlap: 0.099
     χ²=12.66 p>0.05                                                          χ²=42.66 p<0.05

i). P. adelus j). P. amboinensis
     Habitat overlap: 0.81                                                 Habitat overlap: 0.73
    χ²=9.28 p>0.05                                                          χ²=22.75 p>0.05

k). P. moluccensis l). P. nagasakiensis
     Habitat overlap: 0.7                                                   Habitat overlap: 0.92
     χ²=26.99 p<0.05                                                        χ²=8.38 p>0.05
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m). P. chrysurus n). P. brachialis
       Habitat overlap: 0.93                                                Habitat overlap: 0.51
       χ²=9.32 p>0.05                                                          χ²=11.01 p>0.05

Fig. 4.4 Frequencies of occurrence of adults and new settlers of the 14 most abundant 

damselfish species on the 17 different substratum types in the Lagoon of Lizard Island. 

Pianka’s index of habitat overlap between adults and juveniles and Chi-square test 

results for each species shown. N (a) – adults’ sample size, N (n) – new settlers sample 

size.

4.3.5 Ontogenetic habitat shifts

In addition to the generally increased use of live coral by new settled juveniles 

described above, there were a number of clear differences in patterns of habitat use 

between life stages for some species. N. melas showed the lowest habitat overlap, less 

than 10%, between new settlers and adults (χ²= 42.66, p<0.05, Pianka’s index = 0.099). 

Adults of N. melas almost exclusively used non-coral habitats. New settlers, on the 

other hand, predominantly occupied live corals. Newly settled juveniles of N. melas 

occurred at almost 5 times the frequency on Acropora millepora corals compared to any 

other coral species, even though A. millepora cover was lower than 1% (Fig. 4.1, Fig. 

4.4 h). For the coral dweller, C. viridis, adults used a relatively broad range of different 

habitat types, however, new settlers were mostly found on corymbose coral  colonies 

and coral species with a fine branching structure (χ²=24.82, p<0.05; Pianka’s index = 

0.54) (Fig. 4.1, Fig. 4.4 b), despite the low availability of these microhabitats (percent 
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cover less than 4%). For the non-coral dweller D. perspicillatus there was only 42% in 

habitat overlap between new settlers and adults. New settlers occurred with highest 

frequencies on coral rubble and adults on sand (χ²=21.26, p<0.05) (Fig. 4.4 e).

4.4 Discussion

A number of previous studies have suggested that most coral reef fishes have 

low dependence on live coral and that coral cover does not affect population abundance 

(Williams 1986, Roberts and Ormond 1987). In contrast to these conclusions I found 

that a relatively high proportion of damselfish species were associated with live coral 

despite live coral cover being less than 30% of total substratum area. For adults 

approximately 28% of species were most commonly encountered on live coral habitat 

and for new settlers approximately 57% of species mostly occurred on live coral. These 

values are similar to those reported by Wilson et al. (2008), who estimated that 40% of 

adult damselfish species and 53% of juvenile damselfish species live in close 

association with live corals. These associations with live coral indicate that coral cover 

and coral diversity should contribute significantly to the diversity and abundance of 

damselfish communities. Indeed, Wilson et al. (2008) reported significant declines in 

the abundance of damselfish species that displayed a narrow niche breadths and high 

live coral dependency in response to declines in coral cover. This supports the notion 

that coral cover and coral diversity are important in structuring damselfish communities.

While a considerable number of damselfish species showed a strong preference 

for live corals, other species generally occurred in non-coral habitats, most of which 

were widely available. Soft corals and sand were not as frequently used as dead coral 

and coral rubble, likely due to the low levels of structural complexity provided by these 

habitats. Furthermore, many non-coral dependant damsel fish species exhibit “farming” 

behaviour, where hard substratum is require for algae growth (Ceccarelli et al. 2001, 

2005, Jones et al. 2006.). 

Despite clear differences in the level of association with live coral among 

species, there were high levels of habitat overlap within coral and non-coral dependant 

groups. Adults of species that mostly inhabited live coral tended to use similar habitats 

and adults of species that mostly used non-coral habitat tended to use a similar range of 

habitat types. For example, coral users D. aruanus, P. moluccensis and C. viridis 
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exhibited over 60% of habitat overlap, similarly non-coral users D. prosopotaenia, C. 

rollandi and P. chrysurus exhibited over 90% of habitat overlap. There were, however, 

some important exceptions to the patterns of high overlap in habitat use within coral 

associated and non coral associated groups. For example, some non-coral dependant 

species that were mostly associated with dead corals (e.g. P. adelus, P. brachialis, H. 

plagiometopon) exhibited low habitat overlap with other non-coral dependant fish 

species (e.g. C. rollandi, D. prosopotaenia) that were more common on coral rubble 

habitats. Adults of D. perspicillatus exhibited particularly low habitat overlap with any 

other damselfish species because they were predominantly associated with sand habitat,

which was infrequently used by other species. These examples demonstrate that even 

where many species use similar habitats there can also be differences in habitat use 

among species that help explain observed relationships between habitat diversity and 

fish diversity. 

A large number of coral dependent species occurred predominantly on corals 

with low cover (less than 10%). This suggests a high degree of specific habitat selection 

and some benefit to being associated with these low abundant coral species. There were 

also similarities among species in coral habitats that were infrequently used. For 

example, P. cylindrica was the most widely available coral species in the lagoon of 

Lizard Island, but only A. curacao occurred in high frequencies on this coral species. 

This supports experimental results (Chapter 3) showing that P. cylindrica supports less 

diverse and abundant fish assemblages than other coral species. Preferences for 

particular habitat types might be explained by increased fitness advantages provided by 

specific microhabitats. Habitat characteristics, such as structural complexity, may 

contribute to survival by modifying outcomes of predation and competition, and 

promote higher growth rates (Hixon and Beets 1989, Beukers and Jones 1997, Holbrook 

et al. 2000, Munday 2001, Holbrook et al.2002a, b). In general, coral species that 

exhibit intermediate structural complexity are expected to be favoured by larger 

numbers of fish species (Chapter 3) as they allow small to intermediate coral reef fish 

species to enter the colony and freely move between coral branches, while at the same 

time excluding large predators.  

Newly settled juveniles of coral dependent species exhibited the lowest levels of 

habitat overlap, suggesting that differences in habitat characteristics are particularly 

important at this life stage. For example, new settlers of N. melas and C. viridis that 

frequently occurred on corymbose corals exhibited less than 25% of habitat overlap 
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with D. aruanus. The latter was more common on branching corals, especially P. 

damicornis and E. horrida/H. rigida. New settled juveniles of A. curacao exhibited less 

than 20% of habitat overlap with other coral dependent species, occurring with high 

frequencies only on P. cylindrica and soft corals. Corymbose corals may be beneficial 

for the new settlers of some fish species as they offer greater protection during this 

vulnerable life stage. Some coral species may exhibit the most desirable morphological 

structure for particular fish species. For example, the frequency of N. melas that 

occurred on A. millepora was 25 times greater than on any other coral species. Other 

fish species may select habitats for settlement based on the presence of con-specifics 

(Sweatman 1983, 1985, Öhman et. al. 1998, Ben-Tzvi et. al. 2008). These results help 

to explain the positive effects of habitat or coral diversity on fish species richness such 

as those reported in Chapter 2.

Previous studies on coral reef fishes have suggested that new settlers might 

exhibit a stronger association with live coral than adults and that this may explain why a 

greater number of species have responded to coral decline in some locations than might 

be expected from an assessment of adult habitat use alone (Jones et al. 2004, Wilson et 

al. 2008). Indeed, in the lagoon of Lizard Island, a higher proportion of new settlers, 

compared with adults, exhibited strong associations with live coral. Even some species 

that are non-coral dependant as adults (e.g. H. plagiometopon) showed reasonably high 

levels of occurrence on live corals as new settlers. The most extreme example was N. 

melas, which exhibited a complete ontogenetic habitat shift, with adults predominantly 

occupying non-coral substratum and new settlers almost exclusively occurring on live 

corals. These results suggest that a greater number of reef fish may be coral dependent 

than originally expected from adults’ habitat association patterns. The declines in fish 

diversity may not be apparent at early stages as adults of several species may persist for 

long time without live corals (Bellwood et al. 2006, Pratchett et al. 2006, Graham et al. 

2007). However, fish species richness would be expected to eventually decline due to 

reduced rates of replenishment.

There were also clear differences in ontogenetic patterns of habitat use within 

coral dependant species, with adults having stronger associations with branching coral 

taxa and new settlers having preferences for corymbose corals (e.g. C. viridis). New 

settlers may have higher affinity for corymbose corals because of the finer branching 

structure of these corals. Fish tend to use holes of approximately their own body 

diameter as shelter (Hixon and Beets 1993, Holbrook et al. 2002a). Tightly branched 



89

corymbose corals could be preferentially used by new settlers because they offer better 

protection from predators, while the more open structure of branching corals could be 

beneficial for adult stages as they provide sufficient space for movement and feeding 

together with protection from larger predators (Holbrook et al. 2002a,b, Wilson et al. 

2008, Chapter 2). 

Increased availability of a variety of habitat types is expected to promote fish 

species richness by allowing species with different habitat requirements to co-exist. A 

higher than expected proportion of damselfish species exhibited strong associations 

with live corals, and some species selected live coral for settlement habitat even though 

adults were not directly coral associated. Species-specific habitat preferences, 

differences in levels of habitat overlap and ontogenetic shifts in habitat help explain 

why species richness tends to increase with overall habitat diversity in reef fish 

assemblages (Bell and Galzin 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et 

al. 1997, Chapter 2). At the same time they mean that declines in habitat diversity, and 

particularly coral diversity, would have significant long-term consequences for 

damselfish abundance and diversity in local populations.
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CHAPTER 5

Conclusions

5.1 Importance of coral diversity and cover

Overall, the three chapters of this thesis highlight the fundamental dependence 

of small, site attached coral reef fish communities on coral diversity and branching 

structure of coral species. Coral species richness, and to a lesser extent, hard coral cover 

were the best predictors of fish diversity, total fish abundance and the structure of 

communities primarily composed of damselfishes and wrasses (Chapter 2). Low coral 

species richness (5-7 coral species) – less than half of the maximum - was associated 

with low fish species richness. Reduced hard coral cover (less than 20%) was associated 

with reduced total fish abundance. Moreover, coral species richness, hard coral cover 

and site were identified as important variables in determining fish community structure

(Chapter 2). The areas with high coral species richness and/or high coral cover appeared 

to have more diverse and more even fish communities than areas with low coral species 

richness and low hard coral cover. Only two pomacentrids (P. chrysurus and P. wardi) 

and one wrasse (H. melanurus) appeared to exhibit a preference for areas with low coral 

cover and low coral species richness (Chapter 2). 

Two factors appear to contribute to the close link between fish and coral 

diversity. Chapter 3 showed that certain coral species support higher fish diversity and 

abundance. A large number of fish species were most abundant on two coral species 

surveyed: E. horrida and H. rigida, which formed large colonies and exhibited 

intermediately complex structures. Therefore, loss of these coral species could lead to 

large decline in reef fish diversity and total abundance. A second factor contributing to 

this pattern was species-specific habitat preferences; i.e. the high overall degree of 

specialization on branching corals, differences in level of habitat overlap and 

ontogenetic shifts in habitat (Chapter 4). A higher proportion of newly settled juveniles 

(57%), than adults (28%), showed preferences for live coral habitats, despite low levels 

of live coral cover (less than 30%). Additionally, new settlers showed the lowest levels 

of habitat overlap, suggesting that differences in habitat characteristics are particularly 

important at this life stage. At least one fish species, N. melas, showed complete 

ontogenetic shift in habitat use, with adults being predominantly non-coral associates 
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and new settlers showing strong affinity for corymbose corals, in particular A. millepora 

(Chapter 4). These results suggest that a greater number of reef fish may be coral 

dependent than originally expected from adults’ habitat association patterns. Therefore 

loss of coral diversity and abundance will lead to declines in fish species richness due to 

loss of preferred habitat types and consequent reduced rates of replenishment.

By comparison to coral diversity, habitat structural complexity was a 

relatively poor predictor of fish community structure (Chapter 2). While this result 

apparently conflicts with other studies (e.g. Risk 1972, Luckhurst and Luckhurst 1978, 

Sano et al. 1984, Friedlander et al. 2003, Bozec et.al. 2005), it is probable that habitat 

structural complexity may play a more important role for larger, more mobile reef 

fishes, as described elsewhere (e.g. Graham et al. 2006). In my study, fine-scale 

difference in topographic complexity could explain the strong associations of fishes 

with the two coral species E. horrida and H. rigida, which exhibited intermediate inter-

branch space (Chapter 3). Fish species preference for specific coral species can be 

explained by considerable fitness advantages provided by these corals (Hixon and 

Menge 1991, Jones and Syms 1998, Holbrook et al.2002a, b, Munday 2000, 2004). 

That is tightly branched corals should decrease predation levels and allow higher 

survival rate for smaller fish species, however, only a few fish species would be able to 

use these corals as refuge due to the size limitations. On the other hand, the more 

“open” corals, with large distances between branches and abundant free space available 

would allow a large number of different fish species to enter the colony; however it also 

means that larger predators can access prey more easily. Corals with intermediate 

branching structure would allow small to intermediate coral reef fish species to enter the 

colony and move between coral branches, while at the same time excluding large 

predators.  

Additionally, for a given coral species fish species richness and abundance 

increased as colony size increased, however E. horrida and H. rigida supported higher 

fish species richness than P. cylindrica at all colony sizes. These results suggest that 

similar processes determine fish distribution up to the largest scale examined here.

Similarly, coral species was the only variable to explain significant amounts of variation 

in fish species richness across three sampling scales (2x2 m, 1x1 m, 0.5 x 0.5 m). 

However, at smaller spatial scales the relationship between fish species richness and 

coral species appears to diminish, probably due to the patchy distribution of species and 

random sampling effects at small sampling scales. Coral species explained 
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approximately 10-15% of the variation in fish abundance among samples compared to 

36-54% for species richness. The similarity in proportion of variation explained at all 

three spatial scales of sampling for fish abundance indicates that the spatial scale of 

sampling has much less effect on fish abundance-habitat associations than it does on 

fish species richness-habitat associations (Chapter 3). And other habitat characteristics 

such as coral abundance, site and depth influence fish abundance especially at larger 

spatial scales (2x2 m and 1x1 m) (Chapter 2, Chapter 3).

5.2 Consequences of global change

Coral reefs are under increasing threat from global climate change and other 

anthropogenic disturbances, which already caused reduction in habitat quality and 

quantity at a range of different locations (Hughes 1994, Hoegh-Guldberg 1999, 

Cheevaporn and Menasveta 2003, Hughes et al. 2003, Graham et al. 2006, Munday et 

al. 2008). The results of this study have implications for understanding fish-habitat 

relationships and the likely effects that mass coral bleaching and other disturbances to 

coral communities will have on fish communities, as well as pin pointing habitat 

characteristics that play the most important role in structuring coral reef fish 

communities. The coral species shown here to be particularly important for supporting 

diverse fish communities are also highly susceptible to coral bleaching (Marshall and 

Baird 2000). At the same time bleaching will tend to reduce the average size of 

surviving coral colonies and there was a clear trend for larger colonies to support more 

abundant and diverse communities. The dependence of coral fish species on live coral 

cover and coral diversity appears to have been underestimated, with a larger than 

originally expected proportion of fish species showing strong associations with live 

corals and specific microhabitats at least at some stage of their life cycle. Together these 

results suggest that a reduction in total coral/habitat diversity and the cover of coral 

species, especially those that support diverse and abundant fish communities, could 

cause significant reductions in the diversity and abundance of local fish communities. 
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5.3 Future directions

A number of further studies are needed in order to detect specific-microhabitat 

requirements of different fish species and predict the consequences of the depletion of 

particular coral species. Firstly, multi-factorial and long-term studies in different reef 

habitats are necessary to complete the picture of the nature of the relationship between 

fish and their complex and fragile habitat. Experimental manipulative studies and field 

observations are required to test whether fish species richness responds directly to coral 

species richness or whether coral species that support more diverse fish communities 

tend to occur in areas of high coral diversity.  Experimental manipulative studies are

also required to test whether fish diversity is responding to coral species richness and 

hard coral cover, or to a range of environmental factors. Secondly, the importance of 

live coral cover and coral diversity for the larger, more mobile fish species needs to be 

further investigated using techniques that allow simultaneous examination of a range of 

different habitat characteristics and their effects on fish communities. Including the 

effects of loss of food source for large carnivorous fish species due to declines in 

abundance of coral-dwelling fish species caused by declines in coral cover and coral 

diversity. Thirdly, more coral species, their physical characteristics and the structure of 

fish communities supported by a range of coral species will need to be examined, in 

order to better understand the relationship between fish communities’ abundance and 

diversity, and coral physical characteristics and develop effective management plans to 

preserve the biodiversity on the reefs. The levels of depends on live coral cover need to 

be estimated for a range of fish families, including those, that are not coral associated in 

their adult stages. Finally, levels of specialization need to be estimated for a range of 

different fish families on a range of scales, from cover of specific substratum to a scale 

of a single coral head.

This study supports a handful of studies that have shown that the presence of 

different coral species influences the structure of fish communities and has begun to 

identify the characteristics of the corals likely to be responsible for these differences. 

The physical and biological characteristics of different coral species that attract and 

support high fish diversity and abundance of obligate coral-dwelling fishes require 

further investigation. Given the global scenario for declining coral cover and diversity, 

these further research questions warrant a high priority.



94

REFERENCES

Almany G.R. (2004a) Does increased habitat complexity reduce predation and      

competition in coral reef fish assemblages? OIKOS 106: 275-284

Almany G.R. (2004b) Differential effects of habitat complexity, predators and 

competitors on abundance of juvenile and adult coral reef fishes. Oecologia 141: 

105-113

Andre J., Gyuris E. and Lawler I. (2005) Comparisons of the diets of sympatric dugongs 

and green turtles on the Orman Reefs, Torres Strait, Australia. Wildlife Research 

32: 53-62

Araujo, A.P.A., De Paula J.D., Carneiro M.A.A. and Schoereder J.H. (2006) Effects of 

host plant architecture on colonization by galling insects. Australian Ecology 31: 

343-348

Attum O., Eason P., Cobbs G. and Baha El Din S.M. (2006) Response of a desert lizard 

community to habitat degradation: Do ideas about habitat specialists/generalists 

hold? Biological conservation 133: 52-62

Ault T.R. and Johnson C.R. (1998) Spatial variation in fish species richness on coral 

reefs: habitat fragmentation and stochastic structuring processes. OIKOS 82: 

354-364

Bell J.D. & Galzin R. (1984) Influence of live coral cover on coral-reef fish 

communities. Marine Ecology Progress Series 15: 265-274

Bell S.S., McCoy E.D. & Mushinsky H.R. (1991) Habitat structure. The physical 

arrangement of objects in space. Population and Biology Series. Chapman and 

Hall. 438pp.

Bellwood D.R., Hughes T.P. & Nyström (2004) Confronting the coral reef crisis. 

Nature 429: 827-833

Bellwood D.R., Hoey A.S., Ackerman J.L. & Depczynski M. (2006) Coral bleaching, 

reef fish community phase shifts and the resilience of coral reefs. Global 

Change Biology 12: 1587-1594

Ben-Tzvi O., Abelsont A., Polak O. and Kiflawi M. (2008) Habitat selection and the 

colonization of new territories by Chromis viridis. Journal of Fish Biology 73

(4): 1005-1018

Beukers J.S. & Jones G.P. (1997) Habitat complexity modifies the impact of 

piscivorous 



95

on a coral reef fish population. Oecologia 114: 50-59

Bouchon-Navaro Y. and Bouchon C. (1989) Correlations between chaetodontid fishes 

and coral communities of the Gulf of Aqaba (Red Sea). Environmental Biology 

of Fishes 25 (1-3): 47-60

Bozec Y.-M., Doledec S. and Kulbicki M. (2005) An analysis of fish-habitat 

associations on disturbed coral reefs: chaetodontid fishes in New Caledonia. 

Journal of Fish Biology 66: 966-982

Brown J.H. (1984) On the relationship between abundance and distribution of species. 

The American Naturalist 124 (2): 255-279

Caley M.J. and St. John J. (1996) Refuge availability structures assemblages of tropical 

reef fishes. Journal of Animal Ecology.65 (4): 414-428

Caley M.J., Buckley K.A. & Jones G.P. (2001) Separating ecological effects of habitat 

fragmentation, degradation, and loss on coral commensals. Ecology 82 (12): 

3435-3448

Ceccarelli D.M., Jones G.P. and McCook L.J. (2001) Territorial damselfishes as 

determinants of the structure of benthic communities on coral reefs. 

Oceanography and Marine Biology 39: 355-389

Ceccarelli D.M., Jones G.P. and McCook L.J. (2005) Foragers versus farmers: 

contrasting effects of two behavioural groups of herbivores on coral reefs. 

Oecologia 145 (3): 445-453

Chabanet P., Ralambondrainy H., Amanieu M., Faure G. & Galzine R. (1997) 

Relationships between coral reef substrata and fish. Coral Reefs 16: 93-102

Cheevaporn V. & Menasveta P. (2003) Water pollution and habitat degradation in the 

Gulf of Thailand. Marine Pollution Bulletin 47 (1-6): 43-51

Chemello R. and Milazzo M. (2002) Effect of algal architecture on associated fauna: 

some evidence from phytal molluscs. Marine Biology 140: 981-990

Choat J.H. and Bellwood D.R. (1991) Chapter 3: Reef fishes: Their History and 

Evolution. In The ecology of fishes on coral reefs. ed. Sale P.F. Academic Press. 

London, England, UK. pp.754

Cox E. (1994) Resource use by corallivorous butterflyfishes (Family Chaetodontidae) in 

Hawaii. Bulletin of Marine Science 54: 535-545

Curtis J.M.R. and Vincent A.C.J. (2005) Distribution of sympatric seahorse species 

along a gradient of habitat complexity in a sea-grass dominated community. 

Marine Ecology Progress Series 291: 81-91



96

Dean R.L. and Connell J.H. (1987) Marine invertebrates in an algal succession. III. 

Mechanisms linking habitat complexity with diversity. Journal of Experimental 

Marine Biology and Ecology 109 (3): 249-273

De’ath G. (2002) Multivariate regression trees: a new technique for modelling species-

environment relationships. Ecology 83 (4): 1105-1117

De’ath G. and Fabricius K.E. (2000) Classification and regression trees: a powerful yet 

simple technique for ecological data analysis. Ecology 81 (11): 3178-3192

Depczynski M. and Bellwood D.R. (2004) Microhabitat utilisation patterns in 

cryptobenthic coral reef fish communities. Marine Biology 145 (3): 455-463

Dominici-Arosemena A. and Wolff M. (2005) Reef Fish Community Structure in Bocas 

del Toro (Caribbean, Panama): Gradients in Habitat Complexity and Exposure. 

Caribbean Journal of Science 41(3): 613-637

Dorenbosch M., Grol M.G.G., Christianen M.J.A., Nagelkerken I. and van der Velde G. 

(2005) Indo-Pacific seagrass beds and mangroves contribute to fish density and 

diversity on adjacent coral reefs. Marine Ecology Progress Series 302: 63-76

Edinger E.N., Jompa J., Limmon G.V., Widjatmoko W. & Risk M.J. (1998) Reef 

degradation and coral biodiversity in Indonesia: Effects of land-based pollution, 

destructive fishing practices and changes over time. Marine Pollution Bulletin 

36 (8): 617-630

Fahrig L. (2001) How much habitat is enough? Biological Conservation 100: 65-74

Ford H.A., Barrett G.W., Saunders D.A. and Recher H.F. (2001) Why have birds in the 

woodlands of Southern Australia declined? Biological Conservation 97: 71-88

Foufopoulos J. & Ives A.R. (1999) Reptile extinction on land-bridge islands: Life-

history attributes and vulnerability to extinction. American Naturalist 153 (1): 1-

25

Fox L.R. & Morrow P.A. (1981) Specialization: species property or local phenomenon? 

Science 211: 887-893

Fricke H.W. (1980) Control of different mating systems in a coral reef fish by one 

environmental factor. Animal Behaviour 28: 561-569

Friedlander A.M. & Parrish J.D. (1998) Habitat characteristics affecting fish 

assemblages on a Hawaiian coral reef. Journal of Experimental Marine Biology 

234: 1-30

Friedlander A.M., Brown E.K., Jokiel P.L., Smith W.R. and Rodgers K.S. (2003) 



97

Effects of habitat, wave exposure, and marine protected area status on coral reef 

fish assemblages in the Hawaiian archipelago. Coral Reefs 22: 291-305

Futuyma D.J. & Moreno G. (1988) The evolution of ecological specialization. Annual 

Review of Ecological Systems 19: 207-233

Gardiner N.M. and Jones G.P. (2005) Habitat specialisation and overlap in a guild of 

coral reef cardinalfishes (Apogonidae). Marine Ecology Progress Series 305: 

163-175

Garpe K.C., Yahya S.A.S., Lindahl U. And Ohman M.C. (2006) Long-term effects of 

the 1998 coral bleaching event on reef fish assemblages. Marine Ecology-

Progress Series 315: 237-247

Glynn P.W. (2006) Fish utilization of simulated coral reef frameworks versus eroded 

rubble substrates off Panama, eastern Pacific. Proceedings of the 10th

International Coral Reef Symposium: 250-256

Gorman O.T. and Karr J.R. (1978) Habitat structure and stream fish communities. 

Ecology 59 (3): 507-515

Graham N.A.J., Wilson S.K., Jennings S., Polunin N.V.C., Bijoux J.P. and Robinson J. 

(2006) Dynamic fragility of oceanic coral reef ecosystems. PNAS 103 (22): 

8425-8429

Graham N.A.J., Wilson S.K., Jennings S., Polunin N.V.C., Robinson J., Bijoux J.P. and 

Daw T.M. (2007) Lag effects in the impacts of mass coral bleaching on coral 

reef fish, fisheries, and ecosystems. Conservation Biology 21 (5): 1291-1300

Graham N.A.J., McClanahan T.R., MacNeil M.A., Wilson S.K., Polunin N.V.C., 

Jennings S., Chabanet P., Clark S., Spalding M.D., Letourneur Y., Bigot L., 

Galzin R., Ӧhman M.C., Garpe K.C., Edwards A.J. and Sheppard C.R.C. (2008) 

Climate Warming, Marine Protected Areas and the Ocean-Scale Integrity of 

Coral Reef Ecosystems. PLoS ONE 3(8): 

e3039.doi:10.1371/journal.pone.0003039

Gratwicke B. and Speight M.R. (2005) The relationship between fish species richness, 

abundance and habitat complexity in a range of shallow tropical marine habitats. 

Journal of Fish Biology 66: 650-667

Haddad N.M., Tilman D., Haarstad J., Ritchie M. and Knops J.M.H. (2001) Contrasting 

effects of plant richness and composition on insect communities: a field 

experiment. American Naturalist 158: 17-35

Hauser A., Attrill M.J. and Cotton P.A. (2006) Effects of habitat complexity on the 



98

diversity and abundance of macrofauna colonising artificial kelp holdfasts. 

Marine Ecology Progress Series 325: 93-100

Henle K., Davies K.F., Kleyer M., Margules C. & Settele J. (2004) Predictors of species 

sensitivity to fragmentation. Biodiversity and Concervation 13: 207-251

Herzon I. and O’Hara R.B. (2007) Effects of landscape complexity on farmland birds in 

the Baltic States. Agriculture, Ecosystems and Environment 118: 297-306

Hewitt J.E., Thrush S.F., Cummings V.J. and Turner S.J. (1998) The effect of changing 

sampling scales on our ability to detect effects of large-scale processes on 

communities. Journal of Experimental Marine Biology and Ecology 227: 251-

264

Hixon M.A. and Beets J.P. (1989) Shelter characteristics and Caribbean fish 

assemblages – experiments with artificial reefs. Bulletin of Marine Science 44

(2): 666-680

Hixon M.A. and Beets J.P. (1993)Predation, prey refuges, and the structure of coral reef 

fish assemblages. Ecological Monographs 63 (1): 77-101

Hixon M.A. & Menge B.A. (1991) Species diversity: prey refuges modify the 

interactive effects of predation and competition. Theoretical Population Biology 

39: 178-200

Hoegh-Gurdberg O. & Salvat B. (1995) Periodic mass-bleaching and elevated sea 

temperatures – bleaching of outer reef slope communities in Moorea, French-

Polynesia. Marine Ecology – Progress Series 121 (1-3): 181-190

Hoegh-Guldberg O. (1999) Climate change, coral bleaching and the future of the 

world’s coral reefs. Marine and Freshwater Research 50: 839-866

Hoegh-Guldberg O., Anthony K., Berkelmans R., Dove S., Fabricus K., Lough J., 

Marshall P., van Oppen M.J., Negri A. and Willis B. (2007) Chapter 

10:Vulnerability of reef-building corals on the Great Barrier Reef to climate 

change. In Climate Change and the Great Barrier Reef, eds. Johnson JE and 

Marshal PA. Great Barrier Reef Marine Park Authority and Australian 

Greenhouse Office, Australia.

Holbrook S.J., Schmitt R.J. and Ambrose R.F. (1990) Biogenic habitat structure and 

characteristics of temperate reef fish assemblages. Australian Journal of 

Ecology 15 (4): 489-503

Holbrook S.J., Forrester G.E. and Schmitt R.J. (2000) Spatial patterns in abundance of a 

damselfish reflect availability of suitable habitat. Oecologia 122 (1): 109-120



99

Holbrook S.J., Brooks A.J. and Schmitt R.J. (2002a) Predictability of fish assemblages 

on coral patch reefs. Marine and Freshwater Research 53: 181-188

Holbrook S.J., Brooks A.J. and Schmitt R.J. (2002b) Variation in structure attributes of 

patch-forming corals and in patterns of abundance of associated fishes. Marine 

and Freshwater Research 53: 1045-1053

Holt R.D. (1987) Prey communities in patchy environments. OIKOS 50: 276-290

Hopley D., Smithers S.G. and Parnell K.E. (2007) The geomorphology of the Great 

Barrier Reef: development, diversity and change. Cambridge University Press, 

Cambridge.

Hughes T.P. (1994) Catastrophes, phase shifts, and large-scale degradation of a 

Caribbean coral reef. Science 265: 1547-1551

Hughes T.P., Baird A.H., Bellwood D.R., Card M., Connolly S.R., Folke C., Grosberg 

R., Hoegh-Guldberg O., Jackson J.B.C., Kleypas J., Lough J.M., Marshall P., 

Nystrom M., Palumbi S.R., Pandolfi J.M., Rosen B. and Roughgarden J. (2003) 

Climate Change, Human Impact, and the Resilience of Coral Reefs. Science 

301: 929-933

Johns P.M. and Mann K.H. (1987) An experimental investigation of juvenile lobster 

habitat preference and mortality among habitats of varying structural 

complexity. Journal of Experimental Marine Biology and Ecology 109 (3): 275-

285

Jones G.P. (1984) The influence of habitat and behavioural interactions on the local-

distribution of the wrasse, Pseudolabrus-celidotus. Environmental Biology of 

Fishes 10 (1-2): 43-57

Jones G.P., Caley M.J. & Munady P.L. (2002) Rarity in Coral Reef Fish Communities. 

In: Sale P.F. Coral Reef Fishes. Dynamics and diversity in a complex 

ecosystem. Academic Press. pp.81-102

Jones G.P., McCormick M.I., Srinivasan M. & Eagle J.V. (2004) Coral decline 

threatens fish biodiversity. Proceedings of the National Academy of Sciences of 

the United States of America 101(21): 8251-8253

Jones G.P., Santana L., McCook L.J. and McCormick M.I. (2006) Resource use and 

impact of three herbivorous damselfishes on coral reef communities. Marine 

Ecology-Progress Series 328: 215-224

Jones G.P. & Syms C. (1998) Disturbance, habitat structure and the ecology of fishes 

on coral reefs. Australian Journal of Ecology 23: 287-297



100

Klopfer P.H. (1969) Habitats and territories: a study of the use of space by animals. 

Basic Books, Inc. 117pp.

Knops J.M.H., Tilman D., Haddad N.M., Naeem S., Mitchell C.E., Haarstad J., Ritchie 

M.E., Howe K.M., Reich P.B., Siemann E. and Groth J. (1999) Effects of plant 

species richness on  invasion dynamics, disease outbreaks, insect abundance and 

diversity. Ecological Letters 2: 286-293

Kokita T. & Nakazono A. (2001) Rapid response of an obligatory corallivorous filefish 

Oxymonacanthus longirostris (Monacanthidae) to a mass coral bleaching event. 

Coral Reefs 20: 155-158

Krebs C.J. (1999) Ecological methodology. 2nd edition. Addison Wesley Longman, Inc. 

Sydney. pp. 440-445

Kuwamura T., Yogo Y. and Nakashima Y. (1994) Population dynamics of goby 

Paragobiodon echinocephalus and hard coral Stylopora pistillata. Marine 

Ecology Progress Series 103: 17-23

Liberman T., Genin A. and Loya Y. (1995) Effects on growth and reproduction of the 

coral Stylophora pistillata by the mutualistic damselfish Dascyllus marginatus. 

Marine Biology 121: 741-746

Lomolino M.V. (2001) The species-area relationship: new challenges for an old pattern. 

Progress in Physical Geography 25 (1): 1-21

Loya Y., Sakai K., Yamazato K., Nakano Y., Sambali H. and van Woesik R. (2001) 

Coral bleaching: the winners and losers. Ecology Letters 4: 122-131

Luckhurst B.E. & Luckhurst K. (1978) Analysis of the influence of substrate variables 

on coral reef fish communities. Marine Biology 49: 317-323

MacArthur R. & Levins R. (1964) Competition, habitat selection, and character 

displacement in a patchy environment. Proceedings of the National Academy of 

Science of the United States of America 51: 1207-1210

MacArthur R. & Levins R. (1967) The limiting similarity, convergence, and 

divergence of coexisting species. The American Naturalist 101(921): 377-385

MacGregor-Fors (2008) Relation between habitat attributes and bird richness in a 

western Mexico suburb. Landscape and Urban Planning 84 (1): 92-98

MacNally R.C. (1995) Ecological Versatility and Community Ecology. Cambridge 

University Press. 435pp.

Marshall P.A. and Baird A.H. (2000) Bleaching of corals on the Great Barrier Reef: 

differential susceptibilities among taxa. Coral Reefs 19: 155-163



101

McAlpine C.A., Rhodes J.R., Callaghan J.G., Bowen M.E., Lunney D., Mitchell D.L., 

Pullar D.V. and Possingham H.P. (2006) The importance of forest area and 

configuration relative to local habitat factors for conserving forest mammals: A 

case study of koalas in Queensland, Australia. Biological Conservation 132 (2) 

153-165

McKinney M.L. (1997) Extinction vulnerability and selectivity: combining ecological 

and paleontological views. Annual Review of Ecology Evolution and Systematics

28: 495-516

Munday P.L., Jones G.P. & Caley M.J. (1997) Habitat specialisation and the 

distribution and abundance of coral-dwelling gobies. Marine Ecology Progress 

Series 152: 227-239

Munday P.L. & Jones G.P. (1998) The ecological implications of small body size 

among coral-reef fishes. Oceanography and Marine Biology: an Annual Review 

36:373-411

Munday P.L. (2000) Interactions between habitat use and patterns of abundance in 

coral-dwelling fishes of the genus Gobiodon. Environmental Biology of Fishes 

58: 355-369

Munday P.L. (2001) Fitness consequences of habitat use and competition among coral-

dwelling fishes. Oecologia 128: 585-593

Munday P.L. (2002) Does habitat availability determine geographical-scale abundances 

of coral-dwelling fishes? Coral Reefs 21: 105-116

Munday P.L. (2004) Habitat loss, resource specialization, and extinction on coral reefs. 

Global Change Biology 10: 1642-1647

Munday P.L., Jones G.P., Sheaves M., Williams A.J. & Goby G. (2007) Chapter 12: 

Vulnerability of the Great Barrier Reef to climate change. In Climate Change 

and the Great Barrier Reef, eds. Johnson J.E. & Marshall P.A. Great Barrier 

Reef Marine Park Authority and Australian Greenhouse Office, Australia.

Munday P.L., Jones G.P., Pratchett M.S. and Williams A.J. (2008) Climate change and 

the future for coral reef fishes. Fish and Fisheries 9: 261-285

Murdoch W.W. and Oaten A. (1975) Predation and population stability. Advances in 

Ecological Research 9: 1-132

Nagelkerken I., Blaber S.J.M., Bouillon S., Green P., Haywood M., Kirton L.G., 



102

Meynecke J-O., Pawlik J., Penrose H.M., Sasekumar A. and Somerfield P.J. 

(2008) The habitat function of mangroves for terrestrial and marine fauna: A 

review. Aquatic Botany 89 (2): 155-185

Nanami A., Nishihira M., Suzuki T. And Yokochi H. (2005) Species-specific habitat 

distribution of coral reef fish assemblages in relation to habitat characteristics in 

an Okinawan coral reef. Environmental Biology of Fishes 72 (1): 55-65

Naylor R.L., Goldburg R.J., Primavera J.H., Kautsky N., Beveridge M.C.M., Clay J., 

Folke C., Lubchenco J., Moony H. and Troell M. (2000) Effect of aquaculture 

on world fish supplies. Nature 405: 1017-1024

Newell G.R. (1999) Responses of Lumholtz’s tree-kangaroo (Dendrolagus lumholtzi) of 

loss of habitat within a tropical rainforest fragment. Biological Conservation 91: 

181-189

Öhman M.C., Munday P.L., Jones G.P. & Caley M.J. (1998) Settlement strategies and 

distribution patterns of coral–reef fishes. Journal of Experimental Marine 

Biology and Ecology 225: 219-238

Orians H.G. & Wittenberger J.F. (1991) Spatial and temporal scales in habitat selection. 

The American Naturalist 137:S29-S49

Pimm S.L., Jones II. L. & Diamond J. (1988) On the risk of extinction. The American 

Naturalist 132 (6): 757-785

Posa M.R.C. and Sodhi N.S. (2006) Effects of anthropogenic land use on forest birds 

and butterflies in Subic Bay, Philippines. Biological Conservation 129 (2): 256-

270

Pratchett M.S. (2005) Dietary overlap among coral-feeding butterflyfishes 

(Chaetodontidae) at Lizard Island, northern Great Barrier Reef. Marine Biology

148: 373-382

Pratchett M.S., Wilson S.K. and Baird A.H. (2006) Declines in the abundance of 

Chaetodon butterflyfishes following extensive coral depletion. Journal of Fish 

Biology 69: 1269-1280

Pratchett M.S., Munday P.L., Wilson S.K., Graham N.A.J., Cinner J.E., Bellwood D.R., 

Jones G.P., Polunin N.V.C. and McClanahan (2008) Effects of climate-induced 

coral bleaching on coral-reef fishes – Ecological and Economical Consequences. 

Oceanography and Marine Biology: An Annual Review 46: 251-296

Pulliam H.R. & Danielson B.J. (1991) Sources, sinks, and habitat selection: a landscape 

perspective on population dynamics. The American Naturalist 137: S50-S66



103

Recher H.F. (1969) Bird species diversity and habitat diversity in Australia and North 

America. The American Naturalist 103 (929): 75-80

Risk M.J. (1972) Fish diversity on a coral reef in the virgin islands. Atoll research 

bulletin 153: 1-6

Roberts C.M. & Ormond R.F. (1987) Habitat complexity and coral reef fish diversity 

and abundance on Red Sea fringing reefs. Marine Ecology Progress Series 41: 

1-8

Robertson D.R., Sweatman H.P.A., Fletcher E.A. and Cleland M.G. (1976) Schooling 

as a mechanisms for circumventing the territory of competitors. Ecology 57: 

1208-1220

Robertson D.R., Polunin N.V.C. and Leighton K. (1979) The behavioural ecology of 

three Indian Ocean surgeonfishes (Acanthurus lineatus, A. leucosternum, and 

Zebrasoma scopas): Their feeding strategies and social and mating systems. 

Environmental Biology of Fishes 4: 125-170

Rosenzweig M.L. (1981) A theory of habitat selection. Ecology 62(2): 327-335

Rosenzweig M.L. (1995) Species diversity in space and time. Cambridge University 

Press. Cambridge.

Sale P.F. (1977) Maintenance of high diversity in coral reef fish communities. American 

Naturalist 111: 337-359

Sale P.F. (1978) Coexistence of coral reef fishes – a lottery for living space. 

Environmental Biology of Fishes 3: 85-102

Sale P.F. and Douglas W.A. (1984) Temporal variability in the community structure of 

fish on coral patch reefs and the relation of community structure to reef 

structure. Ecology 65 (2): 409-422

Sale P.F. (1998) Appropriate spatial scales for studies of reef-fish ecology. Australian 

Journal of Ecology 23: 202-208

Sano M., Shimizu M. & Nose Y. (1984) Changes in structure of coral reef fish 

communities by destruction of hermatypic corals: Observational and 

Experimental views. Pacific Science 38 (1):51-79

Sano M., Shimizu M. & Nose Y. (1987) Long-term effects of destruction of hermatypic 

corals by Acanthaster planci infestation on reef fish communities at Iriomote 

Island, Japan. Marine Ecology Progress Series 37: 191-199

Schmitt R.J. and Holbrook S.J. (2002) Correlates of spatial variation in settlement of 

two tropical damselfishes. Marine and Freshwater Research 53 (2): 329-337



104

Sheppard C.R.C., Spalding M., Bradshaw C. And Wilson S. (2002) Erosion vs.

Recovery of Coral Reefs after 1998 El Niῆo: Chagos Reefs, Indian Oceans. 

Ambio 31 (1): 40-48

Shpigel M. and Fishelson L. (1986) Behavior and physiology of coexistence in two 

species of Dascyllus (Pomacentridae, Teleostei). Environmental Biology of 

Fishes 17 (4): 253-265

Shulman M.J. (1984) Resource limitation and recruitment patterns in a coral reef fish 

assemblage. Journal of Experimental Marine Biology and Ecology 74: 85-109

Simon-Blecher N. and Achituv Y. (1997) Relationship between the coral pit crab 

Cryptochirus coralliodytes Hellerand its host coral. Journal of Experimental 

Marine Biology and Ecology. 215 (1): 93-102

Spalding M.D. & Jarvis G.E. (2002) The impact of the 1998 coral mortality on reef fish 

communities in the Seychelles. Marine Pollution Bulletin 44 (4): 309-321

Sweatman H.P.A. (1983) Influence of conspecifics on choice of settlement sites by 

larvae of 2 Pomacentrid fishes (Dascyllus aruanus and Dascyllus reticulates) on 

coral reefs. Marine Biology 75 (2-3): 225-229

Sweatman H.P.A. (1985) The influence of adults of some coral-reef fishes on larval 

recruitment. Ecological Monographs 55 (4): 469-485

Swihart R.K., Gehring T.M., Kolozsvary M.B. & Nupp T.E. (2003) Responses of 

‘resistant’ vertebrates to habitat loss and fragmentation: the importance of niche 

breadth and range boundaries. Diversity and Distributions 9: 1-18

Syms C. (1995) Multi-scale analysis of habitat association in a guild of blennioid fishes. 

Marine Ecology Progress Series 125: 31-43

Syms C. and Jones G.P. (1999) Scale of disturbance and the structure of the temperate 

fish guild. Ecology 80: 921-940

Syms C. and Jones G.P. (2000) Disturbance, habitat structure and the dynamics of a 

coral-reef fish community. Ecology 81(10): 2714-2729

Thompson V.J., Munday P.L. and Jones G.P. (2007) Habitat patch size and mating 

system as determinants of social group size in coral-dwelling fishes. Coral Reefs 

26: 165-174

Tyler J.C. (1971) Habitat preferences of the fishes that dwell in shrub corals on the 

Great Barrier Reef. Proceeding of the Academy of Natural Science of 

Philadelphia 123 (1): 1-26



105

Veron J.E.N. (2000) Corals of the world. Australian Institute of Marine Science. 

Townsville, QLD. Volumes 1-3.

Williams B.McB. (1986) Temporal variation in the structure of reef slope fish 

communities (central Great Barrier Reef): short-term effects of Acanthaster 

planci infestation. Marine Ecology –Progress Series 28: 157-164

Wilson S.K., Graham N.A.J., Pratchett M.S., Jones G.P. & Polunin N.V.C. (2006) 

Multiple disturbances and global degradation of coral reefs: are reef fishes at 

risk or resilient? Global Change Biology 12: 2220-2234

Wilson S.K., Graham N.A.J. and Polunin N.V.C. (2007) Appraisal of visual 

assessments of habitat complexity and benthic composition on coral reefs. 

Marine Biology 151 (3): 1069-1076

Wilson S.K., Burgess S.C., Cheal A.J., Emslie M., Fisher R., Miller I., Polunin N.V.C. 

& Sweatman H.P.A. (2008) Habitat utilization by coral reef fish: implications 

for specialists vs. generalists in a changing environment. Journal of Animal 

Ecology 77: 220-228

Zuschin M., Hohenegger J. and Steininger F.F. (2000) A comparison of living and dead 

molluscs on coral reef associated hard substrata in the northern Red Sea –

implications for the fossil record. Palaeogeography, Palaeoclimatology, 

Palaeoecology 159 (1-2): 167-190


	Cover page
	Title page, Statements and Acknowledgements
	Statement of Access
	Declaration on Ethics
	Statement of Sources
	Acknowledgements

	Abstract
	Table of Contents
	List of Tables
	List of Figures
	CHAPTER 1. Introduction
	CHAPTER 2. Relative importance of coral cover, complexity and diversity indetermining the structure of reef fish communities.
	2.1 Introduction
	2.2 Materials and Methods
	2.3 Results
	2.4 Discussion

	CHAPTER 3. Do coral species affect the structure of reef fish communities? A multiscale analysis.
	3.1 Introduction
	3.2 Materials and Methods
	3.3 Results
	3.4 Discussion

	CHAPTER 4. Comparative analysis of habitat use and ontogenetic habitat-shifts among coral reef damselfishes.
	4.1 Introduction
	4.2 Materials and Methods
	4.3 Results
	4.4 Discussion

	CHAPTER 5. Conclusions
	5.1 Importance of coral diversity and cover
	5.2 Consequences of global change
	5.3 Future directions

	REFERENCES


Habitat characteristics as determinants of the local diversity and structure of coral reef fish communities







Thesis submitted by

Valeriya KOMYAKOVA 

(GDipResMeth) QLD

in January 2009













for the degree of Master of Science 

in the School of Marine & Tropical Biology

James Cook University

STATEMENT OF ACCESS





I, the undersigned, author of this work, understand that James Cook University of North Queensland will make this thesis available for use within the University Library and, via the Australian Digital Theses network, for use elsewhere.



I understand that, as an unpublished work, a thesis has significant protection under the Copyright Act and I do not wish to place any further restriction on access to this work.



_________________________     ______________

V. Komyakova                                 Date





Declaration on Ethics



The research presented and reported in this thesis was conducted within the guidelines for research ethics outlined in the National Statement on Ethics Conduct in Research Involving Human (1999), the Joint NHMRC/AVCC Statement and Guidelines on Research Practice (1997), the James Cook University Policy on Experimentation Ethics. Standard Practices and Guidelines (2001), and the James Cook University

Statement and Guidelines on Research Practice (2001). The proposed research methodology received clearance from the James Cook University Experimentation Ethics Review Committee (approval number A1124).	



_________________________     ______________

V. Komyakova                                 Date







STATEMENT OF SOURCES

DECLARATION





I declare that this thesis is my own work and has not been submitted in any form for another degree or diploma at any university or other institution of tertiary education. Information derived from the published or unpublished work of others has been acknowledged in the text and a list of references is given.



This research was supported by an ARC Centre of Excellence grant to G.P. Jones.



_________________________     ______________

V. Komyakova                                 Date

































ACKNOWLEDGEMENTS



First and foremost, I would like to thank my supervisors Prof. Geoffrey P. Jones and Dr. Philip Munday for their continuous support and encouragement, valuable advice and extensive feedback while reviewing my thesis chapters. Without their help completion of this work would have been impossible. I also would like to thank my supervisors’ wives for being patient and understanding during the busy times, when my supervisors have given me assistance with write up of this thesis. My thanks extend to all the staff of the School of Tropical and Marine Biology, who have given me a hand in different aspects of my work, I would especially like to acknowledge and express my appreciation to Dr. Marcus Sheaves, for his valuable advice and assistance with statistical analysis, Laura Castell for her assistance with English and to Assoc. Prof. David Blair for his jokes, encouragement and friendship. Additionally, I would like to thank my volunteers, Owen O’shea and Andrea Downing for their help during my field trips. I would like to express my deepest gratitude to Charlotte Johansson and Kat Markey for going above and beyond what one would expect from a volunteer, I would like to thank them separately for their great cooking skills, assistances with data management and their friendship.

Much appreciation goes to my dear parents for making my dreams possible, for believing in me, supporting me through the hardest times, tolerating my moodiness during stressful periods and loving me no matter what. I dedicate this thesis to my parents and to my grandmother Rosa. Even though, this work is completed after my grandmother passed away, I still would like to extend my thanks to her for always believing in me and teaching me that the impossible is possible when one truly believes in one’s goal. Your love shall never be forgotten.  This work is also written in remembrance of uncle Gera and my best friend Valeriya Leonova, who have taught me to fight for your goals and strive high despite the situation, memory of their strength and love has kept me going during hard, lonely times away from family and loved ones. My deepest appreciation goes to my brother and his family, for their love and support and thousands of bad jokes, which kept me sane and down to earth. Without my family, I would never be able to have come as far as I did. I would like to extend my thanks to my four most precious friends Natasha and Yana, as well Denis and Sasha for being harsh on me when it was needed, for their laughter and friendship, which kept me warm and kept me going so far from home. I also would like to thank Anastasiya Mihailovna Ageeva and Marina Ivanovna Sklyarova, two people who has introduced me to Marine Biology and given me love for the ocean. I thank all my friends in Australia for their love and support, especially Tess Williamson, Jasmine Jaffrés and John Dawson, as well as Jess and Andrew Hoey, who have given me loads of feedback on my work, fed me many dinners, been a great company and an ear to whinge to during many lunches, and supplied me with a constant teasing throughout this degree. Last, but not least, I want to thank my dear partner Chris Trengove, who has put up with early, noisy starts, late finishes, bad moods and very bad moods, who has supported me along the way, encouraged me, gave me lots of patience, cooked me hundreds of dinners and lunches and made the hard times easier by being a shoulder to lean on and by believing in me.



































ABSTRACT



Habitat structure has a major influence on the composition of all animal communities. In complex coral reef environments, a range of habitat features appear to influence the structure of reef fish assemblages, with the effects of live coral cover and topographic complexity receiving most attention. The role of coral diversity in determining the structure of local fish communities and the consequences of species-specific fish-coral interactions in these ecosystems have not been fully explored. The aim of this thesis was to investigate the relationships between coral reef fish assemblages and habitat structure by sampling species-specific fish and coral associations in the lagoon at Lizard Island on the Great Barrier Reef. Specifically, I examined (a) the relative importance of coral cover, habitat topographic complexity and coral diversity in explaining the structure of the local fish community, (b) the role of different coral species in supporting diverse and abundant fish communities and, the structural characteristics of coral species likely to be responsible for the observed relationships, (c) the effects of sampling scale on the strength of the measured associations between fish and corals, (d) patterns of habitat specialisation and habitat overlap among the 14 co-existing damselfish species, and among ontogenetic stages.

The relationships between a range of habitat features and local fish diversity, abundance and community structure were investigated by sampling over sixty 2m² quadrats at three sites in the Lizard Island lagoon. Fish species richness, total abundance and community structure were examined in relation to location within the lagoon and a wide range of habitat variables, including topographic complexity, habitat diversity, coral diversity, coral species richness, hard coral cover, branching coral cover and the cover of corymbose corals. Fish species richness and total abundance were strongly related to coral species richness and cover, but only weakly related to topographic complexity. Regression tree analysis indicated that coral species richness accounted for over 63% of the variation in fish species richness, while hard coral cover explained more variation in total fish abundance (17.4%), than any other variable. The results suggest that the diversity of scleractinian corals is critical in maintaining local coral reef fish diversity, and loss of coral species will in turn lead to declining fish diversity.

Further surveys were carried out to assess the relative importance of different coral species in structuring fish communities, to identify the characteristics of corals that support higher fish diversity, and to evaluate whether sampling scale has any effect on the perceived strength of fish-habitat relationships. The communities of fishes present on colonies of eight common coral species (Porites cylindrica, Echinopora horrida, Hydnophora rigida, Stylophora pistillata, Seriatopora hystrix, Acropora formosa, A. tenuis and A. millepora) were examined at three spatial scales of sampling (2x2 m, 1x1 m, 0.5x0.5 m) at multiple sites in the Lizard Island lagoon. Coral species was the only variable that explained significant amount of variation in fish species richness among the samples. It also explained a significant amount of variation in total fish abundance. Coral species explained more of the variability in fish species richness (36-54%), than in fish abundance (10-15%). Colonies of E. horrida and H. rigida, which exhibited an intermediate level of branching structure, supported more fish species and individuals than similar sized colonies of all other coral species. Species of coral with either very fine branching structure (A. millepora, A. tenuis, S. hystrix) or very open branching structure (A. formosa), supported the lowest number of species and individuals. The relationships between coral species and fish species richness or abundance became stronger as the spatial scale of sampling increased. These results indicate that the types of coral present on reefs can significantly influence the structure of reef fish communities, and that coral species with an intermediate level of branching structure support the most diverse and abundant fish communities. Furthermore, the spatial scale of sampling can influence the perceived relationship between fish communities and their habitats.

The decline in fish diversity with coral diversity may be explained by habitat specialisation and partitioning among reef fishes and/or common preferences for particular corals that are susceptible to disturbance. These preferences may develop at different life history stages. To test this, I examined species-specific habitat preferences and ontogenetic habitat shifts among 14 co-occurring damselfish species in the Lizard Island lagoon. The percent cover of 17 substratum types was estimated at four sites within the lagoon: Palfrey Island, Lagoon centre, Lizard Head and Bird Island. The habitat use of each damselfish species was then estimated by focal animal sampling across the lagoon. Although live coral cover contributed only 26% of the substratum, 28% of adults and 57% of new settlers were mostly found on live coral substratum, indicating a strong preference for live coral habitat by these species. Some species exhibited a high degree of habitat specialisation and low overlap in habitat use with other species, which could help explain the importance of coral diversity on fish community structure. In general, however, there was a substantial overlap within coral associated and non-coral associated groups, with different species using similar resources. Some species exhibited ontogenetic habitat shifts. In particular, new settlers were commonly associated with finely branched corymbose corals, whereas adults were more commonly linked to more open branching morphologies or non-coral substratum.

The results from this study indicate a closer association between fish and coral diversity than previously demonstrated. It suggests that human impacts on the composition and diversity of coral communities are likely to have profound and negative effects on reef fish biodiversity, more so than would be predicted on the basis of declining coral cover or topographic complexity alone. 
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CHAPTER 1



Introduction



	All organisms are associated with particular habitats within which they derive the resources essential for growth, survival and reproduction. Given a choice, individuals generally exhibit preferences for habitat types that provide the highest fitness advantages (Klopfer 1969, Orians and Wittenberger 1991, Pulliam and Danielson 1991). The resources provided by habitats may limit population abundances, and habitat characteristics may play a key role in determining the structure of communities (Klopfer 1969, Gorman and Karr 1978, Brown 1984, Bell et al. 1991). In particular, it has frequently been observed that species diversity and abundance can be positively associated with habitat complexity and/or habitat diversity (e.g. Recher 1969, Dean and Connell 1987, Bell et al. 1991, Herzon and O’Hara 2007, Chabanet et al. 1997, Pratchett et al. 2008). The complexity of the habitat can influence species composition directly, or indirectly by modifying the outcomes of biological interactions such as competition and predation (MacArthur and Levins 1964, Murdoch and Oaten 1975, Holt 1987, Hixon and Menge 1991, Almany 2004a,b), and habitat diversity promotes animal diversity by providing a variety of specific microhabitat types for different fish species to co-occur. In recent years, the fundamental importance of habitat quality and availability has become increasingly apparent as habitat loss and degradation have lead to dramatic declines in animal diversity and abundance in all ecosystems (e.g. Fahrig 2001, Ford et al. 2001, Jones et al. 2004, Attum et al. 2006). 

Although all organisms are dependent on particular habitats, there is wide variation among species in the level of habitat specialisation (Fox and Morrow 1981, Futuyama and Moreno 1988, MacNally 1995, McKinney 1997). A species’ level of habitat specialisation has a substantial influence on how structural changes to a habitat will affect its distribution and abundance (Rosenzweig 1981, McKinney 1997, Jones et al. 2002, Swihart et al. 2003). Communities composed largely of habitat specialists will tend to display a predictable structure and are likely to exhibit dramatic responses to habitat change. In such communities, loss of particular habitat features readily leads to local extinctions (Pimm et al. 1988, Foufopoulos and Ives 1999, Henle et al. 2004, Munday 2004). In contrast, communities composed of generalists may exhibit more variable community structures and be more resilient to habitat degradation. Thus, assessing the level of habitat specialisation is crucial for understanding how communities are structured and the likely consequences of habitat loss or degradation. However, habitats exhibit many characteristics and it is not always clear which features are most important to the majority of species in a community.

Coral reefs are well-known for the high diversity of fishes that are closely associated with the complex and diverse reef substratum (Tyler 1971, Sale 1977, Choat and Bellwood 1991, Munday and Jones 1998). Reef fishes rely on different coral reef substrata for critical resources, including food, shelter and living space; and different coral reef habitats vary in their ability to provide these resources. The distributions and abundance of many individual species appear to be determined by the availability of specific habitat features. In particular, coral cover (Bell and Galzin 1984, Sano et al. 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Jones et al. 2004, Munday 2004) and habitat topographic complexity (Risk 1972, Luckhurst and Luckhurst 1978, Syms and Jones 2000, Friedlander et al. 2003, Bozec et al. 2005, Gratwicke and Speight 2005) appear to be especially important in explaining local reef fish diversity and community structure. As a consequence, the widespread degradation of reef habitats is leading to major changes in reef fish communities and has also been responsible for declining reef fish diversity (Edinger et al. 1998, Bellwood et al.2004, 2006, Jones et al. 2004, Munday 2004, Pratchett et al. 2008). Reef degradation potentially involves a number of structural changes to the reef habitat, including declines in coral cover, topographic complexity, coral diversity or the loss of particular habitat features (Edinger et al. 1998, Hughes 1994, Jones and Syms 1998, Caley et al. 2001, Jones et al. 2004). While the roles of both coral cover and topographic complexity have received considerable attention, the importance of declining coral diversity and the relative importance of the different structural changes to reef habitat are poorly understood. 

While it has been demonstrated that reef fish diversity and abundance may have strong positive relationships with coral cover and habitat topographic complexity, not all studies have found some of these relationships to be significant (e.g. Risk 1972, Sale and Douglas 1984, Roberts and Ormond 1987). Discrepancies in the results of different studies may be explained by a range of factors. Firstly, the different studies may have focussed on different regional faunas or reef fish families that differ greatly in the level of habitat specialisation. For example, coral cover is expected to be particularly important in explaining the abundance of obligate coral-dwelling species (Munday et al. 1997, Munday 2002), corallivorous fishes (Bell and Galzin 1984, Sano et al. 1984, 1987, Kokita and Nakazono 2001, Spalding and Jarvis 2002) or species reliant on coral habitat for recruitment (Öhman et al. 1998, Syms and Jones 2000, Jones et al. 2004). Declines in the abundances of these coral-dependent species have often been associated with loss of coral cover (Williams 1986, Munday et al. 1997, Jones et al. 2004, Munday 2004, Pratchett et al. 2008), but this might not be the case for larger, more mobile and less habitat dependent species.

A second critical factor that may explain the apparent variation in the strength of fish-habitat interactions is that the correlative approach is often limited to a single habitat variable, such as coral cover (e.g. Bell and Galzin 1984, Williams 1986, Jones et al. 2004). However, declining coral cover may or may not be associated with changes in other factors such as loss of coral species and topographic complexity, which makes distinguishing the most important habitat characteristic very difficult.  Individual studies must examine a wide range of factors and measure the level of co-variation among them, in order to isolate the most important habitat factors that structure coral reef fish communities. While examining the strength of bivariate relationships can provide part of the answer, more sophisticated multivariate approaches (e.g. regression tree analysis (De’ath and Fabricius 2000)) provide means to measure and partition the variance explained by different sources.

Differences in the degree to which different components of habitat structure are identified and measured represent a third factor that can mask the importance of fish-habitat interactions. For example, if a community predominantly consists of habitat specialists, measuring total hard coral cover may be coarse setting to detect species specific responses to declines in particular microhabitat type (Holbrook et al. 2002a, Gardiner and Jones 2005). Similarly, the way structural complexity was measured could influence the results. For instance, many studies have used the common chain method as an index of structural complexity (Risk 1972, Luckhurts and Luckhurst 1978, Ault and Johnson 1998, Friedlander and Parrish 1998, Friedlander et al. 2003), whereas others have used the percent cover of branching corals (Chabanet et al. 1997). The number of holes of a certain size provided by the habitat structure has been used as a measure of shelter availability (Ault and Johnson 1998, Gratwicke and Speight 2005). Likewise, the range of different conclusions may stem from the use of different habitat diversity measures. Several studies interpret habitat diversity as total diversity of all habitat types present (e.g. Risk 1972, Sale and Douglas 1984, Roberts and Ormond 1987), while others focus solely on coral diversity (e.g. Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997). Some assess diversity using species richness measures (e.g. Chabanet et al. 1997), while others use diversity indices of various kinds (Risk 1972, Sale and Douglas 1984, Roberts and Ormond 1987, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997). In general, the effects of coral diversity on fish communities may be underappreciated because of differences in the classification methods that have been used and difficulties associated with coral identification (Chabanet et al. 1997). 

Another factor which may account for different conclusions about the strength of fish-habitat associations is the scale of sampling used in different studies.  Fish-habitat associations may be most apparent at the scale of meters within reefs (Syms 1995). At smaller spatial scales, fish-habitat associations may appear to break down due to a patchy distribution of individuals (Ault and Johnson 1998, Hewitt et al. 1998). At a larger scale, habitat can become homogenised and the effects of other key environmental characteristics, such as depth, currents or reef position may become more important in structuring fish communities (Syms 1995, Hewitt et al. 1998, Sale 1998, Holbrook et al. 2002a). Furthermore, the strength of fish-habitat associations at different scales could be largely dependent on the particular fish species examined. Fish species from different families might operate at different scales, even if they belong to the same trophic group. For example, herbivorous parrotfish and surgeonfish are more mobile and have larger home ranges than territorial herbivorous damselfishes (Robertson et al. 1976, 1979, Sano et al. 1984, 1987, Sale 1998). Therefore, the spatial scale of sampling could have a significant effect on the perceived relationships between coral community structure and diversity and the abundance and community composition of these different fish species (Syms 1995, Syms and Jones 1999).

Understanding the response of coral reef fish communities to habitat change clearly requires greater attention to the degree of habitat specialisation for the majority of the constituent species. To date, only a handful of studies have shown that the presence of different coral species influences the structure of fish communities and identified the characteristics of the corals likely to be responsible for these differences (Shpigel and Fishelson 1986, Munday 2001, Holbrook et al. 2002a, b). The physical characteristics of different coral species that attract and support high fish diversity and abundance of coral-dwelling fishes have not been well studied, but may relate to the branching structure of the coral colonies (Munday 2001, Holbrook et al. 2002a, b). Coral species that provide adequate space among their branches for movement and feeding of resident fish, and at the same time offer a sufficiently dense structure for protection from larger predators might be expected to be favoured by a wide range of small reef fishes. Coral reef fish often use holes of approximately their own body diameter as shelter (Hixon and Beets 1993, Holbrook et al. 2002a), which may explain why more structurally complex coral species support more diverse fish communities. 

Additional to the complexity of a coral species, the size of the coral colony may also play an important role in structuring fish community. In general, larger coral heads are expected to support larger fish communities (Rosenzweig 1995, Lomolino 2001, Holbrook et al. 2002a). However, even though this relationship may be true for coral colonies of the same species or similar morphologies, coral colonies of different species and various morphologies may support different fish communities, with more complex corals exhibiting more diverse and abundant fish communities even at smaller sizes (Lomolino 2001, Holbrook et al. 2002b).  Coral species differ greatly in growth forms and branching structure and, therefore, may be expected to provide a range of different microhabitats for fishes. Some reef fishes preferentially associate with particular coral species and coral morphologies (Hixon and Menge 1991, Munday et al. 1997, Jones and Syms 1998, Holbrook et al.2002a, b, Munday 2004). These relationships suggest that individual coral species differ in their characteristics as favourable habitat or food sources for reef fishes, and consequently, that the species composition of coral assemblages will influence the composition of the associated reef fish communities. 

Some coral reef fish species have stronger association with hard coral cover (obligate corallivorous and coral-dwellers) and show stronger negative response to habitat loss (Munday et al. 1997, Kokita and Nakazono 2001, Spalding and Jarvis 2002), than do other species. In general, coral-dependent species are expected to exhibit the strongest responses to coral loss (Munday 2004). Current estimates suggest that less than 10% of fish-species are coral dependent (Munday et al. 2007). Nevertheless, some studies have found that larger number of fish species decline in abundance with a decline in hard coral cover than would be predicted by adult habitat association alone (e.g. Jones et al. 2004, Wilson et al. 2006). This suggests that a larger percentage of reef fish have some level of coral dependence than previously thought. For example, new settlers of fish species that are not coral dependent as adults often prefer to settle on live coral, seeking shelter in this ‘vulnerable to predation’ life stage (Jones et al. 2004, Wilson et al. 2008). For instance, Jones et al. (2004) reported that 65% of fish species preferentially settled on live corals, even though only 10% of adults were coral dependent. Differences in the resources used by different fish species and differences in habitat use among life stages increase the dependence of the community on the diversity of habitat types available. 

Assessing the relationships between fish community structure and different habitat components is important because coral reefs are under increasing threat from global climate change and a range of other anthropogenic stresses (Hughes 1994, Hoegh-Guldberg 1999, Cheevaporn and Menasveta 2003, Hughes et al. 2003, Graham et al. 2006, Munday et al. 2008). These stresses may lead to an overall loss of coral cover (Hughes 1994, Hughes et al. 2003, Bellwood et al. 2006, Graham et al. 2006, Wilson et al. 2006, Munday et al. 2008), declining reef complexity (Marshall and Baird 2000, Graham et al. 2006, Munday et al. 2008) and/or loss of coral species most sensitive to disturbance (Hoegh-Guldberg and Salvat 1995, Marshall and Baird 2000). Teasing apart species-level interactions between fish and corals represents a crucial step in understanding the nature and threat of global change to coral reef biodiversity.

The overall aim of this thesis was to investigate the relationships between coral reef fish assemblages and habitat structure by sampling species-specific fish and coral associations. In Chapter 2, I examined the relative importance of coral cover, habitat topographic complexity and coral diversity in explaining the structure of fish communities in the lagoon at Lizard Island on the Great Barrier Reef. This chapter revealed the central importance of coral diversity to the structure of local fish communities; consequently in Chapter 3 I investigated the role of different coral species in supporting diverse and abundant fish communities. In this chapter I also examined the structural characteristics of coral species likely to be responsible for observed relationships between coral species, fish diversity and abundance. I then investigated the effects of sampling scale on the strength of the measured associations between fish and corals (Chapter 3). In the final data chapter (Chapter 4) I explored patterns of habitat specialisation and habitat overlap among 14 co-existing damselfish species, and among ontogenetic stages, to determine if species-specific patterns of habitat use can explain the strong influence of coral diversity and abundance observed in the previous chapters. This is followed by a discussion of the implications of this research (Chapter 5), stressing the importance of impacts that threaten a narrow range of coral species.

To the best of my knowledge, this is the first study to measure and partition the variance in fish abundance and diversity explained by a large range of habitat structural characteristics using the Regression Tree approach, and to investigate fish-coral species specific relationships and potential coral physical characteristics responsible for these relationships for a large array of different coral species. My research makes an important contribution to the knowledge of the habitat preferences of damselfish species for two different ontogenetic stages, and helps to understand what changes fish communities may undergo under an increasing threat from climate change and other anthropogenic disturbances, which may cause extensive modifications of coral reef habitats.







































CHAPTER 2

Relative importance of coral cover, complexity and diversity in determining the structure of reef fish communities.

2.1 Introduction



Coral reefs are well-known for the high diversity of fishes that are closely associated with the reef substratum (Tyler 1971, Sale 1977, Choat and Bellwood 1991, Munday and Jones 1998). Reef fishes exhibit diverse patterns in their association with coral reef habitat, relying on different substrata for critical resources such as food, shelter and living space. Many studies have indicated that both coral cover (Bell and Galzin 1984, Sano et al. 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Jones et al. 2004, Munday 2004) and habitat topographic complexity (Risk 1972, Luckhurst and Luckhurst 1978, Syms and Jones 2000, Friedlander et al. 2003, Bozec et al. 2005, Gratwicke and Speight 2005) are particularly important in explaining local reef fish diversity and abundance. The widespread degradation of reef habitats is leading to major changes in reef fish communities and has also been responsible for declining reef fish biodiversity (Edinger et al. 1998, Bellwood et al.2004, 2006, Jones et al. 2004, Munday 2004, Pratchett et al.2008). Reef degradation potentially involves a number of structural changes to the reef habitat, including declines in coral cover, topographic complexity, coral diversity or the loss of particular habitat features (Edinger et al. 1998, Hughes 1994, Jones and Syms 1998, Caley et al. 2001, Jones et al. 2004). While the roles of both coral cover and topographic complexity have received considerable attention, the importance of declining coral diversity and the relative importance of the different structural changes to reef habitat are poorly understood. 

The species richness and abundance of reef fish communities has often been related to structural or topographic complexity – a measure of variation in the vertical relief of the habitat (e.g. Risk 1972, Luckhurst and Luckhurst 1978, Sano et al. 1984, Friedlander et al. 2003, Bozec et al. 2005, Dominici-Arosemena and Wolff 2005, Gratwicke and Speight 2005). High topographic complexity may promote high abundance and diversity because it provides more refuges, decreases the encounter rates between competitors as well as predators and their prey, and consequently reduces the effects of predation and competition (MacArthur and Levins 1967, Sano et al. 1984, 1987, Hixon and Menge 1991, Beukers and Jones 1997, Jones and Syms 1998, Almany 2004a, b). High complexity may also promote the co-occurrence of the species that are specialized on different reef habitat features, such as vertical walls, horizontal reef matrix and caves (Depczynski and Bellwood 2004). Although habitat topographic complexity has been identified as one of the major predictors of coral reef fish diversity, it does not appear to be universally important (e.g. Sale and Douglas 1984, Roberts and Ormond 1987), and the possibility that it co-varies with other important habitat characteristics has rarely been considered. 

A large number of studies have shown a positive relationship between fish diversity or abundance and live coral cover (e.g. Bell and Galzin 1984, Sano et al. 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Munday 2002, Jones et al. 2004). Coral cover is expected to be particularly important in explaining the abundance of obligate coral-dwelling species (Munday et al. 1997, Munday 2002), corallivorous fishes (Bell and Galzin 1984, Sano et al. 1984, 1987, Kokita and Nakazono 2001, Spalding and Jarvis 2002) or species reliant on coral habitat for recruitment (Öhman et al.1998, Syms and Jones 2000, Jones et al. 2004). Declines in the abundance of these coral-dependant species have often been associated with loss of coral cover (Williams 1986, Munday et al. 1997, Jones et al. 2004, Munday 2004, Pratchett et al. 2008). However, declining coral cover may or may not be associated with other factors such as loss of coral species and topographic complexity, which makes assessing the overall significance of coral loss difficult. 

	While the vast majority of studies have identified habitat complexity and live coral cover as a major factors structuring coral reef fish community, other potentially important factors have received little attention. Differences in coral cover or topographic complexity may also be associated with changes in habitat diversity. A number of studies have shown positive relationships between fish community structure and habitat diversity (e.g. Bell and Galzin 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997), coral diversity and coral species richness (e.g. Bell and Galzin 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997), while others have not found these relationships (e.g. Risk 1972, Luckhurst and Luckhurst 1978, Sale and Douglas 1984). The conflicting results may stem from the use of different habitat diversity measures. Several studies interpret habitat diversity as total diversity of all habitat types present (e.g. Risk 1972, Sale and Douglas 1984, Roberts and Ormond 1987), while others focus just on coral diversity (e.g. Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997). Some assess diversity using species richness measures (e.g. Chabanet et al. 1997), while others use diversity indices of different kinds (Risk 1972, Sale and Douglas 1984, Roberts and Ormond 1987, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997). Chabanet et al. (1997) pointed out that the relationship between fish diversity and the diversity or abundance of corals may be distorted in the literature due to difficulties associated with classifying corals to species. 

There are a number of reasons to expect that a reduction in coral diversity will affect reef fish communities. Most reef fish species have specific microhabitat requirements (Holbrook et al. 1990, Munday et al. 1997, Schmitt and Holbrook 2002) and many are highly dependent on a specific coral species (Tyler 1971, Sale 1977, Munday et al. 1997, Gardiner and Jones 2005) or coral morphology (Liberman et al. 1995, Holbrook et al. 2002a, b) for shelter or reproduction sites. However, because coral species differ greatly in their growth form and branching structure (Veron 2000, Holbrook et al. 2002b), coral diversity and reef topographic complexity may be closely linked. This makes it difficult to assess the relative importance of different habitat variables in structuring fish community.

Our understanding of the relative importance of topographic complexity, coral cover and habitat diversity has been hampered by the limited number of studies that have been addressed all these factors together. Also, because these habitat variables are potentially interrelated, statistical techniques that can isolate the contribution of each factor are required. The aim of this study was to investigate the relationships between fish species richness, total abundance and species composition, and a range of habitat characteristics (structural complexity, habitat diversity, coral diversity, and coral species richness, percent hard coral, branching and plate coral cover). Regression tree analysis was applied to quantify the variance in fish community structure explained by the different habitat factors and determine thresholds in these variable at which the greatest changes in reef fish communities occurred. This assessment was to investigate what kinds of changes to reef health will impact coral fishes the most, and what are the thresholds of habitat decline at which the greatest losses of fish biodiversity will occur.









2.2 Materials and Methods

2.2.1 Study location



	The study was conducted within the lagoon of Lizard Island, northern Great Barrier Reef (Lat. 14ᵒ40’S, Long. 145ᵒ28’E) (Fig 2.1), between November 2006 and January 2007.  The lagoon encompasses an extensive area of protected coral reef. The reef flat is largely degraded due to regular sun exposure at low tides. It is dominated by soft coral and dead coral rubble and partially dead massive corals. The reef edge and slope is dominated by hard corals predominantly by Porites cylindrica. The community of small reef fishes was dominated by the families Pomacentridae and Labridae.
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Fig. 2.1 Location of the study sites. (a) Lizard Island, Northern Great Barrier Reef (Lat. 14ᵒ40’S, Long. 145ᵒ28’E) (map was provided by the Lizard Island research station, copyright to GeoEye, 2005). Lizard Island lagoon is illustrated by a dashed square. (b) Four study sites within the lagoon: Site 1- Palfrey Island, Site 2 – Lagoon central, Site 3- Lizard Head and Site 4 – Bird Island reef.





2.2.2 Sampling design



To estimate the effects of a range of habitat characteristics on the diversity and structure of the fish community within the lagoon, twenty-two 2x2 m quadrats were surveyed at each of three sites: Palfrey Island, Lizard Head and Bird Island reef (Fig 2.1). The sites were selected haphazardly within the lagoon, where extensive reefs with a range of habitat types were present. Lizard Head and Bird Island reefs had more extensive reef slopes than Palfrey Island, and potentially are subject to larger current movements due to their proximity to the channel. No other obvious physical differences have been noted among sites. Quadrats were placed haphazardly on the reef flat and crest at depths ranging from approximately 1-4 m. This sampling effort and quadrat size was considered sufficient to represent the range of habitat diversity and habitat structural complexity present at each site. Quadrats were marked out by placing marker buoys at each of the corners. 

	

2.2.3 Fish data



Fish were allowed 5 min to become accustomed to the presence of the quadrat markers before censuses were conducted. Each quadrat was then observed for 10 minutes, during which all fish species present were recorded.  During the first 5 minutes all the larger and more obvious fishes were counted. During the second 5 minutes, the quadrat was searched for smaller and more cryptic fish species. Fish that entered the quadrat during the 10 minute observation period and remained within the quadrat during this time were included in the counts. Fish that swam through the quadrat during the observation period were not counted.  All observations were done on SCUBA.



2.2.4 Substratum data



Topographic complexity of the substratum was assessed for each quadrat using the chain method (Risk 1972, Luckhurst and Luckhurst 1978). Tape measures were first placed across the diagonal corners of the quadrat.  A fine link chain (1 link = 2.5x1.0x0.4 cm) was then placed underneath each tape measure conforming as closely as possible to all contours and crevices. Topographic complexity was estimated as a ratio of actual surface distance relative to linear distance along each diagonal transects. The average of the two estimates for each quadrat was calculated and used in subsequent analysis.

Habitat within the quadrats was categorised into 16 non-live coral substratum types (Table 2.1), 11 growth forms were recognised for live and dead corals and live corals were identified to the lowest possible taxonomic level (Table 2.1). For each substrate type within each quadrat, percentage cover was calculated based on the total distance each substrate type intercepted each of the two diagonal transects (recorded to the nearest centimetre) as a proportion of the total length of the two transects. Additionally, Simpson’s diversity indexes were calculated for habitat and coral diversity using the formula:

1-D=1-∑ (pi) ²,

where pi – proportion of habitat type (i) in the sample. The percent cover of non-live coral substratum types, dead coral growth forms and live coral taxa were used to calculate habitat diversity. Finally, all coral species present within the quadrat were counted to estimate species richness.

2.2.5 Statistical analysis

2.2.5.1 Bivariate relationships

	Exploratory analysis of the strength and form of the relationships between fish and habitat variables was examined using regression analyses. The relationships that fish species richness and total reef fish abundance exhibited in relation to coral species richness, coral cover and topographic complexity were examined. Fish abundance was log10 transformed in order to meet test assumptions. Also, given the potential for co-variation in the habitat characteristics, the interrelationships between coral cover, coral species richness and topographic complexity were also examined. Data from the three sites were pooled for examining these general relationships.















Table 2.1 Substrate types and hard coral growth forms recognised.

		Substrate types

		Hard coral growth forms



		Coarse sand

		Massive



		Fine sand

		Arborescent



		Coarse coral rubble

		Branching



		Fine coral rubble

		Corymbose/Plate



		Macro-algae

		Caespitose/Plate



		Turf algae

		Columnar



		Dead coral (including growth form)

		Digitate



		Dead reef complex 

		Bottle-brush



		Lobophytum spp.

		Folious



		Sarcophyton spp.

		Encrusting



		Sinularia spp.

		Free-living



		Other soft corals

		



		Clams

		



		Sponges

		



		Ascidians

		



		Rock

		







2.2.5.2 Regression tree analysis

A regression tree approach (De’ath and Fabricius 2000) was used to explore and describe the relationship between fish species richness and abundance and a range of physical variables: site, topographic complexity, habitat diversity (Simpson’s index), coral species richness, coral diversity (Simpson’s index), percent hard coral cover, percent branching coral cover and percent corymbose coral cover. Corymbose corals were recognised as corals with “horizontal interlocking branches and short upright branchlets” (Veron 2000). Fish abundance was log10 transformed to reduce the influence of extreme values. Analysis was performed using the TreesPlus statistical computer package. Squared deviations were used as split measures for fish species richness and absolute deviations were used as split measures for fish abundance data. The size of each tree was selected by cross-validation, with a four-leaf tree having the smallest estimated predictive error in both cases. Regression tree analysis was used because it is well suited to data sets that are not fully balanced, have missing values or many zero values, and exhibit non-linear relationships between variables and high order interactions (De’ath and Fabricius 2000), such as are common in environmental and biological data sets. 

A multivariate regression tree approach was used to explore and describe the relationship between the eleven most frequently occurring fish taxa and nine most widely distributed substrate variables, which included: site, depth, habitat topographic complexity, habitat diversity, coral diversity, coral species richness, percent hard coral cover, branching coral cover and corymbose coral cover. This analysis was performed using the TreesPlus statistical computer package.  Abundance data tends to mask fish-habitat associations especially for species that occur in low numbers, therefore fish presence/absence data was used instead of total abundances in this analysis. Absolute deviations were used as split measures. The size of the tree was selected by cross-validation, with a five-leaf tree being the smallest tree within one standard error of the best (i.e. the 1 – SE rule (Breiman et.al. 1984 in De’ath and Fabricius 2000)). 



2.3 Results



A total of 115 fish species and 2637 individuals were counted in the 66 quadrats at 3 sites in the lagoon of Lizard Island. Fish communities were dominated by damselfishes (Pomacentridae), which represented 36% (41 species) of the total number of species encountered, followed by wrasses (Labridae), which accounted for 16% (18 species).



2.3.1 Relationships between fish and habitat variables

2.3.1.1 Fish species richness

	Fish species richness exhibited a strong linear relationship with coral species richness (Fig. 2.2a, r²=0.64, F (1, 64) =114.714, p<0.001). Fish species richness increased from less than 10 species in quadrats with less than 3 coral species to over 20 species in quadrats with high coral species richness (Fig. 2.2a). Fish species richness was positively related to hard coral cover, but the relationship was weaker (Fig. 2.2b, r²=0.15, F (1, 64) =11.471, p<0.01). Fish species richness was also positively related to topographic complexity, but again accounted for considerably less variation than coral species richness (Fig. 2.2c, r²=0.11, F (1, 64) =8.152, p<0.01).



2.3.1.2 Fish total abundance

	Log fish abundance exhibited a significant linear relationship with coral species richness (Fig. 2.3a, r²=0.24, F (1, 64) =19.636, p<0.001) and hard coral cover (Fig. 2.3b, r²=0.28, F (1, 64) =24.828, p<0.001). Coral species richness and hard coral cover explained very similar amounts of the variation in log fish abundance between quadrats (24% and 28% respectively). There was no significant relationship between log fish abundance and habitat topographic complexity (Fig. 2.3c, r²=0.02, F (1, 64) =1.255, p>0.05).



2.3.2 Relationships among habitat variables



There was significant co-variation among the three habitat variables: coral cover, coral species richness and topographic complexity (Fig. 2.4). However, in each case, the correlations were comparatively weak. Hard coral cover was positively correlated with coral species richness (Fig. 2.4a, r=0.31, p<0.05) and habitat topographic complexity (Fig. 2.4b, r=0.26, p<0.05). Habitat topographic complexity was also positively associated with coral species richness (Fig. 2.4c, r=0.37, p<0.01).



2.3.3 Fish diversity and abundance – regression tree analyses

2.3.3.1 Fish species richness 

	Regression tree analysis of the spatial distribution of the fish species richness resulted in a four-leaf tree, explaining 70.5% of the variance in the data, with splits based on coral species richness and percent hard coral cover. Overall, coral species richness explained 63.6% of the variation in fish species richness among quadrats, and percent live coral cover explained an additional 6.9%. No other variables explained significant amounts of variation (Fig. 2.5). 
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Fig. 2.2 Relationships between fish species richness and habitat variables in the lagoon of Lizard Island, GBR. All relationships were statistically significant (p<0.05).
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Fig. 2.3 Relationships between log fish abundance and habitat variables in the lagoon of Lizard Island, GBR. Lines were only fitted to the statistically significant relationships (p<0.05).



The first branch in the regression tree was based on coral species richness, with the first group comprising quadrats with coral species richness lower than 7.5, and the second group including quadrats with coral species richness higher than 7.5. The areas with lower coral species richness were split again based on the percent hard coral cover, resulting in two leaves. One leaf represents areas with low fish species richness (mean=9.2) associated with low coral species richness and hard coral cover lower than 11.3% (12 quadrats in total). The second leaf represents areas with slightly higher fish species richness (mean=13.1) associated with low coral species richness and hard coral cover higher than 11.3% (27 quadrats in total) (Fig. 2.5). 

	The areas with high species richness from the first split were split again based on the same physical variable, resulting in two leaves. One leaf represents areas with high fish species richness (mean=18.4) and coral species richness lower than 11.5 (17 quadrats in total). The second leaf represents areas with very high fish species richness (mean=23) and coral species richness higher than 11.5 (10 quadrats in total) (Fig. 2.5).



2.3.3.2 Fish abundance and habitat characteristics

Regression tree analysis of the spatial distribution of the log fish abundance produced a four-leaf tree, explaining 34.1% of the variance in the data, with splits based on percent hard coral cover, coral species richness and site. Overall, percent hard coral cover explained 17.4%, coral species richness explained 8.1% and site explained additional 8.6% of the variation in log fish abundance among quadrats. No other variables explained significant amounts of variation (Fig. 2.6).

The first branch in the regression tree was based on percent hard coral cover, with the first group comprising quadrats with hard coral cover lower than 23.1%, and the second group including quadrats with hard coral cover higher than 23.1%. The areas with lower hard coral cover were split again based on the coral species richness, resulting in two leaves. One leaf represents areas with low log fish abundance (mean=1.4) associated with low hard coral cover and coral species richness lower than 7.5 (27 quadrats in total). The second leaf represents areas with slightly higher log fish abundance (mean=1.8) associated with low hard coral cover and coral species richness higher than 7.5 (4 quadrats in total) (Fig. 2.6). 
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Fig. 2.4 Relationships between habitat variables in the lagoon of Lizard Island, GBR. All relationships were statistically significant (p<0.05).





Fig. 2.5 Regression tree analysis of the fish species richness at Lizard Island, QLD, Australia. The explanatory variables were: site, topographic complexity, habitat diversity, coral species richness, coral diversity, percent hard coral cover, branching coral cover and corymbose coral cover. For each of the four terminal nodes the distribution of the observed values of fish species richness is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 70.5% of the total variability in the data. The first and second splits based on coral species richness explained 56.4% and 7.2% respectively, the third split based on percent hard coral cover explained additional 6.9%.





The areas with high coral cover from the first split were split again based on site, resulting in two leaves. One leaf represents areas with high log fish abundance (mean=1.6) associated with high hard coral cover and Lizard Head and Bird Island sampling sites (20 quadrats in total). The second leaf represents areas with very high log fish abundance (mean=1.9) associated with high hard coral cover and Palfrey Island sampling site (15 quadrats in total) (Fig. 2.6). 

2.3.3.3 Coral reef fish community – multivariate regression analysis

	Multivariate regression tree analysis of the spatial distribution of the eleven most abundant coral reef fish species resulted in a five-leaf tree, explaining 25.1% of the variance in the data, with splits based on coral species richness, hard coral cover and site (Fig. 2.7). The first split was determined by coral species richness. The first group, characterised by quadrats with high coral species richness (> 5.5), was then split by site, with one group consisting of Lizard Head and Bird Island reefs (22 quadrats total) and another group comprising Palfrey Island reef (15 quadrats total). The group consisting of quadrats with low coral species richness (< 5.5) was split by hard coral cover (H.C.C.). The group consisting of quadrats with low coral species richness and relatively high hard coral cover (> 13.0%) was then split again. This fourth split was driven by hard coral cover as well. Therefore areas with low coral species richness (< 5.5) formed three distinct groups: the first one determined by low hard coral cover (< 13.0%) (12 quadrats total), the second determined by intermediate hard coral cover (13.0% < H.C.C. <27.7%) (11 quadrats total) and the third group determined by high hard coral cover (> 27.7%) (6 quadrats total) (Fig. 2.7). No other variables explained significant amounts of the variation in abundance of the 11 most common fish species.

	The most diverse fish community, with similar frequencies of occurrence of most fish species was found in areas of high coral species richness at Palfrey Island reefs. Relatively diverse fish communities were also present in areas of high coral species richness at the two other sites, as well as areas of relatively low coral species richness (<5.5), but with intermediate to high hard coral cover. Areas with low coral species richness (<5.5) and low hard coral cover (<13.0%) had the least diverse fish community with most fish species being absent or occurring in low frequencies. 

	Of the 11 fish species sampled, only Halichoeres melanurus, Pomacentrus chrysurus and Pomacentrus wardi were associated with areas of low coral species richness and low hard coral cover. H. melanurus and P. wardi also occurred in other areas with similar frequencies, with exception of low coral species richness and high hard coral cover for P. wardi, where its frequency of occurrence was low. P. chrysurus was absent or occurred at low frequencies in all other areas (Fig. 2.7).

	Acanthochromis polyacanthus, Apogon cyanosoma, Chromis viridis and Pomacentrus moluccensis occurred in most areas. However, A. polyacanthus, Ap. cyanosoma and C. viridis seemed to be more commonly associated with areas of high coral cover even when coral species richness was low. They also occurred with much higher frequencies in areas with high coral species richness at Palfrey Island, rather than Lizard Head or Bird Island. Pomacentrus moluccensis had high frequency of occurrence in most areas (Fig. 2.7).











Fig. 2.6 Regression tree analysis of the log fish abundance at Lizard Island, QLD, Australia. The explanatory variables were: site, topographic complexity, habitat diversity, coral species richness, coral diversity, percent hard coral cover, branching coral cover and plate coral cover. For each of the four terminal nodes the distribution of the observed values of log fish abundance is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 34.1% of the total variability in the data. The first split based on percent hard coral cover explained 17.4%, second split based on coral species richness explained 8.1% and the third split based on site explained additional 8.6%.





	Wrasses and Plectroglyphidodon lacrymatus were associated predominantly with areas of high coral species richness. However, wrasses had much lower frequencies of occurrences at Palfrey Island, than at the other two sites. Pl. lacrymatus also occurred with similar frequencies in areas of low coral species richness and intermediate hard coral cover but was absent in areas of high hard coral cover (Fig. 2.7).

	Pomacentrus adelus and P. amboinensis occurred in most areas. P. adelus was associated with areas of high coral species richness or/and high hard coral cover. P. amboinensis was mostly associated with hard coral cover, rather than coral species richness. It occurred in higher frequencies in areas of high to intermediate hard coral cover (Fig. 2.7).

2.4 Discussion



The role of topographic complexity and coral cover has dominated the literature on the importance of habitat structure to reef fish communities and their response to disturbance (see reviews by Jones and Syms 1998, Wilson et al. 2006, 2007, Pratchett et al. 2008). While various measures of habitat diversity have also implicated the importance of the variety of substrata (Bell and Galzin 1984, Roberts and Ormond 1987, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997), the relative effects of these potentially interacting factors have been little studied. Here we have shown using regression tree analysis that for small site attached fish species in Lizard Island lagoon, coral species richness is a good predictor of reef fish diversity, with coral cover of some significance, and topographic complexity much less so. Coral richness was also implicated in explaining total reef fish abundance and changes in species composition. Coral cover had important effects on reef fish diversity, abundance and species composition, especially below levels of 20%, with only three fish species studied having preferences for areas of low coral cover and low coral species richness.

Coral species richness may play a more important role than habitat complexity in structuring this reef fish community due to a high level of coral dependence and habitat specialisation. At least 9-11% of coral reef fish are dependent on live coral (Jones et al. 2004, Munday et al. 2007), although some families appear to have a much 





Fig. 2.7   Multivariate regression tree of the frequencies of occurrence of eleven most abundant coral reef fish species in the lagoon of Lizard Island, GBR, QLD, Australia. The explanatory variables included: site, depth, habitat topographic complexity, habitat diversity, coral diversity, coral species richness, percent hard coral cover, branching coral cover and corymbose coral cover. Absolute deviations were used as split measures. For each of the five terminal nodes the distribution of the frequency of occurrence of each species is shown (presence/absence data used). The number of quadrats is shown in parentheses. The tree explained 25.1% of variability in the dependant variable. The first split based on coral species richness explained 7.2%. Second and third split based on hard coral cover and site respectively, explained 6.8% each. The fourth split based on hard coral cover explained additional 4.3% of the variability in the data.















higher percentage of species dependent on live coral than others (e.g. 53% Pomacentridae Wilson et al. 2008). Furthermore, juveniles of many fish species prefer to settle near live coral (Jones et.al. 2004). Reasonably high levels of specialisation have been reported for at least some coral reef fish families (e.g. Bouchon-Navaro and Bouchon 1989, Munday et al. 1997, Munday 2004, Gardiner and Jones 2005, Wilson et al. 2008). Although some species of fish tend to have similar preference for specific coral species or morphologies that provide considerable fitness advantages (Hixon and Menge 1991, Jones and Syms 1998, Holbrook et al.2002a, b, Munday 2000, 2004), there are also differences among species in the types of corals they inhabit or prefer to feed on (Cox 1994, Munday et al. 1997, Pratchett 2005).   Therefore, a higher diversity of coral species should provide a greater range of habitats for habitat specialist fishes.  Coral species also vary greatly in their physical structure and presumably a larger number of corals would provide a greater diversity of shelter sites for a large number of different fish species to co-exist. Further studies are now needed to determine if some coral species are favoured over others by a broad range of reef fishes and if habitat specialisation among coral species could explain the coral species richness – fish species richness relationship observed here.

Percent hard coral cover was also identified as an important predictor of fish community structure. Similar to reports from some other studies (e.g. Williams 1986, Chabanet et al. 1997, Jones et al. 2004, Bozec et al. 2005, Wilson et al. 2006), fish species richness and abundance increased with hard coral cover. Changes in fish community structure became apparent, exhibiting lower fish species richness, abundance and community evenness, as coral cover fell below 15-20%. Wilson et al. (2006) reported declines in the abundance of 62% of coral-dwelling fish species with declines in coral cover as little as 10%, and less than 20% coral loss has resulted in a decline in species richness. However, the potential relationship between coral species richness and coral cover may make it difficult to identify which one of the habitat characteristics were responsible for the changes in fish community. Assessing the relative amounts of variation explained by these factors requires that both are quantified within the same study.

In the lagoon of Lizard Island, percent hard coral cover had weak but significant positive relationship with coral species richness. Therefore, it is reasonable to assume, that a reduction in hard coral cover would be associated with some reduction in coral species richness. The regression tree approach enabled me to partition the effects of different habitat variable on fish community to some degree.  Fish species richness showed a stronger positive relationship with coral species richness and fish abundance had a stronger relationship with percent hard coral cover. This suggests that the abundances of some common fish species are driven by the availability of particular coral species. However, at this stage it is not possible to identify the precise mechanisms involved.

Even though habitat complexity did not appear to be important in structuring the fish community surveyed here when all variables where considered together, a weak but significant positive relationship was found between fish species richness and habitat complexity when just these two variables were examined. Since habitat complexity, coral species richness and hard coral cover were weakly inter-correlated, it is reasonable to assume the reduction in one trait could potentially cause some reduction in another. It has been suggested that reduction in topographic complexity is not necessarily a direct consequence of massive reduction in live coral cover (Pratchett et al. 2008) and in many areas dead coral skeleton may remain undisturbed, providing foundation for new coral growth (e.g. Bellwood et al. 2004). In other areas, mainly dominated by erect branching corals, after death of live coral tissue, fragile skeleton can be exposed to destructive weathering and wave action (Hoegh-Guldberg et al. 2007) and reduction in habitat complexity can be rapid (Sheppard et al. 2002, Garpe et al. 2006, Glynn 2006, Graham et al. 2006), causing loss of shelter sites. The potential inter-relationships between habitat complexity, hard coral cover and coral species richness makes it difficult to separate the specific effect of each variable on the structure of the coral reef fish community. 

The absence of any significant effect of habitat complexity on fish abundance in this study could be due to dominance of the samples by small, site attached fish species for which habitat complexity measure in this study could have been too coarse. Small fish species (<10 cm) are expected to respond to reduction in habitat complexity at a finer scale estimates of complexity (Graham et al. 2006, Wilson et al. 2007). In addition, the relationship between habitat structural complexity and fish diversity and/or abundance may not be valid for monotypic coral stands because of limited diversity of shelter sites provided by a single coral morphology (Talbot 1965 in Luckhurst and Luckhurst 1978). Due to the structural complexity of certain morphotypes, complexity measures can be high even if only one coral species or morphotype is present (e.g. only branching Acropora). 

Habitat appeared to not only influence fish species richness and abundances, but species composition of the fish community. Coral species richness, hard coral cover and site were identified as important variables in determining fish community structure. The areas with high coral species richness and/or high coral cover appeared to have more diverse and more even fish communities than areas with low coral species richness and low hard coral cover. Only two pomacentrids (P. chrysurus and P. wardi) and one wrasse (H. melanurus) appeared to exhibit a preference for areas with low coral cover and low coral species richness. The majority of fish species occurred most frequently in areas of high coral species richness and/or coral cover, with some having slightly stronger preference for areas with high coral species richness (e.g. A. polyacanthus and P. lacrymatus) and some having stronger positive relationships with high hard coral cover (e.g.  Ap. cyanosoma and C. viridis). Other fish species occurred with similar frequencies across all areas, discriminating only against areas where coral species richness fell below 6 species and hard coral cover was below 13% (e.g. P. moluccensis). 

Small fish species, which remain close to the substratum, might be expected to be influenced the most by the substratum characteristics (Roberts and Ormond 1987, Nanami et al. 2005). Smaller fish species would be expected to be more vulnerable to predation and the availability of larger diversity and quantity of shelter site would allow higher fitness advantages for these species (Hixon and Beets 1989, Beukers and Jones 1997, Holbrook et al. 2000). Damselfish species are expected to have close associations with habitat structure due to their site attached behaviour. Many species are suggested to use corals for refuge sites (Sano et al. 1984, 1987, Sale 1978, Wilson et al. 2008). Indeed, strong positive relationships of most studied damselfish species with both coral species richness and hard coral cover were observed. In contrast, larger and more mobile species are less likely to exhibit close association with coral species richness or coral cover. Correlations between Labridae fish abundance and coral species richness and/or live coral cover, reported by some other studies (Bell and Galzin 1984), have been suggested to be largely driven by labrids’ behavioural traits, such as social interactions with other fishes (Jones 1984), or dependence on the prey distribution, which may have strong associations with the availability of living corals (Bell and Galzin 1984).

The results of this study suggest that coral species richness and hard coral cover are critical to the maintenance of local reef fish diversity. Consequently, we should expect that loss of coral species or reduction in coral cover will have a significant impact on fish communities. The effects of coral cover and diversity have not been distinguished in many studies. Loss of coral species may be an important factor in explaining the close relationship between declining fish diversity and declining coral cover that has been observed in some regions (e.g. Jones et al. 2004). Moreover, coral cover may play an important role in supporting more abundant fish communities, while high coral species richness enhances fish diversity. Longer-term effects of declining topographic complexity may be less important in this system as has been described elsewhere (e.g. Graham et al. 2006), but may be more important for larger, more mobile reef fishes. Further multi-factorial and long-term studies in different reef habitats are necessary to complete the picture of the nature of the relationship between fish and their complex and fragile habitat. Experimental manipulative studies are required to test whether fish diversity is responding to coral species richness and hard coral cover, or to certain environmental factors which may not have been considered in this study, or were overlooked. However, similarity in obvious physical characteristics of study sites and the lack of other variables that strongly co-varied with coral and fish diversity suggest that the presented relationship is potentially casual.





































CHAPTER 3

Do coral species affect the structure of reef fish communities? A multi-scale analysis.

3.1 Introduction



Habitat characteristics play a key role in structuring natural communities (Klopfer 1969, Gorman and Karr 1978, Brown 1984, Bell et al. 1991). In many ecosystems living organisms create biogenic habitat that provides critical resources used by a wide variety of other species (Dean and Connell 1987, Holbrook et al. 1990, Nagelkerken et al. 2008). For example, trees build the habitat structure essential for the survival of many insects, birds and mammals in temperate and tropical forests (Ford et al. 2001, Araujo et al. 2006, McAlpine et al.2006, Posa and Sodhi 2006, MacGregor-Fors 2008). A range of algae have a similar habitat forming role in freshwater and temperate marine ecosystems (Dean and Connell 1987, Johns and Mann 1987, Chemello and Milazzo 2002, Curtis and Vincent 2005, Hauser et al. 2006).  On coral reefs hermatypic corals are the habitat builders; their calcium carbonate skeletons form the physical structure of the reef (Hoegh-Guldberg et al. 2007, Hopley et al. 2007) that is habitat to thousands of other invertebrate species and fish (Simon-Blecher and Achituv 1997, Zuschin et al. 2000, Munday 2004, Gardiner and Jones 2005).  The complex structure of coral growth produces a diversity of habitat types that provide shelter, sites for reproduction and in some instances a source of food for other reef organisms (Roberts and Ormond 1987, Kokita and Nakazono 2001, Pratchett et al. 2008). Despite the obvious importance of live coral in building reef habitat, very little is known about the relative value of different coral species in supporting and structuring communities of reef associated species, such as coral reef fishes.

Coral species differ greatly in growth forms and branching structure and, therefore, might be expected to provide a range of different microhabitats for fishes. Some reef fishes preferentially associate with particular coral species and coral morphologies (Hixon and Menge 1991, Munday et al. 1997, Jones and Syms 1998, Holbrook et al.2002a, b, Munday 2004). Positive correlations have been reported between coral species richness, coral diversity and fish species richness or abundance (e.g. Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997).  These correlations suggest that individual coral species differ in their characteristics as favourable habitat or food sources for reef fishes, and consequently, that the species composition of coral assemblages will influence the composition of the associated reef fish communities. 

Some reef fish species depend on live coral for shelter or food throughout life and groups of these coral-dependent fish species often appear to favour similar coral species (Munday et al. 1997, Gardiner and Jones 2005, Pratchett et al. 2006). To date, only a handful of studies have shown that the presence of different coral species influences the structure of fish communities and identified the characteristics of the corals likely to be responsible for these differences (Shpigel and Fishelson 1986, Munday 2001, Holbrook et al. 2002a, b). The physical characteristics of different coral species that attract and support high fish diversity and abundance of obligate coral-dwelling fishes have not been well studied, but may relate to the branching structure of the coral colonies (Munday 2001, Holbrook et al. 2002a, b). For example, Holbrook et al. (2002b) found that the structurally complex coral species Porites rus supports a more diverse and abundant fish community, than the less complex Porites lobata. Coral species that provide adequate space among the branches for movement and feeding of resident fish and at the same time a sufficiently dense structure to offer protection from larger predators might be expected to be favoured by a wide range of small reef fishes. Coral reef fish often use holes of approximately their own body diameter as shelter (Hixon and Beets 1993, Holbrook et al. 2002a) which may explain why more structurally complex coral species support more diverse fish communities. 

Habitat structural complexity has been widely recognised as an important predictor of reef fish community structure (e.g. Risk 1972, Luckhurst and Luckhurst 1978, Sano et al. 1984, Friedlander et al. 2003, Bozec et al. 2005, Dominici-Arosemena and Wolff 2005, Gratwicke and Speight 2005, Pratchett et al. 2008). In general, reefs with high structural complexity support more individuals and more species than reefs with low structural complexity (Shulman 1984, Syms and Jones 2000, Holbrook et al. 2002b, Graham et al. 2006).  It has been suggested that habitat structural complexity may promote higher abundances and diversity of coral reef fishes due to reduced predation and competition in more complex habitats. Complex habitats provide more refuge sites (Sano et al. 1984, 1987, Hixon and Menge 1991, Beukers and Jones 1997, Almany 2004a, b) and can decrease encounter rates between competitors as well as predators and their prey (MacArthur and Levins 1967, Hixon and Menge 1991, Jones and Syms 1998). These examples suggest that the composition of coral communities should have a significant effect on reef fish communities, with communities composed of structurally complex coral species supporting richer and more abundant fish communities.

Coral species come in different colony sizes and distribution of colony sizes may play an important role in structuring fish community. In general, larger coral heads are expected to support larger fish communities (Rosenzweig 1995, Lomolino 2001, Holbrook et al. 2002a). However, even though this relationship may be true for coral colonies of the same species or similar morphologies, coral colonies of different species and morphologies may support different fish communities, with more complex corals exhibiting more diverse and abundant fish communities even at smaller sizes (Lomolino 2001, Holbrook et al. 2002b).

Corals that form large colonies can potentially be sampled at different spatial scales, which may affect the observed strength of fish-habitat interactions. At very small spatial scales of sampling, fish-habitat associations may appear to break down due to patchy distribution of individuals (Ault and Johnson 1998, Hewitt et al. 1998). At larger spatial scales, fish-habitat associations may also appear to become less important in structuring fish community composition due to the effects of other key environmental characteristics, such as depth or reef position (Syms 1995, Hewitt et al. 1998, Sale 1998, Holbrook et al. 2002a). Moreover, the strength of fish-habitat associations at different scales could be largely dependent on the fish species examined, with different taxa or topographic groups responding to habitat at inherently different spatial scales. For example, a single coral head may represent the entire universe for small gobies or damselfish, while this scale may be irrelevant to larger, highly mobile herbivores and predators (Robertson et al. 1976, 1979, Sano et al. 1984, 1987, Sale 1978, 1998). Therefore, the spatial scale of sampling of different corals could have a significant effect on the perceived relationship between the coral community structure and the diversity, and abundance and community composition of these different fish species (Syms 1995, Syms and Jones 1999).

Assessing the relationships between coral species and fish community structure is important because coral reefs are under increasing threat from global climate change and a range of other anthropogenic stresses (Hughes 1994, Hoegh-Guldberg 1999, Cheevaporn and Menasveta 2003, Hughes et al. 2003, Graham et al. 2006, Munday et al. 2008). Some coral species are more susceptible than others to disturbance such as mass coral bleaching (Marshall and Baird 2000, Loya et al. 2001). A decline in the abundance of these coral species could have significant effects on fish communities if these species support diverse and abundant fish assemblages. At the same time, mass coral bleaching and other disturbances will tend to reduce the average size of coral colonies, which could affect the diversity and abundance of local fish communities if smaller corals support fewer individuals or fewer species of fish (Thompson et al. 2007). Understanding the influence of coral species, coral structural complexity and coral colony size on fish species richness and abundance will assist efforts to predict the likely consequences of coral loss to reef fish communities (Munday et al. 2008, Pratchett et al. 2008).

In this study I compared patterns of fish species richness, abundance and community structure across a range of common coral species to determine if: 1) some coral species support more diverse and abundant fish communities than others, 2) the spatial scale of sampling affects the observed relationships between coral species and fish community structure, 3) different coral species tend to accumulate fish species richness and abundance at different rates as colony size increases, 4) differences in growth form and physical structure among coral species could explain observed differences in fish community composition among coral species.



3.2 Materials and Methods

3.2.1 Comparative analysis of fish community structure among coral species and spatial scales



This study was conducted within the lagoon of Lizard Island, Northern Great Barrier Reef (Lat. 14ᵒ40’S, Long. 145ᵒ28’E) (Fig. 2.1) between November 2006 to January 2007. To determine if some species of coral support more diverse and abundant fish communities than others I compared fish community structure among eight of the most commonly occurring coral species in the Lizard Island lagoon: Porites cylindrica, Echinopora horrida, Hydnophora rigida, Stylophora pistillata, Seriatopora hystrix, Acropora formosa, A. tenuis and A. millepora. These species have a complex branching structure; however, they differ in characteristics such as branch density, overall colony morphology, and maximum colony size, which provided the opportunity to investigate the effects of coral species, morphology and branching structure on fish community structure.

To determine if the spatial scale of sampling influenced the relationship between fish community structure and coral species identity, single-species coral stands of the selected coral species were surveyed at 2x2 m, 1x1 m and 0.5x0.5 m spatial scales. Due to differences in growth form, not all coral species could be included at all sampling scales. All selected coral species were sampled at the 0.5x0.5 m scales. A. formosa, P. cylindrica, E. horrida and H. rigida were also sampled at the 1x1 m scale and only P. cylindrica, E. horrida and H. rigida were sampled at the 2x2 m scale. A minimum of 5 colonies of each species were sampled at each special scale (Table 3.1). Coral colonies to be surveyed were haphazardly selected from numerous locations within the lagoon. In most instances, individual coral colonies that matched one of the sampling sizes were chosen. The size of each coral colony was estimated with a measuring tape. In few instances (predominantly the 2x2 m scale) the area surveyed was a portion of a much larger coral colony. In these instances a 2x2 m quadrat was haphazardly placed over the coral to delineate the sample area. Each coral colony was sampled at only one spatial scale.



Table 3.1 Coral colonies sampled at three different scales.

		Coral species

		Colony size (m)

Number of colonies



		E. horrida

		2x2 (9), 1x1 (12), 0.5x0.5 (12) 





		H. rigida

		2x2  (6), 1x1 (12), 0.5x0.5 (13) 





		P. cylindrica

		2x2  (10), 1x1 (11), 0.5x0.5 (12) 





		A. formosa

		1x1 (7), 0.5x0.5 (5) 





		S. pistillata

		0.5x0.5 (11) 





		S. hystrix

		0.5x0.5 (10) 





		A. millepora

		0.5x0.5 (9) 





		A. tenuis

		0.5x0.5 (6) 









	

To estimate fish species richness and abundance the total number of individuals of each fish species on each coral colony was counted up to 0.5 m above the coral. The spaces between branches were then carefully searched for cryptic fish species. The maximum and minimum axis and the height of the coral colony was estimated with a tape measure and water depth, reef zone and colony approximate location within the lagoon recorded. 

A regression tree approach (De’ath and Fabricius 2000) was used to explore and describe the relationships between coral species, fish species richness and fish abundance at the three different scales. Other physical variables included in the analysis were:  colony location, depth, reef zone and height of the coral colony. Fish abundance was log10 transformed to reduce the influence of extreme values. Analysis was performed using the TreesPlus statistical computer package. Absolute deviations were used to estimate tree branching and the size of trees was selected by cross-validation, choosing the tree with the smallest estimated predictive error. Regression tree analysis was used because it is suited to the exploration of relationships between ecological communities and multiple environmental variables and where the sampling of variables may be unbalanced, possess missing values or where there are non-linear relationships between the ecological community and the environmental variables (De’ath and Fabricius 2000).

To examine patterns of habitat use amongst fourteen of the most frequently occurring fish taxa, a Multivariate Regression Tree approach was used at the three different scales. Some fish species could not be identified to species level or did not occur with high frequencies; therefore, data for these fish species was pooled together to form higher classification groups (Pomacentrus spp., Chaetodon spp., Halichoeres spp. and Labrids). Explanatory variables included were: site, depth, reef zone, coral species and colony height. Abundance data tends to mask fish-habitat associations especially for species that occur in low numbers, therefore fish presence/absence on each coral colony was used instead of total abundance in this analysis. Squared deviations were used to estimate tree branching splits and the sizes of the trees were selected by cross-validation, choosing the tree with the smallest estimated predictive error (i.e. the 1 – SE rule (Breiman et.al. 1984 in De’ath and Fabricius 2000)). 



3.2.2 Fish community structure and coral colony size



	Species richness and total abundance is well-known to increase with habitat patch size for many organisms (Rosenzweig 1995, Lomolino 2001). To determine if different coral species accumulate fish species richness and/or total abundance at different rates with increasing colony size I compared the relationship between these traits for three coral species, for which a wide range of colony sizes was available: P. cylindrica, E. horrida and H. rigida. Colonies’ maximum height, width and length were measured with a measuring tape to the nearest centimetre. Every individual of all fish species present within the colony and up to 0.5 m above it was counted. 

ANCOVA was used to test how fish species richness and fish abundance scaled with coral colony size among the three coral species. Fish abundance and colony average diameter was log transformed to meet the assumptions of data distribution. The analysis was performed using Statistica version 8.



3.2.3 Fish community structure and coral structural characteristics



To determine if differences in physical structure might be responsible for differences in fish community structure detected among the eight coral species sampled, I estimated maximum and minimum axis, colony height and inter-branch space for 8-16 colonies from each of the 8 coral species. Corals were evenly sampled from each of the four sites within the Lizard Island lagoon. Ten distances between branch tips were measured to the nearest millimetre using callipers or a ruler for longer branches, for each coral colony. The length of ten branches was only measured for six branching corals: A. formosa, E. horrida, H. rigida, P. cylindrica, S. hystrix and S. pistillata. Kruskal-Wallis test was used to compare physical characteristics among the different coral species.  



3.3 Results

3.3.1 Comparative analysis of fish community structure among coral species

3.3.1.1Fish species richness

	Coral species was the only variable that explained a significant amount of variation in fish species richness at each of the three sampling scales (Figs 3.1-3.3). Regression tree analysis for the three coral species sampled at the 2x2 m scale produced a two-leaf tree explaining 53.6% of the variance (Fig. 3.1). One leaf represented high fish species richness associated with E. horrida and H. rigida and the second leaf represented low fish species richness associated with P. cylindrica colonies. On average, E. horrida and H. rigida (21 species) colonies contained twice as many fish species compared with P. cylindrica (12 species) at the 2x2 m scale.

	Regression tree analysis of the fish species richness for the four coral species sampled at 1x1 m scale produced a two-leaf tree, explaining 36.1% of the variance in the data. One leaf represented high fish species richness associated with E. horrida and H. rigida and the second leaf represented low fish species richness associated with P. cylindrica and A. formosa colonies (Fig.3.2). On average E. horrida and H. rigida (12 species) supported twice as many fish species compared with P. cylindrica and A. formosa (6 species). 

	Regression tree analysis of the fish species richness for the eight coral species sampled at 0.5x0.5 m scale produced a three-leaf tree, explaining 38.4% of the variance in the data, with the first and second splits explaining 33% and 5.4 % respectively. One leaf represented high fish species richness associated with E. horrida and H. rigida, the second leaf represented an intermediate fish species richness associated with A. formosa, P. cylindrica and S. hysrix and the third leaf represented low fish species richness associated with A. millepora, A. tenuis and S. pistillata (Fig.3.3). On average E. horrida and H. rigida (9 species) supported twice as many fish species compared with  A. formosa, P. cylindrica and S. hystrix (5 species), and three times as many compared with A. millepora, A. tenuis and S. pistillata (3 species).  





3.3.1.2 Fish abundance

	Several variables explained significant amount of variation in log fish abundance at each of three sampling scales, however coral species richness explained the greatest amount of variation in each instance (Figs 3.4-3.6). Regression tree analysis of log fish abundance for the three coral species sampled at the 2x2 m scale produced a four-leaf tree explaining 35.7% of the variance (Fig. 3.4), with the first split, based on coral species, explaining 15.1%. The second and the third splits were based on depth and colony height explaining 11.4% and 9.2% of the variation in abundance respectively. One leaf represented high fish abundance associated with E. horrida and H. rigida colonies at shallower depth (<1.9 m), the second and third leaf represented intermediate fish abundance associated with E. horrida and H. rigida colonies in deeper areas (>1.9 m), and P. cylindrica colonies of smaller height (<2.08 m) respectively. The fourth leaf represented the lowest fish abundance associated with P. cylindrica colonies of larger height (>2.08 m). On average, E. horrida and H. rigida (2.015 log fish) colonies supported higher fish abundance than P. cylindrica (1.69 log fish). 

Regression tree analysis of the log fish abundance for the four coral species sampled at the 1x1 m scale produced a five-leaf tree explaining 27.9% of the variance (Fig. 3.5), with the first split, based on coral species, explaining 10.3%. The second split based on colony location explained 5.8% of the variance in abundance, the third and fourth splits based on depth and colony height explained 3.4% and 8.4% of the variance in abundance respectively. One leaf represented high fish abundance associated with E. horrida and H. rigida colonies located at Bird Island, shallow depth (<4.6 m) and on higher coral colonies (>0.57 m). The second leaf represented slightly lower fish abundance associated with E. horrida and H. rigida colonies located at Palfrey Island, Lagoon centre and Lizard Head reefs. The third and fourth splits represented low fish abundance associated with shorter (<0.57 m) E. horrida and H. rigida colonies located at Bird Island at shallow areas and with E. horrida and H. rigida colonies located at Bird Island at deeper areas (>4.6 m).  Finally, the fifth leaf represented very low fish abundance associated with A. formosa and P. cylindrica coral colonies. On average, E. horrida and H. rigida (1.42 log fish) supported higher fish abundance than P. cylindrica and A. formosa (1.16 log fish).





Fig. 3.1 Regression tree analysis of the fish species richness supported by three coral species on 2x2m sampling scale at Lizard Island, QLD, Australia. The explanatory variables were: coral species, colony location, depth, reef zone, and height of the coral colony. For two terminal nodes the distribution of the observed values of fish species richness is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 53.6% of the variability in the data.  









Fig. 3.2 Regression tree analysis of the fish species richness supported by four coral species on 1x1m sampling scale at Lizard Island, QLD, Australia. The explanatory variables were: coral species, colony location, depth, reef zone, and height of the coral colony. For two terminal nodes the distribution of the observed values of fish species richness is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 36.1% of the variability in the data.  

















	

Fig. 3.3 Regression tree analysis of the fish species richness supported by eight coral species on 50x50cm sampling scale at Lizard Island, QLD, Australia. The explanatory variables were: coral species, colony location, depth, reef zone, and height of the coral colony. For each of the three terminal nodes the distribution of the observed values of fish species richness is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 38.4% of the variability in the data. First and second splits were both based on coral colony and explained 33% and 5.4% respectively.



	













Regression tree analysis of the log fish abundance for the eight coral species sampled at the 0.5x0.5 m scale produced a two-leaf tree explaining 14.6% of the variance (Fig. 3.6). Coral species was the only variable to explain a significant amount of variation in fish abundance at this scale. One leaf represented high fish abundance associated with E. horrida, H. rigida and P. cylindrica coral colonies, the other leaf represented low fish abundance associated with A. millepora, A. formosa, A. tenuis, S. hystrix and S. pistillata. On average E. horrida, H. rigida and P. cylindrica (1.24 log fish) supported almost twice the fish abundance found on A. millepora, A. formosa, A. tenuis, S. hystrix and S. pistillata (0.841 log fish).



3.3.1.3 Fish community structure

 	Multivariate regression tree analysis of the distribution of the fourteen most frequently occurring coral reef fish taxa supported by three coral species at the 2x2 m scale resulted in a two-leaf tree, explaining 21.5% of the variance in the data, with the only split based on coral species (Fig. 3.7). No other variables explained significant amounts of the variation in the frequencies of occurrence of the 14 most common fish taxa. In general E. horrida and H. rigida supported more diverse and even fish communities with most fish species occurring at similar frequencies on these two coral

species. Only Amblyglyphidodon curacao, Apogon cyanosoma, Pomacentrus moluccensis and Pomacentrus. spp. occurred with high frequencies in P. cylindrica colonies. Apogon compressus, Chromis viridis, P. wardii and wrasses occurred at intermediate frequencies, while Gobiodon acicularis and Atrosalarias fuscus were absent or occurred at very low frequencies on P. cylindrica colonies (Fig. 3.7). 

Multivariate regression tree analysis of the distribution of the fourteen most frequently occurring coral reef fish taxa supported by four coral species at 1x1 m scale resulted in a three-leaf tree, explaining 19% of the variance in the data, with both splits based on coral species (Fig. 3.8). No other variables explained significant amounts of the variation in the frequencies of occurrence of the 14 most common fish taxa. The first split explained 11.6% and the second split explained additional 7.4% of the total variability in the data.  First split formed one leaf describing the fish community supported by E. horrida and H. rigida. In general, E. horrida and H. rigida supported more diverse and even fish communities, than P. cylindrica and A. formosa.





Fig. 3.4 Regression tree analysis of the fish abundance at Lizard Island, QLD, Australia, supported by three coral species on 2x2m sampling scale. The explanatory variables were: coral species, colony location, depth, reef zone, and height of the coral colony. For each of the four terminal nodes the distribution of the observed values of fish abundance is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 35.7% of the variability in the data. First split based on coral colony explained 15.1%, second split based on depth explained 11.4% and third split based on height explained additional 9.2%. 





















Fig. 3.5 Regression tree analysis of the fish abundance at Lizard Island, QLD, Australia, supported by four coral species on 1x1m sampling scale. The explanatory variables were: coral species, colony location, depth, reef zone, and height of the coral colony. For each of the five terminal nodes the distribution of the observed values of fish abundance is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 27.9% of the variability in the data. First split based on coral colony explained 10.3%, second split based on site explained 5.8%, third split based on depth explained 3.4% and finally fourth split based on height explained additional 8.4%.  





















Fig. 3.6 Regression tree analysis of the fish abundance at Lizard Island, QLD, Australia, supported by eight coral species on 50x50cm sampling scale. The explanatory variables were: coral species, colony location, depth, reef zone, and height of the coral colony. For each of the two terminal nodes the distribution of the observed values of fish abundance is shown in a histogram. Each node is labelled with the mean rating and the number of observations in a group (in parentheses). The tree explained 14.6% of the total variability in the data. 



















Only Stegastes nigricans, Ap. compressus and Ap. cyanosoma had low frequencies of occurrence at the colonies of these two coral species. Labrids and most Pomacentrids had very high frequencies of occurrence. The second split, formed two leafs of different community structures, one supported by A. formosa and the other one supported by P. cylindrica. Pomacentrids and labrids, especially S. nigricans occurred with high frequencies on A. formosa colonies, while other studied fish species were quite rare (7 colonies in total). P. moluccensis occurred with very high frequency on P. cylindrica colonies (11 colonies in total) (Fig. 3.8).

Multivariate regression tree analysis of the distribution of the fourteen most frequently occurring coral reef fish taxa supported by eight coral species at 0.5x0.5 m scale resulted in a two-leaf tree, explaining 13.4% of the variance in the data, with the only split based on coral species (Fig. 3.9). No other variables explained significant amounts of the variation in the frequencies of occurrence of the 14 most common fish taxa. In general, E. horrida and H. rigida and P. cylindrica supported more diverse fish communities, than the other 5 coral species. Pomacentrids and labrids occurred with highest frequencies on these coral species, P. moluccensis was approximately equally common on all coral species examined (Fig. 3.9). 

3.3.2 Fish community structure and coral colony size



Fish species richness increased as colony size increased (ANCOVA; colony size F (1, 67) =75.3195, p<0.001; Fig. 3.10a). There was no interaction between coral species and coral colony size (Homogeneity of slopes, F(2,65) =0.5147, p>0.05) indicating that all three coral species accumulated fish species richness at approximately the same rate with increasing colony size. As described in previous analyses, E. horrida and H. rigida supported higher fish species richness than P. cylindrica (ANCOVA; coral species, F (2, 67) =6.1785, p<0.05; Fig. 3.10a). 

Similarly, log fish abundance increased with colony size (ANCOVA; colony size, F (1,67) =70.6107, p<0.001, Fig. 3.10b). There was no interaction between coral species and colony size (Homogeneity of slopes, F(2,65) =0.2785, p>0.05) indicating that all three coral species accumulated fish abundance at approximately the same rate with increasing colony size.  E. horrida supported higher log fish abundance then P. cylindrica and H. rigida (ANCOVA; coral species, F (2, 67) = 4.6293, p<0.05; Fig. 3.10b). 







Fig. 3.7 Multivariate regression tree of the frequencies of occurrence of fourteen most common coral reef fish taxa in the lagoon of Lizard Island, supported by coral colonies of 2x2 m in size of three coral species. The explanatory variables included: colony location, depth, reef zone, coral species and colony height. Square deviations were used as split measures. For each of the two terminal nodes the distribution of the frequency of occurrence of each species is shown. The number of quadrates is shown in parentheses. The tree explained 21.5% of variability in the dependant variable. 





















Fig. 3.8 Multivariate regression tree of the frequencies of occurrence of fourteen most common coral reef fish taxa in the lagoon of Lizard Island, supported by coral colonies of 1x1 m in size of four coral species. The explanatory variables included: colony location, depth, reef zone, coral species and colony height. Square deviations were used as split measures. For each of the three terminal nodes the distribution of the frequency of occurrence of each species is shown. The number of quadrates is shown in parentheses. The tree explained 19% of variability in the dependant variable. Both splits were based on coral species and explained 11.6% and 7.4% of variability in the data respectively.























Fig. 3.9 Multivariate regression tree of the frequencies of occurrence of fourteen most common coral reef fish taxa in the lagoon of Lizard Island, supported by eight coral colonies of 0.5x0.5 m in size of four coral species. The explanatory variables included: colony location, depth, reef zone, coral species and colony height. Square deviations were used as split measures. For each of the two terminal nodes the distribution of the frequency of occurrence of each species is shown. The number of quadrates is shown in parentheses. The tree explained 13.4% of variability in the dependant variable.



















3.3.3 Fish community structure and coral structural characteristics



	The eight coral species studied differed significantly in their average inter-branch space (Kruskal-Wallis, Chi-Square=374.44, p<0.001). Five branching corals differed significantly in their branch length (Kruskal-Wallis, Chi-Square=176.042, p<0.001). 

There was a dome-shaped relationship between fish species richness and average inter-branch space of each coral species (Fig. 3.11a). A. tenuis, S. hystrix and A. millepora, which had the smallest inter-branch space, exhibited low fish species richness (Fig. 3.11a).  A. formosa with the largest distance between branches also exhibited low fish species richness. Coral species with intermediate inter-branch distance and branch density, such as E. horrida, H. rigida and P. cylindrica supported the highest fish species richness (Fig. 3.11a).

Similar patterns were found for the relationships between fish abundance and coral inter-branch space. Corals of intermediate inter-branch space supported the highest fish abundance. In general, coral species with either narrow or wide inter-branch space supported lower fish abundance (Fig. 3.11b). Coral species with shorter branches, such as S. hystrix and S. pistillata, as well as coral species with longer branches, such as A. formosa on average supported lower fish species richness and fish abundance. While corals with intermediate to relatively short branch length, such as E. horrida, H. rigida and P. cylindrica supported on average highest fish species richness and fish abundance (Fig.3.12a, b).

























a)



b)



Fig. 3.10 (a) Relationships between fish species richness supported by three different coral species and an average diameter of a range of coral colonies. (b) Relationships between fish abundance supported by three different coral species and average diameter of a range of coral colonies.











a)



b)



Fig. 3.11 (a) Relationship between mean distance between coral branches and fish species richness obtained from 0.5 x 0.5 m colonies. (b) Relationship between mean distance between coral branches and fish abundance obtained from 0.5 x 0.5 m colonies.







a)



b)



Fig. 3.12 (a) Relationship between mean fish species richness obtained from 0.5 x 0.5 m coral colony and mean branch length of 6 branching corals. (b) Relationship between mean fish abundance obtained from 0.5 x 0.5 m coral colony and mean branch length of 6 branching corals.









3.4 Discussion



This study found significant relationships between coral species and fish community structure at all three spatial scales. Importantly, coral species was the main variable explaining variation in fish species richness and abundance in all cases. This explains why declining coral diversity had such a strong influence on these community parameters (Chapter 2). Coral species was the only variable to explain significant amounts of variation in fish species richness among samples. Colony location, depth, reef zone and height of the colony did not affect fish species richness on the eight coral species. Coral species explained a greater amount of total variation at the 2x2 m scale (54%) compared with 1x1 m scale (36%) and 0.5x0.5 m scale (38%) indicating that the spatial scale of sampling can have a significant effect on the perceived relationship between coral community structure and fish species richness.

Coral species explained more variation in fish abundance that any of the other variables measured, but the relationship was not as strong as that observed for fish species richness. Coral species explained approximately 10-15% of the variation in fish abundance among samples compared to 36-54% for species richness. The similarity in the proportion of variation explained at all three spatial scales of sampling indicated that the spatial scale has much less effect on fish abundance-habitat associations that it does on fish species richness-habitat associations. 

Besides the results highlighting the importance of coral species in structuring the fish community, depth of sampling also played a role in influencing overall fish abundance.  It explained little (3-11%) variance in fish abundance. In general, higher fish abundances were found to be associated with coral colonies in shallower depths. It has been suggested that the relationship between fish abundance and live coral cover may be stronger in shallower zones, as the fish are forced to remain in close proximity to the substratum in such areas (Chabanet et al.1997). Combinations of other variables that had significant effects on fish abundance explained 9-14% of the variation in fish abundance among samples. These variables explained significant amounts of variation in fish abundance only at larger scales (2x2 m and 1x1 m), supporting the results of previous studies, which suggested that fish-habitat associations are stronger at smaller scales, while physical-geographical factors structure the community on larger scales (Syms 1995, Sale 1998).

   There was a significant difference in fish species richness and fish abundances among the coral species sampled. The corals E. horrida and H. rigida maintained more diverse and more abundant fish communities than all other coral species at all three scales. The only exception was that P. cylindrica exhibited similar fish abundance to E. horrida and H. rigida at the 0.5x0.5 m scale where all coral species could be included in the analysis. A. millepora, A. tenuis and S. pistillata supported the least diverse and abundant fish communities. Differences in species richness and abundance among the coral species appeared to be associated with the branching structure of the corals. Coral species with the intermediate inter-branch space, such as E. horrida and H. rigida supported the high diversity and abundance of fishes. Less diverse and abundant fish communities occurred on coral species, with both small inter-branch space and shorter branches (A. tenuis, S.  hystrix, A. millepora, S. pistillata), or coral species with large inter-branch space and long branches (A. formosa). Even though only one coral species with large inter-branch space and large branch length was examined, the results still suggest a bell shape relationship between physical characteristics of coral species and diversity and abundance of the fish communities they support. Therefore it would be expected that tightly branched corals should decrease predation levels and allow higher survival rate for smaller fish species, however, only a few fish species would be able to use these corals as refuge due to the size limitations. On the other hand, the more “open” corals, with large distances between branches and abundant free space available would allow a large number of different fish species to enter the colony; however it also means that larger predators can access prey more easily. Although complexity of branching corals may not necessarily exclude predators it should aid in prey escape (Caley and St. John 1996). Corals with intermediate branching structure would allow small to intermediate coral reef fish species to enter the colony and move between coral branches, while at the same time excluding large predators.  

The two coral species, E. horrida and H. rigida, supported not only the most diverse, but also the most even fish communities at all three scales, although evenness tended to decline with decreasing spatial scale of sampling. P. cylindrica also supported a relatively diverse fish community; however evenness was low, with a few fish species occurring at high frequencies and others at very low frequencies at all three scales. Fish species that did not show any preferences in selecting P. cylindrica were predominantly small fish species (e.g. gobies, blennies), as well as large ones. Small fish species tend to occupy tightly branched corals like A. millepora and A. tenuis. Some of the larger fish species, such as butterflyfishes and S. nigricans did not occur on P. cylindrica at all, probably because they could not manoeuvre among the branches of this relatively tightly branched coral.  The large damselfish, S. nigricans was almost exclusively confined to A. formosa coral colonies, which was the most open branching coral in this study. 

Overall, among the fish species considered to be coral specialists there were clear differences in patterns of habitat specialisation. For example, G. acicularis exclusively inhabited E. horrid and H. rigida. In contrast, P. moluccensis occurred on most coral species. Adults and juveniles of P. moluccensis were not separated in the analysis; however, observations indicated that smaller adults and juveniles were more frequently encountered on tighter branched coral species, such as A. millepora and A. tenuis, which probably accounts for the high abundance of P. moluccensis on these corals. 

Another important aim of this study was to determine if different coral species accumulate fish diversity and abundance at different rates as colony size increases.  The species-area relationship, one of the best known in ecology, predicts that species richness increases as surface area increases (Lomolino 2001). As expected, I found that fish species richness and abundance increased with coral colony size. Other studies have also reported positive correlations between reef or coral head size and corresponding fish species or fish abundance (Fricke 1980, Sale and Douglas 1984, Kuwamura et.al. 1994, Holbrook et.al. 2002a). This relationship is usually explained by the assumption that larger area contains a large number of refuges that can support a greater number of individuals, and thus, are a larger area is also likely to contain a larger number of species too. Fish abundance and richness increased at a similar rate with increasing colony size for the three coral species examined. This suggests that the same mechanisms are regulating abundance and species richness on the three coral species. Such mechanisms could be coral structural characteristics. In the lagoon of Lizard Island, the variations in fish species richness and log abundance were also explained by coral species themselves. E. horrida and H. rigida supported higher fish species richness than P. cylindrica at all sizes, while E. horrida supported higher log fish abundance than the other two corals at all sizes. Therefore, not only colony size, but structural complexity of the coral can potentially influence fish community structure. 

In conclusion, this study found that the structure of the fish communities was largely related to the coral species that supported it, rather than location of the colony within the lagoon. A large number of fish had obvious preferences for two of the coral species surveyed: E. horrida and H. rigida, which formed large colonies and exhibited intermediately complex structures. In addition, for a given coral species fish species richness and abundance increased as colony size increased, however E. horrida and H. rigida supported higher fish species richness than P. cylindrica at all colony sizes. These results suggest that similar processes determine fish distribution up to the largest scale examined here and that branching structure has a significant influence on both the number of individuals and number of fish species likely to be found on coral colonies. Overall, it appears that coral specific complexities influence fish species richness and abundance, with intermediately complex corals supporting the most diverse fish communities. This relationship between fish species richness and coral species appears to diminish at smaller spatial scales, probably due to the patchy distribution of species and random sampling effects at small sampling scales.

The results of this study have implications for understanding the likely effects that mass coral bleaching and other disturbances to coral communities will have on fish communities. The coral species shown here to be particularly important for supporting diverse fish communities also appear to be highly susceptible to coral bleaching (Marshall and Baird 2000). At the same time bleaching will tend to reduce the average size of surviving coral colonies and there was a clear trend for larger colonies to support more abundant and diverse communities. Together these results suggest that a reduction in the cover of coral species, especially those that support diverse and abundant fish communities, could cause significant reductions in the diversity and abundance of local fish communities. More coral species, their physical characteristics, and the structure of fish community supported by a range of coral species will need to be examined in order to better understand the relationship between fish communities’ abundance and diversity and coral physical characteristics and develop effective management plans to preserve the biodiversity on the reefs.















CHAPTER 4

Comparative analysis of habitat use and ontogenetic habitat-shifts among coral reef damselfishes.

4.1 Introduction



	The abundance and diversity of species in local communities is often associated with habitat structural complexity and the availability of preferred habitat types (e.g. vegetation cover, coral cover etc.) (Dean and Connell 1987, Johns and Mann 1987, Attum et al. 2006, Pratchett et al. 2008). Moreover, habitat diversity has been shown to promote animal diversity in a range of different environments by providing a range of microhabitat types required for different species to co-occur (Chabanet et al. 1997, Ford et al. 2001, Herzon and O’Hara 2007, Chapter 1). The response of animal communities to variation in habitat diversity is predicted to depend on whether they are composed of habitat specialists or habitat generalists, and the degree of overlap in habitat use among species (MacNally 1995, McKinney 1997). Communities might be expected to respond strongly to variation in habitat diversity if they contain many habitat specialists that do not overlap in habitat use, but not if they are composed mostly of habitat generalists that all have similar habitat requirements. The degree of habitat specialisation within animal communities will also influence their susceptibility to habitat loss because habitat specialists appear to be more prone to the effects of habitat degradation than do habitat generalists (MacNally 1995, McKinney 1997, Munday 2004). Consequently, determining if communities of animals are composed of mostly habitat specialists or habitat generalists, and the degree of overlap in habitat use between species can provide valuable insight into the susceptibility of these communities to habitat degradation.

	Reef fishes exhibit diverse patterns in their association with coral reef habitat, relying on a range of different substrata for critical resources such as food, shelter and living space. Fish diversity and abundance have often been positively associated with habitat topographic complexity (e.g. Risk 1972, Wilson et al. 2006, Graham et al. 2008), and to a lesser extent with live coral cover (e.g. Bell and Galzin 1984, Bouchon-Navaro and Bouchon 1989, Pratchett et al. 2008). In contrast, only a handful of studies have shown that the presence of different coral species can also influence the structure of fish communities (e.g. Bell and Galzin 1984, Chabanet et al. 1997). The relative paucity of studies demonstrating a positive effect of coral diversity on reef fish diversity may reflect the few studies that have investigated this relationship rather than the weakness of any associations between fish and coral diversity. Indeed, in Chapter 2, I found that the diversity and abundance of reef fishes sampled in the lagoon at Lizard Island was much more closely associated with coral diversity than it was with reef structural complexity. This suggests that the importance of coral diversity to reef fish community structure has been underestimated.

The importance of habitat diversity in structuring fish communities should depend on the level of specialisation and degree of overlap in habitat use exhibited by reef fish species. If most species are habitat generalists then habitat diversity may have little effect on the structure of local communities. If, however, some species are habitat specialists, and there is little overlap in the preferred microhabitats these species use, then habitat diversity should have a strong effect on the structure of local fish communities. Although some reef fish taxa are known to exhibit specific microhabitat requirements (Holbrook et al. 1990, Munday et al. 1997, Schmitt and Holbrook 2002, Gardiner and Jones 2005), the habitat requirements of most species are poorly documented, even for some of the most abundant and widespread families such as the damselfishes (Pomacentridae). Coral reefs provide a vast diversity of habitat types ranging from sandy and coral rubble patches to a variety of coral species different in size and morphology. This diversity of habitat types provides an opportunity for differences in habitat use between species to facilitate the co-existence of a large number of different fish species at relatively small spatial scales.  

Coral cover and species richness is expected to be particularly important in explaining the diversity and abundance of obligate coral-dwelling species (Munday et al. 1997, Munday 2002, Gardiner and Jones 2005) and corallivorous fishes (Bell and Galzin 1984, Kokita and Nakazono 2001, Spalding and Jarvis 2002, Pratchett et al. 2006). Current estimates indicate that less than 10% of reef fish species are coral dependent (Pratchett et al. 2008). However a larger percentage of fish species may decline in abundance with a decline in hard coral cover (e.g. Jones et al. 2004, Wilson et al. 2006) because new settlers of many fish species prefer to settle near live coral (Jones et al. 2004, Wilson et al. 2008), even if adults are not coral dependant. There may also be ontogenetic differences in habitat use among coral-dwelling species, with adults often having stronger associations with branching corals, whereas new settlers exhibit preferences for finely-branched growth forms (Wilson et al. 2008). Ontogenetic habitat shifts of this type are likely to increase the dependence of fish communities on the diversity of habitat types available. Therefore, it is important to consider habitat use at different life stages when assessing the importance of habitat diversity to fish community structure.

In this study I examined species-specific patterns of habitat use and ontogenetic habitat shifts among 14 common damselfish species in the Lizard Island lagoon on the Great Barrier Reef, Australia. Specifically, I aimed to determine: (1) the level of dependence on live coral versus other habitat types among these species, (2) the degree of habitat specialisation exhibited by each species, (3) the amount of overlap in habitat use among these coexisting species, and (4) the frequency of ontogenetic habitat shifts. Damselfishes were selected as the study group because they are one of the most diverse reef fish families, their territorial and site-attached behaviour facilitates the assessment of habitat use, and they are known to exhibit a range of associations with both live coral and non-coral habitats (Ceccarelli et al. 2001, Wilson et al. 2008), allowing me to compare habitat use among a range of species.



4.2 Materials and Methods



4.2.1 Sampling design

4.2.1.1 Substratum data

	Point intercept transect were used to estimate the percent cover of substratum types within each of the four sites in the Lizard Island lagoon: Palfrey Island, Lagoon centre, Lizard Head and Bird Island (Fig. 2.1). Five 50 m transects were laid parallel to the shore at each site, with three transects on the reef flat and two on the reef crest, where a distinct reef crest was identifiable. The substratum type directly underlying the transect was recorded every 0.5 meters. A total of 17 different coral and non-coral substratum types were recognised (Table 4.1). Percent cover of each substratum type was pooled across the sampling sites and graphed in order to compare relative availability of each substratum type.







Table 4.1 Coral and non-coral substratum types recognised in the lagoon of Lizard Island.

		Coral

		Non/dead coral



		Echinopora horrida / Hydnophora rigida

		Dead coral



		Acropora formosa

		Coral rubble



		Other branching

		Soft coral



		Seriatopora hystrix

		Sand



		Stylophora pistillata

		Other



		Pocillopora damicornis

		



		A. millepora

		



		A. nasuta

		



		A. tenuis

		



		Other corymbose

		



		Porites cylindrica

		



		Other corals

		







4.2.1.2 Fish-habitat associations 

The 14 study species were: Amblyglyphidodon curacao, Chromis viridis, Chrysiptera rollandi, Dascyllus aruanus, Dischistodus perspicillatus, D. prosopotaenia, Hemiglyphidodon plagiometopon, Neoglyphidodon melas, Pomacentrus adelus, P. amboinensis, P. moluccensis, P. nagasakiensis, P. chrysurus and P. brachialis. Habitat use of each species was estimated by focal animal sampling at each of the four study sites. To do this, individuals of each species were selected haphazardly as encountered until the habitat use of a minimum of 25 individuals of each species had been surveyed. Where possible, a similar number of adults and newly settled juveniles were sampled so that habitat use could be compared among these two life stages. The habitat type immediately underneath each individual at the time of observation was recorded. A group of individuals of the same species occupying the same substratum was treated as a single observation. Only species where adequate samples of both new settlers and adults could be obtained were included in the study. 



4.2.2 Associations with live coral



	To identify the percentage of species that were coral specialists all substratum types were pooled into coral and non-coral/dead coral categories and the proportional use of live coral versus other substratum types was compared among species and life stages.



4.2.3 Habitat specialisation



	Percent frequencies of occurrence on 17 substratum types for new settlers and adults of each species were graphed in order to identify specific habitat use patterns. The Shannon-Wiener diversity index was used to characterise specialisation of each damselfish species and each life stage. The Shannon-Wiener diversity index was used to describe specialization because it accounts for total number of substratum types used by each fish species and the frequency that different habitat types are used. The fewer habitat types are used by one species the lower is the index value and the higher is the specialisation level. The Shannon-Wiener index was calculated using formula:



H’=∑ (pi)*(-logpi), where pi – the proportional use of substratum type (Krebs 1999).



4.2.4 Inter-specific overlap in habitat use



Pianka’s measure of overlap was used to estimate the level of habitat overlap among different fish species. Pianka’s overlap was calculated, using the formula:





where  Ojk = Pianka’s measure of habitat overlap between species j and species k

	pij = Proportion resource i is of the total resources used by species j

	pik = Proportion resource i is of the total resources used by species k

The index measure ranges between 0 and 1, with higher values indicating higher levels of overlap (Krebs 1999).



4.2.5 Ontogenetic habitat shifts



For each species a Chi-square test was used to identify whether there was a significant difference in the relative frequency that newly settled juveniles and adults use different habitat types. Pianka’s measure of overlap was then used to estimate the amount of overlap in habitat use between new settlers and adults of the 14 fish species.



4.3 Results

4.3.1 Habitat availability



	Habitat types differed greatly in their availability (Fig. 4.1). Approximately 26% of the substratum was live coral cover and 74% was non-coral/dead coral cover. Percent cover of different microhabitats ranging from less than 2% to more than 20%. Sand, dead coral and soft coral had the highest percent cover, each over 15%.  P. cylindrica was the most abundant coral species with percent cover just under 7%. Percent cover of other branching corals was under 3% for each coral species. The lowest cover was exhibited by different species of corymbose corals with just 1-2% each (Fig.4.1).



4.3.2 Associations with live coral



	Patterns of habitat use differed greatly among the 14 fish species. For adults 4 of the14 species were most commonly found on live corals (>50% of observations were on live coral) (Fig. 4.2a), even though live coral constituted only 26% of the substratum. 8 of the 14 species were most commonly found on non-coral or dead coral habitats and 2 species (N. melas and P. nagasakiensis) were found in equal frequency on coral and non-coral habitats.

	For new settlers, 8 of the 14 species were most commonly found on live coral habitat (>50% of observations) (Fig. 4.2b), indicating that new settlers in general have a stronger affinity for live coral habitat than adults. Some species such as D. aruanus, P. moluccensis and C. viridis almost exclusively used live coral regardless of life stage (>85% of observations), however the majority of species used some combination of both live coral and non-coral or dead coral habitat (Fig. 4.2a, b).





Fig. 4.1 Percent cover of 17 different substratum types in the lagoon of Lizard Island.



































a) Adults

b) New settlers



Fig.4.2 Percent live coral and non-coral substratum use by adults and new settlers of 14 most abundant damselfish species in the lagoon of Lizard Island. Dashed line marks 50% in habitat use.

4.3.3 Habitat specialisation



	Fish species differed in their level of specialisation (Fig. 4.3). Some species exhibited very low levels of specialisation regardless of life stage, using more than 9 out of 17 habitat types examined and showing no apparent preference for any of those (e.g. P. amboinensis, H. plagiometopon, P. nagasakiensis). In contrast other species were reasonably specialised, using only 4-5 of the habitat types measured and using some particular microhabitat with much higher frequency than other. For example, C. rollandi and P. chrysurus had much higher frequency of occurrence on coral rubble at both life stages, P. adelus and H. plagiometopon occurred more frequently on dead coral colonies and A. curacao predominantly used Porites cylindrica coral colonies and soft corals (Fig. 4.4). 8 of the 14 fish species showed higher specialisation by newly settled juveniles compared to adults. In particular the specialisation index, for two species D. prosopotaenia and N. melas, was 3 times lower for new settlers than adults (Fig. 4.3).



4.3.4 Inter-specific overlap in habitat use



	The degree of overlap in habitat use between fish species ranged from 2 to 97% for adults and from 0 to almost 100% for new settlers (Table 4.2a, b). The low habitat overlap (0-4%) was found between coral versus non-coral specialists regardless of life stage (e.g. D. aruanus, P. moluccensis, C. viridis, A. curacao vs. D. perspicillatus, C. rollandi) (Fig. 4.2, Table 4.2).  In general, there was considerable overlap in habitat use between species that were commonly associated with live coral and also a large amount of habitat overlap between non-coral using species (Table 4.2). For example, habitat overlap between non-coral users D. prosopotaenia and P. chrysurus was 94% for adults and 99.7% for newly settled juveniles. Similarly, habitat overlap between coral specialists C. viridis and P. moluccensis was 78% for adults and 68% for new settlers (Table 4.2a, b).  There were, however, exceptions to this trend. For example, adults of A. curacao and D. aruanus had only 39% habitat overlap even though both were coral specialists (Fig. 4.2a, Table 4.2a). D. aruanus mostly occurred on Seriatopora hystrix colonies (Fig. 4.4d), while A. curacao occurred with highest frequencies on Porites cylindrica (Fig.4.4a). Similarly, for new settlers, coral specialists N. melas and C. viridis showed 72% habitat overlap with each other but only about 23% habitat overlap with most other coral specialists (Table 4.2b).  N. melas almost exclusively occurred on Acropora millepora, and C. viridis most frequently occurred on A. millepora and S. hystrix, while other coral users occurred on a range of different coral species showing little species-specific preferences (Fig. 4.4). 

For the non-coral user, D. perspicillatus had a small habitat overlap with most other non-coral specialists (Table 4.2a). Adults of D. perspicillatus almost exclusively occurred on sand while other non-coral users most frequently were observed on coral rubble and dead coral (Fig. 4.4). New settlers of non-coral users P. adelus and D. perspicillatus exhibited only 34% habitat overlap, with P. adelus more frequently occurring on dead and soft corals, and D. perspicillatus being more common on the coral rubble (Fig. 4.4e, i; Table 4.2b).





Fig. 4.3 The degree of habitat specialisation exhibited by adults and new settlers of 14 most abundant damselfish species in the lagoon of Lizard Island. Shannon-Wiener index is used as a measure of specialisation, the lower is index value the higher is specialisation level.









Table 4.2 Pianka’s habitat overlap among 14 most abundant damselfish species in the lagoon of Lizard Island.

a). 	

		Adults

		D. aruanus

		P. moluccensis

		C. viridis

		A. curacao

		N. melas

		P. nagasakiensis

		P. amboinensis

		P. chrysurus

		P. brachialis

		P. adelus

		H. plagiometopon

		D. prosopotaenia

		C. rollandi



		D. perspicillatus

		0.03



		0.03

		0.02

		0.03

		0.07

		0

		0.27

		0.24

		0.02

		0.15

		0.23

		0.37

		0.27



		C. rollandi

		0.07



		0.04

		0.03

		0.08

		0.33

		0.04

		0.74

		0.97

		0.12

		0.51

		0.47

		0.97



		D. prosopotaenia

		0.12



		0.14

		0.14

		0.27

		0.48

		0.15

		0.81

		0.94

		0.28

		0.53

		0.54



		H. plagiometopon

		0.11



		0.19

		0.17

		0.46

		0.35

		0.25

		0.5

		0.6

		0.63

		0.88



		P. adelus

		0.05



		0.04

		0.1

		0.31

		0.2

		0.24

		0.4

		0.63

		0.44



		P. brachialis

		0.21



		0.42

		0.42

		0.83

		0.57

		0.75

		0.39

		0.27



		P. chrysurus

		0.05

		0.03

		0.06

		0.14

		0.33

		0.18

		0.76





		P. amboinensis 

		0.31

		0.33

		0.45

		0.38

		0.76

		0.44





		P. nagasakiensis

		0.19



		0.29

		0.52

		0.54

		0.5



		N. melas

		0.27



		0.46

		0.45



		0.69



		A. curacao

		0.39



		0.71

		0.56



		C. viridis

		0.63



		0.78



		P. moluccensis

		0.63





















b).

		New settlers

		D. aruanus

		P. moluccensis

		C. viridis

		A. curacao

		N. melas

		P. nagasakiensis

		P. amboinensis

		P. chrysurus

		P. brachialis

		P. adelus

		H. plagiometopon

		D. prosopotaenia

		C. rollandi



		D. perspicillatus

		0

		0

		0.01

		0

		0

		0.01

		0.55

		0.96

		0.59

		0.34

		0.64

		0.96

		0.89





		C. rollandi

		0

		0.04

		0.03

		0.14

		0.01

		0.18

		0.65

		0.95

		0.77

		0.56

		0.77

		0.93





		D. prosopotaenia

		0.02



		0

		0

		0

		0

		0.01

		0.55

		0.997

		0.62

		0.37

		0.65



		H. plagiometopon

		0.03

		0.11

		0.05

		0.3

		0.05

		0.36

		0.69

		0.67

		0.67

		0.66



		P. adelus

		0.05



		0.08

		0.03

		0.49

		0.11

		0.48

		0.57

		0.4

		0.42



		P. brachialis

		0.05



		0.17

		0.12

		0.48

		0

		0.25

		0.61

		0.64



		P. chrysurus

		0

		0

		0

		0

		0

		0.03

		0.57





		P. amboinensis 

		0.34

		0.47

		0.52

		0.22

		0.15

		0.34





		P. nagasakiensis

		0.29



		0.31

		0.15

		0.58

		0.22



		N. melas

		0.2



		0.62

		0.72



		0.13



		A. curacao

		0.03



		0.15

		0.16



		C. viridis

		0.23



		0.68



		P. moluccensis

		0.67



































a). A. curacao					          b). C. viridis

    Habitat overlap: 0.83                                                  Habitat overlap: 0.54

     χ²=14.96 p>0.05                                                         χ²=24.82 p<0.05











c). C. rollandi						d). D. aruanus

     Habitat overlap: 0.96                                                  Habitat overlap: 0.45

     χ²=8.95 p>0.05                                                            χ²=15.79 p>0.05













e). D. perspicillatus					f). D. prosopotaenia

     Habitat overlap: 0.42                                                 Habitat overlap: 0.94

     χ²=21.26 p<0.05                                                         χ²=22.34 p<0.05



















g). H. plagiometopon					h). N. melas

     Habitat overlap: 0.69                                                  Habitat overlap: 0.099

     χ²=12.66 p>0.05                                                          χ²=42.66 p<0.05











i). P. adelus						j). P. amboinensis

     Habitat overlap: 0.81                                                 Habitat overlap: 0.73

     χ²=9.28 p>0.05                                                           χ²=22.75 p>0.05













k). P. moluccensis					l). P. nagasakiensis

     Habitat overlap: 0.7                                                   Habitat overlap: 0.92

     χ²=26.99 p<0.05                                                         χ²=8.38 p>0.05



















m). P. chrysurus					n). P. brachialis

       Habitat overlap: 0.93                                                Habitat overlap: 0.51

       χ²=9.32 p>0.05                                                          χ²=11.01 p>0.05















Fig. 4.4 Frequencies of occurrence of adults and new settlers of the 14 most abundant damselfish species on the 17 different substratum types in the Lagoon of Lizard Island. Pianka’s index of habitat overlap between adults and juveniles and Chi-square test results for each species shown. N (a) – adults’ sample size, N (n) – new settlers sample size.



4.3.5 Ontogenetic habitat shifts



In addition to the generally increased use of live coral by new settled juveniles described above, there were a number of clear differences in patterns of habitat use between life stages for some species. N. melas showed the lowest habitat overlap, less than 10%, between new settlers and adults (χ²= 42.66, p<0.05, Pianka’s index = 0.099). Adults of N. melas almost exclusively used non-coral habitats. New settlers, on the other hand, predominantly occupied live corals. Newly settled juveniles of N. melas occurred at almost 5 times the frequency on Acropora millepora corals compared to any other coral species, even though A. millepora cover was lower than 1% (Fig. 4.1, Fig. 4.4 h). For the coral dweller, C. viridis, adults used a relatively broad range of different habitat types, however, new settlers were mostly found on corymbose coral  colonies and coral species with a fine branching structure (χ²=24.82, p<0.05; Pianka’s index = 0.54) (Fig. 4.1, Fig. 4.4 b), despite the low availability of these microhabitats (percent cover less than 4%). For the non-coral dweller D. perspicillatus there was only 42% in habitat overlap between new settlers and adults. New settlers occurred with highest frequencies on coral rubble and adults on sand (χ²=21.26, p<0.05) (Fig. 4.4 e).



4.4 Discussion



	A number of previous studies have suggested that most coral reef fishes have low dependence on live coral and that coral cover does not affect population abundance (Williams 1986, Roberts and Ormond 1987). In contrast to these conclusions I found that a relatively high proportion of damselfish species were associated with live coral despite live coral cover being less than 30% of total substratum area. For adults approximately 28% of species were most commonly encountered on live coral habitat and for new settlers approximately 57% of species mostly occurred on live coral. These values are similar to those reported by Wilson et al. (2008), who estimated that 40% of adult damselfish species and 53% of juvenile damselfish species live in close association with live corals. These associations with live coral indicate that coral cover and coral diversity should contribute significantly to the diversity and abundance of damselfish communities. Indeed, Wilson et al. (2008) reported significant declines in the abundance of damselfish species that displayed a narrow niche breadths and high live coral dependency in response to declines in coral cover. This supports the notion that coral cover and coral diversity are important in structuring damselfish communities.

	While a considerable number of damselfish species showed a strong preference for live corals, other species generally occurred in non-coral habitats, most of which were widely available. Soft corals and sand were not as frequently used as dead coral and coral rubble, likely due to the low levels of structural complexity provided by these habitats. Furthermore, many non-coral dependant damsel fish species exhibit “farming” behaviour, where hard substratum is require for algae growth (Ceccarelli et al. 2001, 2005, Jones et al. 2006.). 

Despite clear differences in the level of association with live coral among species, there were high levels of habitat overlap within coral and non-coral dependant groups. Adults of species that mostly inhabited live coral tended to use similar habitats and adults of species that mostly used non-coral habitat tended to use a similar range of habitat types. For example, coral users D. aruanus, P. moluccensis and C. viridis exhibited over 60% of habitat overlap, similarly non-coral users D. prosopotaenia, C. rollandi and P. chrysurus exhibited over 90% of habitat overlap. There were, however, some important exceptions to the patterns of high overlap in habitat use within coral associated and non coral associated groups. For example, some non-coral dependant species that were mostly associated with dead corals (e.g. P. adelus, P. brachialis, H. plagiometopon) exhibited low habitat overlap with other non-coral dependant fish species (e.g. C. rollandi, D. prosopotaenia) that were more common on coral rubble habitats. Adults of D. perspicillatus exhibited particularly low habitat overlap with any other damselfish species because they were predominantly associated with sand habitat, which was infrequently used by other species. These examples demonstrate that even where many species use similar habitats there can also be differences in habitat use among species that help explain observed relationships between habitat diversity and fish diversity. 

A large number of coral dependent species occurred predominantly on corals with low cover (less than 10%). This suggests a high degree of specific habitat selection and some benefit to being associated with these low abundant coral species. There were also similarities among species in coral habitats that were infrequently used. For example, P. cylindrica was the most widely available coral species in the lagoon of Lizard Island, but only A. curacao occurred in high frequencies on this coral species. This supports experimental results (Chapter 3) showing that P. cylindrica supports less diverse and abundant fish assemblages than other coral species. Preferences for particular habitat types might be explained by increased fitness advantages provided by specific microhabitats. Habitat characteristics, such as structural complexity, may contribute to survival by modifying outcomes of predation and competition, and promote higher growth rates (Hixon and Beets 1989, Beukers and Jones 1997, Holbrook et al. 2000, Munday 2001, Holbrook et al.2002a, b). In general, coral species that exhibit intermediate structural complexity are expected to be favoured by larger numbers of fish species (Chapter 3) as they allow small to intermediate coral reef fish species to enter the colony and freely move between coral branches, while at the same time excluding large predators.  

Newly settled juveniles of coral dependent species exhibited the lowest levels of habitat overlap, suggesting that differences in habitat characteristics are particularly important at this life stage. For example, new settlers of N. melas and C. viridis that frequently occurred on corymbose corals exhibited less than 25% of habitat overlap with D. aruanus. The latter was more common on branching corals, especially P. damicornis and E. horrida/H. rigida. New settled juveniles of A. curacao exhibited less than 20% of habitat overlap with other coral dependent species, occurring with high frequencies only on P. cylindrica and soft corals. Corymbose corals may be beneficial for the new settlers of some fish species as they offer greater protection during this vulnerable life stage. Some coral species may exhibit the most desirable morphological structure for particular fish species. For example, the frequency of N. melas that occurred on A. millepora was 25 times greater than on any other coral species. Other fish species may select habitats for settlement based on the presence of con-specifics (Sweatman 1983, 1985, Öhman et. al. 1998, Ben-Tzvi et. al. 2008). These results help to explain the positive effects of habitat or coral diversity on fish species richness such as those reported in Chapter 2.

	Previous studies on coral reef fishes have suggested that new settlers might exhibit a stronger association with live coral than adults and that this may explain why a greater number of species have responded to coral decline in some locations than might be expected from an assessment of adult habitat use alone (Jones et al. 2004, Wilson et al. 2008). Indeed, in the lagoon of Lizard Island, a higher proportion of new settlers, compared with adults, exhibited strong associations with live coral. Even some species that are non-coral dependant as adults (e.g. H. plagiometopon) showed reasonably high levels of occurrence on live corals as new settlers. The most extreme example was N. melas, which exhibited a complete ontogenetic habitat shift, with adults predominantly occupying non-coral substratum and new settlers almost exclusively occurring on live corals. These results suggest that a greater number of reef fish may be coral dependent than originally expected from adults’ habitat association patterns. The declines in fish diversity may not be apparent at early stages as adults of several species may persist for long time without live corals (Bellwood et al. 2006, Pratchett et al. 2006, Graham et al. 2007). However, fish species richness would be expected to eventually decline due to reduced rates of replenishment.

There were also clear differences in ontogenetic patterns of habitat use within coral dependant species, with adults having stronger associations with branching coral taxa and new settlers having preferences for corymbose corals (e.g. C. viridis). New settlers may have higher affinity for corymbose corals because of the finer branching structure of these corals. Fish tend to use holes of approximately their own body diameter as shelter (Hixon and Beets 1993, Holbrook et al. 2002a). Tightly branched corymbose corals could be preferentially used by new settlers because they offer better protection from predators, while the more open structure of branching corals could be beneficial for adult stages as they provide sufficient space for movement and feeding together with protection from larger predators (Holbrook et al. 2002a,b, Wilson et al. 2008, Chapter 2). 

Increased availability of a variety of habitat types is expected to promote fish species richness by allowing species with different habitat requirements to co-exist. A higher than expected proportion of damselfish species exhibited strong associations with live corals, and some species selected live coral for settlement habitat even though adults were not directly coral associated. Species-specific habitat preferences, differences in levels of habitat overlap and ontogenetic shifts in habitat help explain why species richness tends to increase with overall habitat diversity in reef fish assemblages (Bell and Galzin 1984, Bouchon-Navaro and Bouchon 1989, Chabanet et al. 1997, Chapter 2). At the same time they mean that declines in habitat diversity, and particularly coral diversity, would have significant long-term consequences for damselfish abundance and diversity in local populations.





















CHAPTER 5



Conclusions

5.1 Importance of coral diversity and cover



	Overall, the three chapters of this thesis highlight the fundamental dependence of small, site attached coral reef fish communities on coral diversity and branching structure of coral species. Coral species richness, and to a lesser extent, hard coral cover were the best predictors of fish diversity, total fish abundance and the structure of communities primarily composed of damselfishes and wrasses (Chapter 2). Low coral species richness (5-7 coral species) – less than half of the maximum - was associated with low fish species richness. Reduced hard coral cover (less than 20%) was associated with reduced total fish abundance. Moreover, coral species richness, hard coral cover and site were identified as important variables in determining fish community structure (Chapter 2). The areas with high coral species richness and/or high coral cover appeared to have more diverse and more even fish communities than areas with low coral species richness and low hard coral cover. Only two pomacentrids (P. chrysurus and P. wardi) and one wrasse (H. melanurus) appeared to exhibit a preference for areas with low coral cover and low coral species richness (Chapter 2). 

	Two factors appear to contribute to the close link between fish and coral diversity. Chapter 3 showed that certain coral species support higher fish diversity and abundance. A large number of fish species were most abundant on two coral species surveyed: E. horrida and H. rigida, which formed large colonies and exhibited intermediately complex structures. Therefore, loss of these coral species could lead to large decline in reef fish diversity and total abundance. A second factor contributing to this pattern was species-specific habitat preferences; i.e. the high overall degree of specialization on branching corals, differences in level of habitat overlap and ontogenetic shifts in habitat (Chapter 4). A higher proportion of newly settled juveniles (57%), than adults (28%), showed preferences for live coral habitats, despite low levels of live coral cover (less than 30%). Additionally, new settlers showed the lowest levels of habitat overlap, suggesting that differences in habitat characteristics are particularly important at this life stage. At least one fish species, N. melas, showed complete ontogenetic shift in habitat use, with adults being predominantly non-coral associates and new settlers showing strong affinity for corymbose corals, in particular A. millepora (Chapter 4). These results suggest that a greater number of reef fish may be coral dependent than originally expected from adults’ habitat association patterns. Therefore loss of coral diversity and abundance will lead to declines in fish species richness due to loss of preferred habitat types and consequent reduced rates of replenishment.

	By comparison to coral diversity, habitat structural complexity was a relatively poor predictor of fish community structure (Chapter 2). While this result apparently conflicts with other studies (e.g. Risk 1972, Luckhurst and Luckhurst 1978, Sano et al. 1984, Friedlander et al. 2003, Bozec et.al. 2005), it is probable that habitat structural complexity may play a more important role for larger, more mobile reef fishes, as described elsewhere (e.g. Graham et al. 2006). In my study, fine-scale difference in topographic complexity could explain the strong associations of fishes with the two coral species E. horrida and H. rigida, which exhibited intermediate inter-branch space (Chapter 3). Fish species preference for specific coral species can be explained by considerable fitness advantages provided by these corals (Hixon and Menge 1991, Jones and Syms 1998, Holbrook et al.2002a, b, Munday 2000, 2004). That is tightly branched corals should decrease predation levels and allow higher survival rate for smaller fish species, however, only a few fish species would be able to use these corals as refuge due to the size limitations. On the other hand, the more “open” corals, with large distances between branches and abundant free space available would allow a large number of different fish species to enter the colony; however it also means that larger predators can access prey more easily. Corals with intermediate branching structure would allow small to intermediate coral reef fish species to enter the colony and move between coral branches, while at the same time excluding large predators.  

Additionally, for a given coral species fish species richness and abundance increased as colony size increased, however E. horrida and H. rigida supported higher fish species richness than P. cylindrica at all colony sizes. These results suggest that similar processes determine fish distribution up to the largest scale examined here. Similarly, coral species was the only variable to explain significant amounts of variation in fish species richness across three sampling scales (2x2 m, 1x1 m, 0.5 x 0.5 m). However, at smaller spatial scales the relationship between fish species richness and coral species appears to diminish, probably due to the patchy distribution of species and random sampling effects at small sampling scales. Coral species explained approximately 10-15% of the variation in fish abundance among samples compared to 36-54% for species richness. The similarity in proportion of variation explained at all three spatial scales of sampling for fish abundance indicates that the spatial scale of sampling has much less effect on fish abundance-habitat associations than it does on fish species richness-habitat associations (Chapter 3). And other habitat characteristics such as coral abundance, site and depth influence fish abundance especially at larger spatial scales (2x2 m and 1x1 m) (Chapter 2, Chapter 3).



5.2 Consequences of global change



Coral reefs are under increasing threat from global climate change and other anthropogenic disturbances, which already caused reduction in habitat quality and quantity at a range of different locations (Hughes 1994, Hoegh-Guldberg 1999, Cheevaporn and Menasveta 2003, Hughes et al. 2003, Graham et al. 2006, Munday et al. 2008). The results of this study have implications for understanding fish-habitat relationships and the likely effects that mass coral bleaching and other disturbances to coral communities will have on fish communities, as well as pin pointing habitat characteristics that play the most important role in structuring coral reef fish communities. The coral species shown here to be particularly important for supporting diverse fish communities are also highly susceptible to coral bleaching (Marshall and Baird 2000). At the same time bleaching will tend to reduce the average size of surviving coral colonies and there was a clear trend for larger colonies to support more abundant and diverse communities. The dependence of coral fish species on live coral cover and coral diversity appears to have been underestimated, with a larger than originally expected proportion of fish species showing strong associations with live corals and specific microhabitats at least at some stage of their life cycle. Together these results suggest that a reduction in total coral/habitat diversity and the cover of coral species, especially those that support diverse and abundant fish communities, could cause significant reductions in the diversity and abundance of local fish communities. 





5.3 Future directions



	A number of further studies are needed in order to detect specific-microhabitat requirements of different fish species and predict the consequences of the depletion of particular coral species. Firstly, multi-factorial and long-term studies in different reef habitats are necessary to complete the picture of the nature of the relationship between fish and their complex and fragile habitat. Experimental manipulative studies and field observations are required to test whether fish species richness responds directly to coral species richness or whether coral species that support more diverse fish communities tend to occur in areas of high coral diversity.  Experimental manipulative studies are also required to test whether fish diversity is responding to coral species richness and hard coral cover, or to a range of environmental factors. Secondly, the importance of live coral cover and coral diversity for the larger, more mobile fish species needs to be further investigated using techniques that allow simultaneous examination of a range of different habitat characteristics and their effects on fish communities. Including the effects of loss of food source for large carnivorous fish species due to declines in abundance of coral-dwelling fish species caused by declines in coral cover and coral diversity. Thirdly, more coral species, their physical characteristics and the structure of fish communities supported by a range of coral species will need to be examined, in order to better understand the relationship between fish communities’ abundance and diversity, and coral physical characteristics and develop effective management plans to preserve the biodiversity on the reefs. The levels of depends on live coral cover need to be estimated for a range of fish families, including those, that are not coral associated in their adult stages. Finally, levels of specialization need to be estimated for a range of different fish families on a range of scales, from cover of specific substratum to a scale of a single coral head.

	This study supports a handful of studies that have shown that the presence of different coral species influences the structure of fish communities and has begun to identify the characteristics of the corals likely to be responsible for these differences. The physical and biological characteristics of different coral species that attract and support high fish diversity and abundance of obligate coral-dwelling fishes require further investigation. Given the global scenario for declining coral cover and diversity, these further research questions warrant a high priority. 
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