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‘Rarity, as geology tells us, is the precursor to extinction . . . I think it inevitably follows, that 

as new species in the course of time are formed through natural selection, others will 

become rarer and rarer, and finally extinct.’  

Charles Darwin, The Origin of Species (1859) 

 

 

‘Rarity may well be an intuitive concept.’ 

Kevin J. Gaston, Rarity (1994) 
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Abstract 

 

A rare species is one with low abundance and/or a small range size. A research 

approach that prioritises an understanding of the natural causes of rarity and 

commonness brings attention to those rare species most sensitive to anthropogenic 

disturbance. This thesis examines the correlations between life history traits and 

fishing pressure on the rarity and commonness of reef fish and the temporal 

consistency of these patterns of relative abundance through time. Data were taken 

from the AIMS Long Term Monitoring Program on the Great Barrier Reef Marine 

Park (1994 - 2005). The influence of traits (body size, schooling, activity, home 

range, trophic status, fishing pressure) on patterns of relative abundance was 

examined using GLMM analysis.  

 

Predators with large mean body sizes (lethrinids, lutjanids and serranids) and home 

ranges were found to be rarest across a range of measures. These species are also 

the targets of commercial and recreational fisheries. Re-analysis of the dataset after 

categorization of species as rare or common suggested that mean body size and 

fishing pressure along with home range, are important determinants of relative 

abundance. Wide-ranging species also tend to be rare.  

 

Relative abundance was strongly negatively correlated with temporal variability. 

Common species varied little in relative abundance from year to year while rare 

species varied greatly. Due to this stochastic variation in recruitment, the use of 

rare species as indicators of reef health may be unreliable. 



 xi

 

The results of this study suggest that widely ranging rare species may be 

inadequately conserved using current Marine Protected Areas and ‘no-take’ marine 

reserves even if the protected area is regarded as of ‘adequate size’ or forms part of 

an interlinked network of smaller areas. Effective management needs to occur 

across agencies and national and international borders to support the persistence 

of rare coral reef species. 
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Chapter 1 

 

Introduction 

 

‘Despite this variation for particular geographic regions and habitats, common species tend 

to stay common and rare species tend to stay rare. These observations represent an 

enigma!’ (Jones et al. 2002) 
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Chapter 1          Introduction 

 

Thesis overview 

Rarity studies of coral reef fish remain something of an unexplored field. As Jones et 

al. (2002) point out in the epithet above, in the study of the marine species in 

particular, understanding rarity remains one of the great challenges of marine 

ecology. To date there has been virtually no comprehensive analysis of patterns in 

range size, abundance, and habitat specificity for any groups of coral reef fish 

(Morris et al. 2000; Jones et al. 2002; Sandin and Pacala 2005; Sadovy 2007). My 

analysis of data from the Long Term Monitoring Program (LTMP) of the Australian 

Institute of Marine Sciences (AIMS) is a modest step toward unravelling the puzzle 

of rarity.  

 

There is also a widely held view that most coral reef fish species are not threatened 

by anthropogenic factors because their populations are dispersed across a wide 

range and this buffers the species against extinction from local impacts (Hawkins et 

al. 2000). A research approach that first understands the natural causes of rarity 

and commonness will focus further studies on those species most sensitive to 

anthropogenic disturbance. 
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In this thesis I examine the following questions: 

• Do common species of coral reef fish stay common and do rare species of 

coral reef fish stay rare? 

• Is it possible to determine trends in rarity and commonness in coral reef fish 

through an analysis of temporal data? 

 

I attempt to answer the questions raised above through the testing of an 

overarching hypothesis: ‘life history controls the relative abundance of coral reef 

fish.’  I also apply my findings to question the adequacy of Marine Protected Areas 

(MPAs) in the conservation of rare species of coral reef fish. 

 

In Chapter One I introduce the geographical context for the research presented in 

this thesis, The Great Barrier Reef (GBR). I also provide a critical description of the 

LTMP conducted by AIMS, the source of data for this research, as well as important 

background to the methods used to conduct the analysis of data.  

 

In Chapter Two I investigate the history of rarity research, the overarching context 

in which my research is positioned.  I trace the study of rarity from Wallace and 

Darwin’s first attempts to answer the fundamental questions of distribution and 

abundance, to the birth of conservation biology through the foundation texts of 

Preston (1948) and Macarthur and Wilson’s classic text on the species-area 

relationship, ‘The Theory of Island Biogeography’, published in 1967. A thorough 

review of the literature and the historical context of rarity studies is particularly 

useful for understanding how the role of experimental design and statistics has 
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evolved over time in line with our growing awareness of the complexity of marine 

ecosystems.  In addition, a growing body of literature in the field of terrestrial 

ecology provides useful insights into rarity research and a starting point into the 

study of rarity of marine organisms.  

 

In Chapter Three the methods used to collate and analyse the AIMS LTMP data are 

detailed with particular attention paid to the statistical methodology used in the r 

language package. I outline the results of the r analysis and discuss earlier attempts 

to define rarity and commonness through other statistical methods. Rarity and 

commonness are examined in the context of the natural life history drivers of rarity. 

There have been major impacts on the GBR from commercial and recreational 

fishing. In Chapter Three, I have given some attention to anthropogenic factors as a 

contributing factor to rarity in coral reef fish. 

 

Chapter Four examines the research results in relation to MPA management and 

related debates around rarity and commonness. Many MPAs continue to be 

designed in the absence of basic baseline data on coral reef fish. The declaration of 

a marine park or reserve remains more a political process than a scientific one. The 

primary mechanism for deciding on boundaries and zoning for an MPA is to use 

habitat as a surrogate for biodiversity. The research presented in this thesis 

explores the question of whether this will prove problematic for the continuing 

conservation and management of some families of coral reef fish. I also explore the 

question of whether rarity at a variety of scales provides added difficulties for MPA 

design and management and whether a clearer understanding of rarity and 
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commonness in coral reef fish would contribute to better management of marine 

resources.  

 

The thesis concludes with a summary of results and a final discussion presented in 

Chapter Five, with particular attention given to possible future directions for rarity 

studies.  

 

The Great Barrier Reef 

 

The GBR extends for more than 2,300 kilometres along the north east coast of 

Queensland, Australia, from Latitude 24°30’ South, Longitude 154°00’ East, then 

northward to the tip of Cape York Peninsula, Latitude 10 41’ South, Longitude 

145°00’ East. The GBR covers a vast area of some 339,750 square kilometres 

(Bowen and Bowen 2002; Fernandes et al. 2005). Declared a marine park on 20 

June 1975, the GBR is regarded as not only the largest marine park in the world but 

one of the most important areas of global marine biodiversity. In recognition of this 

fact it was declared a World Heritage Area in October of 1981, (Bowen and Bowen 

2002; Great Barrier Marine Park Authority 2008). 

 

The GBR Marine Park (GBRMP) is managed by a Commonwealth Government 

statutory authority, the Great Barrier Reef Marine Park Authority (GBRMPA) 

(GBRMPA 2008). Management of the Park is characterised by a complex matrix of 

state, commonwealth and international legislation and policy (Bowen and Bowen 

2002; GBRMPA 2008). The Park is divided into six sectors: Cooktown-Lizard Island, 
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Cairns, Townsville, Whitsunday, Capricorn-Bunker and Swain sectors. Management 

is undertaken through a Park wide, colour coded, zoning plan that includes a range 

of multiple uses from ‘no-take’ and extraction to recreational and commercial 

fishing (GBRMPA 2008). 

 

In the early 1990s a review of no-take protected areas (green zones) revealed that 

they were providing inadequate protection for the majority of marine biodiversity 

on the reef. In the previous decade anthropogenic pressure on the reef had 

increased exponentially and there were concerns that the current zoning system did 

not reflect, nor adequately protect, the diversity of habitats, bioregions and 

biodiversity (Fernandes et al. 2005). 

 

As a result a new Representative Areas Program (RAP) planning process was 

initiated based on comprehensive marine biodiversity research and bioregional 

planning. The new RAP was implemented in 2004. The GBRMP now has increased 

its no-take areas from a previous 4.5% to 33%. The RAP planning process and 

implementation is of particular relevance to this research and is discussed in greater 

detail in Chapter Four. 

 

 

 

 

 

 

 

 

 

 

 



 

 6

 

Figure 1 Great Barrier Reef Marine Park 

 

The Long Term Monitoring Program 

 

The Australian government established the AIMS in 1972 under the Australian 

Institute of Marine Science Act 1972 (Bowen and Bowen 2002; AIMS 2008). Its 

mandate was to undertake comprehensive marine research with a specific focus on 

the GBR. Situated on a 170 hectare site, 50 kilometres south of Townsville, AIMS 

has become a world class marine research institution and plays a key role in the 
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overarching structure of informed management of the GBR (Bowen and Bowen 

2002). A central component of AIMS research is the LTMP which was established by 

AIMS in 1982 (AIMS 2008). 

 

A Reef Monitoring Database was also established and contains research data from 

1982 to the present. In that time 452 reefs, covering the full length of the GBR have 

been visited for different purposes and many have been surveyed repeatedly using 

the same methods. The records contained in the database therefore provide a 

considerable amount of information on the state of the GBR on both temporal and 

spatial scales (Baker and Coleman 2000; AIMS 2008). 

 

Consequently, the AIMS LTMP sampling design is structured as follows (Baker and 

Coleman 2000; Bowen and Bowen 2002): 

• A single habitat surveyed on each reef; 

• Always on a NE slope; 

• 3 sites selected within each habitat; 

• 5 m x 50 m transects in each site; 

• 15 transects in each habitat; 

• Transects along middle of reef slope at 6-9m depth; and 

• Only fish belonging to the 1+ age class included in counts. 

 

The fish surveys are conducted across the six sectors in the GBR. Four of these have 

inner, middle (mid) and outer shelf positions (Baker and Coleman 2000; AIMS 2008). 

These include Cooktown-Lizard Island (9), Cairns (10), Townsville (9) and 
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Whitsunday (9). Three reefs are nested within each of these shelf positions (four in 

the mid shelf of the Cairns sector). Two other sectors that are also surveyed are 

Capricorn Bunker sector (4 area all on the outer reef) and Swain sector (2 outer 

reefs and 5 mid reefs). A total of 48 reefs across 6 sectors are therefore surveyed 

annually. 

 

AIMS only surveys a single habitat on the NE reef slopes at a depth of 6-9 metres. In 

undertaking this analysis the limitations of the data were recognised. These 

limitations are discussed further in Chapter Three. 

 

The data are stored in the ORACLE Relational Database Management System on a 

SUN system. As of June 1998, AIMS runs Version 7.3.2.1.0 of the database server, 

Version 3.2.2.0.1 of the SQL*Plus™ query language and Version 2.3.2.0.0 of the 

PL/SQL™ programming language (Baker and Coleman 2000). 

 

For consistency, AIMS defined a data set as a single ORACLE table and a data group 

was defined as a group of related data sets. Data from one or more research 

programs may be included in a data set, if the data are of similar structure (Baker 

and Coleman 2000).  

 

At present the Reef Monitoring Database consists of four data groups (Baker and 

Coleman 2000): 

1. The Geographic Data Group; 

2. The Reef Monitoring Data Group; 
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3. The Feeding Preference Data Group; and 

4. The Crown-of-thorns Bibliographic Data Group. 

 

Data are checked at three stages (Baker and Coleman 2000). Initial screening of 

data is carried out via the data entry programs. This includes checking of ranges and 

the validity of codes. In the laboratory data are printed and checked by two people, 

one person reading from the original data sheet and the second checking the 

information against the print out. Data are then edited. Ascii files (a "text" file that 

is readable to the naked eye) are generated and given to the database manager. 

Once data have been loaded into the final ORACLE tables, programs are run to 

ensure that data entered correspond to the rest of the data in the database. 

 

Data are transferred by the database manager to the SUN (a device used for 

network interfaces) using an Ethernet file service connection (Digital PCSA) and 

loaded into the relevant ORACLE tables using an upload program written in Access 

(Baker and Coleman 2000). 

 

In some cases further processing of data is required. Manta tow data are 

summarised by calculating median values for cover category data using a PL/SQL™ 

program. Similarly, video data are summarised as percentage cover using a PL/SQL™ 

program (Baker and Coleman 2000).  

 

The LTMP survey technique was standardised in 1994 through their ‘Standard 

Operation Procedures’ yet no detailed research of rarity utilising the database had 



 

 10

been conducted to date. The LTMP offered a unique opportunity to study rarity in 

coral reef fish through an examination of population trends over time coupled with 

life history parameters.  

 

Background to the methodological approach 

At the time this research was conducted the LTMP provided eleven years of 

standardised data to examine. A common but ultimately unrewarding approach to 

such large amounts of data, is to undertake a process of data ‘dredging’ or ‘trawling’ 

(Burnham and Anderson 1998). When this occurs, data is searched randomly and 

subjectively with no a priori hypothesis or research question in mind in the hope 

that patterns of significance will emerge. The result can be a circularity of analysis 

and results; patterns are tracked and new variables added based on the prior wave 

of results in the hope that new significance will emerge (Burnham and Anderson 

1998; Borda de Agua et al. 2002). An unwieldy architecture of models is constructed 

where the final model can be over-fitted and no valid estimates of precision are 

able to be inferred (Burnham and Anderson 1998; Guisain and Thuiller 2005; Brook 

et al. 2006). 

 

In the process of selecting the most appropriate methodology for this research, it 

became clear that commonly used statistical techniques were going to be 

inadequate. Many of the questions raised by my initial analysis of the data would 

not be addressed unless a new approach was used. I therefore used a hypothesis 
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based information-theoretic approach in conjunction with the statistical software ‘r’ 

language (Burnham and Anderson 1998).  

 

An information-theoretic approach allows inference based on more than one model 

(Brook et al. 2006; Sodhi et al. 2008). It is useful to select a best model while also 

ranking models according to their relevance to the data (Sodhi et al. 2008). 

Selection of a best approximating model represents the inference from the data and 

tells us what ‘effects’ (represented by the parameters) can be supported by the 

data (Burnham and Anderson 1998; Brook et al. 2006; Sodhi et al. 2008). An analysis 

based on the principle of parsimony rather than over-complexity was an overriding 

objective to the structure of this analysis (Brook et al. 2006).  

 

An information based approach has a primary focus on fitting explanatory models 

that estimate size and precision of the treatment effects and on parsimony, with far 

less emphasis on tests of significance and null hypotheses (Brook et al. 2006; Sodhi 

et al. 2008). The fundamental difference of the information-theoretic approach 

compared to the ‘classical’ regression based statistics, is that the information-

theoretic approach does not try to model the data but instead models the 

information in the data (Burnham and Anderson 2004). Good model selection is 

based on achieving clarity of information about the data that is distilled from the 

background noise (Guisain and Thuiller 2005). 

 

A total of 208 species (Appendix 1) have been recorded in the LTMP database over a 

period of eleven years. The LTMP data was summarised from Access and moved 
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into Excel. Using macros, data were summarised, cleaned and placed into a 

worksheet that presented total populations for each species for each year. These 

species were listed numerically into an excel spreadsheet from least common (zero) 

through to most common (mean = 5282). Two species lists were constructed, one 

containing a reduced 134 species (Appendix 2), and another ‘control’ containing all 

208 species present in the LTMP database. To control for bias the complete suite of 

208 species was also analysed during the statistical analysis in the r language 

program. 

 

The 134 species list was developed in conjunction with an AIMS colleague, Andrew 

Dolman. LTMP scientists were also in deciding whether any species should be 

excluded from the analysis. A number of scientists had been working on the LTMP 

program for many years and had substantial experience in both identifying coral 

reef fish species and understanding their distribution and abundance. As a result 

Andrew Dolman conducted interviews in Townsville with the three primary LTMP 

scientists (Alistair Cheale, Mike Emslie and Angus Thompson). Their opinions on rare 

and common species within the surveyed species in the LTMP database were 

summarised as a spreadsheet according to their response to the question, ‘Should 

this species be excluded from the analysis?’  

 

Three criteria were established and each species was ranked as 0 or 1 within each 

column by the scientists. The criteria used were: 

• Total no of transects ever recorded on; 

• Mean count per reef where present; and 
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• Mean number of years when present. 

 

Using their extensive knowledge of coral reef fish ecology and experience 

undertaking transects on the LTMP, the three scientists excluded species on the 

basis of: 

• Being out of normal home range (also based on normal depth); 

• A possible misidentification; and  

• Vagrancy. 

 

An initial ‘indexation of rarity’ was then constructed. That is, a list of species relative 

abundance totals from the eleven years and indexed from rare to most common. 

 

To gain an understanding of which species were rare and which were common I 

needed to elicit the proportion of each species relative to the whole population of 

species sampled within the LTMP program and the GBRMP. Relative density, which 

is expressed as a percentage of the total density, was therefore chosen as the best 

measure to use as an explanatory variable for rarity and commonness. 

 

To gain a basic understanding of how the populations were distributed the 

summary data from the 134 species list were ranked using a simple aggregated 

species list based on total densities over the eleven years from most rare to most 

common. These were sub-divided into family groups. Frequency tables were then 

constructed aggregating the data into frequency classes to analyse the frequency 

distribution of each species.  
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The three categories established during the interviews with the AIMS scientists 

were initially placed into frequency tables to gain a better understanding of the 

data. I also compiled the responses of the scientists into a simple table to gain a 

clearer understanding of their ranking of species by family and trophic group (Table 

1).  

 

Family No of 

species 

3/3 2/3 1/3 Trophic group 

Acanthuridae 25 1
1
 4 10 Planktivores/herbivores 

Chaetodontidae  28 0 1 1 Benthic feeders 

Labridae 9 0 0 1 Predators 

Lethrinidae 14 1 5 5 Predators 

Lutjanidae 19 3 4 4 Predators 

Pomacentridae 74 9 4 14 Benthic plankton feeders 

Scaridae 25 1 0 4 Herbivores 

Serranidae 5 0 2 2 Predators 

Siganidae 8 1 1 0 Benthic plankton feeders/herbivores 

Zanclidae 1 0 0 0 Benthic plankton feeder 

 

Table 1 Summary of AIMS LTMP scientist's ranking decisions for exclusion from analysis 

 

A set of frequency analyses by family is presented in Appendix 3. This preliminary 

work was undertaken to establish a framework for further analysis in r. Analysis of 

frequencies is a way of organising and summarising a large amount of data ready 

for further detailed analysis (Fowler et al. 1998). It presents a broad spectrum ‘first 

look’ at the data (Fowler et al. 1998).  

 

                                                      

 

1
 Signifies one species 
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After this initial work was undertaken and the data were reorganised and cleaned 

for r, it was found that two species of fish lacked enough life history data to be 

included in the analysis. As a result, they were excluded from the major analysis in 

Chapter Three. Despite this, this initial examination of the data raised some 

interesting questions prior to the detailed analysis in r language. For example, do 

particular families of coral reef fish show a trend towards commonness or rarity, 

and is density regulated independently of life history traits? These questions are 

discussed in Chapter Three. 

 

The frequency analysis demonstrated the strengths of the r language approach. A 

standard statistical method can seduce the researcher into opting for an approach 

where the data is searched randomly and subjectively using a variety of statistical 

tests with no a priori hypothesis (Inchausti and Halley 2003; Thompson 2004). This 

can result in a trap where patterns of significance can be implied from the results 

rather than interpreted through sound analysis.  

 

The initial frequency analysis also demonstrates the difficulty in undertaking rarity 

studies, particularly in coral reef fish. Clearly there is no correlation between family 

and rarity when data is analysed from a simple frequency perspective. Similarly, 

there appear to be no clear relationships between life history traits and rarity. 

Species are phylogenetic units with shared evolutionary histories and thus not 

statistically independent (Felsenstein 1985; Brook et al. 2006; Sodhi et al. 2008). In 

Chapter Three I use an information-theoretic approach controlling for phylogeny. 
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This analysis reveals much clearer relationships between family, life history traits 

and rarity through the use of an a priori hypothesis based approach. 

 

In Chapter Two I outline and analyse the history of rarity studies in the field of 

conservation biology. I trace its progression from its origins in 1948 with Preston 

through to the most current research and ideas in coral reef fish ecology. I argue 

that having a thorough understanding of the ‘evolution’ of ecological theory is a 

necessary foundation for any new analysis. It provides a conceptual grounding in 

why current statistical approaches to data continue to be developed.  

 

 

 

 



 

 

 

 

 

 

Chapter 2 

 

 

Rarity 

 

 

 

‘Diversity and rarity are synonyms for ‘everything’ in ecology.’ (Soule 1986) 
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Chapter 2          Rarity 

 

Defining rarity 

I argue that rarity studies emerged as a logical extension from earlier studies in the 

field of conservation biology in particular, the ecological theories of the species-

area relationship and Minimum Viable Population (MVP).  

 

If ecologists can explain and predict the patterns of diversity and rarity in 

communities, it means they have understood the distribution and abundance 

patterns of each species in an assemblage (Soule 1986). The question of 

understanding the distribution and abundance of species remains one of the 

fundamental and continuing challenges facing ecology.  

 

Alfred Russell Wallace and Charles Darwin first raised this question in 1859. Darwin 

recognised the contrast between a high potential rate of increase and an observed 

approximate balance in nature (Krebs 1994). In ‘The Origin of Species’, Darwin 

argued rarity was a result of natural selection: 

 

‘Natural selection acts solely through the preservation of variations in some way 

advantageous, which consequently endure. Owing to the high geometric rate of increase 

of all organic beings, each area is already fully stocked with inhabitants; and it follows 

from this, that as the favoured forms increase in number, so generally, will the less 

favoured decrease and become rare.’ (Darwin 1859)  
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As the naturalists and scientists of this period first began to grapple with the 

concept of rarity they believed that the life history traits of species were the drivers 

of rarity. A rare species was on an evolutionary journey to extinction through 

natural selection:  

 

‘Rarity, as geology tells us, is the precursor to extinction. We can see that any form which 

is represented by few individuals will run a good chance of utter extinction, during great 

fluctuations in the nature of the seasons, or from a temporary increase in the number of 

its enemies. . . . I think it inevitably follows, that as new species in the course of time are 

formed through natural selection, others will become rarer and rarer, and finally extinct.’ 

(Darwin 1859) 

 

All populations are dynamic and, as Darwin initially identified, what we observe is 

an actual rate of increase (r) which varies in response to natural changes both 

within the population and in response to changes in environmental factors (Krebs 

1994). 

 

In 1942 Ernest Mayr, following on from Darwin, published his book ‘Systematics and 

the Origin of Species’. As a result of research on isolated islands in the Pacific he 

was able to demonstrate that new species arose from isolated populations. As the 

new science of ecology began to emerge out of natural history and evolutionary 

biology, the interrelationship and distribution and abundance of species became 

the central theme of research. Ecological thought shifted from the 19
th

 century 

natural historian view of ‘the balance of nature’ to the struggle for existence and 

natural selection as outlined by Wallace and Darwin (MacArthur and Wilson 1967). 

The causes of rarity and commonness remained a mystery but were seen as a key to 

understanding the dynamics of distribution and abundance. The focus of research 
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shifted to understanding the dynamics of ecosystems and whether they achieved 

‘equilibrium’ and became ‘fully stocked’ as suggested by Darwin (MacArthur and 

Wilson 1967; Krebs 1994). 

 

Frank W. Preston was the next to explore questions about the link between 

distribution and abundance and rarity and commonness in his paper ‘The canonical 

distribution of commonness and rarity’ (1948). In his exploration of rarity he asked 

the following questions:  

• What causes the species-area relationship;  

• If limitation of area results in limitation of species diversity how is that 

limitation exerted and what is the underlying process that leaves small 

places so much poorer than large ones;  

• Is a pattern discernable (common/abundant/rare);  

• What is the canonical distribution of commonness and rarity, i.e. what is the 

lognormal; and  

• Is there a type of species-area ‘bell’ curve that describes patterns of rarity 

and commonness in species? 

 

Preston highlighted the importance of understanding the distinction between 

samples and isolates. That is, a sample is a group of species or a parcel of landscape 

that exists as part of the greater whole, whereas an isolate is a sequestered group 

of species or an isolated parcel of landscape such as an island. 
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Preston noted that the distinction between the two was pivotal; samples maintain 

one sort of balance between common species and rare species, while isolates 

maintain a different sort of balance. A sample will be richer in rare species. On 

isolated islands we must have an approximation to internal equilibrium (a self-

contained canonical distribution) since an island can only hold a limited number of 

individuals. The number of species will be smaller than on a sample island of the 

same size. 

 

In 1967 Macarthur and Wilson reinvigorated the questions raised earlier by Preston 

through the publication of what was to become a landmark text in ecology, ‘The 

Theory of Island Biogeography’. The ideas in this text led to the birth of 

conservation biology as a distinct field of biological research. Prior to Preston, 

Macarthur and Wilson, the field of biogeography had been a descriptive ‘science’ in 

the realm of the naturalist extending back to Darwin and Wallace. Through 

experimentation on islands, Macarthur and Wilson attempted to answer some basic 

questions initially raised by Preston and develop a predictive mathematical model in 

regard to the species-area relationship.  

 

‘The Theory of Island Biogeography’ remained a fundamental building block of 

conservation biology and rarity studies and continues to exert a powerful influence 

over ecological science and conservation planning. With the advent of conservation 

biology as a distinct branch of ecological science, and with rising concerns about 

declining populations across a range of species, many scientists began to turn their 

attention to specific studies of rarity. The assumption by Wallace and Darwin that 
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rare species were on a path to extinction, and more complex questions on whether 

rare species always remain rare, began to receive more considered attention. 

 

Any population in a particular environment will have a mean longevity or survival 

rate, a mean natality, or birth rate, and a mean growth rate or speed of 

development of individuals. The values of these means are determined in part by 

the environment and in part by the innate qualities of the organisms themselves 

(MacArthur and Wilson 1967; Soule 1986; Gaston 1994). These qualities of an 

organism cannot be measured simply because they are not a constant. However it is 

possible to measure their expression under specific conditions and thereby define 

for each population its intrinsic capacity for increase. The intrinsic capacity for 

increase is a statistical characteristic of a population and depends on environmental 

conditions (Soule 1986). 

 

Ecologists began to focus their attention on this intrinsic capacity for increase, the 

measurement of population parameters and the ‘carrying capacity’, or ‘k’, of 

particular habitats and ecosystems. Inherent in the statistical character and 

significance of r and k was the question of whether they were an underlying signal 

for rarity. Are species with a greater intrinsic capacity for increase more likely to be 

rare or common? What are the life history traits of these species? Can these traits 

be used to determine rarity or commonness? Emerging from these questions was a 

clearer understanding of rarity. It was no longer thought that species that were 

uncommon, rare or endemic were on the road to extinction as postulated by 
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Darwin, but rather, they were part of the dynamics of species richness that existed 

within ecosystems. 

 

In general, the capacity for increase is not correlated with rareness and 

commonness of species. Species with a high r are not always common and species 

with a low r are not always rare (Belovsky 1987; Shaffer 1987; Krebs 1994). The 

detailed examination of the relationship between rarity and r and k are beyond the 

scope of this thesis.  

 

Throughout the 1970s ecologists began testing and refining the theory of island 

biogeography through further mathematical modelling. The theory was developed 

and conceptualised in new ways such as MVP. In the 1980’s Population Viability 

Analysis (PVA) emerged. As with r and k, the detailed examination of the 

relationship between rarity and MVP is beyond the scope of this thesis.  

 

In the 1980’s, Deborah Rabinowitz published one of the first attempts to determine 

the types and frequency of rarity (Rabinowitz et al. 1986). Many biologists argued 

that rare species were more susceptible to extinction than common ones for a 

variety of reasons. Both biologists and conservationists had a tendency to lump 

together many different kinds of species under the catch all term of ‘rare’ 

(Rabinowitz et al. 1986). Rabinowitz suggested that this lack of precision obscured a 

great deal of interesting biological variation. She argued that before one can protect 

rare species, a much clearer definition of rarity was required.  There were, she 
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argued, important ways in which rare species differ from one another and from 

common species (Rabinowitz, et al. 1986). 

 

Rabinowitz raised three questions: 

1. Can we clarify the concept of rarity and are there distinct forms of rarity; 

2. If so, how frequent or unusual are the different forms of rarity; and 

3. What are the consequences of such a classification for conservation biology? 

 

He also distinguished three traits of rarity that all species possess: 

1. Geographic range: whether a species occurs over a broad area or whether it 

is endemic to a particular small area; 

2. Habitat specificity: the degree to which a species occurs in a variety of 

habitats or is restricted to one or a few specialised sites; and 

3. Local population size: whether a species is found in large populations 

somewhere within its range or has small populations wherever it is found. 

 

Rabinowitz was also one of the first scientists to grapple with the differences 

between rarity and endemism and the issue of scale. Endemics were species with 

small ranges and restricted habitats. Rabinowitz argued that they illustrated the 

opposite to the distributional form of rarity where there are species with wide 

ranges in numerous habitats but small populations. There were also species 

restricted to specific habitats but with broad geographic ranges (Rabinowitz et al. 

1986).  
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Rabinowitz developed a system of classification to determine the frequency of 

forms of rarity. She utilised a system of axes for population size, geographic range 

and range of habitats to define seven different types of rarity.  According to 

Rabinowitz only species that had a high population size, occurred in a broad range 

of habitats and had a large geographic range could be considered common, all other 

species were rare in one sense or another. In this thesis I also examine an eighth 

form of rarity that is specific to marine environments; those species that have low 

densities over large areas but are not habitat specific. 

 

With Rabinowitz’s system of classification one can determine the frequency of 

forms of rarity. One must be alert to the fact that when species are viewed from an 

increasing scale of distribution then the scale of rarity will change. In other words, a 

species may be locally rare but common across an entire reef system or 

biogeographic region (Rabinowitz et al. 1986; Gaston 1994; Rodrigues and Brooks 

2007). The issue of scale in her research emerged as a critical factor. Rabinowitz 

also found that species of intermediate abundance or range were under-

represented in her study because they generally do not attract the attention of 

biologists.  

 

With the emergence of conservation biology, scientists began to consider the real 

world applications of their studies and how to protect and manage the diverse array 

of rare species. Rarity raised particular complexities for protected area design and 

management. For example, how does one protect a species with a large range but 



 

 25

patchy distribution, or a species with low densities over a large geographic range 

that is not habitat specific? 

 

Rabinowitz argued that it was useful and indeed necessary to specify precisely what 

form of rarity one was dealing with. Understanding the dimension of a species rarity 

would be fundamental to developing a management strategy for it. Rabinowitz 

suggested a ‘triage system’ was possible where some rare species that had small 

local populations but were dispersed over large geographical ranges may be a lower 

priority. Focus would then remain on those in a more perilous situation such as 

species that were rare at a smaller scale (Rabinowitz et al. 1986). 

 

Throughout the 1980s numerous studies built on the foundational work of 

MacArthur and Wilson. A need was identified to characterise quantitatively the 

long-term viability of small populations (Brook et al. 2006). A host of papers were 

produced demonstrating that once a population was reduced in size and geographic 

range, it faced a greater risk of extinction (Soule 1986; Gilpin 1987; Shaffer 1987; 

Brook et al. 2006).  

 

Following this, Soule (1986) recognised three components of rarity - within habitat 

between habitat and geographic. The issue of sampling was again considered with 

many arguing that some species will be rare in a particular patch because the patch 

may have been sampled at the outer edges of a species’ geographical and ecological 

range (Hubbell and Foster 1986; Rabinowitz et al. 1986; Soule 1986; Shaffer 1987). 
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Soule argued that consideration should not only be given to geographical 

distribution but to the rate of turnover (geographical replacement). 

 

The questions previously raised by Preston in the 1940s underscored an important 

factor to come to the fore in future rarity studies. That is, the problems associated 

with sampling artefacts and errors. It was not until more sophisticated statistical 

techniques evolved that it was possible to correct for sampling error.  Further, the 

development of statistical software enabled the rapid processing of vast amounts of 

data enabling previously unseen patterns to be observed.  Soule (1983) listed 

eighteen factors that contributed towards extinction (Table 2). 

 

1 Rarity (low density) 

2 Rarity (small, infrequent patches) 

3 Limited dispersal ability 

4 Inbreeding 

5 Loss of heterozygosity 

6 Founder affects 

7 Hybridisation 

8 Successional loss of habitat 

9 Environmental variation 

10 Long-term environmental trends 

11 Catastrophe 

12 Extinction or reduction of mutualist populations 

13 Competition 

14 Predation 

15 Disease 

16 Hunting and collecting 

17 Habitat disturbance 

18 Habitat destruction 

 

Table 2 Soule's 18 factors contributing toward extinction 

 

Rarity had now emerged as a field of study in its own right. In 1994 Gaston 

published the first comprehensive text on the subject. He brought together the 
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existing literature and examined the problems inherent in its study.  His overview of 

the existing study on rarity concurred with Rabinowitz and demonstrated that the 

proportion of species shown as rare varied enormously (Gaston 1994a,b). 

Gaston argued that if rare and common species showed consistent differences, it 

was tempting to view these differences as evolved adaptations to deal with the 

condition of rarity (Kunin and Gaston 1993; Gaston 1994a,b).  

 

Gaston found that many of the more widely studied traits associated with rarity 

were themselves highly inter-correlated. For example, reproductive effort and 

dispersal distances were often correlated, and both of these were highly correlated 

with body size in many organisms (Kunin and Gaston 1993; Gaston 1994a,b).  All 

three of these traits appeared to be correlated with abundance. Gaston argued that 

untangling this four-way association was the key to understanding rarity. 

 

Gaston defined rare species as those having low abundance and/or small ranges.  

He also defined the common variables for defining a species as rare as: 

• Low abundance; 

• Small ranges; 

• Habitat specificity; 

• Taxonomic distinctness; and 

• Persistence through ecological or evolutionary time. 

 

Gaston regarded both abundance and range size as essentially continuous variables. 

Despite this finding Gaston argued that for a general definition of rarity to be 
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achieved it would have to be relative and involve somewhat arbitrary cut off points 

making it a discontinuous variable. He suggested three methods for ranking rarity 

within an assemblage of species: 

1. Proportion of species: rare species are defined as the x% with the lowest 

abundances or smallest range sizes in the assemblage; 

 

2. Proportion of sum: rare species are defined as those with abundances less 

than x% of the summed abundances of all species in the assemblage or as 

those with a range size less than x% of the largest range size possible in the 

study area; and 

 

3. Proportion of maximum: rare species are defined as those with abundances 

or range sizes less than x% of those species that have the highest abundance 

and the largest range size in the assemblage. 

 

All three definitions were regarded as having some drawbacks and were based on 

relative rather than absolute criteria.  Gaston highlighted the fact that through time 

a particular species may move in and out of the rare category even though it 

maintains a stable abundance and spatial distribution and the composition of the 

assemblage remains constant (Gaston 1994). 

 

During this period there had been growing alarm at the effects of global economic 

and population growth on the environment and biodiversity. The imperative to 

protect the world’s biodiversity from terminal decline and extinction led to the 
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formation of the International Union for the Conservation of Nature (IUCN). Formed 

by an international body of scientists, the IUCN developed a ‘Red List’ of Threatened 

Species that identified and prioritised species regarded to be at various levels of 

risk. Through the Red List, the IUCN attempted to establish an objective set of 

criteria according to which threatened rare species could be identified.  They were 

forced to grapple with the paradox that although many species are naturally rare, 

and are not necessarily endangered. It was also true that that those that were the 

most threatened with extinction were among the most rare. The IUCN had 

identified an urgent need to develop criteria for prioritising action for those species 

most in need of protection.  

 

The life history drivers, population parameters and environmental conditions that 

contributed to a state of rarity were now more clearly understood. Ecological 

thought had moved on from Darwin’s initial postulation that rarity was a path to 

extinction through to Gaston’s suggestion that attempting to define rarity was 

sometimes so relative that it may indeed be an intuitive concept dependent on 

context. Recent research by Brooks, Traill and Bradshaw had provided strong 

evidence confirming rare species did not evolve to go extinct but were rather part 

of the rich and essential fabric of an ecosystem (Brooks et al. 2006). It could be 

argued that scientists had by now more or less reached a universal definition of 

rarity as outlined by Gaston. 
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Rarity in coral reef fish 

Until relatively recently, the marine environment had largely been neglected in 

terms of concern for its biodiversity. Many marine organisms, in particular coral 

reef fish, had been thought relatively insulated from risk because of their apparent 

broad distributions and relatively long, dispersive larval phases (McAllister et al. 

1994; Hawkins et al. 2000). An overarching view of the marine environment as a 

vast, stable, self-managing environment of infinite resources was apparent even in 

the early research on tropical marine environments.  

 

Coral reef fish became a focus for research in the 1960s. Early ecological studies 

established a set of assumptions that held that tropical reef communities were 

‘steady state’, ‘in equilibrium’ and competitively organised, a view that dominated 

the field into the 1980s (Sale 1984). Sale set out three essential criteria for reef fish 

communities to constitute ‘steady state’ (Sale 1984): 

 

1. temporal constancy of numbers of individuals, species and of species 

composition; 

2. evidence of resource limitation and subtle fine scale patterns of resource 

partitioning in response; and 

3. other evidence of competition including ‘assembly rules’ that determine species 

composition. 

 

The major resources required by reef fish were divided broadly into ‘food’ and 

‘space’. Research throughout the 1970s was regarded as consistent with space 
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limitation and there was general agreement that space resources were more likely 

than food to limit reef fish populations (Sale 1984; Werner 1984). There was also a 

belief that species will evolve an efficient partitioning of the resources available. 

 

However outcomes of studies in the 1980s began to contradict these assumptions 

by showing that that fish were not limited by space. The three criteria set out by 

Sale could not be met. It was found that resources were either not fully used for 

much of the time or that space requirements of particular species varied 

dramatically from time to time. These studies found no direct evidence that 

differences in niche diversification existed because of competition. Rather it was 

argued they may exist simply because the species are different in their ecology and 

their morphology. There was no evidence that reef fish divided their resources any 

more finely than do fish in less diverse, temperate communities (Werner 1984; 

Jordan et al. 2005). 

 

At the same time a deepening understanding of the broader ecological processes in 

marine environments was evident. Shallow tropical marine environments were 

more subject to environmental stresses than temperate waters. Ultraviolet 

radiation, thermal shock, storms, flooding, large temperature or salinity excursions 

and sedimentation were found to result in cyclical and periodic disturbances that 

acted as limiting factors on dispersion (Johannes and Hatcher 1986).  

 

There was also mounting concern over the anthropogenic impacts on coral reef 

systems and fish assemblages. An exponential increase in coastal development, 
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pollution, habitat loss and fishing pressure had placed coral reef systems under 

enormous pressure and the need for conservation and management became an 

increasingly urgent priority. 

 

Sale, for example, found through temporal studies on relative abundance that 

pronounced changes in coral reef fish populations occurred. He argued that there 

was continuous change in the composition of the fish fauna present on small reef 

patches and, presumably, other habitat patches (Sale 1984). He also found that reef 

size, whether measured as surface area or as volume, was a good predictor of 

numbers of fish or species present, as well as the numbers of individuals of specific 

species. 

 

By the end of the 1980s the view of coral reef fish assemblages being in equilibrium 

had been discarded. They were now viewed as highly variable and in a state of 

constant change (Morris, et al. 2000; Jones et al. 2002). It was argued that a highly 

variable rate of recruitment was responsible for determining numbers of species on 

a particular reef and reef system (Hattori 2002; Jordan et al. 2005). Similarly, with 

this view in mind, coral reef fish were no longer seen as immune to anthropogenic 

impacts, particularly fishing pressure. 

 

Throughout the 1990s rarity studies on coral reef fish continued to be a neglected 

area of research. A handful of papers had examined various aspects of rarity or 

extinction risk but tended to focus on those families targeted by fisheries (Hawkins 

et al. 2000; Morris et al. 2000). The IUCN established its Coral Reef Specialist Group 
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in 1994 that documented the distribution, diversity and endemism of coral reef fish 

across the globe (IUCN 1999; Hawkins et al. 2000; IUCN 2001). 

 

Studies commissioned by the IUCN further improved our understanding of coral 

reef fish ecology. They showed, for example, that reef fish did not necessarily have 

extensive ranges as was widely thought. Of 1677 species examined 9.2% had ranges 

of less than 50,000km² (IUCN 1999; Hawkins et al. 2000). Even with a revised 

criterion of a range of 800,000km², 24% of species were regarded as having 

restricted ranges. Of key significance is the fact that even though a range may 

appear large, on average only 0.34% of the range contained coral reef habitat 

(McAllister et al. 1994). 

 

By 2003, a substantial shift in the understanding of the distribution and abundance 

of coral reef fish had occurred. Mora and colleagues suggested three broad 

hypotheses to explain large-scale patterns of coral reef biodiversity (Mora et al. 

2003). These were: The ‘Centre of Origin’ hypothesis, where the Indonesian and 

Philippines Region (IPR) functions as a centre of biodiversity and speciation for coral 

reef fish across the Indo-Pacific region; the ‘Centre of Overlap’ hypothesis, where 

the high biodiversity of the IPR is indicative of overlapping faunas; and the ‘Centre 

of Accumulation’ hypothesis, where speciation occurs in a number of areas at the 

peripheries of the IPR and species extend their range into the IPR through prevailing 

currents (Mora et al. 2003).  
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Mora et al. (2003) provided evidence for the Centre of Origin hypothesis 

demonstrating that the distribution of fish in the broader Indo-Pacific Region can be 

largely explained by the transport of species from the Indonesian and Philippines 

areas to the rest of the region. They argued this would explain the much higher 

diversity in this area of the region and suggest that species with a long pelagic 

duration are likely to have travelled the furthest from the centre (Mora et al. 2003).  

 

Current status of rarity studies in coral reef fish 

In 2002, Jones and colleagues wrote wrote a review paper on rarity studies in coral 

reef fish and addressed the following questions (Jones et al. 2002):  

• What are the global patterns in the geographic range of coral reef fish;  

• How do geographic ranges relate to location, latitude, body size dispersal, 

and/or habitat specialisation;  

• Is there a positive relationship between geographic range and abundance in 

coral reef fish;  

• Does local abundance relate to body size or habitat specialisation; and 

• Are there consistent patterns in the relative abundance of common and rare 

species at different locations, or at the same location at different times? 

 

In terrestrial ecology many of these fundamental questions of rarity have been 

examined. Yet in the marine environment they remain largely untested (Morris et 

al. 2000; Mora et al. 2003).The study of rarity in the marine environment is complex 

because of the problem of scale. In coral reef fish particularly, species may be 
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common across a large range such as the Indo-Pacific Region but rare at the local or 

regional scale such as within a reef system or a particular reef patch (Mora et al. 

2003). This raises a further difficulty concerning the difference between endemism 

and rarity. A species may be endemic to a particular site, and thus common at the 

local level, but rare in the context of the Indo-Pacific Region (McAllister et al. 1994; 

Hawkins et al. 2000; Jones et al. 2002).  

 

Jones et al. (2002) argued that population level studies of reef fishes have so far, 

provided little information relevant to the understanding of rarity issues. As coral 

reef fishes have dispersive larval stages and consequently an open population 

structure they may require new explanations of rarity (Jones et al. 2002). Marine 

taxa show considerable variation in both dispersal potential and geographic 

distribution (Ludwig 1999; Dytham 2003). This raises a number of interesting 

questions, such as: is it possible to apply the same ecological theories of island 

biogeography, MVP and PVA that are fundamentally two dimensional, to the marine 

environment? The three dimensional aspect of the marine environment coupled 

with highly dispersive pelagic larval phase of many coral reef fishes may render the 

applicability of these theories invalid (Smith and Gaines 2003).  

 

Even closely related coral reef species can have dramatically different range sizes 

(Lester and Ruttenberg 2005). In addition a variety of evolutionary and ecological 

explanations for range size variation have been suggested, including niche breadth 

or environmental tolerance, body size, population abundance, latitude, 

environmental variability, colonization and extinction dynamics, and dispersal 
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ability (McArdle et al. 1990; Kunin and Gaston 1993; Gaston 1994; Rocha 2003; 

Smith and Gaines 2003). However, tests of many of these hypothetical causes have 

been limited, and none has emerged as a universal driver of the extent of species 

geographical distributions (McArdle et al. 1990; Lester et al. 2007). 

There are a variety of proposed evolutionary and ecological explanations for why 

some species have more extensive geographical ranges than others. One of the 

most common explanations is variation in species dispersal abilities. However, the 

purported relationship between dispersal distance and range size has been 

subjected to few theoretical investigations, and empirical tests reach conflicting 

conclusions (Mora et al. 2003; Lester et al. 2007). Arguments for the effect of 

dispersal on range size can be developed both from an ecological perspective, in 

which dispersal is viewed as a fundamental life-history attribute influencing 

demography and colonization, and from an evolutionary perspective, in which gene 

flow arising from dispersal affects rates of local adaptation, speciation and 

extinction (Gaston 1994; Lester et al. 2007). 

 

It has been found that spatially restricted species and non-restricted species could 

be equally abundant on a local scale. In the literature there are a number of 

anecdotal references to the unusual abundance of endemic species on isolated 

islands or in enclosed seas (Jones et al. 2002). This suggests that some species that 

are rare in terms of geographic range tend to be more abundant on a local scale as 

compared to widespread species. Abundance-range size relationships require 

further investigation to determine whether the relatively high abundance of some 

endemics is a general phenomenon in coral reef fish communities. If so this would 
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be in contrast to terrestrial endemics, which tend to be rare in terms of local 

abundance (McArdle et al. 1990; Lester et al. 2007).  

 

As argued in the literature, whatever definition of rarity one uses, the results it 

produces will be influenced by the spatial scale at which it applies, from 

biogeographic regions to occurrences on sample sites (Gaston 1994; McAllister et 

al. 1994; Mora et al. 2003). Clearly, and particularly for coral reef fish, rarity can be 

defined at different spatial scales. At large scales the concept of rarity is closely 

allied to that of endemism (Gaston 1994). Gaston defines endemism as species that 

occur in an area and nowhere else. As I have described above, some species will be 

rare at any given spatial scale or may be rare at one scale and not another.  

 

Many coral reef fish are highly habitat specific. As a result, one of the major 

difficulties in defining rarity in coral reef fish is untangling the differences and 

subtleties between endemism and rarity. Rarity can be applied to assemblages that 

have parameters that are constrained in different ways. Both Rabinowitz (1986) and 

Gaston (1994) argue that endemism and rarity are not interchangeable; species may 

be endemic to an area yet occur throughout it at levels of abundance or occurrence 

greater than those of many or even most of the other species found there. So once 

again, the argument concerns rarity at different levels of scale. The literature on 

coral reef fish supports this view. Endemism is not seen as a predisposition towards 

rarity (McAllister et al. 1994; Hawkins et al. 2000; Dytham 2003; Mora et al. 2003). 
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Identifying rare species in coral reef fish is further complicated by the fact that not 

all species in an assemblage have equal status; at local and regional scales some 

species may not be permanent members but may be vagrants that typically occur at 

low abundances and have small range sizes in a study area. If included in 

classifications they stand an unreasonably high chance of being categorised as rare. 

The LTMP operated by AIMS in the GBRMP has demonstrated that vagrancy 

presents another criterion for defining rarity; a species must be able to maintain a 

viable population within the assemblage and area of habitat to be classified as rare. 

In this study vagrants were eliminated from the data set. 

 

The literature also suggests that a further parameter for defining rarity is found in 

restricted range species. These species may differ from widespread species in their 

habitat requirements. If a species has specific and/or narrow habitat requirements 

it may have difficulty in colonising new areas, therefore limiting its range. The 

literature on both coral reef fish and terrestrial species agree that range is a 

defining factor in rarity (Gaston 1994; Hawkins et al. 2000; Jones et al. 2002; 

Dytham 2003; Nu´n˜ez-Lara et al. 2005).   

 

Tropical marine organisms live at environmental temperatures closer to their upper 

thermal limits than do temperate species (Johannes and Hatcher 1986). Tropical 

marine organisms also live at the margins of their oxygen limits. Not only are their 

metabolic rates higher, but also dissolved oxygen concentrations are lower. 

Seawater saturated with air contains 35% less oxygen at 30°C than warm sea water 

at 8°C (Johannes and Hatcher 1986). The effects of environmental temperatures 
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may be a contributing factor to the distribution and geographic range of coral reef 

fish. In the marine environment organisms are exposed to different climatic 

gradients than are terrestrial organisms (Stevens 1996). Water has a higher specific 

heat than air. That is, it is relatively slow to respond to seasonal changes in the 

angle of the sun. Water also acts as a more effective insulating layer than air, which 

means that deeper waters show less variation in temperature than water at the 

surface (Stevens 1996). 

 

Thus it might be expected that marine fish would exhibit no relationship between 

their geographical range size as measured by mean latitudinal extent and the 

latitudinal zone in which they are found, since one must take into account both the 

relation between depth and temperature fluctuations (Stevens 1996; Smith and 

Gaines 2003). Rapoport’s latitudinal rule states that species in higher latitudes have 

increased tolerance to seasonal variation in environmental conditions (Stevens 

1996; Smith and Gaines 2003). The inverse occurs for species at lower latitudes with 

these species frequently having smaller geographical ranges. Species in the tropics 

are thought to have a narrower band of tolerances (Jones et al. 2002; Smith and 

Gaines 2003). Stevens, however, found the opposite effect when the rule was 

applied to coral reef fish (Stevens 1996). He found that species with the smallest 

geographic ranges tended to be those in the colder water at the higher latitudes 

(Stevens 1996; Smith and Gaines 2003). This finding was confirmed by Jones et al. 

(2002).  
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Reef fish in or around equatorial waters have greater scope for range expansion 

because of the relatively uniform water temperatures. This results in a larger 

environment that lies within the range of their physical tolerances (Mora et al. 

2003; Smith and Gaines 2003). However, this also works to define the geographical 

range of many species with coral reef fish unable to expand their range to higher 

latitudes. 

 

An overarching issue for defining rarity in coral reef fish is how discrete populations 

are defined (McAllister et al. 1994; Mora et al. 2003). However, this remains an area 

of debate amongst researchers (Schmitt and Holbrook 1999; Jordan et al. 2005). It is 

still unclear how interlinked discrete populations are or whether they may in fact 

constitute a series of ‘metapopulations’.  

 

A key component of the metapopulation argument is establishing the flow of 

individuals between patches (Thompson 2004). Most species have a planktonic 

larval phase this is thought to be a major contributor to species distribution (Bay et 

al. 2006). Because the majority of coral reef fish species have long planktonic larval 

durations, the metapopulation argument is a persuasive one.  

 

The bipartite life histories of marine organisms results in very different ecologies for 

juveniles and adults (Jones et al. 2002; Rocha 2003; Bay et al. 2006). Adult reef fish 

are often site-attached and sedentary but the larvae of nearly all species have a 

pelagic phase that has immense dispersal potential and can last from a few days to 

several months (Bay et al. 2006). To understand the probability of rarity for coral 
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reef fish, it is necessary to examine the full dynamics of the archipelago of patches 

that constitute a metapopulation, either within a reef system, bioregion or broader 

geographical region (McAllister et al. 1994; Dytham 2003).  

 

Many species’ populations are patchily distributed over a grid work of their 

acceptable habitats (Soule 1986; Gilpin 1987; Hawkins et al. 2000). This raises 

questions regarding their persistence at a regional level. A metapopulation is 

composed of an interacting network of local populations. It is not simply the total 

size of the population that is important to a population’s vulnerability, but also the 

geometrical character of its distribution and the dynamical aspects of the flow of its 

member individuals between nodes of the network of habitable patches (Gilpin 

1987; Shaffer 1987). The dynamics of rarity at a local scale within a metapopulation 

is an area yet to be examined in coral reef fish ecology and beyond the scope of this 

thesis (Soule 1986; Shaffer 1987; McAllister et al. 1994; Hawkins et al. 2000).  

 

Demographic stochasticity - the random or unpredictable mortality of a given 

population - is also a factor yet to be considered in any detail in studies of coral reef 

fish populations (Jones et al. 2002). Demographic stochasticity occurs on an 

individual level and makes the assumption that each organism behaves 

independently regarding birth and death events (Gilpin 1987). However, there can 

be correlated events that affect all individuals such as colder or hotter seasons or 

failures of resources. Populations occurring on different patches and/or at different 

depths may receive very different signals from their environments (Gilpin 1987; 

Stevens 1996; Dytham 2003).  
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Similarly, environmental stochasticity and catastrophes can result in the entire 

population receiving a ‘shock’. In considering the impact of environmental 

stochasticity on spatial patchiness, the critical variable is the degree to which the 

environment acts in a correlated fashion between the patches of the 

metapopulation (McAllister et al. 1994; Hawkins et al. 2000). For coral reef fish it is 

still not clear how metapopulations and their sub populations cope with 

environmental stochasticity.  

Conclusion 

In this chapter I have outlined some of the key questions and debates that have 

occurred in the history of ecology. This analysis contextualises the historical study of 

rarity and provides explanation for how our understanding of rarity has changed 

since the time of Darwin and, in turn, how this has influenced our understanding of 

the marine environment.  This chapter has provided a description of how the 

dynamics of rarity and commonness in the marine environment are still little 

understood, and how many of these questions raised by Jones et al. (2002) and 

Mora et al. (2003) have yet to be answered. In Chapter Three I answer some of the 

questions raised above through an analysis of eleven years of coral reef fish data 

from the GBRMP.   

 

 

 



 

 

 

 

 

 

 

 

Chapter 3 

 

 

Life history and ecological traits: their effect on rarity and 

commonness 

 

 

 

 

 

 

 

 

 

 

 

 



 

 43

Chapter 3          Life history and ecological traits: their 

effect on rarity and commonness 

 

Introduction 

An estimated 4,000 species of fish, approximately 25% of marine fish species, 

inhabit coral reefs (McAllister et al. 1994). Coral reefs are found between 32°North 

and 32°South latitude in ocean waters of 20°C or warmer yet cover only 0.18% of 

the world’s oceans (McAllister et al. 1994). The majority of coral reefs are shallower 

than 30 metres in depth and border the coastlines, islands and archipelagos of 

developing countries. This distribution, when close to large and expanding human 

populations, subjects many coral reefs to exponential anthropogenic impact 

(Johannes and Hatcher 1986; McAllister et al. 1994; Hawkins et al. 2000). 

 

It is now without question that both coral reef fish and their habitats are under 

immense pressure from human induced disturbance. Despite this, little is known 

about the correlation between life history traits and rarity of coral reef fish. In 1994 

McAllister reported that ‘no coral reef fish species is classified as threatened or 

endangered throughout its range, principally, in our view, because scant attention 

has been devoted to the question’ (McAllister et al. 1994). By 2002, although the 

IUCN had set up a coral reef fish specialist group, Jones, Munday and Caley, in their 

2002 review of rarity in coral reef fish, lamented the continuing scarcity of rarity 

studies on marine organisms. 
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There are a great variety of potential causes for rarity. Species may be rare because 

they have a particular reliance on resources that are themselves in low abundance 

and patchily distributed. Alternatively (or in addition), there are a number of life 

history traits that correlate with rarity. In particular, species that have large body 

size tend to be rare (Gaston 1994), as do those that have low reproductive output, 

reproduce asexually or have limited dispersal (Hawkins et al. 2000, Munday and 

Jones 1998).  The extent to which these factors operate as causes of rarity in marine 

environments is unknown (Munday and Jones 1998, Hawkins et al. 2000, Jones et 

al. 2002). Moreover, there have also been few attempts to determine the temporal 

consistency of rarity. That is, the degrees to which rare species remain rare (and 

conversely, common species remain common) through time.  

 

 LTMPs offer the opportunity to examine the correlates of rarity and the temporal 

consistency of this trait in coral reef fishes. The AIMS LTMP on the GBR, which is the 

largest coral reef monitoring program in the world, records the abundance and 

diversity of reef fish using a non-destructive technique (underwater visual census) in 

a single habitat across 48 reefs that span the major latitudinal and cross-shelf trends 

in diversity and abundance of fish faunas on the GBR (Baker and Coleman 2000).  In 

this analysis I use these data sets to examine the life history correlates of rarity in a 

wide range of coral reef fish.  However, rarity of fish in this habitat may have both 

natural and anthropogenic causes, since some of the larger predatory species 

(mostly lutjanids, serranids and lethrinids) are the targets of both recreational and 

commercial fisheries. For this reason, my analysis includes fishing as a potential 

correlate of rarity.   
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Because coral reef fish are better known taxonomically, a clearer knowledge of their 

distribution and abundance may act as a ‘flagship’ for coral reef biodiversity (Jones 

et al. 2002). As reef fish exhibit the highest diversity of all vertebrate communities 

there is a likelihood they contain a greater proportion of rare species (Jones et al. 

2002). Better ecological understanding of reef fish populations will contribute to 

focussing efforts on marine organism habitat protection where it is most needed. 

 

A number of recent studies coupling rarity and life history traits with sophisticated 

statistical modelling have provided insights into the influence of these traits on both 

relative abundance and extinction proneness (Brook et al. 2006; Sodhi et al. 2008).  

 

Although coral reef fish are characterised by high dispersal rates, many species have 

restricted ranges and specific habitat requirements (Hawkins et al. 2000). Reef fish 

also exhibit high levels of population dynamic and temporal variability. Species that 

possess certain evolved traits and low levels of abundance may be more susceptible 

to extinction (Hawkins et al. 2000). However, it is still far from clear whether coral 

fish suffer the same susceptibilities as their terrestrial counterparts.  

 

In the following sections I undertake an analysis of the AIMS LTMP to test the 

hypothesis ‘life history controls relative abundance of coral reef fish.’ I also examine 

two specific questions: 

 

1. Do common species stay common and do rare species stay rare? 
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2. Is it possible to determine trends in rarity and commonness through an 

analysis of temporal data and life history traits? 

 

Methods 

The LTMP data 

I analysed eleven years of data (1994-2005) from the AIMS LTMP. A total of 208 

species were recorded in counts. As my primary focus was on species that were rare 

within this habitat, rather than those that were vagrants or abundant in other parts 

of the reef, such species were removed from the data set, reducing the number to 

134. These two groups are shown in Table 3. In order to determine the effect of this 

reduction in numbers on model outcomes, I analysed both data sets and compared 

results. As discussed in Chapter Two, the larger list functioned as a control for bias 

during statistical analysis.  

 

TAXONOMY 

Family 208 species dataset 134 species dataset 

ACANTHURIDAE 4 Genus - 24 Species 4 Genus - 12 Species 

CHAETODONTIDAE 4 Genus - 30 Species 3 Genus - 28 Species 

LABRIDAE 7 Genus - 9 Species 6 Genus - 8 Species 

LETHRINIDAE 2 Genus - 14 Species 2 Genus - 3 Species 

LUTJANIDAE 1 Genus - 18 Species 1 Genus - 7 Species 

POMACENTRIDAE 16 Genus - 73 Species 12 Genus - 44 Species 

SCARIDAE 5 Genus - 24 Species 4 Genus - 20 Species 

SERRANIDAE 2 Genus - 5 Species 2 Genus - 3 Species 

SIGANIDAE 1 Genus - 10 Species 1 Genus - 8 Species 

ZANCLIDAE 1 Genus - 1 Species 1 Genus - 1 Species 

 

Table 3 Data description: taxonomy 
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Two different measures of rarity based on abundance data were calculated for each 

species from the LTMP surveys. Firstly, relative density was calculated as total 

abundance (sum of abundance from 11 annual surveys) divided by the total number 

of transects where the species was present. Secondly, species were classed as rare 

and common by ranking the total abundance of all species recorded in counts. The 

25% of the species that were ranked as least abundant were defined as rare and the 

remainder as common, following Gaston (1994).  

 

I collected data on life history and ecological traits including mean adult size, 

feeding group, home range, activity, schooling, swimming strata, reproduction and 

whether the species was the target of commercial and recreational fisheries from 

the literature (M. Kulbicki, unpublished; Fishbase, http://www.fishbase.org). These 

traits were selected for analysis as they may be associated with rarity (Hawkins et 

al. 2000; Morris et al. 2000). These data are shown in Table 4. Other life history data 

such as reproductive type (brooding vs. broadcast), pelagic duration of the larval 

phase and longevity were available from the literature for a subset of the study 

species but I did not undertake this analysis due to the difficulties in accessing some 

unpublished data.  
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Trait Categories 208 species  134 species 

Mean Body Size  range 4-90 cm range 4-90 cm 

Human Impact None 80 = 38.5% 51 = 38.1% 

  Minimum commercial/recreational 63 = 30.3% 48 = 35.8% 

  Commercial/recreational 65 = 30.2% 35 = 26.1% 

Feeding group Benthic 34 = 16.3% 31 = 23.1% 

  Herbivore 61 = 29.3% 40 = 29.9% 

  Planktivore 67 = 32.2% 42 = 31.3% 

  Predator 46 = 22.1% 21 = 15.7% 

Home Range Middle 81 = 38.9% 52 = 38.8% 

  Small 108 = 51.9% 77 = 57.5% 

   Wide 19 = 9.1% 5 = 3.7% 

Activity Both 8 = 3.8% 4 = 3% 

  Diurnal 176 = 84.6% 123 = 91.8% 

  Nocturnal 24 = 11.5% 7 = 5.2% 

Schooling Large 69 = 33.2% 36 = 26.9% 

  Middle 98 = 47.1% 67 = 50% 

  Small 41 = 19.7% 31 = 23.1% 

Swimming strata Bottom 155 = 74.5% 109 = 81.3% 

  Low above bottom 53 = 25.5% 25 = 18.7% 

Reproduction Pelagic spawners 40 = 19.2% 25 = 18.7% 

  Demersal spawners 168 = 80.8% 109 = 81.3% 

 

Table 4 Life history and ecological traits 

 

Prior to statistical analysis, the independence of all variables was assessed using 

Pearson Correlation Coefficients (Table 5).  This is one of the most common 

measure of correlation. In a Pearson analysis, a value is in a range between -1 and 1. 

The stronger the association between the two variables and the more accurately 

you can predict one variable from knowledge of the other variable. A correlation of 

1 or -1 means that the two variables are perfectly correlated, meaning that you can 

predict the values of one variable from the values of the other variable with 

accuracy. A correlation of zero implies an absence of a correlation and therefore 

relationship between the two variables. A positive correlation means that relatively 
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high scores on one variable are paired with relatively high scores on the other 

variable, and low scores are paired with relatively low scores. A negative correlation 

means that relatively high scores on one variable are paired with relatively low 

scores on the other variable. 
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Reproduction    1        

Feeding group    0.06   1       

Mean body size    0.44   0.24   1      

Home range   -0.09    -0.11   -0.25    1     

Activity   0.06    0.32    0.21   -0.16    1    

Schooling   0.16   -0.13    0.21   -0.32   -0.12  1   

Level  -0.26    0.36   -0.15    0.00    0.26 -0.48  1  

Fishery impact  -0.30  -0.18  -0.56   0.36 -0.17 -0.20  0.13    1 

 

Table 5 Pearson Correlation: life history and ecological traits 

 

Statistical analysis 

To determine the influence of each ecological trait on the relative abundance of 

coral reef fish species, I fitted GLMMs to the data using the lmer function (a code 

programming function used in r as part of mixed model analysis) implemented 

through the r Package (r Development Core Team 2004). I examined two different 

responses: relative density as a continuous variable (transformed with log (reldens) 

+ 10); and rarity as a binomial variable. I coded each ecological trait as a linear 

predictor (fixed effects), as discussed below. I assigned each relative density model 

a Gaussian error distribution (a measure of the standard deviation across a bell 

curve) and a log link function (a code programming function used in r), and each 
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rarity model a binomial error distribution and a logit link function (cumulative 

frequency distribution).  

 

Species are phylogenetic units with shared evolutionary histories and are not 

therefore statistically independent units (Sodhi et al. 2008). It was necessary to 

decompose the variance across species by coding the random-effects error 

structure of the GLMM as a hierarchical taxonomic (class/order/family) effect. 

There was insufficient replication within the genera to include the genus in the 

nested random effect, so I placed the family as a random effect for phylogenetic 

control. 

 

The amount of variance in relative abundance captured by each model considered 

(see below) was assessed as the percentage Deviance Explained (DE) (Brook et al. 

2006). The ‘null’ model used to calculate the percentage DE was a fitted linear 

model with no fixed effects (i.e., a universal [intercept] risk estimate for all species), 

but included the taxonomic random effect for the GLMMs. The GLMM results are 

shown in Tables 6 and 7 below. 

 

I used an estimate of Akaike’s Information Criterion (AIC) corrected for small sample 

sizes (AICc), and the dimension-consistent Bayesian Information Criterion (BIC) 

(Burnham and Anderson 1998). These indices of model parsimony identify relative 

evidence of model(s) from a set of candidate models (Burnham and Anderson 

2004). The relative likelihoods of candidate models were calculated using AICc and 

BIC weights (Burnham and Anderson 1998), with the weight (wAICc and wBIC) of 
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any particular model varying from 0 (no support) to 1 (complete support) relative to 

the entire model set.  

 

 

Key: MEAN = mean body size, FISHER = fishery impact, RANGE = home range, LEVEL = 

level, SCHOOL = schooling, FEEDING = feeding group, REPRO = reproduction 

 

Table 6 GLMM results ranked by wAICc with relative density 

 

 

 

 

 

Model k LL �AICc wAICc �BIC wBIC %DE 

 (a) 208 species dataset        

~MEAN + FISHER + MEAN*FISHER + 

(1|FAMILY) 8 -617.29 0.00 8.86E-01 2.28 2.43E-01 5.23 

~MEAN + FISHER + (1|FAMILY) 6 -621.49 4.09 1.14E-01 0.00 7.57E-01 4.58 

~FISHER + (1|FAMILY) 5 -632.27 23.52 6.93E-06 16.21 2.29E-04 2.93 

~MEAN + RANGE + (1|FAMILY) 6 -633.20 27.51 9.41E-07 23.42 6.22E-06 2.79 

~MEAN + (1|FAMILY) 4 -639.27 35.43 1.79E-08 24.89 2.99E-06 1.85 

~LEVEL + SCHOOL + (1|FAMILY) 6 -640.69 42.49 5.26E-10 38.39 3.48E-09 1.64 

~RANGE + (1|FAMILY) 5 -643.71 46.41 7.40E-11 39.10 2.44E-09 1.17 

~FEEDING + (1|FAMILY) 6 -648.06 57.23 3.32E-13 53.13 2.19E-12 0.51 

~1 + (1|FAMILY) 3 -651.35 57.51 2.88E-13 43.71 2.45E-10 0.00 

~REPRO + (1|FAMILY) 4 -651.32 59.53 1.05E-13 48.98 1.75E-11 0.00 

 (b) 134 species dataset        

~MEAN + FISHER + MEAN*FISHER + 

(1|FAMILY) 8 -218.15 0.00 9.68E-01 0.00 6.83E-01 14.43 

~MEAN + FISHER + (1|FAMILY) 6 -223.82 6.84 3.17E-02 1.53 3.17E-01 12.21 

~LEVEL + SCHOOL + (1|FAMILY) 6 -233.72 26.65 1.58E-06 21.34 1.59E-05 8.32 

~FISHER + (1|FAMILY) 5 -235.93 28.86 5.23E-07 20.85 2.02E-05 7.46 

~MEAN + RANGE + (1|FAMILY) 6 -236.46 32.12 1.03E-07 26.82 1.03E-06 7.25 

~MEAN + (1|FAMILY) 4 -241.63 38.11 5.13E-09 27.36 7.81E-07 5.22 

~REPRO + (1|FAMILY) 4 -251.48 57.82 2.69E-13 47.07 4.10E-11 1.36 

~FEEDING + (1|FAMILY) 6 -251.25 61.71 3.85E-14 56.40 3.86E-13 1.45 

~1 + (1|FAMILY) 3 -254.94 62.62 2.45E-14 49.09 1.49E-11 0.00 

~RANGE + (1|FAMILY) 5 -253.41 63.83 1.33E-14 55.82 5.16E-13 0.60 
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Key: MEAN = mean body size, FISHER = fishery impact, RANGE = home range, LEVEL = 

level, SCHOOL = schooling, FEEDING = feeding group, REPRO = reproduction 

 

Table 7 GLMM results ranked by wAICc with binomial responses 

 

 

I ran several variants of the models by combining different life history and 

ecological traits and developed partial residual plots for those life history and 

ecological traits that appeared to have an effect on rarity (as evidenced by the 

GLMM results). These are shown below. 

 

Model K LL DAIC wAIC DBIC wBIC %DE 

 (a) 208 species dataset        

~MEAN + (1|FAMILY) 4 -113.17 0.00 2.04E-01 3.16 1.45E-01 0.95 

~1 + (1|FAMILY) 3 -114.26 0.10 1.94E-01 0.00 7.05E-01 0.00 

~REPRO + (1|FAMILY) 4 -113.32 0.30 1.76E-01 3.45 1.25E-01 0.82 

~LEVEL + SCHOOL + (1|FAMILY) 6 -111.46 0.80 1.37E-01 10.42 3.86E-03 2.45 

~FEEDING + (1|FAMILY) 6 -111.93 1.73 8.58E-02 11.35 2.42E-03 2.04 

~FISHER + (1|FAMILY) 5 -113.44 2.63 5.48E-02 9.03 7.73E-03 0.72 

~RANGE + (1|FAMILY) 5 -113.50 2.76 5.15E-02 9.15 7.27E-03 0.67 

~MEAN + FISHER + (1|FAMILY) 6 -112.64 3.15 4.23E-02 12.76 1.19E-03 1.42 

~MEAN + RANGE + (1|FAMILY) 6 -112.72 3.32 3.88E-02 12.94 1.10E-03 1.35 

~MEAN + FISHER + MEAN*FISHER + 

(1|FAMILY) 8 -111.51 5.21 1.51E-02 21.19 1.77E-05 2.41 

 (b) 134 species dataset        

~MEAN + RANGE + (1|FAMILY) 6 -65.15 0.00 9.36E-01 0.00 8.68E-01 14.13 

~LEVEL + SCHOOL + (1|FAMILY) 6 -69.12 7.93 1.77E-02 7.93 1.65E-02 8.91 

~MEAN + FISHER + (1|FAMILY) 6 -69.18 8.05 1.67E-02 8.05 1.55E-02 8.83 

~MEAN + FISHER + MEAN*FISHER + 

(1|FAMILY) 8 -67.03 8.24 1.52E-02 13.54 9.96E-04 11.67 

~FISHER + (1|FAMILY) 5 -70.65 8.79 1.15E-02 6.09 4.14E-02 6.89 

~MEAN + (1|FAMILY) 4 -73.60 12.53 1.78E-03 7.09 2.51E-02 3.01 

~1 + (1|FAMILY) 3 -75.88 14.97 5.25E-04 6.75 2.96E-02 0.00 

~REPRO + (1|FAMILY) 4 -75.82 16.98 1.92E-04 11.54 2.71E-03 0.08 

~RANGE + (1|FAMILY) 5 -75.31 18.12 1.09E-04 15.41 3.91E-04 0.75 

~FEEDING + (1|FAMILY) 6 -74.56 18.82 7.67E-05 18.82 7.11E-05 1.73 
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To test the temporal stability of rare and common species, I calculated the 

coefficient of variation of yearly abundance of each species. I then examined the 

relationship between temporal variability in abundance and relative abundance. 

 

To confirm my results and gain a clearer understanding of the dynamics of rarity in 

coral reef fish, a further set of analyses were undertaken to describe the 

relationship between fish abundance, temporal patterns and life history traits. 

 

Principal Component Analysis (PCA) was used to detect colinearity between 

temporal descriptors and assess the ordination of life history traits according to 

these descriptors. Multivariate analysis of variance was then applied using distance 

matrices and 100 permutations (PERMANOVA) to test the hypothesis of significant 

differences in temporal patterns among life history groups, and to assess the 

proportion of interspecific variation in temporal abundance patterns that is 

explained by life history traits. The PERMANOVA allows partitioning of the sums of 

squares in the temporal pattern distance matrix among life history traits. 

 

The Bray-Curtis distance matrix and Ward method for clustering was then used to 

analyse species based on their temporal abundance patterns (five clusters, or 

species with similar temporal patterns in abundance). A final test using Multiple 

Correspondence Analysis (MCA) to characterise each cluster of species by typical life 

history traits was then applied. MCA is a canonical analysis used to identify 

associations between classes of a two-way contingency table, such as, the 
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frequency of species in each cluster by frequency of species in each life history 

group (Legendre and Legendre 1998).  

 

This sequence of analyses allowed the description of the relationship between 

temporal patterns (left) and life history traits (right table) to be more clearly 

articulated (Figure 2). 

 

 

 

 

Figure 2 Relationship between temporal patterns and life history traits 

 

The Pearson Correlation revealed shoed a strong correlation between body size and 

fishery impact. This correlation was further examined through a boxplot analysis 

(Figure 3). 

 

Figure 3 Boxplot of fisheries impacts 



 

 

Residual analysis was undertaken to further analyse the relationship between life 

history and ecological traits (Figures 4

value of the dependent variable 

data point has one residual.

corresponding values that are predicted by the model represent the variance that is 

not explained by the model

impact and relative density (Figures 6 and 7

impact because fishery impact was an independent variable.

Figure 4 Residuals for relative density for list A of 208 species

Figure 5 Residuals for relative density for list B of 134 species

Residual analysis was undertaken to further analyse the relationship between life 

history and ecological traits (Figures 4 and 5).  The difference between the observed 

alue of the dependent variable and the predicted value is called the 

data point has one residual. The differences between the observed values and the 

corresponding values that are predicted by the model represent the variance that is 

not explained by the model. I also examined the relationship between fishery 

ct and relative density (Figures 6 and 7).  Partial residuals were used for fishery 

impact because fishery impact was an independent variable. 

 

Residuals for relative density for list A of 208 species 

 

Residuals for relative density for list B of 134 species 
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Residual analysis was undertaken to further analyse the relationship between life 

The difference between the observed 

is called the residual. Each 

differences between the observed values and the 

corresponding values that are predicted by the model represent the variance that is 

mined the relationship between fishery 

Partial residuals were used for fishery 



 

 

Figure 6 Partial residuals for list A of 208 species

 

Figure 7 Partial residuals for list B of 134 species

 

To determine whether I was able to understand trends in rarity and commonness 

through time I undertook a test of temporal variability. 

of the coefficient of variation an

 

Partial residuals for list A of 208 species 

 

Partial residuals for list B of 134 species 

To determine whether I was able to understand trends in rarity and commonness 

through time I undertook a test of temporal variability.  Figure 8 shows a scatterplot 

of the coefficient of variation and relative density. 
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To determine whether I was able to understand trends in rarity and commonness 

shows a scatterplot 



 

 

Figure 8 Temporal variability

 

Results 

In the Pearson Correlation I examined correlations between life history traits and 

ecological traits. The strongest correlation for life history traits was between mean 

body size and reproduction (0.44). The anthropogenic fishery impact had the 

strongest correlation of 0.56 between body size and fishery impact.  There

a significant correlation

 

Similarly, GLMM models 

fishery impact and the interaction of these two

scores (Table 7). This outcome was consistent for data sets contain

species (Tables 6 and 7

Boxplot analysis (r>0.56, Figure 3

commercial fisheries had a larger minimum size than those that were of only minor 

commercial importance

 

Temporal variability 

In the Pearson Correlation I examined correlations between life history traits and 

ecological traits. The strongest correlation for life history traits was between mean 

body size and reproduction (0.44). The anthropogenic fishery impact had the 

strongest correlation of 0.56 between body size and fishery impact.  There

a significant correlation between level and schooling. 

models for relative abundance that included mean body size, 

and the interaction of these two variables had the highest 

This outcome was consistent for data sets contain

6 and 7). Body size and fisheries were strongly correlated 

(r>0.56, Figure 3) so that species that were the principal targets of 

commercial fisheries had a larger minimum size than those that were of only minor 

nce or were not targeted. Models including mean size and 
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In the Pearson Correlation I examined correlations between life history traits and 

ecological traits. The strongest correlation for life history traits was between mean 

body size and reproduction (0.44). The anthropogenic fishery impact had the 

strongest correlation of 0.56 between body size and fishery impact.  There was also 

hat included mean body size, 

iables had the highest wAICc 

This outcome was consistent for data sets containing 208 and 134 

gly correlated in the 

) so that species that were the principal targets of 

commercial fisheries had a larger minimum size than those that were of only minor 

mean size and 
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fishing pressure accounted for 89% - 97% of the AICc information-theoretical weight 

and explained 5.23%-14.43% of the deviance in relative abundance for the 208 and 

134 species datasets respectively. Plots of residuals showed that relative abundance 

decreased with increasing mean body size (Figures 4 to 7). My hypothesis for this 

thesis was to test whether ‘life history controls relative abundance of coral reef 

fish.’ Although there was a clear correlation between fishery impact and body size, 

further examination of this effect through investigation of fishery effort was beyond 

the scope of this thesis. Consequently, I was unable to test for a correlation 

between body size and intensity of fishery effort.  

 

GLMM analysis of the species categorized as rare and common showed that for the 

208 species dataset, a model that included mean body size was ranked highest by 

wAICc, but captured only a very small amount of the variation in the data set (<1%, 

Tables 7 and 8).  Models of the 134 species data set identified body size and also 

included home range. In contrast to the previous analysis, these models captured 

up to 14% of the variation in the dataset (Tables 7 and 8).  

Temporal variability 

Variability in abundance through time declined as relative abundance increased. 

This means that species with low relative abundance had a higher rate of year-to-

year variation while species with high relative abundance had relatively low 

variation in counts (Figure 8).  
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The second analysis 

To verify my results and gain greater understanding of the dynamics of rarity in 

coral reef fish, a further set of analyses was undertaken to describe the relationship 

between fish abundance, temporal patterns and life history traits. 

For each species different indices of temporal patterns and abundance were 

defined. I examined total, mean and median abundance and undertook further 

modelling on temporal abundance. Table 8 below lists the codification applied 

during the modelling.  

 

CODE DEFINITION 

TOTAL  total abundance (all transects and years together) 

MEAN  mean yearly abundance 

QUARTILE  first quartile of the distribution of yearly abundance data 

MEDIAN  median of the distribution of yearly abundance data 

VAR  temporal variance over years 

CV  coefficient of variation (Standard deviation/Mean) of abundance over years 

AVEDEV average (absolute) deviation from the mean abundance over years 

MIN minimum abundance over years 

MAX  maximum abundance over years 

MINMAX  range (maximum – minimum) 

GEOMEAN  geometric mean of yearly abundances 

HARMEAN  harmonic mean of yearly abundances 

RARITY 1 for species with TOTAL<500, 0 for all other species 

 

Table 8 Indices of temporal patterns and abundance 

 

I first undertook a Principal Component Analysis (PCA). PCA identifies patterns in 

data through a statistical analysis of variance that and expresses the data in a 

graphical form. It is a statistical technique that can give a greater clarity to 
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similarities and differences within high volume and multi-dimensional data such as 

the LTMP data.  

 

Figure 9 shows a two-dimensional (temporal patterns and abundance) analysis that 

maps the relationships between the different indices of temporal patterns and 

abundance.  

 

 

  

Figure 9 Variable factor map of the principal component analysis 

 

The first axis (vertical) represents an ‘abundance’ gradient and is explained by the 

first quartile (QUARTILE), minimum (MIN), total (TOTAL) and mean (MEAN) of yearly 

abundances for positive scores, and by rare species (RARITY) for negative scores. 

These variables were highly correlated with each other. The second axis (horizontal) 

represents a ‘variability’ gradient and is explained by the variance (VAR), range 

(MINMAX) and coefficient of variation (CV) of yearly abundances (positive scores). 

Multivariate analysis of variance using distance matrices and 100 permutations 

(PERMANOVA) were applied (Table 9). 
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Call: Adonis (formula = data2[, 1:13] ~ Size.Class + Diet.Class + Home.Range + Activity + 

Schooling + Level, data = data2, permutations = 100)  

 

 Df SS MS F R2 Pr(>F)  

Size.Class 1 0.31 0.31 18.06 0.12 <0.01 *** 

Diet.Class 11 0.18 0.02 0.95 0.07 0.47     

Home.Range 2 0.19 0.10 5.63 0.07 <0.01 *** 

Activity    2 0.03 0.01 0.87 0.01 0.40     

Schooling  4 0.29 0.07 4.15 0.11 <0.01 *** 

Level       1 0.00 0.00 0.13 0.00 0.82     

Residuals   97 1.67 0.02 0.6245            

Total       118 2.68  1.0000            

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Key: Df = Degrees of freedom, SS = Sum of Squares, MS = Mean Squares, F = Fisher’s 

statistics, R2 = coefficient of determination, Pr = associated probability 

 

Table 9 Results from PERMANOVA analysis 

 

The data was then plotted using an individuals’ factor map to test temporal data 

and diet class (Figure 10), home range (Figure 11) and size class (Figure 12). 
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Figure 10 Individual factor map with diet classes 

 

 

Figure 11 Individual factor map with home range classes 
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Figure 12 Individual factor map with size classes 

 

This was followed by a cluster analysis to examine associations between temporal 

variability and life history. In the clustering analysis, shown in Figure 13, only the 

least correlated variables were used. These included QUARTILE and RARITY for PCA 

axis 1 (vertical), and MINMAX, VAR and CV for PCA Axis 2 (horizontal). Five clusters 

of fish species were defined as shown on the left panel above. The right panel 

shows the ordination of clusters on the PCA individual plan. Table 10 provides a 

description of the five clusters. 

 

Each cluster can be described by mean abundance patterns in the following 

manner. All rare species were clustered together in cluster ‘4’ and showed the 

highest relative temporal variability (i.e., coefficient of variation). The most 

abundant species (cluster ‘5’) showed the lowest relative temporal variability. 
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Figure 13 Analysis of five clusters of fish species 

 

Cluster MEAN MIN MAX CV Nb rare spp Tot Nb spp 

1 185.5 3 5128 0.11 0 17 

2 81.5 26 250 0.04 0 27 

3 224.5 104 548 0.03 0 29 

4 16.2 1 58 0.14 15 15 

5 1176.5 287 15487 0.02 0 31 

 

Cluster Description 

1 Medium to high abundances, high temporal variations 

2 Low abundances, low temporal variations 

3 Medium to high abundances, low temporal variations 

4 Rare species, high temporal variations 

5 Highest abundances, low temporal variations 

  

Table 10 MCA of fish clusters 

 

An MCA of fish clusters was undertaken using size class and home range factors 

(Figure 14 below). Rare species with high temporal variability (cluster ‘4’) were 
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associated with large size classes, relatively small home range and solitary or paired 

schooling behaviour. Abundant species with low temporal variability (cluster ‘5’) 

were associated with small size classes, relatively small home range and 

characterised by large schools. 

 

A) MCA with size classes B) MCA with home range (S = sedentary; 

m and M = mobile, W = wide home range) 

C) MCA with schooling behaviour 

(s and S= Solitary, P = Paired, F = Small 

schools, M = medium schools, L = large 

schools) 

 

 

Figure 14 Cluster Analyses 



 

 66

Results of the second analysis 

The ordination of species and life history traits showed that the most abundant 

species were small, sedentary herbivores and plankton feeders. Species with the 

highest temporal variations of abundance included large plankton feeders and 

carnivores. These species also had a wide home range. This result confirmed the 

finding of the first analysis that variability in abundance through time declines as 

relative abundance increases, so that species with low relative abundance have a 

higher rate of year-to-year variation while species with high relative abundance 

have relatively low variation in counts.  

 

 Multivariate analysis of variance using distance matrices and 100 permutations 

(PERMANOVA) showed significant differences in temporal patterns of abundance. 

These differences were detected among size, home range and schooling classes 

(Table 9). The ‘size class’ factor explained a proportion of variance (R
2
) of 0.12 in 

temporal patterns of abundance. The proportion of variance explained by the 

‘home range’ and ‘schooling’ factors was 0.07 and 0.11, respectively.  

 

Discussion  

Rarity: biological absolute or sampling error? 

A rare species, by its very definition, is difficult to locate and thus sample 

(Thompson 2004). Similarly, a ‘rare’ species may simply be elusive and thus the 

current AIMS sampling methodology may be confounded to some extent by 

detection probability (Thompson 2004). Magurran (2007) found that ‘occasional’ 
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species (i.e., vagrants) were more likely to be detectable in communities composed 

of species that readily disperse (generalist or mobile species) than for those that do 

not (specialist or static species).  

 

The reason both the 134 and 208 species list were analysed was so the original list 

of 208 would act as a control for bias. My results were confirmed in both the 134 

and 208 species lists, reducing sampling bias. However, and again acknowledging 

the limitations of the AIMS LTMP, sampling bias cannot be discounted as a factor. 

All three scientists from AIMS who provided advice on this research agreed that 

some species should be removed from the list because they were transients or 

vagrants. However, my findings bring attention to the challenge of sampling rare 

and elusive species with precision.  

Effects of life history traits 

Undertaking two sets of analyses has enabled me to provide substantial evidence 

that the rare species of coral reef fish demonstrated a consistent pattern of life 

history traits. Species that were larger in size, solitary or paired, carnivorous or 

plankton feeders, and with a wide home range were the rarest of coral reef fish 

species. These life history traits were strongly correlated with high temporal 

variability. Conversely, the most abundant species were those represented by small 

sedentary herbivores and plankton feeders were the most common. These life 

history traits were strongly correlated with low temporal variation. The literature 

supports these finding that larger, predatory species with a wide home range have a 

lower relative abundance. These species are long lived, slow growing, have late 

reproduction, reach their maximum weight at a later age and are widely regarded 
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as naturally rare (Morris et al. 2000). The analysis provides evidence that species 

smaller in size with more generalist feeding strategies and higher rates of resilience 

are more common. The results do not shed light on whether rarity, thus species 

with low relative density, was the result of natural (mean body size) or 

anthropogenic (fishery impact) effects. Body size and fisheries impact do not seem 

to be independent and could therefore both be regarded as important in 

determining relative density.  

 

Relative abundance was strongly negatively correlated with temporal variability. 

Common species varied little in relative abundance from year to year while rare 

species varied greatly.  

 

The findings largely reflect findings for large terrestrial species in terrestrial rarity 

studies.  However, in undertaking this analysis the limitations of the AIMS 

monitoring program are acknowledged. Results from this analysis are based on an 

annual survey of the NE corner of a reef at a depth range of 6 to 9 metres. The 

potential for biased data due to vagrancy and missed species due to their being 

outside the depth range of the survey is a survey design issue that can only be 

addressed through more comprehensive surveys such as at a wider range of depths 

and in a more diverse set of habitats, over time. 

 

Reef systems have a high variability in structural complexity with some habitats 

having a greater number of caves, ledges and coral diversity. Other habitats are less 

structurally diverse and may have larger open areas of sand and rubble, a favoured 
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habitat of Lethrinids (Newman and Williams 2001). As a result, Magurran (2007) 

suggests that it may be possible to make a priori predictions about the distributions 

of rare species based on taxon and habitat types. My results support this notion, 

suggesting that by assessing an assemblage of coral reef fish species initially at a 

family level, one could hypothesise that the Lutjanids, Serranids and Lethrinids 

would be the rarest species. Identifying the key habitats for these families could 

then provide a rough indexation of rare species. Such an approach would be useful 

in situations where a MPA is needed. However there is a paucity of baseline data 

and a shortage of resources to undertake extensive baseline surveys.  

 

Both Gaston (1994) and Thompson (2004) define a rare species as one with low 

abundance and/or restricted geographical distribution (regardless of whether the 

population is clustered or not). However, both authors make important 

qualifications about the problems around sampling of rare species with Gaston 

suggesting that rarity may indeed be something of an intuitive concept. Thompson 

also makes an important distinction between rare and elusive species and suggests 

rarity could be defined as a hypothesis. That is, a rare population is one where it is 

difficult to find individuals because of small numbers, secretive and/or nocturnal 

behaviour, or clumped distribution over large ranges (a lot of zeros in the data) 

(Thompson 2004).  

 

There has been some suggestion in the literature that log normal distributions (i.e. 

the ‘classic bell curve’) are composed of three symmetrical distributions - very 

common, moderately common and rare species (Gray et al. 2005, 2006; Magurran 
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2007). These distributions are predicted to move apart under disturbance or 

enrichment and merge into a single distribution where there is no disturbance. Both 

Gray et al. (2005, 2006) and Magurran (2007) argue that a two-group model 

consisting of common and rare species is the most parsimonious way to deal with 

empirical species. My analysis of multi dimensional data such as life history and 

ecological traits and correlating them with temporal data has provided evidence 

that a more nuanced analysis or rarity is required to understand the temporal and 

life history dynamics of rarity in coral reef fish. 

 

My research has highlighted the difficulty of sampling for rare species. When 

discussing rarity it is important to define the ‘population’ at the outset and to 

clearly ascertain as to whether it is endemic, a clumped distribution over large 

ranges of a population or part of a metapopulation structure on a much larger scale. 

The literature suggests a view that time, along with spatial scale and habitat 

heterogeneity influences the shape of species occupancy distributions (Hanski 1982; 

Gray et al. 2006; Magurran 2007). Metapopulation models suggest a bimodal 

pattern of patch occupancy where core species are abundant and ‘satellite’ species 

are restricted in distribution and rare (Hanski 1982). 

 

Sampling is an attempt to gain a realistic understanding of the distribution and 

abundance of species in a particular area. Previous studies of coral reef fish on the 

GBR have focused on the more sedentary site-attached taxa (Newman and Williams 

2001). However, as my results have shown, coral reef fish assemblages are dynamic 

over time and a broad range of taxa and thus, over-sampling (accumulated 
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sampling) could result in a lack of independence between samples and produce 

unreliable results. Small changes in populations over time may or may not be part 

of a longer term trend (Magurran 2007). Similarly, schooling and aggregating 

behaviour may result in a highly clumped pattern of distribution and contribute to a 

bias in time series data. These factors coupled with the elusive nature or rare 

species and accompanying statistical difficulties, highlight a conundrum facing 

marine scientists and MPA managers. 

 

My results raise a number of questions pertaining to rarity of fish species across 

scales. For instance, are rare species widely dispersed across large scales equally 

susceptible to extinction in a similar to locally rare or endemic species? The factors 

correlating to rarity in marine organisms such as the relationship between body 

size, range and abundance have received only marginal examination (e.g., Jones et 

al. 2002). Morris et al. (2000) established criteria to assess rarity in groups through 

the assessment of a number of life history and anthropogenic variables. These 

include abundance, size, range, depth range, spawning behaviour/fishing 

importance, recreational fishing pressure, live trade, cyanide/dynamite, aquarium 

trade and harvested aquaculture. My results provide strong evidence that body size 

is a major factor in the relative abundance of coral reef fish of the GBR.  

 

Following the initial analysis, further life history data that have the potential for 

impacting relative abundance were considered. Coral reef fish have open 

population structures because of their dispersal capability during the pelagic larval 

stage. A number of recent papers indicated there were high levels of intra-specific 
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variation of pelagic larval duration amongst the same species of coral reef fish in 

different regions (Cowen et al. 2000; Palumbi 2003; Jones et al. 2005; Bay et al. 

2006).  As a result testing for dispersal capability during the pelagic larval stage was 

difficult and not undertaken.  

Scale  

The results presented above indicate that caution is required when extrapolating 

data about rarity and commonness in coral reef fish across a range of scales. Rarity 

in the coral reef fish examined can be highly localised. My results on relative 

abundance and the life history and ecological traits of coral reef fish should only be 

applied to species in the GBR. Further comparative studies in other regions would 

help determine whether my findings are locally dependent. 

 

Conclusions 

This research was based on a large, comprehensive data set drawn from a 

comparatively large area (the GBR) collated over eleven years. This data set enabled 

an analysis that draws out and examines in greater detail than previous studies the 

two major components of rarity, relative abundance and distribution.  It was then 

possible to correlate these components with life history traits and investigate their 

impact over time. 

 

My analysis confirmed the hypothesis that variability in abundance through time 

declines as relative abundance increases. It provides evidence that rare species tend 
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to stay rare and common species tend to stay common. However, the impacts of 

anthropogenic factors such as overfishing can have an obvious detrimental affect. 

I was able to demonstrate that it is possible to determine trends in rarity and 

commonness through an analysis of temporal data and life history traits. 

 

Predators with large mean body sizes (predominantly lethrinids, lutjanids and 

serranids) and home ranges were found to be most rare across a range of measures. 

These species are also the targets of commercial and recreational fisheries. Re-

analysis of the dataset after categorization of species as rare or common suggested 

that mean body size and fishing pressure along with home range, are important 

determinants of relative abundance. Wide-ranging species also tend to be rare.  

 

A key concern for the conservation of rare species is that species with already small 

populations, regardless of scale, are more vulnerable to ecosystem perturbations 

(Rabinowitz et al. 1986; Gaston 1994; Nicholson et al. 2006). My models confirmed 

the assumption that species with lower relative abundance will have a higher rate 

of temporal variability.  

 

Although my results indicate that the relative density of rare, large and wide-

ranging species is an important indicator of rarity, they have also highlighted the 

limitations of the AIMS LTMP data. The method used by AIMS focuses on the annual 

sampling of a single habitat and single depth strata. Further research that samples 

across a broader range of reef habitats and depth strata is required. This would 

enable a greater level of confidence to be achieved in the results of future research. 
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In Chapter Four I discuss the results of this analysis in relation to ecological science 

and ways that they can applied to achieve more informed and evidence-based 

decision making for the management of the marine environment. 
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Marine Protected Areas and rare species of coral 

reef fish
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Chapter 4          Marine Protected Areas and rare species 

of coral reef fish 

 

Introduction 

MPAs and no-take marine reserves are widely regarded as one of the most effective 

tools for the management and conservation of coral reef fish. A growing body of 

literature has provided evidence that MPAs and no-take reserves can greatly 

improve the resilience of sedentary coral reef fish species. Considerable debate 

remains as to whether MPAs and reserves can simultaneously be of optimum size 

for all species. Larger MPAs and reserves may greatly reduce the extinction risk of 

sedentary populations but the question of how rare species of coral reef fish are 

best protected and managed has received little attention. This issue is of particular 

importance with the majority rare, wide ranging pelagic species being targeted by 

both recreational and commercial fishers. In this chapter I examine the question of 

rarity in the context of MPAs and consider how MPAs and reserves can best 

contribute to the management of rare coral reef fish species.  

 

The results of my research presented in Chapter Three enabled me to examine in 

greater detail a major component of rarity - relative abundance - and to correlate 

this with the life history traits of coral reef fish. These results have suggested that 

the study of rare species is sometimes confounded by sampling design and that the 

relative density of rare, large and wide ranging predatory species requires further 

consideration when designing MPAs and fisheries management arrangements. 
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The management and conservation of coral reef fish is largely undertaken through 

either specific fisheries management arrangements or the establishment of no-take 

marine reserves and various categories of management zones in MPAs. Decision-

making for the management of specific species is carried out in what are usually 

mutually exclusive operational realms of fisheries and marine parks conservation 

with little overlap between management agencies. When there is a lack of baseline 

data, conservation decision-making for establishing MPAs is frequently based on the 

notion of habitat as a surrogate for the conservation of marine biodiversity, 

including coral reef fish.  Planning for the conservation of rare fish species 

particularly large, pelagic, predatory species is given little detailed consideration 

from a bilateral or inter-agency perspective. My results suggest that while MPAs 

may be successful in protecting sedentary species of coral reef fish, they may not be 

capable of protecting rare species even if the protected area is regarded as of 

‘adequate size’ or part of an interlinked network of MPAs.  

 

In this Chapter, I provide an analysis of the implications of current MPA and no-take 

reserve design on rare species of coral reef fish. I summarise the underlying theory 

of reserve design and identify gaps in both design and monitoring of MPAs and no-

take reserves. I also examine the decision-making processes of MPA planning and 

argue that improvement at the interface between ecology and social science would 

lead to better decision-making in the MPA and no-take marine reserve planning 

process. This would result in better conservation outcomes for rare species of coral 

reef fish.  
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Background 

In 2006 there were 4,500 MPAs worldwide. The total surface area of the world’s 

oceans is 361 million km
2
 or 71% of the world’s surface area (Ward et al. 1999; The 

partnership for interdisciplinary studies of coastal oceans 2007). These 4,500 MPAs 

amounted to a total coverage of only 2.2 million km
2
 or a minute 0.6% of the 

world’s oceans.  Of this area, less than 36,000 km
2
 was fully protected as reserves, 

covering a tiny fraction of only 0.01% of ocean (Ward et al. 1999; The partnership 

for interdisciplinary studies of coastal oceans 2007).  

 

MPAs are widely cited as the best solution to marine and coastal management 

(Cowen et al. 2000; Vanderklift and Ward 2000; Sobel and Dahlgren 2004; 

Fernandes et al. 2005). An increasing number of studies have documented 

substantial increases in both biomass and species abundance within MPAs. 

However there are a number of commonly cited obstacles to the success of MPA 

management (Kenchington 1990; Vanderklift and Ward 2000). These include: 

 

• Habitat damage or poor water quality caused by destructive fishing 

methods, heavy recreational use, or external stressors such as 

sedimentation or non-point source pollution; 

• Improper reserve design (shape and size) and/or location (most MPAs are 

designed and located on the basis of socio-economic and political issues and 

rarely account for the ecology of the organisms to be protected); 

• Insufficient institutional capacity for management/governance, such as 

financing, enforcement, monitoring etc.; and 
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• Insufficient community capacity for management/governance, leading to 

poor compliance. 

 

Historically, the selection of marine reserves has been opportunistic or ad hoc with 

public pressure, politics and the need to solve user conflicts often 

disproportionately influencing the selection process (Vanderklift and Ward 2000; 

Halpern 2003; Walmsley and White 2003). In order to protect biological diversity 

and make the best use of limited resources for conservation, reserve selection 

should be as representative as possible of habitats within the region in question 

(ANZECC 1998a; Stewart 2002; Fernandes et al. 2005; Peer Review Panel 2006).  

 

Comprehensive, Adequate and Representative (CAR) has become a central tenet of 

marine reserve planning, particularly in Australia (ANZECC 1998a,b; ANZECC 1999; 

Stewart 2002). However, how these three terms have been interpreted by the 

various government agencies responsible for protected areas management has 

been the source of much debate (Stewart et al. 2003). Although the science of 

marine reserve selection has improved, the process is often more a political one 

rather than a process based primarily on science and resource assessment 

(Vanderklift and Ward 2000; Rodrigues and Gaston 2001; Halpern 2003; Mascia 

2003). 

 

Most marine reserves are of inadequate size or poorly monitored and patrolled, or 

both (Russ and Alcala 1998; Pomeroy 1999). However, small reserves can be 

effective if they are part of a comprehensive and well-planned CAR network and are 
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well managed through rigorous compliance and enforcement (ANZECC (a) 1998; 

Pezzey et al. 2000; Mascia 2003; Schnier 2005).  

 

As in terrestrial reserve planning, a central question in MPA planning has been one 

of adequacy; what is the most appropriate size for a marine reserve? 

Representativeness and adequacy have become paramount in the debate on how 

to conserve the diverse array of marine flora and fauna. While the major 

biogeographic zones are relatively well known, fine scale distinctions can be difficult 

to determine and, if reserves are not selected in combination with other knowledge 

such as accurate resource assessment, then rare and endemic species and species 

with limited distributions may be omitted (Rodrigues and Gaston 2001; Nicholson et 

al. 2006).  

 

In Chapter Two I outlined the history of ecological thought that lead to the species-

area relationship becoming central to protected area planning and ecological 

research. An overarching premise that ‘space matters’ in the conservation of 

populations has emerged from the long debates on the species-area relationship in 

the field of conservation biology (Nicholson et al. 2006). The result has been 

conservation planners seeking a more species-specific viewpoint of reserve 

configuration to which increasingly more complex population modelling has been 

applied (Vanderklift and Ward 2000; Bascompte et al. 2002; Nicholson et al. 2006). 

For marine planning in particular these debates have yet to be fully resolved. The 

marine environment, with its interconnectivity between habitat patches and 

ecosystems, presents a challenge for planners trying resolving issues of adequacy 
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and persistence, particularly for rare and wide ranging coral reef fish species 

(Cowen et al. 2000; Sandin and Pacala 2005).   

 

A further question raised by my analysis is whether or not understanding rarity and 

commonness contributed to tackling the enormous problem of adequacy and 

representativeness in systematic MPA planning. Furthermore, given the strong 

results in regard to size and range of specific families and species, my results 

support the literature that argues that current marine planning methods are indeed 

inadequate when planning for persistence of those species (Rodrigues and Gaston 

2001; Stewart 2002; Nicholson et al. 2006). 

 

The issue lies in how to manage the environment for large, low density, predatory 

species with large home ranges and/or species that may aggregate outside of a 

reserve system. Small reserves can be effective if they are part of an interlinked 

network of reserves (Ward et al. 1999). Research has demonstrated that most 

marine fish use more than one habitat throughout their lives (Russ et al. 1998; 

Jones et al. 2002; Sobel and Dahlgren 2004; Sandin and Pacala 2005). 

 

My results suggest that for rare, wide-ranging species of coral reef fish, MPA design 

may be inadequate regardless of the size of the reserve. In addition, the sampling 

design for ongoing monitoring of reserve effectiveness may not capture rare and 

elusive species. 
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Vanderklift and Ward (2000) identified four key ecological uncertainties in the MPA 

selection process: 

1. The reliability of surrogates; 

2. Spatial uncertainty in survey data; 

3. Temporal uncertainty in the patterns of the biodiversity in the MPA; and 

4. Uncertainty in the degree to which important ecological processes will be 

maintained. 

 

They conclude that the key to success in MPA design is the use of clearly specified 

objectives and an explicit assessment of the uncertainties involved (Vanderklift and 

Ward 2000). Coupled with this, in terms of ongoing monitoring and survey design, 

are the unavoidable considerations of the prohibitive cost of marine surveys and 

the frequent lack of funding for MPA management (Kenchington 1990). 

 

These factors, taken in conjunction with my results, indicate increasing pressures on 

rare species within MPAs and a continued decline in not just wide rare, wide-

ranging, predatory species of coral reef fish but in coastal fisheries generally. The 

majority of these species are important from both ecological and commercial and 

recreational fisheries perspectives. 

 

Determining rarity in coral reef fish species 

Rarity in coral reef fish can occur at a variety of scales. Coral reef fish populations 

are dynamic, and abundance and distribution will vary over time (Sale 1984; Sandin 

and Pacala 2005). Through my analysis in Chapter Three, I found that mean body 
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size and fishery impact have a strong effect on relative density. Also evident was an 

effect from the interaction between these two variables. The literature supports my 

findings that larger, predatory species have a lower relative abundance. They are 

long lived, slower growing, have late reproducing, and reach their maximum weight 

at a later age and are widely regarded as naturally rare (Morris et al. 2000). My 

results revealed that larger species at the top of the food chain had low relative 

densities. Species smaller in size with more generalist feeding strategies and higher 

rates of resilience were more common and had higher relative densities. Because of 

an assumed pre-existing impact from fishing effort, it was unclear from my results 

whether rarity, that is species with low relative density, was the result of natural 

(mean body size) or anthropogenic (fishery impact) effects.  

 

The negative relationship between temporal density variability and relative density 

showed that rare species are more variable and consequently more vulnerable to 

ecosystem perturbations because these populations had a higher likelihood of 

reaching a very low density.  

 

A key concern for the conservation of rare species is that species with already small 

populations, regardless of scale, are more vulnerable to ecosystem perturbations  

(Rabinowitz et al. 1986; Gaston 1994; Nicholson et al. 2006). My analysis in Chapter 

Three confirmed the assumption that species with lower relative abundance will 

have a higher rate of temporal variability.  
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However, my results suggest that caution is required when extrapolating findings 

about rarity and commonness in coral reef fish across a range of scales. The AIMS 

data was focussed on annual sampling in a single habitat and depth strata. Rarity in 

the coral reef fish examined could be highly localised. Consequently, I found the 

effect on relative abundance of the life history and ecological traits should only be 

applied to the species in the GBR.  

Rarity and design criteria for MPAs 

The design of MPAs and no-take reserves hinges on a handful of key premises: a) 

reserves provide protection from overfishing and exploitation of marine biodiversity 

in general; b) the size, shape and placement of the reserve system should be 

comprehensive, adequate and representative of all known habitats in the region; c) 

the larger the reserve the more adequate and likely it is to protect marine 

biodiversity; and d) a reserve system - a network of interconnected no-take reserves 

- is the best method to design given the interconnected nature of the marine 

environment (ANZECC 1998a,b; ANZECC 1999; Commonwealth of Australia 2006).   

 

Once the decision is made to establish a marine reserve or network in a region, a 

decision must be made regarding location. Scientific considerations for locating 

marine reserves include the following (Sobel and Dahlgren 2004): 

• Different habitat types in the region; 

• Oceanographic features, such as linkages created by ocean currents; 

• Important places for species of interest, such as vulnerable spawning grounds; 

• Locations inhabited by rare or geographically restricted species; 

• Prior habitat damage and potential for recovery; 
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• Vulnerability to natural and human impacts, including those from which marine 

reserves do not offer protection, such as pollution; 

• Location of human activities such as fishing, tourism, transportation, scientific 

research, and cultural resources; 

• Perceptions and preferences of local communities and policy makers; and 

• Socio-economic impacts and opportunities provided by a reserve. 

 

The weight given to each of these factors varies with the reasons for establishing 

the marine reserve. For example, if a goal is to support the general health of the 

marine ecosystem in order to benefit local communities, marine reserves need to 

protect a proportion of all habitats found in each oceanic region and accommodate 

human uses of the ocean in the surrounding area (Pezzey et al. 2000; Rondinini et 

al. 2006). 

 

Scientific studies show that even small marine reserves can have positive impacts 

on the abundance, biomass, body size, and biodiversity of animals and plants within 

their boundaries (Halpern 2003; Jones 2005). However, a bigger marine reserve can 

protect more habitat types, more habitat area, bigger populations of species, and a 

larger fraction of the total number of species in an ecosystem (Halpern 2003).  

 

Bigger populations in areas with more species are especially important as insurance 

against catastrophes such as cyclones or oil spills (Jones 2005). The redesign of no-

take areas by the GBRMPA in 2003 throughout the entire GBRMP highlighted the 

need for defining a minimum percentage of the park to be declared sanctuary zones 
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as insurance against natural and anthropogenic induced ecosystem disturbance 

(Fernandes et al. 2005). A key operational and design principle is to ensure local 

integrity. NTAs should be at least 20 km long on the smallest dimension (except for 

coastal bioregions) (Fernandes et al. 2005). The GBRMPA recognised that although 

NTAs could be of various shapes and sizes, a minimum distance across any NTA of 

20 km was required to ensure that the size of each area was adequate to provide 

for the maintenance of populations of plants and animals within NTAs and to 

ensure against edge effects resulting from the use of surrounding areas (Fernandes 

et al. 2005). 

 

In some areas a single marine reserve that is large enough to protect all habitats 

may be impractical because of geography and the perceived socioeconomic impacts 

on local communities (Walmsley and White 2003). For example, recreational and 

commercial fishers argue a large reserve will cause longer travel (‘steaming’) times 

and reduced access to fishing sites at greater cost (Walmsley and White 2003). Such 

political pressures from user groups frequently influence reserve design despite the 

claims of science based planning principles (Tuya et al. 2000; Valentine and Heck 

2005). The outcome is usually a network of several small or medium-sized MPAs 

and reserves in a region, rather than one or two large reserves. Establishing an 

interlinked network of several smaller marine reserves can be a viable alternative to 

meet reserve design criteria and objectives while reducing the negative 

socioeconomic impacts of a single large reserve (Trexler and Travis 2000). 
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The level of protection that a marine reserve provides to marine biodiversity is 

largely dependent on the life history parameters of those species. If species stay 

entirely inside a reserve, the species will by default, receive a high level of 

protection. If a species has a wide ranging home range and moves regularly outside 

a reserve, the species becomes more vulnerable to anthropogenic factors such as 

commercial and recreational fishing (Turner et al. 1999). In the literature it is widely 

acknowledged that every marine ecosystem has species that cannot be fully 

protected by marine reserves (Pezzey et al. 2000; Lourie and Vincent 2004; 

Rondinini et al. 2006). For such species marine reserves can only protect significant 

sites such as food resources or critical parts of their life cycle. Reserve size choice 

requires an understanding of not just the population dynamics of species in the 

study area but the specific life histories of the wide ranging species that require 

protection and management (Turner et al. 1999; Stewart et al. 2003). 

 

Networks are most effective when there is adequate representation of each habitat 

type throughout the reserve system (Russ and Alcala 1998; Peer Review Panel 

2006).  Individual no-take reserves must also be big enough and interlinked to 

protect juveniles and adults (Sale et al. 2005). The protection of spawning and 

aggregation areas is of key importance and these are often left out of no-take 

reserves purely because a lack of available knowledge (Smith and Wilen 2003; Sale 

et al. 2005). An interlinked network of reserves can also offer a form of insurance 

from catastrophe. A population or habitat devastated in one marine reserve (by, for 

example, a cyclone event or oil spill) may not affect other reserves. The unaffected 
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marine reserves can help replenish adjacent sites and populations damaged by such 

events (Smith and Wilen 2003; Sale et al. 2005). 

 

A well-designed network of no-take reserves within a marine park system can 

provide major benefits to commercial and recreational fishers. Fishing activities can 

occur between the reserves rather than being excluded from a single large no-take 

reserve (Russ et al. 1998; Schnier 2005). Juvenile fish are not as vulnerable to fishing 

resulting in reasonable levels of recruitment to surrounding no-take reserves (Russ 

et al. 1998; Sanchirico 2001; Sandin and Pacala 2005). Adjacent multiple use zones 

are replenished by the presence of the no-take reserves.  

 

For a network of marine reserves to function adequately and ensure good 

recruitment and sustainability of populations, connectivity between reserves needs 

to be clearly understood. A lack of good data on the life histories of marine 

biodiversity in particular coral reef fish species often results in dubious ‘default’ 

decision-making (Ward et al. 1999; Vanderklift and Ward 2000).  

 

It is these types of ‘default’ decision-making that results in the use of habitat as a 

surrogate for biodiversity.  The outcome is large, wide ranging species of coral reef 

fish being inadequately protected (Sanchirico 2001; Shears and Babcock 2003; 

Stevens and Connolly 2005). Similarly, from a social science perspective the lack of 

coordination between fisheries management and marine environment 

management agencies leads to substantial gaps in the management and protection 

of rare species (Stewart et al. 2003). 
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Discussion  

The difficulty confronting MPA designers and managers is how to design and 

manage for wide ranging species in the face of highly variable populations at a 

range of scales. In addition, reef systems have a high variability in structural 

complexity with some habitats having a greater number of caves, ledges and coral 

diversity. Other habitats are less structurally diverse and may have larger open 

areas of sand and rubble, a favoured habitat of specific families of coral reef fish 

such as Lethrinids (Newman and Williams 2001).  

 

There is no disputing the need for MPAs as a management tool. The issue faces 

challenges from both a scientific perspective (a lack of data leading to improper 

reserve design) and a social science perspective (insufficient institutional and 

community capacity has a compounding effect on reserve design and management) 

(Fernandes et al. 2005; Jones 2005).  

 

 Magurran (2007) suggests that it may be possible to make a priori predictions 

about the distributions of rare species based on taxon and habitat types. My results 

support this notion, suggesting that by using life history traits to assess an 

assemblage of coral reef fish species initially at a family level, one could hypothesise 

that families such as the Lutjanids, Serranids and Lethrinids would be the rarest 

species. Identifying the key habitats for these families could then provide a rough 

indexation of rare species. Such an approach would be useful in situations where a 

MPA is needed. However there is a paucity of baseline data and a shortage of 

resources to undertake extensive baseline surveys.   
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The literature is unequivocal that the design of MPA networks is essentially a 

political process no matter how good the available science and initial design criteria 

is (Vanderklift and Ward 2000; Stewart et al. 2003; Walmsley and White 2003). The 

protection and management of rare coral reef fish through MPAs requires both a 

re-evaluation of the science of determining and monitoring rare coral reef fish 

species coupled with considerable political will to broker institutional change and 

multilateral relationships at local, national and international levels. 

 

In Chapter Three I showed that large, long lived, species had limited temporal 

variability.  As discussed, populations of large, long-lived species once reduced, may 

take decades to re-establish a viable population. The most rare species have large 

home ranges and are therefore generally not fully protected by a reserve. The 

benefits of marine reserves may not be tangible for decades particularly for larger 

slower growing species such as those examined in my analysis. 

 

There are many who argue that MPAs and no-take reserves are inadequate for fish 

stocks that are too mobile for such site specific approaches (Schmitt and Holbrook 

1999; Jones 2005; Sadovy 2007). A growing body of literature has provided 

evidence of increases in fish populations within marine parks that result in flow on 

effects and improvements to fish populations off-reserve as juveniles and young 

adults move and resettle elsewhere. The results of my analysis counter this 

position. It may be that many of these prior studies on species with increasing 

populations are in fact based on sedentary species and not the wide-ranging species 

dealt with in my analysis. My results suggest that inclusion of species-specific 
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parameters to account for dispersal ability, body size, home range and patch size 

requirements would contribute significantly to improved marine reserve design 

criteria.  

 

The view that current methods for determining patch or reserve size can be 

arbitrary is widely shared (e.g., Nicholson et al. 2006). Presently, marine reserves do 

not account directly for the persistence of species; rather they aim simply to 

represent species within a system of reserves. Similarly, population models tend to 

be restricted to single species planning problems.   

 

Despite major developments in ecological research on the distribution and 

abundance of populations, planning methods still struggle to cater for species-

specific needs and the spatial configurations required for multiple species 

protection (Nicholson et al. 2006). Population ecology has given us a deeper 

understanding of the complexities of the species-area relationship for terrestrial 

species yet the dynamics of this relationship still remain unclear for the marine 

environment. 

 

Decision-making with regard to the best biological variables to use in MPA planning 

can have a profound impact on the location and boundaries of an MPA (Vanderklift 

and Ward 2000). The difficulty and expense of extensive sampling of a prospective 

MPA area precludes the collection of large amounts of baseline data. This results in 

only a subset of species in the area being sampled. Coral reef fish species 

distribution is complex and small sample sizes may result in reserve design decision-
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making being biased towards particular taxa purely because they are conspicuous, 

sedentary and/or abundant (Vanderklift and Ward 2000). The use of taxonomic 

units such as families as surrogates for species-level data also presents some 

difficulties (Rondinini et al. 2006). As my results have shown, rarity is not necessarily 

a trait demonstrated by particular families of coral reef fish. Although I was able to 

identify three particular families that were rare (Lethrinids, Lutjanids and Serranids), 

my results suggest that using families as a surrogate should be used with extreme 

caution. My results demonstrated the difficulties of not only clearly establishing 

rarity at different scales but also the difficulties inherent in sampling rare species. 

Therefore it is of paramount importance when setting MPA design and 

management objectives, to consider how biodiversity surrogates, used as 

indicators, will function as a predictor for rare, endemic, cryptic and elusive fish 

species (Ward et al. 1999; Vanderklift and Ward 2000; Rondinini et al. 2006). 

 

By understand the effects of different management systems on the ecology of rare 

coral reef fish species we can widen our management choices from the binary 

reserved/not reserved to a more varied level of protection (Nicholson et al. 2006; 

Grand et al. 2007). To explore more directly how population viability matches with 

marine reserve planning we require a research and monitoring program that 

examines the metapopulations of rare species and more accurately accounts for 

surveying rare or elusive species and deals with the accompanying statistical 

anomalies (Shears and Babcock 2003; Thompson 2004; Grand et al. 2007).  In 

addition the structural correlations and patterns between coral reef fish and coral 
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communities requires further investigation and consideration in marine reserve 

planning (Burgess et al. 2010). 

 

Spatial design criteria also tend to be generic, employing indices that are applied 

across the board, such as minimizing the fragmentation of the reserve network or 

designating minimum patch sizes for species (Nicholson et al. 2006). Such a 

methodology becomes difficult to implement across multiple species, resulting in a 

tendency towards habitat or seascape indices as a surrogate for multi-species 

viability (Nicholson et al. 2006; Rondinini et al. 2006). 

 

My analysis demonstrated the difficulty in determining the dynamics of rare and 

common species across range of spatial scales.   Patterns of species rarity and 

commonness vary substantially from small through to large spatial scales 

(Rabinowitz 1981; Gaston 1994; Kunin and Gaston 1997). Although some species 

are found at low abundance or are distributed narrowly at small spatial scales, the 

same species may be considerably more abundant or widespread at much larger 

scales (Rabinowitz et al. 1986; Jones et al. 2002).  

 

If different coral reef fish life history traits are related consistently to rarity at 

different spatial scales, it may be necessary to implement alternative strategies for 

conservation with respect to spatial scale. Linking such alternative management 

strategies to workable multilateral arrangements across agencies at a similar range 

of scales would be crucial (Fernandes et al. 2005). To account for uncertainty and 

potential errors in predicting distribution it may be necessary to establish specific 
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small-scale sampling programmes specifically designed to account for the spatial 

uncertainty inherent in baseline survey data (Vanderklift and Ward 2000). 

 

Murray et al. (2002), in a study of Eucalypts, suggested that another option for 

understanding rarity and commonness is the development of a comparative 

framework that incorporates how species rarity and commonness change as a 

function of spatial scale, which could then be analysed with respect to important 

life-history and ecological features. Furthermore, comparing life-history and 

ecological traits between rare and common species may be another mechanism 

through which useful biological information for the conservation and management 

of rare species is obtained (Murray et al. 2002; Jones et al. 2002; Rondinini et al. 

2006).  

 

I have established that there is currently a lack of knowledge on rare species of 

coral reef fish and a corresponding need to understand and manage rare species.  

Comparative studies of species rarity and commonness may provide a rapid 

alternative means for assessing whether there are traits that are characteristic of 

low-abundance, narrowly distributed or threatened species (Murray et al. 2002; 

Jones et al. 2002). Such an analysis may also provide important data on selecting 

key habitat and sites for no-take reserves. 

 

I have shown that many assumptions made about why species are rare or common 

are problematic. Although correlations are often found between measures of rarity 

(e.g., abundance, distribution, home range, resilience size), there is no reason to 
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expect (either as a cause or consequence) that traits related directly to low 

abundance are the same traits that are related directly to narrow distribution or 

higher extinction risk. Traits related directly to higher risk of extinction (threatened 

status) may differ from traits associated with other forms of rarity (McGill 2003; 

Murray et al. 2002). For example, vulnerability to anthropomorphic habitat 

modification or fragmentation may be due to the possession of traits that are not 

associated with low abundance or narrow distribution among species in the 

absence of human activities (Murray et al. 2002; Brook, et al. 2006). 

 

My results suggest that the nature of the relationships between rarity, life history 

and ecological traits is highly context-dependent, and may reflect phylogeny, 

differences in present day ecology or the biogeographical history of particular 

regions. As a result incorporating parameters for the conservation and management 

of rare species into MPA design criteria may prove too complex in the short term 

until a combination of better resourcing for baseline surveys, improved survey 

methodologies and better institutional arrangements between management 

agencies are established.  

 

It is acknowledged that there are other species-specific management actions that 

are applied to fisheries, such as those implemented through the Queensland 

Department of Fisheries and the Australian Fisheries Management Authority in 

Canberra. However, examination of these management strategies is beyond the 

scope of this thesis. 
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Conclusion 

As a result of my research, and drawing on evidence from the literature, I have been 

able to suggest management strategies that protect species at the local level while 

also operating regionally. I have identified that specific additional measures are 

required for larger species. These could include seasonal closures and multilateral 

fisheries based policy, planning, regulation and legislation across state, national and 

international boundaries.  

 

My results have provided evidence that large, predatory coral reef fish species with 

widely ranging home ranges were the most rare species of coral reef fish and the 

species most in need of conservation and management in the GBRMP. In this 

Chapter, I have investigated whether MPAs are effective tools for managing these 

rare species. Using the results from my analysis in Chapter Three, I have shown that 

existing MPAs are inadequate for the management of rare species, even if they are 

‘large’ MPAs with large no-take reserves versus a network of smaller interlinked no-

take reserves. I have found that there is virtually no recognition of the complexities 

of designing MPAs with regard to the protection of rare coral reef fish species, 

particularly in relation to wide ranging long lived species and species with high 

temporal variability. 

 

I have argued that the establishment of MPAs that also protect rare species of coral 

reef fish is also a political issue. There is a need for more than just MPAs and no-

take marine reserves. Management must occur at a range of scales that 
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incorporates MPAs, ecosystem based fisheries management and multilateral 

management arrangements across international boundaries.  

 

 

 

 

 

 

 

 

 



 

 

 

Chapter 5 

 

 

Conclusion 

 

 

 ‘The sad dire things that have happened elsewhere, in so many parts of the world-biological 

imperialism, massive habitat destruction, fragmentation, inbreeding depression, loss of 

adaptability, decline of wild populations to unviable population levels, ecosystem decay, 

trophic cascades, extinction, extinction, extinction-haven’t yet happened here. Probably they 

soon will. Meanwhile, though, there’s still time. If time is hope, there’s still hope.’ 

 

David Quammen, ‘The Song of the Dodo’ (1997) 
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Chapter 5          Conclusion 

 

An overarching objective of this thesis has been to gain a clearer understanding of 

the rarity of coral reef fish. I have demonstrated that the ‘inequality’ of abundance 

of taxonomic groups and why a large number of species in an ecosystem are either 

uncommon and rare remain among the great challenges in ecology (Preston 1948; 

Gaston 1994; Jones et al. 2002). Understanding the causes of coral reef species 

rarity will in turn prove a foundation for a greater understanding of marine 

community structure and provide data for more informed decision-making in the 

management of marine environments (Gaston 1994). In pursuing these goals, this 

thesis has gone beyond the normal boundaries of strictly scientific research and 

demonstrated how science and social science can productively inform one another.  

In other words, I have located the results of my analysis of the AIMS LTMP data 

within the historical context of conservation biology and current design and 

management of MPAs, rather than remaining simply a traditional ‘strict’ analysis of 

ecological data. Indeed, one of the arguments of this thesis is that such a dialogue 

across disciplines needs to occur if we are to protect rare coral reef fish species 

through better management and conservation planning. 

 

In this thesis I have provided further evidence that life history drivers were to some 

extent correlated with rarity. However, as to the key question of whether these life 

history drivers are the direct causes of rarity, it is not possible to make an 

unequivocal statement. There are still many anomalies, particularly in regard to 

species that have habitat specific requirements or a symbiotic relationship, and 
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these ecological factors may also operate across a variety of scales. Further 

research is required on temporal variability in populations of rare species.  

 

In Chapter Two I examined our changing understanding of rarity from the time of 

Charles Darwin through to current research. I have attempted to highlight the 

importance of having a sound grasp of how ecological thought has evolved and how 

various theories have been debated through time. I have argued that this broader 

understanding better informs both applied ecology and management decisions 

around MPAs.  

 

A contextual understanding lessens the chances of naivety and helps sharpen 

hypothesis building prior to data analysis (Sale 1984). I have argued that a 

contextual understanding of rarity studies coupled with sound hypothesis based 

data analysis can contribute to a better understanding of the dynamics of our 

marine environment. I have argued that the study of rarity, particularly rarity in the 

marine environment, is the logical next step in marine conservation biology 

research. Such research, coupled with the analysis of MPA design and management, 

stands to greatly improve conservation outcomes for coral reef fish species. 

Through the analysis presented in this thesis I hope to have contributed to that 

goal.  

 

Gaston (1994, 2006) suggests that there is a need for further interdisciplinary 

studies of rare species.  While it could be argued that the loss of a single rare 

species may not have a major impact on an ecosystem, the impact of a loss of a 
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suite of rare species could be profound. Empirical research is needed to both 

understand and predict the implications of such an outcome (Gaston 1994).  

 

Early research has largely dismissed rare species as being of little significance within 

an ecosystem. My research has shown that rare coral reef species are all top end 

predators and so play an important role within the coral reef ecosystem. The 

extirpation of top predators in a coral reef fish assemblage may lead to meso-

predator release resulting in dramatic changes in species richness and abundance 

patterns (Gaston 1994; Dethier et al. 2003; Jordan et al. 2005). The diminution of 

top end predators even at the local or regional level has the potential to precipitate 

extinctions in other predators and possibly other marine species. The removal of 

these predators could result in a trophic cascade that would have long term 

implications (Newman and Williams 2001; Bascompte et al. 2002; Shears and 

Babcock 2003).   

 

My analysis has also shown relative abundance to be strongly negatively correlated 

with temporal variability. Common species varied little in relative abundance from 

year to year while rare species varied greatly.  

 

My evidence that large, predatory coral reef fish with low fecundity are the most 

rare can, it may be argued, be intuitively understood. However, the subtleties of 

rarity dynamics were less than clear and somewhat counter intuitive. The strength 

of the correlation of fishing in the analyses of Chapter Three exceeded my 
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expectation and demonstrated that there is still much to learn about the long-term 

impacts of fish stock depletion.  

 

The literature suggests that sedentary species are more at risk of extinction than 

wide ranging species. My findings concur with the literature but also provide 

evidence that wide ranging species are also at risk. My findings have highlighted the 

dangers of short-term studies surveys and the need for longitudinal (time series) 

studies. My analysis has demonstrated that many coral reef fish species may in fact 

be uncommon and move in and out of rarity in particular locations at particular 

times, a finding also reported by Jones et al. (2002).  

 

I have also shown that rarity in coral reef fish was, somewhat surprisingly, 

correlated with wide ranging species. Gaston, the foremost authority on rarity 

studies, defined rare terrestrial species as those having low abundance and/or small 

ranges. Gaston also defined the common variables for defining a species as rare. 

These are: 

• Low abundance; 

• Small ranges; 

• Habitat specificity; 

• Taxonomic distinctness; and 

• Persistence through ecological or evolutionary time. 

 

My results do not concur with Gaston’s variables. While these variables may be 

applicable to terrestrial environments, it appears that a fundamentally different set 
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of laws is at work in the marine environment. My findings provide strong evidence 

that rarity in coral reef fish operates on a different set of principles to that of 

terrestrial organisms and that it is likely that there is no universal ‘ecological law of 

rarity’ operating that is applicable to both marine and terrestrial environments.  

 

The analysis of the AIMS LTMP provided a strong evidentiary base from which to 

draw some new conclusions about rarity and commonness. The LTMP continues to 

play an important role in providing long-term data that may prove pivotal to our 

understanding of change in coral reef fish assemblages, particularly as the effects of 

climate change increase.   

 

In my initial analysis, I was able to confirm the evidence in the literature that reef 

fish populations were dynamic, expanding and contracting annually in response to 

unknown ecological variables. This finding confirmed the widely held view that coral 

reef fish communities were very dynamic and not ‘steady state’. The ecological 

drivers of coral reef population dynamics remains unclear and requires further 

research. My findings confirm that rarity occurs and could be defined across a range 

of scales. These results highlight the need for caution when declaring a species to 

be rare, and for planning for the conservation and management needs of these 

species. 

 

An analysis of reserve design criteria and the application of the small versus large 

argument for reserve design showed that a large marine sanctuary or no-take zone 

did not mean it was adequate for the protection of rare species. Rather, what are 
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required are interagency management arrangements between fisheries and MPA 

agencies. My investigation of the implications of rarity in coral reef fish on MPA 

design revealed an uncoupling between MPA design and management and fisheries 

management. The continuing treatment of these two fields as separate jurisdictions 

has a profound effect on the management and conservation of declining fish stocks. 

Good science is not enough to protect and manage rare species of coral reef fish. 

More effective planning processes and mechanisms to manage political processes 

that allow for the protection of multiple subpopulations in networks of marine 

conservation areas are required. These would be required across the Indo-Pacific 

Region as many coral reef fish species have huge geographic ranges. 

 

I found that regardless of the definition of rarity ultimately used in an analysis, the 

results would be influenced by the spatial scale at which they apply, from 

biogeographic regions, to reef system, to occurrences on study plots.  

 

I have acknowledged the limitations of the data set I analysed. The analysis was 

based on a small number of species occurring in one particular habitat; the AIMS 

data is based on an annual survey of the NE corner of various reefs at a depth of 6-9 

metres. Consequently, I recommend caution in extrapolating my results and 

applying them as a global principal on the rarity of coral reef fish. Through my 

analysis I also highlight the difficulties in sampling rare species and argue that this 

remains one of the biggest challenges in rarity studies. I have also brought attention 

to problems associated with current statistical techniques for the study of rarity.  
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I have found that both abundance and range size are essentially continuous 

variables. My findings agree with those of Gaston (2006) in that if a general 

definition of rarity is to be established it will have to be relative. In this thesis I used 

the proportion of species as defined by Gaston where rare species were defined as 

the x% with the lowest relative abundances in the assemblage. I found that a simple 

ranking of species abundance through recognition of the x% of species with the 

smallest abundances and range sizes was sufficient to establish an initial indexation 

of rarity. 

 

My analysis has shown that at large scales the concept of rarity is closely allied to 

that of endemism. Species are endemic to an area if they occur within it and 

nowhere else. Endemism and rarity are mutually exclusive; species may be endemic 

to an area yet occur throughout it at levels of abundance or occurrence greater 

than those of many or even most of the other species found there. Furthermore, I 

have shown that not all species in an assemblage have equal status. At local and 

regional scales some species may not be permanent members but may be vagrants 

that typically occur at low abundances and have small range sizes in a study area.  

 

Through an analysis of the literature from both a historical and scientific 

perspective I have brought into question some of the generalisations made about 

rarity. While I have confirmed some of the findings of other researchers in regard to 

rarity, I have also demonstrated rarity in marine organisms remains a fundamental, 

yet largely unanswered, question.  
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In my analysis I set out to test the hypothesis: ‘Life history controls the relative 

abundance of coral reef fish’. I was able to demonstrate that life history is strongly 

correlated with rarity. By modelling the relationships between temporal density and 

temporal patterns I showed that coral reef fish with low abundances may have 

lower densities. A coral reef fish species that is rare in one region or on a particular 

reef system is not necessarily rare at larger scales. However, given the increasing 

anthropogenic pressures facing the majority of coral reef systems around the world 

the high temporal variability of families of rare species such as the Lethrinids, 

Lutjanids and Serranids are probably more at risk. 
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Appendices 
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Appendix 1: Temporal data for 208 species from the AIMS LTMP 

 199495 199596 199697 199798 199899 199900 200001 200102 200203 200304 200405 TOTAL 

REL 

DEN 

CHR_LEPI 113 119 396 322 264 117 314 340 235 164 86 2470 

0.23842

3 

CHR_LINE 6 2 2 14 17 4 10 57 56 84 6 258 

0.02490

4 

CHR_MARG 989 1333 1604 1531 1801 1626 1627 1954 2334 1752 1324 17875 

1.72542

8 

CHR_NITI 1823 4451 5265 4338 3179 3886 2369 4879 5032 3817 6946 45985 

4.43881

4 

CHR_RETR 15 14 3 9 8 11 5 9 17 3 10 104 

0.01003

9 

CHR_TERN 345 430 545 626 971 1157 901 1071 2871 2543 2719 14179 

1.36866

2 
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CHR_VAND 61 82 18 59 83 152 86 91 74 312 169 1187 

0.11457

8 

CHR_VIRI 55 55 19 50 12 117 14 23 121 190 94 750 

0.07239

6 

CHR_WEBE 322 131 363 634 711 368 522 572 825 1192 828 6468 

0.62433

9 

CHR_XANC 0 0 0 0 0 0 0 0 0 7 0 7 

0.00067

6 

CHR_XANT 114 116 113 167 104 127 105 116 168 222 170 1522 

0.14691

5 

CHS_BLEE 8 5 7 13 13 23 14 25 23 50 9 190 0.01834 

CHS_JAPA 0 2 0 1 0 6 2 2 3 3 2 21 

0.00202

7 

CHS_MICR 447 466 393 423 395 455 421 506 519 522 635 5182 

0.50020

5 

CHS_SORD 1447 1564 1352 1348 1634 1653 1470 1524 1961 1883 2052 17888 

1.72668

3 
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CHY_FLAV 8 114 25 17 8 9 4 3 19 23 15 245 

0.02364

9 

CHY_REX 258 514 322 312 399 308 211 204 335 202 199 3264 

0.31506

6 

CHY_ROLL 1732 2023 1150 1524 2041 1533 1432 1154 1138 1122 1668 16517 

1.59434

3 

CHY_TALB 245 353 233 267 268 259 240 200 437 329 347 3178 

0.30676

4 

COR_GAIM 9 18 10 19 9 10 14 10 15 13 32 159 

0.01534

8 

CTE_GROP 3623 3786 3335 3269 3184 2977 2785 2883 3021 3251 3770 35884 3.46379 

DAS_ARUA 9 8 4 10 21 19 13 9 13 16 19 141 0.01361 

DAS_RETI 145 180 163 146 180 167 159 204 495 436 460 2735 

0.26400

3 

DAS_TRIM 2 6 5 5 7 2 2 6 21 27 16 99 

0.00955

6 

DIS_MELA 31 42 31 22 20 22 22 17 43 58 62 370 0.03571
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5 

DIS_PERS 10 5 0 4 4 2 4 1 0 2 3 35 

0.00337

8 

DIS_PROS 22 23 12 18 37 32 27 25 37 30 44 307 

0.02963

4 

DIS_PSEU 9 4 12 5 5 11 5 5 8 8 10 82 

0.00791

5 

EPB_INSI 284 274 195 242 245 239 197 284 311 279 287 2837 

0.27384

8 

FOR_FLAV 82 112 96 106 112 86 75 92 109 122 118 1110 

0.10714

5 

FOR_LONG 2 0 0 1 13 0 9 9 3 6 1 44 

0.00424

7 

GOM_VARI 365 360 311 394 427 432 389 361 501 458 424 4422 

0.42684

4 

HAL_HORT 178 155 150 151 106 148 131 167 242 219 202 1849 

0.17847

9 
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HEM_FASC 304 298 251 291 288 299 368 350 473 437 461 3820 

0.36873

5 

HEM_MELT 288 267 214 284 269 275 203 202 297 289 289 2877 

0.27770

9 

HGY_PLAG 2 4 0 0 4 2 4 4 10 9 5 44 

0.00424

7 

HIP_LONG 75 92 68 51 81 49 139 177 115 86 161 1094 

0.10560

1 

HYS_POLY 76 49 116 98 92 94 51 57 73 74 60 840 

0.08108

3 

LET_ATKI 100 70 54 66 43 86 42 76 26 29 27 619 0.05975 

LET_ERYT 0 1 0 0 1 2 0 1 2 0 0 7 

0.00067

6 

LET_HARA 2 0 0 3 1 2 4 0 3 7 3 25 

0.00241

3 

LET_LATI 11 0 20 1 1 2 5 1 2 0 1 44 

0.00424

7 
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LET_LENT 2 2 0 0 5 1 0 0 0 5 0 15 

0.00144

8 

LET_MINI 39 44 98 53 50 43 18 19 57 47 54 522 

0.05038

7 

LET_NEBU 56 93 60 63 39 31 45 52 21 40 24 524 0.05058 

LET_OBSO 5 1 2 8 4 3 6 10 4 7 6 56 

0.00540

6 

LET_OLIV 1 6 3 3 0 0 2 3 4 1 1 24 

0.00231

7 

LET_ORNA 4 0 2 1 0 0 0 2 2 3 4 18 

0.00173

7 

LET_RUBR 0 0 0 0 0 0 0 0 2 0 2 4 

0.00038

6 

LET_SEMI 0 1 4 2 0 4 0 1 0 1 0 13 

0.00125

5 

LET_XANT 5 10 4 4 10 8 3 8 0 13 1 66 

0.00637

1 
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LUT_ADET 0 1 13 45 7 32 12 32 9 26 12 189 

0.01824

4 

LUT_ARGE 2 4 3 1 2 7 0 3 4 2 17 45 

0.00434

4 

LUT_BOHA 52 93 99 79 72 75 75 90 74 86 103 898 

0.08668

2 

LUT_BOUT 0 0 0 0 0 1 0 0 0 0 0 1 9.65E-05 

LUT_CARP 272 262 236 346 249 255 226 258 251 331 358 3044 

0.29382

9 

LUT_FLMA 273 385 209 319 257 301 226 204 252 266 372 3064 0.29576 

LUT_FULV 1 1 3 3 3 1 2 0 3 33 15 65 

0.00627

4 

LUT_GIBB 158 265 201 241 194 200 253 207 320 262 159 2460 

0.23745

7 

LUT_KASM 1 0 0 0 2 0 1 0 1 0 1 6 

0.00057

9 

LUT_LEMN 0 0 0 2 2 5 1 4 3 2 0 19 0.00183
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4 

LUT_LUTJ 69 61 0 76 54 95 63 42 36 50 70 616 

0.05946

1 

LUT_MONO 4 14 7 6 11 8 6 7 6 8 9 86 

0.00830

1 

LUT_QUIN 84 69 68 53 47 58 60 57 38 50 42 626 

0.06042

6 

LUT_RIVU 0 2 0 5 2 2 1 1 1 1 0 15 

0.00144

8 

LUT_RUSS 23 75 55 59 34 37 58 65 42 83 51 582 

0.05617

9 

LUT_SEBA 0 0 0 2 1 1 3 2 2 22 4 37 

0.00357

2 

LUT_SEMI 0 0 0 1 0 0 0 0 0 0 0 1 9.65E-05 

LUT_VITT 102 116 28 132 124 185 129 126 96 180 162 1380 

0.13320

8 

MCR_GROP 32 93 39 15 31 31 30 52 44 42 59 468 0.04517



 

 114

5 

MON_GRAN 147 185 173 158 153 177 167 175 170 153 155 1813 

0.17500

4 

NAS_LITU 85 96 65 61 75 89 64 48 135 65 96 879 

0.08484

8 

NAS_TUBE 121 245 76 156 186 207 147 280 225 256 128 2027 

0.19566

1 

NAS_UNIC 288 230 139 293 181 315 299 266 232 232 195 2670 

0.25772

8 

NEG_MELA 144 145 133 160 124 141 120 112 166 197 210 1652 

0.15946

3 

NEG_NIGR 481 497 471 547 530 527 518 493 507 618 647 5836 

0.56333

4 

NEG_POLY 5 4 0 1 3 2 1 2 1 4 5 28 

0.00270

3 

NEO_AZYS 9758 13927 7666 5958 14688 8588 7447 5692 8260 8382 9434 99800 

9.63343

7 
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NEO_BANK 4209 4617 2514 2579 3196 1858 4475 3424 3049 2303 6332 38556 

3.72171

1 

NEO_CYAN 41 48 12 4 35 26 11 11 46 70 116 420 

0.04054

2 

PCH_RICH 59 11 2 2 0 1 1 0 0 0 0 76 

0.00733

6 

PCT_HEPA 1 4 7 0 1 9 8 10 15 1 13 69 0.00666 

PGY_DICK 123 120 162 172 280 354 333 359 472 530 509 3414 

0.32954

5 

PGY_JOHN 106 171 229 243 218 208 176 183 195 209 240 2178 

0.21023

7 

PGY_LACR 1120 1059 1049 1171 1158 1075 959 1065 1408 1456 1630 13150 

1.26933

6 

PMS_AREO 2 0 0 0 0 0 0 0 0 0 0 2 

0.00019

3 

PMS_LAEV 18 35 23 34 46 31 16 16 17 18 20 274 

0.02644

9 
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PMS_LEOP 326 442 386 297 269 354 376 358 313 384 475 3980 

0.38417

9 

PMS_MACU 24 22 24 25 21 29 33 15 33 37 29 292 

0.02818

6 

POM_ADEL 847 694 581 826 848 803 661 589 450 570 703 7572 

0.73090

6 

POM_AMBO 757 991 820 685 944 796 629 442 810 724 765 8363 

0.80725

9 

POM_AUST 26 211 49 70 17 15 5 28 18 12 32 483 

0.04662

3 

POM_BANK 1011 1159 1170 1078 1455 1589 1168 1228 1720 1693 1568 14839 1.43237 

POM_BRAC 2257 3452 2399 2603 2897 2850 2256 1918 4340 3996 3245 32213 

3.10943

8 

POM_CHRY 5 11 12 13 16 17 12 6 10 26 8 136 

0.01312

8 

POM_COEL 3863 7066 4573 2510 2800 2522 1705 1068 1710 1095 667 29579 

2.85518

5 
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POM_GRAM 180 261 134 188 179 240 220 180 144 192 226 2144 

0.20695

5 

POM_IMIT 0 0 0 0 1 1 0 1 0 0 0 3 0.00029 

POM_LEPI 11964 16753 13225 11002 16106 15286 12123 12361 13953 13517 11930 148220 14.3073 

POM_MOLU 11633 16830 12518 11788 12606 12020 9241 7272 8797 8271 8640 119616 

11.5462

2 

POM_NAGA 436 517 210 189 937 557 374 261 415 508 381 4785 

0.46188

4 

POM_PHIL 963 1071 1051 1232 1250 1150 1058 1004 1381 1434 1444 13038 

1.25852

5 

POM_TRIP 0 0 0 0 0 3 0 0 3 0 0 6 

0.00057

9 

POM_VAIU 49 50 22 37 36 34 29 27 31 54 66 435 

0.04198

9 

POM_WAR

D 2773 2749 1964 2366 2328 2342 2187 2320 2446 2591 3174 27240 

2.62940

7 

PRE_BIAC 7 3 4 8 6 3 2 1 2 4 2 42 0.00405
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4 

SCA_ALTI 220 238 125 181 165 151 139 189 195 271 400 2274 

0.21950

3 

SCA_CHAM 312 367 301 284 268 275 259 270 407 394 437 3574 

0.34498

9 

SCA_DIMI 1 2 1 3 1 1 1 0 5 4 9 28 

0.00270

3 

SCA_FLAV 246 236 129 267 326 350 281 258 404 396 359 3252 

0.31390

7 

SCA_FORS 34 24 26 33 31 27 28 33 38 36 33 343 

0.03310

9 

SCA_FREN 415 494 339 378 396 399 364 419 535 582 630 4951 

0.47790

7 

SCA_GHOB 76 64 57 72 86 87 103 91 123 82 97 938 

0.09054

3 

SCA_GLOB 551 467 532 571 742 477 887 650 826 874 699 7276 

0.70233

4 
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SCA_LONG 0 1 1 0 1 0 0 0 0 5 1 9 

0.00086

9 

SCA_NIGR 963 1062 866 877 1005 988 944 906 1109 1086 1207 11013 

1.06305

7 

SCA_OVIC 61 61 57 45 54 58 55 59 58 66 120 694 0.06699 

SCA_PSIT 503 687 651 636 1012 691 677 325 523 810 881 7396 

0.71391

7 

SCA_RIVU 555 601 433 768 724 953 741 684 679 1121 1207 8466 

0.81720

1 

SCA_RUBR 52 48 55 59 36 57 49 29 66 53 70 574 

0.05540

7 

SCA_SCHL 204 254 239 216 259 333 276 230 248 266 443 2968 

0.28649

3 

SCA_SP 2 0 0 0 1 0 0 0 0 6 0 9 

0.00086

9 

SCA_SPIN 340 339 234 268 227 259 231 269 307 294 275 3043 

0.29373

3 
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SIG_ARGE 10 32 30 25 3 19 109 86 137 41 264 756 

0.07297

5 

SIG_CORA 260 211 295 243 236 231 229 217 294 280 339 2835 

0.27365

5 

SIG_DOLI 382 458 550 558 500 508 483 475 541 532 572 5559 

0.53659

6 

SIG_JAVU 1 0 5 3 15 2 0 1 5 4 3 39 

0.00376

5 

SIG_LINE 49 111 238 239 164 126 172 51 115 90 58 1413 

0.13639

3 

SIG_PMUS 34 21 23 45 36 34 20 34 21 27 29 324 

0.03127

5 

SIG_PTUS 85 88 140 135 169 262 119 119 87 59 68 1331 

0.12847

8 

SIG_PUEL 63 62 54 67 81 82 60 64 62 81 114 790 

0.07625

7 

SIG_SPIN 0 0 0 0 0 0 1 0 0 0 0 1 9.65E-05 
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SIG_VULP 136 150 142 149 168 138 136 136 143 187 270 1755 

0.16940

6 

STE_APIC 146 147 111 147 119 120 145 158 178 196 226 1693 

0.16342

1 

STE_FASC 122 133 101 126 119 94 98 96 182 143 175 1389 

0.13407

7 

STE_GASC 0 0 0 0 0 1 0 6 7 7 11 32 

0.00308

9 

STE_NIGR 6 6 5 4 6 2 6 7 6 14 20 82 

0.00791

5 

VAR_LOUT 2 1 2 2 1 3 7 14 7 1 1 41 

0.00395

8 

ZAN_CORN 152 155 169 168 176 154 171 133 204 190 224 1896 

0.18301

6 

ZEB_SCOP 742 704 649 689 703 740 691 619 815 757 894 8003 

0.77250

9 

ZEB_VELI 102 88 78 76 110 99 81 89 85 99 143 1050 0.10135
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4 

ACA_ALBI 3 21 46 1 29 31 6 11 3 4 38 193 0.01863 

ACA_AURA 0 1 0 7 4 50 6 5 11 60 0 144 0.0139 

ACA_BARI 0 0 0 1 0 0 1 0 0 0 0 2 

0.00019

3 

ACA_BLOC 180 256 99 88 171 127 153 206 238 243 537 2298 0.22182 

ACA_DUSS 98 134 70 121 88 97 115 108 100 173 140 1244 0.12008 

ACA_GRAM 11 1 0 1 2 16 14 12 13 19 2 91 

0.00878

4 

ACA_LINE 440 304 423 340 248 224 280 301 415 383 530 3888 

0.37529

9 

ACA_MACU 3 0 0 0 1 0 0 0 0 0 0 4 

0.00038

6 

ACA_MATA 16 8 10 21 21 4 4 5 17 8 14 128 

0.01235

6 

ACA_NANS 56 47 34 32 26 24 48 26 27 41 26 387 

0.03735

6 
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ACA_NCUS 1505 1746 1723 1554 1357 1227 1386 1210 1505 1418 1860 16491 

1.59183

4 

ACA_NRIS 4 2 3 0 0 1 0 0 3 1 1 15 

0.00144

8 

ACA_NUDA 60 57 69 47 53 64 40 66 32 31 58 577 

0.05569

6 

ACA_OLIV 18 26 18 12 11 33 14 11 29 35 17 224 

0.02162

2 

ACA_PYRO 4 6 6 10 8 11 10 12 12 5 10 94 

0.00907

4 

ACA_SP 114 0 0 0 0 0 0 0 0 0 0 114 

0.01100

4 

ACA_THOM 0 0 0 1 0 0 0 0 0 0 0 1 9.65E-05 

ACA_TRIO 77 37 25 19 59 52 88 104 152 134 103 850 

0.08204

8 

ACA_XANT 18 8 25 8 11 21 18 7 22 12 5 155 

0.01496

2 
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ACN_POLY 1268 1342 1313 1487 1770 1630 1483 1549 2458 2450 2407 19157 

1.84917

6 

AMB_AURE 0 0 0 1 0 1 1 2 1 1 1 8 

0.00077

2 

AMB_CURA 1443 1775 1808 1776 1781 2034 1571 1674 1904 2115 1960 19841 

1.91520

1 

AMB_LEUC 150 151 168 175 184 200 162 174 273 323 303 2263 

0.21844

2 

AMP_AKIN 49 54 45 49 41 49 48 52 51 42 45 525 

0.05067

7 

AMP_CHRY 0 0 0 0 0 0 0 0 0 1 0 1 9.65E-05 

AMP_CLAR 2 0 0 0 2 0 0 2 0 9 0 15 

0.00144

8 

AMP_MELA 19 21 21 33 31 27 27 21 23 31 43 297 

0.02866

9 

AMP_PERC 0 0 0 0 0 1 0 0 0 0 0 1 9.65E-05 

AMP_PERI 4 9 6 8 2 3 9 9 11 11 12 84 0.00810
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8 

BOL_MURI 1 16 11 18 33 22 3 1 27 36 60 228 

0.02200

8 

CAL_CARO 10 2 5 4 3 7 1 1 4 6 5 48 

0.00463

3 

CET_BICO 40 70 59 47 50 66 39 32 47 45 66 561 

0.05415

2 

CHA_AFAS 573 624 530 550 503 541 509 507 523 524 492 5876 

0.56719

5 

CHA_AURI 54 72 64 70 52 59 69 100 69 57 113 779 

0.07519

5 

CHA_BARO 146 209 190 164 213 243 190 202 228 209 209 2203 0.21265 

CHA_BENN 1 0 0 1 0 4 8 0 1 0 0 15 

0.00144

8 

CHA_CITR 147 170 230 242 190 240 221 229 269 251 238 2427 

0.23427

2 

CHA_EPHI 35 69 51 38 51 41 54 56 62 60 75 592 0.05714
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4 

CHA_FLAV 37 71 55 67 88 72 60 55 58 93 71 727 

0.07017

5 

CHA_KLEI 72 141 156 179 150 162 145 139 180 137 169 1630 0.15734 

CHA_LINE 49 68 58 84 60 67 75 77 69 60 85 752 

0.07258

9 

CHA_LUNU 1 0 4 3 2 7 0 0 1 3 19 40 

0.00386

1 

CHA_MELO 180 235 203 263 217 253 214 208 242 215 315 2545 

0.24566

2 

CHA_MERT 0 2 0 1 1 0 0 1 0 0 1 6 

0.00057

9 

CHA_MEYE 4 1 0 2 1 3 2 0 1 3 4 21 

0.00202

7 

CHA_ORNA 63 61 93 73 74 79 57 85 87 85 83 840 

0.08108

3 

CHA_PELW 158 218 196 178 164 213 228 242 237 242 260 2336 0.22548
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8 

CHA_PLEB 155 214 186 191 213 180 113 129 137 153 202 1873 

0.18079

6 

CHA_PUNC 15 11 6 9 3 3 14 6 3 21 3 94 

0.00907

4 

CHA_RAFF 7 15 15 10 12 22 18 17 24 14 22 176 

0.01698

9 

CHA_RAIN 482 720 612 591 712 641 530 664 718 674 802 7146 

0.68978

5 

CHA_RETI 5 2 9 7 10 16 9 10 12 7 11 98 0.00946 

CHA_SPEC 12 24 25 13 29 16 16 24 15 19 21 214 

0.02065

7 

CHA_TLIS 72 192 294 643 681 699 668 699 860 859 821 6488 0.62627 

CHA_TTUS 436 487 446 494 536 567 515 493 537 633 690 5834 

0.56314

1 

CHA_ULIE 46 45 27 41 19 20 26 36 24 37 51 372 

0.03590

8 
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CHA_UNIM 54 73 47 51 61 56 60 46 50 44 48 590 

0.05695

1 

CHA_VAGA 138 105 129 114 136 103 135 142 170 145 198 1515 

0.14623

9 

CHE_FASC 203 198 184 175 209 242 257 272 305 293 276 2614 

0.25232

3 

CHE_UNDU 21 28 18 19 11 22 11 23 13 29 14 209 

0.02017

4 

CHL_LABI 0 0 1 0 18 9 0 0 0 1 0 29 

0.00279

9 

CHM_ROST 90 112 95 87 103 93 95 119 116 98 99 1107 

0.10685

6 

CHO_FASC 290 301 211 225 215 247 268 258 269 262 295 2841 

0.27423

4 

CHR_ACAR 0 0 0 0 0 0 1 0 0 1 6 8 

0.00077

2 

CHR_AGIL 1 0 1 0 1 1 3 3 1 2 0 13 0.00125
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5 

CHR_ALIS 1058 1914 1680 1372 2263 2376 1720 1228 2510 3019 3027 22167 

2.13972

3 

CHR_AMBO 2 0 0 1 0 0 1 2 1 5 3 15 

0.00144

8 

CHR_APES 127 146 174 247 219 220 234 307 408 307 219 2608 

0.25174

4 

CHR_CHRY 101 88 153 77 155 100 147 86 358 143 215 1623 

0.15666

4 

CHR_FLAV 1 0 0 0 0 2 0 0 0 0 0 3 0.00029 

CHR_IOME 17 41 28 40 60 55 30 38 49 34 27 419 

0.04044

5 

            

103197

9  
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Appendix 2: Summary temporal data for 134 species from the AIMS LTMP 

species 199495 199596 199697 199798 199899 199900 200001 200102 200203 200304 200405 Total Rel Den 

ACA.BLOC 180 256 99 88 171 127 153 206 238 243 537 2298 0.233732 

ACA.DUSS 98 134 70 121 88 97 115 108 100 173 140 1244 0.126528 

ACA.LINE 440 304 423 340 248 224 280 301 415 383 530 3888 0.395452 

ACA.NANS 56 47 34 32 26 24 48 26 27 41 26 387 0.039362 

ACA.NCUS 1505 1746 1723 1554 1357 1227 1386 1210 1505 1418 1860 16491 1.677316 

ACA.PYRO 4 6 6 10 8 11 10 12 12 5 10 94 0.009561 

NAS.LITU 85 96 65 61 75 89 64 48 135 65 96 879 0.089404 

NAS.TUBE 121 245 76 156 186 207 147 280 225 256 128 2027 0.206168 

NAS.UNIC 288 230 139 293 181 315 299 266 232 232 195 2670 0.271568 

PCT.HEPA 1 4 7 0 1 9 8 10 15 1 13 69 0.007018 

ZEB.SCOP 742 704 649 689 703 740 691 619 815 757 894 8003 0.813993 

ZEB.VELI 102 88 78 76 110 99 81 89 85 99 143 1050 0.106797 

ACN.POLY 1268 1342 1313 1487 1770 1630 1483 1549 2458 2450 2407 19157 1.948477 

AMB.CURA 1443 1775 1808 1776 1781 2034 1571 1674 1904 2115 1960 19841 2.018048 

AMB.LEUC 150 151 168 175 184 200 162 174 273 323 303 2263 0.230172 
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AMP.AKIN 49 54 45 49 41 49 48 52 51 42 45 525 0.053398 

AMP.CLAR 2 0 0 0 2 0 0 2 0 9 0 15 0.001526 

AMP.MELA 19 21 21 33 31 27 27 21 23 31 43 297 0.030208 

AMP.PERC 0 0 0 0 0 1 0 0 0 0 0 1 0.000102 

AMP.PERI 4 9 6 8 2 3 9 9 11 11 12 84 0.008544 

CHR.ALIS 1058 1914 1680 1372 2263 2376 1720 1228 2510 3019 3027 22167 2.254627 

CHR.APES 127 146 174 247 219 220 234 307 408 307 219 2608 0.265262 

CHR.CHRY 101 88 153 77 155 100 147 86 358 143 215 1623 0.165077 

CHR.LEPI 113 119 396 322 264 117 314 340 235 164 86 2470 0.251226 

CHR.MARG 989 1333 1604 1531 1801 1626 1627 1954 2334 1752 1324 17875 1.818084 

CHR.NITI 1823 4451 5265 4338 3179 3886 2369 4879 5032 3817 6946 45985 4.67718 

CHR.TERN 345 430 545 626 971 1157 901 1071 2871 2543 2719 14179 1.44216 

CHR.WEBE 322 131 363 634 711 368 522 572 825 1192 828 6468 0.657867 

CHR.XANT 114 116 113 167 104 127 105 116 168 222 170 1522 0.154804 

CHY.REX 258 514 322 312 399 308 211 204 335 202 199 3264 0.331985 

CHY.ROLL 1732 2023 1150 1524 2041 1533 1432 1154 1138 1122 1668 16517 1.67996 

CHY.TALB 245 353 233 267 268 259 240 200 437 329 347 3178 0.323238 
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DAS.RETI 145 180 163 146 180 167 159 204 495 436 460 2735 0.27818 

DAS.TRIM 2 6 5 5 7 2 2 6 21 27 16 99 0.010069 

NEG.MELA 144 145 133 160 124 141 120 112 166 197 210 1652 0.168027 

NEG.NIGR 481 497 471 547 530 527 518 493 507 618 647 5836 0.593585 

NEO.AZYS 9758 13927 7666 5958 14688 8588 7447 5692 8260 8382 9434 99800 10.15076 

NEO.BANK 4209 4617 2514 2579 3196 1858 4475 3424 3049 2303 6332 38556 3.921569 

PGY.DICK 123 120 162 172 280 354 333 359 472 530 509 3414 0.347241 

PGY.JOHN 106 171 229 243 218 208 176 183 195 209 240 2178 0.221527 

PGY.LACR 1120 1059 1049 1171 1158 1075 959 1065 1408 1456 1630 13150 1.337499 

POM.ADEL 847 694 581 826 848 803 661 589 450 570 703 7572 0.770156 

POM.AMBO 757 991 820 685 944 796 629 442 810 724 765 8363 0.850609 

POM.BANK 1011 1159 1170 1078 1455 1589 1168 1228 1720 1693 1568 14839 1.509289 

POM.BRAC 2257 3452 2399 2603 2897 2850 2256 1918 4340 3996 3245 32213 3.276416 

POM.COEL 3863 7066 4573 2510 2800 2522 1705 1068 1710 1095 667 29579 3.008509 

POM.GRAM 180 261 134 188 179 240 220 180 144 192 226 2144 0.218068 

POM.LEPI 11964 16753 13225 11002 16106 15286 12123 12361 13953 13517 11930 148220 15.0756 

POM.MOLU 11633 16830 12518 11788 12606 12020 9241 7272 8797 8271 8640 119616 12.16626 
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POM.NAGA 436 517 210 189 937 557 374 261 415 508 381 4785 0.486687 

POM.PHIL 963 1071 1051 1232 1250 1150 1058 1004 1381 1434 1444 13038 1.326108 

POM.VAIU 49 50 22 37 36 34 29 27 31 54 66 435 0.044244 

POM.WARD 2773 2749 1964 2366 2328 2342 2187 2320 2446 2591 3174 27240 2.770607 

PRE.BIAC 7 3 4 8 6 3 2 1 2 4 2 42 0.004272 

STE.APIC 146 147 111 147 119 120 145 158 178 196 226 1693 0.172197 

STE.FASC 122 133 101 126 119 94 98 96 182 143 175 1389 0.141277 

CHA.AFAS 573 624 530 550 503 541 509 507 523 524 492 5876 0.597654 

CHA.AURI 54 72 64 70 52 59 69 100 69 57 113 779 0.079233 

CHA.BARO 146 209 190 164 213 243 190 202 228 209 209 2203 0.224069 

CHA.BENN 1 0 0 1 0 4 8 0 1 0 0 15 0.001526 

CHA.CITR 147 170 230 242 190 240 221 229 269 251 238 2427 0.246853 

CHA.EPHI 35 69 51 38 51 41 54 56 62 60 75 592 0.060213 

CHA.FLAV 37 71 55 67 88 72 60 55 58 93 71 727 0.073944 

CHA.KLEI 72 141 156 179 150 162 145 139 180 137 169 1630 0.165789 

CHA.LINE 49 68 58 84 60 67 75 77 69 60 85 752 0.076487 

CHA.LUNU 1 0 4 3 2 7 0 0 1 3 19 40 0.004068 
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CHA.MELO 180 235 203 263 217 253 214 208 242 215 315 2545 0.258854 

CHA.MERT 0 2 0 1 1 0 0 1 0 0 1 6 0.00061 

CHA.MEYE 4 1 0 2 1 3 2 0 1 3 4 21 0.002136 

CHA.ORNA 63 61 93 73 74 79 57 85 87 85 83 840 0.085437 

CHA.PELW 158 218 196 178 164 213 228 242 237 242 260 2336 0.237597 

CHA.PLEB 155 214 186 191 213 180 113 129 137 153 202 1873 0.190505 

CHA.RAFF 7 15 15 10 12 22 18 17 24 14 22 176 0.017901 

CHA.RAIN 482 720 612 591 712 641 530 664 718 674 802 7146 0.726827 

CHA.RETI 5 2 9 7 10 16 9 10 12 7 11 98 0.009968 

CHA.SPEC 12 24 25 13 29 16 16 24 15 19 21 214 0.021766 

CHA.TLIS 72 192 294 643 681 699 668 699 860 859 821 6488 0.659901 

CHA.TTUS 436 487 446 494 536 567 515 493 537 633 690 5834 0.593382 

CHA.ULIE 46 45 27 41 19 20 26 36 24 37 51 372 0.037836 

CHA.UNIM 54 73 47 51 61 56 60 46 50 44 48 590 0.060009 

CHA.VAGA 138 105 129 114 136 103 135 142 170 145 198 1515 0.154092 

CHM.ROST 90 112 95 87 103 93 95 119 116 98 99 1107 0.112594 

FOR.FLAV 82 112 96 106 112 86 75 92 109 122 118 1110 0.112899 



 

 135

FOR.LONG 2 0 0 1 13 0 9 9 3 6 1 44 0.004475 

LUT.ADET 0 1 13 45 7 32 12 32 9 26 12 189 0.019223 

LUT.BOHA 52 93 99 79 72 75 75 90 74 86 103 898 0.091336 

LUT.CARP 272 262 236 346 249 255 226 258 251 331 358 3044 0.309608 

LUT.FLMA 273 385 209 319 257 301 226 204 252 266 372 3064 0.311642 

LUT.GIBB 158 265 201 241 194 200 253 207 320 262 159 2460 0.250209 

LUT.RIVU 0 2 0 5 2 2 1 1 1 1 0 15 0.001526 

LUT.VITT 102 116 28 132 124 185 129 126 96 180 162 1380 0.140361 

MCR.GROP 32 93 39 15 31 31 30 52 44 42 59 468 0.047601 

LET.ATKI 100 70 54 66 43 86 42 76 26 29 27 619 0.062959 

LET.OLIV 1 6 3 3 0 0 2 3 4 1 1 24 0.002441 

MON.GRAN 147 185 173 158 153 177 167 175 170 153 155 1813 0.184402 

CET.BICO 40 70 59 47 50 66 39 32 47 45 66 561 0.05706 

CHS.BLEE 8 5 7 13 13 23 14 25 23 50 9 190 0.019325 

CHS.JAPA 0 2 0 1 0 6 2 2 3 3 2 21 0.002136 

CHS.MICR 447 466 393 423 395 455 421 506 519 522 635 5182 0.527066 

CHS.SORD 1447 1564 1352 1348 1634 1653 1470 1524 1961 1883 2052 17888 1.819406 
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HIP.LONG 75 92 68 51 81 49 139 177 115 86 161 1094 0.111272 

SCA.ALTI 220 238 125 181 165 151 139 189 195 271 400 2274 0.231291 

SCA.CHAM 312 367 301 284 268 275 259 270 407 394 437 3574 0.363515 

SCA.FLAV 246 236 129 267 326 350 281 258 404 396 359 3252 0.330764 

SCA.FORS 34 24 26 33 31 27 28 33 38 36 33 343 0.034887 

SCA.FREN 415 494 339 378 396 399 364 419 535 582 630 4951 0.503571 

SCA.GHOB 76 64 57 72 86 87 103 91 123 82 97 938 0.095405 

SCA.GLOB 551 467 532 571 742 477 887 650 826 874 699 7276 0.740049 

SCA.NIGR 963 1062 866 877 1005 988 944 906 1109 1086 1207 11013 1.120143 

SCA.OVIC 61 61 57 45 54 58 55 59 58 66 120 694 0.070587 

SCA.PSIT 503 687 651 636 1012 691 677 325 523 810 881 7396 0.752254 

SCA.RIVU 555 601 433 768 724 953 741 684 679 1121 1207 8466 0.861085 

SCA.RUBR 52 48 55 59 36 57 49 29 66 53 70 574 0.058382 

SCA.SCHL 204 254 239 216 259 333 276 230 248 266 443 2968 0.301878 

SCA.SPIN 340 339 234 268 227 259 231 269 307 294 275 3043 0.309507 

PMS.LAEV 18 35 23 34 46 31 16 16 17 18 20 274 0.027869 

PMS.LEOP 326 442 386 297 269 354 376 358 313 384 475 3980 0.40481 
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VAR.LOUT 2 1 2 2 1 3 7 14 7 1 1 41 0.00417 

SIG.ARGE 10 32 30 25 3 19 109 86 137 41 264 756 0.076894 

SIG.CORA 260 211 295 243 236 231 229 217 294 280 339 2835 0.288351 

SIG.DOLI 382 458 550 558 500 508 483 475 541 532 572 5559 0.565411 

SIG.LINE 49 111 238 239 164 126 172 51 115 90 58 1413 0.143718 

SIG.PMUS 34 21 23 45 36 34 20 34 21 27 29 324 0.032954 

SIG.PTUS 85 88 140 135 169 262 119 119 87 59 68 1331 0.135377 

SIG.PUEL 63 62 54 67 81 82 60 64 62 81 114 790 0.080352 

SIG.VULP 136 150 142 149 168 138 136 136 143 187 270 1755 0.178503 

CHE.FASC 203 198 184 175 209 242 257 272 305 293 276 2614 0.265873 

CHE.UNDU 21 28 18 19 11 22 11 23 13 29 14 209 0.021258 

CHO.FASC 290 301 211 225 215 247 268 258 269 262 295 2841 0.288961 

EPB.INSI 284 274 195 242 245 239 197 284 311 279 287 2837 0.288554 

GOM.VARI 365 360 311 394 427 432 389 361 501 458 424 4422 0.449766 

HAL.HORT 178 155 150 151 106 148 131 167 242 219 202 1849 0.188064 

HEM.FASC 304 298 251 291 288 299 368 350 473 437 461 3820 0.388536 

HEM.MELT 288 267 214 284 269 275 203 202 297 289 289 2877 0.292622 
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ZAN.CORN 152 155 169 168 176 154 171 133 204 190 224 1896 0.192844 

            983178  
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Appendix 3: Frequency analysis by family 

 

Total no of families: 10 

Total no of species counted: 134 

Most common species across all families: Pomacentrus lepidogenys  

 

(Pomacentridae) 148,220 species over 11 years 

• Feeding group: Plankton feeder 

• Size class: 5-10cm 

• Diet class: Plankton feeder 

• Home range: Sedentary 

• Activity: Diurnal  

• Schooling: small school 

• Level: bottom 

 

Rarest species across all families: Amphirion percula (Pomacentridae) 1 species over 

11 years 

• Feeding group: small benthic plankton feeder 

• Size class: 10-20cm 

• Diet class: plankton feeder 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 
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1. Acanthuridae 

No of species counted in family: 11 

Most common species: Acanthurus nigrofuscus 16,491 

• Feeding group: large algal cropper  

• Size class: 10-20cm 

• Diet class: herbivore 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

Rarest: Paracanthurus hepatus 69 

• Feeding group: small benthic plankton feeder 

• Size class: 20-40cm 

• Diet class: herbivore 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: medium school 

• Level: bottom 

 

 

Figure 15 Total number of Acanthurids counted 1994-2005 
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2. Pomacentridae 

No of species counted in family: 42 

Most common species: Pomacentrus lepidogenys 148,220 

• Feeding group: small benthic plankton feeder 

• Size class: 10-20cm 

• Diet class: plankton feeder 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

Rarest: Amphirion percula 1 

• Feeding group: small benthic plankton feeder 

• Size class: 10-20cm 

• Diet class: plankton feeder 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

 

Figure 16 Total Pomacentrids counted 1994-2005 
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3. Chaetodontidae 

No of species counted in family: 28 

Most common species: Chaetodon rainfordi 7,146 

• Feeding group: sessile benthos feeder 

• Size class: 10-20cm 

• Diet class: herbivore/carnivore 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: paired 

• Level: bottom 

 

Rarest: Chaetodon mertensii 6 

• Feeding group: sessile benthos feeder 

• Size class: 10-20cm 

• Diet class: carnivore 

• Home range: sedentary 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

Figure 17 Total Chaetonids counted 1994-2005 
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4. Lutjanidae 

No of species counted in family: 11 

Most common species: Lutjanus fulviflammus 3,064 

• Feeding group: motile nekton feeder (predator) 

• Size class: 20cm-40 

• Diet class: carnivore/piscivore 

• Home range: mobile 

• Activity: both 

• Schooling: medium school 

• Level: low above bottom 

 

Rarest: Lutjanus rivulatus 15 

• Feeding group: motile nekton feeder 

• Size class: 40-80cm 

• Diet class: piscivore/carnivore 

• Home range: mobile 

• Activity: nocturnal 

• Schooling: solitary 

• Level: low above bottom 

 

 

Figure 18 Total Lutjanids counted 1994-2005 
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5. Lethrinidae 

No of species counted in family: 3 

Most common species: Monotaxis grandoculis 1,813 

• Feeding group: small benthic plankton feeder 

• Size class: 40-80cm 

• Diet class: carnivore 

• Home range: mobile 

• Activity: nocturnal 

• Schooling: solitary 

• Level: low above bottom 

 

Rarest: Lethrinus olivaceous 24 

• Feeding group: motile nekton feeder 

• Size class: <90cm 

• Diet class: piscivore/carnivore 

• Home range: wide range 

• Activity: both 

• Schooling: solitary 

• Level: bottom 

 

 

Figure 19 Total Lethrids counted 1994-2005 
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6. Scaridae 

No of species counted in family: 19 

Most common species: Chlorurus sordidus 17,888 

• Feeding group: algal excavator 

• Size class: 20-40cm 

• Diet class: herbivore/detritus 

• Home range: mobile 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

Rarest: Chlorurus japanensis 21 

• Feeding group: small benthic plankton feeder 

• Size class: 10-20cm 

• Diet class: herbivore/detritus 

• Home range: wide 

• Activity: diurnal 

• Schooling: solitary 

• Level: bottom 

 

 

Figure 20 Total Scarids counted 1994-2005 
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7. Serranidae 

No of species counted in family: 3 

Most common species: Plectropomus leopardus 3,980 

• Feeding group: small benthic plankton feeder 

• Size class: 90cm 

• Diet class: piscivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: solitary 

• Level: bottom 

 

Rarest: Variola louti 41 

• Feeding group: small benthic plankton feeder 

• Size class: 40-80cm 

• Diet class: piscivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: solitary 

• Level: bottom 

 

 

 

Figure 21 Total Serranids counted 1994-2005 
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8. Siganidae 

No of species counted in family: 8 

Most common species: Siganus doliatus 5,559 

• Feeding group: large algal cropper 

• Size class: 20-40cm 

• Diet class: herbivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: paired 

• Level: bottom 

 

Rarest: Siganus punctatissimus 324 

• Feeding group: large algal cropper 

• Size class: 20-40cm 

• Diet class: herbivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: paired 

• Level: bottom 

 

 

 

Figure 22 Total Siganids counted 1994-2005 

0

1000

2000

3000

4000

5000

6000

Series1



 

 148

9. Labridae 

No of species counted in family: 8 

Most common species: Gomphosus varius 4,442 

• Feeding group: predator 

• Size class: 10-20cm 

• Diet class: carnivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: solitary 

• Level: bottom 

 

Rarest: Cheilinus undulatus 209 

• Feeding group: motile benthos feeder 

• Size class: <90cm 

• Diet class: carnivore/piscivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: solitary 

• Level: bottom 

 

 

Figure 23 Total Labrids counted 1994-2005 
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10. Zanclidae 

No of species counted in family: 1 

Most common species: Zanclus cornutus1, 896  

• Feeding group: benthic plankton feeder 

• Size class: 10-20cm 

• Diet class: carnivore 

• Home range: mobile 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

Rarest: Zanclus cornutus1, 896 

• Feeding group: benthic plankton feeder 

• Size class: 10-20cm 

• Diet class: plankton feeder 

• Home range: mobile 

• Activity: diurnal 

• Schooling: small school 

• Level: bottom 

 

 

 

Figure 24 Total Zanclids counted 1994-2005 
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