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Summary

The Great Barrier Reef (GBR) has experienced a 50.8% decline (28.0% { 13.8%) in coral cover

from 1985 { 2012. In order to facilitate recovery and e�ectively manage this ecosystem, we need

to go beyond simple measures of reef health such as coral cover, and understand the spatial

and temporal dynamics of the reef biota, and their relationships to environmental drivers.

Diversity is a key ecological concept in this process, and this work describes and models the

diversity of the GBR using a novel statistical methodology developed within this project, namely

the multinomial diversity model (MDM).

We outline the foundations and capabilities of the MDM and use it to investigate (1) the spatial

distribution of diversity of inter-reef �shes and its dependency on environmental drivers, and

(2) variation in diversity across the zoning of the Great Barrier Reef. Using the MDM, total

diversity can decomposed into site and turnover diversities that are simple to interpret in terms

of the spatial and environmental drivers.

Spatial variation of diversity was mapped and regions of high and low levels of site diversity and

species turnover were identi�ed. Site diversity was highest in the outer GBR around 15�N and

lowest in the southern inner and o�shore regions. Species turnover was highest in the central

o�shore region and lowest in the inner northern reefs. Environmental and spatial predictors

jointly accounted for 51.4% of the total variation of diversity, and separately they accounted

for 36.7% and 34.9% respectively.

Diversities were compared between the Marine National Park (MNP), Habitat Protection (HP)

and General Use (GU) zones, and were highest in HP zones. Species di�erences were investi-

gated and the dominant species of each type of zone were indenti�ed.

Introduction

The Great Barrier Reef (GBR) is the world’s largest coral reef ecosystem, containing �3000

individual coral reefs within an area of 345,000 km2. Its outstanding universal values were

recognised by World Heritage listing in 1981. GBR reefs have been classi�ed as the world’s least

threatened (De’ath and Fabricius, 2010) due to their distance from the relatively small human

population centres, and strong legal protection through the implementation of a comprehensive

zoning system (Commonwealth of Australia, 2003). Despite these advantages relative to other

coral reef systems, the GBR has experienced a decline in coral cover from 28.0% to 13.8%

(0.53% yr�1 from 1985 { 2012, a loss of 50.7% of initial coral cover (De’ath, 2012). This loss

has been attributed to large-scale acute disturbances, especially tropical storms, bleaching, and

population outbreaks of the coral-eating crown-of-thorns star�sh Acanthaster planci (COTS)

which may also increase in frequency and intensity in response to human activities (Fabricius

et al., 2010).

In order to e�ectively manage the GBR, we need to understand the historic changes and current
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state not only in terms of the abundances of reef and inter-reef biota, but also in terms of the

temporal and spatial change in diversity. The concepts and tools necessary to undertake such

an investigation have been developed as part of this project. The principal methodology is the

multinomial diversity model (MDM, (De’ath, 2012)), a new method for relating diversity to

complex environmental, spatial and temporal predictors.

Based on the MDM, the objectives of this work were three-fold: (1) to investigate spatial

patterns of diversities of inter-reef �sh species for the whole GBR, and (2) to relate these

patterns to (a) spatial location and environmental drivers, and (b) the GBR zoning plan.

In the �nal phase of this project, a comprehensive analysis of the spatial and temporal change

of reef benthos and �sh will be undertaken in relationship to the GBR zoning.

What is Diversity?

Species diversity is a key ecological concept for the understanding and management of ecosys-

tems. It is de�ned as the e�ective number of species, or other types (e.g. genera, families),

that are represented in a collection of individuals. For simplicity we refer simply to species

in this description. The diversity of a collection depends on the number of species and their

proportional abundances (PAs). Diversity increases with (1) the number of species and (2) the

evenness of their distribution, and for a given number of species, diversity is maximised when

all species are equally abundant. Diversity is expressed as the ’e�ective number of species’,

which refers to the number of equally-abundant species needed to obtain the same mean PA as

that observed in the data of interest.

Diversities also have the characteristic of order, which is simply a relative weighting of abun-

dances. Species can be weighted by raising the PAs to the power q, called the order of diversity,

and although q can take any value; 0, 1 or 2 are typically used. The value 0 converts PAs to

presence-absence, 2 gives greater weight to more abundant species and 1 weights all species

equally. Diversities of orders 0, 1 and 2 are typically referred to as richness, Shannon and

Simpson, respectively.

Although high diversity is generally a desirable property of an ecosystem, this is not always the

case. For example, increasing prevalence of ’undesirable’ species may increase the diversity of

a community, but it will usually not increase its ’value’ or ’health’. Thus the choice of species

is central to meaningful analyses.

The multinomial diversity model (MDM, Appendix 1) is a new method for relating Shannon

diversity to complex environmental, spatial and temporal predictors (De’ath, 2012). It is based

on a parameterised formulation of Shannon entropy and diversity, and a novel link between

entropy and the log-likelihood of the multinomial model. The parameterised forms of diversity

of orders 0, 1 and 2 are used in this work and are denoted as 0D, 1D and 2D. 1D is mathematically

identical to Shannon diversity, but we use this label to indicate its role in the MDM.

The parameteric Shannon entropy 1H and diversity 1D of N sites each with S species, propor-
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tional abundances pij and parameters �ij are de�ned:

1H = �
NX
j=1

SX
i=1

pij ln�ij ; 1D = exp(1H) (1)

Entropies are additive, and this is the scale of our calculations. Diversities are simply the ex-

ponential of entropies and hence are multiplicative. Diversity is the scale on which we express

results as the e�ective number of species, thereby providing meaningful ecological interpreta-

tion. For model interpretation, such as assessing the relative e�ects of di�erent predictors, or

the in
uence of individual sites or species, either entropy or diversity (or both) can be used,

depending on the objectives and perspective of the analyst.

The MDM relates diversity to the predictors by minimising the diversity of the estimated species

values. Model e�ects can be expressed as changes in diversity. Diversity can be partitioned

within and between sites, species and models, and changes in diversity can be attributed to

model predictors. This greatly enhances our capacity to model complex data sets, yet also

provide simple interpretations.

Parameterised diversities are equivalent to their traditional equivalents in the way they re
ect

more or less abundant species. For example, 0D is equivalent to richness and 2D is equivalent

to diversity based on Simpson’s index. They also have the same interpretations in terms of the

e�ective number of species, but they di�er from their traditional counterparts that are limited

to simple hierarchies in that they can be used within the MDM to relate diversity to complex

predictors.

By formulating diversity as a statistical model, diversity is simpli�ed both conceptually and

analytically, and diversity analyses are extended beyond traditional simple hierarchies of �, �,


 and measures of turnover. The MDM inherits the properties of generalised linear models,

and thus proven methods can be used for model selection, and graphical and numerical inter-

pretation. A weighted version of the Shannon diversity model is used to extend the MDM to

diversities of orders 0 and 2 (richness and Simpson; Appendices 1 & 3).

Data

From 2003 { 2005, inter-reef �sh were surveyed using a 
eet of Baited Remote Underwater Video

Stations (BRUVS) (Cappo et al., 2007). Biologically informed strati�cation of major physical

variables was used to sample as many di�erent habitat types as possible. BRUVS were used to

provide �sh counts from 365 sites (Fig. 1) and 39,989 individuals from 347 species of vertebrates

were recorded. The bony �shes were from 10 Orders, dominated by Perciformes (267 species),

Tetraodontiformes (27), Anguilliformes (6), Aulopiformes (3), Scorpaeniformes, Clupeiformes,

Beryciformes with 2 species, and Siluriformes, Pleuronectiformes and Gasterosteiformes each

with a single species. The chondrichthyans were well represented by the Carcharhiniformes

(15 species), Rajiformes (13) and Orectolobiformes (3). There were 5 species of sea snakes
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from the Family Hydrophiidae. This work focuses only on species, but subsequent work will

investigate how diversities vary with taxonomic and functional hierarchies. That will enable us

to address questions such as "Do species within an given genus or family respond similarly to

an environmental diver(s)?"
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Figure 1: The locations of the �sh surveys on the Great Barrier Reef. The diameters of the
circles are proportional to the BRUVS site diversities (range 1.2 { 24.3), and show strong spatial
variation but also local correlation. Inshore sites have lower site diversity than o�shore sites,
other than in the southern regions where highest diversity occurs on the mid-shelf.

These �sh data are highly variable and sparse. A total of 347 species were observed across

the 365 sites. Mean site abundance was 115.2 (range: 1 { 5842) and the mean abundance of

individual species was 0.316 (range: 0 { 1440). The mean number of species per site was 14.6

(range = 1 { 192) and thus the average probability of a species being observed was 0.04 (i.e.

96% of the species data were zeros). Coupled with the extreme variability of the observations,

this sparseness results in di�culties for any data analysis.

Methods

All diversity modelling in this work is based on the MDM (De’ath, 2012). The R statistical

software package (R Core Team, 2013) and the R package MDM (De’ath, 2011) were used for

all data analyses.
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Spatial Distribution of Site Abundances

We �rst use univariate statistical smoothers to model the spatial distribution of species site

abundance (mean = 109.5, range = 8, 1485). The maximum abundance occurs in the mid-shelf

at 18�S to 20�S, whereas lowest abundances occur on the inner and outer regions from 16�S to

18�S.
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Figure 2: Spatial distribution of predicted site total abundance of inter-reef �sh on the GBR.
The spatial coordinates of the models were based on relative distances across and along the
GBR. Predictions are limited to locations with a precision of <2 standard errors.

The spatial distribution of abundances provides useful information, however it tells us nothing

about local species turnover or local total diversity. By local, we mean averaged at a spatial scale

chosen to most e�ectively represent the local total diversity that comprises both local site and

turnover diversities. This is a major advantage of the new formulation of diversity and its link

to the multinomial model (MDM). We can estimate local site and total diversities, and turnover

of diversity, at any spatial scale. The predictors are not restricted to spatial models, and we can

also relate diversity to environmental drivers or any other predictors, and combine spatial and

environmental predictors in a single model to determine the best predictors of diversity. All

spatial and environmental e�ects can also be easily interpreted in terms of numbers of e�ective

species (Appendix 1).
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Spatial and Environmental Drivers of Diversity

Distributions of species and site abundances and presences

The site and species abundances and their cumulative site totals (Fig. 3A) show the dominance

of the highly abundant sites and species. Site dominance is not an issue for diversity analyses

since diversity is based on relative probabilities of occurrence, the site totals being standardised

to sum to one (Appendix 1). Is is an issue for species however. For presence-absence the

dominance of the highly abundant sites and species is greatly lessened (Fig. 3A { D). Of the

365 species, 200 occurred on 5 or less of the 365 sites and accounted for only 7.6% of the total

abundance and 4.0% of the total presences.
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Figure 3: Individual species total abundances (A, C) and presences (B, D) (black) for sites (A,
B) and species (C, D) and their accumulative values (red). The extreme distribution of �sh
counts is clearly apparent (A, C).

Measures of diversity

Diversity of order 1 (Shannon) is arguably the most important and useful measure of diversity,

and the MDM and traditional measures coincide, although we note that many analyses that

claim to use Shannon diversity are actually using the index of Shannon diversity (De’ath, 2012).

MDM and traditional measures of diversity are identical for order 1, and irrespective of whether
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we use MDM or traditional measures of diversity, the values of diversity will always be ordered

as 0D > 1D > 2D (Table 1).

Diversity type 0D 1D 2D

Total (
) 103.4 55.3 34.5
Turnover (�) 8.2 8.9 12.3
Site (�) 12.6 6.3 2.8

Table 1: The hierarchy of parametric diversities of 0D, 1D and 2D of the �sh species data.

Site diversity (�) is de�ned as the mean of the diversities calculated for each site, total diversity

(
) is the diversity of the species means across the whole dataset, and turnover (�) is the ratio


/� (Table 1, Appendix 1). The fact that � is a ratio of diversities, and not simply a diversity,

is important.
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MDM Analysis of Inter-reef Fish Data

We begin the MDM analyses by contrasting it with the traditional hierarchy (Table 1). The

MDM analysis of entropy and diversity (Table 2) illustrates the relationships between entropies

and diversities.

Model 1H �1H 1D �1D

Constant 4.01 55.3
Sites 1.83 2.18 6.3 8.9

Table 2: The analysis of entropy and diversity table.

Note that 1D and �1D are the exponentials of 1H and �1H (Eqt. 1). Entropies are additive

and the change in �1H between the models is the arithmetic di�erence, whereas diversities

are multiplicative and hence the change in diversity �1H is the ratio. For each model, 1H

and 1D represent mean site entropy and diversity. Conversely, �1H and �1D represent the

change in entropy between two con�gurations of PAs and thus represent turnover. This dis-

tinction between the entropy (diversity) of a single model and the di�erence (ratio) in entropies

(diversities) of two models is central to the interpretation of diversity analyses using the MDM.

Spatial distribution of diversities

We �tted a hierarchy of three MDM models to the species data: (1) the sites model (�) {

�ts the species data exactly, (2) the spatial model �ts an 8 degrees of freedom 2-dimensional

smoother (across { along) to each species, and (3) the constant model (
) �ts a constant for

each species across all sites. This was done for diversity orders 0, 1 and 2. This has the e�ect

of partitioning what was labelled � diversity (8.89, Tables 1 & 2) into the two ratios of diversity.

Thus for 1D we have 2.27 � 3.89 = 8.89 (Tables 1 & 3). This also applies to 0D and 2D.

Model 1H �1H 1D �1D 0D �0D 2D �2D 0D=2D

Constant 4.01 55.3 103.4 34.5 2.99
Spatial 3.19 0.82 24.4 2.27 49.9 2.07 8.41 4.10
Site 1.83 1.36 6.26 3.89 12.6 3.96 2.81 2.99 4.48

Table 3: Analysis of entropy diversities of orders 0, 1 and 2. For each order of diversity three
models are �tted: total, spatial and site. Columns contain the models, the entropy (1H) and
change in entropy �1H between models, the diversity 1D and ratio �1D, the diversity 0D, ratio
�0D, the diversity 2D, and ratio �2D and the ratio 0D=2D.

The spatial models of orders 0, 1 and 2 explain 34.6%, 37.6% and 56.2% of the total entropy

of the species data. The signi�cance of the spatal model can be assessed with permutation

tests, and for diversities of all orders, the spatial e�ects were signi�cant (P<0.001). Given the

extreme species distributions, their high variability and the large numbers of absences, these

MDM models are surprisingly e�ective predictors of the species abundances.
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