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Abstract
A species-level phylogeny was constructed for all described (19) Naso species (Family:
Acanthuridae) using three markers in combination, one nuclear (ETS2) and two
mitochondrial (16S rRNA and cytochrome b). A number of taxa representing species
from all acanthurid genera were included to generate a genus-level (total of 38 species)
phylogeny of the order Acanthuroidei (surgeonfishes). Maximum likelihood, maximum
parsimony and Bayesian inference analyses produced similar tree topologies, which
confirmed the previously proposed genus-level relationships and resolved for the first
time inter-specific relationships of all species of the monophyletic genus Naso. Species
of the genus Naso segregated into four major sub-clades, with members of the subgenus
Axinurus appearing basal. This molecular phylogeny was then used to examine
hypotheses about the evolutionary relationships among species of Naso. This study
demonstrates that distinct foraging modes and specialised body shapes arose
independently at different times in the evolutionary history of the genus. Members of
the subgenus Axinurus, characterised by a scombriform morphology, caudal fin
structure and pelagic foraging mode, were consistently placed basal to the remaining
Naso species, suggesting that pelagic foraging is plesiomorphic and benthic foraging
derived in this genus.
The genus-level phylogeny (nuclear marker, ETS2) was used to obtain a range of age
estimates for the most recent common ancestor of the genus Naso. These age estimates
(range of 52MY to 43.3MY) were then used to estimate divergence times (by
nonparametric rate smoothing method) of the nodes, giving rise to extant Naso species
using the combined sequence data (from all loci). The reconstruction of the pattern of
divergence of extant species indicates two sequences of events. The basal species
characterised by pelagic foraging modes arose during the Eocene and Oligocene. Most
of the remaining Naso species, including those characterised by benthic foraging, arose
over a period of 20MY during the Miocene. Diversification during this period was
associated with major plate tectonic and glaciation events, resulting in changes in sea
level, ocean temperature and productivity regimes.
To examine further speciation events and the underlying processes, several comparative
phylogeographic studies were undertaken. For this purpose, a Naso-specific fast
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evolving mitochondrial marker was designed from the control region (d-loop). Firstly, a
widely distributed species N. vlamingii, was selected to examine genetic connectivity
and diversity throughout its distribution in the Indo-Pacific Ocean. Although very weak
(overall Fst 0.005) genetic differentiation was obtained for this species over its sampled
range, suggesting gene flow, there was some evidence of isolation by distance at the
largest spatial scale (between Seychelles and the Philippines). This however, may be
due to lack of samples from the Indian Ocean. There was no subdivision into distinct
geographic regions, hence no evidence of cryptic speciation across the range sampled in
this study, despite the presence of the central Indian Ocean barrier in its distribution
range. Diversity indices (haplotype, h and nucleotide, p) were extremely high (h = 1.0
and p = 15.1%), indicating that this species has had a long, but unstable evolutionary
history, which has repeatedly allowed populations to diverge in isolation and to make
secondary contact subsequently. A haplotype tree identified deep divergences for this
species, suggesting that isolated populations diverged at times of low sea level. The lack
of geographic partitioning in this species suggests that secondary contact was made
between previously isolated and divergent populations at times of elevated sea level.
The high dispersive capacity of the species is what allows secondary contact to occur
between temporarily isolated populations.
Additionally, two sister species pairs were selected for comparative phylogeographic
studies. One pair (N. lituratus– N. elegans) spanned the same distribution range as N.
vlamingii, but the species pair was partitioned by ocean basins across this range (Indian/Pacific Ocean). The second pair (N. tuberosus – N. tonganus) has an even more
restricted distribution range (west Indian-/west Pacific Ocean) and was also partitioned
by ocean basins. The two sister species diverged allopatrically, and species of both
sister pairs (N. lituratus– N. elegans and N. tuberosus – N. tonganus) segregated into
distinct clades. There was no distinct geographic subdivision throughout the sampling
range for any of these species. Instead, low levels of genetic differentiation were
recorded among populations of each species (overall Fst values ranged from 0.005 to 0.001) suggesting high levels of gene flow. Despite the presence of gene flow among
populations there was some indication of reduced gene flow across the Indian Ocean
(between Amirante of Seychelles and Cocos Keeling Island) for N. elegans.
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There was no indication of gene flow between species in either of the sister pairs (N.
lituratus – N. elegans Fst =0.75 and N. tuberosus – N. tonganus Fst =0.71), despite the
fact that each pair was considered a single species as recently as 2001 and 2002
respectively. This indicates reproductive isolation, despite the potential for extensive
dispersal in these species. The diversity indices were high for all of the species (h = 0.90
– 1.00, p = 9.0 – 11.6%; h = 1.00, p = 4.2 – 6.4% respectively), indicating deep
divergences between haplotypes, as was the case for N. vlamingii. Several factors
probably contribute to the population genetic structure of all five species: certain life
history traits such as an extensive pelagic larval duration (up to 3 months) in
combination with the ability of larvae to swim actively for extended periods, their long
evolutionary history, the longevity (reach 30 – 40 years) and relatively short time to
reach reproductive maturity coupled with overlapping generations (offspring)
reproducing. The dispersive capacities of N. vlamingii are clearly the greatest of the five
species studied, and may be attributed to the semi-pelagic adult lifestyle combined with
the pelagic larval duration and a generalist dietary habit of this species.
This study has demonstrated that by applying a hierarchical approach (phylogenetic,
temporal, and phylogeographic) in combination with biological, ecological and
historical perspectives, it has been possible to elucidate the processes important in the
diversification of the genus Naso.

x

Table of contents
Title Page.......................................................................................................................... i
Dedication........................................................................................................................ ii
Statement of Access........................................................................................................ iii
Statement of Sources...................................................................................................... iv
Publication........................................................................................................................v
Acknowledgment............................................................................................................ vi
Abstract ........................................................................................................................ viii
Table of Contents ........................................................................................................... xi
List of Tables ................................................................................................................ xiii
List of Figures................................................................................................................xiv
CHAPTER 1
General Introduction ....................................................................................................1
1.1 Marine environments and species diversity.........................................................1
1.2 Tropical reef fish systems.....................................................................................3
1.3 Thesis chapter outline...........................................................................................6
1.3.1 Section A: Evolutionary history of Naso .......................................................6
1.3.2 Section B: Phylogeography of several Naso ..................................................7
CHAPTER 2
Laboratory Methods .....................................................................................................9
2.1 Introduction ..........................................................................................................9
2.2 General extraction method from freshly preserved tissue ................................10
2.2.1 PCR amplification from fresh preserved tissue.............................................11
2.2.2 Sequencing of fresh preserved tissue............................................................12
2.3 Extracting DNA from museum preserved tissue...............................................13
2.3.1 PCR amplification of museum preserved tissues ..........................................15
2.4 Comparative quality of museum sequences and recommendations .................16
CHAPTER 3 Section A
Phylogeny of the genus Naso inferred from molecular data......................................20
3.1 Introduction ........................................................................................................20
3.1.1 General background of Naso ........................................................................22
3.1.2 Foraging modes of Naso ..............................................................................24
3.2 Materials and Methods.......................................................................................25
3.2.1 Sampling .....................................................................................................25
3.2.2 Phylogenetic Analysis..................................................................................26
3.2.3 Hypothesis testing........................................................................................29
3.3 Results .................................................................................................................31
3.3.1 Genus-level phylogeny ................................................................................32
3.3.2 Naso species-level phylogeny ......................................................................34
3.3.3 Tests of hypothesis.......................................................................................37

xi

3.4 Discussion............................................................................................................40
CHAPTER 4 Section A
Temporal patterns of lineage diversification in the genus Naso................................43
4.1 Introduction ........................................................................................................43
4.2 Materials and Methods.......................................................................................48
4.3 Results .................................................................................................................49
4.4 Discussion............................................................................................................55
4.4.1 Estimation of divergence rates .....................................................................55
4.4.2 Timing of divergence and biogeographic history of Naso.............................56
4.4.3 Comparison to other acanthurids ..................................................................58
CHAPTER 5 Section B
Introduction to comparative phylogeography of several Naso species .....................61
5.1 Introduction ........................................................................................................61
5.2 Marine phylogeographic studies ........................................................................62
5.3 Modes of speciation ............................................................................................73
CHAPTER 6 Section B
Phylogeography of a widely distributed unicorn fish species, Naso vlamingii ..........75
6.1 Introduction ........................................................................................................75
6.2 Materials and Methods.......................................................................................77
6.2.1 Sampling......................................................................................................77
6.2.2 Laboratory methods .....................................................................................77
6.2.3 Population analysis ......................................................................................78
6.3 Results .................................................................................................................80
6.4 Discussion............................................................................................................88
CHAPTER 7 Section B
Comparative phylogeography and modes of speciation in the genus Naso..............93
7.1 Introduction ........................................................................................................93
7.2 Materials and Methods.......................................................................................95
7.2.1 Sampling......................................................................................................95
7.2.2 Laboratory methods .....................................................................................98
7.2.3 Population genetic analysis ..........................................................................98
7.3 Results ...............................................................................................................100
7.3.1 Naso lituratus – N. elegans sister species ...................................................100
7.3.2 Naso tuberosus – N. tonganus sister species...............................................110
7.4 Discussion..........................................................................................................115
CHAPTER 8
General conclusion ....................................................................................................120
REFERENCES.............................................................................................................126
Appendix 1 ....................................................................................................................140
Appendix 2 ....................................................................................................................141

xii

List of Tables
Table 2.1: Comparison of PCR settings for fresh vs. museum tissue (4 markers) ..............14
Table 3.1: List of species, location, Genbank Accession nos.............................................27
Table 3.2: Adult foraging modes for Naso species............................................................31
Table 3.3: Results of 4 hypotheses tests............................................................................39
Table 4.1: Age estimates of most recent common ancestors for Naso ...............................51
Table 5.1: Comparison of diversity indices, F or F-statistics (d-loop and cyt b) ...............64
Table 5.2: Categories of diversity indices (as per Grant & Bowen 1998) ..........................72
Table 6.1: AMOVA table of N. vlamingii.........................................................................84
Table 6.2: Pairwise Fst comparison N. vlamingii...............................................................85
Table 6.3: Diversity indices, N. vlamingii.........................................................................86
Table 6.4: Comparative diversity indices, F or F-statistics, to N. vlamingii ......................87
Table 7.1: AMOVA table of N. lituratus ........................................................................104
Table 7.2: Pairwise Fst comparison, N. lituratus .............................................................105
Table 7.3: Comparative diversity indices, N. lituratus ....................................................105
Table 7.4: AMOVA table N. elegans..............................................................................108
Table 7.5: Pairwise Fst comparison, N. elegans...............................................................109
Table 7.6: Comparative diversity indices, N. elegans......................................................109
Table 7.7: AMOVA table for N. tuberosus – N. tonganus...............................................111
Table 7.8: Comparative diversity indices, N. tuberosus – N. tonganus ............................113
Table 7.9: Comparative diversity indices, F-statistics of all 5 Naso species....................114

xiii

List of Figures
Figure 1.1: Hierarchical approach of this study...................................................................5
Figure 2.1: Aligned sequence comparison of fresh vs. museum tissue (ETS2) ..................18
Figure 3.1: Genus-level phylogeny (Acanthuridae) for ETS2 ...........................................33
Figure 3.2: Naso species-level phylogeny (combined ETS2, 16S, cyt b)...........................35
Figure 3.3: Morphology vs. Molecular topology, Naso.....................................................38
Figure 4.1: Phylogeny of fossil Nasinae (adopted by Tyler 2000).....................................47
Figure 4.2: ETS2 ultrametric tree for Acanthuridae (age estimates) ..................................50
Figure 4.3: Accumulation of extant lineages over time (MY) of Naso ..............................52
Figure 4.4: Cenozoic maps, ocean currents, plate tectonics...............................................54
Figure 5.1: Five phylogeographic categories (as per Avise 2000) .....................................69
Figure 6.1: Map of sampling locations of N. vlamingii .....................................................77
Figure 6.2: Rooted ML topology of N. vlamingii ..............................................................81
Figure 6.3: Haplotype tree, N. vlamingii ...........................................................................82
Figure 6.4: Isolation by distance plot, N. vlamingii...........................................................85
Figure 7.1: Map of sampling locations of N. lituratus – N. elegans...................................96
Figure 7.2: Map of sampling locations of N. tuberosus – N. tonganus ..............................97
Figure 7.3: Rooted ML tree, N. lituratus – N. elegans.....................................................101
Figure 7.4: Haplotype tree, N. lituratus ..........................................................................103
Figure 7.5: Haplotype tree, N. elegans............................................................................107
Figure 7.6: Rooted ML topology of N. tuberosus – N. tonganus .....................................111
Figure 7.7: Haplotype tree, N. tuberosus – N. tonganus ..................................................112

xiv

