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Abstract	
  
This thesis examines the origins and maintenance of the high diversity of coral
reef fishes in the Indo-Australian Archipelago (IAA), the largest marine biodiversity
hotspot. Bayesian age estimation techniques, combining molecular and
palaeontological data, were used to reconstruct an evolutionary timeline for four
conspicuous coral reef fish families: the Labridae (wrasses), Chaetodontidae
(butterflyfishes), Pomacentridae (damselfishes) and Apogonidae (cardinalfishes).
First, the evolutionary origins of trophic novelty and habitat preference were explored
in the Labridae and Chaetodontidae. Then, to assess congruence in patterns of
cladogenesis, rates of diversification and lineage accumulation were compared for the
four families. Finally, to gain a biogeographic perspective, ancestral range
reconstruction was used to compare global patterns of origination and dispersal.
Specifically, the origins and progression of biodiversity in the IAA was compared to
other marine provinces. Combined, these data provided an insight into the evolution
of this complex association between fishes and coral reefs.
A chronogram of the Labridae identified molecular origins in the late
Cretaceous, with both major lineages (hypsigenyine and julidine) present shortly after
the K/T boundary (~63 MY). All major lineages were in place by the beginning of
the Miocene (23 MY) with most diversification in extant lineages occurring within
the Miocene. Multiple origins of novel feeding modes were revealed with two
distinct pulses. The Palaeocene/Eocene saw the origins of feeding modes that are
well represented in other families: gastropod feeders, piscivores and browsing
herbivores. A second wave of innovation in the Oligocene/Miocene resulted in more
specialised feeding modes: coral feeding, foraminifera feeding and fish cleaning.
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There is little evidence of a general relationship between trophic specialisation and
species diversity. All major feeding modes on present day reefs were probably
already in place 7.5 million years ago.
The Chaetodontidae stem lineage has origins in the Eocene and by the early
Oligocene the two major lineages have diverged: bannerfishes and butterflyfishes.
Optimisation of recent ecological data reveal that corallivory has arisen at least five
times over a period of 12 MY, from 15.7 to 3 MY. Significantly higher diversity was
recorded in lineages of the genus Chaetodon, in which the greatest number of
corallivores are found. However, it was the move onto coral reefs in the Miocene, not
corallivory that foreshadowed rapid cladogenesis within Chaetodon. This coincides
with a global reorganisation of coral reefs and the expansion of fast-growing corals.
This historical association underpins the sensitivity of specific butterflyfish clades to
global coral decline.
Previous chronologies of the Labridae and Chaetodontidae were reassessed
with increased taxon sampling, and added fossil data. For the first time, the timing of
diversification within the Pomacentridae and Apogonidae were estimated using
Bayesian inference. Lineage through time plots for these four families revealed a
possible late Eocene/early Oligocene cryptic extinction event coinciding with the
collapse of the ancestral Tethyan/Arabian hotspot. Rates of diversification analysis
revealed elevated cladogenesis in all four families in the Oligocene/Miocene. In this
rebound, lineages with a high percentage of coral reef associated taxa display
significantly higher diversities and higher net diversification rates than expected,
throughout the Miocene epoch. Similar patterns were found in other reef associated
fish and gastropod groups. The development of a complex mosaic of reef habitats in
the IAA during the Oligocene/Miocene period appears to have been a significant
vi

driver of cladogenesis at this time. Patterns of diversification among taxa suggest that
coral reefs also acted as a refuge from high extinction, as reef taxa are able to sustain
significant diversity at higher extinction rates than their non-reef counterparts. As
such, the IAA appears to support both cladogenesis and survival in associated
lineages, laying the foundation for the Recent IAA marine biodiversity hotspot.
Ancestral range reconstruction of the Chaetodontidae, Pomacentridae and
Labridae revealed temporal patterns of origination and dispersal between the East
Pacific, Atlantic, Indian Ocean, IAA and Central Pacific. The IAA acts as both a
centre of origination and as a source of diversity to the Indian Ocean and Central
Pacific, for all three families. The Atlantic and East Pacific both show high relative
rates of origination, however, on a global scale these regions support significantly
lower origination than the IAA. Inferred palaeodiversity of ancestral lineages is
masked by the extinction of lineages following the closure of the Tethys seaway and
decline of ancestral biodiversity hotspots. Lineages of Eocene and Oligocene origin
that appear restricted to the IAA would have been peripheral at the time to the
Tethyan hotspot. However, it was the proliferation and expansion of these restricted
lineages throughout the Miocene that underpins the diversity in the IAA hotspot and
across the entire Indo-Pacific. The distribution of vicariance events across known
historical barriers highlights the lack of temporal congruence among taxa in the
Isthmus of Panama, the East Pacific Barrier and the Terminal Tethyan Event, but
much greater congruence between the IAA, Indian and Pacific Oceans.
In summary, for three of the four families, initial divergences following the
K/T boundary represent the origins of generalised feeding strategies. During this time
there was the potential for panmixia between all ocean regions. The apparent
slowdown in net speciation rate throughout the Eocene may reflect a late
vii

Eocene/Oligocene cryptic extinction event. The survival and subsequent proliferation
of Eocene lineages restricted to the IAA during the Miocene underpins much of the
current biodiversity on coral reefs and laid the foundation for a wave of trophic
innovation in the Labridae and Chaetodontidae. In all four families, Recent patterns
are a result of evolutionary, geological and ecological factors spanning over 40 to 60
MY. Today’s hotspot is the product of long history of division, decline and
diversification.
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Chapter	
  1: General	
  Introduction	
  

Patterns of biodiversity present a challenge to both ecologists and evolutionary
biologists. Of all patterns, one of the most exciting is the presence of specific areas
known as biodiversity hotspots. These hotspots have been a subject of intense study
for several decades, however, most studies concentrate on processes that maintain
hotspots, based on current species distributions (Reid 1998; Briggs 2003; Connolly et
al. 2003; Whittaker et al. 2005). There has been less emphasis on the origin and
evolution of the taxa that form these hotspots. The merits of the former (processes
maintaining hotspots), is becoming increasingly important with escalating losses of
global biodiversity (Possingham and Wilson 2005; Whittaker et al. 2005; Bellwood
and Meyer 2009a). However, examination of the latter (temporal origins of
biodiversity), may hold the key to understanding not only the historical forces that
have shaped biodiversity hotspots, but also the evolution of ecological traits within
lineages, and the role hotspots have played in shaping patterns of global biodiversity.
Of all biodiversity hotspots, arguably the greatest is the marine biodiversity
hotspot in the Indo-Australian Archipelago (IAA) (Rosen 1984; Hoeksema 2007;
Bellwood and Meyer 2009a). Unlike many terrestrial hotspots, the IAA displays a
remarkably consistent gradient of declining species richness with increasing latitude
and longitude away from the hotspot. This gradient is distinct, and its causes are
hotly debated in the literature, especially for taxa that are associated with coral reef
habitats in the Indo-Pacific (Hoeksema 2007; Briggs 1999, 2009; Bellwood and
Meyer 2009b). The evolutionary history of coral reef associated fishes is coupled
with that of the reefs they inhabit (Bellwood and Wainwright 2002). However, the
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evolutionary origins of these taxa and their links to the coral reef ecosystem have
been stymied by a depauperate fossil record (Bellwood and Wainwright 2002;
Renema et al. 2008). Similarly, studies of biogeography and speciation relating to
patterns of biodiversity have been hampered by rapid range expansion (Losos and
Glor 2003; Quenouille et al. 2011), long distance dispersal (Joyeux et al. 2008) and
the uneven and often conflicting reports of the distribution of endemics (Hughes et al.
2002; Jones et al. 2002; Roberts et al. 2002; Briggs 2003; Mora et al. 2003; Bellwood
and Meyer 2009a). The increase and availability of molecular sequence data for coral
reef fish taxa and new Bayesian estimation techniques, however, may provide the
temporal context needed to illuminate a larger picture of the evolution of fishes on
coral reefs, within and around the world’s largest marine biodiversity hotspot. Before
turning to the molecular record, it is first necessary to examine what is known from
the geological record of reef fishes. This not only acknowledges the contributions
made by original pioneers in the field, but also identifies gaps in the record where
molecules can exhume past evolutionary patterns.
Putting the “fish” into coral reef fish
Fishes have an estimated extant diversity of approximately 30,000 species
(Long 2010). The 500 MY fossil record of the fish body plan reaches a turning point
in the Late Triassic (c. 200 MY) with the origins of the Teleostei, a division of rayfinned fishes (Actinoptergii) that today accounts for 96% of all fishes. The largest
order of teleosts, and indeed of all vertebrates, is the Perciformes with over 10,000
living species in 160 families (Helfman et al. 2009). The Perciformes as a group are
most certainly polyphyletic and their taxonomy has proved problematic (Johnson and
Patterson 1993; Nelson 2006). They are allied with nine (Johnson and Patterson
1993) or ten (Nelson 2006) other orders in the series Percomorpha. The earliest
2

reported geological record of the Percomorpha is of a fossil tetraodontiform
(pufferfish) from the late Cretaceous (97 - 90 MY; Sorbini 1979). The earliest
records of perciforms are of similar age based on otholiths (Patterson 1993). The
earliest putative fully articulated fossil perciform specimen, Nardoichthys, comes
from the Upper Campanian/lower Maastrichtian (c. 74 MY; Sorbini and Bannikov
1991). However, within 20 million years, several of the most diverse perciform
suborders and families have their first, unequivocal appearance in the Eocene (50 - 46
MY) fossil deposits of ancient freshwater (Murray 2001) and marine habitats
(Bellwood 1996). The largest fossil assemblage for marine perciforms from the
Eocene deposits of Monte Bolca, show remarkable affinities within modern families
found on coral reefs (Bellwood 1996). While these fossil assemblages point to rapid
morphological diversification following the K/T boundary mass extinction event
(Friedman 2010) and the acquisition of morphologies found on modern reefs (Goatley
et al. 2010), the timing of these changes is poorly understood. The lack of intervening
fossil forms makes their origins in the Tertiary unclear (Patterson 1993). A similar
lack of clarity can be observed from the Eocene to the Recent, where a sparse fossil
record has limited our understanding of the origins of modern perciform biodiversity.
With the arrival of the molecular era, and recent innovations in bioinformatics, the
gaps in the fossil record can be filled with phylogenetic-based age estimates of
perciform lineages.
The Bioinformatics era
The increasing availability of methods for generating DNA sequence data, and
reconstructing the phylogenetic history of organisms, has ushered in a new era of
bioinformatics. In the past decade, new computer programs implementing rapid
likelihood estimation methods have allowed larger phylogenetic trees to be
3

constructed with thousands of taxa (Stamatakis 2006; Zwickl 2006). A recent “stock
take” of node resolution of the vertebrate tree of life revealed that at the current rate
of progress, the majority of the vertebrate phylogeny will be resolved in a few
decades (Thomson and Shaffer 2010a). New Bayesian inference methods that
combine molecular data with the palaeontological record allow ages of divergence to
be estimated with a high degree of precision (Thorne and Kishino 2002; Drummond
and Rambaut 2007; Lartillot et al. 2009). The result is a temporal framework in which
a variety of hypotheses can be tested regarding the processes driving the
diversification of taxa. Methods range from character optimisation techniques for
ancestral state reconstruction (Maddison and Maddison 2007) and biogeographic
range reconstruction (Ree et al. 2005), to direct assessment of the tempo and mode of
speciation through time (Paradis 2004a; Rabosky 2006; Harmon et al. 2008). These
methods and others have been used in several recent studies addressing the
relationships among higher teleost lineages (Inoue et al. 2001; Saitoh et al. 2003;
Hurley et al. 2007; Azuma et al. 2008; Alfaro et al. 2009; Santini et al. 2009). The
age of the stem lineage of the Percomorpha has now been estimated between ~205
MY (Yamanoue et al. 2001) to ~180 MY (Azuma et al. 2008) based on complete
mitogenomic DNA, while estimates of the crown Percomorpha lie between 93 - 115
MY based on a single nuclear gene (RAG1; Santini et al. 2009). Both these estimates
are significantly older than the oldest putative percomorph fossils (74 MY). This
trend of significantly older stem ages continues with age estimate of major perciform
families (Azuma et al. 2008; Yamanoue et al. 2008; Santini et al. 2009). However,
the crown origins and subsequent divergences within major perciform lineages have
only begun to gain attention in the literature. It is the crown origins and
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diversification of perciform lineages associated with coral reefs in particular that will
be needed if we are to clarify the origins of the current biodiversity of reef fishes.
The study of coral reef fish evolution
The study of coral reef fish evolution and coral reef diversity has changed
dramatically over the past 50 years. Most of the original description of the fossil
specimens from Monte Bolca was undertaken by pioneers in the field during the
1960-90’s (Blot, Sorbini, Tyler, Bannikov), many taking advantage of morphological
phylogenies for taxonomic purposes. The fossil phase of the study of coral reef fish
evolution culminated with the comparison of the Monte Bolca deposits to modern
extant coral reef assemblages, which resulted in a “consensus list” of perciform fish
families characteristic of modern coral reefs (Bellwood 1996). This clearly identified
the links between Eocene fishes and their modern counterparts, however, further
details were lacking.
Early molecular phylogenetic studies of coral reef fish groups only examining
a small number of taxa in select genera (Lacson and Nelson 1993; McMillan et al.
1999; Bernardi et al. 2000). Later, the combination of generic level phylogenies with
relaxed clock methods (Sanderson 2003), allowed the estimation of ages of
divergence within several reef-associated lineages (Bellwood et al. 2004; Bernardi et
al. 2004; Klanten et al. 2004; Barber and Bellwood 2005; Read et al. 2006). One of
the general conclusions drawn from these initial age estimates was that most of the
extant coral reef fishes in these lineages are of Miocene age (23 - 5 MY) with some
possibly being older than the IAA hotspot (Renema et al. 2008). The older ages of
extant species challenged the early suggestion that sea level fluctuations were a major
factor in speciation during the Pleistocene (but see Rocha and Bowen (2008) and
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references therein). These earlier divergences highlight the need to better understand
the pre-Pleistocene history of coral reefs. This is now possible. The improvement of
rapid tree estimation techniques and availability of sequence data has allowed for
larger trees to be constructed showing relationships within (Fessler and Westneat
2004; Westneat and Alfaro 2005) and among perciform families (Smith and Wheeler
2006; Mabuchi et al. 2007), while Bayesian analyses permit much more reliable age
estimates. We are now in a position to begin to explore the evolution of reef fishes in
a robust chronological framework. We may finally be able to explain the history of
the IAA hotspot.
Aims and outline of thesis
The primary objective of this thesis, therefore, was to reconstruct a temporal
framework of major coral reef fish families using the latest age estimation techniques.
To accomplish this goal, GenBank, a molecular sequence database, was mined for
phylogenetically informative gene fragments for the Labridae, Pomacentridae,
Apogonidae and Chaetodontidae, and supplemented with new sequence data
(Chaetodontidae). Aligned gene fragments were combined using concatenated
supermatrix methods to form supermatrices for each of the four families. These
matrices were then exposed to the most recent programs for phylogenetic
reconstruction and age estimation. Within the resulting temporal frameworks, further
bioinformatic approaches were used to address the specific aims of the study, relating
to the following key questions:
1. What are the temporal origins of trophic modes on coral reefs?
2. What roles have coral reefs played in the evolution of reef fishes and have
these roles changed through time?
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3. How have historical biogeographic patterns of reef fish evolution resulted in
the current diversity observed on coral reefs?
These key questions and others are addressed in four separate studies following the
chapters outlined below. Chapters 2, 3, and 4 correspond directly to the publications
derived from this thesis (see Appendix E).
Question 1: What are the temporal origins of trophic modes on coral reefs?
In Chapter 2, I examine the evolutionary origin of the wrasses, family
Labridae. Using published ecological data, the rise of trophically novel feeding
strategies is traced through the history of the family. The relationship between
trophic specialisation and species richness was also investigated. In Chapter 3,
newly generated sequence data was used to date the origins of the butterflyfishes,
family Chaetodontidae. Using new ecological data, the origins of corallivory were
traced throughout the family history. To investigate if habitat preference or a dietary
switch to corallivory resulted in exceptional species richness, the rate of
diversification of major lineages were compared to global rates of diversification for
the family.
Question 2: What roles have coral reefs played in the evolution of reef fishes and
have these roles changed through time?
The role of coral reef association on diversification of fishes is explored
through time in Chapter 4. The chronograms constructed in Chapters 2 and 3 for
the Labridae and Chaetodontidae were re-examined with increased taxon sampling,
and additional fossil data. Newly reconstructed chronologies for the Pomacentridae
and Apogonidae were performed following similar methodologies. For all four
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families, patterns of speciation and lineage accumulation through time were examined
to find congruence in evolutionary tempo. To assess the role of reefs as a habitat that
supports diversification, percentage of taxa associated for each family was plotted
against its estimated net speciation. To assess the role of coral reefs as a potential
refuge, the percentage of coral reef associated taxa of major lineages were compared
to the lineages’ ability to remain significantly more diverse than expected given
global speciation rates, at increasing extinction rates.
Question 3: How have historical biogeographic patterns of reef fish evolution
resulted in the current diversity observed on coral reefs?
Chapter 5 makes further use of the temporal frameworks constructed for the
Labridae, Pomacentridae and Chaetodontidae. Ancestral range reconstruction
methods are used to identify patterns in the historical biogeography and rates of
origination and dispersal amongst five distinct marine regions: East Pacific, Atlantic,
Indian Ocean, IAA and Central Pacific. Specifically, reconstructed patterns of
origination were compared on a global scale; the contribution of inferred post
speciation dispersal and range inheritance to current biogeographic distributions; and
the temporal pattern of vicariance events across historical marine barriers were
investigated.
Finally, Chapter 6 reviews the four data chapters and provides an overview of
the evolution of reef fishes and the possible role of coral reefs in the origin of the IAA
biodiversity hotspot.
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Chapter	
  2: Dating	
  the	
  evolutionary	
  origins	
  of	
  wrasse	
  
lineages	
  (Labridae)	
  and	
  the	
  rise	
  of	
  trophic	
  novelty	
  on	
  coral	
  
reefs	
  
Published in Molecular Phylogenetics and Evolution 52:621-631

2.1.	
  Introduction	
  
Coral reefs are exceptionally diverse ecosystems with complex interrelationships between the corals and their associated fauna (Wood 1999). There are
over 4,000 species of fish associated with coral reefs (Randall et al. 1990). Many of
these reef fishes have evolved highly specialised features and novel feeding modes,
the origins of which are still unclear. A critical step in the investigation of the origins
of specialised groups is finding the evolutionary links between reefs and the taxa
associated with them. A key component in this endeavour is to understand the history
of the relationship between the reefs, their associated fish fauna and the timing of the
origins of this trophic novelty. An estimate of the timing of the diversification of fish
taxa and feeding strategies can elucidate patterns in the evolution of specialisation
within reef fish groups. Recent molecular studies have resulted in robust phylogenies
for a wide range of reef fish groups (e.g. Hanel et al. 2002; McCafferty et al. 2002;
Streelman et al. 2002; Bernardi et al. 2004; Clements et al. 2004; Westneat and Alfaro
2005; Read et al. 2006; Smith et al. 2008) while new analytical approaches enable
detailed chronograms (cladograms with age estimates) to be constructed (Drummond
and Rambaut 2007). We are now in the position to explore both the relative and
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absolute timing of the origination of novel trophic modes with an unprecedented
degree of confidence.
Early studies involving age estimation of fish and other animal taxa were
based on pairwise distance methods (Vawter et al. 1980; Wray et al. 1996; Nei et al.
2001). The use of a strict molecular clock in such studies has been a highly
controversial topic among evolutionary biologists (Sanderson 2002, 2003; Blair and
Hedges 2005; Emerson 2007). Among reef fishes, many datasets exhibit strong
departures from a clock-like evolution (Bellwood et al. 2004; Klanten et al. 2004;
Barber and Bellwood 2005; Read et al. 2006). New software (Sanderson 2003;
Drummond and Rambaut 2007) employing parametric, nonparametric and
semiparametric methods to relax the assumptions of a constrained clock like evolution
have yielded better estimates of both rates and times. These results can be scaled to
absolute ages by using age constraints from fossils and other evidence as calibration
points. Robust estimates of the absolute ages of taxa provide an opportunity to
critically evaluate proposed patterns in the evolution of trophic novelty (HarmelinVivien 2002; Streelman et al. 2002; Streelman and Danley 2003). Of these patterns,
one of the most well documented is the suggestion that habitat shifts predate trophic
diversification (Streelman et al. 2002; Streelman and Danley 2003) and that trophic
specialisation is a relatively recent derived state on coral reefs (Harmelin-Vivien
2002).
It is hypothesised that numerous animal groups exhibit a pattern of initial
divergence due to habitat shifts, followed by divergence in ecomorphological
features, then rapid tertiary diversification due to behaviour and sexual
communication (Streelman et al. 2002; Streelman and Danley 2003). This model was
exemplified by data from both coral reef parrotfishes (Streelman et al. 2002) and
10

freshwater cichlid lineages (Moran et al. 1994; Danley and Kocher 2001). A
chronology of trophic diversification will permit the sequence of such diversification
to be explored. By tracking the evolution of trophic characteristics within reef fish
families, these hypotheses can be critically evaluated. A chronology will also enable
us to identify periods in evolutionary history that resulted in lineages with a high
degree of specialisation. Linking evolutionary biogeographic events with these time
periods across different groups will also help us to understand underlying
evolutionary factors that may have shaped reef fish diversity. Of all the reef fish
families, the Labridae (the wrasses) is potentially the most informative group.
The family Labridae (including the Scaridae and Odacidae) is an extremely
large group with over 600 species in 82 genera (Parenti and Randall 2000). Its
species richness is second only to the Gobiidae (Randall et al. 1990). Labrids have a
wide range of inter- and intra-specific colour morphs and body shapes, complex
mating systems and highly specialised feeding ecologies (Robertson and Warner
1978; Randall et al. 1990; Streelman et al. 2002; Clements et al. 2004; Wainwright et
al. 2004). They are found in temperate and tropical waters and the family contains
both reefal and non-reef lineages. The family has over 11 subgroups (tribes), the
majority of which have been shown to be monophyletic (Westneat and Alfaro 2005).
Several phylogenies of the various labrid groups have been published (Bellwood
1994; Hanel et al. 2002; Streelman et al. 2002; Bernardi et al. 2004; Clements et al.
2004; Mabuchi et al. 2004; Barber and Bellwood 2005; Westneat and Alfaro 2005;
Arnal et al. 2006; Read et al. 2006) resulting in a wealth of data in the form of
molecular sequences, while morphological characters and ecological traits are equally
well documented (Wainwright et al. 2002; Wainwright et al. 2004; Westneat et al.
2005; Bellwood et al. 2006). The Labridae also has a well-documented fossil record
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compared with other reef fish groups. Fossil specimens of hypsigenyine labrids,
sister group to all other labrids, have been recorded from the Monte Bolca deposits in
the Italian Alps (Bellwood 1990) and in Antarctica (Long 1992). The Monte Bolca
specimen is one of the earliest records of the Labridae (50 MY) and is part of a fish
assemblage that contains many families seen on coral reefs today (Bellwood 1996),
with representatives of the two main labrid lineages: hypsigenines and julidines
(Bellwood 1990; Bannikov and Sorbini 1990). These fossils can be classified based
on a suite of morphological synapomorphies (Bellwood 1999) and thus provide robust
calibration points from which ages can be estimated. Recent advances in chronogram
construction, a well resolved labrid phylogeny, fossil calibrations and ecological data
can now be brought together to provide a detailed understanding of the origins and
history of trophic novelty within the Labridae. The specific goals of this study are
therefore:
1. To construct a chronogram of the Labridae, identifying the age of the major
component lineages and,
2. To explore the chronology of origination of trophic novelty and determine
whether trophically specialised groups are a relatively recent phenomenon.

2.2.	
  Materials	
  and	
  Methods	
  
A broad range of sequence data was used (Table S2.1, Appendix A). This
included a recent phylogeny of the Labridae (Westneat and Alfaro 2005)
supplemented by a range of taxa from other molecular studies (Hanel et al. 2002;
Streelman et al. 2002; Bernardi et al. 2004; Clements et al. 2004; Barber and
Bellwood 2005; Arnal et al. 2006; Almada et al. unpublished). For the first time, the
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labrid phylogeny was constructed using a genetic algorithm approach based on
maximum likelihood criterion and dated using Bayesian Inference. The best topology
recovered by phylogenetic analyses was used in conjunction with fossil data to
construct a chronogram. Published trophic information was then mapped onto the
chronogram and optimised using analytical tools. All known labrid trophic modes are
represented in the taxonomic sampling. The resulting chronology of trophic origins
was used to investigate the timing of specialisation and its evolutionary links with
habitat shift within labrid lineages.

Sequence data
Sequence data were obtained from GenBank for 101 labrid species and 14
other species, which acted as outgroups (Table S2.1, Appendix A). While these
outgroup taxa may not include the closest sister group to labrids (Mabuchi et al. 2007)
they have previously been used to estimate relationships within and between the
labrid tribes (Westneat and Alfaro 2005; Westneat et al. 2005). Two mitochondrial
gene fragments (12s and 16s) and two nuclear gene fragments (Tmo4c4 and RAG2)
were obtained, where possible, for each species. All sequence data were first aligned
automatically using CLUSTAL W and then by eye in MEGA version 4.0 (Tamura et
al. 2007). All sequences were conservatively trimmed to the approximate size of the
smallest fragment to minimise the amount of missing data. For both ribosomal genes,
ambiguously aligned loop regions were identified and removed. After editing, the
RAG2 partition contained 781 characters, the Tmo-4c4 partition contained 443
characters, the 16 s partition contained 472 characters and the 12s partition contained
871 characters. The complete data set contained 2567 characters.
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Each data partition underwent a maximum likelihood analysis in PAUP*
4.0b10 (Swofford 2000) with 100 bootstrap replicates using the appropriate
substitution model identified using Model Test 3.7 (Posada and Crandall 1998; Table
S2.2, Appendix A). Bootstrap consensus trees for each partition were compared to
assess congruence between data partitions. Clades received similar bootstrap support
in each gene fragment as reported previously (Westneat and Alfaro 2005). Data
partitions were combined for all subsequent analyses. This reduced the variances and
covariances of divergence estimates making them more robust (Nei et al. 2001).

Phylogenetic analysis: parsimony and likelihood
Phylogenetic analyses were conducted on a dual core processor Apple
Macbook or on a high performance computer (JCU Campus Bioportal). Parsimony
analysis was conducted on the complete data set using PAUP* 4.0b10 (Swofford
2000). Heuristic searches were implemented using tree bisection-reconnection (TBR)
branch-swapping with 100 random sequence addition replicates. All sites were
equally weighted and gaps were treated as missing data. Non-parametric
bootstrapping (Felsenstein 1985) was used to measure support for the clades with
1000 total pseudoreplicates and TBR branch swapping with two random sequence
addition replicates per pseudoreplicate. All topologies recovered were used to
reconstruct a majority rule consensus tree in PAUP*.
For the maximum likelihood (ML) analysis the GTR+I+G substitution model
(rmat = 2.0205 7.6013 1.9449 0.8049 9.6153) with invariable sites (pinvar = 0.3912),
gamma distribution, and among-site heterogeneity (α = 0.6595) was identified under
Akaike information criterion (AIC) implemented in Model Test 3.7 (Posada and
Crandall 1998). Employing the genetic algorithm approach implemented in Garli

14

v0.95 (Zwickl 2006), this model was used to find the topology and branch lengths
under ML criterion that maximised the log likelihood (lnL) score of the most likely
tree. Default settings were used for genetic algorithm parameters. Ten independent
analyses were performed with the best tree of each analysis retained. Of these ten
trees the topology with the best lnL score was considered the best overall topology. A
Shimodaira-Hasegawa test performed in PAUP* was used to confirm the best ML
tree overall, which was selected for further analysis (see Age estimation). Bootstrap
analysis was performed in Garli with 100 bootstrap replicates from which a majority
rule consensus tree was constructed in PAUP* to identify supported clades.

Bayesian analysis
MrBayes 3.1 (Ronquist and Huelsenbeck 2003) was used to calculate the
posterior probabilities of clades by running a 10 million generation Markov chain
Monte Carlo (MCMC) analysis. A mixed model Bayesian analysis assigned
parameters for sequence evolution for each of the unlinked gene partitions identified
by AIC in Modeltest 3.7 (Posada and Crandall 1998; Table S2.2, Appendix A). Four
Markov chains were run in the analysis. Log files were inspected in Tracer v1.4
(Rambaut and Drummond 2007). The tree lengths and the log-likelihood scores
indicated stability was reached within the first 150,000 generations. The first 150,000
generations were discarded as burn-in and the remaining 9.85 million generations
(19,700 sampled trees) were used in subsequent analyses. A majority rule consensus
tree calculated from 19,700 remaining shortest trees was constructed in PAUP* to
determine the posterior probabilities of clades.
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Age estimation and fossil calibrations
To estimate divergence times of major lineages, the best most likely tree
identified by the ML analysis was used, as this was most consistent with the
consensus tree obtained from Bayesian analysis. Penalised likelihood (Sanderson
2002) was performed using the program r8s v1.71 (Sanderson 2003) to construct an
initial chronogram based on the branch lengths and topology of the ML tree.
Penalised likelihood (PL) was implemented instead of Non Parametric Rate
Smoothing due to its higher performance (Sanderson 2002) and its successful use in
previous reef fish studies (Bellwood et al. 2004; Barber and Bellwood 2005). All
outgroup taxa were pruned from the tree prior to PL analysis. Fossil data and
biogeographic events were used to place minimum age constraints at five calibration
points on the ML tree (Table 2.1). The resulting chronogram, while a good estimate
of the age of lineages, is based solely on the estimated branch lengths of the single
best ML tree and does not account for uncertainty in the branch lengths and tree
topology. To accommodate this uncertainty the program BEAST (Drummond and
Rambaut 2007) was used.
BEAST v1.4.8 has additional features that differ from r8s and other dating
methods. It implements Bayesian Inference and a MCMC analysis to simultaneously
estimate branch lengths, topology, substitution model parameters and dates based on
fossil calibrations. This is important, as there is always variability associated with the
estimation of parameters when there is uncertainty in the topology due to gaps or
missing data in the molecular sequence data. BEAST also does not assume
substitution rates are autocorrelated, allowing the user to estimate rates independently
from an uncorrelated exponential distribution (UCED) or lognormal distribution
(UCLD). Many empirical data sets have been shown not to demonstrate
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autocorrelation of rates (Drummond et al. 2006; Brown et al. 2008). BEAST MCMC
runs of 10 x 106 were performed using the UCLD model with an ultrametric starting
tree (r8s chronogram). BEAST allows the use of both uniform and several parametric
priors to be used to calibrate nodes representing the most recent common ancestor
(MRCA) of selected lineages. Both uniform and parametric priors (representing
fossil and biogeographic data) were used to place hard or soft upper and lower bounds
on appropriate node on the ultrametric starting tree, (Table 2.1). Resulting likelihoods
were then compared using Bayes Factors (Suchard et al. 2001) to ensure accurate age
estimation. The utility of the cichlid outgroups with biogeographic calibrations
(Azuma et al. 2008; Gondwana fragmentation, 85 - 95 MY) was also investigated.
After an initial run to optimise prior calibrations, ten independent analyses were run,
sampling trees every 500th generation. Resulting log files were examined using
Tracer 1.4 (Rambaut and Drummond 2007) to ensure all analyses were converging on
the same area in tree space. Tree files (minus 10% approx. burnin) were then
combined using LogCombiner (Drummond and Rambaut 2007) and compiled into a
maximum clade credibility tree using TreeAnnotator (Drummond and Rambaut 2007)
to display mean node ages and highest posterior density (HPD) intervals at 95%
(upper and lower) for each node.
Eleven labrid feeding modes (general invertebrate, gastropod, fish, plankton,
herbivore, cleaner, foraminifera, browsing, excavating, scraping and coral feeding)
and habitat uses (reef and non-reef) were coded as traits ranging from 0 to 10 and 0 to
1 respectively. These traits were then optimised on the chronogram as implemented
in Mesquite (Maddison and Maddison 2007). Each character underwent ML analysis
to identify the independent evolution of feeding traits and habitat use. The ages of
trophic origination represent minimum estimates, as older origins of feeding modes
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may have been removed by extinction of older lineages. Published sources of diet
and habitat data include: Hiatt and Strassburg (1960), Randall (1967, 2005), Hobson
(1974), Sano et al. (1984), Humann (1994), Westneat (1995), Myers (1999) and
Parenti and Randall (2000). Specialists in terms of diet and trophic morphology are
also taken from the literature (Wainwright et al. 2004; Bellwood et al. 2006).
Table 2.1: Uniform and parametric priors, and fossil/biogeographic evidence used for

calibration points on chronogram representing the most recent common ancestor (MRCA) of
certain labrid genera. Bayes factors showed greater likelihood for parametric priors.

MRCA

Min. fossil

Uniform

Parametric

Fossil/biogeographic

age (MY)

Priors

Prior (MY)

evidence

Normal;

Published estimates1

60S-132S

K-T boundary event2

Exponential;

Phyllopharyngodon

50H-95S

longipinnis3

Lognormal;

Eocoris bloti4

(MY)
All Labridae
Hypsigenyines
Labridae (-hypsigenyines)

50
50

50 - 200
50 - 200
50 - 200

50H-100S
Pseudodax/Bodianus

14

14 - 50

Lognormal;

Trigondon jugleri5

14H-50S
Calotomus/Sparisoma

14

14 - 35

Lognormal;

Calotomus preisli6

14H-50S
Bolbometopon/Cetoscarus

5

5 - 35

Lognormal;

Bolbometopon sp.6

5H-35S

1,2,3...

publication source: 1Azuma et al. (2008);2Bellwood and Wainwright (2002); 3Bellwood

(1990); 4Bannikov and Sorbini (1990); 5Schultz and Bellwood (2004); 6Bellwood and Schultz
(1991). S = soft bound 95%; H = hard bound.
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Table 2.2: Age estimates from Bayesian inference in BEAST for initial divergence and

subsequent diversification of labrid groups. Ages are mean node heights from 95% HPD
interval compiled from ten independent 10 x 106 MCMC runs in BEAST 1.4.8.
Lineage

Initial Divergence

Subsequent Diversification

Mean(95%HPD)

Mean(95% HPD) MY

MY
Hypsigenyines

62.7 (55.6 - 71.3)

52.7 (50.0 - 57.9)

Labrines

52.9 (43.5 - 62.7)

21.9 (13.1 - 26.5)

Scarines

48.9 (39.3 - 58.8)

28.8 (22.4 - 35.7)

Cheilines

48.9 (39.3 - 58.8)

19.6 (13.1 - 26.5)

Pseudocheilines

53.9 (46.5 - 62.5)

37.9 (25.7 - 49.8)

Odacines

25.4 (17.8 - 32.9)

11.6 (6.1 - 17.6)

Novaculines

44.3 (36.3 - 52.4)

28.6 (20.5 - 37.1)

Pseudolabrines

35.9 (28.7 - 43.4)

18.6 (10.7 - 27.0)

Julidines

35.9 (28.7 - 43.4)

28.6 (20.5 - 37.1)

Labrichthyines

28.9 (22.9 - 35.2)

19.7 (12.4 - 27.1)
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2.3.	
  Results	
  

Phylogenetic analysis
The best tree returned from the ten ML analyses run in Garli (Fig. 2.1) was
confirmed by the Shimodaira-Hasegawa (SH) test in PAUP*. The SH test also
showed no significant difference between the independent ten best Garli trees
obtained. The ML bootstrap analysis resulted in a majority rule consensus tree
concordant to the best ML tree. Bootstrap values support the monophyly of major
labrid clades and the overall hierarchy of the tribes (Fig. 2.1). MP analysis retained
41,722 shortest trees. A majority rule consensus tree was constructed from these
trees, with high majority rule consensus support values for many of the clades
recognised by ML analyses (Fig. 2.1).
Bayesian analysis returned a labrid topology congruent with previous
analyses, with posterior probabilities supporting monophyly of major clades. A
majority rule consensus tree was constructed from 19,700 post burnin trees sampled
by the Markov chain. Posterior probabilities calculated from the post-burnin trees
showed 100% support for the monophyly of eight of the labrid tribes. At several
clades, posterior probabilities were congruent with support from both ML and MP
analyses (Fig. 2.1). Differences between the Bayesian tree, the ML and MP
consensus trees were minor.
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Figure 2.1 A cladogram representing best ML topology tree of the Labridae from 10 individual runs in
Garli. Numbers above node indicate Bayesian posterior probabilities from a majority rule consensus
tree of all post-burnin topologies visited by the Markov chain and bootstrap consensus support from
100 bootstrap replicates in Garli; numbers below node are MP consensus support values. (

indicates

BA and ML = 100, *indicates BA, ML and MP = 100).
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Labridae phylogeny
The family Labridae is supported by all analyses as monophyletic. A distinct
hierarchy is identifiable amongst the wrasse tribes. The Hypsigenyini (tuskfish,
hogfish and relatives) displayed 100% support in all analyses as the sister group to all
other labrid taxa (Fig. 2.1). The odacines were nested firmly within the hypsigenyine
lineage with high support values at several clades. The tribe Labrini is supported as
the sister group to the Scarini and the Cheilinini subclade in ML and Bayesian
analyses, with the three tribes forming a monophyletic subgroup within the Labridae.
The pseudocheiline fishes are highly supported as a monophyletic group. The
Novaculini (razorfish) and Pseudolabrini are also strongly supported as monophyletic
groups by all analyses.
The tribe Julidini forms the crown group of the Labridae. It is a large
assemblage of genera and species with little resolution and many polyphyletic and
paraphyletic groups. The labrichthyines are nested within the Julidini group as the
only monophyletic group. The genus Halichoeres has lineages dispersed within the
julidine crown group. The New World (NW) Halichoeres taxa consistently grouped
as a sister clade to Oxyjulis californica. Indo-West Pacific Halichoeres form a
polyphyletic clade with various other genera (Leptojulis, Coris, Macropharyngodon),
as a sister group to the well-supported monophyletic genus Anampses. H. hartzfeldi is
more closely related to L. cyanopleura than to any other Halichoeres taxa. The
relationships of Stethojulis, Ophthalmolepis and Hemigymnus remain unresolved.

Age of major Labridae lineages
The best ML tree topology with associated branch lengths was used for age
estimation in BEAST, as it was most consistent with all other analyses. Log files
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from initial runs showed that the use of cichlid outgroups with biogeographic
calibrations had lower likelihood and ESS (effective sample size) scores than runs
without the out group taxa (Fig. S2.1, Appendix A). Ages were also significantly
older than the fossils ages (Fig. S2.1, Appendix A). Bayes factors showed that
parametric priors for node calibrations based on the labrid fossils and the K/T
boundary event performed better than uniform priors. The chronogram was compiled
from 180,000 (90,000,000 generations) post burnin trees from the ten independent
runs in TreeAnnotator as a maximum clade credibility tree (Fig. 2.2; Fig. S2.2,
Appendix A). Ages are presented as the mean node heights within the highest
posterior density (HPD) interval at 95% retrieved by the MCMC at each node. The
chronology of the family Labridae suggests that it has origins, which date back to the
late Cretaceous to earliest Tertiary (Fig. 2.2). Initial divergence within the family
began in the early Palaeocene (62.7 MY) soon after the K/T boundary (65 MY).
Several divergence events during the early to mid Eocene resulted in lineages leading
to the emergence of most of the major wrasse tribes: Hypsigenyini, Labrini, Scarini,
Cheilini, Pseudocheilini, Novaculini (Table 2.3). Throughout the Oligocene/Miocene,
these major tribes began to radiate and new lineages began to diversify, e.g. Odacini
at 11.6 MY, Scarini at 28.8 MY, Novaculini at 28.6 MY, Labrini at 21.9 MY. The
youngest major lineage diversified in the late Miocene (Scarus ~7.5 MY). Although
species level radiation was widespread in the Pliocene (5 - 1.8 MY), the majority of
lineages leading to genera seen on present day reefs had arisen by the end of the
Miocene (Table 2.3).
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Figure 2.2: A chronogram illustrating the ages of origin and diversification of the Labridae. Ages are
represented as the mean node height of the 95% HPD interval from a maximum clade credibility tree
compiled from post burnin topologies of 10 combined independent Bayesian MCMC runs (10 x 106
generations per run) implemented in BEAST 1.4.8. (● indicates nodes calibrated with priors from
fossil/biogeographic data). Feeding modes were optimised by ML analysis in Mesquite and identified
by colour (see legend).
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Evolution of labrid feeding modes
Optimisation of feeding modes onto the chronogram (Fig. 2.2) illustrates the
multiple origins of trophic specialisation throughout the history of the Labridae.
Novel feeding groups have evolved in every epoch of the Cenozoic era (Fig. 2.3).
Small invertebrate feeding is most probably the ancestral feeding mode of the
Labridae. The initial evolution of large gastropod feeders coincided with the
divergence of the hypsigenyines (62.7 MY). The second occurrence is within the
radiation of the cheilines (9.3 MY). Herbivory was the next feeding mode to emerge
in the parrotfish (scarines) in the early Eocene (48.9 MY). The ancestral mode of
herbivory within this lineage is equivocal (Fig. S2.3, Appendix A) but is probably
browsing of macroalgae. As the lineage began to diversify, a subgroup of the Scarini
developed two novel modes of herbivory, excavating (28.8 and 7.4 MY) and scraping
(11.8 MY). Herbivory also evolved twice within the hypsigenyine lineages: the
Pseudodax lineage (33.7 MY) and within the odacines (Neodax lineage; 11.6 MY).
Piscivory appears in the mid Eocene (42.7 MY; Cheilio lineage), again in
Hologymnosus in the mid Miocene (14.6 MY), and then in the cheilines in the late
Miocene (~12 MY; Oxycheilinus lineage).
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Figure 2.3: Origins of novel feeding modes throughout the evolutionary history of the Labridae.
(B=browsing, E=excavating, S=scraping).

Several labrid groups display distinct periods of innovation during the
Oligocene and the Miocene (Fig. 2.2, 2.3). Within the crown group julidines, three
completely novel feeding modes arose: coral feeding, foraminifera feeding and fish
cleaning. Coral feeding evolved in the labrichthyines (19.9 MY) and is present in
four genera (Larabicus, Diproctacanthus, Labropsis, Labrichthys). Foraminifera
feeding evolved in the Macropharyngodon lineage (leopard wrasse) in the early
Miocene (~18 MY) and this mode has been retained as the sole feeding mode for the
entire group. The cleaner wrasse group, Labroides evolved from coral feeders in the
late Miocene (9.5 MY). Planktivory evolved three times during the Miocene in three
distant lineages: the pseudocheilines (Cirrhilabrus ~21 MY), the hypsigenyines
(Clepticus, 12.4 MY), and in the julidines (Pseudocoris 7.2 MY).
A biplot was constructed to compare the age of the Labridae genera and their
species diversity (Fig. 2.4). Specialist feeding groups are scattered amongst generalist
feeders in the graph, with no clear correlation between the number of species within a
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genus and the extent of specialisation. Specialist feeders are found in both old and
young genera that have high and low numbers of species. Genera with origins before
the Miocene have lower numbers of species (≤ 10) while several genera from the
beginning of the Miocene to late Pliocene attain higher species numbers (> 10). One
of the youngest genera, Scarus (~7.5 MY), has the highest numbers of species (53).

Figure 2.4: Biplot of the relationship between species richness, lineage age and trophic specialisation.
The number of species in each labrid genus is taken from Parenti and Randall (2000), versus the age of
the genus estimated by Bayesian inference. Black dots indicate generalist feeders and white dots
indicate specialists (following Wainwright et al. 2004; Bellwood et al. 2006). Scarus is denoted as the
latest specialised feeding mode to originate in the late Miocene (7.43 MY). Specialised genera after
this point are either within lineages with the same feeding mode, or a reoccurrence of an older feeding
mode.
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2.4.	
  Discussion	
  

An overview of labrid evolution
The family Labridae is a well-supported monophyletic group with over 600
species. The trophic diversity within the family is a result of the accumulation of
multiple origins of trophic innovation extending over the last 65 million years. This
study presents a robust phylogeny based on four gene regions (two mitochondrial and
two nuclear) and four analytical methods, yielding highly congruent results. Using
new analyses, the topology reflects previous studies of individual or combined labrid
groups (Bellwood 1994; Gomon 1997; Hanel et al. 2002; Streelman et al. 2002;
Clements et al. 2004; Mabuchi et al. 2004; Barber and Bellwood 2005; Westneat and
Alfaro 2005; Read et al. 2006; Smith et al. 2008). The phylogeny gives an overview
of an extremely diverse assemblage of fishes and presents a foundation for the
estimation of ages. Independent fossil corroboration and trophic information allowed
the reconstruction of a chronology of trophic evolution for the Labridae. There is no
clear evidence of a habitat shift followed by trophic divisions (cf. Streelman and
Danley 2003) within the family as a whole, however, there is a possible weak reef
versus non-reef split between the basal hypsigenyines and the rest of the wrasses (Fig.
S2.4, Appendix A). Specialisation is not indicative of success and high species
diversity within novel groups. The Labridae underwent significant innovation in
every geological epoch since the Palaeocene. Several specialised feeding modes
exhibit multiple origins but with no temporal concordance. The Labridae as a whole
experienced a wave of innovation during the Miocene resulting in highly specialised
feeding modes. These specialised modes are the most recent addition to the trophic
diversity of the Labridae. However, all feeding modes known to exist in labrids
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(Wainwright et al. 2004; Bellwood et al. 2006) were in place by the end of the
Miocene and, surprisingly, no new major feeding mode has arisen in the last ~7.5
million years.

Age estimation methods
This is the first study to implement Bayesian analysis methods to estimate the
ages of the Labridae at the family level. They have recently been used to date
teleostean divergences at higher taxonomic levels (Azuma et al. 2008) and to study
diversification in the Tetraodontiforms (Alfaro et al. 2007). The analyses using the
cichlid outgroup calibrations give the origin of the family in the early Cretaceous
(Fig. S2.1, Appendix A), which is congruent with published estimates of Azuma et al.
(2008), however these estimates remain tentative as cichlids are distantly related to
wrasses (Mabuchi et al. 2007). These ages may reflect the divergence of cichlids
from a broad range of acanthomorphs rather than labrids per. se. Accurate age
estimation of the stem lineage of the family Labridae requires the closest sister group
for calibration purposes, which is not currently known with certainty. The estimated
ages of several major labrid lineages, however, are well supported and are congruent
with previously published studies.
Four labrid genera have previously been dated using r8s and other methods:
Halichoeres (Barber and Bellwood 2005), Macropharyngodon (Read et al. 2006),
Thalassoma (Bernardi et al. 2004) and Scarus (Smith et al. 2008). Our ages are
consistent with those of Read et al. (2006) showing the origins of Macropharyngodon
and Thalassoma in the early Miocene (~18 MY and ~22 MY, respectively). Whilst
published estimated ages of New World (NW) and Indo-West Pacific (IWP)
Halichoeres clades (Barber and Bellwood 2005) lie within the 95% HPD interval of
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the estimated node ages from the present study (Fig. S2.2, Appendix A). The
published age estimates for several parrotfish clades (Smith et al. 2008) are slightly
younger than the present study (but still lie within 95% HPD intervals), however, this
is probably due to the fixing of the root of the Labridae to 55 MY and the use of
additive PL analysis (r8s v1.50) as opposed to the log-additive PL (r8s v1.71)
implemented in the present study. The Bayesian methods implemented in the present
study, while displaying increased resolution compared with previous methods, are
nevertheless in broad agreement with previous ML estimations of ages within labrid
groups. The most interesting finding from our study, however, is the age of the initial
radiation of the Labridae at 62.7 MY, given the range of ages possible under the
normal distribution used to calibrate that node. This crown age closely follows the
K/T boundary mass extinction event (65 MY).
The K/T boundary represents a critical time for marine fishes, marking the
major Mesozoic/Tertiary faunal transition (Patterson 1993). The K/T mass extinction
event coincides with the final decline of rudist dominated reefs in the Mesozoic and
the loss of numerous major Mesozoic fish groups. This event was followed by the
rapid appearance of modern scleractinian coral reefs, and their associated fish faunas
(Wood 1999; Bellwood and Wainwright 2002). This transition marked the origin of
modern reef faunas and it is from this time onward we see the increasingly close
relationship between the benthic substratum and fishes (Bellwood 2003). Our
estimate of 62.7 MY for the initial radiation of the Labridae is striking as it lies just
after the K/T, highlighting the potential importance of the boundary in the evolution
of coral reef associated labrids. This early radiation predates the appearance of many
fossil lineages found in the Eocene deposits of Monte Bolca in Italy (Bellwood 1996).
It is interesting to note that by the Eocene we have not only fossil evidence for the

30

two main labrid lineages but a range of older putative extinct sister taxa to the
Labridae in the Tortonesidae (Sorbini et al. 1990) and in Sorbinia, which has both
labrid and more generalised features (Bellwood 1995). This diversity of
morphological forms is testimony to the early and rapid diversification of percomorph
fishes. The dates presented herein, with corroborating fossil evidence, illustrate the
long and complex history of the Labridae, starting at the K/T boundary. From 62.7
MY onwards we see a progressive change in how labrids feed on coral reefs. There is
a shift from small general invertebrate feeders (the putative feeding mode of most
labriform taxa from Monte Bolca) to a diverse array of specialists. While innovation
of feeding modes is evident in every epoch, the labrid radiation can be split into two
main periods of trophic development: from the early Palaeocene to the late Eocene
(approximately 65 - 34 MY), and from the early Oligocene to the end of the Miocene
(approximately 30 - 5 MY). The Pliocene/Pleistocene is notable for its lack of
origination of new feeding modes.

Feeding modes in the Palaeocene/Eocene
The first radiation involving the initial divergence of major groups saw the
origin of three feeding modes: large gastropod feeding, piscivory and herbivory.
Large gastropod feeding is the first new feeding mode to evolve in the Hypsigenyini.
This feeding mode evolved very early (62.7 MY) in the history of the wrasses and
may possibly be associated with the emergence of the phyllodont dentition in the
pharyngeal jaws, at least in the hypsigenyines (Bellwood 1990). This feeding mode
arose in other taxa, but much later (e.g. cheilines at 13 MY.). While feeding on
gastropods is not unique to labrids, the extreme modifications of the pharyngeal
apparatus associated with molluscivory in both the hypsigenyines and non-
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hypsigenyine labrids (Wainwright et al. 2004) highlights the importance of this
feeding mode in benthic systems. In labrids, the repeated evolution, in each case
associated with the hypertrophy of the pharyngeal apparatus, emphasises the
morphological challenges associated with this widespread trophic mode.
Piscivory (fish feeding) is a specialised trophic mode and piscivores represent
a morphologically distinct group of labrids (Wainwright et al. 2004). While piscivory
is common in other fish groups, it was only recorded in three labrid lineages (Cheilio
42.6 MY; Hologymnosus ~14.5 MY; Oxycheilinus ~12 MY). Remarkably, all three
lineages have low species richness.
The origins of herbivory on coral reefs in the early Cenozoic was signalled in
the Eocene deposits at Monte Bolca (Bellwood 1996) by representatives of the
rabbitfishes (Siganidae), surgeonfishes (Acanthuridae), damselfishes
(Pomacentridae), and scats (Scatophagidae). The first appearance of herbivorous
labrids (parrotfishes) in the fossil record was not until the mid Miocene (Bellwood
and Schultz 1991). From the present study the origin of labrid herbivory dates to the
initial divergence of the scarines at 48.9 MY. This coincides well with the origins of
herbivory in other reef fish families. Therefore, it is entirely possible that a fossilised
putative ancestor of parrotfishes is yet to be found in the Eocene deposit of Monte
Bolca. Similarly, the putative ancestor of the herbivore Pseudodax has origins in the
late Eocene (33.7 MY; Fig. 2.3), far older than its oldest fossil, Trigondon jugleri, in
the Miocene (14 MY) (Schultz and Bellwood 2004).
Overall, the Palaeocene/Eocene sees the introduction of new trophic groups,
but they fall into feeding modes that are well represented in other families at that time
(e.g. mollusc feeding in the Pycnodontidae and Sparidae, and piscivory in the
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Carangidae, Sphyraenidae and Serranidae) (Blot 1980; Bellwood 1996). In the
Oligocene, and more so in the Miocene, we begin to identify novel forms and feeding
modes rarely seen in other fish groups.

New feeding modes of the Oligocene/Miocene
During the Oligocene/Miocene epochs the Labridae experienced a second
wave of innovation, resulting in extremely specialised feeding modes. During this
time, new modes of herbivory/detritivory arose (excavating and scraping) and old
feeding modes arose again in new lineages (piscivory, gastropods, herbivory). The
four most specialised feeding modes also evolved at this time: coral feeding,
planktivory, foraminifera feeding and fish cleaning.
Of the more than 20,000 teleost fishes, only 128 species are known to feed on
coral. Of these, coral is the main source of nutrition for just 36 taxa. This includes 8
wrasses and 26 butterflyfishes (Chaetodontidae) (Cole et al. 2008). The present study
identifies the earliest estimated origins of coral feeding in any fish group, arising in
the Oligocene (~29 MY). While many feeding modes overlap in labrid functional
morphospace, coral feeders occupy their own functional morphospace not identified
in any other group (Wainwright et al. 2004; Bellwood et al. 2006). They have small
mouths and small jaw muscles (Wainwright et al. 2004), while their exceptionally
long intestines appear to be modified to deal with the challenges of digesting coral
tissues (Elliott and Bellwood 2003).
Planktivory has been repeatedly seen in other reef fish groups (including
chaetodontids, balistids, acanthurids, pomacentrids), and has arisen three times in the
Labridae. The origins occur in three distant lineages, all in the Miocene
(Cirrhilabrus: 20.9 MY; Clepticus: 12.4 MY; Pseudocoris: 7.2 MY). In each case
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there appears to have been a concomitant increase in the jaw transmission coefficients
(Westneat et al. 2005).
Two of the most morphologically specialised feeding modes (sensu Bellwood
et al. 2006) are foraminifera feeding and fish cleaning. Macropharyngodon is the
only group of fishes known to specialise in feeding on foraminifera (Randall 1978).
The genus contains 10 species, which although highly modified with a unique
pharyngeal jaw with just three major teeth (two upper, one lower), they are
morphologically and functionally uniform. Their highly specialised diet, however,
does not appear to have restricted their distribution. Since their origins at about 18
MY, they have occupied reefs from the Red Sea to the Central Pacific (Read et al.
2006). Fish cleaning by juveniles is common among reef fish. However, very few
taxa are cleaners as adults and none are more specialised than the cleaner wrasse
(Labroides). The present study suggests that cleaners evolved once, unexpectedly,
from a coral feeding lineage in the latter half of the Miocene (approximately 9.5 MY).

New feeding modes in the Pliocene/Pleistocene
While we do see accumulation of labrid lineages in the Pliocene/Pleistocene,
and significant expansion within lineages with extensive species origination, there is
no occurrence of a new major feeding mode after 7.5 MY. The last major feeding
groups to evolve were fish cleaning in the Labroides lineage (9.5 MY), and scraping
grazers/detritivores in the Hipposcarus and Scarus lineage (11.8, 7.5 MY). In both
feeding modes, morphological specialisation has allowed the lineages to take
advantage of a narrow niche relying on unusual food resources (Harmelin-Vivien
2002). In the case of Scarus, this feeding mode on a ubiquitous and highly nutritious
food resource (detritus; Wilson et al. 2003) may have provided a basis for rapid
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diversification, with 53 species recorded to date (Parenti and Randall 2000).
However, it is likely that sexual selection and biogeographic speciation were key
elements in the speciation within Scarus. Interestingly, the same feeding mode was
present in the Hipposcarus lineage earlier, but did not result in any significant
increase in species richness for the genus. While the most specialised feeders arose
later than other lineages, as suggested by Harmelin-Vivien (2002), this phenomenon
occurred in the Miocene and was in place prior to the Pliocene/Pleistocene. The
evolution of specialised labrid feeding modes appears to have been in a hiatus for the
past 7.5 million years. Perhaps by this time all available feeding niches have already
been occupied.

The implications of trophic novelty
The timing of origins of feeding modes in the Labridae allows us to examine
the links between diversity, ages of genera and specialisation. The family Labridae
displays no overall pattern or trend between the age of a genus and its species
richness. The only trend seems to be that genera that diversified prior to the Miocene
tend to have lower species richness than those that evolved during the Miocene.
However, this trend may be confounded by the increased extinction in older lineages
versus the accumulation of lineages in younger groups; or a taxonomic artefact, as
older lineages with accumulated morphological variation are easier to divide into
smaller taxonomic categories. In terms of trophic specialisation, novel feeding modes
are found in both very old (Cheilio) and very young (Scarus) taxa, with varying
degrees of species diversity. Early divergence followed by rapid diversification is
apparent in the Labridae. The three-stage model of evolution, with separation of
lineages based on habitat, trophic, then sexual divisions (Streelman and Danley 2003)
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as initially applied to the scarines (a tribe within the Labridae), does not apply when
the whole family is examined. However, when comparing hypsigenyine and nonhypsigenyine labrids there is a possible, but not strong, basal habitat shift.
Hypsigenyine lineages are more non-reef, and non-hypsigenyines are more reefal
(Fig. S2.4, Appendix A). Changes in ecomorphology occur throughout the labrid
phylogeny at different times and need not be preceded by habitat shifts.
Many of the specialist feeders have extensive overlap in ecomorphological
traits in functional morphospace (Wainwright et al. 2004; Bellwood et al. 2006).
Such ecomorphological change does not appear to be dependant on habitat.
Excluding the temperate hypsigenyines and labrines, over 80% of labrid taxa are
reefal and the vast majority reside in the top 20 m, reflecting the extensive overlap in
habitat use among different trophic groups. Change in habitat to seagrass by the
common ancestor of the parrotfishes resulted in no trophic innovations, following the
initial change to herbivory. Scarine diversification and trophic innovation was
primarily seen in the lineages that remained in the ancestral reef habitat, by this time
the critical ecomorphological changes in the pharyngeal and oral jaws were already in
place (Kazancioglu et al. 2009).
In terms of ecosystem impact, the evolution of the wrasses from the early
Palaeocene saw an escalation in the interaction between fish and the benthos. This
was first seen in the early Eocene with the evolution of browsing herbivores that
remove plant material. Later, excavating in the parrotfish in the early Miocene would
result in the recycling of reef material and redistribution of sediment around reef
habitats. Finally, the more recent evolution of scraping (Hipposcarus, Scarus) has led
to the high intensity grazing seen on reefs today, where the reef surface is grazed
every few weeks (Hoey and Bellwood 2008). The second wave of innovation in the
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Miocene gave rise to the additional specialists, feeding on a more specific range of
benthic-associated invertebrates. These shifts may reflect a fundamental change in
coral reef processes in the Miocene, with the expansion of new Acropora-dominated
reefs (Johnson et al. 2008). This coincides with an expansion of habitat area in the
Indo Australian Archipelago (IAA), and the formation of the largest coral reef
biodiversity hotspot (Renema et al. 2008). Together, these changes may have
provided a basis for the expansion of a new and trophically diverse Labridae.

2.5.	
  Conclusions	
  
This chatper examines the evolutionary history of specialisation in the
Labridae. Age estimations suggest that the family has origins in the late Cretaceous
to earliest Tertiary and that the family expanded rapidly after the K/T boundary at 65
MY, with the evolution of the two major lineages. Functional diversity evolved over
a long period of time with early novel feeding modes originating in the Eocene. A
second wave of evolution in the Oligocene/Miocene resulted in more specialised
modes, and probably formed the basis for the modern trophic configuration.
Trophically specialised wrasses arising in the Eocene displayed feeding modes seen in
other coral reef fish groups at that time. The Miocene saw some of the same feeding
modes arise again, but also marked the appearance of highly specialised labrid forms
with feeding modes rarely recorded in other fish groups. Interestingly, no major
feeding modes have evolved in the last 7.5 million years. Every specialised feeding
mode recorded to date (Wainwright et al. 2004; Westneat et al. 2005; Bellwood et al.
2006) was in place before the beginning of the Pliocene, suggesting that the labrid
trophic system seen on reefs today is at least 7.5 million years old.
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3.1.	
  Introduction	
  
Coral reef fishes are a highly diverse group, with an evolutionary history
extending back more than 50 million years (Bellwood and Wainwright 2002). From
the fossil record it appears that scleractinian-dominated coral reefs and modern coral
reef fish families first appeared and then diversified at approximately the same time,
in the early Cenozoic (Bellwood 1996; Bellwood and Wainwright 2002; Wallace and
Rosen 2006). This suggests that the origins of modern coral reefs and their associated
fish families may be closely linked. However, it is remarkable that of the 5,000 or
more fish species recorded from coral reefs today only 128 eat corals (Cole et al.
2008; Rotjan and Lewis 2008) and just 41 are believed to feed directly on
scleractinian corals as their primary source of nutrition. Moreover, 63% (26 of 41)
belong to a single family, the butterflyfishes (f. Chaetodontidae); of the remainder
most (8) are in the Labridae. Why so few species have been able to exploit such a
widespread resource remains a mystery. It also highlights the exceptional abilities of
the few corallivores that have managed to subsist on corals, and the remarkable status
of butterflyfishes. Despite being one of the most intensively studied families of reef
fishes the evolution of this highly specialised feeding mode remains poorly
understood. In particular, how many times has corallivory arisen within the group and
when did this unusual feeding mode first arise? Did corallivory arise along with major
coral groups in the early Eocene?
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Butterflyfishes are conspicuous and iconic inhabitants of coral reef
environments. The family contains over 130 species with representatives in all coral
reef regions (Allen et al. 1998; Kuiter 2002). Their colourful patterns, and ease of
identification and observation have ensured that the behavioural, ecological,
morphological and biogeographic characteristics of butterflyfishes have been
extensively studied (e.g. Motta 1988; Ferry-Graham et al. 2001a; Findley and Findley
2001; Pratchett 2005). Indeed, they have been regularly identified as indicator
species of reef health (Reese 1975; Roberts et al. 1988; Kulbicki et al. 2005). It is this
close association with corals and coral reefs that stands as one of the most important
features of this family. With almost a quarter of the species feeding on corals, they
have what is arguably the closest association of any fish group with coral reefs. The
key to understanding the history of this relationship, however, is to obtain well
supported phylogenies based on multiple genes, and to use robust molecular dating
methodologies, informed by reliable fossil data, in order to provide a temporal
framework in which to interpret recent ecological evidence.
Fossil evidence of increasing reef-fish interactions points to a major change
between the late Mesozoic and the beginning of the Tertiary (Bellwood 2003).
Although there is a diverse range of acanthomorph fishes in the late Cretaceous, the
earliest evidence of the vast majority of extant reef fish families, for which there is a
fossil record, is from the Eocene. Most of these families are first recorded from the
50 million year old deposits of Monte Bolca, in northern Italy (e.g. Blot 1980;
Bellwood 1996; although it should be noted that a few molecular studies have
suggested that some lineages may predate the K/T boundary, e.g. Streelman et al.
2002; Alfaro et al. 2007; Azuma et al. 2008). The Monte Bolca deposits mark the
first modern coral reef fish assemblage in terms of both its taxonomic composition

39

and the functional attributes of the component taxa (Bellwood 1996), and it is here
that we see the first evidence of increased interactions between fishes and the benthos,
with the appearance of several lineages of fishes that were almost certainly grazing
herbivores (Bellwood 2003). Although there have been many Eocene fossils ascribed
to the Chaetodontidae, a recent evaluation of this material has rejected all of these
taxa; there is no reliable record of the family from the Eocene (Bannikov 2004). The
oldest reliable fossil evidence for the Chaetodontidae is of Miocene age (Carnevale
2006). However, with a robust molecular phylogeny we can build on the fossil record
and place recent ecological advances in an evolutionary framework.
Recent ecological research has provided a new perspective on the nature of
corallivory in reef fishes, especially butterflyfishes. Building on existing information
(e.g. Birkeland and Neudecker 1981; Blum 1988; Motta 1988), recent studies have
provided a detailed understanding of the family in terms of feeding morphology and
kinematics (Ferry-Graham et al. 2001a,b; Konow et al. 2008; Konow and FerryGraham in press), feeding strategies and behavioural interactions (Zekeria et al. 2002;
Gregson et al. 2008) and, most importantly, the nature and extent of corallivory
(Pratchett et al. 2004; Berumen et al. 2005; Pratchett 2005, 2007; Cole et al. 2008;
Rotjan and Lewis 2008). It is now known that butterflyfishes exhibit considerable
diversity in the nature of corallivory, underpinned by both ecomorphological and
behavioural variation. This includes at least two different modes of coral feeding,
exploitation of both soft and hard corals, and a spectrum of coral feeding
specialisations ranging from highly specialised obligate coral feeders that primarily
target just one coral species to facultative and generalist coral feeders that can feed on
a wide range of coral species (Pratchett et al. 2004; Berumen et al. 2005).
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The evolutionary history of these traits is poorly understood. Existing
morphological and molecular phylogenies have produced discordant tree topologies,
opening questions about the nature of character evolution. Most molecular analyses
of the family have focused on relationships between species pairs or species
complexes (e.g. McMillan and Palumbi 1995; Hsu et al. 2007) or have included
butterflyfishes as part of broader studies of putative sister taxa (Bellwood et al. 2004).
The most comprehensive analysis to date using 3332 bp of mitochondrial and nuclear
DNA yielded a well supported phylogeny, which differed significantly from all
previous topologies, and underpinned a thorough evaluation of the systematics and
taxonomy of the family (Fessler and Westneat 2007).
The evolutionary and ecological ramifications of these relationships for
corallivory, however, have yet to be fully explored. Four critical questions are
addressed: 1. How many times has corallivory arisen; 2. When did it first arise; 3. Did
corallivory and/or a move onto coral reefs underpin diversification within the family,
and; 4. What are the broader implications for the evolution of coral reefs? In this
study, a comprehensive new molecular phylogeny is used to explore the evolutionary
history of the family. For the first time, molecular methods are used to examine the
relationships between all 10 genera and all respective subgenera (with the exception
of Roa Roa sensu, Blum 1988 = Roa, Kuiter 2002). I examined 56 species using two
nuclear (ETS2, S7I1) and a mitochondrial marker (cyt b); the nDNA markers have not
been used previously in this family. I also apply, for the first time, current Bayesian
analyses for chronogram construction with multiple fossils used to calibrate the
resulting tree. Using this chronogram, ecological evidence and diversification
statistics, I explore the evolutionary origins of corallivory and the timing of this
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highly unusual fish-coral interaction. I then consider the basis for these trophic
innovations in the context of the evolution of coral reefs.

3.2.	
  Materials	
  and	
  Methods	
  

Taxon sampling
In total, 56 butterflyfish species were examined, with multiple representatives
of all 11 identified butterflyfish genera and 12 subgenera (Allen et al. 1998).
Specimens were obtained using spears or nets with additional material obtained from
the ornamental fish trade. A further eight species from the Pomacanthidae,
Ephippidae, Kyphosidae and Scatophagidae were included as putative outgroup
species. Based on Smith and Wheeler (2006), the Ephippidae is the putative sister
taxon to the Chaetodontidae; the more distant kyphosid and microcanthid species
were used to root the entire phylogeny. Taxon sampling specifically included 18 of
the 26 species known to be obligate coral feeders (Table S3.1, Appendix B). Full
taxon sampling in several lineages (Forcipiger, Chelmon, Chelmonops) also enables
exploration of the temporal and biogeographic patterns of species origins.

Laboratory procedures
DNA preparation and extraction was performed by S. Klanten. Total DNA
was extracted from tissues using standard salt-chloroform and proteinase K digestion
extraction procedures (Sambrook and Russell 2001). Two nuclear genes, ETS2 (ETS
is a transcription factor important in cell proliferation; Lyons et al. 1997; Dwyer et al.
2007); S7 Intron 1 (S7 is a ribosomal protein required for assembling 16 s RNA;
Chow and Hazama 1998; Maguire and Zimmermann 2001), and the mitochondrial
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protein coding region, cytochrome b (which participates in electron transport; Kocher
et al. 1989; Irwin et al. 1991; McMillan and Palumbi 1995) were used to explore the
evolutionary relationships among the butterflyfishes (Table S3.2, Appendix B). An
average of two specimens were sequenced for each species. Each 20 µl PCR reaction
volume contained 2.5 mM Tris-Cl (pH 8.7), 5 mM KCl (NH4)2SO4, 200 µM each
dNTP, MgCl2 ranging from 1.5 mM to 4 mM, 10 µM each primer, 1 unit of Taq
Polymerase (Qiagen) and 10 ng template DNA. Amplifications followed the same
basic cycling protocol: an initial denaturing step of 2 min at 94°C, followed by 35
cycles, with the first 5 cycles at 94°C for 30s, 30s at primer specific annealing
temperatures (Ta) (Table S3.2, Appendix B), followed by 1 min 30s extensions at
72°C and the remaining 30 cycles were performed as before, but at Ta –2 °C. PCR
products were purified by isopropanol precipitation (cyt b and S7I1) or gelpurification on 2% agarose gels, as two bands appeared routinely (ETS2). This was
also the case for S7I1 amplified fragments of some species. A 500 bp fragment was
retained for ETS2 whilst a 700 bp fragment was retained for S7I1. Gel-excised
fragments were purified in a column following manufacturer’s protocols (Qiagen).
Purified templates were quantified by UV-Vis absorbance (ND - 1000
Spectrophotometer, NanoDrop®) and sent to Macrogen Inc. (South Korea) for direct
sequencing in both directions.

Data compilation
The majority consensus sequence of the multiple specimens sequenced was
used to represent each taxon (S. Klanten). Sequences were edited using Sequencher
4.5 (Gene codes corporation), and automatically aligned using ClustalX (Thompson et
al. 1997) and finally manually corrected using Se-Al version 2.0 available at
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http://evolve.zoo.ox.ac.uk (Rambaut 1996). Sequences of this study are available at
GenBank accession numbers (ETS2: FJ167730 – FJ167792; S7I1: FJ167793 –
FJ167846, FJ167848 – FJ167856 and cyt b: FJ167682 – FJ167709, FJ167711 –
FJ167719, FJ167721 – FJ167729). Several sequences of cytochrome b were used
from GenBank (Chaetodon: C. argentatus AF108580, C. citrinellus AF108585, C.
kleinii AF108591, C. lineolatus AF108593, C. lunula AF108594, C. meyeri
AF108597, C. milliaris U23606, C. multicinctus U23588, C. ornatissimus AF108600,
C. plebius AF108602, C. quadrimaculatus AJ748302, C. unimaculatus AJ748304;
Chelmon rostratus AF108612, Coradion altivelis AF108613, Coradion chrysozonus
AF108614, Forcipiger flavissimus AF108615, Hemitaurichthys polylepis AF108616,
Heniochus acuminatus AF108618 and Parachaetodon ocellatus AF108622 as per
McMillan and Palumbi 1995; Littlewood et al. 2004; Nelson et al. unpublished). Each
locus was first examined for saturation using DAMBE version 5.010 (Xia and Xie
2001). This method employs an entropy-based index of substitution saturation (Iss);
if Iss is significantly larger than the critical Iss (i.e. Iss.c), sequences have experienced
substitution saturation (Xia et al. 2003). Prior to concatenating gene regions, each
gene was partitioned based on its function or structure. Coding genes (cyt b and a
short exon region (99 bp) of ETS2) were partitioned according to codon positions (1st
and 2nd combined as conserved region, and 3rd codon separately). Nuclear introns
(ETS2 and S7I1) were partitioned into putative stem (conserved) and loop
(hypervariable) regions. Eight separate gene partitions were identified in total.

Phylogenetic analyses
Maximum parsimony (MP) analyses were implemented in PAUP* 4.0b10
(Swofford 2000) using heuristic search methods with 1000 pseudo-replicate
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bootstraps, tree-bisection-reconnection branch swapping and random addition of taxa
(S. Klanten). Two separate heuristic MP runs were performed. First, all sites were
treated equally and second, sites were weighted according to gene partitions (3rd
codon, loop regions = 1; conserved (1st and 2nd codon) and stem regions = 2). A 50%
majority rule consensus tree was generated from all shortest trees obtained. Bayesian
inference (BI) analyses were implemented in Mr Bayes version 3.1.2 (Huelsenbeck
and Ronquist 2001) using James Cook University’s HPC GridSphere system
(https://ngportal.hpc.jcu.edu.au/gridsphere/). The analysis of the combined data used
a partition mix model method (pMM) according to gene partitions with locus-specific
substitution models, using MrModeltest version 2.2 (Nylander 2004) and Aikaike
information criterion (AIC) (Nylander et al. 2004). Two Bayesian pMM analyses
were performed using Markov chain Monte Carlo (MCMC) simulations with four
chains of 2,000,000 generations each, sampling trees every 100 generations.
Stationarity was reached after 10,000 generations and a 50% majority rule consensus
tree was computed using the best 16,000 post burn-in trees from each run. Six
putative sister taxa were included in the analyses, three pomacanthids (Pomacanthus
annularis, P. rhomboids and P. sexstriatus), an ephippid (Platax orbicularis), and two
scats (Scatophagus argus, Selonotoca multifasciata) and, in addition, two distant
outgroups, a kyphosid (Kyphosus vaigiensis) and a microcanthid (Tilodon
sexfasciatum), which were used to root resulting trees. The single best tree was
selected for molecular dating.
Maximum likelihood (ML) analysis was performed using Garli version 0.95
(Zwickl 2006). Ten independent runs were performed using the best substitution
model (as per AIC) for the combined data (not partitioned) implemented with
Modeltest version 3.7 (Posada and Crandall 1998). The best trees from the individual
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runs were compared to ensure they did not differ in topology and that the ML search
was not arriving in a suboptimal area of tree space. In addition, a ML analysis with
100 bootstrap replicates was preformed to show support of individual clades in the
tree.

Molecular dating
Age estimation of the chaetodontid lineages was performed in the program
BEAST v1.4.8 (Drummond and Rambaut 2007). BEAST implements Bayesian
Inference and a MCMC analysis to simultaneously estimate branch lengths, topology,
substitution model parameters and dates based on fossil calibrations. It also does not
assume substitution rates are autocorrelated across lineages, allowing the user to
estimate rates independently from an uncorrelated exponential distribution (UCED) or
lognormal distribution (UCLD). Many empirical data sets have been shown not to
demonstrate autocorrelation of rates and times (Drummond et al. 2006; Alfaro et al.
2007; Brown et al. 2008). An initial ultrametric tree was constructed in r8s 1.71
(Sanderson 2004) from the topology and branch lengths of the best Bayesian tree
recovered from phylogenetic analyses, using a penalized likelihood (PL) method
(Sanderson 2002). This topology was used for calibration purposes, by using
parametric priors implemented in BEAST to make assumptions a priori based on
fossil and biogeographic data (see below).
The vast majority of reported fossil chaetodontids are demonstrably erroneous
(Bannikov 2004), a pattern common in many other reef groups (e.g. scarids, Bellwood
and Schultz 1991; pomacentrids, Bellwood and Sorbini 1996). Fossil selection is
critical, and fossils were only used if placed in a family based on reliable
morphological criteria. Fossil calibrations were therefore restricted to fossils from
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two families recorded from the Eocene (50 MY) deposits of Monte Bolca: Eoplatax
papilio (Ephippidae) (Blot 1969) and Eoscatophagus frontalis (Scatophagidae) (Tyler
and Sorbini 1999). With both putative ephippid and scatophagid fossils having a
minimum age of 50 MY, an exponential prior was placed on the Platax node (PL)
with a hard lower bound age of 50 MY and a 95% soft upper bound of 65 MY. The
exponential prior reflects the decreasing probability of a lineage being older than its
oldest fossil (Yang and Rannala 2006; Ho 2007). The soft upper bound of 65 MY
representing the transition of fish faunas at the K/T boundary (following Bellwood
and Wainwright 2002; Bellwood et al. 2004; Fessler and Westneat 2007) beyond
which there is no fossil record of modern reef fish families.
BEAST MCMC runs of 10 x 106 generations were performed assuming the
UCLD model with eight unlinked data partitions and unlinked substitution models
specified by MrModeltest v2.2 (Nylander 2004). Ten independent analyses were run
sampling every 500th generation. Resulting log files were examined using Tracer v1.4
(Rambaut and Drummond 2007) to ensure all analyses were converging on the same
area in tree space. Tree files (minus 10% approx. burnin) were then combined using
LogCombiner (Rambaut and Drummond 2007) and compiled into a maximum clade
credibility chronogram to display mean node ages and highest posterior density
(HPD) intervals at 95% (upper and lower) for each node.

Optimising ecological traits
Two ecological traits (corallivory and habitat use) were mapped to the best
phylogenetic tree that was the basis for dating diversification in the chaetodontids,
using Mesquite v 2.6 (Maddison and Maddison 2007). Habitat use traits were scored
as 0 = not on reefs, 1 = rocky reefs, and 2 = coral reefs. Diet traits were scored as 0 =
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non-corallivore, 1 = omnivores (that have < 1% coral in the diet and feed on other
invertebrates and/or algae), 2 = facultative or occasional coral feeders (which include
some (1 - 80%) hard coral in the diet, and 3 = corallivores (in which the diet is
dominated by i.e. > 80% hard or soft corals). Ecological character states were drawn
from the published literature (Table S3.3, Appendix B). Within the corallivores,
species are further identified as obligate hard or soft corallivores when they feed
exclusively on a specific coral type.

Diversification rates
All diversification statistics were preformed in R version 2.7.2
(http://www.Rproject.org) (Ihaka and Gentleman 1996) using functions written for
GEIGER (Harmon et al. 2008), LASER (Rabosky 2006) and associated packages.
The constant rates (CR) test of Pybus and Harvey (2000) was used to investigate the
rates of cladogenesis of the chaetodontid crown group. This test estimated the gamma
statistic of the BEAST generated chronogram. Significantly negative gamma values
(< -1.645, one tailed test) indicate a decrease in the rates of cladogenesis over time.
This implies that internal nodes of the tree are distributed closer to the root than
would be expected under a Yule (pure birth) process. To account for incomplete
taxon sampling (which increases Type 1 error of the CR test; Pybus and Harvey 2000)
a Markov chain constant rates (MCCR) test (Pybus and Harvey 2000) was used to
compare the observed gamma to that of the null distribution created from 10,000
randomly subsampled, simulated (full) topologies under a Yule process. The relative
cladogenesis statistic (Nee et al. 1992) was used to identify lineages with significantly
faster/slower rate of cladogenesis. These methods have previously been used to
investigate diversification rates in tetraodontiform lineages (Alfaro et al. 2007).
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Methods implemented in the tetraodontiform study (Alfaro et al. 2007) were
used to calculate the global diversification rate (rG) of the chaetodontids across
extinction rates (ε) in increments of 0.1 from 0 to 0.9 (see Magallon and Sanderson
2001). Using functions in GEIGER (based on the method of moments estimator of
Magallon and Sanderson 2001) the probabilities of the observed species richness in
each of the major chaetodontid lineages were calculated using crown group ages and
the global estimates of diversification (rG) for each increment of extinction. In the
case of the C. robustus lineage, no other reported taxa in this clade were included in
this study and thus the stem group age estimator was used (equation 10a; Magallon
and Sanderson 2001; see Alfaro et al. 2007) to calculate the above probability.

3.3.	
  Results	
  

Sequence variability
We examined 1759 bp of sequence of which approximately 50% was
parsimony-informative. The two nuclear markers, ETS2 and S7I1 had 647 bp and
655 bp respectively, cytochrome b contributed a further 426 bp with (47%, 65% and
47% parsimony informative sites, respectively). None of the individual gene regions
were saturated (Iss 0.43 < 0.8 Iss.c, Iss 0.3 < Iss.c 0.8 and Iss 0.3 < Iss.c 0.78,
respectively), neither was the concatenated data (Iss 0.4 < 0.8 Iss.c).

Model selection
The gene-specific models (AIC) for each of the eight gene partitions used for
Bayesian analysis were as follows: Cyt b conserved region (gene 1, 1st and 2nd
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codons) required a GTR+G model (gamma shape parameter = 0.2397) with
substitution Nst = 6, for its 3rd codon region (gene 2) a GTR+I+G model (invariable
sites = 0.02, gamma = 3.9890) with substitution Nst = 6. ETS2 coding region
required for its conserved (gene 3) region a K80 model with substitution Nst = 2 (ti/tv
ratio = 2.5419), and its variable (gene 4, 3rd codon) region a HKY model with
substitution Nst = 2 (ti/tv ratio = 1.5633). Both ETS2 stem (gene 5) and loop (gene 6)
required a GTR+G model (gamma = 0.9426, gamma = 1.2595 respectively) with Nst
= 6 substitution classes. S7I1 stem (gene 7) region required a HKY+G model
(gamma = 1.5603) with substitution Nst = 2 (ti/tv ratio = 1.3058) and its loop regions
(gene 8) a GTR+G model (gamma = 5.4651) with substitution Nst = 6. The model
selections for pMM Bayesian inference only requires a general ‘form’ of the model
(Nylander 2004), as the Markov chain integrates uncertainties of the parameter
values. Therefore, seven of the eight gene partitions had a base frequency = dirichlet
(1,1,1,1) (i.e. unequal) while the eight gene (gene 3, ETS2 coding, conserved region)
base frequency was set to = fixed (equal).
Maximum likelihood analysis (Garli) required an overall GTR+G model
(gamma = 0.5120) for all regions, substitution Nst = 6 with substitution rates fixed
(0.7160, 2.3497, 0.8239, 0.6913, 3.8464), and base frequencies fixed (0.26, 0.2336,
0.2115, 0.2949).

Tree inference
Stationarity of the Bayesian analyses was reached after much fewer then
10,000 generations in both runs, (visualised in Tracer version 1.4, Rambaut and
Drummond 2007) and the 50% majority rule consensus tree topology was no different
from the best trees of each run (-lnL = -22,255.116 1st run and lnL = -22,254.149 2nd
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run) with very high posterior probabilities (Fig. 3.1). Both MP and ML analyses
inferred the same tree topology as per Bayesian analysis. We therefore included only
the support for each retrieved node (Fig. 3.1). Four major clades of Chaetodon were
retrieved, resembling closely the four clades retrieved in a previous molecular study
by Fessler and Westneat (2007). Although identical species were not analysed in the
two studies, the placement of species common to both studies was identical, despite
the use of different loci in the two studies. For clarity, in Chaetodon we follow the
four clades of Fessler and Westneat (2007). Old taxonomic groupings were found to
be of limited utility (only one remains intact and retains its traditional boundaries
(Radophorus in Clade 4) and we will not consider them further within Chaetodon.
Fessler and Westneat (2007) provide a thorough evaluation of the taxonomy of the
family. The only additional detail from our study is that Parachaetodon would make
Chaetodon (and the subgenus Discochaetodon) paraphyletic and it is probably best
placed within Chaetodon (as a junior synonym).
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Figure 3.1: Inferred phylogeny of the family Chaetodontidae, based on 56 species with

representatives from all 11 genera and 12 subgenera, obtained by Bayesian, maximum
parsimony and maximum likelihood analyses for three loci (ETS2, S7I1 and cyt b). The
topology shows the best bayesian tree with posterior probabilities (consensus of 32,000 trees)
and bootstrap support (> 50%) of MP and ML (1000 and 100 bootstrap replicates
respectively). Stars ‘*’ indicate 100% support. Dashed lines '--' indicate no bootstrap support.
The tree was rooted with Kyphosus vaigiensus and Tilodon sexfasciatus.
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Molecular dating
The best Bayesian topology and branch lengths received by phylogenetic
analyses (Fig. 3.1) was used as the initial starting tree with an exponential prior used
to calibrate the PL node (see methods). BEAST log files analysed in Tracer showed
convergence between independent runs in tree space. High effective sample size
(ESS) scores of individual parameters indicated valid estimates based on independent
samples from the posterior distribution of the MCMC. A maximum clade credibility
chronogram was compiled in Tree Annotator from 180,000 post-burnin trees (9 x 107
generations from 10 BEAST MCMC runs). The chronogram displays mean node
heights received at each node by BEAST MCMC with bars representing 95% HPD
(Fig. 3.1; Fig. S3.1, Appendix B). The family Chaetodontidae dates back to the early
Eocene where it split from pomacanthids with a mean age of the MRCA of 50.1 MY
(41.5 to 60.7, 95% HPD). Estimated ages indicate the origin of the Chaetodon clade
at a mean age of 32.8 MY (24.9 to 40.9, 95% HPD) after which it rapidly diversified,
with the four major lineages in place by the mid Miocene (Table S3.4, Fig S3.1
Appendix B). In addition, during the early Miocene we see the origins of the three
major divisions within the bannerfish clade.

Optimisation of ecological traits
Based on the species examined it is clear that corallivory has arisen on at least
five separate occasions (Fig. 3.2; Fig. S3.2, Appendix B). Corallivory has been
reported in 25 chaetodontid species (Table S3.1, Appendix B). All are in the reefbutterflyfishes clade and are restricted to a single monophyletic genus, Chaetodon
(Fig. S3.3, Appendix B). Of these 25 corallivores, 17 are included in the current
phylogeny. The remaining eight species are easily included in the four main
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Chaetodon clades based on previous phylogenetic and taxonomic evidence (Table
S3.1, Appendix B).
Chaetodon clade 1 contains only three species; all are restricted to West
African coastal waters, with no record of coral feeding. Chaetodon clade 2 (37
species) contains three distinct lineages of coral feeders (estimated MRCA to
omnivorous sister taxa in parentheses): C. quadrimaculatus (3.2 MY), the C.
multicinctus clade (4.9 MY) and the C. unimaculatus-interruptus clade (4.3 MY).
The first two lineages are hard coral feeders and probably have an obligate
dependence on corals. C. unimaculatus and C. interruptus feed on soft and hard
corals. Chaetodon clade 3 is predominantly corallivorous, with 20 of the 22 species
being obligate corallivores. Of the remaining species, the diet of C. tricinctus is
unknown, leaving one noncorallivore, Parachaetodon ocellatus. The chronogram
places the origins of corallivory at about 15.7 MY. Of the 31 species in Chaetodon
clade 4 only two are corallivores: C. melannotus and C. ocellicaudus. These sister
species are both obligate soft coral feeders (Table S3.1, Appendix B). They separated
from their omnivorous sister at about 9.8 MY.
Ancestral habitat reconstruction show that coral reef association goes back to
the origins of the crown Chaetodon group, and possible to the initial split from the
bannerfish clade (Fig. S3.3). The MRCA of the four major Chaetodon lineages was
most probably inhabiting a coral reef habitat.
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Figure 3.2: A chronogram of the Chaetodontidae with optimised trophic modes reveals five
independent origins of corallivory over the last 8.4 - 2.1 MY. Red dotted branches indicate obligate
hard coral feeders and blue dashed branches obligate soft coral feeders. The estimated ages are in MY
(see Fig. S3.1 and Table S3.4 in Appendix B for confidence intervals of age estimates). The
butterflyfish illustrations exemplify some of the corallivores in each of the clades in which corallivory
has arisen (from Kuiter 2002).
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Diversification rates
The relative cladogenesis statistics identified the Chaetodon lineage as having
a significantly different rate of cladogenesis than its sister lineage. Both CR and
MCCR tests showed no evidence for a slowdown in the rate of cladogenesis through
time for the family Chaetodontidae (γ = -1.248, MCCR adjusted p-value = 0.55). As
noted by Magallon and Sanderson (2001) the estimates of rG decreased with
increasing extinction rates (Table 3.1). The Chaetodon clade (CH) with all
subtending lineages showed significantly higher species diversity than expected given
the global diversification rate up to 90% extinction rate (adjusted p-value = 0.03; ε =
0.9). Clades 2 and 4 (C2, C4) showed significantly higher species diversity than
expected (up to 80% extinction), however, the corallivorous clade 3 (C3) is not
significantly more diverse than expected given the crown diversification rate even in
the absence of extinction. The Prognathodes lineage also shows significantly higher
diversification for up to 30% extinction (p-value = 0.044). If using a Bonferroni
correction (adjusted p-value of 0.0038) the Chaetodon (CH and C2+3+4) clade still
remains significant at low extinction rates.
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Table 3.1: Departure of chaetodontid lineages from global diversification rate estimated of the family
Chaetodontidae. Bold p-values highlight significantly higher species richness in subtending clade than
expected under the global rate of cladogenesis (* indicates significance after Bonferroni correction). ε
is the extinction rate, rG is the estimated global Chaetodontidae speciation rate conditional on the
extinction rate. Clade names and ages are taken from the node labels and mean node heights of Fig.
3.1, and Table S3.1 in Appendix B.
Clade name

AGE

Total

ε=0

ε = 0.3

ε = 0.5

ε = 0.6

ε = 0.8

ε = 0.9

Crown Group

32.8

130(56)

rG=0.1274

rG=0.1246

rG=0.1188

rG=0.1141

rG=0.0971

rG=0.0787

CF

26.1

27(16)

7.61E-01

6.81E-01

6.61E-01

6.60E-01

6.76E-01

7.00E-01

CP

23.9

103(40)

4.23E-02

7.27E-02

9.32E-02

1.05E-01

1.42E-01

1.81E-01

AC

22.9

12(8)

8.84E-01

7.95E-01

7.76E-01

7.75E-01

7.94E-01

8.18E-01

C1*

17.8

3(1)

8.04E-01

8.49E-01

8.76E-01

8.89E-01

9.19E-01

9.38E-01

CH

17.8

93(38)

5.03E-04*

2.89E-03*

7.39E-03

1.16E-02

3.13E-02

6.29E-02

FH

14.2

16(8)

2.69E-01

3.01E-01

3.29E-01

3.50E-01

4.31E-01

5.19E-01

C3

13.4

21(13)

9.94E-02

1.44E-01

1.80E-01

2.04E-01

2.88E-01

3.83E-01

C2

12.6

37(14)

3.15E-03

1.14E-02

2.39E-02

3.46E-02

8.15E-02

1.49E-01

C4

11.3

31(11)

3.10E-03

1.12E-02

2.39E-02

3.50E-02

8.43E-02

1.57E-01

Ho

7.8

8(3)

2.01E-01

2.46E-01

2.81E-01

3.05E-01

3.96E-01

4.99E-01

PR

5.5

10(2)

2.07E-02

4.37E-02

7.08E-02

9.13E-02

1.69E-01

2.67E-01

C2+C3+C4

16.6

89(38)

1.61E-04*

1.26E-03*

3.90E-03

6.71E-03

2.21E-02

5.00E-02

C3+C4

15.7

52(24)

5.44E-03

1.69E-02

3.14E-02

4.28E-02

8.81E-02

1.49E-01

(CT)
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3.4.	
  Discussion	
  

Systematics of the Chaetodontidae
I present a comprehensive evaluation of the Chaetodontidae, with
representatives from all described genera and currently recognised subgenera. There
was an extremely high degree of congruence among gene regions and among methods
(Likelihood, Parsimony and Bayesian). Using independent models for each gene
partition the resultant phylogeny had strong support for all major nodes. In all
analyses, the phylogeny strongly supports the monophyly of the family with a basal
split into two clades: the long-snouted bannerfishes and the reef butterflyfishes.
This phylogeny identified three major divisions in the long-snouted bannerfish
clade and four divisions in the reef butterflyfish clade. A comparable pattern, for nine
of the ten genera, was reported by Fessler and Westneat (2007). The data support this
earlier study in placing Amphichaetodon within the bannerfish clade, rather than as a
sister taxon to all remaining species in the family, as suggested by most
morphological phylogenies (Smith et al. 2003). The degree of agreement between the
two molecular studies is noteworthy. Despite using different markers and different
representative species, the topology of the resultant trees was almost identical. This
provides excellent independent corroboration of our tree. With a robust, wellsupported phylogenetic reconstruction for this family, we are now able to explore the
evolutionary history of corallivory.

Divergence times within the Chaetodontidae
Given the well-supported cladogram, with independent support for the
topology, I endeavoured to provide robust molecular age estimates within a
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chronogram. The use of the program BEAST allowed more precise age calibrations
than previous approaches. Furthermore, the use of exponential priors accommodates
both the influence of the faunal transition at the K/T boundary and the stronger
influence of the 50 MY calibration based on the fossil ephippid (Eoplatax). The age
estimates in the resultant chronogram are supported by several independent lines of
evidence.
Firstly, the estimated ages agree well with the available fossil record. The two
best fossil dates were used for calibration (i.e. 1. The K/T boundary, marking the
transition between Mesozoic and Cenozoic faunas (Patterson 1993; Bellwood and
Wainwright 2002), and 2. The calibration 50 MY, marking the earliest fossil record of
numerous reef fish families (Bellwood 1996)). However, there is a third piece of
fossil evidence: a fully articulated Miocene fossil chaetodontid (Carnevale 2006). It
is morphologically extremely similar to extant taxa in clade 4, and at 7 MY old lies
shortly after the age estimates for this clade with a mean age of 11.3 and 95% HPD of
7.9 to 15.2 MY.
Secondly, as an independent check, the estimated ages were compared with
major biogeographic events. These again compare favourably. Firstly, the Terminal
Tethyan Event (TTE) marking the final closure of the Red Sea land bridge is dated
between 12 and 18 MY (Steininger and Rögl 1984). These ages approximate the
minimum age of the initial division between the major clades within Chaetodon at
17.8 MY (13.3 to 23.2 MY, 95% HPD). Of the major clades, two (2 and 4) lie on
either side of the land bridge, while clade 1 is restricted to the Atlantic and clade 3 to
the Indo-Pacific. Secondly, the ages of lineages that appear to have been separated by
the rising of the Isthmus of Panama (IOP) i.e. C. humeralis – C. ocellatus at 3.4 MY
(1.8 to 5.4 MY, 95% HPD) are again extremely close to the estimated final closure of
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this land bridge at 3.1 MY (Coates et al. 1992), with the 95% density distribution
encompassing the geological dates (Lessios 2008). Finally, divisions between the
Indian Ocean and Pacific Ocean pairs (e.g. C. unimaculatus-interruptus at 1.3 MY
and C. trifasciatus at 2.4 MY) closely match the estimated ages of other Indian Ocean
- Pacific Ocean divisions (Read et al. 2006; McCafferty et al. 2002). The separation
of C. sedentarius and C. sanctaehelenae from their closest known sister lineage in the
Indo-Pacific may be a further example of an invasion of the Atlantic via the Cape of
Good Hope (reviewed in Floeter et al. 2008). Based on the first two biogeographic
divisions (TTE and IOP), our estimated ages with HPD intervals closely approximate
these two well dated biogeographic events.
Finally, a comparison of these age estimates with those in previous studies,
using a range of calibration methods, suggest that the estimated ages of the terminal
taxa presented here are comparable to those of other reef fishes (e.g. Fauvelot et al.
2003; Bernardi et al. 2004; Klanten et al. 2004; Barber and Bellwood 2005; Read et
al. 2006; Chapter 2) and other reef organisms (Palumbi et al. 1997; Lessios et al.
1999; Renema et al. 2008). The closest study to the present work is by Fessler and
Westneat (2007) which yielded a very similar phylogeny and broadly comparable
ages, even though they used a single model in tree construction and an additive PL
method for age estimation, while here partitioned mixed model and Bayesian MCMC
analyses were used with informative prior calibrations. These differences will not
necessarily change the tree topology but can change relative branch lengths, while the
BEAST analyses take into account uncertainty in topology, sequence dataset and
model parameters. Overall, fossil, biogeographic, and comparative data all provide
strong support for the chronogram presented here. This provides a relatively robust
platform for evaluating the evolution of corallivory on coral reefs.
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Evolutionary and biogeographic patterns within the Chaetodontidae
In the Chaetodontidae, a move onto reefs was associated with a significant
increase in species richness. Interestingly, there was no increase associated with a
switch to corallivory and the exploitation of this widely available reef resource. The
Chaetodontidae can be effectively divided into two ecologically and morphologically
distinct clades that should be represented as sub-families: the bannerfishes and the
butterflyfishes. The bannerfish clade is characterised by a distinctive long-snout
morphology and it is within this clade that we see a novel suspensorial protrusion
mechanism (Ferry-Graham et al. 2001a). Despite the morphological variation and
innovation within the bannerfish clade, however, the standing species richness of the
bannerfish lineage is not significantly different than expected given the global rate of
cladogenesis (even at high extinction rates) for the crown Chaetodontidae (Table 3.1).
Biogeographically, the bannerfish clade has close links with Australia and temperate
or sub-tropical waters, and a subtropical Australian origin for this clade remains a
distinct possibility. Although habitat optimisation in the bannerfishes is uncertain
(Fig. S3.3, Appendix B), three of the eight lineages are found on temperate
subtropical rocky reef and many species in the other lineages are found in rocky or
coastal waters, supporting these temperate associations.
In contrast to the bannerfishes, the butterflyfishes exhibit limited
morphological variation. Indeed, they appear to be relatively uniform (Motta 1988)
with relatively simple oral jaw mechanics and kinematics (Ferry-Graham et al.
2001a). Only with respect to intramandibular flexion does there appear to be any
clear morphological variation (Konow et al. 2008). Depending on the definition of a
coral reef and a coral reef fish (cf. Bellwood and Wainwright 2002), it appears that
there have been multiple invasions of coral reefs by chaetodontids. The butterflyfish
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clade contains 103 species, approximately 80% of species within the family, and is
strongly associated with coral reefs. As in parrotfishes (Streelman et al. 2002),
wrasses (Westneat and Alfaro 2005), and tetraodontids (Alfaro et al. 2007), the reef
dwelling clades are exceptionally species rich. The Chaetodon clade, in particular,
exhibits far higher numbers of species than expected even at high extinction rates (pvalue = 0.03, ε = 0.8). When considering just the reef-based clades 2, 3 and 4 there is
a greater significant difference (p-value = 0.021, ε = 0.8) from expected. It thus
appears that a move to reefs did indeed underpin diversification in Chaetodon, as
previously reported in the Tetraodontiformes (Alfaro et al. 2007). This pattern may
be expected in a number of reef fish groups (Bellwood and Wainwright 2002).
However, it is noteworthy that clade 3 does not demonstrate higher species richness
than expected, even though this obligate reef fish clade contains the largest number of
corallivores found in any teleost taxon. It appears that a move onto reefs, not a switch
to corallivory, underpinned diversification within the family.

The rise of corallivory
The Chaetodontidae contains more corallivores than any other fish family;
however, this did not arise as a result of a single exceptional event. Corallivory has
arisen at least five times, with representatives in almost every major butterflyfish
clade. Furthermore, it appears to have arisen relatively recently (15.7 - 3.2 MY) and
in a number of markedly different ways.
The oldest estimated record of corallivory is in Chaetodon clade 3 at 15.7 MY
(the MRCA with an omnivorous sister lineage; Fig. S3.2, Appendix B). Of the 13
species examined in this clade, 12 are corallivorous (the exception is Parachaetodon
ocellatus). Nine additional species can be placed in this clade based on phylogenetic
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(austriacus, larvatus, octofasciatus, speculum, zanzibarensis) and taxonomic
(melapterus, lunulatus, andamanensis, triangulum) evidence (Fessler and Westneat
2007; Hsu et al. 2007). All these taxa are obligate corallivores. This is the oldest
record of corallivory in the family and it is in clade 3 that we see the strongest reef
associations and the tightest links between fishes and corals. Several species feed on
just one or two coral species and may be incapable of switching prey species
(Berumen and Pratchett 2008), while others specialise by ingesting specific parts of
the coral or just mucous (Cole et al. 2008). These species have relatively long
intestines and appear to represent an extreme level of coral feeding specialisation
(Elliott and Bellwood 2003; Konow and Ferry-Graham in press). Given this level of
specialisation, it is no surprise that it is species within this clade that exhibit the most
extreme negative response to the decline in coral cover as a result of anthropogenic
disturbances and climate change (Pratchett et al. 2006, 2008; Wilson et al. 2006).
Given this long association with corallivory, the monotypic Parachaetodon
was a striking inclusion in clade 3. Parachaetodon ocellatus is not a corallivore and
often lives in sheltered sediment rich areas (Allen et al. 1998). Given its position in
the tree, this appears to be the first recorded reversal from corallivory to omnivory.
The evolutionary scenario that may have triggered such a change is unclear. The
explanation may be biogeographic, with a dietary switch following the loss of corals
in an isolated marine basin.
The second oldest record of corallivory is in Chaetodon clade 4 at about 9.8
MY, in C. melannotus and its sister species C. ocellicaudus (cf. Fessler and Westneat
2007; Hsu et al. 2007). These species are again strongly reef associated and highly
specialised obligate coral feeders. However, these taxa are restricted exclusively to
soft corals. Their relationship with other members of the clade is not well resolved
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and a sister group relationship with the omnivore C. selene suggested by Fessler and
Westneat (2007) would imply that the origins of corallivory in the melannotusocellicaudus clade are younger than our estimate. Nevertheless, this represents an
independent, and highly distinctive, obligate soft coral-feeding lineage.
The most recent examples of corallivory are found in Chaetodon clade 2. This
clade contains a large number of species that occasionally graze on live corals, but
only four obligate corallivores. Here, corallivory arose as a result of three
independent events: C. multicinctus clade (inc. pelewensis and punctatofasciatus) at
about 4.9 MY, C. quadrimaculatus at about 3.2 MY and the C. unimaculatusinterruptus clade at about 4.3 MY. These ages are not well established as incomplete
taxon sampling precludes robust estimates. Nevertheless, all three stand as relatively
recent independent events, a pattern that is unlikely to be altered by further taxon
sampling. There are two different feeding modes. The first two lineages contain
obligate corallivores and in both cases the preferred coral prey appear to be
Pocillopora spp. (Berumen and Pratchett 2006). The latter clade consists of two sister
taxa that feed exclusively on corals; C. unimaculatus in the Pacific and C. interruptus
in the Indian Ocean. C. unimaculatus appears to be unique in that it feeds on both
soft and hard corals (hard in French Polynesia and Hawaii vs. soft on the Great
Barrier Reef and in Guam; Motta 1988; Wylie and Paul 1989; Konow and FerryGraham in press; Pratchett unpublished data). It is also the only butterflyfish to take
large bites from corals that remove both the polyp and the surrounding tissues. In
this, the bite is more reminiscent of excavating parrotfishes, which leave distinctive
scars at the feeding site (Bellwood and Choat 1990). This robust feeding mode is
reflected by unusually robust jaw morphology of this lineage (Motta 1988; Konow et
al. 2008).
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Despite the clear patterns, care is needed when interpreting evolutionary history from
phylogenies. The ages of origination refer to the approximate ages at which extant
lineages are hypothesised to have commenced corallivory. The ages of these taxa are
comparable to those recorded from other reef fish families such as the Pomacentridae
(e.g. McCafferty et al. 2002), Labridae (e.g. Read et al. 2006; Chapter 2), and
Acanthuridae (Klanten et al. 2004). Yet, in each of these three families the Eocene
fossil record yields several extinct fossil taxa that are the functional equivalents of
extant taxa (Bannikov and Sorbini 1990; Bellwood and Sorbini 1996; Tyler and
Sorbini 1999). One cannot, therefore, discount the possibility that corallivory
predated the origins of extant lineages and the minimum age estimates presented here.
However, these estimates do provide a clear indication of the minimum age of this
feeding mode and evidence of an increasing diversity of corallivores, in terms of both
feeding modes and number of lineages, during the Miocene and Pliocene (15.7 to 3
MY).

Corallivory and its implications for reef-fish interactions and the evolution of coral
reefs
The chronogram I present clearly suggests that corallivory did not arise with
the origins of the major coral groups in the Eocene. Rather, it ties in with a major
expansion and reorganisation of reefs in the Miocene, and coincides with the initial
formation of the biodiversity hotspot in the Indo-Australian Archipelago.
Even given that these estimates are minimum ages, 15.7 to 3 MY still
represents a relatively recent origination for such a derived feeding mode as
corallivory. Scleractinian corals have been a significant component of shallow
carbonate reefs since the early Tertiary, with most of the major Acropora clades (the
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coral genus targeted by most modern corallivores) already represented in the Eocene
at 49 to 37 MY (Wallace and Rosen 2006). In contrast, other major coral reef benthic
feeding modes, e.g. grazing herbivory and crushing with pharyngeal jaws, have been
present for at least 50 MY (Bellwood and Sorbini 1996; Bellwood 1999; Bellwood
2003; Chapter 2). The problem of minimum estimates notwithstanding, this relatively
recent rise of corallivory raises two questions: are chaetodontids one of the most
recent taxa to switch to corallivory and does this switch reflect a broader change in
the nature of reef-fish interactions?
In terms of the evolution of corallivory, the evidence is scarce but all the
indications are that the timing of corallivory in chaetodontids is comparable to that of
the only other major group with significant numbers of corallivores, the labrids.
Based on the most recent labrid phylogeny (Chapter 2) corallivory appears to be
derived, to have arisen only once (in the Labropsis-Labrichthys clade) and to have
arisen relatively recently, although considerably earlier than in the Chaetodontidae (at
29 MY). In the parrotfishes (i.e. Bolbometopon muricatum and Sparisoma viride)
coral feeding probably arose prior to the late Miocene (12 MY and 10 MY,
respectively; Robertson et al. 2006; Chapter 2). Overall, it appears that the
chaetodontids are only exceptional in terms of the number of corallivorous species
within the family. Their dietary shift appears to have coincided with a general rise in
corallivory in a range of reef fish families.
In terms of the broader changes in the nature of reef-fish interactions, the rise
of corallivory in the Miocene is consistent with several other lines of evidence. We
see a progressive increase in detritivory in the Miocene (Harmelin-Vivien 2002) and a
number of novel specialist groups, e.g. specialist foraminifera feeders and fish
cleaners (Macropharyngodon; Read et al. 2006; Chapter 2). The origins of
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corallivory, therefore, fit in a broader context in which the Miocene exhibits a new
level of reef-fish interactions with more specialised reef-associated taxa. This may be
associated with the rise of Acropora and Pocillopora as the dominant coral groups
during this period (Johnson et al. 2008; B. Rosen, pers. comm.). The vast majority of
corallivores and all obligate specialists feed only on these coral genera.
The number of independent origins of corallivory and the lack of
morphological modifications to the feeding apparatus suggest that there are few
morphological restrictions to corallivory, although the elongation of the intestine
suggests that the difficulty, if any, may lie in processing rather than procuring coral
tissues. Extant corallivores are often highly selective feeders, exploiting specific
coral species or even specific sites on a coral (e.g. damaged tissues) (McIlwain and
Jones 1997). The rise of corallivory may therefore have been dependent on corals
reaching sufficient densities to permit the selective feeding necessary to adequately
process the coral tissues; the increased access to Acropora and Pocillopora colonies
triggering the expansion of corallivory in the Miocene. The rapid expansion of coral
bearing carbonate platforms in the Indo-Australian Archipelago in the early-mid
Miocene (Wilson 2008) may therefore have acted as the trigger for not only the rapid
expansion of numerous fish groups but the origins of trophic novelty, including
corallivory (Renema et al. 2008; Chapter 2). In this context, it is interesting to note
that on modern coral reefs the number of corallivores declines swiftly in response to
the loss of coral cover (Pratchett et al. 2006, 2008).
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3.5	
  Conclusions	
  	
  	
  
Coral reefs have been exposed to escalating predation pressure for millennia
(Vermeij 1977; Bellwood 2003). For corals, predation by fishes certainly appears to
have increased over the last 15 MY. We now have, for the first time, an
understanding of the origins of corallivory in fishes. Of all corallivorous fishes 63%
are found within a single family, the Chaetodontidae. Yet surprisingly, within this
family, this derived feeding mode has arisen at least five times over the last 3 to 15.7
MY, with specialists on both soft and hard corals. This unusual feeding mode appears
to reflect an exceptionally close association between this family and coral reefs. An
understanding of this history offers a new perspective on the nature of the
relationships between fishes and coral reefs in a changing world.
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4.1	
  Introduction	
  
Identifying the drivers of evolutionary change is an important goal of modern
evolutionary studies. It is particularly important in our understanding of biodiversity
hotspots and the factors that have shaped the evolution of multiple groups in these
areas. In the marine realm, this goal has been at the forefront of studies of coral reef
systems and their diverse ichthyological faunas (Bellwood and Wainwright 2002;
Connolly et al. 2003; Rocha and Bowen 2008; Renema et al. 2008; Kiessling et al.
2010). Several of the most abundant and conspicuous taxa of coral reef associated
teleosts have been examined with molecular tools to elucidate their generic and
species level relationships (Bellwood et al. 2004; Bernardi et al. 2004; Barber and
Bellwood 2005; Bowen et al. 2006; Mabuchi et al. 2006; Rocha et al. 2008; Alfaro et
al. 2009a; Cooper et al. 2009; Kazancioglu et al. 2009; Price et al. 2010). Such
studies have yielded considerable information on the temporal origin of lineages
within these coral reef fish groups. Although consensus is difficult, with a range of
methods and approaches, several studies have pointed to the central role of coral reef
association in underpinning diversification within major marine groups (Alfaro et al.
2007; Renema et al. 2008; Chapter 3).
There is strong agreement between both fossil and molecular evidence to show
that scleractinian corals and early representatives of modern reef teleost groups were
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in place by the early Eocene (Wallace and Rosen 2006; Renema et al. 2008). The
Mesozoic faunal transition (Patterson 1993), culminating in the mass extinction event
at the K/T boundary (65 MY), appears to have underpinned a major radiation of reef
fish lineages (Alfaro et al. 2007; Chapter 2). This is marked in the fossil record, with
representatives of several modern reef fish groups first appearing in the Eocene strata
(50 MY) of Monte Bolca, Italy (Bellwood 1996). There are representatives of recent
teleost forms present prior to the Eocene, but none are recognised as characteristic
reef dwelling taxa (Bellwood 1996; Goatley et al. 2010). The fossil record of
Acropora corals, synonymous with modern reefs, is both geographically and
temporally concordant with the first record of most major Acropora lineages in the
early Eocene of western Europe (Wallace and Rosen 2006). This time period (65 –
50 MY) has been identified as an important phase in the evolution of teleosts
associated with coral reefs (Bellwood and Wainwright 2002; Goatley et al. 2010),
exemplified by the appearance of piscine herbivory, which is now understood to play
a major role in reef resilience (Bellwood 2003). Nevertheless, it is not until later in
the Neogene (23 - 1.6 MY) that we see the greatest expansion of coral reef forms.
The expansion of coral reefs in the Neogene is associated with an eastward
shift in biodiversity from the West Tethys to the current biodiversity hotspot in the
Indo-Australian Archipelago (IAA) (Renema et al. 2008). Tectonic activity, along
with global cooling and changing ocean circulation have all been invoked as
evolutionary drivers in both marine (Williams and Duda 2008) and terrestrial groups
(Crisp and Cook 2009). The extent to which these processes impacted the rate of
speciation within coral reef fish lineages, however, remains unclear. An important
step in understanding the evolutionary history of coral systems is the ability to
quantify changes in diversity through time in order to explore the extent to which
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such periods of climatic upheaval and tectonic activity may have affected reef
associated fish lineages.
With the recent increase in chronograms, we are now, for the first time, able to
bring together well-supported chronologies, ecological data, and advanced
methodologies for diversification analyses, to assess congruent patterns of
cladogenesis among diverse reef fish lineages. These methodologies will allow us to
identify periods in the history of each reef fish family where elevated rates of
diversification resulted in significantly higher biodiversity than expected.
Congruence in patterns of diversification among multiple families will enable us to
identify periods of exceptional diversification and explore underlying evolutionary
forces driving cladogenesis within these groups. This will provide a clear assessment
of the evolutionary impacts of coral reefs on marine taxa and their role in shaping
biodiversity hotspots. The two key questions are: (1) Is there evidence of temporal
concordance in the evolutionary origins of diverse reef fish lineages, and (2) Does
reef use increase the rate of diversification in reef fishes?
The four families chosen for this study are the Labridae (wrasses), the
Chaetodontidae (butterflyfishes), the Pomacentridae (damselfishes) and the
Apogonidae (cardinalfishes). These taxa rank among the eight most species rich
teleost families on coral reefs (Bellwood and Wainwright 2002). They each display
varying degrees of ecological, morphological and trophic disparity (Fraser and
Lachner 1985; Elliott et al.1999; Wainwright et al. 2004; Mabuchi et al. 2006; Fessler
and Westneat 2007; Cooper and Westneat 2009; Kazancioglu et al. 2009; Chapter 3).
Chronograms for both the Labridae and Chaetodontidae have previously been
constructed in Chapter 2 and 3, which identify the crown origin of each family to be
in different epochs (Labridae in the Palaeocene; Chaetodontidae in the Oligocene).
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Chronograms for the Pomacentridae and Apogonidae have yet to be constructed in a
Bayesian framework. However, there is extensive molecular sequence data available
for both of these families (Elliott et al. 1999; McCafferty et al. 2002; Quenouille et al.
2004; Mabuchi et al. 2006; Santini and Polacco 2006; Thacker and Roje 2009). By
investigating patterns in the cladogenic history of lineages within these four
temporally and ecologically distinct reef fish families, we may identify underlying
forces driving species richness in reef habitats.
This study, therefore, builds on and extends chronograms previously
constructed for the Labridae (Chapter 2) and the Chaetodontidae (Chapter 3), and
provides newly constructed chronograms for the Pomacentridae and Apogonidae
using concatenated supermatrix methods. An array of diversification statistics is then
used to evaluate the histories of these families. Specifically, I will:
1. Identify congruent periods of elevated diversification among the four families
and evaluate their links to the biogeographic history of coral reef systems, and
2. Assess the relationship between the rate of diversification of a lineage and the
percentage of reef occupancy of its extant members (do reefs enhance
cladogenesis?), and examine the ability of taxa to sustain significant
diversification at increasing extinction rates (do reefs act as a refuge?).
Finally, I will compare patterns of diversification within these fish families with
published data for other reef groups.
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4.2.	
  Materials	
  and	
  Methods	
  
A range of published and unpublished sequence data for the families Labridae,
Chaetodontidae, Pomacentridae and Apogonidae (published online supplemental
material, Appendix E) were obtained from GenBank. Gene datasets were constructed
for each family and were concatenated into supermatrices for phylogenetic analyses.
The completeness of sequence information of each super matrix ranged from a
maximum of ~70% (Chaetodontidae) to a minimum of 48% (Apogonidae). Each
gene region also had well over the 6-taxon overlap recommended by Thomson and
Shaffer (2010b).
All gene regions were aligned using Clustal W (default settings), within
Geneious v4.8.5 (Drummond et al. 2009). Unalignable ambiguous loop regions were
identified in similar positions across all families in the 12s and 16s genes and were
removed. Each gene alignment underwent model selection in jModelTest (Guindon
and Gascuel 2003; Posada 2008) using Akaike information criterion (AIC) and
maximum likelihood (ML) optimised guide trees for model assessment. Individual
genes were reconstructed using ML analysis in Garli v1.0 (Zwickl 2006) for
topographic comparison. Gene alignments were concatenated into a supermatrix
using Phyutility (Smith and Dunn 2008). Supermatrices were then analysed using
ML in Garli. The tree with the best likelihood score was then used as the starting tree
for simultaneous estimation of topology, branch lengths and ages under a Bayesian
framework in BEAST 1.6.1 (Drummond and Rambaut 2007). Following procedures
from Chapter 2 and 3, fossil data, and historical biogeography events, were used to
place informative parametric priors on particular nodes of each of the family trees to
reflect the palaeontological history of the lineage (Table 4.1). Fossil data includes

73

newly described specimens for the Labridae (Bellwoodilabrus landinii, Bannikov and
Carnevale 2010) and the Chaetodontidae (tholichthys larvae, Micklich et al. 2009).

Datasets
The dataset for the family Labridae consisted of four mitochondrial gene
regions (12s, 16s, COI, Cyt B) and three nuclear markers (RAG2, TMO4c4, S7 II)
(Table S4.1, Appendix C). A total of 276 labrid taxa were included (~45% of
nominal species) with representatives from all major labrid tribes and minor lineages
(> 90% of nominal genera); 23 outgroup taxa included representatives of the
Cichlidae, Pomacentridae, Embiotocidae and other perciform groups.
The chaetodontid dataset consisted of four mitochondrial gene regions (12s,
16s, ND3, CytB) and four nuclear markers (RAG2, TMO4c4, S7 II, ETS2) (Table
4.2). The 97 chaetodontid species (~75% of nominal species) included
representatives from all nominal genera. Fourteen outgroup taxa included members
of the Pomacanthidae, Ephippidae, Kyphosidae, Scatophagidae, Zanclidae, and
Drepaneidae.
The dataset for the Pomacentridae consisted of 176 species (~46% of nominal
species, all genera represented), with six mitochondrial genes (12s, 16s, ATP6, ATP8,
Cytochrome b, ND3) and three nuclear genes (BMP-4, RAG1, RAG2) (Table S4.1,
Appendix C). Ten outgroup taxa included species from the Cichlidae, Embiotocidae,
Labridae, Pomacanthidae, and Pseudochromidae.
The complete dataset for the Apogonidae included five mitochondrial genes
(12s, 16s, COI, ND1, ND2) (Table S4.1, Appendix C) for 77 species (~22% of all
nominal species). The 17 outgroup species were from the Gobiidae, Leiognathidae
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and Kurtidae. The outgroups selected for all four families included putative sister
taxa indicated by Smith and Wheeler (2006).

Phylogenetic and temporal analyses
Maximum likelihood
The complete supermatrices of each of the four families were exposed to ten
individual ML runs in Garli, with two search replicates. The best trees from each run
for each family were compared using likelihood scores and the SH-test implemented
in PAUP* (Swofford 2000). An ML bootstrap analysis was also run for 500
pseudoreplicates in Garli to identify highly supported clades. Bootstrap support
values were mapped onto the best ML tree identified by the SH-test. The best ML
tree for each family was then used as a starting tree for full Bayesian estimation of
topology, branch lengths, and node ages using MCMC analysis in BEAST (see
below). The best phylogeny for each family was first converted to an ultrametric tree
using the penalised likelihood option in r8s 1.71 (Sanderson 2003). Phylogentically
distant outgroup taxa were removed from all four trees to ensure a strict bifurcating
topology.
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Table 4.1: Fossil and biogeographic age constraints and their sources used for age estimation in BEAST for the families Labridae, Chaetodontidae, Pomacentridae and
Apogonidae. Parametric prior distributions were place on the MRCA of lineages reflecting calibration information.

Family/MRCA

Fossil /Biogeography

Age (MY)

Distribution

Prior (5%-95%)

Source Publication

K/T boundary

651

Normal

54.5 - 105.5

Bellwood and Wainwright (2002)

Phyllopharyngodon longipinnis

502

LogNormal

51.5 - 63.1

Bellwood (1990)

Eocoris bloti

502

LogNormal

51.5 - 63.1

Bannikov and Sorbini (1990)

Bellwoodilabrus landinii

502

LogNormal

51.5 - 63.1

Bannikov and Carnevale (2010)

Pseudodax/Achoerodus

Trigondon jugleri

142

LogNormal

15.1 - 44.0

Schultz and Bellwood (2004)

Calotomus/Sparisoma

Calotomus preisli

142

LogNormal

15.1 - 44.0

Bellwood and Schultz (1991)

Bolbometopon/Cetoscarus

Bolbometopon sp.

52

LogNormal

6.1 - 11.1

Bellwood and Schultz (1991)

Halichoeres dispilus/pictus

Isthmus of Panama

3.13

Normal

3.5 - 10.5

Barber and Bellwood (2005)

Eoscatophagus frontalis

502

LogNormal

51.5 - 105.5

Tyler and Sorbini (1999)

Labridae
Root (crown Labridae)
Hypsigenyines
Labridae (-hypsigenyines)

Chaetodontidae
Root
(Scat/Chaetodontidae-

Pomacanthidae)
Chaetodon tholichthys larva

30.12

LogNormal

31.5 - 45.4

Micklich et al. (2009)

Chaetodon ficheuri

72

Normal

7.7 - 32.0

Carnevale (2006)

Palaeopomacentrus orphae

502

LogNormal

51.5 - 105.5

Bellwood and Sorbini (1996)

Lorenzichthys olihan

502

LogNormal

51.5 - 105.5

Bellwood (1999)

Abudefduf concolor/taurus

Isthmus of Panama

3.13

Normal

3.5 - 10.5

Lessios (2008)

A. troshelli/saxatitlis

Isthmus of Panama

3.13

Normal

3.5 - 10.5

Lessios (2008)

K/T boundary

651

Uniform

50 - 105

Bellwood and Wainwright (2002)

Legacy calibration

40-523

LogNormal

40 - 57

Santini et al. (2009)

Eosphaeramia margaritae

502

LogNormal

51.5 - 105.5

Sorbini (1983)

Crown Chaetodontidae
Crown Chaetodon
Pomacentridae
Root (crown Pomacentridae)

Apogonidae
Root (Gobiidae/Apogonidae)
Gobiidae (outgroup)
Apogonidae
1

Crown group calibration based on K-T boundary extinction event. No full fossil specimens representing these modern percomorph lineages have been found

before K-T boundary at 65 MY. Age estimates were permitted before and after the K-T boundary to assess its role in initial divergences within these groups. Upper
95% bound at 105 MY reflects age estimate of the crown Percomorpha from Santini et al. (2009). For the Gobiidae/Apogonidae split a uniform distribution was
used to reflect the lack of palaeontological data.
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(Foot notes continued from Table 4.1)
2

Minimum fossil age. Labrid fossils from Monte Bolca place both hypsigenyines and non-

hypsigenyine labrid lineages in place by 50 MY (see text). Miocene labrid fossils calibrations use
minimum fossil age and wide upper bounds to allow possible older ages. For Pomacentridae only
two fossils from the Eocene of Monte Bolca can be placed within the family (Bellwood 1999). A
lognormal calibration reflects the probability of the crown age before youngest fossil age, and a
decreasing probability before the K/T boundary to the upper bound of the crown origin of
Percomorpha. For the Chaetodontidae, the root node calibration is the split between
Scatophagidae and Chaetodontidae/Pomacanthidae calibrated using a minimum fossil age and
declining probability prior to the K/T boundary.
3

Biogeographic and legacy calibrations. Isthmus of Panama (IOP) calibrations reflect estimate of

final closure (3.1 MY) with upper bounds allowing divergences predating the IOP (Lessios 2008).
Legacy calibration of the Gobiidae as an outgroup calibration for the Apogonidae family reflect
the 95% interval estimate of Santini et al. (2009)

Table 4.2 Gamma statistic values from CR test and MCCR adjusted p-values for each family. Total
species for each family and numbers sampled in this study are shown.
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Family

Species (Sampled)

CR gamma

MCCR adjusted p-value

Labridae

608(276)

-2.4863

0.8811

Chaetodontidae

127(95)

3.3403

1.0

Pomacentridae

384(176)

-0.5125

0.3041

Apogonidae

345(77)

-3.4694

0.2939

Bayesian inference
The ultrametric trees were used as a starting tree for three independent MCMC
runs in BEAST under both a concatenated model and a partitioned by gene model.
Individual gene models were selected under Bayesian Information Criterion (BIC)
implemented in jModelTest with ML optimised guide trees (Table S4.1, Appendix C).
Fossil specimens that could be accurately placed in an extant lineage using well
resolved morphological characters were used to place informative parametric priors at
nodes representing the most recent common ancestor (MRCA) for that lineage (Table
4.1). The K/T boundary mass extinction and several fossils from the Eocene strata of
Monte Bolca (Blot 1969; Sorbini 1983; Bellwood 1990; Bellwood and Sorbini 1996;
Tyler and Sorbini 1999) were used to calibrate the root of each family tree and early
diverging lineages (Table 4.1). Parametric calibrations at root nodes included the age
of the K/T boundary (65 MY), but permitted estimated ages to extend either side the
event, to investigate the role of the K/T boundary in the early evolution of these
families. A 95% upper bound was placed at ~105 MY on the root calibrations for
each of the phylogenies, reflecting the published age estimate for the crown
divergence of the Percomorpha (Santini et al. 2009), which encompass our focal
families and all putative outgroups.
The Labridae and Pomacentridae both have fossil lineages at 50 MY (Monte
Bolca). Both used these fossils to calibrate lower bounds of crown lineages. In
labrids, there are three fossils that date two lineages to 50 MY (Table 4.1). In
pomacentrids, only two fossils exist to date the crown lineage to 50 MY, but with no
separate lineages identified. For both the Labridae and Pomacentridae the K/T
boundary is used as a best estimate of the root crown age, however, this extends as a
parametric distribution of decreasing probability back to 105 MY, the origins of the
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Percomorpha (Santini et al. 2009). A normal distribution across the K/T was used for
labrids as there are multiple lineages identified within the family after the K/T. For
pomacentrids, a lognormal is used as we have no evidence of post K/T diversification
in the crown group.
In the chaetodontids, the lower bound of the crown group is defined by a
tholichthys stage larva in the Oligocene (30.1 MY; Micklich et al. 2009). The stem
lineage is dated from the split between the Chaetodontidae/Pomacanthidae from the
Scatophagidae (based on Eoscatophagus frontalis at 50 MY; Tyler and Sorbini 1999).
We also have an immediate sister group to those lineages in the ephippid Eoplatax
papilio at 50 MY (Tyler and Sorbini 1999). However, pre K/T origination is still
possible and therefore a lognormal distribution from the fossil lower bound across the
K/T boundary to a soft upper bound of 105 MY was used.
Finally, for the Apogonidae, the lower bound of the crown group is dated by a
50 MY fossil (Eosphaeramia margaritae; Sorbini 1983). The stem age is calibrated
using the K/T boundary, but because of few outgroup fossils, a uniform prior of 50 to
105 MY, was used to set the initial divergence from the Gobiidae.
While other younger fossils of Oligocene and Miocene age could be used to
calibrate younger lineages of the Labridae (Bolbometopon, Calotomus, Pseudodax)
and Chaetodontidae (Chaetodon ficheuri; Table 4.1), there are no fossil pomacentrid
or apogonid taxa that can be accurately placed in an extant lineage from these time
periods (Bellwood and Sorbini 1996). In the case of the Pomacentridae, the closure
of the Isthmus of Panama was also used to place calibrations on geminate species
pairs of the tribe Abudefdufinae (Table 4.1).
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Concatenated runs and partitioned runs were compared using Bayes factors
and effective sample size (ESS) scores. Individual runs were compared and assessed
for convergence and stationarity in Tracer (Rambaut and Drummond 2007) and
AWTY (Wilgenbusch et al. 2004). Post-burnin tree files were combined in
LogCombiner v1.6.1 (Drummond and Rambaut 2007) and compiled into a maximum
clade credibility tree in TreeAnnotator 1.6.1 (Drummond and Rambaut 2007). The
resulting chronograms displayed mean node ages and 95% highest posterior density
(HPD) intervals at sampled nodes. These chronograms were used for diversification
analyses. Phylograms displaying Bayesian posterior probability clade support were
also constructed to compare with the ML bootstrap tree for each family.

Diversification statistics
The reconstructed chronograms for each of the four families were imported
into R (www.R-project.org; R Development Core Team 2010) and examined using
several diversification statistics. All statistics were performed using functions written
for GEIGER (Harmon et al. 2008), LASER (Rabosky 2006), APE (Paradis 2004a)
and associated packages.
The constant rates test (CR; Pybus and Harvey 2000) was used to test for
constant rates of cladogenesis through time for each family (see Chapter 3 Methods
section). A Monte Carlo CR (MCCR) test (Pybus and Harvey 2000) was used to
account for incomplete taxon sampling (which increases Type 1 error of the CR test;
Pybus and Harvey 2000; see Chapter 3 Methods section).
To identify lineages with a significantly faster or slower rate of cladogenesis,
the relative cladogenesis statistic (RC; Nee et al. 1992) was used. This statistic uses
the BEAST generated chronogram, and calculates the probability that the n total taxa
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descending from an internal node are partitioned into subclades of size r and s using a
broken-stick distribution as the null hypothesis (Nee et al. 1994). The limitations of
the RC test have been noted in the literature (Moore et al. 2004), with a primary
concern being susceptible to Type 2 Error from incomplete sampling. The RC test is
also based on net cladogenesis over time in a molecular tree. It cannot account for, or
estimate rates of extinction through time. Estimating extinction rates from molecular
phylogenies can be difficult (Paradis 2004b). In light of this, I also used the
MEDUSA function in GEIGER to test diversification models using stepwise Akaike
Information Criterion (AIC) (Alfaro et al. 2009b). MEDUSA utilises phylogenetic
and taxonomic data to estimate rate shifts on a chronogram with incomplete taxon
sampling. It estimates the rates of speciation and extinction under birth/death models
of increasing complexity. A rate shift is retained on the chronology when it results in
a significant improvement in AIC score (cut-off = 4; Burnham and Anderson 2003).
All four chronograms were pruned to have one taxon representing well supported
clades, to which extant species richness could be accurately assigned using published
sources (Allen 1991; Randall 1998, 2005; Chapter 3) supplemented by Fishbase
(Froese and Pauly 2011). MEDUSA makes an approximate estimate of the extinction
rate under each rate shift model. However, estimates of extinction rates from the
birth-death models may be biased when not constrained with fossil data (Paradis
2004b; Quental and Marshall 2009). As a complete fossil record for these groups is
lacking, supported clades were examined on a gradient of increasing extinction rates
to assess if any lineage has the potential to remain significantly more diverse than
expected at increasing rates of extinction.
To determine whether lineages exhibited greater than expected species
richness, given the global diversification rate for each family, a method-of-moments
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estimator (Magallon and Sanderson 2001) was used based on functions implemented
in the package GEIGER. This estimator does not estimate extinction rate, but allows
speciation rates conditional on a priori constrained extinction rates to be examined.
For each of the four families, the probability of observing extant species richness,
given lineage age and the global rate of diversification (rG), was calculated across
increased increments of extinction (ε = 0.1 to 0.9). Stem ages were used for lineages
with one taxon represented in the tree or where there was very low taxon sampling.
This approach allowed significantly more diverse clades to be identified, even under
high, assumed extinction rates. Lineages with significantly greater species richness
were overlaid on lineage through time (LTT) plots of each family constructed in APE.
Diversification rates for major lineages were also calculated using crown ages and
extant species richness in GEIGER. These methods and others implemented in the
GEIGER package have been used in recent publications to explore rates of
diversification in diverse clades of the reef fish order Tetraodontiformes (Alfaro et al.
2007) and in the three marine gastropod genera Turbo, Echinolittorina, and Conus
(Williams and Duda 2008). For comparative purposes, the methods-of-moments
estimators were re-estimated using GEIGER, with the original age estimates and
species richness taken from these publications. For the family Pomacanthidae, the
previously unexplored data of Bellwood et al. (2004) were used.
To determine if LTT curves before and after the Eocene-Oligocene boundary
show differences in diversification patterns, I explored the form of LTT curves in one,
two and three rate models, fitting models to three separate time periods (~65 to 55, 55
to 33, 33 to ~10 MY). A preference for a 2 model fit separated at 33 MY would
indicate a rate shift at this time. By exploring the trajectory of the LTT curve for each
group, the contribution of speciation rate and extinction rate can be discriminated
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independent of the fossil record (Nee et al. 1994; Rabosky 2006; Hickerson and
Meyer 2008; Crisp and Cook 2009; but see Rabosky 2009). Congruent patterns in the
fluctuating LTT curves of these reef fish groups may help elucidate the underlying
factors driving diversification in these taxa and in reef systems in general. While LTT
plots are susceptible to Type 2 error from incomplete taxon sampling, all major
lineages and the majority of genera are present for each family, indicating that any
bias from incomplete taxon sampling at the species level would deflate diversification
rates towards the tips of the tree. To account for this, following the procedure of Nee
(2001), model fitting was restricted to the first 70% of the evolutionary history for
Labridae, Pomacentridae and Apogonidae. As the Chaetodontidae had the least
missing taxa of all four datasets (32/127), model fitting was applied to the first 90%
of the family’s history. Constant rate pure birth (PB), birth/death (BD); and rate
variable density dependant logistic (DDL)/exponential (DDX), two- and three-rate
diversification models were examined in the package LASER. Models were
compared using Akaike Information Criterion (AIC). AIC scores of diversification
models fit to whole histories (i.e. from origination to present minus 10 - 30% to allow
for taxon sampling bias) were also compared to those of the sum of models fit to the
three time periods within the history of each group. Pure birth, birth/death and
density dependant models were fit to the Palaeo-Eocene portion of the families’
lineage histories, and to the Oligo-Miocene portions using functions in LASER.
Delta-AIC (ΔAIC) scores and AIC weights were then calculated from the combined
log-likelihoods of these models and compared to whole history models.
Linear regression analysis was used to identify the relationship between the
percentage of species that live on coral reefs (in the four focal families and those of
the order Tetraodontiformes) and the global rate of diversification for each family at
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low and high rates of extinction. Species were designated as coral reef associated
based on species descriptions from Fishbase (Froese and Pauly 2011) and several
published taxonomic guides (Allen 1991; Randall 1998, 2005; Chapter 3), where
coral reef was explicitly mentioned even if one of a number of potential habitats
occupied. Furthermore, to investigate the possible role of reefs as a refuge from
increased extinction, linear regression analysis was also used to identify the
relationship between the percent of species in a lineage that live on reefs (in
significantly more diverse lineages within the four focal families) and the extinction
level at which they remain significantly more diverse, i.e. can coral dwelling lineages
maintain high rates of diversification at high extinction rates?

4.3.	
  Results	
  
Both ML and BI methods returned tree topologies that were congruent with
previously published trees for each family (Table S4.2; Fig. S4.1-S4.8, Appendix C).
There was also strong agreement between ML bootstrap values and Bayesian
posterior probabilities for highly supported clades in all four families (Fig. S4.1-S4.8,
Appendix C).

Phylogenetic reconstruction
Within the Labridae, all major tribes had high support from both ML and BI
analyses. There was also agreement between both methods for several lineages
containing taxa from the paraphyletic genera Coris and Halichoeres (Fig. S4.1-2,
Appendix C). There was disagreement between ML and BI for the relationship
between the cheilines, labrines and scariness (Fig. S4.1-2, Appendix C). The best ML
tree reported a closer relationship between cheilines and labrines, while the maximum
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clade credibility tree of the Bayesian analyses showed a closer relationship between
cheilines and scarines. While there was low bootstrap support for the branching order
between these three tribes, Bayesian posterior probability displayed high support for a
sister group relationship between cheilines and scarines (Fig. S4.1-2, Appendix C).
Overall, the tree is consistent with most previous studies (Table S4.2, Appendix C)
but with increased taxon sampling clarifying some resolution of some unresolved
lineages, particularly within the Julidine tribe (Fig. S4.2, Appendix C).
Highest support was observed within the Chaetodontidae with all major
lineages having both 90 – 100% bootstrap support and 0.9 - 1.0 posterior probabilities
(Fig. S4.3-4, Appendix C). All ten genera are monophyletic (Fig. S4.4, Appendix C).
Lowest support values for both bootstrap and posterior probabilities were observed in
the Chaetodon clade IV lineage. This phylogeny is highly congruent with previous
studies (Table S4.2; Fig. S4.4, Appendix C).
Within the Pomacentridae, there was high Bayesian posterior support for the
major tribes of the Stegastinae, Lepidozyginae, Chrominae, Abudefdufinae, and
Pomacentrinae (Fig. S4.5, Appendix C). The same topology was reflected by
moderate to high ML bootstrap support (Fig. S4.6, Appendix C). Several genera
received high support in both analyses as monophyletic clades (e.g. Amphiprion,
Pomacentrus, Neopomacentrus, Dischistodus). In general, Bayesian posterior
probabilities gave higher support for reported lineages than ML bootstrap values. The
topology is in strong agreement with a recent published phylogeny for the family
(Fig. S4.6, Appendix C)
Within the Apogonidae, both ML and BI methods support the placement of
Siphamia and Pseudamia outside of the crown Apogonidinae, (Fig. S4.7-8, Appendix

86

C). Bayesian posterior probabilities show high support (0.9-1.0) for a basal split in
the Apogonidinae with the Rhabdamia et al., and Phaeoptyx et al. lineages, and a
major lineage containing several sub-groups of Apogon (Fig. S4.8, Appendix C).
Other lineage relationships supported by Bayesian analyses were Zoramia and
Ostorhinchus 1 / Apogon and Archamia / Ostorhinchus 3. The branching order
between major lineages was not highly supported by ML bootstrapping, however,
several crown lineages received moderate to high bootstrap support (Fig. S4.7,
Appendix C) and are congruent with BI posterior probabilities (Fig. S4.8, Appendix
C). While some nodes were not highly supported, the overall topology is congruent
with previous studies (Fig. S4.8, Appendix C). Genetic distance observed between
sequences reported as the same taxa, and the separation between taxa reported as the
same genera (e.g. Zoramia) highlights difficulties in identification of apogonid
species and the need for taxonomic revision of this family.

Age estimation
Chronologies for all four families (Fig. S4.2, S4.4, S4.6, S4.8, Appendix C)
were reconstructed using an uncorrelated, lognormal distribution with both an
unpartitioned GTR+I+G substitution model and a partitioned model with gene
specific models. Three independent runs between 30 and 50 million generations were
run for each dataset under both partitioning schemes. All unpartitioned BEAST runs
reached convergence between independent runs, and stationarity of split values.
While partitioned model analyses outperformed unpartitioned model analyses under
Bayes factors, only the partitioned analyses for the Chaetodontidae and the
Pomacentridae reached convergence and stationarity. Partitioned analysis for the
Labridae and Apogonidae failed to converge even after 50 million generations. ESS
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scores for parameter values from these runs were also very low. In light of this,
maximum clade credibility chronograms were compiled from combined post-burnin
trees from unpartitioned analyses for the Labridae and Apogonidae, while partitioned
runs were used to reconstruct the chronogram for the Chaetodontidae and
Pomacentridae. When comparing topologies and age estimates between unpartitioned
and partitioned analyses (Table S4.2, Appendix C), identical topologies were retained
and mean age estimates and 95% HPD intervals for lineages found under a partition
analyses lay with the 95% HPD of the unpartitioned trees (Table S4.2, Appendix C).
Also comparisons with recently published chronograms, and those from Chapter 2
and 3 for the families show similar age estimates, but increased taxon sampling and
partitioned analyses appear to have resulted in narrower 95% HPD intervals (Table
S4.2, Appendix C).
The chronologic reconstruction identified concordant origins of the initial
radiation of major lineages within the Labridae, Pomacentridae, and Apogonidae.
While the stem lineages of the Labridae, Pomacentridae and Apogonidae all appear to
lie in the Late Cretaceous, the crown age and initial major lineages arise following the
K/T boundary (Fig. 4.1, 4.2; Table S4.2, Appendix C), with all major lineages in
place by the middle Eocene (~40 MY). Further diversification within lineages of
these three families occurs within the Oligocene/Miocene and coincides with the
origins of the Chaetodontidae and extensive radiation of the genus Chaetodon.

Diversification analyses
The CR test with MCCR adjusted p-values showed no evidence of a
slowdown in rates of cladogenesis for any of the families (Table 4.2). Global rates of
diversification were similar for all four families ranging from ~0.12 (Chaetodontidae)
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to ~0.08 (Apogonidae) under pure birth to ~0.08 (Chaetodontidae) to ~0.05
(Apogonidae) under high extinction (ε = 0.9, Table 4.3). The RC statistic identified
significant increases in rates of diversification at nodes of the BEAST calibrated
chronograms for each of the four families (Fig. 4.1, 4.2). All nodes identified as
having a significant shift in the rate of cladogenesis had origins in the Oligocene and
Miocene epochs. MEDUSA analyses identified nodes and subclades of the four
families where the tempo of evolution changed. Lineages subtending from nodes
which were identified by both the RC test and MEDUSA as potential rate shift points,
were also identified as having significantly higher species richness than expected
given the global diversification rates for each family using the moments estimator
method (Table 4.3). Patterns within each family will be examined separately below.
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Figure 4.1: Chronograms reconstructed from three independent BEAST MCMC analyses illustrating
major lineages for (A) the Labridae, and (B) the Chaetodontidae. Numbers in brackets indicate sample
species compared to overall extant species richness of the lineage. Lineages with a white triangle are
significantly more diverse than expected up to 50% extinction (ε ≤ 0.5), and black triangles are
significantly more diverse up to 90% extinction (ε > 0.5, ≤ 0.9). White stars represent lineages found to
have a significantly higher rate of cladogenesis by the RC test (p < 0.05). Circles represent placement
of rate shifts identified by MEDUSA; numbers correspond to Table 4.4.
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Figure 4.2:	
  Chronograms reconstructed from three independent BEAST MCMC analyses illustrating
major lineages for (A) the Apogonidae, and (B) the Pomacentridae. See Fig. 4.1, for detailed legend.
^The Chrominae lineage is highlighted to identify that at the crown age of this lineage, it was found to
be significantly more diverse than expected under the global rate of diversification for the family.
*unknown total extant clade richness.
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Labridae
The RC test identified the nodes leading to reef associated parrotfishes and
also to the Julidine lineage as displaying significant rate shifts (p < 0.05). A “trickle
down” effect (sensu Moore et al. 2004) was noticed from these nodes leading to the
Chlorurus/Scarus lineages and major lineages within the julidines, corresponding to
paraphyletic Halichoeres/Coris lineages and close sister lineages (Fig. 4.1A). The
MEDUSA analysis identified four potential periods in the history of the Labridae
where the tempo of evolution changed (Fig. 4.1A, Table 4.4). The global rate for the
Labridae was estimated as ~0.1, similar to the rate estimated by moment estimator (r
= 0.095). The stem Scarus/Chlorurus lineage was identified as having experienced a
two-fold increase in its rate of diversification (r = 0.21, ΔAIC = 91.7) and an increase
in extinction (ε = 0.55). Both the Lachnolaimus lineage and the Cheilio/Malapterus
lineage were identified as have undergone a rate decrease (r < 0.0001, ΔAIC > 4).
Several labrid crown lineages were also shown to be significantly more
diverse than expected, given the global rate of diversification. The crown julidine
group and the reef parrotfish clade (scarines; MRCA Scarus/Cetoscarus; Fig. 4.1A)
showed significantly higher diversity at up to 50% extinction (ε = 0.5; Table 4.3).
The pattern of high diversity within the julidines extends to paraphyletic Halichoeres
lineages (IP: Indo-Pacific clade; NW: New world clade; cf. Barber and Bellwood
2005), and associated sister groups, as well as Thalassoma/Gomphosus (Fig. 4.1A),
which remained significantly more diverse up to 50% extinction (ε = 0.5, p < 0.05).
In the parrotfishes, this pattern of significantly higher diversity only extended to
Scarus and Chlorurus, both remaining significantly more diverse than expected above
80% extinction. Significantly more diverse radiations were also found in the
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hypsigenyine crown lineage of Bodianus et al. (ε = 0.7) and the pseudolabrine lineage
(ε = 0.4).
Chaetodontidae
In the Chaetodontidae, the placement of a rate shift at the lineage containing
the crown Chaetodon was recorded by the RC statistic (p < 0.05; Fig. 1B). A trickle
down effect was observed to the node containing Chaetodon clades 2, 3 and 4 (p <
0.05). A rate shift at this node was also identified by MEDUSA and was supported
over a single rate model (ΔAIC = 4.1; Table 4; Fig. 4.1B). Moment’s estimation
found the crown group Chaetodon to be significantly more diverse than expected at
high extinction (ε = 0.9; Table 4.3). The pattern of significantly higher diversity
within Chaetodon extended down to the younger subtending lineages of Chaetodon
clades 2 and 4. Both of these lineages remained significantly more diverse than
expected at high extinction levels (ε = 0.7, p < 0.05). The Prognathodes lineage was
also significantly more diverse under a pure birth model (ε = 0.0, p < 0.05).
Pomacentridae
Within the damselfish family, both an Amphiprion clade and the clade
containing the genus Pomacentrus, were identified by the RC test as having
undergone a change in the rate of diversification (p < 0.05; Fig. 4.2B). The
MEDUSA analysis agreed with the RC test in placing a potential rate increase at the
stem lineage of the Amphiprion clade (r = 0.14; ΔAIC = 6.2; Table 4). In addition,
MEDUSA placed a rate decrease on the Lepidozygus lineage (r < 0.00001; ΔAIC =
4.03). Damselfish lineages identified as being significantly more diverse than
expected by moment’s estimation were the Amphiprion lineage (at ε = 0.9), the crown
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Pomacentrus lineage (at ε = 0.6), and the crown lineage of the Chrominae tribe (at ε =
0.2).
Apogonidae
While some of the major branches within the crown Apogonidae were not
highly supported (Fig. S4.2, Appendix C), several crown ages for major clades were
supported and diversities were assigned (Fig. 4.2A; Table S4.2, Appendix C). The
RC test identified a significant shift in the rate of diversification at the lineage
encompassing members of the genera Apogon, Archamia, Zoramia, Ostorhinchus,
Cheilodpterus and Gossamia (p < 0.05; Fig. 4.2A). This clade was also recorded by
MEDUSA analysis as experiencing an increased rate of diversification at the stem
lineage with a significant increase in AIC score (ΔAIC = 18.9; Table 4; Fig. 4.2B).
Within this apogonid sub-group, significantly higher diversity than expected was
identified in the lineages of Apogon/Archamia, Ostorhinchus clade 2 (barred) and
Ostorhinchus clade 3 (striped), even constrained at high levels of extinction (ε = 0.8,
Table 3). At moderate levels of extinction (ε = 0.5; Table 4.3) the clade containing
Cheilodipterus/Glossamia was also significantly more diverse than expected.

94

Table 4.3: Departure of lineages from the global rate of diversification for each family. Bold, italicized p-values highlight significantly higher species richness in subtending
clades than expected under the global rate of cladogenesis. ε is the extinction rate, rG is the estimated global speciation rate conditional on the extinction rate for each family.
Clade names and ages are taken from the tip labels and mean node heights of Figure 4.1 and 4.2. * indicates probabilities calculated using clade stem age. ^ indicates
extinction levels at which stem ages were also significantly more diverse.

Tribe/Lineage

Total

Age

% Reef

Rate Estimate

Moment estimator

ε =0

ε = 0.9

ε =0

ε = 0.3

ε = 0.5

ε = 0.7

ε = 0.8

ε = 0.9
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Labridae

608

59.9

63.16

0.095

0.068

rG=0.095

rG=0.094

rG=0.091

rG=0.084

rG=0.078

rG=0.068

Hypsigenyines

95

53.07

46.3

0.073

0.043

0.880

0.791

0.768

0.764

0.768

0.780

Bodianus et al.

53

19.08

49.1

0.172

0.093

0.001

0.006

0.017

0.045

0.081

0.173

Choerodon et al.

26

22.12

65.4

0.116

0.054

0.176

0.223

0.263

0.335

0.400

0.517

Labrines

23

23.41

0

0.104

0.047

0.301

0.330

0.362

0.428

0.489

0.594

Cheilines

39

22.94

96.4

0.086

0.039

0.178

0.224

0.264

0.335

0.399

0.515

Scarines

97

29.04

87.6

0.134

0.080

0.015

0.036

0.060

0.103

0.145

0.235

Reef Clade Scarines

73

21.6

100

0.167

0.095

0.001

0.004

0.011

0.032

0.060

0.137

Chlorurus

17

5.82

100

0.368

0.155

0.000

0.000

0.001

0.007

0.021

0.074

Scarus

52

10.47

100

0.311

0.168

0.000

0.000

0.000

0.001

0.004

0.029
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Pseudocheilines

78

42.93

76.9

0.085

0.049

0.633

0.580

0.572

0.591

0.615

0.660

Novaculines

38

27.34

15.8

0.108

0.055

0.233

0.271

0.305

0.368

0.426

0.529

Julidines

247

39.2

65.6

0.123

0.081

0.019

0.041

0.061

0.092

0.119

0.176

Pseudolabrines

24

14.84

29.2

0.167

0.077

0.014

0.035

0.063

0.120

0.179

0.306

Pseudojuloides

11

9.32

45.5

0.183

0.069

0.040

0.075

0.113

0.181

0.248

0.383

Halichoeres IP

50

21.9

65.6

0.146

0.078

0.01^

0.03^

0.05

0.1

0.15

0.26

Halichoeres NW

27

15.12

55

0.172

0.081

0.008^

0.024

0.047

0.096

0.151

0.272

Thalassoma and Gomphosus

30

15.85

76.7

0.171

0.083

0.007

0.021

0.042

0.089

0.141

0.259

Chaetodontidae

127

32.11

81.1

0.130

0.080

rG=0.130

rG=0.127

rG=0.121

rG=0.109

rG=0.099

rG=0.080

Bannerfish

25

25.83

26.1

0.098

0.045

0.793

0.709

0.688

0.690

0.700

0.722

Amphichaetodon

2

4.81

0

0.000

0.000

1.000

0.872

0.818

0.801

0.814

0.850

Chelmon

3

3.13

0

0.130

0.038

0.555

0.546

0.536

0.539

0.561

0.624

Chelmonops

2

2.09

0

0.000

0.000

1.000

0.884

0.804

0.737

0.721

0.739

Coradion

3

3.18

66.66

0.128

0.037

0.561

0.550

0.539

0.542

0.565

0.628

Heniochus

8

7.0

62.5

0.198

0.068

0.154

0.201

0.238

0.299

0.356

0.461

Hemitaurichthys

4

2.3

50

0.301

0.088

0.165

0.211

0.247

0.295

0.334

0.409
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Forcipiger

2

5.38

100

0.000

0.000

1.000

0.876

0.827

0.816

0.830

0.865

Chaetodon crown

91

16.32

85.7

0.234

0.138

0.000

0.001

0.003

0.010

0.020

0.046

Clade 1*

3

7.14

100

0.057

0.016

0.364

0.459

0.536

0.635

0.700

0.783

Clade 2

36

11

72.22

0.263

0.132

0.001

0.004

0.011

0.029

0.052

0.110

Clade 3

21

12.69

100

0.185

0.082

0.079

0.121

0.157

0.214

0.265

0.361

Clade 4

31

10.55

90

0.260

0.126

0.002

0.007

0.017

0.040

0.068

0.135

C2C3C4

88

15.3

85.22

0.247

0.145

0.000

0.000

0.002

0.006

0.014

0.036

C3C4

52

14.6

94.23

0.223

0.120

0.002

0.009

0.020

0.042

0.067

0.123

Prognathodes

11

7.11

45.45

0.162

0.061

0.047

0.083

0.118

0.177

0.231

0.336

Pomacentridae

384

55.3

68.14

0.093

0.064

rG=0.093

rG=0.092

rG=0.088

rG=0.081

rG=0.075

rG=0.064

Stegastinae

67

47.1

49.25

0.075

0.042

0.806

0.720

0.698

0.697

0.706

0.724

Pomacentrinae

187

38.2

84.49

0.119

0.077

0.031

0.059

0.081

0.111

0.137

0.188

Chrominae

109

33

65.14

0.121

0.073

0.039

0.06

0.098

0.13

0.175

0.247

Chyrsiptera 1

6

30.5

100.00

0.036

0.011

0.970

0.902

0.890

0.896

0.907

0.926

Abudefdufinae

19

24.8

73.68

0.091

0.039

0.459

0.453

0.469

0.518

0.567

0.651

Pomacentrus

72

21.1

88.89

0.170

0.097

0.000

0.002

0.007

0.022

0.042

0.101
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Neopomancentrus

19

28.1

78.95

0.080

0.035

0.622

0.577

0.578

0.613

0.651

0.717

Chyrsiptera 3

5

23.6

60.00

0.039

0.012

0.937

0.852

0.838

0.852

0.870

0.901

Chyrsiptera 2

26

21.5

84.62

0.099

0.046

0.133

0.180

0.220

0.287

0.348

0.460

Dischistodus

7

21

85.71

0.060

0.020

0.799

0.719

0.709

0.736

0.769

0.824

Amphiprionae

29

15.3

100.00

0.175

0.084

0.005

0.016

0.033

0.072

0.117

0.221

Amphiprion "crown"

24

6.4

100.00

0.388

0.178

0.000

0.000

0.000

0.001

0.004

0.026

Apogonidae

345

63.21

52.46

0.081

0.056

rG=0.081

rG=0.080

rG=0.077

rG=0.071

rG=0.065

rG=0.056

Apogon + Archamia

56

19.59

58.93

0.170

0.093

0.000

0.001

0.003

0.012

0.028

0.080

Cheilodipterus et al.

32

19.61

43.75

0.141

0.069

0.008

0.023

0.044

0.089

0.137

0.243

Fowleria et al.

10

26.43

70.00

0.061

0.022

0.719

0.654

0.649

0.682

0.719

0.781

Gymnapogon et al.

11

20.4

54.55

0.084

0.031

0.408

0.417

0.439

0.497

0.554

0.652

Ostorhinchus 1 + Zoramia

7

17.64

71.43

0.071

0.023

0.564

0.537

0.544

0.590

0.640

0.726

Ostorhinchus 2 (barred)

41

16.85

56.10

0.179

0.092

0.000

0.001

0.004

0.017

0.037

0.100

Ostorhinchus 3 (striped)

79

23.89

68.35

0.154

0.089

0.000

0.001

0.003

0.013

0.028

0.076

Phaeoptyx et al.

9

31

77.78

0.049

0.017

0.870

0.783

0.770

0.789

0.812

0.851

Pristiapogon

6

24.55

66.67

0.045

0.014

0.862

0.774

0.761

0.782

0.810

0.855

Pristicon

3

10.93

100.00

0.037

0.011

0.832

0.740

0.712

0.726

0.758

0.819

Rhabdamia et al.

10

26.17

80.00

0.061

0.022

0.710

0.647

0.643

0.677

0.715

0.778

Siphamia

22

53.16

59.09

0.058

0.021

0.757

0.810

0.837

0.862

0.876

0.891

Sphaeramia

2

30.94

50.00

0.022

0.003

0.920

0.940

0.952

0.964

0.971

0.979

99

Table 4.4: MEDUSA results ranking rate shift models based on ΔAIC score for the families Labridae,
Chaetodontidae, Pomacentridae and Apogonidae. Rates of diversification under each shift model are
indicated with extinction fraction (ε). * Indicates stem lineage where extinction cannot be estimated
(see Rabosky et al. 2007).

Shift No.

Family/Lineage

Age (MY)

R

Epsilon (ε)

AIC

ΔAIC

0

Labridae

59.9

0.1

< 0.00001

1035.78

-

1

Scarus/Chlorurus

12.8

0.21

0.55

944.03

91.74

2

Lachnolaimus*

53

< 0.0001

-

939.34

4.68

3

Cheilo/Malapterus

43.8

0.0125

< 0.00001

935.22

4.11

0

Chaetodontidae

32.1

0.1

0.00001

143.20

-

1

C2C3C4

16.3

0.2

< 0.00001

138.86

4.34

0

Pomacentridae

55.3

0.093

0

269.42

-

1

Crown Amphiprion

11.4

0.14

0.8

263.15

6.26

2

Lepidozygus*

54.8

< 0.00001

-

259.12

4.03

0

Apogonidae

63.25

0.05

0.00002

222.66

-

1

"Crown" Apogon

34.1

0.15

< 0.00001

203.70

18.96
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Table 4.5: Ranking of diversification models fit to branching time from BEAST generated
chronograms using ΔAIC and AIC weight (wAIC). Models were fit to the first 70% of the
evolutionary history of the Labridae, Pomacentridae and Apogonidae, and to the first 90% of the
Chaetodontidae. Models were also fit to specific time periods (Palaeocene, Eocene, Oligocene,
Miocene) in each of the families where rates of diversification were observed to vary in LTT plots.
Likelihood scores from each time period were combined for each family and were compared to the best
fitting whole tree model using AIC. R 1, 2, 3 are the rates observed under each model for each time
period. In the case of the density dependant model (DDL) the carrying capacity parameter “K” is given,
and in the birth-death model (BD) the extinction fraction is given. PB is the pure birth model.

Family

Model

Time period

R 1/k/ε

R2

R3

ΔAIC

wAIC

Labridae

PB

Whole (70%)

0.09

-

-

1.44

0.23

2 rate

Palaeo-Eo/OligoMio

0.07

0.09

-

1.89

0.18

DDL/PB

Palaeo-Eo/OligoMio

0.14/18.9

0.10

-

0.00

0.47

3 rate

Palaeo/Eo/OligoMio

0.12

0.06

0.10

2.67

0.12

PB

Whole (70%)

0.07

-

-

1.84

0.22

2 rate

Palaeo-Eo/OligoMio

0.09

0.07

-

2.37

0.17

DDL/PB

Palaeo-40/40-

0.4/6.3

0.08

-

0.00

0.55

Pomacentridae

OligoMio

Apogonidae

Chaetodontidae

3 rate

Palaeo/Eo/OligoMio

0.12

0.08

0.07

4.17

0.07

PB

Whole (70%)

0.09

-

-

1.91

0.24

2 rate

Palaeo-Eo/OligoMio

0.05

0.10

-

2.98

0.14

3 rate

Palaeo-Eo/Oligo/Mio

0.05

0.11

0.09

0.00

0.62

PB

Whole (90%)

0.17

-

-

2.38

0.14

BD

Whole (90%)

0.087/0.67

-

-

0.16

0.41

2 rate

Pre/Post Chaetodon

0.08

0.18

-

0.00

0.45
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Lineage accumulation through time
The LTT plots identified the initial radiation of the labrids, pomacentrids and
apogonids in the early Palaeocene (63 - 59 MY; Fig. 4.3). The chaetodontids did not
diversify until the beginning of the Oligocene (~33 MY). The Labridae and
Pomacentridae have a similar initial concave lineage curve reaching a plateau in the
mid to late Eocene (~40 MY). The apogonids exhibit a more constant rate of lineage
accumulation throughout the Palaeocene and Eocene epochs. However, all three
families show a synchronous upturn in the slope of lineage accumulation in the
Oligocene. This upturn in the Oligocene results in the LTT plot of the Labridae and
the Pomacentridae becoming slightly anti-sigmoidal in shape, while the apogonids
appear to have undergone an increase in lineage accumulation during the Oligocene,
which gradually decreases in the Miocene. The relative timing of this shift in lineage
accumulation at the beginning of the Oligocene also coincides with the initial
chaetodontid radiation (Fig. 4.3). The butterflyfish display a delayed shift in
accumulation rate, which occurs in the early to mid Miocene.
When the ages of lineages that were found to be significantly more diverse
than expected (Fig. 4.3) are overlaid on the LTT plot a clear pattern emerges; the
majority of significant cladogenesis events occur in the Miocene. The temporal
concentration of diverse radiations within the Miocene is supported by data from
previous studies (Fig. 4.3). Several lineages within two other reef fish groups
(Tetraodontiformes, Pomacanthidae), two reef-affiliated marine gastropod genera
(Turbo, Conus), and one coastal marine gastropod genus (Echinolittorina) all showed
significantly higher rates of diversification within the Miocene.
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After exploring the shape of LTT plots of each family (Fig. 4.4), models of
diversifications were compared over the whole history of each family and between
individual epochs or time periods reflecting patterns of lineage accumulation (Fig.
4.4). For the Labridae and Pomacentridae a fast/slow/fast model (reflecting rate
variation in the Palaeocene/Eocene/Oilgo-Miocene) and a density-dependant/purebirth rate model (reflecting the anti-sigmodal pattern) were compared to ascertain
whether the anti-sigmodal nature of the LTT plot for these two families occurred from
a multiple rate shift model, or from a transition from a density-dependant model to a
constant rate pure birth model. AIC weights show greatest support for the model of
density-dependant (DDL; R1 = 0.14, k = 18.9, Table 4.5) lineage accumulation in the
Palaeo-Eocene, followed by a pure birth model (PB; R2 = 0.1, Table 4.5) in the
Oligo-Miocene for both the Labridae and Pomacentridae (Table 4.5). For the
Labridae the point of upturn/change from the DDL model to the PB was ~33 MY,
while the Pomacentridae was at ~40 MY.
For the Apogonidae AIC weights show greatest support for a slow/fast/slow
model, where the Palaeo-Eocene had a slower rate of diversification (R1 = 0.05),
followed by a rate increase during the Oligocene (R2 = 0.11) and then a rate decrease
in the Miocene (R3 = 0.09; Table 4.5). For the Chaetodontidae, two pure birth
models fitted to the period before (R1 = 0.08) and after the origin of Chaetodon (R2 =
0.18) was supported over a pure birth model for the whole tree, however, there was
little difference between this two-rate model and a constant rate birth-death model in
an AIC framework (Table 4.5).
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Figure 4.3:	
  (A) Lineage through time plot for each of the four families. Circles indicate the age of
origin of significantly more diverse lineages. Arrows indicate potential rate increases identified by
MEDUSA analyses (Table 4.4). (B) Variation over time in the numbers of fossil marine organisms,
taken from detrended data of Rohde and Muller (2005). Shaded areas indicate periods of rapid decline
in fossil numbers associated with extinction events. (C) Line graph showing origins (vertical bar) of
other reef and coastal groups with circles representing significantly more diverse lineages (as in A
above). Data are taken from Table S4.3 Appendix C.
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Figure 4.4: Independent LTT plots for the first 70% of evolutionary history (from the root node) for
the Labridae, Pomacentridae and Apogonidae, and the first 90% for the Chaetodontidae. X-axis
displays proportion of family history from the root node. LTT curves are coloured according to the
rate models with greatest support from Table 4.5. Rate parameters are also indicated (Table 4.5).
Dashed line represents predicted lineage accumulation under a pure birth model for each family (Nee
2001).
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Coral reef associations
In the four focal reef fish families, every clade that showed significantly
higher rates of diversification at moderate to high levels of extinction (ε = 0.5 - 0.9)
had over 50% of their taxa associated with coral reefs. The Tetraodontiformes also
had four significantly more diverse lineages in the late Oligocene/Miocene
(Balistidae, Monocanthidae, Ostraciidae, Diodontidae), all with > 50% reef
association, and just one in the Eocene (Tetraodontidae) which had < 30% reef
association (Table S4.3, S4.5, Appendix C). Marine gastropod lineages associated
with coral reefs within the genera Turbo and Conus also had significant radiations
within the Miocene (Fig. 4.3; Table S4.3, Appendix C). The gastropod genus
Echinolittorina likewise had a significantly more diverse lineage within the Miocene
(under low extinction; 10%), and while Echinolittorina is not strictly reef associated,
the lineage is widely distributed throughout the tropical IAA.
Scatter plots of percentage coral reef association in the four focal families and
the tetraodontiform families, versus diversification rate at the family level display a
weak but statistically significantly positive correlation at low extinction (ε = 0; r2 =
0.366; p = 0.048; Fig. 4.5A). This correlation becomes stronger and highly
significant at high a priori constrained extinction rates (ε = 0.9; r2 = 0.48; p = 0.01;
Fig. 4.5A). The four focal families by themselves also display a linear relationship
between diversification rates and percent coral reef occupancy (r2 > 0.8), however,
this only borders on significant (p = 0.05), probably due to low sample size. Thus, at
both high and low constrained extinction rates, living on a coral reef results in
significantly higher levels of cladogenesis.
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Figure 4.5: (A) Relationship between coral reef association and diversification rate among families.
Linear regression analysis shows the significant relationship at no extinction (ε = 0; r2 = 0.366; p =
0.048;) and the stronger relationship at high extinction (ε = 0.9; r2 = 0.48; p = 0.01). Each dot
represents a single family (four focal families of this study and eight families of the Tetraodontiformes;
see Table S4.4, Appendix C). (B) Relationship between lineages with a significantly higher diversity at
a given rate of extinction and extent of coral reef association (% taxa living on reefs). The higher the
proportion of reef association within a lineage, the higher the extinction rate at which the lineage can
retain its significantly higher diversity (r2 = 0.43; p = 0.0061).
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However, reefs also appear to function as a refuge, as there is a significant
relationship between percentage reef occupancy and the extinction level at which
lineages within all families remain significantly more diverse than expected (r2 =
0.43; p = 0.0061; Fig. 4.5B). Regression results for individual families indicate that
the Labridae and the Chaetodontidae display a significant correlation (p < 0.05; r2 >
0.5) while the Pomacentridae and Apogonidae do not (p > 0.1), probably due to low
sample sizes. Overall, the higher the percentage of reef-associated taxa, the greater
the rate of extinction a lineage can withstand while still remaining significantly more
diverse than expected.

4.4.	
  Discussion	
  
Here, for the first time, I examine the temporal concordance in elevated
cladogenesis of four distantly related but biologically diverse groups of coral reef
teleosts. The patterns identified herein were also found in a re-analysis of other reefaffiliated groups. While the initial establishment of major lineages of wrasses,
damselfishes, and cardinalfishes was a feature of the Palaeocene and Eocene, it is not
until the Oligocene/Miocene that a dramatic increase in the rate of lineage
accumulation occurs, following a possible cryptic extinction event. The
Oligocene/Miocene was also marked by the initial diversification of the
butterflyfishes, which may have experienced a delayed increase in diversification
rates in the early Miocene. Elevated cladogenesis following a possible late
Eocene/early Oligocene extinction event resulted in significantly more species than
expected in several lineages. At the family level a strong correlation was found
between the proportion of coral reef associated taxa in a family and the rates of
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diversification: the families with more coral dwelling species have higher rates of
diversification.
Among lineages with significant species richness, there is also a link between
coral reef association and the ability to remain significantly more diverse with
increased extinction rate. Every significantly diverse lineage (at ε ≥ 0.5) has over
50% of extant taxa affiliated with coral reef systems. There are several instances
where lineages with over 75% reef affinity were still significantly diverse at up to
90% extinction (crown julidines, Scarus, Amphiprion). This prevalence of high
percentage of reef occupancy with high diversity, despite probable low survival rates,
strongly suggests that reef systems provided a safe haven for a number of groups
during periods of increased extinction. Coral reefs, therefore, appear to have provided
both a habitat that supports rapid diversification, and a refuge, in the aftermath of a
prolonged extinction event.

The Origin of lineages and changes in evolutionary tempo
The estimated ages of labrid lineages are consistent with previous studies
(Table S4.2; Chapter 2), although the ages of major labrid lineages are slightly older
than those reported by Kazancioglu et al. (2009) and Alfaro et al. (2009a). This
difference is most likely due to the use of additional fossil evidence (Table 4.1) and
increased taxon sampling. The recent description of a new labrid fossil genus from
the Eocene of Monte Bolca supports the presences of at least three labrid lineages
(Bellwoodilabrus, Eocoris, Phyllopharyngodon) during the upper part of the Ypresian
(~50 MY; cf. Bannikov and Carnevale 2010). These slight calibration differences
notwithstanding, the topology and chronology in the present study are highly
congruent with all previous studies. Similarly, the chronology of the Chaetodontidae

109

strongly reflects the topologies reported in Chapter 3 and by Fessler and Westneat
(2007) (Table S4.2). However, the phylogenetic reconstructions shown here for the
Labridae and Chaetodontidae are the largest taxonomic reconstructions for both
families to date (Fig. 1; Fig. S4.1, S4.2, Appendix C).
The pomacentrid chronogram (Fig. 2; Fig. S4.6, Appendix C) also marks the
largest phylogenetic reconstruction for the family to date, and presents the first ages
of divergences for the family, estimated under Bayesian inference. The topology
closely reflects the most recent published phylogeny for the family (Cooper et al.
2009) with high posterior probabilities (Fig. S4.5, Appendix C). While the stem
lineage of the Pomacentridae (or at least the molecular stem lineage) may have origins
dating to the Cretaceous (Santini et al. 2009), the initial divergence and tempo of
subsequent cladogenesis is congruent with that of the Labridae and Apogonidae (Fig.
4.3), i.e. with crown-group and major lineages arising after the K/T boundary event
and significantly more diverse lineages originating in the Miocene.
The apogonid phylogeny is likewise the largest phylogenetic reconstruction to
date (Fig. 4.2; Fig. S4.7-8, Appendix C), and it is the first time that Bayesian
inference methods have been used for age estimation in this family. The family
Apogonidae is plagued by misidentification of species and multiple morphological
classification guides exist (Fraser and Lachner 1985; Fraser 1998; Kuiter and Kozawa
1999; Gon and Randall 2003). However, the major lineages discussed here all
received high Bayesian support, and are consistent with previous molecular studies
(Mabuchi et al. 2006; Thacker and Roje 2009). Pseudamia and Siphamia are placed
as monophyletic groups outside the crown Apogonidinae. The ages reflect those
estimated under penalized likelihood methods from Mabuchi et al. (2006) for the
genera Apogon, Pristicon, Pristiapogon and Ostorhinchus clades (Table S4.2,
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Appendix C). As with the Labridae and Pomacentridae, the origins of the
Apogonidae may date back to the Cretaceous (Fig. S4.8, Appendix C). The robust
chronologies of these three families all highlight the influence of a period of lineage
loss in the late Eocene/early Oligocene, followed by multiple originations of diverse
lineages in the Miocene, many with close links to the expanding Acropora-dominated
coral reefs in the IAA (Wilson and Rosen 1998; Renema et al. 2008).

Evidence for a cryptic extinction event in the late Eocene/early Oligocene?
The net diversification rate for each of the four families (Table S4.4) is higher
than that estimated for the entire Percomorpha (~0.081; Santini et al. 2009). Despite
the relatively high diversification rates, all four families share a temporally
concordant pattern of lineage accumulation, in which lineage birth and death appears
to have been influenced by global climatic change and tectonic upheaval. The initial
radiation of major lineages within the Labridae, Pomacentridae and Apogonidae are
synchronous with the aftermath of the K/T boundary extinction event. However, the
congruent anti-sigmoidal pattern of lineage accumulation across the Labridae and
Pomacentridae and the rate increase seen in Apogonidae, points to another significant
change in the Oligocene; one that resulted in the rejuvenation of cladogenesis, which
continued into the Miocene (Fig. 4.3). The prevalence of older Stegastinae lineages
in the Pomacentridae results in a less exaggerated anti-sigmoidal curve than that seen
in the Labridae, and a possible earlier rate change (~40 MY; Fig. 4.3). However,
there is still evidence of an upswing in cladogenesis in the Oligocene. This upswing
also marks the initial divergence in the butterflyfishes, the Chaetodontidae.
The concave LTT shape seen in the early to middle Palaeogene period is often
attributed to an adaptive radiation (Sepkoski 1984; Benton and Emerson 2007), which
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reaches a plateau from continually decreasing speciation as niche space is occupied.
This decreasing speciation rate during the Eocene is supported in part by the
MEDUSA analyses, which suggests that lineages of Eocene origin in both the
Labridae (Lachnolaimus, Malapterus/Cheilio) and Pomacentridae (Lepidozygus) may
have undergone a decrease in diversification rates. In addition, a model where the
Palaeocene/Eocene experienced decreasing net diversification rates, with an upturn to
a constant pure birth model with high rates of diversification had highest support in
both the Labridae and in the Pomacentridae (Table 4.5). This pattern may also be
attributed to increasing extinction rates (Rabosky and Lovette 2008). Estimating
extinction rates directly from molecular phylogenies of extant species in the absence
of the fossil record may be inaccurate and possibly unjustified (Rabosky 2009; but see
Quental and Marshall 2009), however, the plateau observed here in the Eocene may
have been caused by the loss of, now-extinct lineages (Harvey et al. 1994; Crisp and
Cook 2009). Simulated data have shown that the sharp drop in cumulative fossil
diversity produced by a mass extinction event may be marked by the upswing of an
anti-sigmoidal curve in an LTT plot (Fig. 4.6; Crisp and Cook 2009). The congruent
anti-sigmoidal curves seen here, and in other studies of reef fishes (Klanten et al.
2004; Alfaro et al. 2007) and terrestrial groups (Harmon et al. 2003; Crisp and Cook
2009) strongly suggest that these patterns are a result of a late Eocene/early Oligocene
extinction event. An extinction event of similar timing has previously been reported
in predatory mammals (Van Valkenburgh 1994) and plants (Crisp and Cook 2009).
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Figure 4.6: Schematic diagram representing the relationship between fossil diversity, and LTT plot of
an ultrametric phylogeny (cf. Crisp and Cook 2009). The transition between hotspots is indicated on
the upper margin.	
  

Cyclical patterns have been identified in the fossil generic diversity of an
extensive range of marine organisms (Rohde and Muller 2005). While the five great
extinction events (Raup and Sepkoski 1982) may be a dominant feature of these
cycles, the drop in fossil diversity during the late Eocene/early Oligocene (Fig. 4.3; cf.
Rohde and Muller 2005) is anomalous. While the loss of taxa seen at the K/T
boundary (Fig. 4.3) is more extreme, this cryptic late Eocene event occurs over a
relatively protracted time period. Interestingly, this period is marked by extensive
tectonic, eustatic, climatic, oceanographic and geomorphological (‘TECOG’;
Bellwood et al. in press) processes and events that largely reshaped the tropical world
113

(Hoeksema 2007; Renema et al. 2008). These events underpinned the reduction of
habitat in the Arabian biodiversity hotspot and the establishment of a dynamic mosaic
of reef habitats in the IAA. The apparent extinction observed in three of the four
families and the subsequent rapid diversification seen in all four, may stem from the
‘hopping hotspot’ phenomenon described by Renema et al. (2008). The expansion of
surviving lineages in the emerging IAA hotspot resulted in one of the world’s most
extensive biodiversity hotspots.

Temporal congruence in cladogenesis?
Following this possible period of high extinction, the evolutionary trajectory
for the Labridae, Pomacentridae and Apogonidae changed between 33 and 40 MY
(Table 4.5). While the Palaeocene/Eocene can be characterised by decreasing or
lower net diversification rates in these three families, there is notable congruence
among all four families that the Oligocene/Miocene marked an upswing in
diversification and an important time period in the evolution of present day
biodiversity. Several distinct lineages across all four families experienced a
significant ‘leap’ in the rate of cladogenesis during this time period (Table 4.3; Fig.
4.3), resulting in significantly higher species richness. While all four families differ
in diversity, morphology and ecology, the lineages, which arose in the
Oligocene/Miocene, underpin much of the diversity in these fishes on present day
reefs.
Three separate methods were used to identify high rates of cladogenesis. One
looked for exceptionally diverse lineages (moment estimator), while the other two
examined nodes in the chronogram where a possible shift in the rate of cladogenesis
occurred (MEDUSA, RC test). Several lineages were identified by moment
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estimation as being significantly more diverse than expected. This included lineages
within the crown julidine tribe, the Scarus/Chlorurus lineage, and a lineage within the
hypsigenyine clade (Bodianus et al.) in the Labridae, the crown Chaetodon group and
(to a lesser extent) the Prognathodes lineage of the Chaetodontidae, the Pomacentrus
lineage, the crown Chrominae, and lineages within the Amphiprionae tribe of the
Pomacentridae, and several lineages in a crown group of the Apogonidae. With the
exception of Prognathodes (Chaetodontidae), the crown Chrominae and Pomacentrus
clade (Pomacentridae), all these lineages originate from nodes that were identified by
MEDUSA and/or by the RC test as marking possible shifts in the rate of cladogenesis
(Fig. 4.1, 4.2). The crown julidine lineages, Scarus/Chlorurus and Chaetodon
lineages have all previously been reported as being significantly more diverse than
expected (Alfaro et al. 2009a; Price et al. 2010; Chapter 3). For the other lineages,
this is the first time they have been identified as having statistically significantly
higher diversity than other lineages within their family. These lineages all originate
within the Oligocene/Miocene time period. Interestingly, no lineage is older than 33
MY.
Further support of the elevation of cladogenesis in the Oligocene/Miocene was
revealed by published age estimates and extant diversities of other reef-affiliated
groups (Bellwood et al. 2004; Alfaro et al. 2007; Williams and Duda 2008). Multiple
lineages within two other reef fish groups (Tetraodontiformes, Pomacanthidae) and
three marine gastropod groups (Turbo, Echinolittorina, Conus) were found to be
significantly more diverse than expected (Fig. 4.3C; Table S4.3, Appendix C). This is
concordant with earlier findings (Bellwood et al. 2004; Alfaro et al. 2007; Williams
and Duda 2008); however, by using a common analytical approach, the full extent of
congruence is apparent. These lineages (excluding the temperate radiation of the
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Tetraodontidae in the Eocene) were, again, all of Oligocene/Miocene origin. Thus, in
multiple groups, with several different tests, the Oligocene/Miocene stands out as a
period of exceptional diversification, especially on coral reefs.

The role of coral reefs in fish evolution
Expanding coral reefs in the Miocene provided a complex and geographically
widespread habitat for lineages surviving the collapse of the Tethys and Arabian
hotspots (Renema et al. 2008). Coral reefs appear to provide not only a location for
extensive diversification but also a refuge in a time of climatic upheaval. A
significant positive correlation between reef association and rates of diversification
was found among the four families examined in the present study (at both high and
low rates of extinction), reflecting similar associations previously reported in the
Tetraodontiformes (Alfaro et al. 2007). I also found that the higher the percentage of
reef-associated taxa in a lineage, the greater the rate of extinction that can be
withstood while still remaining significantly more diverse than expected (this may not
be the case in some gastropods; Williams and Duda 2008). The clear correlation
between a reef-dwelling habitat and diversification rates in the present study strongly
support earlier suggestions of a role for coral reefs in underpinning species diversity.
However, unlike previous studies that suggest that this is a result of higher
diversification rates (e.g. Alfaro et al. 2007; Chapter 3), the data presented here
suggests that reefs support both increased rates of diversification and a reduced
vulnerability to extinction.
This is the first time that the empirical evidence has highlighted the potential
role of reefs in the IAA as a refuge from higher rates of extinction. Originally
proposed by Heck and McCoy (1978), the role of the IAA as a refuge has been largely
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overshadowed by arguments that it was a centre of accumulation, i.e. that taxa arose
outside the IAA (following Ladd 1960). The results presented here provide support
for the suggestion of Heck and McCoy (1978), and later, of Barber and Bellwood
(2005), that one of the key roles of the IAA is in supporting taxa as a refuge or ‘centre
of survival’ regardless of the location of origin. The various traditional explanations
for the high biodiversity in the IAA have revolved around three hypotheses: that
species arose in the IAA (a centre of origin), that ranges of species overlap (a centre
of overlap), or that species accumulate there (as a centre of accumulation or survival)
(reviewed by Bellwood et al. in press). Our data provides evidence that is consistent
with both the origin and accumulation/survival hypotheses. In this respect, it offers
support for the observations of Rosen (1984), Palumbi (1997), and Bellwood and
Wainwright (2002) that there is no single explanation, and that the IAA may acts both
as a source of new species and as a refuge.
Coral reefs offer both a range of habitats and, in an archipelago, a range of
potential vicariance events. However, reefs may also have played a more direct role
with the expansion of coral reefs laying the foundations for the extensive trophic
diversity seen in the Labridae (Price et al. 2010; Chapter 2) and the Chaetodontidae
(Chapter 3). In both families this includes corallivory, a pattern also seen in coral
feeding gastropods (Claremont et al. 2011). While apogonid morphology has
changed little since the Eocene (Goatley et al. 2010), a significant expansion during
the Oligocene occurs primarily in coral-dwelling forms. The apogonids retained their
nocturnal behaviour; however, the origins and diversification of striped/barred
patterns within this lineage appear to be closely linked to selective niche partitioning
and a close association with the open Acropora colonies in which they shelter. This
may have allowed them to diversify within an extremely competitive environment
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(Mabuchi et al. 2006). The decrease in the rate of diversification observed in the
Miocene for the apogonids may be the result of niche filling. Although such coral
associated links are not as clear in the Pomacentridae, the largest tribe, the
Chrominae, are predominantly coral-dwellers, with a strong dependency on coral
cover (Pratchett et al. 2008). They represent the diurnal counterpart to the apogonids.
Coral reefs, thus, appear to represent an important evolutionary driver in all four reef
fish families, with the timing of the expansion of Acropora-dominated habitats in the
IAA corresponding with significant diversification in reef fishes. The new lineages
originating on reefs of this time are ecologically linked to coral reefs. Overall, it
appears that the development of a dynamic and geographically complex archipelago,
with an extensive and expanding coral-dominated reef ecosystem, laid the foundation
for the development of a biodiversity hotspot, acting as a centre of origination,
accumulation and survival.

Methodological considerations
Model selection
The phylogenetic reconstructions and age estimations presented here may be
constrained by both model selection and incomplete taxon sampling. All family
datasets underwent full Bayesian inference estimation of topology, branch lengths and
age estimation under both, an unpartitioned, and a partitioned by gene model scheme.
However, only the partitioned model analyses of the Chaetodontidae and the
Pomacentridae reached convergence in both parameter and tree space. Model
underparameterisation can lead to bias in age estimation and subsequently in the
estimation of diversification rates, which may result in the erroneous observation of
decreasing rates of diversification over time based on the γ-statistic of Pybus and
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Harvey (2000) (see Revell et al. 2005). Fortunately, none of the four families
exhibited decreasing rates over time (CR, MCCR; Table 4.4). Furthermore, model
parameters for both unpartitioned and partitioned analyses included invariant sites and
allowed for rate heterogeneity within general time reversible models (Table S4.1,
Appendix C), all of which can reduce the potential of bias in the γ-statistic (Revell et
al. 2005). In addition, comparisons between unpartitioned and partitioned model
analyses revealed little difference in topology or 95% HPD intervals of age estimates.
Incomplete and biased taxon sampling
Regarding taxon sampling, bias may occur from both overall incomplete
sampling of the families, and from the biased (non-random) sampling within clades
(Cusimano and Renner 2010). Both these factors will affect the estimation of
lineages ages and often result in an observed slowdown in rates of diversification
towards the present. While the datasets for each of the four focal families are the
largest to date, they do not have complete taxon sampling. For both the Labridae
(~45% sampled) and Chaetodontidae (75% sampled), comparison with previously
published age estimated of studies with lower taxon sampling (Chapter 2, 18%;
Chapter 3, 44%) revealed little difference in overall topology or age estimates (Table
S4.2, Appendix C). Regarding the Pomacentridae, as this is the first instance were
ages have been estimated of the entire family, no inference can be made on the
possible effects of taxon sampling for the group, however, all lineages and genera are
sampled for this family. A study by McCafferty et al. (2002) estimated the crown age
of the genus Dascyllus at 16 MY (11.7 - 21 95% CI) which is congruent with the age
estimated by this study; 13.6 MY (10.3 - 17.1). Incomplete or non-random sampling
may have biased the overall topology and age estimates for some lineages of the
Apogonidae. While the CR and MCCR test did not reveal a significant slowdown in
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rates over time, there was an observed decrease in the rate during the Miocene. If this
is a biased result from taxon sampling, increased sampling would inflate rates in this
time period (Miocene) which would be congruent with the rate increase seen in the
Labridae, Pomacentridae and the Chaetodontidae. This highlights the need for a
rigorous systematic assessment of the family Apogonidae to further elucidate the
observed patterns. Fortunately, while addition of more taxa and sequence data will
increase the precision of both age and rate estimates, even reasonable approximations
of lineage ages are sufficient to approach a theoretical minimum variance in
speciation rate estimates (Wertheim and Sanderson 2011).
LTT plots and diversification statistics
Often LTT plots are used to infer the evolutionary affects of some underlying
ecological drivers in the past, such as adaptive radiations, or changing
speciation/extinction rates, to explain the variation in rates of lineage accumulation.
However, interpreting LTT plots based on branching times of a chronogram without
complete taxon sampling can potentially be misleading. Undersampling of younger
lineages will deflate rates at the tips of the trees. To account for this, in the present
study, exploration of patterns and diversification models was restricted to the first
70% of the history of the Labridae, Pomacentridae and Apogonidae, and the first 90%
of the Chaetodontidae. Subsequent LTT plots and model comparisons revealed
moderate support for congruent patterns between the four reef fish families. In each
case, an upturn in diversification rate in the late Eocene to early Oligocene follows
either low (Apogonidae) or decreasing diversification rates (Labridae, Pomacentridae)
in the Palaeo-Eocene. This upturn is synchronous with the origin of the
Chaetodontidae and the appearance of significantly more species rich lineages
associated with coral reefs.
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The RC test identifies nodes where subtending lineages deviate from a constant rate
of cladogenesis. While the RC test itself is susceptible to type 2 error, the nodes
identified by this test were congruent with nodes found by the MEDUSA analyses
with the exception of the Julidine node in the Labridae. This exception may be due to
a limitation in the MEDUSA analysis where a rate shift can only be placed on the
stem of a lineage where species richness can be assigned. The placement of a rate
shift by the RC test within the Julidine lineage is supported by the presence of
significantly more diverse lineages than expected (Table 4.3, Fig. 4.1A). This
highlights at least to some extent the utility of the RC test, which is largely
superseded by the MEDUSA analysis. This may also explain the lack of a rate shift
placement by the MEDUSA analysis on the Chrominae lineage (Pomacentridae),
while moments estimation identified the crown lineage as being significantly more
diverse (Fig. 4.2B; Table S4.3, Appendix C). However, all statistics (RC test,
MEDUSA, moments estimator) show congruent evidence for shifts in the rate of
cladogenesis within the Oligocene/Miocene, offering some confidence in the
observed patterns.

4.5.	
  Conclusions	
  
This study identifies highly congruent patterns in the evolution of four key
coral reef fish families (Labridae, Chaetodontidae, Pomacentridae and Apogonidae),
with support from analyses of published data for two other coral reef fish families
(Tetraodontiformes, Pomacanthidae) and three marine gastropod groups (Turbo,
Conus, Echinolittorina). The initial radiation of the Labridae, Apogonidae and
Pomacentridae follows the K/T mass extinction event. Speciation rates slowed during
the Eocene for the Labridae and Pomacentridae, and were low for the Apogonidae. A
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synchronous inflection in the Oligocene points to a loss of lineages, possibly through
a period of high extinction, a cryptic extinction event. This extinction appears to be
strongly linked to the collapse of the Tethys/Arabian hotspots and the establishment
of the IAA. In the aftermath of this extinction event, the three families experience a
rapid increase in lineage origination coinciding with the origins of major lineages in
the Chaetodontidae. Accelerated cladogenesis continues throughout the Miocene for
all four families. The expansion of new coral reef habitats in the Miocene provides an
opportunity for coral reef associated lineages and is reflected in the significantly
higher origination rates in coral associated lineages. Higher reef affinity also appears
to provide some protection when faced with extremely high extinction rates.
Together, these associations helped lay the foundations for the diversity seen on reefs
today. The diversity of reef organisms in the IAA hotspot appears to be a product of
an Oligocene extinction event and a burgeoning Miocene radiation based on the
expanding coral habitat of the IAA, the world’s largest coral reef archipelago.
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5.1.	
  Introduction	
  
Understanding the historical forces shaping biodiversity is an important aspect
of marine biogeography. Over 4000 species of fishes are associated with coral reefs
globally (Randall et al. 1990). A maximum diversity is reached on reefs within the
central Indo-Australian Archipelago (IAA), the largest marine biodiversity hotspot.
While the latitudinal gradient in species diversity from the IAA hotspot has been
recognised for some time (Ekman 1934; Rosen 1981), and reflects temperate-tropical
gradients in terrestrial systems, the longitudinal decline in marine species diversity
has inspired much debate in the literature (Palumbi 1997; Briggs 1999; Barber 2000;
Hoeksema 2007). Central to the debate over the last 30 years are three cornerstone
“centre-of” hypotheses describing the origin and maintenance of faunal diversity
within the IAA hotspot: whether it is a centre of origin, overlap, and/or accumulation.
As in terrestrial biogeography, rates of origination are the primary basis for
interpreting geographic patterns in these models. These hypotheses examine
processes maintaining biodiversity in the IAA hotspot and are framed within the
context of the Indo-Pacific region. There has been little attempt to explore global
patterns of origination and dispersal between regions to directly compare major
marine geographic provinces. Particularly, how do rates of origination within the
IAA compare to adjacent regions in the Indo-Pacific (Indian Ocean, Central Pacific)
and other disconnected regions (Atlantic, East Pacific)? There are challenges to
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addressing these questions. The lack of physical barriers in the marine environment
and connectivity through larval dispersal has blurred the biogeographic origins of
marine species (Bellwood and Wainwright 2002; Briggs 2003). Even on shallow time
scales, it is often unclear whether speciation has occurred in allopatry through
vicariance, or in sympatry as a consequence of ecological isolation (Barraclough and
Volger 2000; Losos and Glor 2003; Quenouille et al. 2011). Indeed, the traditional
allopatric speciation model (Dobzhansky 1937; Mayr 1947) has been challenged by
models of ecological speciation in reef fishes (Rocha et al. 2005). While the debate
continues, a critical appraisal of global patterns in origination and dispersal for the
major coral reef fish families remains to be seen.
Since their initial formulation by Potts (1985) in the context of reef building
corals, the three “centre of” hypotheses have been repeatedly modified and expanded
(reviewed by Bellwood et al. in press) in an attempt to explain the extensive
overlapping and widespread ranges seen in multiple coral reef taxa in the Indo-Pacific
(Bellwood and Hughes 2001; Randall 2005). Furthermore, a fourth “centre of
survival” (Heck and McCoy 1978; Barber and Bellwood 2005) has been added which
seeks to explain why most of the taxa remain in the IAA regardless of the location of
origin of the taxa. This hypothesis allows multiple sources of biodiversity,
widespread ranges and post speciation range expansion. As seen in Chapter 4, coral
reefs may provide the mechanism for this survival in the IAA, allowing both higher
rates of diversification and reduced vulnerability to extinction for associated lineages.
Several phylogeographic studies of reef fish evolution centred in the IAA have
invoked one or more of the “centre-of” hypotheses to explain current biogeographic
patterns (Nelson et al. 2000; Bernardi et al. 2002; McCafferty et al. 2002; Read et al.
2006; Timm et al. 2008). However, there has been no family-level study for reef
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fishes exploring congruence in global patterns of biogeographic origination, dispersal
and inheritance in a temporal framework. Central questions regarding rates and
locations of origination, direction and amplitude of dispersal over time, and extent of
range inheritance along lineages need to be answered before we can begin to
understand the drivers of coral reef biodiversity. To answer these questions a global
perspective is needed, for multiple groups, across the major marine biogeographic
realms.
Historically, three barriers have divided the circum-tropical belt into three
major realms: The Indo-Pacific, Atlantic, and East Pacific (Fig. 5.1). (1) The East
Pacific Barrier (EPB) separates the Indo-Pacific from the East Pacific by a 5000 km
expanse of open ocean (Bellwood and Wainwright 2002). It is a “soft” barrier, as it
does not represent a direct physical barrier between marine populations (e.g. a land
bridge). While this barrier is believed to have been in effect throughout the Cenozoic
(65 MY; Rosen and Smith 1988), there are examples of both fish and invertebrate
lineages that have crossed the barrier and are able to maintain gene flow between
populations (Lessios et al. 1998; Lessios and Robertson 2006). (2) The final closure
of the Tethys seaway (Terminal Tethyan Event - TTE) is dated to ~12 MY (12 - 18
MY; Steininger and Rögl 1979) and this ‘hard’ physical land barrier at the northern
tip of the Red Sea, finally cut off gene flow from the Indian Ocean to the Atlantic.
However, Lessepsian migration not withstanding, dispersal still may be possible
around the horn of Africa (see Bowen et al. 2006). Vicariance associated with the
TTE has been identified in several dated phylogenies of coral reef fishes (Klanten et
al. 2004; Barber and Bellwood 2005; Read et al. 2006; Chapter 2 and 5) and
gastropods (Williams and Reid 2004; Williams and Duda 2008; Reid et al. 2010) as
an important driver of initial lineage divergence. However, the timing and frequency
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of these events has not been examined across multiple groups. Finally, (3) the closure
of the Isthmus of Panama (IOP) dated to 3.1 MY (Coates and Obando 1996) marked
the final separation of the Atlantic/Caribbean region and the East Pacific, another
‘hard’ barrier. The effects of this closure are seen in sister taxa from several different
faunal groups (Knowlton and Weigt 1998; Lessios 2008). On a larger scale, the IOP
effectively isolated the Indo-Pacific and the Atlantic. It is between these two regions
that most differences are seen today in terms of taxonomic composition of reef taxa
(Bellwood and Wainwright 2002).
The lack of hard barriers in the Indo-Pacific has allowed many taxa to
maintain a widespread range spanning from the east coast of Africa to islands in the
central Pacific, or in some cases to the Pacific coast of the Americas. However, the
combination of tectonic activity and several semi-permeable hydrological barriers
(Barber et al. 2000, 2002; Santini and Winterbottom 2002; Carpenter et al. 2011) have
resulted in a complex distribution of biota. This includes both provincial endemics
and widespread species that characterise the Indian Ocean, the IAA hotspot, and the
Central Pacific Island arcs (Bellwood and Wainwright 2002; Jones et al. 2002;
Connolly et al. 2003; Hoeksema 2007). These conditions make it extremely difficult
to identify origination and directionality of dispersal between regions. For both
endemic taxa and those that are widespread across the entire Indo-Pacific (Indian
Ocean, IAA, Central Pacific) we need to answer several questions: 1) In what region
did a species first arise? 2) what was the associated evolutionary mechanism
(sympatric versus vicariance)? and, 3) how has dispersal affected their distribution?
In a temporal framework, the answers to these questions will illuminate both the
evolutionary history of the IAA hotspot, and the role played by adjacent geographic
regions.
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Within the IAA, it may be difficult to detect the overall contribution of
allopatric versus sympatric speciation to biodiversity due to the transient nature of
barriers and rapid dispersal potential of marine fishes (Quenouille et al. 2011).
However, on a larger taxonomic and geographic scale, allopatry may be clearly
observed in deeper lineages (Losos and Glor 2003). Likewise, at a regional scale it is
easier to identify “region sympatry” i.e. lineage duplication within a region, rather
than distinguishing local vicariance versus ecological isolation or micro-allopatric
speciation. A comparison of the proportion of species that is a result of within-region
origination (region duplication) versus inward dispersal may reveal important patterns
in origination and dispersal and identify a region as a macro-evolutionary source or
sink (Briggs 2003). Regarding dispersal between regions, it is important to quantify
the frequency to which dispersal is followed by vicariance and if it reflects the
palaeogeographic record. Dispersal may not be followed by vicariant speciation, but
instead by speciation within part of its range through peripheral isolation (peripatric
speciation). In this case, one lineage will be restricted to its peripheral location, while
the other inherits the ancestral range of the parent lineage. This may result in high
numbers of endemic species in peripheral location (cf. Jones et al. 2002). Patterns of
range inheritance along a lineage will also have an impact on regional diversity.
To address these issues, I examine inferred patterns of origination and
dispersal in three reef fish families: Labridae, Pomacentridae and Chaetodontidae.
All are amongst the most diverse and abundant families distributed on coral reefs
globally (Bellwood and Wainwright 2002). Recent studies have identified a possible
link between coral reef associated lineages within each family and accelerated
cladogenesis (Chapter 4). Chronologies of the three families show remarkable
congruence in tempo of diversification (Chapter 4) and temporal concordance in
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trophic innovation (Chapter 2 and 3). They contain both endemic species in all major
regions, as well as species with widespread ranges (de Moura and Sazima 2000; Jones
et al. 2002; Kuiter 2002; Kulbicki et al. 2005; Floeter et al. 2008). Previous studies
have explored biogeographic evolution of various taxa within each family
(McCafferty et al. 2002; Barber and Bellwood 2005; Read et al. 2006; Beldade et al.
2009; Craig et al. 2010). However, there has been no biogeographic reconstruction of
ancestral ages at the family level. These three families present the ideal candidates
for ancestral range reconstruction and the exploration of common patterns. Using
recently developed software for biogeographic reconstruction (Ree and Smith 2008),
hypothetical speciation scenarios along the molecular lineage can be inferred from
extant ranges. This can provide us with a framework in which we can assess pattern
of origination within each region, and dispersal between them.
The aim of this study, therefore, is to identify congruence in the biogeographic
histories of the Labridae, Pomacentridae and Chaetodontidae. In a global context, this
will provide an opportunity to identify possible sources of current biodiversity and
directionality of dispersal. A temporal perspective will also allow the role of barriers
and vicariance between regions to be quantified and compared to the
palaeogeographic history of the regions. The specific questions to be answered are:
1. Do the three focal families of coral reef fishes display congruent patterns of
origination on a global scale?
2. How have post speciation dispersal and range inheritance contributed to
current patterns of biodiversity of coral reef fishes?
3. What is the temporal pattern of vicariant events associated with historical
barriers to gene flow?
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5.2.	
  Materials	
  and	
  Methods	
  

Chronologies and geographic range data
Recently construct chronograms for the families Labridae, Pomacentridae and
Chaetodontidae were utilised in the ancestral range reconstruction analysis. These
chronograms were obtained using Bayesian inference and fossil data (see Chapter 4
Methods section). The geographic ranges of each species present in each of the
chronograms were assessed using published sources (Allen 1991; Randall et al. 1996;
Kuiter 2002; Randall 2005) and Fishbase (Froese and Pauly 2011). Geographic
ranges were divided into five separate regions (Fig. 5.1): (1) Indian Ocean; (2) IAA;
(3) Central Pacific; (4) East Pacific; and (5) Atlantic. Presence within a geographic
region required a record of one location within the region; there was no limit to the
number or order of regions occupied (Table 5.1). The presence or absence of a
species in each region was coded as a character state to be used in the ancestral range
reconstruction (Table S5.1, Appendix D).

Ancestral range reconstruction
Reconstruction of ancestral ranges based on the time-calibrated phylogenies
was implemented in the program Lagrange v2.01 (likelihood analysis of geographic
range evolution; Ree and Smith 2008). Lagrange implements a maximum likelihood
approach based on a stochastic model of geographic range evolution involving
dispersal, extinction and cladogenesis (DEC model). In the DEC model, anagenetic
(internode) range evolution is governed by a Q matrix of instantaneous transition rates
that infer dispersal (range expansion) between geographic regions, or local extinction
(range contraction) within a region along phylogenetic branches that can be calibrated
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to time (Ree and Smith 2008). The model also allows global rates of dispersal and
local extinction to be estimated by maximum likelihood (Ree and Smith 2008).
Dispersal was restricted to only occur between adjacent regions (Fig. 5.1)
Cladogenetic (node speciation) change is modelled under three alternative
inheritance scenarios (Ree et al. 2005): (1) Vicariant/Allopatric speciation where a
widespread ancestor diverges into a descendant within a single range, and a second in
the remainder of the ancestral range (Fig. 5.2a); (2) Sympatric speciation where the
ancestor is present in a single area and both descendant lineages form within, and
inherit the entire range (Fig. 5.2b); and (3) Peripheral isolate speciation, where one
descendant inherits just the part of the range where the divergence happened and the
other descendant inherits the entire range (Fig. 5.2c). The third range inheritance
scenario allows a widespread ancestral range to be inherited by a single descendant
lineage. It is this scenario that will be most useful in modelling range evolution
within these fish families, which is not implemented in traditional range
reconstruction software such as DIVA (Ronquist 1997). A recent study comparing
the two approaches showed that the incorporation of lineage divergence times allowed
the DEC model to more accurately reconstruct scenarios that agreed with the
palaeogeographic record (Buerki et al. 2011). For each node, range inheritance
scenarios are ranked according to the fractional likelihood they received by the
analysis. Where other likely scenarios exist for range inheritance Lagrange ranks
these scenarios within two log-likelihood units of the optimal scenario.
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Table 5.1. Assignment of locations within species ranges to five biogeographic regions to be used in
ancestral range reconstruction.

Region

Locations

East Pacific (EP)

Baja California, Sea of Cortez, Revillagigedos and
Galapagos Is.

Atlantic (Atl.)

Gulf of Mexico, Florida, Bermuda, Caribbean Sea,
Mediterranean Sea, St. Helens and Ascension Islands,
Cape Verde Islands, West Africa

Indian Ocean (In)

Red Sea, East Africa, South Africa, Seychelles, Mauritius,
Arabian Gulf, Sri Lanka, Maldives, India, Thailand

Indo-Australian

Cocos-Keeling and Christmas Is., Malaysia, Indonesia,

Archipelago (IAA)

Philippines, Taiwan, Ryukyus, Japan, New Guinea, Great

(= Central Indo-Pacific)

Barrier Reef, Lord Howe Is., Western Australia, Southern
Australia

Central Pacific (CP)

Solomons, New Caledonia, Fiji, Samoa,
Society/Tuamotus, Pitcarin/Rapa, Easter Is.,
Marshalls/Marianas/Gilberts, Hawaii, Marquesas.
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Figure 5.1 Schematic drawing of global marine biogeographic regions and how they have changed
from the Palaeocene/Eocene to the Pliocene/Recent epochs. Each region has its own species richness,
origination, and dispersal in/out. Lines show probable paths of dispersal. Three pieces of information
from the reconstruction are displayed for each region: 1) Regional species richness (in circles); 2)
Regional origination (below circles), and 3) Inferred dispersal from region to adjacent region (number
over arrow). These taxa are a subset of the regional origination that subsequently moved. Question
marks indicate the restricted but possible dispersal across the East Pacific Barrier and round the Horn
of Africa. CP = Central Pacific, EP = East Pacific, Atl = Atlantic, In = Indian, IAA = Indo-Australian
Archipelago.
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Figure 5.2 Hypothetical range reconstruction scenarios implemented in Lagrange (Ree and Smith
2008). In each case given enough time, post speciation dispersal can result in widespread overlapping
ranges. A and B are hypothetical adjacent regions. White is the range occupied by ancestral lineage,
light grey, and dark grey represent two daughter lineages. Black arrows identify post speciation
dispersal. (a) Vicariance models the split between populations in each area resulting in two daughter
species which then disperse in the absence of the initial barrier. (b) Sympatric speciation, or within
region duplication resulting in two daughter lineages in region B which both disperse to region A. (c)
Peripheral isolation results in one daughter lineage in B which the other lineage inherits the widespread
AB range from the ancestral lineage.

Lagrange also allows constraints to be placed on the DEC model to reflect past
geological events (e.g. formation of barriers) and fossil information. Each family was
exposed to three separated models: M0, an unconstrained model allowing equal
probability of dispersal between adjacent areas at any time; M1: a constrained model
reflecting formation of biogeographic barriers (Fig. S5.1, Appendix D) and M2: a
constrained model with an added fossil constraint at the root of each tree reflecting
the fossil record for each family. The constrained model, M1, reduced the probability
of dispersal from the Central Pacific to the East Pacific to 0.05 for the entire duration
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of the chronogram (i.e. from root to tip) reflecting the East Pacific Barrier. The
probability of dispersal from the Indian Ocean to the Atlantic Ocean was reduced to
0.05 from 18 MY onwards, reflecting the closure of the Tethys seaway, but allowing
the possibility of dispersal around the Horn of Africa. Dispersal from the Atlantic to
the East Pacific was not allowed from 3.1 MY to present reflecting the estimated
closure of the Isthmus of Panama.
The fossil constrained model, M2, forced the root node to be present in the
Atlantic (Tethys) region, based on fossils from Monte Bolca (Fig. S5.1, Appendix D).
The three models were compared using log-likelihood scores, and range inheritance
scenarios were compared across the tree. The best model was used to map
origination, dispersal and extinction events on to the family chronograms.

Exploring patterns
Patterns of origination and dispersal among the Labridae, Pomacentridae and
Chaetodontidae were assessed based on the DEC model with the best likelihood
score. By mapping the range inheritance scenarios reconstructed by the DEC model
the timing and location of origination was recorded for each of the lineages on each of
the chronologies. Inferred dispersal events were recorded along each branch. The
timing for each dispersal event was taken as the midway point along the branch on
which it occurred. This was done for the tips of the trees (i.e. the extant taxa) and
across the entire chronology (i.e. hypothetical ancestral molecular lineages).
Examining the tips of the tree allowed for comparison of mean taxa ages
among the three families. Analysis of variance (ANOVA) was used to investigate if
mean taxon age differed among families and regions. A two-way factorial ANOVA
was used to compare the distribution of age estimates among families and regions,
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with families and regions as fixed effects. Tukey-Kramer post-hoc comparisons were
conducted to identify overall differences among and within families and regions.
Ages were log [x + 1] transformed to meet the assumptions of ANOVA.
Patterns of origination were compared as a proportion of regional diversity
and as a proportion of global family diversity. This was to identify regions where
origination of lineages through regional sympatric cladogenesis has been a major
contribution to diversity of the region, and to identify which regions have been a
major contributor to the diversity of each family. In both cases, proportions were
arcsine transforms to mean the assumption of ANOVA.
To investigate the pattern of origination and dispersal throughout the
evolutionary history of the three families, the number of lineages present in each
region at four time intervals were calculated from the ancestral reconstruction: the
Eocene/Oligocene boundary (33 MY), the Oligocene/Miocene boundary (25 MY), the
Miocene/Pliocene boundary (5 MY), and the present (0). This gives an estimate of
hypothetical relative “palaeodiversity” from the molecular history (N.B. this is only
relative and makes no allowances for subsequent extinction). The palaeodiversity in
each region is the result of lineage origination within the region, and lineage dispersal
into the region during the previous epoch (Fig. 5.1). In cases where vicariance has
occurred after dispersal, the sum of origination and dispersal into the region will be
greater than the total palaeodiversity. Where a lineage has inherited a range,
origination and dispersal will be less than palaeodiversity. Proportions of origination,
dispersal, and inheritance were estimated in each family for each epoch
(Palaeocene/Eocene, Oligocene, Miocene, Pliocene/Recent).
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The frequency and timing of reconstructed vicariance events between adjacent
regions were assessed for each of the three families. A vicariance event was defined
as the splitting of an ancestral widespread lineage into two daughter lineages that
were divided between two regions. The ages of vicariance events were compared
between families to identify possible links to historical barriers. A two-way factorial
ANOVA was used to compared the distribution of reconstructed vicariance events
among families (is there temporal congruence among families?), and among
associated barriers (are barriers temporally distinct from each other?), with families
and barriers as fixed effects. Tukey-Kramer post-hoc comparisons were conducted to
identify overall differences among families and barriers.

5.3.	
  Results	
  

Range reconstruction
The constrained models, M1 (barrier constrained) and M2 (fossil constrained),
were favoured over the unconstrained model M0, with significantly better loglikelihood scores (over 30 log-likelihood units) for all three families (Table 5.2). In
all cases M1 had a better likelihood score than M2, however, this was negligible for
the Labridae (0.3 units) and Chaetodontidae (1 unit). For the Pomacentridae, the
addition of the fossil calibration gave a lower log-likelihood score by 2.7 units.
Optimal reconstructed scenarios showed consistently higher likelihood under M1.
Global rates of dispersal were slightly higher under constrained models while
extinction rates were similar under all three models (Table 5.2). Node reconstructions
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of model M1 are therefore used to explore patterns of origination and dispersal. Node
reconstructions were overlaid onto family chronograms (Fig. S5.2-5.4, Appendix D).

Table 5.2 Results from Lagrange ancestral range reconstruction under three models (see text). Loglikelihood scores were used to compare models. Best scores are in bold for each family. Dispersal and
extinction rates (per million years) were estimated by Lagrange analysis.

Family

Labridae

Model

Pomacentridae

Chaetodontidae

M0

M1

M2

M0

M1

M2

M0

M1

M2

-lnL

658.7

617.7

618

450.5

414.5

417.2

281

258.3

259.3

Dispersal

0.024

0.033

0.033

0.026

0.035

0.035

0.066

0.100

0.100

Extinction

0.004

0.004

0.004

0.002

0.001

0.002

0.012

0.011

0.012

Origination and dispersal of extant taxa
There was a significant family effect on mean age of origination (F2,521 = 5.58,
p < 0.001). Tukey-Kramer post-hoc comparisons showed that mean age of
chaetodontid taxa (~2.5 MY) was significantly younger than the mean age labrid
(~6.7 MY) and pomacentrid taxa (~6.7 MY) (Fig. 5.3; Table S5.2, Appendix D).
There was no overall regional effect on mean age of origination (F4,521 = 1.15, p =
0.32), however, there was a significant interaction between family and region (F8,521 =
2.78, p < 0.01). To investigate the interaction between a lineage’s family and location
of origin, separate one-way ANOVAs were conducted for each family, and for each
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region. Significant differences among regions were detected within the Labridae
(F4,265 = 4.62, p < 0.001), and the Chaetodontidae (F4,90 = 3.05, p < 0.05). TukeyKramer post-hoc comparisons identified significantly younger ages for lineages
originating in the Atlantic region compared to the IAA for the Labridae; and
significantly younger ages were found in the Indian Ocean compared to the Atlantic
for the Chaetodontidae (Table 5.2; Fig. 5.3). There was no significant difference in
age of origination of pomacentrid lineages among the five regions (F4,90 = 1.4, p =
0.23). There was a significant difference in age of species origination detected among
the three families in the Indian Ocean (F2,63 = 10.24, p < 0.0005), and the IAA (F2,63 =
37.0, p < 0.000). For both regions, post-hoc comparisons found chaetodontid lineages
to be significantly younger than labrids and pomacentrids which where not found to
be significantly different from each other (Fig. 5.3; Table S5.2, Appendix D).
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Figure 5.3 Boxplot showing mean (circle) and 95% CI (whiskers) of the distribution of ages of
origination of extant lineages in each biogeogaphic region, and globally for the Labridae,
Pomacentridae, Chaetodontidae.
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For the total regional diversity for each family, the per capita relative
contribution of origination, dispersal and range inheritance to regional biodiversity
was calculated from the Lagrange M1 reconstruction (Table 5.2). No significant
difference was detected in relative origination rates among the three families (F2,8 =
0.2, p = 0.8) based on per capita regional diversity. Relative origination rates based
on per capita family diversity likewise showed no significant family effect (F2,8 =
0.08, p = 0.9). However, for the three families combined, there was a significant
difference found among regions for origination per capita regional diversity (F4,8 =
38.33, p < 0.0001) and per capita family diversity (F2,8 = 61.5, p < 0.0001). For per
capita regional diversity, Tukey-Kramer post-hoc comparison showed that relative
origination in the IAA, Atlantic, and East Pacific were significantly higher than the
Indian Ocean and Central Pacific (Fig. 5.4B). For per capita family diversity, TukeyKramer post-hoc comparison identifying significantly higher relative origination in
the IAA, compared with the other four regions (Fig. 5.4C). For all three families the
reconstruction suggests that the IAA exhibited a significantly larger contribution to
the origination of species than the remaining regions.
For all three families, the East Pacific, Atlantic and IAA show high rates of
within region origination (75 - 100%; Table 5.2). Dispersal into these regions is low
(1 - 6%). The Atlantic region appears to be isolated except for two putative dispersal
events into the region around the Cape of Good Hope: Halichoeres macuilpinna;
Anampses caerulopuntatus (Fishbase, Froese and Pauly 2011) (Fig. S5.3, Appendix
D). Both the Indian Ocean and Central Pacific are characterised by low origination
(20 - 40% Indian Ocean; 10 - 16% Central Pacific), but high dispersal of lineages into
the region, from the IAA (Fig. 5.4A, Table 5.2). Dispersal from the IAA into the
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Indian Ocean and the Central Pacific appears to be of a similar magnitude (Fig. 5.4A).
The Central Pacific, while having comparable species richness to the Indian Ocean
(Fig. 5.4A), has lower origination (7 - 16%). For all three families ancestral
inheritance in the Central Pacific appears to be higher than within region origination
(Table 5.2).

Table 5.3 Relative contribution of origination (Origin), dispersal (Disp.) and inheritance (Inh) per
capita regional biodiversity of the Labridae, Pomacentridae, and Chaetodontidae. Origination is the
proportion of species that arose within that region; Dispersal is the proportion of species within each
region that dispersed to that region and maintain it as part of its range; Inheritance is the proportion of
species that inherited that region as a part of an ancestral lineage range that arose in another region.

Region

Labridae

Pomacentridae

Chaetodontidae

Origin Disp. Inh. Origin Disp. Inh. Origin Disp. Inh.
EP

0.76

0.06

0.18

0.90

0.00

0.10

0.67

0.00

0.33

Atl.

0.99

0.01

0.00

1.00

0.00

0.00

1.00

0.00

0.00

In

0.21

0.64

0.15

0.41

0.49

0.10

0.40

0.47

0.14

IAA

0.96

0.03

0.01

0.88

0.11

0.01

0.95

0.05

0.00

CP

0.10

0.78

0.12

0.07

0.72

0.21

0.16

0.53

0.30
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Figure 5.4 (A) Schematic drawing of the globe displaying the combined diversity of labrids,
pomacentrids and chaetodontids in each region (in circle) showing the numbers of originations (below
circles) and dispersal events of extant lineages (next to arrows). For example, of the 355 lineages in the
IAA, 331 arose within the region; 21 dispersed in and 160 out (see Appendix D for family
reconstructions). (B) Bar graph of mean relative proportion (

SE) of lineage origination in each

region, per capita regional diversity (regional origination / regional richness). (C) Bar graph of mean
relative proportion of lineage origination (

SE) in each region, per capita family diversity (regional

origination / total family diversity). A and B above bars mark non-signifcant groups in Tukeys post-hoc
comparisons (p < 0.001).
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Origination and dispersal through time
The ancestral reconstruction implemented in Lagrange allowed patterns of
anagenetic and cladogenetic change to be investigated in different epochs. As with
the extant tips of the trees, this allowed the contribution of origination and dispersal to
the palaeodiversity (of molecular lineages) in each biogeographic region to be
estimated for the Labridae (Fig. 5.5 A-D), Pomacentridae (Fig. 5.5 E-H), and the
Chaetodontidae (Fig. 5.6). For each epoch the optimal scenarios return for each node
and lineage (Fig. S5.2-5.4, Appendix D) within the epoch was recorded in each
region. For several nodes, other likely scenarios were recorded by the Lagrange
analysis showing local uncertainty. In these cases the other scenarios within two loglikelihood units were explored, however, there was no criteria to consider them more
historically accurate than the most optimal scenario for that node. Within the
Palaeo/Eocene, Oligocene, Miocene, and Pliocene/Recent epochs the reconstructions
yielded congruent patterns among the three families. These epochs will be considered
separately below.
Palaeo/Eocene (65 - 33 MY)
Both the Labridae and Pomacentridae have highest palaeodiversity in the IAA
with relatively low dispersal of lineages from the area. The Chaetodontidae have yet
to diverge at this stage (Fig. 5.6A), but reconstruction places the root node in the IAA
(Fig. S5.4, Appendix D). Overall, there are several widespread lineages that have
resulted from initial connectivity between regions from the beginning of the
Palaeocene, and dispersal throughout the Eocene. By 33 MY we have highest lineage
diversity in the IAA, of which the majority remain restricted there (Fig. 5.5A,E). The
MRCA for the family Labridae was reconstructed as a widespread distribution present
in the Atlantic/Indian/IAA (Fig. S5.3, Appendix D). Dispersal is potentially possible
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between all five regions and may have resulted in lineages of the hypsigenyines and
scarines maintaining widespread ranges. These widespread lineages overlap with
lineages restricted to the Atlantic (MRCA Labrini), and the IAA (Cheilini, Julidini,
Odacini, Bodianus, Choerodon). Dispersal may have occurred across the EPB in the
lineage leading to Cheilo and Malapterus, which then separate through vicariance
(Fig. S5.3, Appendix D). For the Pomacentridae, the root is placed within the IAA,
but by the end of the Eocene three major lineages representing precursors to the
Stegastinae, Chrominae and Abudefdufinae are widespread, overlapping with the
basal lineages of the Pomacentrinae that are restricted to the IAA (Fig. S5.3,
Appendix D).
Oligocene (33 - 23 MY)
Within the Oligocene, the reconstruction places the origins of several stem
lineages of labrid taxa (reef scarines, labrichthyines, Thalassoma, Halichoeres);
pomacentrid taxa (Pomacentrus, Neopomacentrus, Amphiprion, Dascyllus, and
Chrysiptera); and two major chaetodontid lineages (crown Chaetodon, bannerfishes)
in the IAA (Fig. S5.2-5.5, Appendix D). Dispersal from the IAA to adjacent regions
appears limited (Fig. 5.5B,F; Fig. 5.6B) and there is an overall increase in
provinciality. There is no connection maintained between the Indian Ocean and the
Atlantic for labrid lineages. However, the MRCA of a Halichoeres (NW) lineage
does appear to disperse across the Pacific and into the Atlantic (Fig. S5.3, Appendix
D). There is a single dispersal event along a Chrominae lineage to the Indian Ocean
from the Atlantic, and the Abudefdufinae lineage retains the Atlantic as part of its
widespread range through to the Miocene. Vicariance events split lineages between
the Atlantic and the Indian Ocean in the Labridae (Calotomus/Sparisoma clade) and
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the Pomacentridae (Chrominae, Stegastinae). In the Chaetodontidae reconstruction,
the bannerfish lineage is restricted to the IAA, while the crown Chaetodon lineage
disperses out to the Central Pacific, and through the Indian Ocean into the Atlantic.
Miocene (23 - 5 MY)
In all three families, the Miocene is characterised by a leap in the
palaeodiversity of the IAA region (Fig. 5.5C,G; Fig. 5.6B). This increased diversity
is followed by numerous dispersal events from the IAA to the Indian Ocean and the
Central Pacific, increasing overall diversity in those two adjacent regions. Dispersal
from the Indian Ocean to the Atlantic occurs along several labrid lineages, before
(Bodianus, Thalassoma, Coris, Novaculines) and after (Bodianus, Scarus) the TTE
(~12 - 18 MY). There is no dispersal between the Indian Ocean and the Atlantic for
the Pomacentridae, however, within the Abudefdufinae the Atlantic is retained in its
widespread range until the early Pliocene. Both pomacentrids and labrids have
similar lineage richness in the Central Pacific, Indian Ocean and East Pacific region,
however labrids have higher numbers in the IAA and Atlantic. There is high
origination of Chaetodon lineages in the IAA during the Miocene, some of which
disperse into the Indian and Central Pacific regions. There is also dispersal of
chaetodontid lineages from the Indian to the Atlantic (MRCA Chaetodon C2&3&4);
across the EPB (Chaetodon C4, Amphichaetodon, MRCA Johnrandallia/Heniochus);
and from the East Pacific to the Atlantic (Chaetodon C4). Several vicariance events
occur between Indian and IAA regions in all three families.
Pliocene/Recent (5 MY)
Origination within the IAA continues in the Pliocene to Recent epochs (Fig.
5.5D,F; Fig. 5.6D) and dispersal from the region continues to be the main source of
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diversity in adjacent regions. Within the Indian Ocean and Central Pacific regions,
we now see evidence of range inheritance. There is a higher frequency of lineages
that inherited the Central Pacific as part of their range, than lineages that originated in
the region during the Pliocene/Recent. The East Pacific and Atlantic become
separated by the IOP, and this is reflected by several vicariance events. No dispersal
is apparent out of the Atlantic for any lineage. Any dispersal into the Atlantic region
from the Indian Ocean quickly gets separated by vicariance (Fig. S5.2-5.4, Appendix
D), with the exception of the recent movement of Anampses caerulopunctatus
(recorded on Fishbase (Froese and Pauly 2011) in the southeast Atlantic). In the
Pomacentridae and Chaetodontidae, no dispersal is evident across the EPB, while the
Labridae maintain five separate widespread ranges across the barrier (Calotomus
carolinus, Scarus rubroviolaceous, S. ghobban, Novaculichthys taeniourus,
Stethojulis bandanensis).

Barriers and vicariance
The distribution of vicariance events across all barriers in all families’ shows
the majority of vicariance occurred in the late Miocene/Pliocene (Fig. 5.7). Inferred
vicariance events are linked to historical barriers where appropriate (Fig. 5.8A).
There was no significant difference detected between the ages of vicariance events
among barriers (F4,53 = 1.89, p = 0.12), or families (F2,53 = 2.78, p = 0.07). There was
also no significant interaction between barrier and family (F8,53 = 0.08, p = 0.58). The
mean age of vicariance (and standard error) across each of the barriers was compared
among families (Fig. 5.8B). The age of each reconstructed vicariance event across
each of the barriers was plotted for all three families. Mean age of vicariance and the
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distribution of vicariance events among the three families are examined in the context
of associated barriers and regions below:

Labridae

Pomacentridae
Paleo-Eocene

(A)
1

2

1

1

4

1

3

1

2

1

13

2

5

1

29

1

29

2

(C)
4

3

54

2

47

39
10

33

132

1

2

2

9

2

5

2

1

3

2

7
5

34

3

9

40

1

21
21

3

1

Miocene

7

12
12

38

2

6

129

2

(G)
1

4

4

Oligocene

3

3

Miocene

10

1

(F)
1

4

4

4

9

4

2

2

2

Oligocene

(B)
3

1

1

12

1

1

Paleo-Eocene

(E)

19

5

21

85

27

29
3

77

7

8

Pliocene

(D)
3

1

17
13

73

46

50

73

97
20

3

168

86

162

3

Pliocene

(H)
10
9

17
17

35

30

81
33

126

75

111

5

7

1

Figure 5.5 Schematic drawing of global palaeomaps for four time periods: Palaeo/Eocene (65 - 33
MY); Oligocene (33 - 23 MY); Miocene (23 - 5 MY); Pliocene/Recent (5 - 0 MY). Number show total
hypothetical palaeodiversity (in circle), origination (below circle), and dispersal events (next to arrow)
for each region in each period for the Labridae (A-D) and the Pomacentridae (E-H). See Fig. 5.1 for
detailed legend. Where dispersal in + origination is less than regional richness, the difference is range
inheritance from the previous epoch. Where it is greater than regional richness, the difference is
origination through vicariance.
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Figure 5.6 Schematic drawing of global palaeomaps for four time periods: Paleo/Eocene (65 - 33 MY);
Oligocene (33 - 23 MY); Miocene (23 - 5 MY); Pliocene/Recent (5 - 0 MY). Number show total
hypothetical palaeodiversity (in circle), origination (below circle), and dispersal events (next to arrow)
for each region in each period for the Chaetodontidae. See Fig. 5.1 for detailed legend.

148

East Pacific Barrier (65 MY)
Vicariance related to the EPB may have occurred in all three families (Fig.
5.8), separating lineages in the Central Pacific and East Pacific regions. Vicariance
associated with the EPB appears in two discrete time periods: from end
Eocene/Oligocene (~35 - 25 MY) in the Labridae and Pomacentridae, and from end
Miocene/Pliocene (~9 - 1 MY) in all three families (Fig. 5.8C). The majority of
vicariance in the latter period (Fig. 5.8C), immediately followed dispersal across the
EPB (Fig. S5.2-5.4, Appendix D).
Isthmus of Panama (3.1 MY)
The IOP resulted in several vicariance events in the Labridae and
Pomacentridae, and once in the Chaetodontidae, separating lineages between the
Atlantic and East Pacific regions (Fig. 5.7). There was one event inferred from the
reconstruction in the chaetodontid tree, which occurred very close (at 3.3 MY) to the
final closure of the IOP (at 3.1 MY). Both the Labridae and the Pomacentridae had a
wider distribution of vicariance ages within mean ages of 9.4 MY and 7.9 MY,
respectively. There was no event younger than the final closure of the IOP, and the
highest density of events occurs just before the IOP (Fig. 5.8C).
Terminal Tethyan Event (18 MY)
For reconstructed vicariance events between the Indian Ocean and the
Atlantic, the Labridae and the Pomacentridae appear to have a similar mean age (~19
MY and ~22 MY, respectively). However, both families contain outlier events: older
in the Labridae (~50 MY, hypsigenyine) and younger in the Pomacentridae (4.2 MY,
Abudefdufinae). Vicariance events in the Labridae are more frequent closer to the
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final closure of the Tethys seaway (Fig. 5.8C), while the Pomacentridae has been
affected by pre-TTE vicariance with three events occurring at ~30 MY. The final
vicariance event in the Abudefdufinae occurred, followed a succession of vicariance
events that split up its ancestral widespread range (Fig. S5.4, Appendix D,). There
was two vicariance events inferred in the Chaetodontidae: recently at 0.5 MY, and
close to the TTE at 16.3 MY. Overall, there is a wide range of vicariance events
among the three families, with a marginally higher density occurring around the TTE
(~15 - 16 MY; Fig. 5.8C).
Indian Ocean/IAA
Both the Labridae and Chaetodontidae show congruence in the mean age of
vicariance between the regions (4.1 MY and 2.2 MY, respectively; Fig. 5.8B), and the
distribution of vicariance events, with all events clustering within the last ~10 million
years (Fig. 5.8C). The Pomacentridae have a wider range of events with two older
events occurring in the Oligocene/Miocene, but also shows congruence with the
Labridae and Chaetodontidae with two event occurring during the end Miocene and
early Pliocene (Fig. 5.8C).
IAA/Central Pacific
Vicariance between the IAA and Central Pacific regions were remarkably
concentrated within the late Miocene for all three families. The Labridae and
Chaetodontidae do have slightly older events as outliers but the mean ages are very
similar (6.7 MY and 7.3 MY, respectively; Fig. 5.8B). Only one vicariance event was
observed in the Pomacentridae at ~6.7 MY. There is congruence among the three
families with an overall majority of events occurring between 6 - 7 MY (Fig. 5.8C).
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Figure 5.7 Frequency histogram of vicariance events across all barriers in all three families. Histogram
bars are in 2.5 MY bins. Epochs are identified along the x-axis. The mode of the distribution occurs
between 2.5 - 5.0 MY.
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Figure 5.8 Distribution of reconstructed vicariance events associated with barriers between
biogeographic region (see Fig. S3-5, Appendix D). (A) Schematic diagram of Recent world map
identifying boundaries between regions (dashes line) with known historical barriers: IOP and TTE (see
text). Lines for IOP and TTE are extended down through B and C indicating the timing of known final
barrier formation (B) Mean age (circle) and standard error (whiskers) of vicariance events associated
barriers from A. L=Labridae, P=Pomacentridae, C=Chaetodontidae. (C) Distribution of vicariance
event across each barrier. Each circle represents a node on the chronogram (Fig. S5.2 - 5.4, Appendix
D) where a vicariance event across the associated barrier was inferred from the Lagrange
reconstruction. Family is indicated by circle colour as in B (Labridae = Grey, Pomacentridae = White,
Chaetodontidae = Black).
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5.4.	
  Discussion	
  
Biogeographic reconstructions of coral reef fish lineages have highlighted
congruent patterns in the spatial origins of regional diversity and the nature of
dispersal across the globe. Within the Labridae and Chaetodontidae there is evidence
of significant differences in the ages of extant taxa, however, among the three families
there was no significant difference detected between regions. While mean ages of
extant lineages are similar in all five biogeographic regions, extensive cladogenesis
appears to underpin the diversity observed in the IAA. The reconstruction suggests
that the hotspot in the IAA is, at least in part, a result of prolonged origination over
the past ~30 MY and that diversity in the Indian Ocean and Central Pacific is largely
a result of dispersal from the IAA in the last 5 MY. The East Pacific and Atlantic, in
contrast, have been largely independent, a pattern that reflects the increasing isolation
of these regions in the Tertiary.
The DEC model implemented by the Lagrange package for ancestral range
reconstruction has been used in several recent studies of various taxa: plants (Smith
2009), snakes (Kelly et al. 2009), insects (Ramírez et al. 2010), and gastropods
(Göbbeler and Klussmann-Kolb 2010). In marine fishes, it has been used to
investigate biogeographic patterns in the smelt fish genus Hypomesus (Ilves and
Taylor 2007). In all cases, it has allowed interpretations to be made about the
biogeographic processes that have affected the taxa in question. Buerki et al. (2011)
highlight the utility of the DEC model with a global reconstruction of the terrestrial
plant family Sapindaceae. The authors (Buerki et al. 2011) show its utility can lead to
more accurate reconstructions based on palaeogeographic evidence, provided care is
taken with defining the model. This is the first time this approach has been
undertaken for globally distributed coral reef fish taxa. The results of the
153

reconstruction presented herein mirror the patterns found in previous works, and the
need for care in the interpretation of results. Most notable is the congruence with
global patterns of dispersal with terrestrial plants, where Australia and the IAA
support extensive lineages with evidence of dispersal from the Miocene onward
(Buerki et al. 2011). The use of the DEC model highlights the origins and
progression of biodiversity from the IAA hotspot and its changing role in shaping the
current biodiversity across the entire Indo-Pacific.

Age of extant species
The three or four “centres of” hypotheses make clear prediction about the ages
of species and their proximity to the biodiversity hotspot (Potts 1985; Briggs 2006;
Hoeksema 2007; Bellwood and Meyer 2009a). For the centre of origin (CoO) the
youngest species should be in the IAA, while in the centre of accumulation (CoA) the
youngest species would be outside the IAA (Bellwood and Meyer 2009a). For the
centre of survival (CoS), young species can be young anywhere, but more lineages
would tend to be in the IAA (Barber and Bellwood 2005). Furthermore, we would
expect that for each hypothesis, similar patterns should be found in multiple fish
groups (however corals may differ; Potts 1985). While there are several phylogenetic
studies that have estimated the ages of diversification of reef fish taxa (Bernardi et al.
2004; Klanten et al. 2004; Barber and Bellwood 2005; Bowen et al. 2006; Read et al.
2006; Alfaro et al. 2007; Alva-Campbell et al. 2010; Craig et al. 2010), this is the first
time that inferred global patterns of origination of extant taxa have been compared
among multiple families. In this temporal and biogeographic framework, we can
begin to assess the validity of assumptions concerning ages of taxa in centres of
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biodiversity. I present data comparing estimated ages of origination within and
among families on a global scale.
Firstly, there is remarkable congruence between the global mean age of labrids
and pomacentrids, both having a mean age ~6.6 MY. The similar distribution of age
estimates may be attributed to their similar temporal history, both having initial
divergences in the Palaeocene (Chapter 4). The mean ages and 95% CI (6.6 ± 0.6
MY; 6.7 ± 0.8 MY, respectively) provide further support for the growing body of
evidence (Bellwood and Barber 2000; Klanten et al. 2004; Rocha and Bowen 2008;
Bellwood and Meyer 2009a,b) that Pleistocene sea level fluctuations have had only a
limited impact on speciation in reef associated teleost lineages. This has previously
been shown in species level analyses of focal genera (Bellwood et al. 2004; Bernardi
et al. 2004; Klanten et al. 2004; Read et al. 2006) and in recent comparisons between
fishes and other taxa (Renema et al. 2008; Bellwood and Meyers 2009). Pleistocene
age species do occur in the Labridae and more so in the Pomacentridae and
Chaetodontidae, especially in the Central Pacific which may be linked to vicariance
between the IAA and the Central Pacific, (Fig. 5.4, 5.5). This is congruent with
previous studies of chaetodontid evolution (McMillan and Palumbi 1995), which may
be the only family in this study where increased cladogenesis can be linked to
Pleistocene processes within the Indo-Pacific. The importance of sea level in the
Pacific has been repeatedly highlighted by several works (Planes and Fauvelot 2002;
Fauvelot et al. 2003;), showing how this area is particularly susceptible to fluctuating
sea levels. However, in almost all cases this is in population level variation and
phylogeography rather than in terms of phylogenetics and speciation.
Overall, the family Chaetodontidae is younger than the Labridae and
Pomacentridae, with initial divergences in the Oligocene and a different tempo of
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cladogenesis (Chapter 4). Extant chaetodontid species are also significantly younger
(mean = 2.6 ± 0.5 MY) than labrids (mean = 6.7 ± 0.6 MY) and pomacentrids (mean
= 6.7 ± 0.8 MY). While it might be convenient to conclude that younger familial
origins would lead to younger extant species, there is no a priori assumption that this
should be the case. In addition, butterflyfish only appear to be significantly younger
than wrasses and damselfish in the Indian Ocean and the IAA. Furthermore, younger
ages in the Chaetodontidae may be at least in part a taxonomic artefact resulting from
splitting species based on coloration rather than perceivable genetic distance
(McMillan and Palumbi 1995).
The ability of several chaetodontid species to hybridise may account for the
lack of mitochondrial differentiation (McMillan et al. 1999; Hobbs et al. 2009).
However, hybridisation is generally the result of lack of post-zygotic barriers between
recently separated species, and may thus be a consequence of younger speciation, not
an explanation for it. Hybridisation and taxonomic differentiation based on coloration
are also recognised in the Labridae (Rocha 2004; Yaakub et al. 2007; Hobbs et al.
2009) but it does not seem to affect the majority of species ages. This leads to the
question: why are butterflyfishes younger than other species, especially in the Indian
Ocean and IAA?
If chaetodontid species are indeed younger in the Indian Ocean and IAA, it is
most likely related to relatively recent temporal and/or ecological factors.
Temporally, Pleistocene sea level fluctuation as a driver of speciation cannot be
discounted (McMillan and Palumbi 1995; Rocha and Bowen 2008; Chapter 3), and
has most likely caused some vicariance on both sides of the IAA (Fig. 5.8, but see
Barriers and vicariance section below). Sea-level change, or changing ocean currents
may explain subsequent expansion in and out of the IAA in new daughter lineages
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(Fig. S5.5, Appendix D). While vicariance between regions accounts for some
origination in the Indo-Pacific, it cannot solely account for the cladogenesis restricted
within the IAA. There are several ecological factors that may have enhanced recent
speciation in chaetodontids, including:
1. High ecological separation through dietary specialisation. This is linked to fine
scale modifications of mouthparts that have evolved for both generalist and
specialist corallivory (Berumen et al. 2005; Pratchett 2005; Berumen and Pratchett
2008; Chapter 3). In labrids, while there are diverse diets, there is high
morphological overlap (Westneat et al. 2005; Bellwood et al. 2006).
Pomacentrids similarly display repeatability and convergence of morphologies
(Cooper et al. 2009).
2. Low population densities of chaetodontid species, which may enhance founder
effects. Chaetodontids are often rare compared to labrids and pomacentrids,
which are very abundant.
3. Pair formation and longevity of chaetodontid species. This would enhance
reproductive isolation with no alee effects, as reproduction is possible with very
few individuals. Labrids and pomacentrids on the other hand, have many species
that group spawn. Interestingly, in the Pomacentridae, the most significantly
diverse clade of the family, is formed by pair spawners: the Amphiprionini
(Chapter 4). Chaetodontid species are known to live for up to 20 - 40 years
(Depczynski and Bellwood 2006). This longevity coupled with pair based
reproduction in isolated populations would drive mutations to fixation,
accelerating reproductive isolation.
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4. Long-lived larvae (Brothers et al. 1983) may allow chaetodontid taxa to colonise
remote locations where the new population may be isolated causing vicariance.
5. Vision based reproduction may also accelerate reproductive isolation of new
species. Colour patterns may provide a visual signal for non-random mating
which would enhance speciation through ecological separation (Van Oppen et al.
1998; Streelman and Danley 2003; but see McMillan et al. 1999; Hobbs et al.
2009).
These factors are not mutually exclusive and all may enhance the speed of
reproductive isolation, however, they do imply different modes of speciation.
Specialisation of coral diet and visual mating invoke a natural selection process,
which may not need initial isolation to result in speciation, i.e. sympatric or ecological
speciation. This form of speciation may be up times 20 times faster than allopatric
speciation (Briggs 2006; Rocha and Bowen 2008). However, the long-lived larva of
chaetodontid species would enhance speciation through isolation by distance, i.e.
allopatric speciation. The other ecological characteristics of chaetodontids (low
population densities, pair formation/longevity) will accelerate post-zygotic isolation
regardless of speciation mode. The younger ages of chaetodontids in the Indian
Ocean and IAA is most like due to a combination of both vicariant/allopatric isolation
by distance and ecological isolation, with other ecological traits accelerating
reproductive isolation in both cases.
Within the Labridae, there are significantly younger ages of extant species in
the Atlantic than in the IAA. This is most likely caused by the younger radiation of
“New World” (NW) Halichoeres, which has previously been identified by Barber and
Bellwood (2005), and the radiation of Labrini tribe in the Mediterranean. For both
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the NW Halichoeres clade and the labrines, younger speciation events are linked to
ecological separation rather than isolation by vicariance (Hanel et al. 2002; Rocha et
al. 2005). Phylogeographic studies within the Atlantic have led to taxonomic changes
with the NW Halichoeres lineages (Rocha et al. 2005). Comparable phylogeographic
work in the Indo-Pacific region has not yet resulted in taxonomic change, which may,
to some extent, confound mean age differences between the two regions. In general,
the distribution of age estimates span a similar range across all regions for the
Labridae, however, the mean age of species in the IAA appears to be the oldest (6.7
MY), within a comparatively narrow 95% CI (6.8 - 8.3 MY; Fig. 5.3). Mean lineage
ages do appear younger in adjacent regions of the Indian Ocean (5.7 MY) and Central
Pacific (5.2 MY), giving limited support for the CoA role of the IAA. In contrast, the
wide 95% CI around those mean ages, and lower origination and dispersal within
those regions, diminishes their role in supporting species accumulation within the
IAA. In contrast, the higher origination within the IAA supports the CoO hypothesis.
However, the mean age of lineages and the timing of origination is contrary to CoO
predictions: that the majority of species in the centre of diversity will be younger, of
Pleistocene origin, with age increasing outward from the centre (Briggs 2003).
Species origination did occur throughout the Pleistocene, but it is unlikely to have
been a significant increase from rates of origination during the Miocene (Rocha and
Bowen 2008). It appears, regardless of lineage age, the IAA supports more lineages.
This highlights the role of the IAA as a centre of survival.
Interestingly, the majority of extant lineages, in the Labridae and the
Pomacentridae at least, have survived longer that the average life span of a marine
species (c. 4 MY; Sepkoski 1984), without further cladogenesis. This pattern of older
lineages in the IAA could be an artefact of unsampled cryptic speciation within
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terminal lineages (see Caveats and Considerations), but the congruence between the
families is remarkable. The relatively narrower 95% CI around mean ages of IAA
species for all three families (Fig. 5.3) implies temporal concentrations of
cladogenesis within the IAA at the end of the Miocene, a pattern that may reflect
ecological changes in the area at the time (Hallam 1984; Pickering 2000; Zachos et al.
2001; Renema et al. 2008).

Origination and biodiversity through time and space
Each of the five regions can be grouped reflecting 3 basic patterns of origination and
diversity:
1. Independent and isolated (East Pacific and Atlantic)
2. A key macroevolutionary source of diversity (IAA)
3. Diversity recipients, or macroevolutionary sinks (Indian Ocean and Central
Pacific)
1. East Pacific and Atlantic
The history of the East Pacific and Atlantic biota, before the closing of the
IOP, are closely linked. Both regions share a subset of the families present in the
Indo-Pacific, although there are a few absent families or subfamilies in the Atlantic
and East Pacific that are present in the Indo-Pacific (Caesionidae, Nasinae, Siganidae)
(Bellwood and Wainwright 2002). The results offer support for the recent works of
Rocha et al. (2005), Floeter et al. (2008) and Joyeux et al. (2008), that these areas are
largely independent and have been isolated from the Indo-Pacific for some time (Fig.
S5.2-5.4, Appendix D). However, the reconstruction highlights the development of
this isolation from broader connectivity in the Palaeocene.
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During the Palaeocene/Eocene, the East Pacific and Atlantic were linked to
the Indo-Pacific by dispersal through the Tethys Sea. Evidence of this can be seen in
the fossils record of Monte Bolca in Italy with the majority of the fish families
represented in the deposits being present in both the Atlantic and Indo-Pacific. This
pantropical connection between the Atlantic and Indo-Pacific is evident in the labrid
reconstruction from the initial ancestral range. Furthermore, there are potentially
widespread ranges of major tribes of labrids (Scarini) and pomacentrids
(Abudefdufinae, Chrominae, Stegastinae). The EPB appears to have kept the East
Pacific disconnected to the west from the Indo-Pacific throughout the
Palaeocene/Eocene (Fig. S5.2, Appendix D).
The isolation of the Atlantic and East Pacific regions from the Indo-Pacific
begins in the Eocene and Oligocene (before the TTE) with lineages restricted to the
Atlantic (Lachnolaimus, Labrini, Sparisoma, Stegastes) and continues in the Miocene
with vicariance between the Atlantic and East Pacific (before the IOP). These earlier
divisions may reflect earlier barriers within the Atlantic (Hallam 1973), and East
Pacific (Lessios 1995). However, by the end of the Miocene, the Atlantic and the
East Pacific are largely isolated from the Indo-Pacific and from each other. There are
examples of lineages dispersing into the Atlantic/East Pacific from the Indo-Pacific
during the Miocene by crossing the EPB (Halichoeres, Chaetodon C4, Thalassoma),
and dispersing around the Horn of Africa (Chaetodon C2, Scarus, Thalassoma).
While this influence of the Indo-Pacific biota on the Atlantic fauna has been recorded
recently (Robertson et al. 2004; Bowen et al. 2006), it has made little overall impact
to the extant biodiversity of the Atlantic and East Pacific regions.
While the origination of extant lineages within the Atlantic and East Pacific
regions are comparable with other areas in terms of percentage regional origination,
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there appears to have been less origination as a percentage of all extant lineages in
each family. This may reflect reduced speciation capacity within the two regions, or
increased extinction. Historically, both regions have experienced periods of increased
faunal turnover (McCoy and Heck 1976; Budd 2000; Bellwood and Wainwright
2002; O’Dea et al. 2007). Increased extinction may result in fewer extant species
despite the region having potentially high origination. Overall, the history of the
Atlantic and East Pacific regions reflects increasing isolation and extinction, rather
than that of extensive diversification and dispersal as experienced in the Indo-Pacific.
2. Indo-Australian Archipelago
For the Labridae, Pomacentridae, and Chaetodontidae, the reconstruction
suggests that the IAA has been a centre for lineage survival, origination, and range
expansion at different stages in the history of the region. In terms of global diversity
for each family, the IAA stands out as a significant source of diversity in terms of
both origination within the region and the expansion of lineages into adjacent regions.
The temporal history of molecular lineages reflects the IAA’s changing role from
lineage accumulation, survival, origin, and export/expansion.
For the Labridae, the reconstruction infers that the IAA was a location in a
widespread ancestral range during the Palaeocene, that progressively accumulated
lineages throughout the Eocene (hypsigenyines, cheilines, scarines, julidines; Fig.
S5.2 Appendix D). This pattern reflects the fossil record of reef-associated
invertebrates (Renema et al. 2008). At the end of the Eocene, the palaeodiversity of
molecular lineages in the IAA is the result of peripheral isolation and survival of
ancestral lineages, while extinction probably led to a rapid faunal loss in other regions
(Budd 2000; Bellwood and Wainwright 2002; Renema et al. 2008). This transition is
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not apparent in the Pomacentridae (Fig. S5.3), however, the reconstruction does allow
interpretation of the IAA as a refuge for ancestral pomacentrid lineages (see Caveats
and Considerations below).
Throughout the Oligocene, there is little exchange with the Indian Ocean,
highlighting the possible adverse conditions there (Hallam 1994). The IAA also hosts
the initial divergences of the Chaetodontidae in the Oligocene. However, it is in the
Miocene that the diversity synonymous with the IAA begins to emerge, coinciding
with the expansion of coral-dominated reefs and a mosaic of reef habitats (Renema et
al. 2008). Lineages that have previously been highlighted as containing exceptional
diversity, have inferred ancestral origins in the IAA during the Miocene and links to
coral reefs (Chapter 4). Lineages from the IAA now begin to recolonise the Indian
Ocean, but little vicariance occurs between the regions. No increase in origination is
observed in the Pliocene/Recent epochs (except in chaetodontids), although extensive
dispersal is inferred to both the Indian Ocean and the Central Pacific, with some
subsequent vicariance.
Based on the reconstruction the origination of extant lineages within the IAA
accounts for ~60% of total biodiversity for each family (Fig. 5.4C). This is direct
evidence for the IAA as a centre for origination of taxa, not inferred from the assumed
preponderance of endemic taxa (e.g. Briggs 2003; Mora et al. 2003; Roberts et al.
2003; but see Bellwood and Meyer 2009a,b). However, the number of older extant
species in the IAA (at least for the Labridae and Pomacentridae) highlights the ability
of the IAA to support lineages for long time periods, i.e. it is a centre of survival of
extant lineages (Barber and Bellwood 2005; Chapter 4). The greater palaeodiversity
of ancestral molecular lineages in the IAA from the early Oligocene also identifies the
region as a centre of survival.
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It appears that the survival of ancient lineages in the IAA resulted in more
subsequent cladogenesis, that in turn permitted extensive range expansion and the
export of lineages into adjacent regions. In summary, the IAA has sequentially and
then simultaneously acted as a centre of accumulation (Palaeocene/Eocene onwards),
survival (Eocene/Oligocene onwards), origin (Miocene onwards), and
export/expansion (Pliocene/Recent) for reef fishes. In this way, it reflects the general
patterns of the ‘hopping hotspot’ discussed by Renema et al. (2008). However, this is
the first evidence of the IAA being a Recent centre for lineage export/expansion.
3. Indian Ocean and Central Pacific
The Indian Ocean and Central Pacific regions are both recipients, or
macroevolutionary sinks, for biodiversity from the IAA. Regional origination
accounts for little of the diversity in both regions (Table 5.3). While both regions
appear to have relatively low regional origination since the Palaeocene, the influence
of expanding IAA lineages has escalated from the Miocene to Recent. The timing of
these events is examined below for each region.
The current biodiversity of the Indian Ocean is the result of moderate
cladogenesis in the region, with the majority of species being of IAA origin that
maintain the Indian Ocean as part of a wider Indo-Pacific range (cf. Hughes et al.
2002). It has been a sink for lineages from the IAA since the Miocene. Excluding the
Chaetodontidae, the majority of lineages that have arisen in the Indian Ocean are of
late Miocene/early Pliocene age. Invasion of Indian Ocean species into the IAA
appears to be much less frequent. However, they may make up almost half of the
total origination in the Indian Ocean due to the low origination of lineages there.
Dispersal from the IAA to the Indian Ocean and to the Central Pacific seems to be
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asynchronous but of a similar magnitude. The observed pattern reflects the ancient
history of the Indian Ocean with links to declining or receding hotspots (Renema et al.
2008). By the end of the Eocene, the Arabian hotspot would have been in place in the
western Indian Ocean (Renema et al. 2008). Tectonic rearrangement and global
cooling in the Oligocene/Miocene would have had a dramatic effect on the shallow
water reefs in this area (Hallam 1994). With the restriction of the tropics and decline
in reef area in the Arabian hotspot, faunal loss would have occurred in the Indian
Ocean throughout the Oligocene/Early Miocene. Those lineages that maintained an
extended range into the IAA would presumably have been able to survive best at this
time. This pattern appears to hold for mangrove (Morley 2000), foraminifera
(Renema 2007), and other reef associated organisms, with the resistance to extinction
(Chapter 4) based on the unique features of the area (Hoeksema 2007) and the
diversity of reef habitats (Rosen 1984). In the biogeographic reconstruction of extant
taxa, this would manifest as a local extinction in the Indian Ocean. There is some
support for this in the Labridae (MRCA Cheilini/Scarini) and Chaetodontidae (crown
Chaetodon), with inferred local extinctions in the Indian Ocean and survival in the
IAA.
The island arcs that make up the Central Pacific region have been closely
linked to the IAA, with gene flow between the two regions allowing the Central
Pacific to easily inherit ancestral widespread ranges (and vice versa; see Craig et al.
2010; DiBattista et al. 2011; Gaither et al. 2011). The EPB has prevented the
invasion of East Pacific/Atlantic species (but see Lessios and Robertson 2006),
resulting in most of the diversity seen in the Central Pacific being of IAA origin. The
Central Pacific has comparable species richness to the Indian Ocean, however, it
shares a low origination that appears to be a function of a higher occurrence of range
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inheritance and peripheral isolation (cf. Planes and Fauvelot 2002). The
reconstruction suggests that while there is moderate range expansion of lineages
originating in the Indian Ocean to the IAA, expansion appears very limited from the
Central Pacific to the IAA (Fig. 5.4A). Overall, the Central Pacific remains largely a
recipient of lineages from the IAA.
Recent dispersal from the Indian Ocean to the IAA has been highlighted in
previous work where populations form temporal rather than geographic clades (Horne
et al. 2008; Gaither et al. 2011). From the IAA to the Central Pacific region there is
also evidence of geographic clade structure of both populations (Planes and Fauvelot
2002; but see Horne et al. 2008) and species (Bernardi et al. 2002). However, these
are all relatively young associations. The reconstruction herein identifies prolonged
movement from the IAA to the Indian and Pacific Oceans beginning in the Miocene
and escalated during the Pliocene to Recent. While the Indian Ocean reflects a
history of extinction and faunal recovery from lineages arising in the IAA, the Central
Pacific is characterised by widespread ancestrally inherited ranges, with peripheral
endemics.

Barriers and vicariance through time
Vicariance between marine regions during the evolutionary history the
Labridae, Pomacentridae and Chaetodontidae has been associated with several
possible barriers to gene flow. The three big barriers are the East Pacific Barrier
(EPB) from 65 MY to present, the Terminal Tethyan Event (TTE) at 12 - 18 MY, and
the Isthmus of Panama (IOP) at 3.1 MY. However, the reconstruction highlights a
complicated geological history in which barriers assumed to be temporally distinct are
not (EPB, TTE, and IOP), and others regarded as historically permeable (IAA/In,
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IAA/CP) show strong temporal concordance among these three reef fish families. To
examine the nature of vicariance through time, each barrier will be first considered
separately below.
East Pacific Barrier
The EPB is the oldest barrier that separates the Indo-Pacific from the East
Pacific and Atlantic realms. In place since the late Cretaceous, it has been a constant
feature of the Tertiary, where it acts as a soft barrier to dispersal. However,
vicariance following dispersal from the Central Pacific to the East Pacific has been
reported for some 80 fishes (Robertson et al. 2004). In contrast, there has been little
dispersal in the other direction (Vermeij 2004; but see Lessios and Robertson 2006).
In this way, the EPB has acted as a unidirectional filter permitting limited movement
from west to east and even less from east to west (Lessios and Robertson 2006). The
reconstruction is consistent with this previous evidence, with dispersal only occurring
from west to east (Fig. S5.2-5.4, Appendix D). In all cases, reconstructed vicariance
events related to the EPB followed an inferred dispersal event. This implies that these
dispersal events were not the result of prolonged connectivity between the Central
Pacific and East Pacific, but brief periods were the EPB was periodically breached.
The timing of the dispersal events followed by vicariance in the three families (~35 25 MY, and ~9-1 MY) are not temporally concordant, spanning most of the Cenozoic,
and suggest that the periodic breaches may have more than one cause. However,
despite the unidirectional movement of lineages in the reconstruction there are several
lineages from this study in the Labridae (Calotomus carolinus, Scarus
rubroviolaceous, S. ghobban, Novaculichthys taeniourus, Stetojulis bandanensis) and
the one from the Chaetodontidae (Forcipiger flavissimus) that have been able to
maintain gene flow across the EPB, possibly in both directions (Lessios and
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Robertson 2006). Breaching of the barrier may therefore be a regular occurrence with
no specific causality, while barriers to establishment (more unoccupied niches, less
chance of introgression) facilitate west-east movement, contrary to the prevailing
currents.
Terminal Tethyan Event
The final closure of the Tethys seaway estimated at 12 MY (Steininger and
Rögl 1979), in conjunction with the EPB, effectively cut the marine tropics in two. It
has been invoked as a major vicariance event in the early evolution of many reef
associated fish lineages (e.g. Bellwood et al. 2004; Klanten et al. 2004, Fessler and
Westneat 2007; Chapters 3, 4). While this may be true, the reconstruction presented
herein identifies no temporally concordant pattern of vicariance between the Indian
Ocean and Atlantic lineages among the three families. Vicariance between the Indian
Ocean and Atlantic does not appear to be temporally distinct from other geological
barriers, or discretely associated solely within the period associated with the TTE (12
- 18 MY), although four of the vicariance events are close to the 15 MY mid-TTE cutoff. The reconstruction reveals a staggered pattern of pre-TTE (Pomacentridae,
Labridae), mid-TTE (Pomacentridae, Labridae, Chaetodontidae) and post-TTE
(Labridae, Chaetodontidae, and an Abudefduf lineage) vicariance between the Indian
Ocean and the Atlantic. The temporal accumulation of vicariance events mid-TTE
may be evidence of the effectiveness of the land barrier, however, the diffuse
temporal pattern of vicariance is unexpected given the definitive ‘hard’ nature of this
land bridge. The pattern of pre-TTE vicariance is consistent with that found in marine
gastropods (Malaquias and Reid 2009; Reid et al. 2010). The pre-TTE events
associated with the Labridae and the Pomacentridae appear to be the result of the
break up of ancestrally widespread lineages (Fig. S5.2-5.3, Appendix D). This may
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be linked to the formation of the Paratethys during the Oligocene, a shallow
temporarily closed basin with reduced salinity and an endemic fauna (Rögl 1998).
However, Reid et al. (2010) suggest that a similar TTE division in mangrove snails
may be related to climatic changes in the early Miocene. The post-TTE events occur
in lineages with circum-African distributions with sub-tropical to temperate ranges
(Scarus, Thalassoma, Chaetodon, Abudefduf) and most likely associated with recent
periods of dispersal connecting the two regions around the Cape of Good Hope (cf.
Bowen et al. 2006; Floeter et al. 2008).
Isthmus of Panama
The IOP has been a hard barrier, separating several lineages either side of the
Americas for at least 3.1 MY (Lessios 2008), but it is also the end product of a 12
million year process of gradual separation (Coates and Obando 1996). From the
ancestral reconstruction, vicariance events appear throughout this preceding 12 MY
period (and possibly earlier), and reach a peak just before the IOP closure (Fig. 5.8).
This is congruent with previous work showing vicariance of geminate pairs predating
the IOP (Knowlton and Weigt 1998; Lessios 1998; Bellwood et al. 2004; reviewed by
Lessios 2008). The extended temporal influence of the IOP highlights the disruption
in gene flow between the East Pacific and the Atlantic long before the final raising of
the isthmus.
IAA/Indian Ocean
The pattern of vicariance across the IAA/Indian Ocean boundary does appear
to be temporally distinct from the other barriers (no statistically significant difference
was detected, despite it being the youngest barrier), with the majority of vicariance
occurring between 2 - 6 MY (Fig. 5.8), especially within the Labridae and
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Chaetodontidae. There are several barriers that have been reported between the
Indian Ocean and the IAA, but their position and temporal history is still unclear
(Winterbottom 1986; Blum 1989; Springer and Williams 1994; Bellwood and
Wainwright 2002). While vicariance appears to have occurred from the late Miocene
(and possibly as far back as the Oligocene for the Pomacentridae), the majority has
occurred in a narrow time at approximately 2.5 MY. This temporal concordance for
such a complex region is remarkable. The reconstruction points to a barrier, or series
of barriers that has historically affected lineages from the late Miocene, with an
increasing impact towards the end of the Pliocene. However, for several lineages
post-speciation dispersal occurs back across the boundary in both directions (Fig.
S5.2-5.3). The ongoing nature of this barrier may be evident in population studies
across the two regions, with temporal clades containing haplotypes from both regions
(Horne et al. 2008; Gaither et al. 2011). However, the nature and location of the
barrier is hard to identify. Past vicariance about the 40° line was noted by
Winterbottom (1986), while numerous barriers exist within the IAA (see Bellwood
and Wainwright 2002; Hoeksema 2009, and references therein). Given that the dates
of the vicariance in the reconstruction predate the Pleistocene, sea-level changes do
not appear to have been a major driver of vicariance, however changing ocean
currents present a possible mechanism for changing levels of connectivity between
the Indian Ocean and IAA regions. Hopefully, more extreme TECOG (tectonic,
eustatic, climatic, oceanographic and geomorphological) studies of the region will
help elucidate the underlying patterns (Hall 1998, 2002; Gower et al. in press)
IAA/Central Pacific
Vicariance between the IAA and the Central Pacific is vey similar to the
IAA/Indian Ocean vicariance events in that it is largely restricted to a relatively short
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time period. Although events extend back to the Miocene (~15 MY; Fig. 5.8) most
vicariance events between the IAA/Central Pacific occurs in the late Miocene (5 - 7.5
MY) with a distinct peak at about ~6 MY. This concordance in a soft barrier is,
again, striking. Previous work has highlighted the importance of sea-level changes
during the Pleistocene and Holocene in structuring species populations from the IAA
and Central Pacific (Bernardi et al. 2002; Fauvelot et al. 2003), however the ages of
vicariance reported here are much older, negating sea-level changes as a likely
mechanism for vicariance. Further phylogeographic studies of widespread taxa may
reveal cryptic vicariance events of different ages (see Caveats and Considerations).
However, the temporal concordance of the pattern of vicariance events show here
would represent earlier isolation of lineages across these barriers, perhaps indicating a
temporal origin of the barrier. The congruence between vicariance on both sides of
the IAA points to a global effect, possibly climate change, or changing ocean currents
in separating lineages either side of the IAA. Although the timing of the events
suggest that the Indian Ocean side reacted first. Interestingly, lineages appear to have
bidirectional dispersal ability across the IAA/Indian Ocean barrier, while dispersal is
mostly unidirectional from west to east across the IAA/Central Pacific barrier (or
barriers).
The reconstruction presented herein for vicariance across major regional
barriers is in contradiction to the previously held views of ‘hard’ and ‘soft’ barriers.
There is an expectation that both the IOP and the TTE would have a definitive timing
of vicariance close to, or shortly before the formation of the associated land bridges.
This is not the case. However, an extended period of vicariance may pre-date the
closure of a hard barrier as it slowly forms. This extended period of vicariance is
observable in numerous taxa for the IOP (Lessios 2008) and the TTE for
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pomacanthids (Bellwood et al. 2004) and marine snails (Reid et al. 2010). This
provides confidence in the patterns inferred from the reconstruction. These ‘hard’
barriers do not have a strong temporal signal and lineages have responded on different
timescales. This lack of temporal signal could also be a result of extinction either side
of the barrier after the closure and needs to be taken into considerations (see “Caveats
and Considerations”). While this is not an unexpected result given the nature of
these barriers, the patterns between the IAA and the Indian and Pacific Oceans are
unexpected.
For the ‘soft’ barriers, the IAA/Indian Ocean and the IAA/Central Pacific,
there is the expectation that the permeable and temporary nature would result in a
wider distribution of vicariance events, especially in the Central Pacific, where
numerous islands form ‘stepping stones’. This also does not appear to be the case.
Vicariance either side of the IAA was largely restricted to two narrow times: 2.5 MY
on the Indian Ocean side; and 6 MY on the Pacific side (Fig. 5.8). Such a tight
temporally restricted vicariance in an extensive area of connectivity is surprising.
This pattern also appears relatively consistent across the three families. The ages of
the vicariance events either side of the IAA are much older than expected if sea level
changes were the primary cause. It is also possible that the underline episode that
resulted in vicariance may be even older (cf. O’Dea et al. 2007).
Given these results, there is a need to look beyond ‘hard’ barriers, as ‘soft’
barriers seem to have more impact and to be temporally more contained. The key
question remains regarding the underlining process driving vicariance between the
IAA and the Indian Ocean, and the IAA and the Central Pacific regions at 2.5 and 6
MY. Further analysis is needed to answer this exciting question.
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Caveats and considerations
The combined use of dated phylogenetic trees and the DEC model
implemented in Lagrange has allowed the evolutionary history of the Labridae,
Pomacentridae and Chaetodontidae to be explored in a biogeographical context.
There are, however, considerations in the use of the underlying phylogenetic trees
used for this reconstruction (discussed in Chapter 4), but also with the ancestral
reconstruction that need to be taken into consideration. Four major caveats need to be
considered when interpreting the results:
1. This is a hypothetical reconstruction, based on present day distributions of taxa
and as such, there are limitations to the interpretation of a lineage’s geographic
origin (Losos and Glor 2003). Post-speciation expansion is fast, giving allopatric
species the ability to become completely sympatric within 4 MY (Quenouille et al.
2011). While this may not be of major concern for younger species (e.g.
chaetodontids), for older lineages (labrids, pomacentrids) it has the potential to
obscure their true geographic origins. This is most likely to blur geographic
ranges on a smaller scale. For the broad, regional inferences described herein the
effect will be limited. Discussion was therefore limited to patterns between ocean
basins known to have distinct faunal assemblages, with limited inference about
within-region speciation.
2. Incomplete taxon sampling of extant lineages will also affect the biogeographic
reconstruction. For example, the Prognathodes lineage of the Chaetodontidae
was reconstructed to be restricted to the Atlantic, however, species not sampled in
the phylogenies have been recorded in the Indo-Pacific (P. guezei) and the East
Pacific (P. falcifer) (Kuiter 2002). Inclusion of these species has the potential to
change the geographic origins of the clade (Fig. S5.5, Appendix D). Without full
173

taxonomic sampling, the true pattern of biogeographic origination may not be
observable. In addition, these trees are based on currently accepted taxonomic
species. Recent phylogeographic studies in the Atlantic have identified cryptic
species in Halichoeres lineages (Rocha et al 2005). Such studies have been
limited in the Indo-Pacific (Rocha and Bowen 2008) and may alter presently
accepted taxonomy and species distributions. In turn this may affect the mean
ages of lineages within regions, and may reveal more recent vicariance events in
the Indo-Pacific. However, the high percentage of taxa sampled in this study from
the IAA (77% of labrids, 82% of pomacentrids, 96% of chaetodontids; Allen and
Adrim 2003; Fishbase (Froese and Pauly 2011)) and near complete generic
sampling (see Chapter 4), allows for interpretation of patterns of historic
biodiversity of lineages within the IAA and its role in biodiversity origination of
the globe. Those species that are missing from the phylogenetic analysis are in a
few restricted clades. By examining the origination of lineages, rather than
species at the larger scale of the five major biogeographic regions, interpretations
for global patterns should be relatively robust.
3. The ancestral reconstruction does not allow for the global extinction of a lineage.
While the contraction of a lineage range through local extinction can be inferred
from the reconstruction, if large numbers of taxa have gone extinct in a region this
will translate into a perceived lower palaeodiversity of molecular lineages within
that region. Palaeodiversities may therefore be underestimated. In addition,
vicariance ages across marine barriers can be over estimated if extinction has
removed lineages on one side of the barrier. There is known variation in
extinction rates among the five regions. Extinction of reef-associated fauna has
been described in previous studies for the East Pacific and Atlantic (McCoy and
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Heck 1976; Budd 2000; Bellwood and Wainwright 2002; O’Dea et al. 2007), the
Indian Ocean (Renama et al. 2008), and may have been high in the Central Pacific
during periods of sea-level change (Paulay 1997; Fauvelot et al. 2003). The only
region where high past extinction rates have not been recorded on reefs is in the
IAA (but see Springer and Williams 1994; Williams and Duda 2008). This may
result in the IAA being inferred as a centre of origin for deeper lineages, when in
fact they were probably peripheral to a widespread ancestral range.
The reconstruction of the widespread ancestral root of the Labridae reflects the
widespread records fossil labrids in the West Tethys (DRB unpublished data).
This offers some confidence in the palaeo-reconstructed distribution (Fig. S5.2,
Appendix D). However, the pomacentrids may provide some evidence of the
effect that extinction has had on biogeographic interpretations. The reconstruction
of the pomacentrid root origin in the IAA is contrary to the fossil record with two
pomacentrid representatives in the Eocene of West Tethys. Therefore, while the
reconstruction of the Labridae provides support for the shift from a widespread
Tethys palaeo-distribution to the IAA, the conflicting pomacentrid reconstruction
is potential evidence for extinction in the West Tethys.
4. The final caveat, and potentially the most important, is “the pull of the present”
(Pybus and Harvey 2000; Weir 2006). While this has been discussed as a bias
arising from incomplete taxon sampling (see Chapter 4 Discussion), in a historic
biogeographic context it can also be seen as a bias in the likelihood of an inferred
lineage arising within a specific location. Origination within the IAA may
therefore arise purely from it being a location of overlapping extant ranges. In
this way factors that have resulted in the accumulation, survival or maintenance of
species in the IAA will result in the reconstruction of origination in the IAA. The
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conflict between maintenance and origination is an old one with little resolution.
However, the hopping hotspot theory (Renema et al. 2008) does provide some
support with fossil evidence of a shift from the Tethys to the IAA in invertebrate
fossil diversity. However, the lack of independent evidence of origination of
fishes in the IAA (endemics or fossils; Bellwood and Meyer 2009a) is a concern
and therefore conclusions from the reconstruction must be taken as an indication
only. Solid independent evidence, preferably fossil, is urgently required.

5.5.	
  Conclusion	
  	
  
For the first time, temporally congruent patterns in origination and dispersal of
molecular lineages highlights the potentially important role of the IAA hotspot as a
centre of lineage accumulation, survival and origination. Those lineages that survived
in the IAA while others went extinct elsewhere are the driving force behind current
biodiversity in the Indo-Pacific. The Atlantic and East Pacific regions have been
largely independent and isolated from the Indo-Pacific from the Oligocene, but have
had a minor influx of Indo-Pacific biota. Hard barriers separating the Atlantic from
the Indo-Pacific are more temporally fuzzy than previously believed, while soft
barriers either side of the IAA hotspot support tightly concordant vicariance events
between 2.5 and 6 MY. While ancestral reconstruction requires careful interpretation,
it has allowed insights into the changing role of the largest marine biodiversity
hotspot. Diversity of reef fishes in the IAA hotspot potentially began as a peripheral
location that gradually accumulated ancestral lineages, for which it provided a refuge
during a period of extinction in adjacent ancestral habitat. Surviving lineages in the
IAA proliferated and formed the basis for extensive recolonisation of the Indian and
Pacific Ocean realms.
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Chapter	
  6: Concluding	
  Discussion	
  

Dating the evolutionary origins of coral reef fishes is essential to our
understanding of how these diverse fauna have developed. This thesis combines
molecular, ecological and palaeontological data to show that the cladogenic history
and the trophic evolution of multiple coral reef associated fishes has been shaped by
similar historical processes governing the evolution of coral reefs globally. This
framework has also allowed the exploration of past diversification within the IAA and
how it has shaped the current biodiversity hotspot of the region. The results presented
here have support from the fossil record of reef-associated perciforms, however, the
methods implemented have allowed insight into the portions of the evolutionary
history where fossils are lacking. Specifically, this thesis highlights the origins of the
major lineages of three of the focal families (wrasses, damselfishes and cardinal
fishes) following the K/T boundary mass extinction event, and a subsequence
elevated rate of cladogenesis in the Miocene within all four families (including
butterflyfishes) following a cryptic period of high extinction in the Eocene/Oligocene.
With the current advances in molecular techniques and bioinformatics software, the
use of Bayesian inference for temporal reconstruction of lineages is a necessary first
step on the path to evolutionary answers.
Bayesian inference for age estimation has become widely implemented in
several software packages (Thorne and Kishino 2002; Drummond and Rambaut 2007;
Lartillot et al. 2009; Battistuzzi et al. 2011). The BEAST package (Drummond and
Rambaut 2007) has become popular recently among many taxonomic groups: birds
(Brown et al. 2008); reptiles (Mahler et al. 2010; Sanders et al. 2010; Collar et al.
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2011); gastropods (Williams and Duda 2008; Malaquias and Reid 2009; Reid et al.
2010; Claremont et al. 2011); and plants (Smith 2009; Lancaster 2010). The ages
estimated for lineages within the Labridae, Chaetodontidae, Pomacentridae and
Apogonidae presented here add to the growing work on age estimation of coral reef
fish lineages (Bellwood et al. 2004; Bernardi et al. 2004; Klanten et al. 2004; Barber
and Belwood 2005; Read et al. 2006; Alfaro et al 2007, 2009a; Kazancioglu et al.
2009). The use of updated Bayesian methods with increased taxon sampling and
fossil data have resulted in more precise age estimates that are in broad agreement
with previous estimates (Chapter 4). A temporal framework is a useful tool to
examine the evolutionary history of taxa. This thesis provides a temporal overview of
the trophic evolution on coral reefs (Chapter 2, 3), the changing tempo of
cladogenesis on reefs (Chapter 4), and the progression of biodiversity in the IAA
hotspot and its role in global reef fish diversity (Chapter 5).
The trophic evolution of the Labridae (Chapter 2) reflects two periods of
trophic innovation. The establishment of trophic modes seen in other reef fish groups
(piscivory, large gastropod feeding) follows the K/T boundary event, and is linked
with the origins of piscine herbivory (Bellwood 2003). A subsequent second wave of
innovation during the Miocene resulted in the escalation in herbivory in the parrotfish
lineage and the appearance of new novel feeding modes uncommon in other marine
fishes (coral feeding, planktivory, foraminifera feeding and fish cleaning). This
second wave is apparent in the Chaetodontidae with the multiple origins of
corallivory in Chaetodon from ~15 MY (Chapter 3). The rise of corallivory in the
Chaetodontidae did not result in a significant increase in diversification rate (Chapter
3). However, the close association of these lineages with coral reefs may have
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provided a habitat for extensive diversification, and more importantly, a refuge from
extinction (Chapter 4).
This thesis builds on previous work on Tetraodontiformes (Alfaro et al. 2007),
examining the role of coral reefs in the cladogenic history of their associated
ichthyological fauna. I provide support for the results of Alfaro et al. (2007) and
extend their interpretation to multiple groups of coral reef fishes, which form much of
the current biodiversity on reefs. There is a significant association between coral reef
affinity and rates of diversification, which is strongest at high a priori extinction rates
(Chapter 4). In addition to this, I demonstrate the potential ability of coral reefs to
provide a refuge for associated lineages in times of high extinction. Patterns of
lineage accumulation through time identify a possible cryptic extinction event at the
Eocene-Oligocene boundary, after which an upturn in diversification rate is driven by
exceptional diversification in coral reef associated lineages. This anti-sigmodal
pattern has been identified in other taxa (see Crisp and Cook 2009). Recently, the
pattern described in this thesis for reef fishes has been shown in flowering plants
(Antonelli and Sanmartin 2011). Interestingly, Antonelli and Sanmartin (2011) find
evidence of a concordant temporal pattern, with elevated extinction at the EoceneOligocene barrier (~35 MY) that may be related to global cooling during the late
Eocene. This is striking congruence between a terrestrial plant group and a marine
fish group. The authors also describe an upturn in diversification rate in the Miocene,
which they attribute with the uplift of the Andes. In the case of coral reef fishes,
elevated extinction appears to be linked to the collapse of the ancestral
Tethyan/Arabian hotspot (Renema et al. 2008). The rebound is concentrated in
lineages that have a high percentage of coral reef associated taxa, which have the
ability to remain significantly more diverse than you would expect at high inferred
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rates of extinction. While association with coral reefs may provide a mechanism for
the cladogenesis of several reef fish lineages in the Miocene, it appears to be the
unique attribute of expanding reef habitat in the mosaic of island archipelagos in the
IAA hotspot that has allowed the survival, proliferation and expansion of coral reef
fish lineages that wee see today.
The ancestral biogeographic reconstruction of the Labridae, Pomacentridae
and Chaetodontidae (Chapter 5) highlights the potentially important role of the IAA
hotspot as a centre of lineage accumulation, survival and origination. The ancestral
lineages of current day coral reef fishes may have been in place, but restricted to the
IAA as far back as the Oligocene. Several of the significantly more diverse lineages
previously identified (Chapter 4) have reconstructed origins in the IAA, and it is the
proliferation of these lineages throughout the Miocene that forms the basis of the IAA
hotspot (Chapter 5), however fossil evidence from the IAA region is crucial to
confirm this reconstruction. The results add to the growing evidence that most reef
fish lineages are of Miocene age (with the exception of butterflyfishes; see review by
Rocha and Bowen 2008), negating the Pleistocene sea-level changes as the primary
engine driving lineage creating in the Indo-Pacific (Chapter 5). However, the
Pliocene, and to a lesser extent the Pleistocene, stand out as periods where lineages
within the IAA had extensive range expansion through dispersal to adjacent regions in
the Indo-Pacific. Patterns of vicariance between regions show a contradictory pattern
of temporally diffuse hard barriers (EPB, TTE, IOP) and distinct temporal
concordance in permeable “soft” barrier (IAA/In, IAA/CP). This highlights the
possibility of interlinked barriers either side of the IAA associated with changing
ocean currents, that have divided fish populations over the past 2 - 6 MY (cf. Bernardi
et al. 2002; Fauvelot et al. 2003; Horne et al. 2008; Gaither et al. 2011).
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While every effort has been made in this thesis to reduce possible confounding
effects, the results must be interpreted with care (Chapter 4, 5), with the primary
concerns being bias from incomplete taxon sampling and the lack of corroborating
fossil evidence. Future studies can enhance the precision of these results with an
increase in taxon sampling, with more sequence data, and the implementation of new
and future updates to bioinformatics programs. However, the need for fossil
corroboration of the patterns described in this thesis is more urgent. The debate
continues regarding if extinction rates can be accurately inferred from the molecular
phylogenies of extant taxa (Paradis 2004b; Quental and Marshall 2009; Rabosky
2009). However, studies incorporating molecular, ecological and palaeontological
data should provide the most robust interpretation of the evolutionary history of coral
reef inhabitants (Renema et al. 2008; Chapter 4, 5).
Overall, this thesis has identified temporally concordant patterns in trophic
evolution, changes in the evolutionary tempo through time, and has examined the role
that coral reefs in the IAA have played in the rise of present day reef fish biodiversity.
The results show that the IAA biodiversity hotspot is the result of a complex 65 MY
history in which coral reefs have played an integral role in the accumulation, survival,
origin and maintenance of associated fish lineages.
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TABLES
Table S2.1 GeneBank	
  accession	
  no.	
  and	
  publication	
  source	
  of	
  sequence	
  data	
  of	
  
labrid	
  taxa.
Table S2.2 Substitution model selected for each data set by AIC in Modeltest 3.7

FIGURES
Figure S2.1 Chronogram showing mean node ages in 95% HPD error bars of labrid
taxa when cichlid outgroup calibrations were used.
Figure S2.2 Chronogram of the family Labridae compiled from 10 independant runs
in BEAST 1.4.8, displaying 95% HPD error bars.
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Table S2.1 GeneBank accession no. and publication source of sequence data (*denotes full set of
data i.e 12s, 16s, tmo4c4, Rag2)
SPECIES

GENE

ACCESSION NO.

Labridae, Scaridae, Odacidae
Achoerodus viridis1
Anampses caeruleopunctatus1
Anampses geograhicus2
Anampses neoguiaicus1
Austrolabus maculatus1
Bodianus mesothorax1
Bodianus rufus1
Bolbometopon muricatum3
Calotomus carolinus3
Centrolabrus caeruleus4,5
Cetoscarus bicolor3
Cheilinus fasciatus1
Cheilinus oxycehalus1
Cheilinus undulatus1
Cheilio inermis1
Chlorurus sordidus1
Choerodon anchorago1
Choerodon schoenleinii1
Cirrhilabrus lubbocki1
Clepticus parrae1
Coris aygula1
Coris gaimard1
Coris batuensis1
Coris julis6,7

*
*
12s, 16s.
*
*
*
*
12s, 16s, tmo
12s, 16s, tmo
12s, 16s
12s, 16s, tmo
*
*
*
*
*
*
*
*
*
*
*
*
12s, 16s

Crytotomus roseus1
Ctenolabrus rupertris7,5
Cymolutes praetextatus1
Cymolutes torquatus1
Diproctacanthus xanthurus1
Epibulus insidiator1
Gomphosus varius1
Halichoeres argus1
Halichoeres bivittatus1
Halichoeres hartzfeldii1
Halichoeres hortulanus1
Halichoeres margaritaceus1
Halichoeres marginatus1
Halichoeres miniatus1
Halichoeres nicholsi1
Halichoeres notospilus1
Halichoeres papilionaceus1
Halichoeres radiatus1
Halichoeres scapularis1
Halichoeres solorensis1
Hemigymnus melapterus1
Hipposcarus longiceps3
Hologymnosus doliatus1
Labrichthys unilineatus1
Labroides bicolour1
Labroides dimidiatus1

*
12s, 16s
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
12s, 16s, tmo
*
*
*
*

AY279574/AY279677/AY279780/AY279883
AY279575 AY279678 AY279781 AY279884
DQ164138/DQ164173
AY279576 AY279679 AY279782 AY279885
AY279577 AY279680 AY279783 AY279886
AY279578 AY279681 AY279784 AY279887
AY279579 AY279682 AY279785 AY279888
AY081073 AY081091 AY081108
AY081074 AY081092 AY081109
AF414194/AF517606
AY081070/AY081088/AY081105
AY279580 AY279683 AY279786 AY279889
AY279581 AY279684 AY279787 AY279890
AY279582 AY279685 AY279788 AY279891
AY279583 AY279686 AY279789 AY279892
AY279584 AY279687 AY279790 AY279893
AY279585 AY279688 AY279791 AY279894
AY279586 AY279689 AY279792 AY279895
AY279587 AY279690 AY279793 AY279896
AY279588 AY279691 AY279794 AY279897
AY279589 AY279692 AY279795 AY279898
AY279590 AY279693 AY279796 AY279899
AY279591 AY279694 AY279797 AY279900
AJ810130/AY328983
AY279592 AY279695 AY279798 AY279901
AJ810131/AF517586
AY279593 AY279696 AY279799 AY279902
AY279594 AY279697 AY279800 AY279903
AY279595 AY279698 AY279801 AY279904
AY279596 AY279699 AY279802 AY279905
AY279597 AY279700 AY279803 AY279906
AY279598 AY279701 AY279804 AY279907
AY279599 AY279702 AY279805 AY279908
AY279600 AY279703 AY279806 AY279909
AY279601 AY279704 AY279807 AY279910
AY279602 AY279705 AY279808 AY279911
AY279603 AY279706 AY279809 AY279912
AY279604 AY279707 AY279810 AY279913
AY279605 AY279708 AY279811 AY279914
AY279606 AY279709 AY279812 AY279915
AY279609 AY279712 AY279815 AY279918
AY279607 AY279710 AY279813 AY279916
AY279608 AY279711 AY279814 AY279917
AY279610 AY279713 AY279816 AY279919
AY279611 AY279714 AY279817 AY279920
AY081075/AY081093/AY081110
AY279612 AY279715 AY279818 AY279921
AY279613 AY279716 AY279819 AY279922
AY279614 AY279717 AY279820 AY279923
AY279615 AY279718 AY279821 AY279924
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Labroides rubrolabiatus1
Labropsis australis1
Labrus merula7,5
Labrus viridis7,5
Lachnolaimus maximus1
Larabicus quadrillineatus1
Leptojulis cyanopleura1
Macropharyngodon geoffroy1
Macropharyngodon meleagris1
Malapterus reticulatus1
Neoodax balteata1
Nicholsina usta1
Notolabrus gymnogenis1
Novaculichthys macrolepidotus1
Novaculichthys taeniourus1
Odax acroptilus1
Ophthalmolepis lineolatus1
Oxycheilinus bimaculatus1
Oxycheilinus celebicus1
Oxycheilinus unfasciatus1
Oxyjulis californica1
Pictilabrus laticlavius1
Pseudocheilinus octotaenia1
Pseudocoris yamashiroi1
Pseudodax moluccanus1
Pseudojuloides atavai1
Pseudojuloides cerasinus1
Pseudolabrus gayi1
Pteragogus enneacanthrus1
Pteragogus cryptus1
Scarus dimidiatus1
Scarus frenatus1
Semicossyphus pulcher1
Sparisoma chrysopterum1
Stethojulis balteata1
Stethojulis bandanensis1
Stethojulis trilineata1
Symphodus cinereus7,5
Symphodus melanocercu7,5
Symphodus ocellatus7,5

*
*
12s, 16s
12s, 16s
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
12s, 16s
*
*
12s, 16s
12s, 16s
12s, 16s

Symphodus roissali7,5
Symphodus rostratus4,7
Symphodus tinca7,5
Tautoga onitis1
Tautogolabrus adspersus1
Thalassoma bifasciatum1
Thalassoma lunare1
Thalassoma lutenscens7,5
Wetmorella nigropinnata1
Xiphocheilus typus1
Iniistius aneitensis1
Xyrichtys martinicensis1
Perciformes
Epinephelus polyphekadion1
Kyphosus vaigiensis1

12s, 16s
12s, 16s
12s, 16s
*
*
*
*
12s, 16s
*
*
*
*

AY279616 AY279719 AY279822 AY279925
AY279617 AY279720 AY279823 AY279926
AJ810141/AF517592
AJ810142/AF517593
AY279618 AY279721 AY279824 AY279927
AY279619 AY279722 AY279825 AY279928
AY279620 AY279723 AY279826 AY279929
AY279621 AY279724 AY279827 AY279930
AY279622 AY279725 AY279828 AY279931
AY279623 AY279726 AY279829 AY279932
AY279657 AY279760 AY279863 AY279966
AY279624 AY279727 AY279830 AY279933
AY279625 AY279728 AY279831 AY279934
AY279626 AY279729 AY279832 AY279935
AY279627 AY279730 AY279833 AY279936
AY279658 AY279761 AY279864 AY279967
AY279628 AY279731 AY279834 AY279937
AY279629 AY279732 AY279835 AY279938
AY279630 AY279733 AY279836 AY279939
AY279631 AY279734 AY279837 AY279940
AY279632 AY279735 AY279838 AY279941
AY279633 AY279736 AY279839 AY279942
AY279634 AY279737 AY279840 AY279943
AY279635 AY279738 AY279841 AY279944
AY279636 AY279739 AY279842 AY279945
AY279637 AY279740 AY279843 AY279946
AY279638 AY279741 AY279844 AY279947
AY279639 AY279742 AY279845 AY279948
AY279640 AY279743 AY279846 AY279949
AY279641 AY279744 AY279847 AY279950
AY279642 AY279745 AY279848 AY279951
AY279643 AY279746 AY279849 AY279952
AY279644 AY279747 AY279850 AY279953
AY279645 AY279748 AY279851 AY279954
DQ164146/DQ164181
AY279646 AY279749 AY279852 AY279955
AY279647 AY279750 AY279853 AY279956
AJ810147/AF517599
AJ810149/AF517595
AJ810150/AF517603
AJ810151/AF517604
AF414199/AF517598
AJ810152/AF517596
AY279648 AY279751 AY279854 AY279957
AY279649 AY279752 AY279855 AY279958
AY279650 AY279753 AY279856 AY279959
AY279651 AY279754 AY279857 AY279960
AJ810155 AY329001
AY279652 AY279755 AY279858 AY279961
AY279653 AY279756 AY279859 AY279962
AY279654 AY279757 AY279860 AY279963
AY279655 AY279758 AY279861 AY279964

*
*

AY279560 AY279663 AY279766 AY279869
AY279561 AY279664 AY279767 AY279870
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Platax orbicularis1
Diagramma pictum1
Cichlidae
Ptychochromis oligacanthus1
Etroplus maculatus1
Thorichthys meeki1
Pomacentridae
Dischistodus chrysopoecilus1
Amblyglyphidodon leucogaster1
Dascyllus trimaculatus1
Abudefduf saxatilis1
Embiotocidae
Amphistichus argenteus1
Rhacochilus vacca1
Embiotoca jacksoni1

*
*

AY279562 AY279665 AY279768 AY279871
AY279563 AY279666 AY279769 AY279872

*
*
*

AY279564 AY279667 AY279770 AY279873
AY279565 AY279668 AY279771 AY279874
AY279566 AY279669 AY279772 AY279875

*
*
*
*

AY279567 AY279670 AY279773 AY279876
AY279568 AY279671 AY279774 AY279877
AY279569 AY279672 AY279775 AY279878
AY279570 AY279673 AY279776 AY279879

*
*
*

AY279571 AY279674 AY279777 AY279880
AY279572 AY279675 AY279778 AY279881
AY279573 AY279676 AY279779 AY279882

1,2,3…
4

publication source: 1Westneat & Alfaro (2005);2Read et al. (2006); 3Streelman et al. (2002);
Almada et al. (unpublished); 5Hanal et al. (2002); 6Bernardi et al. (2004); 7Arnal (2006).

Table S2.2 Substitution model selected for each data set by AIC in Modeltest 3.7

Data set
12s

AIC Model
GTR+I+G: Base=(0.3116, 0.2693, 0.1827) , Rate matrix=(2.1870,
10.5604, 2.5515, 0.6678, 13.3696) Rates=gamma Shape=0.6300,
Invariable site=0.3184;
16s
GTR+I+G: Base=(0.3457, 0.2518, 0.1718) , Rate matrix=(2.6663,
8.4594, 2.1954, 0.7406, 13.4902) Rates=gamma Shape=0.5988,
Invariable sites=0.4289;
Rag2
GTR+I+G: Base=(0.2208, 0.2542, 0.2519) , Rate matrix=(1.9421, 5.2130,
1.6584, 0.9138, 6.4587) Rates=gamma Shape=1.1793, Invariable
sites=0.3059;
Tmo4c4 TVMef+I+G: Base=equal, Rate matrix=(1.2610 6.4044 1.4475 0.6627
6.4044), Rates=gamma Shape=1.6473, Invariable sites=0.5099;
Complete GTR+I+G: Base=(0.2845, 0.2589, 0.2125), Rate matrix=(2.0205,
7.6013, 1.9449, 0.08049, 9.6153) Rates= Gamma, Shape=0.6959,
Invariable sites=0.3912;
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Table S3.1 The trophic, habitat and generic states of the Chaetodon species.
Table S3.2 Primer sequences used (two nuclear and one mitochondrial) in this study.
Table S3.3 References to Table S3.1.
Table S3.3 Estimated ages of node with 95% HPD distributions from 10 BEAST
MCMC runs.

FIGURES
Figure S3.1 Chronogram of Chaetodontidae complied from 10 independent BEAST
MCMC runs.
Figure S3.2 Corallivory and the likelihood (ML) of the presence of this trait in the
most recent common ancestor (MRCA) of each clade.
Figure S3.2 Coral reef use as habitat preference and the likelihood (ML) of the
presence of this trait in the most recent common ancestor (MRCA) of each clade.
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Table S3.1 The trophic, habitat and generic states of the Chaetodon species. Clade refers to the
position based on the current study, or their inferred position based on other phylogenetic or
taxonomic evidence (in parentheses; not sample in this study). Diet: algae (A), hard coral (HC),
soft coral (SC), invertebrates (I), zooplankton (Z), mucous (MU). Reef type: coral (C), rocky
(R), deep (D), sedimentary (S), rubble (RU), oceanic (O), algal (A), coastal (CO), coastal
weedy (CW), inshore (I).

Genus

Clade

SubGenus

Species

Corallivory

Diet

Habitat

Ref.

I, SC

R

2,11,9
9
9
9

Amphichaetodon

0

howensis

?

Amphichaetodon
Chaetodon
Chaetodon

(0)
1
(1)

Chaetodon
Chaetodon

melbae
hoeferi
robustus

?
<1%
<1%

Chaetodon

4

Chaetodon

capistratus

1-80%

Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon

(4)
4
4
(1)
3
3
3
(3)
3
3
(3)
(3)
3
3
3

Chaetodon
Chaetodon
Chaetodon
Chaetodon
Citharoedus
Citharoedus
Citharoedus
Corallochaetodon
Corallochaetodon
Corallochaetodon
Corallochaetodon
Discochaetodon
Discochaetodon
Discochaetodon
Discochaetodon

ocellatus
striatus
humeralis
marleyi
meyeri
ornatissimus
reticulatus
austriacus
trifasciatus
lunulatus
melapterus
octofasciatus
rainfordi
aureofasciatus
tricinctus

1-80%
1-80%
<1%
<1%
>80% (O)
>80% (O)
>80%(O)
>80% (O)
>80% (O)
>80% (O)
>80% (O)
>80% (O)
>80% (O)
>80% (O)
?

Chaetodon

2

Exornator

cintrinellus

1-80%

Chaetodon
Chaetodon
Chaetodon
Chaetodon

(2)
(2)
2
2

Exornator
Exornator
Exornator
Exornator

dolosus
guentheri
miliaris
multicinctus

<1%
<1%
<1%
>80% (O)

Chaetodon

(2)

Exornator

pelewensis

1-80%

Chaetodon

(2)

Exornator

punctatofasciatus

1-80%

Chaetodon

2

Exornator

quadrimaculatus

>80% (O)

Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon

2
(2)
(2)
(2)
2
2
2
(2)
(2)
(2)

Exornator
Exornator
Exornator
Exornator
Exornator
Exornator
Exornator
Exornator
Exornator
Exornator

sedentarius
mertensii
paucifasciatus
xanthurus
fremblii
sanctaehelenae
blackburnii
guttatissimus
assarius
daedalma

<1%
1-80%
1-80%
1-80%
<1%
?
1-80%
1-80%
<1%
1-80%

Chaetodon

(2)

Exornator

argentatus

1-80%

Chaetodon
Chaetodon

(2)
3

Exornator
Gonochaetodon

madagaskariensis
baronessa

1-80%
>80% (O)
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R
R,S
R,C
HC, SC,
A
I, HC
I, HC
A, I
HC
HC, MU
HC, A
HC
HC
HC
HC
HC
HC, A
HC
HC
A, I, HC,
SC
I
Z
HC, I
HC, SC,
A, I
A, SC,
HC, I
HC, SC,
A, I
I
A, HC, I
I
I
HC, A, I
A, Z
HC, A, I
A, HC,
SC, I
HC, A, I
HC

C
C
R,C
R
R,C
C
C
C
C
C
C
C,S
C,S
C
C,A
C
R
D
R,C
C
C
C
C
R,C
C
R,C
RU,C
C
R,C
R
R,C
C,S
C
R
C, RU
C
C

2,9
2,9
2,9
1,9
2,9
2,9
2,7,9
1,2,8,9
1,2
2,9
2,4,9
2,9
2,9
2,9
1,6,9
2,9
1,2,12
1,2,9
9
1,2,9
2,9
2,9
2,9
2,9
2,9
9
2,9
10
1,2,9
9
1,2,9
1,2,9
1,5,12
2,9
1,4
5,12
1,3

Chaetodon
Chaetodon
Chaetodon

(3)
(3)
2

Gonochaetodon
Gonochaetodon
Lepidochaetodon

larvatus
triangulum
unimaculatus

>80% (O)
>80% (O)
>80% (OS)

Chaetodon

2

Lepidochaetodon

kleinii

1-80%

Chaetodon

(2)

Lepidochaetodon

interruptus

>80% (O)

Chaetodon
Chaetodon

(2)
(2)

Lepidochaetodon
Lepidochaetodon

litus
smithi

<1%
<1%

Chaetodon

(2)

Lepidochaetodon

nippon

1-80%

Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon

3
4
4
(4)
4
(4)
(4)
(4)
(4)

Lepidochaetodon
Megaprotodon
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus

trichrous
trifascialis
auriga
ephippium
falcula
lineolatus
oxycephalus
rafflesi
selene
semeion

<1%
>80% (O)
1-80%
1-80%
<1%
1-80%
1-80%
1-80%
<1%
<1%

Chaetodon

4

Rabdophorus

ulietensis

1-80%

Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon

(4)
4
(4)
(4)
4

Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus

vagabundus
melannotus
ocellicaudus
adiergastos
collare

1-80%
>80% (OS)
>80% (OS)
1-80%
1-80%

Chaetodon

(4)

Rabdophorus

fasciatus

1-80%

Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chaetodon
Chelmon
Chelmon
Chelmon
Chelmonops
Chelmonops
Coradion
Coradion
Coradion

4
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)

Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Rabdophorus
Roa
Roa
Roa
Roa
Roa
Roaops/Roa
Roaops/Roa
Roaops/Roa
Roaops/Roa
Roaops/Roa
Tetrachaetodon
Tetrachaetodon
Tetrachaetodon
Tetrachaetodon
Tetrachaetodon

lunula
semilarvatus
decussatus
gardineri
leucopleura
mesoleucos
nigropunctus
xanthocephalus
auripes
flavirostris
wiebeli
dialeucos
excelsa
jayakari
modestus
excelsa
jayakari
burgessi
tinkeri
declivis
flavocoronatus
mitratus
bennetti
plebius
speculum
zanzibariensis
andamanensis
marginalis
muelleri
rostratus
curiosus
truncatus
altivelis
chrysozonus
melanopus

1-80%
1-80%
1-80%
1-80%
1-80%
1-80%
1-80%
1-80%
1-80%
1-80%
?
<1%
?
?
?
?
?
<1%
<1%
<1%
<1%
1-80%
>80% (O)
>80% (O)
>80% (O)
>80% (O)
>80% (O)
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%

(2)
(2)
(2)
(2?)
(2?)
(2)
2
(2)
(2)
(2)
3
3
(3)
(3)
(3)
0
0
0
0
0
0
0
(0)

HC
HC
HC, SC
HC, SC,
A, Z, I
HC, SC,
A, I
Z, I
Z, I
A, I, HC,
SC
Z, I
HC
A, I, HC
A, SC, I
I
I, A, HC
HC
I, A
I, A
I
I, SC,
HC, A
HC, I, A
SC
HC, SC
HC, I
HC, I
HC, SC,
I, A
I, HC
HC, SC
I, A, HC
A, HC, I
I, HC
HC, I
SC, I
HC, I
I, SC, A
Z, I, HC
A, HC, I
A, I

SC, I
Z. I

I
HC, A
HC
HC, MU
HC
HC, I
I
I
I
A, I
I
I, Z
I

C
C
C
R,C
C
R,C,A
R
R
C
C
C
C
C
D,C
C
C
S,C
C
C
C
C
C
C
C
C
R,C
C
R,C
CO
C,S,RU
C
R,C
C,I
R,C,CW
C,R
R,C
R,RU,S
R
D
R
D,R
D,R
D,C
C,D
R,D
D
C
C
C
C
C
C
CO,S
CO,S,A
D,CO,S
R
D,R
C,S
R
D,C

2,3,9
2,9
2,9
2,9
1,2,9
1,2,9
1,2,9
2,9
1,2,9
9,10
2,9
2,9
2,9
1,2,9
2,9
2,9
2,9
2,9
2,9
2,9
2,9
2,9
1,2
1,2,12
2,9
1,2,9
9
1,2,9
1,2,9
1,2,9
3,9
2,9
1,2,9
2,9
2,9
2,9
1,2,9
9
9
9
1
1
1,2
2,9
1,9
1,9
6,9
2,9
1,2,4,9
2,9
2,9
1,3
1,2,9
1,9,12
1,4,9
9
2,9
2,9
2,9
1,2,9
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Forcipiger
Forcipiger
Hemitaurichthys
Hemitaurichthys
Hemitaurichthys
Hemitaurichthys
Heniochus
Heniochus
Heniochus
Heniochus
Heniochus
Heniochus
Heniochus
Heniochus
Johnrandallia
Parachaetodon
Prognathodes
Prognathodes
Prognathodes
Prognathodes
Prognathodes
Prognathodes
Prognathodes
Prognathodes
Prognathodes
Prognathodes

0
0
(0)
0
0
(0)
0
0
(0)
(0)
(0)
(0)
0
(0)
0
3
(0)
0
(0)
(0)
(0)
(0)
(0)
(0)
0
(0)

flavissimus
longirostris
multispinosus
polylepis
thompsoni
zoster
acuminatus
chrysostomus
diphreutes
intermedius
monoceros
pleurotaenia
simgularis
varius
nigrirostris
ocellatus
guyotensis
aculeatus
aya
brasiliensis
dichrous
falcifer
guezei
guyanensis
marcellae
obliquus

1-80%
<1%
<1%
<1%
<1%
<1%
1-80%
1-80%
<1%
1-80% (?)
<1%
<1%
>80% (O)
1-80%
1-80%
?
?
<1%
1-80%
1-80%
<1%
<1%
<1%
<1%
<1%
<1%

I
I
Z, HC
Z
Z
HC, SC, I
Z
HC, I
I
I
HC
I
A, I
I, HC
I, HC
I, HC

A, I

C
C
D
C
D
C
CO,D,
C
D
C
C
C
D,CO
C
R,C
C
O
C,D
D
R
R
R,D
D
R,D
D,R,C
R

2,9
1,2,9
9
1,2,9
2,9
1,9
1,9
2,9
2,9
2,9
2,9
2,9
1,9,11
9
9
9
9
2,9
2,9
2,18
9
9
9
9,12
9
9

Table S3.2 Primer sequences used (two nuclear and one mitochondrial) in this study including
newly designed S7I1 primers. Primer-specific annealing temperatures are indicated. * Chaetodonspecific designed S7I1 primers.

Locus

Primer name

Primer sequence

Annealing
temperature (Ta)

ETS2 Intron

ETS2F1
ETS2R2

5’-AGCTGTGGCAGTTTCTTCTG-3’
5’–CGGCTCAGCTTCTCGTAG-3’

53-51

S7Intron1
ribosomal
protein gene

S7RPEX1F
S7RPEX2R
S7I1Ch2F*
S7I1Ch3R*
S7I1Ch4R*

5’-TGGCCTCTTCCTTGGCCGTC-3’
5’-AACTCGTCTGGCTTTTCGCC-3’
5’-AATGTGCTTTAATGTTGTTTG-3’
5’-GCTAACCAGGAGCAGCGGGCT-3’
5’-AGTCTCTTAACACACTTGGRTG-3’

L14724

5’-CGAAGCTTGATATGAAAAACCATCGTTG-3’
5’-AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA-3’
5’-AAACTGCAGCCCCTCAGAATGAT-

Cytochrome b
with flanking
tRNA (Glu)

L14841
H15149

228

50
55

55-53-51

CH1F
CH2R

ATTTGTCCTCA-3’
5’-ATTCTAACTGGACTATTCCTTGCC-3’
5’ATTATCTGGGTCTCCGAA(C/T)AGGTT-3’

51-49

Table S3.3 References to Table S3.1 in Appendix B.
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Table S3.4 Estimated ages of node with 95% HPD distributions from 10 BEAST MCMC runs.
Dating methods based on UCLN model with 8 unlinked gene partitions. Exponential prior placed
on PL node reflects fossil calibrations (Eoplax; 50 Ma) and biogeogrphic data (K/T boundary
transition; 65 Ma). Node abbreviations follow labels on Figure S3.1 in Appendix B.

230

Node Name

Mean Height

95% HPD

PL
PP
CT
CF
AC
CP
CH
Cha
Chb
FH
CC
C3
Hm
C2
C4
POM
Cm
Cba
Cmo
Clu
Cep
Pr
Po
Jn
Ctr
Cfe
Cbl
Chc
Ho
Ctn

52.7
50.1
32.8
26.1
22.9
23.9
17.8
16.6
15.7
14.2
11.9
13.4
12.5
12.6
11.3
6.9
8.4
10.3
9.8
10.0
9.0
5.5
7.9
9.0
8.8
6.6
6.2
6.7
3.4
6.7

50.0-61.8
41.5-60.7
24.9-40.9
19.1-33.9
16.1-30.4
17.9-30.9
13.3-23.2
12.4-21.5
11.7-20.4
9.9-19.4
7.8-16.7
9.9-17.7
8.7-17.2
9.0-16.8
7.9-15.2
3.9-10.8
5.4-16.7
7.3-13.8
6.8-13.4
6.5-14.0
5.8-12.7
2.6-9.8
5.3-11.0
5.9-12.6
5.8-12.3
4.2-9.4
5.7-11.4
4.4-9.4
5.1-11.1
5.8-12.3

FF
Car
Cmu
Cur
Cqu
Cmm
Cho
Cau
Csc
Crt
Cpl
Ck
Cmi
Cr
Clt
Cor
Cp
Csa
Ci

4.6
5.2
4.9
3.9
3.2
3.8
3.4
3.9
3.4
2.9
2.9
4.3
2.4
2.8
2.4
1.7
0.9
1.4
1.3

2.1-8.1
2.9-7.8
2.9-7.3
2.4-5.7
1.6-5.2
2.2-5.9
1.8-5.4
2.2-5.9
1.8-5.5
1.5-4.8
1.5-4.9
2.5-6.4
1.3-3.9
1.3-4.8
1.1-4.2
0.8-3.0
0.4-2.0
0.6-2.5
0.6-2.2
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Table S4.1. Information on gene region used in all four focal families. ‘% Data’ is the proportion of
taxa from the entire data set that were represented by that gene. Model parameters were chosen based n
results from jModelTest based on both AIC and BIC (i.e. both method returned the same model within
95% CI.
Family
Labridae

Gene
12s
16s
COI
Cyt B
RAG 2
TMO4c4
S7 II

BP
857
538
654
868
828
457
877

Type
mtDNA
mtDNA
mtDNA
mtDNA
nDNA
nDNA
nDNA

% Data
76.4
83.0
55.1
41.3
46.4
46.4
18.0

Model
TVMef+I+G
TPM3uf+I+G
TIM2+I+G
GTR+I+G
TPM2uf+I+G
TrNef+I+G
TrNef+I+G

Chaetodontidae

12s
16s
Cyt B
ND3
RAG2
ETS 2
TMO4c4
S7 II
12s
16s
ATP6/8
Cyt B
ND3
BMP 4
RAG1
RAG2
12s
16s
COI
ND1
ND2

925
605
675
395
801
648
511
663
961
565
842
1141
351
553
904
802
455
976
1530
975
1065

mtDNA
mtDNA
mtDNA
mtDNA
nDNA
nDNA
nDNA
nDNA
mtDNA
mtDNA
mtDNA
mtDNA
mtDNA
nDNA
nDNA
nDNA
mtDNA
mtDNA
mtDNA
mtDNA
mtDNA

88.4
73.7
60.0
73.7
75.8
58.9
72.6
58.9
69.4
75.8
56.5
64.5
54.8
55.9
68.3
55.9
45.4
46.4
55.7
47.4
49.5

SYM+I+G
SYM+I+G
TrN+I+G
GTR+I+G
SYM+G
TrN+G
TPM1uf+I+G
HKY+I+G
TVMef+I+G
K80+I+G
TVM+G
TIM2+I+G
TIM+I+G
TVM+G
TPM2uf+G
SYM+I+G
TVM+I+G
GTR+I+G
TPM3uf+I+G
GTR+I+G
TIM3+I+G

Pomacentridae

Apogonidae
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Table S4.2 Mean age estimates of major lineages of the families Labridae, Chaetodontidae, Pomacentridae and Apogonidae, under both unpartitioned and
partitioned models run in BEAST. Previously published age estimated and their sources are shown for comparison where available. * Denotes stem age of
lineage. ^ The age estimates for labrid lineages of Kazancioglu et al (2009) are taken from an appendix and it is not known what error this interval represents.
Family/Lineage
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Labridae
Hypsengyines
Scarine/Cheilines/Labrines
Labrines
Cheilines
Scarines
Pseudocheilines
Novaculines
Pseudolabrines
Julidines
Labrichthyines
Thalassoma/Gomphosus
Macropharygodon
Halichoeres IP
Halichoeres NW
Scarus
Chlorurus
Pomacentridae
Stegastinae

Total
Sp.
608
95
23
28
97
78
38
24
247
14
30
11
50
27
53
17
384
67

Mean
59.9
53.1
57.3*
23.4
22.9
29
42.9
43.8
14.8
33.9
19.6
15.8
17.2
21.9
15.3
10.4
5.8
62.9
54.9

Unpartitioned
95% HPD
54.4-66.7
50.6-56.3
51.1-64.4*
17-30.1
16.8-29.4
23.4-35
34.6-51.3
20.3-34.8
10.5-19.4
28.4-39.6
13.7-25.4
12.5-19.6
12.5-22.1
18-25.8
11.4-18.9
8-13
3.8-7.9
50.8-88.1
38.9-79.5

Mean
60.2
52.7
58.4*
20.9
24.1
27.7
44.1
30.9
15.4
33.9
21.7
13.6
15.5
21.2
13
9
4.9
55.3
47.1

Partitioned
95% HPD
55-66.1
50.6-55.4
52-64.8*
16.2-26.1
18.9-29.2
23.3-32.2
36.9-51.4
24.4-36.7
11.2-20.0
28.5-38.5
15.9-27.6
10.1-17.3
18.3-19.8
17.9-24.7
9.9-16.2
8.7-13.7
3-6
50.6-65.2
38.3-58

Previously reported
Mean (HPD)
Source
55-68^
Kazancioglu et al. 2009
43(32-56)
Alfaro et al. 2009
53-64*^
Kazancioglu et al. 2009
13(6-20)
Alfaro et al. 2009
17(11-23)
Alfaro et al. 2009
26-28^
Kazancioglu et al. 2009
37(26-49)
Alfaro et al. 2009
24(16-33)
Chapter 2
19.4 (28.4-11.1)
Chapter 2
35(36-39)^
Kazancioglu et al. 2009
23.1 (30.4-15.9)
Chapter 2
8-15^
Kazancioglu et al. 2009
22
Read et al. 2006
22(17-29)
Alfaro et al. 2009
12(7-17)
Alfaro et al. 2009
6(4-9)
Alfaro et al. 2009
4(2-5)
Alfaro et al. 2009
53(50-59)
Santini et al. 2009
NA
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Lepidozyginae
Chrominae
Dascyllus
Abudefdufinae
Pomacentrinae
Dischistodus
Chrysptera I
Chrysptera II
Chrysptera III
Pomacentrus
Neopomacentrus
Amphiprionae
Chaetodontidae
Bannerfish
Amphichaetodon*
Chelmon
Chelmonops
Coradion
Heniochus
Hemitaurichthys
Forcipiger
Chaetodon crown
Clade 1
Clade 2
Clade 3
Clade 4
Prognathodes

1
109
10
19
187
7
6
26
5
72
19
29
127
25
2
3
2
3
8
4
2
91
3
36
21
31
11

61.4*
39.1
17.8
31.4
45.1
24.4
33.7
25.3
27.4
28.1
34.39
24.1
31.6
26.1
26.1/5.1
3.2
2
4.2
9
2.4
6.7
18.8
18.8*/8.1
12.6
14.6
12.3
23.1*/8.7

48.7-87.1
26.8-57.1
11.2-27.6
20.4-47
33.9-64.4
14.2-38.2
23-49.5
22.7-47.3
15.1-43.3
19.6-40.7
25-50.1
14.4-38
30.2-34.1
21.3-30.6
21.3-30.6/1.9-8.7
1.7-5
0.6-3.7
2.5-6.1
6.4-11.7
0.9-4.3
3.6-10.1
15.5-21.8
15.5-21.8*/4-12.2
9.7-15.7
11.9-17.4
9.9-14.9
19.3-26.9* /4.0-13.1

54.8*
38
13.6
24.8
38.2
21
30.5
21.5
23.6
30.9
28.1
15.3
32.1
25.8
25.8/4.8
3.1
2.1
3.2
7
2.4
5.4
16.3
16.3*/7.1
11
12.7
10.6
20.1*/7.1

49.8-65.3
27.3-40.1
10.3-17.1
18.5-32.5
32.9-45.4
15.1-27.3
24.8-37.1
17-26.7
15.6-31.7
16-27
22.9-34.4
10.6-22.6
30.5-34.3
21.9-29.3
21.9-29.3/2-8.5
1.4-5.1
0.5-4.2
2.1-4.4
6.2-10
0.7-4.6
3.4-7.4
14.0-18.7
14.0-18.7*/4.6-9.7
8.9-13.2
10.8-14.7
8.8-12.4
17.2-23*/4.3-10.3

NA
NA
16 (11.7-21)
NA
NA
NA
NA
NA
NA
NA
NA
NA
36.72
33.49
27.8
3.7 (2.25.9)
1 (0.37-2)
2.7 (1.3-4.8)
9.0 (5.9-12.6)
3.05 (1.4-5.3)
4.6 (2.1-8.05)
19.67
19.67*/9.75
14.04
14.51
13.96
23.93*

McCafferty et al. 2002

Fessler & Westneat 2007
Fessler & Westneat 2007
Fessler & Westneat 2007
Chapter 3
Chapter 3
Chapter 3
Chapter 3
Chapter 3
Chapter 3
Fessler & Westneat 2007
Fessler & Westneat 2007
Fessler & Westneat 2007
Fessler & Westneat 2007
Fessler & Westneat 2007
Fessler & Westneat 2007

Apogonidae
Pseudamia
Siphamia
Crown Apogonidinae
Phaeoptyx et al.
Rhabdamia et al.
Gymnoapogon et al.
Sphaeramia
Fowleria
Pristiapogon
Pristicon
Apogon & Archamia
Zoramia & Ostorhinchus 1
Ostorhinchus 2 (barred)
Ostorhinchus 3 (striped)
Cheilodipterus & Glossamia

345
12
10
9
10
11
2
10
6
3
56
7
41
79
32

63.2
63.2
53.2
47.4
31
26.2
20.4
31
29.4
24.6
10.6
19.6
17.6
16.9
23.9
19.6

51.0-81.1
51.0-81.1
39.3-70.8
39.3-70.8
20.8-42.7
13.0-40.3
19.6-40.5
4.7-18.2
1.1-21.9
12.4-27.9
11-25.5
10.4-28.2
16.22-33
11.6-28.8

56.4
56.4
49.1
39.4
27
35.4
16
26.2
21.7
20.5
12.9
22.4
15.1
21.5
24.9
19.23

50.5-62.7
50.5-62.7
39.5-57.6
29.8-48.2
24.3-44.4
15.6-29.4
13.9-30.6
1.5-25.7
15.7-28.9
18.3-31.1
13.3-25.3

NA
NA
NA
~32
NA
NA
NA
NA
~14
~29
~15
NA
~21
~27
~27.5
NA

Mabuchi 2006

Mabuchi 2006
Mabuchi 2006
Mabuchi 2006
Mabuchi 2006
Mabuchi 2006
Mabuchi 2006
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Table S4.3 Departure of lineages from the global rate of diversification within additional families of reef fishes and marine gastropod genera, taken from the
literature (Bellwood et al. 2004; Alfaro et al. 2007; Williams and Duda 2010). Italicized P-values highlight significantly higher species richness in subtending
clades than expected under the global rate of cladogenesis. ε is the extinction rate, rG is the estimated global speciation rate conditional on the extinction rate for
each family. An asterisk indicates probabilities calculated using clade stem age. Conus Clade “X” is named from Williams and Duda (2008).

Family/Clade

Ages

Species

ε =0

ε = 0.1

ε = 0.2

ε = 0.3

ε = 0.4

ε = 0.5

ε = 0.6

ε = 0.7

ε = 0.8

ε = 0.9

Pomacanthidae (rG)

38

88

0.0996

0.0993

0.0986

0.0972

0.0952

0.0923

0.0883

0.0825

0.0739

0.0584

Pomacanthus

33.7

13

0.9363

0.8989

0.8719

0.8527

0.8395

0.8311

0.8264

0.7201

0.8273

0.8342

Chaetodontoplus*

36.4

13

0.7231

0.7446

0.7632

0.7796

0.7941

0.8072

0.8190

0.7176

0.8404

0.8510

Pygoplites*

23

1

1.0000

1.0000

1.0000

1.0000

1.0000

1.0000

1.0000

1.0000

1.0000

1.0000

Holocanthus*

23

8

0.4738

0.5066

0.5383

0.5692

0.5999

0.6309

0.6629

0.5819

0.7359

0.7845

Centropyge (Xiphypops)

13.9

19

0.0391

0.0488

0.0597

0.0719

0.0858

0.1024

0.1234

0.0799

0.1976

0.2838

Centropyge*

24.8

11

0.4131

0.4474

0.4805

0.5129

0.5451

0.5775

0.6111

0.5127

0.6878

0.7392

Paracentropyge*

23

3

0.8078

0.8234

0.8378

0.8513

0.8642

0.8767

0.8892

0.8567

0.9161

0.9330

Genicanthus*

13.9

10

0.0746

0.0928

0.1142

0.1395

0.1696

0.2061

0.2511

0.2049

0.3858

0.5010

Apolemichthys*

24.8

9

0.4930

0.5254

0.5564

0.5862

0.6154

0.6446

0.6744

0.5860

0.7412

0.7853

Tetraodonitformes (rG)

68.5

430

0.0772

0.0770

0.0766

0.0758

0.0747

0.0731

0.0708

0.0676

0.0626

0.0536

Balistidae

22.9

43

0.0083

0.0122

0.0173

0.0241

0.0332

0.0454

0.0629

0.0898

0.1370

0.2408

Diodontidae

10.9

22

0.0002

0.0004

0.0008

0.0015

0.0029

0.0055

0.0106

0.0213

0.0464

0.1231

Monacanthidae

24.6

108

0.0000

0.0000

0.0000

0.0000

0.0001

0.0002

0.0005

0.0016

0.0057

0.0261

Ostraciidae

20.8

25

0.0288

0.0373

0.0474

0.0595

0.0744

0.0932

0.1184

0.1552

0.2160

0.3388

Tetraodonitdae

38.3

185

0.0008

0.0015

0.0025

0.0041

0.0065

0.0101

0.0155

0.0245

0.0414

0.0839

Turbo (rG)

61.5

75

0.0589

0.0588

0.0583

0.0575

0.0562

0.0544

0.0520

0.0485

0.0432

0.0338

Marmarostoma

23.7

25

0.0097

0.0138

0.0189

0.0254

0.0336

0.0441

0.0583

0.2400

0.1596

0.1797

Echinolittorina (rG)

38.5

60

0.0883

0.0881

0.0873

0.0860

0.0840

0.0813

0.0774

0.0718

0.0635

0.0488

Granulittorina

21

31

0.0399

0.0498

0.0603

0.0713

0.0831

0.0964

0.1123

0.1333

0.1645

0.2216

Conus (rG)

62

500

0.0891

0.0889

0.0884

0.0875

0.0863

0.0844

0.0819

0.0783

0.0727

0.0626

Clade “X”

23.4

273

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0005
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Table S4.4 Estimated net diversification rates (rG) at low and high extinction, and proportion of coral
reef affiliated member taxa of each reef fish family. The families of the Tetraodontiformes were
reexamined using ages from Alfaro et al. (2007).
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Family

% Reef ε=0

ε=0.9

Labridae

51.21

0.0902 0.0640

Pomacentridae

68.14

0.0856 0.0589

Apogonidae

52.46

0.0815 0.0556

Chaetodontidae 70.00

0.1274 0.0788

Balistidae

84.00

0.1257 0.0654

Diodontidae

64.00

0.2085 0.0938

Monacanthidae

53.00

0.1635 0.0987

Ostraciidae

76.00

0.1232 0.0571

Tetraodontidae

28.00

0.1170 0.0753

Molidae

0.00

0.0359 0.0109

Triacanthidae

0.00

0.0535 0.0177

Figure S4.1 Radial cladograms for the family Labridae representing node support values
from (A) Maximum Likelihood (ML) bootstrap analyses of 500 pseudoreplicates in
GARLI v1.0; and (B) Bayesian Inference (BI) posterior probablities from 3 independant
50 million generation MCMC BEAST analyses. Circles represent support values: White ≥
90ML/0.9BI; Grey ≥70ML/0.7BI; Black ≥50ML/0.5BI. Outgroup lineages that were
removed for BEAST analyses are indicated in grey (A)

(A)

Cheilines

Labrines

Hypesigenyines

Scarines

Outgroup
Pseudocheilines

ML

Novaculines
Pseudolabrines

Julidines

(B)

Labrichthyines
Cheilines

Scarines

Labrines

Hypesigenyines

Pseudocheilines

BI

Novaculines
Pseudolabrines

Julidines

Labrichthyines
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Figure S4.2 Chronogram displaying mean age estimates and 95% HPD intervals for the family Labridae.
Triangles identify monophlyetic clades that have been collapsed. Numbers in brackets represent the number of
sampled lineages in this study compared to the total species richness for that lineages assigned from
fishbase.org and Kuiter (2010). Circles represent agreement from BI posterior support and ML bootstrap
support (see Fig S4.1). White - BI>0.9/ML>90; Grey - BI>0.7/ML>70; Black - BI>0.5/ML>50
'Halichoeres' (Hemiulis/Platyglossus)(8/22)
'Halichoeres' (Julicoris/Corichoeres)(5/8)
Halichoeres brownfieldi
'Halichoeres' (Octocynodon)(3/4)
'Halichoeres' (Hemicoris)(3/5)
'Halichoeres' (Biochoeres)(5/11)
Macro. & Halichoeres III (9/11)
‘Halichorese’(Hemitautoga)(3/3)
Leptojulis (1/4)
Halichoeres hartzfieldi
‘Halichoeres’ (Iridio) & Oxyjulis (16/29)
Pseudojuloides (2/11)
Anampses (6/13)
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Figure S4.3 Radial cladograms for the family Chaetodontidae representing node support
values from (A) Maximum Likelihood (ML) bootstrap analyses of 500 pseudoreplicates in
GARLI v1.0; and (B) Bayesian Inference (BI) posterior probablities from 3 independant 50
million generation MCMC BEAST analyses. Circles represent support values: White ≥
90ML/0.9BI; Grey ≥70ML/0.7BI; Black ≥50ML/0.5BI. Outgroup lineages that were
removed for BEAST analyses are indicated in grey (A)
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Figure S4.4 BEAST generated chronogram displaying mean age estimates and 95% HPD intervals for the family
Chaetodontidae. Numbers in brackets represent the number of sampled lineages in this study, compared to the total
species richness for that lineages assigned from fishbase.org and Chapter 3. Circles represent agreement from BI
posterior support and ML bootstrap support (see Fig S4.3). White - BI>0.9/ML>90; Grey - BI>0.7/ML>70; Black BI>0.5/ML>50.
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Figure S4.5 Radial cladograms for the family Pomacentridae representing node support
values from (A) Maximum Likelihood (ML) bootstrap analyses of 500 pseudoreplicates in
GARLI v1.0; and (B) Bayesian Inference (BI) posterior probablities from 3 independant 50
million generation MCMC BEAST analyses. Circles represent support values: White ≥
90ML/0.9BI; Grey ≥70ML/0.7BI; Black ≥50ML/0.5BI. Outgroup lineages that were
removed for BEAST analyses are indicated in grey (A).
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Figure S4.7 Radial cladograms for the family Apogonidae, representing node support values
from (A) Maximum Likelihood (ML) bootstrap analyses of 500 pseudoreplicates in GARLI
v1.0; and (B) Bayesian Inference (BI) posterior probablities from 3 independant 50 million
generation MCMC BEAST analyses. Circles represent support values: White ≥90ML/0.9BI;
Grey ≥70ML/0.7BI; Black ≥50ML/0.5BI. Outgroup lineages that were removed for BEAST
analyses are indicated in grey (A).
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Table S5.2 Means (± SE) and min/max range of the distribution of estimated ages of
origination (MY) of extant taxa for each family within each biogeographic region and
globally. Means and 95% CI are displayed graphically in Fig. 5.3. Symbols identify
significantly different ages from ANOVA and Tukey-Kramer post-hoc comparisons:
†Chaetodontidae

global ages significantly younger than labrids and pomacentrids;

*Chaetodontid species were significantly younger in the Indian Ocean and the IAA
compared with labrids and pomacentrids; ^ in the Labridae ages in the Atlantic were
significantly younger than in the IAA, and in the Chaetodontidae ages in the Indian
Ocean were significantly younger than the Atlantic.
Region

Labridae

Pomacentridae

Chaetodontidae

Mean±SE(min-max) MY

Mean±SE(min-max) MY

Mean±SE(min-max) MY

EP

4.4±0.9 (0.6-11.9)

7.8±1.4 (3.2-17.1)

3.8±1.0 (2.9-4.8)

Atl

5.4±0.6 (0.1-21.5)^

4.7±0.8 (1.2-11.3)

4.4±0.9 (2.8-10.6)^

In

5.7±1.0 (0.3-17.21)

7.7±1.3 (0.05-23.6)

1.6±0.4 (0.2-5.2)*^

IAA

7.5±0.4 (0.3-23.7)^

6.7±0.5 (0.2-23)

2.4±0.3 (0.2-10.6)*

CP

5.2±1.3 (0.6-10.5)

3.5± (0.5-6.7)

4.1±1.1 (0.3-8)

Global

6.6±0.3 (0.1-23.7)

6.6±0.4 (0.05-23.6)

2.6±0.2 (0.2-10.6)†
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Figure S5.1 (A) Constraints on dispersal probalilty throught time relating to barriers between regions.
Dispersal matrix was used for Lagrange model M1. (B) Location of fossils speciemen of labrids (grey
circles), pomacnetrids (white circles) and chaetodontids. Location in the Atlantic (“Tethys”) was used
to place a geographic constraint to include this location on the root of each family.
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