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ABSTRACT

Aim The aim of this study was to determine the contributions of Gondwanan

vicariance and marine dispersal to the contemporary distribution of galaxiid

fishes. This group has been central in arguments concerning the roles of dispersal

and vicariance in the Southern Hemisphere, as some taxa have marine life history

stages through which transoceanic dispersal may have been facilitated, yet other

galaxiids are entirely restricted to freshwaters.

Location Southern Hemisphere land masses of Gondwanan derivation.

Methods Biogeographic hypotheses of Gondwanan vicariance and marine

dispersal were tested using four lines of evidence: (1) concordance of species–

area phylogenetic relationships, (2) molecular estimates of lineage divergence

times with a priori expectations based on plate tectonics, (3) reconstructions of

ancestral dispersal capabilities, and (4) reconstructions of distribution inheritance

scenarios (using the dispersal–extinction–cladogenesis model to infer historical

ranges and dispersal and extinction events).

Results Phylogenetic relationships were reconstructed from 4531 mitochondrial

and nuclear nucleotide characters, and 181 morphological characters, across 53 of

the 56 presently recognized species. Phylogenetic relationships were generally well

resolved and supported among galaxiids using the combined dataset, and

conflicting relationships between molecular and morphological datasets typically

received low topological support from either or both datasets. Transoceanic

disjunctions were exhibited at 16 nodes, but only three pre-dated relevant

continental fragmentation events; furthermore, ancestral distribution inheritance

scenarios for two of these nodes reflected cladogenesis within, rather than

between, Gondwanan land masses, and ancestral marine dispersal capability could

not be rejected for all three. Instead, the four lines of evidence surveyed suggest

that Gondwanan vicariance occurred twice, but in both instances was preceded by

marine dispersal between land masses, and in at least one instance was initiated by

the cessation of marine dispersal subsequent to continental fragmentation.

Main conclusions Gondwanan vicariance appears to have been preceded by

marine dispersal in the few instances where it may explain contemporary galaxiid

distribution, such that these biogeographic mechanisms may sometimes have a

synergistic relationship.
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INTRODUCTION

Since the acceptance of plate tectonic theory, the transoceanic

disjunct distributions of many Southern Hemisphere taxa have

been explained in terms of vicariant isolation of ancestral

lineages coincident with the fragmentation of the Gondwanan

land mass (Raven & Axelrod, 1972; Croizat et al., 1974; Rosen,

1978). However, molecular analyses of several ‘iconic’ Gon-

dwanan taxa have suggested that their distributions cannot be

entirely explained by vicariant isolation accompanying conti-

nental fragmentation, but rather, they require explanations

involving transoceanic dispersal. Such taxa include the south-

ern beeches (Knapp et al., 2005), baobabs (Baum et al., 1998),

and ratite birds (Cooper et al., 1992; Haddrath & Baker, 2001).

Consequently, there has been a recent re-think of the paradigm

of Gondwanan vicariance as the dominant explanation for the

biogeographic history of widespread Southern Hemisphere

taxa (McDowall, 2002; Briggs, 2003; Givnish & Renner, 2004;

Sanmartı́n & Ronquist, 2004; McGlone, 2005; de Queiroz,

2005), and also the oceanic dispersal capabilities of various

taxa over geological time scales.

Galaxiid fishes (Galaxiidae sensu Johnson & Patterson, 1996)

are a major component of temperate freshwater fish commu-

nities throughout the Southern Hemisphere (Fig. 1). They

constitute a group with an uncertain biogeographic history. The

broad distribution of this family has been previously described

as a consequence of Gondwanan fragmentation (Croizat et al.,

1974; Rosen, 1978; Craw, 1979; Campos, 1984). However, the

ability of some galaxiids to undertake part of their life cycle in

the marine environment (diadromy), and their occupation of

young oceanic islands, also promoted explanations of marine

dispersal (McDowall, 1978, 2002). The most recent phylogenetic

analyses of the family suggest a role for Gondwanan vicariance

with respect to the non-diadromous lineages represented by

Galaxiella (Australia), Brachygalaxias (South America), and

Galaxias zebratus (Africa) (Waters et al., 2000a; McDowall &

Waters, 2004; McDowall & Burridge, 2011). However, the

molecular study of Waters et al. (2000a) was limited with

respect to sampling of taxa (27 of 56 presently recognized

species) and characters (828 mitochondrial characters), and in

all studies the majority of relationships received limited

topological support. Furthermore, these studies did not rigor-

ously investigate lineage divergence times, patterns of life history

evolution, or reconstructions of ancestral distributions that may

have also implicated marine dispersal despite congruence of

species–area relationships with Gondwanan fragmentation.

Figure 1 Distribution of the Galaxiidae (black shading), with summary of severance times (dashed lines) for emergent land connections

between continental fragments based on Sanmartı́n & Ronquist (2004) and McDowall (2005), and ages of most recent emergence for oceanic

islands inhabited by galaxiids (McDougall et al., 1981; Campbell et al., 2006; Hoernle et al., 2006). Grey arrows indicate the West Wind

Drift. Antarctica is represented as the hypothesized area of emergent land 50 Ma, given isostatically adjusted bedrock elevation and altered

sea level for ice-free conditions (Lawver & Gahagan, 2003).
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Diadromy is considered the ancestral life history condition

in galaxiids (McDowall, 1970, 1978), and recent losses of the

marine migratory phase have apparently led to radiations of

obligate freshwater galaxiids within continents (McDowall,

1990; Ovenden & White, 1990; Ovenden et al., 1993; McDo-

wall & Fulton, 1996; Waters & Wallis, 2001a; Waters &

McDowall, 2005). Therefore, even though Galaxias zebratus,

Galaxiella spp., and Brachygalaxias spp. are freshwater-limited

and may exhibit phylogenetic relationships consistent with

Gondwanan vicariance, it remains possible that their ancestors

were diadromous, with dispersal occurring in a manner that

mimics phylogenetic relationships expected under vicariance

(Fig. 2; e.g. Sanmartı́n et al., 2007). While recognition of the

greater dispersal capabilities of ancestral lineages has been

implicit during biogeographic studies of flightless birds and

insects inhabiting young oceanic islands (Darlington, 1942;

Trewick, 1997; Slikas et al., 2002), this possibility has only

rarely been extended to their flightless counterparts inhabiting

isolated continents (Harlid & Arnason, 1999; Briggs, 2003;

Phillips et al., 2010). This is somewhat akin to the earlier days

of biogeography when the geographic isolation of continents

through time was assumed constant. While dispersal may be

revealed via inconsistency of divergence time estimates with

continental fragmentation (Fig. 2a) – ‘pseudo-congruence’ of

Donoghue & Moore (2003) – compatible timing may also be

produced by dispersal (Fig. 2b), or be falsely inferred owing to

the roles of extinction (Fig. 2c). Therefore, an appreciation of

range evolution through time is desirable.

A recent advance in biogeographic analyses has been the

ability to reconstruct ancestral distribution inheritance sce-

narios within the dispersal–extinction–cladogenesis (DEC)

framework of Ree & Smith (2008). This approach has several

advantages over methods that focused on reconstruction of

ancestral areas, and not explicitly how these were inherited at

cladogenesis events. Importantly, this new class of analysis has

the ability to distinguish cladogenesis accompanying vicariance

or dispersal, which may be problematic on the basis of species–

area cladograms and lineage divergence time estimates alone

(Fig. 2). Hence, this method may reveal that ancestral distri-

butions were incompatible for Gondwanan vicariance, despite

compatible divergence times and distributions of their descen-

dants.

Here we test whether Gondwanan vicariance and transoce-

anic dispersal can explain the present distribution of galaxiid

lineages among Southern Hemisphere land masses. We analyse

every presently recognized species of galaxiid with the excep-

tion of one very rare taxon (Galaxias globiceps), and two

(a)

(b)

(c)

Figure 2 Hypothetical biogeographic scenarios where estimates

of lineage divergence time of the Galaxiidae may or may not reveal

transoceanic dispersal among Gondwanan land masses. Broad,

shaded bars indicate the geological isolation histories of land

masses, and black lines indicate the geographic history of lineages

inhabiting these land masses, scaled according to historical time.

(a) Transoceanic dispersal is revealed by lineage divergence times

post-dating Gondwanan fragmentation events (‘pseudo-congru-

ence’ of Donoghue & Moore, 2003). (b) Transoceanic dispersal is

concealed by lineage divergences consistent with Gondwanan

fragmentation events alone, and (c) in conjunction with lineage

extinction events.
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landlocked lineages (Galaxias parkeri, Galaxias gracilis) that are

possibly synonymous or certainly recently derived from

diadromous lineages that are represented in this study

(McDowall, 1990; Ling et al., 2001). We employ a variety of

DNA sequences [mitochondrial cytochrome b and large

subunit ribosomal RNA (rRNA); nuclear recombination

activation gene 1 and ribosomal protein S7 gene] and a

substantial morphological dataset (181 characters; McDowall

& Burridge, 2011) for the reconstruction of phylogenetic

relationships, as the use of multiple independent datasets

increases the ability to recover robust phylogenetic relation-

ships. Relaxed molecular clock analysis was used to estimate

the chronology of lineage divergences. Estimates of one

ancestral life history trait – presence or absence of diadromy,

and hence marine dispersal capability – are provided by the

Bayesian method of Pagel et al. (2004), while inheritance

scenarios of ancestral distributions are tested using the DEC

parametric method of Ree & Smith (2008), accommodating

both topological and temporal uncertainty. These ancestral

inferences are required to assess whether any concordance

between species–area phylogenetic relationships, and conti-

nental fragmentation dates and lineage divergence time

estimates might be the product of dispersal alone (Fig. 2).

MATERIALS AND METHODS

Tissue samples were obtained from all known galaxiid species,

with the three exceptions listed above. Total DNA was

extracted following Waters et al. (2000a). We analysed repre-

sentatives of 56 outgroup taxa spanning the Actinopterygii to

provide molecular divergence time calibration points outside

the Galaxiidae. Sequences from these outgroups were obtained

from GenBank with the exception of seven osmerid and

retropinnid sequences generated during this study (see

Appendix S1 in Supporting Information).

A morphological dataset for galaxiids comprising 181

characters was compiled (110 two-state, 37 three-state, 26

four-state, four five-state, and four six-state; 166 osteological);

McDowall & Burridge (2011) provided these characters.

The complete mitochondrial cytochrome b (cyt b) gene was

amplified and sequenced with primers from Waters & Wallis

(2001a), yielding 1141 bp. Approximately 550 bp of the

mitochondrial large subunit rRNA gene (lrRNA) was amplified

using primers 16Sar and 16Sbr (Palumbi et al., 1991). Around

1400 bp of the nuclear recombination activation gene 1 (RAG-

1) exon 2 was amplified using primers Rag1F1 and Rag1R1 of

López et al. (2004), and occasionally with internal primers

constructed to match galaxiid sequences. The first and second

introns, and the second exon of the nuclear ribosomal protein

S7 gene (S7, approximately 700 bp) were amplified using the

primers of Chow & Hazama (1998).

Polymerase chain reaction (PCR) amplifications were con-

structed in 25 lL volumes and comprised 1· PCR buffer,

0.2 mm dNTPs, 1.5–2.5 mm MgCl2, 0.5 lm of each primer,

and 0.5 units Taq DNA polymerase (BioLine MangoTaq,

Sydney, NSW, Australia). Thermal cycling conditions were

3 min at 94 �C, followed by 35 cycles of 94 �C for 30 s,

annealing temperature for 30 s, and extension at 72 �C for 1–

2 min, and then a final extension of 72 �C for 5 min.

Annealing temperatures were generally 52, 55, 55 and 60 �C

for cyt b, lrRNA, S7 and RAG-1, respectively, and extension

times were 1 min for all regions except RAG-1 (2 min). PCR

products were purified using High Pure PCR Product Puri-

fication columns (Roche, Auckland, New Zealand), and

sequenced in both directions using ABI PRISM BigDye

Terminator Cycle Sequencing (Applied Biosystems, Carlsbad,

CA, USA).

DNA sequences were aligned visually and with reference to

secondary structure models in the case of lrRNA (Waters et al.,

2000a). lrRNA regions of ambiguous alignment were excluded

from analysis, described according to the secondary structure

notation of Waters et al. (2000a): loops E25 and G7 (out-

groups only), loops G4, G10, G14, and stems G13 and G15 (all

taxa). S7 sequences were alignable within the Galaxiidae (with

the exception of Lovettia sealii and Lepidogalaxias salaman-

droides) but not at deeper phylogenetic levels. Hence, phylo-

genetic analysis of S7 was restricted to alignable galaxiid

species. RAG-1 sequences exhibited infrequent codon insertion

and deletion events, and were aligned according to amino acid

translations. Large (up to 339 bp) putatively non-coding

sequences were observed within the two outgroup argentini-

form RAG-1 sequences (López et al., 2004), and these regions

were excluded from analysis.

Phylogenetic analysis

Phylogenetic analyses were conducted under individual and

combined DNA data partitions, accommodating differences in

the dynamics of character-state change among partitions where

possible (e.g. unique substitution models for each partition

during Bayesian analysis). While the analysis of multiple data

partitions in a concatenated form can mislead phylogenetic

inference (Kubatko & Degnan, 2007), this is most likely to

occur during studies at shallow phylogenetic levels, where

incomplete lineage sorting can produce discordant gene trees

among individual data partitions. Most of the phylogenetic

relationships and associated divergence time estimates among

galaxiids suggest that such potential problems associated with

data partition concatentation are unlikely. In the exception

involving the most recent galaxiid radiation – the Galaxias

vulgaris s.l. complex – Waters et al. (2010) has already

performed analyses using more appropriate sampling (more

individuals per species) and methods of phylogenetic inference

that can accommodate discordance among gene trees owing to

incomplete lineage sorting (Liu & Pearl, 2007). Even here,

some higher-level relationships within the G. vulgaris s.l.

complex were consistently recovered by individual nuclear and

mitochondrial data partitions (Waters et al., 2010).

DNA substitution models for maximum likelihood (ML)

and Bayesian analyses were derived from a set of 56 candidates

using the Akaike information criterion and Modeltest 3.7

(Posada & Crandall, 1998). Models for ML analysis were based

Galaxiid biogeography
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on combined data partitions (lrRNA, cyt b, S7 and RAG-1),

while those for Bayesian inference were derived for each

partition independently, and then employed in partitioned-

model analysis. A modified Markov model (Lewis, 2001) was

employed for Bayesian analysis of morphological data.

Maximum parsimony (MP) analyses employed the heuristic

algorithm of paup* 4.0b10 (Swofford, 2003) with all character-

state transformations equally weighted and gaps treated as

missing data. One thousand random sequence addition

replicates were performed. Maximum likelihood topologies

were recovered using the online implementation of PhyML

(http://www.atgc-montpellier.fr/phyml/; Guindon & Gascuel,

2003). The starting tree for PhyML analysis was the majority-

rule consensus topology and branch lengths from the

MrBayes analysis (see below). Nonparametric bootstrap

support was assessed for MP and ML based on 500 pseudo-

replicate datasets. Under the MP criterion, each pseudorepli-

cate was analysed using the heuristic search algorithm, with

five random sequence addition replicates per bootstrap

replicate; groups compatible with the 50% majority-rule

consensus were retained. Under the maximum likelihood

criterion, analysis of each bootstrap replicate dataset was

conducted as per the original dataset using PhyML.

Bayesian analysis was conducted using MrBayes 3.1.2

(Ronquist & Huelsenbeck, 2003). Variable rates were allowed

among data partitions, and model parameters were drawn

from the default prior probability distributions (see Ronquist

& Huelsenbeck, 2003). Duplicate Metropolis-coupled Markov

chain Monte Carlo (MCMC) analyses of 2.5 · 106 steps were

performed, each with four chains and with trees and param-

eters sampled every 100 generations. Chains were heated

according to ‘Temp = 0.2’ and ‘nswap = 1’ to achieve ade-

quate mixing. Attainment of asymptotes for log likelihood

(lnL), substitution model parameters, and the average standard

deviation of split frequencies between duplicate runs was

monitored, and preceding generations were discarded as burn-

in before the calculation of a consensus topology and

bipartition posterior probabilities from the combined runs.

Divergence dating analyses

Clock-like evolution of DNA sequences among lineages was

rejected by a likelihood ratio test. Therefore, Bayesian relaxed

molecular clock analyses were conducted with autocorrelated

and uncorrelated rates across lineages. Calibration points are

described in Appendix S2, and include nine biogeographic

calibrations within the Galaxiidae that are independent from

(post-date) the Gondwanan hypotheses under assessment. Six

of these calibration points were Quaternary vicariance events

within New Zealand (changes in river drainage geometry),

typically constrained in age by both upper and lower bounds

derived from dated river terraces (Burridge et al., 2006a, 2008;

Waters et al., 2007). Two galaxiid calibration points repre-

sented only upper bounds based on maximum ages for an

island colonization event and the divergence of lineages

coincident or subsequent to the uplift of a mountain range

(Burridge et al., 2008). A minimum bound was provided by

the aridification and isolation of Galaxiella lineages across

southern Australia. Galaxiid fossils such as �Galaxias effusus

(Lee et al., 2007) were not employed as calibration points

owing to problems associated with uncertainty in their

phylogenetic placement (Appendix S2) [� indicates that the

species is extinct, as opposed to it being a fossil from a species

that still exists today]. Amongst the outgroups, nine calibra-

tion points, all lower bounds, are provided by fossil estimates

of minimum divergence times for various lineages.

Relaxed molecular clock analyses with uncorrelated rates

across branches were performed using beast 1.5.2 (Drum-

mond & Rambaut, 2007). Separate substitution models and

patterns of rate variation across branches were employed for

each DNA data partition, with substitution models taken from

Modeltest. A Yule (pure-birth process) prior was employed

for the tree. Fossil calibration priors on node ages were

represented by translated lognormal distributions (mean = 1.5,

SD = 1.0). Uniform distributions were employed for calibra-

tions based on changes in river drainage geometry, and normal

distributions for calibrations representing uplift of the Chat-

ham Islands (mean = 0.55, SD = 0.25) and the Southern Alps

in New Zealand (mean = 3.0, SD = 1.2). Posterior distribu-

tions were derived from eight independent runs totalling

2 · 108 steps of MCMC, with samples drawn every 1000 steps.

Posterior distributions were checked for stationarity and

convergence between independent runs, prior to their combi-

nation and construction of a maximum-clade-credibility tree

with mean node ages (after excluding initial burn-ins of

1 · 105 steps). Effective sample sizes exceeded 100 for all

parameters of interest. Analyses conducted in the absence of

nucleotide data indicated that priors were not overly influen-

tial on posterior distributions.

Analyses assuming autocorrelated rates employed the F84+C
substitution model for each DNA partition, with model

parameters estimated using Baseml (paml 3.14; Yang, 1997)

and a ML tree topology obtained for that partition using

PhyML as outlined above. Branch lengths in the rooted

evolutionary tree obtained from MrBayes analysis of the

combined DNA regions were then estimated using these model

parameters with the program estbranches, along with the

variance–covariance matrix of these branch lengths, prior to

the estimation of substitution rates and divergence times using

multidivtime (Thorne & Kishino, 2002). Posterior distribu-

tions were derived from an MCMC run of 106 generations,

sampled every 100 generations after an initial burn-in of 105

generations. The analysis was repeated and posterior distribu-

tions checked for similarity to ensure convergence. Specified

priors included 3.00 (300 Ma) for rttm and rttmsd, 0.1139 for

rtrate and rtratesd, 0.4 for Brownmean and brownsd, and 6.0

(600 Ma) for bigtime. Values for rtrate were derived from the

median F84+C distance across the node representing the

crown group Neopterygii, divided by rttm, a rough estimate

for the age this node (we have chosen a mean age that pre-

dates the earliest fossil appearance of 245 Ma; Hurley et al.,

2007). Node calibration priors are uniform in multidivtime,

C. P. Burridge et al.
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and comprise an upper bound, lower bound, or both, as

detailed in Appendix S2.

Ancestral life history reconstruction

Reconstruction of ancestral life history type and potential for

marine dispersal was conducted using BayesTraits and the

method of Pagel et al. (2004). The four life history states

observed among galaxiids were employed during reconstruc-

tion (McDowall, 2007): non-diadromous, amphidromy,

anadromy, and marginal catadromy. Life histories were coded

as polymorphic or uncertain where necessary. A total of 2142

trees were sampled evenly across the posterior distribution of

relaxed clock topologies generated by beast. An MCMC

analysis was run for 107 generations, employing gamma

distributed rate priors that were seeded from a uniform prior

(0–10; i.e. a hyperprior), with ancestral character state

reconstructions recorded every 1000 cycles subsequent to a

burn-in period of 105 cycles. The run was repeated twice to test

convergence of stationary distributions. Gamma priors were

employed to accommodate both the anticipated frequent

transitions from diadromy to non-diadromy, and the antici-

pated infrequent transitions in the opposite direction. Fre-

quent losses of diadromy are evidenced by geologically recent

landlocked populations for five of the six otherwise diadro-

mous Galaxias (G. maculatus, G. brevipinnis, G. fasciatus,

G. argenteus, G. truttaceus), and has been invoked as origins for

several non-diadromous taxa (Ovenden et al., 1993; Ling et al.,

2001; Waters & Wallis, 2001a,b; Waters et al., 2010). In

contrast, gains of diadromy are considered infrequent, given

the complexity of such life histories and associated osmoreg-

ulatory challenges (Lee & Bell, 1999).

Ancestral distribution reconstruction

Dispersal–extinction–cladogenesis (DEC) parametric likeli-

hood analysis (Ree & Smith, 2008) was applied to estimate

ancestral distribution inheritance scenarios across galaxiid

nodes that delimit transoceanic disjunctions. This method has

advantages over parsimony and event-based methods in that it

accommodates information on lineage ages and more diverse

and realistic distribution inheritance scenarios (Ree & Smith,

2008). Furthermore, DEC can be employed across multiple

topologies, to accommodate uncertainty in both phylogenetic

relationships and divergence-time estimates (Smith, 2009). We

performed an unconstrained DEC reconstruction, allowing

dispersal between all regions (Africa, Australia, New Caledonia,

New Zealand, South America) at any time, as we wanted to

assess when and where dispersal occurred, without constric-

tions imposed by a priori assumptions. Likewise, the species

distribution at the galaxiid root was also unconstrained. DEC

was performed using Lagrange 2.0.1 on 168 randomly chosen

topologies across the combined posterior distribution of dated

topologies obtained from beast.

RESULTS

Data characteristics

All new sequences obtained during this study are deposited in

GenBank (Appendix S1), and general details of variation in

each data partition (informative characters, consistency index,

selected substitution model) are provided in Table 1. Cyt b and

RAG-1 had the greatest proportion and number of informative

characters across all taxa, while cyt b and S7 had the highest

Table 1 Summary statistics for five data partitions in galaxiid and outgroup taxa subjected to phylogenetic analysis. Consistency index (CI)

is based on informative characters and unweighted maximum parsimony tree topologies. ‘AIC model’ represents the inferred substitution

model derived using Modeltest with the Akaike information criterion, and ‘a’ is the shape parameter of the gamma-distributed variation

of rates among characters, while ‘I’ is the proportion of invariable characters.

DNA

MorphlrRNA cyt b RAG-1 S7 ALL

Characters

Total 599 1154 1695 1083 4531 181

Informative – all taxa 192 (32%) 608 (53%) 839 (49%) – 2082 (46%) –

Informative – galaxiid* 98 (16%) 492 (43%) 301 (18%) 443 (41%) 1334 (29%) 122

Consistency index

All taxa 0.236 0.124 0.244 – 0.203 –

Ingroup 0.367 0.204 0.577 0.664 0.324 0.741

Substitution model

AIC model GTR+I+C GTR+I+C GTR+I+C HKY+I+C TVM+I+C
a 0.4049 0.4182 0.3736 5.1365 0.6027

I 0.3257 0.4182 0.3736 0.1896 03417

*Galaxiidae sensu Johnson & Patterson (1996) with the exclusion of Lepidogalaxias salamandroides.

lrRNA, mitochondrial large subunit rRNA; cyt b, cytochrome b; RAG-1, recombination activation gene 1; S7, ribosomal protein S7; ALL, all DNA

characters combined; Morph, morphological characters.

Galaxiid biogeography

Journal of Biogeography 39, 306–321 311
ª 2011 Blackwell Publishing Ltd



proportion and number of informative characters within the

Galaxiidae. Morphological data provided more informative

characters than lrRNA but less than the other DNA regions, but

attained the highest consistency index of any dataset (Table 1).

Phylogeny reconstruction

Maximum likelihood (ML) analysis and Bayesian inference

(MrBayes) of the combined DNA data returned concordant

and supported (bootstrap proportion > 70%, posterior prob-

ability > 0.95) relationships across the phylogeny, although

relationships at the shallowest levels tended to be unsupported

(< 70%, < 0.95; Fig. 3; Fig. S1 in Appendix S3). In contrast to

the ML and Bayesian analyses, maximum parsimony (MP)

analysis failed to recover several accepted higher-level taxa as

monophyletic (e.g. Osteoglossomorpha, Elopomorpha), and

typically returned low bootstrap support at these deeper levels

(Fig. S1 in Appendix S3). Within the Galaxiidae, on the other

hand, MP tree reconstructions and topological support were

typically congruent with Bayesian and ML results (Fig. 3).

The Galaxiidae was not recovered as monophyletic owing to

placement of Lepidogalaxias. Bayesian and maximum likeli-

hood analysis placed Lepidogalaxias salamandroides with

support as the sister taxon of a large group comprising all

other galaxiids, plus the retropinnids, osmerids, argentinids,

salmonids, esocids, eurypterygids and stomiiformes (Fig. S1 in

Appendix S3). MP analysis recovered an even more distant

placement for Lepidogalaxias relative to the other galaxiids, but

without bootstrap support. However, the remaining galaxiids

were clustered as a monophyletic assemblage with support by

each analysis, although its sister-group relationship varied and

received low topological support from ML and MP analyses.

With the exclusion of Lepidogalaxias, the basal split among

galaxiids separates the diadromous Lovettia (Tasmania) and

Aplochiton (South America) from the remaining galaxiids

(Fig. 3). The next three divergences down the main line of

descent separate first the Australian genus Galaxiella, second

the South American genus Brachygalaxias, and third a clade

comprising Galaxias zebratus (Africa) nested within Neochan-

na (Australia and New Zealand) and Galaxias platei (South

America) (Fig. 3). All of these taxa are understood to be non-

diadromous, with the exception of Neochanna cleaveri,

although data are deficient for Galaxias platei (Fig. 3). The

remaining clade of galaxiids (sister clade of Neochanna,

Galaxias zebratus and G. platei) comprises mostly non-

diadromous taxa from Australia and New Zealand, but with

diadromous species descendant from both deeper and shal-

lower nodes (i.e. Galaxias truttaceus, G. argenteus, G. fasciatus,

G. postvectis, G. maculatus, G. brevipinnis) (Fig. 3).

Parsimony and Bayesian analysis of morphological data in

isolation recovered several of the major clades observed from

DNA characters (Paragalaxias, ‘maculatus’, Galaxiella, Brachy-

galaxias, as demarcated in Fig. 3), and where relationships

differed, topological support was typically deficient for mor-

phological data. Exceptions were the recovery of a monophy-

letic Neochanna, and grouping of Galaxias zebratus, Galaxiella

and Brachygalaxias, the latter two as sister groups (see

McDowall & Burridge, 2011). Enforcement of these relation-

ships during Bayesian analysis of combined DNA partitions

produced decisively inferior topologies, reflected by Bayes

factors of 1559 for Neochanna monophyly, and 1314 for a [G.

zebratus, (Galaxiella, Brachygalaxias)] topology (Kass & Raf-

tery, 1995), indicating stronger support in the molecular data

for alternate relationships.

Combined analysis of the morphological data with the DNA

characters returned topologies very similar to that derived

from the DNA data alone, with typically similar or slightly

improved topological support values. There were two instances

where the inclusion of morphological data during MP analysis

altered topological relationships at nodes that received sup-

port. The first was the recovery of a sister-taxon relationship of

the ‘maculatus’ group and the Australian ‘deep bodied’

Galaxias (G. truttaceus, G. auratus, G. tanycephalus) which

received 72% bootstrap support with inclusion of morpho-

logical data. The second was the clustering of the ‘pencil’

galaxiids (G. paucispondylus, G. divergens, G. cobitinis,

G. macronasus, G. prognathus) as a monophyletic assemblage

(83% bootstrap). Bayesian analysis incorporating the mor-

phological data also supported monophyly of the ‘pencil’

galaxiids (1.00 posterior probability), and otherwise differed

only from separate analysis of DNA data in the placement of

Neochanna cleaveri as sister to the remaining Neochanna with

high support (posterior probability = 0.99). These topological

differences are unlikely to have significant influence on

subsequent biogeographic analyses, which by necessity are

restricted to methods based on DNA sequences (involving

estimates of lineage divergence time).

Divergence dating analyses

Inferred ages for biogeographically important galaxiid nodes

under the uncorrelated rates method (i.e. beast) are depicted in

Fig. 4, while those for all nodes are indicated in Fig. S2 of

Appendix S3. Examination of rate parameters indicated similar

variation among branches across the four genes, scaled

according to their mean rates, suggesting that the variation

relates to the evolutionary history of the lineages, rather than

any problems associated with sequencing, saturation, or

recombination. Divergence times obtained under the autocor-

related rates method were very similar (i.e. multidivtime, Fig.

S3 in Appendix S3), and will not be discussed further. The

deepest node amongst galaxiids, excluding Lepidogalaxias

salamandroides, dates back to approximately 68 Ma (52–

84 Ma, 95% highest probability density). The vast majority of

other galaxiid nodes post-date 52 Ma, the most recent cessation

of land connections between the majority of Gondwanan

fragments presently inhabited by galaxiids (Figs 1 & 4). The

three exceptions are: (1) the divergence of Aplochiton (South

America) and Lovettia (Tasmania), (2) the divergence of

Galaxiella from its sister group, and (3) the divergence of

Brachygalaxias from its sister group (Fig. 4). The age estimated

for the only node that requires assessment against a more recent
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Figure 3 Bayesian (MrBayes) majority-rule consensus phylogeny for the Galaxiidae, excluding Lepidogalaxias salamandroides, based on

DNA sequences from four regions: lrRNA, cyt b, S7, RAG-1. Placement of this clade relative to outgroups is depicted in Fig. S1 of

Appendix S3. Numbers above the branches represent Bayesian bipartition probabilities, while those below the branches represent bootstrap

proportions derived from maximum likelihood and maximum parsimony analysis (500 replicates). Fish symbols indicate the presence of a

diadromous life history, or a lack of knowledge thereof (‘?’), for contemporary taxa.
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Figure 4 Bayesian posterior estimates of divergence times, ancestral diadromy condition, and ancestral distribution inheritance scenarios

amongst galaxiids, excluding Lepidogalaxias salamandroides. Divergence time estimates are based on lrRNA, cyt b, S7 and RAG-1 DNA

sequences analysed simultaneously and assuming uncorrelated rates (i.e. beast). Clock symbols represent nodes that were bounded during

age estimation at the values listed or provided in Appendix S2. Horizontal bars at nodes of biogeographic significance indicate the 95%

posterior probability of the age of that node. Additional calibration points and divergence time estimates amongst outgroup lineages are

depicted in Fig. S2 & S3 of Appendix S3. Numbers at nodes with a fish symbol represent the posterior probability that the ancestor

represented at that node was diadromous, based on the method of Pagel et al. (2004), while fish symbols next to contemporary lineages

indicate the presence of diadromy (question mark denotes uncertain life history). Coloured boxes inside a node reflect the inheritance of

distributions on the branches leading from that node according to the dispersal–extinction–cladogenesis (DEC) method of Ree & Smith

(2008). Numbers next to the coloured boxes reflect the proportion of 168 randomly selected posterior topologies from beast yielding that

ancestral distribution inheritance scenario. Green letters are linked to events described in Table 2. A higher resolution image of one section

of the topology is presented in Fig. 5.
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land connection, involving the divergence between Nesogalaxias

neocaledonicus of New Caledonia and G. brevipinnis of New

Zealand 3.6 (1.8–5.3) Ma, also substantially post-dates the

separation of these land masses (30–40 Ma; Figs 1 & 4).

Ancestral life history and dispersal

capability – diadromy

Probabilities of diadromy at biogeographically important

nodes on the galaxiid phylogenetic tree, estimated based on a

model of unconstrained character-state change (transitions

among diadromy states at unique rates) are displayed in Figs 4

& 5. Diadromy could not be refuted for the root of the

Galaxiidae (minus Lepidogalaxias salamandroides), and could

not be refuted for the majority of interior nodes that

correspond to disjunct distributions across ocean basins

(Figs 4 & 5). The only exceptions involved some recent

divergences among some Australian and New Zealand lineages,

where ancestors had a low probability of diadromy (Fig. 5).

Ancestral distribution inheritance scenarios

The reconstructed ancestral distribution inheritance scenarios

under the DEC model are indicated in Figs 4 & 5 for nodes

that reflect transoceanic disjunctions. Five nodes exhibit

distribution inheritance scenarios consistent with vicariant

cladogenesis, with the range of a widespread ancestor becom-

ing partitioned congruently with Gondwanan land mass

boundaries (Table 2). These nodes comprise (in Table 2): (a)

the common ancestor of Aplochiton and Lovettia, (d–f) three

common ancestors among Neochanna, Galaxias zebratus and

G. platei (although here the order of events is discordant with

the sequence of Gondwanan fragmentation), (h) the diver-

gence of New Zealand G. maculatus from its sister group, and

(p) the divergence of G. brevipinnis (Tasmania) and G. niger

from their sister group (letters in parentheses correspond to

labelled nodes on Figs 4 & 5). A further eight nodes reflect

cladogenesis within, rather than between land masses of

Gondwanan origin, and may have been preceded by oceanic

dispersal. These nodes comprise the divergence of (b) Galaxi-

ella and (c) Brachygalaxias from their respective sister groups,

and six nodes (j–o) within the sister group of the three

Australian ‘deep bodied’ Galaxias. Two nodes reflect dispersal

and cladogenesis between continents, represented by (g) the

divergence of South America Galaxias maculatus and its

Australia–New Zealand sister group from an Australian

ancestor, and (i) the divergence of Nesogalaxias neocaledonicus

and its New Zealand sister taxon from a New Zealand ancestor.
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Figure 5 Bayesian posterior estimates of divergence times, ancestral diadromy condition, and ancestral distribution inheritance scenarios

amongst a subset of galaxiids (broader phylogeny and description provided in Fig. 4).
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DISCUSSION

Biogeographic assessment across multiple lines

of evidence

Based on species–area phylogenetic relationships, 16 galaxiid

nodes could have been influenced by either Gondwanan

vicariance or transoceanic dispersal (Table 2). Given the

number of nodes requiring explanation, Gondwanan vicari-

ance could only be responsible for all of them if individual

vicariance events affected multiple ancestral lineages simulta-

neously. However, only at three nodes were molecular

divergence time estimates compatible with expectations under

Gondwanan vicariance (Fig. 4; Table 2); Aplochiton–Lovettia

divergence and the divergence of Galaxiella and Brachygalaxias

from their respective sister lineages pre-date the formation of a

shallow seaway south of Tasmania approximately 52 Ma

(Veevers et al., 1991; Lawver et al., 1992), disrupting terrestrial

connections between Australia and South America (Table 2).

The ancestral distribution inheritance scenario estimated for

the Aplochiton–Lovettia node was consistent with vicariant

cladogenesis of an ancestor distributed between South America

and Australia, whereas those for Galaxiella and Brachygalaxias

reflect cladogenesis within rather than between Gondwanan

land masses (Table 2). The possibility of marine dispersal

capability via a diadromous life history could not be rejected

for the majority of the 16 nodes requiring biogeographic

explanation, and where diadromous ancestry appears tenuous,

the relevant node substantially post-dates the relevant Gondw-

ana fragmentation event and range evolution proceeded via

Table 2 Summary of evidence for biogeographic inference at galaxiid nodes potentially representing transoceanic disjunctions. Estimated

divergence dates were derived from relaxed molecular clock dating with uncorrelated rates (beast), and represent the mean and the 95%

highest probability distribution. Letters under ‘Distribution inheritance scenario’ correspond to single areas (A, Australia; S, South America;

Z, New Zealand; F, Africa; C, New Caledonia), and the vertical bar delimits the distribution inherited by the daughters of that node, in the

same order as listed under ‘Node letter(s) and description’; the mechanism of distribution inheritance is also described (e.g. ‘vicariant

cladogenesis’).

Node letter(s) and description

(Figs 4 & 5) Geographic distribution

Node age

(Ma) and

critical

Gondwanan

date

Distribution inheritance

scenario

Probable

ancestral

diadromy

a. Aplochiton versus Lovettia [South America | Australia] 55 (35–75)

critical = 52

SA fi S|A

Vicariant cladogenesis

0.80

b. Galaxiella versus sister group [Australia | widespread] 58 (45–72)

critical = 52

A fi [A|A] or [A|SAZF]

Cladogenesis in range,

possibly after dispersal

0.59

c. Brachygalaxias versus sister group [South America | widespread] 46 (35–57)

critical = 52

A or SAZF fi S|SAZF or

S|SA

Cladogenesis in range,

possibly after dispersal or

with extinction

0.49

d. Galaxias platei versus Neochanna

& Galaxias zebratus

[South America | widespread] 31 (24–38)

critical > 52

SAZF fi S|AZF

Vicariant cladogenesis

0.53

e. Galaxias zebratus & Neochanna [Africa–Australia | New Zealand] 24 (18–31)

critical > 80

FAZ fi FA|Z

Vicariant cladogenesis

0.40

f. Galaxias zebratus versus Neochanna

cleaveri

[Africa | Australia] 22 (16–28)

critical = 95

FA fi F|A

Vicariant cladogenesis

0.62

g. Galaxias maculatus & G. rostratus [South America | Australia–New

Zealand]

7 (4–11)

critical > 52

A fi S|AZ

Dispersal and cladogenesis

0.99

h. New Zealand Galaxias maculatus

versus sister group

[Australia | New Zealand] 5 (3–7)

critical = 80

AZ fi A|Z

Vicariant cladogenesis

0.99

i. Nesogalaxias neocalidonicus and

G. brevipinnis (New Zealand)

[New Caledonia | New Zealand] 4 (2–5)

critical = 30

Z fi C|Z

Dispersal and cladogenesis

0.64

j. Galaxias fasciatus, G. argenteus, and

their sister group

[New Zealand | New

Zealand–Australia]

18 (13–23)

critical = 80

A fi [AZ|A]

Dispersal and cladogenesis in

range

0.64

k–o. Miscellaneous New Zealand and

Australian Galaxias

[New Zealand | Australia–New

Zealand] and [Australia–New

Zealand | Australia]

Oldest node

11 (8–13)

critical = 80

Z or AZ fi AZ|Z or AZ|A

Cladogenesis in range,

possibly after dispersal

> 0.04

p. Australian Galaxias brevipinnis,

G. niger, and their sister group

[Australia | New Zealand] 6 (4–8)

critical = 80

AZ fi A|Z

Vicariant cladogenesis

0.14
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cladogenesis within regions, rather than between regions

(Table 2).

Given that support for Gondwanan vicariance beyond

species–area relationships was only observed at three of the

16 galaxiid nodes requiring explanation, a dominant role of

transoceanic dispersal cannot be discounted, and could have

been readily facilitated by the marine stages of diadromous

ancestors. Larvae of contemporary diadromous galaxiids can

persist at sea for up to 23 weeks (McDowall, 2000), and have

been observed 700 km offshore (McDowall et al., 1975), and

diadromous ancestors may have exhibited similar characteris-

tics. A genetic signature of recent eastward dispersal across the

Tasman Sea also exists for G. maculatus (Waters et al., 2000b).

Marine dispersal between Gondwanan fragments would have

probably been assisted by the West Wind Drift (WWD) or a

similar ancestral current (Fig. 1), which is compatible with

directions of shortest dispersal distance inferred from ancestral

distribution inheritance scenarios for G. maculatus and an

early ancestor of New Zealand Galaxias (nodes ‘g’ and ‘j’,

Table 2). WWD-mediated transoceanic dispersal has also been

widely proposed for other taxa (e.g. Briggs, 1995; Beu et al.,

1997; Burridge, 1999; Williams et al., 2003; Burridge et al.,

2006b; Sanmartı́n et al., 2007; Waters, 2008). The significance

of marine dispersal is also apparent from the much greater

ranges of diadromous species versus closely related non-

diadromous species (McDowall, 2002, 2010). However, while

we are broadly inferring marine dispersal for galaxiids, and

transoceanic dispersal explanations are becoming increasingly

predominant for widespread Southern Hemisphere taxa

(McGlone, 2005; de Queiroz, 2005), we do not entirely refute

a role of Gondwanan vicariance in galaxiid biogeography, and

instead seek to highlight a potential instance of synergy

between the two processes.

Dispersal and vicariance are not necessarily mutually

exclusive

Southern Hemisphere freshwater-restricted species (e.g. non-

diadromous fishes) have been considered well-suited for

Gondwanan biogeographic studies, as such taxa seem likely

to retain evidence of continental vicariance (Gibbs, 2006).

However, we have little understanding of whether the ancestral

distributions required for Gondwanan vicariance are even

remotely plausible in these and many other animal taxa, with

the best evidence of Gondwanan cosmopolitanism provided

for mammals and dinosaurs (Krause et al., 1997). Perhaps

crucially, the establishment of wide distributions in freshwater-

restricted taxa is typically contingent on geomorphological

changes in drainage boundaries, such as river capture or

anastomosing of coastal river channels (Banarescu, 1990). Even

in New Zealand, where the history of fluvial connectivity has

been particularly dynamic (Craw & Norris, 2003), the ranges of

non-diadromous species are much smaller than those of

diadromous taxa (McDowall, 2002, 2010). While several

climatic reconstructions exist for Antarctica when it linked

continents such as Australia and South America (McLoughlin,

2001), information is lacking about the size, number and

connectivity of drainages relevant for the attainment of

widespread Gondwanan ancestral distributions. In addition,

marine barriers such as the trans-Antarctic seaway (Lawver &

Gahagan, 2003) may have limited attainment of widespread

distribution (Fig. 1).

Perhaps counter-intuitively, the strongest evidence for

Gondwanan vicariance in galaxiids was obtained for taxa that

are presently (and most likely historically) diadromous –

Aplochiton (South America) and Lovettia (Tasmania) – rather

than non-diadromous lineages such as Galaxiella and Brachy-

galaxias, which have previously been the focus of Gondwanan

vicariance hypotheses (Waters et al., 2000a; McDowall &

Waters, 2004). Therefore, the impact of Gondwanan fragmen-

tation on freshwater lineages may have been contingent on

their ancestral ability to disperse via marine, terrestrial, or

aerial routes. While early vicariance biogeographers admitted

that dispersal may have been responsible for the original

extension of range required by vicariance (Platnick & Nelson,

1978), our study is perhaps the first demonstration that

lineages with greater dispersal capability appear the most likely

to have undergone vicariance, at least on a Gondwanan scale.

Analogous scenarios may apply for terrestrial and marine

nearshore taxa (e.g. Bowen & Grant, 1997), and deserve further

investigation.

In the case of ancestral taxa with at least some capability to

cross marine environments, it is also conceivable that genetic

connectivity of populations was maintained for a period

following the disruption of terrestrial connections, until

marine barriers became insurmountable (Upchurch, 2008).

This scenario still represents an example of Gondwanan

vicariance, and importantly, it could be accompanied by

estimates of lineage divergence time that post-date the onset of

continental fragmentation (the degree of which roughly

reflecting the threshold at which physical isolation overcomes

dispersal capabilities). This could apply to the ancestor of

Aplochiton and Lovettia, which may have maintained a period

of marine connectivity between Australia and South America

following continental fragmentation 52 Ma, given the over-

lapping range of lineage divergence time estimates (Fig. 4).

The divergence of Galaxias platei (South America) from its

sister group (Australia, New Zealand, Africa), as well as

subsequent divergences within its sister group, may have also

followed a mechanism involving disruption of marine con-

nectivity, as estimated ancestral distribution inheritance sce-

narios are consistent with vicariant cladogenesis, and

diadromous ancestries cannot be rejected (Fig. 4, Table 2,

nodes d, e, f). The timing of these divergences (16–38 Ma) is

also consistent with progressive Antarctic cooling (Barker &

Thomas, 2004), which may have resulted in the loss of suitable

ocean currents or Antarctic habitats that represented dispersal

avenues or stepping stones between other Gondwanan land

masses (Renner et al., 2000; Wagstaff et al., 2006). Alterna-

tively, the loss of diadromous life histories may have driven

these vicariant cladogenesis events, rather than physical

disruptions to marine connectivity, particularly given the

Galaxiid biogeography
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prevalence of such life history transitions observed for recent

galaxiid lineages (Ovenden et al., 1993; Ling et al., 2001;

Waters & Wallis, 2001a,b; Waters et al., 2010).

CONCLUSIONS

While we infer a dominant role for marine dispersal in shaping

the distribution of contemporary galaxiid lineages, we do not

dispute the potential significance of Gondwanan vicariance.

Firstly, most of the galaxiid diversification under investigation

post-dates Gondwanan fragmentation, and therefore we can-

not state that dispersal was a more significant biogeographic

factor than Gondwanan vicariance at the times when conti-

nental fragmentation occurred (Donoghue & Moore, 2003).

Rather, most of the diversification responsible for contempo-

rary lineages occurred after the period of Gondwanan vicar-

iance, and involved marine dispersal. Vicariance by

Gondwanan fragmentation is supported for the divergence of

Aplochiton and Lovettia, and possibly for divergences among

the ancestors of Galaxias platei, Neochanna, and G. zebratus,

although here it is likely that marine dispersal was essential for

the development of compatible ancestral distributions.

This study demonstrates the importance of assessing bio-

geographic hypotheses with evidence from ancestral character-

state reconstructions. First, ancestral distribution inheritance

scenarios suggest that several ancient galaxiid divergences

probably occurred within continents rather than between

them, refuting a role for Gondwanan vicariance (divergences

of Galaxiella and Brachygalaxias from their sister groups;

Table 2). Secondly, analyses of ancestral galaxiid distribution

inheritance scenarios and dispersal capabilities highlight that

estimates of lineage divergence times should not be used to

assess vicariance hypotheses without consideration of whether

ancestral dispersal capabilities may have been sufficient to

overcome a barrier during its early stages of development

(Aplochiton–Lovettia; Galaxias platei and divergences within its

sister group). In both cases, our conclusions differ substantially

from inferences that would be made from consideration of

dated phylogenies in isolation.
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