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Abstract.— Phylogenetic relationships were reconstructed among chironemid fishes based on morphological and molecular
(lrRNA, NADH4, S7 ribosomal protein) characters. Two sympatric species from Juan Fernández in the southeast Pacific are
not sister taxa, but rather exhibit independent relationships to Australian/New Zealand chironemids. The most plausible
explanation for these relationships and contemporary distributions is an Australian/New Zealand origin of the family,
followed by two trans-Pacific dispersal and colonization events, facilitated by larval entrapment within the West Wind
Drift. This study demonstrates that the diversity of taxa on an island can reflect multiple colonizations, rather than in situ
diversification, even in the case of very small, isolated, and geologically recent islands. When taken in conjunction with
studies of related taxa, our results indicate that transoceanic dispersal of temperate cirrhitoid fishes in the South Pacific has
been frequent and unidirectional. Molecular estimates of divergence time between southeast Pacific chironemids and their
western relatives predate the emergence of Juan Fernández, consistent with hypotheses that much of the marine nearshore
faunas of young southeast Pacific islands may be the product of successive transfer from older, now submerged islands.
[Approximately unbiased test; biogeography; combinability; dispersal; island; seamount; Southern Hemisphere; West Wind
Drift.]

Geologically recent oceanic islands have been pivotal
in the development and illustration of biogeographic
and evolutionary theory (Darwin, 1859; MacArthur and
Wilson, 1967; Emerson, 2002). Two such theories are
that islands are colonized at a rate inversely proportional to their isolation (e.g., Diamond, 1972), and subsequent diversification is promoted by the availability of
vacant niches and reduced competition and predation
(Whittaker, 1998). If an island is sufficiently isolated and
factors promoting the development of intraspecific divergence are in place, the rate at which new taxa arise on
that island via in situ speciation may exceed that resulting from colonization, with notable examples comprising
Darwin’s finches on the Galápagos Islands (Sato et al.,
2001) and silverswords and “picture winged” Drosophila
of Hawaii (Carson and Kaneshiro, 1976; Baldwin, 1997).
However, even at the most isolated of islands, multiple
colonizations, rather than in situ speciation, may still explain the presence of related taxa (e.g., Gillespie et al.,
1994; Howarth and Gardner, 1997; Emerson, 2002; Vences
et al., 2003; Arensburger et al., 2004).
Whether the presence of related taxa on an island reflects in situ diversification or multiple colonizations can
be reconciled via the reconstruction of phylogenetic relationships among island and mainland forms; if island
taxa are monophyletic, a single colonization is favored,
whereas paraphyly suggests multiple colonizations (although back colonization to the mainland may also be
implicated; Emerson, 2002). Phylogeny reconstruction
based on molecular characters has been employed to address this question (Emerson, 2002) and may be more
successful than attempts based on morphological characters, particularly for taxa that have undergone limited
morphological divergence or where morphological convergence may exist among island forms and obscure their

true relationships (e.g., Rees et al., 2001; Cunha et al.,
2005). The temporal scale of in situ diversification or
colonization may also be estimated from the amount of
molecular change (e.g., Baldwin and Sanderson, 1998;
Sato et al., 2001).
The volcanic islands of the Juan Fernández and
Desventuradas archipelagos occur approximately
600 km off the coast of Chile (Fig. 1). As with many
isolated islands, a high degree of endemism is apparent
in the marine flora and fauna of these archipelagos, 49%,
30%, and 26% for nearshore fishes, macroalgae, and
molluscs, respectively (Bernard et al., 1991; Santelices,
1992; Pequeño and Lamilla, 2000; Pequeño and Sáez,
2000). However, more interesting than such high degrees
of endemism per se are the young ages of these volcanic
islands, probably no greater than 6 My old (Stuessy et al.,
1984; Baker et al., 1987; González-Ferrán, 1987; Haase
et al., 2000), and the much greater systematic affinities
of their marine macroalgae and nearshore fishes with
those of the Indo-West Pacific, particularly Australia
and New Zealand, rather than those more proximate in
South America (Santelices, 1992; Pequeño and Lamilla,
2000; Pequeño and Sáez, 2000). The western affinities
of Juan Fernández and the Desventuradas marine taxa
appear best explained by prevailing ocean currents,
which offer direct (albeit long distance) dispersal from
the southwest Pacific, but little opportunity for dispersal
westward from Chile (Fig. 1; Santelices, 1992; Pequeño
and Lamilla, 2000).
Chironemids (Perciformes: Chironemidae) are a group
of marine nearshore fishes with representatives in the
Juan Fernández and Desventuradas Islands and obvious
systematic affinities with Australia and New Zealand.
Two species occur sympatrically in the Juan Fernández
Islands (Fig. 1): Chironemus bicornis (Steindachner, 1898)
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FIGURE 1. Species ranges of Chironemus and Threpterius (encircled coastline) and major ocean currents. Sampling localities and specimen
voucher numbers are as follows: Open circle = Threpterius maculosus (no voucher); open square = Chironemus georgianus (Museum Victoria,
Melbourne, A 24939-001, A 25388-001); open triangle = C. marmoratus (Australian Museum, I 31253-048, n = 2); closed triangle = C. microlepis
(National Museum of New Zealand, P.41156); closed circle = C. bicornis (Field Museum of Natural History, Chicago, 107336); closed square = C.
bicornis (Field Museum of Natural History, Chicago, 107338); C. delfini (Field Museum of Natural History, Chicago, 107489).

and C. delfini (Porter, 1914). The Desventuradas Islands
to the north also host C. bicornis, but earlier reports of
C. delfini (e.g., Pequeño and Lamilla, 2000) are erroneous
(Dyer and Westneat, personal communication). The
other members of this family comprise Threpterius maculosus Richardson, 1850, and C. georgianus Cuvier, 1829
from southern Australia; C. marmoratus Günther, 1860
from southeast Australia, Lord Howe Island, and northern New Zealand; and C. microlepis Waite, 1916 from the
southwest Pacific islands of Lord Howe, Norfolk, and
the Kermadecs (Fig. 1; Gomon et al., 1994; Francis, 1993,
2001). In the most recent revision of southeast Pacific
chironemids, Meléndez (1990) noted that C. bicornis and
C. delfini were more similar to Australian/New Zealand
taxa than each other, albeit based solely on the presence or absence of supraorbital tubercles. If this character
reflects phylogenetic relationships, the biogeographic
history of this group would be remarkable, involving multiple trans-Pacific (>8000 km) dispersal events
and possibly independent colonization of the southeast
Pacific islands.
The aim of this study was to reconstruct the phylogenetic relationships of chironemid species and interpret
these relationships in a biogeographic context. Our null
hypothesis is that the southeast Pacific chironemids are
monophyletic, reflecting in situ diversification and a single colonization from the west. We surveyed morphology
and mitochondrial and nuclear DNA (mtDNA, nDNA)
characters to maximize the chances of recovering the
species geneology (Wheeler et al., 1993). Comparatively
slowly (16S ribosomal RNA; lrRNA) and rapidly (NADH
dehydrogenase subunit 4; NADH4) evolving mtDNA
regions were sequenced in an effort to gain sufficient
phylogenetic signal to resolve chironemid relationships
across a potential range of divergences. Among nDNA
sequences the first and second introns of the S7 ribosomal protein (S7 RP) gene provide many characters, PCR

priming sites appear widely conserved among fishes,
and resultant data have demonstrated phylogenetic utility at a variety of taxonomic levels (Chow and Hazama,
1998; Chow et al., 2001; Wang et al., 2002; Lavoué et al.,
2003; Page et al., 2003; Bernardi et al., 2004; Near et al.,
2004; Teske et al., 2004). We also employed a molecular
clock to assess the temporal scale of chironemid relationships, given previous suggestions that the comparatively high endemicity of young southeast Pacific
island marine faunas may reflect ancient colonization of
islands that have subsequently submerged, with successive faunal transfer to younger archipelagos (Springer,
1982; Newman and Foster, 1983).
M ATERIALS AND M ETHODS
Data Collection
Morphological and molecular data were collected for
all chironemid species. A morphological dataset comprising 50 characters (28 osteological) was obtained from
a taxonomic revision of the Chironemidae (Meléndez
and Dyer, unpublished). Twenty-five characters were ordered (12 two-state, 13 three-state) and 25 unordered (14
two-state, nine three-state, two four-state). Sampling details of specimens for DNA sequence analysis are given in
Figure 1. As the Chironemidae are thought to reside phylogenetically within an assemblage of perciforms known
as the “cirrhitoids” (Nelson, 1994; Greenwood, 1995),
representatives of the other families within this assemblage were employed as outgroups: Paracirrhites forsteri
(Schneider) (Cirrhitidae), Chirodactylus variegatus (Valenciennes) (Latridae sensu Burridge and Smolenski, 2004),
Aplodactylus punctatus Valenciennes (Aplodactylidae).
DNA extraction, PCR, and sequencing methods generally followed those of Burridge (2000) and Burridge and
White (2000). We employed primers ND4LB (Bielawski
and Gold, 2002) and NAP2 (Arevalo et al., 1994) to
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amplify 651 bp of NADH4, primers 16Sar-L and 16Sbr-H
(Palumbi, 1991) for approximately 575 bp of lrRNA, and
primers S7RPEX1F and S7RPEX3R (Chow and Hazama,
1998) for the first and second introns and second exon of
S7 RP. “NAP2 modified” (5 AGC TTC TAC GTT GRG
CTT TAG GGA G 3 ) was required to amplify NADH4
from C. georgianus. Annealing temperatures were 48, 55,
and 60◦ C for NADH4, lrRNA, and S7 RP, respectively.
Both DNA strands were sequenced using ABI PRISM
BigDye Terminator Cycle Sequencing. Intraindividual
length variation in the first intron of S7 RP complicated
the sequencing of several individuals, in which case PCR
products were cloned using the pGEM-T Easy Vector system (Promega) prior to sequencing.
Phylogeny Reconstruction
DNA sequences were aligned visually and with reference to secondary structure models for lrRNA (De Rijk
et al., 1998; Waters et al., 2000b). Homogeneity χ 2 analyses were used to identify any significant difference in
the nucleotide composition of variable sites among taxa,
as sequences may be grouped on this basis rather than
phylogenetic history (Lockhart et al., 1994; Tarrio et al.,
2001; Jermiin et al., 2004). Given the tendency for saturation of transition nucleotide substitutions at third codon
positions of mitochondrial protein-coding genes, we examined the relative accumulation of transitions (TI) and
transversions (TV) during pairwise comparisons of taxa
to assess saturation at these positions and employed different substitution weighting schemes accordingly.
When different groups of phylogenetically informative characters (data partitions) share the same evolutionary history and dynamics of character-state change,
their combined analysis should increase the accuracy of
phylogenetic inference; but if either of these factors varies
among partitions, combined analysis may produce erroneous phylogenies (Bull et al., 1993; Huelsenbeck
et al., 1996). The pairwise combinability of morphology,
lrRNA, NADH4, and S7 RP partitions was assessed
under the parsimony criterion using the incongruence
length difference test (ILD; Farris et al., 1994, 1995), implemented by PAUP* (Swofford, 2004). Uninformative
characters were excluded (Cunningham, 1997a, 1997b;
Lee, 2001; Darlu and Lecointre, 2002), gaps were treated
as missing data, and all character-state changes were
equally weighted. One thousand permutations of characters among partitions were analyzed via branch and
bound tree searches. Unfortunately, the ILD test can be
biased under some circumstances (Graham et al., 1998;
Dolphin et al., 2000; Barker and Lutzoni, 2002; Darlu and
Lecointre, 2002; Dowton and Austin, 2002; Hipp et al.,
2004), and correct phylogenies can be returned from combined partitions when combinability is rejected via the
ILD test (Yoder et al., 2001; Barker and Lutzoni, 2002).
Consequently, use of the ILD test as a single criterion for
combinability could be misleading (Hipp et al., 2004).
We also assessed combinability under maximum likelihood based on whether topologies obtained for each
DNA data partition could be rejected as plausible esti-
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mates of phylogeny by alternate partitions under the approximately unbiased test (AU test; Shimodaira, 2002).
Firstly, the maximum likelihood topology for each DNA
partition was recovered via heuristic searches (10 random sequence additions) using PAUP* and the most
appropriate nucleotide substitution model selected for
each partition by ModelTest 3.7 (hierarchical likelihood
ratio test; Posada and Crandall, 1998). Secondly, for each
DNA partition a large number of “short” trees were
recovered via unweighted parsimony analysis using
heuristic searches as above, but incrementally increasing the “KEEP” score above that of the minimum length
topology until at least 2000 near-most-parsimonious
trees were retained. These parsimony-generated “short”
topology sets were supplemented with the maximum
likelihood topologies from alternate DNA partitions if
not already present. Thirdly, for each DNA partition the
likelihood score of each nucleotide site in each “short”
topology was calculated using PAUP* under the appropriate nucleotide substitution model, and the AU test
was then performed using CONSEL 0.1f (Shimodaira
and Hasegawa, 2001) to return a confidence set of topologies. Finally, the confidence set of each DNA partition
was searched for the presence of maximum likelihood
topologies from alternate partitions. If DNA partitions
differ significantly in phylogenetic history, the maximum likelihood topology from one partition will not
fall within the AU confidence set derived from another
partition. The size of each confidence set also provides
an indication of phylogenetic certainty provided by that
partition.
Once the combinability of data partitions was determined, searches for optimum topologies were performed
under maximum parsimony (DNA, morphology), maximum likelihood (DNA only), and Bayesian inference
(DNA, morphology). Maximum parsimony analyses employed the branch and bound search algorithm with gaps
treated as missing data. Maximum likelihood topologies
were recovered by PAUP* using the most appropriate
nucleotide substitution model across combinable partitions selected by ModelTest. Nonparametric bootstrap
support (Felsenstein, 1985) was assessed using branch
and bound searches under parsimony (2000 pseudoreplicate data sets), and heuristic searches with 10 random
sequence additions under maximum likelihood (200
pseudoreplicate data sets). Groups compatible with the
50% majority-rule consensus were retained.
“Mixed model” Bayesian analysis of combinable partitions was conducted using MrBayes 3.0b4 (Ronquist
and Huelsenbeck, 2003), employing the partition-specific
models obtained from ModelTest for DNA data and
a modified Markov model for morphological data
(Lewis, 2001). Variable rates were allowed among partitions, and model parameters were drawn from the default prior probability distributions (see Ronquist and
Huelsenbeck, 2003). Initially, four Metropolis-coupled
Monte Carlo Markov chains (three heated according to
Temp = 0.2) of 105 generations were run, starting from
random trees and sampling topologies every 100 generations. Log-likelihood scores and estimates of model
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parameters were plotted to locate the attainment of stationarity, and trees from preceding generations were discarded as burn-in (Huelsenbeck et al., 2002). To reduce
bias, this analysis was repeated to test stationarity values for convergence. If convergence was not attained
among 105 generation chains, replicate chains of 106
generations were run instead. Entrapment in local optima was assessed by checking for convergence between
shorter (105 to 106 ) and longer (106 to 107 ) generation
runs (Huelsenbeck et al., 2002). Data subsequent to burnin from convergent runs were used to estimate majorityrule consensus topologies and bipartition posterior probability.
Dispersal-Vicariance Analysis
Dispersal-vicariance analysis (DIVA; Ronquist, 1997)
was performed to determine likely ancestral distributions, which is relevant to the reconstruction of biogeographic history. To minimize uncertainty around basal
reconstructions (i.e., the ancestral distribution of the
Chironemidae), the Aplodactylidae and Latridae (sensu
Burridge and Smolenski, 2004) were incorporated into
the analysis as outgroups, and the number of ancestral
areas was limited to two (Ronquist, 1996). As the relationships among the Chironemidae, Aplodactylidae, and
Latridae are uncertain (Burridge and Smolenski, 2004),
DIVA was performed on the three possible rooted topologies among these families. The Aplodactylidae was represented by the two phylogenies recovered by Burridge
(2000). As some relationships among latrids are uncertain (Burridge and Smolenski, 2004), a single terminal
representing the entire family was employed, with an
Australian–New Zealand ancestral distribution based
on the “common equals primitive” criterion as recommended by Ronquist (1996). Contemporary distributions
were scored as Australia, New Zealand, southwest Pacific islands (Lord Howe, Norfolk, Kermadecs), southeast Pacific islands (Juan Fernández, Desventuradas),
and Chile.
Estimation of Divergence Times
Clock-like evolution of DNA sequences among chironemids was assessed via a likelihood-ratio test
(Huelsenbeck and Crandall, 1997). We restricted our
analysis to the chironemids, avoiding any non-clock-like
evolution contributed by outgroups that is not relevant
to our study. Given a lack of fossil or biogeographic information that could be employed to calibrate a molecular clock specifically for chironemids or their relatives,
we employed a range of mitochondrial protein-coding
gene calibrations derived for other fishes (1.66%/Mya,
McKay et al., 1996; 1.3%/Mya, Bermingham et al., 1997;
1.52%/Mya, Zardoya and Doadrio, 1999; 0.84%/Mya,
Perdices and Doadrio, 2001; 0.54%/Mya, Sivasundar
et al., 2001; 1.31%/Mya, Dowling et al., 2002; 0.9%/Mya,
Doadrio and Domı́nguez, 2004). These external calibrations are based on either fossils or well-characterized vicariance events, such as the uplift of Panama (Coates and
Obando, 1996) or the Messinian salinity crisis (Krijgsman

et al., 1999). Given that that first fossil appearance is
likely to underestimate the age of a group and that genetic divergence may predate a vicariance event, these
calibrations can be considered overestimates of the underlying divergence rate. In addition, most of the above
calibrations were derived from corrected levels of sequence divergence, yet during this study we applied
them to uncorrected NADH4 distances. Consequently,
the application of these calibrations in this manner will
provide an overly recent age of trans-Pacific chironemid divergence, and therefore conservative assessment
of whether chironemids colonized the southeast Pacific after the emergence of Juan Fernández and the
Desventuradas (our null hypothesis).
RESULTS
Data Characteristics
All sequences are deposited in GenBank (DQ462667
to DQ462702). General details of variation in each data
partition (informative characters, consistency index, selected nucleotide substitution model) are provided in
Table 1. Length mutations and stop codons were absent among NADH4 and S7 RP exon 2 sequences. Inferred lrRNA secondary structures were consistent with
published models. Consequently, orthology of DNA sequences is inferred among taxa (Zhang and Hewitt, 1996;
Bensasson et al. 2001; but see Olson and Yoder, 2002).
Heterogeneity of nucleotide composition at variable sites
was absent from each DNA partition (P > 0.25). As most
chironemids were similar in divergence from one another, it was not possible to identify any reduction in the
observed rate of TI accumulation relative to TV accumulation at third codons of NADH4 with increasing levels
of sequence divergence (not shown). However, exclusion of TI substitutions at NADH4 third codon positions
during parsimony analysis had no impact on unrooted
TABLE 1. Summary statistics for four data partitions employed during phylogenetic analysis of the Chironemidae. Consistency index (CI)
is based on informative characters and parsimony topologies represented in Figures 2 and 3, either with or without the inclusion of outgroup taxa. “hLRT model” represents the inferred model of nucleotide
substitution derived using ModelTest under the hierarchical likelihood
ratio test, and “α” is the shape parameter of the gamma-distributed
variation of rates among characters.
lrRNA

NADH4

S7 RP

Morph

Characters
Total
581
651
1019
50
Informative—
56
274
147
46
all taxa
Informative—
39
212
97
19
ingroup
Consistency index
All taxa
0.644
0.619
0.804
0.648
Ingroup
0.794
0.764
0.926
>0.832
Nucleotide substitutiona
hLRT model
K80++I TrN+ HKY+
α
0.6404
1.3439
1.2150
a

DNA partitions only.

All

2301
523
367
0.647
0.807
HKY+
0.2347
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TABLE 2. Incongruence length difference tests of data partition
combinability, based on 1000 permutations of characters among partitions and tree searches using the branch and bound algorithm (uninformative characters excluded). The first value for each comparison
reflects the inclusion of all taxa, whereas the latter represents the exclusion of outgroups.
Partition

NADH4
S7 RP
Morphology

lrRNA

NADH4

S7 RP

0.248, 1.000
0.035, 1.000
0.001, 0.089

0.054, 1.000
0.001, 0.089

0.001, 0.268

chironemid relationships and produced similar levels of
bootstrap support (not shown).
Data Partition Combinability
With the inclusion of all taxa, pairwise combinability
of the majority of DNA partitions was rejected based on
the ILD test (Table 2). Exceptions were the comparisons
of NADH4 with either lrRNA or S7 RP (Table 2). However, unweighted maximum parsimony topologies from
each DNA partition differed only with respect to relationships among outgroups and placement of the root
among the chironemids (Fig. 2), and their combinability
was not rejected by the ILD test when outgroups were ignored (Table 2). Similarly, the combinability of morphology data with each DNA partition was rejected based on
all taxa, but not when outgroups were excluded (Table 2).
Maximum likelihood analysis and the AU test recovered
confidence sets of 1168, 63, and 21 topologies for lrRNA,
NADH4, and S7 RP data partitions, respectively. The
lrRNA data partition did not reject the maximum likelihood topologies from alternate DNA data partitions
(Table 3). The NADH4 and S7 RP data partitions rejected the maximum likelihood lrRNA topologies, but
not the maximum likelihood topologies obtained from
each other (Table 3).
TABLE 3. Assessment of DNA partition combinability under maximum likelihood via the approximately unbiased (AU) test. Ti , best
log-likelihood score for data partition, or difference relative to it; P,
P-value from the approximately unbiased test; SE, standard error of
AU.
Data partition (topology)

Ti

P

lrRNA (tree 1)
lrRNA (tree 2)
lrRNA (tree 3)
NADH4
S7 RP

−1597.5a
0.0
0.0
−7.1
−9.5

0.982
0.958
0.873
0.345
0.198

0.002
0.005
0.012
0.079
0.108

NADH4
S7 RP
lrRNA (tree 1)
lrRNA (tree 2)
lrRNA (tree 3)

−3795.9a
−1.9
−22.1
−38.5
−38.6

0.964
0.615
0.002
0.004
0.002

0.002
0.013
0.002
0.004
0.002

S7 RP
NADH4
lrRNA (tree 1)
lrRNA (tree 2)
lrRNA (tree 3)

−3674.5a
−3.3
−57.6
−57.6
−54.3

0.941
0.252
0.000
0.000
0.000

−0.003
−0.014
0.000
0.000
0.000

a

Best score.
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Given the above results, we suggest that the data partitions are combinable. Although the ILD test suggested
incombinability for the majority of partitions during parsimony analysis of all taxa, combinability was not rejected when restricting analysis to the taxa of interest (the
ingroup). The suggestion of incombinability by the ILD
test with the inclusion of outgroups may reflect different
levels of homoplasy among partitions at deeper phylogenetic levels (Graham et al., 1998; Dolphin et al., 2000;
Barker and Lutzoni, 2002; Darlu and Lecointre, 2002),
which are not of concern as long as they do not impact root placement within a combined analysis. To test
the latter, alternate outgroup relationships and inclusion
were enforced during combined parsimony analysis (see
below). The AU test results are consistent with all three
DNA partitions having experienced the same phylogenetic history; the NADH4 and S7 RP maximum likelihood topologies were present in each other’s confidence
set, and although the lrRNA maximum likelihood topologies were not in the S7 RP or NADH4 confidence sets, the
lrRNA confidence set was very large and encompassed
the S7 RP and NADH4 maximum likelihood topologies.
Despite the lower phylogenetic certainty provided by
lrRNA (i.e., large confidence set), its phylogenetic signal
is consistent with that expressed by NADH4 or S7 RP,
and hence may contribute to the recovery of the underlying evolutionary history during combined analysis.
Combined DNA Analysis
Maximum parsimony, maximum likelihood, and
Bayesian inference analyses of combined partitions provided high support for the same set of chironemid relationships (Fig. 3). Neither the southeast Pacific (SEP) nor
the Australia/New Zealand/southwest Pacific chironemids were clustered as monophyletic (Fig. 3). Instead,
C. delfini from the SEP was placed as sister to C. georgianus from Australia, and C. bicornis from the SEP was
placed as sister to a clade comprising Australia/New
Zealand/southwest Pacific island taxa (C. marmoratus,
C. microlepis) (Fig. 3). Root placement was identical in all
analyses, but outgroup relationships differed in Bayesian
analysis relative to maximum parsimony and likelihood,
although corresponding topological support was low
(Fig. 3). To assess whether root placement may have
been impacted by the combined analysis of data partitions that are potentially incongruent at deeper phylogenetic levels (i.e., the significant ILD test results when
including outgroups), alternate outgroup relationships
and inclusion were enforced during combined parsimony analysis. However, the same set of rooted ingroup
relationships and similar levels of topological support
were recovered.
Dispersal-Vicariance Analysis (DIVA)
DIVA inferred an exclusively Australian ancestral
distribution for the Chironemidae based on two of
the three possible relationships among cirrhitoid families tested (Chironemidae sister to either the Aplodactylidae or Latridae). When the Chironemidae were
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FIGURE 2. Maximum parsimony topologies from individual data partitions. All character-state changes were equally weighted, and gaps were treated as missing data. lrRNA and
morphology topologies are a strict consensus of two and three equal minimum-length topologies, respectively. Numbers above branches represent parsimony bootstrap proportions
based on 2000 pseudoreplicate datasets.
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FIGURE 3. Maximum parsimony topology from the analysis of all data partitions with equal weighting of character state changes. Numbers
above branches represent parsimony bootstrap proportions based on 2000 pseudoreplicate datasets. Numbers below branches represent Bayesian
posterior probabilities (multiplied by 100) derived from “mixed model” analysis of morphology and all DNA partitions combined and maximum
likelihood bootstrap proportions (200 pseudoreplicate datasets) derived from all DNA partitions analyzed under the combined partition model.
The maximum likelihood topology was identical to the parsimony topology depicted, while the Bayesian topology differed in placing A. punctatus
as sister to the chironemids (posterior probability = 0.90).

assumed as sister to [Aplodactylidae + Latridae], Juan
Fernández/Desventuradas archipelagos and Australian
ancestral distributions were considered equally most
likely.
Divergence Times
Likelihood scores for the NADH4 chironemid topology, either with or without the enforcement of a molecular clock, were not significantly different (χ72 = 9.98,
P = 0.125). Consequently, NADH4 branch lengths derived from the enforcement of a molecular clock were
employed for the estimation of chironemid divergence
times. As we were primarily interested in whether

trans-Pacific divergences may predate the emergence of
both the Juan Fernández and Desventuradas archipelagos, we employed uncorrected (i.e., underestimated)
sequence distances to provide overly recent estimates
of divergence times. Chironemus delfini and C. bicornis were 22.0% and 13.6% divergent from their respective western relatives. Employing seven mitochondrial
protein-coding gene calibrations derived from other
fishes (0.54%/Mya to 1.66%/Mya), which in turn probably represent overestimates of actual divergence rates
given their derivations, yields trans-Pacific divergence
time estimates of 13.2 to 40.8 and 8.2 to 25.2 Mya for C.
delfini and C. bicornis, respectively.
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D ISCUSSION
Multiple trans-Pacific Dispersals
Analysis of combinable data partitions (50 morphological characters and 2251 characters from three DNA
regions) did not recover the southeast Pacific (SEP) chironemids as monophyletic. Instead, C. delfini from the
SEP was placed as sister to C. georgianus from Australia,
and C. bicornis from the SEP was placed as sister to a clade
comprising Australia/New Zealand/southwest Pacific
island taxa (C. marmoratus, C. microlepis). Consequently,
on the basis of independent western affinities of SEP
chironemids, we invoke multiple trans-Pacific dispersal
and colonization events for the contemporary distribution of the family. However, this does not necessarily
implicate independent colonizations of the SEP islands;
the family may have originated and continually maintained a presence in SEP such that in situ diversification
explains C. bicornis and C. delfini, whereas all contemporary Australian/New Zealand/southwest Pacific forms
reflect multiple westward dispersals. Hence, the important question becomes “Where did the family originate?”
Independent Colonizations of the Southeast Pacific
We favor an Australian/New Zealand origin of chironemids and multiple colonizations of the SEP for several reasons. Firstly, under the grounds of parsimony,
only two trans-Pacific dispersal events are required to
explain the contemporary distribution of chironemids
under a “western ancestry, multiple colonizations of
the SEP” scenario, whereas three trans-Pacific dispersal events are required for a “SEP ancestry and in situ
diversification” scenario (Fig. 4). Although parsimony
reconstructions accommodating costs for sympatric speciation, vicariance, and extinction in addition to disper-
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sal (Cook and Crisp, 2005: Equation 1) cannot favor one
chironemid biogeographic scenario over the other, assuming greater cost for eastward relative to westward
dispersal, consistent with contemporary oceanographic
conditions (see below), favors a western origin and multiple eastward dispersals.
The fact that Australian and New Zealand chironemids occupy landmasses of long geological history,
whereas the SEP chironemids occupy recent volcanic
islands (<6 My old; Stuessy et al., 1984; Baker et al.,
1987; González-Ferrán, 1987; Haase et al., 2000), also supports a western ancestry and multiple eastward dispersals (Cook and Crisp, 2005). In addition, DIVA inferred
an Australian ancestral distribution for the Chironemidae under all three of the possible relationships among
cirrhitoid families tested, and only under one of these
relationships (Chironemidae sister to [Aplodactylidae +
Latridae]) was a Juan Fernández/Desventuradas Islands
origin considered equally likely to that of Australia.
With respect to oceanography, westward trans-Pacific
dispersal by chironemids would be more difficult than
eastward dispersal. The South Equatorial Current is
comparatively slow (<0.1 ms−1 ) in all but the central
Pacific (Lukas, 2001), which would equate to a South
Pacific transit time in excess of 900 days. Use of the
South Equatorial Current by temperate fishes would
also require larvae tolerant of tropical temperatures
(<20◦ S; Fig. 1). In contrast, eastward dispersal from
Australia/New Zealand via the West Wind Drift appears
more feasible in terms of current speed and temperature, and has been widely invoked for many other similarly distributed taxa (Fell, 1962; Newman, 1979; Briggs,
1974:126, 1995:251; McDowall, 1978; Santelices, 1992;
Beu et al., 1997; Burridge, 1999, 2000; Ó Foighil et al.,
1999, Waters et al., 2000a; Thiel, 2002; Williams et al., 2003;

FIGURE 4. Interpretations of chironemid biogeography when assuming either a southeast Pacific (a, b) or Australian/New Zealand/SW Pacific
islands (c) origin for the family. The depicted phylogeny of Chironemus and Threpterius reflects the parsimony/maximum likelihood/Bayesian
topology derived from all data partitions (Fig. 3). Dashed branches indicate occupation of the southeast Pacific, whereas solid branches indicate
occupation of Australia/New Zealand/SW Pacific islands. Arrows indicate trans-Pacific dispersal events (shaded = east-to-west; unshaded =
west-to-east).
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Donald et al., 2005). Although little is known of the early
life history of chironemid fishes (Neira et al., 1998), they
may share the open-water, 7- to 12-month pelagic larval
stage exhibited by their close cirrhitoid relatives (e.g.,
Annala, 1987; Andrew et al.,1995), which presumably
enabled these groups to colonise many isolated islands
and form transoceanic disjunctions (Burridge, 1999, 2000;
Burridge and White, 2000; Burridge and Smolenski,
2004). Although adult and juvenile chironemids occupy
nearshore habitats, a recent observation indicates that
these life history stages could potentially “raft” with
drifting objects (Dempster and Kingsford, 2004), representing another possible means of transoceanic dispersal. Kelp rafts are particularly abundant in the southern
Ocean and represent a plausible vector for such dispersal
(Smith, 2002; Donald et al., 2005).
Consequently, our study demonstrates that the diversity of island forms can reflect multiple colonizations,
rather than in situ diversification, even in the case of very
small, isolated, and geologically recent islands. The results of this study, in combination with others (Gillespie
et al., 1994; Howarth and Gardner, 1997; Emerson, 2002;
Arensburger et al., 2004), indicate that the presence of
related taxa on isolated or recent islands should not be
construed as examples of in situ diversification in the
absence of reliable phylogenetic analysis. Likewise, this
study demonstrates that the frequency of transoceanic
dispersal and colonization is likely to be underestimated
based on the assessment of species distributions alone,
even in cases where oceanic dispersal was known or suspected for a group (e.g., by the occupation of oceanic
islands; de Queiroz, 2005).
Nonrandom Dispersal across the Pacific
The results of this study add to a body of molecularbased evidence for recent dispersal of temperate cirrhitoid fishes from Australia/New Zealand to the SEP.
Both Nemadactylus (Latridae, sensu Burridge and Smolenski, 2004) and Aplodactylus (Aplodactylidae) are predominantly Australian/New Zealand in distribution, but
have recent derivatives in the SEP. Nemadactylus gayi
at Juan Fernández, the Desventuradas, and proximate
seamounts is the sister taxon of Nemadactylus sp. in Australia/New Zealand (Burridge, 1999), whereas A. punctatus occurs along the west coast of South America and its
sister taxon is A. arctidens from Australia/New Zealand
(Burridge, 2000). Nemadactylus bergi, more commonly
known from the east coast of South America but recently
reported from the SEP (Nakamura, 1986; Pequeño, 2004),
may represent an additional eastward trans-Pacific dispersal within Nemadactylus. Similarly, if the tentative
sister-taxon relationship of Cheilodactylus spectabilis (Australia/New Zealand) and Chirodactylus variegatus (west
coast of South America) (Burridge and Smolenski, 2004)
was confirmed, it would likely represent another eastward trans-Pacific dispersal by cirrhitoid fishes.
The presence of concordant cirrhitoid biogeographic
histories involving eastward dispersal across the Pacific,
in addition to those proposed for other taxa (Fell, 1962;
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Newman, 1979; Briggs, 1974:126, 1995:251; McDowall,
1978; Santelices, 1992; Beu et al., 1997; Parin et al.,
1997; Ó Foighil et al., 1999; Waters et al., 2000a; Thiel,
2002; Williams et al., 2003; Donald et al., 2005) supports
McDowall’s (2004) assertion that “some dispersal events
may be surprisingly regular and enduring in source, direction and target area,” refuting positions of Croizat
et al. (1974) and Craw (1979) that dispersal is random
and cannot be responsible for congruent or concordant
patterns among different taxa. Sanmartı́n and Ronquist
(2004) also provided evidence of congruent dispersal
among elements of the Southern Hemisphere flora. Our
cirrhitoid observations also support Cook and Crisp’s
(2005) hypothesis that if congruent directional dispersal and successful colonization is observed across unrelated taxa, then it should also be possible in related
taxa.
Evidence for Ancient Archipelagos?
Despite the potential errors that can be associated with
the application of external molecular clock calibrations
(Rand, 1994), the underlying nature of the seven calibrations employed herein, and the manner in which
we applied them, are likely to yield underestimates of
trans-Pacific chironemid divergence time (see Materials and Methods). However, the estimated divergence
times of Juan Fernández and Desventuradas chironemids from their closest relatives predate the ages of these
SEP islands. Divergence times of C. delfini and C. bicornis
from their closest relatives were 13.2 to 40.8 and 8.2 to
25.2 Mya, respectively. In contrast, K-Ar dating indicates
that most members of the Juan Fernández and Desventuradas archipelagos are less than 4.5 My old (Stuessy et al.,
1984; Baker et al., 1987; González-Ferrán, 1987; Haase
et al., 2000). Santa Clara, within the Juan Fernández
islands, may be slightly older, but has a large uncertainty
surrounding its age due to correction for atmospheric
40
Ar (5.8 ± 2.1 My; Stuessy et al. 1984). Similar results
were derived for Austrolittorina, a group of nearshore
gastropods in which the Juan Fernández representative
apparently diverged from its southern Australian sister
taxon 13 to 30 Mya (Williams et al., 2003). Both chironemid and Austrolittorina estimates of divergence time also
correspond to an intensive period of trans-Pacific dispersal evident from the molluscan fossil record, perhaps correlated to increased current flow during cooler climates
(Beu et al., 1997).
Our molecular clock results are consistent with previous suggestions that much of the marine nearshore
faunas of young SEP islands may be the product of
successive transfer from older, now submerged islands
(Springer, 1982; Newman and Foster, 1983). This hypothesis was developed to explain the comparatively
high endemicity of nearshore taxa at young and small
SEP islands. For example, species endemicity of the marine mollusc fauna at Easter Island (∼2 My old) is estimated at 42%, in contrast to that for the Hawaiian
chain (at least 20 My old), which is approximately 20%
(Newman and Foster, 1983). Reconstructions of Nazca
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FIGURE 5. Location of Juan Fernández and the Desventuradas islands with respect to seamounts of the Sala y Gómez, Nazca, and Foundation
ridges. Contemporary emergent islands are represented as black dots, whereas seamounts are represented as crosses. Stippled arrows indicate
the direction of tectonic plate movement, whereas dashed arrows indicate ocean currents. The graph details the chronological continuity of
emergent islands provided by the Sala y Gómez and Nazca ridges during the last 34 My (modified from Newman and Foster, 1983; see also
O’Conner et al., 1995), with the dashed line representing the first emergence of Juan Fernández.

Plate movement and depth indicate that even an incomplete sample of seamounts along the Sala y Gómez
and Nazca ridges provides a chronological continuity of
emergent islands throughout the last 34 My (Fig. 5; Newman and Foster, 1983; see also Parin et al., 1997); these
islands were produced by a mantle plume presently located near Sala y Gómez (O’Conner et al., 1995). Chironemids may have initially colonized these previously
emergent islands and were subsequently transferred to
the Juan Fernández and Desventuradas archipelagos.
The distribution of a deeper water cirrhitoid is consistent
with this hypothesis; Nemadactylus gayi presently inhabits Juan Fernández, the Desventuradas, and at least one
seamount of the Nazca ridge (Parin, 1991; Pequeño and
Lamilla, 2000).
Alternatively, and as suggested for Austrolittorina by
Williams et al. (2003), dispersal from Australia/New
Zealand to Juan Fernández and the Desventuradas may
have proceeded by geographically intermediate step-

ping stones. Seamount faunas in places such as the
Foundation chain (Fig. 5) are poorly characterized, but
recent surveys in this region have detected populations that may link the Australian/New Zealand demersal marine fauna with those further east (e.g., Jasus
caveorum, Webber and Booth, 1995; Polyprion oxygeneios,
Latris spp., Roberts, 2003). The ages of these seamounts
also span at least the last 21 My (O’Conner et al.,
1998), and some were undoubtedly emergent during
the past (Devey et al., 1995). We consider it unlikely
that both SEP chironemid species could represent recent
(<8 Mya) trans-Pacific dispersal events from lineages
of Australian/New Zealand chironemids that subsequently left no contemporary descendants in that region.
Colonization of insular environments is noted as a dominant initiator of cladogenesis (Waters and Wallis, 2001;
Emerson, 2002; Donald et al., 2005), and all but one node
in the chironemid species phylogeny can be ascribed to
island colonization (Fig. 4).
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Farris, J. S., M. Källersjö, A. G. Kluge, and C. Bult. 1995. Constructing
a significance test for incongruence. Syst. Biol. 44:570–572.
Fell, H. B. 1962. West-wind-drift dispersal of echinoderms in the Southern Hemisphere. Nature 193:759–761.
Felsenstein, J. 1985. Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39:783–791.
Francis, M. P. 1993. Checklist of the coastal fishes of Lord Howe,
Norfolk, and Kermadec Islands, Southwest Pacific Ocean. Pac. Sci.
47:136–170.
Francis, M. P. 2001. Coastal fishes of New Zealand. Reed Books,
Auckland.
Gillespie, R. G., H. B. Croom, and S. R. Palumbi. 1994. Multiple origins
of a spider radiation in Hawaii. Proc. Natl. Acad. Sci. USA 91:2290–
2294.
Gomon, M. F., J. C. M. Glover, and R. H. Kuiter. 1994. Fishes of
Australia’s south coast. State Press, Adelaide.
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