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Studies of fragmented habitat, such as island archipelagos, provide insights into the microevolutionary processes that drive 
early stages of diversification. Here, we examined genetic variation and gene flow among populations of the widespread  
buff-banded rail Gallirallus philippensis in Oceania to understand the factors that promote speciation associated within this 
bird lineage. We analysed mtDNA Control Region sequences and six microsatellite loci from a total of 152 individuals of 
buff-banded rail on islands and continental areas. We used a phylogeographic model-testing approach and a structured spatial 
design ranging from within to among archipelagoes in the south Pacific. Buff-banded rail populations in the Philippines 
archipelago and nearby Palau and Wallacea had high genetic diversity while those in geographically distant Australia 
showed lower variation. Other archipelagos sampled were found to have less genetic diversity and included haplotypes 
closely related to Wallacea (Bismarck, Vanuatu, New Caledonia) or Australia (New Zealand, Samoa, Fiji, Cocos Islands). 
Nucleotide diversity and allele frequency declined with degree of geographic isolation but haplotype diversity remained 
more even. However, both nucleotide and haplotype diversities were positively correlated with land area. Microsatellite data 
for a subset of locations showed moderate to high genetic differentiation and significant pairwise FST despite a relatively 
high migration rate. Our results are mostly consistent with a model of abrupt genetic changes due to founder events with 
multiple dispersals into Australia from Wallacea and Bismarck. Australia has probably been the source of birds for islands 
in the Pacific. This is shown by decreasing genetic diversity and growing genetic differentiation when distances separating 
populations increased from Australia. A history of range expansion and divergent natural selection may help explain the 
existence of numerous sympatric Gallirallus island endemics.

Genetic exchange and ecological interchange are the mecha-
nisms that maintain cohesion among populations occupying 
different habitat patches (Stockman and Bond 2007, Petit 
and Excoffier 2009). Gene flow between populations in 
disjunct habitat might continue but it can be overwhelmed 
by the effects of selection resulting in independent evolu-
tionary trajectories of physically separated populations (Via 
2012). Shifts in population genetic diversity associated 
with adaptive changes can also result from range expansion 
across a fragmented habitat matrix (Clegg et al. 2002). These 
dispersal events may be largely stochastic but establishment 
is likely to be linked with habitat preference and distribution 
of external biotic features (Edelaar et al. 2008, Edelaar and 
Bolnick 2012). Colonisation is then expected to be strongly 
influenced by the availability of niche space with few com-
petitors (i.e. colonisation opportunity) and potential to 
exploit ecological opportunities (Diamond 1975).

Theory predicts that among habitat patches with abrupt 
boundaries, such as oceanic islands, rates of colonisation 

are mediated mostly by geographic distance, and popula-
tions on mainland or large islands are likely to be sources 
of migrants rather than recipients (MacArthur and Wilson 
1967, but see Filardi and Moyle 2005, Bellemain and 
Ricklefs 2008, Jonsson and Holt 2015). Colonist popula-
tions generally have low genetic diversity but gene flow from 
multiple independent dispersions, mix of individuals from 
geographically and genetically distinct origins and recombi-
nation between divergent genomes can result in an increase 
of genetic variability (Young et al. 1996, Grant et al. 2001, 
Kolbe et  al. 2004). Nevertheless, the population genetic 
changes caused by founder events can be estimated by 
comparison of genetic variation in conspecific populations 
despite a lack of information of the timing and sequence on 
colonisations.

Islands of the western Pacific Ocean have long stimu-
lated thought about avian speciation and biogeography and 
are recognized as natural laboratories of evolution (Wallace 
1876, Diamond 1977, Mayr and Diamond 2001, Filardi 
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and Moyle 2005, Moyle et  al. 2009). Physical isolation is 
expected to play an important role in biological diversifica-
tion of oceanic islands, but the occurrence of some bird spe-
cies across archipelagos is testimony to dispersal ability that 
could counteract the influence of geographical barriers and 
natural selection (Trewick and Gibb 2010, Goldberg et al. 
2011). The presence of insular endemic species that evolved 
over short periods of isolation on the same islands as wide-
spread close relatives that retained their dispersal capacity 
suggests a dynamic interplay between rates of gene flow and 
natural selection (Clegg 2010, Garcia-R et al. 2014).

The bird genus Gallirallus (Rallidae) comprises widespread 
volant and endemic flightless species on islands in the western 
Pacific (Fig. 1A). Although superficial similarity of insular 
species hints at their sharing flightless ancestry (Beauchamp 
1989) and parsimony based ancestral state reconstruction of 
some traits supports this inference (Garcia-R et  al. 2014), 
biology and landscape history renders it unlikely. The islands 
occupied by flightless species are widely spaced and of varying 
age and geology (Neall and Trewick 2008), and phylogenetic 
analysis of some of the many endemics and all of the volant 
species supports numerous independent origins of insular 
flightless taxa (Garcia-R et al. 2014, 2016), several of which 
have been placed in separate genera (e.g. Nesoclopeus, Habrop-
tila, Diaphorapteryx) (Fig. 1B). Diversification of Gallirallus 
appears therefore to be primarily the result of the repeated 
evolution of flightless species on islands such that they look 
different from their flying relatives but similar to other flight-
less species (Diamond 1991, Trewick 1997b, 2011). While it 
is obvious that flightlessness reduces the likelihood of further 
gene flow among island populations, this condition must first 
evolve in the face of potential gene flow among populations 
of the progenitor. A temporally uneven rate of gene flow, the 
genetic effects of founder events, genetic drift and/or intense 
local selection would be needed for the observed outcome 
(Trewick 1997a).

The most geographically widespread of the Gallirallus 
group is the volant buff-banded rail Gallirallus philippensis, 
which is distributed from the Philippines (∼ 18° latitude 
North) in southeast Asia to subantarctic Macquarie Island 
in the Southern Ocean (∼ 55° latitude South) in Oceania, 
and from the Cocos Islands (∼ 97° longitude East) in the 
Indian Ocean to Samoa (∼ 172° longitude West) in the 
Pacific Ocean (Fig. 2). Although the broad distribution of 
this species over large bodies of water shows a propensity 
for dispersal and colonisation among islands, their disper-
sal habits are not well known. As many as 20 subspecies 
differ mainly in plumage colours and occupy separate on 
different archipelagos (Ripley 1977, Schodde and Naurois 
1982, Elliott 1987, Taylor 1998). This implies dispersal is 
not ubiquitous and predicts spatial genetic structure caused 
by limited gene flow. The extensive but patchy geographic 
range with numerous regionally differentiated populations 
and subspecies make it a suitable model for integration of 
ecological and historical approaches using fine-scale phylo-
geographic analyses.

Understanding modern population structure in the  
buff-banded rail provides valuable insights into historic pro-
cesses that could in turn help explain insular speciation of 
Gallirallus in the southwest Pacific. We examined patterns 
of genetic variation among populations to make inferences 

about the colonisation process. We describe genetic diver-
sity of the wide-ranging buff-banded rail by applying tra-
ditional population genetic analyses and coalescent models 
so as to allow estimation of migration and colonisation his-
tory. Specifically we quantified genetic differentiation within 
and among populations of buff-banded rail in Oceania and 
the Philippines, determined the genetic structure across its 
geographical distribution, and discerned pathways of colo-
nisation and patterns of gene flow among geographically 
structured groupings to address the following questions: 1) 
how is regional/subspecies genetic diversity of buff-banded 
rail distributed across its geographical range? 2) Is archipe-
lagic population genetic structure consistent with current 
subspecies taxonomy? 3) Does geographical spatial distribu-
tion explain the inferred rates of gene flow? 4) Can popula-
tion genetic analyses in buff-banded rail help to explain the 
evolution of insular endemics in Gallirallus?

Material and methods

Sampling and laboratory techniques

Toe pad and muscle tissue of Gallirallus philippensis were 
obtained from museum collections while feathers, faeces or 
blood were collected in the field and preserved in ethanol 
after success (feathers and blood) or failure (faeces) capturing 
birds using live trapping (Supplementary material Appen-
dix 1, Table A1). Ancient DNA (aDNA) extraction from toe 
pads was carried out in a dedicated ancient DNA laboratory 
at Ecology Group, Massey Univ. (< http://evolves.massey.
ac.nz/DNA_Toolkit.htm >) using either standard phenol-
chloroform or the Qiamp DNA Minikit (Qiagen). DNA 
was obtained from blood, muscle and feathers using the 
Qiagen QIAamp tissue kit (Qiagen) and DNA from faeces 
was extracted using either a phenol-chloroform method or 
the Nucleospin soil kit (Macherey–Nagel).

Mitochondrial DNA analyses

We generated mitochondrial DNA Control Region (CR) 
sequence data using existing amplification procedures and 
primers (Kirchman 2009, Ozaki et al. 2010), and augmented 
this with published CR sequences for buff-banded rail from 
Vanuatu and other Pacific islands (Kirchman and Franklin 
2007, Kirchman 2009). Our analysis included a wide sam-
pling of localities (48), subspecies (15) and archipelagos (12) 
(Fig. 2, Supplementary material Appendix 1, Table A2). We 
excluded three published sequences because the sequences 
on GenBank were different from the haplotypes reported 
in the related publication (EF219120 and EF219117) 
or the specific locality is unknown (EF219129). The new 
data represent additional individuals from localities in New 
Caledonia, North Island (New Zealand), Samoa, Australia 
and several islands in Fiji. Previously unsampled localities 
include Cocos Islands, Niue Island, South Island (New 
Zealand) and Sumba (Indonesia). Together these provide a 
graded spatial intra- and inter-archipelagic set with which 
to explore gene flow at different geographic scales. Control 
Region sequences are available under GenBank Accession 
numbers in Supplementary material Appendix 1, Table A1.
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Traditionally, the history of colonisation events has been 
inferred from genetic data using population genetic summary 
statistics that describe the quantity of diversity (allelic diver-
sity), population subdivision (FST) or spatial arrangement 
of genetic variation (AMOVA). More recently, coalescent 

models of gene flow have provided the opportunity to infer 
demographic history from population genetic data (Hey 
and Machado 2003). These model-based approaches have 
advantages over traditional population genetic analyses 
when studying gene flow and colonisation to understand the 

Figure 1. (A) Living (black) and extinct (gray) flightless insular species within Gallirallus in Western Pacific. Each flightless-bird icon shows 
a different endemic species in the location indicated. The sizes of the icons are proportional to the sizes reported for the birds. Orange shad-
ing indicates the geographical distribution of the volant Gallirallus philippensis. Several of the flightless species became extinct after human 
colonisation. (B) Bayesian phylogenetic tree from concatenated alignment sequences showing the Gallirallus group (modified from Fig. 1 
of Garcia-R et al. 2016). Posterior probabilities over 0.8 and ML bootstrap supports over 70% are indicated above and below each node, 
respectively. Flighted species are shown with a winged-bird icon and flightless species with a walking-bird icon. Coloured winged-bird icons 
correspond to geographic range maps of volant species (right).
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be caused by a past demographic expansion event (Tajima 
1989a), initial recovery of variation after a selective sweep 
(Maynard Smith and Haigh 1974, Braverman et al. 1995), 
a bottleneck (Fay and Wu 1999, Hammer et  al. 2004), 
or low incidence of gene flow from other populations 
(Crawford 2003). Significantly positive values result from 
an excess of common variants relative to rare ones that may 
be caused by balancing selection or recent decrease in pop-
ulation size (bottleneck). Significantly large negative DT 
and/or Fu’s Fs values and significantly positive R2 values are 
taken as evidence of population expansion when applied to 
neutral markers.

Genetic divergence between each pair of population com-
parisons was quantified using Lynch and Crease’s FST (Lynch 
and Crease 1990) in DnaSP ver. 5.0 with 5000 replicates and 
a significance level of  0.05. Haplotype networks were con-
structed in PopART ver. 1.7 (Leigh and Bryant 2015) using 
the minimum spanning algorithm to visualize the relation-
ship between haplotypes and their geographical distribution. 
A Mantel test of the correlation between genetic (Wright’s 
FST) and geographical distance (km) was conducted using the 
ade4 package (Dray and Dufour 2007) with 10 000 permu-
tations implemented in the R programming environment (R 
Development Core Team). Correlation coefficients were also 
calculated to estimate the relationship between nucleotide 
diversity per site (p) and haplotype diversity (Hd) against 
land area of archipelagos (km2). Archipelago areas, haplotype 

processes that occur during population divergence or specia-
tion. Compared to descriptive measures of population dif-
ferentiation, this method incorporates genetic stochasticity 
by sampling from the range of genealogies that are consistent 
with the data (Hey and Nielsen 2004).

We employed DnaSP ver. 5.0 to summarise genetic varia-
tion of each population, archipelago and subspecies (Librado 
and Rozas 2009) using: number of haplotypes (h), number 
of segregating sites (S), haplotype diversity (Hd), nucleotide 
diversity per site (p) and Watterson’s estimator of the per-
site population mutation rate (qW). Inferences of population 
expansion were made using Tajima’s D (Tajima 1989b) statis-
tic (DT), Fu’s (Fs) test (Fu 1997) and R2 test (Ramos-Onsins 
and Rozas 2002, Ramirez-Soriano et al. 2008). Tajima’s D is 
based on the differences between the number of segregating 
sites and the average number of nucleotide differences and 
Fu’s Fs statistic is based on the probability of having a num-
ber of haplotypes greater or equal to the observed number of 
samples drawn from a constant-sized population.

To complement these methods, we calculated the R2 sta-
tistic for populations, as the difference between the number 
of singleton mutations and the average number of nucle-
otide differences. The significance of R2 was obtained by 
examining the null distribution of 5000 coalescent simu-
lations in DnaSP. Significantly negative values of statisti-
cal tests of neutrality (DT and Fu’s Fs) indicate an excess 
of rare nucleotides segregating in the sample which could 

Figure 2. The Australasia region showing approximate sampling localities (small black circles) and sampled buff-banded rail G. philippensis 
subspecies (dotted lines) in 12 geographical groups (dashed boxes) where: 1  Philippines, 2  Palau, 3  Wallacea, 4  Bismarck, 
5  Solomon, 6  Australia, 7  New Caledonia, 8  Vanuatu, 9  Fiji, 10  Samoa, 11  New Zealand, 12  Cocos Islands. Gray shading 
indicates the full geographical distribution of G. philippensis.
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2000). Thermal cycling involved one cycle of 94°C for 2 
m; 40 cycles of 94° for 30 s, 50°C–60°C for 30 s, 72°C for 
45 s, and a final extension of 72° for 10 min (Lux 2008). 
Amplified DNA was analyzed for length variation on an 
ABI 3730XL using the GeneScan-500 LIZ dye size standard 
and scored with the microsatellite plugin in Geneious ver. 
6.0.5 (Drummond et al. 2012). The presence of null alleles, 
long-allele dropouts, and stuttering were tested using 1000 
randomisations in MICRO-CHECKER ver. 2.2.3 (Van 
Oosterhout et al. 2004). The total number of alleles per locus 
and per population and the distribution of allele frequencies 
were determined using Genetic Data Analysis (GDA) (Lewis 
and Zaykin 2001). Deviations from Hardy–Weinberg equi-
librium, expected (HE) and observed (HO) heterozygosity, 
and linkage disequilibrium were tested using Genepop ver. 
4.1.4 (Rousset 2008), for each locus separately and over all 
loci for each sampling site with a Bonferroni correction to 
minimize type I errors (Rice 1989). To identify clusters of 
individual genotypes and estimate the optimal number of 
hypothetical populations (K) based on multi-locus micro-
satellite genotypes we used the programs STRUCTURE ver. 
2.3.4 (Pritchard et al. 2000), STRUCTURE HARVESTER 
(Earl and vonHoldt 2012) and CLUMPP (Jakobsson and 
Rosenberg 2007). We performed 20 runs for every value of K 
using an admixture model with a burn-in of 1  105 Markov 
Chain Monte Carlo (MCMC) iterations and 1  106 follow-
on MCMC iterations. We also estimated pairwise FST (Weir 
and Cockerham 1984) between all pairs of populations 
using Arlequin ver. 3.5.1.2 (Excoffier et al. 2005) based on 
the results from STRUCTURE.

Results

Genetic diversity of mitochondrial CR gene

We analysed 433 bp of CR sequence data for 152 individuals 
of G. philippensis across Oceania and the Philippines. How-
ever, due to missing data in published sequences we used 
290 bp of sequence for most analyses, since several software 
packages (e.g. DnaSP ver. 5.0 and PopART ver. 1.7) exclude 
gaps when performing analyses. We identified 49 haplotypes 
of which 38 had previously been reported (Kirchman 2009). 
Three haplotypes were widely distributed in the archipelagos 
of Wallacea, Bismarck, New Zealand, New Caledonia and 
Samoa (Hap 1); Cocos Islands, Wallacea, Australia and New 
Zealand (Hap 24); and Australia, New Zealand, Fiji and 
Samoa (Hap 40). A total of thirty-two endemic haplotypes 
were found in the Philippines (Hap 30, 31, 32, 33, 35, 37, 
38), Australia (Hap 14, 21, 25, 45, 46), Vanuatu (Hap 6, 
7, 8, 17, 18, 19), Bismarck (Hap 3, 10, 12, 13), Wallacea 
(Hap 4, 11, 23, 49), New Zealand (Hap 44, 48), Solomon 
(Hap 16), Palau (Hap 34), Fiji (Hap 43), and Samoa (Hap 
47) (Fig. 3A).

Nucleotide diversity (p) in sampling localities with n  2 
ranged from 0.0 (Niue, New Britain, New Caledonia, Heron 
Island) to 0.0153 (New Guinea) (Supplementary material 
Appendix 1, Table A4). At archipelago and subspecies level, 
the Cocos Islands (p  0.00249) and G. p. admiralitatis and 
G. p. meyeri subspecies showed the lowest values (p  0.0) 
contrasting with Palau and G. p. philippensis (0.0246 and 

diversity and nucleotide diversity per site were log10 trans-
formed prior to the analyses.

We obtained estimates of effective population size (Ne), 
asymmetric pairwise migration rates (Nm) and time since 
population divergence (t) using coalescence analyses under 
an isolation-with-migration model implemented in the pro-
gram IMa (Hey and Nielsen 2007). To convert parameter 
estimates of IMa into demographic units for the CR data, 
an inheritance scalar of 0.25 and a mean generation time 
of two years were assumed according to estimates for buff-
banded rail (Dunlop 1970, Garnett et al. 2011). We used the 
Hasegawa, Kishino and Yano (HKY) model of substitution 
(Hasegawa et al. 1985), due to unequal base frequencies, and 
several preliminary MCMC simulations with broad priors to 
establish appropriate bounds for each parameter. We com-
pared the convergence of the marginal distributions of each 
parameter among multiple runs and obtained the credibility 
intervals based on 90% highest posterior density (HPD).

To obtain Ne from q, a mutation rate, m, of 4.7  10 8 
per site per year was applied to the CR data. Variation in 
mutation rate among mitochondrial genes has not been 
studied in these birds so to obtain this approximation we 
assumed the mutation rate was equal to the substitution 
rate for the mitochondrial Control Region (Ho et al. 2005). 
Although substitution rates vary dramatically among mito-
chondrial genes in animals and variation in rates of mutation 
is less dramatic, some analyses suggest that genes near origins 
of replication may have elevated mutation rates due to the 
slightly extended exposure of single-stranded DNA to free 
oxygen radicals in the matrix of this organelle (Brown et al. 
1979, Moritz et al. 1987, Ingman et al. 2000, Broughton and 
Reneau 2006). We compared percent divergence in CR with 
percent divergence in the cytochrome b (cyt b) coding region 
sequences for two pairwise comparisons of buff-banded rail 
populations in Australia (Supplementary material Appendix 
1, Table A1). Weir and Schluter (2008) calibrated a mutation 
rate of 2.1% sequence divergence per My for cyt b mtDNA 
coding region across several avian orders. Based on the pair-
wise comparisons of intraspecific diversity of G. philippensis, 
we inferred that the CR mutates at a rate (0.9%  0.3) about 
4.5 times faster than the cyt b (0.2%  0.1) coding region 
(range  4.0 to 6.0 times faster). Thus, we estimated that 
the CR evolves at a rate of 9.5% sequence divergence per 
My or at a rate of 4.7  10 8 substitutions per site per year 
(3.0  10 8 to 12  10 8 substitutions per site per year).

Microsatellite loci

Population genetic analysis was performed on microsat-
ellite data using DNA from fresh samples of buff-banded 
rails collected in Australia, Cocos Islands, New Zealand, 
New Caledonia and Samoa. We examined DNA variation 
across six microsatellite loci using primers developed for Crex 
crex (Gautschi et  al. 2002) and Australian G. philippensis 
(Manson 2003) (see Supplementary material Appendix 1, 
Table A3 for primer details). PCR reaction volumes of 10 
ml contained 0.2 mM dNTPs, 1X buffer solution, 0.2 mM 
of reverse primer and 0.044 mM of forward primer with 
M13 tail, 2.5 mM MgCl2, 0.5 U of Taq polymerase and 1–5 
ml total DNA (Lux 2008). Forward primers were fluores-
cently labelled with either HEX, NED or FAM (Schuelke 
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mentary material Appendix 1, Table A4). The Philippines, 
Wallacea, Vanuatu and Palau and their respective subspecies 
presented the highest number of segregating sites (S  12 for 

0.0256, respectively; Table 1). Up to 9 segregating sites (S) 
were observed in each population, yielding a population 
mutation per site rate (qW) from 0.0 to 0.0153 (Supple-

Figure 3. Distribution of genetic diversity in buff-banded rail Gallirallus philippensis. (A) Minimum spanning network of mtDNA Control 
Region haplotypes. Size of the circle is proportional to the frequency of individuals found for each haplotype. Nucleotide differences between 
haplotypes are indicated by one-step edges. Numbers of substitutions are indicated on each line connecting the haplotypes. Colours 
correspond to 12 major geographical regions representing archipelagos (Fig. 2). (B) Genotypic variation among populations of buff-banded 
rail in Oceania surveyed using six microsatellite loci and Bayesian assignment analysis in STRUCTURE (Pritchard et al. 2000).
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together in order to perform subsequent analyses. Genetic 
differentiation between pairs of archipelagos and pairs of 
subspecies showed no evidence that New Caledonia (subspe-
cies G. p. swindellsi) was distinct from the archipelagos of 
Vanuatu, Fiji, Samoa, Australia, Palau and Wallacea and the 
subspecies G. p. sethsmithi (Vanuatu and Fiji), G. p. goodsoni 
(Samoa), G. p. mellori (Australia), G. p. pelewensis (Palau) 
and G. p. philippensis (Philippines) (Table 2). This is prob-
ably due to the low sample size (n  3) in New Caledonia. 
On the other hand, the smallest values of highly significant 
divergence (p  0.001) in terms of FST, were mostly found 
in comparisons between Australia and New Zealand archi-
pelagos and other archipelagos. The biggest values of highly 
significant divergence (p  0.001) were mostly among 
Philippine samples. Estimates of divergence at subspecies 
level showed the smallest values of highly significant diver-
gence (p  0.001) in comparisons with G. p. mellori, and the 
biggest values of differentiation (p  0.001) were mostly in 
comparisons with G. p. andrewsi.

Geographical association of haplotypes visualized with a 
network identified a similar structure; haplotypes from the 
Philippines archipelago were the most divergent from all 
others, and haplotypes found in Australia occurred widely 
in the haplotype network (Fig. 3A). There was a positive 
correlation between genetic difference (FST) and the spatial 
scale at archipelago level (Mantel test r  0.382, p  0.012; 
Fig. 4B). Furthermore, when we tested for a relationship 
between nucleotide diversity per site (p) and archipelago area 
(km2), we found a positive correlation (r  0.75, p  0.01), 
but only when the Palau archipelago was excluded from the 
analysis (r  0.33, p  0.05 when Palau is included in the 

all archipelagos; and S  18, 13 and 12 for G. p. philippensis, 
G. p. sethsmithi and G. p. pelewensis, respectively; Table 1). 
Nucleotide diversity declined in more remote archipelagos 
but haplotype diversity was not correlated with this and was 
similar for most archipelagos although Cocos Islands had the 
lowest value for both statistics (Fig. 4A). In neutrality tests 
none of the populations and archipelagos showed any sig-
nificant skew in values of DT, except Fu’s Fs test in the NSW 
deme (Australia) and Australia, New Zealand and Vanuatu 
archipelagos (Table 1 and Supplementary material Appen-
dix 1, Table A4). Fu’s Fs results indicate departures from the 
Wright–Fisher neutral model for these populations. Subspe-
cies showing significantly negative deviation from neutality 
according to Fu’s Fs test were G. p. philippensis, G. p. mellori, 
G. p. assimilis and G. p. sethsmithi. Two populations and 
one archipelago had statistically significant R2 values: NSW 
(Australia) (R2  0.137, p  0.001) and Santo (Vanuatu) 
(R2  0.112, p  0.001) at population level and Bismarck 
(R2  0.116, p  0.05) at archipelago level (Table 1 and 
Supplementary material Appendix 1, Table A4).

Genetic structure and coalescent analyses

We ran a preliminary analysis to measure pairwise FST 
among localities within a given archipelago. There were no 
significant departures of pairwise FST values from 0, with 
the exception of comparisons among localities within New  
Zealand and within the Philippines (results not shown). 
These FST results may reflect low sample size in some cases 
so we grouped samples into putative populations by putting 
individuals from the same archipelago or the same subspecies 

Table 1. Variation among mtDNA Control Region sequences from populations of buff-banded rails Gallirallus philippensis grouped by 
archipelago (upper) and subspecies (lower). n  sample sizes, h  haplotype numbers, S  segregating sites, Hd  haplotype diversity, 
qW  population mutation rate per site, p  nucleotide diversity per site, DT  Tajima’s D test, Fs  Fu’s Fs test, R2  Ramos and Rozas statistic. 
NA  not applicable. *  0.01  p  0.05; **  0.001  p  0.01; ***   0.001. Genetic polymorphism information for individual localities 
with more than two samples is in Supplementary material Appendix 1, Table A4.

n h S Hd qW p DT Fs R2

Archipelagos
Cocos 30 3 4 0.301 0.003 0.0025 –0.048 1.590 0.123
Philippines 10 8 12 0.933 0.013 0.0143 0.428 –2.190 0.169
Wallacea 8 7 12 0.964 0.016 0.0126 –1.032 –2.671 0.215
Australia 22 11 10 0.913 0.009 0.0090 –0.165 –4.126* 0.119
New Zealand 27 8 7 0.707 0.005 0.0040 –0.853 –3.080* 0.089
Fiji 10 5 4 0.844 0.003 0.0039 0.806 –0.962 0.192
Vanuatu 19 9 12 0.731 0.008 0.0051 –1.271 –3.032* 0.090
Samoa 10 4 2 0.733 0.002 0.0028 0.931 –1.074 0.227
Bismarck 9 6 8 0.889 0.009 0.00684 –1.112 –1.901 0.116*
Palau 3 2 12 0.667 0.025 0.0246 NA NA 0.471
New Caledonia 3 2 2 0.667 0.004 0.0041 NA NA 0.471

Subspecies
G. p. andrewsi 30 3 4 0.301 0.002 0.002 –0.048 1.590 0.123
G. p. philippensis 17 14 18 0.971 0.018 0.026 1.548 –4.590** 0.197
G. p. pelewensis 3 2 12 0.667 0.025 0.025 NA NA 0.471
G. p. reductus 2 2 5 1.000 0.015 0.015 NA NA 0.500
G. p. admiralitatis 2 1 0 0.000 0.000 0.000 NA NA 0.500
G. p. lesouefi 2 2 1 1.000 0.003 0.003 NA NA 0.500
G. p. meyeri 2 1 0 0.000 0.000 0.000 NA NA NA
G. p. mellori 22 11 10 0.913 0.009 0.009 –0.165 –4.126* 0.119
G. p. assimilis 27 8 7 0.707 0.005 0.004 –0.853 –3.080* 0.089
G. p. swindellsi 3 2 2 0.667 0.004 0.004 NA NA 0.471
G. p. sethsmithi 29 12 13 0.788 0.008 0.005 –1.207 –5.328** 0.078
G. p. goodsoni 10 4 2 0.733 0.002 0.003 –0.931 –1.074 0.227
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Results from the coalescent model showed asymmetric 
gene flow (Nm) among populations grouped into archipela-
gos with the lowest estimated migration rates (Nm  0.01) 
being those towards the most isolated archipelagos, Samoa 
and Cocos Islands, from their nearest adjacent archipelagos, 
Fiji and Wallacea, respectively. The largest migration rates 
(Nm  1) were indicated as being into Vanuatu from Aus-
tralia and New Zealand (Fig. 5, Supplementary material 
Appendix 1, Table A5) and only one inferred case of back-
gene flow from Vanuatu to Australia and New Zealand.

Population genetics analyses of microsatellite data

The probability of null alleles, long-allele dropout, and stut-
tering were negligible for all loci. The number of alleles at the 
six microsatellite loci surveyed in buff-banded rails ranged 
from two to 11 and observed heterozygosity was moderate to 
high in the Cocos Islands and Australian samples, but low in 
New Zealand (with most loci  0.2) (Supplementary mate-
rial Appendix 1, Table A6). All loci deviated from Hardy– 
Weinberg equilibrium in New Zealand (p  0.001), but not 
in Cocos Islands and Australian populations. The inbreeding 
coefficient (FIS) ranged from –0.27 to 0.93 and the exact 
G-test was significant (p  0.001) showing that the sampled 
alleles were not drawn from the same distribution in all 
populations. STRUCTURE analysis identified three genetic 
demes (K  3) as the most probable number of genetic clus-
ters within our dataset (Fig. 3B). These genetic clusters cor-
respond to the Australian, Cocos Islands and New Zealand 
populations with samples from New Caledonia (n  1) and 
Samoa (n  1) attributable to the Australian group. At K  3 
the Samoan, New Caledonian and some New Zealand (GBI 
and Northland) samples were grouped with Australian sam-
ples but one Australian sample from NSW clustered with 
the Cocos Islands sample. However, at K  4 these speci-
mens form a separate cluster (Fig. 3B) with exception of the 
single Australian sample that clustered with Cocos Islands. 
Despite a relative high number of migrants (0.31), pairwise 
FST values yielded moderate to high genetic differentiation 

correlation). There was also a positive correlation between 
haplotype diversity (Hd) and archipelago area (km2), 
without exclusion of the Palau archipelago data (r  0.83,  
p  0.01).

Figure 4. Genetic diversity plot of buff-banded rail. (A) Nucleotide 
diversity (black bars) and haplotype diversity (gray bars) among 
archipelagos. (B) Distogram showing the relationship between 
mean pairwise FST within distance classes.

Table 2. Population genetic variation among populations of buff-banded rail Gallirallus philippensis. FST values between 11 (Solomon 
excluded) major geographical regions (1–11 above the diagonal) and 12 subspecies (A–L below the diagonal). Regular font  0.01  p  0.05; 
*  0.001  p  0.01; bold font p  0.001. Gallirallus reductus (A), admiralitatis (B), lesouefi (C), meyeri (D), swindellsi (E), sethsmithi (F), 
goodsoni (G), philippensis (H), pelewensis (I), assimilis (J), mellori (K), andrewsi (L). Bismarck (1), New Caledonia (2), Vanuatu (3), Fiji (4), 
Samoa (5), Wallacea (6), Philippines (7), Palau (8), New Zealand (9), Australia (10), Cocos (11).

A B C D E F G H I J K L

Subspecies 1 2 3 4 5 6 7 8 9 10 11 Archipelagos

A
B 0.285 0.000 0.328 0.230* 0.184 0.043 0.668 0.323* 0.321 0.144* 0.446 1
C 0.000 0.800
D 0.000 0.900 0.000
E –0.050 0.714 0.000 0.000 0.131 0.028 0.178 0.029 0.718 0.382 0.399 0.206 0.539* 2
F 0.137 0.660 0.425 0.522 0.087 0.055 0.476 0.284 0.697 0.393 0.498 0.380 0.685 3

0.424 0.246 0.693 0.372* 0.404 0.312 0.706 4
G 0.076 0.831 0.203 0.349 0.178 0.452 0.012 0.738 0.328* 0.362 0.082* 0.289* 5
H 0.243 0.387 0.400 0.431 0.370 0.384 0.390* 0.638 0.266* 0.263 0.035 0.154 6

0.278 0.685 0.653 0.771 7
I 0.290 0.368 0.400 0.428 0.382 0.383 0.328* 0.049 0.224 0.195 0.354 8
J 0.185* 0.771 0.449 0.590 0.399 0.464 0.362 0.339 0.224 0.187 0.640 9
K 0.090* 0.544 0.236 0.299 0.206 0.352 0.082 0.299 0.195 0.187 0.234 10
L 0.274* 0.928 0.591* 0.831 0.539* 0.686 0.289* 0.448 0.354 0.641 0.234 11
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not so high as the wide spatial range suggests. The recogni-
tion of more than 20 subspecies within the buff-banded rail 
(Schodde and Naurois 1982, Marchant and Higgins 1993), 
however, could be explained equally by regional selection or 
genetic drift after range expansion. Both selection and drift 
would be facilitated by low gene flow among regions. We 
therefore tested the null hypothesis of a panmictic popula-
tion and even pattern of gene flow among buff-banded rail 
populations. More explicitly, we expect populations to be 
genetically more similar in the presence of a constant rate 
of gene flow correlated with physical attributes such as 
geographic distance and neighbouring populations.

Analysis of mtDNA haplotype data revealed a generalised 
pattern of reduced genetic diversity in the more remote archi-
pelagos. We found that genetic diversity tended to decrease 
and genetic differentiation (FST) increase as the geographic 
distance separating populations increased (Fig. 4). Fine-
scale analysis of microsatellite genotype data from selected 
populations revealed a signal for spatial partitioning that 
coincides with landscape connectivity and subspecies classi-
fication, with genetic similarity linked to proximity. Thus, in 
the west of the range, Australian and Cocos Islands individu-
als tended to have similar genotypes, while eastwards, New 
Zealand, New Caledonia and Samoa share similarity. We 
note, however, that some individuals in New Zealand appear 
to have genotypes more similar to those in New Caledonia 
and Samoa than others in New Zealand. This could reflect 

among all populations with exception of one locus (Locus 
11) that showed low differentiation (0.08).

Discussion

Phylogenetic analysis of extant and recently extinct insular 
Gallirallus reveals a shallow and potentially polytomous pat-
tern consistent with contemporaneous radiation (Fig. 1B). 
Available evidence indicates that this radiation involved inde-
pendent evolution of island endemics from volant colonist 
populations in this lineage (Trewick 1997a, Garcia-R et al. 
2014). Here we inferred genetic structure for a volant species 
that simulates the ecotype of the ancestral colonist for many 
flightless island endemics in the same lineage. The volant 
species, G. philippensis, has a range spanning many islands 
and archipelagos and this brings it into sympatry with island 
endemics with which it is related. This raises the question 
of how intraspecific dispersal rates intersect with divergence 
and speciation. The coexistence of a vagile ‘tramp’ and insu-
lar endemics indicates drift associated with founding events, 
intense local selection that overcomes gene flow among pop-
ulations or increase in speciation rates after islands are colo-
nised. High speciation rates have been found even in small 
islands where ecological divergence is less likely and extinc-
tion can increase (Schluter 1998). Alternatively, perhaps 
dispersal rates among populations of the volant species are 

Figure 5. The likely directions of historic dispersal and colonisation events of buff-banded rail in Oceania inferred from simulations in IMa 
(Hey and Nielsen 2007). Arrows indicate direction of dispersion and their relative thickness is scaled to the extent of gene flow between 
sampled archipelagos.
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with insular flightless endemics is likely the result of sepa-
rate waves of dispersal followed by periods of low gene flow 
between conspecific populations. The phylogenetic polytomy 
among Gallirallus (Fig. 1B) is consistent with a model of 
periodic expansion between islands and rapid speciation of 
a phenotypically plastic ancestor. Directional asymmetry of 
dispersal (Cook and Crisp 2005) involving flying Gallirallus 
is strongly influenced by a tendency toward flightlessness. 
The evolution of flightlessnes yields energy conservation 
where ground predators are few (McNab 2002) and substan-
tially reduces the likelihood of further dispersal.
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