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Abstract 

Tropical islands are renowned as natural laboratories for evolutionary study. Lineage radiations across tropical archipelagos are ideal 
systems for investigating how colonization, speciation, and extinction processes shape biodiversity patterns. The expansion of the 
island thrush across the Indo-Paci�c represents one of the largest yet most perplexing island radiations of any songbird species. The 
island thrush exhibits a complex mosaic of pronounced plumage variation across its range and is arguably the world�s most polytypic 
bird. It is a sedentary species largely restricted to mountain forests, yet it has colonized a vast island region spanning a quarter of the 
globe. We conducted a comprehensive sampling of island thrush populations and obtained genome-wide SNP data, which we used 
to reconstruct its phylogeny, population structure, gene �ow, and demographic history. The island thrush evolved from migratory 
Palearctic ancestors and radiated explosively across the Indo-Paci�c during the Pleistocene, with numerous instances of gene �ow 
between populations. Its bewildering plumage variation masks a biogeographically intuitive stepping stone colonization path from 
the Philippines through the Greater Sundas, Wallacea, and New Guinea to Polynesia. The island thrush�s success in colonizing Indo-
Paci�c mountains can be understood in light of its ancestral mobility and adaptation to cool climates; however, shifts in elevational 
range, degree of plumage variation and apparent dispersal rates in the eastern part of its range raise further intriguing questions 
about its biology.

Keywords: island biogeography, great speciator, phylogeny, colonization, gene �ow, Pleistocene climate changes, passerine birds, 
mountains

Layman Summary 

Island radiations are powerful systems for studying evolutionary processes and biodiversity buildup. Here we use population genom-
ics methods to investigate one of the most spectacular and perplexing archipelagic radiations among birds. The island thrush dis-
plays a complex mosaic of plumage variation and occupies a vast range across the Indo-Paci�c despite being sedentary and largely 
restricted to mountains. We reconstruct its evolutionary relationships, demographic history, and population structure to provide a 
detailed picture of an explosive radiation from Asia during the Pleistocene. We illustrate how departure from the mainland and sub-
sequent founder events degraded genetic variation, and detect considerable cross-population gene �ow. Our results place focus on 
the dynamics of populations at the leading edge of radiations vs. those behind it.

Tropical archipelagos are natural laboratories that have shaped 
scienti�c understanding of evolution and biogeography (Darwin, 
1859; MacArthur & Wilson, 1967; Mayr, 1942; Mayr & Diamond, 
2001; Ricklefs & Cox, 1978; Wallace, 1869). The processes of 

colonization, speciation, and extinction are manifested in the 
modern distribution of their biotas, from evolutionary relics 
stranded on single islands, to ultra-mobile colonizers ubiquitous 
across entire archipelagos. At the intersection of these extremes 
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are the �great speciators� (Diamond et al., 1976). These species 
(or lineages) are suf�ciently dispersive to broadly colonize island 
systems, but paradoxically show distinct differentiation between 
island populations, indicating incipient speciation (and limited 
dispersal ability). This dynamic makes great speciators an allur-
ing model for investigating how lineage expansion and diversi�ca-
tion shape global biodiversity patterns (Jłnsson et al., 2014; Moyle 
et al., 2009; Pepke et al., 2019). Molecular phylogenetic studies 
(Andersen et al., 2013, 2014, 2015; Irestedt et al., 2013; Jłnsson 
et al., 2014; Moyle et al., 2009; Kearns et al., 2020; Pedersen et 
al., 2018) have con�rmed that great speciators represent rapid 
and geographically complex lineage radiations. However, those 
same attributes, combined with limited genetic sampling, have 
impeded precise evolutionary reconstruction of these radiations 
(though see Gwee et al. [2020] and Manthey et al. [2020]).

Another similar group overlaps with the great speci-
ators: the montane species and lineages that have under-
gone expansive radiations across archipelagic highlands. 
This group represents a striking component of island spe-
cies diversity in the Indo-Pacific that has held longstanding 
interest for researchers studying the formation of mon-
tane biodiversity (Mayr, 1944; Mayr & Diamond, 1976, 2001; 
Rensch et al., 1930; Stresemann, 1939). The rapid mountain 
colonizations inferred for these species seem doubly improb-
able because dispersers must overcome both terrestrial low-
land and water barriers. The group is therefore central to 
the question of how past climatic oscillations contributed 
to modern species distribution patterns via land bridge for-
mation and elevational habitat shifts (Mayr, 1944; Mayr & 
Diamond, 1976, 2001; Rensch et al., 1930; Stresemann, 1939). 
Despite this, the great montane island radiations have never 
been subjected to detailed molecular study.

The island thrush (Turdus poliocephalus) is both an archetypal 
great speciator (Mayr & Diamond, 2001) and one of the most pro-
li�c avian colonizers of island mountains (Clement & Hathaway, 
2000; Collar, 2005). It is a sedentary species restricted to high 
montane forest across much of its range, yet it has radiated 
across islands spanning a 10,000 km distance from Sumatra to 
Samoa (Clement & Hathaway, 2000; Collar, 2005). Extraordinary 
differentiation between individual populations belies this evi-
dent propensity for inter-island dispersal. With some 50 recog-
nized subspecies, the island thrush is arguably the world�s most 
polytypic bird (Clements et al., 2019; Gill et al., 2020), and cer-
tainly one of the most variably plumaged. Plumage color and 
pattern variation is both extreme and geographically incoher-
ent, with similar color patterns often shared by widely sepa-
rated populations (Peterson, 2007). This variation�in addition 
to variation in sexual dimorphism, body size, and elevational 
distribution�have confounded interpretation of the island 
thrush�s evolution. Preliminary molecular work (Batista et al., 
2020; Jones & Kennedy, 2008; Nylander et al., 2008; Voelker et al., 
2007) has left open the question of whether the island thrush 
is even monophyletic, or an arti�cial assemblage of unrelated 
forms.

For this study, we conducted a comprehensive sampling of 
island thrush populations, both living and historically extinct, 
and additionally sampled its hypothesized sister clade (Nylander 
et al., 2008; Voelker et al., 2007) from East Asia. We obtained 
genome-wide shotgun sequencing data and used single nucle-
otide polymorphisms (SNPs) to reconstruct the island thrush�s 
phylogeny, population structure, gene �ow, and demographic his-
tory. This approach allows us to reveal, in unprecedented detail, 
the evolution of a great speciator.

Methods
Methods are brie�y summarized here; the full Methods section is 
found in Supplementary File 6. We genetically sampled 71 indi-
viduals representing 48 of 50 island thrush subspecies, as well 
as �ve close relatives from East Asia. We generated resequenc-
ing data using an Illumina platform, and mapped the cleaned 
reads to a new de novo reference genome assembly of a common 
blackbird (Turdus merula). ANGSD (Korneliussen et al., 2014) was 
used to generate a genotype likelihood dataset of 8.5 million 
SNPs, and we used SAMtools v.1.4 and BCFtools v.1.5 (Danecek 
et al., 2021; Li et al., 2009) to generate a second dataset of hard 
genotype calls (0.6 million SNPs). We constructed genome-wide 
phylogenetic trees from pairwise distances and from pairwise FST 
using neighbor-joining (Saitou & Nei, 1987), performed a maxi-
mum likelihood phylogenetic analysis with IQ-TREE v.1.6.10-
omp-mpi (Nguyen et al., 2015), and also conducted a Bayesian 
phylogenetic analysis of mitogenome data with BEAST v.1.8.4 
(Drummond et al., 2012). Population structure and heterozygosity 
levels of the island thrush were analyzed using PCAngsd (Meisner 
& Albrechtsen, 2018) and ANGSD, respectively. The demographic 
histories of the island thrush and its relatives were inferred using 
the pairwise sequentially Markovian coalescent method (PSMC; Li 
& Durbin, 2011). We carried out additional analyses related to the 
island thrush�s mode of colonization and the evolution of sexual 
dichromatism within the species.

Results
Phylogenetic analyses
Phylogenetic analysis of SNP data
All three genome-wide phylogenetic trees built using SNP 
data recover the island thrush as monophyletic (Figure 1, 
Supplementary Figures S3 and S4). The topologies recovered by 
the pairwise distance (Figure 1) and pairwise FST (Supplementary 
Figure S3) analyses differ in some details. The pairwise distance 
tree shows a sequential branching pattern that indicates an ori-
gin in the Philippines, an expansion through the Greater Sundas 
and Wallacea, and further eastward colonization of the Paci�c via 
New Guinea. The pairwise FST tree is broadly similar but suggests 
a more general western origin not necessarily centered in the 
Philippines. The maximum likelihood analysis (Supplementary 
Figure S4) recovers a topology of the island thrush very similar to 
the pairwise distance tree (Figure 1), and also indicates an origin 
in the Philippines. The most important differences are in the rela-
tionships of the island thrush�s close relatives and the arrange-
ment of its earliest-branching clades.

Our reporting of the results of the phylogenetic analyses 
focuses mostly on the pairwise distance tree (Figure 1), calculated 
using the full 8.5 million SNP dataset. FST trees re�ect differen-
tiation due to intra-population genetic drift along each lineage. 
The pairwise distance tree provides a more direct estimate of 
phylogenetic distances, i.e., without confounding by intra-popu-
lation drift. Unlike the pairwise FST tree, the pairwise distance tree 
strongly indicates a Philippine origin for the island thrush, which 
is supported by the maximum likelihood analysis (Supplementary 
Figure S4), by cross-population heterozygosity levels (Results: 
Population structure and heterozygosity levels) and by the demo-
graphic reconstructions (Results: Demographic history inference 
using PSMC). The pairwise distance tree and the maximum likeli-
hood tree have high nodal support values, and the few nodes with 
< 100% bootstrap support appear to represent recent divergences 
between geographically proximate populations.
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Five East Asian species constitute the sister clade of the island 
thrush. This in turn contains two subclades. The �rst contains 
Turdus chrysolaus and T. celaenops, which together have a breeding 

range encompassing Japan, Sakhalin, and the Kuril Islands. The 
second contains T. pallidus, T. feae, and T. obscurus, which breed 
mostly in mainland East Asia. All phylogenetic analyses in this 

T. merula merula
Cataponera turdoides turdoides
T. niveiceps
T. celaenops
T. chrysolaus orii
T. pallidus
T. feae
T. obscurus
T. p. mindorensis  (Mindoro, Philippines)
T. p. ssp  (Sibuyan, Philippines)
T. p. thomassoni AMNH 416872  (n Luzon, Philippines)
T. p. thomassoni ZMUC 02632  (n Luzon, Philippines)
T. p. nigrorum  (Negros, Philippines)
T. p. ssp  (Panay, Philippines)
T. p. malindangensis  (nw Mindanao, Philippines)
T. p. katanglad  (c Mindanao, Philippines)
T. p. kelleri  (se Mindanao, Philippines)
T. p. ssp  (Mt. Busa, Mindanao, Philippines)
T. p. erythropleurus  (Christmas)
T. p. erythropleurus  (Cocos (Keeling)  Is.)
T. p. sterlingi  (e Timor, Lesser Sundas)
T. p. schlegelii  (w Timor, Lesser Sundas)
T. p. celebensis AMNH 299444  (sw Sulawesi)
T. p. celebensis AMNH 12571  (sw Sulawesi)
T. p. seebohmi  (n Borneo)
T. p. stresemanni  (ec Java, Indonesia)
T. p. whiteheadi  (e Java)
T. p. javanicus  (c Java)
T. p. fumidus  (w Java)
T. p. indrapurae  (sc Sumatra)
T. p. loeseri  (n Sumatra)
T. p. deningeri  (Seram, Moluccas)
T. p. versteegi  (w New Guinea)
T. p. papuensis  (Central Range, e New Guinea)
T. p. papuensis  (Huon Peninsula, e New Guinea)
T. p. papuensis  (Karkar I., ne New Guinea)81

T. p. beehleri  (New Ireland, Bismarcks)
T. p. tolokiwae  (Tolokiwa, Bismarcks)
T. p. heinrothi  (Mussau, Bismarcks)
T. p. bougainvillei  (Bougainville, Solomons)
T. p. kulambangrae  (Kolombangara, Solomons)
T. p. sladeni  (Guadalcanal, Solomons)
T. p. rennellianus  (Rennell, Solomons)
T. p. efatensis  (Efate, Vanuatu)
T. p. efatensis  (Nguna, Vanuatu)
T. p. becki  (Paama, Vanuatu)
T. p. malekulae  (Ambrym, Vanuatu)
T. p. becki  (Lopevi, Vanuatu)73

T. p. becki  (Epi, Vanuatu)
T. p. becki  (Emae, Vanuatu)
T. p. mareensis  (MarØ, Loyalty Is.)
T. p. malekulae  (Pentecost, Vanuatu)
T. p. malekulae  (Malekula, Vanuatu)
T. p. placens  (Ureparapara, Vanuatu)
T. p. vanikorensis  (Utupua, Santa Cruz Is.)
T. p. vanikorensis  (Espiritu Santo, Vanuatu)
T. p. vanikorensis  (Malo, Vanuatu)74

85

98

T. p. whitneyi  (Gaua, Vanuatu)
T. p. placens  (Vanua Lava, Vanuatu)
T. p. albifrons  (Erromango, Vanuatu)
T. p. pritzbueri  (Lifou, Loyalty Is.)
T. p. pritzbueri  (Tanna, Vanuatu)
T. p. ssp  (Futuna, Vanuatu)67

T. p. xanthopus  (Grande Terre, New Caledonia)
T. p. vinitinctus  (Lord Howe)
T. p. poliocephalus  (Norfolk)
T. p. samoensis  (Savai�i, Samoa)
T. p. samoensis  (Upolu, Samoa)
T. p. hades  (Gau, Fiji)
T. p. ruficeps  (Kadavu, Fiji)
T. p. tempesti  (Taveuni, Fiji)
T. p. vitiensis  (Vanua Levu, Fiji)
T. p. layardi  (Ovalau, Fiji)
T. p. layardi  (Koro, Fiji)
T. p. layardi  (Yasawa, Fiji)
T. p. layardi  (Viti Levu, Fiji)95
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Figure 1. Phylogeny estimated from pairwise distances using neighbor-joining followed by subtree pruning and regrafting (top). Red lines indicate 
nodes with bootstrap support < 100% (from 100 non-parametric bootstrap replicates). Letters at nodes indicate clades referred to in the text. Island 
thrush individuals are colored by distance to a reference point at 30° N, 120° E, re�ecting a hypothetical East Asian distribution of the species� 
mainland ancestor. The same colors are used to mark sampling localities on the map (bottom).
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study recover this �ve-species sister clade except for the max-
imum likelihood analysis (Supplementary Figure S4), which 
arranges the �ve taxa along four sequential branches below the 
base of the island thrush clade.

Detailed maps are provided in Supplementary Figure S5a�c 
showing the geographic distribution of island thrush populations 
and their phylogenetic relationships as recovered by the pairwise 
distance analysis. Island thrush Clades A, B, and C (Figure 1) are 
composed of populations from the Philippines. Clade A repre-
sents the Mindoro population, T. p. mindorensis. Clade B contains 
T. p. thomassoni from northern Luzon and an undescribed pop-
ulation from Sibuyan. Clade C contains (1) a subclade from the 
central Philippines islands of Negros (T. p. nigrorum) and Panay 
(undescribed); and (2) four populations from disjunct mountain 
ranges across Mindanao, including an undescribed population 
from Mt. Busa in the island�s far south.

In Clade D, T. p. erythropleurus of Christmas Island in the Indian 
ocean is sister to a Wallacean group including T. p. celebensis from 
Sulawesi and two sister taxa on Timor. Clade E spans the Greater 
Sundas islands of Borneo, Java, and Sumatra. The Bornean pop-
ulation (T. p. seebohmi) is sister to the rest of the subclade, and 
Sumatran populations are embedded among Javan populations. 
The overall pattern indicates a southward spread from Borneo 
into eastern Java, followed by westward colonization across Java 
and into Sumatra.

Further eastward colonization into New Guinea appears to 
have proceeded via Seram in the Moluccas, represented by T. p. 
deningeri (Clade F). The relationships of T. p. deningeri with popula-
tions further west suggest that the island thrush may have crossed 
Wallace�s Line twice�either two eastward colonizations or an 
eastward colonization followed by a westward back-colonization.

More recently, four clades diverged representing populations 
from New Guinea, the Bismarck Archipelago, and the Solomon 
Islands. Clade G contains New Guinea populations; T. p. versteegi 
from the west of the island is sister to more easterly populations, 
including the small offshore island of Karkar. Clade H contains 
populations from the Bismarcks. The uncollected population on 
the relatively large island of New Britain is not included; and we 
recover an unexpected sister relationship between the widely 
separated Tolokiwa and Mussau populations. Clade I comprises 
the Bougainville population, and Clade J contains populations 
further southeast Kolombangara and Guadalcanal.

Two large sister clades (Clades K and L) represent broad 
expansions into the Paci�c. Clade K is distributed across south-
ern Melanesia, while Clade L represents an even broader radia-
tion across southern Melanesia, remote Tasman Sea islands, and 
Samoa. Sister to the rest of Clade K is the population from Rennell 
in the southern Solomon Islands. The rest of the clade is mostly 
distributed across Vanuatu, but two populations occur out-
side Vanuatu�s central islands. The phylogenetic position of the 
extinct T. p. mareensis of MarØ in New Caledonia�s Loyalty Islands 
is unexpected, as other populations from New Caledonia and the 
southernmost islands of Vanuatu belong to Clade L. The clade 
also reaches Temotu, north of Vanuatu (T. p. vanikorensis). Plumage 
variation within Clade K is subtle, and three subspecies are not 
recovered as monophyletic: T. p. becki, T. p. malekulae, and T. p. pla-
cens (the latter including populations both from Clades K and L).

Sister to the rest of Clade L are populations from Gaua and 
Vanua Lava in the Banks Islands of northern Vanuatu. These pop-
ulations are oddly interspersed between populations of T. p. van-
ikorensis (Clade K) spanning northern Vanuatu and Temotu. The 
next clade to diverge represents a distributional leap, encompass-
ing populations in some of the southernmost islands of Vanuatu 

(Erromango, Tanna, Futuna), as well the extinct population on 
Lifou in the Loyalty Islands. Our molecular results suggest that the 
undescribed Futuna population should be assigned to subspecies 
pritzbueri, which otherwise occurs on Tanna (and previously on 
Lifou). The next branch of the tree represents the extinct Grande 
Terre (New Caledonia) population of T. p. xanthopus. The remain-
ing branches of Clade L represent the most extreme long-distance 
colonizations that can be inferred from the island thrush. The 
�rst branch represents a colonization of the distant Tasman Sea 
islands of Norfolk (the nominate subspecies) and Lord Howe (T. p. 
vinitinctus). Both taxa are now extinct. The second branch repre-
sents colonization of Fiji, where �ve subspecies form a clade, and 
the �nal branch represents colonization of Samoa (subspecies 
samoensis), which marks the eastern limit of the island thrush�s 
radiation across the Paci�c.

Phylogenetic analysis of mitochondrial genome data
The phylogenetic analysis of mitochondrial genome data 
(Supplementary Figure S6) also recovers the island thrush as 
monophyletic. The BEAST date estimate for divergence of the 
island thrush from its �ve-species sister clade is 2.4 Mya (95% HPD 
2.0�2.8 Mya), and population divergence within the island thrush 
itself is estimated to have begun 1.3 Mya (95% HPD 1.1�1.5 Mya). 
The tree shows a sequential branching pattern that is roughly 
similar to the trees built with nuclear SNP data, again indicating a 
west-to-east stepping stone colonization pattern. However, while 
most nodes are strongly supported (posterior probability � 0.99), 
the topology of the mitogenome tree differs in many details from 
the nuclear trees, re�ecting speci�c patterns of mitochondrial 
inheritance that are not recovered from the average autosomal 
tree. For example, the mitogenome tree suggests two separate 
colonizations of the Philippines. A similar result was obtained by 
Jones and Kennedy (2008), who conducted a population analysis 
of the island thrush using the mitochondrial gene ND2. We stress 
that discordance between the mitochondrial tree and the nuclear 
trees is not unexpected, as the nuclear data encompass many 
distinct gene trees. The mitogenome tree does recover the same 
Greater Sundas/Wallacea/Christmas Island clade as the nuclear 
trees, as well as the same clade containing populations from New 
Guinea and all points east. These clades are both dated to about 
0.8 Mya, indicating a very rapid radiation out of the Philippines 
that quickly reached Melanesia.

Population structure and heterozygosity levels
The PCAngsd MAP test suggests that six principal dimensions 
explain the population structure in the dataset, corresponding to 
18.63% of the total variance (Supplementary Figure S7). Genetic 
correlation between pairs of individuals, which controls for indi-
vidual variation in heterozygosity, is visualized in the heatmap in 
Supplementary Figure S8. Ancestry proportions for k = 2 to k = 8 
putative ancestry components are illustrated in Supplementary 
Figure S9. These analyses suggest a genetic structure for the 
island thrush with strong differentiation between a western 
clade (Greater Sundas, Philippines, Wallacea) and an eastern 
clade (New Guinea and islands further east). The sequential 
branching pattern of the island thrush tree (Figure 1) implies 
strongly hierarchical levels of population structure, and the east-
ern Clades K + L (Figure 1) are heavily oversampled compared to 
the group�s many smaller, early branching clades. This has the 
effect of overrepresenting variation within the eastern clade, 
while underrepresenting variation between the other clades. To 
test this interpretation, we reran the latent mixed-membership 
model analyses on a dataset that included the outgroup taxa. 
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This resulting plot (Supplementary Figure S10) shows the out-
group taxa to be homogenous, with a single common ances-
try component for k = 2 to k = 6 ancestors, despite their deep 
divergences. The ingroup analysis (Supplementary Figure S9) 
suggests mixed ancestry in a number of populations, notably 
T. p. mindorensis (Mindoro, Philippines), T. p. deningeri (Seram, 
Moluccas), T. p. seebohmi (Borneo), T. p. stressemanni (east-central 
Java), and many populations in the islands east of New Guinea. 
While ascertainment bias due to uneven sampling and hierar-
chical levels of population structure are potentially problematic 
(Lawson et al., 2018; Puechmaille, 2016), explicit tests for gene 
�ow using D-statistics (Results: Gene �ow) support multiple gene 
�ow events. Heterozygosity levels of individuals are visualized 
in Figure 2; there is a broad pattern of west-to-east decline, and 
levels tend to be higher in populations from larger islands.

Gene �ow
Of the 67,525 calculated Db(C) statistics, 15,055 are signi�cant at 
FWER < 0.05 (Figure 3). The results indicate widespread ancient 
and recent gene �ow within the island thrush and its �ve-species 
sister clade. Gene �ow across early branches of the tree has in 
many cases left a visual pattern (Figure 3) of long rows of simi-
larly shaded cells, with the genetic signature of early admixture 

being inherited by descendent populations. Ancient gene �ow is 
inferred within the island thrush�s sister clade, and also between 
members of this sister clade and the ancestral island thrush 
lineage. This is particularly evident in e.g., T. pallidus, and in 
the last common ancestor (LCA) of T. celaenops and T. chrysolaus. 
Ancient gene �ow is also inferred within the island thrush itself. 
We detected substantial admixture between the ancestral line-
ages that gave rise to populations in (1) the Greater Sundas, (2) 
Wallacea, and (3) islands from the Moluccas east to Polynesia. 
Admixture is also widespread among the deeper ancestral nodes 
of the clades representing populations east of New Guinea (Clades 
H�L in Figure 1). The results further indicate many instances of 
more recent gene �ow between island thrush populations. Recent 
gene �ow is much more prevalent among populations east of 
New Guinea, with gene �ow inferred between several popula-
tions in the Bismarcks and Solomons (e.g., T. p. heinrothi and T. p. 
beehleri), and on many occasions between Clades K and L in the 
far east and south of the island thrush�s range. The few cases 
of inferred recent gene �ow among western populations include 
those between e.g., T. p. katanglad (central Mindanao) and T. p. 
malindangensis (northwest Mindanao); and between T. p. strese-
manni (east-central Java) and the LCA of T. p. javanicus and T. p. 
fumidus (west and central Java).
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Figure 2. Heterozygosity levels of individuals, overlaid upon the pairwise distance tree. Lines connect leaf nodes to the geographic origin of the 
individual; crossing of lines has been reduced by sorting the left and right branches of internal nodes by the mean longitude of their respective leaf 
nodes. The overall pattern suggests a serial founder effect from a radiation that proceeded from the Philippines.
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