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Abstract

Aim: We investigated the spatial and temporal patterns of diversification among

colourful and flightless weevils, the Pachyrhynchus orbifer complex, to test the step-

ping-stone hypothesis of colonization across the Taiwan–Luzon volcanic belt.

Location: Southeast Asia.

Methods: The phylogeny of the P. orbifer complex was reconstructed from a multi-

locus data set of mitochondrial and nuclear genes using maximum likelihood in

RAxML and Bayesian inference in MRBAYES. Likelihood-based tests in CONSEL

were used to evaluate alternative tree topologies. Divergence times were estimated

in BEAST based on a range of mutation rates. Ancestral range and biogeographical

history were reconstructed using Bayesian binary MCMC (BBM) methods in RASP

and in BioGeoBEARS. Demographic histories were inferred using the extended

Bayesian skyline plot (EBSP). Species boundaries were tested using BPP.

Results: The phylogeny of the P. orbifer complex indicated strong support for seven recip-

rocally monophyletic lineages grouped by current island boundaries (Camiguin, Fuga, Dalu-

piri, Calayan, Babuyan, Orchid and Yaeyama Islands), except for a sister Green + Itbayat

lineage. Complex and stochastic colonization of P. orbiferwas inferred to have involved both

northward and southward directions with short- and long-distance dispersal events, which

are strongly inconsistent with the strict stepping-stone hypothesis. Divergence time esti-

mates for all extant island lineages (<1 Myr of Middle Pleistocene) are much more recent

than the geological ages (22.4–1.7 Myr) and subaerial existence (c. 3 Myr) of the islands.

The statistically delimited seven cryptic species imply that the diversity of Pachyrhynchus

from small peripheral islands continues to be largely under-estimated.

Main conclusions: The non-linear, more complex spatial and temporal settings of

the archipelago and stochastic dispersal were probable key factors shaping the colo-

nization history of the P. orbifer complex. Speciation of the P. orbifer complex may

have occurred only between islands, indicating that peripatric speciation through

the founders of stochastic dispersals was the major evolutionary driver.
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1 | INTRODUCTION

Islands are excellent natural systems to study the diversification of

organisms because of their range of ages, sizes and well-studied

geology (Carson, 1983; Losos & Ricklefs, 2009). Effective overwater

dispersal and subsequent successful establishment in novel habitats

are fundamental processes in generating endemic island biodiversity

(MacArthur & Wilson, 1967; Whittaker, Triantis, & Ladle, 2008). The

colonization of remote oceanic islands by continental species is

mainly an interaction between the relative isolation of islands and

the vagility of the organisms (Gillespie & Roderick, 2002). Therefore,

more remote islands usually have fewer colonizers than nearer

islands, and vagile organisms often colonize more islands than their

less mobile counterparts. Colonization of remote oceanic island also

depends on the available ecological space, with the most successful

colonization occurring in the youngest islands within an isolated

archipelago (Whittaker & Fern�andez-Palacios, 2007).

Inter-island dispersal in an isolated oceanic archipelago may pro-

duce a highly concordant colonization pattern consistent with the

chronological sequence of the origin of its islands (The progression

rule; Funk & Wagner, 1995; Juan, Emerson, Oromı́, & Hewitt, 2000;

Shaw & Gillespie, 2016). The “stepping-stone by island age model”

of asymmetric colonization from geologically older to younger islands

is one of the common modes of colonization in several well-docu-

mented archipelagos, showing a clear linear age sequence of the ori-

gin of islands, such as the Hawaiian and Gal�apagos Islands in the

Pacific Ocean (Funk & Wagner, 1995; Gillespie, 2004; Parent, Cac-

cone, & Petren, 2008) and the Canary Islands in the Atlantic (Juan

et al., 2000; Planas & Ribera, 2014). However, some observations of

stochastic dispersal have suggested that the unpredictability of inter-

island colonization can be linked to the geological history of the

islands in a more complex manner (Gillespie et al., 2012). The pat-

tern of long-distance dispersal across oceanic barriers, which was

previously perceived as a rare and almost impossible event, may be

equally probable as stepwise dispersal across islands given that

“non-standard” dispersal mechanisms such as strong storms and

ocean currents often drive these complex and highly stochastic pro-

cesses (Nathan, 2006).

Situated in a unique biogeographical junction between the Asian

and Philippine faunal regions known as the extension of Kano’s Line

(“Neo-Wallace Line,” Kano, 1941), the Taiwan–Luzon volcanic belt

(Figure 1a) is currently one of the least studied groups of oceanic

islands. Endemic species of the Taiwan–Luzon volcanic belt were

hypothesized to have originated through northward stepping-stone

dispersal from observations of a decreasing number of shared Luzon

species when moving from southern to northern islands (Oliveros,

Ota, Crombie, & Brown, 2011; Ota & Huang, 2000). This northward

“stepping-stone by island distance” model of colonization may have

been facilitated by the regionally dominant surface Kuroshio current,

which originates at the equator and flows northerly towards the

Philippines, Taiwan–Luzon volcanic belt and Japanese islands. The

Kuroshio current is thought to be a strong oceanic mechanism in

shaping the distribution of tropical sea grasses (Kuo, Kanamoto,

Iizumi, Aioi, & Mukai, 2006) and population genetic structures of

skinks in the Ryukyu Archipelago (Kurita & Hikida, 2014). However,

the stepping-stone model of colonization in the Taiwan–Luzon vol-

canic belt has never been rigorously tested using a molecular phylo-

geographical approach, with the exception of some phylogenetic

studies of shrews (Esselstyn & Oliveros, 2010), birds (Oliveros &

Moyle, 2010) and geckos (Siler, Oaks, Cobb, Ota, & Brown, 2014),

which indicated a direction of colonization from either Northern Tai-

wan (shrews) and Batanes (birds) or Southern Luzon (geckos). Never-

theless, these earlier studies were limited by representatives from

only a few islands across the Taiwan–Luzon volcanic belt to fully

address the direction and stepwise pattern of the stepping-stone

hypothesis.

The Taiwan–Luzon volcanic belt consists of a group of remote

volcanic islands adjacent to the continental shelf of mainland Asia

(Figure 1a). This archipelago contains two parallel island chains (East-

ern and Western) in a north–south direction, which were all created

de novo, without any connections to nearby larger islands (Luzon

and Taiwan) or the Asian mainland since their emergence (Voris,

2000). The deep ocean channels surrounding these islands separate

them from neighbouring Luzon by >25 km to the south (Babuyan

Islands), and >20 km from the continental island of Taiwan to the

west (Green Island). The Balintang Channel between the Babuyan

and Batanes Islands is c. 75 km wide. North of Batanes Islands,

approximately 150 km across the Bashi Channel, lies Orchid Island.

Although the two island chains are separated by only 50 km just

North of Luzon and merge into a single island chain near Batan,

most islands in the Western chain (Orchid, Itbayat, Sabtang, Calayan,

Dalupiri and Fuga) are much older and mainly composed of volcanic

rocks of the Miocene to Pliocene age (>3.5 Myr) (Figure 1c) (Yang

et al., 1996). In contrast, all of the currently active volcanoes are in

the Eastern chain (Green, Babuyan, Batan, Camiguin), where the

majority of islands are younger and have origins in the Quaternary

(<2.8 Myr) (Figure 1c) (Osozawa et al., 2012; Yang et al., 1996).

Most of the islands of the Taiwan–Luzon volcanic belt were not con-

nected to each other or to the Asian mainland during the Pleis-

tocene glacial period (Voris, 2000), minimizing the effect of recent

climatic changes on regional phylogeographical patterns (e.g. Naka-

mura et al., 2014). The current elevation of these islands ranges

from several hundred metres in most islands to over a thousand

metres in Batan (Yang et al., 1996) (Figure 1a). They were likely sub-

aerial during the high sea levels of the Pleistocene interglacial period

(Voris, 2000). Within each island chain, there is a general chronologi-

cal order of island origins beginning from the older southern islands

towards the younger northern islands (Yang et al., 1996) (Figure 1a,

c). However, the geomorphologic evidence indicates that most

islands of the Taiwan–Luzon volcanic belt were submarine and only

uplifted above sea level c. 3 Ma (Yang et al., 1996). Therefore, for

islands older than 3 Myr, the chronological sequence of emergence

may not necessarily follow a south–north direction of geographical

arrangement.

We set out specifically to test the stepping-stone model of colo-

nization in a group of endemic weevils, the Pachyrhynchus orbifer
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Waterhouse, 1841 complex (Insecta: Coleoptera: Curculionidae),

from the Taiwan–Luzon volcanic belt. Pachyrhynchus is a group of

plant-feeding insects decorated with aposematic colours and with a

large number of endemic species in the Philippine Archipelago

(Schultze, 1923; Tseng, Lin, Hsu, Pike, & Huang, 2014). The P. orbifer

complex represents an excellent set of organisms to test the step-

ping-stone hypothesis, not only because of the existence of closely

related endemic species on nearly every sizable island across the

archipelago, but also due to three intriguing adaptations that may

facilitate their cross-ocean dispersal through rafting on floating vege-

tation by oceanic currents: (1) Pachyrhynchus adults are wingless and

have completely fused elytra; (2) they have the ability to draw and

keep air under their elytra, allowing them to float on water for at

least several hours (Schultze, 1923); (3) their eggs are inserted into

plant tissues, and the larvae live and feed inside the stems of the

host plants. Recent studies suggested that flightless weevils were

able to colonize remote archipelagos of Southeast Asia and the Paci-

fic via stepping-stone islands (Claridge, Gillespie, Brewer, & Roderick,

2017; Machado, Rodr�ıguez-Exp�osito, L�opez, & Hern�andez, 2017;

T€anzler et al., 2016).

We reconstructed the phylogeny, colonization history, diver-

gence times and historical demography of the P. orbifer complex

using a multi-locus data set to test the following specific

predictions from stepping-stone hypotheses by island distance (Fig-

ure 1b) and by island age (Figure 1c). (1) The hypothesis of step-

ping-stone by island distance predicts that the topology of the

phylogeny and inferred colonization history are consistent with an

asymmetric colonization from the nearest southern islands (Fuga

and Camiguin) to the farthest northern islands (Yaeyama) (Fig-

ure 1b, solid arrows), which may have been promoted by the

northerly flowing Kuroshio current. Because the Taiwan–Luzon

volcanic belt is a double arc island chain, the weevils were

expected to disperse northwards initially from Northern Luzon to

Fuga of the western arc and Camiguin of the eastern arc, and

then either to colonize Dalupiri and Calayan from Fuga of the

western arc, or to colonize Babuyan, Itbayat, Orchid, Green and

Yaeyama Islands in sequence. Conversely, the age progression

from older to younger islands only occurred in the Luzon/Cami-

guin/Babuyan and in the Orchid/Green/Yaeyama Islands (Fig-

ure 1c, grey arrows) because all the other geologically older

islands became subaerial c. 3 Ma. The remaining tree topologies

predicted by age progression (Figure 1c, solid arrows) are the

same and cannot be distinguished from those predicted by island

distance (Figure 1b). (2) If the colonization was initiated sequen-

tially from southern to northern islands by geographical distance,

then we predicted that the divergence times of species from the

F IGURE 1 (a) Map of the Taiwan–Luzon volcanic belt showing the elevation of the islands (Yang et al., 1996 and University of Texas
Libraries, http://www.lib.utexas.edu/maps/ams/japan/) and representative species of the Pachyrhynchus orbifer complex in the Taiwan–Luzon
volcanic belt. (b) Predicted tree topology derived from the hypothesis of stepping-stone by island distance. (c) Predicted tree topology derived
from the hypothesis of stepping-stone by island age (geological ages derived from Yang et al., 1996 and Osozawa et al., 2012). The islands of
the Taiwan–Luzon volcanic belt only became subaerial c. 3 Ma (Yang et al., 1996). Solid arrows are predicted directions of colonization; dotted
arrows are unobserved colonization events of the islands currently with no P. orbifer. Grey arrows are predicted colonization events following
the emergence of the islands (progression rule) [Colour figure can be viewed at wileyonlinelibrary.com]
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southern islands were longer than those of the species from their

neighbouring northern islands in sequence (Figure 1b, c). If the

colonization occurred via the progression of island age, we pre-

dicted that the divergence time of species in the Luzon/Camiguin/

Babuyan and Orchid/Green/Yaeyama Islands were near the time

when these islands emerged (Figure 1c, grey arrows). (3) If more

ancient colonization occurred in the southern (Figure 1b) or older

(Figure 1c) islands, species on these island were predicted to have

a history of a stable or declining population size, whereas species

from the northern (Figure 1b) or younger (Figure 1c) islands

showed a demographic expansion following a population bottle-

neck (recent colonization).

Collecting trips to the Batanes and Babuyan Islands revealed

island populations of P. orbifer that displayed similar stripe patterns,

but different colours, in extant species (Figure 1a). The extensive

and characteristic stripe and colour variation of endemic island popu-

lations suggest that the widespread P. orbifer (Schultze, 1923) might

comprise a number of cryptic species, necessitating closer investiga-

tion of its species boundary. A recent study of P. sonani from Orchid

and Green islands based on combining morphological, molecular and

ecological data supported two distinct species by island origin (Chen

et al., 2017). Therefore, we used coalescent-based species delimita-

tion methods to test the hypothesis that each island population of

the P. orbifer complex forms a distinct species.

2 | MATERIALS AND METHODS

2.1 | Taxon sampling

Pachyrhynchus weevils were collected from 11 locations between

Northern Luzon and Southern Ryukyus, including the Cagayan Pro-

vince (Claveria), Babuyan Islands (Camiguin, Fuga, Dalupiri, Calayan

and Babuyan), Batanes Islands (Itbayat), Orchid Island, Green Island

and Yaeyama Islands (Ishigaki and Iriomote) (Figure 1a, Appendix S1

in supporting information). Our samples comprised three known

(Northern Luzon, Batanes and Fuga Island) (Kano, 1936; Schultze,

1923) and four newly recorded populations of P. orbifer Waterhouse,

1841 and closely related species (P. sonani Kono, 1930 and P. infer-

nalis Kano, 1897). Specimens of closely related P. speciosus Water-

house, 1841 (Samar Island), P. tobafolius Kano, 1929 (Orchid Island)

and P. nobilis yamianus Kano, 1929 (Orchid Island) were used as out-

groups for the phylogenetic analyses.

2.2 | DNA extraction and sequencing

Genomic DNA was extracted from the legs or thoracic muscles

(DNA Mini Kit, Favorgen Biotech, Taiwan). The DNA fragments of

two mitochondrial (cytochrome c oxidase subunit 1, CO1; NADH

dehydrogenase subunit 2, ND2) and two nuclear genes (elongation

factor 1-a, EF1-a; ribosomal internal transcribed spacer, ITS) were

amplified and sequenced using a combination of newly designed and

published primers (PCR, sequencing, sequence editing and alignment,

Appendix S2).

2.3 | Phylogenetic analyses and topology test

Phylogenetic relationships were reconstructed using maximum likeli-

hood (ML) in RAxML-VI-HPC (Stamatakis, 2006) and Bayesian infer-

ence (BI) in MRBAYES 3.2.2 (Ronquist et al., 2012) (Appendix S3).

Phylogenetic data were deposited in the Dryad Digital Repository

(https://doi.org/10.5061/dryad.25fc4). We evaluated the topological

prediction (Figure 1b) using likelihood-based methods in CONSEL

0.1i (Shimodaira & Hasegawa, 2001). Per site log likelihoods of alter-

native tree topologies (constrained topology of the stepping-stone

hypothesis, Figure 1b versus the topology of our best tree, Figure 2)

were estimated from ML heuristic searches of 1,000 generations

using RAxML-VI-HPC (Stamatakis, 2006). The p-value of the tests

was calculated with 10,000 bootstrap replicates. The topological

hypotheses with a p-value < .05 were rejected.

2.4 | Divergence time estimation

The divergent times were estimated in BEAST 1.8.2 (Drummond,

Suchard, Xie, & Rambaut, 2012), based on an uncorrelated lognormal

relaxed clock model. The substitution models were unlinked among

gene partitions. The upper and lower bounds of the mutation rate in

mitochondrial DNA (mtDNA) were applied, based on the standard

(0.0115 mutations site�1 Myr�1; Brower, 1994) and a revised molec-

ular clock for insects (0.0177 mutations site�1 Myr�1; Papadopoulou,

Anastasiou, & Vogler, 2010), with the caveat that the rates of molec-

ular evolution might be accelerated in flightless weevils (T€anzler

et al., 2016). The substitution rate of EF1-a and ITS followed the

mutation rate of synonymous substitution for nuclear genes (0.016

mutations site�1 Myr�1; Moriyama & Gojobori, 1992) (Appendix S4).

2.5 | Ancestral range and historical dispersal

The ancestral range and biogeographical history were reconstructed

using Bayesian binary Markov chain Monte Carlo (MCMC) (BBM)

(Ronquist & Huelsenbeck, 2003) methods implemented in RASP 3.2

(Yu, Harris, Blair, & He, 2015) and a R package, “BioGeoBEARS”

(Matzke, 2013a). The analysis used the best trees generated from

the BI analyses (Figure 2), with the range of the specimens coded as

the island of origin (Appendix S6).

2.6 | Population demographic history and species
delimitation

The demographic histories of weevils on 10 islands (Claveria, Cami-

guin, Fuga, Dalupiri, Calayan, Babuyan, Itbayat, Orchid, Green and

Yaeyama Islands) were inferred from multi-locus data using coales-

cent-based extended Bayesian skyline plot (EBSP) (Heled & Drum-

mond, 2008) implemented in BEAST 1.8.2 (Drummond et al., 2012)

(Appendix S8). The species boundaries were estimated using the

multi-species coalescent model (MSC) and reversible-jump Markov

chain Monte Carlo (rjMCMC) algorithms in BPP 3.1 (Yang, 2015)

(Appendix S7).

92 | TSENG ET AL.

https://doi.org/10.5061/dryad.25fc4


3 | RESULTS

3.1 | Phylogeny and topological test of the
stepping-stone hypothesis

A sequence matrix of 4,050 base pairs was obtained from 93

ingroup and three outgroup taxa. The CO1, ND2 and ITS gene trees

all resulted in well-resolved phylogenetic relationships, with the

majority of the lineages clustered according to the island of origin

(Appendix S5). In contrast, the EF1-a gene tree showed only a few

clusterings by island origins (Green + Itbayat, Dalupiri and Fuga) but

limited phylogenetic structure among island lineages. The phylogeny

of the combined data indicated a well-resolved tree with strong

branch supports (LB/BPP > 99%/1.0) for seven reciprocally mono-

phyletic lineages grouped by current island boundaries (Camiguin,

Fuga, Dalupiri, Calayan, Babuyan, Orchid and Yaeyama Islands),

except for a sister Green + Itbayat lineage (Figure 2, node 1).

Because the island populations were reciprocally monophyletic, we

also reconstructed the species tree using coalescence-based analyses

in *BEAST (Appendix S4). The majority of the sister relationships of

the species tree were similar to that of the tree inferred from con-

catenated data, with the inconsistency of tree topologies that are

not well supported. Maximum likelihood topological tests (AU, KH,

SH, WKH and WSH) of phylogenetic hypotheses all significantly sup-

ported the topology of the best tree (Table 1; Figure 2) and rejected

the tree topology derived from the two stepping-stone hypotheses

(p < .05; Figure 1b, c).

3.2 | Divergence time and colonization history

The divergence time estimation provided a mean estimate of c.

0.91 Ma [95% confidence interval (CI): 0.61–1.31 Ma] for the origin

of the P. orbifer complex (Figure 3, node 17). The most recent com-

mon ancestors (MRCA) of all nine extant island lineages of the P.

orbifer complex (Figure 3, node 1–8 and 18) fell within the time-

frame of the late Ionian to Tarantian (in the late Pleistocene)

between 0.27 and 0.05 Ma (Figure 3, node 7, 95% CI: 0.12–

0.48 Ma; node 18, 95% CI: 0.01–0.12 Ma), with the majority of

island lineages originating c. 0.2 Ma. The youngest island lineage

was found only c. 50,000 years ago in Itbayat (Figure 3, node 18).

The majority of the southern island lineages (Calayan, Camiguin,

Babuyan and Dalupiri, but not Fuga) were older than that of their

northern counterparts (Itbayat, Green and Yaeyama Islands), except

for Orchid Island among the older island lineages (Figure 3). BioGeo-

BEARS analyses showed that the best-fit model was DIVA-LIKE + J

(LnL = �37.6159, AIC = 81.2317) (Table 2). This model inferred a

F IGURE 2 Phylogeny of Pachyrhynchus orbifer complex of the Taiwan–Luzon volcanic belt reconstructed from the combined data using
maximum likelihood (ML) analyses of 1,000 bootstrap replicates of the rapid hill-climbing algorithm in RAxML-VI-HPC and Bayesian inference
(BI) of 1 9 108 generations of Markov chain Monte Carlo (MCMC) processes in MRBAYES v3.2.2. Numbers near the nodes are branch
support values of the likelihood bootstrap (LB)/Bayesian posterior probability (BPP). Numbers in blue dots are node numbers of the tree
[Colour figure can be viewed at wileyonlinelibrary.com]
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process of combining dispersal, extinction and peripatric events for

diversification among extant islands, and highlighted the essential

process of founder speciation for generating endemic diversity in

these oceanic islands. Ancestral range reconstruction of BBM and

DIVA-LIKE + J provided comparable results in recently diverged

nodes (Figure 3). Among deeper nodes, only BBM distinguished

higher probable ancestral areas, whereas the DIVA-LIKE + J model

showed ambiguous reconstruction (Figure 3). We therefore inter-

preted the colonization history based on the results of the BBM

analyses. Two major historical colonization routes were identified for

the P. orbifer complex (Figure 4, solid versus open arrows); the first

route (solid arrows) suggested that the ancestral P. orbifer probably

originated from Northern Luzon [given an equally probable ancestral

range of Luzon (32.4%) and Dalupiri (32.4%)] and then first split and

moved to Dalupiri Island c. 0.84 Ma (Figure 3, node 13, 95% CI:

0.56–1.22 Ma; Figure 4a, dispersal 1). The descendent lineage of

Dalupiri Island dispersed remotely to Northern Yaeyama Island (Fig-

ure 3, node 11, Yaeyama: 20.19%) c. 0.76 Ma (95% CI: 0.49–

1.10 Ma; Figure 4a, dispersal 3), then spread southward to Green

Island (Figure 3, node 10, Green: 47.9%, Orchid: 40.21%) c. 0.53 Ma

(95% CI: 0.34–0.80 Ma; Figure 4b, dispersal 5) and later travelled a

long distance from Yaeyama southward to Fuga Island (Figure 3,

node 12, Fuga: 45.75%) c. 0.47 Ma (Figure 3, node 12, 95% CI:

0.23–0.78 Ma; Figure 4c, dispersal 7). The ancestral lineage of

Orchid Island originated from Green Island (Figure 3, node 2, Green:

99.7%) c. 0.23 Ma (Figure 3, node 2, 95% CI: 0.08–0.46 Ma; Fig-

ure 4d, dispersal 8), and later the ancestral Green Island lineage dis-

persed southward towards Itbayat Island only 50,000 years ago

(Figure 3, node 18; Figure 4d, dispersal 9). The second colonization

route (open arrows) indicated that the ancestral P. orbifer dispersed

from Northern Luzon to Calayan Island (Figure 3, node 16, Northern

Luzon: 71.64%; node 15, Calayan: 67.09%) c. 0.76 Ma (Figure 3,

node 16, 95% CI: 0.49–1.14 Ma; Figure 4a, dispersal 2), subse-

quently colonized nearby Camiguin Island (Figure 3, node 15, Cami-

guin 41.68% and Babuyan 41.55%) c. 0.64 Ma (Figure 3, node 15,

95% CI: 0.39–1.00 Ma; Figure 4b, dispersal 4), and later spread to

the neighbouring Babuyan Island nearly 0.50 Ma (Figure 3, node 14,

95% CI: 0.27–0.80 Ma; Figure 4c, dispersal 6). We inferred alterna-

tive colonization histories to assess the robustness of our interpreta-

tion of the data (Appendix S6). The eight alternative colonization

scenarios contained on average of five long distance (between non-

neighbouring islands) and four short-distance dispersals (between

neighbouring islands), and four northward and five southward

events.

3.3 | Species status and demographic history

The BPP species delimitation suggested a total of 10 species corre-

sponding to current island boundaries (Figure 3, nodes marked with

an asterisk) and supported by high posterior probability (0.99–1.0;

Appendix S7). The results indicate that previously recognized P.

sonani might consist of two cryptic species that originated from

Green and Orchid Island (Figure 3, nodes 1 and 2) (Chen et al.,

2017). Other lineages with similar colour stripes from neighbouring

(N. Luzon versus Fuga; Camiguin versus Calayan) and distant islands

(Babuyan versus Green/Orchid) were each assigned to putative spe-

cies (Figure 3; Appendix S7). EBSP analyses suggested that the 95%

HPD of the number of demographic population size changes

included zero in nine island populations (except Claveria of N. Luzon;

Appendix S8), indicating that historical sizes of these populations lar-

gely remained constant during the time period. The population of P.

orbifer from Northern Luzon underwent recent population growth

starting c. 0.1 Ma (Appendix S8). The populations of Green, Itbayat,

Babuyan, Camiguin and Dalupiri Islands had the highest frequency of

one population size change, suggesting only a minor trend towards a

recent increase in the size of these populations.

4 | DISCUSSION

4.1 | Rejecting the strict stepping-stone hypothesis

Our analyses show that the divergence time of all extant island lin-

eages of the P. orbifer complex fall within the last 1 Myr. This time-

frame of diversification is much more recent than the geological age

of the islands (average: 22.4–1.7 Myr) and the subaerial existence of

most older islands (c. 3 Myr). Because all the islands likely have been

present when the weevils first colonized; therefore, we did not

expect the weevils to follow the island age progression. Indeed, the

results of divergence time showed that the colonization of the P.

orbifer complex did not follow the island age progression. The tree

topology of the P. orbifer phylogeny also suggested inconsistency

with the expectation of age progression from older to younger

islands, except for Camiguin and Babuyan islands. Therefore, our

results reject the hypothesis of stepping-stone by island age for P.

orbifer.

Although most island lineages of the Southern Taiwan–Luzon

volcanic belt are older than that of their northern counterparts, indi-

cating the noticeable effect of a northward stepping-stone by island

distance, the temporal order of origin of these island lineages did

not follow a linear sequence of spatial arrangement in the

TABLE 1 Maximum likelihood values and statistics calculated in
RAxML-VI-HPC and CONSEL for alternative tree topologies of the
stepping-stone hypothesis (Figure 1b, c) and the best phylogenetic
tree of the Pachyrhynchus orbifer complex in the Taiwan–Luzon
volcanic belt (Figure 2)

Hypotheses Likelihood AU KH SH WKH WSH

Stepping-stone

by island

distance

�12341.086 1e�011 0 0 0 0

Stepping-stone

by island age

�12305.422 1e�015 0 0 0 0

Best tree �11815.909 1 1 1 1 1

AU, approximately unbiased test; KH, Kishino–Hasegawa test; SH,

Shimodaira–Hasegawa test; WKH, weighted Kishino–Hasegawa test; and

WSH, weighted Shimodaira–Hasegawa test.
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archipelago. The results of historical demography suggest that none

of the island lineages showed recognizable population fluctuations,

and there was no apparent pattern of southern stable versus north-

ern expansion among island lineages. Together, these findings estab-

lish that the direction, sequence, timing and demographic history of

the colonization of the P. orbifer complex were not correlated with

the geo-historical organization of the islands in a south–north suc-

cession, as predicted from the strict stepping-stone hypothesis by

distance. Alternatively, our findings indicate that the P. orbifer com-

plex of the Taiwan–Luzon volcanic belt had a complex colonization

history of both northward and southward directions with short- and

long-distance dispersal events.

F IGURE 3 Divergence time, species delimitation and ancestral area of the Pachyrhynchus orbifer complex in the Taiwan–Luzon volcanic belt.
Pachyrhynchus speciosus and Pachyrhynchus tobafolius were used as outgroups. The pie charts specify the relative probability of the ancestral
area of nodes based on the BBM model, with arrows indicating the highest posterior probability of the reconstructed area. The colour squares
represent the most probable ancestral area estimated from the best-fit model DIVA-LIKE + J in BioGeoBEARS. An asterisk indicates the
Bayesian posterior probability calculated in BPP, where all members within a lineage belonging to one species is ≥0.99 (Appendix S7). Numbers
in blue dots are node numbers of the tree [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Model selection of ancestral
area reconstruction of BioGeoBEARS for
the Pachyrhynchus orbifer complex in the
Taiwan–Luzon volcanic belt

Log likeli-
hood

Number of
parameters d e j AIC

DEC �45.863 2 0.053081 0.173657 0 95.72594

DEC + J �42.7932 3 1.00E�12 0.145533 0.004753 91.58633

DIVALIKE �37.6794 2 0.052299 1.00E�12 0 79.35875

DIVALIKE + J �37.6159 3 0.042183 1.00E�12 0.000869 81.2317

BAYAREALIKE �60.8371 2 0.061572 1.503288 0 125.6743

BAYAREALIKE + J �56.7928 3 0.012976 1.439617 0.003612 119.5857
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Pachyrhynchus weevils are wingless, sedentary insects with a

considerable degree of host plant specialization that precludes the

mobility of organisms as a possible explanation for the inferred com-

plex colonization history. Insular P. orbifer is a recent lineage that

diverged during the Pleistocene, when all extant islands of the archi-

pelago had emerged above sea level. Thus, the non-linear, more

complex spatial and temporal settings of the Taiwan–Luzon volcanic

belt and stochastic dispersal were probable key factors shaping the

colonization history of the P. orbifer complex.

4.2 | Complex inter-island colonization and
peripatric founder speciation as major drivers of
diversification

One of the most striking patterns of Pachyrhynchus’s diversifica-

tion is the apparent stochastic nature of inter-island colonization.

Nevertheless, diversification of the P. orbifer complex in the Tai-

wan–Luzon volcanic belt appears to have occurred only between

islands. This study shows that colonization of new islands always

leads to speciation among Pachyrhynchus lineages. These findings

therefore strongly suggest that peripatric speciation through foun-

ders of stochastic dispersals was the major evolutionary driver of

diversification. Peripatric speciation by founder events can be a

predominant mode of speciation on oceanic islands, given pro-

longed periods of isolation between ancestral and founder popula-

tions, and through the effect of genetic drift and environmental

heterogeneity among islands (Mayr, 1954; Templeton, 1980). Our

finding of no closely related Pachyrhynchus species inhabiting the

same island indicates that the process of in situ speciation within

individual islands was less important than inter-island diversifica-

tion. Ecological differentiation within an island does not seem to

have occurred among any lineages of the P. orbifer complex in the

Taiwan–Luzon volcanic belt.

The second unique feature of Pachyrhynchus’s diversification is

the evident long-distance dispersal between the northern and south-

ern edges of their distribution. At least three of the nine evolutionar-

ily successful colonization events accomplished were caused by

long-distance dispersal (i.e. dispersal between non-neighbouring

extant islands in the archipelago; Figure 4, dispersal events 3, 7 and

9) (alternative scenarios, Appendix S6). This finding reinforces the

notion that a single extreme long-distance dispersal event could be

equally or more probable than multiple shorter dispersal events (i.e.

the stepping-stone model), given that probabilities multiply in a chain

of independent consecutive rare events (Nathan, 2006). Within the

Taiwan–Luzon volcanic belt, long-distance dispersal by skipping the

stepping-stone islands in between has been inferred for the Philip-

pine bulbuls (Microscelis amaurotis) from Japan to the Babuyan and

Batanes Islands (Oliveros & Moyle, 2010), and for Kikuchi’s geckos

(Gekko kikuchii) from Luzon to Orchid Island (Siler et al., 2014). How-

ever, the prevalence of long-distance dispersal in the Taiwan–Luzon

volcanic belt shown herein and in earlier studies requires further

examination by comparative analyses of colonization histories and

community assemblies across taxonomic groups (Shaw & Gillespie,

2016).

F IGURE 4 Inferred dispersal history of the Pachyrhynchus orbifer complex across the Taiwan–Luzon volcanic belt. (a) 0.75–1.00 Ma: the first
two colonization events from Luzon to Dalupiri (0.84 Ma) and Calayan (0.76 Ma), and then a long-distance dispersal from Dalupiri to Yaeyama
(0.76 Ma); (b) 0.50–0.75 Ma: one southward dispersal from Calayan to the neighbouring island of Camiguin (0.64 Ma), and the other dispersal
event from Yaeyama to Green Island (0.53 Ma); (c) 0.25–0.50 Ma: one northward dispersal from Camiguin to adjacent Babuyan Island
(0.50 Ma), and one southward long-distance dispersal from Yaeyama to Fuga (0.47 Ma); and (d) 0–0.25 Ma: two southward dispersals including
one dispersal from Green Island to Orchid Island (0.23 Ma), and the other from Green Island to Itbayat (0.05 Ma). Blue and red arrows
represent northward and southward dispersal, respectively. Solid and open arrows indicate the two major dispersal routes [Colour figure can
be viewed at wileyonlinelibrary.com]
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The enormous diversity of weevils is often attributed to adapta-

tion and co-evolution to the complexity and diversity in phenotypes,

life histories and habitats of flowering plants (McKenna, Sequeira,

Marvaldi, & Farrell, 2009). Available host plant records of the P. orb-

ifer complex (Appendix S9) suggest that inter-island diversification of

these weevils is almost invariably associated with shifts of host plant

range or to distantly related host plants. We hypothesize that, in

addition to founders of stochastic dispersals, ecological adaptation to

specialized host plants similar to Cratopus weevils of Mauritius (Kit-

son et al., 2013) may also have played an important role in differen-

tiation among insular Pachyrhynchus species in the Taiwan–Luzon

volcanic belt. However, the incomplete host records and occasional

host records of cultivated plants currently limit our interpretation of

co-evolution under a phylogenetic framework between the P. orbifer

complex and their host ranges.

4.3 | Probable mechanisms of overwater dispersal
of remote oceanic islands

Our analyses indicated that flightless Pachyrhynchus weevils were

capable of both short- and relatively long-distance dispersal across

the ocean, despite being able to stay afloat on water for only

several hours (Schultze, 1923). Recent studies on a few flightless

weevils have suggested that they have been able to colonize

numerous remote archipelagos and islands likely due to their long

and complex histories in the regions (Claridge et al., 2017;

Machado et al., 2017; T€anzler et al., 2016). However, the mecha-

nism and transporting vectors of effective long-distance dispersal

across oceanic barriers remain elusive for these weevils. One

potential mechanism of cross-oceanic dispersal is drifting on float-

ing vegetation, wood and debris due to oceanic currents. Rafting

of terrestrial organisms to remote oceanic islands has been

reported from a range of floating substrates and across all major

oceans of the world (Peck, 1994; Thiel & Gutow, 2005). In partic-

ular, live adult weevils of Sphenophorus sp. and Macrancylus linearis

were found on drifting debris offshore of Puerto Rico (Heatwole

& Levins, 1972). Therefore, it is probable that Pachyrhynchus wee-

vils may have colonized the Taiwan–Luzon volcanic belt through

rafting as adults on floating substrates, or as eggs, larvae and

pupae inside the stems and fruits of their host plants. Larvae of

wood-boring beetles such as Pachyrhynchus weevils are among the

most frequent insects found on floating items on the open sea

(Heatwole & Levins, 1972). This wood-boring habit may facilitate

their isolation from saltwater, thereby increasing their survival at

sea. One of the host plants of Pachyrhynchus weevils, the fish poi-

son tree (Barringtonia asiatica), has rather large box-shaped fruit

with thick spongy fibrous layers. The fruit is extremely water-

resistant and buoyant, and possibly represents adaptations for sea

dispersal via the ocean current (Tsou & Mori, 2002). These spe-

cialized fruits of B. asiatica could serve as floating vehicles and

simultaneously as a food source during the oceanic journeys of

larval Pachyrhynchus.

The regional dominant Kuroshio current may also have been

important in facilitating northward rafting of Pachyrhynchus weevils

across the Taiwan–Luzon volcanic belt, especially the relatively

long-distance dispersal event (Dalupiri to Yaeyama Islands,

>600 km). Nevertheless, only four of nine historical colonization

events in Pachyrhynchus weevils have been northward dispersals,

and three of the these four events were relatively short-distance

dispersals between neighbouring islands at the southern end of

the Taiwan–Luzon volcanic belt (Figure 4). The remaining historical

colonization events were all southbound dispersals, including two

long-distance dispersal events from Yaeyama Islands to Fuga (c.

650 km) and from Green to Itbayat Island (c. 215 km). These find-

ings indicate other unidentified mechanisms besides Kuroshio cur-

rent, such as prevailing north-eastern monsoons, strong typhoon

winds or stochastic movements (largely moving north–south direc-

tion) of surface flows in the region (Stommel & Yoshida, 1972),

which could have directed the historical southward colonization

routes of Pachyrhynchus weevils.

4.4 | Cryptic species diversity and conservation of
island endemics

The diversification of invertebrate fauna in the Philippines was

poorly studied until recently (Su, Wang, Villanueva, Nu~neza, & Lin,

2014), especially for species colonizing the smaller islands at the

fringe of the archipelago. Our study provides the first compelling

evidence of a recent diversification of invertebrates across small

oceanic islands lying at the northern periphery of the Philippine

archipelago between Taiwan and Luzon. In contrast to earlier taxo-

nomic arrangements of Pachyrhynchus weevils based mainly on col-

our pattern (Kano, 1929; Schultze, 1923; but see Yoshitake, 2013),

we have evidence of seven cryptic, but divergent, monophyletic spe-

cies of P. orbifer, as delimitated through statistical inferences from

genetic data. Species of P. orbifer complex with similar colouration

were sometimes not the most closely related sister taxa (e.g. P.

sonani of Orchid Island and P. orbifer of Babuyan Island; P. orbifer of

Fuga and Northern Luzon). These findings indicate that colour mark-

ings of the P. orbifer complex can evolve rapidly and show little phy-

logenetic conservatism, such as the loss of colour markings in P.

infernalis on Yayeyama Island and the frequent evolutionary transi-

tions of stripe colours between sister Pachyrhynchus species. We

propose that all seven identified P. orbifer should be recognized as

candidate species based on the monophyletic lineages, the statistical

species limits, and in combination with their isolated distributions,

host plant ranges and colour variation.

The most remarkable scenario of cryptic diversification in this

study was obtained from the surprisingly large genetic divergence

between morphologically identical P. orbifer of Barit Island (Figure 2,

P040) and Fuga Island (average genetic distances of four genes,

0.3 � 0.1% vs. 0.1 � 0.04% between Itbayat and Green Island). These

two islands currently are only 1.2 km apart (Figure 1a) but were uni-

fied into a single larger island during the Pleistocene glacial cycles. The
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substantial genetic divergence between weevils of these two extre-

mely close neighbouring islands suggests a strong isolation effect of

the oceanic barrier or priority effects due to the order and time of col-

onization (De Meester, Vanoverbeke, Kilsdonk, & Urban, 2016;

Fukami, 2015). This high genetic differentiation at fine spatial scales

highlights that the diversity of cryptic species of Pachyrhynchus wee-

vils on smaller oceanic islands may still be largely underestimated (e.g.

flightless Trigonopterus weevils in Bali, T€anzler, Toussaint, Suhardjono,

Balke, & Riedel, 2014). Conservation of insular species and endan-

gered populations in their peripheral ranges is crucial for preserving

rare alleles and unique phenotypes. These rare alleles and localized

phenotypes are of particular interest because they may be responsible

for the adaptation of endemic island species to local habitats.
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