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ABSTRACT
Aim: To clarify the characteristics and contribution of oceanic dispersal (OD), a representative of long-distance dispersal, to 
phylogenetic diversification on insular systems.
Location: Eastern Eurasia.
Time Period: Post-Neogene.
Major Taxa Studied: Freshwater snails of the genus Gyraulus (Mollusca: Gastropoda).
Methods: We conducted comprehensive sampling across the entire distribution range of G. chinensis group, including several 
continental and oceanic islands. To evaluate the evolutionary history of the group and the role of OD in diversification, we 
obtained genome-wide data using high-throughput sequencing and conducted phylogenetic analyses using three analytical ap-
proaches. We then assessed the relationship between phylogenetic and geographic distance separately in three distinct regions, 
using model fitting to evaluate the impact of dispersal mode on current phylogenetic diversity. The frequency and characteristics 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.

© 2025 The Author(s). Global Ecology and Biogeography published by John Wiley & Sons Ltd.

https://doi.org/10.1111/geb.70114
https://doi.org/10.1111/geb.70114
mailto:
https://orcid.org/0000-0003-1400-4523
https://orcid.org/0000-0001-5408-0702
https://orcid.org/0000-0001-8690-047X
mailto:saito.zef@gmail.com
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgeb.70114&domain=pdf&date_stamp=2025-09-19


2 of 17 Global Ecology and Biogeography, 2025

of OD events were then estimated by conducting biogeographic analyses on two time-calibrated phylogenies produced using two 
separate geographic calibration events.
Results: Phylogenies revealed a well-supported monophyletic Gyraulus clade with a broad distribution across Eastern Eurasia 
and the presence of several internal geographic lineages. On the two insular regions, a power-law model best described the re-
lationship between phylogenetic and geographic distances, suggesting limited dispersal and diversification through infrequent 
OD events. Divergence time estimations suggested that Gyraulus diversification originated after the late Miocene. The Oriental 
region of Eurasia was the most frequent source of dispersal. Across all trees, 6–8 OD events were estimated throughout the entire 
period, primarily on oceanic islands, with a single exception on a continental island at high latitudes. OD frequently originated 
from non-adjacent regions, in contrast to other dispersal events. Longitudinal dispersal was more frequent than latitudinal dis-
persal, and geographic lineages exhibited widespread longitudinal distributions.
Main Conclusions: OD exhibits a distinctive nature compared to other forms of dispersal. The interplay of oceanic barriers and 
rare OD events has shaped current biodiversity patterns on Asian insular systems.

1   |   Introduction

Dispersal plays a fundamental role in shaping and main-
taining spatial biodiversity patterns and has been exten-
sively studied in the fields of ecology and evolution (Clobert 
et al. 2012; Stevens et al. 2014). Long-distance dispersal (LDD; 
sensu Jordano  2017), including oceanic dispersal (OD; see 
de Queiroz  2005), has been a central focus in biogeography 
due to its vital role in facilitating the colonisation of less mo-
bile organisms to isolated environments, such as oceanic is-
lands (de Queiroz  2005; Cowie and Holland  2006; Gillespie 
et  al.  2012). Moreover, accumulating evidence suggests that 
LDD can contribute significantly to both species and genetic 
diversification across biological systems and geographic con-
texts, not limited to oceanic islands (de Queiroz  2005; Yuan 
et al. 2005; Hendriks et al. 2019; Korábek et al. 2022; Horsák 
et al. 2024).

However, despite increasing attention, our understand-
ing of the general role of LDD in the diversification process  
remains limited and many questions regarding the im-
pact of LDD on diversification persist (Matzke  2014; Dupin 
et  al.  2017). For example, how often does LDD-associated 
diversification occur? Is LDD a major driver of current  
patterns of genetic structure in natural populations? Does 
LDD have specific properties that differ from other disper-
sals in shaping the process of diversification? Furthermore, 
progress in resolving these questions is hindered by the ten-
dency of phylogeographic and diversification studies of LDD 
to focus on deep phylogenetic timescales where LDD is more 
easily detected, which limits our ability to determine LDD's 
influence on more recent evolutionary dynamics (see Graham 
et  al.  2018). As genetic diversification within species or  
closely related lineages can profoundly shape current biodi-
versity patterns (Baselga et al. 2015), these phylogenetic scale 
biases present a major challenge to our ability to understand 
the impact of LDD on diversification. Consequently, the con-
tribution of LDD to recent population structure and associated 
diversification remains poorly understood. To address these 
gaps, the nature of LDD, such as the frequency, directional-
ity, and dispersal route, must be assessed in comparison with 
other forms of dispersal in phylogenetic and biogeographic 
contexts.

Here, we investigate the role of OD within the genus Gyraulus, 
a freshwater snail in the family Planorbidae (Hygrophila: 
Mollusca), in eastern Eurasia, with a particular emphasis on 
the Japanese archipelago. Small freshwater molluscs gener-
ally exhibit limited active dispersal abilities but possess high 
passive dispersal potential (Kappes and Haase  2012), and 
thus several species or species complexes are characterised 
by broad distributional ranges (e.g., Bespalaya et  al.  2024). 
Simultaneously, the population and phylogenetic structure 
of freshwater mollusc species often mirror the geologic his-
tory of the region, which reflects the impact of biogeogra-
phy on diversification (e.g., Schultheiß et  al.  2014; Zielske 
et  al.  2017). Indeed, Gyraulus species population structure 
appears to be affected by dispersal barriers such as oceans 
and mountains, despite their wide distribution (von Oheimb 
et  al.  2013; Saito, Sasaki, et  al.  2022). Previous phylogenetic 
and taxonomic studies of Gyraulus have revealed the presence 
of multiple clades in eastern Eurasia, and one of these mono-
phyletic clades (clade A in Saito, Hirano, et al. 2018) is broadly 
distributed across eastern Eurasia, including much of the 
Japanese archipelago (Saito, Hirano, et al. 2018; Saito, Sasaki, 
et al. 2022). Although the taxonomy of most Gyraulus remains 
unresolved, this monophyletic clade seemingly corresponds to 
the recognised species Gyraulus chinensis (Dunker, 1848) or a 
species complex encompassing closely related lineages (Saito 
et al. 2020). The differentiation of these Gyraulus lineages in 
the Japanese archipelago may also have been driven by recur-
rent periods of isolation of the Japanese archipelago from the 
Eurasian continent (Saito, Hirano, et al. 2018). However, the 
role of OD vs. intraregional dispersal in the diversification 
process of Gyraulus remains unclear. The Gyraulus lineages 
on the continental islands of eastern Eurasia therefore provide 
an ideal model system to clarify the characteristics and im-
pacts of OD on diversification among closely related lineages.

In this study, we examine LDD in the form of OD within 
Gyraulus freshwater snails from the Japanese Archipelago to 
assess how LDD shapes diversification across both shallow and 
deep phylogenetic timescales in insular systems. By combining 
comprehensive geographic sampling with genome-wide data 
and phylogenetic and biogeographic analyses, we estimate the 
propensity of OD and other factors to influence diversification 
across the evolutionary history of Gyraulus. We then compare 
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our estimated rates and OD dispersal events to other studies of 
LDD in previously published studies of insular systems.

2   |   Materials and Methods

2.1   |   Location, Sampling and DNA Isolation

The Japanese archipelago primarily consists of several' large 
continental islands on the eastern edge of the Eurasian con-
tinent, as well as a few smaller oceanic islands. The geologic 
history of the archipelago is complex and is characterised by 
repeated connections and isolations from the Eurasian conti-
nent (Ninomiya et al. 2014). This complex geographic history 
has fostered exceptional biodiversity, making the Japanese ar-
chipelago one of the world's recognised biodiversity hotspots 
(Motokawa and Kajihara  2017). The region's high species 
diversity and well-documented geologic history make it an 
excellent model system for understanding the formation of 

insular biodiversity (Pietsch et  al.  2003). Furthermore, the 
presence of numerous isolated islands provides a clear oppor-
tunity to identify OD events in Gyraulus, as a representative 
of LDD, through the integration of geological and divergence 
time data (Patiño et al. 2017).

We sampled Gyraulus specimens from 182 localities, includ-
ing 33 islands and the Eurasian continent, covering the entire 
Japanese archipelago and most of the continental distribution 
range of the lineage (Figure 1 and Table S1). A total of 227 sam-
ples (up to three individuals per locality) were used, and these 
duplicate samples (two for 27 and three for three localities) were 
employed to verify whether multiple lineages coexist at the same 
locality. Additionally, samples were collected from artificial 
aquaria to evaluate introduced lineages that could potentially 
skew phylogeographic interpretations. All sampling localities 
were mapped using ‘ggOceanMaps 1.3.4’ (Vihtakari 2022) on R 
version 4.2.2 (R Core Team 2022). Samples were stored in 99.5% 
ethanol, and the total DNA was isolated from the tissue using 

FIGURE 1    |    (a–c) Geographic maps showing the sample locations used in this study. Letters and colours indicate geographic regions or sample 
origins (including aquarium and introduced populations). Maps were generated using the ‘ggOceanMaps’ in R version 4.2.2. For detailed sample 
information, refer to Table S1. (d) Geographical frameworks applied in this study. Detailed explanations on the geographic frameworks and classifi-
cation can be found in Document S1.
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the DNeasy Blood & Tissue Kit (Qiagen Inc., Germany) follow-
ing the manufacturer's standard protocol.

2.2   |   SNPs Detection and Phylogenetic Analyses

Previous phylogeographic studies in this region often relied 
on only a few markers like mitochondrial genes and risked 
misrepresenting evolutionary history due to their inability to 
infer and distinguish evolutionary artefacts (e.g., introgres-
sion, incomplete lineage sorting; Degnan and Rosenberg 2009; 
Toews and Brelsford  2012) and insufficient resolution to cap-
ture recent diversification events (Parks et al. 2009), potentially 
overlooking OD processes. Here, we utilise a phylogenomics 
approach using high-throughput sequencing which can offer 
reliable and high-resolution phylogeographic insights (e.g., 
Amador et al. 2022; Sano et al. 2022). To obtain genome-wide 
single nucleotide polymorphisms (SNPs), we performed double-
digest restriction site-associated DNA sequencing (ddRAD-seq; 
Peterson et al. 2012) with slight modifications described in Sano 
et al. (2022). Briefly, a total of 30 ng of genomic DNA was used 
for digestion, and the size selection was conducted using Pippin 
Prep (Sage Science, MA, USA) within the 300–350 bp range. 
DNA fragments were amplified through PCR for 8 cycles, and 
final products were sequenced at the University of Oregon (OR, 
USA) and Northwestern University (IL, USA) using Illumina 
HiSeq 4000 (Illumina, CA, USA) with 100 bp single-end reads. 
Sequenced reads were assembled de novo using ipyrad 0.7.29 
(Eaton and Overcast  2020). We specified a minimum cover-
age (min_samples_locus) of 40%, a maximum of 50% SNPs per 
locus, and a maximum of 20% indels per locus, with default set-
tings for other parameters. This process yielded 404,548 bp and 
137,797 SNPs across 2710 loci.

Based on the concatenated sequences, phylogenetic analysis 
was conducted using a maximum likelihood (ML) approach in 
IQ-TREE 2.1.3 (Minh et al. 2020). The substitution model was 
selected using ModelFinder (Kalyaanamoorthy et al. 2017) im-
plemented in IQ-TREE2 under the Bayesian information crite-
rion, and the ML phylogeny was estimated under the GTR + F 
model. The tree topology was assessed using ultrafast boot-
strapping (UFBoot; Hoang et  al.  2018) with 1000 replicates, 
Shimodaira–Hasegawa approximate likelihood ratio test (SH-
aLRT; Shimodaira and Hasegawa  1999) with 1000 replicates, 
and a Bayesian-like transformation of aLRT (aBayes; Anisimova 
et  al.  2011). UFBoot was conducted with the -bnni option to 
avoid overestimation of branch supports.

In addition to the ML approach, two additional phylogenetic 
approaches (i.e., locus tree-based and SNPs-based approaches) 
were employed to consider potential discordance between  
each gene/locus tree in biogeographic estimations. For the 
locus tree-based approach, trees of each locus were recon-
structed using IQ-TREE2 with the same settings as described 
above, and a summarised phylogeny was estimated using 
ASTRAL III (ASTRAL; Zhang et  al.  2017). The ASTRAL 
algorithm provides a robust phylogenetic estimation under 
the presence of discordance between each locus (Mirarab 
et al. 2014; Chou et al. 2015). The topological reliability was 
assessed using a coalescent-based computation (Sayyari and 
Mirarab 2016).

For the SNPs-based approach, we conducted SVDquartets (SVD; 
Chifman and Kubatko  2014) implemented in PAUP* 4.0. The 
SVDquartets algorithm can estimate robust relationships for a 
set of four taxa (quartet) using site pattern probability distribu-
tions of unlinked multi-locus data, and the estimation can be 
extended for arbitrary taxa using the agglomeration technique 
(Long and Kubatko 2019). All quartets were estimated under the 
multispecies coalescent model and were assembled and sum-
marised using the quartet Fiduccia and Mattheyses algorithm 
(Reaz et al. 2014). Node supports were evaluated using 100 boot-
strap replicates.

2.3   |   Model Fitting for Current Biogeographic 
Pattern

We assessed the impacts of past OD events on phylogenetic his-
tory using several approaches. Dispersal ability often constrains 
the genetic structures of populations within space, particularly 
within species or closely related lineages exhibiting few niche dif-
ferences (Gómez-Rodríguez and Baselga 2018; Gómez-Rodríguez 
et al. 2020). Consequently, the dispersal mode strongly influences 
the relationship between genetic and geographic structure within 
species (Chust et  al.  2016); therefore, OD, despite its accidental 
nature, is also expected to affect this relationship when species 
diversify following OD events as it leaves a distinct spatial and ge-
netic signature from other diversification processes.

Generalised linear models (GLMs; response variable: phy-
logenetic distance based on the ML tree; predictor variable: 
geographic distance) were fitted to characterise the relation-
ship between phylogenetic distance and Euclidean geographic 
distance across three geographic areas: the Ryukyu Islands, 
Mainland Japan, and the Eurasian continent (see Document 
S1 for details of geographic grouping). Two oceanic islands, 
Ogasawara and Daito, were excluded from the analysis as out-
liers due to their high isolation. In addition, introduced lineages 
were also excluded (as detailed in Document S2). Three models 
were fitted using different parameters: linear (Gaussian error 
and identity link), exponential (Gaussian error and log link) and 
power-law (Gaussian error, log link and log-transformed spatial 
distance). Phylogenetic distances were calculated using the R 
package ‘ape 5.0’ (Paradis and Schliep 2019), and geodesic dis-
tances were obtained from the coordinates of each sample lo-
cality using the ‘geopy 2.3.0’ Python library under the WGS84 
model with the Karney method (Karney  2013). Models were 
fitted using ‘betapart 1.6’ on R. The best-fit model was selected 
using the Akaike Information Criterion (AIC) whose weight 
(Wagenmakers and Farrell 2004) was calculated for each model. 
This framework was adapted from community ecology (Nekola 
and McGill  2014; Gómez-Rodríguez et  al.  2020). An asymp-
totic relationship suggests restricted dispersal, while a linear 
relationship indicates no dispersal limitation (Hutchison and 
Templeton 1999; Gómez-Rodríguez et al. 2020).

2.4   |   Divergence Time Analyses

To estimate the phylogeographic and colonisation history of a spe-
cies group, a time-calibrated tree is required to understand how 
phylogenetic divergence aligns with changes in geographic setting. 
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However, as computational power and time requirements increase 
exponentially with the number and length of sequences for diver-
gence estimation (Costa et al. 2022), we conducted divergence time 
dating using MCMCtree (Yang and Rannala 2006) implemented 
in PAML4 as this method is practical for large phylogenomic data-
sets (dos Reis and Yang 2019). For time calibration, we used two 
geographic constraints, instead of fossil calibration, as assigning 
phylogenetic positions to fossils at the intraspecific level is gen-
erally challenging (Kimura et  al.  2021) and the fossil record of 
Gyraulus in eastern Eurasia may not be well resolved. We opted 
for a geographic constraint as fossil assignments and calibrations 
are almost impossible for Gyraulus, given the poor diagnostic traits 
of their shells (Meier-Brook 1983). The first calibration was based 
on the emergence of the Daito Islands, oceanic islands formed ap-
proximately 1.89 Ma (Iryu et al. 2023). Our taxon sampling covered 
both the Northern and Southern Daito Islands, and the divergence 
between the Northern and Southern Daito Islands must have oc-
curred after the emergence of the Daito Islands.

The second calibration was the expansion of Lake Biwa to its 
present location. Lake Biwa, the largest ancient lake in Japan, 
has many endemic species and lineages (Kawanabe et al. 2020). 
Before the current Lake Biwa formed, a smaller, unstable lake 
(Paleo-Katata Lake) existed in the southern part of the present 
Lake Biwa area. This lake expanded and shifted to its current 
size and location after 0.43 Ma (Kawanabe et al. 2020). Thus, we 
set a skewed t-distribution (0.0043, 0.001. −2, 1) for the basal 
node of the Lake Biwa endemic lineage, which is well supported 
by all phylogenetic approaches (Figure S1; see Document S3 for 
complementary details of the calibration).

Using these calibrations and concatenated sequences, the gradient 
of branch length (g) and the Hessian matrix (H) were estimated 
for each tree on MCMCtree (usedata = 3) under the correlated 
clock model. The GTR model, selected as the best model in ML 
analysis, was applied for the substitution model. Then, using es-
timated g and H, divergence times were estimated for each tree 
on MCMCtree (usedata = 2). The substitution rate was roughly 
estimated using BASEML in PAML4 for the parameters of the 
prior distribution. For this estimation, the tree from IQ-TREE2 
without branch lengths was rooted at 3.75 Ma based on a previ-
ous divergence time estimate for Asian Gyraulus (Saito, Hirano, 
et al. 2018). Based on this substitution rate (3.10/100 Ma), the prior 
gamma distribution for the rate (rgene_gamma) was set as 1, 0.32 
and the prior gamma distribution for sigma (sigma2_gamma) was 
set at 1, 4.5 for each analysis. Each MCMC run was performed for 
15,000,000 iterations, with the first 5,000,000 discarded as burn-in, 
and parameters were sampled every 1000 iterations. Convergence 
of chains was assessed using Tracer v1.7 (Rambaut et al. 2018) to 
ensure effective sample sizes (ESS > 100). We replicated two ad-
ditional MCMC runs and confirmed convergence across analyses 
(ESS total > 200). Time-calibrated trees from a single MCMC run 
for each phylogenetic method (IQ-TREE2/ASTRAL/SVD) were 
used and these three time-calibrated phylogenetic trees were then 
used for biogeographic estimation.

2.5   |   Biogeographic Estimation

First, we trimmed our tree so that a single sample from the 
same locality was randomly selected and the remaining shared 

site samples were removed from the resulting time trees using 
‘ape’ in R. In addition, samples from the aquarium trade and 
samples suspected of artificial introduction based on the infor-
mation from the aquarium lineages were also excluded to in-
crease tree reliability for subsequent biogeographic analyses (as 
detailed in Document S2). Outgroups were removed and three 
time-calibrated trees (IQ-TREE2/ASTRAL/SVD) were used for 
subsequent analyses.

The resulting trees, containing 177 samples, were utilised to es-
timate ancestral geographic regions and dispersal events. These 
samples represent small populations rather than species, and to 
avoid spurious ‘speciation’ events, we employed the Markov-k 
model (Mk; Lewis 2001), which treats geographic regions as un-
ordered discrete traits. Using BioGeoBEARS (Matzke 2014), we 
compared multiple Mk models incorporating time-stratification, 
dispersal probabilities (+w), and distances between regions (+x).

Ten geographic regions, including five oceanic islands (Daito 
Islands, Ogasawara Islands, Kikai Island, Northern Tokara 
Islands, and Southern Tokara Islands), were defined based 
on the past and present geographic connectivity (Figure  1). 
Based on microfossil data, the Tsushima/Korea Strait which 
isolates Mainland Japan and the Eurasian continent formed 
around 1.7 Ma and persisted during the last glacial period (Park 
et al. 2000; Kitamura and Kimoto 2006; Hoiles et al. 2012). On 
the other hand, a paleogeographic review of the Ryukyu Islands 
indicated a synchronous isolation of islands around 1.55 Ma, 
and this review presumed that the formation of the Tsushima/
Korea Strait has occurred synchronously at 1.55 Ma (Osozawa 
et al. 2012). Therefore, we set two time scenarios: isolation of the 
Japanese and Ryukyu Islands synchronously at 1.55 or 1.7 Ma, 
implemented as the time stratifications in BioGeoBEARS. Note 
that Hokkaido Island was grouped in the continental Palearctic 
region, and Taiwan Island was included in the continental 
Oriental region, due to frequent connections to the continent 
during low sea level periods (Voris 2000; Artemova et al. 2019). 
Further details of the geographic frameworks are provided in 
Document S1.

Dispersal rate (a) was made to be a function of two matrices: dis-
tance between regions and probability of OD events compared 
to other distribution expansion. The distances were scaled as ‘1’ 
for distances < 100 km, ‘2’ for 100–500 km, and ‘3’ for > 500 km, 
based on current minimum geographic distances, as no dras-
tic land shifts occurred within the studied time scale. For the 
OD probability compared to other distribution expansion be-
tween connected regions, we set 10% (high), 1% (medium) 
and 0.1% (low) respectively. These matrices were then tuned 
by each hyper-parameter (x for the distance and w for the OD 
probability; Van Dam and Matzke  2016). Therefore, note that 
the difference in OD probability is a complement to the ML 
search as a variable initial value, and it is not a deterministic 
parameter. In total, eight models (Mk/Mk + distance-weighted/
Mk + TS + high_OD_prob/Mk + TS + medium_OD_prob/
Mk + TS + low_OD_prob/Mk + TS + distance-weighted+high_
OD_prob/Mk + TS + distance-weighted+medium_OD_prob/
Mk + TS + distance-weighted+low_OD_prob) with two time 
scenarios (i.e., TS = 1.55 or 1.7 Ma) were compared based on the 
relative weights of AIC with correction for small sample size 
(AICc weight) for three trees.
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The models with the highest AICc weight were used to estimate 
the ancestral regions. Biogeographical stochastic mapping (BSM; 
Dupin et al. 2017) was performed with 100 replicates under the 
models with AICc weight ranking 1st to 3rd to calculate the es-
timated average numbers of OD/other dispersal events before 
and after 1.55/1.7 Ma. In addition, average geographic distances 
between regions per OD/other dispersal event were calculated. 
We visualised the results of the ancestral regions and the dis-
tributions of dominant clades in the time-calibrated tree from 
IQ-TREE2 using ‘ggOceanMaps’, showing the relationships be-
tween phylogenetic diversification and geographic location.

3   |   Results

3.1   |   Phylogenetic Analyses

Our phylogenetic analyses (Figure  S1) showed a well-
supported monophyletic clade (UFBoot/SH-aLRT/aBayes/
SVD/ASTRAL = 98/99/1.00/99/100) for Gyraulus samples from 
eastern Eurasia, including the entire Japanese archipelago. 
Excluding introduced and aquarium-collected samples, sam-
ples from geographically close regions tended to form mono-
phyletic clades. These clades were frequently well-supported in 
three or four supporting trees or measures of support. However, 
the ASTRAL tree exhibited notable topological differences 
across these clades (Figure S2). Furthermore, all samples from 
the same localities demonstrated genetically close relationships, 
and these terminal monophyletic clades were well-supported in 
most cases. By contrast, branches between the entire Gyraulus 
spp. from eastern Eurasia and the geographic clades varied 
among phylogenetic methods (Figure S2).

3.2   |   Model Fitting

In both the Ryukyu Islands and Mainland Japan, the power-
law model had the lowest AIC (Figure  2 and Table  1), with 
substantial AIC differences (AIC weight = 1.000) compared to 
the second-best model. In contrast, the exponential model rep-
resented the lowest AIC for the Eurasian continental samples, 
although fewer AIC differences from the second-best model 
(linear) were observed (AIC weight = 0.818 vs. 0.182).

3.3   |   Divergence Time Estimation 
and Biogeographic Analyses

The root age of the Gyraulus spp. analysed in this  
study was estimated to be 6.49 Ma (95% CI: 5.12–6.90) in the 
case of the tree from IQ-TREE2 (Figure 3). From the root, 13 
geographic clades were estimated to have diversified by the 
end of the Pliocene, and the ages of the most crown group 
for each lineage were dated to the Late Pliocene. For ances-
tral range estimation, the Mk + TS + high_OD_prob model 
(1.55 Ma scenario: Figure  3) and Mk + TS + low_OD_prob 
model (1.7 Ma scenario: Figure  S3a) were selected based on 
AICc weight (Table  2) and few differences were observed 
between these scenarios (Figure  3 vs. Figure  S3a). In both 
time scenarios, the modified OD probability (10/1/0.1% to the 
power of w) under the maximum likelihood parameters was 
stable at 5%–6% between each initial value (Table 2). In both 
selected models, the most likely ancestral regions for initial 
divergences were in the continental Oriental or Palearctic 
regions.

On the SVD tree (Figure S2a), the root age was estimated to 
be 6.87 Ma (5.85–7.91). Geographic lineages were sequentially 
diversified by the end of the Pliocene, and the most crown 
group ages of each lineage were estimated to be around the 
Late Pliocene. The Mk + TS + w1% model (1.55 Ma scenario: 
Figure  S2a) and Mk + TS + high_OD_prob model (1.7 Ma 
scenario: Figure  S3b) were selected based on AICc weight 
(Table  2), again with limited differences between these sce-
narios (Figure S2a vs. Figure S3b). Ancestral regions for ini-
tial divergences were most likely the continental Palearctic or 
Oriental regions.

The ASTRAL tree (Figure S2b) yielded an older root age es-
timate (8.91 Ma [7.85–9.91]). Geographic lineages were di-
versified until the early Pliocene, with the most crown group 
ages dating to the Pliocene. The Mk + TS + low_OD_prob 
model (1.55 Ma scenario: Figure S2b) and Mk + TS + distance-
weighted + low_OD_prob model (1.7 Ma scenario: Figure S3c) 
were selected based on AICc weight (Table  2), with limited 
differences between scenarios (Figure  S2b vs. Figure  S3c). 
The most likely ancestral regions for initial divergence were 
the continental mainland Japan.

FIGURE 2    |    Scatter plots illustrating the relationships between phylogenetic and geographic distances for each sample. Regression lines were 
derived based on the best-fit models identified using Akaike Information Criterion.
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3.4   |   Dispersal Stochastic Mapping

On the tree from IQ-TREE2, the continental Oriental region 
seemed to be the most frequent source of dispersal before 1.55 Ma 
(Figure  4 and Table  S3). Approximately two average dispersal 
events were estimated from the Oriental region to Central and 
Southern Ryukyus (2.03 and 1.92 events), and one or two disper-
sal events to Mainland Japan (1.24) and the continental Palearctic 
region (1.72). The Oriental region was inferred as a source of OD 
to the Northern Tokara Islands (0.40 events). Conversely, dispersal 
from Mainland Japan to the Oriental region (0.85 events) and from 
the Palearctic region to the Oriental region (1.89) were also esti-
mated. The dominant source regions for OD to the Daito Islands 
were estimated as the Oriental region and Southern Ryukyus (0.53 
and 0.37 events), and those to the Ogasawara Islands were esti-
mated as the Oriental region and Palearctic region (0.28 and 0.23). 
After 1.55 Ma, approximately a single OD was estimated from 
Mainland Japan to the Palearctic region (0.99 events). In addition, 
the Central Ryukyus seemed to be the dominant dispersal source 
regions for Kikai Island (0.98 events) and the Southern Tokara 
Islands (0.86), while the Oriental region remained to be the possi-
ble source for the Northern Tokara Islands (0.43). In total, 6–7 OD 
events (6.59) were estimated, representing 32.9% within all disper-
sal events. The average geographic distance between regions per a 
single OD event was approximately 553 km, while the distance per 
other dispersal was 190 km (Figure 4). Similar estimations were 
obtained from the 1.7 Ma scenario (Figure S4 and Table S3).

The results on SVD suggested the Oriental region as the most fre-
quent dispersal source before 1.55 Ma (to Mainland Japan: 2.96 
events; Palearctic region: 2.12; Central Ryukyus: 2.01; Southern 
Ryukyus: 2.59; Northern Tokara Islands: 0.44; Daito Islands: 0.64; 
Figure 4 and Table S3). After 1.55 Ma, approximately a single OD 
was estimated from Mainland Japan to the Palearctic region (0.98 
events), and more than a single OD event was estimated from 
Central Ryukyus to Kikai Island (1.63). Furthermore, approxi-
mately two dispersal events were estimated from the Oriental re-
gion to the Palearctic region, and the Oriental region seemed to 
be the most likely source region for the Southern Tokara Islands 
and the Northern Tokara Islands (0.57 and 0.34 events). In total, 
approximately eight OD events (7.91) were estimated, represent-
ing 32.4% within all dispersal events, and the distance for OD was 
549 km and for others was 217 km (Figure 4). Similar estimations 
were observed in the 1.7 Ma scenario, although slightly more 
OD events were estimated (8.91 events and 35.8%; Figure S4 and 
Table S3). The estimations on the tree from ASTRAL suggested 
5–6 OD events (5.64) in total, representing 21.9% within all dis-
persal events (distance: 642 km vs. 318 km; Figure  4), with sim-
ilar estimates in the 1.7 Ma scenario (Figure S4 and Table S3 in 
details). Similar results were obtained with the second and third 
AICc weight models from each tree and time scenario (Table S4).

4   |   Discussion

4.1   |   Divergence Timescale and Discordance 
Between Phylogenetic Methods

Divergence time estimations indicate that the dominant diver-
sification of eastern Asian Gyraulus primarily occurred during 
the Pliocene and Pleistocene. Although these estimates relied on T
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two geographic calibrations, the estimated crown age of endemic 
lineage on the Ogasawara Islands closely aligns with previous 
results (Saito, Sasaki, et  al.  2022) obtained from approximate 
Bayesian computation using different genome-wide data (mean 
estimates in our analyses: 0.30–0.41 Ma [95% CIs 0.06–0.83]; 
previous analyses: 0.35–0.39 Ma [0.16–0.50]). The divergence 
between the Eurasian continent and the Japanese archipelago 
likely occurred before the 1.55/1.7 Ma isolation, mainly during 
the Pliocene, followed by regional diversification (e.g., within 
Mainland Japan) during the Late Pliocene to Pleistocene. This 
timescale suggests that rather than the initial formation of the 
Japanese archipelago in the Early Miocene (Martin  2011), re-
peated connections and isolations between the continent and 
the archipelago during the Pliocene, and the subsequent land 
fragmentation within the archipelago played important roles in 
the diversification of Gyraulus.

This Pliocene–Pleistocene timescale is broadly consistent 
with previous estimates for other freshwater molluscs in east-
ern Asia, particularly those in the Japanese archipelago (e.g., 
Sphaeriidae: Saito, Fujimoto, et  al.  2022; Valvatidae: Saito, 
Prozorova, et al. 2018; Viviparidae: Hirano, Saito, et al. 2019). 
In contrast, older divergence times have been suggested for 
other aquatic taxa such as aquatic insects (Tojo et  al.  2017; 

Gamboa et al. 2019), crustaceans (Tomikawa et al. 2022), and 
fish (Watanabe et al. 2017). These differences may reflect varia-
tions in ecological traits, including dispersal ability and environ-
mental constraints. For instance, even among molluscs, unionid 
mussels—which rely on fish to disperse their larvae—show an 
older diversification timescale, often predating the Pliocene 
(Sano et  al.  2020, 2022). Across freshwater taxa, few studies 
have integrated genome-wide data with geographic sampling 
across both continental and island regions in Asia. Therefore, 
our results contribute to a more comprehensive understanding 
of the timescale of biodiversity formation of freshwater organ-
isms in eastern Asia.

Although the overall timescale was generally consistent 
across phylogenetic methods, notable topological differences 
were also observed. In particular, the ASTRAL tree pro-
duced a different arrangement of basal nodes for samples 
from Mainland Japan. These differences can result from var-
ious factors such as incomplete lineage sorting, introgressive 
hybridization, or the compatibility between methods used 
and the number and length of genomic loci analysed (Chou 
et al. 2015). The ASTRAL topology had a particular impact on 
inferring dispersal direction between the Eurasian continent 
and the Japanese archipelago prior to the 1.55/1.7 isolation, 

FIGURE 3    |    Results of divergence time estimation and ancestral region estimation on the maximum likelihood tree generated by IQ-TREE2 
(Minh et al. 2020). Ancestral region estimation was performed under the Mk + TS + high_OD_prob model with time-stratification at 1.55 Ma. Letters 
and colours correspond to geographic regions for the samples. Coloured pie chart slices at each node represent the estimated ancestral region, with 
the central angle of the arc indicating the probability. Areas with a probability of less than 10% were omitted from each pie chart for visibility. Vertical 
bars on the right side of the tree denote thirteen geographic clades, and the distributions of these clades are shown on the map to the left.
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TABLE 2    |    Results of model selection for biogeographic analyses using BioGeoBEARS.

Models
No. of 

parameters a x w
Log-

likelihood AICc AICc_w

Scenario: 1.55

Method: IQ-TREE2

Mk 1 7.79 × 10−3 — — −93.36362 188.7499 0

Mk + distance-weighted 2 2.23 × 10−2 −1.64 — −90.26291 184.5829 0

Mk + TS + high_OD_
prob

2 5.84 × 10−2 — 1.25 −81.30923 166.6756 0.2360

Mk + TS + medium_OD_
prob

2 5.82 × 10−2 — 6.24 × 10−1 −81.30945 166.6760 0.2360

Mk + TS + low_OD_prob 2 5.83 × 10−2 — 4.16 × 10−1 −81.30946 166.6760 0.2360

Mk + TS + distance-
weighted+high_OD_prob

3 6.03 × 10−2 −8.05 × 10−2 1.24 −81.23611 168.5756 0.0913

Mk + TS + distance-
weighted+medium_OD_
prob

3 6.95 × 10−2 −5.54 × 10−1 5.71 × 10−1 −81.07541 168.2542 0.1071

Mk + TS + distance-
weighted+low_OD_prob

3 6.14 × 10−2 −1.59 × 10−1 4.23 × 10−1 −81.2125 168.5284 0.0935

Method: SVDQuartets

Mk 1 9.02 × 10−3 — — −109.76841 221.5595 0

Mk + distance-weighted 2 2.10 × 10−2 −1.25 — −107.2331 218.5233 0

Mk + TS + high_OD_prob 2 5.99 × 10−2 — 1.20 −96.77484 197.6068 0.2448

Mk + TS + medium_
OD_prob

2 6.02 × 10−2 — 6.02 × 10−1 −96.7744 197.6059 0.2449

Mk + TS + low_OD_prob 2 6.03 × 10−2 — 4.02 × 10−1 −96.77442 197.6059 0.2449

Mk + TS + distance-
weighted+high_OD_prob

3 5.92 × 10−2 −3.76 × 10−2 1.18 −96.79323 199.6899 0.0864

Mk + TS + distance-
weighted+medium_OD_
prob

3 5.88 × 10−2 6.56 × 10−2 6.09 × 10−1 −96.75923 199.6219 0.0894

Mk + TS + distance-
weighted+low_OD_prob

3 5.72 × 10−2 1.22 × 10−1 4.08 × 10−1 −96.75524 199.6139 0.0897

Method: ASTRAL

Mk 1 5.90 × 10−3 — — −115.6184 233.2594 0

Mk + x 2 6.69 × 10−3 −1.67 × 10−1 — −115.5415 235.1401 0

Mk + TS + high_OD_prob 2 3.02 × 10−2 — 1.24 −101.0998 206.2567 0.1688

Mk + TS + medium_OD_
prob

2 2.99 × 10−2 — 6.16 × 10−1 −101.0997 206.2566 0.1688

Mk + TS + low_OD_prob 2 3.00 × 10−2 — 0.4128751 −101.0995 206.2562 0.1689

Mk + TS + distance-
weighted+high_OD_prob

3 1.81 × 10−2 8.51 × 10−1 1.35 −100.1012 206.3058 0.1647

Mk + TS + distance-
weighted+medium_OD_
prob

3 1.83 × 10−2 8.16 × 10−1 6.63 × 10−1 −100.105 206.3133 0.1641

(Continues)
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Models
No. of 

parameters a x w
Log-

likelihood AICc AICc_w

Mk + TS + distance-
weighted+low_OD_prob

3 1.83 × 10−2 8.30 × 10−1 4.47 × 10−1 −100.1023 206.3080 0.1646

Scenario: 1.7

Method: IQ-TREE2

Mk 1 7.79 × 10−3 — — −93.36341 188.7495 0

Mk + x 2 2.23 × 10−2 −1.64 — −90.2627 184.5825 0

Mk + TS + high_OD_prob 2 6.20 × 10−2 — 1.26 −81.09928 166.2557 0.2419

Mk + TS + medium_OD_
prob

2 6.59 × 10−2 — 6.49 × 10−1 −81.09163 166.2404 0.2438

Mk + TS + low_OD_prob 2 6.42 × 10−2 — 4.26 × 10−1 −81.09078 166.2387 0.2440

Mk + TS + distance-
weighted+high_OD_prob

3 6.68 × 10−2 −8.29 × 10−2 1.28 −81.0401 168.1836 0.0923

Mk + TS + distance-
weighted+medium_OD_
prob

3 6.48 × 10−2 2.48 × 10−2 6.53 × 10−1 −81.10937 168.3221 0.0861

Mk + TS + distance-
weighted+low_OD_prob

3 6.54 × 10−2 −7.75 × 10−2 4.20 × 10−1 −81.04304 168.1895 0.0920

Method: SVDQuartets

Mk 1 9.02 × 10−3 — — −109.76832 221.5593 0

Mk + x 2 2.02 × 10−2 −1.17 — −107.24534 218.5478 0

Mk + TS + high_OD_
prob

2 6.49 × 10−2 — 1.21 −97.04899 198.1551 0.2448

Mk + TS + medium_OD_
prob

2 6.53 × 10−2 — 6.06 × 10−1 −97.04958 198.1563 0.2447

Mk + TS + low_OD_prob 2 6.40 × 10−2 — 3.98 × 10−1 −97.05003 198.1572 0.2445

Mk + TS + distance-
weighted+high_OD_prob

3 6.31 × 10−2 −2.34 × 10−2 1.17 −97.06412 200.2316 0.0867

Mk + TS + distance-
weighted+medium_OD_
prob

3 6.36 × 10−2 8.79 × 10−2 6.17 × 10−1 −97.03177 200.1669 0.0895

Mk + TS + distance-
weighted+low_OD_prob

3 6.22 × 10−2 1.18 × 10−1 4.11 × 10−1 −97.02907 200.1615 0.0898

Method: ASTRAL

Mk 1 5.90 × 10−3 — — −115.61766 233.2580 0

Mk + x 2 8.04 × 10−3 −4.20 × 10−1 — −115.5552 235.1675 0

Mk + TS + high_OD_prob 2 3.24 × 10−2 — 1.27 −100.513 205.0831 0.1753

Mk + TS + medium_OD_
prob

2 3.24 × 10−2 — 6.34 × 10−1 −100.51301 205.0831 0.1753

Mk + TS + low_OD_prob 2 3.23 × 10−2 — 4.22 × 10−1 −100.51318 205.0835 0.1753

Mk + TS + distance-
weighted+high_OD_prob

3 1.31 × 10−2 1.43 1.45 −99.75954 205.6225 0.1339

(Continues)

TABLE 2    |    (Continued)
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Models
No. of 

parameters a x w
Log-

likelihood AICc AICc_w

Mk + TS + distance-
weighted+medium_OD_
prob

3 2.32 × 10−2 5.18 × 10−1 6.36 × 10−1 −99.64791 205.3992 0.1500

Mk + TS + distance-
weighted + low_OD_
prob

3 1.89 × 10−2 8.95 × 10−1 4.59 × 10−1 −99.40703 204.9175 0.1904

Note: Eight models were tested with two different time stratification scenarios across three trees based on distant analytical approaches.

TABLE 2    |    (Continued)

FIGURE 4    |    (a) Estimated average dispersal events under the time-stratification at 1.55 Ma, based on 100 biogeographical stochastic mappings 
using BioGeoBEARS. Background boxes depict schematic representations of eastern Eurasia, with colours indicating geographic regions. Red arrows 
represent oceanic dispersal events, and letters represent abbreviations for the geographic regions. Vertical bars above each schematic represent the 
geographic distance between regions per OD or other dispersal event. For visibility, dispersal events with frequencies below 0.1 are omitted. Full 
results are provided in Table S3. (b) Results on the SVDQuartets tree. (c) Results on the ASTRAL tree.
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and several dispersals from Mainland Japan to the Eurasian 
continent were estimated. Given the broader distribution of 
the Gyraulus chinensis group on the Eurasian continent, such 
results likely reflect methodological artefacts rather than 
actual biogeographic signals. In contrast, estimations of the 
OD nature (e.g., estimated number, direction and distance) 
were relatively consistent across three phylogenetic methods. 
Therefore, our interpretations focus on patterns consistently 
supported across methods, excluding the reverse dispersals 
suggested by the ASTRAL tree.

4.2   |   General Pattern of Dispersal 
and Diversification

Dispersals between regions prior to 1.55/1.7 Ma were predomi-
nantly inferred as originating from neighbouring regions. These 
dispersals often followed a west-to-east direction (i.e., from the 
continental Oriental region to the Ryukyus and Mainland Japan) 
despite the sampling imbalance between the continental and 
Japanese regions, and the dominant geographic lineages are dis-
tributed across longitudinal gradients. As environmental differ-
ences can influence the establishment of freshwater molluscs (i.e., 
environmental filtering; Hauffe et  al.  2016), these patterns may 
reflect limitations on latitudinal distribution expansion due to 
climatic niche conservatism (Wiens and Graham 2005), as previ-
ously shown in a freshwater snail (Saito et al. 2021). Furthermore, 
the dispersal directions may result from several factors such as the 
connectivity and directionality of freshwater systems and move-
ment of dispersal vectors, including migratory birds.

Within regions, particularly in the insular regions (i.e., the 
Ryukyus and Mainland Japan), Gyraulus exhibits clear geo-
graphic structures, with ocean and mountain barriers often 
defining geographic boundaries. On many small islands that 
were likely connected to other areas during marine regression 
periods, monophyletic lineages are distributed, with their sister 
groups located in geographically adjacent areas. This pattern 
suggests that diversification results from distribution expan-
sion via dispersal from adjacent areas and subsequent differen-
tiation through isolation. Similarly, geographic diversification 
bounded by mountain ranges may reflect the same pattern of 
distribution expansion followed by isolation, consistent with the 
timing of mountain ranges' uplift in Mainland Japan (after the 
Pleistocene; Ota et al. 2010). Geographic diversification caused 
by such barriers has been documented in many terrestrial or-
ganisms in the Japanese archipelago (e.g., Pietsch et  al.  2003; 
Tabata 2022) and may represent a general mechanism of genetic 
diversification in this region.

4.3   |   Characteristics and Contribution of Oceanic 
Dispersal

Our biogeographic analyses estimated at least 6–8 OD events 
across all phylogenetic trees under optimal biogeographic 
models. Differences in these estimates were influenced more 
strongly by phylogenetic estimation approaches than by time 
scenarios (1.55/1.7 Ma). Nonetheless, all estimations consis-
tently demonstrated that most diversification via OD occurred 
on oceanic islands. While Gyraulus has been documented on 

the Ogasawara Islands (Saito, Sasaki, et al. 2022), our findings 
revealed the substantial contribution of OD events in the di-
vergence of endemic lineages on oceanic islands during the 
Pliocene–Pleistocene.

In contrast, OD events were rarely inferred for continental is-
lands, with the exception of a recent dispersal from Mainland 
Japan to Hokkaido Island. Considering the several ODs to 
highly isolated oceanic islands, dispersal to continental islands 
remains possible. Thus, certain obstacles to the establishment of 
the Gyraulus lineages may be assumed on continental islands. 
One of the key differences between continental and oceanic is-
lands is the presence of prior-resident organisms, and a plausi-
ble explanation for the obstacles may be extinction caused by 
competition and hybridisation (Silvertown  2004; Silvertown 
et al. 2005) with existing Gyraulus lineages. Competition within 
species or between closely related lineages is common in fresh-
water snails (Brown 1982), and a plausible case of inter-lineage 
hybridisation in other Gyraulus species has been documented 
(Klobušická et al. 2025). Additionally, inter-lineage mating has 
been observed under experimental conditions between some 
Gyraulus lineages (e.g., lineages 2 and 7 herein; Saito et  al. 
personal observation). Moreover, bottlenecks following disper-
sal likely increase the vulnerability of newly immigrated pop-
ulations to extinction through interactions with prior-resident 
populations. Our sampling detected no coexistence of different 
lineages at the same locality and revealed minimal geographic 
overlap between lineages. These patterns support the existence 
of exclusionary interactions between lineages. This competi-
tion/hybridisation hypothesis may also explain the OD event es-
timated in Hokkaido Island. The distribution of Gyraulus in our 
study is largely restricted to temperate and subtropical regions, 
indicating limited tolerance to cold environments. High-latitude 
populations, such as those in Hokkaido Island, are prone to 
local extinction during glacial periods (e.g., Horsák et al. 2020). 
Following such extinctions, these high-latitude regions may 
have resembled oceanic islands, providing opportunities for im-
migration via OD.

Furthermore, this hypothesis may partially explain the diversi-
fication observed in regions with multiple LDDs on deeper phy-
logenetic trees, as documented in previous studies (e.g., Tolley 
et al. 2013; Horsák et al. 2024). Evolution of ecological niches and 
the reproductive isolation following the phylogenetic divergence 
between closely related lineages could provide opportunities for 
new colonisation via LDDs, including ODs, without intraspecies 
competition and hybridisation. This mechanism implies that 
LDDs may occur more frequently at deep phylogenetic scales 
(e.g., species tree within a genus) than within species-level trees, 
even over similar time scales.

Our biogeographic estimations highlight distinctive characteris-
tics of OD compared to other dispersals. The origins of oceanic 
island lineages were predominantly traced to the Eurasian con-
tinent rather than geographically adjacent regions. This find-
ing suggests that the frequency of OD does not follow a simple 
linear relationship with distance from the source. In fact, the 
distance parameter (x) was rarely adopted in the best-fit mod-
els for biogeographic estimations. The probability of OD could 
be extremely low, even over short distances, while stochastic 
fluctuations associated with transoceanic distances may remain 
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relatively minor. These dynamics of OD suggest that oceanic 
barriers function as binary thresholds, beyond geographical 
proximity. This relationship may parallel the long-tailed dis-
persal kernels often associated with LDD in seed dispersal of 
plants (Bullock et al. 2017), and a similar dispersal kernel could 
apply to freshwater snails. Additionally, larger population sizes 
and numbers in the continental Oriental region, due to its 
greater geographic area, may have increased the probability of 
dispersal from this region compared to smaller insular regions. 
Consequently, dispersal from more distant and larger regions 
may have occurred more frequently than dispersal from closer 
and smaller regions. Thus, one of the key characteristics of OD 
may be its stochastic nature.

These findings basically align with our model fitting results. 
On the Eurasian continent, phylogenetic distance was linearly 
related to geographic distance, except for the South Asian lin-
eages, which are geographically isolated by several mountain 
regions (e.g., Qinghai-Tibet Plateau and Yunnan-Guizhou 
Plateau), whereas in insular regions, especially the Ryukyus, 
a power-law relationship emerged which could be explained 
by the limited dispersal and rare LDD diversification (Gómez-
Rodríguez et al. 2020).

In addition, dispersal vectors can also influence the mode of 
OD. The lack of south-to-north ODs, often documented for other 
organisms in the Ryukyu Islands (Yang et  al.  2018; Hirano, 
Kameda, et  al.  2019; Hirano et  al.  2022), suggests that ocean 
currents from south to north are unlikely to be the dominant 
vector of OD in our case. Gyraulus exhibits low salt tolerance 
(Zinchenko and Golovatyuk  2013) and conversely has certain 
tolerance to desiccation and gut passage through birds (van 
Leeuwen and van der Velde  2012; vanLeeuwen et  al.  2012). 
These observations imply that birds may serve as an alternative 
vector for OD of Gyraulus. A migratory bird, for instance, has 
been documented carrying a planorbid snail over thousands 
of kilometres, from Oceania to Japan (Saito et  al.  2023). Bird-
mediated OD may better explain the observed dispersal patterns 
from remote regions (e.g., Gittenberger et al. 2006; Harzhauser 
et al. 2015; Yu et al. 2021).

4.4   |   Implications, Limitations and Future 
Perspectives

Incorporating all findings, the underlying process of Gyraulus 
diversification in Asian insular systems is shaped by a combi-
nation of dispersal between connected regions, isolations driven 
by ocean barriers, and highly stochastic OD events. While OD 
is not the most frequent contributor to diversification in terms 
of frequency, its unique nature introduces a distinct process to 
the diversification of Asian insular systems. As a result, OD has 
significant implications in various research contexts, such as 
biogeographical interpretation and biodiversity conservation, 
and explicitly addressing OD as a distinct process is critical for 
ecological research on insular systems.

This study presents one of the most geographically and phylo-
genetically comprehensive reconstructions of biogeographic 
events in the Asian insular region to date. Nevertheless, 
major limitations to phylogeography—such as the accuracy of 

phylogenies, completeness of sampling, and uncertainty in fos-
sil calibrations—also apply here. We addressed these through 
genome-wide SNP data, the multifaceted analytical approach, 
expanded sampling, and the geographic calibrations; however, it 
should be acknowledged that the limitations are inherent. These 
challenges can be complemented in future research through val-
idation with independent data, including palaeontology and ge-
ology. Finally, the hypotheses and findings suggested here will 
be verified through comparative phylogeography with other tax-
onomic groups and meta-analysis based on accumulated phy-
logeographic data, and this study may serve as a model case to 
guide such future efforts.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Maximum likelihood 
phylogeny estimated using IQ-TREE2. Circles in black, grey and 
white indicate support values for each branch. Letters and colours 
denote geographic regions for the samples. Figure S2: (a) Divergence 
time estimates and inferred ancestral regions on the SVDQuartets 
tree. Ancestral region estimation was performed separately under the 
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Mk + TS + medium_OD_prob and Mk + TS + low_OD_prob models 
with time-stratification at 1.55 Ma. Letters and colours correspond to 
geographic regions for the samples. Coloured circular arcs at each node 
indicates the estimated ancestral region, with the central angle repre-
senting the probability. (b) Results on the ASTRAL tree. Figure S3: (a) 
Divergence time estimates and inferred ancestral regions based on the 
maximum likelihood tree. Ancestral region estimation was conducted 
severally under the Mk + TS + low_OD_prob, Mk + TS + high_OD_prob 
and Mk + TS + distance-weighted + low_OD_prob models with time-
stratification at 1.7 Ma. Letters and colours indicate geographic regions, 
with coloured circular arcs at each node representing the estimated 
ancestral region, and the central angle indicating the probability. (b) 
Results on the SVDQuartets tree. (c) Results on the ASTRAL tree. 
Figure S4: (a) Estimated average dispersal events under time- stratifica-
tion at 1.7 Ma, based on 100 biogeographical stochastic mappings using 
BioGeoBEARS. Background boxes depict schematic representations of 
eastern Eurasia, with colours indicating geographic regions. Red ar-
rows represent oceanic dispersal events, and letters represent abbrevi-
ations for the geographic regions. For visibility, dispersal events with 
frequencies below 0.1 are omitted. Full results are provided in Table S3. 
(b) Results on the SVDQuartets tree. (c) Results on the ASTRAL tree. 
Table  S1: Sample information used in this study. Table  S2: Detail 
estimates for divergence time analyses using MCMCtree (Yang and 
Rannala  2006). Node numbers correspond to those indicated in 
Figure 3 and Figure S2. Table S3: Estimated dispersal events of the best 
AICc weight models. All estimates of dispersal events on 100 biogeo-
graphical stochastic mapping using BioGeoBEARS. Red text indicates 
oceanic dispersal events, and letters denote abbreviations for the geo-
graphic regions. Table  S4: Estimated dispersal events of the second/
third best AICc weight models. All estimates of dispersal event on 100 
biogeographical stochastic mapping using BioGeoBEARS. Red letters 
represent oversea dispersal event and alphabets represent abbreviation 
for geographic regions. Data S1: Supporting Information. 
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