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Sea-level fluctuations during Pleistocene glacial cycles repeatedly connected and isolated islands in
the Ryukyu Archipelago, but the extent to which these events promoted gene flow remains unclear
for many terrestrial taxa. The tree frog Kurixalus eiffingeri occurs on Ishigaki and Iriomote Islands
in the Yaeyama group and in Taiwan, and previous mitochondrial DNA analyses revealed deep
divergence among populations despite their geographic proximity. To test whether nuclear genomic

data supports this pattern, we analysed genome-wide SNPs generated by MIG-seq. Phylogenetic
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reconstruction, STRUCTURE analysis, and principal component analysis consistently identified
four major genetic clusters corresponding to Ishigaki, Iriomote, northern Taiwan, and central
Taiwan, with the Ishigaki and Iriomote clusters forming the Ryukyu clade. Despite the clear genetic
distinctiveness between the Ishigaki and Iriomote clusters, model-based demographic inference
using dadi identified the secondary contact model as the best-fitting scenario, suggesting a history
of long-term genetic divergence followed by secondary contact during Pleistocene land bridge
formation. This pattern may reflect either limited suitable habitat on the Pleistocene land bridge,
which restricted gene flow, or partial reproductive isolation between the two clusters, with limited

gene flow across a hybrid zone on the land bridge.
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BACKGROUND

Sea-level fluctuations associated with glacial and interglacial periods have repeatedly
connected and isolated continental islands from adjacent landmasses, leading to cycles of
geographic isolation (Lomolino et al. 2006). This isolation is widely regarded as a major driver of
species diversification on islands (de Queiroz 2005) and represents a distinctive evolutionary
process shaping insular biota. In addition to these geohistorical events, the traits of island organisms
are influenced by a range of biotic and abiotic factors, including island size, environmental

conditions, and species richness (MacArthur and Wilson 1963; Wilson and MacArthur 1967) which
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can drive the emergence of endemic species through adaptive radiation and facilitate allele fixation
via genetic drift in small populations (Witt and Maliakal-Witt 2007).

For decades, much debate has focused on whether terrestrial faunas on islands originated via
vicariant events, such as colonisation via land bridge followed by isolation, or through long-
distance overseas dispersal (de Queiroz 2005; Yoder and Nowak 2006; Stelbrink et al. 2012).
Recent advances in molecular phylogenetics have made it possible to estimate divergence times and
phylogenetic relationships between island taxa and their continental relatives, allowing historical
biogeographical hypotheses to be tested against geological data (de Queiroz 2005).

Mitochondrial DNA (mtDNA), widely utilized in taxonomy and molecular phylogenetic
studies, possesses characteristics such as maternal inheritance, haploidy, and a high mutation rate,
making it effective for reconstructing both intraspecific and interspecific evolutionary histories.
However, mtDNA has well-documented limitations in resolving complex patterns of hybridisation
and introgression (Toews and Brelsford 2012). In recent years, the widespread adoption of next-
generation sequencing technologies has enabled genome-wide analyses based on nuclear DNA
(nuDNA), providing more comprehensive and higher-resolution phylogenetic inferences (Marshall
et al. 2021). Because nuDNA is inherited biparentally and encompasses information from numerous
loci, it allows for more accurate assessments of historical gene flow and admixture between
populations than mtDNA, which represents only a single locus. Consequently, discordance between
mtDNA and nuDNA phylogenies (Marshall et al. 2021; Tominaga et al. 2022) as well as evidence
of introgression between divergent clusters or closely related species have been frequently reported
across various animal taxa (Dufresnes et al. 2020; Ge et al. 2022; Horoiwa et al. 2021; Kato et al.
2024; Kvie et al. 2013; Shimada et al. 2022; Zhang et al. 2019).

The Yaeyama group of islands, located in the southwestern part of the Ryukyu Archipelago,
were historically connected to Taiwan and the Eurasian continent (Kizaki and Oshiro 1977 1980;
Ujiie 1986; Kimura 1996), and these Islands retain a biota with strong affinities to those regions
(Ota 1998; Motokawa 2000). Meanwhile, the Sekisei Lagoon, which is a shallow body of water

(only several metres deep), separating Ishigaki and Iriomote Islands in the Yaeyama group of
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islands has been repeatedly affected by sea-level changes during glacial cycles (Lambeck and
Chappell 2001; Bintanja et al. 2005; Bintanja and Roderik 2008; Fernandez-Palacios et al. 2016),
hich have caused multiple episodes of land connection and separation between these islands (Kizaki
and Oshiro 1977 1980; Ujiie 1986; Kimura 1996; Ota 1998; Motokawa 2000). Consequently, low
levels of genetic divergence between populations on each island have been reported for many
animal taxa (Matsui et al. 2005; Brandley et al. 2011; Tominaga et al. 2015; Kaito and Toda 2016;
Su et al. 2016). In contrast, species with narrow habitat ranges restricted to mountain streams, such
as Odorrana utsunomiyaorum and Euphaea yayeyamana, exhibit significant genetic divergence
between island populations (Matsui et al. 2005; Kanke et al. 2021). Kurixalus eiffingeri which is
distributed across Ishigaki Island, Iriomote Island, and Taiwan, occupies a broad range within each
island. Nevertheless, phylogenetic analyses based on mtDNA have revealed that populations from
each island formed monophyletic clades, with substantial genetic divergence despite their broad
geographic distribution (Kamimura et al. 2025).

In the present study, we conducted genome-wide population genetic analyses using single
nucleotide polymorphism (SNP) data to evaluate whether the phylogenetic structure inferred from
mtDNA is also supported by nuclear DNA. Our goal was to achieve a higher resolution
understanding of the evolutionary history and genetic differentiation between Ishigaki and Iriomote

populations.

MATERIALS AND METHODS

Sampling

A total of 46 individuals of Kurixalus eiffingeri from seven sites on Ishigaki Island, 34

individuals from four sites on Iriomote Island, and six individuals from two sites in Taiwan were

analysed in this study, together with eight individuals of the congeneric species K. idiootocus from
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five sites in Taiwan (Fig. 1, Table 1). Thigh muscles and liver were collected from each specimen
and frozen in 99% ethanol for DNA analysis. The other body parts were fixed in 10% formalin,
replaced with 70% ethanol, and preserved as voucher specimens. These procedures were approved
by the Animal Experiment Committee of the University of the Ryukyus and were conducted in
accordance with the experimental guidelines (approval number: A2021054). To extract DNA,
muscle tissues of each individual kept in 99% ethanol were shredded in 660 pL of 1x STE Buffer
and 60 pL of 10% SDS solution. To these solutions, 10 pL proteinase K (23 ng/uL.) was added and
incubated overnight at 50°C in an incubator to degrade the proteins. DNA was purified from these
solutions using protein precipitation solution (Promega, Madison, WI, USA). Finally, the extracted

DNA was dissolved in approximately 100 pL of 1xTE Buffer and refrigerated.
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Fig 1. Maps showing the sampling locations of Kurixalus eiffingeri and K. idiootocus included in
this study. The numbers of the above sampling sites are listed in table 1. The map was prepared
using GeoMapApp (Ryan et al. 2009; available at www.geomapapp.org; accessed 19 Aug. 2026 ).
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Table 1. Species, sampling locations, and number of specimens used for genetic analyses
Species Sampling location number Locality No. of examined specimens
K. eiffingeri Ishigaki Island
1 Hirakubo
2 Nosoko
3 Ohama
4 Hirae 17
5 Tonoshiro 2
6 Ishigaki 4
7 Sakieda 9
Iriomote Island
8 Takana 4
9 Komi 5
10 Haiminaka 1
11 Haimi 8
12 Uehara 1
13 Iriomote 14
Taiwan
14 Yilan 4
15 Chiayi 2
K. idiootocus 16 Taipei 3
17 Yilan 4

MIG-seq

SNP analysis was performed using multiplexed ISSR genotyping by sequencing (MIG-seq)

with some modifications of the protocol of Suyama and Matsuki (2015) as below. To amplify

thousands of short inter-simple sequence repeats (ISSRs) from genomic DNA, 30 ng/uL of template

DNA was used for the first PCR. The first PCR was performed using eight pairs of forward and
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reverse multiplex primers, Multiplex PCR Assay Kit v.2 (TaKaRa, Kusatsu, Shiga, Japan) and a
total reaction volume of 7 uL.. The thermal cycling condition consisted of an initial denaturation at
94°C for 1 minute, followed by 25 cycles of 94°C for 30 seconds, 38°C for 1 minute, 72°C for 1
min, with a final extension at 72°C for 10 minutes. As a modification of the protocol by Suyama &
Matsuki (2015), the annealing temperature was changed from 48°C to 38°C to enhance DNA
amplification. The first PCR product for each individual was diluted 40-fold with 0.5xTE. The
second PCR was conducted using PrimeSTAR GXL DNA polymerase (TaKaRa, Kusatsu, Shiga,
Japan) in a total reaction volume of 12 pL under the following conditions: one cycle of 94°C for 1
min, followed by 12 cycles of 98°C for 10 sec, 54°C for 15 seconds, and 68°C for 30 seconds.
Then, 3 uL of each PCR product was combined in one tube and purified according to the protocol
of the QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). Fragments in the size range of
300-800 bp in the purified library were isolated using an automated gel extractor Blue Pippin and a
2% agarose gel cassette. The size-selected library was then purified again using the QIAquick PCR
purification kit, and the quality of the library was confirmed on a 4200 Tape Station (Agilent
Technologies, Santa Clara, CA, USA). The concentration of the purified final library was measured
with a Qubit 4 Fluorimeter (Invitrogen, CA, USA) and diluted with pure water to 4 nM. The
prepared library was diluted to approximately 6 pM according to Illumina's protocol and sequenced
with the Illumina MiSeq Sequencer (Illumina, CA, USA) using the MiSeq Reagent Kit v3 (150-

cycle, lllumina, CA, USA) using the [llumina MiSeq Sequencer (Illumina, CA, USA)..

Bioinformatics and de novo assembly

De novo assembly and subsequent analysis of the raw data obtained was performed using
ipyrad 0.9.79 (Eaton and Overcast, 2020). The data type was specified as “ddrad” because MIG-seq
targets short loci and produces relatively low per-locus sequencing depth, resulting in data
characteristics broadly comparable to those of ddRAD sequencing. The sequence-clustering

threshold was set to 0.90, and a minimum sequencing depth of four reads was required for genotype
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calling. All other assembly parameters were left at their default settings. The concatenated
sequences for each individual were output as a phylip file and used for phylogenetic analysis. SNP
datasets for population genetic analyses were generated from the ipyrad snps.hdf5 database using
the ipyrad-analysis toolkit. Insertion—deletion variants were excluded, and only biallelic SNPs were
retained. Loci were retained when genotype data were available for at least 90% of all individuals
and for at least 50% of individuals within each predefined population. The resulting filtered SNP
datasets were used for STRUCTURE analysis and principal component analysis (PCA). The same
assembly and SNP-filtering procedures were applied independently to three datasets: the complete
Kurixalus eiffingeri dataset, an Ishigaki Island-only dataset, and an Iriomote Island-only dataset, to

investigate population structure at multiple geographic scales.

Phylogenetic analysis based on SNPs data

Phylogenetic analysis based on sequence output as Phylip files was performed using the
maximum likelihood method in RAXML-NG v. 1.0.2 (Kozlov et al. 2019). The evolutionary model
used was GTR + G (Tavaré, 1986). The branching points were evaluated using 1000 booster trap
iterations. The output files were illustrated in FigTree v1.4.4

(http://tree.bio.ed.ac.uk/software/figtree)

Population genetic analysis based on SNPs data

STRUCTURE analyses and PCA were performed on the K. eiffingeri dataset only, except
for K. idiootocus. The analyses were performed using a Python script provided by the ipyrad-
analysis toolkit (https://ipyrad.readthedocs.io/en/latest/ API-analysis/index.html), and using the
snps.hdf5 file output by ipyrad, a Python script provided by the ipyrad-analysis toolkit. In the
“minmap” script, the data for each individual were assigned to the Ishigaki, Iriomote, and

Taiwanese populations, and in mincov" the SNPs were assigned a minimum coverage per locus of
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75% for all individuals and 50% for each population. PCA was performed using the Python
packages pandas and toyplot (Shead 2014). The genetic admixture ratio of all individuals was
calculated quantitatively based on a Bayesian clustering algorithm using STRUCTRE v.2.3.4
(Pritchard et al. 2000). Assuming an admixture model with correlated allele frequencies, the
admixture ratio for each individual was calculated using the correlated allele frequency model
(Evanno et al. 2005), with the number of clusters (K) set from 2 to 6. The first 5,000 data points
were discarded as burn-in using Structure v.2.3.4 (Pritchard et al. 2000), followed by 100,000
Markov chain Monte Carlo (MCMC) runs. 5 MCMC runs were performed for each value of K. The
difference between the clusters (AK) was calculated using an analytical platform. Five replications
were performed for each, and the results were summarized using CLUMPP (Jakobsson &
Rosenberg 2007) and depicted in a toyplot (Shead 2014). Similar analyses were performed
independently on Ishigaki and Iriomote Island populations to determine the genetic structure within

the islands.

Demographic inference

Demographic history between the Ishigaki and Iriomote clusters was inferred using dadi
(Gutenkunst et al. 2009). A folded two-dimensional site frequency spectrum (2D-SFS) was
generated from the filtered SNP dataset using easySFS (https://github.com/isaacovercast/easySFS),
which randomly retained one SNP per locus to minimize the effects of linkage among markers.
Projection sizes were set to 86 and 49 chromosomes for the Ishigaki and Iriomote clusters,
respectively. Four demographic models were evaluated: Strict Isolation (SI), Isolation with
Migration (IM), Ancient Migration (AM), and Secondary Contact (SC). The SI model assumes
complete isolation following population divergence; the IM model assumes continuous migration
after divergence; the AM model assumes migration immediately after divergence followed by
complete isolation; and the SC model assumes an initial period of isolation followed by secondary

contact (Fig. 2).
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Fig. 2. Schematic illustration of all possible models for model selection in dadi. The Strict
Isolation (SI) model assumes complete isolation after divergence. The Isolation with Migration (IM)
model assumes continuous gene flow after divergence. The Ancient Migration (AM) model assumes
that the two clusters experienced gene flow shortly after divergence and then became complete
isolated. The Secondary Contact (SC) model assumes an initial period of divergence in isolation
followed by recent secondary contact. The SC model provided the best fit to the data, suggesting
that the Ishigaki and Iriomote clusters diverged, remained isolated for a period, and experienced

recent secondary contact with limited gene flow.

Model parameters were optimized using “dadi. Inference.optimize log fmin.” Initial
parameter values were randomly perturbed for each optimization using “dadi.Misc.perturb_params”
to reduce the likelihood of convergence on local optima. Each model was independently optimized
100 times, with a maximum of 300 iterations per optimization, and the replicate with the highest
log-likelihood was retained for each model. Model support was evaluated using the Akaike
Information Criterion (AIC).

Estimating absolute divergence times from dadi requires converting population-scaled time
parameters into calendar time using an estimate of the ancestral effective population size (Ne),
which depends on the population-scaled mutation parameter (0) and the germline mutation rate (p)
(Tran et al. 2024). However, direct estimates of u are currently unavailable for amphibians in

general, precluding a reliable estimation of absolute divergence times from dadi data alone. Thus,
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we used the previously estimated mtDNA divergence time between the Ishigaki and Iriomote
clusters (1.41 MYA, 95% CI: 0.81-2.02; Kamimura et al. 2025) for external temporal calibration.
Specifically, the mtDNA divergence time was assumed to correspond to the initial isolation phase
(Tiso) and this calibration was used to convert the remaining demographic time parameters into
approximate absolute ages.

\

RESULTS

Phylogenetic analysis based on SNPs data

The number of reads in the raw data by MIG-seq ranged from 13,326 to 175,489, and the
number of detected SNPs was 22,654. The concatenated sequences contained 368,562 base pairs,
including missing values. The phylogenetic tree estimated by the maximum likelihood method
based on concatenated sequence data for each individual showed that the Ishigaki, Iriomote,
northern Taiwan, and central Taiwan clusters were monophyletic (BS: 100%, 100%, 73%, and
100%, respectively) (Fig. 3), similar to the phylogenetic tree estimated from the mtDNA data. The
Ishigaki and Iriomote clusters were combined into the Ryukyu clade (BS: 100%), and the Northern

Taiwan and Ryukyu clusters were sister clades (BS: 73%).
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Fig. 3. Phylogenetic tree of Kurixalus spp. based on concatenated sequences (368,562) obtained
by MIG-seq analyze estimated by maximum likelihood. Numbers denoted above nodes represent

bootstrap supports (> 70%).

Population genetic analysis based on SNPs data

Filtering resulted in 878 SNPs, including 128 unlinked loci, which were used for population
structure analyses of Kurixalus eiffingeri. STRUCTURE analyses were performed for K values
ranging from 2 to 10. The 4K method identified a primary signal at K =3 (4K = 4.219; mean
LnP(K) =-1916.1 + 67.9; Fig. S1), which was considered the most parsimonious model for the full
dataset. At K = 3, individuals were clearly assigned to three major genetic clusters corresponding to

Ishigaki Island, Iriomote Island, and Taiwan (Fig. 4A). At K = 4, additional genetic substructure
12
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became apparent within the Taiwanese samples, although the separation between the northern and
central populations remained incomplete (Fig. S1). A clear subdivision into Northern and Central

Taiwan clusters was first observed at K = 5 (Fig. 4B).
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Fig. 4. Results of STRUCTURE analysis indicating admixture rate in each individual based on
SNPs in Ishigaki Island, Iriomote Island, and Taiwan. (A) The samples were divided into three
islands groups at the best number of clusters (K) = 3; (B) The samples were divided into four

clusters (Ishigaki, Iriomote, the Central, and the Northern Taiwan) at K =5

STRUCTURE analyses conducted separately for each island revealed weaker signals of
within-island genetic structure. For the Ishigaki cluster (789 SNPs, 234 unlinked loci), 4K values
showed moderate support for K =5 (4K = 3.115; mean LnP(K) = -4096.0 + 92.2; Fig. S2-A);
however, individual assignment probabilities showed extensive admixture and did not indicate clear
genetic subdivision within the island (Fig. S2-B). Similarly, for the Iriomote cluster (986 SNPs, 222
unlinked loci), 4K strongly supported K =4 (4K = 10.863; mean LnP(K) =-2694.3 + 77.9; Fig. S3-
A), but STRUCTURE bar plots showed high admixture among inferred clusters, with no clear
geographic or population-level differentiation within Iriomote Island (Fig. S3-B).

In PCA, PC1, PC2, and PC3 contributed 28.6%, 14.6%, and 4.1%, respectively. PC1 and
PC2 were divided into the Ishigaki, Iriomote, and Taiwanese clusters, while PC1 and PC3 were

divided into the Northern Taiwanese and Central Taiwanese clusters (Fig. 5).
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Fig. 5. Results of principal component analysis of K. eiffingeri based on SNPs. The numbers in
parentheses indicate the contribution ratio. (A) shows the results of PC1 vs. PC2, where the samples
were divided into three groups (Ishigaki, Iriomote, Taiwan clusters). (B) shows the results of PC1
vs. PC3, in which the individuals from Taiwan were divided into two populations (the Central and

the Northern Taiwan).

Demographic inference using dadi

Demographic history between the Ishigaki and Iriomote clusters was inferred using dadi by
comparing four alternative demographic models: Strict Isolation (SI), Isolation with Migration
(IM), Ancient Migration (AM), and Secondary Contact (SC). Among these models, the SC model
provided the best fit to the data (log-likelihood = -443.69, AIC = 899.38), whereas the IM, AM, and
SI models received substantially less support (AAIC = 108.72, 141.25, and 396.14, respectively).
Under the SC model, the Ishigaki and Iriomote clusters were inferred to have diverged, remained
isolated for an extended period (Tiso = 0.889), and subsequently experienced recent secondary
contact (Tsc = 0.015). Relative effective population size estimates indicated that the Iriomote cluster
(v2=6.46) experienced a greater expansion than the Ishigaki cluster (vi = 1.05). Migration was
inferred to occur in both directions following secondary contact, with a higher migration rate from

the Iriomote cluster to the Ishigaki cluster (mi2 = 6.29) than in the opposite direction (mi2 = 0.85)

(Fig. 2).
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Assuming that the previously estimated mtDNA divergence time between the two island
clusters (1.41 Ma, 95% CI: 0.81-2.02 Ma; Kamimura et al. 2025) corresponds to Tiso (= 0.889), the
estimated timing of secondary contact (Tsc = 0.015) corresponds to approximately 23.8 ka

(approximately 13.7-34.1 ka based on the 95% confidence interval of the mtDNA estimate).

DISCUSSION

Evolutionary History Revealed by Genome-wide SNP Data

The results of STRUCTURE analysis, principal component analysis (PCA), and
phylogenetic reconstruction based on MIG-seq data in this study were congruent with the previous
mtDNA findings (Kamimura et al. 2025), consistently detecting four clusters of Kurixalus eiffingeri
corresponding to Central Taiwan, Northern Taiwan, Iriomote, and Ishigaki (Fig. 3). This congruent
pattern of genetic divergence observed in both mtDNA and nuclear DNA (nuDNA) suggests that
gene flow among these clusters has been highly restricted over a long evolutionary timescale.

However, demographic inference using dadi suggested a more complex evolutionary history,
supporting a secondary contact model between the Ishigaki and Iriomote clusters (Fig. 2). The
timing of the second contact between the Ishigaki and Iriomote clusters was estimated at 23.8 ka
(95% CI: 13.7-34.1 ka), falling within the period of the Last Glacial Maximum when a land bridge
connected Ishigaki and Iriomote Islands. These results suggest that, although secondary contact
during the Pleistocene land bridge formation resulted in gene flow between the Ishigaki and

Iriomote clusters, the extent of gene flow was insufficient to erode their genetic distinctiveness.

The Filtering Effect of Pleistocene Land Bridges on Dispersal
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Ishigaki Island and Iriomote Island are geographically close and were repeatedly connected
by land bridge during Pleistocene glacial periods (Kizaki and Oshiro 1977 1980; Ujiie 1986;
Kimura 1996; Lambeck and Chappell 2001; Bintanja et al. 2005; Bintanja and Roderik 2008;
Fernandez-Palacios et al. 2016). Our results and previous studies suggest that successful dispersal
across the land bridge was strongly species-dependent, and that the land bridge has functioned as a
filter bridge (Simpson 1940), allowing successful dispersal only for species with suitable ecological
traits.

Previous phylogenetic studies based on mtDNA revealed that no clear genetic differentiation
between Ishigaki and Iriomote clusters in several amphibian species (e.g., Odorrana supranarina,
Buergeria choui, and Microhyla kuramotoi) (Matsui et al. 2005; Tominaga et al. 2015; Tominaga et
al. 2019), suggesting that sufficient gene flow via the Pleistocene land bridge prevented substantial
genetic differentiation between the two island populations.

In contrast, Odorrana utsunomiyaorum, which also occurs on both islands, shows marked
genetic divergence between the Ishigaki and Iriomote populations (Matsui et al. 2005). Because O.
utsunomiyaorum inhabits only mountainous areas with running streams, Matsui et al. (2005)
suggested that the land bridge connecting Ishigaki and Iriomote Islands lacked suitable freshwater
habitats, which may have limited opportunities for dispersal and genetic exchange between the two
island populations.

The present results indicate that, although secondary contact between the two island clusters
of K. eiffingeri occurred via the Pleistocene land bridge and resulted in limited gene flow, the extent
of gene flow was insufficient to erode their genetic distinctiveness. K. eiffingeri is closely
associated with forest habitats and breeds in arboreal water bodies, such as water-filled tree cavities
and bamboo internodes (Ueda 1986; Matsui 2021). If forest vegetation and suitable breeding sites
were scarce on the exposed Sekisei Lagoon during glacial periods, opportunities for successful
dispersal and establishment across the land bridge would have been greatly reduced, thus limiting

gene flow between the two island clusters.
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In contrast to interisland differentiation, the absence of substantial genetic substructures
within each island cluster (Fig. S2-B, Fig. S3-B) indicates that gene flow occurs readily within
islands, likely facilitated by continuous forest habitats. K. eiffingeri appears to be constrained by its
dependence on forest habitats and arboreal breeding sites. Nevertheless, the lack of genetic structure
within each island suggests that these habitat requirements have not substantially restricted dispersal
among forest patches within islands, where habitat connectivity has likely been maintained over
evolutionary timescales.

Alternatively, a hybrid zone may have formed between the two clusters following secondary
contact, while gene flow between them remained limited (Barton and Hewitt 1985 1989). Hybrid
zones may remain geographically stable when dispersal is limited by ecological conditions and
reduced population density in the contact region (Johannesson et al. 2020). If suitable habitats for K.
eiffingeri were limited and population densities were low on the land bridge, hybrid zone may have
been trapped within the land bridge, preventing gene flow between the islands. If so, this scenario
would require at least some degree of reproductive isolation between the two clusters, a possibility

that should be examined through future crossing experiments.

Future Perspectives on Genetic Structure in Taiwan

Although the discussion above has focused on the Yaeyama clusters, the pronounced genetic
differentiation observed within Taiwan also raises important biogeographical questions. In
particular, the historical and contemporary relationships between the Northern and Central Taiwan
clusters remain unresolved because the sampling sites included in this study were geographically
distant from one another. Resolving this issue will require more extensive and spatially dense
sampling across the putative contact zone, together with genome-wide data and high-resolution
population genomic analyses, to determine whether the observed genetic structure reflects true

evolutionary lineages or continuous geographic variation.
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CONCLUSIONS

Our genome-wide SNP analyses demonstrate that the evolutionary history and genetic
differentiation in Kurixalus eiffingeri cannot be explained solely by a simple divergence model.
Instead, demographic inference supports a scenario of divergence followed by secondary contact
with limited gene flow, indicating that genetic distinctiveness between the two clusters has been
maintained despite secondary contact. Lineage divergence appears to have been shaped by the
combined effects of geological history, habitat availability, and species-specific ecological
characteristics, highlighting the importance of ecological barriers, even where a temporary land
bridge existed. These findings provide new insights into the processes driving diversification in
continental island systems and underscore the need to consider both geological and ecological
factors when interpreting phylogeographic patterns in island taxa. Future studies integrating broader
geographic sampling, demographic modelling, paleoecological reconstruction, and comparisons of
ecological and behavioral traits, such as advertisement calls among island populations, will further
clarify the mechanisms maintaining lineage divergence and the evolutionary history of the Ryukyu

Archipelago biota.
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Fig S1. (A) Bayesian clustering results from STRUCTURE analysis implemented in ipyrad. The
red line shows the mean log probability of the data [LnP(K)], and the blue line shows AK calculated
according to Evanno et al. for K = 2—10. The maximum AK was detected at K = 3. (B) Results of
STRUCTURE analysis indicating admixture rate in each individual based on SNPs in Ishigaki
Island, Iriomote Island, and Taiwan (K = 2-5). (download)

Fig S2. (A) Bayesian clustering results from STRUCTURE analysis implemented in ipyrad. The
red line shows the mean log probability of the data [LnP(K)], and the blue line shows AK calculated
according to Evanno et al. for K = 2—8. The maximum AK was detected at K = 5. (B) Results of
STRUCTURE analysis indicating admixture rate in each individual based on SNPs in Ishigaki
Island (K = 4-6). (download)

Fig S3. (A) Bayesian clustering results from STRUCTURE analysis implemented in ipyrad. The
red line shows the mean log probability of the data [LnP(K)], and the blue line shows AK calculated
according to Evanno et al. for K = 2—8. The maximum AK was detected at K = 4. (B) Results of
STRUCTURE analysis indicating admixture rate in each individual based on SNPs in Iriomote
Island (K = 3-5). (download)
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