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ABSTRACT:

The ring distribution pattern offers a unique perspective for analysing the
mechanisms of species or population differentiation. The semi-closed South China Sea
(SCS) region, with its islands, peninsulas, and continental margins, is ideal for studying
the formation of ring distribution patterns and the evolutionary dynamics of island
populations. This study focused on Malcus flavidipes, a species distributed in the SCS
region. Based on double-digest restriction-associated DNA data and geographic
distribution data, population genetic approaches and species distribution modeling were
employed to investigate its distribution pattern formation and the evolutionary
characteristics of island populations. The results revealed five geographic clades around
the SCS which are located on the Yunnan-Indechina Peninsula, southern China,
Hainan Island, Kalimantan and the Philippines. Genetic diversity evidence supported
that the ring distribution pattern originated~in the’Yunnan-Indochina Peninsula and
diffused through the land bridges exposed during'the Pleistocene glaciation along two
routes: the northern route extended from southern China to Hainan Island, whereas the
southern route stretched from Kalimantan to the Philippines. Island populations show
significantly lower /genetic’ diversity and higher within-population inbreeding
coefficients than-mainland omes. The genetic structural differences among different
island populations are closely related to their geographic distance from mainland,
responses to historical climatic fluctuations, and selective pressures from island
environments. This study provides important empirical evidence for the ring
differentiation of species in the SCS region, and offers a new perspective for
understanding the evolutionary mechanisms of island populations under the combined

effects of geographical isolation, genetic drift, and environmental selection.

Keywords: South China Sea region; Ring distribution pattern; Island biogeography;

Population genetics; ddRAD-seq; Pleistocene
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INTRODUCTION

Geographically, ring distribution is a relatively special pattern of species
distribution (Afzali et al., 2024; Irwin et al., 2001; Keightley et al., 2009; Kuchta et al.,
2009). This distribution model not only allows exploration of the dispersal and
evolutionary history of species distribution formation but also facilitates discussions on
the historical processes underlying the formation of ring distributions (Bouzid et al.,
2022; Wang & Bu, 2020).

The region surrounding the South China Sea (SCS) is a semiclosed geographic
unit centred on the SCS and is composed of islands, peninsulas, and continental margins
that encircle it (Hall, 2002; Yang et al., 2017). The vast expansioh of the SCS forms a
natural geographic barrier to some extent, providing a unique "ring distribution" terrain
for terrestrial species around the central geographic barrier (Fuchs et al., 2015; Singham
et al.,, 2017). The region is located at the junction of multiple tectonic plates,
encompassing four important biodiversity hotspots: the Sunda region, the Philippines
region, Wallacea, and the India-Burma region of the Indochinese Peninsula, which
exhibits exceptionally highwbiodiversity (Myers“et al., 2000). Moreover, the drastic
climatic fluctuations during the Pleistocene caused significant sea-level changes around
the SCS: land bridges emerged during glacial periods, providing corridors for terrestrial
animal dispersal, whereas during interglacial periods, warmer climates and rising sea
levels submerged these land bridges (Cros et al., 2020; Gorog et al., 2004; Lavery et al.,
2023). The marine barriers cut off gene flow between populations, driving adaptive
evolution of local populations and accelerating the process of population differentiation
(Thorn et al., 2021). The SCS region has a complex geological and climatic history
and environmental heterogeneity, complicating biological distribution and dispersal
patterns.

However, currently, most of the research on the SCS region focuses on its related
historical and geographical features and other aspects. There are relatively few studies
focused on species differentiation, and most of these studies are carried out on plant

groups (for example, research on the distribution pattern of mangrove species diversity
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and its formation mechanism (Yang & Ren, 2023) and the formation mechanism of
island plant diversity (Chiang et al., 2001)).

Insects are characterized by high sensitivity to environmental changes and short
generation times, which gives them an advantage in regional biological evolution
studies—they can quickly record the impacts of factors such as glacial-interglacial
climate fluctuations and "land bridge emergence and submergence" on population
dynamics. However, current phylogeographic research on insects within SCS region is
mostly limited to local studies, covering some islands (Dusfour et al., 2007; Singham
et al., 2017) or focusing on mainland China and adjacent islands (Damaska et al., 2021;
Fu et al., 2024; Tian et al., 2015). This leads to a lack of understanding of its overall
pattern, and there is an urgent need to supplement comprehensive evidence from insect
taxa. Furthermore, multiple studies have shown that the dispersal and differentiation of
insect island populations in Southeast Asia are temporally consistent with the dynamic
changes of land bridges during glacial and interglacial periods (Hosoishi et al., 2023;
Liu et al., 2015; Schutze et al., 2012; Singham et al., 2017). Based on this, we
hypothesize that the dispersal of insects in the SCS region may have been significantly
influenced by historical climatic fluctuations and the periodic emergence and
submergence of land bridges.

Islands have long been regarded as model systems for exploring various aspects
of ecology and evolutionary biology, from speciation to community assembly
(Gyllenhaal et al., 2025; Valente et al., 2018). The evolutionary processes of species
across different islands can be analogized to "natural experiments", where species with
similar biological and ecological traits are placed in different environments (Gray &
Cavers, 2014; Whittaker et al., 2017). This unique model provides an irreplaceable
research framework for dissecting the impacts of environmentally selective pressures
and historical contingency on species genetic diversity (Hirschfeld et al., 2023). In the
SCS region, Hainan Island (located at the northern margin of the SCS, adjacent to the
southern tip of the Chinese mainland), Borneo (at the southern margin of the SCS), and
the Philippine Archipelago (at the eastern margin of the SCS) form a typical "semiring

island network". The geographical location and environmental differences among these
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islands provide a natural paradigm for explaining the mechanisms of population
differentiation between islands.

Malcus flavidipes Stal, 1859 is widely distributed in the SCS region (Wang & Bu,
2020). As a phytophagous species with weak flight and migration capabilities, it lacks
the ability to disperse across seas via wind. Therefore, we hypothesize that its historical
dispersal and current distribution may have been influenced by local historical climatic
fluctuations and changes in land bridges, making it an ideal material for studying the
evolutionary history of species, their adaptation mechanisms, and population dynamic
changes under the distribution pattern in the SCS region.

In this study, we integrated double-digest restriction-sit€é associated DNA
sequencing (ddRAD-seq) data and geographical distribution data.forM. flavidipes and
combined them with climate and environmental, data. Through phylogeographic
research methods, this study aims to: 1)/reveal the phylogeographic pattern of this
species within the SCS region; 2) eldcidate the evolutionary history and population
dynamic changes of this species, and. verify, the hypothesis of "the dispersal pattern
driven by the periodic changes of land bridges';.3) conduct comparative analyses of
populations across different-'islands=t6 explore the driving mechanisms of island
geographical location,’ envirgnmental factors, and historical climatic events on

population differentiatiof:

MATERIALS'/AND METHODS

Sampling

This study included a total of 199 samples, consisting of 179 individuals (24
populations) of M. flavidipes from the SCS region, and 20 individuals (2 populations)
of its sister species M. inconspicuous, which was selected as the outgroup (Figure 1a;
Supplementary Table S1) (Wang & Bu, 2020). All individuals were immediately

preserved in 100% ethanol and stored in a freezer at —20°C before DNA extraction.
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Voucher samples were stored at the Institute of Entomology, College of Life Sciences,
Nankai University, China (NKU).

Molecular laboratory procedures and single-nucleotide polymorphism (SNP)
calling

Genomic DNA was extracted from muscle tissue via a Universal Genomic DNA
Kit (CWBIO, Beijing, China).

The ddRAD library was prepared according to Peterson’s protocaol (Peterson et al.,
2012). Briefly, the genomic DNA was digested with EcoRI.and Mspl_restriction
enzymes (New England Biolabs, Ipswich, MA, USA) at 37°C fot 8 hours. Both ends
of the digestion product were subsequently ligated with [llumina adaptors and unique
5 bp barcodes. Ligation products were pooled-together, and fragments from 250 bp to
600 bp were selected through Pippin Prep (Sage Science, Beverly, MA, USA). Finally,
the size-selected pools were amplified with 8<10Cycles via PCR with Illumina-indexed
primers. All intermediate. products; including.€nzyme-digested products, ligation
products and amplified DPNA fragments, were purified via AMPure XP magnetic beads
(Beckman CoultersIne., ‘Brea, .CA, USA) before proceeding to the next step. The
ddRAD libraries were sent to the Novogene Sequencing Center & CAP and ISO Lab
forsequencings.and.paired-end 150 bp reads were generated on the Illumina HiSeqX10
platforpi.

Weprocessed raw Illumina reads and called SNPs via the ‘API: ipyrad assembly
workflow’ (Eaton & Overcast, 2020). For the ipyrad parameters, the de novo method
was used for assembly, and the clustering threshold was set to 0.85 (to avoid the issue
where homologous sequences might fail to cluster together at an excessively high
clustering threshold-due to the presence of Ns, insertions/deletions (indels), sequencing

errors, or polymorphisms). The average Phred score offset was set to 33 (the default
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offset), the maximum number of low-quality, undetermined sites (‘N’) in filtered
sequences was set to 5 (the default value and generally recommend against increasing
this value greatly), the filter for the adapters was set to 2 (strict filter for adapters is
applied to address the issue of adapter sequence contamination in ddRAD data caused
by abnormal fragment lengths). The generated ddRAD dataset requires that each locus
exists in at least 70% of individuals (i.e., 30% missing samples per locus). . Fwo,datasets
were finally generated: 1) ALL70 SNP: composed of SNP data that includes_all
samples. 2) NOUT70 USNP: composed of unlinked single-nucleotide pelymeorphism
(USNP) that includes all samples excluding the outgroup.
Phylogenetic analysis, population genetic structure, population genetic diversity
and differentiation

The neighbour-net method based ‘on NOUT70 USNP was implemented in
SplitsTree v4.14.5 (Huson & Bryant, 2006). “In addition, the maximum likelihood
method based on ALL70 SNP was/conducted 'with IQ-TREE v2 (Minh et al., 2020)
with automatic model screeningiand additional ASC options, and the node support
values were assessed via beetstrap resampling (BP) and calculated via 1 000 replicates.

Both Bayesian clustering and discriminant analysis of principal components
(DAPC)wererused.for population genetic structure analysis. The Bayesian clustering
method/was pérformed in Structure v2.3.4 (Falush et al., 2003). We ran Structure ten
times for each K value from 1 through 10 to determine the optimal number of groups
(K). Each run was performed for 120 000 Markov chain Monte Carlo generations with

a burn - in period of 20 000 generations. The best K value was found via Structure

Harvester (http://taylor0.biology.ucla.edu/structureHarvester/), and ten runs were
combined into one output via CLUMPP v1.1.2 (Jakobsson & Rosenberg, 2007). The

graphical representation was implemented in distruct v1.1 (Rosenberg, 2004). DAPC
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analysis was performed via the R package adegenet (Jakobsson & Rosenberg, 2007).
We used the five groups based on the results of Bayesian clustering analysis and
phylogenetic analysis as prior. The optimal number of PCs was determined via the
xvalDapc() command. The optimal number of PCs retained was 30, and we used the
PCs number range of 25 to 35 for analysis.

The nucleotide diversity and within-population inbreeding coefficient. (FLS) were
calculated in VCFtools v0.1.17 (Danecek et al., 2011). The pairwise Fst valuesiamong
the sampling localities and clades were estimated via the R package hierfstat.(Goudet,
2005). The analysis of “isolation by distance” (IBD) was performed yiathe R package

ade4 (Stéphane & Anne-Béatrice, 2007) via the Mantel test method based on the paired

geographic differences and paired Fsr values among, the/sampling localities. The
minimum spanning networks (MSNs)/were constructed in the R package popr via the
Rogers distance calculation method:
Demographic model testing

The demographic history was simulated in Fastsimcoal v2.6.1 (Excoffier et al.,
2013) from thesitefrequency spectra (SFS) via a coalescent simulation-based method.
The observed SES| was generated in easySFS (https://github.com/isaac
overast/casy SFS)=First, we tested the best-fit demographic model for the topological
relationships.among three clades with five divergence models. Second, we assume that
there'isgene flow between all populations. This model was run independently 50 times
via 100 000 coalescent simulations and 20 optimization cycles to obtain a maximum
likelihood that could be used to evaluate the results. The run with the smallest difference
between MaxObsLhood and MaxEstLhood was chosen as the best run and as the
representative of this model. The parameters of the model were estimated via

parametric bootstrapping. First, we simulate 100 replicate SFS runs from the
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* maxL.par file for the best-fit run. We then performed 50 analyses as described above
for each of the 100 newly simulated SFS files. Finally, we calculated the mean
parameter estimates and 95% confidence intervals (Cls) from the 100 best-fit
bootstrapping replicates. The nuclear mutation rate (3.5E-9 per site per generation) was
specified following the estimates for Drosophila melanogaster (Keightley et al., 2009).
Historical demographic changes

The historical demographic reconstruction of the populations was performed-in
Stairway Plot v2 (Liu & Fu, 2020) for each clade. The populatien sizé-changes over
time were inferred based on a one-dimensional folded SFS, ThesSFS for three clades
was generated via easySFS (https://github.com/isaa¢” overast/easySFS). The nuclear
mutation rate of 3.5E” per site per generation-followed the €stimates for Drosophila
melanogaster (Keightley et al., 2009),anda generation time of 0.5 years was adopted
for the analysis.
Estimated effective migration surfaces

Estimated effective’ migration surfaces (EEMS) analysis involves covering the
study area with.a dense equidistant triangular grid and each sample location is adjusted
to the closestideme (vertex) on the grid. A Bayesian approach is then used to estimate
theymigration“paraméters via a stepping-stone model, which assumes that individuals
migrateslocally between demes and that each deme exchanges migrants only with its
neighbors. We computed genetic dissimilarity matrices via EEMS and assigned
geographical coordinates to each sample from each district to contrast geographic and
genetic distances between demes. The migration surface contours were estimated via
500 demes. The MCMC analysis was run for 15 000 000 MCMC iterations including
14 000 000 burn-in iterations and repeated using 4 different seeds to ensure the

convergence of the MCMC chains as well as the accepted distributions of parameters
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as specified by the developers. Final spatial visualizations illustrating migratory
surfaces were generated via R scripts provided by EEMS (Petkova et al., 2016).
Species distribution modeling

The current species distribution modeling (SDM) was constructed using the
maximum entropy algorithm in Maxent v3.4.1 (Dormann et al., 2007) and then
extrapolated to palacoclimatic layers of the last interglacial (LIG) period, ‘the Mid-
Holocene period and the last glacial maximum (LGM) period.

The occurrence data of M. flavidipes were collected from ficldwork, dried
specimens (NKUM), and published literature (Wang & Bu,"2020)s The geographic
coordinates were filtered out by enforcing a distance of 20 km.between records via the
R package Wallace (Team, 2021). Finally;=64. uniqu¢ records were obtained for
subsequent analyses (Supplementary TableS2). A total of 19 bioclimatic variables with
a spatial resolution of 2.5/ minutes “wer€ obtained from the WorldClim
(https://worldclim.org/) website. To-avoid the interference of multicollinearity among
variables, we combingd the cross=correlations of bioclimatic variables (with a threshold
of [r] < 0.8) and the results-of variable contribution analysis to select the final set of
bioclimatic| variables, Finally, eleven bioclimatic variables were selected for further
analysisw., Annual .Mean Temperature (BIO1), Mean Diurnal Range (BIO2),
Temperature Seasonality (BIO4), Max Temperature of Warmest Month (BIOS),
Temperature Annual Range (BIO7), Mean Temperature of Wettest Quarter (BIOS),
Annual Precipitation (BIO12), Precipitation Seasonality (BIO15), Precipitation of
Wettest Quarter (BIO16), Precipitation of Warmest Quarter (BIO18), Precipitation of
Coldest Quarter (BIO19).

Before modelling, the various regularization multipliers (the regularization

multiplier was set from 0.5 to 5, and the intervals were set to 0.5) and five feature
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combinations (F = L, LQ, LQP, LQPT, LQPTH; linear = L, quadratic = Q, product =
P, threshold = T, hinge = H) were tested via the R package kuenm; as a result, the
regularization multiplier = 1.5, feature = LQ was selected as the best combination
(delta.AICc = 0, Supplementary Table S3). For modelling, the output format = logistic,
the number of replicate runs = 20 and the maximum number of background points = 10
000. Seventy-five percent of the data were used for training, and 25% were.used to test
the model. The area under the curve (AUC) of the receiver operating characteristic
(ROC) plot was used for model evaluation. The predicted binaty layers were visualized
in ArcGIS v10.8 (Esri, 2020).

Niche comparison analysis

Niche similarity was tested between eachphylogéegraphic group. For groups with
fewer 5 geographic data points, we simulated geographic data based on real geographic
records to reach at least 5 points (to_reachstheitequirements of subsequent software
analysis). First, we extracted' the envirommental” variable information through real
geographic records to obtain itsirange of ecological factors for suitable habitats. Next,
we extracted the'latitude and-longitude coordinates of locations within a 1-degree range
from real geographical records within a suitable range of ecological factors. The
extraction, of eecological factors and geographical coordinates was performed via the R
packages rgeos, sp, rgdal and raster (Kaya et al., 2019).

Eleven bioclimatic variables of each geographical location were extracted based
on latitude and longitude via the R packages rgdal and raster. The environmentally
space-based niche equivalence statistic method was used to test niche similarity and
was performed via the R package Humboldt (Brown & Carnaval, 2019). Schoener's D

niche similarity value between environmental conditions ranges from 0 (no overlap) to
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1 (identical predictions). We also calculated the correlation between genetic diversity

and geographic and ecological information via Pearson correlation analysis.

RESULTS

Single-nucleotide polymorphism (SNP) calling

After filtering, the number of reads mapped to each individual “tanged from
1,503,927 to 15,707,201 with 5,844,800 reads per individual on average. Afterithe loci
that failed to meet the filtering criteria were removed, two final “dataset§ were
constructed for analysis: 1) ALL70 SNP: dataset containing all'samples that contained
11336 SNP loci. 2) NOUT70 USNP: dataset comtaining all samples excluding
outgroups that contain 5193 USNP loci.
Phylogenic results and population genetic structure

Based on the NOUT70 USNP _dataset, the-tesults of the neighbour-net method
revealed that M. flavidipes wa§~divided into|five independent genetic clades that
corresponded to geography: T) Seuth China and Southwest clade (FLASW) was located
mainly in South Chinaand Seuthwest China; 2) Yunnan-Indochina clade (FLAYL) was
located mainly in the Indo-China Peninsula and Malay Peninsula; 3) Hainan Island
clade (ELAHN) was‘located only on Hainan Island, China; 4) East Malaysia clade
(FLAEM) was‘located only in East Malaysia; and 5) Philippines clade (FLAPH) was
located only in the Philippines. The ML tree strongly supported that the five clades
mentioned above were monophyletic, and the phylogenetic relationship was
((FLASW+FLAYL)+FLAHN)+(FLAEM+FLAPH)) (Figures 1A & C).

The structure results revealed that the optimal K value was 5 (Supplementary
Figures S1-2). FLASW and FLAEM mainly contained one genetic component (sky

blue and orange, respectively). For FLAYL, the populations located on the Indo-China
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Peninsula mainly contained one genetic component (green), and the populations located
on the Malay Peninsula likely had mixed genetic components (yellow). FLAHN and
FLAPH both had mixed genetic components with genetic components from
neighboring island populations (Figure 1B). The DAPC results were consistent with the
phylogenetic results, showing five obvious clusters (Figure 1D).

MSN showed that the FLAYL populations was connected to_the “FLASW
populations and the FLAEM populations, respectively. Subsequently, the ELASW
populations differentiated into the FLAHN populations, and/the.EL AEM.populations
then differentiates into the FLAPH populations (Figure 1E).

Genetic diversity, genetic differences and within-pepulation.inbreeding coefficient

The nucleotide diversity ranged from 0,0446.in flaY NJH'population of FLAYL to
0.0121 in flaMSJJ of FLAEM (Supplementary Table S1)., with that of each branch was
ranked in descending order: FLAYL> FLASW> FLAHN> FLAPH> FLAEM (Figure
2A).

The pairwise Fsr showed that the values between the populations ranged from
0.0228 to 0.1435 (Supplementary Figure S3; Supplementary Table S4). According to
the Fsrvalues, the five clades could be divided into two groups, with FLAYL, FLASW,
and.FLAHN forming one group and FLAEM and FLAPH forming one group. Within
thelgroups, there was relatively little genetic differentiation among the clades (Fsr
values lower than 0.08), whereas between the groups, there was significant genetic
differentiation between the clades (Fsr values greater than 0.11) (Supplementary Figure
S4; Supplementary Table S5). In addition, IBD analysis revealed a significant positive
correlation between genetic differences and geographic distance (P < 0.001) (Figure

2B).
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323 The results of 1S revealed that flaMSJJ had the highest FIS at the population level,
324 whereas FLAEM had the highest FIS at the clade level. At the clade level, the FIS
325  decreased in the order of FLAEM (0.8173) > FLAPH (0.6816) > FLAHN (0.6648) >
326 FLASW (0.5711) > FLAYL (0.4508) (Figure 2C; Supplementary Table S6).

327  Demographic model testing

328 M1 was determined to be the best-fitting model, and its topology~was_consistent
329  with that of the ML tree (Supplementary Table S7). Based on an ‘estimate’ of two
330 generations per year, the common ancestor of FLAEM and FEAPH/diverged from the
331  common ancestor of FLAYL, FLASW, and FLAHN approximately=0.75 million years
332 ago (Ma). FLAEM and FLAPH diverged approximately.0.31 Ma, FLAHN diverged
333 from the common ancestor of FLAYL"and FLASW approximately 0.56 Ma, and
334  FLAYL and FLASW diverged appreximately 0.44, Ma (Figure 2D; Supplementary
335 Table S8). The gene _flow "betiwween .geographically adjacent clades (such as
336  FLAYL&FLASW, FLASW&FLAHN, FLAEM&FLAPH) was relatively high,
337  whereas the geneflow withother clades was relatively low (Figure 2E; Supplementary

338  Table S8).

339 “~Historical demographic changes

340 The=stairway plots revealed that the FLAYL populations experienced rapid
341  expansion 1 Ma, and remained stable thereafter. The FLASW populations experienced
342 rapid expansion during the LIG period. The FLAHN population began to shrink
343  approximately 1 Ma, reaching its lowest point 0.4 Ma, followed by rapid expansion,
344 reaching its peak during the LIG period, and then remaining stable. The FLAEM
345  population experienced rapid shrinkage 0.3 Ma, reaching its lowest point 0.2 Ma,

346  followed by rapid expansion and reaching stability during the LIG period. Later, a small
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347  expansion event occurred approximately 0.07 Ma and has remained stable. The FLAPH
348  population experienced a rapid expansion 0.5 Ma, reaching its peak 0.2 Ma, followed
349 by aslow contraction. After the LGM period, a sudden and intense contraction occurred,
350  until 0.007 Ma, when it reached its lowest point and then remained stable (Figure 2F).
351  Estimated effective migration surfaces

352 EEMS contours illustrate relatively high or low effective migration within the
353 main distribution area of M. flavidipes and its neighbouring regions. The results of the
354  effective migration area revealed the following obvious batriess, toy genc_exchange
355  within its distribution area: barrier 1: high-altitude areas'in  th¢ Ailao Mountains—
356  Honghe River Fault Shear Zone; barrier 2: the Qiongzhou Strait and the Beibu Gulf;
357  barrier 3: the Isthmus of Kra; and barrier 4 the"SCS and the Sulu Sea. These potential
358  barriers also showed high posterior prebabilities > (0.90 in the Bayesian estimation of
359  the migration parameters. Notably, among the results with high-posterior probabilities >
360 0.90, there was a significant barrier fracture between geographical barriers 1 and 2, and
361  there is an obvious communication channel nearby (Figures 3A &3B).

362  Species distribution modeling

363 During the LIG period, suitable habitats were basically consistent with the current
364 sdisteibution. With the start of the LGM period, suitable habitats expanded to the
365  surrounding areas, while large connected land bridges emerged. Moreover, the exposed
366  continental shelf connecting islands and continents provided a large area of suitable
367  habitat. In the middle Holocene, the suitable habitat significantly shifted northwards,
368  and there was almost no suitable habitat in the southern region of the Malay Peninsula.
369  Moreover, there was no suitable habitat on Kalimantan Island. Under current conditions,
370  the range of the suitable habitat was similar to that of suitable habitat in the LIG period

371 (Figures 3C-3F).
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372 Niche comparisons analysis

373 In terms of the similarity in Niche comparisons, from the highest to the lowest,
374 FLAYL and FLASW have the highest Schoener's D niche similarity value (0.175)
375  (Figure 4D). The Schoener's D niche similarity value between FLAYL and FLAPH is
376 0.07(Figure 4C). The Schoener's D niche similarity values between FLAYL and both
377  FLAEM and FLAHN are 0.022 (Figures 4A &4B). The Schoener's D niche similarity
378  values between the remaining combinations were 0 (Figure 4E). Pearson cortelation
379  analysis showed that BIO2 and BIO7 were significantly positively'coirelatéd with
380  genetic diversity (BIO2: r = 0.6491, P<0.001; BIO7: r = 0.4343,/P<0.05) (Figure 4F),
381  while nucleotide diversity exhibited a significantinegative correlation with longitude (r

382  =-0.869; P<0.001) (Figures 2A & SS5; Supplementary*Iable.S9).

383  DISCUSSION

384  Ring divergent phylogeographie¢ patterns and historical diffusion routes in

385 opposite directions around, the Seuth €China Sea

386 A clear ring divergent phylogeographic pattern has been revealed in M. flavidipes
387  around the SCS.(Eiguré~l.A)~Each island population converged into an independent
388  group (FLAPH, FLAHN, and FLAEM), reflecting that the ocean and straits are
389 impertant.geographical barriers for population differentiation and play important roles
390  in geographic isolation for terrestrial organisms (Figures 1 & 3B) (Lim et al., 2020; Liu
391 et al.32020). Among the mainland populations, FLAYL and FLASW formed obvious
392  population differences, with the Ailao Shan—Red River shear zone as the geographical
393 barrier (Figures 3A &3B). The Ailao Shan—Red River shear zone is composed of a
394  crustal discontinuity over 1800 kilometres long and extends from the southeastern edge
395  of the Qinghai-Tibet Plateau to the SCS forming an important geographical barrier to
396  the local biota (Che et al., 2010; Liu & Fu, 2020).

397 Ancestral populations tend to accumulate relatively high levels of genetic variation,

398  and the degree of genetic variation gradually decreases along the diffusion path due to
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the founder effect (Qiao et al., 2018; Soderquist et al., 2025). The FLAYL populations,
especially the populations from the Indo-China Peninsula, had relatively high genetic
diversity values, and the diversity centre of the Malcidae species was located precisely
on the southeastern edge of the Qinghai-Tibet Plateau (Li et al., 2022). Therefore, we
speculated that the ancestral populations of M. flavidipes should be located in the Indo-
China Peninsula.

According to the genetic diversity values (a significant decreaSe in“genetic
diversity from west to east), IBD and MSN result (Figures 1D & 2B), the ancestral
population diffused on the land around the SCS probably through two reutes in.epposite
directions: southwards and northwards.

On the northwards diffusion route, the ancestralpopulation-first.spread northwards
to the southern part of mainland China and then.spread from west to east within this
region. The population in southern China‘subsequently*erossed the Qiongzhou Strait
and spread to Hainan Island. The pgpulation dispersal process along this pathway
perfectly aligns with the founder effect and mewly colonized populations experience a
certain degree of genetic bottleneck during their differentiation from the original
population. After the pepulation=dispersed to Hainan Island, gene flow with the
mainland population ‘was blocked as land bridges disappeared, and the environmental
differences on the-island-further accelerated the differentiation rate of the FLAHN
(Figures 4B & 4D). In contrast, the terrestrial isolation barrier between the FLAYL and
ELASW is.weakerthan the marine barrier, and the degree of environmental difference
between the two regions is relatively low. Therefore, the differentiation time of these
two populations is later than that of the FLAHN.

On the southwards diffusion line, the ancestral populations first spread southwards
to the Malay Peninsula region. These populations then spread from west to east along
the island chain around the SCS, successively spreading to the Kalimantan Island region
and the Philippine Island region. Notably, although the Philippine Islands geologically
should be the final stop (along the dispersal route), their populations exhibit

significantly greater genetic diversity than those on Kalimantan Island do. This paradox
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suggests that the two island populations may have undergone more complex population
dynamics following their initial divergence and dispersal.

In addition, the divergence times among island populations of M. flavidipes are
concentrated between 0.3 and 0.8 million years ago, a period that coincides with the
Middle Pleistocene (0.13 - 0.8 million years ago) when glacial activity was intense.
Previous studies have confirmed that during the Middle Pleistocene, sea levels
fluctuated repeatedly with glacial cycles (De Boer et al., 2014; Klicka & Zink, 1997).
The periodic land bridges formed by these fluctuations provided critical conditions for
the transmarine dispersal of various biological groups in East and Southeast Asia,
including snakes, plants and insects, to islands (Guo et al., 2019; Liang et al., 2024; Liu
et al., 2020). Unlike some plants whose fruits and seeds can float on the sea surface,
enabling strong long-distance dispersal (Yang & Ren, 2023) and insect groups that
accomplish transmarine migration via monsoons (Yang et al., 2022), M. flavidipes has
weak flight ability and cannot cross marine barriers by flying. Therefore, the
transmarine dispersal of its populations is more likely to rely on the emergence of land
bridges. This result supports the previously proposed hypothesis of the "dispersal mode

driven by the periodic changes of land bridges in the SCS region".

Genetic-ecologieal.correlations and evolutionary trajectories in island

populations

Island.populations, due to their smaller population sizes, are more prone to the
risks of inbreeding and loss of genetic diversity (Dierickx et al., 2020). Compared with
the mainland populations (FLASW and FLAYL), the three island populations (FLAEM,
FLAPH, FLAHN) all exhibit a typical pattern of "high FIS and low genetic diversity"
in terms of genetic characteristics. Meanwhile, the population historical dynamics
shows that the mainland populations exhibited a pattern of "first increasing to a peak
and then remaining stable", while the effective population sizes of the island
populations experienced multiple fluctuations during the Middle Pleistocene. It is

directly associated with the dispersal and differentiation events of island populations
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during this period. Meanwhile, island populations belong to late-colonizing groups with
restricted genetic pools and are constrained by the narrow living ranges of island
ecosystems; this makes them more sensitive to climatic fluctuations and exhibits
stronger genetic fragility. Therefore, climatic fluctuations in the Middle Pleistocene not
only provided opportunities for transoceanic dispersal of island populations but also
posed challenges to their survival in coping with climatic shocks due to the inherent
fragility of their genetic structure.

Notably, although the three island populations share the same genetic characteristic
pattern, their genetic traits still exhibit uniqueness, which is closely related to the
different geographical locations of the three islands and their evolutionary histories.

The Hainan population (FLAHN) diverged from its ancestor 550 000 years ago (the
second stage of the third last glacial period) (Yi et al., 2005). During this period, the
effective population size experienced a brief contraction, followed by a rapid increase
to a stable state, which is consistent with the typical founder effect model. However, it
is worth noting that during the glacial period, the exposure of the continental shelf
connected Hainan Island both with southern China and the Beibu Gulf. However, why
did the Hainan population show a dispersal pattern of crossing the Qiongzhou Strait via
southern China? (The MSN results show that the genetic distance between the FLAHN
and GDTS geographical populations is the closest. Moreover, the structure results also
indicate that there is no genetic admixture between FLAHN and FLAYL, while there is
a strong gene exchange signal between FLAHN and FLASW.) Instead of a population
dispersal event where FLAYL crossed the Beibu Gulf from the Indochina Peninsula to
Hainan. In terms of topography, the shortest straight - line distance between Hainan
Island and the Leizhou Peninsula in southern China is merely approximately 18
kilometres, while the shortest distance between Hainan Island and the Indochina
Peninsula is nearly 200 kilometres. Meanwhile, the ecological niche results from the
Last Glacial Maximum indicate that the suitable habitats on the land bridge formed in
the Beibu Gulf area are fragmented, while the land bridge connecting the Leizhou
Peninsula has a connected suitable habitat corridor. Therefore, we believe that the

advantage of geographical distance and the continuous suitable habitats on the land
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bridge probably together facilitated the dispersal of FLASW to Hainan Island and the
subsequent genetic exchange. Thus, it can be seen that land bridges do provide an
opportunity for populations to cross marine barriers. However, not all geographical
populations adjacent to land bridges can successfully disperse. The ecological corridors
within the suitable habitats on the land bridges determine the "lucky ones" that can
successfully disperse.

Meanwhile, we found that the Hainan population exhibited the lowest FIS
compared to other island populations. Geographically, Hainan Island is the closest to
the mainland, enabling frequent gene flow with mainland populations (Stanback et al.,
2022). This finding aligns with the "Island Equilibrium Theory", which posits a
negative correlation between island isolation and immigration rate from the mainland.
The land-island adjacency pattern protects island populations from genetic
vulnerability to some extent by facilitating the influx of mainland individuals

(Beaugrand et al., 2024; Losos & Schluter, 2000; Schoville et al., 2013).

However, the other two island populations, FLAEM and FLAPH, showed
contradictions with theoretical expectations in multiple genetic characteristic
comparisons: (1) They exhibited genetic traits conflicting with the founder effect (see
4.1 for details); 2) FLAEM showed an abnormal combination of the lowest genetic
diversity but a high effective population size. According to the neutral theory (11 = 4Ne
1), genetic diversity should be positively correlated with effective population size when

the mutation rate is constant. Therefore, it can be inferred that the two populations have

experienced a more complex population evolutionary history after initial differentiation.

A correlation analysis between genetic diversity and environmental factors
revealed a strong positive correlation between the genetic diversity of FLAEM and
FLAPH and the ecological factors Bio2 (diurnal temperature range) and Bio7 (annual

temperature range) (Figure 2A & Supplementary Figure S5, Supplementary Table S9).
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513  Given the critical impact of temperature on the growth, reproduction, and other
514  developmental processes of insects, we hypothesize that environmental selective
515  pressures may further drive directional adaptive evolution in the two populations.
516  Meanwhile, FLAEM experienced a severe genetic bottleneck event 0.2-0.3 million
517  years ago (Ma), which likely led to homogenization of'its gene pool. Additionally, ENM
518  revealed that suitable habitats in eastern Malaysia vanished from the Last Glacial
519  Maximum to the Mid-Holocene, yet population size remained stable during this period.
520 In contrast, the effective population size of FLAPH declined rapidly despite its
521  extensive suitable habitat area, with a certain degree of gene flow existing between the
522 two populations. It is hypothesized that FLAEM was forced to migrate northwards for
523  gene exchange with FLAPH during this period, then returned as habitats expanded
524  southward. Thus, FLAPH probably enhanced genetic diversity via the "refuge effect",
525  while FLAEM experienced genetic drift again amid habitat shifts, leading to a further
526  reduction in its genetic diversity (Leite et al., 2016; Mikkelsen et al., 2025). Therefore,
527  for FLAEM, although the effective population size has recovered, repeated genetic drift,
528 [ ,and inbreeding constraints (FLAEM has the highest FIS), and environmental selection
529  pressure may make it difficult for FLAEM's genetic diversity to increase effectively
530  (Costanzi & Steifetten, 2019).

531 Moreover, it is noteworthy that during the differentiation of island populations,
532  FLAHN and FLAEM experienced genetic bottlenecks 500 000 and 300 000 years ago,
533  respectively, while the effective population size of FLAPH increased rather than

534  decreased; this indicates that its geographical location might have provided a more
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stable and suitable habitat, buffering the impact of climatic fluctuations on the

population.

In summary, island populations exhibit complex responses to climatic fluctuations
and environmental pressures since the Middle Pleistocene, attributed to their small
population size, fragile genetic structure, and geographic isolation. Meanwhile, their
genetic characteristics are closely linked to geographic location, dispersal history, and
environmental pressures: gene flow from adjacent continents can partially mitigate
genetic vulnerability, whereas far-island populations develop more complex population
dynamic evolutionary histories due to high geographic isolation, pronounced
environmental selection pressures, and sensitivity to climatic oscillations.

The conduct of our study also provides important insights for the conservation of
SCS islands. As fragile regions significantly impacted by climate change and habitat
fragmentation, prioritizing the protection of offshore oceanic islands is essential. For
instance, establish long-term genetic monitoring mechanisms to real-time track changes
in population genetic structure, preventing further loss of genetic diversity caused by
inbreeding depression or environmental selection pressure. Our study found that the
Philippine Islands, with their stable habitats, serve as important refuges for populations
responding to climate change. Therefore, in the conservation of SCS islands, SDMs can
be used to predict potential refuges under future climate warming scenarios, and core
protected areas within islands can be demarcated to further enhance the resilience of
island populations in responding to long-term climate fluctuations. As key components
of island ecosystems, insects' conservation can drive the stability of the entire
ecosystem. They can be employed as important evaluation indicators to regularly
monitor the effectiveness of conservation measures through parameters such as

population density and changes in genetic diversity, thereby dynamically optimizing
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560  conservation plans and providing a scientific basis for the sustainable management of

561  SCS island ecosystems.
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FIGURE 2 The population genetic diversity“andwdifferentiation based on ddRAD data

among the five clades of Malcus flavidipes.”X. The correlation between Nucleotide

diversity and Longitude, different eoloted dots répresent five clades. B. The correlation

between genetic differefitiation-(Paitwise Fsr) and geographic distance (Pairwise

Geodis). C. The'within-population inbreeding coefficient of each clade (The black dots

represent the within-population inbreeding coefficien values of different populations

withinsthe clade; the red diamonds indicate the mean values, and the red dashed lines

reflect'the changes in the mean values within each lineage). D. The historical divergent

time based on the best-fit demographic model. E. Gene flow and within-population

inbreeding coefficient among the five genetic clades. F. Historical demographic

changes in the five clades inferred from stairway plots.
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FIGURE 3 The estimated effective migrationsurfaces and predicted distribution based
on the species distribution modeling-of Malcus*flavidipes. A. The contours illustrating
relative migration (the threshold value‘is 0.1). Each-circle is geographical projection of
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interglacial (LIG) period.
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