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Sundaland, a subcontinent situated in the Indo-Malay Archipelago, is characterized by a dynamic climatic, geological, and
geographical history and a correspondingly diverse biota. The distribution of this biota follows complex biogeographical patterns,
with high levels of local endemism and frequent instances of hidden diversity—greater genetic differentiation than expected
based on phenotype. Biogeographical studies on Sundaic insects are scarce, despite high species richness and complex
distributions. By applying molecular “museomics” technigues to a species group of Troides birdwing butterflies, we generated
inter- and intraspecific datasets comprising 39,485 to 59,905 SNP positions and complete mitogenomes from museum spec-
imens collected between the 1890s and 1990s. These datasets allowed the investigation of taxonomic status, biogeography,
and divergence timing within the Sundaland endemic amphrysus group. The origin of the group was estimated between the
late Miocene and early Pliocene, and subsequent intraspecific divergence took place during the Pleistocene. Earlier-diverging
taxa were found on Borneo, while later-diverging taxa had distributions centered in western Sundaland. Divergence between
subspecies of laterdiverging species complexes occurred <1 million years ago, overlapping with marine incursions on the
Sunda Shelf. Javan populations showed comparatively high genetic differentiation from those on other Sundaic landmasses.
We found genetic evidence of possible hidden species-level diversity within two species complexes. Contrastingly, T amphry-
sus euthydemus (Fruhstorfer 1913) syn. nov. is synonymized with T amphrysus ruficollis (Butler 1879), given the low divergence
between these two species. Together, these results provide a perspective on Triodes evolutionary dynamics and the role of
Pleistocene glaciations in shaping patterns of Sundaland'’s insect diversity.
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Introduction hosts two global terrestrial biodiversity hotspots (Myers et al.

Southeast Asia is one of the world’s megadiverse regions, host- ~ 2000)- The tropical position, complex geological history, and

ing about a quarter of global biodiversity despite representing
only 4% of the Earth’s land surface (Myers et al. 2000,
Mittermeier et al. 2005, Woodruff 2010, Corlett 2014).
Situated within the region, the Indo-Malay Archipelago is
particularly well-known for its exceptional biodiversity and

insularity of the Archipelago have contributed to the evolution
of its megadiverse species assemblages, shaping patterns of
high regional and local endemism in various clades (Woodruff
2010, Hall 2013, De Bruyn et al. 2014, Von Rintelen
et al. 2017).
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The western section of the Archipelago, located on the Sunda
Shelf, persists as a highly fragmented assemblage of islands.
However, for most of its geological history since its origin
around 80 million years ago (Ma), the Sunda Shelf formed an
exposed subcontinental landmass known as Sundaland (Hall
and Morley 2004, Hall 2009, 2013, Sarr et al. 2019).
Oscillations in global sea levels flooded (interglacial) and
exposed (glacial) the Sunda Shelf during the late Pleistocene,
culminating in the permanently flooded state from ~19,000 years
ago to the present (Voris 2000, Cannon et al. 2009, Woodruff
2010, De Bruyn et al. 2014, Sarr et al. 2019). During glacia-
tions, montane communities of flora and fauna were able to
track the cooling climate downslope and correspondingly
occupy larger ranges, with the opposite occurring during inter-
glacial periods (Hewitt 2000, Qu et al. 2011).

These late Pleistocene climate and sea level dynamics are par-
ticularly thought to have had a major influence on diversification
in Sundaland, which has been corroborated by biogeographic
studies of various clades, including freshwater fishes, birds, and
mammals (Mason et al. 2019, Cros et al. 2020, Husson et al.
2020, Sholihah et al. 2020). Sundaic insects show particularly
high species richness and complex patterns of intraspecific diver-
sity; however, their biogeography remains understudied.
Recently diversified insect lineages with complex patterns of
regional endemism are particularly suitable for investigating the
role of Pleistocene dynamics on diversification in Sundaland.

Birdwing butterflies of the well-known genus Troides Hibner
1819 (Lepidoptera: Papilionidae) are an excellent example of
such a recently diversified insect lineage. Troides birdwings
have diversified into 21 species and 72 subspecies across their
range, which straddles the Indo-Malay Archipelago from the
Asian mainland to New Guinea (Tsukada and Nishiyama
1982, Matsuka 2001, Ohya 2001, Hauser et al. 2005,
Condamine et al. 2015). Like other birdwing genera
(Trogonoptera and Ornithoptera), Troides are host plant spe-
cialists feeding on species in the genera Aristolochia and
Thottea, both of which belong to the birthwort family
(Aristolochiaceae) (Nishida et al. 1993, Matsuka 2001).
Troides are generally regarded as edge-tolerant canopy species
and are typically strong flyers with representatives in most ter-
restrial habitats in Sundaland, from coastal mangroves to mon-
tane cloud forests (Haugum and Low 1979). The diversity
within the genus shows significant geographical structuring and
regional endemism, with many species being represented by
allopatric subspecies.

Within Troides, four Sundaland endemic species form a clade
known as the “ampbrysus-group,” these are T. amphrysus
(Cramer 1782), T. andromache (Staudinger 1892), T. cuneifera
(Oberthiir 1879) and T. miranda (Butler 1869) (Matsuka 2001,
Condamine et al. 2015). These four species show significant intra-
specific morphological variation, with each species comprising
several subspecific lineages, and we correspondingly refer to the
four species as “species complexes” hereafter. These subspecies
have mostly been described during the late 19th century, based
on distinct wing color patterns in combination with allopatric
distributions (Staudinger 1892, Fruhstorfer 1898). The amphrysus-
group has 14 subspecies found on the four large Sundaland
landmasses: Borneo, Sumatra, Java, and the Malay Peninsula
(Fig. 1) (Tsukada and Nishiyama 1982, Matsuka 2001). Despite
their popularity among naturalists over the past ~150yr, taxo-
nomic and systematic uncertainties persist within the amphrysus-
group (Haugum and Low 1979, Tsukada and Nishiyama 1982).
Their patchwork distribution and large morphological variation
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are an indication of the diversity that is found within each lineage,
some of which may not be captured in current subspecies desig-
nations. Altogether, the amphrysus-group provides a suitable
model for the study of within- and between-species diversification
under the influence of late Pleistocene dynamics in Sundaland and
allows the investigation of hidden diversity in an understudied
biodiversity hotspot. The wealth of specimens present in natural
history collections provides a superb opportunity to address such
research questions.

Natural history collections harbor a vast catalog of Earth’s
biodiversity and are therefore key to investigating the origins
of biodiversity (Bakker et al. 2020, Card et al. 2021). The
genomic potential of these natural history collections is increas-
ingly being unlocked through rapidly evolving high-throughput
sequencing techniques combined with increasingly efficient
bioinformatic pipelines for analyzing low-coverage fragmented
genomes (Bakker et al. 2020, Call 2020, Card et al. 2021,
Raxworthy and Smith 2021). Museomics, the use of high-
throughput sequencing to obtain genomic data from museum
specimens (Call 2020, Twort et al. 2021), can provide unprec-
edented genomic insights into evolutionary histories and intra-
specific diversity contained in natural history collections.

In this study, we make use of Troides museum specimens col-
lected over the last ~130yrs to carry out a fine-scale biogeograph-
ical study of the clade and to genetically investigate the numerous
subspecies and identify potential cryptic subspecies. With phy-
logenomic insights, we clarify morphological subspecies desig-
nations made by 19th-century naturalists, test for hidden
diversity, and investigate the role of late Pleistocene glaciation
dynamics in the diversification of Sundaland butterflies.

Materials and Methods

Taxon Sampling

Specimens were obtained from Naturalis Biodiversity Centre
(RMNH, Leiden, The Netherlands) and the Museum fiir
Naturkunde (MfN, Berlin, Germany). Multiple specimens per
subspecies were included where possible to enable the detection
of genetic variation. Accordingly, three to four specimens per
subspecies were sampled within the amphrysus-group. In addi-
tion, one to two individuals were sampled for each of the
selected outgroup species—Troides hypolitus (Cramer 1775),
Troides magellanus (C. & R. Felder 1862), and Troides rhad-
amantus (Lucas 1835). This resulted in a total sampling of 32
specimens, covering 12 out of all 14 amphrysus-group subspe-
cies occurring on the larger Sundaic landmasses (Fig. 1).
Although we attempted to fully cover all amphrysus-group
subspecies of the Greater Sunda Islands and the Malay
Peninsula, we unfortunately were unable to incorporate T.
andromache nishikawai Kobayashi, 1992, and T. miranda
hayamii Kobayashi, 1991, both rare subspecies occurring in
southern Borneo. “Minor” subspecies, with restricted ranges
on small islands along the coasts of the Greater Sunda Islands,
were omitted, as these subspecies are most likely derived from
the subspecies present on the nearest larger landmass (similarly
to mammals and birds, see eg, Mason et al. [2019], Ng et al.
[2021], and Wu et al. [2022]). This is especially relevant for
the numerous described subspecies of T. amphrysus on islands
adjacent to Sumatra, eg T. a. simeuluensis (Ohya 1985).
Specimens were identified by the main author on the basis of
wing patterns and collection locality, using diagnostic charac-
ters mentioned in Haugum and Low (1979) and Tsukada and
Nishiyama (1982).
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Fig. 1. Distribution maps of the different amphrysus-group taxa. Maps depict approximate subspecies distributions based on range limits and elevation
preferences mentioned in Matsuka (2001), Haugum and Low (1979), and Tsukada and Nishiyama (1982), combined evidence was used to best approxi-
mate distribution limits. Circles indicate collection sites of samples with precise locality information (see Table 1). Bathymetry contours are shown at
40m depth intervals, data sourced from GEBCO_2023 Grid (GEBCO Bathymetric Compilation Group 2023). For reference, approximate distributions of
unsampled taxa are hashed. Males and females of nominate subspecies are shown; figures adapted from Naturalis Biodiversity Center & Natural History

Museum (2014). Maps produced in QGIS 3.40.5 (QGIS.org 2025).

Sampled specimens were collected over a hundred-year inter-
val, with the oldest specimen stemming from 1892 (T. amphry-
sus flavicollis, DNA voucher MFNLEP329)—around the time
that the first subspecies in the group were being described—and
the youngest specimen from 1990 (T. cuneifera cuneifera, spec-
imen RMNH.INS.1047464). Different preservation methods
were present within the selected taxa, although exact details
are generally unclear for older specimens. Both papered spec-
imens and pinned specimens were included in the sampled taxa.
These are likely to have experienced different levels of degra-
dation, since pinned specimens may have been relaxed prior to

pinning, with this additional hydration potentially leading to
additional DNA degradation, as mentioned in Mutanen et al.
(2010) and Cho et al. (2016).

In addition to the specimens from museum collections, DNA
sequences from whole-genome resequencing of recently col-
lected specimens of each species in the amphrysus-group com-
plex were incorporated into the dataset. These were downloaded
from the publicly available sequence read archive (SRA
BioProject PRJNA1013724) and belong to the following taxa:
Troides amphrysus amphrysus (SAMN37296348), T. cuneifera
cuneifera (SAMN37296350), T. andromache andromache
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(SAMN37296349), and T. miranda neomiranda (SAMN37296351).
Photographs of these four specimens were assessed and con-
firmed their original identifications. Sequences from four pub-
lished draft genomes of outgroup taxa were also incorporated
into the dataset; these were Trogonoptera brookiana
(Wallace 1855), Ornithoptera priamus (Linnaeus 1758), O.
richmondia (Gray 1853), and Troides plateni (Staudinger
1888) (Allio et al. 2020). A complete overview of the specimens
(collection locality, collection year, and preservation method)
is provided in Table 1.

DNA Extraction

DNA was extracted from a single hindleg per specimen. For
specimens with missing hindlegs, mesothoracic or forelegs were
sampled. Legs were crushed in Eppendorf tubes using a clean
scalpel. DNA extraction was carried out using the QIAamp
DNA Micro kit (Qiagen) using the Qiagen protocol “Isolation
of Genomic DNA from Tissues” modified by Twort et al.
(2021) for museomics. These modifications were: (i) samples
were incubated in lysis buffer overnight at 56 °C, (ii) samples
were briefly centrifuged, and the supernatant was subsequently
carried forward, and (iii) during DNA elution, samples were
incubated on the filter column in elution buffer for 20 min
before centrifugation (Twort et al. 2021). Extractions were
carried out in an “ancient DNA” facility (Naturalis Biodiversity
Centre, Leiden), to minimize potential contamination from
other DNA sources. Other measures included working inside
a flow cabinet, UV-sterilization of working surfaces, and the
use of filter pipette tips. DNA concentration was measured for
concentration and fragment size distribution using High
Sensitivity D5000 ScreenTape Assays on the Agilent 4150
TapeStation System. All samples fulfilled the fragment length
distribution criteria for library preparation (<250 bp), allowing
us to directly proceed with library preparation.

Library Preparations and Sequencing

Whole-genome libraries were prepared for sequencing following
the protocol by Meyer and Kircher (2010) with modifications
according to Twort et al. (2021). Initially, we performed
blunt-end repair to ensure homogeneous samples. During
blunt-end repair, samples were incubated with a master mix
consisting of: Tango buffer (1X), dNTP’s (100pM), ATP
(1mM), T4 PNK (0.5 U/uL), T4 DNA Polymerase (0.1 U/uL)
and MilliQ. Incubation was carried out for 15min at 25°C
followed by 5min at 12°C. Following blunt-end repair, a
clean-up reaction was performed using filter columns (MinElute
Reaction Cleanup Kit, Qiagen), and the samples were rinsed
through three steps, first using PB buffer and then twice with
PE buffer. Samples were removed from the column by incuba-
tion with elutriation buffer for Smin at 37°C. Afterwards,
adapter ligation (P7 & PS5, main constituents of the Oligo
Hybridization Mix) was performed using T4 DNA Ligase Buffer
(1X), PEG-400 (5%), T4 DNA Ligase (5 U/uL), MilliQ, and a
freshly diluted Oligo Hybridization Mix (10 pmol) and incu-
bated for 30 min at room temperature. Clean-up reactions were
again performed as described above. Overhanging fragments
were then filled in by incubation with a mix of Isothermal
Reaction Buffer (1X), dNTP’s (250 uM), Bst Polymerase, and
MilliQ at 37°C for 20 min, this reaction was subsequently ter-
minated by incubating for 20min at 80°C. For each sample,
3uL of library template was subsequently indexed with a unique
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combination of dual index primers and amplified in five separate
PCR reactions using the following standardized protocol. After
an initial denaturation of 2 min at 95 °C, samples were amplified
by 15 cycles of the following: 15s at 95°C, 30s at 60°C and
one min at 68 °C. The number of cycles was adjusted based on
evaluation of the initial PCR reaction, where the number of
cycles was increased or decreased to achieve approximately
equimolar concentrations per sample. Finally, all six reactions
per sample were pooled, and 15 pL of the pooled sample was
sent off for sequencing on the Illumina NovaSeq 6000 system
(Novogene, UK) with paired-end sequences of 150bp, at a
depth of 1.5 to 3 Gb. This shallow depth of sequencing was
selected due to financial constraints. We assume a genome size
between 330 and 350 Mb, based on published Troides genomes:
330Mb Troides helena (He et al. 2022), 348 Mb Troides oblon-
gomaculatus (Reboud et al. 2023), and 351 Mb Troides aeacus
(Hong Kong Biodiversity Genomics Consortium 2024). Based
on this assumption, sequencing coverage would roughly equate
to 5 to 10 X. However, since low-coverage museomics genomes
are often highly fragmented, a lower actual coverage is to be
expected, particularly for more degraded samples. A detailed
description of the protocol published by Twort et al. (2021) can
be accessed online (https:/doi.org/10.6084/m9.figshare.
12927500).

Processing Sequence Data

Random ligation may occur during the adapter ligation step
during library preparation and subsequently result in chimaera
formation (Willerslev and Cooper 2005). Although not detri-
mental to the reliability of sequencing information, reads must
therefore be treated as single-end to obtain accurate results
(Rowe et al. 2011). As in other museomic studies (Call 2020,
Twort et al. 2021), our samples consisted of highly degraded
genomes and we therefore took the following precautions to
identify paired-end and single-end reads in subsequent analyses.

Reads were cleaned with Trimmomatic v. 0.39 (Bolger et al.
2014) using parameters that have been used on museomic sam-
ples: LEADING: 3, TRAILING: 3, remove reads below 30 bp,
quality measured using a sliding window of 4 bp and quality
higher than 25 (Call et al. 2021, Twort et al. 2021). Adapter
sequences were removed, and overrepresented sequences were
investigated for the presence of contaminants using online
nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and
removed accordingly, this consisted only of primer contami-
nation. Cleaned reads were output into paired end reads and
unpaired for both forward and reverse sequence files.
Overlapping paired-end reads, caused by sequencing fragments
smaller than the insert size, were merged using PEAR v. 0.9.6
(Zhang et al. 2014) with default settings. This yielded a set of
merged sequences and unmerged forward and reverse sequences
for each sample. Altogether, this yielded three different cleaned
read files: (i) the unmerged forward reads concatenated with
the unpaired forward reads, (ii) the unmerged reverse reads
concatenated with the unpaired reverse reads, and (iii) merged
overlapping paired-end reads. Mitochondrial and nuclear
genomes were subsequently processed and analyzed separately.

Mitochondrial Genome Assembly and Alignment

Mitochondrial genomes (mitogenomes) were assembled de novo
for each specimen using MitoZ v. 3.6 (Meng et al. 2019) in
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Table 1. Continued

Collection or Study

Accession

Preservation
method

Biogeographical Collection year

Sub-region

Locality

SampleID Specimen ID  Locality verbatim

Subspecies

Species

Group

Bioproject Accession

Papered
PRJNAS533298

2016

Philippines

Troides plateni FC2806  FC2806 Philippines, Palawan Palawan

Troides plateni

Staudinger 1888  Staudinger 1888

Ornithoptera
richmondia
Gray 1852

Bioproject Accession

1978 Papered
PRJNAS533298

Australia

Australia

Australia

1938

1938

Ornithoptera
richmondia

Gray 1852

Bioproject Accession

1987 Papered
PRJNAS533298

Papua

Papua

Papua New Guinea

1919

1919

Ornithoptera
priamus

Ornithoptera
priamus

New Guinea

New Guinea

Linnaeus 1758
Trogonoptera
brookiana

Linnaeus 1758
Trogonoptera
brookiana

Bioproject Accession

2003 Papered
PRJNAS533298

Malaysia

Malaysia

Malaysia

2023

2023

Wallace 1855

Wallace 1855

“quick mode” using default settings with the following modifi-
cations: read length 150, insert size 150, k-mer size 59 79 99
119 141. The assembled gene sequences were aligned using the
L-INS-I algorithm in MAFFT v. 7.471 (Katoh and Standley
2013). Aligned sequences were subsequently filtered for sections
of random similarity or ambiguous alignments using Aliscore v.
2.0 (Kick et al. 2010), and these were subsequently removed
using Alicut v. 2.3 (Kiick 2016). The remaining sequences were
concatenated into a partitioned matrix consisting of 13
protein-coding genes, two rRNA genes, and 22 tRNA genes
using FASconCAT-G v. 1.05 (Kiick and Longo 2014). This data-
set will from hereon be referred to as “birdwing_mito.”

Inferring Genotype Likelihoods and SNP

The cleaned reads of each sample were mapped to the
chromosome-level genome assembly of Troides aeacus (CUHK _
Taea_v1; GenBank accession no.: GCA_033220335.2), a closely
related Troides species (Hong Kong Biodiversity Genomics
Consortium 2024). Reads were mapped to the reference genome
using BWA-MEM2 v. 2.2.1 (Vasimuddin et al. 2019) and sorted
using SAMtools v. 1.6 (Danecek et al. 2021). Duplicate reads were
marked and removed using Picard MarkDuplicates in the Picard
Toolkit v. 3.0.0 (Broad Institute 2019), and the de-duplicated files
were indexed using SAMtools. Reads were realigned locally
around insertions and deletions using GATK v. 3.8 (McKenna
et al. 2010) tools RealignerTargetCreator and IndelRealigner. To
account for low base qualities due to DNA degradation, the base
quality scores were rescaled using MapDamage2.0 v. 2.2.2
(Jonsson et al. 2013) using the T. aeacus assembly as reference.

Genotype likelihoods were imputed from the rescaled files using
ANGSD 0.941 (Korneliussen et al. 2014) with the T. aeacus
assembly as reference and the following parameters: -minMapQ
30 -minQ 30 -remove_bads 1 -trim 0 -only_proper_pairs 0 -baq
1-C 50 -doMaf 1 -doMajorMinor 1 -skipTriAllelic -doCounts 1
-dump Counts 2 -doGeno 32 -GL 1 -doGlf 2 -doPost 1 -postCut-
off 0.33 -snp_pval 1e-6 -minMaf 0.05 -nThreads 20. Imputed
genotype likelihoods in beagle file format were separated per chro-
mosome. Since genotype likelihoods could not be used in all
downstream analyses, SNPs were hard called when the likelihood
for an allele at a position >0.8, following the approach of Laine
et al. (2023). SNPs were called in Beagle v. 5.4 (Browning et al.
2021) using gprobs2beagle.jar and subsequently converted to
variant call format using beagle2vcf.jar.

To ensure only autosomes were used in downstream analy-
ses, the T. aeacus assembly was mapped to the chromosome
assembly of Papilio machaon (ilPapMach1.1; GenBank acces-
sion no.: GCA_912999745.1) (Lohse et al. 2022) using mini-
map2 v. 2.28 (Li 2018) with default settings. None of the
assembled chromosomes of the T. aeacus assembly mapped to
the P. machaon W-chromosome, indicating the absence of this
chromosome in the T. aeacus assembly. T. aeacus chromosome
CM067268.1 mapped to the Z-chromosome and was accord-
ingly omitted from downstream analyses. The remaining auto-
some vcf files were indexed and concatenated into one vcf using
BCFtools v. 1.20 (Danecek et al. 2021).

Curation of Genotype Likelihoods and SNP
Datasets

Two separate datasets were created, one containing all samples
and a second including only members of the amphrysus-group.
These two datasets were filtered interactively using the packages
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SNPfiltR v. 1.0.1 (DeRaad 2022) and vcfR v. 1.15.0 (Knaus
and Grinwald 2017) in R v. 4.4.2 (R Core Team 2024). Loci
with a coverage greater than twice the median coverage
(27.334) were removed as these positions are likely repeat
regions from multiple sites across the genome. Subsequently,
sites below a minor allele count of two were removed from the
dataset to only retain sites that were present in at least two
individuals. Thereafter, a strict missing data filter of 20% was
applied to the remaining sites. Altogether, this ultimately
yielded two sets of loci, one set of 39,485 loci across all samples
and a second set of 59,905 sites across members of the
amphrysus-group. From each of these two sets a genotype like-
lihood and a SNP dataset were created, ultimately yielding: (i)
a 39,485 site genotype likelihoods dataset, hereafter referred
to as “birdwing_GL,” (ii) a 39,4835 site SNP dataset, hereafter
referred to as “birdwing_SNP,” (iii) a 59,905 site genotype
likelihoods dataset, hereafter referred to as “amphrysus-
group_GL,” and (iv) a 59,905 site SNP dataset, hereafter
referred to as “amphrysus-group_SNP.”

Genetic Structure
Mitochondrial Haplotypes

Haplotype networks were constructed to examine the geo-
graphical variation in mitochondrial divergence within each
amphrysus-group species using nucleotide sequences of the
cytochrome oxidase subunit 1 (Col) and cytochrome b (CytB).
Haplotypes of each gene were inferred for the amphrysus-group
and a minimum spanning network was constructed for the
haplotypes of each gene with the functions “haplotype” and
“msn” in the R package pegas (Paradis 2010).

Nuclear Genetic Structure

The amphrysus-group_GL dataset into subsets of each species
complex, whereafter genetic structure among the individuals
in each species complex was inferred using the admixture and
principal component analyses in PCAngsd v. 1.36.1 (Meisner
and Albrechtsen 2018). For admixture analysis PCAngsd auto-
matically selects the best-fit value for k to describe genetic
structure components among the individuals analyzed. The
resulting clustering assignment was used to visualize patterns
of genetic structure in R with ggplot2 v. 3.5.1 (Wickham 2016).

Phylogenetic Reconstructions

Mitogenome Phylogeny

Mitochondrial phylogenetic relationships were inferred using
the birdwing_mito dataset. The best scoring partition-specific
substitution and rate models (Chernomor et al. 2016) were iden-
tified using ModelFinder in IQ-TREE v. 2.1.3 for each gene
partition in the mitogenome alignment using the specifications
“-AUTO” and “-m MF” (Kalyaanamoorthy et al. 2017, Minh
et al. 2020). All default substitution models were evaluated:
JC69 (Jukes and Cantor 1969), F81 (Felsenstein 1981), K80
(Kimura 1980), HKY (Hasegawa et al. 1985), TN (Tamura and
Nei 1993), TNe, K81 (Kimura 1981), K81u, TPM2, TPM2u,
TPM3, TPM3u, TIM, TIMe, TIM2, TIM2e, TIM3, TIM3e,
TVM, TVMe, SYM (Zharkikh 1994), and GTR (Tavaré 1986).
Base frequencies were empirically counted from the alignments
(+F). Substitution models were tested with the default rate het-
erogeneity models (+G, +R, +I and combinations thereof: +I+G
& +1+R) (Yang 1994, Guet al. 1995, Yang 1995, Soubrier et al.
2012). Multiple FreeRate categories were also tested for by

van der Linden et al.

setting -cmin 4 and -cmax 15. Model quality was evaluated
based on maximum likelihood (ML) and the best-fit model was
selected for each partition using the corrected Akaike Information
Criterion (AICc, Hurvich and Tsai [1989]). Subsequently, the
partitioned alignment and the best-scoring partition models were
used to initiate 50 likelihood tree-search analyses; 25 with a
random starting tree and 25 guided using the maximum-parsimony
tree obtained from ModelFinder. From this set the final
maximum-likelihood tree was selected, and branch support was
assessed using a non-parametric bootstrap analysis with 100
replicates mapped onto the ML tree.

Nuclear SNP Phylogeny

The birdwing_SNP dataset was used to infer a nuclear phylo-
genetic topology under the multi-species coalescent (MSC)
model using SVDquartets (Chifman and Kubatko 2014) in
Paup* v. 4.0a (Swofford 2002). The dataset was converted to
nexus format using the python script “vcf2phylip.py” v. 2.0
(Ortiz 2019). All samples were treated as separate taxa, and
Trogonoptera brookiana was specified as the outgroup in the
analysis based on earlier phylogenetic studies (eg Condamine
et al. [2015]). Quartets were exhaustively sampled and assem-
bled using the assembly algorithm “QFM.” The consensus tree
was constructed using the MSC tree model specification and
bootstrapped using standard bootstrapping within PAUP*.

Estimation of Divergence Times

Bayesian inferences were performed in BEAST 2.7.7 (Bouckaert
etal. 2019) to estimate a temporal framework for the inter- and
intraspecific relationships under the MSC model in the package
snapper v1.1.4 (Stoltz et al. 2021). The XML files were prepared
for BEAST using the birdwing_SNP dataset and the “snapp_
prep.rb” ruby script (https:/github.com/mmatschiner/snapp_
prep), which implements the divergence time estimation method
described in Stange et al. (2018). The alignment was converted
to phylip format using vcf2phylip.py and automatically trimmed
by snapp_prep.rb to retain only sites useable by SNAPPER—sites
that have only missing data in one or more species were
omitted—resulting in a subset of 3,794 bi-allelic loci suitable for
divergence time estimation. Samples were assigned to taxa based
on three criteria: (i) existing subspecies descriptions (distinct
phenotypes with allopatric ranges—Haugum and Low (1979)),
(ii) monophyly in mitochondrial and genomic SNP phylogenies,
and (iii) discernible genomic clusters revealed by PCAngsd.
Accordingly, the following taxa were lumped for the dating anal-
ysis: T. andromache andromache + T. andromache marapokensis
(as T. andromache s.l.), T. amphrysus euthydemus + T. amphry-
sus ruficollis (as T. amphrysus ruficollis s.l.) and T. amphrysus
actinotia + T. amphrysus flavicollis (as T. amphrysus flavicollis
s.l). Since there is no fossil record available for birdwings
(Trogonoptera, Ornithoptera, and Troides), node calibrations
could not be directly specified using fossil information. Therefore,
we relied on divergence time estimates from a recent compre-
hensive phylogeny of Papilionidae containing ~400 species cal-
ibrated by three papilionid fossils from Allio et al. (2021) to set
informative node age calibrations. Prior age constraints were
specified by setting mean, minimal, and maximal ages to equal
those from the 95% highest posterior density (HPD) obtained
in Allio et al. (2021). Age calibrations were specified for three
nodes, namely: (i) the crown age of birdwings between 17.5018
and 51.9644 Ma, (ii), the crown age of Troides and Ornithoptera
between 13.7414 and 41.0473 Ma, and (iii) the crown age of
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Troides between 9.4524 and 29.7289 Ma (Allio et al. 2021).
Accordingly, the following priors were assigned to those nodes:
(i) lognormal (offset 13.02, mean 17.3, standard deviation
0.605), (ii) lognormal (offset 10.5, mean 13.3, standard devia-
tion 0.625), and (iii) lognormal (offset 6.352, mean 10.835, stan-
dard deviation 0.56). The strict clock model was used, as this is
the only clock model currently available in SNAPPER. The anal-
ysis was initiated using the consensus tree from SVDquartets as
the starting tree topology. We specified runs of 3,000,000
Markov chain Monte Carlo (MCMC) generations, sampling
every 1,500 generations, ultimately yielding 1,800 posterior trees
after removing 10% of posterior as burn-in. Two independent
analyses were carried out, and we assessed the convergence of
each run by evaluating the effective sample size (posterior ESS,
>200) and posterior distributions using Tracer v. 1.7.2 (Rambaut
et al. 2018). Posterior trees from the two separate runs were
combined using LogCombiner v. 2.7.7 (Bouckaert et al. 2019),
and one maximum-clade credibility tree was generated using
TreeAnnotator v. 2.7.7 using common ancestor heights
(Bouckaert et al. 2019).

Biogeographical Analysis

We estimated ancestral ranges on the dated maximum-clade
credibility tree using the R package BioGeoBEARS 1.1.3
(Matzke 2018) to study the historical biogeography of the
amphrysus-group. Outgroups from the genera Trogonoptera
and Ornithoptera were omitted from the dataset for this anal-
ysis since they are from species groups that are incompletely
represented by our taxon selection, and including incompletely
sampled clades may bias the biogeographical analyses (Matzke
2018). For this reason, only the closely related outgroups
within Troides were retained in the analysis. Interpreting the
biogeographical estimations below the species level is not
straightforward, and node reconstructions within species can
lead to misrepresentation of biogeographical patterns, as pop-
ulation divergence may not follow a strict tree-like model.
Furthermore, it is difficult to discern ancestral ranges based on
current ranges, especially if the terrain has undergone extensive
rearrangement in the intervening time interval. We therefore
encoded the ranges at the level of broadly accepted biogeo-
graphical regions—Wallacea, Sundaland, the Philippines and
Palawan—to infer ancestral ranges within Troides. The number
of maximum areas a species could exist in was set to 4, which
translates to a distribution in all biogeographical regions. The
time-calibrated tree was trimmed to one tip per species complex
and used together with the geographical states to evaluate the
fit of two biogeographical models. These were the
Dispersal-Extinction-Cladogenesis (DEC; [Ree and Smith
2008]) with and without the parameter + J, which models
founder-event speciation (thought to be appropriate in an
island context; Condamine et al. 2015). The best-fit model was
selected by comparing AICc scores between models. All
R-based analyses were performed in R v. 4.4.2 (R Core Team
2024). Subspecies range maps were drawn based on the range
extent provided in Matsuka (2001) using QGIS v. 3.40.5
(QGIS.org 2025).

Species Delimitation Analyses

The birdwing_mito dataset was trimmed to include only
amphrysus-group samples and used as input for Assemble
Species by Automated Partitioning (ASAP), a single-locus

distance-based delimitation algorithm (Puillandre et al. 2021).
Several distance metrics were evaluated to ensure consistency
of results (uncorrected p-distance, JC69, and K80 corrected
distances with ts/tv 2). ASAP was accessed through its web
portal: https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html.

Additionally, a tree-based delimitation method, the Bayesian
implementation of Poisson Tree Processes (bPTP) (Zhang et al.
2013), was carried out on the phylogeny obtained with the
birdwing_mito dataset. The analysis was performed on the
bPTP webserver (https://species.h-its.org/) and constrained to
include only Troides samples. The number of MCMC genera-
tions was set to 100,000 generations, sampling to every 1,000
generations. Four independent analyses were performed, and
convergence of the MCMC chains was assessed after discarding
the initial 10% of the posterior as burn-in by visually examin-
ing the bPTP trace log.

To carry out species delimitation under the MSC model, we
conducted a stepping stone analysis using the package Model_
Selection v. 1.6.2 with the SNAPPER package in BEAST 2.7.7
(Bouckaert et al. 2019). To provide computationally feasible
datasets, the amphrysus-group_SNP dataset was trimmed using
the snapp_prep.rb script into two subsets of randomly selected
loci, one set of 500 and another of 1,000 bi-allelic loci (only
sites that are present across all taxa in the analysis were
retained). Using these reduced datasets, delimitation analyses
were set up with three taxonomic hypotheses: (i) the traditional
taxonomy, with each species complex recognized as a species,
(i1) traditional taxonomy but with T. miranda miranda and T.
miranda neomiranda recognized as full species, and (iii) each
genetically validated subspecies—based on the criteria used for
the estimation of divergence times—as full species. The mean
for lambda (M), the yule birth rate prior, was calculated using
the number of species and the variation in the alignment using
the script yule.py v. 3 (https://github.com/joaks1/pyule) and the
specification in the XML with the gamma distribution (alpha
2, beta 2.5). The mean for theta (8), the coalescent rate prior,
was selected by calculating the average divergence within spe-
cies complexes and specified in the XML with the gamma dis-
tribution (alpha 2, beta 0.019). The path sampling analyses
were set up using 48 steps, each with runs of 3,000,000 MCMC
generations, sampling every 3,000 generations, ultimately
yielding 752 likelihoods per “step” after removing 25% of
posterior as burn-in. We assessed the convergence of each run
by evaluating the effective sample size (ESS, >200) and poste-
rior distributions using Tracer v. 1.7.2 (Rambaut et al. 2018).
Likelihood log files were analyzed using the PathSampleAnalyser
tool of the Model Selection package provided through the
AppLauncher in BEAST 2.7.7 (Bouckaert et al. 2019). We then
used Bayes Factor Delimitation (BFD) to evaluate the taxo-
nomic schemes as described in Leaché et al. (2014). Where
marginal likelihoods (Baele et al. 2012) of different competing
taxonomies are estimated and used to rank support for each
taxonomic scenario using Bayes factors (Kass and Raftery 1995).

Results

Genetic Structure
Mitochondrial Haplotypes

Mitochondrial haplotype networks (Fig. 2) illustrate genetic
differences within and between species complexes. Results from
both genes examined (Col and CytB) depict similar patterns of
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intraspecific variation between subspecies pairs (Fig. 2). In gen-
eral, haplotypes clustered closely together based on geograph-
ical proximity and subspecies affiliation. Mitochondrial
divergence between subspecies showed a high degree of varia-
tion across species complexes. Additionally, haplotype net-
works revealed marked differences in genetic variation within
subspecies, with subspecies represented by more than one sam-
ple either sorted into multiple (eg T. miranda neomiranda,
Fig. 2) or one single haplotype (eg T. andromache marapoken-
sis, Fig. 2).

The T. andromache species complex, here represented by
T. andromache marapokensis and T. andromache andromache,
showed different mitochondrial haplotypes occurring in rela-
tively close geographical proximity (Figs 1 and 2). The haplo-
types of the two subspecies were separated by a low number
of substitutions (3—4 Cytb & Col) but did not show overlap.
T. andromache marapokensis was represented by a single hap-
lotype for both genes investigated. Multiple haplotypes were
recovered for T. andromache andromache, with levels of
intra-subspecies divergence comparable to its divergence with
the conspecific T. andromache marapokensis.

Mitochondrial haplotypes of the representatives of the
T. miranda species complex cluster into two distinct groups
consisting of the T. miranda neomiranda (Sumatra) and
T. miranda miranda (northern Borneo) subspecies. T. miranda
neomiranda showed a low number of substitutions between
individuals (Fig. 25 1-5 Cytb & 2 Col) and some shared hap-
lotypes and a high number of substitutions with respect to
T. miranda miranda (Fig. 2; 38 Cytb & 32 Col). These subspe-
cies are found in distant parts of the range (Fig. 1).

van der Linden et al.

Mitochondrial haplotype networks of the species complex
T. cuneifera reveal a high amount of differentiation between T.
cuneifera cuneifera and the other two subspecies, T. cuneifera
sumatrana and T. cuneifera paeninsulae (Fig. 2; 30 Cytb & 28
Col). Differentiation between T. cuneifera paeninsulae and T.
cuneifera sumatrana shows a lower number of substitutions
for both genes investigated (Fig. 2; 5 Cytb & 6 Col). Individuals
of T. cuneifera cuneifera differed from each other with three
substitutions for Cytb and 1-4 substitutions for Col (Fig. 2A
and B). The two individuals of T. cuneifera paeninsulae differed
from each other with only one substitution for both genes
examined (Fig. 2A and B).

T. amphrysus subspecies showed the least divergence between
their haplotypes, with haplotype sharing occurring among mul-
tiple subspecies. Furthermore, the number of substitutions
between haplotypes of the different subspecies remained low
(Fig. 2A and B, 1-9 Cytb & 1-8 Col), despite the large dis-
tances between the distributions of the subspecies (Fig. 1).
Peninsular and Sumatran subspecies T. amphrysus ruficollis
and T. amphrysus euthydemus showed a high degree of overlap
and shared haplotypes for both genes investigated. Some
individuals of T. amphrysus euthydemus differed with one
substitution (Fig. 2A and B). In the Col haplotype network,
T. amphrysus amphrysus also shared this haplotype, while it
received its own, closely related haplotype in the CytB network
(Fig. 2A and B). Bornean subspecies T. amphrysus flavicollis
and T. amphrysus actinotia had unique haplotypes and were
more closely affiliated with the Javan T. amphrysus amphrysus
than with the large, shared haplotype consisting predominantly
of euthydemus and ruficollis (Fig. 2A and B).

Fig. 2. Minimum spanning networks of mitochondrial haplotypes found within the amphrysus-group. Haplotypes are based on coding sequences of A)
cytochrome b (CytB) and B) cytochrome oxidase subunit 1 (COI) sequences. Number of substitutions between different haplotypes is given in grey.
Piechart colors confer subspecies identity and size is relative to the number of individuals belonging to that haplotype (ranging between 1 and 6).
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Nuclear Genetic Structure

PCAngsd revealed k=2 as the best-fit clustering scheme to
describe intraspecific variation within each species complex
(Fig. 3). As in mitochondrial haplotypes, geographic patterns
and subspecies affiliation highly coincided with patterns of
nuclear genetic structure (Supplementary Figs. S1 and S2A-D).

T. andromache individuals investigated revealed a gradation
between the two dominant genetic components across both
subspecies in the species complex (Fig. 3A). T. andromache
andromache individuals were characterized by high degrees of
one genetic component (0.87% to —0.99%), while T. andro-
mache marapokensis individuals were more dominantly rep-
resented by the other genetic component (0.99% to 0.77%).
Ordination clearly separated the two subspecies into distinct
clusters (Supplementary Fig. S2A).

Within T. miranda the Sumatran subspecies T. miranda
neomiranda was characterized by a different genetic compo-
nent than its Bornean counterpart T. miranda miranda (Fig. 3B
and Supplementary Fig. S2B). Only one individual of neomi-
randa showed a small proportion (5%) of the genetic compo-
nent typical for the T. miranda miranda individual.

Genetic clustering revealed two distinct genetic components
within species complex T. cuneifera, with Javan subspecies T.
cuneifera cuneifera predominantly being characterized by one
genetic component and sharing this to a low degree (9%) with
the sampled individual of the Sumatran subspecies T. cuneifera
sumatrana (Fig. 1C). This individual was further characterized
by a high proportion (91%) of the genetic component present
in the Peninsular subspecies subspecies T. cuneifera paeninsu-
lae. The latter subspecies was characterized by a single genetic
component and did not overlap from the dominant component
in T. cuneifera cuneifera. Each subspecies was clearly separated
from the others in the ordination analysis (Supplementary
Fig. S2C).

in divergence time estimation. Bornean representatives T.
amphrysus flavicollis and T. amphrysus actinotia were charac-
terised by the presence of a single genetic component and did
not exhibit genetic structure between them, leading us to lump
these into one overarching Bornean taxon “T. amphrysus fla-
vicollis s. I.” in divergence time estimation.

Phylogenetic Relationships

We were able to infer interspecific relationships among the
studied taxa with a high degree of confidence (Fig. 4).
Relationships between and within outgroup taxa were
well-resolved and were supported by high bootstrap percentage
(BP) values (100%). We recovered the amphrysus-group as a
monophyletic lineage consisting of four divergent clades cor-
responding to the four species complexes T. andromache, T.
cuneifera, T. miranda, and T. amphrysus (BP=100%). T.
andromache formed the earliest diverging group within the
amphrysus-group and was confidently placed outside of the
monophyletic clade consisting of T. cuneifera, T. miranda, and
T. amphrysus (BP=100%). Mitogenome and nuclear SNP phy-
logenies revealed a difference in the relationships between the
T. cuneifera, T. miranda, and T. amphrysus complexes. T. cune-
ifera was inferred as the sister lineage to the clade containing
T. miranda and T. amphrysus in the mitogenome phylogeny
(Fig. 4A, BP=100%). In the nuclear SNP tree, T. miranda was
inferred as sister lineage to the clade consisting of T. cuneifera
and T. amphrysus with high confidence (Fig. 4B, BP=100%).

n

Intraspecific relationships showed variable support across
the species complexes, and not all currently described subspe-
cies were recovered as monophyletic (Fig. 4). Within T. andro-
mache, subspecies marapokensis and the nominate subspecies
andromache were polyphyletic in both the mitogenome and
nuclear SNP phylogenies (BP= 66% to 44%). In T. cuneifera,
specimens from subspecies cuneifera clustered together, form-
ing a well-supported monophyletic clade in both phylogenies
(BP=100%). This clade was sister to a monophyletic clade of
subspecies paeninsulae and sumatrana, in which paeninsulae
was monophyletic with respect to the single sumatrana speci-
men (BP=97%-100%). The two subspecies of T. miranda were
reciprocally monophyletic, subspecies neomiranda was repre-
sented by multiple specimens in our dataset and formed a
monophyletic sister clade to the single miranda specimen in the
analysis (BP=100%). Intraspecific relationships within T.
amphrysus showed the highest degree of incongruence with the
current subspecies taxonomy, the mitogenome phylogeny
revealed short intraspecific branches, and none of the subspe-
cies were recovered as monophyletic groups with high boot-
strap support (Fig. 4A). The nuclear SNP phylogeny inferred
Bornean subspecies T. amphrysus flavicollis and T. amphrysus
actinotia as the sister lineage to the T. amphrysus amphrysus
subspecies of Java and the subspecies T. amphrysus euthydemus
and T. amphrysus ruficollis of Sumatra and the Malay Peninsula
(Fig. 4B, BP=100%). T. amphrysus amphrysus was recovered
as a monophyletic clade with high confidence (BP=100%).
Subspecies T. amphrysus euthydemus and T. amphrysus rufi-
collis do not appear to be reciprocally monophyletic, and rela-
tionships between these two taxa could not be resolved with
confidence (BP=26% to 79%).

Divergence Time Analyses

Bayesian divergence time analyses recovered age estimates for
the divergences of interspecific relationships and intraspecific
relationships between monophyletic subspecies identified a
priori using genotype clustering and ML phylogenies (Fig. 5).
The two independent analyses converged after 300 million
generations with high posterior ESS values (ESS =342 to 401).
The crown age of birdwings was estimated to be around 23.54
Ma (95% HPD=17.09 to 31.68 Ma). The divergence of the
genera Ornithoptera from Troides was estimated to have
occurred around 23.51 Ma (95% HPD=16.91 to 31.48 Ma).
The most recent common ancestor of Troides was placed at
12.25 Ma (95% HPD =8.91 to 16.40 Ma), and, subsequently,
the amphrysus-group diverged from other Troides around
10.02 Ma (95% HPD=7.36 to 13.51 Ma). T. rhadamantus
and T. plateni diverged from each other approximately 0.139
Ma (95% HPD =0.02 to 0.26 Ma). Within the anmphrysus-group,
species complexes diverged approximately between 7 and 6
Ma. T. andromache was the first lineage to diverge from the
other three species complexes around 7.35 Ma (95%
HPD=5.27 to 9.88 Ma). T. miranda diverged from the mono-
phyletic clade consisting of T. cuneifera and T. amphrysus
around 6.96 Ma (95% HPD =4.99 to 9.36 Ma). The Bornean
subspecies miranda diverged from the Sumatran neomiranda
approximately 2.05 Ma (95% HPD=1.39 to 2.79 Ma). T.
cuneifera split from T. amphrysus around 6.32 Ma (95%
HPD =4.55 to 8.54 Ma). Javan subspecies cuneifera diverged
from Sumatran and Peninsular counterparts 0.76 Ma (95%
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Fig. 3. Genomic composition as inferred by PCAngsd using the amphrysus-group_GL dataset. Best number of clusters (k) and percentage cluster
assignment as inferred by PCAngsd for each of the species complexes: A) Troides andromache, B) Troides miranda, C) Troides cuneifera, and D) Troides
amphrysus. Colors of genomic components were selected on the basis of the taxon they were most closely associated with as per the color scheme
used in Figs 1 and 2.
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Fig. 4. A) Maximum-likelihood phylogeny of the amphrysus-group and outgroup taxa, as inferred by IQTREE 2 from the birdwing_mito dataset.
Percentage bootstrap support is given per node. B) Maximum-likelihood phylogeny of the amphrysus-group and outgroup taxa. Topology inferred using
the multi-species coalescent model with SVDquartets in PAUP* with the birdwing_SNP dataset. This phylogeny is only topological and does not have

branch lengths. Percentage bootstrap support is given per node.

HPD=0.52 to 1.03 Ma), which subsequently diverged 0.41
Ma (95% HPD=0.25 to 0.58 Ma) into the Sumatran suma-
trana and the Peninsular paeninsulae. In the most recently
diversified species complex within the group, T. amphrysus,
the nominate subspecies amphrysus split from the Bornean and
Sumatran & Peninsular clades approximately 0.52 Ma (95%
HPD=0.36 to 0.70 Ma). Subsequently, the Bornean clade of
flavicollis s. 1. (T. a. flavicollis & T. a. actinotia) diverged
around 0.17 Ma (95% HPD =0.11 to 0.24 Ma) from the T. a.
ruficollis s. I. clade (T. a. euthydemus & T. a. ruficollis).

Ancestral Range Estimation

Model comparison based on AICc scores for the two tested
models yielded DEC as the most likely model for the biogeo-
graphical history of the amphrysus-group (Table 2). Under the
DEC model, the ancestral ranges of the amphrysus-group were
most likely shaped by vicariance (Fig. 6). The earliest diverging
species in the analysis, T. hypolitus, is distributed in Wallacea.
The crown node of the investigated phylogeny received a com-
bined ancestral range composed of Wallacea, the Philippines,
and Sundaland. The combination of the Philippines and Palawan
was inferred as the most likely ancestral range of T. rhadamantus
and T. plateni (Fig. 6). Internal nodes of taxa with extant distri-
butions in the Philippines and Sundaland received a combined
ancestral range of these two areas (Fig. 6). The crown node and
all internal nodes the amphrysus-group were assigned to
Sundaland, as this is also the extant distribution of the group
(Fig. 6).

Species Delimitation

The distance-based delimitation algorithm ASAP reported six
species-level partitions within the amphrysus-group, which
were stable regarding distance metric choice (simple distance
P=1.40e-01, JC69 P=1.16e-01, K80 P=1.01e-01) (Fig. 7,
Supplementary Fig. S3, Supplementary Table S1-S3). The
tree-based bPTP analysis yielded the same species-level desig-
nations (Fig. 7, Supplementary Table S4). These six species-level
lineages correspond to: (i) T. andromache, (ii) T. cuneifera

cuneifera, (iii) T. cuneifera paeninsulae + T. cuneifera suma-
trana, (iv) T. miranda neomiranda, (v) T. miranda miranda,
and (vi) T. amphrysus (Fig. 7). The MSC BFD method yielded
the classical taxonomy of each species complex as a species-level
lineage as the best-fitting taxonomic model (Fig. 7, Table 3,
Supplementary Table S5).

Taxonomic Changes

The taxon Ornithoptera amphrysus euthydemus Fruhstorfer,
1913, is here considered to be a junior synonym of Ornithoptera
ruficollis Butler, 1879, as analysis reveal a lack of genetic struc-
ture in mitochondrial haplotypes (Fig. 2) and genomic compo-
nents (Fig. 3, Supplementary Fig. S2D), in combination with the
short branch lengths and non-monophyly in mitochondrial and
nuclear phylogenetic analyses (Fig. 4). Therefore, euthydemus
Fruhstorfer, 1913 is considered to be junior synonym of ruficollis
Butler, 1879.
Troides amphrysus (Cramer, [1779])
Papilio amphrysus Cramer, [1779]; Uitl. Kapellen 3 (17-21):
43, pl. 219, f. A; TL: Java
ssp. ruficollis (Butler, 1879)
Ornithoptera ruficollis Butler, 1879; Trans. Linn. Soc. Lond.
(2) 1 (8): 552; TL: Malacca

= Ornithoptera amphrysus euthydemus Fruhstorfer, 1913
syn. nov.; Dt. ent. Z. Iris 27 (3): 133; TL: Sumatra

Discussion

We studied the patterns of divergence in a well-known clade of
Troides birdwing butterflies by drawing on the specimen record
amassed in natural history museums over a 100-yr period of bio-
logical exploration. Through the application of high-throughput
sequencing to obtain whole-genome short-read resequencing data
from museum specimens (museomics) to butterfly specimens col-
lected between the 1890s and 1990s, we gathered nuclear and
mitochondrial data spanning the geographical range of the
amphrysus-group. In doing so, we were able to reconstruct the
phylogenetic relationships, timing of divergence, historical bioge-
ography, and intraspecific diversity and in turn provide a new
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Fig. 5. Time-calibrated phylogeny of the amphrysus-group and selected outgroup taxa. Bars depict 95% HPD intervals of posterior estimates of
divergence times. Scale indicated both as millions of years before the present and as a geologic time scale. Phylogenetic relationships and time
calibrations inferred with Bayesian Inference in SNAPPER using 3,794 bi-allelic loci of the birdwing_SNP dataset. Selected subspecies are shown,

specimen figures adapted from Naturalis Biodiversity Center & Natural History Museum (2014).

Table 2. Model comparison overview of the two ancestral range estimation models (DEC & DEC + J) evaluated using BioGeoBEARS for the

amphrysus-group and selected outgroup taxa

Log likelihood Number of parameters E ] AICc
DEC -9.53 2 1.00E-12 1.00E-12 0 24.27
DEC+] -9.33 3 1.00E-12 4.00E-10 0.028 27.32

perspective on within- and between-species divergence in the
megadiverse region Sundaland based on an iconic insect clade.

Phylogeny and Timing of Birdwing Evolution
Intergeneric and Interspecific Relationships

Interspecific and intergeneric relationships recovered in our
study are in high agreement with earlier studies on the phy-

logenetic relationships of birdwings and Papilionidae in gen-
eral (Figs 4 and 5) (Condamine et al. 2015, Allio et al. 2020,

Allio et al. 2021). Trogonoptera and Ornithoptera are
well-supported as separate genera and form the outgroup to
Troides. The monophyly of the amphrysus-group has previ-
ously been recognized based on morphological (Haugum and
Low 1979) and molecular studies (Condamine et al. 2015),
and has been confirmed here using genome-scale data (Figs
4 and 5).

Within the amphrysus-group, we recovered two alternative
topologies of the relationships between the three species com-
plexes T. cuneifera, T. miranda, and T. ampbrysus for the
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Fig. 6. A) Time-calibrated phylogeny with ancestral range estimates of the amphrysus-group and selected outgroup taxa as proposed under the DEC
model in BioGeoBEARS. Scale indicated both as millions of years before the present and as a geologic time scale. Pie charts indicate the probability of
ancestral ranges of a certain node. Range colors indicated on the phylogeny and inset map refer to: orange (Wallacea), blue (Philippines), yellow
(Palawan), and green (Sundaland). Colored circles outside the phylogeny indicate extant ranges and piecharts at ancestral nodes represent ancestral
ranges mixed colors represent mixed ancestral ranges. B) Current geographical distribution of land areas in the region of interest, colors correspond to

the range colors as described above, grey areas are extralimital.

phylogenies obtained from the mitochondrial genome versus
the nuclear genomes (Fig. 4). In the mitochondrial topology, T.
miranda was placed as the sister taxon of T. amphrysus (Fig.
4A), whilst in the phylogeny obtained using the nuclear genome
dataset, the inferred sister taxon of T. amphrysus was T. cune-
ifera (Fig. 4B). The sister lineage to T. amphrysus was the only
node for which discordance was observed in the relationships

between the investigated taxa. Condamine et al. (2015) recover
T. andromache and T. cuneifera as a sister pair to T. miranda
and T. amphrysus, which they respectively recover as sister lin-
eages, based on three mitochondrial and two nuclear loci.
Discordance between the mitochondrial and nuclear phyloge-
nies could be due to various processes, including sex-biased
dispersal, Wolbachia-mediated selective sweeps, adaptive
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Table 3. Marginal likelihood estimates of a stepping stone analysis of
500 SNP subset of the amphrysus-group_SNP dataset using SNAPPER
with 48 steps, alpha value of 0.3 and a 25% burnin

Taxonomic Species MLE BF Rank

hypothesis

Classical taxonomy 4 -6,399.25 - 1

Classical 5 -6,936.77 1,075.04 2

+ neomiranda

All monophyletic 9 -6,975.19 1,151.88 3
subspecies

MLE stands for marginal likelihood estimate and BF for Bayes Factor.

Fig. 7. Species delimitations based on three species delimitation
analyses: Assemble Species by Automated Partitioning (ASAP) with the
mitogenome alignment, Bayesian implementation of Poisson Tree
Processes (bPTP) using the time-calibrated phylogeny and Bayes Factor
Delimitation (BFD) using 500 and 1,000 SNPs in SNAPPER (the same
partitions were obtained with both SNP datasets). Colored circles
indicate taxonomic affiliation, and black outlines indicate species
partitions proposed per analysis.

introgression, and incomplete lineage sorting, which are wide-
spread among animal taxa, eg Toews and Brelsford (2012). The
driver behind such discordance in the amphrysus-group is uncer-
tain and requires further investigation. Disparate phylogenetic
signals due to mito-nuclear discordance can hinder accurate
reconstruction of patterns in speciation and biogeography. In
this study, we therefore rely on the combined evidence from a
large amount of SNP positions from across the genome to recon-
struct phylogenetic relationships, timing of divergence, and
biogeographical patterns with greatest accuracy.

Placing Divergence in a Temporal Framework

Divergence time estimation inferred the divergence time
between the genera Trogonoptera and Ornithoptera + Troides
to lie around 23.54 Ma (Fig. 5), which is corroborated by
Condamine et al. (2015). The divergence of Ornithoptera and
Troides is placed soon thereafter at 23.51 Ma (Fig. 5). The
short internode distance is surprising, as other studies have
inferred a greater divergence time interval between these

van der Linden et al.

branching events (Condamine et al. 2015, Allio et al. 2020).
Despite acknowledging that clock rates may vary between dif-
ferent genera, or even species, we were restricted to the strict
clock model, as it is currently the only available clock model
for use with SNP data in BEAST (Stange et al. 2018). This
short internode distance could be due to different clock rates
within the different genera, resulting in artificial forcing
together of divergence events if clock rates differ between
branches.

Intraspecific relationships, especially shallow intraspecific
relationships, are generally difficult to resolve using phyloge-
netic methods due to the interaction of phylogenetic and pop-
ulation genetic processes at play during speciation (Mirarab
et al. 2021). Some, but not all, of these processes are accom-
modated for by careful model selection (Mirarab et al. 2021).
Although divergence-dated “specimen trees” are commonplace
in the literature, such trees commonly violate model assump-
tions for speciation and coalescent-based tree priors and may
correspondingly provide inaccurate divergence time estimates
(Ritchie et al. 2017). The MSC provides the most stable model
to discern relationships within recently diversified clades, as it
accommodates different genealogical histories within one spe-
cies tree (Rannala and Yang 2003). The variation of genetic
differentiation between different subspecies lineages (Figs 2, 3,
4, and 5) highlights that some lineages within the
amphrysus-group may be further along the speciation contin-
uum than others. Whilst acknowledging that population
genetic processes may interfere with phylogenetic signal among
subspecies lineages, we believe that our selection of taxa with
allopatric distributions (Fig. 1), distinct haplotypes (Fig. 2),
distinct genomic structure (Fig. 3, Supplementary Fig. S2) and
monophyly in both mitochondrial (Fig. 4A) and nuclear trees
(Fig. 4B) provides a valid set of taxa for divergence time
estimation.

Late Miocene-Early Pliocene Speciation and
Biogeography in Troides
Arrival in Sundaland

Model comparisons in BioGeoBEARS revealed the DEC model
as the most likely for the biogeography of the investigated taxa
(Table 2). Ancestral range reconstructions revealed a westward
dispersal trend from Wallacea, via the Philippines to Sundaland
(Fig. 6). The ancestral node could not be attributed to any of
the geographical areas with high certainty, instead receiving a
combination of all four states as the most likely range (Fig. 6).
Shared ancestral nodes of species with a Philippine—Palawan
distribution and those with a Sundaic distribution received a
combination of these ranges as the most likely ancestral range.
The ancestral nodes for these taxa were attributed to a com-
bined distribution in Sundaland and the Philippines (Fig. 6).
The lack of a jump dispersal parameter in the best-fit model
explains why such a vicariance-based biogeographic ancestry
is proposed for the investigated taxa. Such a vicariance-based
biogeographical history seems unlikely given the prevailing
geological evidence of biogeographical patterns in the region.
Geological evidence indicates that land fragments of Wallacea,
the Philippines, Palawan, and Sundaland were not connected
as one large land area at any point in their geological history
(Hall 2017). This would preclude a biogeographical history
driven by vicariance. Wallacea and the Philippines are derived
from different composite origins from different plate fragments
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that behave as microplates (Hall 2017). Moreover, Palawan is
a microplate that has originated from East Asia and moved
southwards independently reaching the Philippines and
Sundaland (Hall 2017). Given this geological evidence, “jump
dispersal” between different land areas, rather than vicariance,
would be the most likely biogeographical process to shape dis-
tributions. Combining the present-day ranges of the group with
the geological evidence available for the region, we discuss an
alternative biogeographical history for the studied taxa. The
westward spread of the amphrysus-group into Sundaland from
Wallacea via the Philippines and Palawan is corroborated by
a comprehensive study on the biogeography of the birdwing
genera Trogonoptera, Ornithoptera, and Troides (Condamine
et al. 2015). Sundaland was likely intermittently connected
with the Philippines via Borneo along an arc of volcanic islands
in the Sulu Sea during the late Miocene (~10 Ma) (Hall 2013).
This may have functioned as the entry point to Sundaland for
ancestral representatives of the amphrysus-group from their
former range in the Philippines and Wallacea (Condamine et al.
2015). At this time Borneo, Sumatra, and the Malay Peninsula
were connected by a land bridge running across the central
Sunda Shelf (Hall 2013), perhaps facilitating colonization of
the western Sundaic landmasses. Future analyses with more
taxa, and perhaps with a realistic approximation of the diffi-
culty of dispersal between different ranges, may provide a more
biogeographical reconstruction that is more congruent with
the biological reality.

Biogeography Within Sundaland

Earlier-diverging species complexes T. andromache and T.
miranda have a Bornean-Sumatran present-day distribution
while later diverging species complexes T. cuneifera and T.
amphrysus have a present-day distribution centered in western
Sundaland (Fig. 1). The Borneo-centered distribution of early
diverging species complexes could imply Borneo as an evolu-
tionary source within Sundaland, as it is one of the older land-
masses, has the largest land-area with the greatest expanse of
highlands, and remained relatively climatically stable through-
out its geological history (Hall 2013). These properties may
have allowed lineages that went extinct elsewhere to persist on
Borneo. In a meta-analysis of divergence times, De Bruyn et al.
(2014) identified Borneo as a major evolutionary hotspot
within Southeast Asia, with Borneo showing a diverse range
of organisms having significantly higher levels of in situ diver-
sification, and correspondingly, higher levels of emigration
than any other Sundaic landmass (De Bruyn et al. 2014). The
importance of Borneo as a source and center of diversity for
many Sundaic taxa has been coined the “Out-of-Borneo”
hypothesis and is applicable to a wide range of taxa (De Bruyn
et al. 2014, Grismer et al. 2016, Williams et al. 2017, Flury
et al. 2021). Our results corroborate the “Out-of-Borneo”
hypothesis, with Borneo likely serving as a stepping stone in
the colonization of western Sundaland.

The species complexes that make up the amphrysus-group
are inferred to have diverged within Sundaland 7-6 Ma (Fig.
5).This divergence time interval corresponds with speciation
in other Sundaic clades, such as freshwater crabs (Klaus et al.
2013), toads (Grismer et al. 2016), rough-skinned skinks
(Karin et al. 2017), bulbuls (Manawatthana et al. 2017), and
tree squirrels (Den Tex et al. 2010, Hinckley et al. 2020) and
coincides with marked changes in paleoclimate and
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paleogeography in the Southeast Asian region (Hall 2009,
2013, Holbourn et al. 2018). During the mid- to late Miocene,
Borneo became a higher and larger landmass, and mountain
ranges rapidly emerged in Sumatra and West Java (Hall 2013).
Extensive lowland and highland areas were present in Borneo,
the Malay Peninsula, and Sumatra, with Java emerging rapidly
from approximately 7 Ma onwards (Hall 2013). Additionally,
intense climatic changes took place during this timeframe
because of late Miocene cooling and the intensification of the
Southeast Asian winter monsoon 7 to 5.5 Ma (Holbourn
et al. 2018).

Pleistocene Divergence and Biogeography Within
Sundaland

Pleistocene Divergence Within the amphrysus-Group

Following the initial divergence in the late Miocene—early
Pliocene, no new extant lineages arose for approximately 4
million years until a second interval of divergence, which is
inferred to have taken place during the Pleistocene between
2.05 and 0.17 Ma, which gave rise to the currently recognized
subspecies (Fig. 5). Pleistocene glaciations have globally
impacted evolutionary processes, not only in high-latitude
regions but also in the tropics (Hewitt 2000, Hewitt 2004, Cros
et al. 2020, Garg et al. 2020, Garg et al. 2022). Glaciations
allowed montane communities to periodically track the cooling
climate downslope and correspondingly occupy larger ranges,
with the opposite occurring during interglacial periods (Hewitt
2000, Qu et al. 2011). Glaciations likely facilitated population
expansions of montane taxa (Garg et al. 2020) and thereby
allowed gene flow between previously disjunct populations
(Hewitt 2000, Qu et al. 2011, Capurucho et al. 2018). In addi-
tion, glaciation-driven shifts in vegetation zones are expected
to have a strong impact on distributions of phytophagous
insects through their own microclimatic niche requirements
and tight ecological links with their host plants.

Subspecies divergence during the Pleistocene highlights the
role of paleoclimate dynamics on recent population divergence
in Sundaic insects (Fig. 5). Concordantly with other species
groups in Sundaland, amphrysus-group divergence times do
not follow a “one-size-fits-all” pattern. Like birds such as bul-
buls and babblers (Cros et al. 2020) and mammals, such as
colugos and mouse deer (Mason et al. 2019) and tree squirrels
(Den Tex et al. 2010, Hinckley et al. 2020), some Troides
lineages show relatively deep interspecific divergence across the
Greater Sunda Islands (eg T. miranda), whilst others are only
weakly diverged (eg T. amphrysus). Ecological characteristics
may drive such patterns, such as shown for edge-tolerant versus
forest-dwelling birds (Cros et al. 2020) and mountain versus
lowland tree squirrels (Hinckley et al. 2020). Different degrees
of ecological specialization occur within the amphrysus-group,
and the clade contains ecological generalists but also lowland
and montane specialists. These different ecological traits some-
times vary within species complexes where closely related taxa
have evolved as specialists of montane (eg Troides miranda
neomiranda) or lowland (eg Troides miranda miranda) habi-
tats. However, in general, most amphrysus-group species com-
plexes occur across a relatively broad elevation gradient
(Matsuka 2001) and unfortunately, detailed ecological descrip-
tions are lacking for most subspecies. Unfortunately, this ham-
pers a clear investigation of intraspecific divergence patterns in
relation to ecological specialization within the amphrysus-group.
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Investigation of montane divergence may be aided by sampling
more densely and sampling across elevational gradients of
known montane specialists, eg T. andromache.

In both species complexes with a representative on Java (T.
cuneifera and T. amphrysus), subspecies occurring on Java
form a sister lineage to the other subspecies lineages (Figs 2 to
5). This corroborates a more general pattern of Java showing
the greatest degree of faunal dissimilarity to the Malay
Peninsula, Borneo, and Sumatra, which has been long recog-
nized at the species level for birds and mammals (Wallace 1869,
1911) and at the population level across a wide range of the
Sundaic vertebrate fauna (Leonard et al. 2015, Mason et al.
2019, Lim et al. 2020, Wu et al. 2022). Multiple drivers for
this pattern have been suggested. For example, the Malay
Peninsula, Borneo, and Sumatra were more frequently con-
nected during times of lower sea levels than Java was connected
to these landmasses (Voris 2000). Furthermore, Javan ecosys-
tems are more divergent to those on the other Sundaic land-
masses. Indeed, Java is relatively recent and has more volcanic
activity (Hall 2009, 2013) and receives lower average rainfall
(Whitten et al. 1997). Which correspondingly translates to dif-
ferent vegetations, especially in the central and eastern regions
of the island (Whitten et al. 1997). Together, the lower degree
of connectivity across Sunda Shelf land bridges and more dis-
tinct ecological conditions on Java most likely explain the
greater genetic differentiation of its Troides populations. On
the other hand T. amphrysus flavicollis s. I. of Borneo and T.
amphrysus ruficollis s. I. of Sumatran and the Malay Peninsula
are most closely related to each other. This biogeographical
connection between Borneo and Sumatra is well-known for
different taxonomic groups within Sundaland (Husson
et al. 2020).

Sea-level Fluctuations and the amphrysus-Group

During glaciations, global sea levels decreased as water became
locked in expanding polar ice sheets, with local sea levels in
the Sundaland region generally decreasing to 40 to 60m (up
to 120 m) below present sea level, thereby intermittently expos-
ing the Sunda Shelf (Voris 2000, Hall and Morley 2004, De
Bruyn et al. 2014). The most recent scenario, based on
re-evaluated geological and biogeographical evidence by Sarr
et al. (2019), indicates that the Sunda Shelf may have been
continuously exposed until ~400,000years ago and intermit-
tently during glaciations from then onwards (green band, Fig.
5). When Sundaland was exposed, evergreen rainforests are
thought to have covered most of its plains, eventually forming
an expanse of rainforest habitat (Cannon et al. 2009, Woodruff
2010, Raes et al. 2014). Such extensive rainforests, of both
lowland and upland vegetation zones, are thought to currently
exist in a state of refuge (Cannon et al. 2009, Woodruff 2010,
De Bruyn et al. 2014).

Meta-analysis of intraspecific divergence times in different
(largely vertebrate) clades revealed broad biogeographical sup-
port for divergences between 400,000 and 18,000 years ago,
coinciding with periodical flooding of the Sunda Shelf (Husson
et al. 2020). Our phylogenetic evidence indicates recent intra-
specific divergence within the species complexes T. cuneifera
and T. amphrysus, with divergence time intervals that broadly
overlap with the sea level fluctuations on the Sunda Shelf (Fig.
5). T. cuneifera paeninsulae from the Malay Peninsula and T.
cuneifera sumatrana from Sumatra diverged between 580,000

van der Linden et al.

and 250,000years ago. Javan T. amphrysus populations
diverged approximately 700,000 to 360,000years ago from
Bornean and western Sundaic subspecies T. amphrysus flavi-
collis s. I. and T. amphrysus ruficollis s. I., which respectively
diverged from one another between approximately 240,000 to
110,000years ago (Fig. 5). These divergence times coincide
with the onset of major marine incursions reported by Sarr et al.
(2019), which may have been a significant driver of population
divergence (Fig. 5). Divergence between taxa of the Malay
Peninsula and Sumatra, and between Sumatra and Borneo,
appears particularly congruent with the widespread divergence
scenario for Sundaic taxa as described in Husson et al. (2020).
Marine incursions occurred repeatedly, and at least four inun-
dation cycles may have taken place after 400,000years ago
(Sarr et al. 2019); this may have resulted in cyclical reproductive
isolation and secondary contact between populations.

We have no reason to believe that overwater dispersal con-
tinuously takes place between amphrysus-group populations
on the larger landmasses of Sundaland given the divergence
time estimates (Fig. 4) and the genetic distance (Fig. 2) between
allopatric subspecies in the different species complexes. The
only taxa for which overwater dispersal may take place are
subspecies T. amphrysus euthydemus and T. amphrysus rufi-
collis, which are highly similar genetically (Figs 2 and 3) and
both occupy relatively low-lying areas that are only separated
by the narrow Strait of Malacca (Fig. 1). However, due to the
particularly shallow depth of this section of the Sunda Shelf, a
land bridge connection via the Riau Archipelago was most
likely frequently exposed for long durations, even at slightly
lower sea levels (Voris 2000). The proximity and frequent land
bridge connection may correspondingly be the cause of the
close genetic affinity between these two populations, for which
reproductive isolation may have been as recent as after the Last
Glacial Maximum (~21,000years ago).

Particularly for lowland taxa, sea level fluctuations are
expected to have resulted in losses of habitat and connectivity.
The most recently diverged lineage, T. amphrysus, is the only
species complex of which subspecies are known to occur from
sea level to the lower montane zone and on numerous islands
off the coasts of the Greater Sunda Islands (Haugum and Low
1979, Tsukada and Nishiyama 1982, Matsuka 2001). Changes
to the connectivity of lowland ecosystems due to marine incur-
sions on the Sunda Shelf may therefore have had a particularly
significant impact on patterns in this species complex.

Increasing the geographical coverage of this wide-ranging,
subspecies-rich, and recently diversified “supertramp” species
(sensu Diamond [1974]) may reveal additional insights into
the role of sea level fluctuations on its diversification. Here,
Sunda Shelf islands may provide additional biogeographical
clues by harboring intermediate forms between eastern and
western Sundaland populations. Recently, several studies
demonstrated that populations of birds and mammals on such
islands show genetic affinity with the landmasses they were
most recently connected with during Pleistocene glaciations,
which does not necessarily correspond to the nearest landmass,
in contrast to classic island biogeographical theory (Mason
etal. 2019, Garget al. 2022). Such patterns could perhaps also
apply to populations in the T. amphrysus species complex, and
sampling of island forms occurring on islands between Borneo
and the western Sundaic landmasses such as the Natuna Islands
would be particularly insightful.
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Hidden Diversity Revealed?

Currently, recognized subspecies of the amphrysus-group have
generally been described based on coloration and allopatric
distribution ranges, eg Staudinger (1892). However, color pat-
terns within the amphrysus-group may be relatively plastic and
vary considerably between closely related subspecies whilst
showing overlap between co-occurring but more distantly
related taxa, possibly governed by Miillerian mimicry associ-
ations (Haugum and Low 1979). Nevertheless, results from
phylogenomic analyses closely match the 19th and early 20th
century classifications within the amphrysus-group. Cryptic
diversity—phenotypically identical but widely genetically dif-
ferentiated lineages—is generally not present within the spe-
cies group.

We applied three different types of species delimitation anal-
yses to the dataset, on nuclear and mitochondrial datasets, to
assess if hidden diversity—greater genetic differentiation than
expected based on phenotypic differences—occurs among the
investigated taxa. ASAP, the distance-based analysis, and the
tree-based analysis bPTP, were applied to the mitochondrial
data and delimited the same six species-level lineages (Fig. 7,
Supplementary Tables S3 and S4). The MSC method, BFD,
applied to SNP subsets of 500 and 1000 SNP, did not reveal
the same pattern and supported the classical taxonomy instead
(Table 3, Supplementary Table S5). This could indicate that
classical taxonomy best reflects the population genetic pro-
cesses among the studied taxa or that the subsampled SNP sets
did not contain sufficient signal to discern more recent diver-
gence between taxa. However, the congruence between the first
two methods indicates that the amphrysus-group may puta-
tively be represented by more species-level lineages rather than
the originally described four (Fig. 7).

The results from tree- and distance-based species delimita-
tion analyses identified two putative species within the T.
miranda species complex, which corresponds with marked
differentiation in phenotype and ecology (Fig. 7). Female T.
miranda miranda and T. miranda neomiranda differ markedly
in the coloration of forewings, T. miranda neomiranda females
having more strikingly patterned forewings in comparison to
the more uniformly colored T. miranda miranda females
(eg insets, Fig. 5). Haugum and Low (1979) describe significant
differences in male genitalia between T. miranda miranda and
T. miranda neomiranda, especially noting a different degree of
serration on the ventral hook of the harpe. Not only do the
two subspecies occur on two—currently—distantly separated
areas (Borneo and Sumatra) (Fig. 1), their habitat and altitu-
dinal preferences are also very different. T. miranda miranda
is known predominantly as a lowland species, even frequently
recorded in sea-level habitats such as mangroves and lowland
rainforest, and is rarely recorded at higher elevations and
unknown from elevations exceeding 500m above sea level
(Haugum and Low 1979). On the contrary, T. miranda neomi-
randa is a high-altitude species, generally thought to be
restricted to mountain ranges around 1,000 m above sea level
(Haugum and Low 1979, Tsukada and Nishiyama 1982). Both
Haugum and Low (1979) and Tsukada and Nishiyama (1982)
have hinted at possible species-level differentiation. And along
with the multiple ecological and morphological distinctions,
the evidence presented in this study provides the first line of
genetic evidence for a respective species status for T. miranda
miranda and T. miranda neomiranda. All analyses conducted
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on mitogenome and nuclear datasets reveal a high level of dif-
ferentiation between the two subspecies with the greatest
degree of differentiation encountered within the
amphrysus-group species complexes (Figs 2, 3, 4, 5 and
Supplementary Fig. S2B). However, we remain cautious because
a single specimen for T. miranda miranda has been included.
Furthermore, the inclusion of the rarely collected T. miranda
hayamii, the southernmost representative of the T. miranda
complex in Borneo, would shed additional light on the taxo-
nomic status, divergence, and biogeographical patterns of this
species complex.

The second case of putative species-level differentiation was
uncovered in the T. cuneifera species complex, with tree- and
distance-based delimitation methods indicating a species-level
split between T. cuneifera cuneifera and T. cuneifera paeninsu-
lae + T. cuneifera sumatrana (Fig. 7). We found a high degree
of genomic differentiation between these two putative species
(Fig. 3, Supplementary Fig. S2C). However, the potential
species-level differentiation within T. cuneifera is less obvious
with respect to phenotypic differentiation, as phenotypes of the
two subspecies are similar and may be influenced by Miillerian
mimicry associations with co-occurring Troides species. With
respect to male genitalia, the clasper and harpe of T. cuneifera
cuneifera differ slightly from those of T. cuneifera paeninsulae
and T. cuneifera sumatrana (Haugum and Low 1979).
Observations on the ecology of the subspecies, such as habitat
requirements and host-plant associations, are scant and cannot
at present provide additional evidence for taxonomical consid-
erations within this species complex. On the contrary, T. cune-
ifera paeninsulae and T. cuneifera sumatrana are highly similar,
and multiple authors have questioned the validity of their
respective subspecies status eg Haugum and Low (1979).
However, genetic distance, genomic composition, and phylog-
enomic evidence do indicate some degree of genomic differen-
tiation between these subspecies, and their status as distinct
subspecies remains valid from this perspective (Figs 2, 3, and 4).

Aside from these two putative species-level splits indicated
by some of the delimitation methods, subspecies designations
seemed to reflect the genetic differentiation between the differ-
ent taxa examined relatively accurately. For some subspecies
we do not recover enough population genomic or phylogenetic
signal to justify subspecies designations and lump taxa for
divergence time and biogeographical analyses. One such case
is the T. andromache complex, where T. andromache andro-
mache and T. andromache marapokensis are found in proxim-
ity in northern Borneo. This species complex exhibits a (low)
degree of variation in mitochondrial haplotype (Fig. 2), and
nuclear data reveal dominance of different genomic compo-
nents in the two subspecies (Fig. 3, Supplementary Fig. S2A).
However, this low degree of differentiation is combined with
non-monophyly in both mitogenome and nuclear phylogenies
(Fig. 4). Together, this evidence does not support a scenario
whereby the two populations have been isolated from each
other for sufficient time to treat them as reciprocally monophy-
letic subspecies. We correspondingly refrained from dating the
divergence of these two subspecies. Another subspecies pair, T.
amphrysus euthydemus and T. amphrysus ruficollis, shows
near-complete overlap in mitochondrial haplotypes (Fig. 2),
high similarity in genomic components (Fig. 3, Supplementary
Fig. S2D), and non-monophyly in both mitogenome and
nuclear phylogenies (Fig. 4). This is a strong indication that
respective subspecies status may not accurately reflect the level
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of divergence between the two taxa. This has been recognized
previously, with several authors noting a lack of constant mor-
phological characters to separate the Peninsular and Sumatran
populations (eg d’Abrera [1975]), however, their distinct status
has persisted since their description. The lack of distinction
between Peninsular and Sumatran representatives is not com-
pletely unsurprising, as T. amphrysus is known to have a rela-
tively broad elevational and geographical range, along with the
frequent and recent land connection between Sumatra and the
Malay Peninsula during periods of lower sea-level (Voris 2000).
The paucity of morphological distinctions in conjunction with
the lack of genetic differentiation recovered by this study indi-
cates that T. amphrysus euthydemus (Fruhstorfer, 1913) syn.
nov. is a junior synonym of T. amphrysus ruficollis (Butler 1879).

The ability of species delimitation methods to differentiate
genetic clusters into species-level lineages varies between
approaches and the speciation model (Carstens et al. 2013).
Comparison of several species delimitation methods to form a
consensus delimitation scheme is generally advocated (Carstens
et al. 2013, Sudrez-Villota et al. 2018, Jin et al. 2020, Pozzi
etal. 2020). Together, the different delimitation methods reveal
a plausible species partition scheme among the studied taxa
(Fig. 7); however, it remains difficult to weigh different analyses
against one another. Molecular species delimitation requires
critical evaluation and should not be seen as a replacement to
traditional taxonomic treatment, as stressed by many develop-
ers of species delimitation algorithms (eg Puillandre et al.
(2012)). Classical taxonomical revision of the amphrysus-clade
should be carried out to validate suggested species-level splits
within the T. cuneifera and T. miranda species complexes. Such
work should encompass all subspecies lineages and be carried
out in an integrative taxonomic framework that considers mor-
phological, ecological, and genomic lines of evidence to inves-
tigate species boundaries.

Conclusion

The complex distribution patterns of island biota have been a
source of fascination to evolutionary biologists since Alfred
Russel Wallace founded the field of biogeography (Wallace
1855). In Sundaland, complex geography and geological and
paleoclimatic processes have shaped evolution in a way that
exemplifies this fascination to the extreme. In this study we
applied museomics to a well-known and diverse lineage of but-
terflies from one of the world’s most famous archipelagos.
Using phylogenomic methods, even specimens collected
~150vyears ago by 19th-century naturalists could be success-
fully incorporated into a phylogenetic framework and thereby
contribute to our understanding of the biogeographic and spe-
ciation history of the group. Here, we provide evidence for
intraspecific biogeographic processes in Sundaic insects and
thereby address a knowledge gap in our understanding of bio-
geographical patterns in this biodiversity hotspot. After initially
originating in the late Miocene, the formation of
amphrysus-group species complexes dates to the Pliocene and
within-species divergence to the Pleistocene, reaffirming the
role of this geological period in shaping the Sundaic biota.
Intraspecific divergence patterns within the amphrysus-group
are highly congruent with those of other taxonomic groups in
Sundaland and provide support for the prevailing biogeograph-
ical hypotheses between the different Sundaic landmasses.
Furthermore, through species delimitation analyses, we provide
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the first holdfasts for describing hidden species within the group
and suggest detailed taxonomical examination of the T. cune-
ifera and T. miranda complexes.
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