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Abstract

We investigated the entire butterfly fauna of the Samoan Archipelago (Pacific
Ocean) by combining COI barcode sequences for specimens from these islands
with those available in repositories at larger biogeographic scale. Haplotype net-
works and a generalized mixed Yule-coalescent (GMYC) model were applied to
identify evolutionary significant units (ESUs). The ESUs from Samoan islands
were compared with ESUs of the same or sister taxa regionally and worldwide to
explore the level of endemicity and of congruence between established taxonomy
and COI barcodes. The level of ESUs endemicity was similar to that shown by
species and subspecies. Australia was the most frequent origin for Samoan line-
ages, followed by Orient-Asia. When comparing the agreement and mismatch
between established taxonomy and ESUs between the Australia-Oceania region
and Europe and North America, the COI molecular marker revealed a similar
performance in taxonomic identification. Despite this overall convergent pattern,
the degree of mtDNA divergence and the analysis of functional traits suggested
that the mechanisms producing patterns of genetic differentiation in temperate
butterflies over ancient continental lands differ to those occurring across a vast
ocean into geologically young islands. Mechanisms on Samoan islands include
relatively recent and exceptional oceanic dispersal, possibly followed by repeated
extinction events. In the Australia-Oceania region we found a similar fraction of
species showing introgression with the maintenance of phenotypic differences
as it occurs on the mainland, but the phenomenon was limited to sectors of each
species distribution area. Regular gene flow among the Samoan islands seems to
prevent allopatric speciation within the archipelago.
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1 | INTRODUCTION

Islands have always played a key role in building evolu-
tionary theory (cf. Whittaker et al., 2017). As discrete,
manageable and replicable systems, islands represent
excellent settings to study speciation and community as-
sembly processes (Warren et al., 2015), given that their
isolated spatial boundaries allow simplifying assumptions
for experimental design and data interpretation (Vellend
& Orrock, 2010; Whittaker & Fernandez-Palacios, 2007).
Islands contribute to global biodiversity in a higher pro-
portion when compared to mainland areas of similar size
(Whittaker & Fernandez-Palacios, 2007). Oceanic islands
comprise only about 5% of the Earth's land surface area,
yet they have long captivated biogeographers for their
splendid isolation and their unusual, sometimes bizarre,
flora and fauna (Gillespie, 2001).

Molecular surveys of different insect groups on islands
have also shown evolutionary determinism, species char-
acterized by lower dispersal and a lesser degree of eco-
logical generalism, have a higher probability of showing
diverging populations and endemic elements (Dapporto
et al., 2017; Matos-Maravi et al., 2014; Nuiiez et al., 2020;
Salces-Castellano et al., 2021; Scalercio et al., 2020;
Sourakov & Zakharov, 2011). Another common result of
molecular surveys is that classic taxonomy lists based on
morphological features show common cases of incongru-
ence with assessments based on molecular approaches.
A first phenomenon involves the existence of groups of
taxa highly diversified on a genetic basis showing almost
identical morphologies to each other (cryptic taxa, FiSer
et al., 2018). It is well recognized that morphologically
cryptic taxa represent a significant proportion of global
diversity (Bickford et al., 2007; Adams et al., 2014). On
the other hand, many species that are clearly ecologi-
cally and morphologically diversified can show a very
similar genetic makeup with closely related taxa (Struck
et al., 2018). This phenomenon can be due to the fast
emergence of species-specific features (e.g. paraphyletic
speciation), to post-speciation events of genetic introgres-
sion (Mallet, 2005) or to highly incomplete sampling of
genomes.

Due to different speciation processes operating on oce-
anic islands compared to mainland (Whittaker et al., 2017;
Whittaker & Fernandez-Palacios, 2007), the patterns of
discordance between the perceived diversity (morphology-
based taxonomy) and genetic divergence could vary.
Divergence usually occurs faster on islands after founder
effects and genetic drift, and because of directional selec-
tion and radiation episodes following stepping-stone colo-
nization to neighbouring islands (Clegg et al., 2002; Coyne
& Orr, 2004; Lescak et al., 2015; Matos-Maravi et al., 2014;
Nuiiez et al., 2020; Whittaker & Fernandez-Palacios, 2007).

By contrast, in mainland scenarios, the geographical con-
tinuity of a population can be interrupted in time other
than in space, mostly due to climatic changes, and lin-
eages may speciate in parapatry involving episodes of
gene flow (Mallet, 2005; Ebdon et al., 2021 for butterflies).
Such mechanisms can produce introgression and genetic
sweeps, notably in mtDNA, which may lead to lumped
taxa in molecular-based species delimitation methods
(D'Ercole et al., 2021; Dinca et al., 2015). This, in theory,
should show a lower incidence on oceanic islands due to
the virtual absence of gene flow between islands.

The evaluation of the relative incidence of these phe-
nomena can only be achieved by applying a comparative
approach, which involves species of a relatively large
taxon (i.e. taxonomic coverage) and over an entire com-
munity (i.e. geographical coverage). Up to now, com-
parative genetic studies are limited by the lack of such
complete genetic assessments and by the costs associated
to obtain them. In recent decades a portion of the cyto-
chrome c oxidase I mitochondrial DNA (COI) has gained
a consensual and wide recognition as a barcoding marker
complementing taxonomic practices and facilitating spe-
cies identification (Hebert et al., 2003). Barcoding ap-
proaches to catalogue biodiversity have the advantage to
rapidly produce extensive datasets to be used in compar-
ative studies on diversity encompassed by mitochondrial
genetic variation (Dapporto et al., 2019; Leigh et al., 2021;
Theodoridis et al., 2021).

Butterflies are the insects that have received the stron-
gest effort on the DNA barcoding of some entire conti-
nents (the western Palearctic Region, Dincd et al., 2015,
Dapporto et al., 2022; North America, D'Ercole et al., 2021)
and now repositories such as BOLD and GenBank contain
hundreds of thousands of sequences to be used for com-
parative approaches. At the wide (continental) scale, the
correspondence between classic and molecular taxonomy
has been attempted in European (299 species in Dinca
et al., 2015) and North American butterflies (755 species
in D'Ercole et al., 2021). In those studies, the compari-
son of consensus taxonomic lists with a genetic species
delimitation approach (GMYC) revealed that only 55.9%
and 64.7% of published accepted species, respectively,
correspond to the COl-inferred evolutionary significant
units. In detail, 27.7% and 16.9% of named species could
potentially be involved in cryptic speciation, while 16.4%
of European and 18.4% of North American butterflies
show low COI divergence and were lumped by the GMYC
approach (D'Ercole et al., 2021; Dinca et al., 2015). At a
smaller spatial scale the congruence between molecular
and traditional taxonomy is greater, usually higher than
90% (Hausmann et al., 2011; Litman et al., 2018) mostly
due to the lower incidence of pairs of allopatric cryptic
taxa (Voda et al., 2015).
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No extensive molecular investigation of geospa-
tial evolution has been carried out for butterflies of a
tropical island, and neither for a highly insular and
relatively small oceanic island. Comprehensive bio-
diversity assessments of entire insular taxa and com-
munities are not only fundamental to fill the Linnean
(species identification) and the Wallacean (distribution)
shortfalls, but also to understand the phenomena that
have delineated the observed diversity for unique island
communities (Dapporto et al., 2017; Salces-Castellano
et al., 2020; Shaw, 2002; Sourakov & Zakharov, 2011;
Struck et al., 2018; Vodi et al., 2016).

In this study, we obtained COI sequences for virtually
all the species occurring in the oceanic Pacific Archipelago
of Samoan and American Samoan islands (hereafter re-
ferred to as Samoan Is., Figure 1a). The butterfly fauna oc-
curring on these islands comprises several endemic taxa
and species typical of the closest enlarged land masses
(Australia and Southeast Asia).

The archipelago is relatively young since the most an-
cient volcanic activity in American Samoa is dated ~1-1.8
Mya while on Savai'i (Samoa) it is dated ~5.3 Mya (Strak &
Schellart, 2018). The young geological origins and a min-
imal island area, when compared to continents, makes
Samoan Is. a suitable archipelago to explore whether evo-
lutionary speciation mechanisms producing diversifica-
tion on islands and mainland could function differently.

In this paper, we provide a complete COI assessment
for the butterflies of the Samoan Archipelago (Samoa plus
American Samoa) and compare them with those available
in public repositories. We apply the methodological ap-
proach used to contrast mtDNA diversity and established
taxonomy in European and North American datasets to
the butterflies of Samoan Is. in comparison with popula-
tions from Australia and Oceania islands. In particular,
we (i) identify the main directions of colonization and the
endemic mtDNA lineages of the Samoan Archipelago (ii)
test for an unbalanced frequency of endemic entities in
dispersive or sedentary species (iii) explore the level of
congruence between established taxonomy and mtDNA,
(iv) compare the pattern of congruence between but-
terfly populations from Samoan Is. with populations of
Australian and Oceanian regions, and extended to two
mainland models recently published (North America,
D'Ercole et al., 2021 and Europe, Dinca et al., 2015).

2 | MATERIALS AND METHODS
2.1 | Study area and butterfly endemics

The Samoan Archipelago consists of four islands (>40km?)
divided between the Samoa islands (Savai'i, Upolu) in the

west and American Samoa (Tutuila and Ta’u) in the east
(Figure 1a). A scatter of smaller islands also occurs. Samoa
is recognized regionally as retaining important sites and
species for biodiversity conservation including three
out of 60 priority sites within the Polynesia Micronesia
Global Biodiversity Hotspot (Myers et al., 2000; Atherton
et al., 2007 for hotspot classification).

The Samoan Archipelago hosts 30 species of butter-
flies, and many populations are endemic at different
levels: species level, Papilio godeffroyi — Pepe ae/Samoan
swallowtail, Samoan ranger, Deudorix doris, Samoan dart,
Hypolimnas errabunda - Samoan eggfly, Phalanta exulans
and subspecies level, Oriens augustula alexina — Samoan
cornealian, Tirumala hamata melittula - Samoan blue
tiger, Tirumala hamata tutuilae — American Samoan blue
tiger, Euploea algea schmeltzi — Samoan crow, Euploea
lewinii bourkei — common crow, Melanitis leda hopkinsi -
Samoan evening brown (Edwards, 2010).

2.2 | Butterfly sampling

During the years 2015-2017, extensive field surveys
to collect butterflies were conducted in three islands:
Savai'i and Upolu - the two main islands of Samoa - and
Tutuila - the main island of American Samoa. Surveys
spanned from sea level to mountain tops. Collection
in Samoa was carried out with the support of NUS
(National University of Samoa) and MNRE (Ministry
of Natural Resources and Environment of Samoa) staff.
In American Samoa, surveys were conducted with the
aid of Dr. Schmaedick (American Samoa Community
College). Specimens not found during field trips and
needed for the completion of the dataset were gath-
ered from American Community College collections.
Out of the 30 species reported for the archipelago we
were able to collect at least one and up to five specimens
per species of 27 species for a total of 190 specimens.
The three missing species are considered extinct in the
Archipelago (Patrick & Patrick, 2012). The sequences
have been publicly released in the BOLD project titled
SAMOANGENMAP (code: SAMOA).

2.3 | Barcoding analysis

We sequenced the COI marker using the Biodiversity
Institute of Ontario (Canada) facilities, following stand-
ard protocols for DNA barcoding (deWaard et al., 2008)
with an ABI 3730XL capillary sequencer (Applied
Biosystems). Permits to export the specimens were ob-
tained from MNRE. COI sequences for each of the 27
species found in the Samoan Is. were merged with the
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FIGURE 1 (a)Location of the Samoan Archipelago in the central South Pacific Ocean and (b) cross-regional comparisons of mtDNA
libraries: the red box encompasses the Samoan Archipelago, the blue box includes the Australian and Oceanian regions for which the
comparisons between classical and molecular taxonomy diversity patterns have been carried out for the Samoan butterflies species, the

yellow and green boxes highlights the North American and European regions, respectively, where a similar comparative assessment was

done.

sequences of public records available worldwide in the
BOLD Data Systems and GenBank, creating a dataset
with 901 DNA barcodes from 27 species belonging to
23 genera. Moreover, we collected all available world-
wide sequences (5170) in BOLD and GenBank for all the
species belonging to the genera occurring on Samoan
Is. (global dataset). The fasta file containing BOLD and
GenBank codes is available in the GitHub repository
(https://github.com/leondap/files/blob/main/GMYC_
data.fas).

2.4 | Phylogenetic analysis and GMYC
delimitations

We collapsed the COI dataset for all studied genera at a
global level to unique haplotypes using the ‘haplotype’
function of the R package ‘pegas’ (https://cran.r-proje
ct.org/web/packages/pegas/index.html). The number
of haplotypes for the global dataset associated with the
23 Samoan genera was 2401 (894 within Nymphalidae,
364 within Pieridae, 7 within Hesperiidae, 829 within
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Papilionidae and 307 within Lycaenidae-Riodinidae). We
used BEAST 1.8 (Drummond et al., 2012) to reconstruct
an ultrametric phylogenetic tree (Figure S1, Table S1)
for each family of butterflies. Two independent chains
of 100 million generations were run in BEAST for each
dataset. The substitution model was set to GTR+I1+G
with six gamma rate categories. A coalescent tree prior
was set. Divergence times were estimated by applying a
strict clock and a normal prior distribution centred on the
mean between two widely used substitution rates of 1.5%
uncorrected pairwise distance per million years (Quek
et al., 2004) and 2.3% (Brower, 1994). Values were sam-
pled every 10% of the run length and convergence was in-
spected in Tracer v.1.6 (http://tree.bio.ed.ac.uk/software/
tracer/).

We applied the general mixed Yule-coalescent model
(GMYC, Fujisawa & Barraclough, 2013) for each fam-
ily tree to identify evolutionary significant units (ESUs)
using the R package ‘splits’ (https://cran.r-project.org/
web/packages/SplitSoftening/index.html) with default
settings. We choose the GYMC approach as it was the
model used by the two articles (Dinca et al., 2015; D'Ercole
et al.,, 2021) with which we compared our results. The
GMYC delimitations for each of the 27 pre-established
species among Samoan Is. (Patrick & Patrick, 2012) were
categorized in (1) ‘single entity species (SE)’: all haplo-
types of a species belong to a single GMYC ESU, (2) ‘multi-
ple entity species (ME)’: haplotypes belong to two or more
ESUs, (3) ‘lumped entities (LE)’: two or more species are
recovered as a single ESU and (4) ‘lumped + multiple enti-
ties (LME)’: species are split in multiple ESUs and lumped
with other species.

The delimitation category of a given taxon (and thus
their regional incidence) may depend on the size of the
region where it has been studied. In general, the same spe-
cies can appear as a single entity if the assessment is made
at a narrow geographic scale and as a multiple or lumped
entity for wider geographic sampling areas (Talavera
et al., 2013). We assessed the delimitation categories for
the Samoan butterflies at two different scales: worldwide
(W in Table 1) and Australian and Oceanian regions (AO
in Table 1) as described by Holt et al. (2013) (Australia,
New Zealand, Samoan Is., Polynesia, Papua New Guinea-
Melanesia and Micronesia). The assessment of the fre-
quency of delimitation categories at the wide continental
scale, allowed us to make a direct comparison with the
studies of North America and Europe.

The frequencies of butterfly species attributed to
the four delimitation categories for Europe (Dincd
et al., 2015) and North America (D'Ercole et al., 2021)
were compared by Chi-squared tests (corrected for mul-
tiple comparisons using Bonferroni correction) with the
results obtained for Samoan species when considering

specimens collected in the Australian - Oceanian re-
gion. Endemic ESUs and haplogroups (H) of Australian-
Oceanian, Oceanian and Samoan areas were also
identified.

2.5 | Haplotype networks

Intraspecific relationships among haplotypes were
built by haplotype networks using TCS 1.21 (Clement
et al., 2000) and graphically improved using tcsBU
(Murias Dos Santos et al., 2016). We also created hap-
lotype networks comprising more than one species, for
lumped species and for endemic taxa showing low diver-
gence in the phylogenetic BEAST tree from the global
dataset. To explore colonization events, we visually in-
spected the distribution of haplotypes and look for con-
sistency with the global zoogeographic regionalization
proposed by Holt et al. (2013).

2.6 | Functional traits

Among possible functional traits, we selected two that are
biologically meaningful in the context of dispersal capac-
ity and speciation in isolated island archipelagos: wing-
span and migratory/non-migratory behaviour. Wingspan
is largely used in butterflies as a proxy for dispersal ca-
pability (Sekar, 2012), and it shows negative correla-
tion with genetic diversification (Dapporto et al., 2017,
2019; Scalercio et al., 2020). We retrieved the wingspan
for each species (Table 1) as the mean between maxi-
mum and minimum wingspan recorded by Patrick and
Patrick (2012). Although other alternative measures have
been identified as better predictors for mobility like wing
ratio and wing loading (Dudley & Srygley, 1994; Habel
et al.,, 2018), they are not available for Samoan butter-
flies. Information about migratory behaviour of Samoan
butterflies was obtained following criteria and literature
gathered in Garcia-Berro et al. (2022) and Chowdhury
et al. (2021).

Our goal was to assess differences in wingspan and in
frequency of migratory species between species belonging
to different endemic status and delimitation categories.
Butterfly species from different families largely differ in
their wingspan making assessment of the entire com-
munity prone to biases due to unbalanced composition
of the groups. To standardize wingspan, we scaled wing-
span for the three families comprising more than 2 species
(Lycaenidae, Pieridae, Nymphalidae) to the same mean
(0) and standard deviation (1) using the scale R function
(base package). Then, we compared wingspan by using
Wilcoxon signed rank test (stats package for R) between
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species showing endemic and non-endemic entities (spe-
cies/subspecies, ESUs, haplotypes) and by Kruskal-Wallis
test (stats package for R) among the three categories of SE,
LE, ME (except for LME represented by a single species).
Similarly, Fisher's exact tests were used to compare the
frequency of endemic entities (species/subspecies, ESUs,
haplotypes) and of the three categories (SE, LE, ME) be-
tween migratory and non-migratory species.

3 | RESULTS

3.1 | Global dataset

We found 403 GMYC ESUs in the global dataset for the 23
genera sampled in the Samoan Is. The divergence thresh-
old identified by GMYC for the identification of ESUs was
2.07 My. When inspecting GMYC delimitation categories
of specimens collected worldwide, 11 Samoan species out
of 27 species showed a single ESU per species (SE), 6 spe-
cies were lumped (LE) with other species, 9 were divided
in multiple ESUs (ME) and one showed both lumped
and multiple entities (LME, Catochrysops taitensis, which
showed two entities but one of them was lumped with C.
panormus) (Table 1). When the assessment was restricted
to specimens belonging to the Australian continent and
Oceanian regions the frequencies were: 16 SE, 5 LE, 5 ME,
1 LME (Figure 2, Table 1). These frequencies did not show
significant differences compared to those found for the
largest datasets including European and North American
butterflies (chi-squared = 4.667, p = .198N = 326 with
Europe and chi-squared = 2.767, p = .429, N = 782 with
North America) (Figure 2).
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species by four delimitation categories
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Australian-Oceanic scale.
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3.2 | Haplotype networks for
Samoan taxa

The haplotype networks could only be calculated for 24
of the 27 Samoan species collected as specimens of 3 spe-
cies were not available in BOLD or GenBank from other
regions. Each Samoan species show that 17 of 24 species
were endemic ESUs in the entire Australian-Oceanian re-
gion. Among them, 11 were also endemic to the Oceanian
regions (Fiji, New Caledonia, French Polynesia) and 6 (25%
of species) revealed to be endemic to Samoan Is. (Table 1).
Haplotype networks (Figures 3,4,5) also revealed several
endemic monophyletic groups of closely related haplo-
types (occurring in 20 species at Australian-Oceanian
level, 16 at Oceanian level and 11 for Samoan Is.). This
suggests that Samoan butterflies might be the result of ra-
diations centred on the older landmasses of Australia and
Oceania (e.g. Papua New Guinea, New Caledonia and oth-
ers). We could also identify significant incongruence with
established taxonomy. Among the unexpected endemic
ESUs we found one haplotype of Eurema hecabe separated
by a minimum of 13 mutations (1.98% of COI divergence).
Other very distinctive ESUs were found in Appias paulina,
and less markedly in Vagrans egista (Figure 4).

3.3 | Functional traits analyses

Samoan endemic entities (species/subspecies, GYMC
ESUs and haplotypes) did not show significant differ-
ences in wingspan (scaled among families) compared to
non-endemic entities (Wilcoxon rank sign test, W = 50,
p = .3077; W = 45, p = .8754 and W = 57, p = .9158,

N. America Australian-Oceanic

EMSE mME WLE mLME
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FIGURE 3 Haplotype networks of six species showing a single entity (SE) from the GMYC outcome. P. godeffroyii, H. errabunda

and P. exulans are not shown as they are endemism of Samoa or American Samoan and no specimens of the three species could be found

in BOLD or GenBank for other regions. Colours within the pies indicate geographic regions, following Holt et al. (2013). Each segment

represents one mutation, white circles represent missing haplotypes, and the size of the circles is proportional to the number of specimens

represented in each haplotype. Loops are represented with dotted grey lines. The legend indicates the geographical location of each

sequence. Blue frames indicate the presence of only one ESU as determined by GYMC. Full scientific names are provided in Table 1.

Figure 6a, respectively). Moreover, no significant differ-
ences in wingspan were found among species showing
different types of concordance/discordance between taxo-
nomic and GMYC assessments (Kruskal-Wallis test, chi-
squared = 1.615, df = 2, p = .445, Figure 6b).

Non-migratory species show a higher frequency of
endemic taxa than migratory species (Fisher's exact test,
p = .041) while frequencies were similar once consider-
ing ESUs and haplotypes (Fisher's exact test, p = .710;
p = .166, respectively).

No significant differences were found when comparing
frequencies of SE, LE, ME categories between migratory
and non-migratory taxa (Fisher's exact test, p = .212).

4 | DISCUSSION

Although the use of a single mitochondrial marker is
not expected to be decisive for taxonomy (Dasmahapatra
etal., 2010; Shaw, 2002; Zamani et al., 2022), the increasing
availability of COI sequences has unveiled hidden dimen-
sions of diversity, thus complementing taxonomic assess-
ments (Galimberti et al., 2021; Hebert, Ratnasingham,
& DeWaard, 2003; Matos-Maravi et al., 2014; Nufez
et al., 2020; Wiemers et al., 2018). The COI-based survey
of the Samoan butterflies reveals that the ratio of species

endemicity (as per the accepted taxonomy) is similar
to that resulting from mitochondrial DNA haplotypes.
However, we highlight several incongruences between
taxonomic assessments and COI differentiation. For ex-
ample, in the form of different taxonomic species lumped
in a single GMYC entity or for highly diverging popula-
tions showing no morphological characterization. The
frequency of endemic haplotypes and incongruent iden-
tifications between GMYC delimitation and established
taxonomy was not associated to wing size or migratory
behaviour, traits known to correlate with species disper-
sal capacity and genetic divergence (Dapporto et al., 2017;
Scalercio et al., 2020; Garcia-Berro et al., 2022).

4.1 | Mitochondrial and taxonomic
endemicity for Samoan islands and
direction of natural colonization

The Samoan Archipelago shows a remarkable number
of endemic butterfly taxa with 11 species or subspecies
representing 33% endemism. Taxonomic endemicity is
mirrored by the high fraction of endemic haplotypes oc-
curring in at least 11 species. However, among the 11 spe-
cies showing endemic haplotypes, four do not belong to
the 11 endemic species/subspecies, which could turn into
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FIGURE 5 Haplotype network of the species showing lumped entities (LE) from the GMYC outcome. Due to the taxonomic uncertainty
and potential for inaccurate identification of sequenced specimens, we included Zizina otis and Z. labradus sequences in the same blue
frame. Colours within the pies indicate geographic regions, following Holt et al. (2013). Each segment represents one mutation, white circles
represent missing haplotypes, and the size of the circles is proportional to the number of specimens represented in each haplotype. Loops
are represented with dotted grey lines. The legend indicates the geographical location of each sequence. Blue frames indicate the presence of
only one ESU as determined by GYMC. The red rectangles include specimens attributed to the same taxonomic species in case of discordant

patterns. Full scientific names are provided in Table 1.

an even higher number of endemic taxa (15) if a combined
approach (established taxonomic taxa complemented by
gene information) is applied (Menchetti et al., 2021).

A major difference between the populations living in
the Samoan Archipelago compared to those from Europe
is the lack of correlation between genetic differentiation
and functional traits determining dispersal (and thus
gene flow). In Europe (Dapporto et al., 2019) and on
Mediterranean fragmented islands (Voda et al., 2016;
Dapporto et al., 2017; Scalercio et al., 2020), smaller butter-
fly species and those with shorter flight periods, are char-
acterized by less differentiation and greater endemicity,
while almost none of the migratory species show endemic
lineages. On the Samoan Archipelago, six species of the 12
species reported as migratory, possess endemic haplotypes
and the larger species in each family did not show a higher
fraction of endemicity compared to the smaller ones.
This result can be partly due to lower number of exam-
ined species, but it also reinforces the assumption that the
great isolation of this archipelago represents an almost

insurmountable barrier to butterflies and that even highly
dispersive species have colonized these islands only after
exceptional and stochastic events.

In oceanic archipelagos, many endemic taxa show a
concordance between island age and lineage ages, where
younger islands are inhabited by younger lineages (pro-
gression rule, Shaw & Gillespie, 2016). This does not occur
in our system since five of the six species showing endemic
haplotypes in western Samoa (Upolu and Savai'i) and
American Samoa (Tutuila) shared their haplotypes. Thus,
most endemics within the archipelago occur in multiple
islands. This can be due to ongoing intra-archipelago gene
flow swamping inter-island diversification.

Human assisted colonization may have led to the es-
tablishment of undifferentiated populations. For exam-
ple, B. exclamationis (Hesperiidae) and P. tombugensis
(Lyceanidae) both feed on almond trees (Combretaceae;
Terminalia spp.). Their host plant Terminalia catappa is
possibly native but also known to be widely dispersed
among Pacific islands by Polynesian voyaging (Thomson
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FIGURE 6 A comparison of butterfly wingspan (scaled millimetres) between species tested for (a) endemic and non-endemic
haplotypes in Samoan Is. and, (b) contrasted among GMYC delimited ESUs showing single entities (SE), lumped entities (LE) and multiple

entities (ME).

& Evans, 2006) and this may have aided butterfly dispersal
directly and/or by providing a suitable host for establish-
ment. In support of this possibility, neither species has en-
demic haplotypes. Two other butterflies have essentially
followed the human establishment of their host plants.
Both D. plexippus and D. tongana colonized after caterpil-
lar hosts in Apocynaceae and Acanthaceae, respectively,
were established. Our molecular evidence supports the
hypothesis for D. plexippus but lacks data from other parts
of the Pacific to interpret for D. tongana.

According to Strak and Schellart (2018), Western
Samoa islands emerged about 5.3 My ago. By using eval-
uation of insect mutation rates, a maximum divergence
originated on Western Samoa (2.8 My old) is expected to
vary between 1.5%/My*2.8My = 4.2% (Quek et al., 2004)
and 2.3%/My*2.8My = 6.4% (Brower, 1994). This range
encompasses the minimum COI p-distance for the
known closest relative of all the Samoan endemic spe-
cies and lineages, comprising the most divergent Papilio
godeffroyi (6.4% from P. schmeltzi nearest sister occurring
on Fiji Islands). A similar reasoning applies to American
Samoa where the oldest volcanic activity is dated between
1-1.8 My and for which a maximum mtDNA divergence
evolved in situ should range between 2.1% and 3.2% (con-
sidering 1.4 My, the average between 1.0 and 1.4). This

hypothesis excludes the formation on this island of only
Papilio godeffroyi and Phalanta exulans showing a diver-
gence of 6.4 and 5.0%, respectively (Table 1). So, we can
conclude that most endemics could have originated in
either island and then colonized the other(s).

At the taxonomic level, the concordance among island
endemics is much lower. Indeed, the two island systems
only share two endemic species out of 11 (J. argentina and
D. doris) and no subspecies. The faunistic differentiation
could have been exacerbated by stochastic extinctions as
envisaged by the island equilibrium theory (MacArthur &
Wilson, 1967) or induced by relatively recent human ac-
tivities as occurred for P. godeffroyi sixty years ago. This
species was widespread and common in the entire archi-
pelago but due to deforestation and likely other pressures,
it has declined dramatically and now appears restricted
to American Samoa ~5% of former range (Edwards, 2010;
Patrick & Patrick, 2012).

At a wider scale, the haplotype networks indicate that
most of the Samoan populations have their closest rela-
tives in the Australian area. New Guinea may also be a
source of many Samoan populations but the scarce avail-
ability in BOLD and GenBank of sequences for butterflies
from this region did not allow us to thoroughly investigate
this colonization pathway.
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4.2 | Level of congruence between
established taxonomy and DNA barcoding

When the sequences of the butterflies from the Samoan
Is. were pooled with those from Australia and Oceania,
the relative frequency of incongruences between tax-
onomy and GYMC classification did not differ from
that found for European or North American butter-
flies. Moreover, the frequency of endemic haplotypes
in Samoa Is. (41%) was similar to the one found in the
island of Sicily, adjacent to continental Europe (37%,
Scalercio et al., 2020). This occurred despite the diver-
sification processes, operating in small and geologically
young oceanic island communities, which are expected
to differ from processes occurring over wide and ancient
mainland regions. Based on our data, it is possible to
establish whether different evolutionary processes have
produced a convergent pattern, or if in contrast, simi-
lar mechanisms are perhaps occurring on oceanic and
mainland populations. The most striking result is the
absence of a higher fraction of ME in Samoan Is. spe-
cies compared to mainland. Most of the ME taxa high-
lighted here are represented by groups of populations
from different islands recognized as conspecific and sep-
arated by a 2%-3% of COI divergence. It is well known
that GMYC can often produce different entities among
conspecific populations, which have undergone differ-
entiation in allopatry (Sukumaran & Knowles, 2017).
The geologic age of the Samoan Archipelago (5.3 My for
the oldest island) is not much higher than the threshold
identified by GMYC for the transition between intraspe-
cific to interspecific genetic diversification (2.07 My).
It is thus possible that the time since island emergence
has not been sufficient to produce a high number of en-
demic GMYC ESUs. Moreover, based on the island equi-
librium theory (MacArthur & Wilson, 1967; Whittaker
et al., 2017), island populations, mostly in remote and
small island systems, may undergo colonization and
extinction events, which can shorten their persistence
on islands over long geological times. This is potentially
visible in five species among the 27 species examined
where endemic haplotypes did not diverge at the GYMC
threshold: A. paulina, B. java, C. taitiensis, T. hamata
and V. egista (see Figures 3,4,5). If most of the coloniza-
tions of the Samoan islands have occurred after excep-
tional dispersal events as supposed above, the relatively
small size of the islands and the absence of a rescue
effect may have increased the risk for local extinction.
This may have lowered the possibility that an endemic
population persisted for a very long time, thus produc-
ing a majority of slightly diverging endemic haplotypes.
In this perspective, the recent island age and the great
isolation can determine the observed convergence in

ME frequency with respect to older and wider mainland
regions.

There is increasing evidence that mitochondrial di-
versification can be driven and maintained by mater-
nally inherited infection by microorganisms interfering
with insects' reproductive systems (notably Wolbachia).
Wolbachia is known to play a major role in spatial struc-
turing of mtDNA in both mainland and island butterfly
populations and, notably, the populations of H. bolina
from Oceanic islands comprising two concordant lineages
of Wolbachia and mtDNA is one of the most studied ex-
amples for this phenomenon (Arif et al., 2021; Gaunet
et al., 2019; Reynolds et al., 2019; Ritter et al., 2013; Sahoo
et al., 2018; Suchackova Bartoriova et al., 2021). A com-
plete survey of Wolbachia occurrence and strain identi-
fication for the strongly diverging Samoan clades could
identify the importance of this phenomenon, together
with island age and isolation, in shaping mtDNA diversity
across Oceanic islands.

4.3 | Interpreting the high proportion of
lumped entities

Surprisingly, LE were more frequent than ME among
Samoan butterflies, with an incidence similar to that
found on mainland regions. Taxonomic species can
be lumped in a species delimitation analysis based on
mtDNA because of two main processes: (1) the described
morphological variation may not be reflected by mtDNA
variation (Struck et al., 2018), being low and below the
GMYC threshold. In this case, although GMYC is not
highlighting two different taxa, they can still be identified
as different haplogroups (Dincd et al., 2021).

(2) two species differentiated in allopatry for mor-
phological and genetic characters can get in secondary
sympatry or parapatry over mainland or following excep-
tional dispersal events among islands (Cong et al., 2017;
Mallet, 2005). In contact areas, hybridization is possible
and mtDNA can be passed from one species to another
by adaptive introgression (Mallet, 2005; Cong et al., 2017).
The resulting genetic sweeps can erase the genetic diver-
sity at the mitochondrial level while preserving species
integrity at nuclear loci, determining the maintenance of
phenotypic differences (Toews & Brelsford, 2012; Cong
et al., 2017). Over Europe and North America both pro-
cesses are common and about 15% of butterfly species
share COI sequences with at least another species (Dinci
et al., 2021; D'Ercole et al., 2021).

Low genetic diversification below the GMYC threshold
due to short divergent time is likely to happen on relatively
young oceanic islands. Possible examples of species pairs
occurring in Samoa and in the Australian-Oceanic islands
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include E. algea-E. lewinii and H. antelope-H. anomala,
that were lumped by the GYMC approach. However,
there are also examples of species sharing haplotypes (e.g.
T. hamata - T. septentrionis and C. taitiensis - C. panor-
mus) suggesting cases of introgression. Nevertheless, the
occurrence of introgression showed a different pattern on
islands, as our results document that isolated archipela-
gos can preserve their supposed ancestral populations
from (adaptive) introgression. This pattern is evident in
the Australia-Oceanian regions for T. hamata-T. septen-
trionis and C. taitiensis - C. panormus where the intro-
gression appears incomplete and limited to some islands.
On the other hand, in the absence of physical barriers,
introgression usually proceeds across mainland regions
until one of the two genotypes is completely erased (Cong
et al., 2017). In line with some of our examples, introgres-
sion was stopped at a short sea strait in the Mediterranean
Sea (Scalercio et al., 2020). As above, infection by different
Wolbachia strains might also impede introgression (Arif
etal., 2021).

It must be noted that the scarcity of COI barcodes of
butterflies across the Oceanian, Australian and Oriental
regions can hamper an exact location and date of parapa-
try, radiation-allopatry and introgression events. Our hap-
lotype networks suggest that some of the diversification
mechanisms observed over mainland areas could have oc-
curred for the fauna of the remote Samoan Archipelago.
A clear example of this possible limitation is E. hecabe,
a recent human assisted colonizer of the Samoan Is., but
that belongs to a highly diverging and apparently en-
demic clade for Samoa. E. hecabe has colonized Western
Samoa over the past few decades (Tennent, 2006) and
American Samoa no longer than a decade ago (Patrick
& Patrick, 2012). In this view, the original population of
this entity possibly belongs to the subspecies E. hecabe
sulphurata, described from New Caledonia, Vanuatu and
Fiji Islands, which has not been sequenced yet. However,
this ESU appears to represent a discovered cryptic species
rather than a subspecies.

5 | CONCLUSIONS

For 27 currently recognized butterfly species and sub-
species of the Samoan Is., COI sequencing of the DNA
barcode segment coupled with the GYMC approach has
supported existing taxonomy for 11 species and uncov-
ered hidden diversity among the others. Noteworthy, five
butterflies considered endemic were all confirmed in our
analysis, whilst 16 species from the 27 examined showed
inconsistency between taxonomy and the GMYC molecu-
lar delimitations. From a taxonomic point of view, these
inconsistencies open up the possibility of the existence of

overlooked cryptic species and species synonyms in the is-
lands. To further assess this hypothesis additional support
from independent characters (e.g. nuclear markers, geni-
talia morphology, ecological niche preferences) would
be needed. Moreover, from an eco-evolutionary point of
view, we showed that the frequency of taxonomic and ge-
netic incongruency is similar between an island area and
mainland regions despite the systems being characterized
by very different ecological and historical settings. The
comparison with island age and the absence of a correla-
tion with dispersal capacity, indicate that most likely dif-
ferent mechanisms have produced a similar pattern. The
increasing availability of DNA sequencing could greatly
fuel comparative analyses and improve the understand-
ing of the interplay between diversification processes and
regional features.
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