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Geographical isolation is a key factor in allopatric speciation, but divergence with gene flow has been
detected in an increasing number of studies even in island systems. To understand the divergence in
island taxa, it is necessary to examine historical gene flow with mainland sister groups, which largely
differ due to the various geological and ecological characteristics of each region. The Izu Islands are a
chain of young and active volcanic islands in a warm-temperate climate zone that branch off from the
middle of the Japanese mainland. Despite the chain’s relatively limited isolation, given its proximity
to the mainland, the Izu Islands feature endemic bird species and subspecies. The Japanese Robin
Larvivora akahige is an endemic breeder on East Asian islands, and there is also a subspecies on the
Izu Islands that is different in feather colouration and ecological traits. The population genetic
structure of this robin was investigated using nine nuclear microsatellite markers and mitochondrial
cytochrome b region sequences. Distinct and recent differentiation between the groups from the Izu
Islands and mainland was detected from nuclear loci, although the genetic structure within the
mainland group was unclear over the 1900 km habitat chain. The mitochondrial haplotypes were
divided into two distant clades, one dominated throughout the robin’s range and the other coexisted
only on the Izu Islands as a minor type. Those clades were inferred to have diverged independent of

the recent differentiation of the two nuclear clusters, although their origins and the mechanism
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underlying their distribution remain unclear. The geographical characteristics of the Izu Islands may
have formed a moderate but long-lasting barrier for gene flow and promoted speciation, as well as
serving as a refugia for the preservation of relict lineages, particularly for migratory species which

usually move along the mainland chain.

Keywords: migratory robin, island arrangement, mitonuclear discordance, relict lineage, volcanic

1slands

Geographical separation between populations is the initial step in allopatric speciation. Island birds
have long been studied as ideal subjects of this phenomenon, because the open water between the
islands forms an obvious and solid barrier for land bird species. In the classic view of allopatric
speciation, geographical isolation needs to be maintained over sufficient time for the biological
isolation mechanisms to develop and for the speciation process to complete (Mayr 1942, Dong ef al.
2020). However, divergence with gene flow has been detected in an increasing number of studies even
in island systems, particularly on land-bridge islands or among archipelagos, and divergence with
gene flow is thought to be one of the standard processes in speciation (Grant & Grant 1996, Rheindt &
Edwards 2011, Joseph 2018). Historical gene flow between allopatric populations is affected by
various factors, such as the nature of the barriers (Li ef al. 2010, Pefialba et al. 2017, Gyllenhaal et al.
2020, Manthey et al. 2020), the dispersal ability of the subject species (Ceresa et al. 2018, Cai et
al.2020, dos Remedios et al. 2020), and the selection and drift that occur heterogeneously among
genomic regions (Toews et al. 2016, Irwin ef al. 2018, Sendell-Price et al. 2021). To understand the
population histories of island taxa it is necessary to untangle the available phylogeographic data and
identify the major factors affecting gene flow with their mainland sisters.

The Japanese Robin Larvivora akahige is an endemic breeder on the East Asian islands around

Japan; it inhabits Sakhalin Island, the mainland Japanese archipelago (Hokkaido, Honshu, Shikoku,
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and Kyushu), and some of the smaller adjacent islands (Fig. 1; Seki ef al. 2012). Within the robin’s
habitat, the Izu Islands are a short chain of volcanic islands that branches off to the south from the
middle of the major habitat chain, which lies along the Japanese mainland and runs from northeast to
southwest. The populations on the Izu Islands are usually treated as a separate subspecies L. akahige
tanensis, which is distinguishable from the mainland nominate L. akahige akahige through certain
phenotypical characteristics, particularly feather colouration (reviewed in Seki et al. 2012). The Izu
Islands’ subspecies L. a. tanensis is a partial migrant in lowland warm-temperate forest, whereas L. a.
akahige is a summer visitor to deciduous and mixed coniferous forests in montane or cool-temperate
regions (Nakamura & Nakamura 1995). With its unique phenotypical and ecological traits and
geographically separated distribution, the subspecies in the Izu Islands has been presumed to be a well
differentiated group since its initial description (Kuroda 1923, Momiyama 1923, Kuroda 1932,
Ornithological Society of Japan 2012).

The results of mitochondrial DNA (mtDNA) investigation of the robin; however, have created
confusion regarding this traditional classification (Seki et al. 2012); there are two distant mtDNA
clades, with a sequence divergence of about 2.3% for the cytochrome b (cytb) region, but the
distribution of each clade does not correspond to the range of each subspecies. One dominant clade
was found throughout the robin’s range, whereas the other clade coexisted only on the Izu Islands as a
minor type. Those two mtDNA clades are reasonably inferred to have diverged 0.7-1.6 MYA in two
different refugia during the mid-Pleistocene glacial period (Seki et al. 2012), although the formation
of the volcanic Izu Islands is estimated to date to the late-Pleistocene, approximately within 0.1 MYA
for habitat islands (Kaizuka et al. 2000), which is younger than the formation of the clades. The minor
clade now endemic to the Izu Islands may thus have a different geographical origin. It is true that the
pattern of haplotype distribution indicates restricted mtDNA gene flow between subspecies, but the
phenotypical traits of L. a. tanensis may have differentiated recently, independent of the formation of

the mtDNA clades.
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This study sought to reveal the population genetic structure of the Japanese Robin based on
nuclear microsatellite markers and mtDNA cytb sequences throughout the Japanese archipelago
covering most of the robin’s major habitat. Using the resulting structure and migration rate
parameters, I examined how island isolation may have worked as a geological barrier restricting gene
flow along the chain of young volcanic islands inhabited by the subspecies L. a. tanensis. To infer the
history of population expansion across the Japanese Archipelago, which may be closely related to the
pattern of historical gene flow, population divergence scenarios differing in the timing of expansion
into the Izu Islands were compared using the approximate Bayesian computation (ABC) method.
Historical changes in gene flow patterns were also discussed by superimposing the distribution of

mtDNA haplotypes on a microsatellite-based structure plot.

METHODS

Sampling and DNA analysis

Blood, tissue or feathers were sampled from 292 individuals from 15 populations covering most of the
breeding range of the species (Fig. 1; Table 1) from 2002—18. The sampling locations were mapped
over the robin’s distribution using QGIS 3.16 (QGIS.org 2021) based on the records of the national
breeding bird survey (Biodiversity Center of Japan 2004). Samples collected at two locations on
different islands or locations more than 100 km apart within an island were treated as belonging to
different populations. Blood samples were taken from the brachial vein of the mist-netted birds, tissue
samples were taken from frozen specimens of accidentally killed individuals, and both types of
samples were stored in 99.5% ethanol until DNA extraction. Fallen feathers collected from mist-
netted birds were provided by bird banders and stored in paper bags with silica gel pellets. Most of the
samples (99.3%) were collected at the robins’ breeding sites during the breeding season using mist-

nets and conspecific song playback, so the samples were severely male biased (89.7% male). One
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sample from a resident bird on Mikura Island collected during the non-breeding season was included
as an exception, because the sample size from that island was relatively small. Total DNA was
extracted using the QIAamp Micro Kit and Mini Kit (QIAGEN), following the standard protocol of
each kit.

All samples were genotyped at nine polymorphic microsatellite loci using avian universal
primer pairs: LTMR6 (McDonald & Potts 1994); Cuu28 (Gibbs et al. 1999); Tgu02, Tgu06, and
Tgu07 (Slate et al. 2007); TG02-088, TG03-002, and TG11-011 (Dawson et al. 2010); and CAM-10
(Dawson et al. 2013; Table S1). Universal markers were employed because they often exhibit
moderate levels of polymorphism across populations from a wide geographic range, and the results
are easily comparable even among related species. Candidate markers were sorted carefully
beforehand because difficult peaks often appear when universal markers are used due to slight
unexpected mutations around the primer range.

Polymerase chain reaction (PCR) amplification was carried out using the Type-it
Microsatellite PCR Kit (QIAGEN) following the standard protocol at the final reaction mixture
volume of 5 pL. Locus-specific forward primers were directly fluorescently labeled or were modified
with 5' tails for universal fluorescent labeling primers (Blacket ef al. 2012; Table S1). The thermal
profile using a SimpliAmp Thermal Cycler (Applied Biosystems) consisted of initial denaturation at
95°C for 5 min, followed by 30 cycles of 95°C for 3 s; 58°C or 54°C annealing (depending on the
primer pairs) for 90 s; 72°C for 30 s; and a final extension at 60°C for 40 min, then storage at 4°C.
The sizes of the PCR products were read and visualized using a 3130 Genetic Analyzer, GeneScan™
400HD ROX ™ dye size standard, and scored manually in GeneMapper 5.0 (Applied Biosystems).

The partial cytb region of the mtDNA for each of the individuals was amplified by PCR with
the AXL149 and AXH160 primer pair (Seki 2006) and sequenced following its original protocol.
Among the 292 total samples used, 53 were in common with the previous study solely based on the

mtDNA sequence data (Seki et al. 2012), and sequences for those samples were downloaded from
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GenBank. The remaining 24 samples used in Seki ef al. (2012) were excluded from the present study
because they were collected from non-breeding sites or lacked permission for further usage in
microsatellite analyses; a few rare haplotypes were eliminated due to this selection, but this should not

affect the overall results.

Examination of genetic diversity

The following genetic diversity indices were calculated for each of the populations, except for
Toshima Island, for the microsatellite data: number of alleles per locus (Na), inbreeding coefficient
(F1s), observed and expected heterozygosities (Ho and He) using GENEPOP 4.7.5 (Rousset 2008),
and allelic richness (A4r) using FSTAT 2.9.4 (Goudet 1995). The population on Toshima Island, within
the northern most group of the Izu Islands, was excluded from most of the population-based analyses
because only one individual could be captured due to the low population density of the robin on this
island. Departure from the Hardy—Weinberg equilibrium (HWE) for each population and locus was
tested by the Markov chain method with GENEPOP. The linkage disequilibrium between each pair of
loci was determined using GENEPOP. The effects of null alleles on heterozygote deficiency were
evaluated with Micro-Checker 2.2.3 (van Oosterhout et al. 2004).

MtDNA sequences were aligned by eye, and the median joining network of haplotypes was
inferred with PopArt (Leigh & Bryant, 2015). Mitochondrial genetic diversity indices, haplotype
diversity (4) and nucleotide diversity (), were calculated with Arlequin 3.5.2.2 (Excoffier & Lischer
2010). Fu’s Fs statistics, which are used to test selective neutrality and are sensitive indicators of

population expansion (Fu 1997), were also evaluated with Arlequin.

Population differentiation, genetic structure, and gene flow
The conventional F-statistics (Fst) and standardized G"st (Meirmans & Hedrick 2011) for

microsatellite data between all population pairs were calculated to evaluate the genetic differentiation
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among populations with GenAlEx 6.503 (Peakall & Smouse 2006). For mtDNA sequence data, Fgt
and evolutionary distance—based & sr values and their significance were calculated with Arlequin.
These values were visualized by heatmaps using the package gplots on R 4.0.3 (R Core Team 2020).

The robin’s population genetic structure was examined with STRUCTURE 2.3.4 (Pritchard et
al. 2000) based on Bayesian clustering. Ten independent runs were performed for each supposed
number of genetic clusters (K = 1-5, which supposes the five clusters at maximum, corresponding to
the four major islands of Japan plus the Izu Island group), for 1 000 000 Markov chain Monte Carlo
(MCMOC) iterations after a burn-in period of 200 000 steps, with an admixture model with sampling
locations as prior information (LOCPRIOR) and the allele frequency correlated option. The most
likely value of K was determined on the basis of the log-likelihood value L(K) and the second-order
rate of change in the likelihood AK (Evanno et al. 2005) with the web-based program STRUCTURE
Harvester 0.6.94 (Earl & von Holdt 2012). Ten independent runs for the selected K values were
averaged with CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007), and the resulting bar plot was
visualized with DISTRUCT 1.1 (Rosenberg 2004). Under the correlated allele frequency model used
in the STRUCTURE analyses, the rate of drift away from the common ancestral allele frequency (F-
value) was calculated for each cluster (Falush ef al. 2003).

Spatial structure analysis based on the autocorrelation coefficients (») for even geographic
distance classes was also performed based on the microsatellite allele frequency data using GenAlEx
along the two habitat chains: one along the Japanese mainland habitats from the islands of Rishiri to
Yaku, which consists of 20 geographic distance classes of 100 km each, and the other along the
branch habit chain from Fuji on Honshu to Aogashima, the southernmost of the 1zu Islands, which
consists of five distance classes, also of 100 km each. The significance of each r value was tested
using confidence intervals (CI) obtained from 999 random permutations of the geographic locations.
Permutational heterogeneity tests of correlogram were performed based on Omega values (Smouse et

al. 2008).
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Contemporary and recent migration rates were examined based on the microsatellite allelic
frequency data with BayesAss 3.0.4 (BA3; Wilson & Rannala 2003) and MIGRATE 3.7.2 (Beerli
2009) among the four regional population groups, the Northern, Central and Southern Japan, and the
Izu Islands (see also Table 1). Four regional groups were used because using all 14 populations
separately would require the estimation of a large number of parameters with limited loci and may
thus fail to accurately estimate some parameters. Those four regional groups were adopted because
they formed apparent geographical blocks within the robin's range, and population pairs tended to
have slightly larger F-statistic values between groups than those within groups (see Results). BA3 was
used to estimate the contemporary gene flow over the last several generations, presented as the
proportion of migration derived individuals per generation (m). The program was first run at the
default setting, and then the MCMC mixing parameters of allele frequencies (AA4), inbreeding
coefficients (AF), and migration rates (AM) were adjusted stepwise so that each parameter showed a
moderate acceptance rate according to Wilson and Rannala (2003). After the tuning step, four
independent runs were performed with the following parameter values, each with a different random
number of seeds, and the resulting migration rates were averaged: A4 = 0.85, AF = 0.99, AM = 0.85,
10 million iterations with one million burn-in, and a sampling interval of 100.

MIGRATE, a Bayesian population genetics inference program based on structured
coalescence, was used to estimate the recent migration rate (mutation-scaled migration rate: M = m/u)
over a longer time period than BA3 (4/Ne generations; Beerli 2009). M values represent the importance
of migration relative to mutation to increase the variability of population. The program was run with a
full migration model under the default Brownian motion microsatellite datatype setting, but with some
parameter modifications: the maximum theta and immigration rate values were changed to 100 and
150, respectively; the number of replicates was set to four; and each run had 10,000 recorded steps

with a 20,000 burn-in, and a recorded interval of 100.
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To infer the history of population expansion across the Japanese Archipelago I made use of the
ABC method DIYABC 2.1.0 (Cornuet et al. 2014) to compare three simple divergence scenarios
among the abovementioned four regional groups, all assuming that the species expanded its range
northward after recent glaciation (Seki ef al. 2012) but differing in the timing of the divergence of the
Izu Islands group. The three scenarios are as follows: (1) the Izu Islands group diverged from the
Central Japan group most recently; (2) the Izu Islands group diverged from the ancestral Southern
Japan group in the early period of expansion; (3) all four groups radiated simultaneously (see Fig.Sla
for details). The comparison of population expansion scenarios would be informative for
understanding the historical gene flow patterns among regions. The scenarios were modeled using the
timing of evolutionary events and effective size of each population as parameters. In all, 100 000
simulations for each scenario were performed using the default priors and values recommended in the
manual. The most likely scenario was selected by comparing the logistic regression estimates of the

posterior probabilities among scenarios.

RESULTS

Genetic diversity

Among the nine microsatellite loci examined, the number of alleles per locus observed ranged from
three to 11, averaging 6.44 (Table S1). No significant deviation from HWE was detected within any of
the populations, and none of the pairs of loci showed significant departures from linkage equilibrium
after sequential Bonferroni corrections (adjusted P-value for 5% nominal level). Heterozygote
deficiencies due to null alleles were not detected except for TG11-011 on the island of Rishiri, the
northernmost of the examined populations. Brookfield estimates of null allele frequencies were less
than 0.12 for all loci of all populations (Table S1), so all nine loci were used for further analyses.

Microsatellite diversity indices, Na, Ar, Ho and He, showed a similar tendency across populations
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(Table 1); they were relatively high among the Japanese mainland populations and low among the
populations in the Izu Islands and in the southernmost, Yaku Island. None of the Fig values were
significantly different from zero (P < 0.05), and ranged from —0.061 to 0.150 across the sampled sites
(Table 1).

The 1007 bp of partial cytb region sequences were obtained from all 292 robins, and 34
haplotypes were identified based on the 46 variable sites (Fig. 2; Table 1). Two haplotype clades,
divided by at least 19 steps of sequence difference, were evident in the median joining network (Fig.
2). Clade A haplotypes were dominant in most populations, whereas clade T, which consisted of a
single haplotype (T1), was observed only in the Izu Islands as a minor clade (Fig. 2 & 4a). Haplotype
diversity (%) was high in the mainland Japan and Rishiri Island populations (0.64—0.89) and tended to
be low in the populations on smaller islands, Yaku Island, and the Izu Islands (0.10—0.57; Table 1).
Nucleotide diversity () also tended to be low in some island populations, but high in the Izu Island
populations due to the inclusion of the outlier haplotype T1 (Table 1). Fu’s F5 values were negative in
the mainland and Rishiri Island populations and those values were significant for the islands of

Rishiri, Tokachi and Kyushu (P < 0.05; Table 1).

Population differentiation, genetic structure, and gene flow

Fsr values based on microsatellite allelic frequency data ranged from 0.01 to 0.25 (Fig. 3a; Table
S2a), and the values between populations from the Izu Islands and those from the other regions were
relatively large (0.11-0.25) and significantly different from zero (P < 0.05). Populations on Kyushu
and Yaku were also significantly different from some other mainland populations (P < 0.05), but all
Fsr values were less than 0.06 between those pairs. Standardized G"st values showed a similar
tendency (Fig. 3b; Table S2a); they were large and significant between the populations on the Izu
Islands and the rest of the populations (P < 0.05), although the total range expanded from —0.03 to

0.54. MtDNA haplotype frequency based Fst was significant (P < 0.05) for those pairs of populations
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between Yaku Island and all other regions and ranged from 0.42 to 0.86 (Fig. 3¢; Table S2b). Twenty
of the 32 pairs between the Izu Island and mainland populations were significantly different from zero
(P <0.05), with Fsr values larger than 0.1. Dst values using the Kimura 2-parameter model defined
evolutionary distances among haplotypes again exhibited significant differentiation between Yaku
Island and all other regions (0.45-0.82, P < 0.05; Fig. 3d; Table S2b). The pairs between mainland
populations and other islands populations, the Izu Islands, or Rishiri Island, often had significant Jgr
values (P < 0.05), but the values differed widely among population pairs, ranging from 0.05 to 0.36.

In the STRUCTURE clustering analysis, the most likely number of clusters was two, which
expressed the greatest values for both L(K) and AK (Table S3). The individual Q-matrix showed that
all individuals captured or collected in the Izu Islands were inferred to have a higher ancestry
probability for cluster II, being 92.0% on average and 53.4% at the least (Fig. 4b). Overall ancestry
probability for cluster II tended to be high in the southern part of the Izu Islands, which is farthest
from the Japanese mainland. The majority of the Japanese mainland individuals exhibited a higher
ancestry probability for cluster I, with an average of 83%, although some individuals had values less
than 50%. The average F-value from ten independent runs was higher in cluster II (#; = 0.507) than
in cluster [ (F7= 0.034).

The correlograms of both the mainland and branching habitat chains showed a significant
spatial structure (P = 0.002 and P = 0.001, respectively). Among the 10 populations along the
mainland habitat chain, significantly positive spatial autocorrelation coefficient () values were
obtained in the smallest two distant classes—that is, within 200 km (Fig. 5a). For distance classes
larger than two, significantly negative values appeared for three distance classes, 500, 800 and 1900
km, although the rest of the classes had slightly positive or negative non-significant » values. Among
the five populations of the branching chain, the first 100 km distance class had a significantly positive
r value, and the last three classes, larger than 200 km, had significantly negative values, which

decreased as the distance increased (Fig. 5b).
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Contemporary migration rates inferred by BA3 were low overall between the Izu Islands and
the other groups; the proportion of migratory individuals in the Izu Islands derived from either
mainland group was inferred to be less than 1% (posterior mean proportion 0.4—0.5%), and the 95%
ClIs in each case included 0% in the range (Table 2a). In the mainland groups, 0.8—1.5% of individuals
were inferred to be migrants derived from the Izu Islands, and again all 95% Cls included 0% in the
range. Migration rates were mostly less than 5% also among the mainland groups (the upper limits of
the 95% Cls slightly increased to 14.1% but their lower limits were 0%), although migrants from
central Japan to northern Japan or to southern Japan accounted for 28.6% and 25.6% of individuals,
respectively.

Recent gene flow estimated by MIGRATE with microsatellite data showed an asymmetric
pattern between southern Japan and the other three regions (Table 2b). The M values to southern
Japan from the other three regions ranged from 10.4 to 17.7 representing the top three M values,
whereas gene flows in the opposite direction were inferred to be lower, with M values of 1.9 to 5.8.
The migration parameter among the Izu Islands, northern Japan and central Japan exhibited moderate
M values, ranging from 4.7 to 8.8.

Among the three divergence scenarios examined in DIYABC analysis, the third scenario of
simultaneous radiation of all four groups was selected as most likely, having the highest posterior
probability of 0.983 (median value; 95% CI = 0.978 —0.988; Fig. S1b). Under scenario three, the
median time of the divergence among the four groups was estimated to be 243 generations ago (95%
range = 119-471) under the default model used in DIYABC (Fig. S2). The median of the posterior
estimate of the present effective population size of the Izu Islands group was 429 (95% range of
posterior distribution = 264-2340), much smaller than for the other three groups (5880 for northern
Japan [95% range = 1850-9320]; 6880 for central Japan [95% range = 2600-9590]; 3690 for Southern

Japan [95% range = 1350-6610]).
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DISCUSSION
Genetic structure using autosomal markers
Distinct differentiation in microsatellite allelic frequency was detected between the Japanese Robins
from the Izu Islands and from the Japanese mainland, which is concordant with the subspecies
boundary based on phenotypic traits. Both the conventional and standardised F-statistics were large
when population from the Izu Islands were compared with the mainland. In the STRUCTURE
analysis, most of the individuals from the Japanese mainland were inferred to have a higher ancestry
probability for cluster I whereas the majority of the Izu Islands' individuals exhibited a higher ancestry
probability for cluster II. Contemporary gene flow between these pairs of regions was estimated to be
rare. The divergence scenario that best explained the data in the ABC analyses; however, was the
recent simultaneous radiation of all regions, not the older isolation of the Izu Islands or northward
stepwise expansion. On caveat is that the support for the preferred scenario of simultaneous radiation
across the species range, may in part be a result of insufficient resolution of the present microsatellite
datasets to discriminate the quick stepwise expansion, especially if this was recent and happened over
a short period of time. The low genetic diversity, relatively large inbreeding coefficients, and higher
F-value for the dominant cluster of the Izu Islands are also consistent with the inference of recent
differentiation of the Izu Islands group from the ancestral mainland group, independent of the older
divergence of the two mtDNA clades reported in a previous study (Seki ez al. 2012). The timing of the
radiation suggested from DIYABC analysis was 119—471 generations ago, which could be converted
to roughly within 1300 years using a generation time of 2.7 years (average value from the data of
Muscicapidae in Bird et al. 2020), but could be much older because DIYABC tends to considerably
underestimate the timing of demographic events (Cornuet ef al. 2010, Tsuda et al. 2015, Cabrera &
Palsbell 2017).

After such geologically recent simultaneous radiation, only the Izu Islands group exhibited

distinct genetic differentiation from the other groups. The smaller effective population size of the Izu
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Islands group, which was inferred to be nearly one order of magnitude smaller than those of all other
mainland groups in the DIYABC analysis, may have affected the distinct genetic characteristics of
this group though increased genetic drift. Another important factor would be isolation from the
mainland, although isolation-by-distance alone would not fully explain the observed patterns. Even
within the mainland subspecies range, the robins’ preference for the montane or the cool-temperate
forests limits its present habitat to island-like patches (Seki ef al. 2012), and the habitat isolation
distances within the mainland subspecies are rather larger than those between the two subspecies.
Nevertheless, the genetic structure among mainland populations was unclear over the 1900 km habitat
chain, whereas the isolation-by-distance effect was evident and highly significant among the Izu
Islands populations. Island isolation along the branching habitat chain of the Izu Islands may have
worked differently than simple isolation-by-distance effects along the major chain. The difference in
migratory habits among subspecies may have caused this difference in the isolation effect. The
mainland subspecies is a summer visitor who migrates along the mainland habitat chain that runs from
the northeast to southwest. However, the subspecies on the Izu Islands is a partial migrant (resident
individuals are common, but the proportion is unidentified), and even migratory individuals may
require a drastic change in their migration route. Migrants on the Izu Islands are assumed to move
northward from their breeding grounds before joining the mainland migration route toward the
southwest (see Fig. 1). Distinct genetic differentiation between populations with different migratory
behaviours has been widely reported among passerine birds (e.g. Alvarado et al. 2014, Delmore &
Irwin 2014, Contina et al. 2019), and the geographic location of the Izu Islands, which requires a
initial reversal of migratory direction followed by a right-angle turn to the south, may promote the
robin’s genetic differentiation beyond a simple isolation-by-distance effect.

Migratory movement may have another effect on the pattern of gene flow. Contemporary gene
flow estimated with BA3 was low overall among the groups, except for those from the central Japan

group to the neighboring northern and southern Japan groups. The results using the program
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MIGRATE; however, were different. The M values, indicating the importance of migration relative to
mutation in the long-term increase in genetic variability, suggested higher levels of gene flow into the
southern Japan group from the other three groups but not vice versa. This asymmetrical pattern may
be related to the effect of migration on dispersal. Migration is a regular seasonal movement and is
ecologically different behaviour from dispersal, but migratory species often disperse further than
resident species (Paradis et al. 1998) and gene flow along the main migration axis can occasionally be
greater (Chabot 2011). Long-distance or infrequent successful dispersal to a suitable habitat along the
migration route south of the natal site would lead to higher southward gene flow over a longer time
scale. Regular short-distance dispersal, infrequent long-distance movement related to migration, and
the historical northward expansion could explain the present obscure genetic structure among the

mainland groups.

Mitonuclear discordance on the Izu Islands

The geographic distributions of the two distant mtDNA clades of the Japanese Robin, which
were inferred to have diverged from glacial refugia in the mid-Pleistocene (Seki ef al. 2012), were
reinvestigated for a larger number of individuals from a wider region covering most of the species'
range. Once more the major clade (clade A) was found throughout the robin’s range, whereas the
minor clade (clade T) was restricted to the Izu Islands. Moreover, clade T consisted of a small number
of haplotypes, with only one haplotype in the present study and another reported in a previous study
(Seki et al. 2012), whereas clade A consisted of up to 33 haplotypes. Another noticeable characteristic
of the clade distribution is that clade T was found on all six sampled islands within the Izu Islands
chain, whereas it has never been found in mainland populations. Within the Izu Islands, clade T was
observed even on very small islands, such as Toshima (4.1 km? in area and 48 km from a
neighbouring island habitat; Center for Research and Promotion of Japanese Islands 2019) and

Aogashima (6.0 km? and 64 km, respectively), despite the larger effect of genetic drift on such small
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islands. As a result, mitonuclear discordance was observed only on the Izu Islands, and on all sampled
islands.

The origin of clade T mtDNA and the mechanism underlying its distribution remain unclear.
One possible factor affecting such a clade distribution is natural selection acting on mitochondrial
respiration efficiency, which is expected to work strongly in high-altitude montane habitats (Graham
et al. 2018) or in populations with long-distance migratory habits (Toews et al. 2014). Compared with
the island subspecies, which inhabits lowland warm-temperate forests as a partial migrant, the
mainland subspecies of the robin, which breeds in montane or boreal cool-temperate forests as a
summer visitor, is likely exposed to different selective pressures on mitochondrial respiration
efficiency. Persistence of the minor mtDNA clade even on small islands within the Izu Islands region
is another confusing phenomenon, but may possibly be affected by the timing of the population
contact or balancing selection working in those islands. Further integrative research on the differences
in mtDNA respiration efficiency of the two clades, their genetic background based on the larger
genome datasets, and the differences in ecological requirements among robins in different
environments will be needed to reveal the species history and robustly explain the present distribution

pattern of the two mtDNA clades.

Avian endemism in the Izu Islands

There are other endemic or near endemic bird species and subspecies in the Izu Islands other than this
subspecies of robin and they exhibit various levels of genetic differentiation from their sister taxa on
the mainland. The Varied Tit Sittiparus varius for example, is a resident forest dweller in East Asia,
and two of its subspecies, S. v. namiyei and S. v. owstoni, are endemic to the northern and southern Izu
Islands, respectively (Ornithological Society of Japan 2012). These island subspecies have distinctive
plumage and morphometric characteristics and are inferred to have recently differentiated from

mainland subspecies as a result of two successive colonization events based on the microsatellite data

16
Ibis Submitted Manuscript



Page 17 of 38 Ibis Submitted Manuscript

(Fujita et al. 2014). From mtDNA sequence data, the two subspecies are both placed within a well-
supported monophyletic clade together with the mainland subspecies (McKay et al. 2014), which
supports the recent differentiation of these groups.

The Izu Thrush Turdus celaenops is another resident species mostly endemic to the Izu
Islands, although it also has a small remote population in the Tokara Islands in southern Japan. Recent
mtDNA analysis has revealed that the thrush forms a shallow monophyletic clade, but it also forms a
super-species clade with the migratory Brown-headed Thrush 7. chrysolaus which is widely
distributed in East Asia; there was only one diagnostic substitution between the two species among
648 bp of Cytochrome ¢ Oxidase I region sequences (Saitoh et al. 2015). It appears uncontroversial
that the Izu Thrush was differentiated from its mainland sister relatively soon after the formation of
the islands.

The migratory Iijima’s Leaf Warbler Phylloscopus ijimae also breeds only in the Izu Islands
and the Tokara Islands. Based on four mitochondrial and nuclear region sequences, the warbler in the
Izu Islands has formed a monophyletic clade that was placed as the closest sister of the Eastern
Crowned Warbler P. coronatus on the mainland (Alstrom et al. 2018). The estimated divergence time
between the two species was; however, more than 3 MY A—that is, far older than the age of the Izu
Islands, which date to around 0.1 MYA (Kaizuka et al. 2000). The warblers are inferred to have
differentiated somewhere on the mainland in the Pliocene, and Iijima’s Leaf Warbler might have
become extinct in its original habitat and remained only in limited islands’ regions.

Solely from the mtDNA analysis of the robin (Seki ef al. 2012), clade T appeared to be a
confusing foreign genetic piece that only indicates a restriction in gene flow between the Izu Islands
and mainland. Together with the nuclear microsatellite information, the distribution of the mtDNA
clades suggests the presence of a moderate but long-lasting barrier for gene flow between the two
regions. Further examples of endemic birds in the studied regions indicate the restriction of gene flow

in various groups of birds. The geological, geographical, and environmental characteristics of the Izu
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Islands, a young volcanic island chain with a warm climate that branches off to the south of mainland
Japan, may have enhanced the effects of physical isolation and differences in selective pressure with
the mainland. Future research examining the genetic, physiological, and ecological background of the
present pattern of mitonuclear discordance in the Japanese Robin may also facilitate the understanding

of the formation of other endemic groups of birds in the region.
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Table 1. Genetic diversity estimates of 14 Japanese Robin populations: number of alleles per locus (Na), allelic richness (A4r), observed and
expected heterozygosities (Ho and He), and inbreeding coefficient (F|s) for microsatellite data, and number of haplotypes (Nh), haplotype
diversity (4), nucleotide diversity (x), and Fu’s F's statistics of selective neutrality for mtDNA data. Asterisks indicate significant values at the P <
0.05 significance level.

Region Sampling sites " Microsatellites MtDNA
Na Ar Ho/He Fis Nh h+SD m+SD (%) Fu's Fs
Northern 1. Rishiri Is. 26 4.44 3.77 0.48/0.49 0.038 9 0.67 £0.10 0.11 £ 0.08 -5.20*
Japan 2. Tokachi 30 4.56 3.83 0.48/0.49 -0.007 9 0.76 £ 0.06 0.14+0.10 -3.58*
3. Kushiro 21 411 3.51 0.45/0.42 0.089 8 0.87£0.04 0.19+0.12 -2.26
Central 4. Ohu 13 3.89 3.85 0.52/0.54 0.004 7 0.87 £0.07 0.20+£0.13 -2.34
Japan 5. Nikko 17 3.89 3.56 0.45/0.47 -0.011 5 0.64£0.12 0.16 £0.11 -0.22
6. Fuji 34 5.00 4.05 0.49/0.50 0.027 11 0.86 £ 0.04 0.22+£0.14 -3.22
7. Kii 14 4.44 4.28 0.52/0.51 0.060 8 0.91 £0.05 0.22 £0.15 -2.94
Southern 8. Shikoku Is. 15 4.44 4.24 0.54/0.52 0.069 6 0.76 £ 0.08 0.17£0.12 -1.24
Japan 9. Kyushu Is. 12 4.00 4.00 0.48/0.45 0.096 8 0.89 £ 0.08 0.21+0.14 -3.82%*
10. Yaku Is. 23 3.22 2.95 0.39/0.38 0.057 2 0.17+£0.10 0.03+0.04 0.77
Izu Islands 11. Miyake ls. 28 2.67 2.35 0.22/0.19 0.150 2 0.45 £0.07 0.92£0.48 18.42
12. Mikura Is. 12 2.56 2.56 0.18/0.17 0.120 2 0.48 £0.11 0.98 £ 0.54 12.55
13. Hachijo Is. 26 2.22 2.07 0.17/0.19 -0.061 3 0.57 £0.08 0.77£0.41 12.56
14. Aogashima Is. 20 1.78 1.72 0.13/0.12 -0.048 2 0.10+0.09 0.20+0.13 5.34
27

Ibis Submitted Manuscript



Table 2. Rates of gene flow between the four population groups based on microsatellite data. (a) Contemporary gene flow estimated using

Ibis Submitted Manuscript

Page 28 of 38

BayesAss, expressed as the posterior mean proportion of migrants (m). (b) Recent gene flow estimated using MIGRATE over a longer time period

presented as the posterior median of the mutation-scaled migration rate (M = m/p). Numbers in brackets are 95% Cls.

Recipient group

(a)

Northern Japan
Central Japan
Southern Japan
lzu Islands

(b)

Northern Japan
Central Japan
Southern Japan
Izu Islands

Source group
Northern Japan

0.693 (0.629-0.757
0.052 (0.000-0.141
0.042 (0.000-0.127
0.004 (0.000-0.013

—_ — — —

5.7 (1.9-9)
14.1 (5.7-19.6)
4.7 (1.6-7.5)

Central Japan

0.286 (0.206-0.366)
0.929 (0.835-1.000)
0.256 (0.156-0.355)
0.005 (0.000-0.013)

7.3(3.3-10.8)

17.7 (5.3-22.5)
8.0 (4.2-11.2)
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Southern Japan

0.014 (0.000-0.049)
0.012 (0.000-0.033)
0.688 (0.657-0.718)
0.004 (0.000-0.011)

4.8 (1.6-7.6)
5.8 (1.8-9.1)

1.9 (0.0-4.0)

lzu Islands

0.009 (0.000-0.024)
0.008 (0.000-0.022)
0.015 (0.000-0.041)
0.987 (0.973-1.000)

5.3 (1.8-8.4)
8.8(4.9-12.2)
10.4 (6.1-14.6)
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Figure Captions

Figure 1. Distribution of the Japanese Robin and sampling locations. Tree marks indicate
approximately 400 km? square cells where the robin was recorded during the breeding season in the
period 1997-2002 by the distributional survey of Japanese birds (Biodiversity Center of Japan 2004).

Black circles indicate sampling locations from regional populations.

Figure 2. Median joining haplotype network of the Japanese Robin based on the mtDNA cyth
sequences. Two major clades of haplotypes divided by 19 steps of sequence difference are framed
with gray lines. Each circle represents a unique haplotype as colour-coded pie chart by populations
and the size corresponds to its frequency. Each line between haplotypes indicates a single mutational

step and inferred haplotypes are shown with black dots.

Figure 3. Heatmap of the pairwise values of genetic differentiation among populations. (a) Fst and
(b) G"st based on microsatellite allelic frequency data, (c) F'sy based on mtDNA haplotype frequencies
and (d) Isrbased on K2-p distances among mtDNA haplotypes. The darker colour indicates larger
value, according to the strength in the top right box of each heatmap. Population numbers are in

common with Table 1 and detailed values are shown in Table S2.

Figure 4. MtDNA clade discrimination and ancestry probabilities in two nuclear clusters for each
individual Japanese Robin. (a) MtDNA cytbh clade membership of each individual is colour-coded,
clade A in red (dark) and clade T in yellow-green (light). Haplotypes included in each clade are in
common with Fig. 2. (b) Ancestry probabilities in each of the two genetic clusters inferred by
STRUCTURE analysis are shown in the bar plot. Bars are sampled individuals and grouped by
populations. The length of red (dark) and yellow-green (light) segments indicate inferred proportion

assignment to cluster I and II.
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Figure 5. Spatial genetic structure of the Japanese Robin in the Izu Islands (a) and the Japanese
mainland (b) based on the autocorrelation coefficient calculated for even geographic distance classes
of 100 km. Each error bar is bootstrapped 95% CI for a specific distance class. Dashed lines indicate
upper and lower confidence limits, representing the 95% CI under the assumption of no spatial

structure for the entire distance class.
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Figure 1. Distribution of the Japanese Robin and sampling locations. Tree marks indicate approximately 400

km2 square cells where the robin was recorded during the breeding season in the period 1997-2002 by the
distributional survey of Japanese birds (Biodiversity Center of Japan 2004). Black circles indicate sampling
locations from regional populations.
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Figure 2. Median joining haplotype network of the Japanese Robin based on the mtDNA cytb sequences. Two
major clades of haplotypes divided by 19 steps of sequence difference are framed with gray lines. Each
circle represents a unique haplotype as colour-coded pie chart by populations and the size corresponds to its
frequency. Each line between haplotypes indicates a single mutational step and inferred haplotypes are
shown with black dots.
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Figure 2. black and white
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Figure 3. Heatmap of the pairwise values of genetic differentiation among populations. (a) Fst and (b) G"s1

based on microsatellite allelic frequency data, (c) Fst based on mtDNA haplotype frequencies and (d) @st

based on K2-p distances among mtDNA haplotypes. The darker colour indicates larger value, according to

the strength in the top right box of each heatmap. Population numbers are in common with Table 1 and
detailed values are shown in Table S2
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Figure 3. black and white
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Figure 4. MtDNA clade discrimination and ancestry probabilities in two nuclear clusters for each individual
Japanese Robin. (a) MtDNA cytb clade membership of each individual is colour-coded, clade A in red (dark)
and clade T in yellow-green (light). Haplotypes included in each clade are in common with Fig. 2. (b)
Ancestry probabilities in each of the two genetic clusters inferred by STRUCTURE analysis are shown in the
bar plot. Bars are sampled individuals and grouped by populations. The length of red (dark) and yellow-
green (light) segments indicate inferred proportion assignment to cluster I and II.
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Figure 4. black and white
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Figure 5. Spatial genetic structure of the Japanese Robin in the Izu Islands (a) and the Japanese mainland
(b) based on the autocorrelation coefficient calculated for even geographic distance classes of 100 km. Each
error bar is bootstrapped 95% CI for a specific distance class. Dashed lines indicate upper and lower
confidence limits, representing the 95% CI under the assumption of no spatial structure for the entire
distance class.
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