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Abstract
The endangered crocodile newt, Echinotriton andersoni, is a relatively large species of the family Salamandridae and is 
distributed on six islands in the central part of the Ryukyu Archipelago, Japan. Because of an originally small distribution 
range and recent habitat loss, this species has been steadily declining in number. To elucidate fine-scale population struc-
ture, which is essential for effective conservation management, we analyzed genetic diversity and gene flow based on nine 
microsatellite loci. Our results identified three different island groups (Amamioshima, Tokunoshima, and Okinawajima) and 
multiple genetic assemblages within the Amami and Okinawa island groups. The gross genetic variation within each island 
was positively correlated with island size. Population structure followed a latitudinal cline and isolation by distance, even 
among geographically isolated islands. In northern Okinawajima, relatively complex genetic structure was observed. This 
unexpected population structure seems to reflect historical migration and distribution expansion through the formation of land 
bridges and shifted coastlines in the Pleistocene. We also found that small islands showed little genetic variation (Ukeshima, 
Sesokojima, and Tokashikijima). In particular, our findings revealed that the Tokashikijima population is at greater risk for 
extinction than the other populations because it has the smallest effective population size.
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Introduction

Genetic diversity is a key factor that ensures long-term per-
sistence of a species and/or population in the face of chang-
ing environments because inbreeding and loss of genetic 
diversity reduce reproduction and survival in the short-
term, and diminish the capacity of populations to evolve in 
response to environmental changes in the long-term (e.g., 
Frankham et al. 2002). Small populations of endangered 
species are more prone to inbreeding, which can further 
reduce genetic diversity and population sizes—a phenom-
enon known as the extinction vortex (Gilpin and Soulé 

1986). The extinction vortex is especially common in small 
island populations because of their limited distributions and 
population size (e.g., Frankham 1997; Eldridge et al. 1999; 
Hinten et al. 2003; Lecis and Norris 2004; White and Searle 
2007). Thus, understanding intra-island population structure, 
inter-island metapopulation structure, and mechanisms of 
population maintenance for a focal endangered island spe-
cies is expected to be crucial for long-term sustainable man-
agement of species (Frankham et al. 2002).

The Ryukyu Archipelago is an island chain composed 
of approximately 140 subtropical islands that span approxi-
mately 1200 km and are located between Kyushu (Japan) 
and Taiwan. These islets are thought to have been connected 
by land bridges through diastrophism and sea level changes 
due to climatic change (e.g., Kizaki and Oshiro 1977, 1980; 
Osozawa et al. 2012). According to Kizaki and Oshiro (1977, 
1980), Hikida and Ota (1997), and Osozawa et al. (2012), 
the Ryukyu region was located along the eastern coast of 
the Eurasian continent from the Miocene to the Pliocene, 
and submergence of the current Ryukyu Trough area and 
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the two major straits (i.e., the Kerama Gap located between 
the Central and Southern Ryukyus and the Tokara Tectonic 
Strait between the Central and Northern Ryukyus) occurred 
during the Late Pliocene or Early Pleistocene. The complex 
origins of most islands in this archipelago and subsequent 
dynamic geographic change led to complicated dispersal—
isolation events of terrestrial organisms, which enhanced 
their diversification and speciation. Consequently, this archi-
pelago is characterized by high levels of species richness and 
endemism, despite its relatively small terrestrial area (e.g., 
Ikehara 1996; Ota 1998, 2000; Okamoto 2017). Because of 
their limited ability for overseas dispersal, 23 native amphib-
ian species are distributed in this area, with high endemism 
in each island group. The endemism and extinction concerns 
are inextricably linked; 12 endemic amphibian species of 
the Ryukyus are listed in the IUCN Red List of Threatened 
Species (Kaneko and Matsui 2004).

Anderson’s crocodile newt (Echinotriton andersoni) is a 
relatively large newt that belongs to family Salamandridae; 
it is endemic to six small central Ryukyu islands: Amami-
oshima, Ukeshima, and Tokunoshima Islands of the Amami 
island group, and Okinawajima, Sesokojima, and Tokashi-
kijima Islands of the Okinawa island group. In addition to 
having an intrinsically small, restricted habitat by the local 
paleoenvironmental changes (Nakamura and Ota 2015), 
recent habitat loss due to deforestation and development are 
causing population declines in E. andersoni. Therefore, E. 
andersoni has been listed as a class B1 endangered species 
in the IUCN Red List of Threatened Species (Kaneko and 
Matsui 2004). Hayashi et al. (1992) first reported relatively 
large genetic divergence between the Amami and Okinawa 
groups based on allozymes. Later, Honda et al. (2012) sug-
gested a possible scenario of diversification across their 
current distribution based on analysis of the mitochondrial 
cytochrome b gene (cyt b); they found that E. andersoni 
haplotypes initially diverged between the two island groups 
during the Miocene before formation of the strait that then 
separated the two island groups. Moreover, several haplotype 
clusters diverged within the Okinawa island group. However, 
finer-scale population structure and demographic history 
within each island are still unknown. Some recent studies 
identified genetic differences among populations even on 
a small island (less than 100 km2) (White and Searle 2007; 
Igawa et al. 2013a; Wang et al. 2014). Specifically, Honda 
et al.’s (2012) analysis was based on a single mitochondrial 
gene, which is maternally inherited; thus, the fundamental 
population dynamics of this species are not fully understood.

For effective conservation management of endangered E. 
andersoni, it’s is important to elucidate fine-scale popula-
tion structure and effective population size, especially based 
on nuclear genes. In particular the genetic information is 
essential for future reintroduction and genetic reinforce-
ment for the small isolated populations. The objectives of 

our research were to investigate the population structure 
and demographic history of E. andersoni using micros-
atellite markers. We also examined patterns of gene flow 
that shaped population structures within each island, and 
discussed conservation concerns and sustainable conserva-
tion management of this species from a genetic perspective. 
Specifically, we discussed levels of genetic diversity on each 
island and correlation with island size and fine-scale popu-
lation structures within each island and genetic diversity of 
local populations.

Materials and methods

Sampling, and genotyping

Between 2006 and 2012, we collected tissue samples of 
E. andersoni from 190 individuals from six islands by tail 
clipping (Fig. 1 and Table 1). Of these, samples from 81 
individuals (12 from Amamioshima, three from Ukeshima, 
eight from Tokunoshima, 42 from Okinawajima, three from 
Sesokojima, and 13 from Tokashikijima) were the same 
as those previously used in Honda et al. (2012). Echino-
triton andersoni is designated as a natural monument by 
Kagoshima and Okinawa Prefectural Governments, and its 
handling is thus regulated by law. Our sampling was con-
ducted with permission from the Boards of Education of 
both governments. Additionally, the sampling was com-
pleted prior to designation of this newt as a rare species of 
wild fauna and flora of Japan by the national government 
in 2016. 

Based on geographic location, islands except for Toku-
noshima were divided into two groups: Amami island group 
(Amamioshima and Ukeshima) and Okinawa island group 
(Okinawajima, Sesokojima, and Tokashikijima). We tracked 
sample sites using a global positioning system in the field 
and treated the clusters of sites within an approximately 
250-m radius as the same local population. Each popula-
tion was labeled with a unique number (1–47). Although 
we tried to collect multiple samples from each locality, only 
a few individuals were collected in some localities because 
of low population densities and the endangered status of 
this species.

DNA was extracted from tissue using the DNeasy Tis-
sue and Blood Kit (Qiagen, Hilden, Germany), and ten 
microsatellite loci (Sugawara et al. 2012) were examined. 
Loci were amplified using KOD FX (TOYOBO, Osaka, 
Japan) or ExTaq (TAKARA BIO, Otsu, Japan) following 
the protocol described in Igawa et al. (2011). Amplified 
fragments were electrophoresed on an ABI3130xl analyzer 
(Applied Biosystems), and allele sizes were determined 
using GeneScan LIZ 500 (Applied Biosystems) as an inter-
nal size standard and genotyped using GENEMAPPER 4.0 
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(Applied Biosystems). To test for repeatability in micros-
atellite scoring, we repeated all steps, from amplification 
through scoring, on a set of 48 samples. We used MICRO-
CHECKER 2.2.3 (Van Oosterhout et al. 2004) to check for 

the presence of null alleles in local population from which 
at least ten individuals were collected (17, 25, 30, 31, 35, 
and 42). We also explored departure from Hardy–Weinberg 
equilibrium (HWE) and linkage disequilibrium (LD) of 

Fig. 1  Mitochondrial genealogy, assigned genetic clusters, and sam-
pling localities of E. andersoni. Tree: maximum likelihood tree based 
on mitochondrial cytochrome b haplotypes (1141  bp). This figure 
is adapted with permission from Honda et al. (2012)© (2012) Else-
vier. Color scheme: graphical output of assigned genetic cluster from 
STRU CTU RE (Hubisz et  al. 2009). Each vertical bar represents an 
individual, and bars are divided into proportions of assigned genetic 
ancestral groups based on a the admixture model with the LOCP-
RIOR option and b the admixture model without any priors. Lines 

indicate the haplotypes of each individual determined by Honda 
et  al. (2012). Map: sampling sites of individuals are indicated with 
solid circles on the shaded leaf maps of each island. Coloration of the 
circles represents assigned population membership from GENEL-
AND (Guillot et  al. 2005). Colored pie charts show the total ratios 
of assigned genetic ancestral groups of individuals in each popula-
tion, as determined using STRU CTU RE. Polygonal lines represent 
Voronoï tessellation calculated from BARRIER (Manni et  al. 2004) 
and represent each population unit identified in GENELAND
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the obtained loci using GENEPOP 4.0 (Rousset 2008) and 
GENALEX 6 (Peakall and Smouse 2006). The HWE and 
LD tests were assessed using the Markov chain algorithm 
(Guo and Thompson 1992).

Population structure analyses

We used an individual-based approach that does not assume 
existence of population in advance to explore fundamental 
population structure using Bayesian clustering analyses and 
tree clustering analysis based on proportion of shared alleles. 
We employed Bayesian clustering analyses implemented in 
STRU CTU RE 2.3.3 (Hubisz et al. 2009) and GENELAND 
4.0.3 (Guillot et al. 2005), both of which assign each indi-
vidual to a genetic population unit. With STRU CTU RE, we 
initially examined the entire dataset; then, we iteratively 
examined subdivisions of the dataset based on the island 
groups identified in the initial analysis. We conducted runs 
for which the number of clusters (K) varied from 1 to 10 
for all individuals, and from 1 to 5 for each island group. 
We used admixture models for Markov Chain Monte Carlo 
(MCMC) inference with and without prior information on 
the locality of samples (LOCPRIOR). One million MCMC 
repetitions were conducted after discarding the first 100,000 
iterations as burn-in. Ten simulations were completed for 
each estimated K. To estimate a realistic K value, we ana-
lyzed our results based on the methods described by Evanno 
et al. (2005), in which log-likelihood values and their vari-
ance from 10 repetitive runs for each K were used to calcu-
late ΔK. We used the deltaK function of the CorrSieve pack-
age (Campana et al. 2011) in R 2.15.3 (R Core Team 2011) 
to calculate the ΔK. Replicate runs for each K were aver-
aged using CLUMPP 1.1 (Jakobsson and Rosenberg 2007) 
and plotted using DISTRUCT 1.1 (Rosenberg 2004). The 
admixture coefficient (Q matrix) from STRU CTU RE with 
the LOCPRIOR option for each island group was summed 
for each locality (Fig. 1). Spatial interpolation was also con-
ducted to visualize the admixture coefficient in the Amami 
and Okinawa island groups using the krig function of the 
fields package in R.

For GENELAND, we separately conducted runs for each 
island group. Inferences were made using a spatial model 
without the ambiguity option, which assumes no-admix-
ture and correlated allele frequencies. Lat/long of indi-
vidual sampling sites were input as the spatial coordinates. 
We ran 10 independent runs, each of which consisted of 
10,000,000 iterations with a thinning of 1000 after a burn-
in of 2,500,000 iterations, and confirmed repeatability and 
convergence of the MCMC inference. Convergence was 
assessed by comparing the number of populations across 
replicate runs, with mean posterior density used as a crite-
rion to choose the best run under a given set of model condi-
tions. We treated geographically consecutive genetic clusters 
that were inferred in GENELAND as genetic population 
units for population-based analyses in the subsequent sec-
tion, “Estimation of genetic diversity and demographic his-
tory.” Several genetic clusters that were spatially disrupted 
by other clusters were also treated as different population 
units (A6-1 and A6-2, and O1-1, O1-2 and O1-3).

For tree clustering analyses, we calculated proportion 
of shared alleles (Dps: Bowcock et al. 1994) between pairs 
of individuals using propShared of the adegenet package 
in R. Based on the distance matrix of Dps, we constructed 
a neighbor-joining tree (Saitou and Nei 1987) using the 
NEIGHBOR program in PHYLIP 3.695 (Felsenstein 1989). 
The resultant tree was visualized using TREEEXPLORE in 
MEGA 5.2 (Tamura et al. 2011).

Estimation of genetic diversity and demographic 
history

Observed and expected heterozygosities (HO and HE, 
respectively), observed number of alleles, effective 
number of alleles (AE), and fixation index (FIS) were 
calculated for each genetic population unit identified in 
GENELAND using GENALEX 6.5 (Peakall and Smouse 
2006). Calculation of pairwise genetic distance, as deter-
mined based on FST and Nei’s DA (Nei et al. 1983), and 
construction of phylogenetic trees among genetic popula-
tion units based on the DA with 1000 bootstrap iterations 

Table 1  Genotypic data of 9 
microsatellite loci in island 
populations of Echinotriton 
andersoni 

N number of individuals, AE effective number of alleles, HO observed heterozygosity, HE expected het-
erozygosity, F fixation index

Island N AE HO HE F Km2

Amami 31 4.329 0.410 0.571 0.245 712.400
Uke 3 1.736 0.315 0.335 0.061 13.300
Toku 45 3.161 0.419 0.533 0.220 247.800
Okinawa 95 2.877 0.426 0.534 0.191 1207.900
Sesoko 3 1.575 0.370 0.278 -0.294 3.000
Tokashiki 13 1.471 0.145 0.187 0.105 15.300
Mean 31.7 2.525 0.348 0.406 0.088 366.617
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were separately performed using POPTREE2 (Takezaki 
et al. 2010) for each island group. We also visualized 
pairwise FST values between adjacent genetic popula-
tion units that were higher than 0.1 using BARRIER 2.2 
(Fig. 1) (Manni et al. 2004).

To test whether population structure was shaped by 
isolation by distance (IBD), we investigated correlation 
of Euclidean distance and the genetic distance matrixes 
using Mantel’s test (Mantel 1967). For each island group, 
we separately conducted distance matrix analyses for 
all localities except those with a sample size less than 
three. Linearized FST values (Rousset 1997) were used 
for genetic distances following the protocol described 
by Igawa et al. (2013a). The tests were conducted using 
FSTAT 2.9.3 (Goudet 2001). Correlation significance was 
determined through 2000 random matrix permutations.

Bottleneck detection

To detect molecular signatures of historical bottlenecks, 
we used two approaches that were implemented in BOT-
TLENECK 1.2.02 (Cornuet and Luikart 1996; Piry et al. 
1999) and M-RATIO (Garza and Williamson 2001). 
BOTTLENECK investigates deviations from expected 
heterozygote excess relative to allelic diversity. During 
population bottlenecks, rare alleles are lost at a faster 
rate than loss of heterozygosity due to drift (Nei et al. 
1975), and BOTTLENECK utilizes this disparity to detect 
past bottlenecks. We performed analyses under all three 
available microsatellite mutational models, infinite allele 
model (IAM), stepwise mutational model (SMM), and 
two-phase mutational model (TPM), with 80% single-step 
mutations and 20% multiple-step mutations. M-RATIO 
calculates the statistical significance of the M-statistic in 
each population compared with that of a simulated popu-
lation (Garza and Williamson 2001). In this test, M is 
the ratio between the number of alleles at a given locus 
and the range of allele size. Because rare alleles are lost 
more regularly during a population bottleneck, M will be 
reduced in populations that have undergone a significant 
population size reduction, unless all rare alleles are within 
the predicted allele size distribution. We parameterized 
the TPM used in M-RATIO by assigning an 80% rate for 
single-step mutations, with a mean value of 2.8 repeats 
for the size change of multiple-step mutations, as previ-
ously discussed (Garza and Williamson 2001). Calcula-
tions were conducted under three θ (= 4Neµ) values: 0.05, 
0.1, and 0.5. Because small sample sizes can skew results, 
we excluded genetic population units that contained fewer 
than five individuals (A1, A2, A4, A6-1, A6-2, A7, T4, 
O1-3, O4, and O5) from the analyses.

Results

Genotypic data

We excluded EanderPC-6 from the dataset because of 
low repeatability in some individuals. The total number of 
alleles ranged from 4 to 53, with a mean of 14.8 per locus. 
The mean number of alleles varied, with 8.0, 2.0, 7.4, 9.4, 
1.8, and 1.7 alleles per locus in Amamioshima, Ukeshima, 
Tokunoshima, Okinawajima, Sesokojima, and Tokashiki-
jima, respectively (Table S1). MICRO-CHECKER indi-
cated the presence of null alleles at seven loci (EanderP-1, 
EanderM-1, EanderM-2, EanderPC-1, EanderPC-2, Ean-
derPC-3, and EanderPC-4) in only one or two localities, 
and did not detect any evidence of large allele dropout or 
stuttering. HWE tests for all 54 polymorphic locus/popu-
lation combination (α = 0.000926 after Bonferroni cor-
rection) were conducted and significant deviation from 
HWE (heterozygote deficiency) were detected in three 
tests of three loci (EanderPC-1 in 25, EanderPC-3 in 42, 
and EanderPC-4 in 25). No significant LD was detected 
(α = 0.000231 after Bonferroni correction). Because none 
of the loci showed significant HWE in most populations, 
none was excluded from analysis. We scored each indi-
vidual twice to confirm consistent results between runs. 
Although we tried twice to amplify some loci of specific 
individuals, we could not unambiguously score 1.40% of 
genotypes, which were subsequently classified as missing 
data. Among islands, there were large differences in AE, 
HO, HE, and FIS (Table 1).

Population structure

Results of Bayesian clustering analyses using STRU CTU 
RE are summarized in Fig. 2. In the analyses of the entire 
dataset that used an admixture model, the mean log pos-
terior probability value, Ln P(D), was found to incremen-
tally increase with increasing K, and reached the highest 
values under K = 5 (Fig. 2a). Although the highest ΔK 
value was observed when K = 2, and there was a very low 
Ln P(D) when K = 1, the peak was observed under K = 5. 
Because clear tripartition was observed at K = 3, which 
corresponded to the geographic location of the islands, we 
subdivided the dataset into three island group datasets for 
subsequent analyses: Okinawa (Okinawajima, Sesokojima, 
and Tokashikijima), Tokunoshima (Tokunoshima), and 
Amami (Amamioshima and Ukeshima). In the Okinawa 
group, incremental increase of Ln P(D) and peaking of ΔK 
at K = 3 were observed in both admixture models with and 
without LOCPRIOR (Fig. 2a). The general framework of 
clustering at K = 3 did not differ between the two models, 
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which indicates subdivision of Tokashikijima individuals 
that shared common ancestry with southern Okinawajima 
individuals, and there was admixture of the two Okinawa-
jima ancestral elements (Figs. 1, 2a). A similar pattern 
was also observed in the Amami group, which yielded the 
highest values of Ln PD (D) and ΔK at K = 3, in which 
there was subdivision of Ukeshima individuals and admix-
ture of two ancestral elements in Amamioshima (Figs. 1, 
2b). Moreover, the Tokunoshima group showed decrease 
of Ln P(D) in both models, which indicates no significant 
population structure in Tokunoshima (Figs. 1, 2c).

Geospatial visualization of the ancestral elements using 
kriging interpolation in the Amami and Okinawa groups 
revealed the inferred core and extent of the ancestral ele-
ments (Fig. 3). In the Amami group, distribution of each 
ancestral element showed nonrandom spatial patterns. 
Although the ratio of ancestral elements for each indi-
vidual do not entirely correspond to phylogenetic position 
of the mitochondrial haplotypes inferred in Honda et al. 
(2012), the overall spatial distribution of each ancestral 

element roughly overlapped with that of the proposed 
mitochondrial clades (Fig. 2a–c). In the Okinawa group, 
each ancestral element showed a clinal pattern along the 
major axis of the islands and corresponded to the spa-
tial distribution of mitochondrial clades (clade 3–4 in 
Fig. 3d, clades 3–7, 3–5 and 3–6 in Fig. 3e, and clade 3–8 
in Fig. 3f).

GENELAND results are summarized in Fig. S2. The 
highest mean posterior density was obtained for K =7, K = 5, 
and K = 10 in Amamioshima, Tokunoshima, and Okinawa-
jima groups. The resultant populations are shown in Fig. 1. 
Individuals generally clustered according to geographic 
proximity, except for northern Okinawajima, which showed 
a somewhat complicated pattern because the spatial extent 
of O1 overlapped with other clusters. We thus treated each 
fragmented O1 subgroup as a separate genetic population 
unit (O1-1, O1-2, and O1-3). Similarly, we separated A6 into 
A6-1 and A6-2 because these two localities (Ukeshima and 
the southwestern tip of Amamioshima) are clearly separated 
by the sea strait.

Fig. 2  Summary of results of analyses using STRU CTU RE  2.3.3 
(Hubisz et  al. 2009). Color scheme: graphical output of assigned 
genetic cluster from STRU CTU RE in a total dataset, b Amami, c 

Toku, d Okinawa groups. Line graph: Plots of mean Ln P(D) (black 
lines) and ΔK (red lines) statistics against K in each dataset and 
model. (Color figure online)
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Bottleneck detection

A Wilcoxon test implemented in BOTTLENECK revealed 
a significant excess of heterozygosity compared with the 
expected equilibrium (P < 0.05) in the following genetic 
population units: A1 and A5 (under all models), T1 (under 
the SMM model), O2 (under the IAM model), O3 (under the 
TPM and SMM models), and O6 (under the IAM model) 
(Table 3). M-RATIO (Garza and Williamson 2001) detected 
a significant population bottleneck signal in all populations 
except O1-1, O1-2, O8, and O9 based on θ values; T2 had 
θ = 0.1 and 0.5, and O6 had θ = 0.5 (Table 3).

Intra‑ and inter‑population diversity

Intra- and inter-population unit genetic diversity results are 
summarized in Tables 2 and S2, respectively. The number 
of effective alleles ranged from 1.47 (O9) to 3.27 (A3), with 
a mean of 2.27. The expected heterozygosities ranged from 
0.187 (O9) to 0.558 (A3), with a mean of 0.408. Neigh-
bor-joining trees based on the DA distance between genetic 
population units for the Amami and Okinawa groups were 
consistent with the results from STRU CTU RE and mito-
chondrial data (Honda et al. 2012) (Fig. S3), and showed 
that clusters were composed of genetic population units 
that shared the same ancestral groups inferred in the STRU 
CTU RE analyses (Fig. 2). In the Amami group, two clusters 

that were composed of A1, A2, A5, and A7, and A4, A6-1, 
and A6-2 received high bootstrap support (> 50%). In the 
Okinawa group, three clusters that were composed of O1-1, 
O1-2, and O1-3; O4 and O5; and O8 and O9 were also sup-
ported. In the Tokunoshima group, a cluster composed of T2 
and T3 was also supported (Fig. S3).

As shown in Fig. 4, linear correlation between linearized 
FST and Euclidean distance were observed in inter- and 
intra-island groups, except in the intra-Tokunoshima group. 
Regression lines drawn through the scatterplot of these two 
variables showed the steepest slope within the Amami group. 
Mantel’s test on these distance matrixes within the Amami 
and Okinawa groups indicated a high Mantel’s r value 
(r = 0.858 and 0.575 within Amami and Okinawa groups, 
respectively) and significant correlations (both P = 0.0005). 
However, within the Tokunoshima group, regression lines 
did not show positive linear relationships between these two 
variables (r = − 0.865), but there was no significant correla-
tion (P = 0.133). 

Discussion

Gross genetic diversity of island populations

The determinant factor for genetic diversity of island popu-
lations varies depending on the evolutionary histories of 

CBA

FED

Fig. 3  Spatial interpolation of proportions of genetic ancestries for 
three clusters (K = 3) detected by STRU CTU RE across Amami (a, b, 
and c correspond to sky blue, blue, and purple in Fig. 1, respectively) 
and Okinawa (d, e, and f correspond to orange, green, and yellow in 
Fig.  1, respectively) island groups. Red dots indicate sample locali-

ties. Bars indicate genetic ancestral group probabilities. Dashed cir-
cles correspond to distribution of mitochondrial haplotypes revealed 
by nested clade phylogeographical analysis as the three-step clades 
(Fig. 1 in Honda et al. 2012). (Color figure online)
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target species and geographic background of islands. Pre-
vious studies that investigated genetic diversity of island 
populations relative to geographic features of the islands 
showed positive correlation of genetic diversity with island 
size (Frankham 1996; White and Searle 2007) or negative 
correlation of genetic diversity with time since island isola-
tion (Wang et al. 2014).

Theoretically, reduction of genetic variation in island 
populations is unavoidable over time through the processes 
of genetic drift and inbreeding because of their limited popu-
lation sizes, which should be correlated with island size. In 
this study, the size of islands where we collected samples 
was roughly divided into two classes: larger islands, includ-
ing Amamioshima, Tokunoshima, and Okinawajima, and 
smaller islands, including Ukeshima, Sesokojima, and Toka-
shikijima (Table 1 and Fig. S1). The larger islands have more 
basic genetic diversity reflecting large differences of popu-
lation sizes in these islands (data not shown). In particular, 
the Tokashikijima population had the smallest values of all 
estimators except F, which indicates that this population has 

the smallest effective population size and is of greatest con-
servation concern. Amamioshima had the highest diversity 
of the larger islands; for the smaller islands, Ukeshima had 
a similar diversity to Sesokojima, whereas Tokashikijima 
had a lower diversity. These differences can be explained in 
the context of intra-island population structure and recent 
migration from neighboring islands, as discussed in the next 
section.

Evolutionary history and population structure

Our series of genetic clustering analyses using STRU CTU 
RE with multiple K values for the total dataset revealed 
divergence and genetic relationships among island popula-
tions. In brief, our results showed clear genetic divergence 
of three major genetic groups and genetic structure within 
each island.

The clear dichotomy of clusters at K = 2 indicates that the 
populations in Tokunoshima are genetically closer to the 
Amami group than Okinawa group (Fig. 2a, K = 2), which 

Table 2  Genotypic information 
on assigned population by 
Geneland of Echinotriton 
andersoni in nine microsatellite 
loci

N number of individuals, A number of alleles, AE number of effective alleles, HO observed heterozygosity, 
HE expected heterozygosity, FIS fixation index

Group Cluster (local populations) N A AE HO HE FIS

Amami group A1 (1, 2) 4 2.67 1.93 0.352 0.389 0.097
A2 (3, 4, 5, 6) 4 3.44 2.65 0.472 0.510 0.033
A3 (7, 10, 11, 12) 11 4.89 3.27 0.402 0.558 0.277
A4 (8) 2 2.67 2.50 0.611 0.472 − 0.295
A5 (9, 14) 6 3.11 2.69 0.426 0.457 0.073
A6-1 (13) 1 1.22 1.22 0.222 0.111 − 1.000
A6-2 (16) (Uke I.) 3 2.00 1.74 0.315 0.335 0.061
A7 (15) 3 2.44 2.04 0.333 0.395 0.072
Mean 4.71 3.08 2.42 0.413 0.453 0.078

Tokunoshima group T1 (17, 18, 19) 14 4.44 2.59 0.413 0.494 0.135
T2 (20, 22) 6 3.89 2.97 0.481 0.525 0.075
T3 (21) 6 3.33 2.41 0.378 0.467 0.209
T4 (23) 3 2.56 2.09 0.333 0.347 0.064
Mean 7.11 3.50 2.51 0.401 0.458 0.126

Okinawa group O1-1 (24, 26, 27, 28, 29) 12 2.89 1.98 0.285 0.289 0.001
O1-2 (36, 38) 6 3.22 2.31 0.444 0.410 − 0.101
O1-3 (34) 3 2.00 1.64 0.407 0.333 − 0.196
O2 (25) 10 4.33 2.99 0.456 0.563 0.118
O3 (30, 31, 32) 26 5.56 2.34 0.449 0.440 − 0.039
O4 (33) 4 2.22 1.81 0.444 0.361 − 0.212
O5 (39) (Sesoko I.) 3 1.78 1.58 0.370 0.278 − 0.294
O6 (35, 37) 12 4.11 3.08 0.454 0.500 0.133
O7 (40, 41, 42, 43) 17 4.56 2.71 0.451 0.536 0.153
O8 (44, 45) 5 2.89 2.24 0.378 0.427 0.127
O9 (46, 47) (Tokashiki I.) 13 1.67 1.47 0.145 0.187 0.105
Mean 12.2 3.46 2.27 0.389 0.407 0.025

Total Mean 7.45 3.12 2.27 0.392 0.408 0.020
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is consistent with the mitochondrial genealogy (Fig. 2 in 
Honda et al. 2012). However, different from the mitochon-
drial data, the trichotomy at K = 3 supported a split in Toku-
noshima and inclusion of Ukeshima in the Amami group 
(Fig. 2a, K = 3), and existence of three major genetic groups, 
Amami, Tokunoshima, and Okinawa groups. Formation of 
clusters within the Okinawa group at K = 4 and 5 indicates 
that the ancestral population of Tokashikijima and the south-
ern Okinawajima population first diverged from a common 
ancestral population in the Okinawa group; subsequently, 
two different ancestral populations diverged.

Overall, these divergence patterns are consistent with that 
of a molecular phylogeny based on the mitochondrial cyt b 
(Fig. 3), excluding the sister relationship of Ukeshima and 
Amamioshima populations (Fig. 1). Considering the geo-
graphic distance between Ukeshima and Amamioshima, the 
mitochondrial genealogy unlikely reflects the true ancestral 
population differentiation because it may have been affected 
by incomplete lineage sorting and/or lack of lineage-spe-
cific mutation accumulation due to the lower mutation rate 
of mitochondrial genes compared with microsatellite loci. 
Such conflict between mitochondrial and nuclear genes 
was also found in a recent study describing new species 

Fig. 4  Relationships between linearized FST and Euclidean distances between populations
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and relationships within Echinotriton (Hou et al. 2014), 
which may have been caused by lack of phylogenetically 
informative sites among Echinotriton species in pro-opi-
omelanocortin (only four or three substitutions in 475 bp of 
pro-opiomelanocortin).

Based on the divergence times estimated in Honda et al. 
(2012), these divergences among the islands occurred prior 
to submergence of the land bridges, which occurred approx-
imately 1.5 Ma (Osozawa et al. 2012, 2013): 3.1–4.8 Ma 
between Amami + Tokunoshima and Okinawa island groups; 
0.6–1.1 Ma among Tokunoshima, Ukeshima, and Amami-
oshima populations; and 0.8–1.2 Ma between northern-
central and southern Okinawajima + Tokashikijima (Honda 
et al. 2012). As discussed below, our data showed genetic 
divergences among populations even within each island. 
Thus, the ancestral E. andersoni populations may have been 
isolated from each other by environmental factors prior to 
isolation by sea strait formation.

Within each island group, our genetic cluster assignment 
revealed multiple ancestral elements and genetic population 
units. In the Amami group, three major ancestral groups 
were estimated and assigned to seven population units. For 
the genetic divergence of these population units, all FST 
values between adjacent population units were greater than 
0.1 (Fig. 1), which indicates a longer history of isolation, 
even between the geographically close populations; this is 
congruent with the biased distribution of haplotypes of a 
mitochondrial gene (Fig. 1 in Honda et al. 2012). However, 
distribution of the ancestral groups showed a clinal pattern 
(Figs. 1, 3), which indicates existence of long-term gene flow 
among populations. This pattern is explained by the clear 
IBD pattern of population diversification, which showed 
linear relationships of migration rate (linearized FST) and 
geographic distance (Fig. 4). This clinal distribution pattern 
might reflect the limited locomotor ability of this newt and 
fixation of alleles through drift and selection in each popula-
tion. In addition, IBD was observed even between currently 
isolated islands; thus, this diversification pattern probably 
accumulated slowly over time. In particular, although the 
major two ancestral groups in Amamioshima overlapped 
between the northwest and southeast (Fig. 3b, c), local popu-
lation 13 in the southwestern tip of Amamioshima and local 
population 16 in Ukeshima shared a relatively recent com-
mon ancestor and belonged to the same genetic population 
unit (Fig. 1). This relationship indicates historical gene flow 
between these populations via formation of a super-island, 
which included Ukeshima, Amamioshima, Kakeromajima, 
and Yorojima Islands, and is similar to the diversification 
pattern of Cynops ensicauda in these islands during the last 
glacial maximum of the Pleistocene (ca. 0.015–0.020 Ma) 
(Tominaga et al. 2010).

In the Okinawa group, three ancestral groups were dis-
tributed along the major axis of the islands with a latitudinal 

cline pattern. However, genetic distances between adjacent 
population units were not as prominent as in the Amami 
group, manifesting a gently sloping regression line in migra-
tion rate and geographic distance plots (Fig. 4). These dif-
ferences between Amamioshima and Okinawajima were 
also observed in Ishikawa’s frogs (Odorrana splendida 
and O. ishikawae, which are endemically distributed in 
Okinawajima and Amamioshima, respectively). Accord-
ing to Igawa et al. (2013a), O. splendida in Amamioshima 
showed multiple distinct populations, which reflects the 
complex topography of this island, whereas O. ishikawae in 
the northern mountainous area of Okinawajima showed no 
obvious population structure. Consequently, differences in 
topography and/or environmental factors related to the geog-
raphy of these islands should also affect migration rate and 
structure of E. andersoni populations. Population structure 
in the Okinawa group slightly differed from that of the mito-
chondrial genealogy; the ancestral group was predominantly 
distributed in Tokashikijima (46 and 47 in Figs. 1, 2d) and 
was also located in the southern half of Okinawa. Addition-
ally, almost all alleles found in the O9 population unit in 
Tokashikijima were common alleles shared with Okinawa-
jima populations. A possible explanation for the discrepancy 
between microsatellite and mitochondrial data are that there 
is a higher probability of mitochondrial haplotype fixation 
due to four-fold lower effective population size of mitochon-
drial genes compared with nuclear loci.

In the northern mountainous area of Okinawajima, a com-
paratively complex structure manifesting two different over-
lapping ancestral groups (Figs. 1, 3) was detected. Because 
the latitudinal stepping-stone migration along the current 
topography could not explain such a complicated pattern, 
this pattern might reflect a recent migration corridor that 
was directly linked to the middle and northwestern parts 
of Okinawa. Recently, unexpected fine-scale subdivision of 
salamander populations was detected, highlighting the effect 
of landscape, which has been recognized as an important 
factor that shapes gene flow corridors (Giordano et al. 2007; 
Wang et al. 2009; Savage et al. 2010).

According to Kan (2014), the coastline of the western 
side of northern Okinawajima was shifted to the west, and 
the land area extended from the Motobu Peninsula during the 
last glacial maxima. The ancestral O2 and O6 populations 
might have experienced gene flow through this extended 
land area. Hence, the complex population structure in the 
northern Okinawa area may result from recent migration and 
persistence of genetically heterogeneous populations. In this 
case, the mountainous landscapes in this region potentially 
served as a barrier that prevented rapid admixture among 
these adjacent populations. However, the substantially larger 
effective population size of O2 indicates that admixture is 
ongoing to some extent.
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In contrast with the Okinawa and Amami island groups, 
no significant genetic divergence was detected in the Toku-
noshima group. Although we detected five population units, 
only a single ancestral group was estimated. As shown in 
migration rate and geographic distance plots (Fig. 4), the 
population units in Tokunoshima are geographically less 
than 20 km apart and do not display an IBD pattern. In 
addition, despite such small inter-population diversity, the 
genetic diversity within each population was comparatively 
higher than observed in the other islands, as mentioned 
in the previous section. These results indicate that Toku-
noshima populations belong to a large single gene pool that 
was maintained by frequent migration between geographi-
cally close populations; this inference is also supported by 
a high population density of this species in Tokunoshima 
(Utsunomiya et al. 1978).

Bottleneck detection and conservation perspective

We found evidence of population bottlenecks in all popu-
lations under all models in M-RATIO, but in only two 
populations under all models in BOTTLENECK, with both 
populations being in the Amami group (Table 3); bottle-
necks in two populations in M-RATIO but no populations in 
BOTTLENECK were found in the Tokunoshima group; and 
bottlenecks in three populations in M-RATIO and no popula-
tions in BOTTLENECK were detected under all mutation 
models in the Okinawa group (Table 3). These results are 
very similar to those from a similar analysis of Ishikawa’s 

frogs (Igawa et al. 2013a), wherein a genetic signature of 
bottleneck was revealed in the distant but not recent pasts, as 
BOTTLENECK is more effective for identifying populations 
that have recently experienced a severe reduction in popula-
tion size. Alternatively, M-RATIO is likely to identify a bot-
tleneck that occurred in the distant past, when reduction in 
population size was fairly severe, and also when the effective 
population size of the ancestral population was large. Our 
results indicated that bottleneck effects in Echinotriton newts 
on all islands were also substantial in the distant past; thus, 
recent concerns regarding population declines due to over-
exploitation, habitat loss, and predation by invasive species 
were not reflected in the genetic analyses in this study. Few 
bottleneck effects were detected, even in the Tokashikijima 
population (O9), which showed the lowest basic genetic 
values in all populations used in this study (Table 1). As 
mentioned in the above section, Tokashikijima and southern 
Okinawajima populations may have maintained gene flow 
during at least the late Pleistocene; if this occurred, decline 
of effective population size in Tokashikijima should have 
progressed slowly after geographic isolation from Okinawa-
jima without a severe bottleneck. A similar scenario could 
also have occurred in the Ukeshima and Sesokojima popula-
tions because these showed ancient gene flow from adjacent 
populations in Amamioshima and Okinawajima. For conser-
vation, the Tokashikijima population should be the highest 
priority target. Because of the lower genetic diversity and 
no present gene flow from other populations, the Tokashi-
kijima population should be more sensitive to reduction in 

Table 3  Summary of 
bottleneck tests implemented in 
BOTTLENECK and M-RATIO

For BOTTLENECK, three mutation models were used: IAM infinity allele model, TPM two-phase muta-
tion model, and SMM stepwise mutation model. For M-RATIO, four θ values were used: 0.05, 0.1, and 0.5. 
Values in bold type indicate statistical significance (P < 0.05)

Group Pop. unit BOTTLENECK M-RATIO

IAM TPM SMM θ = 0.05 θ = 0.1 θ = 0.5

Amami A1 0.020 0.027 0.027 0.004 0.005 0.022
A2 0.844 0.742 0.641 0.008 0.009 0.034
A3 0.195 0.641 0.641 2 × 10−4 10−4 4 × 10−4

A5 0.016 0.016 0.047 0.001 0.001 0.004
Toku T1 1.000 0.359 0.049 0.002 0.002 0.006

T2 0.055 0.578 0.938 0.040 0.051 0.121
T3 0.938 0.578 0.297 0.010 0.012 0.042

Okinawa O1-1 0.813 0.375 0.297 0.090 0.102 0.203
O1-2 0.813 0.813 0.813 0.054 0.066 0.142
O2 0.037 0.652 0.734 0.032 0.039 0.093
O3 0.426 0.037 0.027 < 10−4 < 10−4 < 10−4

O4 0.461 0.742 0.844 < 10−4 < 10−4 < 10−4

O6 0.027 0.074 0.461 0.023 0.029 0.066
O7 0.426 0.652 1.000 0.006 0.007 0.016
O8 0.578 0.938 1.000 0.086 0.102 0.221
O9 0.091 0.205 0.259 0.241 0.263 0.438
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habitat and number of individuals than other populations 
because of negative genetic influences, such as deleterious 
effects of inbreeding and loss of genetic diversity (Frankham 
et al. 2002). Consequently, each genetic population unit that 
has a distinct ancestral group with scarce gene flow should 
be recognized as unique. Because environmental changes 
can often impede natural migration and potential gene flow 
among these populations, maintenance of a natural environ-
ment in this species’ distribution is important for sustain-
able in situ conservation of E. andersoni. Our data can be 
a fundamental genetic information for ex situ conservation 
(e.g., Igawa et al. 2013b), reintroduction and genetic rein-
forcement for the small threatened populations if it is needed 
in the future.
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