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Abstract

:

Rear-edge populations are of significant scientific interest because they can contain allelic variation not found in core-range populations. However, such populations can differ in their level of genetic diversity and divergence reflecting variation in life-history traits, demographic histories and human impacts. Using 13 EST-microsatellites, we investigated the genetic diversity and differentiation of rear-edge populations of the Japanese endemic conifer Thuja standishii (Gordon) Carr. in southwest Japan from the core-range in northeast Japan. Range-wide genetic differentiation was moderate (Fst = 0.087), with northeast populations weakly differentiated (Fst = 0.047), but harboring high genetic diversity (average population-level Ar = 4.76 and Ho = 0.59). In contrast, rear-edge populations were genetically diverged (Fst = 0.168), but contained few unique alleles with lower genetic diversity (Ar = 3.73, Ho = 0.49). The divergence between rear-edge populations exceeding levels observed in the core-range and results from ABC analysis and species distribution modelling suggest that these populations are most likely relicts of the Last Glacial Maximum. However, despite long term persistence, low effective population size, low migration between populations and genetic drift have worked to promote the genetic differentiation of southwest Japan populations of T. standishii without the accumulation of unique alleles.
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1. Introduction


Many plant species have distributions fitting a central-marginal model characterized by a core range surrounded by smaller edge populations. The core range consists of more or less contiguous large populations and is thought to reflect optimal conditions leading to high effective population size (Ne) and genetic diversity [1]. In contrast, at the margins of species’ ranges, populations usually become smaller and increasingly geographically isolated confined to narrow areas of sub-optimal microclimates within or even outside the climatic envelope of the species core range [2]. These populations are usually characterized by high genetic divergence and low effective population sizes [3]. Rear-edge populations, that is, those that are distributed at the low-latitude margin of species’ ranges [4], are often considered to be disproportionately important in terms of their contribution to species overall genetic diversity and ecological and evolutionary processes [5,6]. This is because rear-edge populations have often experienced long-term isolation from the core range promoting genetic drift [7] and local adaptation [4]. For these reasons and the fact that rear-edge populations of keystone species like large trees can form crucial “islands” of habitat in an otherwise inhospitable climate for various other organisms [8], such populations are of immense scientific and conservation interest.



However, due to a range of factors including life history traits, distinct biogeographic and demographic histories and human impacts [9], rear-edge populations can differ widely in their levels of genetic diversity and divergence compared to the core range [10]. At one extreme are rear-edge populations that have persisted in geographically isolated stable climate refugia (i.e., regions that have provided suitable conditions for species persistence through both glacial and interglacial periods [11]) characterized by high genetic diversity and strong differentiation [4]. Even in plants with high gene flow, such refugia can harbor unique genetic diversity, thus making them important genetic reservoirs for species [12]. Some examples include populations of widespread temperate trees such as Fraxinus excelsior L. in Iran [12], Cryptomoria japonica (L.f) D.Don on Yaku Island, southern Japan [13] and Pseudotsuga menziesii (Mirbel) Franco in Mexico [14]. Long-term isolation of rear-edge populations can also result in ecological and trait differentiation from the core-range such as the occurrence of polyploidy [6], modification of dispersal traits [15] and ecophysiological changes such as increased drought tolerance [16]. In contrast, rear-edge populations that have narrow ranges, have been demographically unstable and/or have only recently been isolated from core range populations can display low genetic diversity. Some examples include populations of Ulmus minor Mill. in the Balearic Islands [17] and Myrtus nivellei Batt. and Trab., 1972 in the Sahara desert [18]. Understanding the biogeographic history and genetic diversity of rear-edge populations is therefore vital for evaluating their relationship to the core-range and whether they require specific conservation actions.



The cool temperate and subalpine flora of Japan is characterized by species with central-marginal like distributions. Their core range occurs in the northeast of Japan while small, isolated rear-edge populations are disjunctly distributed in the highest mountains of southwest Japan [19]. This study investigates the genetic diversity of rear-edge populations of the Japanese endemic conifer Thuja standishii (Gordon) Carr. (Cupressaceae) in southwest Japan and their relationships to large populations in its core range in northeast Japan (Figure 1). Thuja standishii is a widely distributed tree (40.67° N in northern Honshu to 33.49° N in Shikoku) that usually co-occurs with other conifers in cool temperate or subalpine forests, but sometimes dominates in steep, rocky or waterlogged habitats [20]. While a relatively common component of forests in northeast Japan, particularly on the Japan Sea side of Honshu [21], the species has a limited distribution in southwest Japan with only six known isolated occurrences. These populations are of great interest because of their geographic isolation from the core-range (varying from 285 km to 430 km) across the most important phylogeographic break in Japan located in the Kansai region [22,23,24,25] (Figure 1). In addition, their occurrence at the edge of the species climatic range encompasses the lowest elevation sites known in the species including growing as emergents in warm temperate evergreen forests [20].



The origin and genetic diversity of these rear-edge populations remains unknown. They may be the direct descendants of populations that persisted in stable climate refugia for multiple glacial–interglacial cycles in southwest Japan and contain unique genetic diversity. In fact, these populations are closest to large areas of suitable habitat for temperate forest tree species predicted to have occurred in southwest Japan during the Last Glacial Maximum [26,27]. Alternatively, southwest populations may have high genetic divergence but low genetic diversity as a result of genetic bottlenecking in small glacial refugia or even an origin via post-glacial dispersal events from the core-range. Lastly, these populations may be remnants of a more extensive past distribution of T. standishii in southwest Japan that has been mostly lost due to forest destruction by humans [20]. However, discerning between these scenarios is near impossible based on the fossil record because the pollen of T. standishii is very difficult to distinguish from other Cupressoideae species, which in Japan includes widespread species of the genera Chamaecyparis, Juniperus and Thujopsis [28]. In addition, macrofossils of T. standishii are extremely rare, with the youngest known from the Last Glacial Maximum of lowland northeast Japan from only two sites [29,30].



This study uses expressed sequence tagged (EST) microsatellites to investigate the range-wide genetic structure and diversity of T. standishii, including all known occurrences in southwest Japan. Specifically, we aim to (1) understand the genetic affinity of eight populations sampled from the six occurrences in southwest Japan to the core range in northeast Japan; (2) compare the genetic diversity of core range and rear-edge populations and (3) examine past demographic and distributional changes across the species range using approximate Bayesian computation (ABC) and species distribution modelling.




2. Materials and Methods


2.1. Population Sampling and Identification of Clones


A total of 30 populations (850 samples) of T. standishii were collected across the species range (Figure 1). In order to estimate population level genetic diversity, a minimum of 20–25 samples were collected where possible at least two plant heights apart. Twenty-two populations were sampled in northeast Japan, including eight from Tohoku (including the most northern populations), four from Kanto and ten from Japan Sea Side/central Honshu. In southwest Japan, all known populations were sampled in Shikoku (three populations) and mainland Chugoku (two populations)), while three were sampled from Dogo Island, the main island of the Oki island group, representing most of the species’ distribution there (Figure 1). As populations differed in spatial extent, with most populations in southwest Japan and some in northeast Japan (e.g., NYUG, KUB and KUR) being small (Figure 1; for full names of populations see Table S1), we examined whether average spatial sampling distance between individuals in each population (calculated in Quantum GIS 3.01 using nearest neighbour analysis) may be correlated with population-level genetic diversity. All populations were included in this analysis except the small population on Sado Island (NYUG) where individual GPS points were not taken. Overall, there were no significant relationships between sampling distance and genetic diversity when examining all populations or within northeast or southwest Japan (Figure S1).



Individuals that shared the same genotype (i.e., almost certainly clones) were identified in GenAlex 6.5 [31] using the “find clones“ function. Identical genotypes were identified in eight populations with six found at GOU, three at NYUG and KUR, two at SHIR and one each at the remaining four populations (Table S2). One individual from each clone was retained resulting in 33 samples being excluded from all analyses leaving 817 samples.




2.2. Laboratory Work and Genotyping


DNA extractions were undertaken using a modified CTAB protocol [32]. Genetic diversity and structure of T. standishii was assessed using 13 of the 15 Expressed Sequence Tagged (EST) microsatellite loci (Kurobe_18480, Kurobe_2969, Kurobe_23700, Kurobe_44557, Kurobe_15129, Kurobe_16758, Kurobe_6943, Kurobe_23263, Kurobe_38308, Kurobe_41636, Kurobe_42400, Kurobe_40825 and Kurobe_4219) developed by Worth et al. [33] and amplified following the same protocol. Genotyping of alleles was done in GeneMarker (SoftGenetics, LLC, PA, USA).




2.3. Data Integrity


For all 13 loci, linkage disequilibrium (i.e., allelic correlations among loci) were tested at the population level in Genepop v 4.2 [34] with sequential Bonferroni correction (p < 0.05). In addition, whether loci were affected by null alleles was assessed using the expectation-minimization (EM) algorithm [35] in FreeNA [36]. To examine how null alleles may have impacted estimates of population genetic differentiation, in the same program, Fst with and without null alleles, were also calculated.



EST microsatellite loci, which are located in genes, may be subject to directional (increasing allele fixation) or balancing (maintaining allele frequencies) selection [37]. However, the possibility that selection could influence genetic parameters of EST-SSR loci is low given that most genes do not experience positive selection [38] and EST-SSR loci have been found to display highly similar genetic differentiation to genomic SSRs [39,40,41]. Nonetheless, whether any loci were potentially under selection was tested using an Fst outlier method implemented in BayeScan v2.1 [42]. Default parameters were used except a more realistic prior odds of 1000 was used following Lotterhos and Whitlock [43]. Each run was repeated three times and assessed under Jeffreys’ scale of evidence [44]. Existing genetic structuring can increase the number of false positives when detecting outlier loci [45]; therefore, the analysis was undertaken using genetic clusters identified using Bayesian analysis of population structure (BAPS) version 6 [46] run using a maximum K of 20. BAPS identified 11 clusters with probability of K = 11 being 0.968 versus the next best, K =10, with a probability of 0.032.




2.4. Isolation by Distance and Environment


We investigated the importance of two major factors that may contribute to the genetic divergence of populations of T. standishii; namely isolation by distance (IBD: [47]), whereby geographic distance and landscape barriers cause restricted gene flow [48], and isolation by environment (IBE: [49]), in which gene flow is inhibited between populations occupying different environments [48]. Despite expectations that neutral markers unlinked to selected loci should undergo extensive gene flow between populations even in different environments [50], selection may work against the whole genome of migrants and hybrids reducing gene flow even at unliked neutral markers [50]. To examine the strength of evidence for IBD and IBE driving population differentiation, we fitted a generalized dissimilarity model (GDM), associating a matrix of genetic distances among populations defined by Fst/(1—Fst) with geographic and climatic gradients using non-linear matrix regression [51,52]. Climatic gradients were expressed as principal components (PC) from a principal components analysis (PCA) fitted using prcomp in R version 4.0.3 [53] that summarised the climatic envelope of T. standishii into three orthogonal components, using the same climate variables utilized for the species distribution modelling (see Section 2.8 below). The GDM was fitted using the “gdm” package in R version 4.0.3 [53] and variable importance and its significance were estimated from 1000 permutations using the gdm.varImp function. The importance and magnitude of genetic change along the geographic and climatic gradients were visualized using the extracted I-splines from 1000 cross-validated GDMs, where each I-spline reflects the partial dependency of genetic change for a given gradient whilst keeping all other gradients constant. This was done over all 30 populations and separately for northeast and southwest Japan populations.




2.5. Range-Wide Genetic Structure


Genetic structure across the species range was investigated using both region, population and individual-based methods. For the purpose of comparison of genetic diversity, populations were grouped into regions based on a combination of geography and genetic relationships (see Results) and consisted of Shikoku, mainland Chugoku and Dogo Island in southwest Japan and Kanto, Japan Sea side/Central Honshu and Tohoku (including Sado Island) in northeast Japan. Some regions were supported (albeit weakly in some cases) by genetic data (e.g., Kanto, Tohoku, Japan Sea side/Central Honshu and Dogo Island) while others involved grouping of geographically close but genetically distinct populations (i.e., those in Shikoku and mainland Chugoku). Firstly, analysis of molecular variance (AMOVA) was used to assess the proportion of genetic variation distributed between northeast Japan and southwest Japan and all 30 populations in GenAlEx 6.5 with 999 permutations. Secondly, three genetic differentiation indices (Fst, Hedrick’s F’st and Josts’ D) were calculated in Genodive 3.04 [54]. Thirdly, a neighbor-joining (NJ) tree based on a population-based matrix of the DA genetic distance [55] was constructed in SplitsTree 4.14.4 [56]. The maximum possible value of DA is one which occurs when two populations share no alleles at any loci [57]. DA has been shown to be the most suitable genetic distance measure for obtaining correct tree topology under different microsatellite mutation models and demographic scenarios [58] while NJ trees are highly effective at displaying population structure under a range of evolutionary histories [59]. Lastly, BAPS v6 [46], which implements a Bayesian approach to determine which combination of predetermined sample groups is best supported by the data [60] was used implementing “clustering of groups of individuals” with a maximum K of 20 and ten independent runs. BAPS has been shown to perform well when population differentiation is relatively low (i.e., Fst is between 0.03–0.1) [61], which is usual for wind-pollinated conifers [62].



For individual-based analysis, the discriminant analysis of principal components (DAPC) multivariate method [63] was used. DAPC is designed to both identify and describe clusters of genetically related individuals and maximizes the differentiation between groups, while minimizing variation within groups [63]. DAPC performs well under a range of dispersal scenarios including when genetic structuring is clinal [63] which can impact the results of other clustering programs via the detection of spurious clusters [64]. We used DAPC for two separate analyses to (1) assess the proportion of successful reassignment of individuals to pre-defined groups (i.e., an a priori analysis) using both the 30 sampled populations and BAPS clusters and to (2) identify clusters of genetically related individuals a posteriori using sequential K-means clustering and the Bayesian information criterion (BIC). DAPC analyses were implemented in R with a posteriori analysis performed using the “find.clusters” command with “max.n.clust” = 20 and 50 principal components retained. Cluster plots were drawn in Structure Plot v2 [65].




2.6. Genetic Diversity and Bottlenecks


The number of alleles (Na), number of effective alleles (Ne), observed (Ho) and expected heterozygosity (He) at the population and region level was assessed in GenAlEx 6.5. The inbreeding coefficient (Fis) was calculated using FSTAT V2.9.3.2 [66] with the significance level of deviation from zero calculated using 390,000 randomizations. Rarefied values of allelic richness (Ar) and private allelic richness (PAr) were calculated in HpRare 1.1 [67]. Correlations between population-level genetic diversity (Ar and PAr) with increasing latitude and with increasing “northeastness” (calculated by taking a logarithm of the sum of latitude and longitude) were assessed using the Pearson correlation coefficient. This analysis was done over all populations and separately for the northeast populations.



Recent genetic bottlenecks were tested for using two methods: Firstly, allele frequency distributions of each population were examined for mode shift distortion, which is characteristic of bottlenecked populations [68], in Bottleneck Version 1.2.02 [69]. Secondly, heterozygosity excess, a signature of past reduction in effective population size, was tested using the Wilcoxin signed-rank test under a two-phase model (TPM) of microsatellite evolution [70] in INEST 2.2 [71].




2.7. Past Demographic Change and Estimates of Migration


In order to investigate the population size change history of the species in each region (Shikoku, mainland Chugoku, Dogo Island, Japan Sea side/Central Honshu, Kanto and Tohoku) during and after the Last Glacial Period (11,700–115,000 years ago), we performed approximate Bayesian computation (ABC). ABC allows comparisons between different demographic models and to estimate the values of parameters of the models [72]. At first, alleles represented as fragment lengths of the 13 EST-microsatellite loci were converted into repeat number data by subtracting flanking region length and then dividing by the repeat motif length of each locus. To adjust for small indels, we added ±1 to the corresponding alleles, by examining a histogram of allele size distribution. If there were putative large indels, such alleles were binned into the nearest high frequency allele. Six summary statistics, including the average and standard deviation of number of alleles, expected heterozygosity and allele size range, were calculated with arlsumstat version 3.5.2 [73].



We constructed three demographic models: a standard neutral model (SNM), population growth model (PGM) and size reduction model (SRM; Figure S2). The SNM assumes that population size has been constant over time and has one structural parameter, current effective population size (NCUR), whose unit is the number of diploid individuals. The PGM assumes that population size has exponentially expanded from an ancestral effective population size (NANC) to NCUR during T2 to T1. Population growth rate (G) was calculated as G = 1/(T2 − T1) log (NANC/NCUR). PGM has four structural parameters (NCUR, NANC, T1 and T2). The SRM assumes that population size has declined from NANC to NCUR at time T1. SRM has three structural parameters (NCUR, NANC and T1). In PGM and SRM, we assumed that the ranges of T1 and T2 were from 1 to 103 generations ago and the generation time of T. standishii was 150 years per generation and, thus, the ranges of T1 and T2 in the unit of years ago ranged from 150 to 150,000 years ago, which included the Last Glacial Period. All prior distributions of structural parameters are summarized in Table S3.



For the microsatellite mutation model, we used a generalized stepwise mutation model (GSM; [74]). GSM has two parameters: mutation rate (μ) and the geometric parameter (PGSM). PGSM ranges from 0 to 1 and represents the proportion of mutations that change allele sizes by more than one step, the value of zero means a strict stepwise mutation model. The value of 1 × 10−4 was used for the mean value of μ among the 13 EST-microsatellite loci [75]. The prior distribution for the value of μ for each locus was randomly drawn from gamma distribution with shape and rate parameters. The prior distribution of shape parameter was drawn from a uniform distribution from 0.5 to 5 and the rate parameter was calculated by shape / mean value of μ. The prior distribution of the mean value of PGSM among 13 loci were drawn from a uniform distribution from 0 to 1 and each locus value was randomly drawn from a beta distribution with a and b parameters. The values of a and b were calculated by 0.5 + 199 × mean value of PGSM and a × (1—mean value of PGSM)/mean value of PGSM, respectively, according to Excoffier et al. [76].



Prior distributions were generated by R version 4.0.3 [53]. The three population size change models were each simulated 10,000 times using fastsimcoal2 version 2.6.0.3 [77] and summary statistics were calculated by arlsumstat. These models were compared using the ABC random forest (ABC-RF) approach implemented in the abcrf package version 1.8.1 of R [78]. The number of trees in random forest was set to 1000. The classification error and posterior probability of the best model were calculated. For the best model selected by ABC-RF, 2 × 105 simulations were repeated and summary statistics were calculated. With the 1000 simulations nearest the observed data set, posterior distributions of parameters were estimated by neural network regression implemented in the abc package version 2.1 of R [79,80]. The number of neural networks was set to 20. Logit transformation was used to keep the estimated value within the prior range. Using posterior distributions of the best model, we estimated an effective population size from the lower to the upper limits of T2 and then calculated the mode and 95% highest posterior density (HPD). The posterior mode was estimated by the density function of R. The 95% HPD was estimated using the coda package version 0.19.4 [81]. By plotting the mode and 95% HPD over time, the trajectory of population size change in each region was obtained [82].



In order to investigate population divergence and migration patterns between the three regions in both northeastern and southwestern Japan, we constructed three population divergence models with different migration patterns (Figure S3). The northeast and southwest populations were analyzed separately because of evidence for their emergence from separate glacial refugia based on species distribution modelling, the fact that the northeast populations form a distinct genetic cluster from the southwest (see Results) and the fossil record indicating long term presence of the species in both regions [83,84]. Isolation with migration models (WMM) assume that the three regions have diverged at time T3 and exchanged migrants at a rate MXY between regions X and Y during the present to T3. In WMM1, we assume all migrations between pairs of regions, i.e., an island model, while, in WMM2, we assume only migrations between pairs of adjacent regions, i.e., a stepping-stone model. Isolation without migration model (OMM) assumes no migration between regions. In all three models, population size change patterns in each region from the present to T2 were determined from the results of population size change analyses (see results) and all population size and time parameters from the present to T2 were fixed into posterior mode values estimated in the analyses to reduce computational costs. Prior distributions of T3, ancestral population size before divergence (NANC_ALL) and MXY were summarized in Table S3. We calculated seven additional summary statistics, overall number of alleles, overall expected heterozygosity, overall allele size range, overall Fst and pairwise Fst and, thus, used a total of 25 summary statistics for this analysis. Model comparison by ABC-RF were conducted in the same way as the population size change analyses. For the best model selected by ABC-RF, 4 × 105 simulations were repeated and summary statistics were calculated. With 1000 simulations nearest the observed data set, posterior distributions of parameters were estimated in the same way as the population size change analyses. As migration rate only shows the proportion of migrants per generation in the population and does not directly reflect the intensity of migration, to evaluate the intensity of migration, we calculated number of migrants per generation (NM) by multiplying effective population size of source population backward-in-time and MXY. In this analysis, all directions of migration were shown in time-forward, i.e., movements of individuals. As our divergence model assumes population size change after divergence at T3, we calculated effective population size using posterior mode values obtained in population size change analyses, multiplied by MXY and then averaged and, finally, the average NM from the present to T3 was obtained.



In both population size change and population divergence analyses, to confirm the fit of the model to the observed data, posterior predictive simulation with 1000 randomly drawn posterior samples was conducted with R and fastsimcoal2 and summary statistics were calculated with arlsumstat and compared to the observed data [85].




2.8. Species Distribution Modelling


Species distribution modelling (SDM) was undertaken using the maximum entropy principle algorithm in MaxEnt [86] to investigate potential habitat for T. standishii under current climate and during the culmination of Last Glacial climate, the Last Glacial Maximum (LGM, ca. 21 ka). During the LGM, lower precipitation and mean summer temperature depression of between 5 to 9 °C in Japan had a profound impact on the abundance and distribution of plants including conifers [87]. There was a limited expansion of glaciers and permafrost conditions across Japan [88] and woody vegetation dominated by subalpine conifers covered large parts of the glacial landscape [89,90,91,92]. MaxEnt can provide robust predictive performance without absence data [93]. Analyses were undertaken using MaxEnt version 3.4.1 (https://biodiversityinformatics.amnh.org/open_source/maxent/ (accessed on 30 October 2020)) using the “dismo” package (http://rspatial.org/sdm/ (accessed on 30 October 2020 )) in R version 3.6.2 [53]. Four bioclimatic variables [94] that are important for the distribution of conifers in cool temperate and subalpine zones in Japan [95] were used: mean temperature of warmest quarter (MeTWaQ), precipitation of warmest quarter (PrWaQ), minimum temperature of coldest month (MiTCM) and precipitation of the coldest quarter (PrCQ). The spatial resolution of the climatic variables was 30” (ca. 1 km in latitude). Presence data for T. standishii (971 points; obtained from Worth [20] and new records based on personal observations) were used as response variable for the SDM. Duplicated presence records in each grid cell were removed to decrease the effect of spatial autocorrelation. We performed 10 runs using the cross-validation method. In order to calculate and summarize the accuracy of each model we used three methods: (1) the area under the curve (AUC, [96]); (2) the continuous Boyce index (CBI, [97,98]); (3) the Brier score [99]. We used the “ecospat” package (http://www.unil.ch/ecospat/home/menuguid/ecospat-resources/tools.html (accessed on 24 March2021) in R to calculate CBI and the “DescTools” package (https://andrisignorell.github.io/DescTools/ (accessed on 15 April 2021) in R to calculate the Brier score.



Fossil data can be used to either calibrate models under past conditions or to assess the accuracy of projected models calibrated under current conditions [100]. Given that only two LGM fossil records of T. standishii are known, which cannot provide a complete picture of the species past LGM distribution [101] and is below the minimum sample size required for construction of accurate species distribution models [102,103], the latter approach was taken. Thus, models developed under current conditions were projected onto two global circulation models (GCMs) for the LGM: the Community Climate System Model version 4 (CCSM, [104]) and the Model for Interdisciplinary Research on Climate Earth System Model (MIROC,) [105]), both with a spatial resolution of 2.5′ (ca. 5 km in latitude). We applied two thresholds of occurrence probability based on cut-off sensitivity values [106] of 95% and 99% to define areas of potential habitat. These two thresholds had differing levels of success in predicting the two LGM fossil records (see Results).





3. Results


3.1. Data Integrity


A total of six out of the 2340 population by locus-pairs were found to have significant allelic associations. Of the nine loci within these significant population by locus-pairs, three (Kurobe_18480, Kurobe_4219 and Kurobe_42400) were observed twice while the other five were observed only once. Thus, as such, there was no strong evidence for linkage of any loci, all 13 loci were retained for analyses. Bayescan identified no loci under potential selection with posterior probability values near zero at all loci (Table S4). For each of the 13 loci, the average frequency of estimated null alleles per population averaged 2.3% and Fst values estimated with and without null alleles were highly similar (average Fst across all 13 loci of 0.085 versus 0.087, respectively) (Table S5). These results indicated that the problem of null alleles was low for the 13 loci and therefore, the unadjusted data set was used for all analyses.




3.2. Isolation by Distance and Environment


Over all 30 sampled populations, there was evidence for significant IBD (p < 0.0001) and IBE (p = 0.004) (Figure 2), with the model significantly (p = 0.002) explaining 71% of the deviance in the genetic distance among the populations. The greatest change in genetic distance was associated with climatic distance (Figure S4), particularly PC2 which reflected a longitudinal cline in the precipitation of the coldest quarter among the populations (Results not shown). Geographic distance showed a monotonic increase with genetic distance (after accounting for climatic distance), with the genetic differentiation increasing when populations were more than 200 km apart. When east and western Japan populations were analysed separately, evidence for IBD and IBE was only significant at the alpha = 0.1 level and explained 38% (northeastern Japan) and 65% (southwestern Japan) of the deviance in genetic differentiation (Figure S5).




3.3. Range-Wide Genetic Structure


Over all 30 populations, genetic differentiation based on Fst was 0.087 (with pairwise populations values ranging from 0.0033–0.327)), while Hedrick’s F’st was 0.218 and Jost’s D was 0.144. AMOVA showed that 89% of genetic variation was found within populations, 7.48% between populations and 3% between northeast and southwest Japan (Table 1). Genetic differentiation between populations was low in northeast Japan with an average Fst of 0.047 (varying between 0.0033–0.132) compared to 0.168 (0.024–0.327) in the southwest. The NJ tree indicated clear genetic divergence of northeast and southwest Japanese populations (Figure 3). Despite low overall genetic differentiation in northeast Japan, geographic based grouping of populations was evident with populations from Tohoku, Kanto and Japan Sea side/central Honshu forming separate clades with the exception of the Tohoku population OTA grouping with Kanto and the geographically isolated YAM (southern Fukushima Prefecture) population and a high elevation population from the Yatsugatake Mountains (SHIR) not grouping with any clade (Figure 3). In contrast, apart from the three closely related populations from Dogo Island, genetic relationships between populations in southwest Japan were not associated with geographic origin: MON (Shikoku) was closest to HAN (mainland Chugoku) and TOR (Shikoku), the most southern population, was closest to the small population GOU (mainland Chugoku). All populations in Shikoku and mainland Chugoku were characterized by high genetic divergence from northeast Japan populations, especially TOR and GOU. BAPS identified eleven clusters with all populations in northeast Japan forming one cluster except for four single population-based clusters: the most northern populations sampled (SAK and TOW), YAM and SHIR (Figure 4). In southwest Japan, all populations were identified as a separate cluster except for the three Dogo Island populations which formed a single cluster.



For the a posteriori DAPC analysis, the value of BIC decreased gradually from K = 10 to K = 15 (Figure S6). Clustering of individuals was mostly consistent with the genetic relationships based on the NJ tree with clear differentiation between northeast and southwest Japan populations, the grouping of the southwest populations GOU/ TOR and HAN/ MON at K = 5 and the strong divergence of southwest populations: all Shikoku and Chugoku populations were dominated by single unique clusters at K = 10 and K = 15 (Figure 4). In addition, DAPC and the NJ tree clearly shows that the three Dogo Island populations are closely genetically related. However, in contrast to the NJ tree, little discernible genetic differentiation was evident in the DAPC analysis within northeast Japan with the exception of the northern Tohoku TOW population and SHIR. The a priori DAPC analysis undertaken using the pre-defined 30 populations clearly supported the inferences made from the a posteriori analysis. Thus, the highest re-assignment values were in southwest Japan (Table S1, Figure 4), being over 0.82 for all Shikoku and mainland Chugoku populations indicating that these were clearly distinct populations. However, for the three Dogo Island populations, re-assignment values were low (average = 0.31). In northeast Japan, re-assignment values were low overall (average = 0.22). Tohoku had the highest values (average = 0.29) with the two most northern populations, SAK and TOW, forming moderately to clearly defined clusters with re-assignment values of 0.56 and 0.91, respectively. Lastly, Kanto (average = 0.17) and Japan Sea side/central Honshu (average = 0.19) had low values with the exception of SHIR (0.73). Re-assignment values based on the eleven pre-defined BAPS clusters were all equal to or above 0.5 except for SAK, SHIR and YAM populations (Figure 4).




3.4. Genetic Diversity and Bottlenecks


A total of 216 alleles were found at the 13 loci with 122 alleles shared between both northeast and southwest Japan. Ninety alleles were restricted to the northeast and only four to the southwest. Over all populations, average Ar was 4.49 and Ho was 0.57 (Table S1). Compared to the northeast (Ar = 4.76 and Ho = 0.59) lower genetic diversity was observed in the southwest (Ar = 3.73 and Ho = 0.49) (Table S1). Fis values at the population level varied between −0.069 and 0.301 with eleven populations displaying significant positive Fis values (Table S1). Four of the eight southwest populations had significant Fis values with the highest Fis value of 0.302 at the GOU population. Populations in northeast Japan with significant Fis values were mainly observed in the Japan Sea side/Central Honshu region including some small (KUB) and isolated (ATE, SHIO) populations. Only one population was observed with significant Fis values in both Kanto and Tohoku. At the regional level, genetic diversity levels differed markedly with highest Ar, PAr and Ho found in the Japan Sea side/Central Honshu and Tohoku regions and lowest in mainland Chugoku and Shikoku (Table 2: Figure 5). The lowest genetic diversity at the population level were observed in the isolated mainland Chugoku population, GOU, (Ar = 2.19 and Ho = 0.24)), while the highest was observed in the Japan Sea side population SAN (Ar = 5.42 and Ho = 0.66) (Table S1). Ar values > 5.0 were found on the Japan Sea side (SAN, TAT, NIS), Central Honshu (KUB, SHIO), Tohoku (GOY) and Kanto (YUN) (Figure 5) while lowest values for the northeast were observed at SHIR, TOW and YAM. In southwest Japan, population level Ar was lower than all northeast populations except for the Dogo Island populations (Figure 5). Twenty-one populations harboured private alleles with a maximum of four found in the Japan Sea side population TAT and the Tohoku population AZU and three each at GOY, OGO (both Tohoku) and YAM (Kanto) (Table S1). Twelve populations had one private allele of which three were from southwest Japan (TAK, HAN and MON). The Japan Sea side/Central Honshu and Tohoku regions had twenty-three and twenty-two private alleles, respectively, followed by eight in the Kanto region in comparison to two on Dogo Island and one each in mainland Chugoku and Shikoku regions (Table 2). Over all populations, significant increases in Ar with increasing latitude (p = 0.041) and “northeastness” (p = 0.0056) were observed while PAr significantly increased with increasing “northeastness” (p = 0.0035) but not versus latitude (p = 0.09). No significant correlations were found for northeast populations (results not shown).



Only one population, GOU from mainland Chugoku, was found to have evidence for a past bottleneck using the mode-shift test (Table S6). On the other hand, no population showed evidence for a bottleneck based on heterozygosity excess (Table S6).




3.5. Past Demographic Change and Estimates of Migration


The average classification error rate values of ABC-RF model choice in population size change and population divergence analyses for the six and two regions were 0.335 and 0.176, respectively (Table S7). Therefore, our model choices were considered to be conducted with relatively moderate precision. We also checked the goodness-of-fit of the best models for each region with predictive simulation and confirmed that in most summary statistics, predictive values of the best model were located near the observed value (results not shown).



In the population size change analysis of the six regions, PGM was selected in the three northeast Japan regions (Tohoku, Kanto and Japan Sea side/Central Honshu) and two southwest Japan regions (Dogo Island and Shikoku) with posterior probability between 0.533–0.914 (Table S7). SNM was selected in only the mainland Chugoku region. However, in Shikoku, as the proportion of votes of the best and the second-best models (PGM and SNM) were very near (0.516 and 0.451) and all the other results based on genetic diversity and species distribution modeling were inconsistent with PGM, we selected SNM for Shikoku. Trajectories of population size change of the three northeast Japan regions and Dogo Island were quite contrasting (Figure 6). The three northeast Japan regions started population expansion before 100,000 years ago and reached near the current size ca. 10,000 years ago while Dogo Island slowly grew in population size and suddenly expanded its size around 1000 years ago and recently reached near the current size. Mainland Chugoku and Shikoku showed smaller current effective population size compared with the other regions (Figure 7).



In the population divergence analysis of within northeast and southwest Japan regions, WMM1 was selected in both regions with posterior probability 0.699 and 0.612, respectively (Table S7). Posterior modes (95% HPDs) of divergence time (T3) for northeast and southwest Japan regions were 176,000 (150,000–2,730,000) and 250,000 (153,000–11,412,000) years ago, respectively (Table S8). Posterior modes (95% HPDs) of ancestral effective population size before divergence (NANC_ALL) were 1050 (17–16,100) and 15,400 (40–159,000), respectively. The average numbers of migrants per generation (NM) ranged between 2.91–29.84 and 0.47–3.73 in northeast and southwest Japan, respectively (Figure S7).




3.6. Species Distribution Modelling


The mean and standard deviation of the AUC, CBI and Brier score values for the MaxEnt models were 0.92 ± 0.02, 0.92 ± 0.04 and 0.055 ± 0.001 which indicates excellent prediction accuracy [98,107,108]. MeTWaQ was the most important climatic variable, followed by PrWaQ and MiTCM while PrCQ has the lowest contribution (i.e., importance) to the model (Table S9). The response of occurrence probability to the four climatic variables (Figure S8) showed that cooler summer mean temperature (lower than 14 °C), moderate precipitation during summer (ca. 800 mm) and moderate minimum temperature of coldest month (ca. −8 °C) were suitable climatic conditions for T. standishii distribution.



The predicted occurrence for the current climate showed that modelled potential habitat for the species was consistent with its actual distribution, with highest suitability values in Japan Sea side/central Honshu and mountain ranges of Tohoku and lower probability in southwest Japan (Figure 8). Most occurrences were within areas with occurrence probabilities of values over 0.1 and well within the area considered suitable habitat under both thresholds. The major exceptions were the isolated GOU and HAN populations in mainland Chugoku which were predicted only by the 99% threshold (occurrence probability values of between 0.001–0.02) (Figure 8). Southern Hokkaido, the highest mountains of the Kii Pensinsula and most of the mountains in Chugoku were predicted as potential habitat where the species is absent (i.e., empty habitat, [95]). During the LGM, both MIROC and CCSM predicted the highest habitat suitability to be in southwest Japan (Chugoku and Shikoku), the Kii Peninsula and the southern portion of the species range in the Japan Sea side/central Honshu region (Figure 9). The northern range limit during the LGM was predicted to be coastal areas of Tohoku either on the Japan Sea side (under CCSM) or on the Pacific side (under MIROC). In contrast, northern parts of central Honshu, inland and northern Tohoku and Hokkaido were predicted to be non-habitat during the period. Some areas, particularly in southwest Japan were predicted to have had suitable climates from the LGM to the present. The two LGM fossil records from northeast Japan were only predicted as suitable habitat using the 99% threshold with occurrence probability values of between 0.003–0.006, except for the fossil record from the Japan Sea side which had relatively high habitat suitability of 0.12 under CCSM (Figure 9).





4. Discussion


Assessment of the range-wide population genetic structure and diversity of T. standishii shows that the species fits a central-marginal genetic pattern with highest genetic diversity and effective population size in the core range in northeast Japan. Despite low differentiation between populations in northeast Japan, most likely due to the thorough sampling, some genetic relationships (although weak) were evident. Thus, Tohoku and Japan Sea side/Central populations formed separate clusters in the neighbour joining tree (Figure 3). On other hand, the most diverged populations were at the rear-edge in southwest Japan and, to a lesser extent, some leading-edge populations in northern Tohoku. The isolated southwest populations in Shikoku and mainland Chugoku were the most diverged and had the smallest effective population sized with evidence for limited gene flow between them. The factors underlying the observed genetic diversity and differentiation in both southwest and northeast Japan and conservation implications of the genetic findings are discussed below.



4.1. High Diversity and Range Dynamics in Northeast Japan


The high genetic diversity and low differentiation of populations in northeast Japan show that this region has supported meta-populations of T. standishii over time. ABC results support an overall net expansion of the species in northeast Japan beginning approximately 100,000 years ago (Figure 6) during the Last Glacial. A number of lines of evidence suggest that the core range in northeast Japan has undergone expansion and contraction repeatedly in response to the glacial interglacial cycles particularly in the most northern part of the range. Firstly, during the LGM areas of high habitat suitability are modelled to have been restricted to the southern portion of the species present northeast range and along the coastline of Tohoku. Secondly, a submerged forest of T. standishii from the Middle Pleistocene (marine isotope stage 8 starting 300–243 kya) from Aomori Prefecture beyond the present northern limit of the species at 41.38° latitude [84], shows that the species was present in Tohoku during previous glacial periods. However, the extent of contraction and expansion latitudinally is uncertain. Indeed, there is evidence for some populations persisting in areas of northeast Japan with no or extremely low modelled occurrence probability during the LGM including: (1) high levels of unique alleles in Tohoku populations, including GOY, OGO and AZU; (2) no significant decline in genetic diversity with increasing distance northwards in northeast Japan, as may be expected if Tohoku populations were established via postglacial migration [109]; and (3) no trend for an increase in genetic bottlenecks and inbreeding in Tohoku populations which were signatures of recent expansion into northern Japan in Pinus densiflora Siebold and Zucc. [110]. Similar evidence for small refugia in areas outside areas of modelled suitable habitat during the LGM in Tohoku has been found in other temperate trees including Cryptomeria japonica [111]) and Kalopanax septemlobus (Thunb. ex A.Murr.) Koidz. [112]. This discrepancy between modelled LGM distribution and genetic evidence could be due to the global circulation models used for LGM modelling simply not accurately reflecting LGM climates at the regional level or potentially the realized niches of species have changed since the LGM [113].




4.2. Genetic Distinctiveness and Biogeographic History of Rear-Edge Populations in Shikoku and Chugoku


The combined evidence from genetic data and SDM suggest that southwest populations of T. standishii are the relicts of populations that have persisted in the region since at least the Last Glacial. Firstly, a recent origin via postglacial spread from the northeast is unlikely because all populations in the southwest (excluding between populations on Dogo Island) are highly differentiated from one another and their divergence exceeds that between nearly all populations in the northeast range [114]. Secondly, ABC indicates that divergence of southwest regions occurred earlier than between regions in northeast Japan. Lastly, the SDM results show that suitable habitat has been available in southwest Japan from the LGM to present, although habitat suitability was higher in the LGM. This is also supported by fossil evidence that indicates the widespread occurrence of cool climate forests, including Cupressaceae conifers, in lowland areas of southwest Japan during the LGM (Gotanda et al. 2008).



The low genetic diversity of southwest rear-edge populations versus northeast populations, with southwest populations only harboring a subset of the variation found in the northeast with very few unique alleles, was unexpected given the evidence for the long-term existence of the species in the southwest. However, this finding is not unique, having been observed in a range of other plant species [115,116] including in the widespread endemic Japanese conifers Sciadopitys verticillata (Thunb.) Siebold and Zucc. [117] and Thujopsis dolabrata (Thunb. ex. L.f.) Siebold and Zucc. [118]. In T. standishii, the low diversity is likely a result of the forces of strong genetic drift eroding allelic diversity probably related to the declining habitat suitability since the LGM. Genetic drift also reduces the probability that new mutations survive [119,120], which may explain the almost complete absence of private alleles. Genetic drift has likely been stronger than in northeast Japan with for example even the extremely small Sado Island population (NYUG) having higher Ar than any population in mainland Chugoku or Shikoku (Figure 5). Another factor may be low levels of ongoing gene flow (NM) as evidenced by the migration analysis. A similar case has been observed in the southeast Australian cool temperate rainforest tree Nothofagus cunninghamii (Hook.f.) Heenan and Smissen [121], whereby rear-edge mainland Australian populations harbor only a subset of the genetic variation of the core range ~250 km to the south on the island of Tasmania. This was explained as a result of low effective population size, including during the LGM, and low levels of past and ongoing gene flow from core populations in Tasmania being insufficient to overcome genetic drift [121].



Apart from the most extreme case of population extinction, the impact of humans on T. standishii in the southwest is uncertain given the inherent difficulty in evaluating disturbance from humans on genetic diversity of forest trees [122]. In southwest Japan, fragmentation by humans has been implicated in genetic bottlenecks observed in the warm temperate evergreen tree Castanopsis cuspidata (Thunb.) Schottky [123] and it is likely that during the long history of human habitation in southwest Japan that T. standishii forests have also been impacted. Indeed, population extinction of T. standishii due to logging has occurred in southwest Japan in the 20th century [20] which, based on the results of this study, likely involved the loss of a unique genetic lineages (as is found in all extant populations in the southwest), but little decline in the species overall neutral allelic diversity. In extant southwest populations evidence for recent genetic bottlenecks is lacking, with the only exception being the small GOU population of mainland Chugoku, where a mode shift in allele frequency was detected.




4.3. Distinct Genetic Lineage of T. standishii on Dogo Island


Fossil evidence shows that Dogo Island was an important Last Glacial Maximum refugia for temperate forest species in Japan [124]. However, to date the genetic status of Dogo Island species has seldom been investigated including for an enigmatic group of usually subalpine/alpine species that occur down to sea level on Dogo Island consisting of Thuja standishii, Quercus crispula Blume, Schizocodon soldanelloides (Siebold and Zucc.) Makino and Allium schoenoprasum L. var. orientale Regel [125]. In the one previous range-wide population genetic study including a population from Dogo Island, in Cryptomeria japonica, although low genetic differentiation of Dogo Island from mainland Honshu populations was found, the number of rare and private alleles was one of the highest in the species [13] consistent with fossil pollen evidence of the species LGM survival [124]. In this study, we found that T. standishii on Dogo Island forms a distinct genetic lineage with genetic diversity exceeding any other populations in southwest Japan. ABC results indicate a unique demographic history of the species on the island involving a postglacial increase in effective population size. However, despite this there is evidence for low levels of gene flow as having occurred and possibly still occurring, with other southwest populations. Within the island, low genetic differences between the populations indicates sufficient gene-flow between populations.




4.4. Conservation Implications


Despite a scattered distribution and being rarer than many other Japanese conifers, T. standishii in northeast Japan was found to consist of a large meta-population with high genetic diversity, high gene flow (apart from the most northern populations in Tohoku) and little evidence for widespread inbreeding or genetic bottlenecks. This suggests that the species in the northeast of its range is resilient to factors that could degrade genetic diversity. In contrast, a long history of genetic drift and low gene flow in southwest populations, may result in further loss of genetic diversity in the future. However, decline in these rear-edge populations is not at all certain due to local adaptation and other local mechanisms [2]. In fact, their occurrence at relatively low elevations at the margins of the species ecological range make it possible that they harbor unique adaptive genetic variation [8]. Further research is needed to understand the extent of divergence of these populations at adaptive regions of the genome including using both genomic and common garden-based methods.
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Figure 1. Location of the 30 sampled populations of Thuja standishii indicated as black circles. The current distribution of the species is shown as small red circles. For full names of populations see Table S1 in the Supplementary Materials. The area surrounded by dashed line indicates the broad area where the major phylogeographic break in the Japanese flora between northeast and southwest Japan is situated [22,23,24,25]. Inset A shows the location of the study area in relation to the rest of Japan and the Eurasian mainland while inset B shows the location of the three populations sampled on Dogo Island with 100 m contour intervals shown as grey lines. The parts of the island where Thuja standishii is distributed are enclosed in red circles. 
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Figure 2. Visualization of the I-splines and their standard errors estimated from 1000 bootstraps of the Generalized Dissimilarity Model for the 30 populations of T. standishii. Shown are the I-splines for geographic distance and climatic distance represented by the first three principal components (PC) of a principal component analysis. The model explained 71% (p = 0.002) of the deviance in the genetic distance among the populations. The grey area shows one standard deviation of the bootstrapped I-splines. Red tick marks on the x-axis correspond to the spread of the data used in the analysis. 






Figure 2. Visualization of the I-splines and their standard errors estimated from 1000 bootstraps of the Generalized Dissimilarity Model for the 30 populations of T. standishii. Shown are the I-splines for geographic distance and climatic distance represented by the first three principal components (PC) of a principal component analysis. The model explained 71% (p = 0.002) of the deviance in the genetic distance among the populations. The grey area shows one standard deviation of the bootstrapped I-splines. Red tick marks on the x-axis correspond to the spread of the data used in the analysis.



[image: Diversity 13 00185 g002]







[image: Diversity 13 00185 g003 550] 





Figure 3. A neighbor-joining unrooted tree based on Nei’s Da of all 30 populations of Thuja standishii. The geographic region of each population is indicated by the color of the branches while the division between southwest and northeast is indicated by a broken line. For full names of populations see Table S1 in the Supplementary Materials. 
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Figure 4. Membership probability to genetic clusters inferred by the discriminant analysis of principal components (DAPC) method. The uppermost plot shows the a priori analysis using eleven Bayesian analysis of population structure (BAPS) -based pre-defined populations, with the re-assignment probability indicated below each cluster. The bottom three plots are based on the a posteriori analysis with three levels of K (K = 5, 10 and 15) shown. Populations are ordered from northeast to southwest of Japan with populations and BAPS clusters delineated by black lines. 
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Figure 5. Rarefied allelic richness (Ar) and rarefied private allelic richness (PAr) for the 30 populations of Thuja standishii based on the thirteen nuclear EST microsatellites. Populations are ordered by decreasing latitude from the northeast to southwest Japan. For full names of populations see Table S1 in the Supplementary Materials. 
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Figure 6. Trajectories of effective population size in the six regions of Thuja standishii as calculated by approximate Bayesian computation (ABC). Black lines and gray areas indicate the posterior mode and 95% highest posterior density, respectively. 
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Figure 7. Distributions of current effective population size in the six regions of Thuja standishii and their inferred population size change history calculated by approximate Bayesian computation (ABC). 
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Figure 8. The modelled occurrence probability under current climate for Thuja standishii based on four climatic variables. Presence records used for the model are shown as blue dots. Both thresholds of occurrence probability based on cut-off sensitivity values of 95% and 99% indicating areas of potential habitat are shown. 
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Figure 9. The modelled occurrence probability of Thuja standishii under the (a) CCSM and (b) MIROC Last Glacial Maximum global circulation model. Both thresholds of occurrence probability based on cut-off sensitivity values of 95% and 99 % indicating areas of potential habitat are shown. Model occurrence probabilities are projected on to land down to the LGM coastline with the present coastline outlined in black. The locations of the two known LGM fossil records [29,30] are indicated by white stars and current present records are shown as blue dots. 
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Table 1. Summary of analysis of molecular variance (AMOVA) results for northeast and southwest Japan and all 30 Thuja standishii populations.
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	Source
	df
	SS
	MS
	Est. Var.
	%





	Among northeast and southwest Japan
	1
	107.186
	107.186
	0.137
	3.17



	Among Pops
	28
	598.797
	21.386
	0.323
	7.48



	Within Pops
	1604
	6183.825
	3.855
	3.855
	89.35



	Total
	1633
	6889.808
	
	4.314757
	100







df = degrees of freedom, SS = sum of squares, MS = mean of the squares, Est. Var. = estimated variance of components, % = percentage of total variance contributed by each component.
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Table 2. Genetic statistics based on thirteen expressed sequence tags (EST) microsatellite loci for the six defined regions of Thuja standishii including the number of alleles (Na), number of effective alleles (Ne), observed (Ho) and expected (He) heterozygosity, fixation index (Fis), rarefied allelic richness (Ar) and rarefied private alleles (PAr) (both rarefied using a minimum sample size of 43 individuals) and the actual number of observed private alleles. In addition, the genetic statistics for northeast and southwest Japan groupings are also shown.
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	Region
	N
	Na
	Ne
	Ho
	He
	Fis
	Ar (43 ind.)
	PAr (43 ind.)
	No. of Private Alleles





	Tohoku
	230
	12.54
	3.86
	0.58
	0.63
	0.07
	9.07
	1.06
	22



	Kanto
	122
	10.77
	3.40
	0.58
	0.61
	0.05
	8.82
	0.8
	8



	Japan Sea side/Central Honshu
	255
	13.46
	4.18
	0.60
	0.65
	0.07
	9.52
	1.15
	23



	Dogo Island
	71
	8.15
	3.63
	0.57
	0.62
	0.07
	7.36
	0.2
	2



	Mainland Chugoku
	44
	5.00
	2.65
	0.40
	0.54
	0.25
	4.98
	0.09
	1



	Shikoku
	95
	7.69
	3.26
	0.49
	0.62
	0.21
	6.91
	0.24
	1



	northeast Japan
	607
	16.31
	4.02
	0.59
	0.64
	0.08
	9.73
	4.13
	90



	southwest Japan
	210
	9.69
	3.85
	0.50
	0.63
	0.20
	7.7
	2.17
	4



	Total
	27.23
	6.22
	3.14
	0.57
	0.58
	0.02
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