Multiple colonizations, hybridization and uneven diversification in Cyrtandra (Gesneriaceae) lineages on Hawai‘i Island
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ABSTRACT 
Aim
The diversity and composition of species pools within oceanic archipelagos is determined by a combination of colonization, abiotic tolerance, in situ diversification, biotic interactions, and extinction. The signature of biogeographic events and evolutionary processes, however, may be masked by recent coalescence and hybridization between closely related species. We used the species-rich plant genus Cyrtandra (Gesneriaceae) to investigate the roles of colonization and hybridization in shaping community assemblages on the geologically young Hawai‘i Island. 
Location
Hawaiian Islands.
Taxon
Cyrtandra (Gesneriaceae).

Methods
We sampled 29 Cyrtandra taxa and putative hybrids across the main Hawaiian Islands and generated single nucleotide polymorphisms (SNPs) from nine single-copy nuclear genes. Maximum likelihood and Bayesian inference were used to reconstruct phylogenetic relationships, divergence times were estimated using secondary calibrations and island ages, and ancestral area estimation was done using likelihood models. Lastly, we used a Bayesian population assignment test and principal components analysis to infer population genetic structure.
Results
Cyrtandra colonization of the main Hawaiian Islands appears to have followed the progression rule, whereby the oldest high Hawaiian Islands (Kaua‘i and O‘ahu) were colonized first, followed by colonization of the younger islands as habitat became available. Hawai‘i Island was colonized four times, with two dispersal events from O‘ahu and two from Maui Nui. The different colonization events gave rise to significantly uneven numbers of species, and hybridization among the incipient lineages was detected in the form of intermediate genotypes. 
Main Conclusions
Our investigation into community assembly in a species-rich plant genus on a geologically young oceanic island revealed a history of multiple colonizations and hybridization among colonizing lineages. The rapid diversification (3.5 species/My) of one of four Cyrtandra lineages on Hawai‘i Island may be the result of hybridization between genetically diverse lineages that stem from independent colonization events. Multiple colonization events followed by a merging of lineages may be particularly common during early-stage community assembly on islands and, through the generation of genetic variation, may be especially important for species diversification. 
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1. INTRODUCTION

Oceanic islands, with their often well-defined geological histories, relative isolation, and heterogeneous environments, represent ideal model systems for the study of biogeography and evolution (Carlquist, 1965). The processes that shape the identity and abundance of species in ecological communities (hereafter referred to as community assembly) were first outlined in MacArthur and Wilson’s Theory of Island Biogeography (1967). According to this seminal theory, the biota of oceanic islands is determined by a combination of colonization, in situ diversification, and extinction events. Islands in close proximity to source areas are expected to experience more frequent colonization and limited in situ diversification relative to isolated islands, and large islands are predicted to have lower rates of extinction relative to small islands. Abiotic tolerance of the dispersal site and biotic interactions among colonists will also influence membership in local communities (Pillon, Munzinger, Amir, & Lebrun, 2010; reviewed in Kraft & Ackerly, 2014). Despite the role of islands in motivating theories of community composition and structure (MacArthur & Wilson, 1967; Diamond, 1975; Hubbell, 2001), empirical studies of community assembly on islands are few. The assembly of an island’s biota from immigration through to later successional stages can be inferred with confidence in exceptional cases, such as the volcanic eruption in 1883 that eradicated all life on the Krakatau Islands, leaving it sterilized (Whittaker, Jones, & Partomihardjo, 1997). These examples are rare, however, and their temporal scales are insufficient for tracking the slower mechanisms of speciation and extinction. Moreover, the fossil records of many oceanic islands are poor due to their young geologic age and mostly volcanic origin. As a result, the evolutionary histories of their biota are usually reconstructed indirectly through molecular genetics or phylogenetics of the insular species.
Elucidating patterns of community assembly on islands through phylogenetic analysis is often complicated by poor resolution of species-level relationships due to limited genetic variation or high gene flow/recent coalescence (e.g., Percy et al., 2008; Bacon, Allan, Zimmer, & Wagner, 2011). Monophyletic assemblages of species on single oceanic islands may be expected as a result of niche pre-emption, whereby the first species to colonize an island fully occupies (and possibly diversifies within) the full possible range of niches and prevents closely related species with similar ecological requirements from colonizing (Silvertown, 2004; Emerson & Gillespie, 2008; Waters, Fraser, & Hewitt, 2013). Alternatively, monophyly may be an artifact of recent coalescence of a historically polyphyletic colonizing clade, within which extinctions have left only those lineages that share a recent common ancestor (Saunders & Gibson, 2005). 
Patterns of community assembly on islands may be further obscured by hybridization between closely related species that erases signals of repeated colonization (Herben, Suda, & Munclinger, 2005). The extent of hybridization may vary across taxonomic groups and islands, although it may be more frequent on young volcanic islands given the availability of novel habitat and the dynamic nature of the landscape (Stuessy & Crawford, 1998). Hybridization is likely to remain undetected when only a few genes – especially uniparentally-inherited cytoplasmic genes – and a few individuals per species, are sampled. Uncovering the “ghost of hybridization past” is expected to require data sets involving a larger number of unlinked loci combined with analysis of species-distinctive phenotypic traits (Herben et al., 2005; Price & Muir, 2008). While the significance of hybridization in the evolution of island biotas remains poorly understood, the diversity of introgressed phenotypes that are created through hybridization at the early stages of island colonization may be key to the species radiations (adaptive or otherwise) that are characteristic of islands (Seehausen, 2004). Multiple colonizations followed by hybridization would provide much greater genetic diversity and thus evolutionary potential than expected within a young island lineage by escaping the genetic bottlenecking of founder effects (Emerson & Faria, 2014).
	The Hawaiian Islands are a celebrated model of island systems, with famous examples of adaptive radiations such as the honeycreepers, picture-wing flies, the silversword alliance and lobeliads (Carlquist, 1965). The majority of phylogenetic studies of Hawaiian angiosperms reveal monophyly of genera, indicating ancestral colonization of the islands by a single progenitor (reviewed in Keeley & Funk, 2011), with a few exceptions (Scaevola: Howarth, Gustaffson, Baum, & Motley, 2003; Santalum: Harbaugh & Baldwin, 2007; Coprosma: Cantley, Swenson, Markey, & Keeley, 2014). Inter-island colonization typically follows the progression rule (Wagner & Funk, 1995), whereby colonists on older islands subsequently disperse to progressively younger islands as new habitat becomes available. While variations on this theme exist due to the unpredictable nature of dispersal vectors (e.g., back-dispersal to older islands via wind, water, or birds), niche pre-emption may commonly act to reinforce the progression rule (Shaw & Gillespie, 2016). 
In this study, we used single nucleotide polymorphisms (SNPs) from nine single-copy nuclear genes to examine patterns of island colonization and hybridization in a species-rich Hawaiian plant genus, Cyrtandra J.R. & G Forst. (Gesneriaceae). Cyrtandra is one of the most diverse and widespread plant genera in the Pacific Basin with ~175 species distributed from the Solomon Islands, east to the Marquesas, and north to the Hawaiian Islands (Atkins, Bramley, & Clark, 2013). Hawaiian Cyrtandra (~60 species, Wagner, Herbst, & Lorence, 2005) descend from a single ancestor (Cronk, Kiehn, Wagner, & Smith, 2005; Clark, Wagner, & Roalson, 2009) that likely arrived from Fiji ca. 4.6 Mya (Johnson, Clark, Wagner, & McDade, 2017). The majority of species are single-island endemics, with only three species having multi-island distributions. We conducted extensive sampling of Cyrtandra populations and taxa across the main Hawaiian Islands, with a particular focus on the Island of Hawai‘i, which is the youngest in the archipelago at < 1 myo (Obbard et al., 2012) and still growing due to multiple active volcanoes. Because of the geologically young age of Hawai‘i Island, it is likely that the processes unique to young islands are still ongoing (Gillespie & Baldwin, 2010). Signals of the island’s colonization history and hybridization among taxa are therefore more likely to be detected compared to those on the older Hawaiian Islands. Our detailed taxon sampling coupled with genetic data for multiple nuclear loci allowed unprecedented insight into the transitional stages of evolution toward species saturation and equilibrium on a geologically young island and captured the initial period of community assembly when colonization and speciation may still prevail over extinction.




2. MATERIALS AND METHODS 
2.1 Taxon sampling
	We sampled 28 of the 60 Cyrtandra species that are endemic to the Hawaiian Islands (Table 1). A more complete taxon sampling was hampered by the large proportion of rare (25%), vulnerable (10%), endangered (18%), and extinct (7%) Hawaiian Cyrtandra taxa (Wagner et al., 2005), and the associated difficulties of locating populations and securing sampling permits. All 10 Cyrtandra species described from Hawai‘i Island (Wagner, 1990; Wagner, 1999; Lorence & Perlman, 2007) were sampled, as well as a single taxon that is in the process of being described (Johnson et al., in prep) based on genetic and morphological distinctness. We also sampled infraspecific taxa (varieties and subspecies) and putative interspecific hybrids (based on intermediate morphological characters). In total, 334 accessions were collected from 28 sites across the main Hawaiian Islands (Fig. 1; Table 2). Species identifications were made based on comparison with taxonomic descriptions in Wagner (1990,1999), as well as herbarium specimens housed at the Bishop Museum Herbarium Pacificum (BISH) and the National Tropical Botanical Garden (PTBG). Four Cyrtandra species from Vanuatu were included as outgroups to root the phylogeny based on relationships inferred in Johnson et al. (2017). Fresh leaf material was collected in silica gel, and voucher specimens were deposited at PTBG (see Appendix S1 in Supporting Information). 
2.2 Genotyping
	Silica-dried leaves were homogenized with lysing matrix A tubes in a FastPrep-24 instrument for 40s at 4.0m/s (MP Biomedicals, Santa Ana, CA). DNA was extracted from the lysate using a Nucleospin® Plant II Kit (Macherey-Nagel, Düren, Germany). Nine single-copy nuclear genes (Appendix S2) that were previously identified for Cyrtandra (Pillon, Johansen, Sakishima, Chamala, et al., 2013) were sequenced from a few accessions that represented a priori the phylogenetic diversity of each genus. Sequences were aligned in MEGA6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) and SNPs were then identified (Appendix S3). SNPs were genotyped for all accessions using Sequenom technology at the University of Arizona Genetics Core Lab. A few accessions that were collected later in the study, or for which the initial genotyping failed, were genotyped by Sanger sequencing at the University of Hawai‘i at Hilo Core Genetics Facility. 
2.3 Phylogenetic and dating analyses
	SNPs were concatenated into an alignment, and accessions with unique genotypes were identified for each taxon. These accessions were used in all phylogenetic analyses. Putative hybrids were excluded from phylogenetic analyses to limit conflict in topological reconstructions. We conducted Maximum Likelihood (ML) analysis with RAxML v. 8.2.10 (Stamatakis, 2014) in the CIPRES Science Gateway v. 3.3 (Miller et al., 2010), using the GTR+GAMMA model of sequence evolution. Given that the analysis of genetic datasets consisting of only variant sites (i.e., SNPs) can lead to overestimation of branch lengths and biases in topological inference, we applied an ascertainment bias correction to our RAxML analysis that computes conditional likelihood based on the exclusive presence of variable sites in the data (Lewis, 2001). The search for the best-scoring tree was done using 1000 replicates of rapid bootstrapping.
	Bayesian inference and molecular dating were conducted using BEAST2 v. 2.4.8 (Ronquist et al., 2012) in the CIPRES Science Gateway v. 3.3 (Miller et al., 2010). The tree was modeled under a Yule process using a random starting tree, the GTR+I+G substitution model, and a relaxed clock with a lognormal distribution. Given that there are no known fossils in the Gesneriaceae family, we used a combination of secondary calibration points and geological dates to calibrate the tree. We placed a secondary calibration point at the crown of the Hawaiian Cyrtandra clade based on the previous dating analysis of Pacific Cyrtandra by Johnson et al. (2017), which estimated the crown age of Hawaiian Cyrtandra at 4.57 mya (4.14–5.03, 95% HPD). Island age calibration points were placed at three nodes that exhibit progression rule divergence: the C. hawaiensis/C. calpidicarpa/C. grandiflora clade, the C. platyphylla/C. grayi clade, and the endemic Hawai‘i Island group (Table 3). Age estimates for the main Hawaiian Islands were based on a combination of K–Ar or Ar–Ar dates and a growth model for typical Hawaiian volcanoes (see Obbard et al., 2012 and references within). Each calibration point was assigned a lognormal distribution, with shield completion dates for the oldest volcano on each island used for mean ages, and standard deviations set to include the age of the oldest surface rocks on each island (Table 3). Given that they were connected for most of their history, the islands of Maui, Moloka‘i, Kaho‘olawe and Lāna‘i were treated as a single island region, referred to as Maui Nui (Wagner & Funk, 1995). Two independent Markov Chain Monte Carlo (MCMC) analyses were run for 300 million generations, sampling every 5,000 generations. Independent runs were merged in LogCombiner v. 2.5.0 (Bouckaert et al., 2014), and chain convergence was checked in Tracer v. 1.6 (Rambaut, Suchard, Xie, & Drummond, 2014) by examining log likelihood plots and ensuring that Effective Sample Size (ESS) values were well above 200. After discarding 25% of the trees as burn-in, a maximum clade credibility tree with mean node heights was constructed using TreeAnnotator v. 2.5.0 (Bouckaert et al., 2014). For ML and BI analyses, tree topology and node support were examined in Figtree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).
	Given that concatenation can lead to branch-length overestimation (particularly at younger nodes) and topological inconsistencies (Ogilvie, Bouckaert, & Drummond, 2017), we also implemented a multi-species coalescent approach to estimate divergence times in the SNAPP module of BEAST2 v. 2.5.0 (Bouckaert et al., 2014). SNAPP combines Bayesian species-tree inference with a molecular clock model to infer the species tree and divergence times directly from SNPs. We acknowledge that this method is also not ideal for our particular dataset, given that SNAPP expects SNPs to be from unlinked loci, but we accepted this caveat in order to gauge differences in divergence times resulting from the methods implemented. Following the method of Stange, Sánchez-Villagra, Saltzburger, and Matschiner (2018), we used the Ruby script “snapp_prep.rb” to generate an XML input file for SNAPP. The ultrametric BEAST tree was pruned to include a single accession for each taxon (except for multi-island taxa for which we included a single representative for each island) and used as a starting tree. The same four age constraints were used as in the BEAST analysis, and two independent analyses were run for two million generations, sampling every 50 generations. Chain convergence was checked in Tracer, and independent runs were merged in LogCombiner. We removed the first 10% of sampled trees as burn-in and constructed a maximum clade credibility tree with mean node heights in TreeAnnotator. Tree topology and node ages were visualized in Figtree. 



2.4 Ancestral area estimation
	BioGeoBEARS (BioGeography with Bayesian (and likelihood) Evolutionary Analysis in R Scripts’; Matzke, 2013) in the R statistical environment (R Development Core Team, 2014) was used to estimate ancestral areas for Hawaiian Cyrtandra. Johnson et al. (2017) found the BayArea-like+j+x model (Bayesian Inference of Historical Biogeography for Discrete Areas; Landis, Matzke, Moore, & Huelsenbeck, 2013) to be the best model for describing biogeographic patterns in Hawaiian Cyrtandra, thus we used this model to estimate ancestral areas in the present study. This model includes anagenetic dispersal and extinction as base parameters, as well as the free parameters “j” (founder events; Matzke, 2014) and “x” (dispersal distance; Van Dam & Matzke, 2016), which are likely important for understanding biogeographic patterns on islands. The ultrametric SNAPP tree was pruned to remove outgroup taxa and used to reconstruct ancestral areas. Four geographic areas were defined (Kaua‘i, O‘ahu, Maui Nui, and Hawai‘i Island) and each taxon was assigned to an area based on collection locality. Distances between areas were determined using ArcGIS software (ESRI, 2011), with x being defined as the distance between the centers of two areas measured in kilometers. Distances were then rescaled (dividing by the smallest distance) to ensure that units of measurement would not influence the outcome of likelihood searches. The maximum number of areas (i.e., the number of allowed geographic ranges that can be explored together in state space) was set to two, and models were compared for statistical fit using the Akaike Information Criterion (AIC) and a Likelihood Ratio Test (LRT). Lastly, we used BioGeoBEARS to perform a biogeographic stochastic mapping (BSM) analysis (Dupin et al., 2016; Matzke, 2016). We conducted 500 stochastic mapping simulations on the best model to get event counts for biogeographic processes involving anagenesis (range switching and range expansion dispersal) and cladogenesis (narrow sympatry, subset sympatry, vicariance, and founder events), as well as to infer the directionality of dispersal events. 

2.5 Population genetic analyses
Population genetic structure was assessed with the program STRUCTURE v. 2.3.4 (Pritchard, Stephens, & Donnelly, 2000; Falush, Stephens, & Pritchard, 2003). This Bayesian population assignment test uses genotype frequencies to group individuals into populations by testing the data against various models of possible population numbers or genetic clusters (K). We tested the complete dataset (i.e., 334 accessions, with an average of 11 accessions/taxon) against models of K = 1–9 for Cyrtandra. For each value of K, we performed five independent simulations with a run length of 500,000 generations following a 100,000 generation burn-in, using the admixture model with correlated allele frequencies, and sampling location as a prior to facilitate clustering. The optimal K was determined by evaluating the likelihood of K (Pritchard et al., 2000) and ΔK (Evanno, Regnaut, & Goudet, 2005) as implemented in STRUCTURE Harvester (Earl & vonHoldt, 2012). Independent simulations for the optimal K values were summarized using the default settings in CLUMPAK (Kopelman, Mayzel, Jakobsson, Rosenberg, & Mayrose, 2015). The resulting cluster membership coefficients (Q-values, which sum to one across clusters) were used to assign individuals into logical groups based on the finest level of population structure recovered (i.e., the highest K value). Individuals with Q-values < 0.9 were considered to be of mixed ancestry, while individuals with Q-values ≥ 0.9 were assigned to a discrete lineage. This threshold Q-value of 0.9 was selected based on several studies that have shown a high degree of efficiency and accuracy in detecting hybrids at this level (Beaumont et al., 2001; Grant, Grant, Markert, Keller, & Petren, 2004; Vähä & Primmer, 2006). As a second method of estimating population structure for Hawai‘i Island species, alleles were separated with DNAsp (Librado & Rozas, 2009) using default settings, coded as present/absent (0/1) for each individual, and included in a matrix for principal components analyses (PCA) in PAST (Hammer, Harper, & Ryan, 2001). 
3. RESULTS
3.1 Phylogenetic relationships
	A total of 34 SNPs across nine nuclear loci were genotyped successfully in 334 accessions of Cyrtandra (mean number of accessions/taxon = 11; data to be deposited in Dryad). The amount of missing data (percentage of individual SNPs that were not successfully genotyped) was low at 5.6%. The alignment used for phylogenetic analyses consisted of 96 accessions representing 29 Hawaiian Cyrtandra taxa and four outgroup taxa from Vanuatu. Summary statistics for each locus are presented in Appendix S3. 
	Bayesian and ML analyses resulted in similar tree topologies with no conflicting relationships supported above 0.50 posterior probability (PP) or 50% bootstrap support (BS). Species largely grouped by island, and accessions of the same taxa tended to cluster together (Fig. 2). Basal nodes were generally well supported, with weaker support in more recently diverged taxa. Two accessions of C. heinrichii from Kaua‘i were reconstructed as sister to all remaining Hawaiian taxa (77 BS, 1.0 PP). Cyrtandra wawrae was in turn strongly supported (0.99 PP) as sister to the rest of the Hawaiian taxa in the BI analysis. In the ML analysis, a clade comprising all of the remaining Kaua‘i taxa was supported as sister to the remaining Hawaiian taxa (90 BS), with the exception of the unplaced C. wawrae. The three non-endemic Hawai‘i Island taxa were placed with conspecifics on older islands (C. hawaiensis: 64 BS, 0.99 PP; C. paludosa var. paludosa: 28 BS, 0.77 PP; C. platyphylla: 56 BS, 0.97 PP). Both accessions of C. hawaiensis from Hawai‘i Island were placed sister to the O‘ahu C. hawaiensis/C. calpidicarpa/C. grandiflora group in the ML analysis, while the BI analysis placed one of the Hawai‘i Island C. hawaiensis accessions within the O‘ahu C. laxiflora/C. propinqua/C. sandwicensis group. Neither of these conflicting placements was supported. The eight endemic Hawai‘i Island taxa clustered together, although there was no support for this group in the ML or BI analyses (11 BS, 0.53 PP).	      
3.2 Divergence times
	The concatenation approach implemented in BEAST2 suggested that the four Hawai‘i Island lineages appeared within a very narrow time frame. The mean divergence time estimates for the split between these lineages and their closest sampled relatives were as follows: 1) C. paludosa var. paludosa = 2.10 mya, 2) C. hawaiensis = 1.92 mya, 3) C. platyphylla = 1.24 mya, and 4) the endemic Hawai‘i Island group = 1.36 mya. For the crown nodes, mean divergence times were estimated to be 1.35, 1.22, 0.92, and 1.18 mya, respectively (Appendix S4). These ages differed slightly from those estimated using a multi-species coalescent approach in SNAPP, with nodes > 2 mya generally appearing slightly older and nodes < 2 mya being reconstructed as considerably younger in the coalescent analysis (Table 4). Importantly, the divergence times estimated in SNAPP for the Hawai‘i Island lineages were more closely aligned with the known geologic age of the island (< 1 mya).
3.3 Ancestral area estimation
	There was significant improvement in the likelihood of the BayArea-like model when founder events and dispersal distance were added as free parameters (see Table S5.1 in Appendix S5). Of the four models evaluated, three were plausible (i.e., Δ AIC values were < 7; Burnham, Anderson, & Huyvaert, 2011), but given that the model results were broadly congruent we selected the model with the highest likelihood, BayArea-like+j+x. The BayArea-like+j+x model was significantly better than the null model (BayArea-like) according to a LRT (LnL = −27.31 vs. LnL = −34.78, df = 2, p < 0.001). The resulting rate parameters (in events per million years) of the BayArea-like+j+x model include: anagenetic dispersal rate (d) = 0, extinction rate (e) = 2.6207, founder events rate (j) = 0.1166, and dispersal distance rate (x) = −1.0610. The negative dispersal distance rate indicates that the probability of dispersal decreases as distance increases. Given the parameters of the BayArea-like+j+x model, results from the BSM analysis suggest that 73% of all cladogenetic events involved narrow (within-island) sympatry, and 27% involved founder events (see Table S5.2 in Appendix S5). Ancestral area estimation under the BayArea-like+j+x model indicates that Cyrtandra first colonized the oldest high Hawaiian Islands, although the initial colonization point could not be resolved (highest probability a combined Kaua‘i/O‘ahu region, followed by Kaua‘i, and then O‘ahu; Fig. 4). The ancestral areas for the four Hawai‘i Island lineages were as follows: C. paludosa var. paludosa and C. hawaiensis from O‘ahu, and C. platyphylla and the large endemic group from Maui Nui.
3.4 Population genetic structure
The clustering analysis revealed a highly structured set of populations across the four major islands (Fig. 5). The highest support was for four genetic populations (K = 4,  K = 5.9), which corresponded to the following regions: 1) Kaua‘i, 2) O‘ahu/Maui Nui, 3) O‘ahu/Hawai‘i Island, and 4) Maui Nui/Hawai‘i Island. Strong support was also found for two genetic clusters (K= 2,  K = 5.7), corresponding to a major split between the Kaua‘i/O‘ahu/Hawai‘i Island cluster and an O‘ahu/Maui Nui/Hawai‘i Island cluster. Lastly, we found additional support for seven genetic clusters (K = 7,  K = 3.0), which corresponded to the major clades recovered in the phylogenetic analysis. In total, two distinct genetic populations were identified on Kaua‘i, four on O‘ahu, two on Maui Nui, and four on Hawai‘i Island. The four Hawai‘i Island lineages were as follows: 1) C. paludosa var. paludosa, 2) C. hawaiensis, 3) C. platyphylla, and 4) the group of eight endemic Hawai‘i Island species. At the finest level of population genetic structure supported in the analysis (K = 7), 49 out of 153 individuals sampled on Hawai‘i Island exhibited mixed ancestry (Fig. 5; Table 5). Nine of these individuals appeared to be early-generation hybrids based on Q-values < 0.52. The frequency and direction of gene flow between Hawai‘i Island colonizing lineages is shown in Figure 5, with the most pervasive gene flow occurring from C. hawaiensis into C. paludosa var. paludosa and from C. platyphylla into the endemic lineage. Lastly, genetic similarities in population structure were identified between the non-endemic Hawai‘i Island species and conspecifics from older islands. 
The PCA of individuals from Hawai‘i Island generally separated C. paludosa var. paludosa, C. hawaiensis, C. platyphylla, and the endemic group. Some overlap was observed between C. platyphylla and the endemic species (Fig. 6), which was not surprising given the placement of these two groups as sister in the phylogenetic analysis (Fig. 2). More substantial overlap was observed between the four major clusters and the putative hybrids (Fig. 6), further supporting the admixture observed in many of the hybrid individuals in the STRUCTURE analysis (Fig. 5). Comparison of C. paludosa var. paludosa, C. hawaiensis and C. platyphylla accessions from Hawai‘i Island with accessions of the same species from older islands (O‘ahu or Maui) in a PCA (see Appendix S6) revealed higher levels of genetic variation within populations on young Hawai‘i Island. Further, the accessions of C. hawaiensis and C. platyphylla from Hawai‘i Island were positioned intermediately between accessions of the same species from older islands and accessions of the species endemic to Hawai‘i Island (see Appendix S6).
4. DISCUSSION
4.1 Multiple colonizations of Hawaii Island
	A recent biogeographic analysis by Johnson et al. (2017) that included 32 of 60 Hawaiian Cyrtandra species and was based on three nuclear and two chloroplast loci recovered four colonization events on Hawai‘i Island: 1) C. paludosa var. paludosa from Kaua‘i, 2) C. lysiosepala from Maui Nui, 3) C. wagneri and C. giffardii from Maui Nui, and 4) C. platyphylla, C. mensiezii, C. tintinnabula, C. hawaiensis, C. kohalae, and C. nanawalensis from Maui Nui. In this earlier analysis, however, there was no support for the backbone of the tree, and only a single accession was included for most taxa. The phylogenetic analysis presented here that is based on 34 nuclear SNPs and multiple accessions of each taxon resulted in improved resolution across the backbone of the tree, and also recovered higher support for the nodes leading to colonization of Hawai‘i Island. Our biogeographic analysis based on this improved phylogenetic tree indicated that extinction, founder events, and dispersal distance have all played major roles in shaping species distribution patterns of Cyrtandra in the Hawaiian Islands. The BSM results revealed four colonizations of Hawai‘i Island, with three of the four events resulting in species that are not endemic to Hawai‘i Island (C. paludosa var. paludosa, C. platyphylla, and C. hawaiensis). Further, we found that each of these multi-island species appears to be closely related to conspecific populations from older islands. 
	Several predictions derived from the general dynamic model of oceanic island biogeography (see Whittaker, Triantis, & Ladle, 2008 and references within) may be directly applicable to our finding of multiple colonizations of Hawai‘i Island. First, colonization of Hawai‘i Island by genetically diverged forms may be unusually frequent relative to that of other oceanic islands as a result of the proximity of this island to Maui Nui (50 km today, maybe less historically; Price & Clague, 2002). Indeed, we found that nearby Maui Nui was the most likely source of propagules for colonization events on Hawai‘i Island. Secondly, Hawai‘i Island is geologically young and its two highest mountains exceed 4,000 m in elevation, such that the landscape is extremely heterogeneous compared to older oceanic islands. Colonizing lineages may be more likely to establish successfully given this combination of extensive habitat availability and high habitat diversity. Lastly, the land area of Hawai‘i Island is greater than 10,000 km2, providing ample ecological opportunity for taxa with similar niche requirements. Within Hawaiian Cyrtandra, species are morphologically and ecologically similar, being understory shrubs or small trees with white flowers and white fleshy fruits, and occur in montane to lowland wet forests, or occasionally mesic valleys. The small white flowers suggest nocturnal moth pollination (Gardener & Daehler, 2006), and dispersal is thought to occur via bird endo- and/or ectozoochory (Johnson et al., 2017). Strong competition among closely related species dispersing independently to a new island can be expected, and should prevent multiple colonizations according to niche pre-emption theory (Silvertown, 2004). However, the sheer size of Hawai‘i Island may increase the odds of dispersal to allopatric (but ecologically similar) locations within the island, and thus preclude direct competition. It is also possible that the multiple colonizations by congeneric taxa detected here for Hawai‘i Island are in fact common on older oceanic islands, but their signals are lost through hybridization and time.
A potential limitation to our reconstruction of colonization events on Hawai‘i Island is incomplete taxon sampling, which can be lead to inaccuracies in phylogenetic inference (Hillis, Pollock, McGuire, & Zwickl, 2003) and ancestral range reconstructions (Salisbury & Kim, 2001; but see Li, Steel, & Zhang, 2008). However, a recent study comparing various taxon sampling densities in Galliform birds found that erroneous placement of taxa had only minor effects on the probability of ancestral ranges (Wang, Kimball, Braun, Liang, & Zhang, 2017). Furthermore, this study suggested that as long as trees are robust and include taxa that are geographically representative, studies with limited taxon sampling could recover ancestral ranges that are comparable with those that have complete taxon sampling. In the present study, we were not able to include ~50% of the known Hawaiian Cyrtandra species due to the rare nature of many taxa. However, taxa that were sampled are representative of the morphological diversity described in the most recent taxonomic treatment (i.e., multiple taxa from each of the six sections based on morphology were included; Wagner, 1990); representative of all the major clades recovered in earlier phylogenetic studies with denser (Johnson et al., 2017) or differential taxon sampling (Clark et al., 2009); inclusive of all 11 known species on the island of interest (Hawai‘i Island); and largely representative of known geographic ranges. The most likely effects of incomplete taxon sampling in the present study are the inconclusive result for the initial colonization point of Cyrtandra in Hawaii, and the reconstruction of O‘ahu as the ancestral area for two of the non-endemic Hawai‘i Island taxa. Specifically, we did not sample populations of C. paludosa var. paludosa on Kaua‘i or Maui Nui, or C. hawaiensis on Maui Nui. It seems highly likely based on the importance of dispersal distance that C. hawaiensis and C. paludosa var. paludosa arrived on Hawai‘i Island via progressive colonization from Maui Nui as habitat became available. If this scenario is true, all four colonizations of Hawai‘i Island were via Maui Nui. Additional taxon sampling is needed from these older islands to confirm this hypothesis.
While the present study improves our understanding of the role of colonization in community assembly within oceanic archipelagos, it is unclear if the pattern observed here may be extended to ancestral colonization of whole archipelagos. The probability of an island being colonized multiple times by a given genus decreases sharply with geographic isolation (Emerson & Gillespie, 2008), but taxa with high dispersability (e.g., those that are dispersed by birds) may overcome these odds (Gillespie et al., 2012). With the increasing availability of phylogenetic information, long-distance dispersal is more frequently being recognized as important in establishing the biota of remote islands (de Queiroz, 2005), and may even result in highly unlikely colonization events (e.g., from Africa to the Hawaiian Islands: Kim, Keeley, Vroom, & Jansen, 1998; from the Hawaiian Islands to Réunion Island: Le Roux et al., 2014). Long-distance dispersal thus may not be as much of a limiting factor as previously thought. 

4.2 Uneven species richness in colonizing lineages
Although the four colonizing lineages appear to have reached Hawai‘i Island at similar times, differences in diversification rate within these lineages resulted in uneven species richness. Three of the four colonization events resulted in a single species that is not endemic to Hawai‘i Island, while the fourth resulted in eight endemic species. The C. paludosa var. paludosa lineage appears to be the oldest of the four, and yet did not diversify upon reaching Hawai‘i Island. In fact, we found that the number of Cyrtandra species in the four Hawai‘i Island lineages is significantly uneven (X2 = 13.36, p = 0.01). The pattern observed here is similar to the multiple colonizations of Psychotria s.l. (Psychotrieae-Palicoureae) in New Caledonia where four colonizers gave rise to one, four, four and 78 species (Barrabé et al., 2014). 

Assuming monophyly of the largest radiation of Cyrtandra (eight species) on Hawai‘i Island (< 1 Myo) and using equation 3 of Magallón and Sanderson (2001), the diversification rate within the endemic Hawai‘i Island Cyrtandra group is estimated to be 3.5 species/My. This estimate, which uses island age rather than clade age, is devoid of the inaccuracy associated with molecular clocks (Graur & Martin, 2004) and is comparable to some of the highest diversification rates reported for plants (Valente, Savolainen, & Vargas, 2010). Given that Hawai‘i Island appears to have been colonized by the four lineages at similar times, it seems unlikely that the high rate of diversification in the endemic lineage is solely the result of niche pre-emption. Additional factors explaining higher diversification in the endemic lineage on Hawai‘i Island should be examined in future studies, especially the possibility for biological advantages such as prolonged flowering times and higher seedling recruitment.

4.3 Hybridization between colonizing lineages
	Hybridization between sympatric (Wagner, 1990; Smith, Burke, & Wagner, 1996; Pillon Johansen, Sakishima, Roalson, et al., 2013; Johnson, Price, Price, & Stacy, 2015) and allopatric species of Hawaiian Cyrtandra (Johnson et al., 2015) was inferred by several earlier studies based on molecular and/or morphological evidence. Research based on morphological characters (Wagner, 1990) and RAPD markers (Smith et al., 1996) also confirmed that at least one species is of hybrid origin (C. kaulantha from O‘ahu), and suggested that hybridization within Hawaiian Cyrtandra was mostly limited to intersectional crosses. In the most recent taxonomic treatment, species of Hawaiian Cyrtandra were classified into six sections based on morphology, with the sections proposed to correspond to 4-6 separate introductions to the Hawaiian Islands (Wagner, 1990). While subsequent phylogenetic research has suggested a single introduction of Cyrtandra to the Hawaiian Islands (Cronk et al., 2005; Clark et al., 2009; Johnson et al., 2017), this earlier hypothesis of multiple introductions followed by hybridization between colonizing lineages may be applicable to patterns of community assembly within archipelagos. In the present study, we found evidence of multiple colonization events on Hawai‘i Island and hybridization between lineages that colonized the island independently. Of the 153 individuals sampled on Hawai‘i Island, 32% were identified as inter-lineage hybrids (Fig. 5; Table 5). Gene flow appears to be especially frequent between lineages that are more closely related (C. hawaiensis and C. paludosa var. paludosa; C. platyphylla and the endemic lineage). Putative hybrids identified by intermediate morphologies in the field also exhibited mixed genotypes in the PCA (Fig. 6). A limitation of the present study was an inability to distinguish all species from one another in the population genetic analyses, despite being morphologically distinct. The finest level of population structure detectable with our SNP dataset was colonizing lineages, which in turn limited our detection of hybridization to inter-lineage hybrids. Future studies should focus on acquiring larger genomic datasets that will permit detection of genetic differences at the species level. 

Relative to the older high islands, we found elevated levels of admixture in the multi-island species on Hawai‘i Island, suggesting that either hybridization is more common on this geologically young island due to its availability of novel habitats (Rieseberg et al., 2007), or the signal of hybridization is more easily detected on this island due to its recent colonization history. For two of the three widespread species (C. hawaiensis and C. platyphylla), the higher genetic variation in populations from Hawai‘i Island relative to those on the older islands is consistent with greater introgression with other species on Hawai‘i Island. Further, for these same species, individuals from Hawai‘i Island were genetically intermediate between conspecific individuals from older islands and the island-endemic group. This pattern suggests gene flow from the endemic group into these two species on Hawai‘i Island rather than incomplete lineage sorting, since the ancestral gene pools on older islands do not include the diversity of alleles found on the youngest island. Indeed, we found evidence of gene flow from the endemic lineage into these non-endemic taxa in the STRUCTURE analysis (Fig. 5). Alternatively, the lower genetic diversity observed in these two widespread taxa on older islands might be the result of extinction. The third widespread species (C. paludosa var. paludosa) showed lower genotypic diversity on Hawai‘i Island, but appeared to be more genetically distinct relative to conspecific populations on O‘ahu. Nonetheless, this species is clearly involved in at least some hybridization events on Hawai‘i Island as its alleles are found admixed with those of other species in putative hybrid individuals (Fig. 5; Fig. 6). A study examining reproductive barriers among species of Hawaiian Cyrtandra found weak to absent post-zygotic barriers between Hawai‘i Island C. paludosa var. paludosa and several other sympatric and allopatric species, further substantiating that this species is involved in hybridization events on Hawai‘i Island (Johnson et al., 2015). Additionally, this study found strong asymmetrical gene flow from C. platyphylla into several other sympatric and allopatric taxa, with C. platyphylla acting as a good pollen donor but a poor receiver. This result was further supported in the present study by our finding of frequent asymmetrical gene flow from C. platyphylla into the endemic lineage (Fig. 5). 
Many examples of hybridization in island plants that have resulted in the formation of new species or even entire radiations have been documented (Table 6). In general, the assumption has been that the hybrid between the two parental lineages was formed in the continental source area and later dispersed to the island, with evidence of its origin being lost to extinction. However, some ancestors of island radiations may be better explained by hybridization following long-distance dispersal of both parental lineages, for example when the latter originated on different continents (Dierschke, Mandakova, Lysak, & Mummenhoff, 2009). There is at least one demonstrated case where two diploid parental lineages independently colonized South America (from North America), hybridized, and (almost) went extinct leaving an orphan allotetraploid lineage (Johnson, Chan, Pozner, & Glazier, 2012). 

Hybridization may favor establishment in novel habitats (Rieseberg et al., 2007), a major advantage after long-distance dispersal has been achieved. When the newly combined genomes are too distant, polyploidization would serve to decrease genic and chromosomal incompatibilities in the hybrid (Paun, Forest, Fay, & Chase, 2009). It is therefore possible that a lineage of hybrid origin, such as the Hawaiian silverswords (Barrier, Baldwin, Robichaux, & Purugganan, 1999), could be the sole legacy of multiple ancestral colonization events. Hybridization between lineages following multiple colonization events may be common on oceanic islands (Garrick et al., 2014; Faria et al., 2016), and the genetic diversity contributed by multiple colonizers may facilitate species diversification. This would allow species to escape genetic bottlenecks associated with founder effects that are expected to be severe on islands (Stuessy, Takayama, Lopez-Sepulveda, & Crawford, 2014). 

5. CONCLUSIONS

Our investigation into community assembly in a species-rich plant genus on a geologically young oceanic island revealed a history of multiple colonizations and hybridization among different colonizing lineages. We suggest that the rapid diversification (3.5 species/My) of one of the four Cyrtandra lineages on Hawai‘i Island may be the result of hybridization between genetically diverse lineages that stem from independent colonization events. Hybridization between lineages following multiple colonization events may be common on oceanic islands and may contribute to the evolutionary success of some lineages. Further research involving more complete genome information and taxon sampling in Hawaii and across other island systems is needed to determine if this scenario of multiple colonizations followed by hybridization and uneven diversification is restricted to islands within archipelagos, or if it may be applied to ancestral colonization of whole archipelagos. 
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Table 1. Current estimate of the number of Cyrtandra species found on each Hawaiian Island (Wagner et al., 2005), the number of endemic species, and the number of species sampled in the present study.
	Island
	No. of species
	Endemic species
	Sampled species

	Kauai
	14
	13
	6

	Oahu
	23
	21
	9

	Maui Nui
	17
	14
	6

	Hawaii Island
	11
	8
	11




Table 2. Collection details for Cyrtandra taxa across the main Hawaiian Islands, including island, sampling locality, species, and number of individuals sampled. Site numbers correspond to the map in Figure 1.

	Site
	Island
	Sampling Locality
	Cyrtandra species (n individuals)

	1
	Kaua‘i
	Kuia 
	wawrae (1) 

	2
	Kaua‘i
	Kōke‘e State Park 
	kauaiensis (9), longifolia (14), kauaiensis x longifolia (3)

	3
	Kaua‘i
	Blue Hole
	heinrichii (12), kealiae subsp. kealiae (9), paludosa var. microcarpa (10), wawrae (3), kealiae x heinrichii (1)

	4
	O‘ahu
	Palikea
	waianaeensis (1)

	5
	O‘ahu
	Hanaemoa Gulch
	calpidicarpa (3), laxiflora (4)

	6
	O‘ahu
	Waikane
	hawaiensis (6), propinqua (4)

	7
	O‘ahu
	Kalauwahine
	cordifolia (1), grandiflora (3), sandwicensis (12)

	8
	O‘ahu
	Kulu‘ī Gulch
	cordifolia (7), grandiflora (4), paludosa var. paludosa (3)

	9
	O‘ahu
	Pia Gulch
	cordifolia (5), grandiflora (7)

	10
	O‘ahu
	Kuli‘ou‘ou
	paludosa var. paludosa (11)

	11
	Moloka‘i
	Kamakou Preserve
	grayana (6), macrocalyx (15), procera (14)

	12
	Maui
	Kaua‘ula
	lydgatei (1)

	13
	Maui
	Waikamoi Preserve
	grayi (7), platyphylla (6), platphylla x grayi (2)

	14
	Hawai‘i Island
	Waiaka
	kohalae (5), hawaiensis (5), lysiosepala (1), hawaiensis x sp. (1)

	15
	Hawai‘i Island
	Kaiwilahilahi
	hawaiensis (1), tintinnabula (3)

	16
	Hawai‘i Island
	Kilau
	tintinnabula (1), wagneri (3)

	17
	Hawai‘i Island
	Laupāhoehoe FR
	tintinnabula (5)

	18
	Hawai‘i Island
	Kalohewahewa
	C. sp. nov. (1)

	19
	Hawai‘i Island
	Saddle Rd MM12
	giffardii (1)

	20
	Hawai‘i Island
	Saddle Rd MM14/16
	platyphylla (5)

	21
	Hawai‘i Island
	Halepua‘a
	nanawalensis (7)

	22
	Hawai‘i Island
	Keau‘ohana FR
	nanawalensis (10)

	23
	Hawai‘i Island
	Upper Waiākea FR
	lysiosepala (10), giffardii (4), paludosa var. paludosa (8), platyphylla (10), C. sp. nov. (12), lysiosepala x paludosa (1), platyphylla x giffardii (5), platyphylla x lysiosepala (5)

	24
	Hawai‘i Island
	‘Ōla‘a FR
	paludosa var. paludosa (9)

	25
	Hawai‘i Island
	Hawai‘i Volcano National Park
	lysiosepala (3), giffardii (5), giffardii x lysiosepala (7)

	26
	Hawai‘i Island
	Saddle Rd MM19
	lysiosepala (2), platyphylla (11)

	27
	Hawai‘i Island
	Manukā FR
	hawaiensis (5)

	28
	Hawai‘i Island
	South Kona FR
	menziesii (6)












Table 3. Calibration points used for the dating analysis in BEAST. Dates are based on the crown age of the clade indicated and are in millions of years ago. The age for the Hawaiian Cyrtandra clade is a secondary calibration from Johnson et al. (2017). Calibration points 2-4 are based on island ages, with shield completion dates for the oldest volcano on each island used for mean ages, and standard deviations (SD) set to include the age of the oldest surface rocks on each island. Calibration points are numbered as in Figure 3.
	Calibration
	Clade
	Mean
	SD

	1
	Hawaiian Cyrtandra
	4.57
	0.08

	2
	hawaiensis/grandiflora/calpidicarpa
	3.54
	0.06

	3
	platyphylla/grayi
	1.37
	0.15

	4
	Hawai‘i Island endemic lineage
	0.26
	0.40




Table 4. Estimated crown ages (in millions of years ago) of key nodes using the concatenation method in BEAST and the multi-species coalescent method in SNAPP. Ranges in parentheses represent the 95% highest posterior density (HPD).
	Node
	BEAST age
	SNAPP age

	Hawaiian Cyrtandra 
	4.45 (3.80-5.11)
	4.52 (3.71-5.25)

	C. paludosa var. paludosa
	2.10 (1.25-2.94)
	2.45 (1.18-3.70)

	C. hawaiensis
	1.92 (0.51-2.01)
	0.41 (0-1.30)

	C. platyphylla
	1.24 (0.45-1.35)
	0.67 (0.08-1.22)

	Hawai‘i Island endemic lineage
	1.18 (0.77-1.59)
	0.76 (0.37-1.23)




























Table 5. Inferred ancestry of Hawai‘i Island Cyrtandra inter-lineage hybrids estimated using STRUCTURE. Cluster membership coefficients (Q-values) are shown for the four genetic clusters (C. paludosa, C. hawaiensis, C. platyphylla, and the endemic lineage) recovered on Hawai‘i Island when K = 7. Bolded numbers represent Q-values used to distinguish inter-lineage hybrids based on a threshold of <0.9.
	Morphological Classification
	C. paludosa 
	C. hawaiensis
	C. platyphylla
	Endemic lineage

	C. paludosa 
	0.3590
	0.0955
	0.0132
	0.5287

	C. paludosa
	0.7864
	0.1972
	0.0034
	0.0116

	C. paludosa
	0.7786
	0.1958
	0.0072
	0.0164

	C. paludosa
	0.7862
	0.1966
	0.0038
	0.0120

	C. paludosa
	0.7862
	0.1966
	0.0038
	0.0122

	C. paludosa
	0.7844
	0.1966
	0.0040
	0.0136

	C. paludosa
	0.7860
	0.1964
	0.0038
	0.0124

	C. paludosa
	0.7864
	0.1964
	0.0040
	0.0120

	C. paludosa
	0.7862
	0.1964
	0.0040
	0.0120

	C. paludosa
	0.7876
	0.1970
	0.0034
	0.0108

	C. paludosa
	0.7864
	0.1962
	0.0038
	0.0122

	C. paludosa
	0.7878
	0.1970
	0.0034
	0.0106

	C. paludosa
	0.7840
	0.1958
	0.0044
	0.0142

	C. paludosa
	0.7862
	0.1966
	0.0038
	0.0120

	C. paludosa
	0.7876
	0.1972
	0.0034
	0.0108

	C. paludosa
	0.7874
	0.1972
	0.0034
	0.0108

	C. paludosa
	0.7866
	0.1966
	0.0036
	0.0120

	C. hawaiensis
	0.0104
	0.7977
	0.0264
	0.1365

	C. hawaiensis
	0.0170
	0.6555
	0.0538
	0.1919

	C. hawaiensis
	0.0170
	0.6509
	0.0532
	0.1882

	C. hawaiensis
	0.0488
	0.3342
	0.2160
	0.3082

	C. hawaiensis
	0.0054
	0.5192
	0.0676
	0.3948

	C. platyphylla
	0.0022
	0.0086
	0.1753
	0.8101

	C. platyphylla
	0.0028
	0.0030
	0.8851
	0.1049

	C. platyphylla
	0.0018
	0.0022
	0.8824
	0.1110

	C. kohalae
	0.0018
	0.0022
	0.1376
	0.8564

	C. kohalae
	0.0018
	0.0022
	0.1363
	0.8579

	C. giffardii
	0.0046
	0.0040
	0.0945
	0.8903

	C. giffardii
	0.0042
	0.0048
	0.0933
	0.8909

	C. lysiosepala
	0.0214
	0.0214
	0.8037
	0.0937

	C. lysiosepala
	0.0040
	0.4083
	0.3999
	0.1830

	C. lysiosepala
	0.0018
	0.0022
	0.1357
	0.8585

	C. lysiosepala
	0.0024
	0.0044
	0.2306
	0.7586

	C. menziesii
	0.0136
	0.0184
	0.0264
	0.8524

	C. nanawalensis
	0.0070
	0.0136
	0.6851
	0.2707

	C. nanawalensis
	0.0018
	0.0022
	0.1368
	0.8572

	C. nanawalensis
	0.0024
	0.0044
	0.2297
	0.7593

	C. nanawalensis
	0.0026
	0.0046
	0.2314
	0.7570

	C. tintinnabula
	0.0402
	0.0508
	0.1838
	0.7223

	C. tintinnabula
	0.0018
	0.0022
	0.1357
	0.8585

	C. sp. nov.
	0.0024
	0.0046
	0.2315
	0.7573

	C. sp. nov.
	0.0020
	0.0034
	0.1563
	0.8357

	C. sp. nov.
	0.0026
	0.0024
	0.2020
	0.7878

	hybrid
	0.0024
	0.0024
	0.2020
	0.7900

	hybrid
	0.4741
	0.1340
	0.0130
	0.3681

	hybrid
	0.4021
	0.1078
	0.0126
	0.4749

	hybrid
	0.4598
	0.1265
	0.0102
	0.3989

	hybrid
	0.4165
	0.1137
	0.0578
	0.4060

	hybrid
	0.0042
	0.4080
	0.4004
	0.1827







Table 6. Examples of insular plant lineages with hybrid origins, many of which are also polyploids (e.g., allotetraploids). Where the two parental lineages have distinct geographic origins, they are separated by a “+” symbol.
	Lineage
	Distribution
	Putative origin of parental lineages
	Reference

	Silversword alliance
	Hawaii
	California
	Barrier et al. (1999)

	Hawaiian mints
	Hawaii
	North America
	Roy et al. (2013)

	Hawaiian violets
	Hawaii
	America
	Marcussen et al. (2012)

	Santalum boninensis
	Ogasawara Islands
	Hawaii
	Harbaugh (2008)

	Ficus
	Ogasawara Islands
	Japan (main islands) + China?
	Kusumi et al. (2012)

	Vanilla tahitensis1
	Polynesia
	America
	Lubinsky et al. (2008)

	Phyllanthus group 5
	New Caledonia
	New Caledonia + Madagascar?
	Kathriarachchi et al. (2006)2

	Codia belepensis
	Belep Islands
	New Caledonia (main island)
	Pillon et al. (2009)

	Pachycladon
	New Zealand
	Northern Hemisphere?
	Joly et al. (2009)

	Lepidium clade A
	Australia, New Zealand
	California + Africa
	Dierschke et al. (2009)

	Microseris
	Australia, New Zealand
	North America
	Vijverberg et al. (1999)

	Nicotiana sect. suaveolentes
	Oceania, Africa
	Neotropics
	Kelly et al. (2013)

	Epidendrum jimenezii
	Cocos Islands
	Central America
	Igea et al. (2015)


1Dispersion and hybridization may have been human mediated.
2See Barrabé et al. (2014) for discussion.
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Figure 1. Distribution of Cyrtandra sampling sites across the main Hawaiian Islands. A list of site names, species collected and number of individuals can be found in Table 2. Numbers in parentheses correspond to the emergence of the oldest volcano on each island in millions of years ago. Photographs depict Cyrtandra species resulting from the four colonization events to Hawai‘i Island, with C. giffardii representing the event that resulted in eight endemic species. 
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Figure 2. Bayesian maximum clade credibility tree from a BEAST analysis of 34 concatenated SNPs from nine single-copy nuclear loci. Node support is indicated as maximum likelihood bootstrap support (BS) and Bayesian posterior probabilities (PP). An asterisk indicates 100% BS or 1.0 PP; a dash indicates that the branch was not supported (< 50% BS or < 0.50 PP values). Single letters next to taxon names indicate the island of collection (K = Kaua‘i, O = O‘ahu, M = Maui Nui, and H = Hawai‘i Island). Inset shows the maximum likelihood tree from the RAxML analysis.
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Figure 3. Hawaiian Cyrtandra divergence times based on a SNAPP analysis of 34 SNPs. Nodes are set at mean divergence dates, and bars represent the 95% highest posterior density. Numbered black circles indicate nodes used for calibration points (see Table 3). Shaded background denotes the shield emergence for each island, starting from the left. 
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Figure 4. Ancestral area estimation for Hawaiian Cyrtandra based on the chronogram produced in SNAPP, and the best model determined in BioGeoBEARS (BayArea-like+j+x). Areas are color-coded for the four island regions depicted in the map. Pie graphs at each node indicate the probability of a given area (or combined areas). Arrows on the map depict the direction and number of founder events between islands as determined in a biogeographic stochastic mapping analysis. Dashed arrows represent the uncertainty in the initial colonization point (either Kaua‘i or O‘ahu).
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Figure 5. STRUCTURE analysis of Hawaiian Cyrtandra genetic populations. K = Kaua‘i, O = O‘ahu, Mo = Moloka‘i, M = Maui Nui, and H = Hawai‘i Island. Optimal K values are based on log likelihood plots and delta K values. Within Hawai‘i Island, there are four genetic clusters corresponding to C. paludosa var. paludosa, C. platyphylla, C. hawaiensis, and the endemic Hawai‘i Island group (eight species). The flow chart shows the direction and number of inter-lineage hybrids recovered on Hawai‘i Island based on cluster membership coefficients (Q-values) when K = 7 (see Table 5).
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Figure 6. Principal components analysis (PCA) showing distinct genotypes for Hawai‘i Island Cyrtandra and putative hybrids. The endemic group comprises eight species found only on Hawai‘i Island, while the other three species occur on multiple islands. 
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