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Abstract  43 

Climate change and geological events have long been known to shape biodiversity, 44 

implying that these can likewise be viewed from a biological perspective. To study 45 

whether plants can shed light on this, and how they responded to climate change there, 46 

we examined Oreocnide, a genus widely distributed in SE Asia. Based on broad 47 

geographic sampling with genomic data, we employed an integrative approach of 48 

phylogenomics, molecular dating, historical biogeography, and ecological analyses. We 49 

found that Oreocnide originated in mainland East Asia and began to diversify ~6.06 Ma, 50 

probably in response to a distinct geographic and climatic transition in East Asia at 51 

around that time, implying that the last important geological change in mainland SE 52 

Asia might be 1 Ma older than previously suggested. Around four immigration events 53 

to the islands of Malesia followed, indicating that immigration from the mainland could 54 

be an underestimated factor in the assembly of biotic communities in the region. Two 55 

detected increases of diversification rate occurred 3.13 and 1.19 Ma, which strongly 56 

implicated climatic rather than geological changes as likely drivers of diversification, 57 

with candidates being the Pliocene intensification of the East Asian monsoons, and 58 

Pleistocene climate and sea level fluctuations. Distribution modelling indicated that 59 

Pleistocene sea level and climate fluctuations were inferred to enable inter-island 60 

dispersal followed by allopatric separation, underpinning radiation in the genus. Overall,  61 

our study, based on multiple lines of evidence, linked plant diversification to the most 62 

recent climatic and geological events in SE Asia. We highlight the importance of 63 

immigration in the assembly and diversification of the SE Asian flora, and underscore 64 

the utility of plant clades, as independent lines of evidence, for reconstructing recent 65 

climatic and geological events in the SE Asian region.  66 

 67 

Key words Biogeography, evolutionary history, Oreocnide, phylogeny, SE Asia, 68 

Urticaceae 69 

Introduction 70 

Climatic change, especially changes in temperature and precipitation regimes, and 71 

geological events such as tectonic collisions, are important and interconnected factors 72 

that profoundly affect the evolution and biogeography of biotas (Antonelli et al., 2018). 73 

Climate change alters the geographical location of suitable climatic niches, resulting in 74 

shifts in species distributions and/or local adaptation, whereas geological events can 75 

fundamentally change the regional landscape, creating new niches and erecting or 76 

removing dispersal barriers. Therefore, climate and geological changes can jointly 77 

promote speciation and large-scale biotic interchange (Cody, Richardson, Rull, Ellis, & 78 

Pennington, 2010; Vermeij, 1991), and affect the distribution of biodiversity across 79 

scales (Craven, Knight, Barton, Bialic-Murphy, & Chase, 2019; Kissling et al., 2012; 80 

Ricklefs, 2004). Such biological responses might, in turn, cause significant changes to 81 

regional climate, with profound feedback effects on local biodiversity (e.g. Hoorn et al., 82 

2010; Liu et al., 2013). Biodiversity hotspots are hence commonly associated with areas 83 
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that have undergone recent (i.e. a few to tens of millions of years) changes in geological 84 

or regional climate regimes (Favre et al., 2015). Likewise, global climate shifts affect 85 

biogeographic and phylogeographic patterns in plant communities via sea-level 86 

changes that are important for our understanding of distribution patterns of both aquatic 87 

and terrestrial organisms (Guo et al., 2018; Slik et al., 2011; Woodruff, 2010; He et al., 88 

2019). Therefore, understanding the evolutionary history of biotic groups can provide 89 

an additional source of evidence for elucidating the nature and timing of geological and 90 

climatic events in their region of occurrence (Diaz et al., 2019; Mao et al., 2012; Zhao, 91 

Xia, Cannon, Kress, & Li, 2016). 92 

Present anthropogenic climate change is already reshaping species distributions, 93 

biodiversity patterns and ecosystem structure (Hooper et al., 2012), leading to 94 

observable range shifts (Nathan et al., 2011; Trakhtenbrot, Nathan, Perry, & 95 

Richardson, 2005) and rising sea levels (IPCC, 2013) with potentially major impacts 96 

upon biogeography (Pfeifer-Meister et al., 2016). However, much about how plants 97 

respond to climate change over longer timescales remains uncertain. Understanding 98 

the interaction between biological evolution and climate change is particularly relevant 99 

in islands and archipelagos, which have long been considered natural laboratories for 100 

the study of evolution (Lohman et al., 2011; Santos, Field, & Ricklefs, 2016).  101 

Stretching from southern China to New Guinea (Gower et al., 2012), Southeast 102 

Asia harbors four of the Earth’s 25 major biodiversity hotspots (Myers, Mittermeier, 103 

Mittermeier, Da Fonseca, & Kent, 2000), and ranks as one of the highest in the world 104 

in terms of species richness and endemism (Cámara-Leret et al., 2020). This region lies 105 

on the intersection of several tectonic plates and thus has both a complex climatic 106 

history and very high rates of geological change (Robert Hall, 1998, 2002). Here, unlike 107 

some other biodiversity hotspots, geological and climatic changes caused landmasses 108 

to vary in size and interconnectedness over time. Changing sea levels due to Pleistocene 109 

climate oscillations drastically altered the land areas and connectivity of SE Asia 110 

(Meltzner et al., 2017; Voris, 2000). Our understanding of past sea levels and their 111 

impacts upon island connections in SE Asia is rapidly increasing (Lambeck, Esat, & 112 

Potter, 2002; E. J. Rohling et al., 2019). In SE Asia, a few studies have revealed effects 113 

of geography, climate and sea levels upon both zoogeography (Clouse & Giribet, 2010; 114 

Li & Li, 2018; Zarowiecki et al., 2014) and phytogeography for certain taxonomic 115 

groups (Janssens et al., 2016; Sirichamorn, Thomas, Adema, van Welzen, & Parmakelis, 116 

2014; Stelbrink, Albrecht, Hall, & von Rintelen, 2012). Nonetheless, the provenance 117 

and dispersal direction of the biota in SE Asia remain controversial (Kooyman et al., 118 

2019), and the causal effects underlying plant biogeography there have rarely been 119 

examined using multiple lines of evidence. Therefore, inference of geological and 120 

climatic events from plant evidence in this region has rarely been possible so far. 121 

Addressing this challenge requires integrating interdisciplinary lines of evidence 122 

(Gower et al., 2012; Robert  Hall, 2017), and using diverse analytical approaches 123 

(Favre et al., 2015). An ideal subject for such analysis would be a widespread clade 124 

across the whole region, for which detailed knowledge of the systematics and ecology 125 

of all taxa exist. 126 

The Angiosperm genus Oreocnide (Urticaceae) contains ten recognized species 127 
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distributed throughout SE Asia (Fig. 1), with highest diversity in continental south 128 

China, the island of Taiwan and the Philippine Sea plate; it is ideal for inferring the 129 

geological and climatic history of SE Asia. First, preliminary examination of Oreocnide 130 

species distributions indicates distribution patterns closely related to specific 131 

tectonomorphological features, making it a suitable plant model to investigate past 132 

geological and climatic events. Second, potential capabilities for dispersal by rats and 133 

local birds (Nago et al., 2019; Osuri et al., 2017) and for at least some species across 134 

long distances in seawater (Wu et al., 2018), means that the genus could be 135 

representative of typical modes and directions of dispersal for biota in SE Asia. Finally, 136 

the genus consistently inhabits tropical and subtropical forests (Chen, Lin, Friis, 137 

Wilmot-Dear, & Monro, 2003), where both the mean annual temperature and 138 

precipitation are very high (Fig. 2). The genus would hence be profoundly affected by 139 

expansions and contractions of this habitat type, and therefore its evolution and 140 

biogeography should exhibit potentially strong signals from past environmental shifts. 141 

Here, we aimed to determine how plants respond to the climate and geological 142 

change in SE Asia, so we examined the evolutionary history of Oreocnide, using an 143 

integrative approach to provide insights into the geological and climatic history of SE 144 

Asia. Phylogenetic relationships and divergence times were estimated using genomic 145 

data, with multiple calibration points, from which ancestral area reconstructions (AARs) 146 

were deployed, and shifts in diversification rate were tested for. Finally, ecological 147 

niche modeling (ENM) and ecological analysis were carried out to examine past, 148 

present and future range shifts for all species of Oreocnide. 149 

2 Materials and Methods 150 

2.1 Taxon sampling and DNA sequencing  151 

Because there are few taxonomic studies on Oreocnide to date, some species are still to 152 

be verified as natural taxa, so we recognized ten species following The Plant List (2010) 153 

and Flora of China (Chen, Lin, Friis, Wilmot-Dear, & Monro, 2003). A total of 63 154 

individuals including all ten species and covering the entire distribution range 155 

of Oreocnide were sampled, and assigned to species based on morphology. Each 156 

species was sampled from as many localities as possible, across as much of its range as 157 

possible. For seven species, we were able to collect multiple individuals from different 158 

locations across their whole range, especially for the most widespread species O. 159 

rubescens.  From O. integrifolia it was only possible to obtain material from one region 160 

of its range, i.e. Indochina (area B, see below), but we did gather seven samples of it 161 

spread across that region. However, for O. boniana and O. obovata, due to their narrow 162 

distribution and sequencing failures, only one individual was successfully sequenced 163 

from each species. Outgroup taxa were selected based on our previous phylogenetic 164 

studies of Urticaceae (Wu et al., 2018; Wu et al., 2013), and we included 23 species 165 

from 17 genera which represented four main clades (Clade I-IV) of Urticaceae. A 166 

complete list of accessions with sample number, collection localities, voucher specimen 167 

numbers and GenBank accession numbers is given in Table S1.  168 



 5 / 27 

 

Total genomic DNA was extracted from silica-gel dried leaves or herbarium 169 

materials using the CTAB method (Doyle & Doyle, 1987). Library construction was 170 

performed with NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (New 171 

England BioLabs) following the manufacturer’s instructions. Sequencing was 172 

implemented using the Illumina HiSeq X Ten platform, which produced 150 bp paired-173 

end reads. The expected sequencing quantity of each sample was ca. 4 Gigabyte. 174 

2.2 Sequence assembly, annotation and alignment 175 

Raw data of sequences were assembled firstly by de novo assembly which was 176 

conducted in SPAdes v3.9.1 (Bankevich et al., 2012), setting the kmer length to 85-115 177 

bp; followed by connection conducted with Bandage v0.8.1 (Wick, Schultz, Zobel, & 178 

Holt, 2015). Boehmeria umbrosa (GenBank accession number MF990291) was used as 179 

reference for assembling and annotation. Inverted repeat boundaries were determined 180 

by blast, and verified by reads mapping in GENEIOUS v9.1.4 (Kearse et al., 2012). All 181 

sequences were annotated by PGA (Qu, Moore, Li, & Yi, 2019). The quality of the final 182 

plastome scaffolds was assessed and they were adjusted manually to correct for errors 183 

or ambiguities. Using GENEIOUS, the coding sequences (CDS) of 78 protein-coding 184 

genes were extracted from each sampled plastome, and 18S ribosomal RNA - internal 185 

transcribed spacer 1- 5.8S ribosomal RNA-internal transcribed spacer 2 - 28S ribosomal 186 

RNA genes (18S-ITS1-5.8S-ITS2-26S) were also extracted. We aligned sequences in 187 

GENEIOUS, and non-alignable regions were excluded from the alignments using 188 

Gblocks version 0.91b (Castresana, 2000); the best alignment was selected by IQ-189 

TREE (Nguyen, Schmidt, von Haeseler, & Minh, 2015) with default settings. 190 

2.3 Phylogenetic analyses 191 

Phylogenetic analyses were conducted using four datasets, (a) complete plastomes, (b) 192 

coding DNA sequences (CDS), (c) 18S-ITS1-5.8S-ITS2-26S (nrDNA) sequences and 193 

(d) complete plastomes + nrDNA sequences. Both maximum likelihood (ML) and 194 

Bayesian inference (BI) analyses were employed. The models of best fit for the single 195 

or combined datasets were determined by jModelTest2 (Darriba, Taboada, Doallo, & 196 

Posada, 2012). ML analyses were implemented in RAxML v8.2.12 (Stamatakis, 2014) 197 

on the CIPRES Science Gateway v3.3 (Miler, Pfeiffer, & Schwartz, 2010). Tree support 198 

was assessed through 1000 bootstrap replicates. The GTR + G substitution model was 199 

used in the ML analyses. BI analyses were performed in MrBayes v3.2.2 (Ronquist et 200 

al., 2012) on the CIPRES Science Gateway (Miler et al., 2010). Four Markov Chain 201 

Monte Carlo (MCMC) chains were run for one million generations until the average 202 

standard deviation of split frequencies fell well below 0.01. Each run started with a 203 

random tree and sampled every 1000 generations. After discarding the first 25% of trees 204 

as burn-in, a 50% majority-rule consensus tree was constructed from the remaining 205 

trees to estimate posterior probabilities (PP). No well-supported conflicts were 206 

observed among the chloroplast genomic and nuclear ribosomal phylogenies, therefore, 207 

we combined the complete chloroplast genomes with the nrDNA datasets for further 208 

analyses.  209 
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 210 

2.4 Divergence time estimation 211 

2.4.1 Calibration points selection 212 

Although no fossil is unequivocally assignable to Oreocnide, Urticaceae has an 213 

extensive fossil record. Therefore, age estimates within Oreocnide were inferred using 214 

a large-scale, time-calibrated dating method that covered the four main clades of the 215 

Urticaceae (Wu et al., 2013). Such an approach allowed us to incorporate multiple fossil 216 

calibrations and consequently reduced bias in the results, relative to using a single 217 

calibration point. Three well-identified fossils that fell into different clades of 218 

Urticaceae were used to calibrate the topology: a staminate flower of Forsskaleae, and 219 

fossil achenes of Pilea and Urtica. Their minimum age constraints followed our 220 

previous work on the whole family Urticaceae (Wu et al., 2018). Our sampling across 221 

Urticaceae was unbalanced, which can affect topology and lead to bias in the dates 222 

calculated (Milne, 2009). Therefore, we additionally used three secondary calibration 223 

points taken from Wu et al. (2018). For the first, the most recent common ancestor 224 

(MRCA) of Clade I +Clade IV was constrained using a normal distribution with a mean 225 

of 54.9 Ma and a standard deviation of 1.0. For the second, the MRCA of Clade II+ 226 

Clade III was constrained with a normal distribution, a mean of 59.2 Ma and a standard 227 

deviation of 1.0. For the third, the divergence of Oreocnide from its sister groups was 228 

constrained with a normal distribution, a mean of 42.87 Ma and a standard deviation of 229 

1.0. 230 

 231 

2.4.2 Molecular dating analysis 232 

A temporal framework for the evolution of Oreocnide was provided using two widely 233 

adopted methods, the Bayesian method (BEAST) (Drummond & Rambaut, 2007) and 234 

Penalized Likelihood (treePL) (Smith & O’Meara, 2012). First, to estimate divergence 235 

time using BEAST, the best-fit evolution model (GTRmodel + gamma + invariable sites) 236 

was selected using the Akaike information criterion (AIC) as implemented in 237 

jModelTest (Darriba et al., 2012). An uncorrelated lognormal relaxed clock was 238 

selected, and given the phylogenetic shape of Oreocnide, which had a very long stem 239 

branch, we assumed that the evolution of Oreocnide had not only been affected by 240 

speciation, but also by extinction. Therefore, we set the tree prior under the Speciation: 241 

Birth-Death process (Bromham et al., 2018). Four independent Markov chain Monte 242 

Carlo runs of 1×109 generations were performed, with sampling at every 1000th 243 

generation. The adequacy of parameters was checked using Tracer v1.7 (Rambaut, 244 

Drummond, Xie, Baele, & Suchard, 2018), noting effective sample size values > 200. 245 

The first 20% of trees were discarded as burn-in. Then, the time-calibrated species tree 246 

was summarized as a Maximum Clade Credibility (MCC) tree using TreeAnnotator 247 

v1.7.5 (BEATS package). Divergence times with 95% highest posterior density (HPD) 248 

intervals were visualized in Figtree v1.4 (Rambaut, 2009).  249 

For treePL, confidence intervals were generated using 1000 RAxML bootstrap 250 

trees. The same calibration points as for BEAST were used, and the random subsample 251 

and replicate cross-validation (RSRCV) analyses were conducted from 1020 to 10–20 to 252 
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determine the best smoothing value, which was found to be 0.00001. Confidence 253 

intervals for the dating estimates were calculated from the 1,000 bootstrap replicates, 254 

with branch lengths generated by RAxML by using TreeAnnotator as implemented in 255 

BEAST (Drummond & Rambaut, 2007). Additionally, to assess the robustness of age 256 

estimates by removing one or a series of calibration points, a reduced set of three 257 

calibration points was used for this purpose in both BEAST and treePL analyses, i.e. 258 

only the Forsskaoleae fossil and two secondary constraints (root of Urticaceae and the 259 

crown node of Oreocnide + sister groups). 260 

 261 

2.5 Diversification and rate shifts 262 

To examine diversification through time and to identify shifts in the diversification rates 263 

along branches in Oreocnide, we performed two different kinds of diversification rate 264 

analyses, both employing the BEAST results with seven calibrations. Prior to 265 

diversification analyses, each of the seven species resolved as monophyletic in our 266 

phylogenetic analysis was pruned to one individual each, whereas the three species 267 

determined to be paraphyletic (O. trinervis, O. kwangsiensis, and O. tokinensis) (Fig. 268 

3), we pruned each distinct clade of each species to one individual each. Therefore, this 269 

analysis considered 15 individual samples, each representing a particular species or part 270 

thereof. 271 

First, we conducted Bayesian analysis of macro-evolutionary mixtures (BAMM) 272 

using BAMM v. 2.5.0 (Rabosky et al., 2014) to estimate speciation and extinction rates 273 

through time and to identify shifts in diversification rate. In total, 5000000 generations 274 

were run, and we sampled every 1000 generations using the chronogram generated from 275 

BEAST as the input tree, with the outgroup pruned using APE (Paradis, Claude, & 276 

Strimmer, 2004). Post-run analysis of BAMM output was performed using the 277 

“BAMMTOOLS” package in R (Rabosky et al., 2014). The convergence was checked 278 

by plotting the log likelihood trace of the MCMC output file and also by calculating the 279 

effective sample size values (ESS) (> 200), and the first 10% of the sampled data were 280 

discarded as burn-in. We tested the shifts in the diversification rate across the tree in 281 

two ways: (1) by mapping speciation rates across all clades of the phylogeny; and (2) 282 

by calculating the specific speciation, extinction, and net diversification rates for all 283 

clades from BAMM output, then using these data to generate diversification through 284 

time plots. 285 

Second, we further examined lineage diversification rates of each clade using 286 

MEDUSA (Brown, FitzJohn, Alfaro, & Harmon, 2018), which allowed clade-specific 287 

birth–death models, and could detect regions in a time-calibrated phylogeny where 288 

diversification rate shifts likely occurred (Hernández-Hernández, Brown, 289 

Schlumpberger, Eguiarte, & Magallón, 2014). 290 

 291 
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2.6 Biogeographical inference 292 

The biogeography of Oreocnide was inferred using a parsimony-based statistical 293 

dispersal-variance (S-DIVA; Yu et al., 2010) and a likelihood analysis implemented in 294 

the R package BioGeoBEARS (Nicholas Joseph Matzke, 2013; 2014), both analyses 295 

were implemented in RASP v4.2 (Yu, Blair, & He, 2020). The analysis was based on 296 

the MCC tree with the birth-death model and seven calibration points. To understand 297 

the historical spatiotemporal evolution of Oreocnide, eight geological areas were 298 

defined based on geological history of SE Asia (Hall, 2002) and the extant distribution 299 

and endemism of Oreocnide: A, Eurasia; B, Indo-China and Malay Peninsula; C, 300 

Taiwan; D, Sumatra and Java; E, Borneo; F, Philippines; G, Wallacea; H, New Guinea 301 

and surrounding islands. Taiwan was recognized as a distinct geological entity because 302 

it has an endemic Oreocnide species (O. pedunculata) and has been an island for most 303 

of the ~6 million years since Oreocnide began to diversify. Conversely, we followed 304 

Thomas et al (2012) in treating most of mainland Eurasia (other than Indochina) as a 305 

single area. The remaining islands and groups thereof are separated by various 306 

biogeographical dividing lines (e.g. see Van Welzen et al., 2011). To eliminate the 307 

influence of the outgroup on the root ancestral area, all outgroups were pruned prior to 308 

the analysis. Oreocnide species were pruned to 15 individual samples that represented 309 

species or clades, in the same way as the diversification analysis (see above). Those 310 

that represented species resolved as monophyletic were coded as present in all areas 311 

where that species occurred. However, coding polyphyletic species in this way would 312 

produce false results, assigning clade members to areas that clade had never occupied. 313 

Hence for paraphyletic species (O. trinervis, O. tonkinensis, and O. kwangsiensis), each 314 

representative individual was coded only for the distribution areas occupied by the 315 

clade that it represented. An addition issue was that O. rubescens, although 316 

monophyletic, has a distribution covering all areas. Hence coding this species as present 317 

throughout the range potentially meant the loss of infraspecific data concerning its 318 

likely point of origin, which might in turn affect analysis of the whole genus. To test 319 

this possibility, we ran an alternate analysis in which every accession was coded 320 

separately with its collection locality.  However, it yielded very similar results (data 321 

not shown).  322 

S-DIVA analyses were performed based on a sample of 1000 random BEAST trees, 323 

with ancestral areas limited to no more than two areas. Biogeographical results were 324 

summarized on the BEAST consensus tree (fully bifurcating) using majority rule. For 325 

the BioGeoBEARS analysis, a comparison among models was firstly executed using 326 

AIC to determine the best fit model among the six available BioGeoBEARS models 327 

(DEC, DEC+J, DIVALIKE, DIVALIKE+J, BAYAREALIKE, BAYEARELIKE+J). We 328 

performed estimations by delimiting two time slices in concordance with major plate 329 

tectonic events and environmental transformations: (1) before 5 Ma (Taiwan has not 330 

yet formed, Sunda islands were joined together); (2) 5–0 Ma (Taiwan Island formed, 331 

Sunda islands separated). Three possible dispersal probabilities (0.01, 0.5, and 1.0) 332 

were assigned between all adjacent areas based on the connectivity and distance of 333 
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different land masses during each time slice (Table S2). The maximum number of areas 334 

in the distribution range of each species was set to three.  335 

 336 

2.7 Ecological analyses 337 

(1) Phylogenetic signal test 338 

Incorporating phylogenetic information into ecology is enlightening because it allows 339 

ecological questions to be addressed in an evolutionary context, and vice versa, leading 340 

to a deeper understanding of the processes that give rise to patterns of biological 341 

diversity (Webb, Ackerly, McPeek, & Donoghue, 2002). To test whether bioclimatic 342 

niches were more similar for related species, we quantified the phylogenetic signals of 343 

species bioclimatic variables using Blomberg's K values (Blomberg, Garland Jr, & Ives, 344 

2003) with 9999 random replicates using “phytools” package in R software (Revell, 345 

2012). Higher values for Blomberg’s K indicated bioclimatic variables that were 346 

strongly linked to the evolutionary history of the species, and K = 1 indicated a 347 

phylogenetic pattern compatible with a Brownian motion model of evolution, whereas 348 

K = 0 is indicative of truly random patterns (Blomberg et al., 2003). 349 

 350 

(2) Ecological niche modelling  351 

Ecological niche modelling (ENM), paleoclimatic inference, or geological 352 

reconstructions can be used to generate biogeographic hypotheses for the distribution 353 

of suitable habitats or island terranes at a given point in the past (Lohman et al., 2011). 354 

To predict the potential distribution of Oreocnide during the Last Interglacial (LIG), 355 

ecological niche modelling was performed for the Last Glacial Maximum (LGM), the 356 

present and the future. For the future, we took the year 2070 under the pessimistic 357 

RCP8.5 scenario (IPCC 2013) which seems applicable given current geopolitics, 358 

whereas partial emissions cuts would see this scenario being achieved later, e.g. 2100 359 

(Meinshausen et al., 2011; Schwalm et al., 2020). Our sampling was limited for the 360 

three paraphyletic species O. trinervis, O. kwangienesis and O. tokinensis, especially 361 

with only a few individuals from the last two species, and hence treating the clades as 362 

distinct species in this analysis would be premature, and moreover their ranges would 363 

be severely under-sampled. Therefore, for this analysis, we used the existing taxonomy, 364 

while acknowledging that the results would be improved upon by wider sampling of 365 

these taxa. Localities were also added from the literature, and from our own fieldwork. 366 

All occurrences were carefully evaluated, and we pruned those where either the 367 

identification or the locality (e.g. occurrence in oceans) was likely to be incorrect. Once 368 

this pruning was complete, additional records were removed so that we only kept 369 

records of the same species that were separated from each other by≥5 km. The final 370 

dataset consisted of 1329 unique sample locations. For each sample location, we 371 

obtained climatic data from the WorldClim database v1.4 (Hijmans, Cameron, Parra, 372 

Jones, & Jarvis, 2005), comprising 19 bioclim variables with 2.5 minutes resolution (ca. 373 

5 km at the equator). To reduce the influence of collinearity among bioclimatic variables 374 

on model prediction, we kept only those bioclimatic variables with Pearson’s 375 

correlation coefficient r < 0.8. Hence each species had different variables retained in 376 
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the downstream ENM analysis (Table 1). We then limited our model extent to the 377 

distributional range of each Oreocnide species with a buffer zone of 200 km. ENM was 378 

conducted using the MAXENT v3.4.1 software package (Phillips, Anderson, & 379 

Schapire, 2006), with 10 bootstrap replicates, employing 75% of the localities to train 380 

the model, and applying the ‘Equal training sensitivity and specificity threshold’ rule 381 

(Liu, Berry, Dawson, & Pearson, 2005) to define the minimum threshold of suitable 382 

habitat. 383 

 384 

(3) Spatial distribution dynamic analysis 385 

We conducted spatial distribution dynamic analysis (SDDA), to post analyze the 386 

distribution shifts of each species in response to climate change, based on the results 387 

produced by MAXENT, employing ArcGIS v10.3 (ESRI, Redlands, CA, USA). First, 388 

we calculated the potential distribution area of each species across the four epochs 389 

defined above (LIG, LGM, present and future). We used the ‘Equal training sensitivity 390 

and specificity threshold’ rule to decide the threshold of occurrence in the prediction of 391 

species distributions, and this was then used to reclassify the raster into suitable and 392 

unsuitable habitats, with the help of Spatial Analyst Tools’s Reclassify tool. Then, by 393 

deleting regions determined to be unsuitable, we defined suitable regions using 394 

Conversion Tools’s Raster to polygon. Subsequently, we projected the suitable regions 395 

from the original WGS 1984 geographic coordinate system into Asia North Albers 396 

Equal Area Conic, so that we could calculate the area of potential distribution for each 397 

species.  398 

Second, the mean elevation was calculated for each species across each time period 399 

(LIG, LGM, present and future), using Spatial Analyst Tools’s Extract by mask. Third, 400 

to explore potential shifts for each species across each time period (LIG, LGM, present 401 

and future) in latitude and longitude, we determined the mean latitudinal and 402 

longitudinal center of the distribution range of each species in each time period using 403 

the Spatial Statistics Tools’s Mean center. 404 

  405 

3 Results 406 

3.1 Characteristics of datasets  407 

A total of 76 plastomes were newly sequenced in this study, of which 62 were of 408 

Oreocnide, to which were added one, Oreocnide frutescens_GLGE12243, that had been 409 

published before (Wang, Milne, Du, Liu, & Wu, 2020). The plastome size ranged from 410 

156,663 bp (O. rubescens_W322) to 157,464 bp (O. rubescens_W310) (Table S4). The 411 

structure of the plastomes of Oreocnide was conservative in overall size and in the order 412 

and size of each gene and intergene region, i.e. all plastomes possessed the typical 413 

quadripartite structure with two identical copies of a large inverted repeat (IR) separated 414 

by a large single copy (LSC) and a small single copy (SSC). The LSC in Oreocnide was 415 

ca. 86,560 bp, the IR ca. 25,697 bp, and the SSC ca. 19,038 bp. The GC content of all 416 

individuals of Oreocnide was ca. 36.3%. All reconstructed plastomes of Oreocnide 417 
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contained 112 different genes, including four distinct rRNA, 30 tRNA, and 78 protein-418 

coding genes (PCG). The aligned consensus length of the complete plastome was 419 

160,544 bp, with one of the inverted repeat (IR) regions excluded from all of the 420 

phylogenetic analyses. After cleaning by Gblocks, the length became 138,324 bp, with 421 

29% variable and 17.5% PI sites. The aligned length of the nrDNA dataset was 7,462 422 

bp, with the length of 18S, nrITS and 26S rDNA being 2,396 bp, 992 bp, and 3,955 bp, 423 

respectively. 424 

For the nr DNA dataset, sequences of 83 individuals were generated, including 59 425 

ingroup and 24 outgroups. The numbers of variable sites and PI sites of the nrDNA 426 

dataset were 20% and 12.6%, respectively.  427 

3.2 Phylogenetic relationships within Oreocnide 428 

Sequence characteristics and best-fit model determined by jModelTest for all four 429 

datasets are given in Table S5. ML and BI analyses gave almost identical topologies for 430 

each dataset. For chloroplast data, support values for the vast majority of the clades 431 

were high, and the monophyly of Oreocnide received maximum support, whereas the 432 

branch lengths within the genus were relatively short (Figs. 3, S1 & S2). There were, 433 

however, three notable conflicts between relationships shown by nrDNA data (18S-434 

ITS1-5.8S-ITS2-26S; Fig. S3) and those based on plastid data. First, O. trinervis_W350 435 

and all individuals of O. rubescens formed a monophyletic clade (Clade II) with 436 

maximum support in the CDS and plastome topologies (Figs. S1 & S2), but O. 437 

trinervis_W350 was not in Clade II according to nrDNA sequences (Fig. S3). Second, 438 

plastid results showed that individuals from O. kwangsiensis, O. tokinensis, O. boniana, 439 

O. serrulata, O. trinervis, O. frutescens, O. obovata, and O. integrifolia formed a 440 

monophyletic clade (Clade III), sister to Clade IV (Figs. 3 & S1), but this clade seemed 441 

to be polyphyletic according to nrDNA data (Fig. S3). Finally, all sampled individuals 442 

of O. integrifolia formed two well supported clades in plastid trees (Figs. 3 & S1), one 443 

comprising W297 and W299 while the other formed by the remaining five individuals; 444 

but these clades were well supported as sister to each other in the nrDNA tree (Fig. S3) 445 

and the combined tree (Fig. 2). Visual checks of phylogenetic trees from the complete 446 

plastome dataset (Fig. S1), and the combined dataset (Fig. 3), generated by ML and BI 447 

analyses, revealed no obvious differences between them that had statistical support. The 448 

support values for the combined dataset were relatively higher than those of the 449 

complete plastome dataset. Therefore, the relationships described here are from the 450 

combined tree. 451 

The combined dataset produced strong support for monophyly of Oreocnide (Fig. 452 

3). The ingroup fell into four major clades, here termed Clade I, II, III, and IV, with 453 

clade composition as follows. Clade I included all sampled individuals of O. 454 

pedunculata, and was strongly supported to be the earliest diverging clade of the genus. 455 

Clade II comprised a large subclade which contained all samples of O. rubescens, and 456 

one individual (W350) of O. trinervis (Fig. 3). Within Clade II, O. rubescens was split 457 

across two subclades (subclade 2A, 2B), each of which had maximum support. Within 458 

Clade II, all sampled individuals belonging to subclade 2A were from the west side of 459 

Wallace’s line, whereas all those in subclade 2B were either strictly from the east of 460 
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Wallace’s line, or from the Philippines (Table S1). Within Clade III, subclade 3A had 461 

strong support and consisted of all sampled individuals of O. integrifolia. Subclade 3B 462 

was a poorly resolved subclade, in which O. frutescens was inferred to be a well-463 

supported monophyletic species, however, individuals from O. kwansiensis, O. boniana, 464 

O. serrulata, O. tonkinensis, O. obovata, O. trinervis were nested within subclade 3B. 465 

Sister to Clade III, Clade IV comprised two subclades (4A, 4B), each fully supported 466 

as monophyletic. Of these, 4A comprised two individuals of O. trinervis, whereas 4B 467 

comprised eight individuals of O. trinervis.  468 

3.3 Divergence time estimation and biogeographical analyses 469 

Similar estimates were obtained using different dating methods and with alternative 470 

calibration scenarios and settings (Fig. 4); BEAST with birth/death priors estimated 471 

older ages for the deep nodes within Oreocnide while treePL estimated older ages for 472 

upper nodes, but all ages estimated from treePL fell within the 95% HPD of the ages 473 

from BEAST (Table S6, Figs. 4, S4, S5, S6 and S7). Furthermore, between programs 474 

and between calibration methods (3 vs 7 calibration points), the greatest difference in 475 

mean age for any major node was 0.69 Million-years ago (Ma) (Table S6). However, 476 

results from BEAST using yule priors were substantially different, with crown 477 

divergence in Oreocnide estimated at 32.2 Ma (Fig. S8), well outside the confidence 478 

ranges of dates for the birth-death model (1.27-13.72) or treePL (4.11-7.17). Hence the 479 

birth-death model appears more suitable and accurate for Oreocnide based on both 480 

corroborations of its dates by treePL, and the very long phylogenetic branch of the 481 

genus that made the yule model (which excludes extinction) biologically unlikely. 482 

Therefore, dating results were described throughout the rest of this section based only 483 

on BEAST with the birth-death model and seven calibration points (Strategy A in Fig. 484 

4, Fig. S4).  485 

In the biogeographical reconstructions, the analysis of BioGeoBEARS (Fig. 5) 486 

showed clearer origin area and dispersal routs compared to S-DIVA (Fig. S9).  487 

Therefore, also considering the distinguished advantages of BioGeoBEARS, which 488 

cannot be achieved by any other current software based on a parsimony framework or 489 

Bayesian approach (Ding et al., 2019), we described the results here entirely based on 490 

BioGeoBEARS. 491 

In all three RASP model pairs, +J variants provided significantly different results 492 

from their basic alternatives. BAYAREALIKE+J showed the lowest AICc and highest 493 

AICc_wt and likelihood (LnL) values, all indicating it to be the best supported model 494 

for our data (Table S7). Applying this model, crown diversification in Oreocnide began 495 

in the late Miocene, c. 6.06 Ma (95% highest posterior density (HPD) 1.27-13.72), and 496 

ancestral area reconstruction indicated a clear origin for Oreocnide on the Eurasian 497 

mainland (Fig. 5). Clade I of Oreocnide began to diversify in the late Miocene (6.06 498 

Ma), and in this clade, one dispersal from the mainland East Asia to Taiwan occurred, 499 

making it the earliest detected dispersal event in the genus.   500 

The second earliest detected dispersal within Oreocnide occurred in the MRCA of 501 

Clade II at 2.19 (0.75-3.88) Ma; this was from mainland East Asia (areas A and B) to 502 

somewhere in New Guinea (Fig. 5). Following this, numerous dispersal events within 503 
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Clade II were indicated; one directional arrival was from mainland into Wallacea (G), 504 

followed by later dispersals from Wallacea to the New Guinea (H), and then from there 505 

to the Philippines (F) and Taiwan (C) (Fig. 5). The other directional dispersal events 506 

with Clade II were from the mainland East Asia to Borneo (E), and later to Sumatra + 507 

Java (D) and then from there back to the Eurasia mainland (A+B). 508 

The MRCA of Clade III likely to have inhabited the mainland East Asia, and three 509 

dispersal events occurred in this clade. In the earliest event, the MRCA of O. integrifolia 510 

was dispersed from the mainland to Sumatra + Java (D) around 1.19 (0.42-2.12) Ma; 511 

the second dispersal from mainland East Asia to Borneo occurred in the MRCA of O. 512 

frutescens around 0.22 (0.17-0.94) Ma; and most recently the MRCA of O. 513 

trinervis_O20 dispersed from mainland East Asia to Taiwan (area C) around 0.62 (0.14-514 

1.23) Ma (Fig. 5). 515 

The MRCA of Clade IV dispersed from the mainland to Borneo around (4.15-) 516 

2.33-1.59 (-0.60), and then one daughter lineage dispersed from Borneo to Philippines 517 

(Fig. 5). 518 

3.4 Diversification of Oreocnide 519 

BAMM identified two rate shifts, the earlier of which occurred at 3.13 Ma, whereas the 520 

later one was detected at 1.19 Ma (Fig. 6). Diversification rate through time analyses 521 

obtained with MEDUSA also detected one distinguishable shift in diversification 522 

relative to background level (Fig. 6).  523 

3.5 Ecological analyses 524 

(1) Phylogenetic signal test 525 

Most bioclimatic variables had no phylogenetical signal, indicating that closely related 526 

species did not exhibit more similar bioclimatic niches to one another than did less 527 

closely related species. However, two bioclimatic variables (Precipitation of driest 528 

month bio14 and Precipitation of driest quarter bio 17) had significant phylogenetic 529 

signals (K=0.535 and 0.468 respectively, P<0.01) (Table S3).  530 

(2) Ecological niche modelling 531 

Each Oreocnide species had an area under the receiver operating characteristic curve 532 

(AUC) value of ≥ 0.838 (Table 1), indicating a better than random prediction. Current 533 

distribution predictions were generally good representations of the observed 534 

distributions of all species, with O. rubescens showing the largest distribution range 535 

size, and O. pedunculata the smallest. Palaeodistribution modeling showed that the 536 

changes in the distribution of all species were highly influenced by the glacial and 537 

interglacial periods (Fig. 5). Furthermore, all species except O. kwangsiensis, had their 538 

broadest distribution ranges during the LGM, relative to LIG, Present and Future (Fig. 539 

5). Moreover, ecological niche modelling predicts that future distributions would 540 

become narrower than present for all species, except for O. trinervis whose range would 541 

become broader. 542 

(3) Spatial distribution dynamic analysis 543 

The SDDA results concurred with the results above, supplying further details. The 544 
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potential distribution areas of all species were greatly influenced by glacial and 545 

interglacial periods, with O. integrifolia, O. trinervis and especially the widespread O. 546 

rubescens having an increased area during the LGM, relative to both present and LIG. 547 

However, O. serrulata, O. kwangsiensis, O. boniana and O. obovata were all reduced 548 

to below 25 km2 during the LGM according to this analysis (Fig. 6). Most species were 549 

predicted to decline by 2070, though the decline will be minimal in O. kwangsiensis, 550 

whereas a slight increase was forecasted for O. rubescens; O. trinervis was predicted to 551 

expand dramatically (Fig. 6), but this might not be accurate as this taxon appeared to 552 

be comprised of three unrelated lineages (Fig. 3). 553 

Unsurprisingly, regarding mean elevation, most species moved to lower altitudes 554 

during the LGM, relative to the present, with the striking exception of O. kwangsiensis, 555 

which moved higher. Furthermore, three species occupied lower mean elevations in the 556 

LIG than the LGM, these were O. kwangsiensis, O. obovata and O. serrulata; all others 557 

were higher, and often higher than the present elevational distribution as well. Most 558 

species were predicted to increase in altitude by at least 200m by 2070, with smaller 559 

increases predicted for O. serrulata, O. rubescens and O. boniana, while O. 560 

kwangsiensis and the polyphyletic O. trinervis were predicted to move downwards (Fig. 561 

6). 562 

In the horizontal direction, based on mid-points of species distributions in each 563 

period, the distributions of species were strongly affected by glaciation cycles and 564 

associated climatic and land configuraional changes. Curiously, predicted migration 565 

directions between LIG and LGM were more often east to west than towards the equator. 566 

However, most were predicted to have moved northwards between the LIG and the 567 

present, and were predicted to shift even further northwards in the future (Fig. 8). 568 

4 Discussion 569 

4.1 The timing of diversification of Oreocnide reflects the most recent important 570 

geological event in SE Asia 571 

Our data strongly supports the monophyly of Oreocnide, and suggests an origin in 572 

mainland Eurasia. Oreocnide diverged from its sister group (a large clade of genera; 573 

Fig. S3, Wu et al. 2018) around 42.59 Ma, but extant lineages did not begin to diversify 574 

until the late Miocene (6.06 Ma). As we known, there were three important periods in 575 

SE Asian biogeography: at about 45 Ma, 25 Ma and 5 Ma, during each of these periods, 576 

plate boundaries and motions changed, probably as a result of major tectonic collision 577 

events (Robert Hall, 1998, 2002). The plate reorganization of 45 Ma and 25 Ma may be 578 

related to the India-Asia collision, and New Guinea’s collision with the East Phillipine-579 

Halmahera-South Caroline Arc system, respectively (Robert Hall, 2002). The most 580 

recent event was suggested by Michaux (2010) to have been around or perhaps slightly 581 

earlier than 5 Ma, but the dates are not precisely known. Geological studies certainly 582 

revealed that during the early Pliocene, plate motions and boundaries changed 583 

dramatically in SE Asia, and most islands in the central Malesian region started to 584 

emerge, possibly as a consequence of Pacific Plate motion changes, arc-continent 585 
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collision in Taiwan, or other boundary changes at Pacific margin, e.g. in the Philippines 586 

(Hall, 1998, 2002; Van Welzen, Parnell, & Slik, 2011). Our results were consistent with 587 

this drastic tectonic possibly having occurred 1 Ma earlier compared to Hall’s (1998, 588 

2002) estimate. This important tectonic event probably underpinned the diversification 589 

of Oreocnide, by changing the regional landscape, creating new niches and erecting or 590 

removing dispersal barriers, which might have allowed the diversification rate to 591 

outstrip the extinction rate (which had not been the case before 6.06 Ma). Hence the 592 

initiation of diversification within Oreocnide is one of the few detected case of plant 593 

diversification linked to the most recent major geological event in SE Asia (Thomas et 594 

al., 2012; Janssens et al., 2016). 595 

4.2 The divergence and range dynamics of Oreocnide reflected the Pleistocene 596 

climate fluctuations in SE Asia 597 

Most diversification in Oreocnide occurred from 3.13 Ma onwards, so, the geological 598 

movements underlying Wallace’s line appear to not be critical for Oreocnide. Instead, 599 

dispersal patterns in Oreocnide are much more likely have been affected by existing 600 

topography in SE Asia, especially land-sea configurations, plus Pleistocene climate and 601 

sea level fluctuations.  602 

BAMM analyses detected an increase in diversification rate around 3.13 Ma (Fig. 603 

6), which likely represented divergence events within mainland SE Asia and the arrival 604 

of lineages into the Malesian archipelago (Fig. 6 and see below). This coincided with 605 

the intensification of the East Asian summer monsoon (An, Kutzbach, Prell, & Porter, 606 

2001), which profoundly affects summer rainfall across a wide area, including parts of 607 

Malesia (Cheng et al., 2016). Given that Oreocnide occupied hot and humid habitats 608 

(Fig. 2) (Chen et al., 2003), these events might have driven diversification in the genus 609 

by opening up new habitats. Indeed, our phylogenetic signal analysis revealed that 610 

precipitation and temperature were relatively conservative (Table S3), hence Oreocnide 611 

lineages would appear to have tracked suitable conditions where they occurred, rather 612 

than exploiting new ones, suggesting that speciation might have been more allopatric 613 

than habitat-driven. 614 

Furthermore, the onset of Pleistocene sea level fluctuations might have facilitated 615 

Oreocnide dispersal between the islands as discussed above, and then allopatric 616 

speciation might have been triggered when the land connections were submerged (Shih, 617 

Hung, Schubart, Chen, & Chang, 2006; Thomas et al., 2012; Zhang et al., 2016). 618 

Indeed, a second diversification rate shift in Oreocnide 1.19 Ma (Fig. 6), corresponded 619 

with a global temperature peak at around 1.19 Ma, during an unusually warm 620 

interglacial (see Fig. 6; Rohling et al. 2014); this might have increased isolation by 621 

pushing species to higher altitudes (Fig. 6). However, other than in subclade 3B on the 622 

Eurasian mainland, there have been no speciation events within Oreocnide since 2 Ma 623 

(Fig. 5); detected diversification after this time is infraspecific differentiation. 624 

Oreocnide achenes have fleshy receptacles, that might promote inter-island by birds or 625 

rats (Balakrishnan, 2011; Nago et al., 2019; Osuri et al., 2017), whereas some 626 

Oreocnide propagules appear capable of long-distance dispersal in seawater (Wu et al. 627 

2018). These factors might have acted to prevent allopatric speciation during most of 628 
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the Pleistocene, and to maintain gene flow within the widespread species O. rubescens 629 

and O. integrifolia.  630 

Glacial maxima would also have influenced, via cooler climates, the altitudinal 631 

distribution of species and ecosystems (Fernández-Palacios, 2016). This led, according 632 

to our ENM analysis, to expanded distributions for all Oreocnide species during the 633 

LGM relative to the present (Fig. 7). Range shifts continued through the LIG and LGM 634 

up to the present (Figs. 7, 8 & 9), but the genetic signatures of these events would only 635 

be detectable through more intensive sampling at the infraspecific level. Conversely, 636 

most species are predicted to move upwards, northwards and/or westwards by 2070, 637 

according to SDDA results (Figs. 8 & 9). 638 

4.3 Multiple immigration events into Malesia, and their drivers 639 

Ancestral area reconstruction analysis clearly indicated that all four major clades 640 

diverged from one another within mainland Eurasia. At least six dispersals into Malesia 641 

then followed, consistent with the general direction of biotic movement in this region 642 

(Matuszak, Muellner-Riehl, Sun, & Favre, 2016; Thomas et al., 2012; Vermeij, 1991). 643 

The first involved the MRCA of Clade II, (5.59-) 3.13-2.19 (-0.75) Ma, into New 644 

Guinea (Fig. S1). Considering the relative geological stability of SE Asia during this 645 

period, this dispersal might have been promoted by the intensification of the East Asian 646 

summer monsoon at around this time (An et al., 2001), when the Eurasian climate 647 

environment was particularly humid with abundant rainfall, increasing the availability 648 

of the hot wet habitats favoured by Oreocnide (Fig. 2) (Chen et al., 2003), which 649 

promoted rapid radiation and intra-species competition, which can drive emigration. At 650 

the same time, the whole Malesia region has a climate that is suitable for the growth of 651 

Oreocnide. The existence of a large area of suitable habitat into which propagules could 652 

disperse makes long distance dispersal more likely to occur. In fact, the large area and 653 

relative geological stability of Borneo, coupled with the persistence there of large tracts 654 

of rainforest during Pleistocene glacial maxima might have made it a cradle of 655 

diversification (de Bruyn et al., 2014; Robert Hall, 2012; Lohman et al., 2011), e.g. in 656 

the exceptionally diverse genus Cyrtandra (Gesneriaceae) (Atkins et al., 2020). Either 657 

way, after the divergence of O. trinervis C (O. trinervis_W350), the remainder of this 658 

clade became O. rubescens, which spread via at least seven dispersal events across the 659 

entire region, including a back-dispersal to mainland SE Asia via Sumatra (Fig. 5). 660 

Considering this first dispersal into Malesia predated the Pleistocene, and crossed wider 661 

ocean barriers to Borneo, seeds of this family appear to be capable of traversing these 662 

sorts of distances (~1000 km or more) in seawater (Wu et al., 2018). 663 

Clade IV (O. trinervis_A+B) was the second lineage to reach Malesia 1.59 (0.60-664 

2.83) Ma, arriving either into Borneo from which it then reached the Philippines. 665 

Bornean and Philippine material diverged 1.59 (0.60-2.83) Ma, possibly due to 666 

dispersal between the archipelagos being aided by a phase of low sea levels at that time. 667 

Moreover, in Clade III, at least two further dispersals were indicated, each involving 668 

species that originated on the mainland then dispersed into the Malesian Archipelago.  669 

These were O. integrifolia (4.15-) 1.19-0.62 (-0.14) Ma, and O. frutescens (0.72-) 0.39-670 

0.22 (-0.06) Ma (Fig. 5). 671 
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According to ‘colonization window hypothesis’ (Carine, 2005), opportunities for 672 

island colonization are temporally constrained to discrete waves of colonization, for 673 

example due to the appearance of land bridges (Kim et al., 2008), or the opening of new 674 

niches, e.g. due to the onset of the monsoon, as noted above. Therefore, repeated cycles 675 

of sea level fluctuation from 2.7 Ma onwards (Woodruff, 2010), would have 676 

periodically exposed vast areas of land, creating land bridges among the islands in SE 677 

Asia (Voris, 2000), which might have promoted the more recent immigration events 678 

into Malesia. Indeed, all Oreocnide species occupy relatively low elevation ranges 679 

(2000 m; Fig. 2), so land bridges created by low sea levels may facilitate their 680 

immigration, especially the widespread species O. frutescens and O. integrifolia, both 681 

of which might have crossed the narrow ocean barrier between the Malay peninsula and 682 

Sumatra.  683 

5 Conclusions 684 

Dense within-taxon sampling with genomic molecular makers yielded a solidly 685 

monophyletic Oreocnide, but revealed at least two additional species to those currently 686 

described. Furthermore, from timescales of tens of thousands to millions of years, our 687 

study demonstrated that the evolutionary history of plants may possess important and 688 

independent evidence to understand the geological history and climatic events of the 689 

environments where they evolved. Moreover, this study also exemplifies how knowing 690 

the timing of diversification and dispersal directions in this SE Asian genus is vital to 691 

determining whether tectonic shifts or climate and sea level changes are likely to be 692 

more important in influencing its biogeography. More parallel studies with extensive 693 

taxon sampling in SE Asia will be crucial for improving our understanding of the 694 

region’s biogeography, especially at the intraspecific level. 695 
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Fig. 1 Present distribution of the ten currently recognized species of Oreocnide, based 1018 

on all known herbarium records, plus sampling sites for the current study, shown as 1019 

circles and triangles of the same color, respectively. 1020 

 1021 

Fig. 2 (a) Number of accessions of Oreocnide binned by 1ºC according to average 1022 

annual temperature in observed locations. (b) Number of accessions of Oreocnide 1023 

binned by 50 mm according to average annual rainfall in observed locations. (c) The 1024 

elevation of each species of Oreocnide. Data for (a), (b) and (c) is based on GBIF 1025 

observation and Worldclim data. 1026 

 1027 

Fig. 3 ML tree inferred from combined sequences comprising complete plastome and 1028 

18S-ITS1-5.8S-ITS2-26S sequences. Numbers above branches are bootstrap values 1029 

(BS) from ML, and below branches are Bayesian posterior probability (PP). Maximum 1030 

values (BS=100% and PP =1.0) are marked with star (*). 1031 

 1032 

Fig. 4 The effect of different calibrations on posterior divergence time estimates of 1033 

Oreocnide. Horizontal bars show 95% high posterior density (HPD) credibility 1034 

intervals. Node a represents the split time of Oreocnide from its sister lineage (stem 1035 

divergence); Node b is crown divergence of Oreocnide. Circles with numbers indicate 1036 

calibration points. Strategies A and B both employed seven calibrations (four secondary 1037 

calibrations (1-3, 7) and three fossils (4-6)), but differ in that dates were calculated 1038 

using BEAST and treePL, respectively. Likewise strategies C and D used BEAST and 1039 

treePL. respectively, but these strategies employed only three calibrations, i.e. two 1040 

secondary calibrations (1, 7) and one fossil (4). 1041 

 1042 

Fig. 5 Global biogeographical patterns of Oreocnide inferred by BioGeoBEARS. The 1043 

map shows the eight biogeographical regions defined in this study. Clades are marked 1044 

by numbers. Ancestral area reconstructions (AARs) with the highest likelihood values 1045 

are shown via pie charts above nodes, with colors referring to the different regions as 1046 

indicated in the map. Colored boxes behind tips indicate the sampled location of each 1047 

individual accession, as indicated in the map. Sketches on the right show the most likely 1048 

dispersal routes of the four main Clades (I-IV), based on the divergence times and 1049 

biogeographic analyses.  1050 

 1051 

Fig. 6 (a) Rate through time plots for speciation, extinction and net diversification with 1052 

95% confidence interval indicated by shaded areas, obtained from the BAMM analysis.  1053 

The red, green and blue lines represent the extinction rate, speciation rate and net 1054 

diversification rate respectively. (b) Phylorate plot of BAMM analysis. The branches 1055 

are colored by speciation rate (lineages million yr-1), where blue is lowest and red 1056 

highest. (c) Results of the MEDUSA diversification rates analyses over the 1000 1057 

randomly selected trees. Number of rate shift was indicated in gray circle with number, 1058 

and back ground was colored by gray circle.1059 
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 1060 

Fig. 7 Potential distribution range of each species of Oreocnide simulated by Ecological 1061 

Niche Models using bioclimatic variables and species occurrence points. For each 1062 

species, red, purple, blue and green colors indicate the potential ranges (based on 1063 

specific threshold (Table 1) during LIG (Last Interglacial), LGM (Last Glacial 1064 

Maximum), Present and future (2070), respectively. Where an area was occupied during 1065 

more than one period, the latest layer is shown on top.  1066 

 1067 

Fig. 8 (a) Mean elevation, and potential distribution area for each species across four 1068 

epochs (LIG, LGM, present and future (2070 under RCP 8.5)). (b) Potential migration 1069 

direction shift along the latitude and longitude for each species in four periods (LIG, 1070 

LGM, present and future), the mean centers for each period were connected in 1071 

chronological order, and the arrow represents the migration direction, and the points on 1072 

the line represent the mean center of the potential distribution area in each period. 1073 

 1074 

 1075 

Fig. 9 A schematic diagram show the potential range shift scenarios of Oreocnide in 1076 

response to climate change from LIG to 2070. (a) latitudinal expansion and contraction 1077 

between continent and islands from past to future, and (b) elevation range shift in 1078 

response to climate change and climate driven sea level fluctuations. 1079 

 1080 

 1081 

Fig. S1 ML tree inferred from complete plastome sequences. Numbers above and below 1082 

branches are bootstrap values (BS) from ML and Bayesian posterior probability (PP), 1083 

respectively. BS=100% and PP =1.0 are marked with star (*). 1084 

 1085 

Fig. S2 ML tree inferred from CDS sequences. Numbers above and below branches are 1086 

bootstrap values (BS) from ML and Bayesian posterior probability (PP), respectively. 1087 

BS=100% and PP =1.0 are marked with star (*). 1088 

 1089 

Fig. S3 ML tree inferred from 18S-ITS1-5.8S-ITS2-26S sequences. Numbers above 1090 

and below branches are bootstrap values (BS) from ML and Bayesian posterior 1091 

probability (PP), respectively. BS=100% and PP =1.0 are marked with star (*). 1092 

 1093 

Fig. S4 Result of BEAST analyses based on seven constraints using Birth-Death priors. 1094 

 1095 

Fig. S5 Result of treePL analyses based on seven constraints using Birth-Death priors. 1096 

 1097 

Fig. S6 Result of BEAST analyses based on three constraints using Birth-Death priors. 1098 

 1099 

Fig. S7 Result of treePL analyses based on three constraints using Birth-Death priors. 1100 

 1101 

Fig. S8 Result of BEAST analyses based on seven constraints using yule priors. 1102 

 1103 
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Fig. S9 Global biogeographical patterns of Oreocnide inferred by S-DIVA. Map shows 1104 

the eight biogeographical regions in colors as defined in this study. Clades are marked 1105 

by numbers. Ancestral area reconstructions (AARs) with the highest likelihood values 1106 

are shown via pie charts above nodes, with colors referring to the different regions as 1107 

indicated in the map. Colored boxes behind tips indicate which region each accession 1108 

was sampled from, as indicated in the map. 1109 


