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Integrating palaeontological and molecular data uncovers multiple ancient and recent dispersals in the pantropical Hamamelidaceae
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Aim: The integration of palaeontological and phylogenetic data can improve our understanding in the spatio-temporal evolutionary processes of living organisms. However, how best to use fossil data in divergence time estimation and ancestral range reconstruction remains challenging. Here, we integrated palaeontological and molecular data to investigate the historical biogeography of Hamamelidaceae, a pantropical angiosperm family with abundant fossils outside its present distribution.

Location: Global tropical/subtropical areas.

Methods: Using seven DNA regions (>7,500 bp) from plastid and nuclear genomes, we reconstructed a robust phylogenetic framework for Hamamelidaceae with the first complete genus-level sampling. We used the tip-dating method with the 22 fossils to estimate divergence times for the family, and inferred the ancestral range of lineages under the dispersal-extinction-cladogenesis model by incorporating the fossils.

Results: Our biogeographic analysis indicates that extant Hamamelidaceae most likely originated in tropical Asia during the mid-Cretaceous, and in the family 20 dispersals occurred during three major time intervals: the Upper Cretaceous (c. 93-69 Ma), Palaeocene-Eocene (c. 63-39 Ma) and late .

Main conclusions: Overland migrations through available land bridges and island chains may have been mainly responsible for hamamelidaceous range expansions during these three episodes. This study contributes to our knowledge on the assembly and evolution of angiosperm-dominated tropical and subtropical forests.

INTRODUCTION

A central goal of biogeography is to understand the geographic assembly of biodiversity through time [START_REF] Cox | Biogeography: An ecological and evolutionary approach[END_REF]. Two relatively independent research fields, palaeontology and phylogenetics, have been used to address this theme. It is now commonly acknowledged that a better understanding of the history of living organisms and their ecological and evolutionary processes can be accomplished through the integration of palaeontological and phylogenetic data [START_REF] Benton | Exploring macroevolution using modern and fossil data[END_REF][START_REF] Hunt | Integrating paleontological and phylogenetic approaches to macroevolution[END_REF]. The dominant role of fossil data in combination with molecular phylogenetics has been to serve as calibration points in dating analyses based on the assumed position of fossil taxa in the phylogenetic tree of extant taxa [START_REF] Parham | Best practices for justifying fossil calibrations[END_REF]. Currently, the Bayesian uncorrelated relaxed clock method [START_REF] Drummond | Relaxed phylogenetics and dating with confidence[END_REF], implemented in beast [START_REF] Drummond | BEAST: Bayesian evolutionary analysis by sampling trees[END_REF], is widely used. This method may rely on fossil data to calibrate one or several nodes of the tree and is accordingly regarded as node-dating [START_REF] Ronquist | MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space[END_REF]. However, multiple fossil taxa associated with a particular node in a tree of extant taxa need to be reduced to a single calibration point [START_REF] Parham | Best practices for justifying fossil calibrations[END_REF][START_REF] Ronquist | MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space[END_REF]. Another important aspect to consider when integrating phylogenetic and palaeontological data into biogeography is the reconstruction of ancestral ranges by combining information of fossil and living taxa. For a group with fossil taxa outside its modern distribution, the inclusion of fossil taxa can heavily influence its biogeographic reconstructions (Manchester & Tiffney, 2001;[START_REF] Mao | Distribution of living Cupressaceae reflects the breakup of Pangea[END_REF][START_REF] Meseguer | Integrating fossils, phylogenies, and niche models into biogeography to reveal ancient evolutionary history: The case of Hypericum (Hypericaceae)[END_REF]. Generally, fossil taxa can be directly placed in the phylogenetic trees of extant taxa based on the appearance time and can thereby be included in inferences of ancestral ranges (e.g. [START_REF] Clayton | Recent long-distance dispersal overshadows ancient biogeographical patterns in a pantropical angiosperm family (Simaroubaceae, Sapindales)[END_REF][START_REF] Mao | Distribution of living Cupressaceae reflects the breakup of Pangea[END_REF][START_REF] Zhang | Integrated fossil and molecular data reveal the biogeographic diversification of the eastern Asian-eastern North American disjunct hickory genus (Carya Nutt.)[END_REF]. However, this strategy can sometimes be problematic. For example, if two or more fossils belonging to a single clade are contemporaneous, based only on the appearance time, their placements will result in a polytomy for the lower clade (zero-length branch).

The recently developed tip-dating (TD) method estimates divergence times with all available fossil taxa as terminal tips based on morphological or combined morphological and molecular data [START_REF] Pyron | Divergence time estimation using fossils as terminal taxa and the origins of Lissamphibia[END_REF][START_REF] Ronquist | MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space[END_REF]. This method can thereby generate a dated phylogeny containing extinct and extant taxa, or even entirely extinct taxa and overcome zero-length branches to a certain extent. Moreover, in comparison with node dating, TD method may establish direct calibrations using the known age of the fossils, and accommodates the uncertainty of their phylogenetic position through the co-estimation of time and topology [START_REF] O'reilly | Dating tips for divergence-time estimation[END_REF]. Therefore, TD can avoid some arbitrary settings of prior calibration points, and yield more accurate age estimates while providing a coherent measure of statistical uncertainty [START_REF] Heath | The fossilized birth-death process for coherent calibration of divergence-time estimates[END_REF].

Tropical and subtropical forests are well-known as the most species-rich and productive terrestrial biomes on Earth. How the past biogeographic events have shaped their present distribution pattern, diversification and endemism has long been the quest in biology and ecology [START_REF] Emerson | Species diversity can drive speciation[END_REF]. Several studies focused on the temporal patterns of the origin and evolution of angiosperm-dominated forests (e.g. [START_REF] Couvreur | Origin and global diversification patterns of tropical rain forests: Inferences from a complete genus-level phylogeny of palms[END_REF][START_REF] Davis | Explosive radiation of Malpighiales supports a mid-Cretaceous origin of modern tropical rain forests[END_REF][START_REF] Wang | Rosid radiation and the rapid rise of angiosperm-dominated forests[END_REF][START_REF] Yu | Insights into the historical assembly of East Asian subtropical evergreen broadleaved forests revealed by the temporal history of the tea family[END_REF]. A few studies have investigated spatial patterns of tropical angiosperm lineages in the early Tertiary, a warming period (e.g. [START_REF] Bartish | Vicariance or long-distance dispersal: Historical biogeography of the pantropical subfamily Chrysophylloideae (Sapotaceae)[END_REF][START_REF] Davis | Laurasian migration explains Gondwanan disjunctions: Evidence from Malpighiaceae[END_REF][START_REF] Lian | A multi-locus phylogeny for the Neotropical Anomospermeae (Menispermaceae): Implications for taxonomy and biogeography[END_REF]. Evidence from fossil and molecular data suggests that angiosperm-dominated tropical forests arose in the mid-Cretaceous (e.g. [START_REF] Couvreur | Origin and global diversification patterns of tropical rain forests: Inferences from a complete genus-level phylogeny of palms[END_REF][START_REF] Davis | Explosive radiation of Malpighiales supports a mid-Cretaceous origin of modern tropical rain forests[END_REF][START_REF] Morley | Cretaceous and Tertiary climate change and the past distribution of megathermal rainforests[END_REF][START_REF] Upchurch | Cretaceous vegetation of the Western Interior and adjacent regions of North America[END_REF][START_REF] Wang | Rosid radiation and the rapid rise of angiosperm-dominated forests[END_REF]. To better understand spatio-temporal patterns and processes underlying the distribution of biodiversity in tropical forests, one needs to investigate biogeographic events of an ancient group on a worldwide basis.

In this study, we focus on the historical biogeography of the angiosperm family Hamamelidaceae. During the past years, molecular phylogenetic studies have re-delimitated this family, where the subfamily Altingioideae was excluded and raised to the familial rank as Altingiaceae (e.g. [START_REF] Ickert-Bond | A taxonomic synopsis of Altingiaceae with nine new combinations[END_REF][START_REF] Jian | Resolving an ancient, rapid radiation in Saxifragales[END_REF][START_REF] Stevens | Angiosperm Phylogeny Website. Version 14[END_REF]. As currently circumscribed, Hamamelidaceae contains 28 genera and c. 120 species [START_REF] Judd | Plant systematics: a phylogenetic approach[END_REF], which are small shrubs or trees of great ecological importance inhabiting tropical and subtropical forests worldwide, with Hamamelis extending to temperate regions [START_REF] Ohsawa | Structural comparison of tropical montane rain forest along latitudinal and altitudinal gradients in south and east Asia[END_REF][START_REF] Wu | The families and genera of angiosperms in China[END_REF][START_REF] Ying | Plant geography of China[END_REF]; Figure S1). Hamamelidaceae is well-known for its broad and scattered geographic distribution and its endemics [START_REF] Endress | The families and genera of vascular plants[END_REF][START_REF] Zhang | Hamamelidaceae: Geographic distribution, fossil history and origin[END_REF]. The majority of genera are geographically restricted except for Hamamelis which shows a disjunct distribution between eastern North America and eastern Asia (Figure 1). The fruits of Hamamelidaceae are woody dehiscent capsules [START_REF] Endress | The families and genera of vascular plants[END_REF]. Seeds are usually dispersed by a ballistic mechanism, and hence are not expected to disperse across long distances or oceanic barriers even though seeds of Exbucklandia and Rhodoleia have small narrow wings [START_REF] Endress | The families and genera of vascular plants[END_REF]. The oldest fossil flowers of the family come from the late Santonian of North America and Europe (c. 84 Ma; [START_REF] Endress | Archamamelis, hamamelidalean flowers from the Upper Cretaceous of Sweden[END_REF]. Recent molecular clock estimates suggest a stem age of c. 84-100 Ma for the family (Jian et al., 2008) or 95.93 Ma (90.99-104.04;[START_REF] Magallón | A meta-calibrated timetree documents the early rise of flowering plant phylogenetic diversity[END_REF]. Fossil evidence indicates that Hamamelidaceae were widely distributed in the Northern Hemisphere in the Upper Cretaceous (Figure 1; [START_REF] Zhang | Hamamelidaceae: Geographic distribution, fossil history and origin[END_REF]. The family has an abundant fossil record in the early Tertiary, with representation of many extant and extinct genera (reviewed by [START_REF] Manchester | Eastern Asian endemic seed plant genera and their paleogeographical history throughout the Northern Hemisphere[END_REF][START_REF] Zhang | Hamamelidaceae: Geographic distribution, fossil history and origin[END_REF]. Importantly, most of the fossils are distributed outside the modern ranges of the taxa to which they have been assigned (Figure 1). Thus, Hamamelidaceae provides an opportunity to investigate historical biogeography of living organisms through the integration of palaeontological and molecular phylogenetic data.

Here, we first infer the phylogeny of Hamamelidaceae with complete genus-level sampling. With the resulting phylogenetic framework, we then estimate divergence times for the family using the TD method with 22 fossils and investigate the historical biogeography of the family by incorporating the fossils. Given the Cretaceous age and widespread distribution of Hamamelidaceae, a weak seed dispersal ability, the restriction of most genera to particular tropical regions, as well as an abundant fossil record, this study may provide new insights into the past tropical floristic exchanges among different continents.

MATERIALS AND METHODS

Taxon sampling and DNA sequencing

We sampled 55 taxa of Hamamelidaceae, representing all 28 of the currently recognized extant genera of the family; the genus Embolanthera, endemic to southeastern Asia, was included in a molecular phylogenetic analysis for the first time. Based on [START_REF] Jian | Resolving an ancient, rapid radiation in Saxifragales[END_REF] and [START_REF] Soltis | Angiosperm phylogeny: 17 genes, 640 taxa[END_REF], we selected 14 species from close relatives of Hamamelidaceae as outgroups: three species from its sister clade Daphniphyllaceae-Cercidiphyllaceae, 10 species from Altingiaceae and one species of Paeoniaceae. Six plastid (atpB, matK, rbcL, atpB-rbcL, trnH-psbA and trnLUAA-FGAA) and one nuclear (ITS) DNA region were used in this study. Voucher information and GenBank accession numbers are listed in Table S2. Total genomic DNA was extracted from fresh silica gel-dried leaves or herbarium specimens using DNeasy Mini Plant Kits (Tiangen Biotech). The selected DNA regions were amplified with standard polymerase chain reaction (PCR). The primers used in this study are listed in Table S3. Sequencing reactions were conducted using the ABI Prism BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, ABI). Products were analysed on ABI 3730xl automated DNA sequencers.

Alignment and phylogenetic analysis

Sequences were aligned using the default parameters in Clustal X 1.83 [START_REF] Thompson | The Clustal X windows interface: Flexible strategies for multiple sequence alignment aided by quality analysis tools[END_REF]) and manually adjusted with BioEdit 5.0.9 [START_REF] Hall | BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT[END_REF]. After excluding ambiguous regions, we obtained a concatenated alignment of 7,549 bp for 69 taxa (Table S4). Phylogenetic analyses were carried out using maximum parsimony (MP) and Bayesian inference (BI) methods in paup 4.0b10 [START_REF] Swofford | PAUP*: Phylogenetic analysis using parsimony (*and other methods)[END_REF] and MrBayes 3.2.6 [START_REF] Ronquist | MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space[END_REF] respectively. For MP analyses, heuristic searches were performed with 1,000 random sequence addition replicates, tree-bisection-reconnection (TBR) branch swapping, MulTrees in effect and steepest descent off. Gaps were treated as missing data, characters were equally weighted and their states were unordered. Internal branch support was estimated by using 1,000 bootstrap replicates as described above. For BI analyses, each DNA region was assigned its own model of nucleotide substitution (Table S4), as determined by the Akaike information criterion (AIC) in Modeltest 3.06 [START_REF] Posada | MODELTEST: Testing the model of DNA substitution[END_REF]. Four chains of the Markov chain Monte Carlo (MCMC) were run, sampling one tree every 1,000 generations for 3,000,000, starting with a random tree. Majority-rule (> 50%) consensus trees were constructed after removing the burn-in period samples (the first 25% of sampled trees).

Divergence time estimation

Data about the fossil records of Hamamelidaceae were gathered from the literature and from the Paleobiology Database (http://paleo db.org/). We selected only the fossils that could be confidently attributed to specific taxonomic groups. A total of 19 hamamelidaceous fossils were used to estimate divergence times and reconstruct biogeographic scenarios. One fossil from Cercidiphyllaceae and two fossils from Altingiaceae were also included. Justifications of the ages and placements of the 22 fossils are given in Table S1. A likelihood ratio test was first carried out to estimate whether Hamamelidaceae evolved at a homogeneous rate along all branches of the phylogeny. The result rejected a constant rate for the family (δ = 1503.14, df = 67, p < 0.0001). Thus, we estimated divergence times of Hamamelidaceae using TD method with a Bayesian relaxedclock model. We first constructed a matrix containing 69 extant and 22 fossil taxa. The molecular data for fossils are coded as missing, and in total 68 morphological characters for 91 taxa were included (Table S5). The majority-rule consensus tree from the BI analysis was used and fossil taxa were placed in the relevant clades based on apomorphy-based or phylogenetic methods [START_REF] Sauquet | Testing the impact of calibration on molecular divergence times using a fossil-rich group: The case of Nothofagus (Fagales)[END_REF]; Table S1). Divergence time estimation was performed in MrBayes 3.2.6 under a fossilized birth-death (FBD) prior process [START_REF] Heath | The fossilized birth-death process for coherent calibration of divergence-time estimates[END_REF], with a lognormal prior and an uncorrelated independent gamma rates model. The calibrated ages of the 22 internal fossils were assigned a uniform prior distribution with ranges corresponding to the age ranges of their respective geological strata. To avoid overestimation of root age, we set a maximum age of 112.99 Ma (sd = 0.5) for the root, which is the crown group age of Saxifragales [START_REF] Magallón | A meta-calibrated timetree documents the early rise of flowering plant phylogenetic diversity[END_REF]. Morphological data were analysed under the Mk model [START_REF] Lewis | A likelihood approach to estimating phylogeny from discrete morphological character data[END_REF]. For the molecular partitions, each DNA region was assigned an unlinked substitution model (Table S4). Two independent MCMC runs were carried out, every run with 100 million generations and sampling trees every 5,000 generations. Convergence was evaluated as described in the beast analyses, and in each MCMC run, the first 10 million generations of the samples were discarded as burn-in.

Biogeographic analysis

Ancestral area reconstructions (AARs) were conducted using a recently developed Statistical BioGeoBEARS (S-BioGeoBEARS), implemented in rasp 4.0 [START_REF] Matzke | Probabilistic historical biogeography: New models for founder-event speciation, imperfect detection, and fossils allow improved accuracy and model-testing[END_REF][START_REF] Yu | RASP (Reconstruct Ancestral State in Phylogenies): A tool for historical biogeography[END_REF]. [START_REF] Ree | Conceptual and statistical problems with the DEC+J model of founder-event speciation and its comparison with DEC via model selection[END_REF] suggest that the biogeographic models with +J parameter (founder-event speciation) have conceptual and statistical problems. The dispersal-extinction-cladogenesis model (DEC; [START_REF] Ree | Maximum likelihood inference of geographic range evolution by dispersal, local extinction, and cladogenesis[END_REF] was used here. Following [START_REF] Buerki | An evaluation of new parsimony based versus parametric inference methods in biogeography: A case study using the globally distributed plant family Sapindaceae[END_REF], we specified dispersal probabilities between pairs of areas for four separate time slices (Table S6). According to current and fossil distributions of Hamamelidaceae, species sampled were assigned to one or more of the following seven biogeographic regions: tropical Asia, East Palaearctic, Oceania, Africa, Europe (including western Asia), North America and Central America (including southern Mexico and northern South America) (Figure 1). We randomly sampled 1,000 timetrees generated from MrBayes as a 'tree file' and used the majority-rule consensus tree derived from the MCMC stationary sample as a final representative tree.

RESULTS

Phylogeny

MP and BI analyses resulted in highly congruent trees (Figure S2). The phylogeny we inferred for Hamamelidaceae is the most taxonomically complete to date, and includes all genera recognized at present. Hamamelidaceae and each of its four subfamilies are all strongly supported as monophyletic. Exbucklandioideae is the earliest-diverging lineage (BS = 100%, PP = 1.00), followed by Mytilarioideae (BS = 100%, PP = 1.00). Within the family, relationships among the subfamilies are consistent with the results of [START_REF] Li | Molecular phylogenetics of Hamamelidaceae: Evidence from DNA sequences of nuclear and chloroplast genomes[END_REF], but are usually resolved with greater support for clades found therein. Within Hamamelidoideae, each of Fothergilleae, Hamamelideae, Dicorypheae and Eustigmateae is strongly supported as monophyletic, while Loropetaleae is paraphyletic, with Embolanthera recovered as sister to Corylopsideae (BS = 54%, PP = 1.00). The majority of intergeneric relationships in the family are well resolved.

Divergence times

The dated phylogenetic tree is presented in Figure S3. 

Biogeographic analyses

The DEC model estimated the dispersal rate (d) as 0.0008, and the extinction rate (e) as 0.0002. The distribution of Hamamelidaceae is inferred to be the result of 20 dispersal events (Figure 2): six times from tropical Asia to North America (nodes 5, 29, 31, 33, 52, 60), four of which led to extinct branches; four from tropical Asia to Europe (nodes 7, 12, 56, 61), all of which led to extinct lineages; one from tropical Asia to Central America (node 20); one from tropical Asia to Africa (node 18); one from Africa to Oceania (node 26); one from tropical Asia to East Palaearctic (node 63); one from Europe to Central America (node 57); two from North America to East Palaearctic (nodes 37, 40), one of which led to an extinct branch (node 40); one from North America to Europe (node 30); one from East Palaearctic to tropical Asia (node 44); and one from East Palaearctic to Europe (node 45). The MRCA of Hamamelidaceae as well as of each of its four subfamilies were inferred to be distributed in tropical Asia.

DISCUSSION

Our inferred age estimation of the hamamelidaceous stem group ranges between 108.43 and 113.68 Ma, which is much older than previous estimates (84-100 Ma in [START_REF] Jian | Resolving an ancient, rapid radiation in Saxifragales[END_REF]95.93 Ma in Magallón et al., 2015). Previous studies had a limited taxon sampling for Hamamelidaceae and/or no hamamelidaceous fossil calibrations were used. Similar older ages were produced for Fagales [START_REF] Xiang | Large-scale phylogenetic analyses reveal fagalean diversification promoted by the interplay of diaspores and environments in the Paleogene[END_REF] and Ranunculaceae [START_REF] Wang | The rise of angiosperm-dominated herbaceous floras: Insights from Ranunculaceae[END_REF] when more taxa and fossils were included. Internal calibrations and dense taxon sampling have been regarded to be vital to obtain accurate time estimates [START_REF] Jian | Resolving an ancient, rapid radiation in Saxifragales[END_REF][START_REF] Yang | Bayesian estimation of species divergence times under a molecular clock using multiple fossil calibrations with soft bounds[END_REF]. Our analyses indicate that the split of Hamamelidaceae and its sister group occurred at 108.43 Ma (95% HPD: 104.08-111.98; node 1) and the MRCA of Hamamelidaceae was likely present in tropical Asia by the mid-Cretaceous (node 2; Figure 2). This result supports the hypothesis of [START_REF] Takhtajan | Flowering plants: Origin and dispersal[END_REF] that this family originated in the southeastern Asian continent, rather than the eastern Asia-western North America origin as hypothesized by [START_REF] Wolfe | Fossil forms of Amentiferae[END_REF].

Our biogeographic reconstruction shows that at least 20 dispersals need to be invoked to explain the current distribution of Hamamelidaceae and that of the fossils attributed to it. Despite the uncertainty involved in any estimate using a molecular clock, based on our estimated median ages, these 20 dispersals occurred during three major episodes: five in the Upper Cretaceous (c. 93-69 Ma), nine in the Palaeocene-Eocene (c. 63-39 Ma) and six in the late Oligocene (c. 27-23 Ma) (Figure 3). Among the five migration events inferred in Hamamelidaceae during the Upper Cretaceous, two occurred from tropical Asia to North America (node 29, 52), and one from North America to East Palaearctic (node 37). Palynological data suggest that during the Upper Cretaceous the Northern Hemisphere could be divided into two distinctive floras with different climates: the Normapolles flora (including eastern North America and Europe) and the Aquilapollenites flora (including major parts of Asia and western North America) [START_REF] Wolfe | Some aspects of the plant geography of the Northern Hemisphere during the Late Cretaceous and Tertiary[END_REF][START_REF] Zhou | The Cretaceous and Tertiary Aquilapolles in China[END_REF]. It has been documented that the Turgai Strait might have been a barrier to plant migration between Asia and Europe by the middle Upper Cretaceous [START_REF] Lomolino | Biogeography[END_REF]. On the other hand, [START_REF] Graham | The role of land bridges, ancient environments, and migrations in the assembly of the North American Flora[END_REF] has suggested that the exchange of plant populations between North America and Asia might have occurred via the Bering land bridge (BLB) in the Upper Cretaceous. Hamamelidaceous remains have been found in Siberia and the Amuro-Zeya Depression of North Asia during the Turonian [START_REF] Maslova | Infructescences of Kasicarpa gen. nov. (Hamamelidales) from the late Cretaceous (Turonian) of the Chulym-Yenisey depression, western Siberia, Russia[END_REF]. Thus, the BLB may have played an important role in biotic exchange between Asia and North America for Hamamelidaceae during the Upper Cretaceous. Our results indicate that one migration occurred from North America to Europe (node 30) during the same period. Both of these two areas belong to the Normapolles flora [START_REF] Wolfe | Some aspects of the plant geography of the Northern Hemisphere during the Late Cretaceous and Tertiary[END_REF], and the migration route across the North Atlantic was supported by the Cretaceous fossil records of Hamamelidaceae (Figure 1). In addition, one migration occurred from tropical Asia to Europe (node 7) in the late Upper Cretaceous, perhaps facilitated by the land bridge along the closing Tethys seaway that connected southern Europe and southwestern and southeastern Asia [START_REF] Scotese | A continental drift flipbook[END_REF]Tiffney & Manchester, 2001). The fossil record of Hamamelidaceae from southwestern Europe supports this route [START_REF] Endress | Archamamelis, hamamelidalean flowers from the Upper Cretaceous of Sweden[END_REF].

Nine migration events were inferred to have occurred during the Palaeocene-Eocene. Among them, three are from tropical Asia to Europe (nodes 12, 56, 61), two are from tropical Asia to North America (nodes 31, 60) and one is from East Palaearctic to Europe (node 45). The Asian precursors might have gradually migrated along the island chain of the Tethys seaway into southern Europe [START_REF] Heaney | Conservation biogeography in oceanic archipelagoes[END_REF]. This migration route was also suggested for Alangium sect. Marlea (Alangiaceae) during the similar period [START_REF] Feng | Phylogeny and biogeography of Alangiaceae (Cornales) inferred from DNA sequences, morphology, and fossils[END_REF]. Hamamelidaceae expanded further westwards to North and Central America through the North Atlantic Land Bridge (NALB), which extended south to roughly 45° and could have maintained sufficient warmth, light and humidity for thermophilic broadleaved evergreen plants to flourish (Tiffney & Manchester, 2001). In the early Palaeocene, one lineage migrated from Asia to Africa (node 18). Many 'stepping-stone' chains in the Tethys Sea [START_REF] Scotese | A continental drift flipbook[END_REF] could have facilitated floristic exchange between Laurasia and Africa. A similar migration route from southeastern Asia into Africa during the Palaeocene was suggested for Alangium [START_REF] Feng | Phylogeny and biogeography of Alangiaceae (Cornales) inferred from DNA sequences, morphology, and fossils[END_REF] and Cucurbitaceae [START_REF] Schaefer | Gourds afloat: A dated phylogeny reveals an Asian origin of the gourd family (Cucurbitaceae) and numerous oversea dispersal events[END_REF]. Within Asia, one migration is also inferred from East Palaearctic to tropical Asia (node 44). The Palaeocene-Eocene largely coincides with the time of dominance of the boreotropical flora [START_REF] Wolfe | Some aspects of the plant geography of the Northern Hemisphere during the Late Cretaceous and Tertiary[END_REF], which may have facilitated exchanges of thermophilic plants in the Northern Hemisphere.

The divergence time of the African-Oceanian disjunction in Hamamelidaceae was estimated to have occurred at c. 39.83 Ma (node 26), which is long after the fragmentation of eastern Gondwana (c. 95-84 Ma;[START_REF] Mcloughlin | The breakup history of Gondwana and its impact on pre-Cenozoic floristic provincialism[END_REF]. A similar African-Oceanian disjunction was reported in Monimiaceae [START_REF] Renner | Biogeography of the Monimiaceae (Laurales): A role for East Gondwana and long-distance dispersal, but not West Gondwana[END_REF] and Adansonia (Bombacaceae) [START_REF] Wickens | The baobab: Africa's upside-down tree[END_REF]. The seeds of Hamamelidaceous plants with a ballistic dispersal mechanism could be dispersed over only short distances. However, the very hard exocarps may be able to maintain the viability of the seed if they are dispersed over longer distances by water [START_REF] Endress | The families and genera of vascular plants[END_REF]. Therefore, we hypothesize that Hamamelidaceae could have migrated from Africa to Oceania by transoceanic dispersal in the late Eocene.

Six migration events occurred during the late Oligocene. Among these six events, two are from tropical Asia to North America (nodes 5, 33) and one is from North America to East Palaearctic (node 40). Two similar and contemporaneous biotic exchanges were also reported in Malpighiaceae [START_REF] Davis | High-latitude Tertiary migrations of an exclusively tropical clade: Evidence from Malpighiaceae[END_REF]. In addition, we inferred one migration from tropical Asia to Central America (node 20) and one from Europe to Central America (node 57) during this period. In Ampelopsis (Vitaceae), [START_REF] Nie | Evolution of the intercontinental disjunctions in six continents in the Ampelopsis clade of the grape family (Vitaceae)[END_REF] found that migration from North America into both Europe and Asia took place during the early Miocene, and suggested a role of the NALB in enabling those migrations. Evidence from geology and palaeontology also support the idea that the NALB might have acted as a dispersal corridor for tropical or warm temperate floras in the early Eocene to middle Miocene [START_REF] Tiffney | Perspectives on the origin of the floristic similarity between eastern Asia and eastern North America[END_REF]. Thermophilic broadleaved evergreen elements, such as Hamamelidaceae, Malpighiaceae and Vitaceae, could thus have migrated between Eurasia and tropical America through the NALB during the late Oligocene and early Miocene. Within Asia, one migration is also inferred from tropical Asia to East Palaearctic (node 63). In the late Oligocene, global climate became warming [START_REF] Zachos | An early Cenozoic perspective on greenhouse warming and carbon-cycle dynamics[END_REF], which may have driven range expansion of thermophilic lineages.

In conclusion, our integration of fossil and phylogenetic data indicate that extant Hamamelidaceae likely extend back to the mid-Cretaceous of tropical Asia and that shortly afterwards four major subfamilies diversified in tropical Asia about 105-97 Ma. A similar diversification pattern is found in the early evolutionary history of pantropical Arecaceae [START_REF] Couvreur | Origin and global diversification patterns of tropical rain forests: Inferences from a complete genus-level phylogeny of palms[END_REF] and Menispermaceae [START_REF] Wang | Menispermaceae and the diversification of tropical rainforests near the Cretaceous-Paleogene boundary[END_REF], both of which are important components of modern tropical forests. Thus, our data for Hamamelidaceae suggest that Laurasia, especially tropical Asia, is not only a key source region, but also an important area where some plant families currently inhabiting tropical and subtropical forests might have diversified. Our findings further indicate that the range expansions of Hamamelidaceae occurred during three major episodes: the Upper Cretaceous, Palaeocene-Eocene and late Oligocene. Several key angiosperm elements of tropical and subtropical forests, such as Annonaceae [START_REF] Thomas | The historical origins of palaeotropical intercontinental disjunctions in the pantropical flowering plant family Annonaceae[END_REF], Malpighiaceae [START_REF] Davis | High-latitude Tertiary migrations of an exclusively tropical clade: Evidence from Malpighiaceae[END_REF] and Menispermaceae [START_REF] Wang | Menispermaceae and the diversification of tropical rainforests near the Cretaceous-Paleogene boundary[END_REF], also appear to have expanded their ranges during one or two of these three episodes. Thus, we assume that these three episodes might also have been vital for the evolution and assembly of angiosperm-dominated tropical and subtropical forests. Yet, Hamamelidaceae is only one of many important components of angiosperm-dominated tropical and subtropical forests. This hypothesis needs to be further tested by studying other anciently thermophilic angiosperm groups in a broad phylogenetic context. 

FIGURE 1

 1 FIGURE 1 Geographic distribution of both extant and extinct hamamelidaceous species. The extant members of widespread and endemic genera (the latter in brackets) are indicated for each region. The photograph inserts are Fothergilla major (A), Parrotia persica (B), Corylopsis spicata (C), Molinadendron sinaloense (D), Trichocladus crinitus (E) and Noahdendron nicholasii (F). The fossil distributions are referred in TableS1. Photographs by S.X.Y

FIGURE 3

 3 FIGURE 3 Age estimates for dispersal events in Hamamelidaceae. The inferred dispersal events between areas summarized from Figure2are indicated by colours (same colour coded as in Figure1). Black dots and horizontal bars represent the median ages and 95% highest posterior density intervals respectively. Node numbers are referred as those in Figure2. " †" indicates a fossil taxon. The three grey areas were hypothesized as important intervals for range expansion of Hamamelidaceae.
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