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Geographic  isolation  of  sister  taxa  in  the  African  and  Asian  tropics  (palaeotropical  intercontinental  dis-
junction; PID)  is  a major  biogeographic  pattern  explained  by  four competing  hypotheses:  rafting  on
the Indian  tectonic  plate  (‘Gondwanan  vicariance  hypothesis’);  migration  facilitated  by  a  northern  mid-
latitude corridor  of  frost-free  climates  during  the  Eocene  (‘boreotropical  migration  hypothesis’);  overland
dispersal across  Arabia  associated  with  the Miocene  Climatic  Optimum;  and  transoceanic  dispersal.  The
explanatory challenges  posed  by PIDs  are  addressed  here  using  the  pantropical  flowering  plant  fam-
ily Annonaceae  as a study  system.  Molecular  dating  and  ancestral  area  reconstructions  were  undertaken
using plastid  DNA  sequence  data (ca.  6 kb) derived  from  an  extensive  taxon  sampling,  incorporating  ca.  75%
of all  genera,  with  phylogenetically  informed  sampling  of species  within  genera  that  are  distributed  across
the African  and  Asian  tropics.  Statistical  dispersal-vicariance  analysis  and  likelihood  reconstructions  indi-
cated 12 intercontinental  dispersal  events  between  Africa  and  Asia.  All  but  one  of  these  dispersals  were
from Africa  to  Asia.  Between  10 and  12  vicariance  events  were  inferred,  ranging  from  the late  Palaeocene
to the  late Miocene,  with  mean  divergence  times  of  seven  events  in the  Miocene.  Although  migration
through the  Eocene  boreotropics  has  previously  been  highlighted  as  the  predominant  process  underlying
intercontinental disjunctions  in  Annonaceae,  our  results  indicate  that  post-boreotropical  processes  have
also had  a major  impact  on shaping  PIDs. Palaeogeographic  reconstructions  and  the  fossil  record  from  the
Arabian Peninsula  support  the  plausibility  of a hypothesized  window  of  overland  dispersal  opportunity

for lowland  tropical  forest  taxa  prior to climate  deterioration  commencing  in  the  late  Middle  Miocene,
providing an  alternative  to transoceanic  dispersal.  The  patterns  observed  underscore  the  hypothesis  that
intercontinental floristic  exchange,  facilitated  by both  the  Eocene  boreotropics  and  the  erosion  of oceanic
and climatic  biogeographic  barriers  between  Africa  and  Asia  in  the  Miocene,  had  a substantial  impact  on
the assembly  of palaeotropical  forest  floras.
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phic pattern of palaeotropical intercontinental disjunc-
 of tropical forest taxa, i.e. geographical isolation of sister
e African and Asian tropics.
ose floristic relationship between the African and Asian

ith numerous disjunct palaeotropical vascular plant
 long been recognized (e.g. Brenan, 1978; Thorne, 1972).
1972) identified hundreds of genera (e.g. Canarium,
, Mansonia, Nepenthes, Syzygium, Wrightia) and several

 plant families (e.g. Ancistrocladaceae, Dipterocarpaceae,
e, and Pandanaceae) which show discontinuous ranges
the African (Africa and Madagascar) and the Indian,

 or Australasian-Pacific tropics. Molecular phylogenetic
have shown that some traditionally recognized taxa show-
med PIDs are para- or polyphyletic (e.g. Saunders et al.,
ichamorn et al., 2012; Wang et al., 2012), but many other
e infrageneric and deeper levels have been shown to rep-
iprocally monophyletic groups on either continent. These
inental tropical disjunctions are of considerable biogeo-
nterest as they pose an explanatory challenge, and may
nsights into the formation and erosion of biogeographic
nd assembly of tropical floras in the past (Givnish and
004; Milne, 2006; Thorne, 2004). Four major competing
es on the origin of PIDs can be differentiated (Fig. 1).

wanan vicariance’ or ‘Indian raft’ hypothesis (Fig. 1A)

utional  disjunction between tropical Africa and Asia has
lained by the sequential break-up of the Gondwanan
tinent, rafting of biota on the Indian plate, and facili-

 biotic exchange between India and Southeast Asia by
nce  and collision of the Indian and Eurasian plates (Conti
02; McKenna, 1973; Morley, 1998, 2000, 2003; Raven
rod, 1974). Gondwana began to fragment in the Middle

ith India separating from Madagascar in the Late Creta-
–85 Ma,  and drifting north-eastwards: the centre of the
aton moved ca. 6000 km from ca. 30◦S in the Late Creta-
its current position, 23.5◦N (Ali and Aitchison, 2008). The
ing and mode of collision of India with continental Asia
ted. Geodynamic models by van Hinsbergen et al. (2012)

 collision of an extended microcontinental fragment and
tal Asia at approximately 50 Ma,  followed by ‘hard’ con-

 continent collision ca. 25 Ma,  whereas previous models
cated collision of India and continental Asia at ca. 35 Ma
Aitchison, 2008). Dispersal and establishment of floris-
nts of Indian origin in Southeast Asia during the middle
0–39 Ma,  has been hypothesized based on palynological
rley, 2003).
quent  to the separation of Africa, Madagascar and India,

 to the collision of India and Asia, some biotic exchange
 between these areas due to dispersal. Palynological data
at dispersal between Africa and Madagascar occurred fre-
ntil the mid-Maastrichtian, ca. 68 Ma  (Morley and Dick,
ior to collision, India may  have made a glancing contact
atra, potentially facilitating biotic exchange with South-

 in the late Palaeocene from ca. 57 Ma  onwards (Ali and
,  2008).
ondwanan vicariance’ hypothesis has been advanced for
of tropical vascular plant taxa based on macrofossil evi-
ande, 1992; Bande and Prakash, 1986; Srivastava and
,  2013), palynological data (Dutta et al., 2011; Morley,
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tropical migration’ hypothesis (Fig. 1B)

- and macrofossil evidence from numerous localities
 the early Eocene London Clay (Collinson, 1983; Reid and
, 1933) and the middle Eocene Clarno Formation in north-
regon (Manchester, 1994) indicates the presence of an

 frost-free and humid climate belt in the northern mid-
 the boreotropics (Wolfe, 1975), during a warm phase
n the Late Palaeocene-Early Eocene thermal maximum,

 (Zachos et al., 2001). The boreotropics harboured closed
spect rain forests comprising various plant lineages which
n characterized as megathermal, i.e. frost-intolerant and

 to tropical climates (Morley, 2000; van Steenis, 1962).
eterioration in the late Eocene, and a drastic tempera-

 at the Eocene-Oligocene boundary, ca. 34 Ma,  resulted
ion of vegetation adapted to drier and colder climates in

ts of Eurasia and Northern America, disrupting the north-
thermal forest belt (Collinson, 1992; Wolfe, 1992). It has
othesized that the boreotropics facilitated intercontinen-
ge of tropical biota in the Palaeocene and Eocene, not only

rthern mid-latitudes, facilitated by land bridges that con-
urasian fragments (Brikiatis, 2014), but also between the

 mid-latitude and equatorial megathermal forests (Davis
02; Morley, 2000, 2003, 2007). In the late Eocene and
,  when the boreotropics were disrupted and climates

or megathermal vegetation receded to equatorial regions,
ical  taxa were driven to extinction or retreated towards

or, forming isolated megathermal forest pockets in south-
 America and Europe, and finding refuge in megathermal

 Southeast Asia (Kubitzki and Krutsch, 1996; Mai, 1995;
000, 2003, 2007).

 on fossil evidence and temporally congruent molecular
e time estimates, several authors have suggested that the
ics and its disruption in the late Eocene-early Oligocene

 important role in shaping current tropical disjunction
in several vascular plant lineages by vicariance, i.e. geo-
solation of previously connected populations (e.g. Baker
reur, 2013; Chanderbali et al., 2001; Couvreur et al.,

avis et al., 2002; Erkens et al., 2009; Muellner et al., 2006;
t al., 2001; Richardson et al., 2004).

ene geodispersal’ hypothesis (Fig. 1C)

- and macrofossil evidence indicates that megathermal
 almost completely disappeared from the northern mid-
after the end of the Eocene cooling event (Morley, 2000,
ere is evidence for the persistence of pockets of rainfor-
onsoonal forests in Europe and North America, but these
arated from each other and palaeoequatorial rainforests
oonal forests in Africa, America and Asia by vast stretches

ically unsuitable terrain and marine gaps (Morley, 2007).
dies, however, have suggested that dispersal from Africa
ia Arabia may  have been feasible for tropical forest taxa
e early to middle Miocene, ca. 23–12 Ma  (Cruaud et al.,

 Welzen et al., 2014; Zhou et al., 2012). Land connections
etween Africa and Southwest Asia due to the collision of
Arabian plate with the Iranian and Anatolian plates dur-
ime (Popov et al., 2004; Rögl, 1998), coinciding with a

 phase peaking in the Middle Miocene Climatic Optimum
 17–15 Ma (Zachos et al., 2001). Extensive biotic exchange
Asia and Afro-Arabia, i.e. range expansion of independent

odispersal sensu Lieberman, 2000), particularly well doc-

 for fossil mammal  faunas including primates, has been
 the formation of these land bridges (Bernor et al., 1987;
an  et al., 2003). During the MMCO  pockets of subtropical
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Fig. 1. Graphical representation of hypothesized historical biotic exchange between the African and Asian tropics. (A) Gondwanan vicariance hypothesis: rafting of biota on
the  Indian plate and biotic exchange facilitated by convergence and collision of the Indian and Eurasian plates in the Eocene, ca. 50 Ma.  Note that the mode and timing of plate
collision  are disputed (see Section “Introduction”). (B) Boreotropical migration hypothesis: biotic exchange facilitated by an extensive frost-free and humid climate belt in the
northern  mid-latitudes, the boreotropics, during a warm phase peaking in the Late Palaeocene-Early Eocene, ca. 52 Ma.  (C) Miocene geodispersal hypothesis: window of over-
land  dispersal opportunity across Arabia in the early to middle Miocene associated with land bridge formation between Africa and Southwest Asia and a warm phase peaking in
the  Middle Miocene Climatic Optimum, 17–15 Ma.  (D) Long-distance dispersal hypothesis: transoceanic dispersal between the African-Madagascan tropics and the Southeast
Asian  tropic llewid
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distance dispersal’ hypothesis (Fig. 1D)

sal of propagules across large marine barriers between
s (transoceanic or long-distance dispersal: LDD) and
nt  establishment offers an alternative mechanism to
ntercontinental disjunctions. This explanation, on first
ms to lack biological plausibility given the limited des-
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ed average dispersal distances of propagules exhibited by
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t. The historical assembly of tropical forest biomes at the
al scale is highly complex, but molecular divergence time
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.g. Renner, 2004; Pennington et al., 2006).
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nt study focusing on the historical biogeography of trop-
t taxa, it is important to note that for splits of African and
cies or clades which likely occurred subsequent to climate
tion  in the late middle Miocene, temporally incongru-
the three other hypotheses on processes underlying PIDs,
ance  dispersal may  provide the most feasible explanation.

tem Annonaceae

aceae, a pantropical flowering plant family (108 gen-
 species; Chatrou et al., 2012) of trees, shrubs and lianas
rovide an excellent opportunity to inject new data into
natory challenge posed by PIDs. Annonaceae are widely
d  in the tropics and subtropics, and they are a char-

 element in lowland tropical forests of both the Old
New World (Keßler, 1993). Based on their extant and
tribution, the family has been characterized as megath-
st-intolerant and restricted to tropical climates: Morley,

n Steenis, 1962), and significant positive correlations of
ae species diversity and abundance with rainfall and

ure,  respectively, have been identified (Punyasena et al.,
ese characteristics indicate that Annonaceae may  have
high degree of climate niche conservatism in their evo-
d that they may  be good trackers of past tropical forest
ons (Couvreur et al., 2011a,b). Intergeneric phylogenetic
ips in the Annonaceae have been extensively studied
stid DNA sequence data with dense generic sampling
et al., 2012), and several PIDs have been identified and cor-

 by molecular data at the infrageneric level (Chaowasku
2; Stull et al., 2011; Thongpairoj, 2008; Zhou et al., 2012)
er nodes (Couvreur et al., 2011a; Richardson et al., 2004;
unders, 2009). Hypotheses to explain these PIDs largely

 the spectrum of hypotheses advanced to explain this
geographic pattern in flowering plants in general. Doyle
omas (1997), prior to the availability of molecular evi-

 estimating divergence dates, hypothesized a complex
phical history of the Annonaceae crown group involving
an  breakup, boreotropical migration and some subse-

spersal as processes underlying PIDs. The importance
ropical migrations underlying current intercontinental
ns has been highlighted in most recent analyses incor-
molecular data (Couvreur et al., 2011a; Erkens et al.,
ie et al., 2006; Richardson et al., 2004; Surveswaran et al.,
hile Zhou et al. (2012) stressed that overland dispersal
abia is the biologically most plausible explanation for the
sian split in the palaeotropical genus Uvaria.
aceae are the largest family in the early-divergent Mag-
assoni et al., 2014), and the oldest evidence for crown

nonaceae, a fossilized flower described as Futabanthus
hi et al., 2008), indicates an origin of the crown group
he early Coniacian (ca. 89 Ma). The relative antiquity of
naceae crown group in combination with multiple identi-

 between western (Africa, Madagascar) and eastern (Asia,
-Pacific) Palaeotropical clades, as well as the apparently
ree of climate niche conservatism make Annonaceae an

 study system to investigate tropical forest evolution and
 in the Palaeotropics across a broad time-scale (Couvreur
r, 2013; Couvreur et al., 2011a).
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igins of PIDs. To achieve this we use a chloroplast DNA
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s  and methods

pling
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amilies in the Magnoliales (Magnoliaceae, Degeneriaceae,
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ae  species representing the four Annonaceae subfami-
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mily (Chatrou et al., 2012). The taxon sampling was

 to allow molecular divergence time estimates of both
ric  and infrageneric African-Asian splits across a broad
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ves  were included, but multiple species were sampled for
at are distributed across the African and Asian tropics

ys, Hubera, Sphaerocoryne, Uvaria and the only pantropical
the Annonaceae, Xylopia). Sampling of Artabotrys, Hubera,
d Xylopia was phylogenetically informed, i.e. it included
ergent species and additional species representing the
ic range of all major clades identified in recent studies,
keting their crown nodes (Chaowasku et al., 2012; Stull
1; Thongpairoj, 2008; Zhou et al., 2012; see Appendix 1
s numbers in the genera and species coverage in the cited

nd present analyses). One African and two  Asian species
ntly accepted in Sphaerocoryne, and accessions of these
cies were included in the analyses. For Friesodielsia, pre-
hown to be polyphyletic (Wang et al., 2012), species of
African and Asian clades were selected.

n sampling, amplification and sequencing

hloroplast DNA regions (rbcL, matK, ndhF, trnL-F includ-
trnL-F spacer and the trnL intron, and the psbA-trnH
which have frequently been used in the Annonaceae
etics, were downloaded from GenBank or newly ampli-

 sequences were newly generated for this study, see
 2 for voucher information and GenBank accession

). Total genomic DNA was  extracted from living, sil-
ried, or herbarium material using the Innuprep Plant
(Analytik Jena, Jena, Germany) according to the manu-

 protocol. For amplification, each 25 �l PCR contained
ddH2O, 5 �l 10× reaction buffer, 3 �l MgCl2 (25 mM),
TPs (10 mM each), 0.75 �l of each forward and reverse
0 �M),  1.25 �l bovine serum albumin (BSA, 10 mg/ml),
xitaq DNA polymerase (Promega, Madison, WI,  U.S.A.)
of DNA template. Amplification and sequencing primers

 same as in Wang et al. (2012) except that primer pair
6F/1621R, which performed poorly in the amplification

om several taxa, was  substituted by the newly designed
ndhF-s8bF [3′-TGTGGTATTCCACCCCTTGC-5′] and s8bR
TGTACCCGACGAACAAAGT-5′]. Amplifications using DNA

 from herbarium specimens frequently required several
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Fig. 2. Annonaceae: growth habits and flower and fruit morphology. (A) Mitrephora wangii, tree growth habit. (B) Xylopia involucrata, small tree growth habit. (C) Artabotrys
hexapetalus,  shrubby-lianescent growth habit. (D) Uvaria littoralis, flower, scale bar = 1 cm.  (E) Dasymaschalon dasymaschlum, flower, with proximal petal removed to show
pollination  chamber and beetle pollinators (Endaenidius sp., Curculionidae, Coleoptera), scale bar = 5 mm.  (F) Artabotrys hexapetalus, basal part of inner petals forming pollina-
tion  chamber, scale bar = 2.5 cm.  (G) Uvaria muricata, fruit composed of numerous monocarps (fruitlets derived from individual carpels after fertilization), scale bar = 15 mm.
(H)  Hubera jenkinsii, fruit composed of several monocarps, scale bar = 1 cm. (I) Desmos chinensis, fruit composed of numerous, multi-seeded, moniliform monocarps, scale
bar  = 2.5 cm.  (J) Stelechocarpus burahol, flowers and fruits borne directly on the trunk, scale bar = 10 cm.  (K) Xylopia staudtii, fruit composed of several monocarps, scale
bar  = 2.5 cm redits
Chun  Chiu; ia the
2014).
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rimer pairs, and for some samples amplification failed
artial sequences were generated (see Appendix 2 for per-
of missing data). Amplification products were visualized

 light after electrophoretic separation on a 1.5% agarose
tained with SYBR Safe gel stain (Invitrogen, Carlsbad, CA,

I (Hong Kong, P.R. China) performed PCR product purifi-

Align

S
(Dru
the  M
man
plification and sequencing using the BigDye Terminator
uencing Kit (Applied Biosystems, Foster City, CA, U.S.A.),
s sequencing using an AB 3730 DNA Analyser (Applied
s).
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Malmeoid
: A, D, F, J: Daniel C. Thomas; B: David M.  Johnson; C: Xue Bine; E, I: Pang
 World Annonaceae scratchpad (Couvreur and Annonaceae community,

t

nces  were assembled and edited using Geneious v.6
nd et al., 2010). The sequences were pre-aligned using
T (Katoh et al., 2009) plugin in Geneious and subsequently

 checked and optimized. Two highly homoplasious inver-

he psbA-trnH spacer (11 bp in 28 species of various tribes
bfamily Annonoideae, as well as 14 bp in 15 species of
useae and one species of tribe Fenerivieae in subfamily
eae, respectively) were reverse-complemented, thereby
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 substitution information in the fragments (see Pirie et al.,
omas et al., 2012). Two mutational hotspots in the psbA-
er (up to 32 bp and 46 bp, respectively) were excluded
analyses because of difficult homology assessment.

e time estimation

fossils, Endressinia brasiliana and Futabanthus asami-
s, were used to calibrate the phylogeny (for a review of
y of different Magnoliales fossils for calibration see Pirie
, 2012). E. brasiliana, a fossilized flowering shoot from the
n (Early Cretaceous, ca. 112 Ma  ago) of Brazil (Mohr and
s de Oliveira, 2004), is related to the magnolialean clade
g  of Degeneria, Galbulimima, Eupomatia, and Annonaceae
d Endress, 2010). F. asamigawaensis, a fossilized flower

 early Coniacian (Late Cretaceous, ca. 89 Ma)  of Japan,
atures consistent with a placement in the Annonaceae
oup (Takahashi et al., 2008), as it lacks internal stamin-

 are present in Degeneria, Galbulimima, Eupomatia, and in
ea, which is sister to the remaining Annonaceae.

 calibration schemes were used. The first scheme followed
 Doyle (2012) by fixing the root node to 112 Ma,  based
e of Endressinia, and by assigning a uniform calibration
ribution from 89 Ma  to 112 Ma  to the Annonaceae crown
g the age of Futabanthus as hard lower bound and the

dressinia as upper bound, respectively. These calibrations
inimal divergence time estimates. In the second scheme
as fixed to 136.4 Ma,  and a uniform calibration prior dis-

 from 89 Ma  to 136.4 Ma  was assigned to the Annonaceae
de using the age of Futabanthus as hard lower bound
earliest occurrence of unequivocal angiosperm crown
llen grain fossils from the Hauterivian (Early Cretaceous,
0  Ma  ago; Friis et al., 2010; Hughes, 1994) as a provi-
rd upper bound. The latter scheme biases the estimates
onsiderably older ages than the occurrence of the single

 structures of Endressinia and Futabanthus, and includes a
al maximum age constraint. The third calibration scheme

 lognormal calibration prior distributions. The root node
rated using the age of the Endressinia fossil as offset and

 of the lognormal distribution was defined with a median
nd a 95% probability interval between 112 and 136.4 Ma

 Hauterivian pollen grains as soft upper bound (offset:
n: 10.9, log(Stdev): 0.6). The Annonaceae crown node was
ed with a lognormal prior distribution using the age of
anthus as offset and defining the distribution shape with

 at ca. 98 Ma  and a 95% probability interval between 89
a  covering the Albian (offset: 89; mean 10.7; log(Stdev):

 calibration scheme assigned the highest probabilities to
ally older ages than the fossil ages accounting for errors
d  with the incompleteness and limited knowledge of the
les fossil record.
ian  divergence time estimation was performed using
.8 (Drummond and Rambaut, 2007). The analyses were

 an uncorrelated rates relaxed molecular clock model
 a lognormal distribution of rates (UCLD). Five data par-
ere defined a priori based on DNA region identity. To
oneous root recovery of unconstrained analyses (see Pirie
e, 2012), Magnoliaceae taxa (Magnolia kobus, Lirioden-
ifera) were implicitly selected as outgroups by putting
yly constraint on all other taxa. The random starting tree

as selected, and starting values for the root node of 112

part
usin
selec
for  a
uppe
were
10,0
lysed
adeq
mod
com
setti
Post
cred
and  

P
curr
relax
tions
subs
abru
with
anal
Thom
rate  

Ance

S
and  

(201
Mad
of W
Aust

D
mon
For  

gene
than
anal
code
(Erk
and 

sion
distr

A
BEAS
appr
impl
appr
DEC
anal
to  tw
Anno
dant

F
on  th
cies  

and  

the  r
C

, and 89 for the Annonaceae crown node were selected
 that the starting tree was compatible with the selected

bration priors. Best-fitting nucleotide substitution mod-
e concatenated matrix and each nucleotide sequence

analyses  
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were determined with MrModeltest v.2 (Nylander, 2004)
 Akaike information criterion (AIC). The Yule process was
s tree prior and a single overall UCLD model was applied
titions. An uninformative uniform prior (lower bound: 0,
nd: 0.1) was  selected for ucld.mean. Four MCMC analyses

, each with 100 million generations and sampling every
 generation. Time-series plots of all parameters were ana-
racer v.1.5 (Rambaut and Drummond, 2009) to check for

 effective sample sizes (ESS > 200) and convergence of the
elihood and parameters between each run. Trees were

 in LogCombiner v.1.8 (Drummond and Rambaut, 2007),
e burn-in to 25% of the initial samples of each MCMC  run.
-in samples were summarized using the maximum clade

y tree (MCC) option in TreeAnnotator v.1.8 (Drummond
aut, 2007).
nd Doyle (2012) hypothesized that the assumptions of
olecular dating methods including uncorrelated rates
olecular clock methods assuming lognormal distribu-

rates as implemented in BEAST, do not well fit abrupt
ion rate changes. To avoid problems associated with
te changes in the calculation of divergence times for and
nonaceae subfam. Malmeoideae, we ran additional BEAST

excluding taxa of Annonaceae subfam. Annonoideae (see
t al., 2012), which shows a distinctly higher substitution

 subfam. Malmeoideae (Pirie and Doyle, 2012).

 area reconstructions

 areas were delimited based on current distribution data
ogeographical reconstructions following Couvreur et al.
a, North/Central America; b, South America; c, Africa; d,
car;  e, India; f, Continental Asia and western Malesia (west
e’s Line); g, Southeast Asia east of Wallace’s Line, northern

 and Pacific islands (Fig. 3A).
utions were assigned based on taxonomic sources such as

phs, revisions and regional floras (see Erkens et al., 2012).
 genera which were represented by a single accession
anges were scored. For some genera that occur in more

 of the seven areas, and for which previous ancestral area
were available, respective inferred ancestral areas were
z. Anaxagorea (Scharaschkin and Doyle, 2005); Guatteria
t al., 2009); Isolona (Couvreur et al., 2008); Pseuduvaria (Su
ders, 2009). For genera represented by multiple acces-
tabotrys, Hubera, Sphaerocoryne, Uvaria, Xylopia) species
ons  were scored.
tral areas at internal nodes within the MCC  trees of the
alysis were inferred using two  methods: (1) a Bayesian

 to dispersal – vicariance analysis (DIVA) (Ronquist, 1997)
nted  in S-DIVA/RASP (Yu et al., 2010); and (2) a likelihood

 using the dispersal–extinction–cladogenesis model (L-
lemented in Lagrange (Ree and Smith, 2008). For both

the maximum number of ancestral areas was constrained
eflecting the assumption that the ranges of ancestral
ae species were similar to those of their extant descen-

e S-DIVA analyses, the ancestral areas were reconstructed
st burn-in trees of the BEAST analyses. Relative frequen-
cestral areas reconstructed for each node were recorded
ed onto the MCC  trees of the BEAST analysis constraining
ode to 112 Ma.
aints on rates of dispersal between areas in the L-DEC
were implemented in five time slices. Scaling factor matri-
ispersal rates within these time slices (see Appendix
selected based on geographic distance, palaeoclimatic
hypothesized tropical forest habitat continuity and biotic
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Fig. 3. (A) Area units used in the ancestral area reconstructions: a, North/Central America; b, South America; c, Africa; d, Madagascar; e, India; f, Continental Asia and western
Malesia  (west of Wallace’s Line); g, Southeast Asia east of Wallace’s Line, northern Australia and Pacific islands. (B) Chronogram (root constraint 112 Ma): Overview with
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ity for tropical forest taxa (modified from the matri-
by Couvreur et al., 2011a). Analyses were subsequently
d using the MCC  trees from both BEAST analyses using
alibration prior distribution (root node settings 112 and

 input trees. To test the impact of including age estimates
m. Malmeoideae based on analyses excluding subfam.
eae (see Section “Molecular divergence time estimation”)
were also run using manipulated MCC  trees (root node
12 and 136.4) featuring divergence age estimates of all

 the Malmeoideae crown group based on the analyses
 the Annonoideae taxa.

tic relationships

aximum clade credibility tree of the BEAST analysis fix-
oot node at 112 Ma  is presented in Figs. 3B, 4 and 5.
ationships in subfam. Annonoideae are mainly well sup-
ig. 4), relationships in subfam. Malmeoideae are only
pported (Fig. 5). Nine strongly supported splits of clades

 one includes extant species restricted to the western
pics (Africa, Madagascar) while the other includes species

 to the eastern Palaeotropics (Asia, Australia, western
ands) can be identified (Figs. 4 and 5). These include: two
subfam. Ambavioideae (nodes A2 and B3 in Fig. 4); six
ubfam. Annonoideae, including three splits in tribe Xylop-

 within Artabotrys, node C3; two within Xylopia, nodes D2
ig. 4) and three splits in tribe Uvarieae (within Uvaria

erocoryne, nodes H2 and J2, respectively; one split in the
asymaschalon-Friesodielsia-Monanthotaxis clade, node I2;
d one split in subfam. Malmeoideae (within Hubera, node

).

 area reconstructions

constructions of the S-DIVA are presented in Figs. 4 and 5.
stral areas inferred by S-DIVA, and the results of the L-
ses for selected nodes are given in Table 1. Fig. 6 provides

ew of inferred dispersal and vicariance events and diver-
e estimates at nodes of interest.
dispersal events between the African and Asian
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nstructed in all analyses (S-DIVA, L-DEC, using root con-

f 112 Ma  and 134.6 Ma). Additional dispersal events were
etween nodes B2/3, C1/2, C2/3, D1/2, G1/2, and G2/3, but

ance  even
a Miocen
on  interg
ily’s  fossi
analyses (see Fig. 6). Moreover, S-DIVA indicated dispersal
ide ancestral area in Africa and South America to Asia
/2). Inferred directionality of dispersal events between
n and Asian Palaeotropics was from Africa to Asia, except

spersal event inferred in the Hubera clade (between nodes
 which dispersal from Asia to Africa received the high-

rt. An ancestral distribution in the African and Asian
pics and subsequent vicariance was supported at 10
all analyses (A2, B3, C3, E2, F2, H2, I2, J2, K2, L2). Addi-
vicariance was  inferred at node D2 except in the L-DEC
under the root constraint of 136.4 Ma,  and at node G2 in
A analyses.

 divergence time estimates

divergence age estimates and 95% highest posterior den-
vals (HPDs) from the analyses using a uniform calibration
ribution and a root constraint at 112 Ma  are presented

 and 5. Divergence time estimates of nodes of interest
nalyses (uniform and lognormal calibration prior distri-
are given in Table 1. Mean ages of the nodes for which
e between the western (Africa, Madagascar) and eastern
pics  (Asia, Australia) has been inferred, cover a range from
a  (95% HPDs from 58 to 4 Ma)  in the analyses using a log-
alibration prior distribution; from 47 to 6 Ma  (95% HPDs
o 3 Ma)  in the analyses using a uniform calibration prior
on  and constraining the root node to 112 Ma; and from
a  (95% HPDs from 65 to 4 Ma)  in the analyses using a

calibration prior distribution and constraining the root
36.4 Ma.  In all analyses, mean ages of seven vicariance

e in the Miocene (23–5.3 Ma)  (Fig. 6). Exclusion of taxa of
noideae resulted in distinctly older age estimates of and
e Malmeoideae crown group including the infrageneric
sian split in Hubera (node L2; Table 1 and Fig. 6).

n

resent study strongly indicates that dispersal and
e in the Miocene, temporally incongruent with both Gond-
icariance and boreotropical migration, has played an
t  role in establishing current palaeotropical distribution
in Annonaceae. Seven of the ten to twelve inferred vicari-

ts between the western and eastern Palaeotropics fall into

e timeframe. This contrasts with previous studies focusing
eneric relationships, which highlighted that the fam-
l record and the timing of most inferred intercontinental
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Table  1
Clade support, divergence time estimates and ancestral area reconstructions. Node labels and ancestral area units refer to Figs. 4 and 5. L-DEC reconstructions that fall within
two  log-likelihood units of the optimal reconstructions and show a relative probability of ≥0.1 are indicated. Dispersal and vicariance events based on optimal reconstructions
in  L-DEC and S-DIVA are indicated. Events which are only recovered in specific reconstructions (L-DEC or S-DIVA) are indicated by the respective reconstruction method in
brackets.  Abbreviations: DAs: dispersal to Asia between this and the subsequent shallower node; DAf: dispersal to Africa between this and the subsequent shallower node;
DEC:  likelihood reconstructions under the dispersal-extinction-cladogenesis model; DIVA: Statistical Dispersal-Vicariance Analysis; HPD: highest posterior density date
range;  lognorm: lognormal prior distribution; lognorm-exAn: lognormal prior distribution, Annonoideae excluded; Ma:  million years ago; MP:  marginal probability; NA: not
available;  PP: posterior probability; RP: relative probability; uni112: uniform prior distribution, root node constraint of 112 Ma;  uni112-exAn: uniform prior distribution,
root  node constraint 112 Ma,  Annonoideae excluded; uni136: uniform prior distribution, root node constraint of 136 Ma;  uni136-exAn: uniform prior distribution, root node
constraint  of 136 Ma,  Annonoideae excluded; V: vicariance between Africa and Asia.

Node Analysis Clade support
(PP)

Divergence  time mean
(95%  HPD) (Ma)

S-DIVA  reconstructions
(area/MP)

L-DEC  reconstructions
(area/RP)

Dispersal/vicariance
events

A1 lognorm 1 45.1 (31.9–59.5) NA NA NA
A1  uni112 1 42.8 (30.5–56.3) c/1  ac/1 DAs
A1  uni136 1 49.9 (34.3–66.1) c/1  ac/0.43, c/0.28, cf/0.23,

cd/0.06
DAs

A2  lognorm 1 29.2 (17.1–41.5) NA NA NA
A2  uni112 1 27.6 (16.3–39.5) cf/0.5, cg/0.5 cf/1 V
A2  uni136 1 32.3 (18.9–46.6) cf/0.5, cg/0.5 cf/0.79, ce/0.21 V
B1  lognorm 1 31.5 (20.5–44) NA NA NA
B1  uni112 1 29.7 (18.5–41.1) ac/1 ac/1 DAs (DIVA)
B1  uni136 1 34.7 (21.7–49) ac/1 ac/0.81, c/0.19 DAs (DIVA)
B2  lognorm 1 18.6 (10.3–27.4) NA  NA NA
B2  uni112 1 18.3 (9.4–25.2) cf/0.56, cd/0.44 cd/0.7, cf/0.3 DAs (DECc)
B2  uni136 1 20.3 (11–30.3) cf/0.56, cd/0.44 cd/0.59, cf/0.28, c/0.13 DAs (DECc)
B3  lognorm 0.75 15.8 (7.8–24.1) NA NA NA
B3  uni112 0.81 14.7 (7.7–22.8) df/1 df/0.47, d/0.33, f/0.11,

cd/0.09
V

B3  uni136 0.8 17.3 (8.4–26.9) df/1 df/0.37, d/0.32, f/0.12 V
C1  lognorm 1 57.5 (46–68.3) NA NA NA
C1  uni112 1 54.6 (43.9–65.1) c/1 c/1
C1  uni136 1 63.2 (49.9–77) c/1 c/1
C2  lognorm 1 22.4 (13–32.5) NA NA NA
C2  uni112 1 21.3 (12.8–31.6) c/1 cf/0.51, c/0.49
C2 uni136 1 25 (14.5–37.2) c/1 c/0.5, cf/0.5 DAs
C3  lognorm 1 11.5 (7.5–16.1) NA NA NA
C3  uni112 1 10.9 (7.1–15) cf/0.93, cg/0.07 cf/1 V
C3  uni136 1 12.7 (8.3–17.7) cf/0.93, cg/0.07 cf/1 V
D1  lognorm 1 31.4 (23.5–40.3) NA NA NA
D1  uni112 1 29.8 (22.2–37.7) c/0.99 c/0.56, cf/0.3, bc/0.11 DAs
D1  uni136 1 34.9 (26.1–44.6) c/0.98 c/0.67, cf/0.33
D2 lognorm 0.96 27.2 (17.4–37) NA NA NA
D2  uni112 1 25.6 (15.9–35.5) cf/1 cf/0.54, c/0.46 V
D2  uni136 1 30.1 (18.3–41.3) cf/1 c/0.51, cf/0.49 V (DIVA)
E1 lognorm 1 20.5 (14.9–26.2) NA NA NA
E1  uni112 1 19.4 (14–24.3) c/1 c/0.81, cf/0.18 DAs
E1  uni136 1 22.7 (16.3–30) c/1 c/0.82, cf/0.18 DAs
E2  lognorm 1 16.6 (12.2–21.4) NA NA NA
E2  uni112 0.96 15.7 (11.4–20.3) cf/0.53, cg/0.47 cf/1 V
E2  uni136 0.96 18.35 (13.3–23.7) cf/0.54, cg/0.46 cf/1 V
F1  lognorm 1 55.9 (47.8–64.6) NA NA NA
F1  uni112 1 53.6 (46.1–61.3) c/1 c/0.72, cf/0.17, bc/0.11 DAs
F1  uni136 1 62.2 (51.4–73) c/1 c/0.84, cf/0.16 DAs
F2  lognorm 1 48.7 (39.7–57.7) NA NA NA
F2  uni112 1 46.8 (38.2–55.3) cf/1 cf/0.73, c/0.15, bc/0.12 V
F2  uni136 1 54.3 (42.9–65.2) cf/1 cf/0.60, c/0.22, bc/0.18 V
G1  lognorm NA NA NA NA NA
G1  uni112 1 36.2 (29.4–43.3) c/0.89, cf/0.11 c/0.56, cf/0.44
G1 uni136 1 42.3 (33.9–51.2) c/0.9, cf/0.1 c/0.75, cf/0.25
G2 lognorm NA NA NA NA NA
G2  uni112 0.35 35 cf/1 c/0.56, cf/0.44 DAs (DEC), V

(DIVA)
G2  uni136 0.35 40.5 cf/1 c/0.61, cf/0.39 DAs (DEC)
G3  lognorm 1 22.3 (13.9–31.2) NA NA NA
G3  uni112 1 20.8 (12.7–29) f/1 f/0.64, cf/0.36
G3 uni136 1 24.3 (15–34.5) f/1 f/0.62, cf/0.38
H1 lognorm 1 15.6 (10.3–20.6) NA NA NA
H1  uni112 1 14.8 (9.9–19.8) c/1 c/1 DAs
H1  uni136 1 17.2 (11.6–23.1) c/1 c/1 DAs
H2  lognorm 1 12.4 (7.9–17.5) NA NA NA
H2  uni112 1 11.7 (7.5–16.6) cf/0.99 cf/0.77, ce/0.23
H2 uni136 1 13.6 (8.6–19.5) cf/0.99 cf/0.78, ce/0.22
I1 lognorm 0.9 26.6 (19.8–34.1) NA NA NA
I1  uni112 0.9 25.3 (20.8–34.3) c/1 c/1 DAs
I1  uni136 0.9 29.5 (21.4–38) c/1 c/1 DAs
I2  lognorm 1 15.9 (10.7–21.3) NA NA NA
I2  uni112 1 15 (10.2–20.1) cf/1 cf/0.86, ce/0.14
I2 uni136 1 17.4 (11.7–23.4) cf/1 cf/1
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Table  1 (Continued)

Node Analysis Clade support
(PP)

Divergence time mean
(95%  HPD) (Ma)

S-DIVA reconstructions
(area/MP)

L-DEC  reconstructions
(area/RP)

Dispersal/vicariance
events

J1 lognorm 1 17.2 (10.3–24.6) NA NA NA
J1  uni112 1 16.2 (9.5–23.5) c/1 c/0.73, cf/0.27 DAs
J1  uni136 1 18.9 (10.8–27.4) c/1 c/0.74, cf/0.26 DAs
J2  lognorm 1 7.5 (3.5–12) NA NA NA
J2  uni112 1 7.1 (3.4–11.4) cf/1 cf/1
J2 uni136 1 8.2 (3.9–13.1) cf/1 cf/0.86, ce/0.14
K1 lognorm 1 82.6 (73.9–91.5) NA NA NA
K1  lognorm-exAn 1 79.3 (67.7–90.6) NA NA NA
K1  uni112 1 78.5 (70.8–85.7) c/1 c/0.80, ac/0.20 DAs
K1  uni112-exAn 1 73.8 (62.5–85.1) NA c/0.58, ac/0.42 DAs
K1  uni136 1 90.5 (78.8–102.9) c/1 c/0.57, ac/0.43 DAs
K1 uni136-exAn 1 89 (80.5–104.9) NA c/0.57, ac/0.43 DAs
K2  lognorm 1 40.7 (29.2–54.5) NA NA NA
K2  lognorm-exAn 1 56.5 (42.8–70.9) NA NA NA
K2  uni112 1 38.8 (28.3–51.1) cf/0.87, ac/0.08, cd/0.05 cf/0.51, ac/0.49 V
K2  uni112-exAn 1 50.6 (37.5–63.7) NA cf/0.88, ac/0.12 V
K2  uni136 1 45.7 (32.6–60) cf/0.88, ac/0.07, cd/0.05 cf/1 V
K2  uni136-exAn 1 57.4 (43.3–70.1) NA cf/1 V
L1  lognorm 1 9 (5.7–12.5) NA NA NA
L1  lognorm-exAn 1 13.5 (8.2–19.2) NA NA NA
L1  uni112 1 8.5 (5.5–11.9) ef/0.4, df/0.39, cf/0.21 ef/1 DAf
L1  uni112-exAn 1 11.9 (7.1–16.8) NA ef/1 DAf
L1  uni136 1 10 (6.3–13.8) ef/0.4, df/0.39, cf/0.21 ef/1 DAf
L1  uni136-exAn 1 13.7 (8.5–19.3) NA ef/1 DAf
L2  lognorm 1 6.5 (3.7–9.6) NA NA NA
L2  lognorm-exAn 1 9.6 (5.1–14.4) NA NA NA
L2  uni112 0.99 6.2 (3.4–9.2) de/0.68, ce/0.32 ce/0.67, de/0.33 V
L2  uni112-exAn 0.99 8.6 (4.6–13) NA ce/0.5, de/0.5 V
L2  8, ce/
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Fig. 4. Chronogram (root constraint 112 Ma): Ambavioideae and Annonoideae crown groups. For details of node support, divergence times and ancestral area reconstruction
results  at nodes of interest (A–I) see Table 1. Scale bars indicate 95% HPDs. Thin branches lead to nodes with posterior clade probabilities of <0.96. Dispersal and vicariance
events  inferred in the S-DIVA analyses are mapped on the chronogram. Coloured squares next to the terminal names indicate distributions corresponding to area units shown
in  Fig. 3A: r gascar
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Fig. 5. Chronogram (root constraint 112 Ma): Malmeoideae crown group. For details of node support, divergence times and ancestral area reconstruction results at nodes of
interest  (K, L) see Table 1. Scale bars indicate 95% HPDs. Thin branches lead to nodes with posterior clade probabilities of <0.96. Dispersal and vicariance events inferred in
the  S-DIVA analyses are mapped on the chronogram. Coloured squares next to the terminal names indicate distributions corresponding to area units (a–g) shown in Fig. 3A:
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e hypothesis of frequent long-distance dispersal across
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