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ABSTRACT

Aim To analyse spatial and temporal patterns of dispersal events in the euapi-
oids (Apiaceae subfamily Apioideae).

Location Worldwide, with an emphasis on the Northern Hemisphere.

Methods A phylogeny of euapioids was inferred from 1194 nuclear ribosomal
DNA internal transcribed spacer (nrDNA ITS) sequences using Bayesian meth-
ods. The reconstruction of ancestral areas was performed simultaneously with
phylogenetic inference using a Markov discrete phylogeographical model with
Bayesian stochastic search variable selection (BSSVS). Routes with significant
non-zero migration rates were identified using Bayes factors. For each signifi-
cant track and each tree, the distribution of dispersals in time was scored and
the asymmetry of dispersals was evaluated.

Results The root of the euapioid umbellifers was reconstructed at c. 44.51 Ma
(95% highest posterior density interval: 39.11-51.55 Ma). The Eastern Asiatic
Region was reconstructed as the most probable ancestral area for the root of the
tree. Seventeen migration routes have significant non-zero migration rates. Five of
these tracks represent long-distance transoceanic routes: (1) western Eurasia—North
America, (2) Eastern Asiatic Region—North America, (3) Australia—Neotropical
Kingdom, (4) Australia—Neantarctic, and (5) Neotropical Kingdom-sub-Saharan
Africa. Most dispersal events occurred among the areas that comprise the major
diversification centres of apioid umbellifers: western Eurasia and the Mediterranean,
Irano-Turanian and Eastern Asiatic regions. The floristic exchange among these
regions was more or less symmetrical in all directions and continuous in time. The
exchange between North America and the Eastern Asiatic Region was asymmetrical;
the asymmetry of dispersals between western Eurasia and North America was less
pronounced and not statistically significant. Floristic exchange was significantly
asymmetrical for the Nearctic—Neotropical Kingdom, Nearctic—Neantarctic, western
Eurasia—sub-Saharan Africa, and western Eurasia—Siberia migration tracks.

Main conclusions The observed dispersal pattern — intense and symmetrical
within the same climatic zone versus scarce and often unidirectional between
climatic zones or along long-distance transoceanic tracks — suggests that both
the availability of suitable habitats and geographical barriers have played crucial
roles in determining the present distribution of euapioid umbellifers.
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INTRODUCTION

Long-distance dispersal has recently been reinstated as a
distributions.

major factor shaping species
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traditionally regarded as inherently stochastic, several studies
indicate that long-distance dispersal is structured in space
and time. First, geographical barriers arise and disappear,

Although opening and closing migration windows and routes (e.g.

© 2013 Blackwell Publishing Ltd

doi:10.1111/jbi. 12071



Tiffney & Manchester, 2001). Second, migration is often
physically directional, with examples including dispersals
from continental land masses onto newly created islands,
down river systems, and along prevailing winds or ocean
currents (Cook & Crisp, 2005; and references therein). Third,
successful colonization is conditional upon habitat availabil-
ity, which changes over space and time. The tendency for
species to retain their ancestral ecology affects their dispersal
opportunities, and ecological conservatism seems to be a
major factor shaping the distribution of plants and composi-
tion of biomes (Crisp et al., 2009). The importance of dis-
persal in explaining present distributions of plants has been
well documented, but the general pattern of dispersals across
space and time is still poorly understood. As pointed out by
Donoghue & Smith (2004), such generalizations are difficult
because they are mostly based on qualitative studies that are
biased in several ways. These biases include a greater interest
of the plant systematics community in specific disjunction
patterns and a concentration on those groups that exhibit
such patterns, as well as a preference for studying smaller
groups with completely resolved phylogenies. Several biogeo-
graphical questions, however, call for a quantitative rather
than a qualitative approach (Sanmartin et al., 2001, 2007;
Sanmartin & Ronquist, 2004; Crisp et al, 2009). In this
paper, we adopt a quantitative approach to address the ques-
tion of dispersal pattern in space and time in the angiosperm
family Apiaceae (Umbelliferae) subfamily Apioideae.

Apiaceae subfamily Apioideae includes c. 400 genera and
2900 species, which are widely distributed in temperate
regions of the Northern Hemisphere, with fewer representa-
tives occurring in the south (Pimenov & Leonov, 1993;
Plunkett et al., in press). The Southern Hemisphere members
of the subfamily either represent early-branching lineages
(Downie & Katz-Downie, 1999; Calvino et al., 2006; Magee
et al., 2010) or crown taxa of recent Northern Hemisphere
origin (Spalik et al., 2010). The branches forming a basal
paraphyly in Apioideae (i.e. protoapioids sensu Magee et al.,
2010) occur almost exclusively in sub-Saharan Africa, a region
that was also reconstructed as the ancestral area for the sub-
family (Calvino et al., 2006). The remaining Apioideae (i.e.
euapioids) probably originated in the Northern Hemisphere,
but their ancestral area has yet to be formally reconstructed.

Due to extensive phylogenetic research on Apiaceae, over
one-third of its species have been sampled for nuclear ribo-
somal DNA internal transcribed spacer (nrDNA ITS)
sequence variation. These studies comprise both taxonomic
analyses of major umbellifer clades, as well as studies based
on geographical rather than taxonomic sampling, with all
major centres of endemism covered (summarized in Downie
et al., 2010). The ITS sequences of euapioids can be more or
less unambiguously aligned, whereas the analysis of the entire
subfamily requires more conservative markers to be used
(Downie et al., 2010). The wealth of available molecular
data, as well as its worldwide distribution, makes the euapi-
oid umbellifers an excellent group in which to examine dis-
persal patterns among temperate taxa.
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Dispersal patterns in Apioideae

The aims of this study were to assess the dispersal model
for apioid umbellifers, by identifying migration routes that
explain the present distribution of apioid umbellifers, assess-
ing the direction of dispersal along those routes, and estimat-
ing the timing of these dispersals.

MATERIALS AND METHODS

Taxon sampling and sequence alignment

In total, 1194 accessions of Apiaceae subfamily Apioideae
were examined for ITS sequence variation (see Appendix S1
in Supporting Information). From the sequences available in
GenBank we excluded duplicate and misidentified accessions
(Downie et al., 2010). We also omitted accessions of the pro-
toapioids from southern Africa, as their ITS sequences can-
not be reliably aligned with those of the higher umbellifers.
The included species represented all major lineages of core
Apioideae. The DNA sequences were aligned using MAFFT
6.714b (Katoh & Toh, 2008), with the number of tree-
rebuilding steps and maximum number of iterations set to
five and options FFT and default gap opening penalty and
offset parameters selected. The resulting matrix was then edi-
ted using MEsQuITE 2.73 (Maddison & Maddison, 2010).
Because the intervening 5.8S rDNA region was missing in its
entirety for many accessions, it was excluded. The alignment
of ITS1 and ITS2 regions was unambiguous and all positions
were included in the analysis. Pairwise uncorrected sequence
divergence was calculated using paurP*4b10 (Swofford, 2003).
The matrix is available in TreeBASE (study number S13377;
http://purl.org/phylo/treebase/phylows/study/TB2:513377).

Phylogenetic analyses and tree calibration

Because of the large size of the matrix, Bayesian analyses
starting from random trees rarely converged on a stationary
distribution within a reasonable period of time (several
weeks). Therefore, a preliminary phylogenetic tree was
inferred using maximum likelihood, as implemented in
PuyML 3.0 (Guindon & Gascuel, 2003), with the nucleotide
substitution model chosen using MoDELTEST 3.6 (Posada &
Crandall, 1998). This tree was then transformed into a
chronogram with arbitrary branch lengths using FIGTREE
1.3.1 (Rambaut, 2009) and used as a starting tree for Bayes-
ian analyses. Bayesian phylogenetic analyses and estimations
of divergence times were performed simultaneously using
BEAST 1.6.2 (Drummond & Rambaut, 2007). Six independent
Markov chains were run for 50,000,000 generations each and
sampled every 1000 generations. The initial 5000 trees were
discarded as burn-in. Posterior distributions of parameter
estimates and likelihood scores were examined using TRACER
1.5 (Rambaut & Drummond, 2009). All six sets of trees con-
verged on the same stationary distribution and were used in
further analyses. These sets of trees were combined and
resampled with lower frequency using a custom script. The
resulting subset of 10,800 trees was summarized using
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TREEANNOTATOR onto a single target tree obtained from the
analysis. The node heights were set to their median values in
the summary tree.

Dating of the Apiaceae tree poses problems because there
are no macrofossils for tree calibration. The family has been
included in several broad-scale studies (Bremer et al., 2004;
Moore et al., 2007; Magalléon & Castillo, 2009; Bell et al,
2010) and estimates from those studies may be considered as
secondary calibration points. However, the estimated age of
Apiaceae differs greatly among them, ranging from 29 Myr
(Bell et al., 2010) to 70 Myr (Bremer et al., 2004). Fossil pol-
len provisionally attributed to Apiaceae is known from Late
Cretaceous and Tertiary deposits (Gruas-Cavagnetto & Cer-
ceau-Larrival, 1984; Farabee, 1991; Sancay et al., 2006). Par-
ticularly, Gruas-Cavagnetto & Cerceau-Larrival (1984)
reported pollen attributed to Bupleurum from the Thanetian,
Ypresian, Bartonian and Priabonian ages, and pollen pertain-
ing to Pleurospermeae from the Ypresian, Bartonian and Pri-
abonian ages. However, in our opinion, only the fossils from
the Priabonian were preserved well enough to allow identifi-
cation. Additionally, fossil pollen of higher apioids was
reported from the Oligocene-Miocene boundary (Sancay
et al., 2006). This pollen may be attributed to a monophy-
letic group comprising Scandiceae, Smyrnieae, Aciphylleae
and the Acronema clade (L.B. & K.S., unpublished data).
These three microfossils were used as calibration points
(Table 1). The first calibration point was placed at the stem
node of Bupleureae and constrained to a lognormal distribu-
tion with a lower bound (offset) of 33.90 Ma (the end of the
Priabonian). Instead of choosing arbitrary parameters, we
adjusted the mean in order to set the upper bound of distri-
bution (95% quantile) to 58.7 Ma, corresponding to the
beginning of the Thanetian and the first occurrence of pre-
sumed (but not confirmed in formal analysis) Bupleurum-
type pollen (Gruas-Cavagnetto & Cerceau-Larrival, 1984).

Table 1 Temporal constraints used to estimate divergence times
for euapioid umbellifers (in millions of years ago). Standard
deviation of lognormal distribution was set to 0.5 for all
calibration points.

Stem node
(fossil reference) Offset Mean Median 95% quantile
Bupleureae 33.90 2389 44.80 58.71

(Gruas-Cavagnetto
& Cerceau-Larrival,
1984: Plate VII,
Figs 13-15)
Pleurospermeae 3390 2.264 43.52 55.80
(Gruas-Cavagnetto &
Cerceau-Larrival, 1984:
Plate IX, Fig. 9)
Scandiceae, Smyrnieae, 23.03 1.0 25.75 29.22
Aciphylleae and
Acronema clade (Sancay
et al., 2006: Plate 9,
Fig. 14)
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Similar constraints were imposed for the stem node of Pleu-
rospermeae, but the upper bound was constrained to the
beginning of the Ypresian (55.8 Ma). For the third calibra-
tion point, the lower bound of the lognormal distribution
was set at the Oligocene-Miocene boundary (23.03 Ma);
arbitrary values of 1.0 and 0.5 for the mean and standard
deviation were chosen (Table 1).

Biogeographical analyses

The reconstruction of ancestral areas was performed simulta-
neously with phylogenetic inference using a Markov discrete
phylogeographical model with a Bayesian stochastic search
variable selection (BSSVS) extension (Lemey et al, 2009)
and using the default parameters, as implemented in BEAST
(Drummond & Rambaut, 2007). A migration graph was con-
structed by identifying non-zero diffusion rates with a Bayes
factor (BF) test (Lemey et al, 2009). We considered only
rates yielding BF > 3, which is generally regarded as signifi-
cant. For further description of the method and its assump-
tions and how this method differs from more familiar
standard character optimization or explicitly biogeographical
methodologies, see Lemey et al. (2009).

Thirteen biogeographical areas were considered (Fig. la)
based on Takhtajan’s (1986) floristic regions of the world,
with some changes reflecting major centres of umbellifer
endemism (Pimenov & Leonov, 1993). These areas include:
(A) western Eurasia, excluding the Mediterranean coast but
including the Caucasus and the Black Sea coast of Turkey;
(B) northern Asia (Siberia); (C) the Mediterranean Region
with Macaronesia and the Saharo-Arabian deserts; (D) the
Irano-Turanian Region; (E) the Eastern Asiatic Region; (F)
sub-Saharan Africa with Madagascar and the Asian part of
the Sudano-Zambezian Region; (G) the Indian and Indochi-
nese regions; (H) the Malesian Region and the Pacific archi-
pelagos; (I) the Australian Kingdom; (J) the Neozeylandic
Region of the Antarctic Kingdom; (K) the Nearctic, i.e.
North America with the exclusion of Neotropical biota of
Central America; (L) the Neotropical Kingdom; and (M) the
Neantarctic, i.e. Chile-Patagonian and Fernandezian regions
of the Antarctic Kingdom. The more detailed geographical
division of the Old World adopted in this study reflects a
greater diversity of apioid umbellifers in this region
(Fig. 1b). This division matches geographical distributions of
the species very well, as 91% of all species occurred in only
one area each. Because Bayesian biogeographical analyses
with a Markov model do not allow multiple areas to be
assigned to terminal taxa, we assigned the area in which the
sequence voucher specimen was collected for those wide-
spread species. Therefore, we treated these accessions as rep-
resentatives of a local taxon instead of a widespread one (see
Appendix S1 for accession assignments).

Beast analyses resulted in 10,800 chronograms (after dis-
carding the initial burn-in trees and resampling with lower
frequency) with internal nodes annotated with ancestral area
reconstructions. These trees were subsequently used in the
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Figure 1 (a) Floristic divisions adopted in this study. The areas are based on Takhtajan (1986) with minor changes reflecting the
centres of endemism of umbellifers (Pimenov & Leonov, 1993). (b) Proportion of species sampled from particular geographical areas.
(c) Simplified chronogram of 1194 nrDNA ITS euapioid sequences calibrated with Tertiary fossil pollen. The calibration points are
marked with black circles. The scale axis is in millions of years ago (Ma). Triangles represent tribes and major clades of euapioids; the
width of each triangle is proportional to the number of taxa sampled. Colours denote the most probable ancestral area reconstructed
using the Bayesian method. Branches marked in grey have posterior probabilities below 50%. Pie charts indicate areas included in a
95% Bayesian confidence interval of ancestral state reconstructions for indicated nodes. Insets show cumulative log-number of lineages
through time and the number of dispersals relative to the number of branches estimated for 3-Myr intervals.
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study of dispersal patterns in time and space. For the analysis
of dispersal windows, each dated tree was divided into
3-Myr intervals starting from the tips and the following data
were recorded for each interval: the number of branches, the
number of overall reconstructed dispersals, and the number
of dispersals in both directions along tracks with significant
non-zero rates. Both median and 95% highest posterior den-
sity (HPD) for the number of dispersals relative to the num-
ber of branches were estimated for the time span of 0-
18 Ma, but not for other time spans, because for earlier
intervals the median of the number of branches was below
30. When estimating the timing of dispersals we assumed
that they took place in the stem nodes of the respective
branches (i.e. they were associated with allopatric specia-
tion).

For each of the tracks with a significant non-zero rate, a
dominant direction of dispersals over all trees was estab-
lished. Subsequently, for each track and each tree, a dispersal
asymmetry index (DAI) was calculated. We define this index
as:

where d; is the number of dispersals in the dominant direc-
tion and d, is the number of dispersals in the opposite direc-
tion along the analysed track. The DAI may vary between 1
(all dispersals inferred for a given tree are in the dominant
direction) and —1 (all dispersals for a given tree are in the
opposite direction), whereas its mean for the whole set of
trees varies between 0 (symmetrical bidirectional dispersal)
and 1 (unidirectional dispersal). When calculating the mean
DAI, we treated all trees as equally probable. We considered
an exchange along a particular track as significantly asym-
metrical if 95% of DAIs were larger than zero (i.e. if the
one-tailed 95% posterior density interval did not include
zero). The calculations were performed using the package
cor written in R (R Development Core Team, 2010). Addi-
tionally, in order to verify coT results and to demonstrate
capabilities of distributed computing, a Hapoop MAaPRE-
DUCE implementation, CoTMR, was developed. Both imple-
mentations will be presented in a separate publication (L.B.,
T.U., M.P. & K.S., in prep.).

RESULTS

Phylogeny and reconstruction of ancestral areas

Concatenated ITS1 and ITS2 sequences ranged from 404
to 448 bp. The total number of aligned positions was
629, with 88 of these positions constant and 541 variable.
The uncorrected pairwise distance between aligned sequences
(P-distance) ranged from 0.000 to 0.476, with a mean value
of 0.219. MoperLtesT with the Akaike information criterion
(AIC) selected the GTR+G+I model of nucleotide substitu-
tion as fitting these data best. Phylogenetic analyses of this
matrix resulted in trees comprising hitherto recognized
monophyletic tribes and informal clades of subfamily
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Apioideae (Fig. 1c, Appendix S2; an annotated tree with
clade support, ancestral area reconstructions, node ages and
95% HPD intervals was deposited in TreeBASE as study
number S13377), although the relationships among several
clades and within those clades differed from those of previ-
ous analyses. Nevertheless, these differences concerned nodes
that were poorly supported in previous analyses and the trees
herein are consistent with the consensus tree presented in
Downie et al. (2010). The accumulation of lineages through
time is practically log-linear and the relative number of dis-
persals decreases with time (insets in Fig. 1c).

The divergence between tribe Bupleureae and the remain-
ing euapioids (i.e. core euapioids) was estimated at
44,51 Ma, with a 95% HPD interval of 39.11-51.55 Ma. All
major clades of euapioids originated and diversified between
25 and 15 Ma (Fig. 1c). The Eastern Asiatic Region was
reconstructed as the most probable ancestral area for the
root of the tree; however, the Mediterranean Region, western
Eurasia and the Irano-Turanian Region were also included in
the 95% Bayesian confidence interval (pie charts in Fig. 1c).
For the two primary branches, the Mediterranean Region
was ancestral for Bupleureae, whereas the Eastern Asiatic
Region was the ancestral area for core euapioids. An eastern
Asian origin was also inferred for several early-branching lin-
eages of core euapioids (viz. the Chamaesium clade, Pleuro-
spermopsis  sikkimensis, Pleurospermeae and the
Physospermopsis clade). However, the Irano-Turanian and
Mediterranean regions and western Eurasia were also
included in this 95% confidence interval. From among the
34 major lineages of euapioids considered in this study, 12
originated in the Irano-Turanian Region, seven in the Medi-
terranean Region, seven in the Eastern Asiatic Region, three
in western Eurasia, three in North America, one in New Zea-
land, and one in sub-Saharan Africa.

Dispersal routes and asymmetry of floristic exchange

Out of 78 possible migration tracks, only 17 have non-zero
rates supported by BF > 3 and were included in the migra-
tion graph (Fig. 2a, Appendix S3). Twelve of these tracks
represent inland dispersals, mostly within the Old World,
or relatively short-distance dispersals across seas, such as
between Australia and New Zealand or between Australia
and the Malesian Region. The long-distance transoceanic
routes include: (1) western Eurasia—North America; (2)
Eastern Asiatic Region—North America; (3) Australia—Neo-
tropical Kingdom; (4) Australia—Neantarctic; and (5) Neo-
tropical Kingdom-sub-Saharan Africa. From among the
inland routes, three long-distance dispersal tracks are note-
worthy: (1) western Eurasia—Eastern Asiatic Region omitting
Siberia; (2) western Eurasia—sub-Saharan Africa, jumping
over the Mediterranean; and (3) Nearctic—Neantarctic, pass-
ing by tropical South America. In contrast, some short-dis-
tance migration routes, i.e. those between adjacent areas,
appear to be of lesser importance and therefore were not
included in the dispersal graph. The Eastern Asiatic and

Journal of Biogeography 40, 1324-1335
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Figure 2 (a) Migration graph of euapioid umbellifers inferred in this study. Only edges with rates supported by Bayes factors greater
than 3 are indicated. The thickness of the line represents the relative strength by which the rates are supported. Squares mark the areas
included within a 95% Bayesian confidence interval for the ancestral area at the root of the euapioids. Asterisks indicate tracks with
significantly asymmetrical floristic exchange. (b—r) Posterior density histograms of dispersal asymmetry indices (DAI). Charts are in
decreasing order of Bayes factor. For each histogram, a prevailing direction of dispersal is indicated and the P-value of the asymmetry
test is given. Mean DAI values are indicated by dots on the x-axis.
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Irano-Turanian regions did not contribute much to the col-
onization of adjacent Siberia. Floristic links between sub-
Saharan Africa and the Mediterranean Region or Central
Asia are not significant. Within South America, the
exchange between the tropical and temperate parts of the
continent, i.e. Neotropical Kingdom and Neantarctic, was
unimportant. The Indian and Indochinese regions are con-
nected with the Eastern Asiatic Region but not with the
neighbouring Irano-Turanian Region or with sub-Saharan
Africa, comprising the Asian portion of the Sudano-Zam-
bezian Region.

The median number of reconstructed dispersals was 334
(95% HPD: 309-358); 90.9% of these dispersals took place
along the 17 paths included in the diffusion model. Most
dispersal events occurred among the four Eurasian areas that
constitute the major diversification centres of apioid umbelli-
fers (the Mediterranean, Irano-Turanian and Eastern Asiatic
regions and western Eurasia; Fig. 3a). Floristic exchange
between these regions accounted for 72.7% of the total num-
ber of dispersal events. The most frequently used migration
routes include those between the Mediterranean Region and
adjacent western Eurasia (23.8% of reconstructed dispersals),
between the Irano-Turanian Region and western Eurasia
(19.5%), and between the Irano-Turanian and Eastern Asi-
atic regions (12.9%). The floristic exchange among these four
areas occurred in both directions, with mean dispersal asym-
metry indices for each pair within the range 0.01-0.26. Dis-
persal asymmetry was not significant (Fig. 2b—e,0), although
only barely so for the track between western Eurasia and the
Mediterranean (Fig. 2e, P = 0.06). The exchange between
western Eurasia and Siberia accounted for 2.1% of the total
number of dispersals and was strongly and significantly
asymmetrical (Fig. 2g; mean DAI = 0.89; P < 0.001), with
prevailing dispersals from Europe to Siberia. Similarly, the
dispersals from Europe to sub-Saharan Africa were signifi-
cantly more numerous than those northwards (Fig. 2k; mean
DAI = 0.84; P < 0.001).

The dispersal events between western Eurasia and the
Nearctic accounted for only 2.5% of the total floristic
exchange, with a prevalence of dispersals from Europe to
North America; this asymmetry was, however, not significant
(Fig. 2; mean DAI = 0.22; P = 0.29). An alternative migra-
tion route across the Pacific accounted for 2.5% of inferred
dispersals. The exchange across the Pacific was significantly
asymmetrical, with the dominance of dispersals from eastern
Asia to North America (Fig. 2m; mean DAI = 0.75;
P =0.03). The exchange between the Nearctic and the Neo-
tropical Kingdom was significantly asymmetrical, with the
dominant direction from north to south (Fig. 2f; mean
DAI = 0.68; P = 0.01). A similar asymmetry was inferred for
the track between the Nearctic and Neantarctic (Fig. 2r;
mean DAI = 0.93; P = 0.03). The exchange between the
Neotropical Kingdom and sub-Saharan Africa was not signif-
icantly asymmetrical (Fig. 2q; mean DAI = 0.83; P = 0.15),
with the smallest number of dispersals (representing only
0.3% of the total number of events).

1330

The dispersals to and from Australia made up 3.0% of all
inferred dispersal events. The floristic exchange between Aus-
tralia and New Zealand and between Australia and Patagonia
occurred in both directions, with mean dispersal asymmetry
indices of 0.41 and 0.07, respectively (Figs 2h,j). Mean DAIs
for the migration routes connecting Australia with the Male-
sian Region and Neotropics have higher values (0.80 and
0.66, respectively), but dispersal asymmetry was not signifi-
cant for any track to or from Australia. The median number
and 95% HPD of inferred dispersals and mean DAI values
are given in Appendix S3.

Temporal pattern of dispersals

The temporal distributions of dispersals along significant
migration routes are presented in Fig. 3. Continuous floristic
exchange without any distinct dispersal windows occurred
between western Eurasia and the Irano-Turanian Region
(Fig. 3¢c), between the Mediterranean Region and western
Eurasia (Fig. 3e), and between the Mediterranean and Irano-
Turanian regions (Fig. 30). These areas comprise three of the
four major areas of endemism of umbellifers in the Old
World where nearly half of the species included in this study
occur. The floristic exchange between eastern Asia and,
respectively, western Eurasia (Fig. 3b) and Central Asia
(Fig. 3d) occurred throughout the analysed period of time
but was most intense during the mid- to late Miocene. More
or less distinct dispersal peaks in the mid- to late Miocene
are also visible for the exchange between the Eastern Asiatic
and the Indian and Indochinese regions (Fig. 3i), between
the Old World and North America (Figs 3l,m) and between
western Eurasia and sub-Saharan Africa (Fig. 3k). The main
peak of dispersals from temperate North America to the
Neotropical Kingdom occurred 18-15 Ma (Fig. 3f), whereas
the dispersal of umbellifers from North America to southern
South America started at the Miocene—Pliocene boundary
(Fig. 3r). The colonization of Siberia from Europe intensified
c. 9 Ma (Fig. 3g). A distinct increase in the relative number
of dispersals beginning from the Miocene—Pliocene boundary
occurred for the tracks connecting Australia with New Zea-
land (Fig. 3h), the Neantarctic (Fig. 3j), the Neotropical
Kingdom (Fig. 3p) and the Malesian Region (Fig. 3n). A
direct connection between the Neotropical Kingdom and
sub-Saharan Africa is a very recent route, active during the
Quaternary, that was used only in the biogeographical his-
tory of Lilaeopsis (Fig. 3q).

DISCUSSION

Examining the pattern of dispersals in space and
time: possible limitations of the analyses

In this study, we show that dispersals within extensive land
masses, such as within Eurasia and particularly those extend-
ing through one main climatic zone, are more numerous,
more symmetrical, and occur more or less continuously in
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Figure 3 (a) Migration graph of euapioid umbellifers inferred in this study. Line thickness reflects the number of reconstructed
dispersals; arrows indicate the direction. (b-r) Temporal distribution of inferred dispersal events relative to the number of branches in
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time, whereas transoceanic dispersals or those between differ-
ent climatic zones, particularly between temperate and tropi-
cal climates, are less numerous, often more asymmetrical,
and tend to exhibit dispersal windows.

The Markov discrete phylogeographical model used in
this study is particularly useful for the analysis of large data
sets, but it has limitations. Contrary to the dispersal—extinc-
tion—cladogenesis (DEC) model (Ree et al., 2005; Ree &
Smith, 2008) or dispersal-vicariance analysis (DIVA; Ron-
quist, 1997), it explicitly excludes widespread ancestors,
requiring that broad distributions of extant taxa be trimmed
to single areas. However, widespread species are uncommon
among umbellifers, with only 9% of species included in this
study occupying more than one area. Moreover, unless these
species are recent invaders, they often show distinct phylo-
geographical structure and sometimes constitute vicariant
species or subspecies, as exemplified by our studies on the
umbellifer genera Berula and Sium (Spalik & Downie, 2006;
Spalik et al.,, 2009). With broadly defined individual areas,
colonization of a new area results in immediate genetic iso-
lation by distance, i.e. dispersal is immediately followed by
divergence. Such an assumption was also adopted in a
Bayesian approach to island biogeography (Sanmartin et al.,
2008). The advantage of the BSSVS extension is that it
decreases the number of estimated parameters and the vari-
ance of estimates. However, by putting a strong prior in
favour of any given transition rate being zero, it may
underestimate the number of inferred tracks. In addition,
the cut-off value of Bayes factor test is arbitrary: any value
higher than 2 may be chosen. We chose the value of
3 because it was the highest value for which the migration
graph remained coherent. Despite these limitations, Bayesian
analysis incorporating BSSVS is a valuable tool for biogeo-
graphical inference as it allows the analysis of extensive data
sets and provides statistical rather than solely descriptive
answers.

The origin and early diversification of Apioideae

Apiaceae subfamily Apioideae originated in southern Africa,
as suggested by the present distribution of early-branching
apioids or protoapioids (excluded from our analyses because
of ambiguous ITS sequence alignment) and biogeographical
reconstructions (Calvifio et al, 2006). Protoapioids mostly
occur in the subtropical climatic zone and include several
woody species. In contrast, euapioids comprise mostly herba-
ceous plants of the temperate climatic zone, and are espe-
cially abundant in arid regions (Plunkett ef al., in press).
The adaptation of a euapioid ancestor to the temperate cli-
matic zone that took place in the early to mid Tertiary
somewhere in the Northern Hemisphere (see Fig. 1c) was a
key change determining the subsequent evolutionary success
of umbellifers. The occurrence of presumed protoapioid pol-
len in early Tertiary deposits of Europe has been explained
by reference to tropical climatic conditions; the subsequent
demise of these plants and the appearance of euapioid pollen
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are suggestive of a successive climatic cooling (Gruas-Cava-
gnetto & Cerceau-Larrival, 1984).

As shown by our study, the radiation of euapioids
occurred in Eurasia, with Bupleureae originating in Europe
(an archipelago during the early Tertiary) and core euapioids
diversifying in eastern Asia. However, when elucidating dis-
persal scenarios it is important to consider not only the pos-
terior probabilities for state reconstructions at a given node,
but also the dominant reconstructions throughout the phy-
logeny (Lemey et al, 2009). Therefore, the location of the
root of euapioid umbellifers in the Eastern Asiatic Region
should be treated with caution, as all four major centres of
umbellifer diversity are equally good candidates (Fig. 1c).
Early-branching euapioids are absent from the Southern
Hemisphere and the migration of euapioids to the south
occurred during the mid- to late Tertiary (Spalik et al., 2010;
and this study). This coincides with the cooling of the global
climate (particularly the onset of permanent glaciation in the
Antarctic; Zachos et al., 2001) and an increase in temperate
and dry biomes in the Southern Hemisphere (Palazzesi &
Barreda, 2007; Salzmann et al., 2008).

Given the relatively stable ecological characteristics of eu-
apioids across the phylogeny, the observed pattern of dis-
persals is expected. Limited dispersal between different
climatic regimes relative to those within climatic regimes
results from niche conservatism (Wiens & Graham, 2005). A
recent study of ecologically diverse samples of more than
11,000 plant species from the Southern Hemisphere demon-
strated that the tendency for species to retain their ancestral
ecology over tens of millions of years and across continents
is a common phenomenon, both for speciation events within
land masses and those following transoceanic colonizations
(Crisp et al., 2009). The absence of early-branching euapioids
from most of the Southern Hemisphere may, therefore, be
attributed to a lack of climatic suitability throughout most of
the Tertiary rather than to limited dispersal opportunities.

Floristic exchange between Eurasia and North
America

Plant dispersals between Eurasia and North America occur
both over the Atlantic and the Pacific. It is generally assumed
that the most intense migrations took place when these conti-
nents were connected by land bridges: the North Atlantic land
bridge (NALB) and Beringia (Tiffney & Manchester, 2001).
The NALB functioned throughout the early Eocene with grad-
ually decreasing dispersal opportunities later in the Tertiary as
the land connections turned into an archipelago and the cli-
mate became cooler and more seasonal. Beringia functioned
throughout the Tertiary and during the glacial period it was a
major refuge of temperate biota. It was traditionally regarded
as a major dispersal track, and this belief was supported by
numerous cases of eastern Asian—North American plant dis-
junctions. This disjunction pattern, initially recognized in the
19th century, has been since intensely studied (reviewed by
Wen, 1999). For Apioideae, the trans-Atlantic connection was
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equally important as the trans-Pacific one. For both tracks,
the prevailing direction of dispersal was from the Old World
to the New World, although this asymmetry was significant
only for the eastern Asia—North America exchange.

Nearctic, Neotropical and Holantarctic kingdoms

South America was isolated from North America throughout
most of the Tertiary. The Panama Isthmus formed around
3 Ma, starting the Great American Biotic Exchange, but
migrations through island-hopping may have started much
earlier. Cody et al. (2010) reviewed migration times estimated
on the basis of molecular phylogenies for several American
taxa and concluded that plants dispersed earlier than animals.
They reported that one-third of examined plant migrations
have stem-node divergence dates that are over 20 Ma, whereas
all animals have stem-node divergence dates that are below
20 Ma. Our data also support an early dispersal of plants to
the south, preceding the establishment of the land connection
by a long time. However, in the context of the Great Ameri-
can Biotic Exchange, the Nearctic and the Neotropical floristic
kingdoms are not equivalent to North America and South
America, respectively. The majority of Neotropical umbellifers
occur in Central America rather than in South America; there-
fore, their occurrence in the Neotropical Kingdom reflects an
adaptation to warmer climatic conditions or the colonization
of mountain enclaves of cooler habitats instead of crossing a
biogeographical barrier. The exception is Lilaeopsis, which
includes some true South American species. Detailed studies
of this genus revealed multiple dispersals between South
America and North America during its recent history (Spalik
et al., 2010; Bone et al., 2011). Lilaeopsis comprises true
aquatics and dispersal by migratory waterfowl might have
been responsible for its broad distribution.

Dispersal by birds has also been proposed to explain the
amphitropical disjunctions of several species between tem-
perate North America and South America (Raven, 1963).
Our results corroborate Raven’s (1963) hypothesis, suggest-
ing a northern temperate and relatively recent origin of these
taxa. Traditional phytogeographical studies placed the south-
ern part of South America, the Juan Ferndndez Archipelago
and New Zealand in the Holantarctic Kingdom. Such links
were also evident in this study, as well as in our earlier stud-
ies of disjunct Southern Hemisphere euapioids, including all
euapioid lineages occurring at present in Australasia (Spalik
et al., 2010). The almost concurrent migration of euapioid
umbellifers to Australasia and the Neantarctic suggests that
the major factor determining their success in the Southern
Hemisphere was the increasing availability of temperate habi-
tats resulting from the climatic cooling in the late Tertiary.

Connections between western Eurasia and northern
and eastern Asia

One interesting pattern to emerge in this study is a long-dis-

tance track between western Eurasia and the Eastern Asiatic
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Region, excluding the connecting areas of Siberia and the Ir-
ano-Turanian Region. Siberia (or northern Asia) was only
recently colonized from the west rather than from the south.
Such a pattern is in agreement with commonly adopted bio-
geographical divisions; for instance, Takhtajan (1986)
included temperate Europe and Siberia in the Circumboreal
Region, as opposed to the Irano-Turanian and Eastern Asi-
atic regions. The connection between the Eastern Asiatic
Region and western Eurasia may be relictual as these areas
constitute two of four major centres of temperate deciduous
forest diversity, traditionally regarded as remnants of a meso-
phytic boreotropical flora that dominated the Northern
Hemisphere in the early Tertiary (Donoghue & Smith, 2004).
This direct link may therefore have resulted from the extinc-
tion of some taxa in connecting areas (Siberia, Irano-Tura-
nian Region) instead of from long-distance dispersals.
Because of the greater impact of glaciations in Europe than
in eastern Asia, the European survivors were probably better
adapted to colder climatic conditions than the Asian ones
and rapidly colonized the eastern Palaearctic when the gla-
ciers retreated. Long distance was therefore a less important
barrier for these species than ecological constraints.

CONCLUSIONS

Although Apiaceae subfamily Apioideae is probably of south-
ern African origin, the euapioids originated and diversified
during the early Tertiary in Eurasia, particularly in western
Eurasia and the Mediterranean, Irano-Turanian and Eastern
Asiatic regions. The floristic exchange among these regions
was symmetrical and more or less continuous over time. The
migration of umbellifers to North America occurred
throughout the late Tertiary (particularly the Miocene),
partly coincided with the existence of the North Atlantic
Land Bridge and Beringia, and was significantly asymmetrical
along at least one route (Beringia). This pattern suggests that
geographical barriers were key factors limiting dispersal in
the Northern Hemisphere.

With the exception of the colonization of sub-Saharan
Africa, which started in the mid-Miocene, the migration to
the Southern Hemisphere (Australasia, Neantarctic) intensi-
fied from the Miocene—Pliocene boundary. Euapioids are
mostly plants of open habitats of the temperate climatic
zone, and the observed dispersal pattern — intense and sym-
metrical within the same climatic zone, but scarce and often
unidirectional between climatic zones — suggests that the
increasing availability of suitable temperate habitats at the
end of Tertiary has been a major factor determining their
concurrent colonization of the Southern Hemisphere.
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