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Summary

� The global flora is thought to contain a large proportion of herbs, and understanding the

general spatiotemporal processes that shaped the global distribution of these communities is

one of the most difficult issues in biogeography.
� We explored patterns of world-wide biogeography in a species-rich herbaceous group, the

paper daisy tribe Gnaphalieae (Asteraceae), based on the hitherto largest taxon sampling, a

total of 835 terminal accessions representing 80% of the genera, and encompassing the

global geographic range of the tribe, with nuclear internal transcribed spacer (ITS) and exter-

nal transcribed spacer (ETS) sequences.
� Biogeographic analyses indicate that Gnaphalieae originated in southern Africa during the

Oligocene, followed by repeated migrations into the rest of Africa and the Mediterranean

region, with subsequent entries into other continents during various periods starting in the

Miocene.
� Expansions in the late Miocene to Pliocene appear to have been the driving force that

shaped the global distribution of the tribe as forests were progressively broken up by the mid-

continent aridification and savannas and grasslands expanded into the interior of the major

continents. This pattern of recent colonizations may explain the world-wide distribution of

many other organisms in open ecosystems and it is highlighted here as an emerging pattern in

the evolution of the global flora.

Introduction

Modern phylogenetic and biogeographic methods have greatly
improved our understanding of how plants have come to occupy
nearly every terrestrial locality. Most attempts to understand the
global patterns of plant diversity have focused on forests or
woody elements (Davis et al., 2002; Morley, 2007; Antonelli
et al., 2009). However, it has been demonstrated that recent
herbaceous colonizers make up a significant component of the
continental biota (most recent estimates are c. 50%), implying
that modern biodiversity is much more dynamic than previously
accepted (Pennington & Dick, 2004; FitzJohn et al., 2014). The
global herbaceous flora is usually characterized by accelerated
episodes of species diversifications with a relatively recent history
(Sanderson, 1998; Renner, 2004a; Linder, 2008; Hughes &
Atchison, 2015). However, little is known about biogeographic
mechanisms under this general radiation explanation, especially
at the global scale.

The daisy family (Asteraceae or Compositae) is rather recent in
origin and so provides an excellent opportunity to explore species
adaptation and assembly in recent plant radiations (Panero &
Funk, 2008). It is the largest family of flowering plants, and has a

world-wide distribution, being found everywhere but Antarctica,
especially in all the major mountains of the world. In spite of the
large size and ecological importance of Asteraceae, the geographic
origin and the patterns and processes of diversification remain
poorly understand (Funk et al., 2005; Torices, 2010). The large
size and the global distribution of the family may have limited
previous attempts to understand its history (Funk et al., 2005,
2009a). Based on both fossil and phylogenetic evidence, it has
been hypothesized that Asteraceae are of South American origin
and experienced a major subsequent diversification there, fol-
lowed by an African explosion (DeVore & Stuessy, 1995; Funk
et al., 2005; Barreda et al., 2010a; Stuessy, 2010). This African
radiation was followed by the movement of various lineages into
the Americas, Australia, and Eurasia as well as parts of the South
Pacific. But the details of how and when taxa moved out of
southern Africa and reached most parts of the earth have never
been thoroughly tested. Resolving the history of this large and
complicated family is critical to our efforts to understand the
assembly of global biodiversity.

Within the Asteraceae, the daisy tribe Gnaphalieae (subfamily
Asteroideae; 185 genera and c. 1240 species) displays one of the
widest distributions; nevertheless, it has a manageable number of
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species (c. 1240) for in-depth analyses (Koekemoer, 2002; Bayer
et al., 2007). The tribe is represented on most continents and
constitutes a significant component of dry- and cool-temperate
floras in the Southern Hemisphere; and, while there are fewer
taxa in the Northern Hemisphere, there is still a good representa-
tion there. This pattern together with distributions of many other
closely related daisy groups, such as Astereae and Anthemideae,
supports the hypothesis that the daisy species are capable of long-
distance dispersals over vast expanses of ocean. Indeed, species
from the daisy family are widely distributed on all continents and
remote island systems that could only have been reached by
transoceanic dispersals.

The tribe Gnaphalieae has a complex biogeographic distribu-
tion characterized by disjunctions as well as radiations world-
wide. Anderberg (1991) proposed that it was difficult to discern
any biogeographic patterns in the tribe as a whole and that vicari-
ance events alone would be insufficient to explain its current dis-
tributions. The results of more recent phylogenetic studies have
indicated that the extant members of the Gnaphalieae are of
southern African origin and that lineages had subsequently dis-
persed to other regions, often over long distances (Bergh & Lin-
der, 2009; Ward et al., 2009). However, taxon sampling in these
earlier studies was heavily biased toward Australia and Africa with
limited sampling in Europe, Asia and the Americas and samples
were extremely limited from some unwieldy and ill-defined gen-
era such as Gnaphalium, Pseudognaphalium, and Helichrysum.
We determined that a well-sampled phylogenetic hypothesis for
the tribe was needed to provide the framework for an in-depth
analysis of its diversification history.

Both chloroplast DNA (cpDNA) and nuclear DNA (nrDNA)
have been used extensively in Asteraceae phylogenetics, including
in the tribe Gnaphalieae (Breitwieser et al., 1999; Galbany-Casals
et al., 2004, 2010; Bergh & Linder, 2009; Bl€och et al., 2010;
Schmidt-Lebuhn & Constable, 2013). In general, both nrDNA
and cpDNA indicate similar phylogenetic results in Gnaphalieae.
For example, both showed that the tribe can be broadly divided
into two parts: a basal grade including taxa predominantly dis-
tributed in southern Africa, and a larger crown radiation com-
prising most of the species in the tribe (Bergh & Linder, 2009).
However, the results differ in that cpDNA provides extremely
low resolution for the crown radiation clade, whereas nrDNA
produces a more resolved phylogenetic structure (Smissen et al.,
2011). Furthermore, high levels of cpDNA polymorphism
within species are documented in Gnaphalieae (Smissen et al.,
2004; Galbany-Casals et al., 2011). In this study, we focused on
the backbone and generic relationships among large groups
within the tribe using nrDNA (internal transcribed spacer (ITS)
and external transcribed spacer (ETS) sequences), to reconstruct
the phylogenetic relationships and infer the biogeographic history
of the tribe.

Although it is generally accepted that the extant Asteraceae
originated in southern South America, much remains unclear
and we do not know, for instance, how quickly it colonized the
world and became so incredibly diverse. Gnaphalieae provides a
good opportunity to explore such questions. Here, we employ a
phylogenetic analysis of this tribe with the most comprehensive

sampling to date. The phylogeny and fossil information are then
utilized to estimate divergence times and to reconstruct ancestral
distributions to infer the historical biogeography of the tribe. The
goal of this study was to shed light on the macroevolutionary pro-
cesses that have led to the world-wide range of Gnaphalieae and
to use these inferences to explain the expansion of the family and
global biodiversity in general.

Materials and Methods

Taxon sampling and data collection

Seven hundred and forty-seven species of Gnaphalieae were sam-
pled (Supporting Information Table S1) which represents > 80%
of the genera. Also included were 23 outgroup taxa from other
tribes whose selection was based on previous genus-level, family-
wide analyses (Panero & Funk, 2008; Funk et al., 2009b). In this
study there were only 35 genera (out of 185 total; c. 19%) that
were not included, 24 of which can be assigned to clade-based
morphological and biogeographic evidence. As a result, there are
only 11 genera from the tribe (6%) that are not clearly placed.
More than one accession was included for some species, resulting
in a total of 835 terminal taxa in the phylogenetic analysis
(Table S1).

Genomic DNA was extracted following Nie et al. (2013) and
460 new sequences were generated for the ITS and ETS frag-
ments. The ITS data were generated from amplifications using
primers ITS4 and ITS5 (White et al., 1990) and the ETS was
amplified and sequenced using primers ETS1F and 18S-IGS
(Baldwin & Markos, 1998; Linder et al., 2000). Amplified prod-
ucts were purified using polyethylene glycol (PEG) precipitation
protocols and sequenced using an ABI 3730 automated DNA
sequencer (Applied Biosystems, Foster City, CA, USA). The
resulting sequences were edited using SEQUENCHER (v.4.8; Gene
Codes Corp., Ann Arbor, MI, USA) and aligned with MUSCLE

v.3.6 (Edgar, 2004), followed by manual adjustment in SE-AL

v.2.0a11 (Rambaut, 2002) using the procedure outlined by Sim-
mons (2004). All sequences generated for this study were
deposited in GenBank (Table S1).

Phylogenetic analysis

Phylogenetic analyses were performed using both maximum like-
lihood (ML) (Felsenstein, 1981) and Bayesian methods (Ron-
quist & Huelsenbeck, 2003). Models of nucleotide substitution
were selected based on the Akaike information criterion (Akaike,
1973) as determined by MRMODELTEST 2.3 (Nylander, 2004).
The ML and its bootstrap (BS) analyses were performed on the
XSEDE online computing cluster accessed via the CIPRES Science
Gateway (Miller et al., 2010) using RAXML-HPC2 v.7.4.2 (Sta-
matakis et al., 2008) for the data set of the complete 835 taxa.
Data were partitioned into gene regions (ITS versus ETS), allow-
ing for independent parameter estimates on each partition. All
analyses employed a GTRCAT model for each partition followed
by a final parameter optimization step using the general time
reversible (GTR) substitution distribution and Γ distribution of
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among-site rate variation. The best known likelihood tree was
found using the default search parameters with 20 search repli-
cates. A rapid bootstrapping run was also carried out with
RAXML using 1000 pseudoreplicates.

For Bayesian inference, a pruned data set of 409 taxa was used
to improve computational efficiency. We excluded multiple indi-
viduals of the same species or different species from the same
region in each clade based on the previous ML analysis. Bayesian
analysis was conducted using MRBAYES v.3.2.2 (Ronquist &
Huelsenbeck, 2003), and two simultaneous runs were initiated
starting from random trees. Independent model tests were per-
formed on each marker, and model parameters (statefreq, revmat
and shape) were unlinked between partitions. The Bayesian
Markov chain Monte Carlo (MCMC) algorithm was run for
20 000 000 generations with four incremental chains starting
from random trees and sampling one out of every 2000 genera-
tions. Convergence and sampling intensity were evaluated using
the potential scale reduction factor (PRSF) and estimated sample
size (ESS). To estimate burn-ins, posterior parameter distribu-
tions were viewed using TRACER 1.5. The trees sampled from
within the burn-in stage were excluded, and the remaining trees
were assumed to be representative of the posterior probability
(PP) distribution. Our data sets and phylogenetic trees are avail-
able at TreeBase (http://www.treebase.org; S18330).

Divergence time estimation

The most advanced relaxed clock analyses for simultaneously
inferring tree topology and estimating divergence times are well
suited to smaller data sets (< 500 taxa) and computational limits
preclude their use for large data sets. Dating methods for very
large trees (e.g. PathD8) do not infer topology, place tight restric-
tions on calibration priors, and can yield biased divergence time
estimates (Brown et al., 2007). Therefore, we used a reduced data
set of 409 taxa for chronogram estimation in the Bayesian infer-
ence.

Higher Bayes factors (Nylander et al., 2004) were recovered in
BEAST v.1.8.0 (Drummond et al., 2012) for a relaxed rather than
a strict clock model; so the relaxed model was used to estimate
divergence times in Gnaphalieae. The simultaneous data set was
partitioned by locus; nucleotide substitution models were
unlinked among partitions; and the GTR + Γ + I model was used
based on the MRMODELTEST results. A Yule tree prior, linked
uncorrelated lognormal relaxed clock models, and default opera-
tors were also defined in the BEAST xml input file. After optimal
operator adjustment as suggested by the output diagnostics from
several preliminary BEAST runs, two independent MCMC runs
(each of 100 million generations and sampling every 10 000 gen-
erations) were performed on a cluster of the CIPRES portal
(Miller et al., 2010). To test for convergence, analyses were run
until the effective sample sizes of all parameters exceeded 200 and
a 10% burn-in was removed (Drummond et al., 2006; Drum-
mond & Rambaut, 2007).

Divergence time estimation can be biased by various factors,
such as accuracy of fossil ages, assignment of fossils to taxa and
nodes, choice and definition of priors, resolution of nodes in the

topology, and issues with estimating rates of molecular evolution
(Graur & Martin, 2004; Gandolfo et al., 2008). But if the
sources of error are properly accounted for, general statements
can be made concerning biogeographic events that encompass
large-scale and relatively slow processes over long periods of time
(Ho & Phillips, 2009). It has also been suggested that the use of
multiple calibration points that are internal and external to the
ingroup is expected to provide more realistic and less error-prone
divergence time estimates than single calibrations (Brochu et al.,
2004; Marjanovic & Laurin, 2007). Given these considerations,
we decided to execute the analysis based on five calibration
points, including one macrofossil, two pollen fossils, and two
geological events.

Until recently, the family Asteraceae had a scant fossil record,
and macrofossils were known mainly from the Neogene (Barreda
et al., 2010b). New fossil discoveries in the last several years, how-
ever, have provided better estimates of the divergence times of
some basal lineages within the family, such as Barnadesioideae
(Barreda et al., 2010b). The first calibration point used was the
capitulescence of Raiguenrayun cura from Patagonia described as
belonging to the crown Asteraceae and dated by radiometric
methods at 47.5 million years ago (Ma) (Barreda et al., 2012).
We used this fossil as a minimum age constraint for the split
between Barnadesioideae and the rest of the family. The lognor-
mal distribution has been shown to be the most appropriate for
modeling paleontological information because lineage origina-
tion should not postdate the fossil occurrence (Ho, 2007; Ho &
Phillips, 2009). Uncertainty in the age and imprecision in nodal
assignment were accommodated by specifying a lognormal prior
distribution that covered a wider time range and allowed the date
to shift backwards in time. Therefore, we applied a lognormal
prior distribution with an offset of 47.5 Ma, a mean of 1.0 and a
standard deviation of 0.7. Pollen of Asteraceae is distinctive, and
an extensive fossil record exists in the Southern Hemisphere
(Muller, 1981; Palazzesi et al., 2009; Barreda et al., 2010b;
Zavada & Lowrey, 2010; Telleria et al., 2013). As a minimum
age constraint for the crown group of subfamily Barnadesioideae,
we used the fossil pollen Quilembaypollis sp., from the Patagonian
Oligocene–Miocene, dated at 23Ma (Palazzesi et al., 2009). The
earliest Ambrosia-type pollen is from the Beaverhead Basins flora
of Montana c. 22–30Ma (Becker, 1969; Leopold & MacGinitie,
1972), and it was used to constrain the age of the node connect-
ing Helianthus (tribe Heliantheae) with Tagetes (tribe Tageteae).
Following Bergh & Linder (2009), the 95% confidence interval
for this prior lies between 16.9 and 44.1 Ma with the mean at
22.3 Ma.

We used a normal distribution with the mean at 6.0 Ma, and a
95% confidence interval between 3.1 and 8.9Ma for the split
between the range-restricted endemic limestone specialist Stoebe
muirii and its putative sister Stoebe aethiopica, which is likely to
have occurred only after exposure of the Agulhas limestones in
the late Miocene to Pliocene, as was applied in Bergh & Linder
(2009). Similarly, the divergence time between Stoebe
passerinoides (endemic to high-altitude heathlands on the volcanic
island La R�eunion where volcanism was initiated at c. 5 Ma) and
its sister Stoebe cryptophylla from Madagascar was fixed using a
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normal prior distribution with a conservative 95% confidence
interval between 1.8 and 7.7 Ma (mean of 4.75Ma).

Area delimitation and ancestral area reconstruction

We compiled the distribution data for the Gnaphalieae species
and assigned the sampled taxa to the respective ranges. Consider-
ing the areas of endemism in the tribe and tectonic history of
continents, we delimited seven areas for the Gnaphalieae: (A)
eastern Asia; (B) Australasia; (C) North and Central America;
(D) South America; (E) Europe to central Asia; (F) Africa (except
southern Africa); and (G) southern Africa. Based on the highest
species richness and endemism of the tribe, southern Africa was
coded separately from other areas in Africa, and includes the
southernmost countries of South Africa, Botswana, Namibia,
Lesotho, and Swaziland (Bergh & Linder, 2009; Ward et al.,
2009). Each sample was coded according to its collection locality.
For widely distributed species, multiple accessions were included
and assigned to different regions.

Biogeographic inferences were obtained by applying both sta-
tistical dispersal–vicariance analysis (S-DIVA) and Bayesian
binary MCMC (BBM) analysis implemented in RASP 2.1 using
the default settings (Yu et al., 2010). Random 1000 BEAST output
trees were used and the maximum number of individual unit
areas was set to two. In addition to these event-based biogeo-
graphic methods, we also applied a likelihood approach based on
dispersal, extinction, and cladogenesis as implemented in the
software LAGRANGE 20130526 (Ree & Smith, 2008). We used
the ultrametric tree generated by BEAST to infer ancestral distribu-
tions with a uniform dispersal matrix. The maximum size of
ancestral ranges was set to two, with dispersals between areas not
constrained based on the reported ease for dispersals in the tribe
(Bergh & Linder, 2009; Ward et al., 2009).

Results

The concatenated nrDNA data set comprised 1561 base pairs
(bp): 912 bp for ITS and 649 bp for ETS. Results of the analysis
of the 835 taxa recovered a well-supported monophyletic
Gnaphalieae (PP = 1.00; BS = 100%; Fig. S1). Largely in line
with all previous DNA sequence analyses, the tribe had two
early-diverged lineages: the Relhania clade (PP = 1.00;
BS = 100%) as the first diverged group and the Metalasia clade
(PP = 1.00; BS = 92%) as the next diverged lineage (Fig. S1).
Our analysis also recognized a clade that contained only a few
species of Lasiopogon as the third lineage sister to the remainder
of the tribe (PP = 1.00; BS = 92%; Fig. S1). We recognized four
major clades in the crown radiation group: HAP (Helichrysum,
Anaphalis, Pseudognaphalium, etc.), Gnaphalium s.s., FLAG
(Filago, Leontopodium, Antennaria, Gamochaeta, etc.), and the
Australasian group. The HAP clade (PP = 1.00; BS = 100%)
appeared as sister to the rest including FLAG (PP = 1.00;
BS = 76%), Gnaphalium s.s. (PP = 1.00; BS = 95%), and the
Australasian clade (PP = 0.99; BS = 80%; Fig. S1).
Pseudognaphalium is not monophyletic with two recognized lin-
eages within the HAP clade (PP = 1.00; BS = 100%; Fig. S1).

Similarly, Achyrocline is split into two subclades within the HAP.
Within the Australasian clade, both ML and Bayesian analyses
showed that a few southern African taxa (e.g. Vellereophyton,
Petalacte, and Syncarpha canescens) form the sister group of a
clade including all taxa from Australia and New Zealand
(Fig. S1).

Different from both ML and Bayesian analyses, an initial
BEAST analysis indicated the nonmonophyly of the Australasian
taxa because a few taxa from southern Africa were nested within
it. However, further tests using Bayes factors (Kass & Raftery,
1995) estimated in TRACER suggested that there is no significant
difference between the constraint and the unconstraint analyses
concerning the monophyly of the Australasian taxa (2loge Bayes
factor =�2.073 ). Therefore, we used the most likely scenario of
range inheritance on a summarized dated phylogeny of
Gnaphalieae genera, based on a constrained scheme of the mono-
phyly of the Australasian taxa (Fig. 1).

The BEAST analyses estimated that the stem node age of
Gnaphalieae was 34.01 Ma (95% highest posterior density
(HPD) 27.93–40.4Ma), whereas the crown node of Gnaphalieae
was estimated at 29.4 Ma (95% HPD 24.02–35.31 Ma; Fig. S2).
Our results are largely consistent with the divergence time esti-
mates of Bergh & Linder (2009), who fixed the root age by deriv-
ing it secondarily from the previous dating exercises of Kim et al.
(2005). A recent dating analysis using a supertree of the family
Asteraceae also found an Oligocene age for the origin of
Gnaphalieae at c. 30 Ma (Torices, 2010).

LAGRANGE recovered a general dispersal rate of Gnaphalieae of
0.0044 per Ma and an extremely low extinction rate (4.285e-09
per Ma). The crown node of Gnaphalieae unequivocally origi-
nated in biogeographic region ‘G’ (southern Africa). Range
expansion via dispersals was common throughout the tree during
the late Miocene to Pliocene (Fig. 2). Detailed results of the bio-
geographic inference are shown in Table 1.

Discussion

Deep phylogeny of the tribe Gnaphalieae

Our broadly sampled study produces a robustly supported
phylogenetic hypothesis for the backbone relationships of the
tribe. The phylogeny shows that the tribe experienced several
dynamic early diversifications in southern Africa, resulting in at
least three near-endemic groups (the Relhania clade, the
Metalasia clade, and the Lasiopogon clade; Fig. S1). One of
these, the small Lasiopogon clade, is newly recognized and falls
between the Metalasia clade and the rest of the tribe (Fig. S1).
This group includes some species of Lasiopogon, a small genus
from subtribe Gnaphaliinae with about eight species native to
South Africa to the Middle East. As suggested by Bergh et al.
(2011), this genus is not monophyletic, having at least one
other species (Lasiopogon debilis) more closely related to the
Australasian clade.

Taxa from Africa, the Americas, Eurasia and Australasia consti-
tute the main group of the tribe (Bergh & Linder, 2009; Ward
et al., 2009). Similar to the results of Smissen et al. (2011), our
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data distinguish four well-supported lineages in the crown group
(HAP, Gnaphalium s.s., FLAG, and the Australasian group;
Fig. S1); and each of the four lineages has a world-wide distribu-
tion or independent large radiations. The HAP is a well-
supported group and represents more than half of the species of
the tribe. It includes Helichrysum, the largest genus in the tribe
with > 500 species, and the cosmopolitan Pseudognaphalium with
c. 90 herbaceous species that vary in habit from dwarf and

prostrate to large and erect (Anderberg, 1991; Bayer et al., 2007).
Our results also support the removal of many taxa from
Gnaphalium s.l. and the recognition of several segregate genera
(e.g. Euchiton, Gamochaeta and Omalotheca; Fig. S1). FLAG is
well supported as a relatively small and well-supported clade with
species mainly from Eurasia and the Americas, whereas the Aus-
tralasian clade is the second largest group of the tribe, including
all species from Australia and New Zealand as well as a few South
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African taxa, supporting a close affinity between Australasia and
southern Africa (Fig. S1).

Early divergences in southern Africa

Biogeographic analyses unequivocally support an origin and early
divergence for the tribe Gnaphalieae in southern Africa (Fig. 1;
Table 1). The stem and crown ages of Gnaphalieae are estimated
to be 34.01 (27.93–40.4) and 29.5 (24.02–35.31) Ma, respec-
tively, suggesting that its early diversification was in the late
Eocene to Oligocene (Fig. 1). Our results also show that all major
clades diverged in the early to middle Miocene (Fig. 2). The three
early-diverged lineages, including the Relhania clade, the
Metalasia clade, and Lasiopogon, are all from southern Africa,
with the stem ages estimated in the early Miocene (Fig. 2). Simi-
larly, all four lineages recognized in the crown radiation also had
origins in southern Africa in the early to middle Miocene (Fig. 2).
This is the period during which the radiations of many southern
African clades were initiated (Linder, 2005); for example,
Androcymbium (del Hoyo et al., 2009), Cape Indigofera (Schrire
et al., 2003), and Muraltia (Forest et al., 2007). It seems that the

origin and early divergence of Gnaphalieae were after the peak
global temperature c. 50Ma (Zachos et al., 2001), but before the
global climatic cooling and the development of arid-adapted veg-
etation that resulted in the expansion of open habitats in Africa
(Bobe, 2006).

Successful early dispersals out of southern Africa seem to be
infrequent during the early to middle Miocene, resulting, at this
point in time, in only two disjunct lineages between southern
Africa and other continents (Fig. 2). The first example of such a
disjunct pattern is the FLAG clade. This clade is inferred to have
a European diversification with a southern African origin c.
17.11Ma, supporting a single dispersal/migration event in the
early Miocene (Fig. 1; Table 1). Examples of the Mediterranean–
southern African disjunctions are commonly known in plants,
with these two regions comprising two of the five Mediterranean-
type floras of the world (Cowling et al., 1996). The most widely
accepted hypothesis is a southern African origin with dispersals
northward through an East African corridor during the early to
mid Miocene, when a direct land connection was available
between Africa and Europe after the closing of the Tethys Ocean
(Levyns, 1964; McGuire & Kron, 2005).
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Table 1 Divergence times in million years before present and biogeographic reconstructions for nodes

Node

Age (Ma)

DIVA (event-based);
probabilities of ancestral
areas

LAGRANGE (parametric); relative probabilities
of ancestral areas

EventMean 95% HPD S-DIVA BBM analysis
–logeL = 377.8, dispersal = 0.005008,
extinction = 4.285e-09

Tribe stem 34.01 27.93–40.4
Tribe crown 29.4 24.02–35.31 [G]1.00 [G]1.00 [G/G]0.80 —
I 23.44 17.83–28.92 [G]1.00 [G]1.00 [G/G]0.89 —
II 19.21 13.63–24.83 [G]1.00 [G]1.00 [G/G]1.00 —
III 7.08 2.83–11.83 [EG]1.00 [G]1.00 [E/G]1.00 —
IV 15.39 11.42–19.64 [G]1.00 [G]1.00 [G/G]0.99 —
V 14.12 9.88–18.6 [G]1.00 [G]1.00 [G/G]0.98 —
VI 12.78 9.26–16.58 [E]1.00 [E]1.00 [E/E]0.92 —
VII 17.28 13.56–21.33 [G]1.00 [G]1.00 [G/G]0.67

[G/GB]0.32
—

1 7.43 4.83–10.46 [EG]0.96 [G]0.98 [G/E]0.98 G? E
2 1.75 0.5–3.35 [FG]1.00 [G]0.99 [G/F]1.00 G? F
3 3.0 0.82–5.83 [EG]1.00 [G]0.98 [G/E]1.00 G? E
4 7.08 2.83–11.83 [EG]1.00 [G]0.97 [E/G]1.00 G? E
5 6.59 2.82–10.63 [FG]1.00 [G]0.81 [F/G]1.00 G? F
6 10.75 8.04–13.41 [FG]0.87 [G]0.82 [F/G]0.91 G? F
7 5.81 1.81–9.99 [EF]1.00 [F]0.80 [F/E]1.00 F? E
8 4.28 2.28–6.56 [FG]1.00 [G]0.44

[F]0.33
[G/F]1.00 G? F

9 4.98 3.14–7.17 [FG]0.62
[F]0.38

[G]0.65
[FG]0.20

[FG/F]0.99 G? F

10 2.72 1.21–4.42 [DF]1.00 [F]0.90 [F/D]1.00 F? D
11 5.42 2.1–8.36 [FG]1.00 [G]0.68

[FG]0.21
[F/G]1.00 G? F

12 7.56 5.85–9.71 [FG]0.67
[DG]0.33

[G]0.80
[FG]0.13

[FG/F]0.89 G? F

13 4.36 2.26–6.68 [DF]1.00 [F]0.53
[D]0.15

[F/D]1.00 F? D

14 7.05 4.79–9.09 [FG]1.00 [G]0.70
[FG]0.19

[G/F]0.82 G? F

15 1.33 0.4–3.32 [EF]1.00 [F]0.91 [F/E]1.00 F? E
16 6.71 5.8–8.66 [FG]0.93 [F]0.52

[G]0.27
[F/FG]0.74 G? F

17 4.71 2.04–7.07 [FG]1.00 [F]0.39
[G]0.36
[FG]0.24

[G/F]1.00 G? F

18 4.71 3.11–6.54 [AG]0.78 [G]0.91 [G/A]0.66
[G/D]0.34

G? world-wide

19 2.21 0.91–3.64 [FG]1.00 [G]0.65 [F/G]1.00 G? F
20 4.83 3.19–6.37 [G]0.43

[AF]0.15
[CF]0.14

[G]0.77 [G/G]0.79 G? world-wide

21 7.04 5.45-8.89 [AE]0.57
[E]0.43

[E]0.50
[A]0.25

[E/E]0.70
[AE/E]0.26

G? E/A

22 8.9 5.74–12.42 [CG]0.50
[AG]0.50

[G]0.99 [G/G]0.73 G? world-wide

23 17.11 12.83–21.58 [EG]0.98 [G]0.97 [G/E]0.95 G? E
24 5.97 3.7–8.6 [CE]1.00 [E]0.94 [E/C]1.00 E? C
25 10.31 7.59–13.59 [AD]0.68

[AC]0.30
[E]0.52 [E/D]0.62 E? A

E? D
26 7.85 5.31–10.6 [CD]1.00 [D]0.46

[CD]0.29
[C]0.24

[C/D]1.00 D? C

27 7.35 4.98–9.74 [CD]1.00 [D]0.48
[CD]0.32

[D/C]0.94 D? C

28 3.33 1.52–5.48 [CD]1.00 [D]0.59
[CD]0.31

[C/CD]0.98 D? C
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Our results are consistent with those of Bayer et al. (2002) and
Bergh & Linder (2009): the gnaphalioid taxa of Australia and
New Zealand appear to have been founded by a single dispersal
event from southern Africa that resulted in the some 550 species
in the Australasian clade. Divergence between the Australasian
taxa and its southern African sister taxon is estimated at a mean
age of 17.28 Ma and was followed by a massive radiation at
16.57Ma (Fig. 1). The same geographic pattern was also recov-
ered by Bergh & Linder (2009) in a biogeographic study of the
tribe. The west-to-east trans-Indian Ocean dispersal appears to
have occurred only after the Oligocene, potentially suggesting
long-distance dispersal via the West Wind Drift as the most likely
explanation for the southern African–Australasian disjunction
(Bayer et al., 2002; Bergh & Linder, 2009).

Major assemblies in the late Miocene to Pliocene

Except for the two early dispersals, all the remaining disjunct dis-
persals or migrations, either out of southern Africa or between
other continents (e.g. from the Mediterranean to South Amer-
ica), are much more recent and mostly restricted to the late
Miocene to Pliocene (Fig. 2). These events finally led to a global
colonization of the Gnaphalieae. The highest number of disper-
sals, as expected, is found from southern Africa to other areas of
Africa (Fig. 1) as these two regions are connected without physi-
cal barriers. Subsequently, frequent dispersals have been detected
from southern Africa or the rest of Africa to the Mediterranean
region, three in the early-diverged clades and the others in the
crown radiation group (Fig. 1), which were also revealed by many
other previous studies (Galbany-Casals et al., 2004, 2009; Bergh
& Linder, 2009).

These prevalent dispersals from Africa to the Mediterranean
might have been linked to significant vegetation changes in Africa
in the Miocene (Wolfe, 1985; Str€omberg, 2002, 2004; Bobe,
2006; Micheels et al., 2009). In the early Miocene, northern
Africa was widely covered by tropical trees and vegetation, which
changed into a more open-habitat vegetation towards the end of
the Miocene (Wolfe, 1985; Cerling et al., 1997; Dutton & Bar-
ron, 1997; Jacobs, 2004; Palazzesi & Barreda, 2012). The late
Miocene–Pliocene arid track in eastern Africa might have pro-
vided favorable open grassland, which would be of great impor-
tance in the northward dispersions in Gnaphalieae. Similar cases

are found in many other flowering plants, such as Senecio (Cole-
man et al., 2003) and Androcymbium (del Hoyo et al., 2009). All
these groups have high species endemism in summer-arid and/or
fire-prone habitats and it is highly possible that the diversifica-
tions around this time were linked to the opening of these dry
and herbaceous habitats. Furthermore, seeds in the tribe
Gnaphalieae are usually small and light, and possess many pappi
which aid in long-distance dispersals by wind or other agents (e.g.
birds), especially in open-ecosystems, and as a result greatly facili-
tated the world-wide diversification of the tribe.

Our results also indicate ‘multiple entries’ into South America,
North America, and eastern Asia in the late Miocene to Pliocene,
respectively. The Lucilia group has a dominant radiation in
South America that appears to be the result of a more recent dis-
persal from Africa, possibly in the middle to late Miocene (node
25 in Fig. S2). The reconstruction indicates that the common
ancestor of the Lucilia group was from the Mediterranean region,
implying a possible dispersal directly from Europe to South
America across the North Atlantic Ocean. In addition, two dis-
persals were found from southern Africa to South America via
northern Africa, as presented in the two independent Achyrocline
lineages (see nodes 10 and 13 in Fig. S2). The North American
Gnaphalieae probably arose from ancestors in the Mediterranean
and South America as shown in the Filago and Lucilia groups,
respectively (Table 1). Independent dispersals into eastern Asia
were found in two major groups: Leontopodium and Anaphalis
(Bl€och et al., 2010; Nie et al., 2013).

In Gnaphalieae, some species from Gamochaeta, Gnaphalium,
and Pseudognaphalium are widespread weeds, and all of them
seemed to be also the result of recent global expansions during
the late Miocene to Pliocene (see nodes 18, 20, 22 and 30 in
Fig. 1). For instance, Pseudognaphalium is a large genus with c.
100 species with a world-wide distribution, with most species
occurring in the New World. Our results support two separate
lineages, both nested within the southern African HAP clade,
showing a southern African origin of Pseudognaphalium
(Fig. S1). Similarly, Gamochaeta comprises c. 50–80 species and
most are known only from South America (Freire & Iharlegui,
1997). Some species are weedy with extensive nonnative ranges,
indicating a recent global colonization from South America
(node 30 in Fig. 1). The reduced Gnaphalium also originated in
southern Africa in the late Miocene and then spread into North

Table 1 (Continued)

Node

Age (Ma)

DIVA (event-based);
probabilities of ancestral
areas

LAGRANGE (parametric); relative probabilities
of ancestral areas

EventMean 95% HPD S-DIVA BBM analysis
–logeL = 377.8, dispersal = 0.005008,
extinction = 4.285e-09

29 1.69 0.49–3.0 [CD]1.00 [D]0.64
[CD]0.28

[C/D]1.00 D? C

30 3.64 1.94–5.62 [D]0.93 [D]0.77 [D/D]0.71 D? world-wide
31 16.57 13.04–20.45 [BG]1.00 [G]0.98 [G/B]1.00 G? B
32 0.68 0.05–1.66 [AB]1.00 [B]0.97 [B/A]1.00 B? A

HPD, highest posterior density; S-DIVA, statistical dispersal–vicariance analysis; BBM, Bayesian binary Markov chain Monte Carlo; L, Likelihood.
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America, Central America, South America, Asia, Africa, and Aus-
tralia (Hilliard & Burtt, 1981; Nesom, 1990; Ward et al., 2009).

The Miocene was an important period in the ‘making of the
modern world’ with general trends such as the overall cooling
trend of the climate, the origin of modern ocean currents, and
the aridification of continental interiors (Zachos et al., 2008; Pot-
ter & Szatmari, 2009; Wen et al., 2010, 2014; Pound et al.,
2012). These combined with a wide range of global geological
events (e.g. the uplift of Himalayan mountains, the closure of the
Tethys Ocean, and the closing of the Inter-American Seaway) led
to increased rates of successful plant dispersal across different
paleogeographic regions (Tiffney, 1984; Morley, 2003, 2007).
From studies of taxa that track global floral evolution, such as
paper daisies, we may gain insights into general processes that
shaped the earth’s biodiversity.

It seems that dispersal out of southern Africa has been ongoing
since the early Miocene. However, a general trend in our results
is that the late Miocene–Pliocene was an important period of
global expansion for lineages of Gnaphalieae (Fig. 2). We pro-
pose that Gnaphalieae originated and initially diversified in
southern Africa in the early to middle Miocene, and that mem-
bers of most clades repeatedly migrated/dispersed into the rest of
Africa and the Mediterranean region, and subsequently moved
into the Americas and eastern Asia in the late Miocene to
Pliocene. This global rapid colonization in the late Miocene–
Pliocene may explain many other herbaceous lineages that exhibit
world-wide distributions, especially for dominant components in
open habitat, such as amaranths, Ephedra, comps, and grasses
(Palazzesi & Barreda, 2012). The Miocene has been proposed as
a key period for many tropical or temperate plant taxa from
across the angiosperm phylogeny with pronounced rates of dis-
persals (Renner, 2004b; Antonelli, 2009; Clark et al., 2009; Clay-
ton et al., 2009; Couvreur et al., 2011; Emadzade & H€orandl,
2011; Bacon et al., 2012). Our data, together with more and
more evidence from other flowering plants (Coleman et al.,
2003; Abbott & Comes, 2004; del Hoyo et al., 2009; Li et al.,
2009; Thiv et al., 2010), specifically indicated the importance of
the late Miocene–Pliocene in the assembly of the modern flora.
The overarching pattern of the importance of the late Miocene/
Pliocene in the fast expansion of species has also been found in
ferns (Schneider et al., 2005; Wang et al., 2012) as well as many
animals (Douady et al., 2003; Daza et al., 2009; Nekola et al.,
2009; Patou et al., 2009; Santos et al., 2009; Bellwood et al.,
2010; Kornilios et al., 2010; Malekian et al., 2010). Overall, vari-
ous dispersals in the late Tertiary have been reported in different
groups of organisms and may represent a general pattern in the
evolution of our modern flora and fauna (also see Wen et al.,
2010, 2014).
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