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 Parallel bursts of recent and rapid radiation  

in the Mediterranean and Eritreo-Arabian biodiversity hotspots as 

revealed by Globularia and Campylanthus (Plantaginaceae)!
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Ø  Global floristic hotspot (Mittermeier et al., 2005) 

Ø  Hotspot of recent and rapid radiations, where (net) 
species diversification rates are sometimes very high  
(> 1 spp. myr-1) and exceptionally fast – also globally * 

Ø  Most of these radiations are most likely ‚adaptive‘, 
excepting a few (e.g.  Aegean Nigella). 

Mediterranean Basin 
 & Macaronesia (MED)  

* (e.g. Cistus: 1.46–2.44 spp. myr-1, Guzmán et al., 2009; Dianthus: 2.2–7.6 spp. myr-1, Valente et al. 
2010; Centaurea: 1.95 spp. myr-1, Bell et al., 2012). Reviewed in Valente & Vargas (2013). 
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Eritreo-Arabian/Horn of Africa  
Region (EAR) 
  
Ø  One of only two global biodiversity 

hotspots that are entirely arid 
(Mittermeier et al., 2005) 

 
Ø  Vascular plant richness: 5,000 spp., 

(1/5th of the MED); c. 50% endemic 
(Conservation International, 2008) 

Ø  Dry-evergreen shrubland, semi-
desert grassland, and low-growing 
dune and rock vegetation 

 
Ø  e.g. Dracaena, Commiphora, 

Boswellia, Poskea socotrana, 
Campylanthus… 

Campylanthus spinosus (Jemen) 

Dracaena cinnabari  
(Socotra) 

Poskea 
socotrana 

* Thiv et al. (2010) Mol. Phyl. Evol., 54, 607–616. 

Campylanthus (c. 18 spp.) crown age:  
c. 4.68 (2.00–8.07) Ma  based on 

nuclear (ITS) sequence data * 
© www.botany.cz; 2007-2016 



Eritreo-Arabian/Horn of Africa  
Region (EAR) 
  
Ø  One of only two global biodiversity 

hotspots that are entirely arid 
(Mittermeier et al., 2005) 

 
Ø  Vascular plant richness: 5,000 spp., 

c. 50% endemic (Conservation 
International, 2008) 

Ø  Dry-evergreen shrubland, semi-
desert grassland, and low-growing 
dune and rock vegetation 

 
Ø  E.g. Dracaena, Poskea socotrana, 

Campylanthus spp.  (c. 18 spp.) 

Campylanthus pungens (South Arabia) 

* Thiv et al. (2010) Mol Phyl Evol, 54, 607–616. 

Campylanthus crown age:  
c. 4.68 (2.00–8.07) Ma  based on 

nuclear (ITS) sequence variation * 

Campylanthus 
hajarensis spec. 
nov. (Oman) 
 
Hjertson et al. 
(2008) Nordic J. 
Botany, 26, 35–37. 

©  J. Henrot  

c. 15 spp. in EAR 



Eritreo-Arabian/Horn of Africa  
Region (EAR) – Macaronesia 
  
Ø  One of only two global biodiversity 

hotspots that are entirely arid 
(Mittermeier et al., 2005) 

 
Ø  Vascular plant richness: 5,000 spp., 

c. 50% endemic (Conservation 
International, 2008) 

Ø  Dry-evergreen shrubland, semi-
desert grassland, and low-growing 
dune and rock vegetation 

 
Ø  E.g. Dracaena, Poskea socotrana, 

Campylanthus spp.  (c. 18 spp.) 

Campylanthus has two disjunct species in 
Macaronesia: ‘Rand Flora‘ 

C. salsoloides (2n=14) 
(Canary Islands) 

Campylanthus glaber 
(Cape Verde Islands) 

•  Dracaena 
•  Euphorbia spp. 
•  Smilax aspera 
•  Etc. 

Aeoniumc. 
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The Rand Flora is a well-known floristic pattern in which unrelated plant lineages

show similar disjunct distributions in the continental margins of Africa and adjacent

islands—Macaronesia-northwest Africa, Horn of Africa-Southern Arabia, Eastern Africa,

and Southern Africa. These lineages are now separated by environmental barriers such

as the arid regions of the Sahara and Kalahari Deserts or the tropical lowlands of Central

Africa. Alternative explanations for the Rand Flora pattern range from vicariance and

climate-driven extinction of a widespread pan-African flora to independent dispersal

events and speciation in situ. To provide a temporal framework for this pattern, we used

published data from nuclear and chloroplast DNA to estimate the age of disjunction of

17 lineages that span 12 families and nine orders of angiosperms. We further used these

estimates to infer diversification rates for Rand Flora disjunct clades in relation to their

higher-level encompassing lineages. Our results indicate that most disjunctions fall within

the Miocene and Pliocene periods, coinciding with the onset of a major aridification trend,

still ongoing, in Africa. Age of disjunctions seemed to be related to the climatic affinities of

each Rand Flora lineage, with sub-humid taxa dated earlier (e.g., Sideroxylon) and those

with more xeric affinities (e.g., Campylanthus) diverging later. We did not find support

for significant decreases in diversification rates in most groups, with the exception of

older subtropical lineages (e.g., Sideroxylon, Hypericum, or Canarina), but some lineages

(e.g., Cicer, Campylanthus) showed a long temporal gap between stem and crown

ages, suggestive of extinction. In all, the Rand Flora pattern seems to fit the definition of

biogeographic pseudocongruence, with the pattern arising at different times in response

to the increasing aridity of the African continent, with interspersed periods of humidity

allowing range expansions.

Keywords: Africa, historical biogeography, climate change, diversification rates, long-distance dispersal, Rand
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Introduction

Large-scale biodiversity patterns have intrigued naturalists since the eighteenth century (Forster,
1778; von Humboldt and Bonpland, 1805; Wallace, 1878; Fischer, 1960; Stevens, 1989;
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Introduction

Large-scale biodiversity patterns have intrigued naturalists since the eighteenth century (Forster,
1778; von Humboldt and Bonpland, 1805; Wallace, 1878; Fischer, 1960; Stevens, 1989;

Pokorny et al. (2015)!

17 Ma: Tropical forest 
11 Ma: forest-adapted species 
7 Ma: wooded savannahs 
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Globularia!
(Plantaginaceae)!

Globularia L. 
Poskea socotrana BALF. fil. Source: Meusel et al. 1978 

G. punctata 

G. repens  

G. salicina 

G. alypum 

Affenzeller et al., unpubl. 

27 Species 
 
19 Mediterranean (incl. 4 Macaronesian) 
  8 Montane/alpine 



Source: Holländer & Jäger (1994) Flora 189: 223–254. 

Globularia – growth forms !



Globularia (27 spp.), Campylanthus (18), Poskea (2)!
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Affenzeller et al., unpubl. 



BEAST-derived MCC 
chronogram   
ITS (1+2) and cpDNA  
(atpB-rbcL, rpS16 
intron, matK/psbA) 

Affenzeller et al., unpubl. 

Globularia !

Campylanthus !

Macaronesian species 

Poskea !



Affenzeller et al., 
unpubl. 

MED-South 
incl. Anatolia 

MED-North 
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Ethiopia 

South 
Arabia!

Campylanthus !

Globularia !

Affenzeller et al., unpubl. 
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Ancestral area reconstructions on BEAST MCC tree 
using  BBM (Bayesian Binary MCMC) in RASP (v 3.2) 
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•  Recent upturn due to strikingly similar crown 
ages (Camp: 3.5 Ma; Glob: 3.3 Ma) 

 

Affenzeller et al., unpubl. 



•  Recent upturn due to strikingly similar crown 
ages (Camp: 3.5 Ma; Glob: 3.3 Ma) 

•  Gradual lineage accumulation in both 
genera … without apparent extinction 

Affenzeller et al., unpubl. 



Globularia crown Campylanthus crown* 

Affenzeller et al., unpubl. 

r = diversification rate; lambda = speciation rate; mu = extinction rate 
  

LASER (v2.3; Rabosky, 2006) / BAYESRATE (v1.6.3; Silvestro et al., 2011) 

0.59/0.88 
spp. myr-1 

0.81/1.12 
spp. myr-1 

*  Excluding Macaronesian species: 
0.63/0.97 spp. myr-1 



Globularia crown Campylanthus crown 

Affenzeller et al., unpubl. 

0.59/0.88 
spp. myr-1 

0.81/1.12 
spp. myr-1 

•  More ‘time-for-speciation’ ( = older clade age) is NOT a factor for the 
larger clade size of Globularia (27 spp.) vs. Campylanthus (18 spp.) 

r = diversification rate; lambda = speciation rate; mu = extinction rate (LASER/BAYESRATE) 



Globularia crown Campylanthus crown 

Affenzeller et al., unpubl. 

0.59/0.88 
spp. myr-1 

0.81/1.12 
spp. myr-1 

•  More ‘time-for-speciation’ ( = older clade age) is NOT a factor for the 
larger clade size of Globularia (27 spp.) vs. Campylanthus (18 spp.) 

•  There is no (LTT) evidence for higher spatial-ecological limits in the 
Mediterranean/alpine regions compared to the arid Horn of Africa 

r = diversification rate; lambda = speciation rate; mu = extinction rate (LASER/BAYESRATE) 



Globularia crown Campylanthus crown 

Affenzeller et al., unpubl. 

0.59/0.88 
spp. myr-1 

0.81/1.12 
spp. myr-1 

Conclusion: 
Higher species richness of Globularia compared to Campylanthus  

Is most likely due to a slightly increased speciation rate per se! 

r = diversification rate; lambda = speciation rate; mu = extinction rate (LASER/BAYESRATE) 



r = diversification rate; lambda = speciation rate; mu = extinction rate (BAYESRATE) 

Campylanthus stem 

    Globularia + Poskea crown 

Affenzeller et al., unpubl. 

•  Long subtending 
branches in 
phylogeny … 

•  …associated with 
high rates of 
extinction (mu) 

 
•  No stasis ! 

Mid-Miocene to  
Plio-/Pleistocene 

boundary 

Globularia + Poskea stem 

r = diversification rate; lambda = speciation rate; mu = extinction rate (LASER/BAYESRATE) 



	

	


 
•  Macaronesian Globularia and 

Campylanthus are not vicariant relicts 
related to Sahara formation, beginning c. 
7–6 Ma. 

•  Extinction in the deeper portions of 
phylogeny may relate to such an 
increase of aridification in the EAR. 

 
•  Common ancestors of Campylanthus 

and Globularia (+ Poskea) adapted to 
more humid conditions and/or denser 
vegetation... escaped extinction through 
adaptation in response to increasingly 
more arid climate. 

Macaronesian species 
of Globularia and 
Campylanthus are NOT 
vicariant relicts related 
to Sahara desert 
formation (c. 7–6 Ma) 

Epilogue I: Globularia vs. Campylanthus 



	

	


 
•  Signals of extinction in the deeper 

portions of phylogeny may relate to a 
Mid-to-Late Miocene increase of 
aridification in East Africa. 

•  If so, the common ancestors of 
Campylanthus and Globularia (+ 
Poskea) were likely adapted to more 
humid conditions and/or denser 
vegetation ...  

•  .... and may have escaped extinction 
through adaptation in response to an 
otherwise lethal, that is, increasingly 
more arid climate. 

Epilogue II: Globularia vs. Campylanthus 

 
Mid-Miocene to  

Plio-/Pleistocene 
boundary 



	

	


Increased climate instability during the Late Miocene/Pliocene might have 

selected for greater ecological flexibility in the ancestor of Globularia as 

precondition for its northward immigration into the Mediterranean Region 

(‘variability selection hypothesis’; Maslin et al., 2014). 

Maslin et al. (2014) East African climate pulses and early human evolution. Quaternary Science Reviews, 101, 1–17. 

Epilogue III: Globularia vs. Campylanthus 

Source: Campisano et al. (2012) Nature Education Knowledge 4(3):5 



	

	


 
•  The parallel radiation of Campylanthus vs. 

Globularia at the Plio-Pleistocene boundary  
    (3.5 vs. 3.3 Ma) fits a scenario…  
•  in which the coupling between low- and high-

latitude climate shifts has triggered a 
simultaneous diversification in the EAR and MED 
regions, respectively, …  

•  i.e. further increase in aridity in E Africa and the 
onset of the Quaternary glacial cycles further 
north (+ establishment of MED climate, c. 3.2 Ma) 

3.3 

3.5 

3.5 Ma 

3.3 Ma 



	

	


•  Both genera continued diversifying 
without extinction since the Plio-/
Pleistocene. 

•  Larger clade size of Globularia due 
to a slightly increased speciation 
rate in MED (1.12 myr-1).  

•  Speciation rate of Campylanthus 
remarkably high (0.88 myr-1) – 
despite small range size in the EAR.  

•  Recent and rapid radiation of 
Globularia is clearly adaptive –  

•  .... that of Campylanthus might fit a 
non-adaptive scenario. 
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Over recent years, however, molecular phylogenetic and phy-
logeographic data have increasingly challenged this hypothesis in
many groups with Mediterranean (including Macaronesian) and
East African disjunctions, some of which were inferred to have
resulted from dispersal or a complex mix involving both vicari-
ance and dispersal (e.g. Rodr!ıguez-S!anchez et al., 2009; Mao
et al., 2010; D!esamor!e et al., 2011; Migliore et al., 2012). Hence,
taxa with ‘Tethyan disjunctions’ may conceal a more complex
biogeographical history than expected for a simple Tertiary vicar-
iance event. However, no time-calibrated phylogenetic and phy-
logeographic study to date has attempted to reconstruct the
biogeographical history of a putative Tertiary laurel forest species
displaying a Mediterranean–African–Asian disjunction.

One of the most interesting species that can be used to address
this issue is Smilax aspera (Smilacaceae, Liliales), a prickly woody
climber with small, sclerophyllous leaves, a dioecious breeding
system, insect-pollinated flowers, and red berries dispersed by
birds (Herrera, 1981; Chen et al., 2000). The family Smilacaceae
consists of two genera, namely Smilax L. and Heterosmilax Kunth
(Cameron & Fu, 2006), and is mainly distributed in the tropics,
but also extends into temperate regions of both hemispheres.
Smilax, the core genus of Smilacaceae, contains c. 200 species
(Cameron & Fu, 2006) and shows the highest species diversity in
East Asia (c. 88 species), but only four species are distributed in
southern Europe. Of those, S. aspera is widespread throughout
the circum-Mediterranean region, including North Africa
and Macaronesia (Canary Islands, Madeira; e.g. Schaefer &

Schoenfelder, 2009), but also occurs with scattered populations
in the East African highlands (Kenya, Ethiopia, Tanzania) and
South Asia (Nepal, Sri Lanka, India, Bhutan, Kashmir, South-
western China; Fig. 1d). In the Mediterranean region, S. aspera
grows in open woodland, sclerophyllous evergreen scrubland
(‘garrigue’) and bushy places, often forming an impenetrable
hedgerow (0–1200 m above sea level; DeFilipps, 1980; Gratani
et al., 2003). In East Africa and South Asia, it occurs mainly in
mid-elevation (semi-)evergreen forests (c. 1000–2000 m above
sea level) (Crowley, 1993; Chen et al., 2000). Mainly based on
leaf morphology, several authors have treated some regional
endemics of S. aspera as either separate species (e.g.
S. mauritanica Desf., S. nigra Willd.) or subspecies (e.g. ssp.
balearica (Willk. ex A.DC.) K.Richt., ssp. eu-aspera Hay.). How-
ever, only S. aspera is currently widely recognized, whereas other
names are treated as synonyms (DeFilipps, 1980). Recent molec-
ular phylogenetic studies of Smilacaceae (Qi, 2013) have resulted
in the recognition of New vs Old World clades, with S. aspera
identified as the most basal Old World lineage of probably mid-
Tertiary origin. By contrast, the three other southern European
species (S. excelsa, S. azorica, S. canariensis) clustered in the New
World clade, and were inferred to have migrated from North
America to Europe in the Late Miocene (Qi, 2013).

Of particular relevance to the present study, S. aspera has long
been hypothesized to be a relict of the European Tertiary laurel
forest flora (Mai, 1995). For example, macrofossils of an extinct
Smilax species (S. hastata), closely resembling S. aspera, have been
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Fig. 1 (a–c) Regional distributions of cpDNA
(atpB–rbcL, trnC–ycf6, ndhA intron)
haplotypes of Smilax aspera in: (a) the
circum-Mediterranean region (with dotted
lines delimiting four biogeographical regions;
Strid, 1996; Migliore et al., 2012); (b) East
Africa; and (c) South Asia. (d) Overall
distribution range of S. aspera primarily
based on local floras, specimen records from
the Global Biodiversity Information
Facility (GBIF) and herbaria (see Table S1).
Large circles represent 38 populations
sampled as fresh material and smaller circles
represent 57 herbarium specimens (see Table
S1 for locality details and the identification of
population codes).
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Summary

! Tethyan plant disjunctions, including Mediterranean–African–Asian disjunctions, are
thought to be vicariant, but their temporal origin and underlying causes remain largely
unknown. To address this issue, we reconstructed the evolutionary history of Smilax aspera, a
hypothesized component of the European Tertiary laurel forest flora.
! Thirty-eight populations and herbarium specimens representing 57 locations across the spe-
cies range were sequenced at seven plastid regions and the nuclear ribosomal internal tran-
scribed spacer region. Time-calibrated phylogenetic and phylogeographic inferences were
used to trace ancestral areas and biogeographical events.
! The deep intraspecific split between Mediterranean and African–Asian lineages is attribut-
able to range fragmentation of a southern Tethyan ancestor, as colder and more arid climates
developed shortly after the mid-Miocene. In the Mediterranean, climate-induced vicariance
has shaped regional population structure since the Late Miocene/Early Pliocene. At around
the same time, East African and South Asian lineages split by vicariance, with one shared hap-
lotype reflecting long-distance dispersal.
! Our results support the idea that geographic range formation and divergence of Tertiary
relict species are more or less gradual (mostly vicariant) processes over long time spans, rather
than point events in history. They also highlight the importance of the Mediterranean Basin as
a centre of intraspecific divergence for Tertiary relict plants.

Introduction

The Mediterranean flora today is a complex mixture of taxa
whose biogeographical origins, respective age, and evolutionary
histories vary enormously (e.g. Qu!ezel, 1985; Comes, 2004;
Thompson, 2005; Blondel et al., 2010). In this context, ever-
green plant genera that are today distributed mostly in the tro-
pics, but have one or a few representatives in Mediterranean
forests and scrublands (e.g. Chamaerops, Laurus, Myrtus, Olea,
Smilax), have been given considerable attention in the phytogeo-
graphical and palaeobotanical literature (Blondel et al., 2010).
The evergreen sclerophyllous species in the Mediterranean area
are generally thought to be relicts of a Tertiary paleotropical flora,
which was more or less continuous in Laurasia, bordering the

Tethyan Ocean, occurring in the Mesozoic to the Late Tertiary
(Axelrod, 1975; Mai, 1995; Wen & Ickert-Bond, 2009; Banfield
et al., 2011). Areas around this ocean had similar, (sub)tropical
climates and shared a similar flora, mainly comprising laurel
forest, shrubs, and vines of mostly Afro-tropical and/or
Indo-Malayan affinities (Mai, 1995). Increasing aridity from the
mid-Miocene onwards caused this ‘Tethyan flora’ to die out across
many of the land areas or to retract to areas where the climate was
still suitable, either within the basin itself or in the Macaronesian
Archipelago (e.g. Svenning, 2003; Schaefer & Schoenfelder,
2009; Blondel et al., 2010). In consequence, plant taxa with
‘Tethyan disjunctions’, including Mediterranean–African–Asian
disjunctions, are thought to be vicariant, that is, reflecting cli-
mate-driven fragmentation of paleotropical laurel forests during
the Late Tertiary (e.g. Axelrod, 1975; Banfield et al., 2011).

*These authors contributed equally to this work.
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from Rhipogonum J.R. et G.Forst. (Table S3), representatives of
the closely related Philesiaceae and Rhipogonaceae (Qi et al.,
2013), were chosen as outgroup. Bayesian searches for tree topol-
ogies and node ages of this cpDNA + ITS dataset were conducted
in BEAST using a GTR +G + I substitution model selected by
jModelTest and an uncorrelated lognormal relaxed clock (Drum-
mond et al., 2002). A Yule process was specified as tree prior.
Four calibration points were used to determine specific node
priors and lognormal distributions were used for all priors to
approximate minimum ages while allowing nodes to be slightly
younger or considerably older (Morris et al., 2008). Leaf macro-
fossils of the following taxa were used: Rhipogonum tasmanicum
Conran, R.J.Carp. & G.J.Jord. (Rhipogonaceae) from the early
Eocene of Australia (51 million yr ago (Ma); node ‘1’; Conran
et al., 2009), which was assigned to the stem node age of Rhipo-
gonaceae; an Smilax hispida-like ancestor (S. magna Chaney)
from the Early Miocene deposits of Clarkia, Idaho, USA
(18.5 Ma; node ‘2’; Logan et al., 1995); an S. china-like ancestor
(S. trinervis Morita) from the late Upper Miocene of Japan
(6Ma; node ‘3’; Uemura, 1988); and an S. glaucochina-like
ancestor (S. tiantaiensis sp. nov.) from the early Upper Miocene
of East China (10.5 Ma; node ‘4’; Ding et al., 2011). All calibra-
tion points were modelled with a lognormal prior with a zero

offset on 51, 18.5, 6 and 10.5 Ma, respectively; a default lognor-
mal mean of 1 and a default lognormal SD of 1 were used to con-
strain each node (see nodes 1–4 in Fig. 3a).

In a second step, we applied a similar BEAST analysis to the
22 representative sample dataset of S. aspera (plus six outgroup
species), in which all individuals were sequenced for ITS and all
seven cpDNA regions (the five previously mentioned plus atpB–
rbcL, trnC–ycf6) to determine intraspecific node ages. We used
the same settings as in the first step, except for a constant-size
coalescent tree prior. To calibrate the root node, we used the
mean crown group ages for both Smilacaceae (node ‘D’ in
Fig. 3a: lognormal mean, 1Ma; SD, 1Ma; zero offset, 41.77Ma;
range, 42.17–61.07 Ma) and S. aspera (node ‘E’: lognormal
mean, 1Ma; SD, 1Ma; zero offset, 9.54Ma; range, 9.94–
16.64Ma) approximated from the Smilacaceae phylogeny. For
each BEAST analysis, Markov chain Monte Carlo (MCMC) runs
were performed, each of 59 107 generations, with sampling
every 5000 generations, following a burn-in of the initial 10%
cycles. MCMC samples were inspected in TRACER to confirm
sampling adequacy and convergence of the chains to a stationary
distribution. Resulting maximum clade credibility (MCC)
chronograms were visualized in FigTree (version 1.3.1; http://
tree.bio.ed.ac.uk/software/figtree/).
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Over recent years, however, molecular phylogenetic and phy-
logeographic data have increasingly challenged this hypothesis in
many groups with Mediterranean (including Macaronesian) and
East African disjunctions, some of which were inferred to have
resulted from dispersal or a complex mix involving both vicari-
ance and dispersal (e.g. Rodr!ıguez-S!anchez et al., 2009; Mao
et al., 2010; D!esamor!e et al., 2011; Migliore et al., 2012). Hence,
taxa with ‘Tethyan disjunctions’ may conceal a more complex
biogeographical history than expected for a simple Tertiary vicar-
iance event. However, no time-calibrated phylogenetic and phy-
logeographic study to date has attempted to reconstruct the
biogeographical history of a putative Tertiary laurel forest species
displaying a Mediterranean–African–Asian disjunction.

One of the most interesting species that can be used to address
this issue is Smilax aspera (Smilacaceae, Liliales), a prickly woody
climber with small, sclerophyllous leaves, a dioecious breeding
system, insect-pollinated flowers, and red berries dispersed by
birds (Herrera, 1981; Chen et al., 2000). The family Smilacaceae
consists of two genera, namely Smilax L. and Heterosmilax Kunth
(Cameron & Fu, 2006), and is mainly distributed in the tropics,
but also extends into temperate regions of both hemispheres.
Smilax, the core genus of Smilacaceae, contains c. 200 species
(Cameron & Fu, 2006) and shows the highest species diversity in
East Asia (c. 88 species), but only four species are distributed in
southern Europe. Of those, S. aspera is widespread throughout
the circum-Mediterranean region, including North Africa
and Macaronesia (Canary Islands, Madeira; e.g. Schaefer &

Schoenfelder, 2009), but also occurs with scattered populations
in the East African highlands (Kenya, Ethiopia, Tanzania) and
South Asia (Nepal, Sri Lanka, India, Bhutan, Kashmir, South-
western China; Fig. 1d). In the Mediterranean region, S. aspera
grows in open woodland, sclerophyllous evergreen scrubland
(‘garrigue’) and bushy places, often forming an impenetrable
hedgerow (0–1200 m above sea level; DeFilipps, 1980; Gratani
et al., 2003). In East Africa and South Asia, it occurs mainly in
mid-elevation (semi-)evergreen forests (c. 1000–2000 m above
sea level) (Crowley, 1993; Chen et al., 2000). Mainly based on
leaf morphology, several authors have treated some regional
endemics of S. aspera as either separate species (e.g.
S. mauritanica Desf., S. nigra Willd.) or subspecies (e.g. ssp.
balearica (Willk. ex A.DC.) K.Richt., ssp. eu-aspera Hay.). How-
ever, only S. aspera is currently widely recognized, whereas other
names are treated as synonyms (DeFilipps, 1980). Recent molec-
ular phylogenetic studies of Smilacaceae (Qi, 2013) have resulted
in the recognition of New vs Old World clades, with S. aspera
identified as the most basal Old World lineage of probably mid-
Tertiary origin. By contrast, the three other southern European
species (S. excelsa, S. azorica, S. canariensis) clustered in the New
World clade, and were inferred to have migrated from North
America to Europe in the Late Miocene (Qi, 2013).

Of particular relevance to the present study, S. aspera has long
been hypothesized to be a relict of the European Tertiary laurel
forest flora (Mai, 1995). For example, macrofossils of an extinct
Smilax species (S. hastata), closely resembling S. aspera, have been
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Fig. 1 (a–c) Regional distributions of cpDNA
(atpB–rbcL, trnC–ycf6, ndhA intron)
haplotypes of Smilax aspera in: (a) the
circum-Mediterranean region (with dotted
lines delimiting four biogeographical regions;
Strid, 1996; Migliore et al., 2012); (b) East
Africa; and (c) South Asia. (d) Overall
distribution range of S. aspera primarily
based on local floras, specimen records from
the Global Biodiversity Information
Facility (GBIF) and herbaria (see Table S1).
Large circles represent 38 populations
sampled as fresh material and smaller circles
represent 57 herbarium specimens (see Table
S1 for locality details and the identification of
population codes).
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Summary

! Tethyan plant disjunctions, including Mediterranean–African–Asian disjunctions, are
thought to be vicariant, but their temporal origin and underlying causes remain largely
unknown. To address this issue, we reconstructed the evolutionary history of Smilax aspera, a
hypothesized component of the European Tertiary laurel forest flora.
! Thirty-eight populations and herbarium specimens representing 57 locations across the spe-
cies range were sequenced at seven plastid regions and the nuclear ribosomal internal tran-
scribed spacer region. Time-calibrated phylogenetic and phylogeographic inferences were
used to trace ancestral areas and biogeographical events.
! The deep intraspecific split between Mediterranean and African–Asian lineages is attribut-
able to range fragmentation of a southern Tethyan ancestor, as colder and more arid climates
developed shortly after the mid-Miocene. In the Mediterranean, climate-induced vicariance
has shaped regional population structure since the Late Miocene/Early Pliocene. At around
the same time, East African and South Asian lineages split by vicariance, with one shared hap-
lotype reflecting long-distance dispersal.
! Our results support the idea that geographic range formation and divergence of Tertiary
relict species are more or less gradual (mostly vicariant) processes over long time spans, rather
than point events in history. They also highlight the importance of the Mediterranean Basin as
a centre of intraspecific divergence for Tertiary relict plants.

Introduction

The Mediterranean flora today is a complex mixture of taxa
whose biogeographical origins, respective age, and evolutionary
histories vary enormously (e.g. Qu!ezel, 1985; Comes, 2004;
Thompson, 2005; Blondel et al., 2010). In this context, ever-
green plant genera that are today distributed mostly in the tro-
pics, but have one or a few representatives in Mediterranean
forests and scrublands (e.g. Chamaerops, Laurus, Myrtus, Olea,
Smilax), have been given considerable attention in the phytogeo-
graphical and palaeobotanical literature (Blondel et al., 2010).
The evergreen sclerophyllous species in the Mediterranean area
are generally thought to be relicts of a Tertiary paleotropical flora,
which was more or less continuous in Laurasia, bordering the

Tethyan Ocean, occurring in the Mesozoic to the Late Tertiary
(Axelrod, 1975; Mai, 1995; Wen & Ickert-Bond, 2009; Banfield
et al., 2011). Areas around this ocean had similar, (sub)tropical
climates and shared a similar flora, mainly comprising laurel
forest, shrubs, and vines of mostly Afro-tropical and/or
Indo-Malayan affinities (Mai, 1995). Increasing aridity from the
mid-Miocene onwards caused this ‘Tethyan flora’ to die out across
many of the land areas or to retract to areas where the climate was
still suitable, either within the basin itself or in the Macaronesian
Archipelago (e.g. Svenning, 2003; Schaefer & Schoenfelder,
2009; Blondel et al., 2010). In consequence, plant taxa with
‘Tethyan disjunctions’, including Mediterranean–African–Asian
disjunctions, are thought to be vicariant, that is, reflecting cli-
mate-driven fragmentation of paleotropical laurel forests during
the Late Tertiary (e.g. Axelrod, 1975; Banfield et al., 2011).

*These authors contributed equally to this work.
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Over recent years, however, molecular phylogenetic and phy-
logeographic data have increasingly challenged this hypothesis in
many groups with Mediterranean (including Macaronesian) and
East African disjunctions, some of which were inferred to have
resulted from dispersal or a complex mix involving both vicari-
ance and dispersal (e.g. Rodr!ıguez-S!anchez et al., 2009; Mao
et al., 2010; D!esamor!e et al., 2011; Migliore et al., 2012). Hence,
taxa with ‘Tethyan disjunctions’ may conceal a more complex
biogeographical history than expected for a simple Tertiary vicar-
iance event. However, no time-calibrated phylogenetic and phy-
logeographic study to date has attempted to reconstruct the
biogeographical history of a putative Tertiary laurel forest species
displaying a Mediterranean–African–Asian disjunction.

One of the most interesting species that can be used to address
this issue is Smilax aspera (Smilacaceae, Liliales), a prickly woody
climber with small, sclerophyllous leaves, a dioecious breeding
system, insect-pollinated flowers, and red berries dispersed by
birds (Herrera, 1981; Chen et al., 2000). The family Smilacaceae
consists of two genera, namely Smilax L. and Heterosmilax Kunth
(Cameron & Fu, 2006), and is mainly distributed in the tropics,
but also extends into temperate regions of both hemispheres.
Smilax, the core genus of Smilacaceae, contains c. 200 species
(Cameron & Fu, 2006) and shows the highest species diversity in
East Asia (c. 88 species), but only four species are distributed in
southern Europe. Of those, S. aspera is widespread throughout
the circum-Mediterranean region, including North Africa
and Macaronesia (Canary Islands, Madeira; e.g. Schaefer &

Schoenfelder, 2009), but also occurs with scattered populations
in the East African highlands (Kenya, Ethiopia, Tanzania) and
South Asia (Nepal, Sri Lanka, India, Bhutan, Kashmir, South-
western China; Fig. 1d). In the Mediterranean region, S. aspera
grows in open woodland, sclerophyllous evergreen scrubland
(‘garrigue’) and bushy places, often forming an impenetrable
hedgerow (0–1200 m above sea level; DeFilipps, 1980; Gratani
et al., 2003). In East Africa and South Asia, it occurs mainly in
mid-elevation (semi-)evergreen forests (c. 1000–2000 m above
sea level) (Crowley, 1993; Chen et al., 2000). Mainly based on
leaf morphology, several authors have treated some regional
endemics of S. aspera as either separate species (e.g.
S. mauritanica Desf., S. nigra Willd.) or subspecies (e.g. ssp.
balearica (Willk. ex A.DC.) K.Richt., ssp. eu-aspera Hay.). How-
ever, only S. aspera is currently widely recognized, whereas other
names are treated as synonyms (DeFilipps, 1980). Recent molec-
ular phylogenetic studies of Smilacaceae (Qi, 2013) have resulted
in the recognition of New vs Old World clades, with S. aspera
identified as the most basal Old World lineage of probably mid-
Tertiary origin. By contrast, the three other southern European
species (S. excelsa, S. azorica, S. canariensis) clustered in the New
World clade, and were inferred to have migrated from North
America to Europe in the Late Miocene (Qi, 2013).

Of particular relevance to the present study, S. aspera has long
been hypothesized to be a relict of the European Tertiary laurel
forest flora (Mai, 1995). For example, macrofossils of an extinct
Smilax species (S. hastata), closely resembling S. aspera, have been
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Fig. 1 (a–c) Regional distributions of cpDNA
(atpB–rbcL, trnC–ycf6, ndhA intron)
haplotypes of Smilax aspera in: (a) the
circum-Mediterranean region (with dotted
lines delimiting four biogeographical regions;
Strid, 1996; Migliore et al., 2012); (b) East
Africa; and (c) South Asia. (d) Overall
distribution range of S. aspera primarily
based on local floras, specimen records from
the Global Biodiversity Information
Facility (GBIF) and herbaria (see Table S1).
Large circles represent 38 populations
sampled as fresh material and smaller circles
represent 57 herbarium specimens (see Table
S1 for locality details and the identification of
population codes).
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•  Timing of c. 11.8 Ma broadly fits a Late Tertiary vicariant 

event due to a shift from wet/sub-humid (sub)tropical forest 
to semi-arid wooded savannah in North Africa following the 
Mid-Miocene Climate Optimum (c. 17–14.5 Ma). 

 
•  Smilax aspera is of ancient origin in the Mediterranean 

Basin, but without having ‚radiated‘ there. 

•  Essentially, it is a tropical forest species but ‚preadapted‘ to 
the establishment of a dry-summer Mediterranean climate, c. 
3.2 Ma (e.g. sclerophylly). 

Pokorny et al. Timing African Rand Flora disjunctions

FIGURE 2 | (A) Tectonic fragmentation of the supercontinent Gondwana

through time, showing Africa’s drift northwards; and (B) main climatic events

in Africa during Neogene (adapted from Senut et al., 2009): (B-left) Early

Neogene Central Africa was more arid than North Africa, with a desert,

semiarid region in the Congo Basin. Desertification started in southwest

Africa in the Mid-Miocene, proceeding eastward and northward, and

finalizing with the formation of the Sahara Desert. Conversely, Central Africa

became tropical due to subsidence and Eastern African uplift. (B-right)

Schematic representation of present-day vegetation belts, showing position

of main deserts and rainforest refugia (Eastern Arc

Mountains/Guineo-Congolian region (the latter fragmented into smaller

refugia). Rand Flora lineages occupy the regions in the margin that are not

deserts or rainforests, rarely some find refuge in mountain areas of North

African Sahara (e.g., Tibesti and Hoggar Massifs).

We chose these lineages because sampling is nearly complete in
most cases with very few to nomissing taxa.Most of these RF taxa
have been sequenced for several markers from the nuclear and
chloroplast DNA regions. For each group we selected themarkers

with most sequences and tried representing both genomic com-
partments whenever possible. The sequences were aligned using
the Opalescent package (Opal v2.1.0; Wheeler and Kececioglu,
2007) in Mesquite v3.01 (Maddison and Maddison, 2014) and
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from Rhipogonum J.R. et G.Forst. (Table S3), representatives of
the closely related Philesiaceae and Rhipogonaceae (Qi et al.,
2013), were chosen as outgroup. Bayesian searches for tree topol-
ogies and node ages of this cpDNA + ITS dataset were conducted
in BEAST using a GTR +G + I substitution model selected by
jModelTest and an uncorrelated lognormal relaxed clock (Drum-
mond et al., 2002). A Yule process was specified as tree prior.
Four calibration points were used to determine specific node
priors and lognormal distributions were used for all priors to
approximate minimum ages while allowing nodes to be slightly
younger or considerably older (Morris et al., 2008). Leaf macro-
fossils of the following taxa were used: Rhipogonum tasmanicum
Conran, R.J.Carp. & G.J.Jord. (Rhipogonaceae) from the early
Eocene of Australia (51 million yr ago (Ma); node ‘1’; Conran
et al., 2009), which was assigned to the stem node age of Rhipo-
gonaceae; an Smilax hispida-like ancestor (S. magna Chaney)
from the Early Miocene deposits of Clarkia, Idaho, USA
(18.5 Ma; node ‘2’; Logan et al., 1995); an S. china-like ancestor
(S. trinervis Morita) from the late Upper Miocene of Japan
(6Ma; node ‘3’; Uemura, 1988); and an S. glaucochina-like
ancestor (S. tiantaiensis sp. nov.) from the early Upper Miocene
of East China (10.5 Ma; node ‘4’; Ding et al., 2011). All calibra-
tion points were modelled with a lognormal prior with a zero

offset on 51, 18.5, 6 and 10.5 Ma, respectively; a default lognor-
mal mean of 1 and a default lognormal SD of 1 were used to con-
strain each node (see nodes 1–4 in Fig. 3a).

In a second step, we applied a similar BEAST analysis to the
22 representative sample dataset of S. aspera (plus six outgroup
species), in which all individuals were sequenced for ITS and all
seven cpDNA regions (the five previously mentioned plus atpB–
rbcL, trnC–ycf6) to determine intraspecific node ages. We used
the same settings as in the first step, except for a constant-size
coalescent tree prior. To calibrate the root node, we used the
mean crown group ages for both Smilacaceae (node ‘D’ in
Fig. 3a: lognormal mean, 1Ma; SD, 1Ma; zero offset, 41.77Ma;
range, 42.17–61.07 Ma) and S. aspera (node ‘E’: lognormal
mean, 1Ma; SD, 1Ma; zero offset, 9.54Ma; range, 9.94–
16.64Ma) approximated from the Smilacaceae phylogeny. For
each BEAST analysis, Markov chain Monte Carlo (MCMC) runs
were performed, each of 59 107 generations, with sampling
every 5000 generations, following a burn-in of the initial 10%
cycles. MCMC samples were inspected in TRACER to confirm
sampling adequacy and convergence of the chains to a stationary
distribution. Resulting maximum clade credibility (MCC)
chronograms were visualized in FigTree (version 1.3.1; http://
tree.bio.ed.ac.uk/software/figtree/).
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Fig. 3 BEAST-derived chronograms of: (a) Smilacaceae based on cpDNA (ndhA intron, ndhF,matK, rbcL, rpl16 intron) and nrITS sequences with
calibration points denoted by nodes 1–4 (Table 2; see the Materials and Methods section for further explanation); and (b) Smilax aspera haplotypes based
on cpDNA (atpB–rbcL, trnC–ycf6, ndhA intron, ndhF,matK, rbcL, rpl16 intron) and nrITS sequences, with Smilax china, Smilax coriaceae,
Smilaxmicrophylla, Smilax hispida, Smilax riparia, and Smilax rotundifolia used as outgroup. Posterior probabilities (PP > 0.50) are labelled below the
branches. Grey bars on nodes indicate 95% highest posterior densities (HPDs) of time estimates (in million yr ago, Ma). Mean divergence dates and 95%
HPDs for major nodes (A–L) are summarized in Table 2.
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from Rhipogonum J.R. et G.Forst. (Table S3), representatives of
the closely related Philesiaceae and Rhipogonaceae (Qi et al.,
2013), were chosen as outgroup. Bayesian searches for tree topol-
ogies and node ages of this cpDNA + ITS dataset were conducted
in BEAST using a GTR +G + I substitution model selected by
jModelTest and an uncorrelated lognormal relaxed clock (Drum-
mond et al., 2002). A Yule process was specified as tree prior.
Four calibration points were used to determine specific node
priors and lognormal distributions were used for all priors to
approximate minimum ages while allowing nodes to be slightly
younger or considerably older (Morris et al., 2008). Leaf macro-
fossils of the following taxa were used: Rhipogonum tasmanicum
Conran, R.J.Carp. & G.J.Jord. (Rhipogonaceae) from the early
Eocene of Australia (51 million yr ago (Ma); node ‘1’; Conran
et al., 2009), which was assigned to the stem node age of Rhipo-
gonaceae; an Smilax hispida-like ancestor (S. magna Chaney)
from the Early Miocene deposits of Clarkia, Idaho, USA
(18.5 Ma; node ‘2’; Logan et al., 1995); an S. china-like ancestor
(S. trinervis Morita) from the late Upper Miocene of Japan
(6Ma; node ‘3’; Uemura, 1988); and an S. glaucochina-like
ancestor (S. tiantaiensis sp. nov.) from the early Upper Miocene
of East China (10.5 Ma; node ‘4’; Ding et al., 2011). All calibra-
tion points were modelled with a lognormal prior with a zero

offset on 51, 18.5, 6 and 10.5 Ma, respectively; a default lognor-
mal mean of 1 and a default lognormal SD of 1 were used to con-
strain each node (see nodes 1–4 in Fig. 3a).

In a second step, we applied a similar BEAST analysis to the
22 representative sample dataset of S. aspera (plus six outgroup
species), in which all individuals were sequenced for ITS and all
seven cpDNA regions (the five previously mentioned plus atpB–
rbcL, trnC–ycf6) to determine intraspecific node ages. We used
the same settings as in the first step, except for a constant-size
coalescent tree prior. To calibrate the root node, we used the
mean crown group ages for both Smilacaceae (node ‘D’ in
Fig. 3a: lognormal mean, 1Ma; SD, 1Ma; zero offset, 41.77Ma;
range, 42.17–61.07 Ma) and S. aspera (node ‘E’: lognormal
mean, 1Ma; SD, 1Ma; zero offset, 9.54Ma; range, 9.94–
16.64Ma) approximated from the Smilacaceae phylogeny. For
each BEAST analysis, Markov chain Monte Carlo (MCMC) runs
were performed, each of 59 107 generations, with sampling
every 5000 generations, following a burn-in of the initial 10%
cycles. MCMC samples were inspected in TRACER to confirm
sampling adequacy and convergence of the chains to a stationary
distribution. Resulting maximum clade credibility (MCC)
chronograms were visualized in FigTree (version 1.3.1; http://
tree.bio.ed.ac.uk/software/figtree/).
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Fig. 3 BEAST-derived chronograms of: (a) Smilacaceae based on cpDNA (ndhA intron, ndhF,matK, rbcL, rpl16 intron) and nrITS sequences with
calibration points denoted by nodes 1–4 (Table 2; see the Materials and Methods section for further explanation); and (b) Smilax aspera haplotypes based
on cpDNA (atpB–rbcL, trnC–ycf6, ndhA intron, ndhF,matK, rbcL, rpl16 intron) and nrITS sequences, with Smilax china, Smilax coriaceae,
Smilaxmicrophylla, Smilax hispida, Smilax riparia, and Smilax rotundifolia used as outgroup. Posterior probabilities (PP > 0.50) are labelled below the
branches. Grey bars on nodes indicate 95% highest posterior densities (HPDs) of time estimates (in million yr ago, Ma). Mean divergence dates and 95%
HPDs for major nodes (A–L) are summarized in Table 2.
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See Denk et al. (2015, AJB)  
for Smilax fossil-based  
constraints (2–4) 
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Ancestral area reconstructions 
using  likelihood (BAYES-
LAGRANGE) and Bayesian Binary 
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plotted on the BEAST cladogram 
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