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PREFACE
I was eight years old when my mother taught me a sentence from my science book and
practised it with me: “Curiosity is the beginning of a scientist”. Thereafter, I started to show
that I was a curious kid who wanted to be a scientist. Few years later, I seriously decided to
be a scientist and my family gave me the ambition, courage, and support that I needed on this
path. Now, I am an evolutionary biologist whose career goal is to introduce to the scientific
community a poorly known but very diverse and immense floristic region, the Irano-Turanian
floristic region, and its role in the evolution of the Eurasian flora. Five years ago I started this
project as a PhD student, and it turned out to be a long battle against the vast Irano-Turanian
region. This thesis is the result of this long process: visions of the past and dreams of the
future in the Orient, a tale of migrations from east to west, speciation patterns of xerophytic
lineages in the Irano-Turanian region, and response of oriental xerophytes to the occidental
industrial revolution. It cannot express the long days spent in the field, molecular and
morphological lab, battling shoulder to shoulder with my fellow colleagues, friends, family
and spouse, the joy of the analyses and writing, the pleasures of evolutionary thinking, the
hope for good results and the sadness and tiredness with each failed attempt. I went through a
sort of apprenticeship in my career as a scientist, working on my PhD, learning various skills
to address questions and present answers. The further towards becoming a scientist I come,
the more creative the processes become.
Here is a chapter of my scientific life, my PhD thesis.
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SUMMARY
The spatial and temporal dimensions of life’s diversity are paramount to our understanding
of evolutionary processes and patterns. The regionalization of biodiversity has prompted
efforts to subdivide the surface of the Earth into biogeographic regions. Each region is
characterised by a range of biological, physical and ecological conditions, which combined
with geological and evolutionary phenomena, determine biotic similarities within and
distinctiveness between regions. The present thesis combines various aspects of
biogeography, evolution, and ecology to better understand patterns of biotic assembly in the
Irano-Turanian (IT) floristic region. Yet, the delimitation and evolutionary history of this
region remain one of the least well-understood fields of global biogeography, even though it
is crucial to explaining the distribution of life in Eurasia. In chapter I (i) we compared the
various definitions and circumscriptions of the IT floristic region since it was first introduced
by Boissier in 1867 and presented a tentative circumscription of the IT region, (ii) reviewed
the gaps in our knowledge of the evolutionary and ecological processes that generated the
unique assemblages of plants of the region, (iii) outlined testable hypotheses of the processes
that could have led to the present distribution of diversity, and (iv) summarised implications
for the conservation of biodiversity in the region. In order to understand the overarching
patterns of biodiversity in the IT region, in chapter II we focused on a characteristic IT
xerophytic genus, Haplophyllum from the Citrus family. Furthermore, Haplophyllum contains
species present in the Mediterranean floristic region, which can be used to explore the
biogeographical links between the Mediterranean and the IT floristic regions. Our
phylogenetic analyses identified Haplophyllum as a monophyletic genus. Optimization of
morphological characters on the molecular phylogeny also indicated that the main
morphological characters traditionally used to classify the genus are consistent with the
molecular phylogeny. This study was the first robust modern phylogenetic investigation of a
characteristic IT genus. In chapter III we employed molecular dating and ancestral area
reconstructions analyses to investigate: (i) the origin of the IT elements, (ii) the migration
routes of xerophytes from the east to the west, and (iii) the role of geological and
palaeoclimatic events in shaping patterns of distribution in the IT. Our results strongly
suggested that the IT floristic region is a “donor” of xerophytic species to the “recipient”
neighbouring regions. In chapter IV we focused on the largely unanswered questions
pertaining to the patterns of speciation of the taxa occurring in the vast and highly diverse IT
floristic region. We thus employed phylo-climatic modelling approaches together with a dated
phylogeny of the IT-characteristic xerophytic genus Haplophyllum in order to estimate and
compare species’ climatic niches in a phylogenetic framework. This allowed us to understand
the evolutionary history of climatic niches of Haplophyllum. We could conclude that the
Haplophyllum sister-species with less geographical overlap and with little climatic niche
differences are more likely to have originated allopatrically in the Neogene via niche
conservatism. Finally, in chapter V we analysed micro-morphological and ecological data to
understand the response of Eurasian non-succulent xerophytic species to the increase of
atmospheric CO2 after the industrial revolution in the west, and determine if any differences
exist between the response of IT and Mediterranean species to change in CO2 concentration
during the last 200 years. Our results indicated two different responses of non-succulent
xerophytes in occident and orient. Over the last 200 years, stomata indices decline for
occidental species (in response to the increase of atmospheric CO2), but increase for oriental
species (probably in response to the increase of temperature and aridity).
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ZUSAMMENFASSUNG
Die räumlich-zeitliche Dimension der Biodiversität ist unerlässlich um evolutionäre
Prozesse und Muster zu verstehen. Die regionale Gliederung der Biodiversität führte zu einer
Unterteilung der Erdoberfläche in biogeographische Regionen. Jede dieser Regionen wird
durch eine Anzahl biologischer, physikalischer und ökologischer Eigenschaften definiert.
Zusammen mit geologischen und evolutionären Phänomenen bestimmen diese Eigenschaften
die biotischen Gemeinsamkeiten einer Region und die biotischen Unterschiede zwischen den
Regionen. Die hier präsentierte Doktorarbeit kombiniert diverse Aspekte der Biogografie,
Evolution und Ökologie um die biotische Zusammensetzung des Irano-Turanischen (IT)
Florenreichs besser zu verstehen. Trotz Schlüsselfunktion in der eurasischen Artenverteilung,
ist die Abgrenzung und evolutive Geschichte der IT Region ein kaum verstandenes Gebiete
der Globalen Biogeografie. Im ersten Kapitel meiner Dissertation vergleiche ich (i) die
verschiedenen Definitionen und Umschreibungen des IT Florenreichs, welche seit der
Erstumschreibung durch Boissioer im Jahr 1867 verwendet wurden, und erstelle eine
umfassende Umschreibung der Region. Des Weiteren (ii) eruiere ich Wissenslücken in
evolutiven und ökologischen Prozessen welcher die einmalige Pflanzengemeinschaft der
Region zugrunde liegt, (iii) präsentiere testbare Hypothesen von Prozessen auf welchen die
heutige Verteilung der Biodiversität der Region basieren könnte und (iv) ziehe daraus
Rückschlüsse für den Schutz der Biodiversität der IT Region. Im zweiten Kapitel erläutern
wir anhand von Haplophyllum, einer Gattung aus der Zitrusfamilie, die umfassenden Muster
der Biodiversität der IT Region. Die Gattung Haplophyllum umfasst Arten aus dem
Mediterranen und IT Florenreich, erlaubt somit die Erforschung der biogeografische
Vernetzung zwischen den zwei Florenreichen. Unsere phylogenetische Analyse weist
Haplophyllum als monophyletische Gattung aus. Die Optimierung morphologischer
Eigenschaften auf der Phylogenie zeigen, dass die traditionellerweise zur Beschreibung der
Gattung verwendeten morphologischen Haupteigenschaften mit der molekularen Phylogenie
überein stimmen. Diese Studie stellt die erste robuste moderne phylogenetische Untersuchung
einer für die IT Region charakteristischen Gattung dar. Im dritten Kapittel benutze ich
molekulare Datierungs- und Gebietsrekonstruktionsmethoden um (i) den Ursprung der IT
Elemente, (ii) die Wanderrouten der Xerophyten von Ost nach West und (iii) den Beitrag der
geologischen und paleoklimatischen Ereignisse zur Entstehung der heutigen
Verbreitungsmuster in der IT Region zu erforschen. Meine Resultate deuten darauf hin, dass
die IT Florenregion eine Quelle von xerophytischen Arten für die umliegenden Regionen ist.
Im vierten Kapitel konzentriere ich mich auf grösstenteils unbeantwortete Fragen
bezüglich Artbildungsmuster von Taxa der ausgedehnten und hochdiversen IT Florenregion.
Um klimatische Artnischen zu berechnen und zu vergleichen benutze ich phylo-klimatische
Modellierungsmethoden und die datierte Phylogenie der die IT Region charakterisierenden
Gattung Haplophyllum. Diese Analysen erlauben mir zu verstehen wie die klimatischen
Nischen der Gattung Haplophyllum evolviert sind. Ich habe herausgefunden, dass
Schwesternarten der Gattung Haplophyllum die wenig überlappende Verbreitungsgebiete
haben und die sich kaum in ihren klimatischen Nischen unterscheiden, wohl allopatrisch
während dem Neogen durch Nischen-Konservatismus entstanden sind. Um zu die Reaktion
von Eurasischen nicht-sukkulenten Arten auf den durch die industrielle Revolution
verursachten Anstieg des atmosphärischen CO2-Gehalts während der letzten 200 Jahre zu
verstehen, untersuche ich schlussendlich in Kapitel vier mikro-morphologisch und
ökologische Daten. Meine Resultate zeigen unterschiedliche Reaktionen der westlichen und
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östlichen nicht-sukkulenten Xerophyten. Westliche Arten zeigen eine Abnahme im StomataIndexe (eine wahrscheinliche Reaktion auf die Zunahme des atmosphärischen CO2-Gehaltes),
während östliche Arten eine Zunahme zeigen (eine wahrscheinliche Reaktion auf den
Temperaturanstieg und die Trockenheitszunahme).
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GENERAL INTRODUCTION
Despite its lifeless beginnings between 4500 and 5000 million years ago, the Earth
currently harbours ca. 1.75 million species (Groombridge & Jenkins, 2002). These species
however represent only between 2 and 4 percent of all species that have ever lived (May et
al., 1995). Species turnover occurs not only through time, but also through space. The
distribution of species diversity over the surface of the Earth is neither homogeneous nor
random (Lévêque & Mounolou, 2003; Gotelli et al., 2009). The species diversity of biotas is
caused by the integration of geographical and ecological factors, including temperature,
precipitation, altitude, soils, continental drift, orogenies, and the presence of other species.
In plant sciences, the surface of the Earth is commonly divided into floristic regions.
Floristic regions are geographic units based on (1) distinctive flora composition, (2) presence
of distinctive genera and species that are dominant in and restricted to the area, and (3) high
levels of endemism at the rank of species, genera and even higher taxa (Takhtajan, 1986;
Mclaughlin, 1994; Cox, 2001; Cox & Moore, 2005; Kreft & Jetz, 2010). The subdivision of
the Earth into floristic regions thus holds great, yet largely untapped potential for evolutionary
studies, for it can open windows into elucidating the past geological, climatic and
evolutionary processes that shaped current species distributions and floristic assemblages
(Mclaughlin, 1994; Vilhena & Antonelli, 2014). Understanding the origins of regional
biodiversity, hence the origin of floristic regions, requires taxonomic knowledge of the native
flora combined with an understanding of the links between organismal evolution and
environmental changes. However, despite the essential importance of biogeographic regions
in biology, the processes leading to the accumulation of biodiversity are much better
understood for some regions than for others (Manafzadeh et al., see chapter I).
Ever since the 19th century, naturalists were fascinated by the immense arid lands of the
Orient, called the Irano-Turanian (IT) floristic region, and their tremendous plant biodiversity
(Boissier, 1867; Eig, 1931; Zohary, 1973; Takhtajan, 1986; Léonard, 1989). Connecting the
eastern and western floras of Eurasia, the IT floristic region, with an area of approximately 16
000 000 Km2 (ca. 30% of the surface of Eurasia), is one of the largest of the 35 floristic
regions of the world. The IT region represents one of the hotspots of evolutionary and
biological diversity of the Old World (Chapter I), and serves as a donor of xerophytic taxa to
neighbouring regions (see Chapter II). Moreover, it comprises the cradle of the numerous
domesticates of the Fertile Crescent (Diamond, 2002; Zohary, 2012). The IT region harbours
more than 32000 species of vascular plants (Takhtajan, 1986; Sales & Hedge, 2013), ca. 25 to
40% of which are endemic to the region (Zohary, 1981; Takhtajan, 1986). Species richness
and endemism are not uniformly distributed in the IT region, and Takhtajan (1986)
considered the Iranian plateau, which has the richest flora of the floristic region, to be the
main centre of formation of the IT flora. Moreover, the Irano-Anatolian, the Mountains of
Central Asia, and the Caucasus, in the western part of the IT region, are the major global
biodiversity hotspots comprised in the IT region (Mittermeier et al., 2005).
The two main tectonic events that influenced the geology and topography of the IT region
are: the India-Asia collision in the east and the Arabia-Eurasia collision in the west (see
Chapter I; Fig. 3). These collisions caused the onset of uplift in the many mountain ranges of
the region, especially from the middle Miocene to the Pliocene. Owing to its complex tectonic
history, the IT floristic region displays striking geological and lithospheric heterogeneity
(Stoecklin, 1968), which are key to understanding the patterns of the rich biodiversity and
current plant distributions of the IT flora. Tectonics and climate are interrelated (Gillespie &
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Roderick, 2014) and the IT floristic region is characterized by continental climate with hot
and dry summers, cold and harsh winters, and low precipitation (de Candolle, 1820; Eig,
1931; Zohary, 1973; Djamali et al., 2012b). The uplifts of the mountains (e.g. Zagros, Alborz,
Kopeh Dagh, Pamirs, and Tian Shan mountains) and plateaus (e.g. Iranian, Anatolian, and
Tibetan plateaus) caused climate cooling and rain shadows on a large scale (aridification) in
Eurasia before and during the middle Miocene climatic optimum (Flint, 1957; Hamilton,
1968). Aridification in the IT resulted in drastic shifts in the distribution of plants, thereby
facilitating speciation and diversification and shaping geographical genetic structure. As a
consequence, xerophytes probably did not become widespread until the late Miocene.
However, despite its outstanding species richness and geographical extent, the evolution of
biotas in the IT region and their speciation patterns remain poorly understood, especially for
xerophytes. Xerophytes are plant species that have evolved adaptations to dry habitats, which
usually includes a reduction in overall surface area. Plants exhibiting xerophytic
modifications are found in specific habitats, including deserts, mountain tops, and limestone
solution terrains (Fahn & Cutler, 1992). The evolution of xerophytes is obviously in step with
the evolution of arid lands.
Yet, the delimitation and evolutionary history of this area remain one of the least wellunderstood fields of global biogeography, even though it is crucial to explaining the
distribution of life in Eurasia. No comprehensive review of the biogeographic delimitations
nor of the role of geological and climatic changes in the evolution of the IT region is currently
available. After considering the key role of floristic regions in biogeography, I reviewed the
history of evolving concepts about the borders and composition of the IT region over the past
200 years and outlined a tentative circumscription for it (Chapter I). I also summarised
current knowledge on the geological and climatic history of the IT region. I then used this
knowledge to generate specific evolutionary hypotheses to explain how different geological,
palaeoclimatic, and ecological factors can contribute to range expansion and contraction, thus
shaping patterns of speciation in the IT over time and space and explaining the current
distribution of floristic elements in the IT region. Both historical and ecological biogeography
should be applied to better understand the floristic diversification of the region. This will
ultimately require evolutionary meta-analyses based on integrative phylogenetic, geological,
climatic, ecological, and species distribution studies on the region. Furthermore, an
understanding of evolutionary and ecological patterns will play a major role in regional
planning for protecting the biodiversity of the IT region in the face of climatic change.
At the broad geographical scale, the IT region can be divided into a western and an eastern
part (Takhtajan, 1986; see Chapter I, Fig. 1D & Fig. 2). The western part of the IT region
harbours ca. 27000 species (Sales & Hedge, 2013), while approximately 5000 species are
found in its eastern part (Takhtajan, 1986). Both parts include a high proportion of endemics,
many of which constitute entire genera and sections (Zohary, 1981; Takhtajan, 1986). Lists
of endemic vascular plant genera in the western part of the IT region indicate that it is rich in
endemic perennial genera (161 total), 70% of which are monotypic (Sales & Hedge, 2013).
The great majority of the endemic genera are herbaceous or perennial shrubs, which can be
found either in highland areas on exposed steppe habitats and constitute the bulk of species
diversity, or in lowland and desert areas, which are species poor, but comprise mostly IT
elements (Freitag, 1986). The main goals of Chapter I of this thesis are: (i) to compare the
various definitions and circumscriptions of the IT floristic region since it was first introduced
by Boissier in 1867 and present a tentative circumscription of it, (ii) to review the gaps in our
knowledge of the evolutionary and ecological processes that generated the unique
assemblages of plants of the region, (iii) to outline testable hypotheses of the processes that
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could have led to the present distribution of diversity, and (iv) to summarise implications for
the conservation of biodiversity in the region.
In order to understand the overarching patterns of biodiversity in the IT region, studies can
therefore initiate by focusing on a characteristic western IT xerophytic genus. We thus
focused on Haplophyllum (citrus family), which was used to characterize the IT region by
Zohary (1973) and Takhtajan (1986). Additionally, Haplophyllum was chosen because it
reaches maximum species diversity in the western IT region, mainly in Turkey, Iran, and
Central Asia, but also includes species endemic to the Mediterranean region. While a detailed
knowledge of the evolution of species diversity in Haplophyllum would yield useful insights
into the biogeographic role of the IT region, this taxon has never been examined from a
phylogenetic point of view. Haplophyllum species were collected during extensive fieldwork
in the IT region. Phylogenies were then generated from DNA sequences of four chloroplast
regions for 118 accessions, representing 66% of the species of the genus. And finally, to
further improve the elucidation of species boundaries, we carried out a morphological
analysis of Haplophyllum. These analyses are presented in Chapter II. Our phylogenetic
analyses identified Haplophyllum as a monophyletic genus with both instances of species
non-monophyly and instances of strongly-supported species monophyly. Optimization of
morphological characters on the molecular phylogeny also indicated that the main
morphological characters traditionally used to classify the genus are consistent with the
molecular phylogeny. This study was the first robust modern phylogenetic investigation of a
characteristic IT genus.
Due to the fact that Haplophyllum contains species present in the Mediterranean floristic
region, the genus can be used to explore the biogeographic links between the two floristic
regions. Molecular dating and ancestral area reconstructions analyses were performed to
investigate: (1) the origin of the IT elements, (2) the role of the IT region as a donor of
xerophytic taxa to neighbouring floristic regions, (3) the migration routes of xerophytes from
the east to the west, and (4) the role of geological and palaeoclimatic events in shaping
patterns of distribution in the IT. These analyses are presented in chapter III. Our results
strongly suggested that IT xerophytes (i.e. Haplophyllum) originated in the Central Asian part
of the IT region in the early Eocene and started to diversify within this region in the early
Oligocene concomitantly with the vanishing the Tethys Ocean. Haplophyllum subsequently
invaded the East Mediterranean basin in the middle to late Miocene, at a time when rapid
palaeobiogeographic changes shaped the proto-Mediterranean. Finally, Haplophyllum
established itself in the western Mediterranean in the early Pliocene, after the Messinian
salinity crisis (see Chapter III). Our study shows that the IT floristic region can be a “donor”
of xerophytic species to the “recipient” neighbouring regions.
We focussed on unanswered questions pertaining to the patterns of speciation of the taxa
occurring in the vast and highly diverse IT floristic region in Chapter IV. We employed
phylo-climatic modelling approaches together with a dated phylogeny of the IT-characteristic
xerophytic genus Haplophyllum in order to estimate and compare species’ climatic niches in a
phylogenetic framework. This allowed us to understand the evolutionary history of climatic
niches of Haplophyllum, and answer the following questions: (1) which factor (allopatry
versus divergence of ecological niches) plays a greater role in speciation of xerophytic IT
elements? (2) what are the relative roles of niche conservatism versus niche evolution in
explaining the current patterns of diversity and distribution of these species? Our results
suggest different evolutionary patterns for various climatic variables in different
biogeographic sub-regions: precipitation variables were labile (i.e. niche evolution), but
temperature variables were more constrained (i.e. niche conservatism) depending on the sub-
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region. We can conclude that the Haplophyllum sister-species with less geographical overlap
and with little climatic niche differences are more likely to have originated allopatrically in
the Neogene (during periods of directional climate change) via niche conservatism (see
Chapter IV).
We also analysed micro-morphological and ecological data to understand the response of
Eurasian xerophytic species (e.g. Haplophyllum) to the increase of atmospheric CO2 after the
industrial revolution in the west, and determine if any differences exist between the response
of IT and Mediterranean species to changes in CO2 concentration during the last 200 years
(see Chapter V). Here, we used herbarium collections of both historical and recent
specimens of IT and Mediterranean xerophytes (i.e. Haplophyllum), which allowed us to
investigate the following questions: (1) what is the stomata response of xerophytes to postindustrial increase of atmospheric CO2 concentration? (2) are there differences between the
patterns of stomata response of xerophytes from different regions, e.g. occidental
(Mediterranean) versus Oriental (IT)? Our results indicate two different responses of nonsucculent xerophytes (i.e. Haplophyllum) in the Mediterranean versus the IT region. Over the
last 200 years, stomata indices decline for occidental species (in response to the increase of
atmospheric CO2), but increase for oriental species (probably in response to the increase of
temperature and aridity).
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ABSTRACT
Ever since the 19th century, the immense arid lands of the Orient, now called the IranoTuranian (IT) floristic region, attracted the interest of European naturalists with their
tremendous plant biodiversity. Covering ca. 30% of the surface of Eurasia (16 000 000 km2),
the IT region is one of the largest floristic regions of the world. The IT region represents one of
the hotspots of evolutionary and biological diversity in the Old World, and serves as a source of
xerophytic taxa for neighbouring regions. Moreover, it is the cradle of the numerous species
domesticated in the Fertile Crescent. In the intervening two hundred years, naturalists outlined
different borders for the IT region. Yet, the delimitation and evolutionary history of this area
remain one of the least well-understood fields of global biogeography, even though it is crucial
to explaining the distribution of life in Eurasia. No comprehensive review of the
biogeographical delimitations nor of the role of geological and climatic changes in the evolution
of the IT region is currently available. After considering the key role of floristic regions in
biogeography, we review the history of evolving concepts about the borders and composition of
the IT region over the past 200 years and outline a tentative circumscription for it. We also
summarise current knowledge on the geological and climatic history of the IT region. We then
use this knowledge to generate specific evolutionary hypotheses to explain how different
geological, palaeoclimatic, and ecological factors contributed to range expansion and
contraction, thus shaping patterns of speciation in the IT over time and space. Both historical
and ecological biogeography should be applied to better understand the floristic diversification
of the region. This will ultimately require evolutionary meta-analyses based on integrative
phylogenetic, geological, climatic, ecological, and species distribution studies on the region.
Furthermore, an understanding of evolutionary and ecological processes will play a major role
in regional planning for protecting biodiversity of the IT region in facing climatic change. With
this review, we aim at introducing the IT floristic region to a broader audience of evolutionary,
ecological and systematic biologists, thus promoting cutting–edge research on this area and
raising awareness of this vast and diverse, yet understudied, part of the world.
Keywords: biodiversity, climate, evolution, Eurasia, flora, geology, hotspot, Irano-Turanian,
speciation
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I. GENERAL INTRODUCTION ON FLORISTIC REGIONS
The spatial dimension of life’s diversity is paramount to our understanding of
evolutionary processes and patterns (Ball, 1975). Since the ground-breaking work by Darwin
and Wallace, who developed a historical approach to explain why organisms occur where they
do, biogeography investigates how the distribution of species changes over space and through
time (Crisci, 2001; Crisci & Katinas, 2009). Biogeography studies the climatic, ecological,
geological, and evolutionary factors that determine where species occur in different periods of
the Earth’s history. A key observation in biogeography is that assemblages of species within the
same area tend to be distinct from assemblages in other areas (Lomolino et al., 2010).
The regionalization of biodiversity has prompted efforts to formally subdivide the surface of the
Earth into biogeographical regions, each characterised by a range of biological, physical and
ecological conditions, which, combined with geological and evolutionary phenomena,
determine biotic similarities within and distinctiveness between regions (Mackey, Berry &
Brown, 2008; Morrone, 2009; Kreft & Jetz, 2010). Both zoogeographical and floristic regions
have been identified at various spatial scales, based on their biotic compositions, usually shared
climatic domains, and implicitly or explicitly inferred evolutionary histories (Buffon, 1761; de
Candolle, 1820; Sclater, 1858; Wallace, 1876; Engler, 1879; Kreft & Jetz, 2010). The
delimitation and cohesiveness of species assemblages within a biogeographical region is usually
explained by their inability to disperse over physical and ecological barriers (e.g. seas,
mountains, and deserts) and their adaptation to regional climatic and ecological conditions,
respectively. However, the circumscription of biogeographical regions has often been equivocal,
especially for floristic regions, because the greater dispersal ability of flowering plants,
compared to mammals, leads to generally broader distributional ranges, hence less clear borders
between floristic than zoogeographical regions (Takhtajan, 1986; Cox & Moore, 2005;
Lomolino et al., 2010; Ebach, 2012; Mateo et al., 2013).
Predating Darwin’s and Wallace’s work, the concept of floristic region can be traced back to
1805, when two seminal contributions to biogeography were published: (i) the first regional
map of floristic areas in France by Lamarck and de Candolle, highlighting the influence of
geography on plant distribution, and (ii) von Humboldt´s seminal "Essay on the Geography of
Plants", advocating that the world´s plant life should be described as a “system of vegetation
types”, rather than in terms of individual species. Later, de Candolle (1820) used abiotic factors
(i.e. elevation and soil composition) to compare floras across a wide variety of areas with
disparate climates, thus launching comparative studies of biotic regions and floristic
classifications (Cox, 2001). Engler (1879, 1882) produced the first comprehensive world map of
floristic ‘realms’ that attempted to reflect the evolutionary history of regional floras (up to the
Tertiary), as inferred from de Candolle's climatic and physiological criteria (Cox, 2001). More
recently, Good (1947, 1955, 1964, 1974) modified this system into six world floristic areas
based on the distributional ranges of unrelated taxa. Finally, Takhtajan (1986) employed levels
of endemism to produce a comprehensive, hierarchical biogeographical system with five
floristic kingdoms, subdivided into 35 regions. Takhtajan's system indicates that the
distinctiveness of each floristic unit is the product of isolation with independent evolution and
of a series of historical events of vicariance and dispersal (Cox, 2001). A floristic region can
thus be defined as a geographical area identified by a distinctive composition of plants and by
certain genera and species that are dominant in and restricted to the area (Takhtajan, 1986;
McLaughlin, 1994; Cox, 2001; Cox & Moore, 2005; Kreft & Jetz, 2010).
Understanding the origins of regional biodiversity, hence floristic regions, thus requires detailed
taxonomic knowledge of the native flora combined with an understanding of the links between
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organismal evolution and environmental changes. A large number of studies have investigated
these factors in several biodiversity hotspots and floristic regions (e.g. Cowling et al., 1996;
Linder, 2003; Hopper & Gioia, 2004; Antonelli et al., 2009; Hoorn et al., 2010; Hughes,
Pennington & Antonelli, 2013; Favre et al., 2014; Feliner, 2014). However, among the 35
floristic regions of the world (Takhtajan, 1986), the Irano-Turanian (IT) has been much less
investigated from evolutionary and conservation perspectives (Fig. S1), even though it has been
the object of taxonomic, systematic, and ecological studies. Yet this region connects the eastern
and western floras of the Holarctic Kingdom, includes the cradle of numerous domesticated
plants in the “Fertile Crescent”, and represents one of the hotspots of evolutionary and
biological diversity of the Old World (e.g. Zohary, 1973; Hedge, 1976; Quézel, 1985;
Manafzadeh, Salvo & Conti, 2014). The IT region therefore deserves to be examined more
intensively with contemporary methodological and conceptual approaches. Finally, there exists
no current, comprehensive review of the IT region from a geographical point of view, including
the delimitation of the region, its current climate and flora, the history of geological and climatic
changes, and the evolutionary dynamics that shaped the spatial patterns of biodiversity in the
region.
In this review we thus compare the various definitions and delimitations of the IT floristic
region since Boissier (1867), review the gaps in our knowledge of the evolutionary and
ecological processes that generated its unique plant assemblages, and outline hypotheses of the
processes that could have led to the present distribution of diversity. We conclude by
summarising the implications of the biogeographical characteristics of the region for the
conservation of its biodiversity. We hope that this review will promote renewed interest,
cutting–edge research, and scientifically sound conservation efforts in this vast and biologically
diverse, yet understudied, part of the world.
II) CLASSICAL PERSPECTIVES ON THE IRANO-TURANIAN REGION (FROM A. P.
DE CANDOLLE TO A. TAKHTAJAN)
1) What is the IT floristic region? History of an evolving concept
Iran and Turan are semi-mythical regions from the Book of Kings (the Shahnameh;
Ferdowsi, c. 977- 1010 CE), where the latter one is the Persian name for a region in Central
Asia, literally meaning "the land of the Tur”, and the former one represents mostly the countries
of Iran and Afghanistan today. The IT region is well characterised by its overall climate and the
composition of its flora and vegetation (Eig, 1931; Zohary, 1973; Djamali et al., 2012a; Djamali
et al., 2012b): the climate is continental and the vegetation is dominated by cushion-like
xerophytes and dwarf-shrubs, and an almost complete lack of large shrubs and climax forests
(Eig, 1931; Zohary, 1973, 1981; Takhtajan, 1986). High numbers of C4 species, especially
annuals, also occur (e.g. Chenopodiaceae: Akhani, Trimborn & Ziegler, 1997). Taken together,
these observations suggest selection for xerophytic life forms (as in Dionysia: Wendelbo, 1971).
The richness of the flora, combined with the lack of local floristic and environmental
knowledge, renders the IT region especially challenging to study (Eig, 1931; Zohary, 1973;
Takhtajan, 1986; Léonard, 1988, 1989). Therefore, the delimitations and subdivisions of the IT
floristic region, one of the largest in the world, have been and still are both controversial and
vague (Eig, 1931; Zohary, 1973; Takhtajan, 1986; Léonard, 1988). Below, we review the
changing geographical and floristic compositions of this region proposed by naturalists over the
past 200 years (see Fig. 1 & Table S1).
Since the beginning of the 19th century, European naturalists were fascinated by the vast eastern
lands covered by a type of vegetation that differed from those of the nearby Mediterranean and
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Saharan regions. First defined on abiotic factors by de Candolle (1820) as the “Oriental region”,
it later became the main object of Boissier´s (1867) monumental “Flora Orientalis”. Boissier
identified precise borders for most of the region based on changes in floristic composition
(Table S1 & Fig. 1A). However, the eastern borders remained unclear and arbitrary, due to
limited availability of botanical material from the East. Boissier included the mountains and
highlands of Greece, Crete, Cyprus, and Oman in his Oriental region, but later naturalists did
not retain them. Boissier (1867) excluded the Hyrcanian relict forests (southern coast of the
Caspian Sea), and the Pontic forests (northern coast of Turkey on the Black Sea) from the
Oriental region.
Grisebach (1884) compiled one of the first, complete floristic maps of the world based more on
physiognomic criteria and abiotic factors than floristic data. In this map he defines a “Steppic
region” with relatively precise eastern and western borders (Table S1 & Fig. 1B). Unique to
Grisebach´s delimitations are the inclusions of the entire northern coasts of the Persian Gulf and
Gulf of Oman, and of northernmost Saudi Arabia and Kuwait. Grisebach´s “Steppic region”
extends well into China (including the Gobi Desert in Mongolia, and Tibet). This
circumscription was followed by many later botanists: Rikli (1913), Reichert (1921), Gajewski
(1937), Alechin (1950), and Walter (1954).
Engler (1899) and later Popov (1927), focusing on plant classification systems, merged the IT
region with the Mediterranean and Saharo-Arabian regions into a new unit: the “AncientMediterranean” realm. Eig (1931), based on climatic and floristic data, followed Boissier’s
delimitations for the region and stated that Central Asia should remain a part of the IT region
because of strong floristic similarities with the western IT (from the Anatolian plateau to the
Tian Shan and Pamir Mountains). Eig (1931) renamed the “Oriental region” of Boissier as the
“Irano-Turanian” (IT region), a more geographical and less “euro-centric” denomination. In the
second half of the 20th century, Soviet botanists investigated the IT region, especially the
domain of the latter that was comprised in the ex-USSR (e.g. Lavrenko, 1950, 1962; Grubov,
1959), focusing mostly on its subdivision.
Relying primarily on climatic data, Zohary (1973) confirmed most of the delimitations by
Boissier and Grisebach. However, he included the high plateaus of North Africa between the
Mediterranean and the Saharo-Arabian (greater Atlas) in the IT region, as suggested by
Lavrenko (1950). While the western borders of the IT region are precisely defined in Zohary’s
(1973) treatment, the eastern borders remain vague (see Table S1 & Fig. 1C). Similarly to
Boissier (1867), Zohary excluded the Hyrcanian relict forests from the IT Region.
Takhtajan (1986) included in the IT region most of the areas Boissier (1867) had included in the
Oriental region. He defined his floristic regions based on levels of endemism, primarily high
generic and species endemism, but sometimes also endemism at the level of families and orders.
Takhtajan provided the most complete description of the borders of the region available at that
time, including its problematic eastern border, for he could readily access the work of soviet
botanists (e.g. Grubov, 1959; Korovin, 1962; Lavrenko, 1962; Kamelin, 1973; Table S1 & Fig.
1D), contrary to Boissier (1867) and Zohary (1973). Similarly to Grisebach (1884), Takhtajan
included the Hyrcanian relict forests in the IT region.
Léonard (1988, 1989) identified assemblages of species directly from field collections of the
deserts of Iran irrespective of prior hypotheses, recovering a “regional centre of endemism”
(sensu White, 1983) that corresponds to the IT region.
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Fig. 1. Delimitations of the Irano-Turanian floristic region (in yellow) during last 120 years by five,
foremost naturalists. (A) Map drawn from Boissier’s preface to the Flora Orientalis (1867); subregion
abbreviations: Pl = plateaus, M = Mesopotamia, A-C = Aralo-Caspian. (B) Map modified from
Grisebach’s “Die Vegetations-Gebiete Der Erde”, in which he defines his “Steppic region” (1884); no
subregion defined. (C) Map modified from Zohary’s “Phytogeographical regions concerning the Middle
East” (1973); subregion abbreviations: W-IT = western Irano-Turanian, E-IT = eastern Irano-Turanian.
(D) Map drawn from Takhtajan’s “Floristic regions of the World” (1986); subregion abbreviations: WA =
Western Asiatic, CA = Central Asiatic. (E) Map modified from Léonard’s “Contribution a l’étude de la
flore et de la végétation des déserts d’Iran” (1988); subregion abbreviations: IT1= western regional subcentre, IT2 = central sub-centre, IT3 = northern sub-centre, IT4 = eastern sub-centre. (F) Map of the three
biodiversity hotspots of the IT floristic region, according to Conservation International 2014: Mountains
of Central Asia (orange); Irano-Anatolian (blue); Caucasus (pink). (G) Map with key centres of plant
domestication within the IT region, showing current distributional ranges of wild einkorn wheat (red) and
wild barley (blue), the relatives of the two earliest domesticated crops of the Fertile Crescent (modified
from Zohary, Hopf & Weiss, 2012). Base maps modified from GDEM V1 black & white, courtesy of
NASA/JPL-Caltech. Available at: http://asterweb.jpl.nasa.gov/images/GDEM-10km-BW.png and
Zohary, Hopf & Weiss, 2012.

The boundaries that Léonard assigned to the IT region were more restrictive than those of
previous authors: in the southwest he excluded the south of Syria, while including only the
north-western part of Jordan and the north-eastern part of Iraq. However, he delimitated the
eastern boundaries of the IT region only imprecisely and did not mention the Gobi Desert.
Léonard also excluded the Hyrcanian relict forests and most of Transcaucasia from the IT
region (Table S1 & Fig. 1E).
The borders of the IT region thus remain controversial, especially in three areas: 1) the
delimitation of its eastern border, 2) the inclusion of the plateaus of North Africa, and 3) the
inclusion of the Hyrcanian relict forests. The details of the eastern borders of the IT region
require more in-depth floristic and evolutionary studies, as highlighted by previous authors (e.g.
Takhtajan, 1986; Léonard, 1988, 1989). More work is also required in order to assess whether
the large eastern part of the IT region (east of the Tian Shan and Pamir Mountains) constitutes
an independent floristic region, as proposed by Grubov (1963). The floristic similarities
between the plateaus of North Africa and the IT region were already noted by Boissier (1867)
and Eig (1931), but the inclusion of the latter in the IT region by Zohary (1973) is difficult to
accept for bioclimatic, floristic, and biogeographical reasons (Quézel, 1978). Therefore,
although more modern evolutionary studies are needed to settle this matter, for the time being it
seems reasonable to exclude these areas (plateaus of North Africa) from the IT region proper.
Further evolutionary studies are also necessary to assess whether the Hyrcanian relict forests
(southern coast of the Caspian Sea) should be included in the IT region, are enclaves of the
Circumboreal or Mediterranean regions, or represent a distinct floristic region.
Finally, ongoing developments of mapping techniques applying GIS (Geographic Information
System), remote sensing, species distribution models, and algorithms based on similarity and
clustering will allow us to construct more detailed maps of floristic regions, thereby defining
their boundaries more accurately (e.g. Soto-Berelov, Fall & Falconer, 2012; Vilhena &
Antonelli, 2014). Until such data are available, we suggest following the delimitation of
Takhtajan (1986) for the northern and eastern borders of the IT region, due to his extensive
floristic knowledge of these areas and access to Russian botanical literature, while following
Léonard´s (1988, 1989) delimitations for the southern and western borders, due to the
methodological rigour underlying his delimitations (see Table S1 & Fig. 2). Thus defined, the
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IT region covers an area of ca. 15 967 000 km2 (value obtained by pixel count, using the surface
of Iran as a scale), which amounts to approximately 30% of the entire surface of Eurasia.
The often contrasting delimitations of the IT floristic regions summarised above are based on
extensive investigations of the flora and vegetation of the IT since the late 19th century (e.g.
Flora of Palestine: Tristram, 1822-1906; Flora of Syria, Palestine and Sinai: Post, 1838-1909;
Flora Orientalis: Boissier, 1867; Flora of Turkmenia: Fedshenko et al., 1932- 1960; Flora of
Caucasus: Grossgeim, 1939- 1967; Flora of the Uzbekistan: Vvedenskiy, 1941- 1962; Flora of
Azerbaijan: Kariagin, 1950- 1961; Flora of Kyrgyzstan: Shishkin, 1952- 1966; Flora of
Armenia: Takhtajan, 1954- 2001; Flora of Kazakhstan: Pavlov, 1956- 1966; Flora of Tajikistan,
Ovchinnikov, 1957- 1991; Flora Iranica: Rechinger, 1963-2010; Flora Turkey: Davis, 1965;
Flora of Iraq: Ministry of Agriculture of the Republic of Iraq, 1966- 1985; Flora of West
Pakistan: Pakistan Agricultural Research Council, 1970-1979; Manual of vascular plants of
Badakhshan: Ikonnikov, 1979; Flora of the Dzhungar Alatau: Goloskokov, 1984; Flora of the
eastern Kazakhstan: Baitulin, 1991; Field-Guide Afghanistan: Czerepanov 2007; Field-Guide
Afghanistan: Breckle & Rafiqpoor 2010; Flora of Jordan: Al-Eisawi, 2013). However, in
floristic terms, much work on the taxonomy and distribution of the plants of the IT region
remains to be done, because many of the published studies are principally prodromi or plant
checklists of rather poorly studied areas, rather than complete floras (Heywood, 2004).
2) Heterogeneity and hotspots of biodiversity in the IT region
Despite these limitations, a general overview of the floristic diversity of the region is
possible. Species richness and endemism are not uniformly distributed in the IT region (e.g.
Boissier, 1867; Takhtajan, 1986). Indeed, the region hosts three biodiversity hotspots of global
importance (Conservation International 2014): the Irano-Anatolian, the Mountains of Central
Asia, and the Caucasus sensu Mittermeier et al. (2005; see Fig. 1F). The extensive system of
mountains and basins, which act as barriers between the Mediterranean region and the dry
plateaus of western Asia, structure the Irano-Anatolian hotspot into many centres of local
endemism with high numbers of endemic species (ca. 2500). The second hotspot of the IT
region, the Mountains of Central Asia, comprises two major mountain ranges: the Pamirs and
the Tian Shan. Vegetation types are mainly of semi-desert and steppe habitats at both lower and
higher altitudes, and include a large number of endemics (ca. 1500 plant species). The third
hotspot of the IT region, the southern portion of the Caucasus, comprises deserts, steppes, arid
woodlands, the relict Hyrcanian forest, and remnants of oak forests. It harbours a large number
of endemics, with ca. 2791 plant species records for the entire Caucasus, according to Solomon,
Shulkina & Schatz (2013).
3) Flora and patterns of endemism in the western IT region (from the Anatolian
plateau to the Tian Shan and Pamir Mountains)
At the broad geographical scale, the IT region can be divided into a western and an
eastern part (Takhtajan, 1986; see Fig. 1D & Fig. 2). The western part of the IT region harbours
ca. 27000 species (Sales & Hedge, 2013), while approximately 5000 species are found in its
eastern part (Takhtajan, 1986). Both parts include a high proportion of endemics: 25-40%
according to estimations, many of which constitute entire genera and sections (Zohary, 1981;
Takhtajan, 1986).
Lists of endemic vascular plant genera in the western part of the IT region indicate that it is rich
in endemic perennial genera (161 total), 70% of which are monotypic (Sales & Hedge, 2013).
The great majority of the endemic genera are herbaceous or perennial shrubs, which can be
found either in highland areas on exposed steppe habitats and constitute the bulk of species
diversity, or in lowland and desert areas, which are species poor, but comprise mostly IT
elements (Freitag, 1986).
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Takhtajan (1986) identified the following floristic areas in the western part of the IT region: (a)
Central Asia and northern Afghanistan, (b) the Turanian area, (c) the Armenian and Iranian
plateaus, (d) central Anatolia, (e) the south-western part of the IT region (incl. Mesopotamia),
(f) western Himalaya, and (g) the Hyrcanian area. These areas strongly differ from each other in
their biodiversity (Takhtajan, 1986; Fig. 2 & Fig. 3C).
(a) The flora of Central Asia and northern Afghanistan comprises large numbers of endemic
species and genera (Korovin, 1962; Kamelin 1973; Zohary 1973; Davis & Hedge, 1975;
Takhtajan, 1986). Moreover, Central Asia has been hypothesized to be the main source and
centre of diversity of the current xerophytes of Eurasia, the Mediterranean Basin, North Africa,
and even South Africa (Bobrov, 1965; Pyankov et al., 2002; Manafzadeh, Salvo & Conti,
2014).
(b) The flora of the Turanian area (bordered by the Tian Shan in the east, the Caspian in the
west, and the Kopeh Dagh and Alborz in the south; see Fig. 2 & Fig. 3C) has much in common
with both the Armeno-Iranian and the Central Asian floras. Vegetation types are predominantly
of desert, semi-desert, and steppe vegetation (Takhtajan, 1986). Additionally, the Turanian flora
harbours a large number of Saharo-Arabian species (Boissier, 1867; Zohary, 1973).
(c) In the Armenian and Iranian plateaus, the IT floristic region has a distinctive and
heterogeneous flora, very rich in both genus and species endemisms, including more than 20
endemic genera (Hedge & Wendelbo, 1978), several endemic subgenera and sections, and a
large number of endemic species. The Armenian and Iranian areas are thought to represent one
of the most active centres of speciation in the IT region (Boissier, 1867; Takhtajan, 1986).
(d) High levels of species endemism (ca. 30%) characterise the central Anatolian flora.
However, in the first four volumes of the Flora of Turkey, only 10 genera are listed as endemic,
each with only one or very few species (Davis, 1971). Therefore, although the percentage of
species endemism is high, few genera are endemic, suggesting that much of the endemism in
Anatolia is relatively recent (Davis & Hedge, 1975). This proportion of endemism is
intermediate between the overall levels of the IT and the Mediterranean floras, thereby hinting
at a possible transitional nature of the central Anatolian flora between the Mediterranean and IT
floras (Davis, 1971; Takhtajan, 1986). The IT portion of the Anatolian plateau is split into two
parts by the “Anatolian Diagonal” belt. The Anatolian Diagonal belt runs from Gümüshane in
north-eastern Anatolia to the south-western Anti-Taurus Mountains and then splits into two
arms; one reaching to the southern Amanos Mountains and the other to the Taurus Mountains.
The Diagonal belt delimits the range of hundreds of species that do not extend either east or
west of this line, while a number of endemics are virtually restricted to the Diagonal belt itself
(Davis & Hedge, 1975). The reasons for these distributional patterns remain unclear and require
deeper historical and ecological investigations.
(e) In the south-western part of the IT region (including the Mesopotamian area) endemism is
much lower, although this region is of high botanical importance, for it represents the cradle of
the world´s oldest plant domestication events, specifically, the domestication of wheat and
barley (Zohary, Hopf & Weiss, 2012; Fig. 1G and see below).
(f) The western Himalayan part of the IT region is a transitional zone between the western and
eastern parts of the IT region. In contrast to the rest of the IT region, a major part of the western
Himalayan area is characterised by a monsoon climate, which imparts a distinct character to its
plant life (Takhtajan, 1986). This flora also contains elements in common with the
Mediterranean flora (Takhtajan, 1986).
(g) The Hyrcanian area (southern coast of the Caspian Sea) is a relict of an ancient mesophilous
forest of the Tertiary flora, surrounded on all sides by the typical IT flora, which is more
xerophilous. The flora of the Hyrcanian forests differs greatly in its composition from typical IT
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floras, for it includes a few Circumboreal and many Mediterranean elements. However, the
three most important forest-forming species of the Hyrcanian area (Parrotia persica, Quercus
castaneifolia, and Acer velutinum) are absent from the Circumboreal and Mediterranean forests
(Takhtajan, 1986; Akhani et al., 2010), thereby making the inclusion of the Hyrcanian area
within either of the former (as suggested by Boissier, 1867; Zohary, 1973; Léonard, 1989)
problematic.
4) Flora and patterns of endemism in the eastern IT region (from the Tian Shan
and Pamir Mountains to the Khingan Mountains)
The eastern part of the IT region comprises various desert and semi-desert formations.
Likely due to aridity and great temperature extremes, the flora is comparatively uniform and
depauperate, comprising scarcely more than 5000 species (Grubov, 1963; Kamelin, 1965). The
main floristic areas of the eastern part of the IT region are the (h) central Tian Shan area, (i)
southern Mongolia, and (j) Tibet (Takhtajan, 1986: see Fig. 2 & Fig. 3C).
(h) The central Tian Shan area, a vast land of grasses and sedges, contains no endemic genera;
the Dzungaro-Tian Shan (eastern Tian Shan) includes a young flora with few endemic genera
and a large number of Circumboreal elements (Takhtajan, 1986). (i) The flora of the Mongolian
part of the IT region (the southern half of Mongolia) is very distinctive and possibly fairly old,
with dominant formations of desert, semi-desert and steppes (Grubov, 1963; Takhtajan, 1986).
(j) The Tibetan flora of the IT region (Pamirs and Tibet, including Chan Tang, Veitzan, and
southern Tibet) is not rich and consists of probably no more than 1000 species. Takhtajan
(1986) hypothesizes that the Tibetan flora is the youngest flora in the entire eastern part of the
IT region, having diversified only after the Quaternary glaciations. Phylogenetic evidence
supports a Central Asian origin of some Tibetan lineages with subsequent diversification on the
Tibetan plateau (e.g. Incarvillea: Chen et al., 2005; Solms-laubachia: Yue et al., 2009). In
various groups of flowering plants in the Tibetan plateau (e.g. Cyananthus; Zhou et al., 2013),
diversification appears to be strongly influenced by climatic oscillations, especially those that
occurred during the Quaternary, and by climatic disparities within the plateau (see review by
Qiu, Fu & Comes, 2011). Evolutionary studies on the Tibetan plateau are still scarce and
questions about the origin of the flora remain largely unanswered (Favre et al., 2014; Wen et
al., 2014).
Finally, several authors of the early 19th century (e.g. de Candolle, 1820; Boissier, 1867;
Grisebach, 1884) highlighted the affinities in climate and vegetation between Central Asia,
western Europe (central Spain) and northern Africa (plateaus of the greater Atlas). Such disjunct
distributions of vegetation types serve as reminders that, while floristic regions do not
necessarily fit the distribution of every single species, they allow us to sketch the general
outlines of plant distributions and to identify potential, past climatic and geological corridors
and dispersal mechanisms.
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Fig. 2. Proposed circumscription of the Irano-Turanian floristic region, based on the delimitation by
Takhtajan (1986) for the northern and eastern borders and by Léonard´s (1988, 1989) for the southern
and western borders. Border between the western Irano-Turanian (W-IT) and eastern Irano-Turanian
(E-IT) subregions based on geological barriers and floristic similarities (Zohary, 1973; Takhtajan,
1986). The map indicates the location of the most important mountain ranges and plateaus of the IT
region.

5) Geological and Climatic history of the IT region
As early as 1820, de Candolle recognised the two dimensions of biogeography,
historical biogeography and ecological biogeography, i.e. its dependency on both ‘causes that
no longer exist today’ and ‘physical causes operating at the present time’ (Crisci, 2001).
According to current interpretations of biogeography, geological and climatic processes drive
cycles of isolation and coalescence of species and communities, shaping Earth’s biodiversity at
nested temporal and spatial scales (Gillespie & Roderick, 2014). We thus briefly review the
geological and climatic history of the IT region, and the influence of the former on the latter, to
better understand how geology and climate influenced its current biodiversity (Fig. 3A & Fig.
3B).
Geological events are major abiotic factors that shape plant biodiversity, for biome
diversification can be caused by splitting and reunion of separate landmasses, driving vicariance
and merging of evolutionary lineages, respectively (Gillespie & Roderick, 2014). Owing to its
complex tectonic history, the IT floristic region displays striking geological and lithospheric
heterogeneity (e.g. Stoecklin, 1968). By the end of the Eocene, strong tectonic activities linked
with the India-Eurasia collision had changed Eurasian configuration: the vanishing Tethys
Ocean gave origin to the Paratethys and proto-Mediterranean seas, while vast stretches of the IT
region arose from the seas (Bàldi, 1980; Rusu, 1988; Rögl, 1999; Fig. 3A). The two main
tectonic events that influenced the geology and topography of the IT region are: the India-Asia
collision in the east and the Arabia-Eurasia collision in the west (see Fig. 3B & Fig. 3C).
The collision of the Indian plate with the Eurasian plate, initiating with the thrusting in Tibet
during the early Eocene (e.g. Hatzfeld & Molnar, 2010; Yin, 2010; Smit et al., 2013), was
crucial in shaping the east-west division of the IT region via the uplift of the Tian Shan
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Mountains in the late Miocene (Buslov, Kokh & De Grave, 2008; Fig. 3B). The uplift of the
Tian Shan Mountains also caused the broad topographic depression north of the Tibetan plateau
in the Tarim and Junggar basins (Yin, 2010; see Fig. 2). The mountain expansion produced by
the Indian-Eurasian collision spread northward and reached the Altai–Sayan area and Lake
Baikal in the early Pliocene (Buslov, Kokh & De Grave, 2008).
The Arabia-Eurasia convergence started in the late Oligocene and culminated in the early
Miocene. This collision caused the onset of shortening in the Alborz Mountains between 20 and
17.5 Ma and in the Zagros Mountains between 15 and 12 Ma, during the Miocene (Ballato et
al., 2010; Agard et al., 2011; Mouthereau, Lacombe & Vergés, 2012; Fig. 3B). It also drove the
formation of the Iranian and eastern Anatolian plateaus and the lesser Caucasus during the
middle Miocene (e.g. Sengör, Görür & Saroglu, 1985; Forte et al., 2010; Fig. 3B). The ArabiaEurasian deformation accelerated from the middle Miocene to the Pliocene (15-5 Ma), speeding
up the uplift of the Zagros, Alborz, Kopeh Dagh, and Caucasus mountain belts, thereby
separating the Iranian plateau from the rest of Eurasia (e.g. Mouthereau, 2011). The rapid
subsidence (i.e. downward motion of the Earth’s surface) in the south of the Caspian Basin and
subsequent folding were nearly synchronous with the uplift in the Alborz Mountains (Nadirov et
al., 1997; Devlin et al., 1999).
In summary, the deformation of the Central Asia geological domain (bordered by the Pamir
Mountains in the south, Lake Baikal in the north, and the Central Tian Shan Mountains in the
east; Fig. 2 & Fig. 3C) was caused by both the India-Eurasia and Arabia-Eurasia collisions (e.g.
Hatzfeld & Molnar, 2010; Reiter, Kukowski & Ratschbacher, 2011). In the early Pliocene,
increased crustal shortening in the Tian Shan Mountains and inversion (i.e. the relative uplift of
a sedimentary basin as a result of crustal shortening) of the Kopeh Dagh Mountains (e.g.
Thomas et al., 1999a, 1999b) caused the acceleration of the uplift of the Kazakh domain and
Turan basin, the latter being the area bordered by the Tian Shan to the east, the Caspian Sea to
the west, and the Kopeh Dagh and Alborz to the south (Figs. 2 & 3C). In conclusion, the
complex and heterogeneous geological history of the IT region is key to understanding the
patterns of rich biodiversity and current plant distributions of the IT flora.
Together with geology, climate is one of the most important abiotic factors influencing plant
distributions (Humboldt & Bonpland, 1807; de Candolle, 1820; Grisebach, 1884; Eig, 1931;
Good, 1964; Zohary, 1973). The palaeoclimatic history of the northern hemisphere, which
includes the IT region, is marked by both long-term trends and shorter-term cycles (Fig. 3B). A
crucial example of the former is the pronounced warming trend from the middle Paleocene to
the early Eocene, which peaked in the early Eocene climatic optimum (Zachos et al., 2001).
Later, a gradual trend of global cooling and aridification initiated during the Oligocene (van
Dam, 2006; Zachos, Dickens & Zeebe, 2008) and was followed by a warmer phase that peaked
in the late middle Miocene climatic optimum, and by gradual cooling and aridification in the
Pliocene (Fig. 3B).
By influencing plant distributions, climate can determine boundaries between floristic regions
(Daget, 1977; Djamali et al., 2012b). However, to our knowledge, only few studies have yet
employed quantitative analyses of climatic variable to define the borders of floristic regions
(e.g. Walter & Lieth, 1960–1967; Walter, 1974, 1976; Daget, 1977; Djamali et al., 2011;
Djamali et al., 2012b). The IT floristic region is characterised by continental climate with hot
and dry summers, cold and harsh winters, and low precipitation (de Candolle, 1820; Eig, 1931;
Zohary, 1973; Djamali et al., 2012b). Djamali et al. (2012b) performed a modern bioclimatic
study that demonstrates the important role of climatic variables in determining floristic regions:
they combined floristic knowledge with inferred bioclimatic requirements of the flora to
identify floristic regions, focusing specifically on the IT region. The study indicates that the IT
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floristic region is distinct from its neighbouring regions due to bioclimatic factors (i.e.
continentality, winter temperature, and precipitation seasonality), leading the authors to coin the
term “Irano-Turanian bioclimate” to signify the distinct climate of the region. Continentality
was found to be not only the most important bioclimatic factor differentiating the IT region
from its neighbours (e.g. Mediterranean and Saharo-Arabian regions), but also the main factor
responsible for floristic differences among the sub-regions of the IT region itself.
Tectonics and climate are interrelated (Gillespie & Roderick, 2014). Plateau uplift has a general
impact on climate by creating a barrier to the flow of air and by changing the regional radiation
balance, thereby enhancing seasonality and changing sea-level atmospheric pressure (Hay,
1996). The uplifts of mountain chains (e.g. Zagros, Alborz, and Tian Shan Mountains) and
plateau regions (e.g. Iranian, Anatolian, and Tibetan plateaus) caused climate cooling and rain
shadows on a large scale (i.e. aridification) in the northern hemisphere before and during the
middle Miocene climatic optimum (Flint, 1957; Hamilton, 1968; Fig. 3B). Aridification in the
IT region resulted in drastic shifts in the distribution of plant communities, thereby facilitating
speciation and diversification and shaping geographical genetic structure. As a consequence,
xerophytes probably did not become widespread until the late Miocene. However, on a regional
scale, the mountain ranges of the IT region (e.g. Alborz Mountains) allow for the maintenance
of “wet islands” in the vast arid expanses of the IT region, for they cause precipitations on their
windward side and arid conditions on their leeward side. In general, mountain uplifting drives
biotic evolution via climatic changes, ecological gradients and physical habitats. Based on
evidence from the Andes uplift, Hoorn et al. (2013) suggest that the building of other mountain
belts, e.g. the Zagros, might similarly have promoted a rise in biodiversity.
III) EVOLUTIONARY PERSPECTIVES ON THE IRANO-TURANIAN REGION
1) The role of floristic regions in evolutionary studies
Charles Darwin (1859) dedicated two chapters of “The origin of species” to explaining
the geographical distribution of species, thus contributing, with Wallace (1876), to the
establishment of biogeography as a well-defined subject. Even though the budding discipline
was firmly rooted in evolutionary theory, one of its key elements, i.e. classifying the world’s
flora into various floristic regions, initially remained a mainly descriptive, taxonomic activity
devoid of explicit evolutionary interpretations, despite early efforts to the contrary by Engler
(1899) and Takhtajan (1986). Engler was the first to attempt a truly phylogenetic plant
biogeography (“phylogenetische Pflanzengeographie“, 1899), and Takhtajan (1986) emphasised
the need for floristic regions to embrace the phylogenetic approach and the aim of preserving
genetic diversity.
The biogeographical regionalization system represents a fertile framework that can be applied to
generate and test evolutionary hypotheses. How the current distributions of plants in floristic
regions came to be cannot be explained purely in terms of present climatic factors. Geological
events such as continental drift and past climatic conditions must also be taken into
consideration. Both geological and climatic changes can influence range expansion and
contraction, shaping the dynamics of speciation and extinction within and between floristic
regions. The subdivision of the Earth into floristic regions thus holds great, yet largely untapped
potential for evolutionary studies, for it can open windows into elucidating past geological,
climatic and evolutionary processes that shaped current species distributions and floristic
assemblages (Vilhenda & Antonelli, 2014).
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Fig. 3. Phylogeny-based approaches to testing hypotheses on the evolution of the IT flora. Top (A
& B): Major geological and climatic events in the IT region since the Paleocene. (A) Palaeomaps
show changing positions of plates and emerged land through time (modified from Rögl, 1999);
yellow areas display hypothetical ranges of the proto-IT region; bands linking palaeomaps to
geological epochs are colour-coded according to contemporary global temperatures (see below).
(B) Sequence of key climatic changes based on global, average ∂18O temperatures (from Zachos et
al., 2001); MSC = Messinian Salinity Crisis.
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Fig. 3. Continued. Bottom (C, D & E): Evolutionary hypotheses linking geology, climate, and
ecology with patterns of colonisation and speciation in the IT region. (C) Map of the IT floristic
region (delineated in yellow) subdivided into provinces by Takhtajan (1986): a = Central Asian and
northern Afghanistan; b = Turanian; c = Armenian and Iranian; d = Central Anatolian; e =
Mesopotamian; f = western Himalaya; h = Central Tian Shan; i = southern Mongolia; j = Tibetan.
Floral outlines of Astragalus (which is diagnostic of the IT region) represent hypothetical taxa from
different areas. Base map is a GMRT topography image (Ryan et al., 2009), modified from Hatzfeld
& Molnar (2010), Yin (2010) and Smit et al. (2013).
(D) Dated phylogenies, in combination with geological and climatic information, can be applied to
test hypotheses on colonisation of neighbouring regions and evolution of floristic areas within the IT
region: I) Hypothetical phylogeny showing a specific sequence of geological and climatic events
leading to the colonisation of the Mediterranean and Saharo-Arabian regions by IT elements, most
likely xerophytic taxa adapted to the cooler, more arid conditions during the Miocene (e.g. MSC). II)
Hypothetical phylogenies showing alternative outcomes of geological events and ecological
adaptation on lineage diversification within the IT region. Left: Tian Shans orogeny in the late
Miocene caused a major separation between western and eastern floristic elements, followed by in
situ diversification on the two sides of the mountain chain; this phylogeny supports an ecological
model of speciation and the subdivision of the IT region into W-IT and E-IT (Zohary, 1973;
Takhtajan, 1986; see also Fig. 2). Right: India-Eurasia collision in the early Eocene, followed by
Paratethys formation and three independent orogenic events, gave origin to vicariant sister taxa; this
topology supports a geographical model of speciation, but not the subdivision of floristic provinces
into W-IT and E-IT. (E) Species extinction affects biogeographical interpretations of phylogenetic
patterns; open squares = extant taxa; stars = fossil taxa; coloured bars = floristic areas of map (C)
through time. Left, hypothetical phylogenies; right, phylogenies inferred from DNA sequences of
extant taxa. Extinction I: temporary extinction of a lineage from an area might cause ambiguity in the
biogeographical interpretation of phylogenetic patterns. Hypothetical phylogeny (left) indicates that
current presence of a lineage in the Central Asian area (a) does not necessarily equate to continuous
past presence. Phylogeny from DNA sequences of extant taxa and ancestral area reconstruction
analyses (right) infer a common ancestral area that does not reflect where the ancestor persisted
through time. Fossils can lead to correct or incorrect inferences of both the location and age of the
common ancestor; for example, a more recent fossil (yellow star) from the Armeno-Iranian floristic
area (c) results in correctly placing the origin of the common ancestor of taxa (a) and (c). However,
an older fossil (red star) from the Central Asian area (a) would lead to incorrect inferences of both the
location and age of the common ancestor. Therefore, correct phylogenetic placement of fossils is
crucial for biogeographical inference, if sufficient fossils are available. Extinction II: hypothetical
phylogenetic tree (left) showing relictual taxon in Tibetan area (j) does not necessarily indicate longstanding occupation of the area, but might reflect high levels of extinction in the Mongolian (i) and
Central Asian and northern Afghanistan (a) floristic areas. Phylogeny inferred from DNA sequences
of extant taxa (right) cannot allow to infer where the ancestor existed through time.

2) Why is the IT region important for evolutionary studies?
With an estimated number of more than 27000 species in its western part (Sales &
Hedge, 2013) and more than 5000 species in its eastern part (Takhtajan, 1986), a large
proportion of which are endemic, the IT floristic region harbours three of the world´s
biodiversity hotspots (see above; Fig. 1F). However, despite its outstanding species richness and
geographical extent (ca. 30% of the surface of Eurasia), the evolution of biotas in the IT region
and its biogeographical relationships with adjacent areas remain poorly understood, especially
when compared to neighbouring regions (e.g. Mediterranean floristic region; Manafzadeh,
Salvo & Conti, 2014).
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Since Boissier (1867), various botanists attempted to explain the occurrence of species with
disjunct distributional ranges between the western Mediterranean and Central Asia (i.e.
“Kiermack” disjunctions; Ribera & Blasco-Zumeta, 1998). Zohary (1973) and later authors
hypothesized that the IT floristic region serves as a donor of xerophytic taxa to neighbouring
regions, especially the Mediterranean (Takhtajan, 1986; Léonard, 1988; Manafzadeh, Salvo &
Conti, 2014). The IT region therefore plays a key role in understanding how current plant
diversity in Eurasia changed through space and time.
Finally, the oldest plant domestication sites (ca. 8500 BC) are located in the western part of the
IT floristic region, known as the Fertile Crescent, home to the wild relatives of domesticated
wheats, barley, and peas, which are some of the most important crops of the modern world
(Zohary, Hopf & Weiss, 2012; Riehl, Zeidi & Conard, 2013). The native distribution area of the
earliest domesticated cereals, einkorn wheat (Triticum monococcum) and wild barley (Hordeum
vulgare), is largely within the IT floristic region, as is the area where the two native distribution
ranges of these crops overlap, which includes the areas where these crops were initially
domesticated (Zohary, Hopf & Weiss, 2012; see Fig. 1G).
3) Evolutionary studies on the IT region
Assessing global biodiversity patterns and establishing sound conservation policies
requires balancing the work dedicated to describing the biotas of different biogeographical
regions with that of explaining their current composition through the integration of historical
biogeography with information from other disciplines (e.g. ecology, geology, and
palaeontology). Despite the great expansion of studies on evolution and historical biogeography
during the last decades, the IT floristic region remains poorly known in an evolutionary
framework, as demonstrated by searches on ISI Web of Knowledge performed by using “IranoTuranian” and “Irano-Turanian & Evolution” as keywords (Fig. S1). Therefore, questions
pertaining to the origin and patterns of diversification of the taxa occurring in this large and
highly diverse floristic region remain largely unanswered.
A handful of studies, all published in the last decade, have investigated the phylogenetic origins
of individual IT elements (e.g. Cousinia (Asteraceae): López-Vinyallonga et al., 2009; Isatis
(Brassicaceae): Moazzeni et al., 2010; Scrophularia (Scrophulariceae): Attar et al., 2011;
Delphinieae (Ranunculaceae): Jabbour & Renner, 2011; Haplophyllum (Rutaceae): Salvo et al.,
2011; Alcea (Malvaceae): Escobar-García et al., 2012; Limonium (Plumbaginaceae): Akhani et
al., 2013; Centaurea (Asteraceae): Hilpold et al., 2014; Erysimum (Brassicaceae): Moazzeni et
al., 2014; Eremurus, Asphodelus, and Asphodeline (Xanthorrhoeaceae): Naderi Safar et al.,
2014; Acanthophyllum (Caryophyllaceae): Pirani et al., 2014). Moreover, only few studies have
explicitly addressed the spatial and temporal relationships between the IT region and adjacent
ones, such as the Saharo-Arabian and Mediterranean regions (e.g. Araceae: Mansion et al.,
2008; Anchusa, Borago, and Echium (Boraginaceae): Mansion et al., 2009; Campanula
(Campanulaceae): Roquet et al., 2009; Ranunculus (Ranunculaceae): Emadzade et al., 2011;
Brassicaceae: Franzke et al., 2011; Myrtus (Myrtaceae): Migliore et al., 2011; Cardueae
(Asteraceae): Barres et al., 2013; Arabideae (Brassicaceae): Karl & Koch, 2013; Apioideae
(Apiaceae): Banasiak et al., 2013; Haplophyllum (Rutaceae): Manafzadeh, Salvo & Conti,
2014).
It has been hypothesized that the IT floristic region, especially its western part, represents a
source of taxa for neighbouring floristic regions (e.g. Zohary, 1973; Hedge, 1976; Quézel,
1985). This hypothesis has been supported by few recent studies on diverse, unrelated groups of
Brassicaceae (Franzke et al., 2011; Karl & Koch, 2013), Apiaceae (Banasiak et al., 2013), and
Rutaceae (Manafzadeh, Salvo & Conti, 2014). Karl & Koch (2013) highlight that all
perennial/alpine clades of Arabideae (Brassicaceae) originated in the IT region, and emphasise
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the evolutionary importance of the IT region. This study confirms the results of Franzke et al.
(2011) suggesting that the IT floristic region represents the main centre of origin for the cabbage
family (Brassicaceae). Moreover, an evolutionary study on apioid umbellifers (Apiaceae)
indicates that a high number of dispersal events occurred between the IT floristic region and the
Mediterranean basin, where the major diversification centres of the sub-family occur (Banasiak
et al., 2013). Finally, Manafzadeh, Salvo & Conti (2014) carried out a biogeographical study of
a diagnostic, xerophytic genus of the IT region (i.e. Haplophyllum, in the Citrus family) that
confirmed the role of this area as a source of xerophytes for neighbouring floristic regions,
especially the Mediterranean.
4) Evolutionary hypothesis-testing in the IT region
Among the overarching questions in biogeography and the evolution of biodiversity are
the following: When and how did different floras originate and diversify? What are the
dynamics of spatial and temporal interactions between floristic regions? What are the patterns
and processes of diversification in different biotas? Most of these questions remain unaddressed
for the IT region. Evolutionary biology in general and biogeography in particular should attempt
to frame questions as falsifiable hypotheses, as proposed by Popper (1959), rather than in purely
descriptive or inductive terms (Crisp, Trewick & Cook, 2011). Thus, using a combination of
temporal, spatial, and biological evidence that draws from phylogenetics, ecology, geology, and
climatology, biogeographers should aim at assessing alternative, a priori scenarios in order to
better understand the geographical dimensions of speciation through time.
Both abiotic and biotic factors shape the floristic composition of regional floras over time.
Abiotic factors tend to act over large temporal and spatial scales (several millions of years),
whereas biotic factors tend to act at smaller temporal and spatial scales (Benton, 2009; Favre et
al., 2014). Given the considerable time span covered by the evolution of the IT floristic region
(ca. the past 60 million years), we focus the following discussion on abiotic factors. Below, we
outline a few examples of temporal-spatial hypotheses to illustrate how different geological and
palaeoclimatic events might have driven range expansions, contractions, reconnections, hence
speciation and extinction in the IT biota over time and space (Fig. 3D). Tests of pattern-based,
evolutionary hypotheses can be performed using an array of phylogenetic and ecological
approaches, including molecular clock and diversification rate analyses, ancestral area
reconstruction, inference of migration routes, analysis of current and ancestral character states
that might play a role in migration and range modification, and evolution of current and past
ecological niches. Phylogenies can thus be used to test specific biogeographical hypotheses on
the origin and evolution of the IT floristic region (see Fig. 4).
For example, by using time-calibrated phylogenies, temporal congruence between cladogenetic,
geological and climatic events can be tested, thus contrasting vicariance versus dispersal
explanations for current distributional ranges (Rutschmann et al., 2004; Crisp, Trewick & Cook,
2011; Fig. 4). Additionally, by mapping areas of distribution on a phylogeny, it is possible to
compare the reconstructed ranges of common ancestors at different time frames with
contemporary distributions of emerged land, seas, and mountains ranges in palaeogeographical
maps, thus testing for spatial congruence between cladogenetic and major geological events
(e.g. Manafzadeh, Salvo & Conti, 2014; Fig. 4). Similarly, by reconstructing climatic niches
through the nodes of a phylogeny, it is possible to test for congruence between the climatic
preferences of common ancestors and estimated palaeoclimatic conditions in different areas of
the earth at different points in time (Fig. 4).
Finally, by inferring ancestral states of relevant phenotypic characters, it is possible to assess
whether common ancestors of extant taxa possessed attributes that were compatible, for
example, with migration through inferred land corridors or specific palaeoclimatic conditions
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(e.g. Wiens & Donoghue, 2004; Donoghue, 2008; Kozak, Graham & Wiens, 2008; Losos, 2008;
Buckley et al., 2010; Bonetti & Wiens, 2014). Below, we provide some examples of how the
integration of dated phylogenies with palaeogeographical and other kinds of evidence could
enable the testing of specific biogeographical hypotheses on the origin and evolution of the IT
floristic region.
4-1) Origin of the IT flora and connections to neighbouring floristic regions
Two main evolutionary scenarios have been proposed for the origin of the IT flora. In
the first scenario, the IT flora originated when the Tethys Ocean, which previously covered vast
stretches of southwest Asia, vanished in the early Miocene (Zohary, 1973; see Fig. 3A).
Alternatively, the steppic IT flora could have originated earlier, during the early Eocene, as
suggested by the biogeographical analyses of a characteristic genus of the region, Haplophyllum
(Manafzadeh, Salvo & Conti, 2014). The latter scenario was also previously suggested by
Zohary (1973; quoting Engler, 1905). Additional phylogenetic analyses of IT elements need to
be performed before we can achieve a more comprehensive understanding of the origins of the
IT flora.
Alternative scenarios have also been proposed for the migration of IT elements into the eastern
and western Mediterranean region. In one scenario, IT elements might have invaded the eastern
Mediterranean region via land corridors available during the early to the late Miocene (see Fig.
3A), as first proposed on the basis of floristic similarities (Zohary, 1973) and later demonstrated
on the basis of dated phylogenies and ancestral area reconstruction in Haplophyllum
(Manafzadeh, Salvo & Conti, 2014; Fig. 3D-I). Alternatively, IT elements could have reached
the eastern Mediterranean more recently, through land corridors that emerged during the
climatic oscillations of the Late Quaternary (Magyari et al., 2008). Two different temporal
scenarios are also possible to explain the colonisation of the western part of the Mediterranean
region. Invasion by IT elements might have occurred via land bridges available either during the
Oligocene and Miocene (Rögl & Steininger, 1983; Oosterbroek & Arntzen, 1992) or during the
Messinian Salinity Crisis (MSC) at the end of the Miocene, when aridity increased in the
Mediterranean basin, especially in its western part (Sanmartin, 2003; Manafzadeh, Salvo &
Conti, 2014, and references therein). In both cases, western Mediterranean elements diverged
from IT elements that occurred either in the Balkans or across North Africa and the Gibraltar
Strait.
The arid zone of the Saharo-Arabian floristic region is rich in species and genera that also occur
in the IT region (Quézel, 1978; Takhtajan, 1986). Contrasting scenarios can be tested for the
invasion of the Saharo-Arabian region by IT elements (see Fig. 3D-I. left and right,
respectively), for example: i) IT elements migrated to the Saharo-Arabian floristic region via the
Iranian plateau, before colonising the Anatolian plateau, during the first Arabia-Eurasia
collision in the early Miocene (Fig. 3D-I. left); ii) the colonisation of the Saharo-Arabian region
took place concomitantly with the colonisation of the Anatolian plateau by IT elements after the
second collision of the Arabia-Eurasia plates in the late Miocene (Fig. 3D-I. right).
In order to discriminate among the relative contributions of alternative migration routes to the
invasion of the Mediterranean and Saharo-Arabian regions by IT elements, the scenarios
summarised above should be tested by integrative analyses of dated phylogenies (e.g. Fig. 3DI). Temporal knowledge of the inferred colonisation events would in turn allow for a more
refined understanding of the contrasting climatic filters that acted on lineages migrating at
different time frames and the potential phenotypic attributes that enabled range expansion and
species divergence (e.g. Donoghue, 2008).
In summary, the IT floristic region appears to comprise an ancient and stable flora with wellestablished plant lineages, possibly because an ancient nucleus of dry and stable climate has
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persisted in the western part of the IT region (Central Asia) since the early Eocene, providing a
“conservative habitat” for plant lineages (Zhang et al., 2012; Manafzadeh, Salvo & Conti,
2014). In contrast, climatic changes during the late Pliocene promoted the establishment of a
“labile habitat” in the Mediterranean floristic region (Suc, 1984; Thompson, 2005), thus its flora
consists of elements recently borrowed from neighbouring regions and adapted in situ.
4-2) Speciation patterns within the IT region
The distribution of species diversity over the surface of the Earth is neither
homogeneous nor random (Léveque & Mounolou, 2003). Earth´s spatial heterogeneity, complex
history and extensive physical change gave rise to the global patterns of species distribution and
evolutionary diversification. Vicariant speciation occurs when a geographical barrier isolates
populations, while later connections might unite newly formed species, thereby generating
diversity at different hierarchical levels (Coyne & Orr, 2004). Conversely, ecological speciation
occurs when divergent selection drives adaptation to different environments and decrease of
gene flow between populations (Nosil, 2012). During ecological speciation, both habitat and
temporal isolation might be common, because adaptation to different environments or resources
will cause selection for divergent preferences for habitats or timing of developmental processes.
Conversely, non-ecological speciation models (e.g. vicariant speciation) include the evolution of
reproductive isolation based on stochastic events (e.g. rise of a geographical barrier between
populations), but not on divergence between environments (Rundle & Nosil, 2005).
To test whether specific ecological, geological, tectonic and climatic events triggered patterns of
speciation within the IT region, it is necessary to compare the phylogenies of multiple plant
groups from the different areas of the IT region (Fig. 3D-II & Fig. 4). Speciation in large and
remote areas or in areas with complex topography or ecology can be facilitated as a
consequence of long–term restriction of gene flow (Kisel & Barraclough, 2010). In each area of
the IT region, different patterns of speciation are expected in relation to the specific geological,
tectonic, and ecological characteristics of the area (Fig. 3D-II). Incorporating phylogenies with
ecological niche modelling has the potential to answer major questions on speciation modes, the
role ecology versus geology, and the importance of niche conservatism versus niche evolution
in speciation (Fig. 4).
Two main, non-mutually exclusive scenarios can explain diversification patterns in the IT flora.
For example, in the first scenario (Fig. 3D-II. left), speciation took place in situ within the
western and eastern parts of the IT region, driven by local adaptation to new ecological zones.
In the phylogeny produced by this speciation mode, the lineages from the western and eastern
IT, respectively, share a common ancestor. In the second scenario (Fig. 3D-II. right), speciation
occurred allopatrically, driven by the uplifts of different mountain ranges (e.g. Tian Shan,
Pamirs, Kopeh Dagh, Alborz, Zagros Mountains and Iranian, Anatolian, and Tibetan plateaus).
In the phylogeny produced by this speciation mode, sister taxa occupy allopatric ranges
separated by the respective mountain chains. Therefore, if allopatric speciation via vicariance
were the dominant mode of speciation in the IT flora, it would be expected that most sisterspecies pairs be allopatrically distributed, but do not ecologically differ from each other. In
order to elucidate the relative contributions of vicariance versus in situ speciation to the
distribution of species diversity in the IT region, phylogenetic analyses and subsequent metaanalyses of its mega-genera should be undertaken, including Astragalus, Acanthophyllum,
Acantholimon, Cousinia, Eremurus and Eremostachys (Fig. 3D & Fig. 4).
Two alternative scenarios can also be proposed for the relative roles of niche conservatism
versus niche evolution in explaining the current species diversity and distribution of the IT
elements. In a first scenario, high dispersal rates in IT species would enable habitat selection,
leading to stabilizing selection on key ecological traits, hence niche conservatism. It has been
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suggested that it might be easier and quicker for species to migrate than to adapt when exposed
to environmental change (e.g. Donoghue, 2008). A second scenario proposes that dispersal
limitations often cause rapid niche evolution (e.g. Ackerly, 2003; Boucher et al., 2012).
Isolation on “environmental islands” subject to environmental change might expose IT species
to strong selection pressures, resulting in rapid niche shifts. In order to test for the relative
contributions of niche conservatism versus niche evolution, climatic niche in the environmental
space can be projected for each taxon from its distribution. These values can then be
reconstructed on the phylogenetic tree to calculate phylogenetic signal by using two statistics
(i.e. Blumberg’s K and Pagel’s λ) to determine how and when niche evolution took place. The
tempo and mode of climatic niche evolution can be estimated in a given phylogeny by using
Pagel’s δ and κ parameters (Pagel, 1999; Freckleton, Harvey & Pagel, 2002; Blomberg, Garland
& Ives, 2003; Verdú, 2006; see Fig. 4).
4-3) Quaternary glaciations in the IT region
Quaternary glaciations most likely influenced the composition and distribution of IT
floristic elements. However, available evidence suggests that the influence of the glaciations in
the IT region (e.g. Tibetan plateau, Iranian plateau, and Zagros and Alborz Mountains; see Fig.
2) was less prominent than in other regions of the northern Hemisphere, because of its aridity
and complex topography (Noroozi, Akhani & Breckle, 2008; Djamali et al., 2012a; Favre et al.,
2014; Wen et al., 2014). The xerophytes of the IT region possibly survived the Quaternary
glaciations and may have even been more widespread then than they are today (e.g. Cousinia:
Djamali et al., 2012a; Haplophyllum: Manafzadeh, Salvo & Conti, 2014).
Currently, several IT species (including Silene goniocaula, Cousinia lasiolepis, Primula
capitellata, Pedicularis cabulica, Gagea capillifolia) display disjunct west-east distribution
patterns in the alpine zones of non-connected mountain chains: between the Zagros in the west,
and either the mountains of Afghanistan, or the West Himalaya and Central Asia in the east.
Two main scenarios can be considered and tested to explain the current patterns of disjunction
in the alpine flora of the IT region. In a first scenario, the alpine species persisted since the last
glaciation, when they occurred at lower altitudes, and later rose to the alpine belt in the
interglacial period, thereby separating populations from each other (Noroozi, Akhani & Breckle,
2008). In a second scenario, the disjunction occurred recently via long-distance dispersal (e.g.
Schönswetter et al., 2003). Discriminating between these hypotheses would require an
integrative study comprising coalescent analyses and ecological niche modelling to improve our
understanding of the historical factors that promoted the divergence of IT alpine lineages during
the Quaternary (e.g. Carstens & Richards, 2007).
4-4) Crop domestication in the IT region
Since the onset of their symbiosis with humans in the Holocene, Fertile Crescent
domesticates have come to dominate immense areas on all inhabited continents (Zohary, Hopf
& Weiss, 2012). The native areas of these domesticates occur mostly within the western IT
region (Fig. 1G), which acted again as donor to recipient neighbouring regions in the Holocene.
In his study of the domestication process, Jared Diamond (2002: p. 700) raises the question:
“Why did domestication operate on so few wild species, in so few geographical areas?”. He
then hypothesizes that most of the Fertile Crescent crops were derived from a unique
domestication event. Although wild ancestors of the domesticated crops had narrow
geographical ranges restricted to the area between Turkey and western Iran, cultivation of
domesticates spread from east to west Eurasia, distributing these domesticates across the
continent. The spread of the cultivation of domesticates occurred so rapidly that further
independent domestications of the same or related species were prevented from taking place.
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In order to understand the patterns of plant domestication in the Fertile Crescent, the spatial and
temporal origins of domesticated crops and their migration routes need to be explicitly tested by
biogeographical analyses. Moreover, phylogenetic reconstructions could determine whether
character-state changes linked with domestication (e.g. changes to large seeds, to annual life
cycle, and to lack of seed dormancy) from wild relatives to domesticates of the Fertile Crescent
are associated with particular environmental factors that might have driven trait evolution (Cox
& Moore, 2005). These analyses may expose unexpected genetic potential of the wild relatives
of domesticates and their potential responses to climate change, especially aridification (Geeta
et al., 2014).
4-5) Obstacles to evolutionary hypothesis-testing in the IT region
One of the main obstacles to the testing of evolutionary hypotheses in general and in the
IT region in particular is species extinction (Fig. 3E). Extinction is difficult to estimate and
reconstruct due to the lack of evidence of the former presence of taxa in areas where they are no
longer found (Crisp, Trewick & Cook, 2011; Morlon, 2014). The fossil record can provide
evidence of former occurrences of taxa in areas where they are now extinct (Benton & Pearson,
2001), but such data is especially scarce in the IT floristic region, because (1) the fossil record
of the IT region is poorly known, and (2) dry habitats are not favourable to fossilization.
Furthermore, extant taxa can demonstrate temporal, but not spatial persistence; in such cases,
molecular dating and ancestral area reconstruction analyses of extant taxa will not be able to
correctly infer where the ancestor existed through time (see Fig. 3E). Moreover, extinction and
replacement of floras in the fossil record has probably been generally overlooked, because
fossils of extinct lineages have often been misassigned to younger, related lineages that have
immigrated more recently, giving a false impression of long-term occupancy of a region by the
original lineage (see Fig. 3E). Lack of fossils in a given area of the IT region cannot then
necessarily be interpreted as evidence of absence, given the stochastic nature of the fossil
record. An increase in palaeontological research and exploration would be necessary to improve
our knowledge of the floristic evolution of the IT region.
5) Conservation needs of the IT region
Dobzhansky’s axiom “nothing in biology makes sense except in the light of evolution”
(Dobzhansky, 1973) should be applied to conservation biology as well. Even though
biodiversity is the product of evolutionary processes, evolutionary thinking is often ignored in
most conservation plans. Plants, the relationships among them, and the relationships between
plants and their abiotic environment change through time and space. Therefore, an
understanding of evolutionary processes should play a major role in regional planning for
protecting biodiversity, especially in an era of intense and rapid climatic changes (e.g. Sarkar &
Margules, 2002; Hendry et al., 2010). Thus, evolutionary studies and reconstructions of
phylogenetic relationships among IT taxa and analyses of past geological and climatic events
will reveal how current diversity of the IT was shaped, thereby providing invaluable
information for setting conservation priorities and protecting this cradle and donor of xerophytic
taxa, hotspot of biodiversity, and rich genetic resources of domesticated plants.
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Fig. 4. Workflow for testing evolutionary hypotheses in the IT floristic region.
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IV) CONCLUSIONS
1.
In this review we highlight the IT floristic region, a vast and diverse area covering 30%
of the surface of Eurasia, and one of the hotspots of evolutionary and floristic diversity of the
Old World. The IT floristic region is as immense as it is insufficiently studied: it is currently the
missing piece of the puzzle to complete our understanding of plant diversity and evolution in
Eurasia. Here, we review the delineation of the IT region since Boissier (1867), described the
diverse areas that the IT comprises, and present a tentative circumscription of the IT region. The
delineation of the IT region is however still a matter of controversy, especially regarding its
eastern border. Establishing the precise borders for the IT region is difficult because of intrinsic
and extrinsic factors. Intrinsically, floristic borders reflect the different dispersal abilities and
ecological characteristics of the species typical of each region, and are therefore often
transitional zones, rather than sharp boundaries (Takhtajan, 1986; Cox & Moore, 2005; Kreft &
Jetz, 2010; Ebach, 2012). Extrinsically, although occurrence data for species of the IT floristic
region are currently available from various sources (e.g. herbaria collections, data banks, and
literature), they need to be revised carefully via field observations and taxonomical studies
before they can be routinely used. Based on such data, more precise floristic boundaries can be
delimitated via ongoing mapping techniques and other new approaches (e.g. network theory: see
Vilhena & Antonelli, 2014 for further details).
2.
We summarise the complex geological history and its impact on the climate of the IT
region. Based on geological, climatic, and floristic structure, we propose and discuss several
evolutionary hypotheses that could explain the evolution of biodiversity in the region. Testing
these hypotheses will ultimately require macroevolutionary meta-analyses of large genera
diagnostic of the IT region using molecular data from high-throughput sequencing together with
newly discovered fossils from the region and species distribution models, using herbaria
collections and biodiversity databases. These studies will unravel the temporal and spatial
origin, evolution, and phylogenetic relatedness within the IT region and with its neighbouring
regions. Moreover, ecological studies of the IT region should be applied to estimate to what
degree lineages can cross major ecogeographical barriers in the region over time (e.g. Wiens et
al., 2010). Thus, evolutionary biology and ecological studies, with their theoretical frameworks
and powerful analytical tools, can open new avenues to understanding the relative roles of
geological versus ecological dynamics in speciation processes, and of niche conservatism versus
niche evolution in shaping distributional patterns in the IT region (Crisp & Cook, 2012; Ebach,
2012; Manafzadeh, Salvo & Conti, 2014).
3.
Various floristic regions are affected differently by climate change; projections of
climatic change for the IT region for the period 2016-2035 vary according to locality and
season, but include increases in air temperature of 0.75-1.5°C, and both increases (0-10%) and
decreases (0-10%) in mean precipitations compared to the period 1986-2005 (Intergovernmental
Panel on Climate Change: Kirtman et al., 2013). Understanding the evolutionary history of the
IT region is crucial to predicting its resilience to climate changes. Ecological and evolutionary
studies of the IT region can improve our understanding of the vulnerability of its species to
climate change, and provide additional data upon which to base conservation decisions, such as
prioritizing the conservation of areas of high genetic diversity (e.g. Fertile Crescent) to build
evolutionary resilience within populations.
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Fig. S1. Two searches were performed on the ISI Web of Knowledge in December 2014,
one using the term ‘Irano-Turanian’ and a second one with the term ‘Irano-Turanian’ and
‘Evolution’; the retrieved number of publications was plotted on the y-axis. The plot
indicates that the evolutionary studies of the IT region are scarce.

Table S1: History of the changing delimitations of the Irano-Turanian floristic region, its
sub-regions, and surrounding floristic regions from Boissier (1867) to the proposed
delimitation from this review.
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Edmond Boissier

August Grisebach

(1867)

(1884)

“Oriental region”

Michael Zohary (1973)

“Steppic region”

Irano- Turanian

Irano- Turanian

J. Léonard (1988)

Armen Takhtajan (1986)

Irano-Turanian

Irano-Turanian

Proposed delimitation
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Syrian desert, Jordan desert, Northern Iraq up to the foothills of the Kurdistan mountains, some spots of Khusestan (SW Iran), Part of the Central Anatolian plateau,
the Armenian, Kurdistanian and Zagrosian mountain ranges, the Iranian central plateau, the Eastern and Southern slopes of the Alborz mountains, most of
Afghanistan and Northern Baluchistan
The vast lowlands of steppes and deserts situated between the Caspian and the Aral Seas, and the Western and SW outskirts of the Central Asian mountains, parts
of NE Iran and Afghanistan,
2) The East Irano-Turanian Sub-region:
The Eastern half of Afghanistan, and the provinces of Pakistan included in the IT region, Eastern Kirgizstan, Easternmost Kazakhstan, the provinces of China in the IT

Ilam and Khuzestan, the whole of the coast of the Persian Gulf, including Sistan and Baluchestan, and the south of Kerman, and the coast of the Caspian Sea:

Mazandaran and Gilan), Tajikistan, Turkmenistan, Uzbekistan, Kazakhstan (except northernmost part), Kirgizstan, Afghanistan (except southern third: provinces of

Nimruz, Helmand, and Kandahar), Pakistan (Northernmost Baluchestan, Southern half and Northernmost Khyber Pakhtunkhwa, the Federally Administered Tribal

Areas, and Northern half of Gilgit-Baltistan), India (North-Eastern half of Jammu and Kashmir), the western provinces of China (provinces of Xizang (Tibet), Xinjiang

(Uyghur autonomous region), Qinghai (Kokonor), Gansu, Inner Mongolia), Mongolia (Southern two thirds), the plateaus of the greater Atlas range: the high plateaus

of southwest and northeast-Morocco (Anti-Atlas and High Atlas), N-Algeria (Saharan Atlas), Central Tunesia (Aurès Mountains), northeast Tunesia, northwest-Libya

(Nafusa Mountains), and northeast Libya (Jebel Akhdar plateau),

Includes a vast territory of desert and steppes, stretching form the central Tian Shans and Pamirs to the Greater Khingan mountains

the Jordan desert, northern part of the Sinai peninsula, , the arid and semi-arid of south and east Transcaucasia (east of Georgia, Azerbaijan), Nakhchivan, most of

the Armenian highlands, Iran (southern part of the Caspian Sea “Hyrcanian relict forest”, the Iranian plateau, excluding the south and southwest coastal tropical

2) Central regional sub-centre (IT2)
Turkey (most of Anatolia), Armenia (southern half), Nakhchivan, Syria (NE), Iraq (NE), Iran (except the provinces of Kusestan and Balochistan, and the shores of the

Kusestan and Balochistan, and the coast of the Caspian Sea, the Persian Gulf, and the Gulf of Oman), Tajikistan, Turkmenistan, Uzbekistan, Khazakhstan (except

northermost part), Kyrgyzstan, Afghanistan (except southernmost portion and a northeast enclave in the Hindus Valley), Pakistan (north Balochestan, Federally

Administered tribal Area and south Khyber Pakhtunkhwa, and Gilgit Baltistan), India (eastern Kashmir), China (Xizang (Tibet), Xinjiang (Uyghur autonomous region),

2) The East Irano-Turanian Sub-region:

the provinces of Kusestan and Balochistan, the Persian Gulf, and the Gulf of Oman), the arid and semi-arid of south and east Transcaucasia (east of Georgia,

Mongolia, NW Sichuan, Mongolia (southern two thirds of the country)

Chinese part), the western provinces of China (Xizang (Tibet), Xinjiang (Uyghur autonomous region), Qinghai (Kokonor, Bayan Har Shan), NW Gansu, northern Inner

Balochestan, Federally Administered tribal Area and south Khyber Pakhtunkhwa, and Gilgit Baltistan), India (eastern Kashmir), the entire Gobi desert (Mongolian and

Khazakhstan (except northmost part), Kyrgyzstan, Afghanistan (except southernmost portion and a northeast enclave in the Hindus Valley), Pakistan (north

Transcaucasia and Mountains and uplands of Central Asia up to the central Tien Shan and Pamirs Mountains to the East (Tajikistan, Turkmenistan, Uzbekistan,

Includes a vast territory of desert and steppes, stretching form the central Tian Shans and Pamirs to the Greater Khingan mountains

thirds), Lebanon (small inland part), Jordan (northernmost part), Egypt (north, inner Sinai), Iran (incl. southern part of the Caspian Sea “Hyrcanian relict forest”, excl.

Azerbaijan), Nakhchivan, most of the Armenian highlands, the entire vast arid territory from southeastern Russia and deserts and semi-deserts of the eastern

1) West Irano-Turanian sub-region:
Entire Western part of the Irano-Turanian region up to the Prebalkhash area, central Tian Shan, and the western Himalayas

Anatolian plateau (the inner arid and semi-arid parts and eastern part of the Anatolian plateau), Iraq (NE), Syria (except coastal area), Palestine (Northeastern two

Qinghai/Kokonor, west China in general), India (eastern Kashmir), Pakistan (NE)

Russia (Altai Republic), Kazakhstan (easternmost part), Mongolia (except northernmost part), China (Xizang/Tibet, Xinjiang/ Uyghur autonomous region,

4) Eastern regional sub-centre (IT4)

Uzbekistan, Tadjikistan (N), Kyrgyzstan

Russia (Lower Volga and eastern coast of the Caspian sea), Azerbaidjan (Caspian coast), Kazakhs (except northernmost and easternmost parts), Turkmenistan (N),

3) Northern regional sub-centre (IT3)

Federally Administered tribal Area and South Khyber Pakhtunkhwa)

Caspian Sea, the Persian Gulf, and the Gulf of Oman), Turkmenistan (S), Afghanistan (except southernmost and easternmost parts), Pakistan (North Balochestan,

Jordan (Northernmost part), Iraq (part of the NE)

(north, inner Sinai), Russia (Eastern Caspian coast, and Lower Volga Basin), Azerbaidjan (Eastern Caspian coast), Armenia (South), Iran (except the provinces of

western China in general)

1) Western regional sub-centre (IT1)
Turkey (the southernmost part of Anatolia), Syria (except coastal area), Lebanon (small inland part), Egypt (north, inner Sinai), Palestine (North Eastern two thirds),

Anatolian plateau (Turkey), Iraq (NE), Syria (except coastal area), Palestine (Northeastern two thirds), Lebanon (small inland part), Jordan (northernmost part), Egypt

Inner Mongolia, NW Sichuan, Mongolia (southern two thirds of the country)

and Chinese part), the western provinces of China (Xizang (Tibet), Xinjiang (Uyghur autonomous region), Qinghai (Kokonor, Bayan Har Shan), NW Gansu, northern

Southern slopes and spurs the western Himalayas to the West from 83° E longitude (Pakistan, northern Baluchestan and India), the entire Gobi desert (Mongolian

Khazakhstan (except northmost part), Kyrgyzstan (see Takhtajan, 1986 for very detailed borders), Afghanistan , the southern spurs of the Hindu Kush range, the

Transcaucasia and Mountains and uplands of Central Asia up to the central Tien Shan and Pamirs Mountains to the East (Tajikistan, Turkmenistan, Uzbekistan,

eastern

2) Central Asiatic Sub-region:

crescent in southeastern Anatolia (Mesopotamia), part of south and east Palestine highlands of eastern Edom,

regions except some spots of Khuzestan province), the entire vast arid territory from southeastern Russia and deserts and semi-deserts of the

1) Western Asiatic sub-region:
Entire Western part of the Irano-Turanian region up to the Prebalkhash area, central Tian Shan, and the western Himalayas

Anatolian plateau (the inner arid and semi-arid parts and eastern part of the Anatolian plateau), Northern Iraq, Syrian desert extending northwards to the fertile

Region: Xizang (Tibet), Xinjiang (Uyghur autonomous region), Qinghai (Kokonor), Gansu, Inner Mongolia, and Mongolia (Southern two thirds).

high plateaus in North Africa (greater Atlas, Aurès and Nafusa Mountains , Jebel Akhdar, Northern Sinai),

West Bank), Jordan desert, Egypt (Northernmost Sinai), Azerbaijan and Russia (the Western coast of the Caspian Sea North of Baku), Iran (except the provinces of

Saharo-Arabian

&

Indian

East: Eastern Asiatic region

regions

South: Saharo-Sindian & Indian

West: Mediterranean region

North: Circumboreal region

regional zone,

South and SW: Saharo-Sindian

West: Mediterranean zone

East: Eastern Asiatic region

regions

Sudano-Zambezian

South: Saharo-Arabian,

West: Mediterranean region

North: Circumboreal region

East: Sino- Japanese

Sudanian

South:

West: Mediterranean

North: Euro-Siberian
&

monsoon region

Saudi-Arabia (Northernmost part), Northern Kuwait

East: Sino-Japanese region

SE and South: Sahara & Indian

provinces of China (Xizang (Tibet), Xinjiang (Uyghur autonomous region), Qinghai (Kokonor), Gansu, northern Inner Mongolia), Mongolia (except northernmost part),

1) West Irano-Turanian sub-region:

West: Mediterranean region

Armenia, Iran, Tajikistan, Turkmenistan, Uzbekistan, Kazakhstan, Kirgizstan, Afghanistan, Balochistan (SW Pakistan), northern Pakistan, Kashmir (India), the western

Southeastern part of the Anatolian plateau, the Northern half of Iraq, Syria (except the Mediterranean coast), Southern and Eastern Palestine (Southern Israel and

eastern continent

South: Date Palm region

North: Forest region of the

3) Mesopotamian Sub-region: northern Tiber and Euphrates Basin in Iraq

the highlands and mountains of Greece (mainland), Crete (Greece), Cyprus (Greece and Turkey)

West: Mediterranean region

The southern Ukraine (from the estuary of the Dniepr, including northern Crimea), Anatolian plateau (Turkey), Iraq, Syria (except Mediterranean coast), Israel (except

Plains and deserts of Turkestan, east Iran, western Afghanistan,

region

North & West: Mid- European

Neighbouring regions

Mediterranean coast), Jordan (Northern half), the southern Russia (South of 52° latitude), Azerbaijan, Nakhchivan, eastern Georgia (check other definitions),

2) Aralo- Caspian Sub-region:

Pakistan), the western Himalayan range (mountain of northern Pakistan, Jammu and Kashmir, northern Punjab), China: Xizang (Tibet),

Dzungaria (Western Mongolia, Northern Xinjiang (Uyghur autonomous region), and eastern Kazakhstan

1) Plateaus Sub-region:
Plateaus of: Syria, Jordan, eastern Israel, Anatolia, Armenia, Azerbaijan, Nakhchivan, eastern Georgia, Iran, Afghanistan, and Balochistan (SW Pakistan)

Plateaus of Anatolia (Turkey), Plains of Mesopotamia (northern and western Iraq), Syria, Israel, Jordan (?),Sinai (Egypt) and the Jebel Akadar (Oman), Nakhchivan,

Armenia, Iran, Tajikistan, Turkestan (Turkmenistan, Uzbekistan, Kirgizstan, China: Xinjiang (Uyghur autonomous region), Kazakhstan), Afghanistan, Baluchistan (SW

Sub-region

Definition

2
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Abstract Haplophyllum A. Juss. is one of the most species-rich, but poorly-known genera of Rutaceae (citrus family), reaching
maximum species diversity in Turkey, Iran, and Central Asia. Many of its species exhibit a narrow geographic range (“narrow
endemics”), which makes them particularly vulnerable to extinction. Despite its importance for the characterization of the
Irano-Turanian floristic region, the evolution of species diversity in Haplophyllum has never been examined in a phylogenetic
and biogeographic context. We generated gene trees from DNA sequences of four regions of the chloroplast genome for 118
accessions, representing 66% of the species diversity of the genus. Additionally, Haplophyllum was examined morphologically.
The phylogenetic analyses showed that several species of the genus do not form reciprocally monophyletic groups. Optimization of morphological characters on the chloroplast DNA phylogeny indicated that most of the species, in particular those with
a widespread geographic distribution, can only be diagnosed by combinations of homoplasious character states. Homoplasy
notwithstanding, the main morphological characters traditionally used to classify the genus are consistent with the molecular
phylogeny of Haplophyllum. Finally, the Mediterranean representatives of Haplophyllum were found to be embedded within a
clade that includes primarily Irano-Turanian species, suggesting multiple invasions of the Mediterranean basin from the east.
Keywords biogeography; Haplophyllum; Irano-Turanian floristic region; morphology; phylogeny
Supplementary Material Tables S1 and S2 are available in the free Electronic Supplement to the online version of this
article (http://www.ingentaconnect.com/content/iapt/tax).

INTRODUCTION

of Haplophyllum is the Irano-Turanian region—in particular,
Iran, Turkey, and Central Asia—which harbours 60% of the
species diversity. Thirty species of Haplophyllum are present
in Iran, fourteen of which are endemic to the country (Joharchi,
2008). Fewer species occur in the other three floristic regions,
most notably in the Mediterranean region, which contains 13%
of the species diversity (Fig. 1).
Characteristic of many species of Haplophyllum is their
highly restricted geographic distribution, sometimes consisting
of a single mountain range (Townsend, 1986). For example,
H. telephioides is found in a few mountains of central Anatolia;
H. viridulum occurs in a small area of the Fars province of Iran;
and H. eugenii-korovinii is restricted to the Karatau mountains of Kazakhstan, where it is very rare (Townsend, 1986).
Overall, 54% of the species have a relatively narrow range as
compared to the most widespread species, which constitute
18% of the total; the remaining species exhibit an intermediate
distribution. Additionally, several endemic species of Haplophyllum occur in small, disjunct populations across their narrow range (G. Salvo, S. Manafzadeh, pers. obs.). These factors
make many species and populations of the genus potentially in
danger of extinction, a fact that has been recognized with the
inclusion of nine species in the Red Data Book of Iran (Jalili &
Jamzad, 1999). Conversely, some species of Haplophyllum have

Haplophyllum A. Juss. is one of the most species-rich, but
poorly known genera of Rutaceae. As currently circumscribed,
it includes 68 species (Townsend, 1986; Navarro & al., 2004;
Soltani & Khosravi, 2005) and reaches maximum species diversity in Turkey, Iran, and Central Asia (the latter region being
bordered by the Caspian Sea in the west, China in the east, Iran
and Afghanistan in the south, and Russia in the north). Many
species of Haplophyllum exhibit a narrow geographic range
(i.e., “narrow endemics”), a feature that makes them particularly vulnerable to extinction. Despite its importance for the
characterization of the Irano-Turanian floristic region (Zohary,
1973; Takhtajan, 1986), the evolution of species diversity in
Haplophyllum has never been examined in a phylogenetic and
biogeographic context.
Haplophyllum is distributed from Morocco and Spain in
the west to the Heilongjiang Province of China in the east. In
the west it extends north to Romania and south to Somalia
and the Hadhramaut area and in the east it extends north to
the Lake Baikal region (Fig. 1) (Townsend, 1986). Its range
spans five different floristic regions: the Irano-Turanian,
Mediterranean, Saharo-Arabian, and Sudano-Zambezian regions (Fig. 1) (Takhtajan, 1986). The main centre of diversity
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a very widespread distribution. For example, H. tuberculatum
stretches from Morocco to western Pakistan, broadly spanning
the distribution of the entire genus; H. buxbaumii is found from
Morocco to western Iran, including many islands in the eastern
Mediterranean Sea (Townsend, 1986).
Haplophyllum species are perennial herbs, sometimes low
shrubs, which grow mainly on sandy, stony, or rocky hill slopes
in arid areas (Townsend, 1986). Morphologically, they can be
broadly characterized by the presence of cymose and bracteate
inflorescences with five sepals and creamy-white to bright yellow petals, ten stamens with free filaments expanded below and
pubescent on the inner surface, three to five connate carpels,
and five-lobed capsules (Townsend, 1986).
Haplophyllum has been studied from a morphological
(Jussieu, 1825; Spach, 1849; Boissier, 1867; Engler, 1896;
Vvedensky, 1949; Townsend, 1986) and phytochemical (e.g.,
Mester & Vicol, 1971; Pascual-Villalobos & Robledo, 1999;
Shaiq & al., 2001; Nazrullaev & al., 2002; Prieto & al., 2002)
point of view. The most comprehensive morphological analysis of the genus was published by Townsend (1986), who also
proposed a classification and a tentative scheme of species
relationships. Phytochemically, Rutaceae as a whole are notable
for their vast array of secondary chemical compounds (e.g.,
alkaloids, lignanes, glycosides, flavonoids; Price, 1963). Mester
& Vicol (1971) performed a thorough phytochemical analysis
of Haplophyllum by focusing on the distribution of different
classes of alkaloids. However, on the basis of these two sources
of data—morphology and phytochemistry—both the generic
status of the genus and its subdivision into different sections
have been questioned.
In the most comprehensive classification of Rutaceae,
based mainly on morphological characters, Engler (1896, 1931)
treated Haplophyllum as a subgenus of Ruta L. This view was
dismissed by subsequent systematic works, which emphasized
the distinctiveness of the former taxon with respect to both

morphological and phytochemical features. Townsend (1986)
listed a series of morphological traits differentiating Haplophyllum from closely related genera (e.g., pollen structure, seed
shape, petal margins) and Mester & Vicol (1971) discovered
the presence of secondary metabolites in Haplophyllum, such
as the alkaloids robustine, haplopine, and skimmianine, which
are not found in any other genus of Rutaceae.
Several authors have attempted to subdivide Haplophyllum
into different sections by means of morphological characters
(Spach, 1849; Boissier, 1867; Engler, 1896; Vvedensky, 1949;
Townsend, 1986). Of these, only the last two authors adopted
explicit criteria, rather than generic statements, to support their
classifications. Vvedensky (1949) divided the genus into four
sections according to carpel number, fruit opening, and ovule
number (Table 1). The first two features, together with petal
colour, plant architecture, ovary shape, and stamen form, were
used by Townsend (1986) to divide the genus into three sections (Table 1). In his assessment of the taxonomic value of
different morphological characters, Townsend (1986) noted
that the ovary and stamens provide the most useful characters
to infer species relationships within Haplophyllum. However,
both classifications have been criticized, because they lack
morphological traits that are consistent across all species of
the proposed sections (Mester & Vicol, 1971).
The single phylogenetic study of Haplophyllum available
so far included only six of the 68 species and focused on the
Iberian representatives of the genus (Navarro & al., 2004).
More recently, Salvo & al. (2008) performed a phylogenetic
analysis of tribe Ruteae, which includes Haplophyllum and
closely related genera, based on chloroplast (cp) DNA sequences. This study, comprising a limited sample of 22 species
of Haplophyllum, corroborated the monophyly of the genus, but
did not address species relationships within it.
From a biogeographic point of view, Haplophyllum was
used to characterize the Irano-Turanian region (Zohary, 1973,

Fig. . Left, Map showing the
geographic distribution of
Haplophyllum (after Townsend,
1986) and the five floristic
regions in which its species
occur (after Takhtajan, 1986);
right, pie chart showing the
percentage of species found in
each floristic region. Note that
there are no species restricted to
the circumboreal floristic region
only.
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in relation to his Western Irano-Turanian subregion; Takhtajan,
1986, in relation to his Western Asiatic subregion), because
many of its species are restricted to this geographic area. For
similar reasons, Grubov (1959) mentioned Haplophyllum in
the characterization of Central Asia. In its most common delimitation, the Irano-Turanian region extends from central and
eastern Anatolia to the Tien Shan and Altai mountain ranges,
reaching the Gobi desert, and includes parts of the Sinai peninsula, Lebanon, Jordan, Israel, and Palestine, most of Syria
and Iran, northern Iraq, north-eastern Afghanistan, parts of
northern Pakistan and northern India, and Central Asia (Fig. 1)
(Takhtajan, 1986; Davis & al., 1994). Based on either floristic
similarities or phylogenetic evidence, some authors suggested
that the Irano-Turanian region served as a key source for the
colonization of neighbouring areas, most notably the Mediterranean region (Zohary, 1973; Quézel, 1978, 1985, 1995;
Ribera & Blasco-Zumeta, 1998; Thompson, 2005; Mansion &
al., 2008, 2009), while others argued more generally that the
present arid floras of Eurasia, the Mediterranean region, North
Africa, and even South Africa originated from Central Asia
(Bobrov, 1965, 1966; Pyankov & al., 2002).
While a detailed knowledge of the evolution of species
diversity in Haplophyllum could yield useful insights into the
biogeographic role of the Irano-Turanian region, the genus has
never been comprehensively examined from a phylogenetic/
biogeographic point of view. In order to start filling this gap

of knowledge, we generated sequence data for 66% of the
species diversity of Haplophyllum and addressed the following questions: (1) Are the different species of Haplophyllum
monophyletic? (2) Does our inferred cpDNA phylogeny support
Vvedensky’s (1949) or Townsend’s (1986) classifications? (3)
Do species from the same floristic region form monophyletic
groups? (4) Did the Irano-Turanian region serve as a source for
the colonization of the Mediterranean region? (5) What are the
phylogenetic relationships between the narrow endemics and
the geographically widespread species?

MATERIALS AND METHODS
Taxon sampling. — Forty-five out of 68 species of Haplophyllum were sampled, including species with a very narrow distribution occurring in remote areas. For geographically
widespread taxa, and/or taxa that are difficult to diagnose morphologically, multiple accessions per species (two to eleven)
were sampled. All three sections of Townsend (1986) were sampled. Five outgroup taxa were selected according to previous
phylogenetic results: Cneoridium dumosum, Aegle marmelos,
Citrus reticulata, Poncirus trifoliata, and Glycosmis citrifolia (Salvo & al., 2008). The final matrix contained 118 accessions. Included material, voucher information, sources, and
GenBank/EBI accession numbers are listed in Appendix 1.

Table . The two most comprehensive classifications of Haplophyllum.

Section

Species

Diagnostic characters

Peganoides

H. dauricum

Ovary: (2–)3(–4)-locular
Ovules: 2 in each cell
Capsule: dehiscent

Polyoon

H. pilosum
H. suaveolens
H. armenum
H. bucharicum
H. affine

Ovary: 5-locular
Ovules: 4–12 in each cell
Capsule: dehiscent

Oligoon

Remaining species
(greatest bulk of the genus)

Ovary: 5-locular
Ovules: 2 in each cell
Capsule: dehiscent

Achaenococcum

H. latifolium
H. acutifolium

Ovary: 5-locular
Ovules: 2 in each cell
Capsule: indehiscent

Peganoides

H. gilesii
H. dauricum

Habit: suffrutescent perennials
Flower colour: yellow or greenish-yellow
Ovary: 3-locular, rarely 2- or 4–5-locular
Capsule: dehiscent

Indehiscentes

H. acutifolium
H. latifolium

Habit: much branched, bushy perennials
Flower colour: yellow
Ovary: 5-locular
Capsule: indehiscent

Haplophyllum

Remaining species
(greatest bulk of the genus)

Habit: Perennials, suffrutescent or herbaceous below
Flower colour: white, creamy, greenish, reddish or pale to bright yellow
Ovary: 5-locular
Capsule: dehiscent

Vvedensky (1949)

Townsend (1986)
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software GapCoder (Young & Healy, 2003) and then added as
binary characters to the data matrix.
Four data partitions were defined, corresponding to the
four loci of the chloroplast genome examined in this study.
The individual partitions were initially analysed separately to
establish whether there were any well-supported, incongruent
clades among the respective trees. Since no such incongruence
was detected, the sequences of the four loci were combined
in a single dataset. The combined matrix was analysed using
both maximum parsimony (MP) and Bayesian MCMC inference (BI; Yang & Rannala, 1997). Parsimony analyses were
conducted using PAUP* v.4.0b10 (Swofford, 2001). All changes
were treated as unordered and equally weighted (Fitch, 1971).
Tree search was performed using the following protocol: (1) a
heuristic search was carried out with 1000 replicates of random
taxon addition sequence and 10 trees held at each step, and tree
bisection-reconnection branch swapping (TBR) on best trees
only, with no more than 100 trees saved per replicate; (2) the best
trees found in (1) were then used as starting trees for a second
heuristic search using TBR branch swapping until all swapping
options were explored, and saving multiple trees (MULTREES
option in effect). The STEEPEST DESCENT option was used in
both (1) and (2). Relative support for each node obtained by MP
was assessed using bootstrap re-sampling (Felsenstein, 1985).
The following protocol was employed: heuristic search, 1000
bootstrap replicates, ten random addition sequence replicates
with three trees held at each step, TBR swapping with STEEPEST DESCENT and saving no more than 50 trees per replicate.
Bayesian inference of phylogeny was performed with
MrBayes v.3.1.2 (Ronquist & Huelsenbeck, 2003). First, the
model of evolution most suitable for each individual cpDNA
region was determined with the Akaike information criterion
(AIC; Akaike, 1974) in Modeltest v.3.06 (Posada & Crandall,
1998). Subsequently, five partitions corresponding to the four
loci (only nucleotide characters) and the coded gap characters
were specified, and the commands “lset NST = 6, RATES =
gamma” and “lset coding = variable” were entered in MrBayes
for the former and the latter, respectively. Six independent runs
with four Monte Carlo Markov chains (one cold and three incrementally heated; TEMP = 0.1) run for 5 × 10 6 generations each,
with trees sampled every 1000th generation, were performed.
The first 1 to 2.5 × 10 6 sampled trees of each run were discarded
as “burn-in”, after checking for stability on the log-likelihood
curves using the software Tracer v.1.4 (Rambaut & Drummond,
2007) and after visual inspection of the split (clade) frequencies using the software AWTY (Wilgenbusch & al., 2004). The
remaining 22,000 trees were used to build a 50% majority rule
consensus tree.
Morphological data. — A matrix was constructed for
27 discrete morphological characters scored using herbarium
material (G, FAR, LE, MA, P, TAK, TARI, TBI, W, Z) and
Townsend’s (1986) monograph, for the same 45 species of Haplophyllum used in the phylogenetic analyses and for its sister
group, Cneoridium dumosum (Appendix 2; Table S1). These
characters represent vegetative (characters 1–10), inflorescence
(including both stamen and pistil features; 11–26), and fruit
(27) morphology (Appendix 2). When possible, morphological

Character sampling. — To allow for inclusion of the new
molecular data in a global dataset of Rutaceae, the following
cpDNA markers were chosen: the matK gene, the trnK gene,
the rpl16 intron, and the trnL-trnF intergenic spacer. These
markers enabled us to produce unequivocal alignments and
provided sufficient resolution at our level of investigation.
DNA extraction, amplification and sequencing. — Prior
to DNA extraction, silica-dried leaf material (15–20 mg) was
ground using glass beads and a MM 3000 shaker (Retsch
GmbH, Haan, Germany). Total genomic DNA was extracted
using DNeasy Plant Mini Kits from Qiagen AG (Basel, Switzerland), following the manufacturer’s instructions. The matK
and trnK cpDNA coding regions were amplified using primers
1F and 1R (Sang & al., 1997). The rpl16 intron was amplified using primers F71 and R1516 (Baum & al., 1998). The
trnL-trnF spacer was amplified with primers c and f (Taberlet
& al., 1991). All PCR reactions were 20 µl in volume. Each
reaction included 9.2 µl of ddH2O, 2 µl of Taq-Buffer (10×,
15 mM MgCl2), 1.6 µl of MgCl2 (25 mM), 3.2 µl of dNTP
(1.25 mM), 0.2 µl of Taq-Polymerase (5 U/µl), 1 µl of BSA,
0.4 µl of each primer (forward and reverse), and 2 µl of DNA
template. Amplification of the matK region consisted of 2 min
at 94°C followed by 30 cycles of: 1.5 min denaturation (94°C),
2 min annealing (53°C), and 3 min extension (72°C). After the
last cycle, the temperature was kept at 72°C for the last 15 min
of extension and then lowered to 4°C. Amplification of both the
rpl16 and trnL-trnF regions consisted of 2 min at 94°C followed
by 35 cycles of: 0.5 min denaturation (94°C), 1 min annealing (52°C), and 1.75 min extension (72°C). After the last cycle
the temperature was kept at 72°C for 10 min of extension and
then lowered to 4°C. All PCR and cycle sequencing reactions
were run on a TGradient thermocycler (Biometra, Göttingen,
Germany). In order to detect amplified DNA target regions
and possible contamination, PCR products were separated on
1% agarose gels, stained with ethidium bromide, and viewed
under UV light. Successfully amplified products were purified with the GFX PCR DNA and Gel Band purification Kit
(Bioscience Amersham, Otelfingen, Switzerland), following
the manufacturer’s recommendations.
Cycle sequencing reactions were carried out using the
BigDye Terminator Mix (Applied Biosystems, Inc., Foster
City, California, U.S.A.) and the same primers as above. The
sequencing protocol consisted of 24 cycles of 10 s denaturation (96°C), 5 s annealing (50°C), and 4 min elongation (60°C).
Products were run on an ABI 3100 Genetic Analyzer (Applied
Biosystems) according to the manufacturer’s protocol. For each
region both strands were sequenced.
Phylogenetic analyses. — Sequences were edited and assembled using Sequencher v.4.2 software (Gene Codes Corp.,
Ann Arbor, Michigan, U.S.A.). Base positions were individually double-checked for agreement between the complementary strands. All sequences were visually aligned in MacClade
v.4.06 (Maddison & Maddison, 2000) using the similarity
criterion (e.g., Simmons, 2004). Regions of ambiguous alignment were excluded from the analysis (Kelchner, 2000). Gap
positions were treated as missing data, unequivocally aligned
gaps being coded as presence/absence of characters with the
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characters were assessed for several specimens of each species.
All characters were treated as unordered; 23 characters were
binary and 6 were multistate (Appendix 2). Autapomorphies
were not included in the matrix. Missing data and polymorphic
character states represented 3.2% and 1.1% of the data matrix
entries, respectively (Table S1).
Morphological analyses. — Initially, the matrix was analysed using cladistic methods in PAUP*; however, the resulting
tree was poorly resolved and weakly supported, even after tree
searching was performed using successive weighting (Farris,
1969; results not shown). This is a known problem of reconstructing phylogenies using morphological data only (Scotland & al., 2003). Since the morphological matrix consisted of
categorical data, a multiple correspondence analysis (MCA;
Benzecri, 1992; Venables & Ripley, 2002) was carried out using
the statistical software-package SPSS for Windows Rel. 11.0.1,
in order to visualize the joint properties of the 27 morphological
variables in two dimensions.
Character mapping analyses. — To assess the fit of each
morphological character onto the inferred molecular phylogeny, all morphological characters were mapped onto a subset
of the post–burn-in Bayesian trees. The subset was created by
sampling a tree every 100 trees from the original set of trees,
yielding a total of 220 trees. The 50% majority rule consensus
of these trees was identical to the one from the original set
of trees, indicating that our subset was representative of the
original set of trees. Four taxa belonging to the outgroup were
pruned from the 220 trees, leaving only the sister group of
Haplophyllum, Cneoridium dumosum. The fit of each character
onto a tree was assessed using the rescaled consistency index
(RC; Farris, 1989). This index has been shown to be superior
to both the consistency and retention indexes in assessing fit
of characters onto a phylogeny (Kitching & al., 1998). The
character mapping analyses were implemented in PAUP* and
Mesquite v.2.7.1 (Maddison & Maddison, 2008) using parsimony as the optimization procedure and treating character state
transitions as unordered.

only Irano-Turanian species, such as the characteristic H. acutifolium and H. robustum, and clade B, containing species from
different floristic regions, including Mediterranean representatives and also the widespread species H. buxbaumii and H. tuberculatum (Fig. 2A). Many species represented by multiple accessions were either poorly resolved or non-monophyletic, but
only a few cases of non-monophyly were strongly supported.
Neither the Irano-Turanian and Mediterranean representatives
nor the species occurring in more than one floristic region
formed monophyletic groups (Fig. 2A).
Morphological analyses. — The results of the MCA are
displayed in Fig. 2B. The first and second dimensions explained
23% and 16% of the total variance, respectively. The characters
that contributed the most to the first and second dimensions
were characters 6 (0.603), 13 (0.557), 23 (0.514), and characters 13 (0.663), 15 (0.638), 22 (0.630), 18 (0.519), respectively
(Appendix 2).
Character mapping analyses. — The results of the character mapping analyses are summarized in Fig. 3 (see also Appendix 2). A lot of variation in mean RC values was found across
characters, with “stem branching” (character 5, RC = 0.024)
and “number of carpels” (character 21, RC = 0.257) receiving
the lowest and highest value, respectively. In the vegetativemorphology category, the characters that showed the best fit
onto the tree were “sterile axillary shoots” (character 3, RC =
0.136) and “number of stems” (character 1, RC = 0.128). In the
inflorescence-morphology category, the features that received
the highest RC values were: “number of carpels” (character 21,
RC = 0.257), “number of ovules” (character 24, RC = 0.193),
“indumentum of filament” (character 18, RC = 0.130), and
“dark dorsal vitta/tinge on petal” (character 14, RC = 0.116).
Overall, the characters that Vvedensky (1949) and Townsend
(1986) valued the most in their classifications of Haplophyllum
(Table 1), namely “number of carpels”, “number of ovules”, and
“capsule dehiscence” (character 27, RC = 0.238), showed the
best fit onto the molecular tree (Fig. 3). Details of the mapping
of these three characters onto the molecular phylogeny are
shown in Fig. 4.

RESULTS

DISCUSSION

Phylogenetic analyses. — The combined molecular matrix consisted of 3849 characters, of which 561 were parsimonyinformative. The MP analysis yielded 9400 most parsimonious
trees of 1485 steps, with a consistency index (CI) of 0.66 and
a retention index (RI) of 0.86. The AIC, as implemented in
Modeltest, selected the following models of evolution: GTR + G
for the matK region, TVM + G for both rpl16 and trnL-trnF,
and TIM + G for trnK. The 50% majority rule consensus tree
obtained from the Bayesian analysis is shown in Fig. 2A. This
tree is slightly more resolved than the strict consensus tree
found from the MP analysis of the same matrix. Branch support values, in terms of both bootstrap percentages (BP) and
posterior probabilities (PP), were generally lower along the
backbone of the tree and higher towards the tips. Two main
strongly supported (i.e., BP ≥ 70 and PP ≥ 0.95; Hillis & Bull,
1993; Zander, 2004) clades can be identified: clade A, including

The main goal of our study was to provide an initial estimate of the evolutionary relationships of Haplophyllum derived
from cpDNA sequences and morphology, within the conceptual
framework of the phylogenetic species concept sensu Baum
(1992). According to this concept, “taxa (including species)
are viewed as monophyletic or exclusive groups of organisms”
(Baum & Donoghue, 1995: 569). Species are thus defined
within the historical dimension provided by the phylogeny at
hand (i.e., diachronistically) and, in order to be recognized as
natural entities, they must be monophyletic (Rieppel, 2010).
While we are aware of the debate on multiple species concepts
(e.g., Hennig, 1966; Cracraft, 1989; Baum & Donoghue, 1995;
Freudenstein, 1998; Rieppel, 2010), an exhaustive discussion
of the pros and cons of each position is beyond the goal of the
present paper.
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Fig. . A, Fifty-percent majority rule consensus tree obtained from the Bayesian analysis on the combined molecular dataset (matK, rpl16, trnK,
trnL-trnF). Numbers next to branches indicate posterior probabilities (PP; > 0.50) and bootstrap percentages calculated under maximum parsimony (BP; > 50). Taxa with coloured text are inferred to be non-monophyletic; taxa followed by an “E” exhibit a narrow geographical range.
Coloured boxes indicate the floristic region (after Takhtajan, 1986) in which each species is found (see Fig. 1 for colour legend). B, Scatter plot
of the first and second dimensions (x- and y-axes, respectively) of the multiple correspondence analysis of the 27 morphological characters for 45
species of Haplophyllum (marked with the first three letters of the species name) and its sister group Cneoridium dumosum.
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Systematics. — The phylogenetic analyses indicated that
several taxonomic species of Haplophyllum were non-monophyletic. Even though most of the inferred cases of non-monophyly were weakly supported, possibly resulting at least in part
from inadequate phylogenetic signal (Syring & al., 2007), a
few instances of species-level paraphyly and polyphyly were
strongly supported (Fig. 2A). These raise concerns about species circumscription within Haplophyllum and potential discrepancies between gene trees and species trees. Commonly
cited, causative factors responsible for species non-monophyly
and gene tree versus species tree incongruence are: imperfect
taxonomy (e.g., Goodwillie & Stiller, 2001), introgressive hybridization (e.g., Shaw & Small, 2005), incomplete lineage
sorting (e.g., Bouillé & Bousquet, 2005), unrecognized amplification of paralogous loci (e.g., Alvarez & al., 2005), and
recombination among divergent alleles (e.g., Schierup & Hein,
2000). Although the phylogeny inferred in the present study
is based on cpDNA markers only, making it difficult to assess
the relative contribution of the above-mentioned factors to our
study-group, our phylogenetic results, coupled with evidence
from morphology, distribution, and ecology, represent a useful
first step towards addressing the issue of species circumscription and identity in Haplophyllum.
Haplophyllum tuberculatum, H. buxbaumii, H. virgatum,
and H. blanchei were inferred to be non-monophyletic, although
branch support in the clade that includes their accessions was
generally low (Fig. 2A). Moreover, the level of intra-specific
polymorphism within these taxonomic species was similar to
the level of inter-specific divergence between them (Table S2).
For example, the average absolute number of nucleotide substitutions between the accessions of H. buxbaumii, and between
these and the accessions of H. tuberculatum, H. virgatum, and
H. blanchei, was 13.5 and 14.5, respectively. Such high levels of
intra-specific polymorphism are similar to those found in other
studies at the genus level that included sequences from multiple, infra-specific accessions (e.g., Widmer & Baltisberger,

1999; Särkinen & al., 2011). Haplophyllum tuberculatum,
H. buxbaumii, and H. blanchei are morphologically similar
(Fig. 2B). H. tuberculatum and H. buxbaumii exhibited the
same character states for 17 out of the 27 scored morphological characters (Table S1). They are the species with the
most widespread distribution within Haplophyllum and with
the highest level of intra-specific morphological variability,
which led Townsend (1986) to recognize two “morphs” within
H. tuberculatum and two subspecies in H. buxbaumii. As a
matter of fact, Townsend (1966a: 99) stated that the circumscription of H. tuberculatum is “the most difficult problem to
be solved in the genus”. Haplophyllum blanchei is difficult to
separate from H. tuberculatum on the basis of morphology,
the main distinguishing features being the bright-magentacoloured flowers and distinctly fused filaments of H. blanchei
(Townsend, 1986). Furthermore, the geographic ranges of these
two species overlap. The taxonomic status of H. virgatum is
unclear (Townsend, 1986). From a morphological standpoint,
this species is difficult to separate from H. canaliculatum. In
fact, in Flora Iranica Townsend (1966b) reduced these two
species to synonymy. In the morphological matrix, although
H. virgatum shared the same states with H. canaliculatum with
respect to three vegetative characters, it possessed the same
states as H. tuberculatum, H. buxbaumii, and H. blanchei for
eight characters (Table S1).
Within the problematic clade formed by H. tuberculatum, H. buxbaumii, H. virgatum, H. blanchei, H. laristanicum, and H. dasyginum (Fig. 2A), only the sister relationship
between one accession of H. buxbaumii and H. laristanicum
(74 BP, 1.0 PP), and the clade including H. blanchei and one
accession of H. tuberculatum and H. buxbaumii each (72 BP,
1.0 PP) were strongly supported. H. laristanicum is a rare narrow endemic restricted to a small part of southern Iran. Its
range is included within the range of H. tuberculatum, but it
is geographically separated from the range of H. buxbaumii.
Morphologically, H. laristanicum bears a resemblance to some

Fig. . Mean rescaled consistency (RC) index of each of the
27 morphological characters optimized onto 220 trees derived
from the Bayesian analysis
of 118 cpDNA sequences of
Haplophyllum and outgroup
taxa. Bars indicate the following categories of characters:
vegetative morphology (white
bars), inflorescence morphology (including features of both
stamen and pistil; gray bars),
and fruit morphology (black
bar). Character numbers refer to
those in Appendix 2.
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Fig. . Evolution of three selected morphological characters optimized onto the molecular phylogeny shown in Fig. 2A. A, Number of carpels;
B, number of ovules; C, capsule dehiscence.
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forms of H. tuberculatum, which have similarly fused filaments
(Townsend, 1986). In the morphological matrix, H. laristanicum shared identical states with H. buxbaumii and H. tuberculatum for four characters, respectively (Table S1).
In conclusion, due to the interdigitation of accessions from
different species, similar levels of intra-specific polymorphism
and inter-specific divergence, high levels of intra-specific morphological variability, morphological character conflict, and
overlapping geographic ranges, species circumscription and
phylogenetic relatedness within this problematic clade remain
unclear. Taxonomic “lumping” may partially be responsible for
the inferred phylogenetic interdigitation of the accessions of
H. tuberculatum and H. buxbaumii, due to the possible presence
of unrecognized, “cryptic” species. A more thorough infraspecific sampling, including several individuals and populations representing the entire geographic and morphological
variation of each species, is needed to disentangle relationships
within this “species complex”.
The main finding of the MCA was a sharp morphological
separation between H. furfuraceum and H. erythraeum, and the
remaining species of the genus (Fig. 2B). These two species
share the presence of a characteristic farinose indumentum on
the sepals, petals, and ovary (Appendix 2). However, in the
inferred phylogeny, H. furfuraceum and H. erythraeum did
not form a monophyletic group, but were intermingled with
H. affine and H. glaberrimum (Fig. 2A). In Townsend’s (1986)
tentative scheme of species relationships H. furfuraceum,
H. erythraeum, and H. affine are clustered together, whereas
H. glaberrimum is placed in a very distant position from these
three species.

The lack of monophyly in H. bungei, H. alberti-regelii, and
H. versicolor is strongly supported: one accession of H. bungei
was inferred to be sister to two accessions of H. versicolor
with 88 BP and 1.0 PP, whereas the remaining two accessions
of H. bungei were part of a strongly supported clade comprising representatives of H. alberti-regelii and H. dubium
(83 BP, 1.0 PP; Fig. 2A). From a morphological point of view,
H. bungei and H. alberti-regelii are more similar to each other
than they are to H. versicolor (Fig. 2B). Therefore, the accession
of H. bungei inferred to be sister to H. versicolor seems to be
in a spurious phylogenetic position.
Another case of strongly supported species non-monophyly is represented by H. thesioides. One accession of this
species was inferred to be sister to H. telephioides with strong
support (100 BP, 1.0 PP), whereas for the other accession a
sister relationship with H. suaveolens was strongly supported
(87 BP, 1.0 PP; Fig. 2A). Morphologically and ecologically,
H. thesioides is different from H. telephioides but similar to
H. suaveolens (Fig. 2B). Townsend (1986: 297) stated: “This
species [H. thesioides] and H. suaveolens have been much
confused in herbaria.” Haplophyllum telephioides exhibits
a characteristic plant architecture and petal colouration, not
encountered in the other two species, and is confined to rocky,
limestone slopes, whereas H. thesioides and H. suaveolens
have much broader habitat preferences. Moreover, the accession of H. thesioides inferred to be sister to H. suaveolens
was collected from an area where the latter species occurs,
but where H. telephioides is absent. Hence, it is possible that
this accession represents a case of introgressive hybridization between H. thesioides and H. suaveolens. Such a process
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has already been proposed for the origin of H. ptilostylum
(Townsend, 1966a).
The phylogenetic results also identified several instances
of strongly supported species monophyly: H. dauricum
(100 BP, 1.0 PP), H. griffithianum (94 BP, 1.0 PP), H. robustum (73 BP, 1.0 PP), H. latifolium (92 BP, 1.0 PP), H. pilosum
(100 BP, 1.0 PP), H. telephioides (98 BP, 1.0 PP), H. coronatum (100 BP, 1.0 PP), and H. albanicum (93 BP, 1.0 PP) (Fig.
2A). Some of these species, especially the narrow endemics
(see below), can be diagnosed by a set of morphological features, which, however, are not exclusive to them. For example,
H. dauricum is a small, suffrutescent plant and has a distinctive plant architecture, with numerous, slender stems arising
from a stout, woody base; features that are also encountered in
H. bucharicum. Together with H. gilesii, this species is the only
one with a 3-locular (rarely 2- or 4–5-locular) ovary (Table 1).
Haplophyllum robustum is easy to recognize in the field, due
to its broad lanceolate leaves and stout, erect stems, usually
un-branched below the inflorescence, reaching up to 80 cm
in height (G. Salvo, S. Manafzadeh, pers. obs.). Such characteristics are also encountered in H. latifolium and H. popovii.
The typical lanate indumentum of H. pilosum occurs also in
H. villosum, H. telephioides, H. suaveolens, and H. coronatum, although to a lesser extent. The prominent, apical appendages found in the ovary of H. albanicum individuals are also
present in H. coronatum, H. broussonetianum, H. pilosum,
H. telephioides, H. suaveolens, H. linifolium, H. balcanicum,
H. armenum, and H. patavinum, and others, although the shape
of this feature varies slightly among species (Townsend, 1986).
In essence, only by means of combinations of homoplasious,
morphological character states (i.e., changing more than once
across the Haplophyllum phylogeny) are we able to diagnose
the different species of the genus. In fact, the character mapping
analyses detected high levels of homoplasy across most of the
scored morphological characters (Fig. 3). A similar situation
has been found in other taxonomically complex plant groups
(e.g., Moylan & al., 2004; Norup & al., 2006).
Haplophyllum species with a widespread distribution are
often more difficult to diagnose morphologically as compared
to narrow endemics. For example, the degree of fusion of the
filaments, which is a very important character for the classification of the genus, is variable only in the broadly distributed
H. tuberculatum, which includes individuals with filaments
that are either free or joined at the base (Townsend, 1986).
Likewise, in H. buxbaumii the form of the apex of the ovary,
which is another crucial taxonomic character, is variable, with
individuals either lacking or possessing an apical appendage
on the ovary (Townsend, 1986). On the contrary, species with a
narrow range, such as H. telephioides or H. bucharicum, can be
easily diagnosed by clear morphological features, even though
sometimes these are also present in a few other species. A dark
green line along the dorsal side of the petals, for example, is
very prominent in H. telephioides, although not restricted to it
(Townsend, 1986). Similarly, a woody, frequently gnarled base
of the stem is very distinct in H. bucharicum (Townsend, 1986).
Such extensive morphological polymorphism in some
broadly ranging species groups has long been observed by
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taxonomists and has posed several problems for the delimitation of species boundaries (Mayr, 1942; Wilson & Brown,
1953). This common observation represents an interesting link
between biogeography and systematics. It is likely that narrow
endemics are more specialized in their ecological requirements,
as compared to species with a widespread distribution. This
specialization may consist in the acquisition of unique morphological features (i.e., apomorphic character states), which
are the result of adaptation to local environmental conditions
and make the narrow endemics “diagnosable”.
Neither Vvedensky’s (1949) nor Townsend’s (1986) classification of Haplophyllum were supported by our phylogenetic
findings (Table 1; Fig. 2A). Haplophyllum acutifolium and H. latifolium, placed by both systematists in the same section, were not
inferred to be sister to one another. The former was found to be
sister to H. robustum, although with low support (< 50 BP, 0.52
PP); the latter exhibited a strongly supported sister relationship
to H. popovii (93 BP, 1.0 PP). Additionally, Townsend’s (1986)
H. sect. Haplophyllum and Vvedensky’s (1949) H. sect. Polyoon
and sect. Oligoon did not form monophyletic groups. Unfortunately, the validity of H. sect. Peganoides sensu Townsend
(1986) could not be ascertained, since we were unable to obtain
samples of H. gilesii, a species endemic to the Kashmir region.
The main morphological characters used by both systematists to divide the genus into sections—namely, “number of
carpels”, “capsule dehiscence”, and “number of ovules”—exhibited the lowest levels of homoplasy when optimized on the
inferred phylogeny (Fig. 3). For example, H. dauricum and Cneoridium dumosum are the only sampled taxa that do not have
five carpels, whereas all the others do (Fig. 4A; Appendix 2;
Table S1). Similarly, H. acutifolium, H. latifolium, and Cneoridium dumosum are the only taxa with indehiscent capsules
(Fig. 4C; Appendix 2; Table S1). “Number of ovules”, which
was used for classificatory purposes by Vvedensky (1949) only,
shows a more complex pattern; however, in this case too, the
least common character state (more than four ovules) is only
found in H. pilosum and H. broussonetianum, and the next,
less common state (four ovules) exhibits great phylogenetic
structure (Fig. 4B; Appendix 2; Table S1). Such unbalanced distribution of characters states, with most of the taxa represented
by one state and only a few taxa by the other state(s), means
that opportunities for state transitions are few and hence levels
of homoplasy low (Sanderson & Donoghue, 1989). Overall
these findings emphasize the important taxonomic value of
the three mentioned characters within Haplophyllum. More
generally, morphological features of the inflorescence and fruit
provide the most useful taxonomic characters to infer species
relationships within the genus (Fig. 3). This fact was noted by
Townsend (1986: 3) who stated: “The ovary furnishes some of
the most useful characters in classifying the genus.”
Biogeographic patterns. — The phylogenetic results indicated that species from the same floristic region do not form
monophyletic groups (Fig. 2A). Even though the Mediterranean representatives of the genus do not cluster together, they
are embedded within a clade that includes primarily IranoTuranian species and species that occur in more than one floristic region (Fig. 2A), suggesting that multiple invasions of
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the Mediterranean region from the east took place during the
evolution of the genus. A pattern of migration from western
Asia into the Mediterranean basin has been inferred for the
origin of Arum and Biarum, two genera of Araceae restricted
primarily to the Mediterranean region (Mansion & al., 2008).
Similarly, an Anatolian origin has been inferred for Anchusa,
Borago, and Echium, three genera of Boraginaceae that comprise members endemic to the western Mediterranean region
(Mansion & al., 2009).
Both the geographically widespread species and the
narrow endemics were found to be intermingled across the
phylogeny (Fig. 2A). A few terminal clades containing a
widespread species and a narrow endemic were inferred:
H. dauricum/H. dshungaricum (although weakly supported); H. boissierianum/H. albanicum (strongly supported);
H. myrtifolium/H. cappadocicum, H. thesioides/H. telephioides,
and H. buxbaumii/H. laristanicum (although the widespread
species of these three last clades were non-monophyletic; Fig.
2A). An expanded taxon sampling within such clades, especially with respect to the narrow endemics, will enable us to
verify whether the narrow endemics and the widespread taxa
form reciprocally monophyletic sister pairs or whether the narrow endemics are nested within paraphyletic widespread taxa.
These different phylogenetic patterns have implications for the
origin of the narrow endemics and the geography of speciation
(e.g., Bush, 1975; Lynch, 1989; but see Losos & Glor, 2003).
The former pattern is compatible with an allopatric mode of
speciation if the sister species display little or no overlap in
their geographic ranges or with a sympatric mode of speciation
if the geographic ranges of the sister species overlap (Barraclough & Vogler, 2000). The latter pattern would point to a
peripatric mode of speciation if the narrow endemic species
is geographically isolated from the widespread species (e.g.,
Harrison, 1991).
For example, the widespread H. boissierianum and the
narrow endemic H. albanicum exhibit a strongly supported
sister relationship (Fig. 2A) and an overlapping geographic
range, with the range of the latter species contained within the
range of the former one. One possible interpretation of these
observations is that the two species originated via a sympatric
mode of speciation. This view is supported by their different
ecological preferences: H. boissierianum occurs on rocky and
stony places, on hill slopes, along roads, in open Pinus woodlands, and on limestone or serpentine soil, whereas H. albanicum is restricted to rocky and stony habitats with limestone
soil (Townsend, 1986). An alternative scenario would involve
allopatric speciation followed by secondary contact.

assessment showed that the different species of the genus, especially those with a widespread distribution, cannot be readily
diagnosed by sets of unique character states. Character mapping analyses indicated that the main morphological characters
traditionally used to classify the genus are consistent with the
molecular phylogeny of Haplophyllum. Our initial, phylogenybased interpretation of biogeographic patterns suggests that the
Mediterranean representatives of Haplophyllum arrived from
the east multiple times.
The inferred phylogenetic framework lays the foundations
for future studies that will focus on selected, problematic clades
(e.g., the H. tuberculatum/H. buxbaumii clade). To gain a deeper
understanding of evolutionary and biogeographic processes
within such clades, it will be necessary to expand the current
infra-specific sampling and perform more detailed molecular
(examining haplotype variation, for example) and morphological analyses. Additionally, sampling the nuclear genome will
be a requisite in order to understand the biological processes
underlying species non-monophyly in Haplophyllum.
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Appendix . Sampled accessions of Haplophyllum and outgroup taxa, including source, voucher information, and GenBank accession numbers for the four
cpDNA regions studied (sequences that could not be amplified are indicated by a “–”).

Taxon; code; source; voucher (herbarium); GenBank accession numbers: matK, rpl16, trnL-trnF, trnK
Haplophyllum acutifolium (DC.) G. Don; acu1W; Iran, Gorgan, Golestan national park, Almeh valley; 1999-02041 (W); HM163962, HM163862, HM163761,
HM163657. H. acutifolium; acuF1469; Iran, Qazvin Prov., Qazvin to Takestan, 14 km before Takestan; F. Ghahremaninejad 1469 (Z); EF489076, EF489150,
EF489224, HM163658. H. acutifolium; acuF1488; Iran, Khorassan Province, Chenaran, Freizi, 30 km S of Chenaran, 1700 m; F. Ghahremaninejad 1488 (Z);
HM163963, HM163863, HM163762, HM163659. H. acutifolium; acuZel0505221; Iran, Khorasan Prov., Ashkhaneh, Tange Raz; Zeltner 05.05.22 1a & b (Z);
HM163964, HM163864, HM163763, HM163660. H. acutifolium; acuZel0505232; Iran, Khorasan Prov., Ashkhaneh, Robat e Barah Bil; Zeltner 05.05.23 2 (Z);
HM163965, HM163865, HM163764, HM163661. H. affine (Aitch. & Hemsl.) Korovin; aff1615LE; Turkmenistan; Litvinova N.P. & Nikizienko E.V. 1615 (LE);
HM163966, HM163866, HM163765, HM163662. H. albanicum (Bald.) Bornm.; alb85697LE; Macedonia; E. Mayer 85697 (LE); HM163967, HM163867,
HM163766, HM163663. H. albanicum; albSelvi5; Albania, Drisht, Scutari region; Selvi, Coppi, Cecchi 5 (Z); HM163968, HM163868, HM163767, HM163664.
H. alberti-regelii Korovin; albert220LE; Tajikistan; V.P. Bochantzev 220 (LE); HM163969, HM163869, HM163768, HM163665. H. alberti-regelii; albert2W;
Afghanistan, Baghlan, Surkh Kotal, ca. 15 km NW of Pule-Khumri; 1976-00031 (W); HM163970, –, HM163769, HM163666. H. alberti-regelii; albert391LE;
Uzbekistan; V.P. Bochantzev 391 (LE); HM163971, HM163870, HM163770, –. H. alberti-regelii; albert3W; Afghanistan, Badakhshan, 15 miles NE of Kesem,
road to Faizabad; 1973-13349 (W); HM163972, HM163871, HM163771, HM163667. H. armenum Spach; armeT13; Georgia; s.n. (TBI); HM163973, HM163872,
HM163772, HM163668. H. bastentanum F.B. Navarro, Suár.-Sant. & Blanca; bastGDA47502; Spain; 47502 (GDA); EF489097, EF489171, EF489245, HM163669.
H. blanchei Boiss.; blan6W; Iraq, desertum occidentale, inter Ramadi et Rutba 260 km; 16372 (W); HM163974; HM163873; HM163773; HM163670. H. blanchei; blan7W; Jordanien, Amman, Nordostjordanische Basaltwüste, Hammada, ca. 50 km W of Azraq; 2004-20318(W); HM163975, HM163874, HM163774,
HM163671. H. boissierianum Vis. & Pančič; boissSelvi2; Albania, Krume, Mt. Pastrik, Region of Kukes; Selvi, Coppi, Cecchi 2 (Z); HM163976, HM163875,
HM163775, HM163672. H. broussonetianum Coss.; broussW; Marokko, Todra-schlucht; 1999-06842 (W); HM163977, HM163876, HM163776, HM163673.
H. bucharicum Litv.; buch211Z; Uzbekistan, betw. Shurab and Darhand; Manafzadeh & Salvo 211 (Z); HM163978, HM163877, HM163777, HM163674.
H. bungei Trautv.; bun207Z; Uzbekistan, Shafrikan-Shuruk village, 51 km after Shafrikan (Botanical desert station), SW Kizil Kum; Manafzadeh & Salvo
207 (Z); HM163979, HM163878, HM163778, HM163675. H. bungei; bun2119LE; Uzbekistan; R.V. Kamelin 2119 (LE); HM163980, HM163879, HM163779,
HM163676. H. bungei; bun431LE; Kazakhstan, western part; I.N. Saffronova & al. 431 (LE); –, HM163880, HM163780, –. H. buxbaumii (Poir.) G. Don;
bux12W; Iraq, Hamam Ali; 1974-06575 (W); HM163981, HM163881, HM163781, HM163677. H. buxbaumii; bux13W; Iraq, Rasheed; 1970-1918 (W); HM163982,
HM163882, HM163782, HM163678. H. buxbaumii; bux14W; Turkey, 3 km S of Caykavak pass C5, Nigde; 1991-9560 (W); HM163983, HM163883, HM163783,
HM163679. H. buxbaumii; buxMA557457; Tunisia; 557457 (MA); EF489095, EF489169, EF489243, HM163680. H. buxbaumii; buxTurkey; Turkey, 1km
before Nizip; Gabriele 19 May 2006 b (Z); HM163984, HM163884, HM163784, HM163681. H. canaliculatum Boiss.; canF1454; Iran, Fars Prov., Shiraz to
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Kharameh, km 13; F. Ghahremaninejad 1454 (Z); EF489077, EF489151, EF489225, HM163682. H. canaliculatum; canSM50; Iran, Fars Prov., between Bidshahr
and Kavian, near Banarooye; Manafzadeh 5 (Z); HM163985, HM163885, HM163785, HM163683. H. canaliculatum; canZel0505092; Iran, Paste chenar region,
10 km SE of Sarvestan; Zeltner 05.05.09 2 (Z); HM163986, HM163886, HM163786, HM163684. H. cappadocicum Spach; cap16W; Turkey, Eski Malata; 196519219 (W); HM163987, HM163887, HM163787, HM163685. H. cappadocicum; cor17W; Turkey; 1970-16869 (W); HM163988, HM163888, HM163788,
HM163686. H. coronatum Griseb.; cor19W; Greece, Thessalien, ca. 28 km WNW of Kalambaka; 2000-14981 (W); HM163989, HM163889, HM163789,
HM163687. H. coronatum; corMA353234; Macedonia; 353234 (MA); EF489081, EF489155, EF489229, HM163688. H. dasyginum C. Towns.; dasyW; Iran,
Hamadan Prov. Aq Bulaq; 1961-1137 (W); HM163990, HM163890, HM163790, HM163689. H. dauricum (L.) G. Don; daur354LE; Mongolia; V.I. Grubov &
al. 354 (LE); HM163991, HM163891, HM163791, HM163690. H. dauricum; daurOyumaa1; Mongolia; Oyumaa 1 (Z); EF489099, EF489173, EF489247,
HM163691. H. dshungaricum Rubtzov; dshun616LE; Kazakhstan, mountains in the eastern part; M. Piminov & al. 616 (LE); HM163992, HM163892, HM163792,
HM163692. H. dubium Korovin; dub22W; Afghanistan, Faryab province, 7 miles E of Maimana, road to Belcheragh; 1973-13418 (W); HM163993, HM163893,
HM163793, HM163693. H. dubium; dub49LE; Turkmenistan; V.P. Bochantzev 49 (LE); HM163994, HM163894, HM163794, HM163694. H. erythraeum Boiss.;
ery24W; Afghanistan, Farah province, 21.5 miles E of Dilaram, road to Kandahar; 1973-13384(W); HM163995, HM163895, HM163795, HM163695. H. erythraeum; eryZel0505101; Iran, Fars Prov., Reserve de Onagres; Zeltner 05.05.10 1 (Z); HM163996, HM163896, HM163796, HM163696. H. furfuraceum Bunge
ex Boiss.; fur104Z; Iran, Shahrood-Ramiyan road, near to military campus, 85 km to Azadshahr; Manafzadeh & Salvo 104 (Z); HM163997, HM163897,
HM163797, HM163697. H. furfuraceum; fur26W; Iran, C Damghan-Semnan, in deserto gypsaceo, 2–7 km supra Sorkheh, prope Semnan; 1983-07483 (W);
HM163998, HM163898, HM163798, HM163698. H. furfuraceum; furFAR14508; Iran, Khorasan Prov., between Mashad & Sarakhs, Chaahak hills; 14508
(FAR); EF489093, EF489167, EF489241, HM163699. H. glaberrimum Bunge ex Boiss.; gla28W; Iran, C. Kavir (Kavir protected region), Mobarakiyeh 40 km
a Varamin, eridiem versus; 1975-13435 (W); HM163999, HM163899, HM163799, HM163700. H. glaberrimum; glaFAR34555; Iran, Khorasan Prov., SW of
Sabz e vaar, Parvand; 34555 (FAR); EF489082, EF489156, EF489230, HM163701. H. griffithianum Boiss.; gri182LE; Tajikistan; V.P. Bochantzev 182 (LE);
–, HM163900, HM163800, –. H. griffithianum; gri30W; Afghanistan, Kalifghan, Kataghan Prov.; 1980-16250 (W); HM164000, HM163901, HM163801,
HM163702. H. laristanicum C. Towns.; lariW; Iran, Lar prov.; 1958-2917 (W); –, HM163902, HM163802, –. H. latifolium Kar. & Kir.; lat1971LE; Kazakhstan,
southern part; R.V. Kamelin 1971 (LE); HM164001, HM163903, HM163803, HM163703. H. latifolium; latMA642325; Uzbekistan; 642325 (MA); EF489094,
EF489168, EF489242, HM163704. H. linifolium (L.) G. Don; lin11758LE; Marocco; J. Lewalle 11758 (LE); HM164002, HM163904, HM163804, –. H. linifolium; lin31W; Spain, Prov. Huesca, in collibus siccis 10 km a candasnos meridiem versus, subste. Calcif; 1994-09998 (W); HM164003, HM163905, HM163805,
HM163705. H. linifolium; lin32W; Spain, Madrid, entre Aranjuez y Valdelagua. Base del cwrro cavina; 1995-01052 (W); HM164004, HM163906, HM163806,
HM163706. H. linifolium; linGDA47314; Spain; 47314 (GDA); HM164005, HM163907, HM163807, HM163707. H. linifolium; linMA684635; Spain, Almeria;
684635 (MA); EF489079, EF489153, EF489227, HM163708. H. lissonotum C. Towns.; lisSM30; Iran, Hormozgan Prov., Bastak-Lar road (5 km after Bastak);
Manafzadeh 3 (Z); HM164006, HM163908, HM163808, HM163709. H. lissonotum; lisSM40; Iran, Hormozgan Prov., Bastak-Lar road (8km after Bastak);
Manafzadeh 4 (Z); HM164007, HM163909, HM163809, HM163710. H. lissonotum; lisZel0505112; Iran, Hormozgan Prov., Mount. Genu; Zeltner 05.05.11 2
& 3 (Z); HM164008, HM163910, HM163810, HM163711. H. myrtifolium Boiss.; myr36W; Turkey, Malayta, Yeshilyurt; miozäner Mergel; 1965-19217 (W);
HM164009, HM163911, HM163811, HM163712. H. myrtifolium; myr37W; Turkey, distr. Asaray, in valle ihlara; 2004-07473 (W); HM164010, HM163912,
HM163812, HM163713. H. obtusifolium (Ledeb.) Ledeb.; obt106Z; Iran, Ghoochan-Dargaz, 22 km to Dargaz, Bibi gherghez; Manafzadeh & Salvo 106 (Z);
HM164011, HM163913, HM163813, HM163714. H. obtusifolium; obt38W; Iran, NE, ca. 7 km NW of Soolegerd; 1999-02467 (W); –, HM163914, HM163814,
HM163715. H. obtusifolium; obtFAR16876; Iran, Khorasan Prov., South of Daragaz, Gherkhghez hills; 16876 (FAR); EF489098, EF489172, EF489246, –.
H. patavinum (L.) G. Don; patMA353204; Bosnia and Herzegovina; 353204 (MA); EF489085, EF489159, EF489233, –. H. pilosum Stschegleev ex Turcz.;
pil204Z; Uzbekistan, border between Kattakurgan and past Kargan; Manafzadeh & Salvo 204 (Z); HM164012, HM163915, HM163815, HM163716. H. pilosum;
pilFAR18330; Iran, Khorasan Prov., between Torbat e Heydarieh & Gonabad, Lut e Omrani, Ziarat; 18330 (FAR); HM164013, HM163916, HM163816, HM163717.
H. popovii Korovin; popo44W; Afghanistan, E. khosht, in montibus S yakubi, substr. Kalkschiefer; 1968-202 (W); –, HM163917, HM163817, –. H. ramosissimum (Paulsen) Vved.; ram1968LE; Uzbekistan, Karakalpakstan; Sherbaev 1968 (LE); –, HM163918, HM163818, –. H. rechingeri C. Towns.; rechSM90;
Iran, Bakhtiari Prov., Boroojen to Sefiddasht, 2km to Zarrinshahr junction; Manafzadeh 9 (Z); HM164014, HM163919, HM163819, –. H. robustum Bunge;
rob100Z; Iran, Tehran-Semnan, south of Tehran, 6km to Eyvanaki; Manafzadeh & Salvo 100 (Z); HM164015, HM163920, HM163820, HM163718. H. robustum; rob108Z; Iran, Kashan, Aran-Bidgol, Maranjab area, 5 km after Aran; Manafzadeh & Salvo 108 (Z); HM164016, HM163921, HM163821, HM163719.
H. robustum; rob206Z; Uzbekistan, Navai, 30 km after Navai- Shafreghan, M-37 (Tashkent- Buchara); Manafzadeh & Salvo 206 (Z); HM164017, HM163922,
HM163822, HM163720. H. robustum; robFAR17725; Iran, Khorasan Prov., between Torbat e Heydarieh & Gonabad, Lut e Omrani; 17725 (FAR); EF489089,
EF489163, EF489237, HM163721. H. stapfianum Hand.-Mazz.; stapfianumSM20; Iran, Kerman Prov., Sirjan-Bandar road (270km to Bandar); Manafzadeh 2
(Z); HM164018, HM163923, HM163823, HM163722. H. stapfianum; staF1426; Iran, Fars Prov., Shiraz to Kharameh, km 21; F. Ghahremaninejad 1426 (Z);
EF489078, EF489152, EF489226, HM163723. H. stapfianum; staF1448; Iran, Fars Prov., beginning of the road Shiraz to Zarghan; F. Ghahremaninejad 1448
(Z); HM164019, HM163924, HM163824, HM163724. H. suaveolens (DC.) G. Don; sua49W; Bulgaria, Rousse region, Danube plain; 2005-05940 (W); –,
HM163925, HM163825, HM163725. H. suaveolens; sua63W; Bulgaria, Central rhodope mts., above the town of Assenovgrad; 2007-05771 (W); HM164020,
HM163926, HM163826, –. H. suaveolens; suaMA692105; Macedonia; 692105 (MA); EF489086, EF489160, EF489234, HM163726. H. telephioides Boiss.;
tel50W; Turkey, E Ozkonak, B5 Nevshehir; 1990-06922 (W); HM164021, HM163927, HM163827, HM163727. H. telephioides; telTurkey; Turkey, Yaylaci;
Gabriele 21 May 2006 b (Z); HM164022, HM163928, HM163828, HM163728. H. tenue Boiss.; ten51W; Armenia, vayots dzor province, eghegnadzor district,
E part; 2006-03911 (W); HM164023, HM163929, HM163829, HM163729. H. thesioides (Fisch. ex DC.) G. Don; thes52W; Turkey, 22 km W Tarakli; 199007118 (W); HM164024, HM163930, HM163830, HM163730. H. thesioides; thesTurkey; Turkey, Bozgüney; Gabriele 21 May 2006 x (Z); HM164025, HM163931,
HM163831, HM163731. H. tuberculatum (Forssk.) Adr. Juss.; tub60W; Egypt, NW/C part of the oasis 6-10 km NNW of Mt…; 2006-12053 (W); HM164026,
HM163932, HM163832, HM163732. H. tuberculatum; tub61W; Tunisia, SE, ca. 35 km E Medenine; 2007-07253 (W); –, HM163933, HM163833, HM163733.
H. tuberculatum; tubTARI72376; Iran, Semnan Prov., Sorkheh, Lasjerd; 72376 (TARI); HM164027, HM163934, HM163834, –. H. tuberculatum; tubZel0505081a;
Iran, Fars Prov., Firuzabad, Palace of Ardeshir’s I; Zeltner 05.05.08 1a (Z); HM164028, HM163935, HM163835, HM163734. H. tuberculatum; tubZel0505081b;
Iran, Fars Prov., Firuzabad, Palace of Ardeshir’s I; Zeltner 05.05.08 1 (Z); HM164029, HM163936, HM163836, HM163735. H. tuberculatum; tubZel0505152;
Iran, Kerman Prov., Shahdad; Zeltner 05.05.15 2a & b (Z); HM164030, HM163937, HM163837, HM163736. H. tuberculatum; tubZel1; Iran, Lali, 5 km avant;
Zeltner & Mansion 3.5.2007 sn1 (Z); HM164031, HM163938, HM163838, HM163737. H. tuberculatum; tubZel2; Iran, Choghazanbil; Zeltner & Mansion
3.5.2007 sn2 (Z); HM164032, HM163939, HM163839, HM163738. H. versicolor Fisch. & Mey.; ver203Z; Uzbekistan, 6 km before Samarkand; Manafzadeh
& Salvo 203 (Z); HM164033, HM163940, HM163840, HM163739. H. versicolor; ver209Z; Uzbekistan, border between Guzar and Dekanabad regions, 15 km
from Pachkamar village, coming from Guzar; Manafzadeh & Salvo 209 (Z); HM164034, HM163941, HM163841, HM163740. H. versicolor; verFAR23840;
Iran, Khorasan Prov., Sarakhs, between Doulatabad and Polekhatoon; 23840 (FAR); EF489090, EF489164, EF489238, HM163741. H. villosum (M. Bieb.)
G. Don; vil59W; Georgia, E, ca. 40 km SE of Tziteli-Tzkaro, S limit of Shirak plateau, Vashlovan valley, Pantishar gorge; 2008-02417 (W); –, HM163942,
HM163842, HM163742. H. villosum; vil9LE; Caucasus region; Menitzki & Popova 9 (LE); –, HM163943, HM163843, –. H. villosum; vilMA417870; Azerbaijan; 417870 (MA); EF489096, EF489170, EF489244, –. H. villosum; vilSM110; Iran, East Azarbayjan Prov., Khaje to Ahar road (6km after Khaje); Manafzadeh 11 (Z); HM164035, HM163944, HM163844, HM163743. H. villosum; vilSM120; Iran, East Azarbayjan Prov., Kaleybar (Orliban Dam); Manafzadeh 12
(Z); HM164036, HM163945, HM163845, HM163744. H. villosum; vilSM130; Iran, East Azarbayjan Prov., Kaleybar (Orliban Dam); Manafzadeh 13 (Z);
HM164037, HM163946, HM163846, HM163745. H. villosum; vilSM140; Iran, East Azarbayjan Prov., Bandar e Sharafkhaneh-Tasooj road, Heris Village;
Manafzadeh 14 (Z); HM164038, HM163947, HM163847, HM163746. H. villosum; vilSM150; Iran, East Azarbayjan Prov., Sarab to Heris Village, after
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Asbforooshan junction; Manafzadeh 15 (Z); HM164039, HM163948, HM163848, HM163747. H. villosum; vilSM160; Iran, Ardebil Prov., Ardebil-Nir road (12
km to Nir); Manafzadeh 16 (Z); HM164040, HM163949, HM163849, HM163748. H. villosum; vilSM170; Iran, Ardebil Prov., Ardebil-Nir road (12 km to Nir);
Manafzadeh 17 (Z); HM164041, HM163950, HM163850, HM163749. H. villosum; vilT; Georgia, Transcaucasia; s.n. (TBI); HM164042, HM163951, HM163851,
HM163750. H. virgatum Spach; virgF1428; Iran, Fars Prov., Shiraz to Kharameh, km 21; F. Ghahremaninejad 1428 (Z); HM164043, HM163952, HM163852,
HM163751. H. virgatum; virgF1437; Iran, Fars Prov., Shiraz to Kazerrun, Parishan Lake; F. Ghahremaninejad 1437 (Z); HM164044, HM163953, HM163853,
HM163752. H. virgatum; virgSM60; Iran, Fars Prov., Jahrom-Shiraz road (85km to Shiraz); Manafzadeh 6 (Z); HM164045, HM163954, HM163854, HM163753.
H. virgatum; virgSM70; Iran, Fars Prov., Dahak Village, 100 km to solar Powerhouse; Manafzadeh 7 (Z); HM164046, HM163955, HM163855, HM163754.
H. viridulum Soják; virSM80; Iran, Fars Prov., Shiraz-Fasa road (Miyanjangal), opposite of emamzadeh Esmail; Manafzadeh 8 (Z); HM164047, HM163956,
HM163856, HM163755. Aegle marmelos Corrêa; Aeg; Eastern Asia; Chase 1340 (K); HM163957, HM163857, HM163756, HM163653. Citrus reticulata Blanco;
Citr; Switzerland, Zürich Botanic Gardens, living collection, cult. 19790418; Sandro Wagen 48 (Z); HM163958, HM163858, HM163757, –. Cneoridium dumosum Hook. f.; Cneo; U.S.A., Oak Crest Park, California; Alexander Kocyan 154 (Z); HM163959, HM163859, HM163758, HM163654. Poncirus trifoliata
(L.) Raf.; Ponc; Switzerland, Zürich Botanic Gardens, living collection, cult. 19760414; Sandro Wagen 7 (Z); HM163960, HM163860, HM163759, HM163655.
Glycosmis citrifolia Lindl.; Glyc; Taiwan, Taipei; Yih-Han Chang 3310 (Z); HM163961, HM163861, HM163760, HM163656.

Appendix . Morphological characters and states selected for this study.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Vegetative morphology
Number of stems: (1) one, (2) more than one
Inflorescence form in each stem: (1) lax/broad, (2) dense/compact
Sterile axillary shoots: (0) absent, (1) present
Glands on stem: (0) invisible under a microscope (×40), (1) visible
Stem branching: (1) branched under the inflorescence, (2) unbranched
Stem indumentum: (0) glabrous, (1) hairy scattered, (2) hairy dense
Indumentum of leaf margin: (0) glabrous, (1) hairy
Indumentum of leaf: (0) glabrous, (1) hairy
Tuberculate glands on leaf: (0) absent, (1) present
Petiole: (0) absent, (1) present

11.
12.
13.
14.
15.

Inflorescence morphology
Indumentum of inflorescence: (0) glabrous, (1) hairy
Form of bract: (1) linear, (2) broad
Indumentum of sepal: (0) glabrous, (1) farinose, (2) hairy
Dark dorsal vitta/tinge on petal: (0) absent, (1) present
Indumentum of petal: (0) glabrous, (1) farinose, (2) hairy

Stamen
16. Form of filament: (1) abruptly expanding from base to apex,
(2) gradually expanding
17. Attachment between filaments: (1) monadelphous, (2) free
18. Indumentum of filament: (0) glabrous, (1) hairy in central portion,
(2) hairy in lower half
19. Form of anther: (1) oval, (2) oblong
Pistil
20. Apical appendage on ovary: (0) absent, (1) present
21. Number of carpels: (1) five, (2) not five
22. Indumentum of ovary: (0) glabrous, (1) farinose, (2) hairy
23. Glands of ovary: (0) non-tuberculate, (1) tuberculate
24. Number of ovules: (2) two, (4) four, (5) more than four
25. Form of style: (1) slender, (2) stout
26. Indumentum of style: (0) glabrous, (1) hairy
Fruit morphology
27. Capsule dehiscence: (1) dehiscent, (2) indehiscent
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ABSTRACT

Aim The Irano-Turanian (IT) floristic region is characterized by high levels of
endemicity. Despite its potential role as a cradle of xerophytic taxa for neighbouring areas, its biogeographical history remains poorly studied. Haplophyllum, a diagnostic element of the IT region, was used as a model to
discriminate between alternative biogeographical scenarios for the evolution of
the region and, more specifically, to investigate whether it served as a source of
xerophytes for the colonization of the Mediterranean Basin.
Location Irano-Turanian floristic region (Central Asia and West Asiatic areas)
and Mediterranean floristic region (western and eastern parts of the Mediterranean Basin).
Methods Three chloroplast DNA regions were sequenced in 77 accessions of
Haplophyllum and 37 accessions from other subfamilies of Rutaceae. To elucidate the temporal and spatial evolution of Haplophyllum in the IT and Mediterranean regions, we performed Bayesian molecular dating analyses with four
fossil constraints and ancestral range reconstructions, respectively.
Results Our molecular dating and ancestral area reconstruction analyses suggest that Haplophyllum originated in the Central Asian part of the IT region
during the early Eocene and started to diversify in situ during the early Oligocene, soon after the vanishing of the Tethys Ocean. Our results further imply
that Haplophyllum later invaded the eastern Mediterranean Basin in the middle-to-late Miocene, concomitantly with the Paratethys Salinity Crisis and rapid
palaeobiogeographical changes in the proto-Mediterranean. Finally, Haplophyllum diversified in the western Mediterranean in the early Pliocene at the end
of the Messinian Salinity Crisis.
Main conclusions The IT floristic region can serve as a ‘donor’ of xerophytic
taxa to ‘recipient’ neighbouring regions, including the Mediterranean floristic
region. The climatic/geological processes during the Miocene–Pliocene, by
increasing aridity and topographic heterogeneity, facilitated range shifts and
allopatric speciation in the region.
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changes through time have represented key aspects of biogeographical research since the publication of von Humboldt’s seminal work (1845). A comparative study of
regional biotas requires a division of the world into natural
floristic regions (Takhtajan, 1986). Specific floristic regions

INTRODUCTION
The identification and comparison of different regional biotas, the elucidation of their connections via diverse biotic
elements, and the clarification of how their composition
366
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gions, the latter including the Iranian and the Anatolian plateaux (Takhtajan, 1986). The Irano-Anatolian area and the
Central Asian mountains are two of the 34 global hotspots of
biodiversity sensu Mittermeier et al. (2005). The IT region
has long been regarded as the source of many taxa found in
neighbouring regions, most notably the Mediterranean region
(Akhani, 2007; Blondel et al., 2010, and references therein).
The evidence supporting such a claim, however, has often
been speculative and is mainly based on floristic studies,
rather than phylogenetic/biogeographical analyses.
The Mediterranean Basin is a crossroads for species from
Europe, Asia and Africa, representing an area where biotic
elements of the surrounding temperate, arid and tropical
biogeographical regions converge (Qu!ezel, 1985; Comes,
2004; Thompson, 2005; Blondel et al., 2010; Migliore et al.,
2012). Mediterranean species either evolved in situ, or were
filtered from the regional biota of neighbouring areas, or
migrated from more distant regions (Mansion et al., 2008;
Ackerly, 2009). The onset of the current seasonal climate in
the Mediterranean Basin, starting during the late Pliocene
(Suc, 1984; Thompson, 2005), caused the demise of most of
its tropical and subtropical taxa and the rise of many xerophytic species, including several IT taxa with centres of
diversity in the semi-arid steppes of Central Asia. More
recently, Quaternary glaciations eliminated additional meso-

have been defined as geographical areas with distinct floras
characterized by endemic taxa at the rank of species or
higher (see also Schouw, 1823; McLaughlin, 1994, and references therein). Floristic plant geography plays an important
role in the understanding of biogeographical processes via its
broad evaluation of modern patterns of plant distribution
(McLaughlin, 1994). Therefore, rigorous studies on the connections between floristic regions, especially poorly known
ones (e.g. the Irano-Turanian region), represent crucial new
contributions to our knowledge of biogeography.
The Irano-Turanian floristic region (IT region) was first
defined in relatively explicit terms by Edmond Boissier in
Flora Orientalis (1867) and has subsequently been named and
delimited in different ways by various authors (e.g. Zohary,
1973; Takhtajan, 1986, and references therein; White &
L!eonard, 1991; Davis et al., 1994) (see Fig. 1). The IT region
in Southwest Asia is one of the richest floristic areas of the
Holarctic Kingdom, with most of its species diversity in the
Iranian plateau, Anatolian plateau, and Central Asia (Zohary,
1973; Takhtajan, 1986; Davis et al., 1994). Continentality,
winter temperature and precipitation seasonality differentiate
it from the surrounding regions, and its flora is characterized
by a relatively high number of endemic genera and very high
species endemism (Takhtajan, 1986). The region comprises
two subregions: the Central Asian and the West Asiatic subre-

Figure 1 Distribution of Haplophyllum and
relevant floristic regions. Hatched surface
delimited by black continuous line shows
the extant distribution of Haplophyllum
(after Townsend, 1986) overlaid on the five
major floristic regions (after Takhtajan,
1986) where its species occur. These floristic
regions were used to define the seven areas
for the reconstructions of ancestral areas:
Irano-Turanian floristic region [consisting
of the West Asiatic (WA) and the Central
Asian (CA) areas]; Mediterranean floristic
region [consisting of the East Mediterranean
(EM) and the West Mediterranean (WM)
areas]; Sudano-Zambezian floristic region
(SZ); Saharo-Arabian floristic region (SA);
Circumboreal floristic region (CB). Map
modified from GDEM V1 black & white,
courtesy of NASA/JPL-Caltech. Available at:
http://asterweb.jpl.nasa.gov/images/
GDEM-10km-BW.png.
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Different geological and climatic events are likely to have
played a role in the origin and diversification of Haplophyllum in the IT and Mediterranean floristic regions. By using a
combination of temporal and spatial phylogenetic evidence,
it is now possible to evaluate alternative scenarios previously
proposed for the evolution of the genus (Crisp et al., 2011).
With respect to time, two main scenarios have been suggested to account for the origin of Haplophyllum. In the first
scenario, most of the xerophytic elements that form the
steppe and arid flora of the IT region (e.g. in Haplophyllum)
originated as the Tethys Ocean, which previously covered
vast stretches of Southwest Asia, receded in the early Neogene (Zohary, 1973). Alternatively, the steppe and arid flora
of the IT region may have originated much earlier, during
the Late Cretaceous. Lithological data point to the existence
of a broad arid zone extending from Spain, through North
Africa, to West and Central Asia during this period (Takhtajan, 1969, quoting Strakhow, 1960; Zohary, 1973 quoting
Engler, 1905).
With respect to space, two main scenarios have been proposed to account for the origin of Haplophyllum as an element
of the IT flora. In the first case, Central Asia is considered to
be the main source and centre of diversity of the present arid
flora of Eurasia, the Mediterranean area, North Africa, and
even South Africa (Bobrov, 1965; Pyankov et al., 2002). In the
second scenario, the West Asiatic subregion of the IT region,
especially the Iranian plateau, represents the main centre of
origin for the IT flora (Takhtajan, 1986).
A further geological event that is likely to have influenced
the diversification of Haplophyllum within the IT region was
the uplift of the Iranian plateau (Djamali et al., 2012a, and
references therein). Orogenic activities, especially mountain
uplifts, have been shown to contribute crucially to processes
of floristic diversification (Hughes & Eastwood, 2006; Antonelli et al., 2009). The Arabia–Eurasia convergence is considered to be the main driver for the uplift of the Iranian plateau.
The main stages of crustal thickening and uplift, which took

thermophytic elements from the Mediterranean flora (Blondel et al., 2010).
Despite its potential role as a source of xerophytic species
for neighbouring areas, the IT region remains poorly studied,
as demonstrated by searches on ISI Web of Knowledge
(Fig. 2). Modern biogeographical analyses are scarce (Emadzade et al., 2011; Jabbour & Renner, 2011) and the relationships between this region and adjacent ones, such as the
Saharo-Arabian and Mediterranean regions, have not been
investigated in detail (but see Migliore et al., 2012). There is
therefore a need to study key taxa of the IT flora in order to
better understand the evolution of biodiversity and biogeographical links both within the IT region and between the IT
and neighbouring floristic regions.
Haplophyllum A. Juss. (Rutaceae), comprising 68 species
of perennial herbs and shrubs (Townsend, 1986; Navarro
et al., 2004; Soltani & Khosravi, 2005) and occurring in dry,
stony hills and semi-deserts or steppes (Townsend, 1986),
was chosen as a model to study the biogeographical history
of the IT region, because it is a species-rich genus that
reaches its maximum diversity in the area (60% of species),
mostly in Turkey, Iran and Central Asia. It also includes species endemic to the Mediterranean region, thus allowing us
to study the biogeographical connections between it and the
IT region (13% of species; Salvo et al., 2011). Moreover,
both Zohary (1973) and Takhtajan (1986) used this genus to
characterize the flora of the IT region. The fruits of Haplophyllum are often dehiscent and seed dispersal is probably
autochorous, because the seeds lack any obvious adaptation
to wind-dispersal (Navarro et al., 2008; S.M., pers. obs.). A
recent phylogenetic analysis of Haplophyllum and closely
related genera ascertained its monophyly (Salvo et al., 2011),
but did not provide a temporal and spatial analysis of its
evolution. Given the recognized importance of Haplophyllum
as a key element of the IT flora, detailed knowledge of the
evolution of its species diversity would yield novel insights
into the biogeographical role of the IT region.

Figure 2 Two searches were performed on
the ISI Web of Knowledge in October 2012,
one using the combined terms ‘IranoTuranian’ (IT) and ‘Evolution’ and a second
one with the terms ‘Mediterranean’ and
‘Evolution’, the number of publications thus
obtained was plotted on the y-axis. The plot
demonstrates that the IT region is poorly
studied from an evolutionary point of view.
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phylogeny and used it to infer the spatio-temporal evolution
of the genus, specifically addressing the following questions:
(1) When and where did Haplophyllum originate? (2) When
did the Mediterranean representatives of Haplophyllum originate, and along which route did they colonize the Mediterranean region? (3) Is the IT floristic region a potential source
of xerophytic elements (e.g. in Haplophyllum) for the Mediterranean floristic region?

place at discrete intervals, began around 25 Ma and accelerated from 15 to 12 Ma (e.g. Mouthereau et al., 2012).
Beyond its main species diversity in the IT region, Haplophyllum also includes 16 species in the Mediterranean area,
of which nine are endemic. Colonization of new areas by
land plants can occur via long-distance dispersal (LDD) and/
or land connections. In the latter case, two main geological/
climatic processes might have affected the opportunities for
colonizing the East Mediterranean from the neighbouring IT
region. First, the movement of the Arabian Plate caused the
closure of the eastern connection of the proto-Mediterranean
Sea/Paratethys with the Indian Ocean during the middle
Miocene, thus initiating drier climates in the Mediterranean
Basin, Arabia, the Iranian plateau and northern Africa. The
new climatic regime paved the way for waves of penetrations
of IT elements (including Haplophyllum) into the Mediterranean region during the late Tertiary, as demonstrated by
phylogenetic analyses and floristic similarities (Zohary, 1973;
Qu!ezel, 1985, 1995; Thompson, 2005; Mansion et al., 2008;
Jabbour & Renner, 2011; Salvo et al., 2011). However, recent
palaeobotanical evidence from the Thracian Plain of the
present-day Balkans appears to support a second scenario,
according to which the ‘Oriental’ elements of the Balkan
flora reached the eastern Mediterranean Basin during the
late-Quaternary glacial stages (Magyari et al., 2008, and references therein). During the Quaternary interglacials, highelevation mountains of the IT region might have served as
refugia for xerophytic elements, while intensified continentality during glacial maxima might have favoured the expansion
of cold-adapted IT species into surrounding regions (Djamali
et al., 2012a).
The following geological processes might have facilitated
the colonization of the West Mediterranean area by Haplophyllum. A first scenario builds on the presence of land
bridges that repeatedly separated and rejoined the Tethys
and Paratethys seas during the Oligocene and Miocene
(Qu!ezel, 1985; Oosterbroek & Arntzen, 1992; Sanmart!ın,
2003, and references therein; Thompson, 2005). Such land
bridges would have allowed dispersal across the entire Mediterranean region, and then promoted east–west disjunctions
when rising sea levels disrupted land connections. A second
scenario centres on the closure of the western part of the
Mediterranean Sea with the Atlantic Ocean in the late Miocene (late Tortonian), which increased aridity in the Mediterranean Basin, especially in its western part. Moreover,
during the Messinian Salinity Crisis, a drying trend enabled
biotic dispersal between West/Central Asia and the Iberian
Peninsula via North Africa (Zardoya & Doadrio, 1998;
Sanmart!ın, 2003, and references therein; Navarro et al.,
2004). In general, the numerous examples of east–west vicariant species in the Mediterranean and their frequently
observed taxonomic distinctness suggest that, at least in some
cases, the initial divergence probably occurred before the
Pleistocene (Davis & Hedge, 1971).
In order to discriminate between the alternative biogeographical scenarios outlined above, we generated a dated

MATERIALS AND METHODS
Floristic regions
This study investigates the historical biotic interchanges
among five floristic regions, focusing mainly on the IT and
the Mediterranean regions and using Haplophyllum as a case
study. We thus generated a distribution map of Haplophyllum, and divided it into floristic regions according to the
designations of Takhtajan (1986). Takhtajan’s classification is
based on geographical patterns of endemism, particularly at
the species and genus level. Its floristic regions, defined at
the subcontinental scale, especially in the Holarctic Kingdom,
are more suitable for biogeographical studies at large spatial
scales than those defined at a more restricted scale (Zohary,
1973; White & L!eonard, 1991). Therefore, Takhtajan’s floristic regions have been used in several continental-level biogeographical studies (e.g. Cox, 2001; Fridley, 2008) and are
appropriate for an investigation of the floristic connections
between Asia, Europe and North Africa, using Haplophyllum
as the focus group.
Sampling and phylogenetic analyses
We reconstructed phylogenetic relationships using DNA
sequences from three loci of the chloroplast genome
(cpDNA) that allowed us to combine our newly generated
data with pre-existing sequences of Rutaceae (Salvo et al.,
2010, 2011): the matK gene, the rpl16 intron and the trnL–
trnF intergenic spacer. The final data set comprised a total of
3498 characters from 114 accessions: 77 from the ingroup
(representing 37 of 68 Haplophyllum species, 54%) and 37
from the other subfamilies of Rutaceae (see Appendices S1 &
S2 in Supporting Information). Accession numbers and
sources of these sequences are listed in Appendix S3.
The choice of taxa was guided by principles that considered the taxonomic, geographical and palaeobotanical diversity of Haplophyllum and its relatives and by the
requirements of molecular dating and ancestral area analyses.
Details of taxon selection, especially in relation to fossil calibration for molecular dating and phylogenetic analyses, can
be found in Appendix S1.
Molecular dating analyses
A likelihood-ratio test (LRT; Felsenstein, 1988) was performed to check for constancy of substitution rates among
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the possible ancestral ranges of the genus on our phylogenetic trees. The latter method averages the frequencies of an
ancestral range at every node over all input trees. BBM,
unlike S–DIVA, offers a statistical procedure for inferring
states at ancestral nodes using a full hierarchical Bayesian
approach (Yu et al., 2010, 2011).
Biogeographical analyses were performed on a Bayesian
cladogram generated from the data set of 77 accessions of
Haplophyllum. To account for topological uncertainties, we
used 2000 randomly selected trees from the MCMC output
of the Bayesian analysis of Haplophyllum, and ran S–DIVA
on all of them. The possible ancestral ranges at each node on
a selected tree were thus obtained. In the BBM analysis, the
MCMC chains were run simultaneously for 5,000,000 generations and every 100th generation was sampled. An estimated
F81+Γ model was used for the BBM analysis, with null root
distribution. Following Ronquist (1997), the number of areas
inferred at internal nodes was restricted (e.g. Mansion et al.,
2008); the maximum number of ancestral areas was constrained to two, because most of the sampled species (with
the exception of H. tuberculatum, six areas, and H. buxbaumii, three areas) currently occur in no more than two areas
(Townsend, 1986). We used BBM analysis to generate a
modified Gaussian distribution for a time-event algorithm
modelled on dispersal and vicariance events at each node
(Yu et al., 2011). A list of selected taxa with their current
distribution is shown in Table S2 in Appendix S1.

the branches of the phylogeny. Because the LRT rejected rate
constancy, molecular dating analyses were carried out within
a Bayesian framework, which allows for rate variation
between lineages, by employing an uncorrelated lognormal
relaxed clock model in beast 1.6.2 (Drummond & Rambaut,
2007). The software uses Bayesian inference and a Markov
chain Monte Carlo (MCMC) analysis to infer branch lengths,
tree topology and nodal ages. All fossil calibration points
were assigned a lognormal prior, with 95% of the weight falling within the geological interval that included each of the
fossils used (Table 1). Details of fossil selection and assignment to specific nodes are given in Table S1 in Appendix S1.
After selecting a GTR substitution model for the rpl16
region and a TVM substitution model for the matK and
trnL–trnF regions, with four gamma categories, an uncorrelated relaxed-clock model and a Yule prior were applied to
the specific Bayesian starting tree used as the tree prior. Four
independent runs of 75 9 106 generations each were conducted, sampling every 1000th generation. Convergence
between runs and the amount of burn-in were determined in
Tracer 1.5 (Rambaut & Drummond, 2007) by using effective sample size (ESS) scores and checking for the consistency of the results between multiple runs. The four runs
were combined, discarding the initial 10% as burn-in, using
Logcombiner 1.6.2 (Drummond & Rambaut, 2007). A maximum clade-credibility tree using a posterior probability limit
of 0.5 was then calculated using TreeAnnotator 1.6.2
(Drummond & Rambaut, 2007) and visualized using FigTree 1.3.1 (Rambaut, 2010). Further details of the molecular
dating procedure are given in Appendix S1.

RESULTS
Divergence time estimation

Ancestral area reconstruction analyses

The 50% majority rule consensus tree recovered by MrBayes
from the 114-taxon data set was topologically identical to
the maximum clade-credibility tree inferred with beast on
the same data set (see Fig. S1 in Appendix S1); the latter is
displayed in Fig. 3 with 95% highest posterior density
(HPD) intervals associated with nodal heights for the nodes
of interest (nodes A–F; Fig. 3b; see also Table 2). The ESS
and the trace of the parameters confirmed that the four runs
had converged within 75 million generations.
The molecular dating analyses revealed a high level of substitution-rate variation across the sampled sequences, as indicated by the marginal posterior probability of the coefficient

The range of Haplophyllum was divided into seven areas,
based on the extant distribution of the genus and the floristic
regions it covers (Fig. 1). These areas are the Central Asian
(CA) and the West Asiatic (WA) portions of the IT floristic
region, the eastern (EM) and western (WM) portions of the
Mediterranean floristic region, the Sudano-Zambezian floristic region (SZ), the Saharo-Arabian floristic region (SA) and
the Circumboreal floristic region (CB).
We used the recently developed statistical dispersal–vicariance analysis (S–DIVA) and Bayesian binary MCMC analysis
(BBM) implemented in rasp (Yu et al., 2011) to reconstruct

Table 1 Settings of the lognormal prior distribution for fossil calibration and root height in the molecular dating analyses of the
xerophytic genus Haplophyllum.
Prior distribution

Clausena
Lognormal

Toddalia
Lognormal

Ptelea
Lognormal

Skimmia
Lognormal

Rutaceae
Lognormal

Offset
Lognormal mean
Lognormal SD
Median age (Ma)
Lower (5%) and upper (95%) boundary

23
0.9933
0.4219
25.7
28.4–23

37.2
0.4700
0.4215
38.8
40.4–37.2

11.608
0.7798
0.4214
13.789
15.97–11.608

7.246
0.7798
0.4214
9.427
11.608–7.246

65
2.5
0.29
77.75
90.5–65

SD, standard deviation.
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Figure 3 Chronogram inferred from Bayesian dating analysis (beast) of the 114-taxon data set including 77 accessions from Haplophyllum and 37 accessions from the other subfamilies of
Rutaceae. Values above branches represent Bayesian posterior probabilities. Grey bars represent the 95% highest posterior density intervals around mean nodal ages. (a) Tree with the
branches for all Haplophyllum species collapsed and the four fossil constraints applied to nodes in other clades of Rutaceae, as follows: 1, Clausena; 2, Toddalia; 3, Ptelea; 4, Skimmia. (b)
Tree with the branches for all genera except Haplophyllum collapsed and major geological/climatic events during the evolution of the genus represented by coloured vertical bars. Nodes of
biogeographical interest: A, split of Haplophyllum from its sister; B, initial diversification of Haplophyllum; C, split of Anatolian and Mediterranean clades from the sister clade; D, split of
the Mediterranean clade from the Anatolian clade; E, split between eastern and western Mediterranean clades; F, diversification of the western Mediterranean clade.
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of variation of the rates [mean = 1.0051; 95% HPD interval = (0.7461, 1.228)]. Additionally, no evidence of rate
autocorrelation between neighbouring branches was detected,
as indicated by the marginal posterior probability of rate
covariance [mean = 5.3744 9 10!2, 95% HPD interval = (!0.0788, 0.1954)].
In summary, the molecular dating analyses suggest that:
(1) Haplophyllum originated in the early Eocene, 54.56 Ma
(95% HPD: 49.92–83.79 Ma; node A, Fig. 3b), and started to
diversify in the early Oligocene, 30.86 Ma (39.12–70.86 Ma;
node B, Fig. 3b); (2) Haplophyllum invaded the Mediterranean
floristic region in the middle Miocene, between 13.08 Ma
(8.13–18.58 Ma) and 11.28 Ma (6.73–16.25 Ma; nodes C & D,
Fig. 3b), the split between the eastern and western Mediterranean clades occurred around 9.39 Ma (5.45–13.81 Ma; node
E, Fig. 3b) and finally Haplophyllum diversified in the western
Mediterranean in the early Pliocene, 4.94 Ma (1.86–8.46 Ma;
node F, Fig. 3b; see also Table 2).

To summarize, the inferred ancestral areas at the nodes
imply that: (1) the most recent common ancestor (MRCA)
of the Haplophyllum clade (Fig. 4a, node B) most probably
inhabited the Central Asian portion of the IT region, according to BBM analyses. BBM indicates a higher support value
for this node (> 50% probability) than S–DIVA (40% probability); (2) the ancestor of the Mediterranean clade split from
its Anatolian sister and invaded the eastern part of the basin
via a vicariance–dispersal event, (Fig. 4a, node D); (3) the
western Mediterranean species of Haplophyllum split from
their eastern Mediterranean relatives via another vicariance–
dispersal event (Fig. 4a, node E).
DISCUSSION
Geological events have profound effects on the biogeographical patterns of both terrestrial and marine biotas (Lomolino
et al., 2006). In particular, plate motions – with the oftenassociated opening and closing of seaways between oceans –
and orogenic processes have changed both climatic conditions and the type and location of spatial barriers to biotic
dispersal. Tectonic events have thus played a major role in
shaping the floristic regions of the world, with profound
effects on global plant evolution. For example, our study
indicates that the closure of the Tethys Ocean in the late
Eocene and the origin of the Paratethys Sea in the early Oligocene, events that were concomitant with the initial diversification of Haplophylum, are likely to have influenced the
biogeographical evolution of the genus, a key element of the
xerophytic flora of the IT region. Furthermore, the closure of
both the eastern and western proto-Mediterranean connections to the Indian Ocean (early Miocene) and the Atlantic
Ocean (late Miocene), respectively, are associated with the
diversification of Haplophyllum in the East and West Mediterranean, suggesting that such geological processes might
have similarly influenced the evolution of other xerophytes
in the basin.

Ancestral area reconstruction
The results of the ancestral area reconstruction indicate that
Haplophyllum required a total of either 111 dispersal and
four vicariance events (inferred by BBM; Fig. 4b) or 80 dispersal and five vicariance events (inferred by S–DIVA) to
reach its current distribution. Range reconstructions were
identical for nodes F (colonization of the western Mediterranean, see Table 2 and Appendix S2), D (split of the Mediterranean clade from the Anatolian clade) and E (split between
the eastern and western Mediterranean clades), although with
small differences between BBM and S–DIVA in the probabilities of inferred areas at the two latter nodes (see Appendix
S2). S–DIVA analyses inferred an ancestral area for node B
(initial diversification of Haplophyllum) that also included
the Circumboreal region, in addition to the West Asiatic and
Central Asian portions. BBM inferred an ancestral area of
EM in addition to WA for node C (split of the Mediterranean and the Anatolian clades from its sister) (Table 2). The
time–event graph inferred by BBM analyses (Fig. 4b) illustrated that the number of dispersal events peaked about 4–5
times during the evolutionary history of Haplophyllum, and
that vicariance events occurred at four different times
(Fig. 4b; see discussion for details).

Origin and diversification of Haplophyllum in
the Irano-Turanian and Mediterranean regions
Molecular dating and ancestral area analyses suggest that
Haplophyllum diverged from its sister group in the early

Table 2 Results of the analyses of molecular dating (beast) and ancestral range reconstruction (rasp) of the xerophytic genus
Haplophyllum.
Nodes
of interest

Description

beast analysis, mean
nodal age (95% HPD)

rasp analyses
(S–DIVA)

rasp analyses
(BBM)

A
B
C
D
E
F

Split of Haplophyllum from its sister
Initial diversification of Haplophyllum
Split of the Mediterranean and Anatolian clades from its sister
Split of the Mediterranean clade from the Anatolian clade
Split between eastern and western Mediterranean clades
Colonization of the western Mediterranean Haplophyllum

54.556 Ma (49.916–83.7889)
30.8647 Ma (39.1187–70.8615)
13.0803 Ma (8.1256–18.583)
11.2877 Ma (6.7309–16.2492)
9.3961 Ma (5.4497–13.8124)
4.9459 Ma (1.8558–8.4604)

—
CA + IT + CB
IT
IT + EM
EM + WM
WM

—
CA + IT
IT + EM
IT + EM
EM + WM
WM

BBM, Bayesian binary MCMC analysis; HPD, highest posterior density; S-DIVA, statistical dispersal–vicariance analysis.
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Figure 4 Biogeographical analyses. (a) Ancestral area reconstructions estimated with Bayesian binary MCMC analysis (BBM) and
statistical dispersal–vicariance analysis (S–DIVA) analyses implemented in rasp. The ancestral areas inferred at the nodes are represented
by pie charts of relative probabilities for each area above and below the branches for BBM and S–DIVA reconstructions, respectively.
Symbols for Haplophyllum distribution and range reconstruction: the six square and triangular colour-codes in the upper half of the
legend correspond to the areas defined in Fig. 1; the seven triangular colour-codes in the lower half of the legend designate
combinations of areas inferred at the relevant nodes. Symbols for dispersal–vicariance events: arrows and split circles indicate dispersal
and vicariance events, respectively (BBM inferences: red; S–DIVA inferences: blue). (b) Probability distributions of dispersal (blue) and
vicariance (red) events at each node based on the time–event algorithm calculated by BBM analysis; x-axis, time range (0–31 Ma, right
to left) corresponding to the time spanned by the tree of Fig. 4a; y-axis, number of events.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5 Historical biogeography of Haplophyllum. The palaeomaps show the position of plates and emerged land in different
geological periods (based on R€
ogl, 1999). Yellow and blue areas display the hypothetical ranges of the proto-Irano-Turanian and protoMediterranean floristic regions, respectively, that are congruent with the time frames and ancestral areas inferred for the relevant nodes
of Figs 3b & 4a. Red and orange arrows, respectively, denote the hypothesized Haplophyllum migration routes prior to and during each
time frame.

Eocene (Fig. 3b, node A) and started to diversify sometime
between the late Eocene and early Oligocene (Fig. 3b, node
B), most probably in the Central Asian portion of the IT
floristic region (Fig. 4a, node B; Table 2). In the early

Eocene, a zonal desert with a steppe vegetation and seasonally dry climate extended over part of the Central Asian
region (Fig. 5a), while the rest of the IT region was covered
by the Tethys Ocean (Zhang et al., 2012).
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matic configuration in the area (R€
ogl, 1999; Fig. 5f). These
events might have allowed the vicariant divergence of the
Mediterranean clade from its Anatolian sister species, H. telephioides (node D in Figs 3b & 4a; Fig. 4b; Table 2). Our
results thus reject the hypothesis that the ‘Oriental’ elements
of the continental steppes of the Balkan flora reached the eastern Mediterranean Basin during the late Quaternary glacial
stages (e.g. Celtis and Juniperus; Magyari et al., 2008, and references therein). However, our results support a scenario of
older migrations of IT elements into the eastern Mediterranean during the late Tertiary, as previously proposed based on
floristic similarities (Zohary, 1973; Qu!ezel, 1985, 1995;
Thompson, 2005) and phylogenetic analyses of a few other
taxa (e.g. Araceae: Mansion et al., 2008, Ranunculus: Emadzade et al., 2011; Brassicaceae: Franzke et al., 2011; Delphinieae: Jabbour & Renner, 2011; Cousinia: Djamali et al., 2012a).

Two key tectonic processes occurred between the late
Eocene and early Oligocene that might have facilitated range
expansion of the genus from Central Asia to the rest of the
IT region. (1) By the end of the Eocene, the northward drift
of India triggered the disappearance of the Tethys Ocean.
Strong tectonic activities changed the Eurasian configuration,
and the Tethys had completely vanished by the final collision
of the Indian continent with Eurasia (Fig. 5b,c; Zohary,
1973; R€
ogl, 1999). (2) The Paratethys Sea, formed around
the Eocene–Oligocene boundary (B!aldi, 1980; Rusu, 1988;
R€
ogl, 1999), eventually gave rise to the proto-Mediterranean
Sea, which arose by separation from the Parathetys Sea via
elongated and deep trenches stretching from the western
Alps to the Trans-Caspian Basin (Fig. 5b,c; R€
ogl, 1999). The
above-mentioned events are likely to have provided migration corridors for the initial expansion of Haplophyllum from
its ancestral range in Central Asia (Fig. 5a) into the rest of
the IT region by the early Oligocene (Fig. 5b,c; Fig. 3b,
nodes A & B).
In summary, the results of our integrated molecular dating
and ancestral range reconstruction analyses indicate that
Haplophyllum originated in situ in the Central Asian part of
the IT floristic region in the early Eocene, well before the
complete vanishing of the Tethys Ocean. Our results thus
reject Zohary’s (1973) hypothesis that the steppe and arid
flora of the IT region arose during the Neogene, after the
drying out of the Tethys Ocean. They also fail to support a
Cretaceous origin of the xerophytic IT elements (Takhtajan,
1969, quoting Strakhow, 1960; Zohary, 1973, quoting Engler,
1905) (Fig. 3b, node A). Similar analyses of additional xerophytes from the IT region would be needed to further test
this hypothesis.
Our results indicate that the clade formed by the Mediterranean species of Haplophyllum and the Anatolian H. telephioides diverged from its geographically diverse sister clade
in the middle Miocene (Fig. 3b, node C), probably in the IT
region (Fig. 4a, node C). From there, it quickly invaded the
eastern Mediterranean (Figs 3b & 4a; nodes C & D; Fig. 5d,
e). During the middle Miocene (early Serravallian), strong
tectonic activities caused the Paratethys salinity crisis and
rapid palaeobiogeographical changes in the proto-Mediterranean Sea (R€
ogl, 1999). The second closure of the eastern
connection of the proto-Mediterranean Sea/Paratethys with
the Indian Ocean during the middle Miocene (Fig. 5e) also
had significant climatic impacts, causing drier climates over
the Mediterranean Basin, Arabia, the Iranian plateau and
northern Africa. The aridification trend paved the way for
waves of invasion of xerophytic IT elements into the Mediterranean (Fig. 5e). The above-mentioned geological and climatic events might have concomitantly caused the formation
of a land corridor between the Iranian plateau and the East
Mediterranean area via the Anatolian Plate (e.g. Meulenkamp
& Sissingh, 2003; Harzhauser & Piller, 2007; Fig. 5e).
Moreover, in the late Miocene (Tortonian), the formation
of the Aegean Sea, increasing continentalization and the tectonic uplift of the Carpathians caused a new geological/cli-

Colonization of the western Mediterranean
Our findings imply that the western Mediterranean clade
diverged from the eastern Mediterranean clade towards the
end of the Miocene (Tortonian) via vicariance–dispersal processes (node E in Figs 3b & 4a; Fig. 4b). Palaeogeographical
reconstructions suggest that landmass connections existed
across the Mediterranean at various times during the Miocene. Our results appear to confirm the crucial role of these
connections for biotic dispersal across the region (e.g. Oosterbroek & Arntzen, 1992). Marine transgressions, by restoring connections between the Tethys and Paratethys, might
have resulted in east–west vicariance of trans-Mediterranean
lineages following dispersal via land corridors (Oosterbroek
& Arntzen, 1992). Conversely, our results do not corroborate
the scenario that Haplophyllum migrated to the Iberian Peninsula from North Africa via the Strait of Gibraltar (Zardoya
& Doadrio, 1998; Sanmart!ın, 2003, and references therein;
Navarro et al., 2004).
The disjunct distributions of sister clades in Haplophyllum
are congruent with the frequently observed patterns of disjunctions between western and eastern Mediterranean taxa,
or between western Mediterranean and Central Asian taxa,
termed ‘Kiermack’ disjunctions (Ribera & Blasco-Zumeta,
1998). It has been proposed that such disjunctions are likely
to have originated via dispersal and vicariance cycles in
response to the progressive fragmentation of tectonic belts,
thus reflecting the complex geological history of the region
(Oosterbroek & Arntzen, 1992; Palmer & Cambefort, 2000;
Sanmart!ın, 2003; Oberprieler, 2005; Thompson, 2005; Mansion et al., 2008).
Haplophyllum diversified in the western Mediterranean
towards the end of the Messinian Salinity Crisis (node F in
Fig. 3b; Table 2) (Rouchy & Caruso, 2006). At that time,
increasing aridification triggered a cycle of partial or almost
complete desiccation in the Mediterranean Basin (Suc, 1984;
Thompson, 2005; van Dam, 2006), conditions that might
have favoured the colonization of the western Mediterranean
area by xerophytes such as Haplophyllum.
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2003). Nevertheless, a few speciation events in Haplophyllum
may also have occurred in high-elevation refugia of the IT
region during Quaternary glacial–interglacial cycles, probably
via upward movement of cold-adapted xerophytic elements
(Bennett & Provan, 2008; Djamali et al., 2012a, and references therein). The climatic instability of the Quaternary
might have influenced speciation processes in Haplophyllum
and other IT elements (e.g. Cousinia: Djamali et al., 2012a),
although our current level of sampling in the genus does not
allow us to draw specific conclusions on this possible scenario. However, our results allow us to conclude that the IT
xerophytes (e.g. in Haplophyllum) survived the Quaternary
glaciations and were probably more widespread during the
previous eras than they are today, as also suggested for Cousinia (Djamali et al., 2012a).

The Irano-Turanian floristic region
The main criteria used to define floristic regions rely on the
geographical distributions of selected taxa and/or the association of several taxonomic groups within an area (Takhtajan,
1986). Additionally, climatic data are important factors in
determining the floristic features and the nature of boundaries between floristic regions. A recent study by Djamali
et al. (2012b) indicated that the IT region forms a distinct
bioclimatic area and can be defined by a group of climatic
parameters: continentality index, precipitation seasonality,
cold winters and hot summers. Both the biogeographical and
climatic delimitations of floristic regions underscore the
importance of evolutionary studies on their characteristic elements, which can serve as proxies for the evolution of the
region itself until a sufficient number of taxon-specific studies
have accumulated to infer more general, comparative trends.
In addition to the climatic and biogeographical characteristics used to define floristic regions, geological events are also
crucial to explaining their current biotic compositions. The
IT region has a complex topography shaped by its complex
tectonic history (e.g. Stoecklin, 1968; Djamali et al., 2012a).
The two main mountain ranges (Zagros and Alborz) of the
Iranian plateau, for example, arose synchronously around the
middle Miocene either within the plateau (Zagros Mountains) or between the plateau and Central Asia (Alborz
Mountains; Djamali et al., 2012a, and references therein). In
particular, the Zagros Mountains of western Iran represent
the largest mountain belt of the region and are part of the
Alpine–Himalayan orogenic system. The onset of crustal
thickening, caused by the first collision of the Arabian Plate
with Eurasia, started about 25 Ma, but uplift, deformation
and exhumation across the Zagros and throughout the Arabia–Eurasia collision zone took place later, between 15 and
5 Ma (e.g. Mouthereau, 2011; Fig. 5d–f). The Alborz Mountains of northern Iran are an intra-continental, east–west
orientated orogen formed in response to crustal shortening
and thickening induced by the ongoing Arabia–Eurasia convergence. The uplift of the Alborz and Zagros Mountains
during the middle Miocene may have had a profound impact
on the history of the IT floristic region. Variation in the
amount of aridity during the mid-to-late Miocene might be
chiefly due to the uplift of the Iranian plateau (Ballato et al.,
2012; Fig. 5d–f). The high rate and extent of mountain uplift
in the Iranian plateau then promoted high levels of alpine
endemism (Noroozi et al., 2008, and references therein).
According to our molecular dating analyses, the large clade
sister to H. pilosum, consisting of Iranian, Anatolian, Mediterranean and geographically diverse subclades, started to
diversify in the IT region and Mediterranean Basin during
the uplift of the Iranian plateau (Figs 3b & 4a). Geological
heterogeneity in the IT region since the early Miocene, combined with a relatively stable continental climate, might be
considered important factors limiting gene flow among populations and favouring allopatric speciation via both dispersal
and vicariant processes (see Fig. 4a; Knapp, 1987; Linder,

CONCLUSIONS
Our study shows that the IT floristic region is a source of
xerophytic species for the neighbouring Mediterranean floristic region, and that in the late Tertiary, both geological and
climatic changes influenced range expansion and speciation
patterns of the xerophytic elements in the two regions (i.e.
in Haplophyllum). In general, climatic conditions during the
Miocene–Pliocene, influenced by the closure of the connections of the proto-Mediterranean Sea with neighbouring
oceans and by the uplift of mountain ranges (e.g. Zagros
Mountains), caused significant range shifts that promoted
allopatric speciation in Haplophyllum and possibly other
xerophytes of this area.
To further refine estimates of ancestral distributions,
methods for the projection of ancestral ecological niches
onto palaeogeographical configurations need to be improved
and implemented (Crisp & Cook, 2012). Within Haplophyllum, the application of niche modelling tools will be useful
to better explain the relative roles of geological versus climatic factors in speciation processes, and of niche conservatism versus niche evolution in shaping distributional patterns
in the IT region. As a source of species for the neighbouring
regions, the IT floristic region requires serious conservation
strategies by the governments of those countries that host its
major evolutionary and biodiversity centres.
ACKNOWLEDGEMENTS
We thank: all members of E.C.’s research group for comments on earlier drafts; the staff of herbaria LE, P, TAK, G,
K and W (in particular Ernst Vitek); J. Sch€
onenberger for
providing graphical facilities to S.M.; Y.M. Staedler for useful
scientific and linguistic advice; and the editor and three referees for providing useful comments on the manuscript. This
study was funded by the University of Zurich (Institute of
Systematic Botany) and the International Student Office of
the University of Zurich. Additional financial support to
S.M. was provided by the Georges-und-Antoine-Claraz-Schenkung, the Kommission f€
ur Reisestipendien der Schweizeris-

376

Journal of Biogeography 41, 366–379
ª 2013 John Wiley & Sons Ltd

76

The Irano-Turanian region, a source of Mediterranean xerophytes?
Davis, S.D., Heywood, V.H. & Hamilton, A.C. (1994) Centres
of plant diversity. A guide and strategy for their conservation. IUCN Publications Unit, Cambridge, UK.
Djamali, M., Baumel, A., Brewer, S., Jackson, S.T., Kadereit,
J.W., L!
opez-Vinyallonga, S., Mehregan, I., Shabanian, E. &
Simakova, A. (2012a) Ecological implications of Cousinia
Cass. (Asteraceae) persistence through the last two glacial–
interglacial cycles in the continental Middle East for the
Irano-Turanian flora. Review of Palaeobotany and Palynology,
172, 10–20.
Djamali, M., Brewer, S., Breckle, S.W. & Jackson, S.T.
(2012b) Climatic determinism in phytogeographic regionalization: a test from the Irano-Turanian region, SW and
Central Asia. Flora, 207, 237–249.
Drummond, A.J. & Rambaut, A. (2007) BEAST: Bayesian
evolutionary analysis by sampling trees. BMC Evolutionary
Biology, 7, 214.
Emadzade, K., Gehrke, B., Linder, H.P. & H€
orandl, E. (2011)
The biogeographical history of the cosmopolitan genus
Ranunculus L. (Ranunculaceae) in the temperate to meridional zones. Molecular Phylogenetics and Evolution, 58, 4–
21.
Felsenstein, J. (1988) Phylogenies from molecular sequences:
inference and reliability. Annual Review of Genetics, 22,
521–565.
Franzke, A., Lysak, M.A., Al-Shehbaz, I.A., Koch, M.A. &
Mummenhoff, K. (2011) Cabbage family affairs: the evolutionary history of Brassicaceae. Trends in Plant Science, 16,
108–116.
Fridley, J.D. (2008) Of Asian forests and European fields:
Eastern U.S. plant invasions in a global floristic context.
PLoS ONE, 3, e3630.
Harzhauser, M. & Piller, W.E. (2007) Benchmark data of a
changing sea – palaeogeography, palaeobiogeography
and events in the Central Paratethys during the Miocene.
Palaeogeography, Palaeoclimatology, Palaeoecology, 253, 8–
31.
Hughes, C. & Eastwood, R. (2006) Island radiation on a continental scale: exceptional rates of plant diversification
after uplift of the Andes. Proceedings of the National Academy of Sciences USA, 103, 10334–10339.
von Humboldt, A. (1845) Cosmos: a survey of the general physical history of the universe. Harper & Brothers, New York.
Jabbour, F. & Renner, S.S. (2011) Consolida and Aconitella
are an annual clade of Delphinium (Ranunculaceae)
that diversified in the Mediterranean basin and the IranoTuranian region. Taxon, 60, 1029–1040.
Knapp, H.D. (1987) On the distribution of the genus Cousinia
(Compositae). Plant Systematics and Evolution, 155, 15–25.
Linder, H.P. (2003) The radiation of the Cape flora, southern Africa. Biological Reviews, 78, 597–638.
Lomolino, M.V., Riddle, B.R. & Brown, J.H. (2006) Biogeography, 3rd edn. Sinauer Associates, Sunderland, MA.
Magyari, E.K., Chapman, J.C., Gaydarska, B., Marinova, E.,
Deli, T., Huntley, J.P., Allen, J.R.M. & Huntley, B. (2008)

chen Akademie der Naturwissenschaften (SANW), the Synthesys Programme of the EU, and the European Distributed
Institute of Taxonomy (EDIT).

REFERENCES
Ackerly, D. (2009) Conservatism and diversification of plant
functional traits: evolutionary rates versus phylogenetic
signal. Proceedings of the National Academy of Sciences
USA, 106, 19699–19706.
Akhani, H. (2007) Diversity, biogeography, and photosynthetic pathways of Argusia and Heliotropium (Boraginaceae) in South-West Asia with an analysis of
phytogeographical units. Botanical Journal of the Linnean
Society, 155, 401–425.
Antonelli, A., Nylander, J.A.A., Persson, C. & Sanmart!ın, I.
(2009) Tracing the impact of the Andean uplift on Neotropical plant evolution. Proceedings of the National Academy of Sciences USA, 106, 9749–9754.
B!aldi, T. (1980) The early history of the Paratethys. F€oldtani
K€ozl€ony: Bulletin of the Hungarian Geological Society, 110,
456–472.
Ballato, P., Mulch, A., Landgraf, A., Strecker, M.R., Dalconi,
M.C., Friedrich, A. & Tabatabaei, S.H. (2012) Middle to
late Miocene Middle Eastern climate from stable oxygen
and carbon isotype data, southern Alborz mountains,
N Iran. Earth and Planetary Science Letters, 300, 125–138.
Bennett, K.D. & Provan, J. (2008) What do we mean by
‘refugia’? Quaternary Science Reviews, 27, 2449–2455.
Blondel, J., Aronson, J., Bodiou, J.-Y. & Boeuf, G. (2010)
The Mediterranean region: biological diversity in space and
time. Oxford University Press, Oxford.
Bobrov, E.G. (1965) On the origin of the Old World deserts,
as illustrated by the genus Nitraria L. Botanicheskii Zhurnal
Leningrad, 50, 1053–1067.
Boissier, E. (1867) Flora Orientalis. H. Georg, Basel & Geneva, Switzerland.
Comes, H.P. (2004) The Mediterranean region – a hotspot for
plant biogeographic research. New Phytologist, 164, 11–14.
Cox, C.B. (2001) The biogeographic regions reconsidered.
Journal of Biogeography, 28, 511–523.
Crisp, M.D. & Cook, L.G. (2012) Phylogenetic niche conservatism: what are the underlying evolutionary and ecological causes? New Phytologist, 196, 681–694.
Crisp, M.D., Trewick, S.A. & Cook, L.G. (2011) Hypothesis
testing in biogeography. Trends in Ecology and Evolution,
26, 66–72.
van Dam, J.A. (2006) Geographic and temporal patterns in
the late Neogene (12–3 Ma) aridification of Europe: the
use of small mammals as paleoprecipitation proxies.
Palaeogeography, Palaeoclimatology, Palaeoecology, 238,
190–218.
Davis, P.H. & Hedge, I.C. (1971) Floristic links between NW
Africa and SW Asia. Annalen des Naturhistorischen Museums in Wien, 75, 43–57.

377

Journal of Biogeography 41, 366–379
ª 2013 John Wiley & Sons Ltd

77

S. Manafzadeh et al.
Pyankov, V.I., Black, C.C., Stichler, W. & Ziegler, H. (2002)
Photosynthesis in Salsola species (Chenopodiaceae) from
southern Africa relative to their C4 syndrome origin and
their African–Asian arid zone migration pathways. Plant
Biology, 4, 62–69.
Qu!ezel, P. (1985) Definition of the Mediterranean region
and the origin of its flora. Plant conservation in the Mediterranean area (ed. by C. G!
omez-Campo), pp. 9–24.
W. Junk Publishers, Dordrecht.
Qu!ezel, P. (1995) La flore du bassin m!editerran!een: origine,
mise en place, end!emisme [Flora from the Mediterranean
basin: origin, development, endemism]. Ecologia Mediterranea, 21, 19–39.
Rambaut, A. (2010) Figtree 1.3.1. Available at: http://tree.bio.
ed.ac.uk/software/figtree/.
Rambaut, A. & Drummond, A.J. (2007) Tracer v1.4. Available at: http://beast.bio.ed.ac.uk/tracer.
Ribera, I. & Blasco-Zumeta, J. (1998) Biogeographical links
between steppe insects in the Monegros region (Arag!
on,
NE Spain), the eastern Mediterranean, and central Asia.
Journal of Biogeography, 25, 969–986.
R€
ogl, F. (1999) Mediterranean and Paratethys. Facts and
hypotheses of an Oligocene to Miocene paleogeography
(short overview). Geologica Carpathica, 50, 339–349.
Ronquist, F. (1997) Dispersal–vicariance analysis: a new
approach to the quantification of historical biogeography.
Systematic Biology, 46, 195–203.
Rouchy, J.M. & Caruso, A. (2006) The Messinian salinity crisis in the Mediterranean basin: a reassessment of the data
and an integrated scenario. Sedimentary Geology, 188–189,
35–67.
Rusu, A. (1988) Oligocene events in Transylvania (Romania)
and the first separation of Paratethys. D#ari de Seam#a ale
Institutului de Geologie !s i Geofizic#a, 72(73), 207–223.
Salvo, G., Ho, S.Y.W., Rosenbaum, G., Ree, R. & Conti, E.
(2010) Tracing the temporal and spatial origins of island
endemics in the Mediterranean region: a case study from
the citrus family (Ruta L., Rutaceae). Systematic Biology,
59, 705–722.
Salvo, G., Manafzadeh, S., Ghahremaninejad, F., Tojibaev, K.,
Zeltner, L. & Conti, E. (2011) Phylogeny, morphology,
and biogeography of Haplophyllum (Rutaceae), a speciesrich genus of the Irano-Turanian floristic region. Taxon,
60, 513–527.
Sanmart!ın, I. (2003) Dispersal vs. vicariance in the Mediterranean: historical biogeography of the Palearctic Pachydeminae (Coleoptera, Scarabaeoidea). Journal of
Biogeography, 30, 1883–1897.
Schouw, F. (1823) Grundz€
uge einer allgemeinen Pflanzengeographie. G. Reimer, Berlin.
Soltani, M. & Khosravi, A.R. (2005) A new species of Haplophyllum (Rutaceae) from SW Iran. Willdenowia, 35, 293–298.
Stoecklin, J. (1968) Structural history and tectonics of Iran; a
review. AAPG Bulletin, 52, 1229–1258.
Suc, J.-P. (1984) Origin and evolution of the Mediterranean
vegetation and climate in Europe. Nature, 307, 429–432.

The ‘oriental’ component of the Balkan flora: evidence of
presence on the Thracian Plain during the Weichselian
late-glacial. Journal of Biogeography, 35, 865–883.
Mansion, G., Rosenbaum, G., Schoenenberger, N., Bacchetta,
G., Rossell!
o, J.A. & Conti, E. (2008) Phylogenetic analysis
informed by geological history supports multiple, sequential invasions of the Mediterranean Basin by the angiosperm family Araceae. Systematic Biology, 57, 269–285.
McLaughlin, S.P. (1994) Floristic plant geography: the classification of floristic areas and floristic elements. Progress in
Physical Geography, 18, 185–208.
Meulenkamp, J.E. & Sissingh, W. (2003) Tertiary palaeogeography and tectonostratigraphic evolution of the Northern
and Southern Peri-Tethys platforms and the intermediate
domains of the African–Eurasian convergent plate boundary zone. Palaeogeography, Palaeoclimatology, Palaeoecology,
196, 209–228.
Migliore, J., Baumel, A., Juin, M. & M!edail, F. (2012) From
Mediterranean shores to central Saharan mountains: key
phylogeographical insights from the genus Myrtus. Journal
of Biogeography, 39, 942–956.
Mittermeier, R.A., Gil, P.R., Hoffman, M., Pilgrim, J.,
Brooks, T., Mittermeier, C.G., Lamoreux, J. & da Fonseca,
G.A.B. (2005) Hotspots revisited: Earth’s biologically richest
and most endangered terrestrial ecoregions. Conservation
International, Washington, DC.
Mouthereau, F. (2011) Timing of uplift in the Zagros belt/
Iranian plateau and accommodation of late Cenozoic
Arabia–Eurasia convergence. Geological Magazine, 148,
726–738.
Mouthereau, F., Lacombe, O. & Verg!es, J. (2012) Building
the Zagros collisional orogen: timing, strain distribution
and the dynamics of Arabia/Eurasia plate convergence.
Tectonophysics, 532–535, 27–60.
Navarro, F.B., Su!arez-Santiago, V.N. & Blanca, G. (2004) A
new species of Haplophyllum A. Juss (Rutaceae) from the
Iberian Peninsula: evidence from morphological, karyological and molecular analyses. Annals of Botany, 94,
571–582.
Navarro, F.B., Lorite, J., Fern!andez-Ondo~
no, E., Ripoll, M.A.
& Jim!enez, M.N. (2008) Stipa tenacissima as a nurse plant
of the endemic species Haplophyllum bastetanum near Granada, SE Spain. Applied Vegetation Science, 11, 63–72.
Noroozi, J., Akhani, H. & Breckle, S.-W. (2008) Biodiversity
and phytogeography of the alpine flora of Iran. Biodiversity
and Conservation, 17, 493–521.
Oberprieler, C. (2005) Temporal and spatial diversification
of
circum-Mediterranean
Compositae–Anthemideae.
Taxon, 54, 951–966.
Oosterbroek, P. & Arntzen, J.W. (1992) Area-cladograms of
Circum-Mediterranean taxa in relation to Mediterranean
palaeogeography. Journal of Biogeography, 19, 3–20.
Palmer, M. & Cambefort, Y. (2000) Evidence for reticulate
palaeogeography: beetle diversity linked to connection–disjunction cycles of the Gibraltar strait. Journal of Biogeography, 27, 403–416.
378

Journal of Biogeography 41, 366–379
ª 2013 John Wiley & Sons Ltd

78

The Irano-Turanian region, a source of Mediterranean xerophytes?
Takhtajan, A. (1969) Flowering plants: origin and dispersal.
Smithsonian Institution Press, Washington, DC.
Takhtajan, A. (1986) Floristic regions of the world. University
of California Press, Berkeley, CA.
Thompson, J.D. (2005) Plant evolution in the Mediterranean.
Oxford University Press, Oxford.
Townsend, C.C. (1986) Taxonomic revision of the genus Haplophyllum (Rutaceae). Hooker’s icones plantarum, Vol. Xl,
parts I, II, and III. Bentham-Moxon Trustees, Whitstable,
Kent, UK.
White, F. & L!eonard, J. (1991) Phytogeographical links
between Africa and Southwest Asia. Flora et Vegetatio
Mundi, 9, 229–246.
Yu, Y., Harris, A.J. & He, X.-J. (2010) S-DIVA (Statistical
Dispersal-Vicariance Analysis): a tool for inferring biogeographic histories. Molecular Phylogenetics and Evolution,
56, 848–850.
Yu, Y., Harris, A.J. & He, X-J. (2011) RASP (reconstruct
ancestral state in phylogenies) 1.1. beta. Sichuan University,
Sichuan, China. Available at: http://mnh.scu.edu.cn/soft/
blog/RASP.
Zardoya, R. & Doadrio, I. (1998) Phylogenetic relationships
of Iberian cyprinids: systematic and biogeographical implications. Proceedings of the Royal Society B: Biological Sciences, 265, 1365–1372.
Zhang, Z., Flatøy, F., Wang, H., Bethke, I., Bentsen, M. &
Guo, Z. (2012) Early Eocene Asian climate dominated by
desert and steppe with limited monsoons. Journal of Asian
Earth Sciences, 44, 24–35.
Zohary, M. (1973) Geobotanical foundations of the Middle
East. 2 vols. Gustav Fischer, Stuttgart.

BIOSKETCHES
Sara Manafzadeh is a PhD student at the University of
Zurich. Her main interests are the evolutionary and ecological processes that have shaped plant distributions in the Irano-Turanian floristic region.
Gabriele Salvo is a postdoctoral researcher in the SocioEnvironmental Economics Group of the University of S~ao
Paulo. His current research involves assessing the demand on
nature of economic activities in Brazil.
Elena Conti is a professor at the University of Zurich. Her
main interests are the biogeography of the Mediterranean
realm and plant reproduction, especially in Primula and Limonium.
Author contributions: S.M. and E.C. conceived the ideas;
S.M. and G.S. collected the data; S.M. analysed the data; and
S.M. and E.C. led the writing.

Editor: Malte Ebach

SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Appendix S1 Expanded materials/methods and results:
Table S1 includes information on the four fossils of Rutaceae
used as calibration points for the molecular dating analyses;
Table S2 includes distributional ranges of Haplophyllum in
the selected areas; and Fig. S1 shows the 50% majority-rule
consensus tree of the Bayesian phylogenetic analysis.
Appendix S2 Detailed results of the rasp analyses.
Appendix S3 Sampled accessions of Haplophyllum and
other Rutaceae taxa, including source, voucher information
and GenBank accession numbers for three cpDNA regions
studied.

379

Journal of Biogeography 41, 366–379
ª 2013 John Wiley & Sons Ltd

79

Journal of Biogeography
SUPPORTING INFORMATION
A tale of migrations from east to west: the Irano-Turanian floristic region as a source of
Mediterranean xerophytes
Sara Manafzadeh, Gabriele Salvo and Elena Conti

Appendix S1
EXPANDED MATERIALS AND METHODS
Taxon sampling and selection of fossils for calibration
Haplophyllum has been reported westernmost in Morocco and Spain and easternmost in the
Heilongjiang province of China. In the west, it extends north to Romania and south to Somalia and the Hadhramaut area; in the east it extends north to the Lake Baikal region (Fig. 1)
(Townsend, 1986; Salvo et al., 2011). Its range covers five different floristic regions: the
Irano-Turanian, Mediterranean, Saharo-Arabian, Sudano-Zambezian, and Circumboreal
regions. The selected 37 species of Haplophyllum are representative of the main biogeographical diversity of the genus, especially in the IT and Mediterranean floristic regions, where
most of its species occur. In order to represent also taxonomic diversity, species were selected from all Haplophyllum clades recovered by Salvo et al. (2011). For geographically widespread taxa, and/or taxa that are difficult to diagnose morphologically, multiple accessions
were sampled per species. Because available fossils of Rutaceae attributed to extant taxa are
only distantly related to Haplophyllum, for the molecular dating analyses, species representative of the phylogenetic diversity of Rutaceae, including the fossil-bearing taxa, were
sampled according to the family-level phylogeny of Salvo et al. (2010).
For fossil calibration purposes, two species of fossil-bearing taxa were sampled per
genus, when possible, to distinguish between their crown and stem nodes (Magallón, 2004).
Four species from Aurantioideae (Atalantia ceylanica, Clausena excavata, Eremocitrus glauca, and Fortunella japonica) were also sequenced for this study in order to increase the taxon
sampling within this subfamily, thus allowing correct placement of the newly discovered fossil of Clausena sp. (Pan, 2010). Vouchers of the studied species (37 species of Haplophyllum
and 37 species of other Rutaceae; see Table S2 and Fig. S1) are available in the following
herbaria: W, Naturhistorisches Museum, Vienna; Z, University of Zurich; LE, V. L. Komarov Botanical Institute, Saint Petersburg; TBI, Georgian Academy of Sciences, Tbilisi; GDA,
University of Granada; MA, Real Jardín Botánico, Madrid; FAR, University of TarbiatMoaallem, Tehran; TARI, Research Institute of Forests and Rangelands, Tehran; K, Royal
Botanic Gardens, Kew; MO, Missouri Botanical Garden; NY, New York Botanical Garden.
Accession numbers and sources of these sequences are listed in Appendix S3.
Rutaceae have an abundant fossil record (Gregor, 1989), but fossils of Haplophyllum
have not yet been unearthed. The oldest fossil of undisputed affinity to Rutaceae is Rutaspermum biornatum (c. 65 Ma, Maastrichtian of Walbeck, Germany; Knobloch & Mai 1986).
Four later fossils were also selected for molecular dating analyses based on the availability of
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detailed morphological descriptions, accurate dating associated with the geologic interval of
their collection locality, and well-supported affinities with modern taxa: Clausena sp. Burm.f.
(Pan, 2010), Toddalia excavata (Chandler) Gregor (Gregor, 1979), Ptelea enervosa H.V.
Smith (Smith, 1938), and Skimmia tortonica Palamarev & Usunova (Palamarev & Usunova,
1970).
The age estimates are calibrated through the specification of prior age distributions for
nodes in the tree constrained by the selected fossils. The most ancient fossilized representative of a clade determines the minimum age of that clade. The parametric distributions can
therefore be modelled around the fossil calibration points in the following way: the probability of a clade being younger than its oldest fossil falls immediately to zero, and the probability
of it being older than its oldest fossil decays more gradually (Ho & Phillips, 2009). As in a
previous study on Ruta (Salvo et al., 2010), we decided to conduct the final BEAST analysis
by implementing a root prior informed by available estimates of the age of the root from the
oldest reliable fossil of Rutaceae (Knobloch & Mai, 1986). The prior age of the root was then
defined by a lognormal distribution with the parameters listed in Table S1. The mean of this
distribution corresponds to the oldest, most reliable Rutaceae fossil and the 1% lower tail to
the appearance of tricolpate pollen in the fossil record (around 125 Ma; Sanderson & Doyle,
2001; Anderson et al., 2005).
Phylogenetic analyses
The data set used for phylogenetic inference and molecular dating analyses was aligned in
MACCLADE 4.06 (Maddison & Maddison, 2000). Regions of ambiguous alignment were
excluded from the analysis. Gap positions were treated as missing data, unequivocally aligned gaps were coded as presence/absence of characters with the software GAPCODER (Young
& Healy, 2003) and then added as binary characters to the data matrix. The final, concatenated data matrix comprised 3710 aligned characters (1599 from matK, 1257 from rpl16, 639
from the trnL–trnF region, and 212 from gap coding). The Akaike information criterion
(AIC), implemented in MODELTEST 3.06 (Posada & Crandall, 1998), was used to choose the
optimal model of sequence evolution for each DNA marker. Bayesian analyses were implemented in MRBAYES 3.2 (Ronquist et al., 2012) using the GTR+G model for rpl16, and the
TVM+G model for matK and trnL–trnF. Gap codings were analysed as a separate partition
under the Binary Model. Two simultaneous analyses were performed with four Monte Carlo
Markov chains (MCMCs, one cold and three incrementally heated), run for 107 generations,
sampling every 1000th generation. Each chain used a random tree as a starting point and the
default temperature parameter value of 0.2. TRACER 1.5 (Rambaut & Drummond, 2007) was
used to check for the convergence of the model likelihood and parameters between the two
runs. The first 10% of the calculated generations were discarded as burn-in. A 50% majorityrule consensus tree was calculated in MRBAYES 3.2.
For subsequent biogeographical analyses (ancestral area reconstruction), the initial
data set of 114 accessions (Fig. S1) was reduced to 77 accessions, representing exclusively
the 37 species of Haplophyllum. A phylogeny was inferred from this matrix by using Bayesian inference with the same settings as above.
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Sublocality CH41 of the Guang
river flora, Ethiopia

Cliff End, Mudeford, England,
UK

Ballantyne Ranch, Succor Creek
valley, Idaho–Oregon
boundary, USA

Milčina lâka, Bezirk Vidin,
Bulgaria

Seed

Samaras

Leaves

Toddalia excavata
(Chandler) Gregor.

Ptelea enervosa H.V.
Smith.

Skimmia tortonica
Palamarev &
Usunova.

Locality

Leaves

Material

Clausena sp. Burm.f.

Fossil

Skimmia

Ptelea

Middle Miocene
(15.97–11.608 Ma)

Late Miocene
(Tortonian; 11.608–
7.246 Ma)

Toddalia

Clausena anisata

Affinity with
extant taxa

Late Eocene
(Bartonian; 40.4–37.2 Ma)

Late Oligocene
(27.23 ± 0.1 Ma)

Age

Table S1 Information on the four fossils of Rutaceae used as calibration points for the molecular dating analyses.

Palamarev &
Usunova (1970)

Crown node of Skimmia
(node 4 in Fig. 3a)

3

Smith (1938);
Call & Dilcher
(1995)

Gregor (1979)

Pan (2010)

References

Stem node of Ptelea
(node 3 in Fig. 3a)

Stem node of Toddalia
(node 2 in Fig. 3a)

Stem node of Clausena
(node 1 in Fig. 3a)

Placement of
fossil in phylogeny

EXPANDED RESULTS
Topology of the tree
The topology of the BEAST tree was generally well supported, especially the nodes of interest for the biogeographical history of Haplophyllum
(nodes A–F, Fig. 3b) and the calibration nodes (nodes 1–4, Fig. 3a), with the exception of node 3. As in Salvo et al. (2011), Haplophyllum is a
strongly supported monophyletic genus sister to a clade consisting of the sampled Aurantioideae and the monotypic Cneoridium (Fig. 3a,b: node
A). The eastern Mediterranean species and their circumboreal-eastern Mediterranean sister H. suaveolens formed a clade that shared the same
common ancestor (Fig. 3b, node E) with the western Mediterranean clade (Fig. 3b, node F). This Mediterranean clade was sister to the IranoTuranian H. telephioides, which occurs in the Anatolian plateau (Fig. 3b, node D). In turn, the superclade was sister to a geographically diverse
clade with representatives occurring in all five floristic regions of Haplophyllum (Fig. 3b, node C).

Table S2 Distribution of Haplophyllum for the selected areas
(Takhtajan, 1986; Townsend, 1986). Areas are shown in Fig.
1. A, Western Asiatic portion of the Irano-Turanian floristic
region (WA); B, Central Asian portion of the Irano-Turanian
(CA); C, East of the Mediterranean floristic region (EM); D,
West of the Mediterranean floristic region (WM); E, SaharoArabian floristic region (SA); F, Sudano-Zambezian floristic
region (SZ); G, Circumboreal floristic region (CB).

Species name

Distribution

H. acutifolium
H. affine
H. albanicum
H. bastentanum
H. blanchei
H. boissierianum
H. bucharicum
H. buxbaumii
H. canaliculatum
H. cappadocicum
H. coronatum
H. dasygynum
H. dauricum
H. dshungaricum
H. dubium
H. erythraeum
H. furfuraceum
H. glaberrimum
H. griffithianum
H. laristanicum
H. latifolium
H. linifolium
H. lissonotum
H. obtusifolium
H. patavinum
H. pilosum
H. popovii
H. rechingeri
H. robustum
H. stapfianum
H. suaveolens
H. telephioides
H. tenue
H. tuberculatum
H. villosum
H. virgatum
H. viridulum

AB
AF
C
D
E
C
B
ACD
A
A
C
A
AG
B
AB
AF
A
A
AB
F
B
D
A
AB
C
AB
AB
A
AB
A
CG
A
A
ABCDEF
A
AF
A
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Figure S1 The 50% majority-rule consensus tree of the Bayesian phylogenetic analysis from 114-taxa data set (including 77
from Haplophyllum and 37 from the other subfamilies of Rutaceae). Posterior probability values are indicated above the
branches.
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Appendix S2
DETAILED RESULTS OF THE RASP ANALYSES (ANCESTRAL RANGE
RECONSTRUCTION FOR THE NODES OF INTEREST)
1. Results obtained from BBM analysis
Node b (Initial diversification of Haplophyllum)
- ANCESTRAL AREA:
B 63.37, AB 29.59 / 4.64 A 2.16 BG 0.09 BD 0.04 BC 0.03 BF 0.03 BE 0.02 G 0.01 AG
0.00 D 0.00 C 0.00 F 0.00 E 0.00 AD 0.00 AC 0.00 AF 0.00 AE 0.00 DG 0.00 CG 0.00 FG
0.00 EG 0.00 CD 0.00 DF 0.00 CF 0.00 DE 0.00 CE 0.00 EF 0.00
- EVENT MATRIX:
Dispersal :3
Vicariance:0
Extinction:0
- RASP ROUTE:
B->B^B^B^A^B->BA^B^B^A^B->B|AB|AB
- PROBABILITY:
0.5228
Node c (Split of the Mediterranean and Anatolian clades from its sister)
- ANCESTRAL AREA:
A 85.62, AC 12.68 AD 1.12 AB 0.23 / 0.20 AF 0.06 AE 0.03 C 0.03 AG 0.03 D 0.00 B 0.00
CD 0.00 F 0.00 BC 0.00 E 0.00 G 0.00 CF 0.00 CE 0.00 CG 0.00 BD 0.00 DF 0.00 DE 0.00
DG 0.00 BF 0.00 BE 0.00 BG 0.00 EF 0.00 FG 0.00 EG 0.00
- EVENT MATRIX:
Dispersal :0
Vicariance:0
Extinction:0
- RASP ROUTE:
A->A^A->A|A
- PROBABILITY:
0.4562
Node d (Split of the Mediterranean clade from the Anatolian clade)
- ANCESTRAL AREA:
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A 72.61, AC 20.76 / 4.70 C 1.34 AD 0.32 AB 0.10 AG 0.06 AF 0.04 AE 0.03 D 0.02 B 0.01
CD 0.01 G 0.00 F 0.00 BC 0.00 E 0.00 CG 0.00 CF 0.00 CE 0.00 BD 0.00 DG 0.00 DF 0.00
DE 0.00 BG 0.00 BF 0.00 BE 0.00 FG 0.00 EG 0.00 EF 0.00
- EVENT MATRIX:
Dispersal :2
Vicariance:1
Extinction:0
- RASP ROUTE:
A->AC->A|C
- PROBABILITY:
0.6518
Node e (Split between eastern and western Mediterranean clades)
- ANCESTRAL AREA:
C 82.93 / 9.14 CD 6.31 D 0.69 CG 0.66 BC 0.09 G 0.07 CF 0.04 CE 0.03 AC 0.02 B 0.01
DG 0.01 F 0.00 E 0.00 A 0.00 BD 0.00 DF 0.00 DE 0.00 AD 0.00 BG 0.00 FG 0.00 EG 0.00
AG 0.00 BF 0.00 BE 0.00 AB 0.00 EF 0.00 AF 0.00 AE 0.00
- EVENT MATRIX:
Dispersal :2
Vicariance:1
Extinction:0
- RASP ROUTE:
C->DC->D|C
- PROBABILITY:
0.7534
Node f (Colonization of the Western Mediterranean)
- ANCESTRAL AREA:
D 91.31, CD 4.83 / 3.56 C 0.19 BD 0.04 DG 0.04 DF 0.02 DE 0.01 AD 0.01 B 0.00 G 0.00 F
0.00 E 0.00 A 0.00 BC 0.00 CG 0.00 CF 0.00 CE 0.00 AC 0.00 BG 0.00 BF 0.00 FG 0.00
BE 0.00 EG 0.00 EF 0.00 AB 0.00 AG 0.00 AF 0.00 AE 0.00
- EVENT MATRIX:
Dispersal :0
Vicariance:0
Extinction:0
- RASP ROUTE:
D->D^D->D|D
- PROBABILITY:
0.9088
2. Results obtained from S-DIVA analysis:
Node b (Initial diversification of Haplophyllum)
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- (P=1.00): AB 65.66, B 21.05, BG 13.30
- EVENT MATRIX:
Dispersal:0
Vicariance:1
Extinction:0
- Event Route:
AB->B|A
- PROBABILITY:
0.4418
Node c (Split of the Mediterranean and Anatolian clades from its sister)
- (P=1.00): A 99.44, AC 0.56
- EVENT MATRIX:
Dispersal:1
Vicariance:0
Extinction:0
- Event Route:
A->A^A->AC^A->A|AC
- PROBABILITY:
0.9905
Node d (Split of the Mediterranean clade from the Anatolian clade)
- (P=0.99): AC 99.61, AD 0.39
- EVENT MATRIX:
Dispersal:0
Vicariance:1
Extinction:0
- Event Route:
AC->A|C
- PROBABILITY:
0.9883
Node e (Split between eastern and western Mediterranean clades)
- (P=0.90): CD 100.00
- EVENT MATRIX:
Dispersal:0
Vicariance:1
Extinction:0
- Event Route:
CD->D|C
- PROBABILITY:
1.0000
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Node f (Colonization of the Western Mediterranean)
- (P=1.00): D 100.00
- EVENT MATRIX:
Dispersal:0
Vicariance:0
Extinction:0
- Event Route:
D->D^D->D|D
- PROBABILITY:
1.0000
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Appendix S3
Sampled accessions of (a) Haplophyllum and (b) other Rutaceae taxa, including taxon name
and authority, sample code, source, voucher information (underlined), and GenBank accession numbers for three cpDNA regions studied (matK, rpl16 and trnL–trnF; sequences that
could not be amplified are indicated by dashes). Voucher specimens are deposited in the following herbaria: W, Naturhistorisches Musem, Vienna; Z, University of Zurich; LE, V. L.
Komarov Botanical Institute, Saint Petersburg; TBI, Georgian Academy of Sciences, Tbilisi;
GDA, University of Granada; MA, Real Jardín Botánico, Madrid; FAR, Kharazmi University, Tehran; TARI, Research Institute of Forests and Rangelands, Tehran; K, Royal Botanic
Gardens, Kew; MO, Missouri Botanical Garden; NY, New York Botanical Garden.
(a) Accessions of Haplophyllum
Haplophyllum acutifolium (DC.) G. Don; acu1W; Iran, Gorgan, Golestan National Park, Almeh
valley; 1999-02041 (W); HM163962, HM163862, HM163761.
H. acutifolium; acuF1469; Iran, Qazvin Prov., Qazvin to Takestan, 14 km before Takestan; F.
Ghahremaninejad 1469 (Z); EF489076, EF489150, EF489224.
H. acutifolium; acuZel0505232; Iran, Khorasan Prov., Ashkhaneh, Robat e Barah Bil; Zeltner
05.05.23 2 (Z); HM163965, HM163865, HM163764.
H. affine (Aitch. & Hemsl.) Korovin; aff1615LE; Turkmenistan; Litvinova N.P. & Nikizienko E.V.
1615 (LE); HM163966, HM163866, HM163765.
H. albanicum (Bald.) Bornm.; alb85697LE; Macedonia; E. Mayer 85697 (LE); HM163967,
HM163867, HM163766.
H. albanicum; albSelvi5; Albania, Drisht, Scutari region; Selvi, Coppi, Cecchi 5 (Z); HM163968,
HM163868, HM163767.
H. bastentanum F.B. Navarro, Suár.-Sant. & Blanca; bastGDA47502; Spain; 47502 (GDA);
EF489097, EF489171, EF489245.
H. blanchei Boiss.; blan6W; Iraq, desertum occidentale, inter Ramadi et Rutba 260 km; 16372 (W);
HM163974, HM163873, HM163773.
H. blanchei; blan7W; Jordanien, Amman, Nordostjordanische Basaltwuste, Hammada, ca. 50 km W
of Azraq; 2004-20318(W); HM163975, HM163874, HM163774.
H. boissierianum Vis. & Pančič; boissSelvi2; Albania, Krume, Mt. Pastrik, Region of Kukes; Selvi,
Coppi, Cecchi 2 (Z); HM163976, HM163875, HM163775.
H. bucharicum Litv.; buch211Z; Uzbekistan, betw. Shurab and Darhand; Manafzadeh & Salvo 211
(Z); HM163978, HM163877, HM163777.
H. buxbaumii; bux13W; Iraq, Rasheed; 1970-1918 (W); HM163982, HM163882, HM163782.
H. buxbaumii; bux14W; Turkey, 3 km S of Caykavak pass C5, Nigde; 1991-9560 (W); HM163983,
HM163883, HM163783, HM163679.
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H. buxbaumii; buxMA557457; Tunisia; 557457 (MA); EF489095, EF489169, EF489243.
H. buxbaumii; buxTurkey; Turkey, 1km before Nizip; Gabriele 19 May 2006 b (Z); HM163984,
HM163884, HM163784.
H. canaliculatum Boiss.; canF1454; Iran, Fars Prov., Shiraz to Kharameh, km 13;
F.Ghahremaninejad 1454 (Z); EF489077, EF489151, EF489225.
H. canaliculatum; canSM50; Iran, Fars Prov., between Bidshahr and Kavian, near Banarooye;
Manafzadeh 5 (Z); HM163985, HM163885, HM163785.
H. canaliculatum; canZel0505092; Iran, Paste chenar region, 10 km SE of Sarvestan; Zeltner
05.05.09 2 (Z); HM163986, HM163886, HM163786.
H. cappadocicum Spach; cap16W; Turkey, Eski Malata; 1965-19219 (W); HM163987, HM163887,
HM163787.
H. coronatum Griseb.; cor19W; Greece, Thessalien, ca. 28 km WNW of Kalambaka; 2000-14981
(W); HM163989, HM163889, HM163789.
H. coronatum; corMA353234; Macedonia; 353234 (MA); EF489081, EF489155, EF489229.
H. dasyginum C. Towns.; dasyW; Iran, Hamadan Prov. Aq Bulaq; 1961-1137 (W); HM163990,
HM163890, HM163790.
H. dauricum (L.) G. Don; daur354LE; Mongolia; V.I. Grubov et al. 354 (LE); HM163991,
HM163891, HM163791.
H. dauricum; daurOyumaa1; Mongolia; Oyumaa 1 (Z); EF489099, EF489173, EF489247.
H. dshungaricum Rubtzov; dshun616LE; Kazakhstan, mountains in the eastern part; M. Pimenov et
al. 616 (LE); HM163992, HM163892, HM163792.
H. dubium Korovin; dub22W; Afghanistan, Faryab province, 7 miles E of Maimana, road to
Belcheragh; 1973-13418 (W); HM163993, HM163893, HM163793, HM163693.
H. dubium; dub49LE; Turkmenistan; V.P. Bochantzev 49 (LE); HM163994, HM163894,
HM163794.
H. erythraeum Boiss.; ery24W; Afghanistan, Farah province, 21.5 miles E of Dilaram, road to
Kandahar; 1973-13384(W); HM163995, HM163895, HM163795.
H. erythraeum; eryZel0505101; Iran, Fars Prov., Reserve de Onagres; Zeltner 05.05.10 1 (Z);
HM163996, HM163896, HM163796.
H. furfuraceum Bunge ex Boiss.; fur104Z; Iran, Shahrood-Ramiyan road, near to military campus,
85 km to Azadshahr; Manafzadeh & Salvo 104 (Z); HM163997, HM163897, HM163797.
H. furfuraceum; fur26W; Iran, C Damghan-Semnan, in deserto gypsaceo, 2–7 km supra Sorkheh,
prope Semnan; 1983-07483 (W); HM163998, HM163898, HM163798.
H. glaberrimum Bunge ex Boiss.; gla28W; Iran, C. Kavir (Kavir protected region), Mobarakiyeh
40 km a Varamin, eridiem versus; 1975-13435 (W); HM163999, HM163899, HM163799.
H. glaberrimum; glaFAR34555; Iran, Khorasan Prov., SW of Sabzevar, Parvand; 34555 (FAR);
EF489082, EF489156, EF489230.
H. griffithianum Boiss.; gri182LE; Tajikistan; V.P. Bochantzev 182 (LE); —, HM163900,
HM163800.
H. griffithianum; gri30W; Afghanistan, Kalifghan, Kataghan Prov.; 1980-16250 (W); HM164000,
HM163901, HM163801.
H. laristanicum C. Towns.; lariW; Iran, Lar prov.; 1958-2917 (W); —, HM163902, HM163802.
H. latifolium Kar. & Kir.; lat1971LE; Kazakhstan, southern part; R.V. Kamelin 1971 (LE);
HM164001, HM163903, HM163803.
H. latifolium; latMA642325; Uzbekistan; 642325 (MA); EF489094, EF489168, EF489242.
H. linifolium (L.) G. Don; lin11758LE; Marocco; J. Lewalle 11758 (LE); HM164002, HM163904,
HM163804.
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H. linifolium; lin31W; Spain, Prov. Huesca, in collibus siccis 10 km a candasnos meridiem versus,
subste. Calcif; 1994-09998 (W); HM164003, HM163905, HM163805.
H. linifolium; lin32W; Spain, Madrid, entre Aranjuez y Valdelagua. Base del cwrro cavina; 199501052 (W); HM164004, HM163906, HM163806.
H. linifolium; linGDA47314; Spain; 47314 (GDA); HM164005, HM163907, HM163807.
H. lissonotum C. Towns.; lisSM30; Iran, Hormozgan Prov., Bastak-Lar road (5 km after Bastak);
Manafzadeh 3 (Z); HM164006, HM163908, HM163808.
H. lissonotum; lisZel0505112; Iran, Hormozgan Prov., Mount. Genu; Zeltner 05.05.11 2 & 3 (Z);
HM164008, HM163910, HM163810.
H. obtusifolium (Ledeb.) Ledeb.; obt106Z; Iran, Ghoochan-Dargaz, 22 km to Dargaz, Bibi
Gherghez; Manafzadeh & Salvo 106 (Z); HM164011, HM163913, HM163813.
H. obtusifolium; obtFAR16876; Iran, Khorasan Prov., South of Daragaz, Gherkhghez hills; 16876
(FAR); EF489098, EF489172, EF489246.
H. patavinum (L.) G. Don; patMA353204; Bosnia and Herzegovina; 353204 (MA); EF489085,
EF489159, EF489233.
H. pilosum Stschegleev ex Turcz.; pil204Z; Uzbekistan, border between Kattakurgan and past
Kargan; Manafzadeh & Salvo 204 (Z); HM164012, HM163915, HM163815.
H. pilosum; pilFAR18330; Iran, Khorasan Prov., between Torbat e Heydarieh & Gonabad, Lut e
Omrani, Ziarat; 18330 (FAR); HM164013, HM163916, HM163816.
H. popovii Korovin; popo44W; Afghanistan, E. Khosht, in montibus S yakubi, substr. Kalkschiefer;
1968-202 (W); —, HM163917, HM163817.
H. rechingeri C. Towns.; rechSM90; Iran, Bakhtiari Prov., Boroojen to Sefiddasht, 2 km to
Zarrinshahr junction; Manafzadeh 9 (Z); HM164014, HM163919, HM163819.
H. robustum Bunge; rob100Z; Iran, Tehran-Semnan, south of Tehran, 6km to Eyvanaki; Manafzadeh
& Salvo 100 (Z); HM164015, HM163920, HM163820.
H. robustum; rob108Z; Iran, Kashan, Aran-Bidgol, Maranjab area, 5 km after Aran; Manafzadeh &
Salvo 108 (Z); HM164016, HM163921, HM163821.
H. robustum; rob206Z; Uzbekistan, Navai, 30 km after Navai- Shafreghan, M-37 (TashkentBuchara); Manafzadeh & Salvo 206 (Z); HM164017, HM163922, HM163822.
H. stapfianum Hand.-Mazz.; staF1426; Iran, Fars Prov., Shiraz to Kharameh, km 21;
F.Ghahremaninejad 1426 (Z); EF489078, EF489152, EF489226.
H. stapfianum; staF1448; Iran, Fars Prov., beginning of the road Shiraz to Zarghan;
F.Ghahremaninejad 1448 (Z); HM164019, HM163924, HM163824.
H. suaveolens (DC.) G. Don; sua63W; Bulgaria, Central rhodope mts., above the town of
Assenovgrad; 2007-05771 (W); HM164020, HM163926, HM163826.
H. suaveolens; suaMA692105; Macedonia; 692105 (MA); EF489086, EF489160, EF489234.
H. telephioides Boiss.; tel50W; Turkey, E Ozkonak, B5 Nevshehir; 1990-06922 (W); HM164021,
HM163927, HM163827.
H. telephioides; telTurkey; Turkey, Yaylaci; Gabriele 21 May 2006 b (Z); HM164022, HM163928,
HM163828.
H. tenue Boiss.; ten51W; Armenia, vayots dzor province, eghegnadzor district, E part; 2006-03911
(W); HM164023, HM163929, HM163829.
H. tuberculatum (Forssk.) Adr. Juss.; tub60W; Egypt, NW/C part of the oasis 6-10 km NNW of Mt.
s.n.; 2006-12053 (W); HM164026, HM163932, HM163832.
H. tuberculatum; tubTARI72376; Iran, Semnan Prov., Sorkheh, Lasjerd; 72376 (TARI); HM164027,
HM163934, HM163834.
H. tuberculatum; tubZel0505081a; Iran, Fars Prov., Firuzabad, Palace of Ardeshir’s I; Zeltner
05.05.08 1a (Z); HM164028, HM163935, HM163835.
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H. tuberculatum; tubZel0505081b; Iran, Fars Prov., Firuzabad, Palace of Ardeshir's I; Zeltner
05.05.08 1 (Z); HM164029, HM163936, HM163836.
H. tuberculatum; tubZel0505152; Iran, Kerman Prov., Shahdad; Zeltner 05.05.15 2a & b (Z);
HM164030, HM163937, HM163837.
H. tuberculatum; tubZel1; Iran, Lali, 5 km avant; Zeltner & Mansion 3.5.2007 sn1 (Z); HM164031,
HM163938, HM163838.
H. tuberculatum; tubZel2; Iran, Choghazanbil; Zeltner & Mansion 3.5.2007 sn2 (Z); HM164032,
HM163939, HM163839.
H. villosum (M. Bieb.) G. Don; vilMA417870; Azerbaijan; 417870 (MA); EF489096, EF489170,
EF489244.
H. villosum; vilSM120; Iran, East Azarbayjan Prov., Kaleybar (Orliban Dam); Manafzadeh 12 (Z);
HM164036, HM163945, HM163845.
H. villosum; vilSM130; Iran, East Azarbayjan Prov., Kaleybar (Orliban Dam); Manafzadeh 13 (Z);
HM164037, HM163946, HM163846.
H. villosum; vilSM170; Iran, Ardebil Prov., Ardebil-Nir road (12 km to Nir); Manafzadeh 17 (Z);
HM164041, HM163950, HM163850.
H. villosum; vilT; Georgia, Transcaucasia; s.n. (TBI); HM164042, HM163951, HM163851.
H. virgatum Spach; virgF1437; Iran, Fars Prov., Shiraz to Kazerrun, Parishan Lake;
F.Ghahremaninejad 1437 (Z); HM164044, HM163953, HM163853.
H. virgatum; virgSM60; Iran, Fars Prov., Jahrom-Shiraz road (85 km to Shiraz); Manafzadeh 6 (Z);
HM164045, HM163954, HM163854.
H. viridulum Soják; virSM80; Iran, Fars Prov., Shiraz-Fasa road (Miyanjangal), opposite of
Emamzadeh Esmail; Manafzadeh 8 (Z); HM164047, HM163956, HM163856.
(b) Accessions of other Rutaceae taxa
Aegle marmelos Corrêa; Aeg; Eastern Asia; Chase 1340 (K); HM163957, HM163857, HM163756.
Agathosma sp.; UK; Kew DNA bank 2342; FJ716745, FJ716767, FJ716789.
Atalantia ceylanica (Arn.) Oliver; Chase 1341 (K); KF159530, KF159534, KF159538.
Balfourodendron riedelianum (Engl.) Engl.; UK; Kew DNA bank 2345; FJ716747, FJ716769,
FJ716791.
Boenninghausenia albiflora Reichb. ex Meissner; Japan; Chase 22071 (K); EF489070, EF489144,
EF489218.
Boronia cymosa Endl.; Chase 2186 (K); FJ716744, FJ716766, FJ716788.
Choisya ternata Kunth; Switzerland: Zürich Botanic Gardens; living collection; Cult.; 19963167,
EF489104, EF489178, EF489252.
Chorilaena quercifolia Endl.; Chase 1755 (K); FJ716742, FJ716764, FJ716786.
Citrus reticulata Blanco; Citr; Switzerland, Zürich Botanic Gardens, living collection, cult.
19790418; Sandro Wagen 48 (Z); HM163958, HM163858, HM163757.
Clausena excavate Burm. f.; Chase 1343 (K); KF159531, KF159535, KF159539.
Cneoridium dumosum Hook. f.; Cneo; USA, Oak Crest Park, California; Alexander Kocyan 154 (Z);
HM163959, HM163859, HM163758.
Dictamnus albus L.; Bosnia and Herzegovina; M. Bandle & A. Lenherr 22483 (Z); EF489109,
EF489183, EF489257.
Eremocitrus glauca (Lindl.) Swingle; Chase 1768 (K); KF159532, KF159536, KF159540.
Eriostemon brevifolius A. Cunn. ex Endl.; UK; Kew DNA bank 2061; FJ716743, FJ716765,
FJ716787.
Euodia lepta (Spreng.) Merr.; Shin Ying Hu 11982 (LE); FJ716734, FJ716756, FJ716778.
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Euodia simplicifolia Ridl.; Chow and Wan 80125 (LE); FJ716733, FJ716755, FJ716777.
Flindersia pimenteliana F. Muell.; Australia; PIF 29742 (Z); FJ716741, FJ716763, FJ716785.
Fortunella japonica (Thunb.) Swingle; Chase 1758 (K); KF159533, KF159537, KF159541.
Glycosmis citrifolia Lindl.; Glyc; Taiwan, Taipei; Yih-Han Chang 3310 (Z); HM163961,
HM163861, HM163760.
Lunasia amara Blanco; Chase 1347 (K); FJ716740, FJ716762, FJ716784.
Melicope sp.; France: New Caledonia; J. Munzinger & G. McPherson 785 (MO); EF489107,
EF489181, EF489255.
Phellodendron amurense Rupr.; Chase 1771 (K); FJ716737, FJ716759, FJ716781.
Poncirus trifoliata (L.) Raf.; Ponc; Switzerland, Zürich Botanic Gardens, living collection, cult.
19760414; Sandro Wagen 7 (Z); HM163960, HM163860, HM163759.
Ptelea angustifolia Benth.; Chase 1765 (K); FJ716736, FJ716758, FJ716780.
Ptelea trifoliata L. var. mollis Torr. & A.Gray; Belgium: National Botanic Garden of Belgium;
living collection; Cult. 19871850; FJ716735, FJ716757, FJ716779.
Ravenia infelix Vell.; J. Kallunki et al. 614 (NY); FJ716746, FJ716768, FJ716790.
Ruta chalepensis L.; Italy: Rio di Pula, Villa San Pietro, Calgliari, Sardinia; Bacchetta 50 (Z);
EF489044, EF489118, EF489192.
Ruta graveolens L.; France: Aveyron, Gages; Renaux 12 (Z); EF489056, EF489130, EF489204.
Ruta lamarmorae Bacch., Brullo & Giusso; Italy: Bruncu Orisa, Villagrande Strisaili, Nuoro,
Sardinia; Bacchetta & Carta 206 (Z); EF489051, EF489125, EF489199.
Ruta pinnata L.f.; Spain: La Palma, Canary Is.; A. Santos 1.2007 (Z); FJ716726, FJ716748,
FJ716770.
Severinia buxifolia Ten.; Chase 1763 (K); FJ716731, FJ716753, FJ716775.
Skimmia japonica Thunb.; Switzerland: Zürich Botanic Gardens; living collection; Cult. 19651137;
EF489103, EF489177, EF489251.
Spathelia sp.; UK; Kew DNA bank 1899; FJ716739, FJ716761, FJ716783.
Thamnosma texanum (A.Gray) Torrey; USA; M. Merello & D. Kruger 2643 ( MO); EF489075,
EF489149, EF489223.
Toddalia asiatica Baill.; Taiwan; K.U.Kramer, E.Zogg, H.Gassner 7828 (Z); FJ716738, FJ716760,
FJ716782.
Zanthoxylum americanum P.Mill.; Spain: Real Jardin Botanico of Madrid; living collection;
Gonzalo Nieto Feliner 4/22/05; EF489101, EF489175, EF489249.
Zanthoxylum simulans Hance; Switzerland: Zürich Botanic Gardens; living collection; Cult.
19963815; EF489100, EF489174, EF489248.
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ABSTRACT:
Both geological and climatic factors shape species diversity of earth’s biotas. The IranoTuranian (IT) floristic region is one of the world ´s largest floristic regions, occupying the
vast arid continental lands of Eurasia (ca. 30% of its surface). Questions pertaining to the
patterns of speciation of the taxa occurring in this vast and highly diverse floristic region
remain largely unanswered. In this study, we explore which factor (allopatry versus
ecological divergence) plays a greater role in speciation of xerophytic IT elements and what
are the relative roles of niche conservatism and niche evolution in explaining the current
species diversity and distribution of the IT xerophytes. We employed phylo-climatic
modelling approaches together with a dated phylogeny of the IT-characteristic xerophytic
genus Haplophyllum in order to estimate and compare species’ geographical and climatic
overlap in a phylogenetic framework. We also use comparative methods to study quantitative
effects of floristic sub-regions on climatic variables. Our findings show that different climatic
and geographical factors affected speciation of IT xerophytes, i.e. Haplophyllum. We can
conclude that Haplophyllum sister-species with less geographical overlap and little climatic
niche differences are more likely to have originated allopatrically in the Neogene (during
periods of directional climate change) via niche conservatism.
Keywords: allopatry, ecological divergence, Irano-Turanian, niche conservatism, niche
evolution
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INTRODUCTION:
Change is a dominant feature of the biosphere. Species have diversified and become
extinct throughout the history of life, with changes in community composition, climate and
geology, along with habitats expansions and recessions. In consequence, the distribution of
species diversity over the surface of the Earth is neither homogeneous nor random (Léveque
& Mounolou, 2003; Gotelli et al., 2009). The species diversity of biotas is caused by the
integration of geographical and ecological factors (i.e. temperature, precipitation, altitude,
soils, continental drift, orogenies, and the presence of other species), in addition to their
evolutionary history.
At the broadest scale, the surface of the Earth can be divided into distinct biogeographical
regions, called floristic regions in plant sciences. Floristic regions are geographical units
based on (1) distinctive floristic composition, (2) presence of distinctive genera and species
that are dominant in and restricted to the area, and (3) high specific, generic and even higher
taxa endemism (Takhtajan, 1986; McLaughlin, 1994; Cox, 2001; Cox & Moore, 2005; Kreft
& Jetz, 2010). Through the analysis of broad-scale diversity patterns, floristic plant
geography provides hypotheses of the processes that shaped current plant distributions, which
can be tested by using phylogenetic and biogeographic approaches (McLaughlin, 1994).
The Irano-Turanian (IT) region is one of the world´s largest floristic regions, occupying
the vast arid continental lands of Eurasia (ca. 30% of its surface), from the Sinai Peninsula to
easternmost Mongolia (see Manafzadeh et al., accepted in Biological Reviews). Although the
IT region is among the World’s most challenging environments for plant life, it harbours
more than 32000 species of vascular plants (Takhtajan, 1986; Sales & Hedge, 2013), ca. 25 to
40% of which are endemic to the region (Zohary, 1981; Takhtajan, 1986). Species richness
and endemism are not uniformly distributed in the IT region: the three major global
biodiversity hotspots included in the IT region, the Irano-Anatolian plateau, the Mountains of
Central Asia, and the Caucasus (Mittermeier et al., 2005), all belong to the western IT region,
and other parts of the region, especially in the eastern IT, are much less diverse (Manafzadeh
et al., accepted in Biological Reviews).
Two tectonic events had a determining influence on the geology and topography of the IT
region: the India-Asia collision in the east and the Arabia-Eurasia collision in the west. These
collisions caused the onset of uplift in the many mountain ranges in the region, especially
from the middle Miocene to the Pliocene. Owing to this complex tectonic history, the IT
floristic region displays striking geological and lithological heterogeneity (Stoecklin, 1968),
which are key to understanding the patterns of the rich biodiversity and current plant
distributions of the IT flora.
The uplifts of the mountains (e.g. Zagros, Alborz, Kopeh Dagh, Pamirs, and Tian Shan
mountains) and plateau regions (e.g. Iranian, Anatolian, and Tibetan plateaus) caused climate
cooling and rain shadows on a large scale (aridification) in Eurasia before and during the
middle Miocene climatic optimum (Flint, 1957; Hamilton, 1968). The IT floristic region is
thus characterized by continental climate with hot and dry summers, cold and harsh winters,
and low precipitation (de Candolle, 1820; Eig, 1931; Zohary, 1973; Djamali et al., 2012).
Aridification in the IT resulted in drastic shifts in the distribution of plants, thereby
facilitating speciation and diversification, and shaping geographical genetic structure.
Given these climatic conditions, xerophytic taxa are predominant, and most of the IT
region is covered with dwarf shrub-land, steppe, and herbaceous communities (Takhtajan,
1986). Did such taxa evolve in situ as the conditions changed or were they pre-adapted to
xeric conditions elsewhere (e.g. neighbouring floristic regions) and then immigrated into the
IT? Among botanists, the emerging consensus is that plant lineages tend to be conservative in
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their niche requirements (Peterson et al., 1999; Webb, 2000; Prinzing et al., 2001; Ackerly,
2004; Wiens & Graham 2005; Donoghue, 2008; Crisp et al., 2009). This niche conservatism
implies that migration of pre-adapted lineages into new habitats is of great relevance in the
assembly of communities.
Despite the great expansion of evolutionary studies during the last decades, the IT floristic
region and its xerophytic flora remain very poorly known from an evolutionary point of view
(Manafzadeh et al., 2014). Therefore, questions pertaining to the patterns of speciation of the
taxa occurring in this vast and highly diverse floristic region remain largely unanswered.
Most of the IT biodiversity occurs in the western IT region (see above). Studies should
therefore focus on the western IT region to understand its overarching patterns of
biodiversity, e.g. via a study of a characteristic xerophytic genus. Haplophyllum, from the
citrus family (Rutaceae), is characteristic of the IT floristic region (Zohary, 1973; Takhtajan,
1986). A recent biogeographical analysis ascertained the genus´ monophyly and established
that it originated in the early Eocene in Central Asia and started to diversify in the early
Oligocene (Manafzadeh et al., 2014). The evolution of the xerophytic Haplophyllum has been
shown to be closely connected with the geological and climatological development of the
continental arid and semiarid areas of the IT region (Manafzadeh et al., 2014). Moreover,
Haplophyllum´s range also extends to the seasonally dry, but not continental Mediterranean
region. Haplophyllum therefore represents an ideal model group to compare speciation
patterns in the IT region and its neighbouring Mediterranean region.
Tectonic movements and topographical heterogeneity play a significant role in
determining species biodiversity. First, such heterogeneity increases habitat variability,
thereby increasing the range of niches that can be occupied by different organisms. Second,
depending on the size and mobility of organisms, opportunities for geographical isolation and
speciation increase in topographically diverse landscapes (Knapp, 1987; Groombridge &
Jenkins, 2002; Linder, 2003). The aforementioned factors are important in limiting gene flow
and increasing the probability of allopatric speciation via vicariance and dispersal (Knapp,
1987; Manafzadeh et al., 2014). The IT region´s diverse topography, ranging from high
mountains to deserts and from the Fertile Crescent lowlands to the almost rainless deserts of
Central Iran, Central Asia, and east of the Tian Shan mountains, combined with stable
continental climatic conditions since the early Miocene might be the key elements to
understand the flora´s rich biodiversity patterns and current plant distributions.
Incorporating phylogenies with climatic data has the potential to answer major questions
on speciation modes, the role of climate versus geology, and the importance of niche
conservatism versus niche evolution in speciation (Hua & Wiens, 2013). Two main scenarios
can be proposed for the relative roles of niche conservatism and niche evolution in explaining
the current species diversity and distribution of the xerophytic IT elements (Manafzadeh et
al., accepted in Biological reviews). In the first scenario, high dispersal rates in IT species
enable plants to track their preferred habitats, which would lead to stabilizing selection on
ecological traits, i.e. niche conservatism. In the second scenario, dispersal limitations drive
rapid niche evolution (e.g. Ackerly, 2003; Boucher et al., 2012). Isolation on “environmental
islands” subject to environmental change might have exposed IT species to strong selection
pressures, resulting in rapid niche shifts.
Current speciation patterns of IT xerophytes can be explained via two alternative
scenarios: (1) IT habitats encompass complex geology, having been fragmented by various
events of mountain uplifts in the Middle Miocene. Therefore, allopatric speciation via
vicariance or long-distance dispersal has been given a prominent role in IT plants, because
many sister-taxa display allopatric distributions. If allopatric speciation were the dominant
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mode of speciation in the IT flora, it would be expected that most sister-species pairs be
allopatrically distributed, but show little ecological differences (Kozak & Wiens, 2006). (2) It
is also possible that ecological divergence participated in speciation of IT xerophytes (Nosil,
2012), because IT xerophytes can differ substantially in their habitat preferences (Gottlieb,
2003; Anacker & Strauss, 2014). When different populations of the same Haplophyllum
species occur in different habitats of the IT region, the different climates may impose
divergent selection that drives the evolution of reproductive isolation (Schluter 2001, 2009;
Rundle & Nosil 2005).
This study thus employs phylo-climatic modelling approaches together with a dated
phylogeny of the IT-characteristic xerophytic genus Haplophyllum in order to estimate and
compare species’ climatic niches in a phylogenetic framework. This will allow us to
understand the evolutionary history of climatic niches of Haplophyllum, and answer the
following questions: (i) which factor (allopatry versus divergence in climatic niches) plays a
greater role in speciation of xerophytic IT elements? (ii) what are the relative roles of niche
conservatism and niche evolution in explaining the current species diversity and distribution
of the IT xerophytic elements?
RESULTS:
Geographical overlap and range asymmetry. The geographical overlap of sisterspecies pairs and their range asymmetry were calculated in order to understand the
geographical mode of speciation of IT xerophytes (i.e. Haplophyllum). In the maximum
clade-credibility tree of Manafzadeh et al. 2014 (Fig. S1), 13 pairs of Haplophyllum sisterspecies were identified: three species pairs showed 0% range overlap (i.e. were strictly
allopatric), four species pairs showed less than 10% range overlap, and four species pairs
displayed more than 20% range overlap (see table 1).
Range asymmetry between sister-species pairs varied widely from 0.05 to 0.94. Over the
13 sister pairs, range asymmetry showed a general tendency to increase significantly for
species pairs that displayed more than 20% range overlap, except for the H. boisseierianumH. albanicum species pair (geographical overlap=5%; range asymmetry=0.94; see table 1).
Climatic overlap. The climatic overlap of pairs of Haplophyllum sister-species was
measured in order to understand whether selection for different climatic preferences was an
important driver of speciation in IT xerophytes. Two pairs (H. lissonatom-H. canaliculatum
and H. viridulum- H. stapfianum) were removed from the climatic overlap analysis due to
insufficient numbers of occurrence points (i.e. less than 2 points). Three of the 11 pairs of
Haplophyllum sister-species exhibited little (less than 10%) overlap in their climatic niches
and 7 pairs displayed substantial climatic overlap (more than 20% climatic overlap; see table
1). Similarity tests indicated that climatic niches of 10 sister-species were significantly similar
(Pval= 1.0 see table 1).
Our results indicate that the sister-species with little geographical overlap (less than 10%
geographical overlap) had substantial climatic overlap (more than 20% climatic overlap),
except for the H. acutifolium-H. robustum sister-species, which displayed both high
geographical and climatic overlap (23% and 40%, respectively). However, further analyses
are required in order to investigate how range overlap, range asymmetry, and ecological
overlap are correlated with time since divergence of the sister-species pairs using linear
regressions.

99

Table 1. Range and niche differences of the 13 sister-species pairs from the MCC
tree. For each sister-species pairs, columns indicate: the median divergence time inferred
from the posterior density from Bayesian dating analyses (see also Fig S1), the
asymmetry in their ranges, geographical overlap, overlap in climatic niches, and the pvalue of the niche similarity test, respectively.
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Figure 1. Maximum clade credibility (MCC) chronogram and ancestral area reconstruction of
Haplophyllum and floristic maps based on Takhtajan (1986) and Manafzadeh et al. (see chapter I of this
thesis). Pie charts at internal nodes indicate the proportion of likelihood associated with the ancestral area of
different floristic sub-regions shown in the map on the left and table S1, based on the ER model. Numbers on
the maps refer to the different sub-regions listed in table S1. Colours in the legend apply to both pie charts and
numbers on the map.

101

Niche evolution in floristic sub-regions. To test whether the evolutionary trajectories
of climatic variables differ among the nine floristic sub-regions (see Fig. 1 and table S1), a
series of likelihood models were fitted for continuous climatic variables and compared the
estimated parameters among the most likely candidate models. The likelihood of the data
given an equal model (ER) was higher than under other models. Figure 1 illustrates the
ancestral area at the internal nodes of the MCC tree as the proportion of likelihood associated
with different floristic sub-regions under the ER model. The ancestral reconstructed areas at
the deeper nodes are significantly more likely to be the Central Asian and North Afghanistan
sub-region (see Fig 1).
The results of the model-fitting for four models (BM1, BMS, OU1, and OUM) of
quantitative climatic trait evolution are summarised in Table 2. The Hessian matrix of two
models (i.e. OUMA and OUMV) displayed a negative eigenvalue, which means that these
models were too complex for the information contained in our data and they were excluded
from the analyses.
Different evolutionary scenarios yielded extremely variable AICc distributions (see table
2). The model for precipitation seasonality (BIO 15) with the lowest AICc weight was a
Brownian motion model (BM1), where there is no difference between the sub-regions, and
precipitation seasonality (BIO 15) evolves according to a Brownian motion process. The bestfitted model (with the lowest AICc weight) for the precipitation of the coldest quarter
(BIO18) was a Brownian motion model (BMS), where the precipitation of the coldest quarter
(BIO 18) evolves at different rates in the different sub-regions. Our results showed that rates
of σ2 were much higher for the East IT sub-region, indicating a strong intensity of stochastic
fluctuations of the precipitation of the coldest quarter variable (BIO 18) in the East IT subregion. However, both temperature seasonality (BIO 4) and temperature of annual range (BIO
7) received the lowest AICc weights for an Ornstein–Ulhenbeck model (OUM), where rates of
σ2 were similar among sub-regions and θ optimum was much higher for the East IT and
Central Asian sub-regions. This indicates that Central Asia and the East IT have the highest
temperature seasonality and annual temperature range among all other sub-regions. Finally,
the model of the temperature of the wettest quarter (BIO 8) that obtained the lowest AICc was
an Ornstein–Ulhenbeck model (OU1) with similar rates of σ2 and θ optima for all sub-regions.
This indicates that there is no difference between the sub-regions, and that temperature of
wettest quarter (BIO 8) evolves to the same optimum across all Haplophyllum species.
In summary, our results indicated different evolutionary patterns for the various climatic
variables based on different floristic sub-regions: precipitation variables did not show any
sign of constraints and evolved according to a random-walk, but temperature variables were
more constrained (i.e. indicating niche conservatism within each sub-region).
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Table 2. Models of quantitative-trait (climatic variables) evolution relevant to this
study. Model fit of plausible models for the five climatic variables, indicating AICc
weights. Parameter estimates are reported under stochastic maps generated using the ER
model for the evolution of floristic sub-regions. See Fig 1 and table S1 in the supporting
information for list of the sub-regions.

DISCUSSION:
At the regional and long-time scale, speciation can be influenced by abiotic factors such as
climatic and tectonic events (court jester hypothesis; Benton, 2009). Floristic regions are thus
not only strongly influenced by dispersal ability of species, but also by geographical, tectonic,
and climatic history. Species can respond to climatic changes by adaptive evolution or by
migrating geographically to track their favoured climate (Hodkinson et al., 2011).
Phylogenetic approaches can provide invaluable insights for the study of biological speciation
and its link with climatic change, and migration (Donoghue, 2005, 2008; Edwards et al.,
2007). For example, our study indicates that allopatric speciation via niche conservatism has
promoted speciation of xerophytes (i.e. Haplophyllum) in the IT floristic region, thus
reflecting the complex geological history of the region.
Speciation mode of xerophytes in the IT floristic region.
Haplophyllum is a characteristic xerophytic genus of the IT region, which originated in the
early Eocene and started to diversify in Central Asia when the region became drier after the
vanishing of the Tethys Ocean (ca. 30 Ma) (Manafzadeh et al., 2014). The opportunity to
compare sister-taxa is a powerful tool of the comparative phylogenetic approach. Since sisterspecies originated from a single ancestor, they started from the same phenotype and genotype
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and had the same time to evolve from this ancestor. Similarities in their traits are most likely
due to their common origin, but their differences reflect independent aspects of their separate
histories.
The main mode of speciation in older IT sister-species pairs occurring in the East IT and
Central Asian sub-regions (i.e. H. dshungaricum-H. dauricum, H. popovii- H. latifolium, and
H. bucharicum- H. dubium) is most likely allopatric (see table 1). At the time of divergence
of the above-mentioned three sister-species (ca. 22 Ma, 9 Ma, and 8 Ma, respectively; see
table 1 & Fig S1), increasing tectonic activities by the uplift of various mountain ranges in
Central Asia and North Afghanistan caused significant range shifts that could have promoted
allopatric speciation in these sister-species and possibly other xerophytes of this area.
The two sister-species pairs occurring on the Iranian plateau (H. virgatum- H. laristanicum
and H. glaberrimum-H. furfuraceum) diverged ca. 2 Ma and 3 Ma respectively, thus are much
younger than the species pairs occurring in the East IT and Central Asia (see table 1 & Fig
S1), and show little climatic overlap. However, the niche similarity tests indicate that climatic
niches of these sister-species are significantly similar (see table 1). Our finding strongly
supports that allopatric speciation with little ecological divergence is the main mode of
speciation in IT xerophytes.
The three Mediterranean pairs of sister-species, (i.e., H. patavinum-H. suaveolens, H.
boissierianum-H. albanicum, and H. linifolium-H. bastentanum) diverged respectively ca. 7
Ma, 4 Ma, and 5 Ma and occur in allopatry or with little geographical overlap (see table 1 &
Fig S1). Climate seems to have played a less important role than geology in speciation of
xerophytes within Mediterranean Haplophyllum on long time scales.
In summary, geological heterogeneity in the IT region combined with a stable continental
climate since the early Miocene to early Pliocene should be considered an important factor
limiting gene flow among xerophytic populations and favouring allopatric speciation via
vicariant processes. Nevertheless, speciation events between young Haplophyllum sisterspecies can be due to the climatic instability of the last 3 million years (e.g. Cousinia: Djamali
et al., 2011).
Patterns of niche evolution in Haplophyllum.
Variation in climate (over space and time) is widely considered to be important for
speciation (Hua & Wiens, 2013). Our results reveal evolutionary constraints of climatic
niches in Haplophyllum, as indicated by Ornstein–Ulhenbeck models of OUM and OU1 in
climatic optima along temperature. Our results also exhibit evolutionary lability of climatic
niches in Haplophyllum, as indicated by Brownian models of BM1 and BMS in climatic
optima along precipitation (see table 2). Continentality is the most important bioclimatic
factor in differentiating the IT region from its neighbouring floristic regions and is also
responsible for floristic differences among sub-regions of the IT region itself (Djamali et al.,
2012). Our results appear to confirm the crucial role of continentality and conservative
behaviour of IT xerophytes like Haplophyllum for climatic variables (i.e. temperature).
Ancestral lineages of Haplophyllum arose in the semi-arid Central Asia with steppic
vegetation and a seasonally dry climate (Manafzadeh et al., 2014; Fig 1). Xerophytes (i.e.
Haplophyllum) initiated their expansion from their ancestral range in Central Asia into the
rest of the IT region when the IT region became more arid and more continental (Manafzadeh
et al., 2014). Previous studies have shown that adaptations to new climates have often been
difficult (e.g. Donoghue, 2008). The failure of plants to adapt to different ecological
conditions may also drive speciation (Wiens, 2004). It has been hypothesised that allopatric
speciation is associated with climatic niche conservatism (Wiens, 2004). Under this
hypothesis, incipient species of Haplophyllum on each side of a barrier of unsuitable habitat
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cannot succeed in adapting to climatic conditions there because they maintain similar climatic
tolerances over time (i.e. niche conservatism).
Finally, there are different patterns by which climatic changes affect speciation, with
directional climate change promoting speciation via niche conservatism, and cyclical climatic
oscillations promoting speciation via niche divergence (Hua & Wiens, 2013). We can
conclude that the Haplophyllum sister-species with less geographical overlap and with little
climatic niche differences are more likely to have originated allopatrically in the Neogene
(during periods of directional climate change) via niche conservatism.
MATERIALS AND METHODS:
Occurrence and environmental data. No geo-referenced sources of distribution data
are generally available for IT species. Therefore, distribution data for all species of
Haplophyllum (37 species in total) was gathered from main herbaria for IT collections (G,
FAR, LE, MA, P, TAK, TARI, TBI, W, and Z) and Townsend’s (1986) monograph and
manually transferred to geo-referenced data (887 occurrence data points). We also added 622
locations from the Global Biodiversity Information Facility (www.gbif.org). If several points
were located in the same pixel of a 1x1km grid (the resolution of the climatic layers that we
used, see below), they were considered a single presence observation and only one point was
kept. The final dataset included 1322 occurrence points for all species.
Niche separation. A total of 19 environmental variables with a spatial resolution of
30 arc sec (ca.1 km²) were used to construct the ecological niche model from the WorldClim
database (Hijmans et al., 2005, http://www.worldclim.org). These variables represented a
range of metrics (mean value, variance, and extremes) on global temperature and precipitation
values. To separate species’ niches in a multidimensional space, we used Principle
Component Analyses (PCA) to convert the original 19 climatic variables to principal
components that explained most of the variables and their correlations. From the results of the
PCA, three variables were selected to represent climate over our chosen study area: BIO4
(Temperature seasonality), BIO8 (Mean temperature of wettest quarter), BIO18 (Precipitation
of warmest quarter). Two climatic variables were also chosen because they are very relevant
to the IT climate: BIO7 (Temperature annual range) and BIO15 (Precipitation seasonality).
Phylogenetic inference. In this study, we used the time-calibrated phylogeny of
Haplophyllum estimated by Manafzadeh et al., 2014 (representing 37 of 68 Haplophyllum
species, 54%). Phylogenetic relationships were inferred from three chloroplast markers using
the uncorrelated lognormal relaxed clock method in BEAST v.1.6.2 (Drummond & Rambaut,
2007). Taxon sampling was designed to cover the taxonomic and geographical diversity of
Haplophyllum. After pruning all species outside of Haplophyllum, a maximum clade
credibility (MCC) tree with median node heights was calculated for 37 Haplophyllum species
from 1000 samples from the posterior distribution of phylogeny estimates for Rutaceae of
Manafzadeh et al., 2014.
Geographical overlap and range asymmetry. The geographical overlap of sisterspecies pairs and their range asymmetry were measured in order to explain the geographical
mode of speciation in IT xerophytes (i.e. Haplophyllum). The geographical range of each
species was calculated by placing ca. 110 km buffer around each occurrence point and
merging all overlapping polygons obtained. We then calculated the geographical overlap as
the area of overlap between the ranges of two sister species divided by the range size of the
smallest ranged one. Range asymmetry was measured as the range size of the sister species
with the smallest range divided by the range size of the other one (e.g. Anacker & Strauss,
2014; Boucher et al., in press).
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Climatic overlap. Niche overlap between sister-species in multidimensional
environmental space was quantified following Broennimann et al., (2012). The first two axes
of a PCA calibrated on the entire environmental space sampled over the ranges of both sisterspecies were used to represent the climatic conditions experienced by sister-species but also
the climate present in the region(s) they occupy. These two axes were then divided into a grid
of 100 × 100 cells, each cell representing a unique combination of environmental conditions
present at one or more sites in geographical space. Climatic niche overlap between the two
taxa was measured using Schoener’s D index (Schoener, 1970) in this reduced environmental
space. We also applied the niche similarity test of Warren et al. (2008) to examine whether
two taxa exhibit differences in their climatic niches because they occur in areas characterised
by different climates (i.e. different realized niches) or because they have different
physiologies (i.e. different fundamental niches; Boucher et al., 2014).
All analyses of geographical and climatic overlap were implemented in R (R Core Team,
2014) using packages ade4 (Dray & Dufour, 2007), raster (Hijmans & van Etten, 2012), rgeos
(Bivand et al., 2014), and TreePar (Stadler, 2011).
Niche evolution in floristic sub-regions. We fitted a series of models for the
evolution of continuous characters on phylogenetic trees to the mean position of each
Haplophyllum species on several climatic variables (i.e. temperature seasonality, mean
temperature of wettest quarter, temperature of annual range, precipitation of warmest quarter,
and precipitation seasonality) to examine the main scenario for the evolution of climatic
preferences over the entire Haplophyllum genus. Models included Brownian motion (i.e. a
random drift in climatic space with no trend, BM) and Ornstein-Uhlenbeck (OU) models,
which add a deterministic pull towards an optimal value to the random drift term. Models
with multiple regimes include multiple values for ‘θ’ (the optimal trait value), ‘α’ (the pull
towards the optimum), and/or ‘σ’ (σ2 is the Brownian motion rate parameter) for different
parts of the phylogeny (e.g. Butler & King, 2004; O’Meara, 2006; Beaulieu et al., 2012). In
our case, different clades were determined by the presence of species in either one of the nine
floristic sub-regions (see table S1 for list of sub-regions), as determined by the ancestral area
reconstruction presented below. Along the phylogeny, i.e. we allowed for different
parameters of the evolutionary process to act in the nine sub-regions.
To select the best model, we first applied stochastic character mapping (Huelsenbeck et
al., 2003) in an equal rates model (i.e. ER) to sample possible histories of the floristic subregions on the phylogenetic tree in order to allow for the incorporation of uncertainty in the
evolutionary history. Relative model fit was determined using AICc weights. Since the
models are very complex and the information contained within the dataset can be insufficient
and as a result one or more parameters might be estimated incorrectly, we included the
diagnostics in the runs. Diagnostics include the eigendecomposition of the Hessian matrix,
which can indicate whether the maximum likelihood estimate has been found. If the
eigenvalues of the Hessian matrix are positive, parameter estimates are considered reliable
and the maximum likelihood estimate has been found (Beaulieu et al., 2012).
Six models of BM1 (single-rate Brownian motion), BMS (Brownian motion with different
rate parameters for each state on a tree), OU1 (Ornstein-Uhlenbeck model with a single
optimum for all species), OUM (Ornstein-Uhlenbeck model with different state means and a
single α and σ2 acting all selective regimes), OUMA (Ornstein-Uhlenbeck models that assume
different state means as well as either multiple α), and OUMV (Ornstein-Uhlenbeck models
that assume different state means as well as either multiple σ2) were considered in order to
determine which aspects of the evolutionary trajectories of climatic variables differ between
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floristic regions. OUMVA models were considered too complex for the information contained
in the data and were abandoned.
All analyses were implemented using the R packages OUwie (Beaulieu et al., 2012),
phytools (Revell, 2012), and ape (Paradis et al., 2004).
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Figure S1. Maximum clade credibility tree of Haplophyllum. The tree was pruned from
the previous study of Manafzadeh et al., 2014. Time is shown in million years on the x-axis,
based on median node heights estimated in the posterior density from Bayesian dating
analyses.
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Table S1. List of the Haplophyllum species considered in this study. Columns indicate:
species name, name of floristic sub-regions in which each species occurs (based on Takhtajan
(1986) and Manafzadeh et al. chapter I of this thesis), and code number of each sub-region or
combination of sub-regions.
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Abstract
The adaptation of the plants of the Irano-Turanian (IT) region, which occupies the vast
continental arid lands of Eurasia to post-industrial global warming has never been studied. As
a case study, we focussed on the stomata index (SI), stomata density (SD), and stomata surface
(SS) of the leaves of the non-succulent xerophyte Haplophyllum. 83 herbarium sheets were
sampled representing 16 species of Haplophyllum collected from 1821-2014: 12 species from
the oriental Asian countries (inside the IT region) and three species from the occidental
European countries (inside the Mediterranean floristic region). Stomata were measured and
counted from scanning electron micrographs and analysed via Tukey´s Honest Significance
Difference test and ANOVA. Stomata index decreased between pre- and post-1950 in the
occidental species (significant only for abaxial leaf side), whereas SI significantly increased in
the oriental species (both sides). On the adaxial side of the leaf, the SS was significantly
negatively correlated with SD. These differences are possibly due to the contrasting dominance
in the mild Mediterranean climate of increased atmospheric CO2 (which causes SI decrease)
versus in the harsh continental IT climate of increased drought stress (which in non-succulent
xerophytes causes SI increase). Finally, this study highlights the considerable potential for
research based on herbarium collections to contribute to ecological/environmental issues.
Keywords: atmospheric CO2, industrial revolution, occident, orient, stomata index
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1. Introduction
The Earth has experienced a constantly changing climate in the time since plants first
evolved. Carbon dioxide (CO2) is an important greenhouse gas and higher or lower atmospheric
levels of CO2 have been linked, respectively, to warmer or cooler climates in the past
[1][2][3][4]. Over the period 1860-2015, the global atmospheric partial pressure of CO2
increased from 280 to 399 ppm (figure 1a). As a consequence, the Earth surface temperature
increased and more prolonged dry periods are expected to alternate with more intensive rainfall
events [5][6], thereby affecting future vegetation characteristics [7][8]. To anticipate these
changes, we need to understand and predict the possible responses of different regional
vegetations to increased drought conditions. Climatic change does not have the same impact on
different regions of the Earth, neither in the recorded past, nor in models of the future.
At the broadest scale, the area of the Earth can be divided into distinct biogeographical
regions, also called floristic regions in plant sciences [9][10][11][12][13]. Among floristic
regions, the Irano-Turanian (IT) region is one of the largest: it occupies the vast arid lands of
Eurasia, covering ca. 30% the surface of the continent, from easternmost Mongolia to the Sinai
Peninsula [14]. The IT region is characterized by high continentality, low winter temperature,
and strong precipitation seasonality [15]. Given these climatic conditions, plants adapted to
low-water availability, i.e. xerophytes are predominant [9].
Despite their importance in the evolution of the Eurasian flora, the adaptation of the
xerophytes of the immense IT region to post-industrial global warming has never been studied.
Moreover, no study has yet investigated whether the response of xerophytic elements to
climatic change differ between the largely industrial occidental European countries (inside the
Mediterranean floristic region) and the mostly developing oriental Asian countries (inside the
IT floristic region). The industrial countries have shown increase in CO2 emissions since the
XIXth century whereas in developing countries, this increase was delayed to the XXth century
(figure 1b). Ideally, such a study should focus on a characteristic genus of the IT region also
present in the Mediterranean region.
The xerophytic genus Haplophyllum from the Citrus family (Rutaceae) is a characteristic
genus of the IT floristic region [16][9] whose evolution is closely connected with the geological
and climatic development of the arid and semi-arid areas of the IT region [17]. Haplophyllum
comprises 68 species of perennial herbs and shrubs with elliptical to linear leaves, growing
overwhelmingly in open, dry, sunny habitats, in steppe and semi-desert areas [18][19].
Haplophyllum´s main centre of diversity lies in the IT region, but it is also present in the
Mediterranean floristic region (figure 1c; [19]). Haplophyllum is thus a perfect case study to
understand the effect of post-industrial warming on Eurasian xerophytes.
Stomata are microscopic structures on the epidermis of leaves formed by two specialized
guard cells that control the exchange of water vapor and CO2 between plants and the
atmosphere [20]. According to their water storing strategies, xerophytes have either relatively
low stomatal density (SD: stomata number per surface unit) in succulent xerophytes, or
relatively high SD in non-succulent xerophytes, as in Haplophyllum [21][22].
CO2 increase has been shown to mostly negatively affect SD (reviewed in [23]). SD is
affected both by the initiation of stomata and the expansion of epidermal cells, which in turn is
a function of many variables (e.g. light, temperature, water status, position of leaf on crown,
and intra-leaf position). SD is easier to measure and is often used when epidermal cells cannot
be counted accurately; however, CO2 plays a stronger role in stomatal initiation than in
epidermal cell expansion. Thus, Salisbury [24] introduced the stomatal index (SI), which
normalizes for the effects of this expansion (i.e. density of epidermal cells). It relates the
number of stomata per unit of leaf area to the number of epidermal cells plus number of stomata
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per unit leaf area. The SI is considered to be fairly constant within the leaves of a single plant
and exhibits a clear response (usually an increase) to increased atmospheric CO2 [20] [25]
[23][26] [27]). Stomatal surface (SS) and SD are negatively correlated [29]. The current
increase in atmospheric CO2 should therefore not only induce a decrease in SD but also an
increase in SS. It has also been demonstrated that SS decreases with drought stress treatment
probably because smaller stomata are capable of shorter response times enabling optimization
of long term carbon gain with respect to water loss [28][29]. Gas exchange usually takes place
on the shaded underside of the leaf (abaxial side; see figure 2d), where stomata are more
abundant and more uniformly distributed than the upper side of the leaf (adaxial side; see figure
2c), which can also be completely devoid of stomata. No significant difference in response
between the two different sides of the leaves was found in experimental increases on
atmospheric CO2 [23].
We therefore studied herbarium collections of both historical and recent specimens of IT
and Mediterranean xerophytes (i.e. Haplophyllum), in order to answer the following questions:
(i) What is the stomata response in Eurasian xerophytes (i.e. Haplophyllum) to post-industrial
increase of atmospheric CO2 concentration? (ii) Is this response dependant on floristic regions?
2. Material and methods
(a) Taxon sampling
83 herbarium sheets were sampled representing 16 species of Haplophyllum, of which 12
species occur in the oriental Asian countries (inside the IT floristic region) and three species
occur in the occidental European countries (inside the Mediterranean floristic region), one
species occurs in both oriental and occidental countries collected from 1821-2014 (table S1).
The herbarium authorities did not allow us to destructively sample more than one leaf per sheet.
(b) Data acquisition
The leaves were removed from the herbaria (W and Z) sheets with forceps and softened in a
solution of sulfosuccinate for three days [30]. The medial portion of the leaf blade has been
shown to display the most regular arrangement of stomata (especially on the abaxial side
[31][32][33]. Thus, the medial portion of each leaf blade was dissected out, sonicated for 2,5h
in xylene to remove cuticular waxes, critical point dried, mounted on scanning electron
microscope stubs, and sputter-coated with gold. Imaging was carried out on a JEOL JSM 6390
SEM at 10 kV. Stomata and epidermis cells were counted manually on a leaf surface of 0.0775
mm2, and SI was calculated by applying the following equation:
!" % =

&'()*'* +,)-./
&'()*'* +,)-./0.123./)*4 5.44 +,)-./

∗ 100

Guard cells length (L) and width (W) were measured by employing Image J software [34] in 6
replicates, and SS was calculated as L multiplied by W of the guard cell pair [29].
(c) Stomata response to post-industrial increase of atmospheric CO2
Tukey´s Honest Significance Difference test and Analyses of Variance (ANOVA) were
implemented in the R using “MASS” package and “car” package on the SI, SD, and SS datasets
to understand the change of these variables between occident and orient pre- and post- 1950.
The dividing date for our data was chosen at 1950, which corresponds to the time of “the great
acceleration” (figure 1a, 1b), when dramatic increase in oil and gas consumption initiated an
acceleration of the release of CO2 in the atmosphere [35].
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Figure 1. CO2 versus time and region. (a) Atmospheric CO2 since XVIIIth century
from ice core data and MaunaLoa observatory (modified from Scripps Institution of
Oceanography http://bluemoon.ucsd.edu/co2_400/co2_800k_zoom.png). (b) CO2
emission for selected countries from occident (inside Mediterranean floristic region)
and orient (inside Irano-Turanian floristic region; data from [43]). (c) Distribution of
Haplophyllum (Rutaceae). Hatched, Haplophyllum distribution; yellow, IT region;
blue, Mediterranean region; violet Saharo-Arabian region; brown Sudano-Zambesian
region (modified from [17]).
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3. Results
Table 1 and figure 2a, b, e summarise the results of the analyses of leaf traits (SI, SD, and
SS) detailed in table S1. Significant differences between pre- and post-1950 in SI were
identified for both leaf sides for both regions (occident versus orient), except for the occidental
species on the adaxial leaf side. SI significantly decreased in the occidental species (significant
only for abaxial side), whereas a significant increase was observed in the oriental species
(significant for both sides; see table 1 and figure 2a, b). Significant differences between preand post-1950 were not identified for changes in SD, except for oriental species on the abaxial
side of the leaves (see table 1 and figure S1a, b).
Our analyses indicate that on the adaxial side of the leaf, the SS is significantly negatively
correlated with SD (p =0,001; R2 = 0,11), but not with the SI (Fig. 2e). On the abaxial side of
the leaf, no such correlation is observed.

Figure 2. Stomata of Haplophylum. (a) and (b), boxplots of SI values on abaxial
and adaxial side of leaves, respectively in orient and occident regions before and after
1950. (c) and (d) scanning electron micrographs of adaxial and abaxial epidermis,
respectively of a historical specimen (Haplophyllum acutifolium; scale bar 50 = µm).
(e) correlation between SD and SS. Background figure is Haplophyllum villosum
(modified from [18]).

117

4. Discussion
Plants respond to the environmental signals they perceive by changes in their phenotype to
increase individual fitness [36]. The most conspicuous environmental change that induces
adaptations in plant phenotypes is the global increase in atmospheric CO2 concentration, and
one of the most conspicuous adaptation to this change is a widespread decrease in leaf SI [23].
However, this relative reduction in SI/or SD may vary substantially with vegetation type [23].
Previous studies over the past decades indicate that decreases in SI and /or SD have
accompanied increases in atmospheric CO2 concentration (e.g. [2][23]). Our results indicate
that SI decreased between pre- and post-1950 in the occidental Haplophyllum species
(significant only for abaxial side), but significantly increased between pre- and post-1950 in
the oriental Haplophyllum species on both sides of the leaves. However, values for SD exhibited
no significant trend possibly due to adaptation to other environmental conditions and variation
in leaf expansion [23].
These differences can be explained by either local differences in atmospheric CO2, or by
differences in other environmental factors influencing stomata initiation: irradiance,
temperature and water availability (reviewed in [23]). CO2 release in occidental countries
(Mediterranean floristic region) typically presents a regular upwards trend since the XIXth
century (figure 1b Spain, Italy, and Greece), whereas oriental countries (inside the IT floristic
region) show an increase since only the mid of the XXth century (figure 1b Iran, Turkey and
Afghanistan). However, both oriental and occidental countries increased their CO2 release over
time, and such differences cannot explain the opposing differences found in the data, but may
explain why the effect of atmospheric CO2 on stomata initiation in oriental plants could be
overridden by that of other environmental factors.
Global increase in irradiance, temperature, and decrease in water availability affects oriental
and occidental Haplophyllum species; however, most of the studied oriental species grow in
the IT floristic region, a region characterized by an almost absence of trees [9] and strong
continentality [15]. The effect of increased irradiance in the course of the XXth century [37]
would be expected to more strongly influence Haplophyllum growing in the open habitats of
the IT region than under the shade of trees in the Mediterranean region. Moreover,
Haplophyllum belongs to non-succulent xerophytes, which have been shown to possess
increased SI with small stomata as an adaptation to rapidly changing water availability [38] and
possibly to increased need for leaf cooling [39]. Therefore, increase in temperature and more
irregular water availability would be expected to increase SI further. In the harsher, more
continental conditions that the oriental Haplophyllum species experience, the environment may
constrain SI more tightly than atmospheric CO2, and paradoxically, a decrease in SI allowed by
higher atmospheric CO2 would probably not be advantageous to the plants due to constraints
of water stress response and leaf cooling. We can conclude that oriental non-succulent
xerophytes may be more constrained by climatic change itself rather than by its main effector,
increased atmospheric CO2.
A negative relationship between stomata SS and SD has been documented in non-succulent
xerophytes by Sundberg [40]. Non-succulent xerophytes possess larger number of small and
densely packed stomata thus providing for greater total transpiration [41]. The adaptive
advantage of high rates of water loss in non-succulent xerophytes is to decrease tissue
temperature by evaporative cooling [40].
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Table 1. Summary of results of ANOVA on significance and sign of differences
between SI, SD of both leaf sides before and after 1950 for occident and orient.

Finally, this study also highlights the value of historical collections to answer ecological
questions, especially regarding climatic change. By drawing on collections from several
herbaria, made over two centuries, we show how these data may provide valuable information
even of remote localities (e.g. IT floristic region), and we highlight the increasing value of
natural history collections in understanding long-term changes [42].
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Figure S1. SD dataset versus time and location. (a) and (b) boxplots of
SD values on abaxial and adaxial side of leaves, respectively in orient and
occident before and after 1950.

Table S1. Dataset from 83 herbarium specimen of Haplophyllum.
Stomata index, stomata density and stomata surface data from both leaf side,
for 16 species, classified by region (orient and occident), and collection date
(1821-2014). SI is obtained by the number of stomata per unit of leaf area
divided to the number of epidermal cells plus number of stomata per unit leaf
area; SD is obtained on a leaf surface of 0.0775 mm2 ; SS is obtained by
multiplying 2x guard cell width by guard cell length. SS averaged on 5
replicates.
Next pageà
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CONCLUSIONS
This thesis provides the most solid and complete overview on plant diversity of the IT
floristic region, an immense arid area covering approximately 30% of the surface of Eurasia
and connecting the eastern and western floras of the old world. This thesis applies modern
evolutionary and ecological tools for the study of a characteristic genus of the IT region.
Evolutionary, phylogenomic, and ecological research is required in order to protect this cradle
of plant diversity for its inhabitants and neighbouring regions (e.g. Mediterranean and Alps).
Thus IT region is a large and important piece of the puzzle to complete our picture of plant
evolution in Eurasia. I hope that the thesis will contribute to highlighting the rich but poorly
studied IT floristic region to biogeographers, ecologists, and evolutionary biologists, and will
promote renewed interest, cutting–edge research, and scientifically sound conservation
efforts.
The countries of the Middle East that host the major evolutionary and biodiversity centres
of the western part of the IT region have been suffering from various wars and cultural and
political struggles for decades. This turmoil has had direct and indirect influence on
fundamental research and the environment. Due to the want of stable governments, there is an
almost complete absence of environmental governance, and currently no clear line for
conservation strategies. The present research thus opens an avenue in providing fundamental
scientific information to governments that are trying to establish and/or improve sound
environmental practices.
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PERSPECTIVES AND ONGOING STUDIES
An ancient crossroad: where the flora of the Orient, Occident and Septentrion meet
(ongoing research in collaboration with Deniz Ulukus, Selcuk University, Turkey)
Anatolia (Asia Minor) corresponds to the Anatolian peninsula, surrounded by the Black
Sea to the North, the Mediterranean to the South, and the Aegean Sea to the West. The region
extends over three different floristic regions: the Irano-Turanian, the Mediterranean, and the
Circumboreal floristic regions (see Fig. 1).
The region is located within the geologically recently-folded mountain zone of Eurasia.
The structure of the Anatolian plateau is the result of the final collision and suturing of the
continental Arabian plate to the Turkish terranes (i.e. micro-continents). The geology of the
region is complex, with sedimentary rocks ranging from Paleozoic to Quaternary.
The central Anatolian plateau forms the westernmost part of the IT floristic region and
western Asian elements constitute a major proportion of its species diversity. However,
elements from the Mediterranean, Circumboreal (including the Black Sea) and North Africa

Fig 1. Three floristic regions; Irano-Turanian (yellow), Mediterranean (blue), and
Circumboreal (green) meet each other in Anatolia.

are also present where topographical and climatic conditions provide suitable habitats.
High levels of species endemism (ca. 30%) characterise the central Anatolian flora. However,
in the first four volumes of the Flora of Turkey, only 10 genera are listed as endemic, each
with only one or very few species (Davis, 1971). Therefore, although the percentage of
species endemism is high, few genera are endemic, suggesting that much of the endemism in
Anatolia is relatively recent (Davis & Hedge, 1975). This proportion of endemism is
intermediate between the overall levels of the IT and the Mediterranean floras, thereby
hinting at a possible transitional nature of the central Anatolian flora between the
Mediterranean and IT floras (Davis, 1971; Takhtajan, 1986). The IT portion of the Anatolian
plateau is split into two parts by the “Anatolian Diagonal” floristic belt. The line starts in the
southern foothills of the Eastern Black Sea Mountains in Turkey, crosses through Turkey, and
then splits into two branches toward the Mediterranean, one through the Amanus Mountains
and the other via the Bolkar Mountains. The Diagonal belt delimits the range of hundreds of
species that do not extend either east or west of this line, while a number of endemics are
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virtually restricted to the Diagonal belt itself (Davis & Hedge, 1975; Manafzadeh et al.,
accepted). The reasons for these distributional patterns and high endemism remain unclear
and require deeper historical and ecological investigations.
Three chloroplast DNA regions were sequenced in 35 accessions representing 14
Haplophyllum species in Turkey (100% sampling). We reconstructed phylogenetic
relationships that allowed us to combine our newly generated data with pre-existing
sequences of Rutaceae (Manafzadeh et al., 2014). To elucidate the temporal and spatial
evolution of Haplophyllum in the Anatolian plateau, molecular dating and ancestral area
reconstructions analyses will be performed to understand the role of Anatolia in the evolution
of the Eurasian flora. The performed analyses will address the following questions: (1) when
and how did IT xerophytes (i.e. Haplophyllum) colonise the Anatolian plateau? (2) which
environmental factors (geology versus climate) triggered the speciation of Haplophyllum in
Anatolia? (3) what is the evolutionary role of the Diagonal belt in the diversification of the
Anatolian flora?
Upsurge of biodiversity from the “hassocks” of the Irano-Turanian Mountains
(My Future Research on the IT region)
Mountains harbour more biodiversity than expected based on the area they occupy on
Earth (Körner, 2004), and plants biodiversity is no exception to this rule (Kier et al., 2005).
The geological history of the IT region is complex, including the rise of numerous mountain
ranges, which profoundly influenced climate (aridification and continentality). Most of the
species diversity of the IT region occurs in the western IT region. Within the western IT,
biodiversity is concentrated in the three biodiversity hotspots, themselves centred on three
groups of mountain ranges: Anatolian-Zagros, Caucasus-Alborz-Kopeh Dagh, and PamirsTian Shans (see chapter I, Fig 1F). However, in contrast to the Himalayas and the Alps, plant
diversification in the IT mountains remain poorly understood, i.e. the roles of vicariance
versus dispersal, of niche conservatism versus niche evolution. The latter knowledge is of
special relevance in mountain ranges due to the vulnerability of alpine taxa to climate change
caused by their highly fragmented distribution.
Although we demonstrated that the IT region functioned as a donor of xerophytes to
neighbouring regions (Chapter III), there is no current knowledge on how the IT region
functions as a recipient of taxa from neighbouring regions, and how these taxa evolve inside
the IT region. The goal of my future research is to investigate two main questions: (1) how
did geological, ecological, and palaeoclimatic events shape the patterns of plant diversity in
the mountains of the IT region? (2) how did xerophytes evolve in the IT region?
Dionysia Fenzl is a monophyletic, xerophytic genus nested within mesophytic Primula that
diversified in the alpine level of the IT Mountains. Dionysia is endemic to the IT floristic
region and is a characteristic genus of the western part of the region. Dionysia therefore
represents an ideal model to investigate diversification patterns in the arid mountains of the IT
region, and to understand how xerophytic species evolve. Moreover, Dionysia (49 spp.) is
sufficiently large to provide wide ranging distribution data, yet sufficiently small to sample
completely. Dionysia is also one of the main missing chapters of the evolutionary history of
the Primulaceae, especially the tribe Primuloideae. There are currently no studies on life
form, reproductive system and pollination system of Dionysia, despite extensive studies
having been carried out on Primula since Darwin (Darwin, 1877). Yet, the evolutionary
history of Dionysia and why this genus differs in its habit, habitat, and distribution from the
genus in which it is nested, Primula, remains very poorly understood.
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Figure 4. Dionysia habit, flowers, and habitat. a-c, Primula-like, tuft, and cushion habit. d, floral
dimorphism in Dionysia (mod. from Wendelbo [39]. e-f, habitat of D. hausknechtii and D. zschumellii (both
from Luristan Province, Iran). © L. Kamstra.

The novel method of Anchored Hybrid Enrichment for High-Throughput Phylogenomics
will be performed to reconstruct a solid phylogeny of Dionysia in order to carry out
macroevolutionary and ecological studies. Biogeographic analyses, diversification rate
analyses, trait evolution (e.g. floral morphology and life form) reconstruction, niche
modelling and metabolomics will be employed to answer the two above-mentioned questions.
The key innovative aspect of this research is that it aims at combining cutting edge
phylogenomic, evolutionary, ecological, and metabolomic approaches to understand how a
xerophytes evolved and radiated in the mountains of the IT region. Moreover, during the
synthesis phase of the project, particular care will be taken to extract realistic
recommendations for conservation from improved projections and new findings.
References:
-Darwin, C. (1877). The different forms of flowers on plants of the same species. John
Murray.
-Davis, P. H. (1971). Distribution patterns in Anatolia with particular reference to endemism.
In plant life of South-West Asia (ed. P. H. Davis), pp. 15- 27, Edinburgh.
-Davis, P. H. & Hedge, I. C. (1975). The flora of Turkey: Past, present and future. Candollea
30, 331- 351.
-Kier, G., Mutke, J., Dinerstein, E., Ricketts, T.H., Küper, W., Kreft, H. & Barthlott, W.
(2005). Global patterns of plant diversity and floristic knowledge. Journal of Biogeography
32, 1107- 1116.
-Körner, C. (2004). Mountain biodiversity, its causes and function. Ambio, Special Report 13,
11- 17.
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-Manafzadeh, S., Salvo, G. & Conti, E. (2014). A tale of migrations from east to west: the
Irano- Turanian floristic region as a source of Mediterranean xerophytes. Journal of
Biogeography 41, 366- 379.
-Takhtajan, A. (1986). Floristic regions of the world. University of California Press, Berkeley.
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