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INTRODUCTION

THE FLORA OF MID-ELEVATION NORTHERN ANDES

The Tropical Andean flora include allochthonous taxa derived from temperate regions, or

from other tropical regions, and autochthonous elements that originated and diversified in

the same region. However, the proportion of these elements varies amongst elevation

belts. The structure and floristic composition of each elevation belt are determined

fundamentally by temperature and humidity. The vegetation at higher elevations (>2800-

3000 m) is usually dominated by herbaceous elements, mostly of the families Poaceae

and Asteraceae, and shrubs of the family Ericaceae, about half of the genera have tropical

origin, and the other half have migrated from Holarctic or Austral-Antarctic regions (Van

der Hammen & Cleef, 1986), in humid zones increase the frequency of Bambusoid

gramineae. The mid-elevation zones (ca. 100-1500m to 2800-300 m) are characterized

by elevated humidity caused by rainfall and condensation and forest is the dominant type

of vegetation. In terms of composition, the proportion of tropical elements increases in

this belt (Van Der Hammen & Hooghiemstra, 2000). The lower belts (<1000-1,500 m)

include Humid Andean lowlands and Tropical Inter-Andean Dry Forest, the Humid forest

is located mostly in foothill contiguous to the Amazonia and Chocó regions, this zone is

floristically similar to Amazonian and southern Central American tropical forest

particularly those with rich soils (Gentry, 1992). The composition of the inter-Andean dry

forest is similar to other dry forest and savanna regions (Pennington, Prado, & Pendry,

2000).

In mid-elevation tropical montane belts it is difficult to recognize discrete vegetation

zones in comparison with regions of poorer diversity. However, based on types of
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vegetation, Cuatrecasas (1958) divided the montane forest of Colombia into Sub-Andean

(= montane rainforest) (ca. 1,000–2,400 m) and Andean (= cloud forest) (ca. 2,400–3,800

m). The elevations at which higher rates of species replacement occur depends on local

conditions, particularly the altitude at which condensation occurs, usually between 1,500

and 2,000 m (Kessler, 2000). The floristic composition of mid-elevation belts is

dominated by woody plants of the families Melastomataceae, Rubiaceae and Lauraceae

(Gentry, 1992). Due to elevated atmospheric humidity there is a high diversity of

epiphytes, mostly of the families Orchidaceae, Bromeliacae and Piperaceae (Gentry &

Dodson, 1987; Krömer et al., 2005).

DIVERSIFICATION IN THE MID-ELEVATION TROPICALANDES

With nearly 45,000 plant species, 20,000 of which are endemic, the Tropical Andes are

considered as one of the biodiversity hotspots for conservation priorities (Myers et al.,

2000), and the Andean forest is one of the most species-rich types of vegetation in this

region (Churchill et al., 1995). The reasons for this high diversity and endemism have

been attributed in general to the complexity and dynamics of geomorphology and climate

in the Andes (Gentry, 1982; Antonelli & Sanmartín, 2011; Rull, 2011). In terms of

geomorphology, the Andes became a barrier to the dispersal of lowland organisms

isolating previously continuous populations (Lynch & Duellman, 1997; Pennington &

Dick, 2010; Weir & Price, 2011), as well as a corridor for montane elements (Descimon,

1986; Gengler-Nowak, 2002; Antonelli et al., 2009). Patterns and explanatory processes

of diversification have been suggested for high montane regions, such as the climatic

oscillations of the Quaternary, and the final pulse in the rise of the Andes during the
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Pliocene (Gregory-Wodzicki, 2000). These may have been responsible for the

predominantly Quaternary age of the high elevation flora (Van der Hammen, Werner, &

Van Dommelen, 1973) with most species originating during this epoch (Madriñan et al,

2013). However, at mid-elevations no clear evolutionary patterns have been identified.

With respect to the modes of diversification at mid-elevation belts, two extreme

hypotheses highlight the classic debate in biogeography between vicariance and

dispersal. The first one attributes the diversification mostly to the Andean orogeny,

with vicariance as a dominant process of speciation, promoted by the formation of

peaks and valleys that disrupt the proto-Andean distribution of species. According to

the dispersal hypothesis the current distribution and diversity are better explained by

dispersal through horizontal and vertical planes over a prefigured Andean cordillera

(Chapman, 1917; Lynch, 1989; Willmott, Hall, & Lamas, 2001). These hypotheses

differ in the predominant mode of speciation but also in the timing at which

speciation might have been more likely to occur. Under the hypothesis of vicariance

we would expect higher rates of diversification during the formation of the Andes.

Based on the dispersal hypothesis we would not expect this link between geological

formation and diversification as dispersal events may have occurred before and after

the development of the modern Andean topography and climate. As a consequence

the differences should be mainly idiosyncratic depending on the study group.

However, the signal of any of these processes may be shaded by others. For example,

according to the disturbance-vicariance hypothesis (Noonan & Gaucher 2006),

during the Quaternary allopatric/parapatric speciation should be important through a
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process of downward migration of cool-adapted species during warm periods, and

posterior isolation during cool periods.

With regard to timing there remains some debate about the impact of Quaternary

climatic oscillations on diversification. According to paleobotanical evidence, global

diversity increased at some time between the Miocene and Pleistocene, probably due

to the Andean uplift, however the plant diversity in the lowland tropical forest at the

Miocene/Pliocene may have been greater than at present (Hooghiemstra & van der

Hammen, 1998), so modern phytodiversity may be more a product of the Tertiary

rather than a product of the Quaternary. Many modern genera were extant and clearly

recognizable in the pollen of Miocene sediments (23-6 Ma) (Jaramillo, Rueda, &

Mora, 2006), and there were forests of angiosperms similar to modern rain forests

(Davis et al., 2005).

Lack of information about the modes and timing of diversification at mid-elevation

zones, relative to other North Andean biomes are the result of different factors. On

one hand, there is a long recognized gap in exploration of the Colombian Andes,

where most of the mid-Andean centered taxa are distributed. On the other hand, there

has been a bias in the focus of study in favour of the páramo. To understand the

prevalent biogeographic patterns and processes that have occurred in these elevation

zones will help to have develop a better overall understanding of the natural history

in the region. Each biome has its characteristic features but all of these are connected

by a shared tectonic history and climatic dynamic. Biological inferences about times

of and modes of diversification may also contribute to other historical disciplines as a
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feedback, for example for paleoelevation and paleoclimatic studies based on

palynological, geochemical, magnetostratigraphy or other sources of evidence.

GEOLOGICAL HISTORY OF THE NORTHERNANDES

The Northern Andes comprise ca. 2,000 km, from 12°N to the Huancabamba Depression

at 5°S (Veblen, Young, & Orme, 2007). In Ecuador, the Andes cordillera extends into two

main ranges terminating in the “Nudo de los Pastos” in southern Colombia, where the

Andes branch into three ranges. The Cordillera Oriental of Colombia branches again into

the Serranía de Perijá on the Colombian–Venezuelan border and the Cordillera de Mérida

in Venezuela (Graham 2009).

The Cordillera Occidental of Ecuador is composed of oceanic rocks accreted to the

continent along a major suture zone during the Cretaceous. The Inter-Andean depression,

where Quito is located, corresponds to an allochthonous block characterized by

uppermost Pliocene-Pleistocene volcanic deposits that are located between two faults.

The Cordillera Oriental of Ecuador (Cordillera Real) is a Paleozoic metamorphic belt that

over-thrusts the sub-Andean zone located eastward along the Northern Andean Frontal

fault (Aspden & Litherland, 1992). In the early Miocene the Ecuadorian Cordilleras did

not exist and the Pacific Ocean reached further east. In the Middle Miocene, the uplift of

an elongated swell, consisting of Palaeozoic and older rocks, created the Cordillera

Oriental. The present mountain chain was formed as recently as the Plio-Pleistocene

(Coltorti & Ollier, 2000).

The composition and uplift of the three Colombian Cordilleras was different, each one

resulting from a distinct tectonic process during the Mesozoic and Cenozoic (Taboada et

al., 2000). The Cordillera Occidental is an accreted arc, and the Central and Oriental
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Cordilleras are two fold-thrust belts (Gregory-Wodzicki, 2000; Taboada et al., 2000). The

southern part of the Cordillera Occidental is composed of Cretaceous basic volcanic

rocks, these rocks accreted during the Upper Cretaceous and probably reached 2,000 m

by the Miocene. In the northern part, the uplift was probably much younger than the

Middle Miocene. The Cordillera Central of Colombia is composed mostly of

metamorphic rock from the Paleozoic and the southern and volcanic parts seems to have

attained its current height between 10 and 4 Ma (Kroonenberg, Bakker, & van der Wiel,

1990). The Cordillera Oriental of Colombia is an amalgam of ancient and modern

structures, which have reached high elevations in a very short time (Kroonenberg et al.,

1990). The central part of the Cordillera Oriental began the transformation from tropical

to montane habitats, close to Bogota between 30 and 26 Ma (Van der Hammen, 1989;

Ochoa et al., 2012). However, this region only reached elevations thought to be

appropriate to maintain a cloud forest (ca. 2,000 m) by the middle Pliocene (Mora et al.,

2008). The Santander Massif, on the border between Colombia and Venezuela arose

between the early and mid-Miocene, 19-14 Ma, with older uplift than the central part of

the Cordillera Oriental (Kroonenberg et al., 1990). The Merida Andes began rising during

the late Oligocene and accelerated during the Miocene (33.9-23.03 Ma) (Hoorn et al.,

1995). Finally, the Serranía de Perijá and the Sierra Nevada de Santa Marta probably

initiated uplift in Cretaceous-Paleocene times but accelerated during the Tertiary

(Kroonenberg et al., 1990).

CLIMATE OF THE NORTHERNANDEAN REGION
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MODELS TO STUDY DIVERSIFICATION RATES AND ANCESTRAL AGE RECONSTRUCTION

The use of calibrated phylogenies has been useful to settle the debate between

dispersal and vicariance. As a consequence of the dilution of this apparent dichotomy,

the current models that are used to estimate ancestral areas of distribution include

both processes (Zink, Blackwell-Rago, & Ronquist, 2000) and have increased in

complexity to include additional scenarios (Ree & Smith, 2008; Yu, Harris, & He,

2010; Matzke, 2012; Landis et al., 2013). Other useful approaches to study the

biogeographical history are: paleo-elevation and paleo-climatic data that can help to

resolve the relative time between the origin of a putative barrier and divergence times

and haplotype frequencies to test demographic models of speciation (Templeton,

1980).

Parametric Likelihood and/or Bayesian model based approaches have been increasingly

used to study the biogeographical history of lineages. One of the most widely applied

models is the Dispersal Extinction Cladogenetic model (DEC). This model is composed

of a geographical component of connections between areas and a biological component

represented by a phylogenetic tree with the parameters estimated being the probability of

geographical transitions (dispersion, extinction, cladogenesis). Additional empirical data

in the form of current distributions of taxa are also incorporated. Markov chain

simulations of evolution of geographical ranges are then conducted to find the best fit

between the data and the model (Ree et al., 2005; Ree & Smith, 2008).

Estimation of diversification rates is based on the comparison of empirical phylogenies

with theoretical models of diversification, usually through maximum likelihood approach.

The parameters of the models vary between a plethora of possibilities, the simplest being
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the pure birth model (Morlon, 2014). Binary-state speciation and extinction (BiSSE)

models are used in the second chapter to establish the influence of character changes on

diversification rates, and the Bayesian Analysis of Macroevolutionary Mixtures (BAMM)

are used to evaluate the general dynamics of speciation and extinction. BiSSE models

involve six parameters, specifying two speciation rates (λ0 and λ1), one for each state, two

extinction rates (μ0 and μ1), and two rates of character change (0 → 1 and 1 → 0), this

model also allows a MCMC approach (Maddison, Midford, & Otto, 2007). The BAMM

model uses MCMC directly to evaluate alternative models of lineage diversification

(Rabosky, 2014).

BEGONIA AS STUDY SYSTEM

The selection of an appropriate study system is crucial in order to generate more accurate

and general hypotheses. In the present study, the regional context to focus on is the

middle altitudinal ranges of the Northern Andes (from Ecuador to Venezuela). The

section Casparya of the genus Begonia is a good study model in this context for three

reasons. 1) Most of the species are restricted to an altitudinal range of 1,000 to 3,000 m, 2)

Begonia in general have high levels of diversity and endemism in this range (Wolf &

Alejandro, 2003; Dewitte et al., 2011) and 3) it has a tropical origin (Moonlight et al.,

2015) (Figure 1).
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Figure 1. Distribution of Begonia in America. The Andes is one of the most diverse

regions, but the Brazilian Atlantic Forest and Central American montane regions are also

centers of diversity and endemism.

Diversity and Endemism of Begonia in the Northern Andes

The genus Begonia (Begoniaceae) has one of the highest levels of endemism in the Cloud

Forest of the North Andean region (Jørgensen & León-Yánez, 1999; Young et al., 2002).

Nearly 200 species are distributed there with the sections Casparya, Semibegoniella,

Knesembeckia and Ruizopavonia the most species rich. Comparatively, Ecuador has a

significant representation of the sections Knesembeckia and Gobenia, because of the

strong influence of the Central Andes and Amotape-Huancabamba region in the south of



10

the country. However, further north and in humid habitats the sections Casparya and

Ruiozopavonia are better represented (Figure 2).

Figure 2. Number of Andean species of Begonia in each country of the North Andean

region. Pie charts represent the proportion of species for each section. Sections Casparya,

Cyathoctemis, Semibegoniella, Ruizopovonia (deep blue) belong to the same clade,

sections Knesembeckia and Gobenia belong to different clades.

Phylogenetic relationships and classification of Begonia

In the morphological based systems of Cronquist (1981), Begoniaceae was placed in the

order Violales, with the families Cucurbitaceae, Violaceae, Passifloraceae and 12 others.

However, molecular based classification system as well as specific morphological studies

have firmly supported the placement of Begoniaceae in the order Cucurbitales, together
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with the large family Cucurbitaceae and smaller families previously placed in different

orders: Apodanthaceae, Coriariaceae, Corynocarpaceae, Datiscaceae and Tetramelaceae

(Matthews & Endress, 2004; Bremer et al., 2009; Schaefer & Renner, 2011). In the same

studies, and based on different genomes, Begoniaceae is consistently a sister clade to

Datiscaceae.

Currently, only two genera are recognized in Begoniaceae, Begonia with ca. 1,500

species and a pantropical distribution, and the monotypic Hillebrandia with only the

Hawaiian endemic species Hillebrandia sandwicensis (Clement et al., 2004). The

American genus Semibegoniella was included as part of section Casparya (Smith &

Schubert, 1955) and latterly considered a separate section by Doorenbos et al., (1998).

The Asian genus Symbegonia, with sympetalous flowers, was included in the section

Petermannia of Begonia (Forrest & Hollingsworth, 2003).

Classification of this large genus has been very changeable though time, reaching some

stability after the revision and circumscription of Begonia sections by Doorenbos et al.

(1998). In this revision 63 sections were recognized; and since then an additional three

sections have been proposed (Shui, Peng, & Wu, 2002; De Wilde & Plana, 2003; Forrest

& Hollingsworth, 2003). However, in comparison with Asian and African sections, the

American ones usually lack synapomorphies, and transitional or intermediate

morphological states are present (Doorenbos et al., 1998). After the well-sampled

phylogeny of American begonias by Moonlight et al. (2015), the necessity for

redefinition of several American sections such as Begonia, Eupetalum, Kenesembeckia

and Giroundia became apparent.

Historical biogeography of American begonias
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The continental scale phylogenetic relationships of Begonia show that the genus

colonized America from Africa on two separate occasions during the Miocene (Plana,

2003; Goodall-Copestake et al., 2010; Moonlight et al., 2015). While one clade remained

largely confined to the Atlantic forest, with a few broadly distributed species that reach

and surpass the Andes (e.g. Begonia glabra), the second clade is distributed in different

regions of the Neotropics, including the Andes, Central America, West Indies, Atlantic

Forest and Guiana regions (Moonlight et al. 2015).

Sections Casparya and Semibegoniella

The sections Casparya and Semibegoniella share a unique type of fruit among the

American begonias. Unlike the typical fruit of Begonia, the locules open dorsally instead

of laterally, and the wings are lacking. Additionally, together with section Gobenia they

are the only species-rich sections in America that have a specialized seed structure (De

Lange & Bouman, 1999). Similar kinds of fruits are found in the unrelated Asian sections

Sphenanthera, Platycentrum and Leprosae. In these taxa, Tebbitt et al. (2006) studied the

dispersal mechanism, concluding that the rain-ballist and zoochory conditions are derived

from an ancestral wind dispersed condition. According to (De Lange & Bouman, 1999)

the seeds of Casparya can be dispersed via rain-wash or are zoochorous, either by

shaking the fruit (zooballistic) or direct seed transport (epizoochory).

Alpha taxonomy of Casparya has been historically difficult because of the morphological

homogeneity of the group and the difficulty in growing species in American and

European botanical gardens. Additionally, little taxonomic effort has been made in the

last 50 years on this group. Comparatively, the Central American and Asian sections have

been better studied during the past few decades (Burt Utley, 1985; Tebbitt, 2005).
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PRESENTATION OF THE CHAPTERS

The diversification of the mid-Andean tropical flora is of great interest and requires the

inclusion of more study cases, data types and analytical strategies. In this dissertation, I

propose that integration of phylogenetic, biogeographical and climatic trends may help to

understand ecological patterns of diversity. For example, the lack of correspondence

between the phylogenetic and niche divergences in a mid-Andean centered group: the

environmental niche is not more different for phylogenetically distant species than for

close related ones. Based on the previous framework, I evaluate hypotheses on the

dynamics of net rates of diversification, the link between spatial, climatic niche and

phylogenetic relationships and the evolutionary change in morphological characters and

their implications for taxonomy. I used as study system the genus Begonia, but the

conclusions probably may apply to other plant groups with a similar biology and

distribution. Specifically, I used the principal (in term of richness and distribution)

American clade of Begonia, and the sections Casparya, depending on the research

question.

In the first chapter, I used the genus Begonia as a model to determine diversification rate

dynamics and correlations with biotic and abiotic factors in the mid elevations zones of

the Neotropical region. I found that there are no significant differences in diversification

rates and no correlation between diversification rate and the presence of potential

morphological promoters (key innovations) of diversification, such as the color of the

flowers, the growth habit and the elevation. The steady and homogeneous diversification

rates among clades fit better with the species montane museum hypothesis than with the

species pump, to explain the peak in species richness at mid-elevations in the Andes.
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However, better support for this hypothesis requires evidence of conservative niche

evolution, because under a niche divergence scenario the accumulation of diversity in the

same habitat would not be supported. This topic was addressed in the following chapter.

For the second chapter, I investigated the biogeographical history and the patterns of

niche and spatial differentiation in Casparya. I found that for recent divergences there is a

tendency for non-overlapping distributions that decrease with the age of the nodes, which

is consistent with allopatric speciation in Casparya. Our study also shows that niche

overlapping between clades and species is unrelated to divergence time. This is consistent

with the prevalent pattern of differentiation in Casparya being the colonization of new

areas with similar habitat and posterior speciation due to habitat fragmentation in the

complex topography of the Northern Andes.

In the context of global history with changing climates and active tectonic dynamics it

was as interesting to find stasis in a group is it would have been to detect changes. For

example, stasis may inform on the tolerance of a lineage to environmental changes. The

absence of changes in diversification rates between clades is as interesting as their

presence.

In the third chapter, we tackle the monophyly of Casparya, as well as its phylogenetic

relationships with the other sections. We demonstrate the paraphyly of Casparya and

Semibegoniella using different phylogenetic methods, made the necessary nomenclatural

changes by including Semibegoniella as a synonym of Casparya. Additionally, we

conducted a character evolution analysis through character mapping. We confirm that the

type of fruit of Casparya is a synapomorphy for the group, meanwhile other characters

previously proposed as diagnostic for Semibegoniella show high levels of homoplasy. For
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example, the gamophyllous perianth has evolved independently in two sympatric lineages

of Casparya.

In the fourth chapter, we include two papers with descriptions of new species of

Casparya. The first one will be submitted to the journal Phytotaxa and the second one

was published in Phytotaxa (Jara-Muñoz, 2016). This chapter is also part of the ongoing

work to generate a monograph of Casparya.

Globally, these results give new insights into the patterns and processes that drove plant

diversification in the mid-Andean forest. Considering that potentially speciation may be

affected by intrinsic as well as extrinsic factors, I maintain that integrated studies of

climatic, morphological and genetic evolution is fundamental to elucidate the

mechanisms underlying the diversification processes in any region and study group.

REFERENCES

Antonelli A, Nylander JA, Persson C, Sanmartín I. 2009. Tracing the impact of the

Andean uplift on Neotropical plant evolution. Proceedings of the National

Academy of Sciences 106: 9749–9754.

Antonelli A, Sanmartín I. 2011. Why are there so many plant species in the Neotropics?

Taxon 60: 403–414.

Aspden JA, Litherland M. 1992. The geology and Mesozoic collisional history of the

Cordillera Real, Ecuador. Tectonophysics 205: 187–204.

Bremer B, Bremer K, Chase M, Fay M, Reveal J, Soltis D, Soltis P, Stevens P. 2009. An

update of the Angiosperm Phylogeny Group classification for the orders and



16

families of flowering plants: APG III. Botanical Journal of the Linnean Society

141: 399–436.

Burt Utley K. 1985. A revision of Central American species of Begonia section Gireoudia

(Begoniaceae). Tulane Studies in Zoology and Botany. 25: 1–131.

Chapman FM. 1917. The distribution of bird-life in Colombia: a contribution to a

biological survey of South America. Bull. Am. Mus. Nat. Hist. 36: 1–729.

Churchill SP, Balslev H, Forero E, Luteyn JL. 1995. Biodiversity and conservation of

neotropical montane forests. Proceedings of the symposium Biodiversity and

conservation of neotropical montane forests. New York Botanical Garden, The

Bronx, 21-26 June 1993.

Clement WL, Tebbitt MC, Forrest LL, Blair JE, Brouillet L, Eriksson T, Swensen SM.

2004. Phylogenetic Position and Biogeography of Hlllebrandia sandwicensis

(Begoniaceae): A Rare Hawaiian Relict. American Journal of Botany 91: 905–917.

Coltorti M, Ollier CD. 2000. Geomorphic and tectonic evolution of the Ecuadorian Andes.

Geomorphology 32: 1–19.

Cronquist A. 1981. An integrated system of classification of flowering plants. Columbia

University Press. New York.

Cuatrecasas J. 1958. Aspectos de la vegetación natural de Colombia. Revista de la

Academia Colombiana de Ciencias Exactas, Físicas y Naturales 10: 221–268.

Davis CC, Webb CO, Wurdack KJ, Jaramillo CA, Donoghue MJ. 2005. Explosive

radiation of Malpighiales supports a mid-Cretaceous origin of modern tropical

rain forests. The American Naturalist 165: E36–E65.



17

De Lange A, Bouman F. 1999. Seed micromorphology of neotropical begonias.

Smithsonian Contributions to Botany 90: 1–49.

De Wilde J, Plana V. 2003. A new section of Begonia (Begoniaceae) from west central

Africa. Edinburgh Journal of Botany 60: 121–130.

Descimon H. 1986. Origins of lepidopteran faunas in the high tropical Andes. In:

Vuilleumier F. & Monasterio M. (Eds.). High Altitude Tropical Biogeography (pp.

500–532). Oxford University Press. New York.

Dewitte A, Twyford AD, Thomas DC, Kidner CA, Van Huylenbroeck J. 2011. The origin

of diversity in Begonia: genome dynamism, population processes and

phylogenetic patterns. In: Venora G, Grillo O, López-Pujol J (Eds), The

dynamical processes of biodiversity-case studies of evolution and spatial

distribution (pp. 27–52). Intech Press, Rijeka, Croatia.

Doorenbos J, Sosef MSM, DeWilde JJFE. 1998. The sections of Begonia.

Landbouwuniversiteit Wageningen, Wageningen Agricultural University,

Wageningen. The Netherlands.

Forrest LL, Hollingsworth PM. 2003. A recircumscription of Begonia based on nuclear

ribosomal sequences. Plant Systematics and Evolution 241: 193–211.

Gengler-Nowak K. 2002. Reconstruction of the biogeographical history of

Malesherbiaceae. The Botanical Review 68: 171–188.

Gentry AH. 1982. Neotropical floristic diversity: phytogeographical connections between

Central and South America, Pleistocene climatic fluctuations, or an accident of

the Andean orogeny? Annals of the Missouri Botanical Garden 69: 557–593.



18

Gentry AH. 1992. Tropical forest biodiversity: distributional patterns and their

conservational significance. Oikos 63: 19–28.

Gentry AH, Dodson CH. 1987. Diversity and biogeography of neotropical vascular

epiphytes. Annals of the Missouri Botanical Garden 74: 205–233.

Goodall-Copestake W, Pérez-Espona S, Harris DJ, Hollingsworth PM. 2010. The early

evolution of the mega-diverse genus Begonia (Begoniaceae) inferred from

organelle DNA phylogenies. Biological journal of the linnean society 101: 243–

250.

Gregory-Wodzicki KM. 2000. Uplift history of the Central and Northern Andes: a review.

Geological Society of America Bulletin 112: 1091–1105.

Hooghiemstra H, van der Hammen T. 1998. Neogene and Quaternary development of the

neotropical rain forest: the forest refugia hypothesis, and a literature overview.

Earth-Science Reviews 44: 147–183.

Hoorn C, Guerrero J, Sarmiento GA, Lorente MA. 1995. Andean tectonics as a cause for

changing drainage patterns in Miocene northern South America. Geology 23:

237–240.

Jaramillo C, Rueda MJ, Mora G. 2006. Cenozoic plant diversity in the Neotropics.

Science 311: 1893–1896.

Jara-Muñoz O. 2016. Two new species of Begonia (Begoniaceae) from the Colombian

Western Cordillera. Phytotaxa 257: 81–88.



19

Jørgensen PM, León-Yánez S. 1999. Catálogo de las plantas vasculares del Ecuador.

Monographs in Systematic Botany from the Missouri Botanical Garden 75: 1–

1181.

Kessler M. 2000. Elevational gradients in species richness and endemism of selected

plant groups in the central Bolivian Andes. Plant ecology 149: 181–193.

Krömer T, Kessler M, Robbert Gradstein S, Acebey A. 2005. Diversity patterns of

vascular epiphytes along an elevational gradient in the Andes. Journal of

Biogeography 32: 1799–1809.

Kroonenberg SB, Bakker JG, van der Wiel AM. 1990. Late Cenozoic uplift and

paleogeography of the Colombian Andes: constraints on the development of high-

Andean biota. Geologie en Mijnbouw 69: 279–290.

Landis MJ, Matzke NJ, Moore BR, Huelsenbeck JP. 2013. Bayesian analysis of

biogeography when the number of areas is large. Systematic biology 62: 789–804.

Lynch JD. 1989. The gauge of speciation: on the frequencies of modes of speciation. In:

Otte D. & Endler JA (Eds.). Speciation and its consequences (pp. 527–553).

Sinauer Associates, Sunderland, MA, USA.

Lynch JD, Duellman WE. 1997. Frogs of the genus Eleutherodactylus (Leptodactylidae)

in western Ecuador: systematics, ecology, and biogeography. Special Publication,

The University of Kansas Natural History Museum, 1–236.

Maddison WP, Midford PE, Otto SP. 2007. Estimating a binary character’s effect on

speciation and extinction. Systematic biology 56: 701–710.



20

Matthews ML, Endress PK. 2004. Comparative floral structure and systematics in

Cucurbitales (Corynocarpaceae, Coriariaceae, Tetramelaceae, Datiscaceae,

Begoniaceae, Cucurbitaceae, Anisophylleaceae). Botanical Journal of the Linnean

Society 145: 129–185.

Matzke NJ. 2012. Founder-event speciation in BioGeoBEARS package dramatically

improves likelihoods and alters parameter inference in dispersal–extinction–

cladogenesis DEC analyses. Frontiers in Biogeography 4: 210.

Moonlight PW, Richardson JE, Tebbitt MC, Thomas DC, Hollands R, Peng CI, Hughes

M. 2015. Continental-scale diversification patterns in a megadiverse genus: the

biogeography of Neotropical Begonia. Journal of Biogeography 42: 1137–1149.

Mora A, Parra M, Strecker MR, Sobel ER, Hooghiemstra H, Torres V, Jaramillo JV. 2008.

Climatic forcing of asymmetric orogenic evolution in the Eastern Cordillera of

Colombia. Geological Society of America Bulletin 120: 930–949.

Morlon H. 2014. Phylogenetic approaches for studying diversification. Ecology Letters

17: 508–525.

Noonan, BP, and Gaucher P. 2006. Refugial isolation and secondary contact in the dyeing

poison frog Dendrobates tinctorius. Molecular Ecology 15: 4425-4435.

Myers N, Mittermeier RA, Mittermeier CG, Da Fonseca GA, Kent J. 2000. Biodiversity

hotspots for conservation priorities. Nature 403: 853–858.

Ochoa D, Hoorn C, Jaramillo C, Bayona G, Parra M, De la Parra F. 2012. The final phase

of tropical lowland conditions in the axial zone of the Eastern Cordillera of



21

Colombia: Evidence from three palynological records. Journal of South American

Earth Sciences 39: 157–169.

Pennington RT, Dick CW. 2010. Diversification of the Amazonian flora and its relation to

key geological and environmental events: a molecular perspective. In: Hoorn C &

Wesselinght F. (Eds.). Amazonia, Landscape and Species Evolution (pp. 373–385).

Wiley-Blackwell, Oxford. UK.

Pennington RT, Prado DE, Pendry CA. 2000. Neotropical seasonally dry forests and

Quaternary vegetation changes. Journal of Biogeography 27: 261–273.

Plana V. 2003. Phylogenetic relationships of the Afro-Malagasy members of the large

genus Begonia inferred from trnL intron sequences. Systematic botany 28: 693–

704.

Rabosky DL. 2014. Automatic detection of key innovations, rate shifts, and diversity-

dependence on phylogenetic trees. PloS one 9: e89543.

Ree RH, Moore BR, Webb CO, Donoghue MJ. 2005. A likelihood framework for

inferring the evolution of geographic range on phylogenetic trees. Evolution 59:

2299–2311.

Ree RH, Smith SA. 2008. Maximum likelihood inference of geographic range evolution

by dispersal, local extinction, and cladogenesis. Systematic Biology 57: 4–14.

Rull V. 2011. Neotropical biodiversity: timing and potential drivers. Trends in ecology &

evolution 26: 508–513.

Schaefer H, Renner SS. 2011. Phylogenetic relationships in the order Cucurbitales and a

new classification of the gourd family (Cucurbitaceae). Taxon 60: 122–138.



22

Shui YM, Peng CI, Wu CY. 2002. Synopsis of the Chinese species of Begonia

(Begoniaceae), with a reappraisal of sectional delimitation. Botanical Bulletin of

Academia Sinica 43.

Smith LB, Schubert BG. 1955. Studies in Begoniaceae. Journal of the Washington

Academy of Sciences. 45: 110–114.

Taboada A, Rivera LA, Fuenzalida A, Cisternas A, Philip H, Bijwaard H, Olaya J, Rivera

C. 2000. Geodynamics of the northern Andes: Subductions and intracontinental

deformation (Colombia). Tectonics 19: 787–813.

Tebbitt MC. 2005. Three new species and a new subspecies of Begonia (Begoniaceae)

from Asia. Edinburgh Journal of Botany 61: 97.

Tebbitt MC, Lowe-Forrest L, Santoriello A, Clement WL, Swensen SM. 2006.

Phylogenetic relationships of Asian Begonia, with an emphasis on the evolution

of rain-ballist and animal dispersal mechanisms in sections Platycentrum,

Sphenanthera and Leprosae. Systematic botany 31: 327–336.

Templeton AR. 1980. The theory of speciation via the founder principle. Genetics 94:

1011–1038.

Van der Hammen T. 1989. History of the montane forests of the northern Andes. Plant

Systematics and Evolution 162: 109–114.

Van der Hammen T, Cleef AM. 1986. Development of the high Andean páramo flora and

vegetation. In: Vuilleumier F. & Monasterio M. (Eds.). High Altitude Tropical

Biogeography (pp. 158–201). Oxford University Press. New York.



23

Van Der Hammen T, Hooghiemstra H. 2000. Neogene and Quaternary history of

vegetation, climate, and plant diversity in Amazonia. Quaternary Science Reviews

19: 725–742.

Van der Hammen T, Werner JH, Van Dommelen H. 1973. Palynological record of the

upheaval of the Northern Andes: a study of the Pliocene and Lower Quaternary of

the Colombian Eastern Cordillera and the early evolution of its High-Andean

biota. Review of Palaeobotany and Palynology 16: 1–122.

Veblen TT, Young KR, Orme AR. 2007. The physical geography of South America.

Oxford University Press. New York.

Weir JT, Price M. 2011. Andean uplift promotes lowland speciation through vicariance

and dispersal in Dendrocincla woodcreepers. Molecular Ecology 20: 4550–4563.

Willmott KR, Hall JP, Lamas G. 2001. Systematics of Hypanartia (Lepidoptera:

Nymphalidae: Nymphalinae), with a test for geographical speciation mechanisms

in the Andes. Systematic Entomology 26: 369–399.

Wolf JH, Alejandro FS. 2003. Patterns in species richness and distribution of vascular

epiphytes in Chiapas, Mexico. Journal of Biogeography 30: 1689–1707.

Young KR, Ulloa CU, Luteyn JL, Knapp S. 2002. Plant evolution and endemism in

Andean South America: an introduction. The Botanical Review 68: 4–21.

Yu Y, Harris AJ, He X. 2010. S-DIVA (Statistical Dispersal-Vicariance Analysis): a tool

for inferring biogeographic histories. Molecular Phylogenetics and Evolution 56:

848–850.



24

Zink RM, Blackwell-Rago RC, Ronquist F. 2000. The shifting roles of dispersal and

vicariance in biogeography. Proceedings of the Royal Society B: Biological

Sciences 267: 497–503.



CHAPTER 1: STEADY DIVERSIFICATION RATES THROUGH GEOGRAPHY AND

MORPHOLOGY IN AMERICAN BEGONIA (BEGONIACEAE)

(Manuscript to be submitted to New Phytologist)

Orlando A. Jara-Muñoz1, James E. Richardson2,3Peter Moonlight3, Mark Hughes3,

Santiago Madriñán1,4

1Laboratorio de Botánica, Departamento de Ciencias Biológicas, Universidad de los

Andes, Bogotá D.C. Colombia, e-mail: oa.jara38@uniandes.edu.co

2Departamento de Biología, Universidad del Rosario, Bogotá D.C., Colombia

3Tropical Diversity Section, Royal Botanic Garden Edinburgh, Edinburgh, U.K.

4Jardín Botánico de Cartagena Guillermo Piñeres, Turbaco, Bolívar, Colombia

SUMMARY

1. Diversification patterns of mid-elevation tropical montane forests are still greatly

unknown due to the lack of studies on taxa centered in this region. We study the

biogeographical history and diversification trends for a mostly Andean clade of

American Begonia (Begoniaceae).

2. We included a total of 253 species of Begonia and DNA sequences from three

chloroplast markers to infer a dated phylogeny. The maximum clade credibility
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(MCC) tree from a BEAST analysis was used to infer ancestral distributions using

BioGeoBears and diversification dynamics were studied through LTT plots,

BayesRate, BAMM and BiSSE.

3. Macro-evolutionary analysis indicate that the clade possibly originated in the

Atlantic Forest and subsequently colonized Amazonia and then Andean and

Trans-Andean regions. BAMM analysis support a model without changes in

diversification rates and comparison of constrained models under BiSSE models

for flower color, habit and elevation do not support differences between models.

4. Our results indicate that low extinction and steady rates of speciation have

occurred independent of morphological changes and geographical shifts and that

this has pattern of diversification has contributed to the high species richness of

montane neotropical regions.

INTRODUCTION

Tropical Andean flora include characteristic elements that differentiate from the

Amazonian and other floras (Gentry, 1982). The origin, timing and modes of

diversification of this flora vary among the three principal Andean biomes, the middle

elevation forest, high-elevation grassland and dry lowland valleys (Pennington et al.,

2010). A recognized pattern in the tropical montane regions is the peak in species

richness at middle elevations (Rahbek, 1995; Cardelús et al., 2006). However, while

explosive radiations appear to be a recurrent phenomenon in the high-elevation Andes

(Madriñán et al., 2013), and other high montane regions of the globe (Hughes & Atchison,
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2015), no one common pattern of diversification has been detected for mid-elevation

belts.

Apart from ecological based hypotheses that attempt to explain peaks in species richness

at mid-elevations (e.g. Kessler, 2000) two additional hypotheses include historical factors.

These are the time for speciation effect and the montane species pump hypotheses (=

cradle hypothesis). Under the former hypothesis, the processes responsible for the mid-

elevation peak in species richness are the accumulation of species due to less extinction

or because a particular alpine zone was colonized earlier than others (time-for-speciation

effect) and given similar diversification rates more species would have accumulated in

the elevational zones that were inhabited the longest (e.g. Wiens et al 2007). Mid-

elevation centered taxa may have suffered less extinction than the lower tropical taxa

because they could migrate vertically in the event of temperature changes and may also

have increased allopatric speciation due to the fragmentation of the montane forest as a

result those climatic changes (Smith et al., 2007). The species pump hypotheses predicts

that mid-elevation lineages will have higher diversification rates than the lower ones

because of the higher habitat heterogeneity (Hutter et al., 2013).

The rapid radiation of centropogonids (Lagomarsino et al. 2016), one of the few studies

of diversification in a mid-elevation centered clade, was consistent with the hypothesis of

the montane species pump (Smith et al., 2007) more than with the time for speciation

hypothesis (Wiens et al., 2007) due to the increase in diversification rates in montane

clades relative to those from lowlands. Studies in different groups of vertebrates in the

Andean (Hutter et al., 2013) and other tropical montane regions have found support for
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both the time for speciation hypothesis (Wiens et al., 2007) or the species pump

hypothesis (Smith et al., 2007).

The genus Begonia constitutes an appropriate model to study the diversification at the

mid-elevations belts of tropical montane regions. It is the sixth most species-rich genus of

plants (Frodin, 2004) reaching its highest levels of diversity in the tropical humid

montane regions of America and Asia (Dewitte et al., 2011). In America, there are two

clades of Begonia originating from independent colonizations from Africa in the Miocene

(Moonlight et al., 2015). One neotropical clade (NC1) is almost restricted to the Atlantic

Forest, with a few species reaching the Andes (e. g. Begonia glabra) and Central America

(e.g. Begonia cooperi), and the other clade (NC2) is distributed along the Andes, Atlantic

Forest, Central America and the Antilles. The species richness, morphological diversity

and number of sections in NC2 is greater than in the NC1, with NC1 predominantly

composed of section Pritzelia.

The aim of the present study is to identify the patterns that explain the current diversity of

the American NC2 (sensu Moonlight et al. 2015), by reconstructing biogeographical

history, the diversification patterns of the whole clade and the sub-clades, and the effect

of phenotype and geological history on diversification. Given the high diversity of the

study group in the mid-elevation montane regions of America we hope to gain insights

into the patterns and processes that guided the diversification in this zone.

MATERIALS AND METHODS

Taxonomic sampling
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The taxonomic sampling is representative of the geographic distribution and

morphological variation of the NC2. This include a total of 253 species, belonging to 22

sections, of 27 recognized by Doorenbos et al. (1998) for all America. The sampling was

expanded from that of Moonlight et al.( 2015) particularly in the Northern Andean region,

where 9 different localities in Colombia and Ecuador were visited. In each locality,

herbarium specimens, ethanol preserved flowers, and samples in silica gel for DNA

extraction were collected, obtaining 79 samples, from 27 species, 19 belonging to the

sections Casparya and Semibegoniella. Specimens are lodged at the Herbarium of the

Museum of Natural History, Universidad de los Andes. Samples used in the present study

were collected under the relevant permits of the environmental authorities of the

respective countries.

DNA extraction and PCR sequencing

DNAwas extracted from silica gel dried samples using Qiagen DNeasy Plant Kits

(Qiagen, Germantown, MD, USA) following manufacturers protocols. Each 26.2 µL

PCR amplification contained 1 µL of template, 5 µL of 109 reaction buffer, 0.75 µL of

both forward primer solution and reverse primer solution (10 µm), and 0.2 µL of Phusion

Taq polymerase (Thermo Fisher Scientific, Waltham, MA, USA). Finally, depending

upon the reagent availability, either 11 µL of ddH2O, 2.5 µL of dNTPs (2 mM) and 4 µL

of TBT-PAR, or 16.8 µL of ddH2O, 0.5 µL of dNTPs (10 mM) and 0.2 µL of DMSO was

added. Phusion polymerase was used to mitigate slipping caused by poly-A/ T strands,

which are common in the sampled sequence regions within Begonia (Thomas et al.,

2011). The PCR temperature profile included: a template of denaturation at 95 °C; 35

cycles of denaturation at 98 °C for 30 s, primer annealing at 50 °C for 30 s, primer



30

extension at 72 °C for 30 s; and final primer extension at 72 °C for 5 min. PCR products

were purified using ExoSAP-IT (Invitrogen/Life Technologies, Carlsbad, CA, USA) and

sequenced in 10-µL reactions using BigDye sequencing kits (Invitrogen/Life

Technologies). Samples were sent to GenePool at the University of Edinburgh for

analysis.

Phylogeny and divergence timing

African species that are closest to the NCA2, Begonia dregeii and Begonia sutherlandii

were selected as outgroups. The final dataset included 259 taxa and 4,466 nucleotide

positions from the chloroplast regions: ndhA intron, and the ndhF–rpL32, and rpL32–

trnL spacers. Sequences were aligned in the software MAFFT version 7 (Katoh &

Standley, 2013), and ambiguities were posteriorly edited manually. PartitionFinder v1.1.1

(Lanfear et al., 2012) was used to select the most appropriate partition and substitution

model. The final matrix was used to estimate a time calibrated phylogeny using BEAST

1.8.2 (A. J. Drummond and Rambaut 2007). For the calibrations of the BEAST

phylogeny, we used the time estimated by Moonlight et al., (2015) for the stem age of the

NC2 (i.e., 13.34 (8.43–18.67) Ma), this secondary calibration, was based on a multilocus

phylogeny of Cucurbitales that permitted the incorporation of four fossil constraints

(Thomas et al., 2012). Divergence times were estimated by applying a Bayesian

lognormal relaxed clock, assuming a normal rate of variation and with a birth death

speciation model for the divergence process. The analysis was run for 15 million MCMC

generations, sampling every 1000th generation. To determine the burn-in phase and to

assess the effective sample size of relevant parameters the MCMC run log file was
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examined in TRACER 1.6 (Rambaut et al., 2014). The first million generations were

discarded as burn-in.

Ancestral range estimation

The maximum clade credibility (MCC) tree obtained from BEAST was employed to

estimate the ancestral range distribution of the species in the NC2. Distributions were

coded in seven areas, (A) Sierra Madre del Sur (Mexico), Chiapas and Guatemala, (B)

South of Central America, (C) West Indies, (D) Northern Andes, (E) Central Andes, (F)

Amazonia, (G) Atlantic Forest. A matrix of presence/absence was completed, based on

distribution records, firstly from the Begonia record database of the Royal Botanic

Garden Edinburgh (PADME), and additional data were obtained mostly from Colombian

herbaria (ANDES, COL, UDBC, SINCHI, FMB, HUA, JAUM and CUVC). A time-

stratified analysis was conducted in the software Biogeography with Bayesian (and

likelihood) Evolutionary Analysis in R Scripts (BioGeoBEARS) (Matzke, 2013), three

time periods were differentiated according to principal geo-climatic events that changed

the connectivity between the defined areas as follows: (1) the first split was located at the

beginning of the Pleistocene, 2.6 Ma, during glacial periods the descent of vegetation

belts presumably contacted middle elevation forest (2), the next one at 8 Ma, when the

Cordillera Oriental of Colombia reached around 2,000 m (Gregory-Wodzicki, 2000),

constituting a suitable habitat for Begonia and an additional trans-Andean barrier for

biotic interchange, (3) finally >8 Ma, at this time occurred the regression of the Pebas

lake, that increased dispersal probability between eastern and western tropical South

America; episodic aquatic connection possibly occurred with the pacific through the

Cuenca basin (Hoorn et al., 1995), increasing the separation between North and Central
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Andes (Wesselingh et al., 2006; Wesselingh & Salo, 2006) by 10 Ma increased

denudation of the Central Andes (Gregory-Wodzicki, 2000) occurred, and also seems to

have been the moment of increased biotic interchange between South and Central

America (Cody et al., 2010). Multiplicator values were assigned according to estimated

connectivity and contiguity in the following way: 1 for contiguous and without barriers

areas, 0.5 for contiguous with barriers, 0.2 for areas separated by another area, 0.1 for

areas separated by two areas, and 0.01 for areas separated by three areas (see Suppl.

Mat.).

Ancestral elevation estimation and visualization was performed using stochastic character

mapping (Revell, 2012) implemented in the R Development Core Team (1016) Phytools.

Using 9,015 geo-referenced records, primarily obtained from the Begonia Resource

Centre (Hughes et al., 2015).

Diversification rates estimation

We employed the program BAMM v2.0 (Bayesian Analysis of Macroevolutionary

Mixtures) (Rabosky et al., 2013) (Rabosky et al., 2014) to model macroevolutionary

dynamics of diversification across phylogenies. We also quantified diversification rates

throughout the Begonia clade, in order to identify different macroevolutionary regimes.

We determined prior settings on the speciation and extinction rate parameters using the

set-BAMMpriors function in BAMMtools. Additionally, character dependent

diversification was tested using BiSSE (Maddison et al., 2007; FitzJohn et al., 2009), for

the following ecological and morphological characters: habit (uptight stems vs.

acaulescent to nearly acaulescent), color of the flower (red vs. white, yellow or pink) and

elevation (<1,900 m vs. >1,900 m) that usually corresponds to the limit between low land
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tropical and montane forest. Speciation, extinction and net diversification by clade were

inferred using BayesRate v1.63 (Silvestro et al., 2011).

RESULTS

Phylogenetic analysis

The phylogeny obtained was based on a richer sampling of the Begonia species in the

clade 2 (NC2) than any previous study. The final alignment included 4466 bp, for 259

species, the aligned ndhA intron, and ndhF-rpL32, rpL32-trnL spacers sequences

contained 1,450, 632 and 2,382 base pairs, respectively. PartitionFinder suggested a

partition between the intron and the spacers, and GTR + G for both partitions as the best

fitting substitution model. The deep clades have in general strong support (PP > 0.95),

although some external branches are poorly supported. Our phylogenetic estimate

corroborates the general framework proposed by Moonlight et al. (2015), namely that the

NC2 consist of three well-supported clades. However here the relative position of those

clades is different. Clade A (Figure 1) is sister to clades B + C, and is mostly present in

the Andean region, Antilles and Atlantic Forest, clade B (Figure 2) is composed mostly of

Andean species of the sections Knesebeckia, Eupetalum and Gobenia and clade C (Figure

3) is mostly present in Central America, and dominated by the section Giroundia.

Sections Dorametra, Begonia, Eupetalum, Knesebeckia, Giroudia and Ruizopavonia are

not monophyletic, but the monophyly of sections Gobenia, Solanathera is not rejected.

Section Semibegoniella is not monophyletic with its species derived from within

Casparya.

Biogeographical history
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The MCC tree indicates that the NC2 clade split from the African sister clade ~13.5 Ma

(x = 13.5 Ma; 95% highest posterior density [HPD] interval: 8.2–16.8 Ma.), the crown

age is placed shortly after the split, ~13 Ma (x = 12.9 Ma; 95% highest posterior density

[HPD] interval: 8.0–16.3 Ma.). The AICc comparison between biogeographic history

models shows that DEC model is the best-supported model (Table 1), followed by DEC +

J. According to this model, the ancestral range estimation for the basal node of the NC2 is

ambiguous, with best support for the Atlantic Forest. This is consistent with the Africa

colonization occurring just before the establishment and subsequent dispersal to the

Central Andes. The dispersal to Central America occurred ca. 10 Ma, but apparently not

as expected from Northeast South America to southern Central America and further north,

but by a long distance dispersal from the Central Andes to northern Central America. The

ancestral elevation estimation shows that these events occurred at an elevation of 500 to

1,000 m, an elevation reached by North and Central Andean, Talamanca and Mexican

Sierra Madre by the middle Miocene. The three principal clades have clear geographical

affinities, with clade A present in the Andes, Antilles and Atlantic Forest, clade B in the

Andes, and clade C in Central America.

Clade A originated in the Atlantic Forest (G) and extended its distribution to the Northern

Andes ca. 10 Ma, in the regional context of a not yet completely retracted Pebas wetland

and emerged Purus Arch (Wesselingh & Salo, 2006; Krueger et al., 2012). Two North

Andean paraphyletic clades were differentiated from the ancestral distribution, on the one

hand a small clade including the broadly distributed Begonia buddleiifolia, the mostly

Amazonian Begonia rossmaniiae and species of Northern Venezuela and Guyana, that

suggest a Guyanan dispersal route from the Atlantic Forest with subsequent dispersal to
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mostly western Andes. On the other hand, a major Northern Andean clade derived from

the Atlantic Forest radiated from ca. 7.8 Ma., probably in a more meridional region and

dispersed independently two times to the Central Andes.

Clade B originated in the Central Andes with two dispersals to the Northern Andes, the

first around 9 Ma with species of sections Ksembeckia and Eupetalum, mostly inhabiting

the Amotape-Huancabamba region, the second ca. 4.5 Ma that included the climbing

species of the section Gobenia with no other subsequent dispersal events to other regions.

Estimation of the ancestral area for clades A + B was ambiguous between southern

Central America and Atlantic Forest. One colonization to Central America from South

America occurred ~12.5 Ma (HPD: 7.6–15.8 Ma), resulting in the greatest diversification

of Begonia in this region, i.e. clade C with ca. 70 species.

Diversification rates

The Begonia diversification visualized through the LTT plot (Figure 2) shows that the

lineage accumulation was close to that expected in a theoretical birth-death model of

speciation. However, during the first 8 Ma from the root, the line is below the expectation,

and around 6 Ma the accumulation of lineages exceeds the expectation. Even though this

change in accumulation of lineages was observed in the LTT plot no significant rate shifts

were identified in the Bayesian Analysis of Macroevolutionary Mixtures (BAMM),

which supports a model of uniform and increasing diversification rate. The estimated rate

of speciation in the American begonias calculated through BayesRate was 0.397, being

close to that of each one of the three principal clades (Table 2).

The BiSSE analysis shows no statistical significance for any of the features tested,

however the mean diversification rates are higher for red flowers vs. white, yellow or
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pink flowers (p = 0.156569), acaulescent versus caulescent higher (p = 0.448443), and

tropical versus montane habitat (p = 0.571633).

DISCUSSION

Biogeographical history

The dispersal from the Atlantic Forest (AF) to the Andean region was a key event that

determined the geographical patterns of diversification of American begonias. If this was

not through a long-distance dispersal event then it must have involved the migration from

the Atlantic Forest through Amazonia (AM). Connections between the Atlantic Forest and

Amazonia are currently disrupted by the Chaco biome in the south and the Cerrado and

Caatinga biomes to the north (Ab’Saber, 1977). There is climatic and biotic evidence that

supports a Pleistocene connection between AM and AF, probably through the expansion

of gallery forests during wetter periods (Wang et al., 2004) and middle to late ???

connections through the southern Cerrado and Mato Groso (Batalha-Filho et al., 2013).

Central and western Amazonia may also have been influenced by the Pebas wetland that

in the middle Miocene represented an important barrier for dispersal (Wesselingh & Salo,

2006). This barrier may have split clade A in two lineages, a small clade to the east of

Pebas that include the section Pilderia, probably associated with the old emerged Guiana

shield and closer protoandean mountains, that were connected with southern Amazonia

through the Purus Arch (Figueiredo et al., 2009; Shephard et al., 2010). On the other

hand, to the East of Pebas the major clade of Begonia was established, accumulating

lineages more rapidly than the eastern clade possibly because of the greater dynamism

and complexity of this part of the Andes by the Pliocene. The distribution of Begonia

fischeri may represent a possible distribution of the ancestral species of clade A, being
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present in Amazonia, the Atlantic Forest and the Andes, reaching up to 2,000 m altitude.

In terms of the intensity of the diversification the Pliocene was the period during which

the diversity of Andean Begonia increased at highest rate than before, this can be

associated with the concurrent increase in the Andean uplift, as has been reported

(Hooghiemstra, 1984; Van der Hammen, 1989; Gregory-Wodzicki, 2000; Graham et al.,

2001).

Even though the BioGeoBears analysis indicated ambiguity in the origin of the NC2 the

hypothesis of an Atlantic Forest origin seems most plausible. Modes of dispersal from

Africa to the Central Andes have not been reported but dispersal from Africa to Brazil

may have occurred by flotation on marine currents or wind (Renner, 2004). A Central

Andean origin would also necessitate an increase the number of dispersal events to

explain the distribution of clade A. Assuming an origin in the Atlantic Forest the

colonization of the Central Andes and Central America took place around 11 Ma, when

the Pebas system occupied an important part of the current central Amazonia, this

colonization may have occurred through the southern rim of Pebas, where according to

(Wesselingh & Salo, 2006), land connections existed between the Central Andes and the

Brazilian Shield.

Homogeneity in Diversification rates

Begonia shows a pattern of homogeneous net diversification rates with no significant

shifts in rate, contrasting with other similarly distributed taxa such as the Centropogonide

(Lagomarsino et al., 2016) and Gesneriaceae (Roalson & Roberts, 2016), and and higher

mountain clades such as Lupinus (Hughes & Atchison, 2015) and Ericaceae (Schwery et

al., 2015). Additionally, neither elevation nor any of the morphological traits tested seems
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to have had a significant influence on diversification rates in Begonia. This evidence lead

us to give more support for the time for speciation hypothesis. Therefore, our study

shows that rapid radiations are not a general pattern in cloud forest centered groups of

plants, but more likely a mix of processes are responsible, as has been proposed for the

latitudinal gradients (Marshall, 2006; McKenna & Farrell, 2006; Mannion et al., 2014;

Huelbert and Stegen 2015). Those taxa with a broader morphological variation likely

have a higher heterogeneity in diversification regimens. For example, Gesneriaceae and

Centropogonide, are more heterogeneous morphologically than Begonia, including

several small and mid-size genera with different habits, pollinations syndromes and

dispersal strategies.

To what extent the diversification patterns for Begonia occur in other plant groups with

similar distributions is an open question. We suggest that habitat preferences, as well as

the predominantly invertebrate pollination syndromes make it probable that the same

pattern may exist in species rich genera such as Piper, Pilea, Miconia, Ocotea, Solanum

and the larger genera of Orchidaceae. Studies on diversification of Piper reveal an

increase in diversification from 25 Ma, following the Andean uplift, rather than constant

diversification from the origin of the Neotropical clade (Martínez et al., 2015), however

this group is older than the NC2, elapsing a long pre-Andean period. Evaluating niche

evolution trends in North Andean centered taxa could give additional insights into the

predominant pattern of diversification in this region.

Incipient differences in diversification correlated with pollination syndrome

Bees are the principal pollinator of Begonia, especially in species growing at lower

elevation as in the Atlantic Forest (Wyatt & Sazima, 2011). The change in pollinators
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from bee to hummingbirds in Begonia, may have been associated with the colonization of

Andean middle and higher mountains, because the activity of bees decreases in cool and

wet habitats, and the activity of hummingbirds increase in these climes, as argued for

Costus (Kay et al., 2005). In fact, the diversity of Begonia species with red and tubular

flowers is higher in the south-west of Colombia and north of Ecuador, where the greatest

diversity of hummingbirds are also found (Rahbek, 2005), and some species from high

elevations as Begonia umbellata and Begonia ferruginea have archetypal hummingbird

pollinated flowers. Therefore, even though the change in pollinators do not seem to have

caused a change in diversification rates they could have played a role in the colonization

of and diversification in the Andes.

Adaptive Radiation in Casparya?

Section Casparya conforms a subclade of clade A, and are one of the most important

sections in the Northern Andes. This group shares a particular type of fruit that does not

have the typical lateral wings of Begonia, but instead has falcate projections with

posterior dehiscence (Doorenbos et al., 1998). We argue that this group is a candidate to

be considered an adaptive radiation sensu Givnish (1997). This argument is based on the

fact that the characteristic fruit, that is associated to the rain ballistic syndrome of

dispersal allowed this group to colonize the understory of the Andean forest, where the

air flow is weaker than in open areas. The divergence of a variety of forms, characteristic

of an adaptive radiation, is exemplified by the appearance of unique characters in some

species, such as tubular flowers (only present in the Asian section Symbegonia), simple

styles and almost symmetric leaves found in two undescribed Colombian species,

monoecious in Begonia ursina (Smith & Schubert, 1946), particular testa ornamentation
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of the seeds (De Lange & Bouman, 1999) and reddish leaf under surfaceae in several

species.
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TABLES

Table 1. Summary statistics comparing biogeographical history models using

BioGeoBears.

Model LnL # parameters d e j AICc AICc_wt

DEC 322.22036 2 0.03426 1.00E-12 0 648.48872 0.73539

DEC+J 322.21861 3 0.03417 1.00E-12 0.00022 650.5336 0.264532

BAYAREALIKE+J 330.41660 3 0.00965 0.00431 0.00333 666.92959 7.28E-05

DIVALIKE 340.46943 2 0.04180 2.00E-09 0 684.98686 8.73E-09

DIVALIKE+J 340.40766 3 0.04093 1.00E-12 0.00153 686.91170 3.33E-09

BAYAREALIKE 360.08315 2 0.02175 0.07659 0 724.2143 2.65E-17

Table 2. Speciation and extinction rates of the three principal clades as calculated using

BayesRate.

Mean rate of speciation (λ) Mean rate of extinction (μ)

Clade A 0.3978984 0.0302064

Clade B 0.3979917 0.0302662

Clade C 0.3965728 0.03046449
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FIGURES

Figure 1. Ancestral range estimation of the NC2 of Begonia, subclade A, upon the MCC

of BEAST analysis. Letters and colors indicate the area, as signaled in the map. Lower-

left the ancestral elevation reconstruction.
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Figure 1. Continuation. Subclade B.
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Figure 1. Continuation. Subclade C.
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Figure 2. Log lineage-through-time plot of Begonia (NC2), based upon chronograms

estimated with BEAST. Black line indicates lineage accumulation from the MCC and

gray lines represent lineage accumulation from the simulations. Time is presented in Ma

from the root.
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Figure 3. Posterior distribution of net diversification rate under distinct features evaluated.

Rates were estimated by BiSSE MCMC. A. Color of the flowers. B. Habit. C. Elevation.
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SUPPLEMENTARYMATERIAL

S1. Multiplicative matrices for the DEC analysis.

8-13.5 Ma. Regression of Lake Pebas that increased dispersal probability between eastern

and western tropical South America; episodic aquatic connection possibly occurred with

the Pacific through the Cuenca basin (Hoorn et al., 1995), increasing the separation

between North and Central Andes (Wesselingh and Salo 2006; by 10 Ma increased

denudation at the Central Andes (Gregory-Wodzicki, 2000), and the moment of increased

biotic interchange between South and Central America (Cody et al. 2010).

2.6-8 Ma. The Cordillera Oriental of Colombia reached around 2,000 m (Gregory-

Wodzicki, 2000), constituting a suitable habitat for Begonia and an additional trans-

Andean barrier for biotic interchange”.
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0-2.6 Ma. During glacial periods the descent of vegetation belts presumably contacted

middle elevation forest.
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S2. BAMM Phylorate showing speciation rates through the NC2 phylogeny indicating a

constant increase among clades.
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S3. BAMM matrix of cohorts for the NC2 (the legend on the right gives the actual cohort

probability). Pairwise comparisons between species shows that there is only a single

general macroevolutionary dynamic.
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ABSTRACT

Geographical speciation modes as well as niche evolution can help to understand the

diversity patterns in the mega-diverse Tropical Andes. Here we study the biogeographic

history and niche evolution of the Andean centered section Casparya (Begonia). We

generate a multilocus and well sampled phylogeny of Casparya to infer the ancestral

ranges of distribution and reconstruct its historical biogeography. In order to understand
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the dominant modes of speciation and the changes in climatic niche we performed age-

range and age-niche correlation analysis. The biogeographical history shows that

Casparya originated in the Cordillera Oriental of Colombia and colonized all the major

montane systems of the northern Andes during the Pliocene, but most of the extant

species originated in the Pleistocene. The niche-range correlation is consistent with

allopatric speciation and the niche-range correlation does not support niche divergence.

We conclude that Casparya has responded to climatic variation mostly by moving with

the optimum conditions in the mesic cloud forest, generating species allopatrically, with

some examples of climatic tolerance in adapting to extreme habitats such as those of the

páramo.

Additional keywords: Tropical Andes–Age range correlation–Age niche correlation–

Historical biogeography.

INTRODUCTION

The allopatric distributions of closely related species, as well as the low levels of

sympatric speciation are well recognized biogeographical patterns (Bolnick & Fitzpatrick,

2007). Allopatric distributions of sister species can be explained by vicariance, or

peripatric speciation via founder effects (i.e. peripheral isolation), which result from the

isolation of populations by dispersal, not caused by the disruption of a barrier on an

initially continuous distribution as in vicariant speciation (Losos & Glor, 2003). In order

to test the relative prevalence among speciation modes, early approaches included

measuring the relative size of distribution ranges between sister species, under the

expectation that in vicariance the range sizes among sister species are more similar than

under peripheral isolation (Lynch, 1989; Chesser & Zink, 1994). Using phylogenetic
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information Barraclough & Vogler (2000) proposed a method to use patterns of range size

symmetry along nodes. Most recently, Fitzpatrick, Turelli & Nachman (2006) developed

a method to measure the age-range correlation, performing independent comparisons

between clades, and using randomization ranges among species as a null hypothesis

(Maddison & Slatkin, 1991), to test for phylogenetic signal. The same metric proposed by

Fitzpatrick, Turelli & Nachman (2006) to quantify the average overlap in distribution

ranges, has been used to test for age and climatic niche correlations (Cardillo & LWarren,

2016).

Hypotheses on the patterns and processes that governed the origin and dynamics of the

tropical Andean biota can be classified in two principal approaches. A mostly dispersalist

hypothesis states that montane organisms have been derived from lowland relatives

dispersing (Van der Hammen & Cleef, 1983; Descimon, 1986), or colonizing as

populations expanded their ranges up-slope, and becoming isolated due to climatically

induced habitat change, and then differentiating (Brumfield & Edwards, 2007).

Alternatively, ancestral populations were distributed across both lowland and pre-Andean

landscapes and tectonic uplift separated populations, resulting in vicariant speciation,

followed by passive upward transport of some populations where they differentiated

within different habitats (Lynch, 1986). However, few phylogenies have been available to

test these hypotheses and there was insufficient confidence on divergence times (Lynch,

1986; Chesser & Zink, 1994; Jiggins et al., 2006).

Several studies in tropical Andean groups support strong vicariant effects resulting from

barriers formed during the Andean uplift (valleys and/or peaks) from the late Miocene to

Pliocene (Luebert & Weigend, 2014; Muñoz-Ortiz et al., 2015; Ribas et al., 2007;
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Valderrama et al., 2014). In addition Pleistocene climatic oscillations could have

produced a “secondary” effect on habitat fragmentation. However, studies focus on large

scale patterns of diversification in lowland Neotropical Aves (Smith et al., 2014) and

Andean plant genera (Mutke et al., 2014) support the idea that vicariance has not been

the primary source of genetic divergence in either Neotropical lowland nor in the Andes.

Additionally, the influence of niche conservatism in explaining patterns of richness in the

elevation gradient of the Andes has also been recognized in Glassfrogs (Hutter,

Guayasamin, &Wiens, 2013) and wax palms (Sanín et al., 2016). Based on this, the

orogenic process itself is not a good predictor of speciation but instead dispersal into a

pre-existing topographic and environmental framework, and the tendency to occupy

similar ecological niches. The heterogeneity of evidence and interpretations about the

relative importance of different modes of speciation in the Tropical Andes is a clear

indicator of the gaps in our understanding, and more studies focused on middle elevation

Andean groups are crucial to fill them.

Casparya is a monophyletic and phenotypically well-defined section that includes 41

described species, 39 of which are endemic to the Northern Andes, between 500 and

3,200 m. High levels of endemism are common in Begonia, and strong geographical

structure has been described for some species of the genus (Twyford, Kidner, & Ennos,

2014), probably because of the limited dispersal capacity of the seeds. Also, vicariance

has been proposed to be the most relevant factor for speciation in Begonia, because of

slow genetic divergence at the population level (Hughes & Hollingsworth, 2008).

However, the dispersal capacity of Begonia should not be dismissed, for example the

colonization of America from Africa occurred on two separate occasions by long-distance
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dispersal (Goodall-Copestake et al. 2010, Moonlight et al., 2015) and Begonia urticae L.f.

from the section Casparya is distributed from Costa Rica to Peru.

The objective of this study was to contribute to the elucidation of the prevalent patterns

of diversification in the mid elevation ranges of the North Andean region, using the

section Casparya (Begonia) as a model, and through the inference of its biogeographical

history and range-age and niche-age correlations.

MATERIAL AND METHODS

Taxonomic sampling

Field-work to 29 localities was conducted in Ecuador and Colombia, and silica gel

samples collected where used to DNA extraction of the 24 species of Casparya. Revision

of all the records of Casparya specimens was made at the herbaria of the fallowing

institutions: Universidad Nacional de Colombia (COL), Humboldt Institute (Colombia)

(FMB), Royal Botanic Garden of Edinburgh (E), Royal Botanic Gardens, Kew (K)

Universidad Católica de Ecuador (QCA), Missouri Botanical Garden (MO), Universidad

Distrital Francisco José de Caldas (UDBC), and Smithsonian Museum of Natural History

(US).

DNA extraction and PCR sequencing

DNAwas extracted from silica gel dried samples using Qiagen DNeasy Plant Mini Kits

(Qiagen, Germantown, MD, USA) in accordance with the manufacturer’s protocols. Each

26.2-lL PCR amplification contained 1 µL of template, 5 µL of 109 reaction buffer, 0.75

µL of both forward primer solution and reverse primer solution (10 µm), 0.2 µL of

Phusion polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and either 11 µL of
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ddH2O, 2.5 µL of dNTPs (2 mM) and 4 µL of TBT-PAR, or 16.8 µL of ddH2O, 0.5 µL of

dNTPs (10 mM) and 0.2 lL of DMSO, depending upon reagent availability. Phusion

polymerase was used to mitigate slipping caused by poly-A/ T strands, which are

common in the sampled regions within Begonia (Thomas, 2010). The PCR temperature

pro- file included: template denaturation at 95 °C; 35 cycles of denaturation at 98 °C for

30 s, primer annealing at 50 °C for 30 s, primer extension at 72 °C for 30 s; and primer

extension at 72 °C for 5 min. PCR products were sequenced by Genomics BioSci & Tech

(Taipei, Taiwan) or purified using ExoSAP-IT (Invitrogen/Life Technologies, Carlsbad,

CA, USA) and sequenced in 10-µL reactions using BigDye sequencing kits

(Invitrogen/Life Technologies). Samples were sent to GenePool at the University of

Edinburgh for analysis and to the Laboratory of sequencing at the Universidad de los

Andes.

Phylogenetic analyses

The final dataset included 31 species, 24 of Casparya and as out-group we included

species of the related sections Cyathoctemis, Ruizopavonia, Begonia and Pilderia. Data

from ndhA intron, the spacer regions ndhF–rpL32, and rpL32–trnL-F, and the internal

transcribed spacers of ribosomal DNA (ITS). Sequences were initially aligned using

Muscle (reference), and then edited manually. The phylogenetic analysis was performed

using BEAST, with the substitution models GTR + G for the three chloroplast markers

and GTR + G + I for ITS as recommended by PartitionFinder (Lanfear et al., 2012),

uncorrelated relaxed clock model with lognormal distribution, and as tree prior

“Speciation: Birth-Death Incomplete Sampling” option with a random starting tree

(Stadler, 2009) was employed. We used a secondary date for calibration, based on
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previous broad scale phylogenies of Begonia, this was 10.07 Ma, based in Moonlight et

al., (2015) using normal distribution and two standard deviations.

Ancestral areas reconstruction

The definition of areas is a crucial step for the ancestral area estimation. Clearly, this

definition depends on the research question and on the scale of the distribution of the

study group. In the present case, the distribution of Casparya is centered in the North

Andean region, with some marginal presence in Central America and Central Andes,

hence it is necessary to split this region into discrete parts. In order to establish most

adequate areas for Casparya than just select these a priori, we divided each principal

cordillera by basin and applied a cluster analysis using the Jaccard’s coefficient of

similarity (J) in order to put together the most similar ones (J < 0.5), and using for this all

the record revised of Casparya (ca. 680). The analysis was performed in R Development

Core Team (2016). To introduce more detail in the discrimination of areas, because the

previous analysis only discriminates between areas perpendiculars to the due of each

cordillera, we conducted one analysis for the identification of areas of endemism. For this

we selected the method implemented package NDM/VNDM (Goloboff, 2004) his

analysis allows discriminating of areas with the presence of more than one endemic

species on a grid, without the selection of areas a priori.

To estimate the ancestral range distribution of Casparya, we use DEC model (Ree &

Smith, 2008), as implemented in the package RASP (Yu et al., 2015). We used as

dispersal multiplicators the additive inverse values of the Bray Curtis cluster analyses,

employing distribution data of presence/absence for 70 Begonia species (see supl.
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material). This offers a most reproducible measure of the dispersal probability between

regions than only use arbitrary values as usually applied.

Age range correlation

Estimation of the range of distribution was doing using polygon range maps. The

construction of the polygons was based on records from revised specimens, using fixed-k

convex hulls (Getz & Wilmers, 2004) through the function NNCH in the R package

adehabitatHR (Calenge & Fortmann-Roe, 2013). Overlap between sister species and

clades was estimated using the nested-average calculation (Fitzpatrick & Turelli, 2006),

instead of use the simple overlap of the unions, because the nested-average algorithm has

into account the topology from the phylogenetic analysis. We then fit a linear regression

line to the plot of the nested-average distance versus the node ages, extracted from the

MCC tree. To test the significance of the possible correlation, we use random permutation

of the matrix generated by the measure of niche overlapping to generate a null model, and

compare with the empirical lineal regression generated from the data, applying the

function “age.range.correlation” of the R package “phyloclim”.

Age niche correlation

To estimate the climate divergence, we fit a Maxent model for each species. We used all

the 19 bioclimatic variables available in WorldClim Version 1 (www.worldclim.org), for

contemporary conditions (mean 1,960–mean 1,990) at 30 arc-seconds resolution

(Hijmans et al., 2005), the background points were selected randomly. In order to

measure the overlapping between niches, we used the I and D metrics (Warren, Glor, &

Turelli, 2008), implemented in the function “nicheOverlap” of the R package “dismo”
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(Hijmans et al., 2013). We test significance in the same way that for the age range

correlation analysis.

RESULTS

Selection of Areas

Application of the cluster algorithm to grouping the montane systems in the North

Andean region, based on the Casparya records, indicate that dissimilarity between

opposite flanks in the Colombian western and central cordilleras is less than 0.5, all the

other regions included in the analyses have superior dissimilarities, and therefore are

treated as independent areas (Figure 1). The areas discriminated in this analysis were: 1.

North flank of Cordillera de Merida, 2. South flank of Cordillera de Mérida, 3. Sierra

Nevada de Santa Marta (SNSM), 4. Serranía de Perijá, 5. East flank of Cordillera

Oriental of Colombia, 6. West flank of Cordillera Oriental of Colombia, 7. Cordillera

Central of Colombia, 8. Cordillera Occidental of Colombia, 9. Cordillera Occidental of

Ecuador, 10. Cordillera Oriental of Ecuador (=Cordillera Real), and 11. Central Andes.

The analysis of endemism (NDM/VNDM) allowed us to refine this classification in the

next way. Only one area of endemism was identified in the Merida Andes, including

species distributed in the north and south of the Cordillera. The northern part of the

Colombian Easter Colombian Cordillera was identified as an independent area of

endemism, including parts of both flanks in the departments of Santander and Norte de

Santander. The north parts of the Colombian Cordillera Central and Cordillera Occidental

are in the same endemism area. The Cordillera Occidental of Colombia was separate in

one northern and one southern areas, separated by the Apia River valley. Ecuadorian

Andes falls in different clades in the similarity analysis, and one area of endemism was
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identified in the Cordillera Oriental. The SNSM represent an area of endemism, as well

as the Serranía de Perijá.

Ancestral range estimation

According to the ancestral range estimation under the DEC model, Casparya originated

in the west + north of the Cordillera Oriental of Colombia (Figure 2, Table 1). One of the

lineages derived from this original distribution staid in the same cordillera: B. cornuta, B.

gamolepis and Begonia sp. nov “Pajarito”, and the second one colonized the Cordillera

Central of Colombia, and from there to the Ecuadorian cordilleras and the Cordillera

Occidental of Colombia. The second lineage derived from the ancestral distribution of

Casparya dispersed from the north of the Cordillera Oriental of Colombia to the

Cordillera de Mérida and to the SNSM through the Serranía de Perijá.

The pass to the Cordillera Occidental of Colombia occurred in two events through the

Cordillera Central, the first one through the south, giving rise also to two Ecuadorian

species (Begonia longirostris and Begonia pectennervia), and in a second event through

the northern, giving rise to Begonia kalbreyeri and Begonia suaviola.

Age-range and age-niche correlation

The age-range correlation of divergence times against overlap in range polygons among

nodes (Figure 3), reveal a narrow range of overlap values from 0 to 22%. The slopes of

these age-range correlations are not different from those expected under the null model,

but the intercepts are in the upper tails of the distributions, suggesting that degree of

spatial overlap between recently diverged species or clades is often higher that would be
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expected by chance. The increasing spatial overlapping and intercept values smaller than

0.5 are strong insights for allopatric speciation (Fitzpatrick & Turelli, 2006).

Overlap in niche across nodes (age-niche correlations) range from 2% to 80% overlap,

being a wider range that the observed for space overlapping. No significant differences

where founded in the intercept and slope with the expected under a null model for any of

the metric used for the niche overlap (Table 2). This mean that the niche of recently

diverged species are not more similar or different from the niche of long time diverged

species, suggesting conservation of the niche within Casparya.

DISCUSSION

Three stages in the evolutionary history of Casparya are recognized. The first one from

the split from the sister group to the initiation of diversification occurred between the

upper Miocene and the middle Pliocene (ca. 5.7–3.5 Ma). During this time, there were

few areas in the Northern Andes exceeding 2,000 m elevation (Gregory-Wodzicki, 2000),

and hence capable of sustaining cloud forest as such. The second stage in the period

between the middle and lower Pliocene (ca. 5.7–2 Ma) was the time at which the

principal clades were formed. These clades have marked geographical structure, for

example some clades are restricted to the northern part, and others to the southern part of

the Colombian Cordilleras to the Ecuadorian cordilleras. During this second stage the

clades were established in different cordilleras that already had similar habitats to the

Cordilleras Central and Occidental of Colombia. The third and last stage took place

during the Quaternary, during which time most of the extant species evolved (17 of 24

included in the study). In this period of strong climatic oscillations, speciation occurred

mostly inside each previously colonized area. The speciation events of the Pleistocene are
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usually allopatric (Figure 3-A) and the niche overlap is extremely variable. For cases of

high niche overlapping the most likely explanation is that the habitat fragmentation due

to vertical movement of vegetation belts produced the isolation of populations and then

speciation. However, in cases of low niche overlap the most plausible mechanism of

speciation may be parapatric associated with climatic fluctuations, in this case the new

species evolved not because they moved, but because it changed (Edwards & Donoghue,

2013). In summary, in the second stage colonization to new regions was the prevalent

process, and during the third period allopatric speciation caused by vicariant and

ecological speciation was predominant.

Ancestral distribution ranges

It is noteworthy the existence of one ancestral range distribution that include the west of

the Cordillera Oriental of Colombia and the north of the Cordillera Central of Colombia

as noted in the nodes 41 to 45 (Figure 2), during a period between 1.8 and 2.9 Ma, that

coincide with the transition between the Neogene and the Quaternary periods. In this

period, it has been long documented a global cooling (Crowley & Kim, 1995, followed

by a concomitant downward movement of the vegetation belts in the North Andean

region, as indicated by the palaeo-palynological record (Van der Hammen & Cleef, 1983).

It is probable that the downward movement of the vegetation resulted in a connection

between these regions that today are separated by the middle Valley of the Magdalena

River. This connection was fundamental for the posterior colonization of the Cordillera

Occidental of Colombia and the Ecuadorian Cordilleras.

Estimation of paleo-elevation for the Cordillera Oriental of Colombia is still poorly

documented (Gregory-Wodzicki, 2000), but according to the available data the elevation
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of this cordillera in the western slopes of the Sabana de Bogota during the most probable

time of the split of Casparya from his sister group (5.72 Ma) was around 1,000 m

(Wijninga, 1996), and when diversification of Casparya began (3.48 Ma) the elevation

was around 1,500–2,000 m (Van Geel & Van der Hammen, 1973; Wijninga, 1996). At the

north of the eastern cordillera, the Massif of Santander probably reached a higher

elevation at the same time (Kroonenberg, Bakker, & van der Wiel, 1990). According to

other estimations, the transformation between tropical to montane forest began as far

back as the Oligocene (33.9-23.03 Ma), preceding largely the origin of Casparya (Ochoa

et al., 2012). This data support the idea that even when a Casparya lineage existed at

lower elevation than today, the most important diversification occurred after the

elevations of the Andes reached a wider area of cloud forest (>2,000 m).

Phylogenetic niche conservatiism

Our study provides quantitative evidence on the existence of phylogenetic niche

conservatism in a group of plants centered in the Northern Andes. This tendency to retain

the ancestral tolerance to environmental conditions has been observed or suggested for

other groups of this region such as wax palms (Sanín et al., 2016) and glassfrogs (Hutter

et al., 2013). However, the observation that even when the age-niche correlation is not

significant, the niche overlapping is highly variable (2–80 %), implies that the habitat

preferences of the species allows a large margin of variation. For instance, there are

Casparya species that inhabit low and pluvial regions such as Begonia kalbreyeri and

species endemic to high altitude páramo vegetation such as Begonia ursina. In conclusion,

Casparya has responded to climatic variation mostly by moving with its optimal
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conditions in the mesic cloud forest, but also has on occasion been able to cross

physiological barriers and has adapted to extreme habitats.
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TABLES

Table 1. Bayesian posterior probabilities, divergence time estimated (95% high posterior

density, HPD), and dispersal-extincion-cladogenesis (DEC) ancestral range

reconstruction at each node of the BEAST chronogram of Casparya. Region codes: A,

Serranía de Perijá; B, Sierra Nevada de Santa Marta; C, north of the Colombian Eastern

Cordillera; D, east of the Colombian Eastern Cordillera; E, west of the Colombian

Eastern Cordillera; F, north of the Colombian Central Cordillera; G, south of the

Colombian Central Cordillera; H, north of the Colombian Western Cordillera; I, south of

the Colombian Western Cordillera; J, eastern Ecuadorian Andes; k, western Ecuadorian

Andes; L, Cordillera de Mérida.

Node
Posterior probability

(PP)
Mean divergence Age

(95% HPD) Ma
Two most probable areas

(DEC)

25 1 0.93 CDL: 0.31, CEL: 0.27

26 0.99 1.2 AC: 0.77, CD: 0.12

27 1 2.32 AC: 0.61, A: 0.25

28 0.96 1.66 E: 0.27, CDE: 0.16

29 0.93 1.35 AC: 0.59, CE: 0.16

30 1 2.26 C: 0.17, AC: 0.16

31 0.90 2.9 C: 0.44, AC: 0.27

32 0.93 3.17 C: 0.31, CE: 0.14

33 1 1.07 DE: 0.36, CDE: 0.26

34 0.93 2.72 E: 0.26, CDE: 0.16

35 0.95 1.52 FG: 0.37, G: 0.35

36 0.46 2.37 G: 0.61, FG: 0.23
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Node
Posterior probability

(PP)
Mean divergence Age

(95% HPD) Ma
Two most probable areas

(DEC)

37 0.56 2.38 FG: 0.45, G: 0.33

38 0.68 1.72 F: 0.40, FG: 0.24

39 1 0.08 DE: 1

40 0.99 0.72 FG: 0.54, G: 0.34

41 0.98 1.08 EF: 1

42 0.80 1.99 EF: 0.48, E: 0.43

43 0.66 2.31 EF: 0.61, E: 0.21

44 0.48 2.74 EF: 0.47, E: 0.45

45 0.92 2.91 EF: 0.85, E: 0.15

46 0.79 3.2 E: 0.39, EF: 0.2

47 1 3.48 CE: 0.30, CDE: 0.17
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Table 2. Intercepts and slopes of regressions of nodes ages against spatial and niche

values of overlap.

Variable Intercept (p-value) Slope (p-value)

Spatial overlap -0.002431 (0.624) 0.017642 (0.704)

Niche overlap (D) 0.23 (0.57) -0.001 (0.95)

Niche overlap (I) 0.54 (0.53) 0.001 (0.96)
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FIGURES

Figure 1. Cluster analysis of the regions in the Northern Andes. (Per-E) east of Serrania

de Perijá, (Per-W) west of Serranía de Perijá, (snsm) Sierra Nevada de Santa Marta,

(Mer-N) north of Cordillera de Mérida, (Mer-S) south of Cordillera de Mérida, (Occ-W)

west of the Cordillera Occidental of Colombia, (occ-E) east of the Cordillera Occidental

of Colombia, (Ecu-W) west of Ecuador, (Ecu-E) east of Ecuador, (Ori-E) east of the

Cordillera Oriental of Colombia, (Ori-W) west of the Cordillera Oriental of Colombia,

(cen-W) west of the Cordillera Central of Colombia, (cen-E) east of the Cordillera

Central of Colombia.
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F

igure 2. Ancestral range reconstruction according to the Dispersion-Extinction-

Cladogenesis model (DEC) of the section Casparya (Begonia). The arrow indicate the

colonization routes of Casparya during the Pliocene.
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Figure 3. A. Age-range overlap correlation of nodal values and spatial overlap. Points are

the nodal values for the maximum clade credibility tree, the black line is the lineal

regression for these points and the blue lines are the slopes of 500 replicates of the null

model. B, C. Age-niche correlation of nodal values and spatial overlap. Points are the

nodal values for the maximum clade credibility tree, the black line is the lineal regression

for these points and the blue lines are the slopes of 500 replicates of the null model.
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SUPPLEMENTARY MATERIAL

S1. Dispersal multiplicators used for DEC analysis

Area P S N B Y A H O C T G M

Perija (P) 1 0.67 0.31 0.29 0.29 0.57 0.4 0.5 0.36 0.36 0.5 0.44

SNSM (S) 0.67 1 0.4 0.38 0.38 0.67 0.5 0.6 0.46 0.46 0.6 0.55

N_C-oriental (N) 0.31 0.4 1 0.7 0.52 0.63 0.53 0.47 0.4 0.5 0.35 0.78

E_C-oriental (B) 0.29 0.38 0.7 1 0.58 0.59 0.6 0.56 0.48 0.48 0.44 0.74

W_C-oriental (Y) 0.29 0.38 0.52 0.58 1 0.59 0.6 0.56 0.48 0.48 0.44 0.53

N_C-Central (A) 0.57 0.67 0.63 0.59 0.59 1 0.77 0.73 0.57 0.71 0.55 0.83

S_C-Central (H) 0.4 0.5 0.53 0.6 0.6 0.77 1 0.71 0.59 0.59 0.57 0.67

N_C-occidental (O) 0.5 0.6 0.47 0.56 0.56 0.73 0.71 1 0.67 0.53 0.67 0.62

S_C-occidental [C] 0.36 0.46 0.4 0.48 0.48 0.57 0.59 0.67 1 0.56 0.8 0.5

E_C-Ecuador (T) 0.36 0.46 0.5 0.48 0.48 0.71 0.59 0.53 0.56 1 0.53 0.63

W_C-Ecuador(G) 0.5 0.6 0.35 0.44 0.44 0.55 0.57 0.67 0.8 0.53 1 0.46

Merida (M) 0.44 0.55 0.78 0.74 0.53 0.83 0.67 0.62 0.5 0.63 0.46 1

S2. Matrix used for the cluster analyses in the areas delimitation.
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10.95 B. chlorolepis 0 0 0 0 0 0 0 0 7 0 0 0 0

10.89 B. diversistipulata 0 0 0 0 0 0 0 0 1 0 0 0 0

10.33 B. ursina 0 0 0 0 0 0 0 0 0 3 0 0 0

9.96 B. perijaensis* 0 0 0 0 0 0 0 0 0 7 0 0 0

9.57 B. trispathulata 0 0 0 0 0 0 0 0 0 0 0 9 2

9.34 B. trujillensis 0 0 0 0 0 0 0 0 0 0 0 4 0

8.9 B. brevipetala 0 0 0 0 0 0 0 0 0 0 0 12 5

8.85 B. vareschii 0 0 0 0 0 0 0 0 0 0 0 0 4
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8.67 B. montana 0 0 0 0 0 0 0 0 0 0 0 5 0

8.63 B. trapa 0 0 0 0 0 0 0 0 0 0 0 2 1

8.58 B. formosissima 0 0 0 0 0 0 0 0 0 0 0 1 8

8.08 B. mariae 0 0 0 0 0 0 0 0 0 0 0 2 0

7.95 B. lipolepis 0 0 0 0 0 0 0 0 0 0 0 1 0

7.38 B. diffusa 0 0 0 0 0 0 2 0 0 0 0 0 0

7.26 B. gamolepis 0 0 0 0 0 0 6 0 0 0 0 0 0

7.13 B. sp. nov.
viscosa* 0 0 0 0 0 5 0 0 0 0 0 0 4

7.04 B. toledana 0 0 0 0 0 0 0 3 0 0 0 0 0

6.54 B. sp. nov.
Yariguies* 0 0 0 0 0 0 3 0 0 0 0 0 0

6.2 B. solaniflora* 0 0 0 0 0 0 3 0 0 0 0 0 0

6.05 B. sp. nov.
“Guanenta”* 0 0 0 0 0 0 5 0 0 0 0 0 0

6.04 B. sp.nov.
virolinsp2* 0 0 0 0 0 0 1 0 0 0 0 0 0

5.99 B. antioquensis 0 0 0 6 6 0 0 0 0 0 0 0 0

5.88 B. kalbreyeri 0 0 0 3 2 0 0 0 0 0 0 0 0

5.75 oliveri 0 0 1 0 0 0 0 0 0 0 0 0 0

5.74 B. “pomecana”* 0 0 0 0 0 0 3 0 0 0 0 0 0

5.33 B. ferruginea 0 0 0 0 0 0 35 2 0 0 0 0 0

5.24 B. lehmannii 0 0 3 1 0 0 0 0 0 0 0 0 0

5.14 B. “Garagoana”* 0 0 0 0 0 3 0 0 0 0 0 0 0

4.93 B. irmscheri 0 0 2 0 0 0 0 0 0 0 0 0 0
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4.82 B. suaviola 0 0 4 3 0 0 0 0 0 0 0 0 0

4.78 B. trianae 0 0 0 0 0 0 0 3 0 0 0 0 0

4.75 B. cornuta 0 0 0 0 0 0 7 0 0 0 0 0 0

4.44 B. “galeanoi”* 0 0 0 0 0 0 0 2 0 0 0 0 0

4.27 B. umbellata 0 0 0 0 5 3 0 0 0 0 0 0 0

3.58 B. libera 0 0 2 0 0 0 0 0 0 0 0 0 0

2.82 B. hexandra 0 0 4 3 0 0 0 0 0 0 0 0 0

2.61 B. killipiana 0 0 4 4 0 0 0 0 0 0 0 0 0

2.01 B. urticae 14 54 6 7 23 20 22 15 0 0 0 1 0

1.1 B. colombiana 0 9 0 0 0 0 1 0 0 0 0 0 0

0.47 B. holmnielseniana 0 4 0 0 0 0 0 0 0 0 0 0 0

0.13 B. longirostris 42 0 0 0 0 0 0 0 0 0 0 0 0

-0.23 B. fuchsiiflora 0 17 0 0 0 0 0 0 0 0 0 0 0

-0.39 B. pectennervia 0 11 0 0 0 0 0 0 0 0 0 0 0

-0.47 B. napoensis 0 1 0 0 0 0 0 0 0 0 0 0 0

-0.83 B. tetrandra 0 0 0 0 0 0 0 33 0 0 0 0 0

-2.76 B. valvata 0 1 0 0 0 0 0 0 0 0 0 0 0
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S3. age range matrix used for the correlation analyses.

species A B C D E F G H I J K L M N O P Q R S T U V W X

chlorolepis (A) 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
colombiana (B) 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.077777778 0 0 0 0 0 0 0
ferruginea (C ) 1 1 1 0 0 1 0 0.5 0.534107402 0.006944444 0.146840567 0 0 0 0 0 0.826572284 0 0 0 0.003076923 0.863781031 0 0
gamolepis (D) 1 1 1 1 0 0 0 0 0 0 0.008746356 0 0 0 0.003384615 0 0 0 0 0 0 0 0
pectennervia (E ) 1 1 1 1 1 0 0 0 0 0 0 0 0.767530006 0 0 0 0.226784586 0 0 0 0 0 0 0
sp_nov2_virolin (F) 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
paxii (G) 1 1 1 1 1 1 1 0 0 0 0.00043798 0 0 0 0 0 1 0 0 0 0 0 0 0
sp_nov_garagoa (H) 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
sp_nov_pajarito (I) 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0.037735849 0 0.20682148 0 0 0 0 0 0 0
sp_nov_solaniflora (J) 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
sp_nov_viscosa (K) 1 1 1 1 1 1 1 1 1 1 1 0 0 0.2 0 0 0.188637859 0 0 0 0 0 0 0
CAS_AJ_spnov_SNSM (L) 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
tetrandra (M) 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0.456983906 0 0 0 0 0 0 0
toledana (N) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0.212403952 0 0 0 0 0 0 0
trianae (O) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0.9 0 0 0 0.246153846 0 0 0
umbellata (P) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0
urticae (Q) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.902777778 0.042044064 0.072619048 1 0.440483768 0.205259976 0
suaviola (R ) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0.020238095 0 0 0 0
kalbreyerii (S) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0
silverstonii (T) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0
guanentana (U) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0
cornuta (V) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
longirostris (W) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
perijaensis (X) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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S4. Age-niche matrix used for the correlation analyses.
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Abstract—Sections Casparya and Semibegoniella are some of the richest groups of

Begonia in the North Andean region. Taken together, both sections are clearly

recognizable respect to other sections of Begonia because the particular fruit type, but to

differentiate between them is less easy. The gamophyllylous perianth and unilamellar

placenta has been proposed as diagnostic characters for Semibegoniella, however it has

been problematic the presence of intermediate species, and the lack of documentation

about these characters in several species. Using three chloroplast markers and ITS, we

present a phylogeny of the sections Casparya and Semibegoniella (Begonia, Begoniaceae)
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and representative species of related sections. We demonstrate the paraphyly of section

Semibegoniella that we now synonymize with Casparya. Fruit type is a synapomorphy

for Casparya, but character evolution analysis reveals evidence of multiple examples of

convergence and/or parallelism in characters frequently used to separate infrageneric

groups in Begonia.

Keywords—chloroplast DNA, ITS, Cucurbitales, morphology, North Andes, Phylogeny.

The genus Begonia L. include 1,825 accepted species (Hughes et al. 2016), being one of

the biggest genera of plants. The genus is mainly present in the tropics of all tropical

continents, but is also present in subtropical regions of America and the southern

subtropical part of Africa. The distribution of species richness is similar in the Asian and

American continents, with each region having close to 600 species while Africa has only

ca. 200 species (Hughes et al. 2016). According to the most recently published sectional

classification of Begonia (Doorenbos et al., 1998), there are 23 sections in the Americas,

some of these with more than 50 species, and others with only 1-3. The traditional

characters used to separate sections are the number of parts of the perianth, presence of

tubers, form of the styles and the number of branches of the placenta.

The genus Begonia (Begoniaceae) has one of the highest rates of endemism in the Cloud

Forest of the North Andean region (Jørgensen and León-Yánez, 1999; Young et al., 2002).

Nearly 120 species are known from this region, with the sections Casparya Klotzsch,

Semibegoniella C.DC., Cyathoctemis Klotzsch, Knesebeckia Klotzsch and Ruizopavonia



90

A.DC. as the most species rich. Comparatively, Ecuador has a better representation of the

sections Knesembeckia and Gobenia, these sections increase in species diversity to the

south in the Central Andes. In Colombia and Venezuela, the sections Cyathoctemys,

Ruizopavonia, Casparya and Semibegoniella are the best represented.

Sections Casparya and Semibegoniella—The taxonomic concept of the species currently

included in the section Casparya has been one of progressive lumping, initially being

considered part of distinct genera up to the inclusion in only one section of Begonia.

Casparya was first described as a genus by Klotzsch (1854), who defined the

Begoniaceae (=ordo) in “subordo” and tribes within the family, and placed the species

currently included in the section Casparya into two “subordo”, being Gymnocarpae that

was composed of species currently included in the section Casparya, and diagnosed by

the deciduous style and the form of the fruits. Klotzsch (1854) divided Gymnocarpae into

the genera Casparya, Stiradotheca, Isopteris and Sassea. De Candolle (1864) retained the

genus Casparya, included Klotzsch´s other genera in Casparya as sections, proposed new

sections Andiphila and Aetheropterix, and included the Asian genus Sphenanthera Hassk.

due to its similar fruit morphology. Walburg (1894) and Irmscher (1925) changed the

taxonomic rank of Casparya to a section of Begonia, including all the former sections of

the genus Casparya, except the Asian ones. They also accepted the genus Begoniella

proposed by Oliver (1873). Later, De Candolle (1908) proposed the genus

Semibegoniella with similar characters to Begoniella, including two species currently

treated as synonyms of Begonia longirostris. Smith and Schubert (1955) lumped

Semibegoniella and Begoniella in Begonia, arguing that the diagnostic characters of these

genera are also present in the section Casparya, particularly the biseriate stamens and the
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fusion in the perianth. However, Doorenbos et al. (1998) in accordance with the

classification of Baranov and Barkley (1974) consider that there are enough differences

between Casparya and Semibegoniella to restore the latter as a section, due to the fewer

stamens, the simple placenta and the fusion in the perianth. The placement of

Semibegonilla in Casparya or as a different section has been complicated by the

similarity between species in both sections, and the lack of documentation of key

characters in several species such as the form of the placenta.

Sections Casparya-Semibegoniella share a unique type of fruit among the American

begonias. Unlike the typical fruit of Begonia, the locules open dorsally instead of laterally,

and wings are lacking (except for the abnormal wings in Begonia trianae). Additionally,

together with section Gobenia they are the only species-rich sections in America that

have a specialized seed structure (De Lange and Bouman, 1999). Fruits similar to those

of Casparya are found in the unrelated Asian sections Sphenanthera Hassk.,

Platycentrum Klotzsch and Leprosae T.C. Ku (Y.M. Shui) and in the Central-American

section Urniformia Houghton ex Ziesenh. These sections have been demonstrated by

molecular phylogeny of Moonlight (2015) to be unrelated to Casparya. In the Asian

species with similar fruits, (Tebbitt et al., 2006) studied the dispersion mechanism,

concluding that the rain-ballist and zoochory conditions are derived from an ancestral

wind dispersed condition. According to (De Lange and Bouman, 1999), the seeds of

Casparya are dispersed via rain wash or are zoochorous, involving either shaking the

fruit (zooballistic) or transporting the seed (epizoochory). However, compared with his

Central American, Brazilian and Central Andean begonias, the study of these sections is

complicated by the apparent morphological homogeneity of the group, the difficulty in



92

growing the species in American and European botanical gardens (Doorembos et al.

1998), and the difficulties in conducting field work in Colombia because of the internal

conflict.

Phylogenetic evidence has resulted in profound changes in the classification of Begonia

such as the inclusion of the genus Symbegonia as a section of Begonia (Forrest and

Hollingsworth, 2003), and the proposition of new African sections (De Wilde and Plana,

2003). Molecular trees have demonstrated a high incidence of homoplasy of traditional

characters used to separate sections such as the number of carpels and the number of

tepals (Thomas et al., 2011). The most recent phylogenies based on the chloroplast

markers have shown that much progress still needs to establish a stable subgeneric

classification in Begonia (Moonlight et al., 2015; Thomas et al., 2011). The objective of

this paper is to present a phylogenetic hypothesis for the sections Casparya and

Semibegoniella and to assess the taxonomic value and evolution of characters

traditionally used to define these sections.

MATERIALS AND METHODS

Taxonomic Sampling—Field work was conducted in different localities in Colombia and

Ecuador in order to complete taxonomic sampling in those countries. New sequences

were added to existing matrices (Thomas et al., 2012) to complete a total of 70 species,

representing all the sections present in the Northern Andes, including 19 species of

Casparya and Semibegoniella.

DNA extraction and PCR sequencing—DNAwas extracted from silica gel dried samples

using Qiagen DNeasy Plant Kits (Qiagen, Germantown, MD, USA) fallowing

manufacturers protocols. Each 26.2 µL PCR amplification contained 1 µL of template, 5
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µL of 109 reaction buffer, 0.75 µL of both forward primer solution and reverse primer

solution (10 µm), and 0.2 µL of Phusion Taq polymerase (Thermo Fisher Scientific,

Waltham, MA, USA). Finally, depending upon the reagent availability, either 11 µL of

ddH2O, 2.5 µL of dNTPs (2 mM) and 4 µL of TBT-PAR, or 16.8 µL of ddH2O, 0.5 µL of

dNTPs (10 mM) and 0.2 µL of DMSO was added. Phusion polymerase was used to

mitigate slipping caused by poly-A/ T strands, which are common in the sampled

sequence regions within Begonia (Thomas et al. 2011). The PCR temperature profile for

the chloroplast markers, with small variations included: a template of denaturation at 95

°C; 35 cycles of denaturation at 98 °C for 30 s, primer annealing at 50 °C for 30 s, primer

extension at 72 °C for 30 s; and final primer extension at 72 °C for 5 min. For ITS the

temperature profiles included: a template of denaturation at 95 °C; 35 cycles of

denaturation at 98 °C for 30 s, primer annealing at 50 °C for 30 s, primer extension at 72

°C for 30 s; and final primer extension at 72 °C for 5 min. PCR products were purified

using ExoSAP-IT (Invitrogen/Life Technologies, Carlsbad, CA, USA) and sequenced in

10-µL reactions using BigDye sequencing kits (Invitrogen/Life Technologies). Samples

were sent to GenePool at the University of Edinburgh for analysis.

Alignment and Phylogenetic inference—Sequences were aligned and edited using

AliView v1.18 (Larsson, 2014), using MUSCLE v3.8 (Edgar, 2014) and then editing

manually. The three most common methods for phylogenetic analysis were employed;

Bayesian analysis (BA) (MrBayes 3.2.6; (Ronquist and Huelsenbeck, 2003), maximum

parsimony (MP) (TNT v1.5; (Goloboff et al., 2008) and maximum likelihood (ML)

(RaxML v8; (Stamatakis, 2014). For the model based methods (BA and ML) the

appropriate partition scheme and substitution model were chosen using PartitionFinder
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v1.1.1 (Lanfear et al., 2012). MrBayes and RaxML were ran through Cipres portal

(Miller et al., 2010) using two partitions, the two chloroplast markers and ITS as

recommended by PartitionFinder. The MrBayes search strategy included the following

input parameters: two separate runs of four Markov chain Monte Carlo (MCMC) at

default temperatures, chains for 15 million generations with tree sampling every 1,000

generations, twenty-five per cent of the sampled trees were discarded as burn-in, and the

25% best scoring trees were used to calculate the consensus tree. Convergence was

checked using TRACER v.1.6 (Rambaut et al., 2014) For the TNT searches we held up to

1,000 trees in each cycle, using default values for tree fusing, drifting and sectorial

searches, and 10 ratchet cycles. The trees obtained underwent branch-swapping to obtain

additional equally parsimonious trees. Node support for the parsimony phylogeny was

estimated with 100 bootstrap replicates. The RaxML analysis consisted of 10 replicated

searches with taxa randomly added to the starting tree. Branch support was estimated by

Bootstrap using 100 replicates.

Character mapping—Characters used in previous taxonomic studies to define sections,

particularly those proposed or suggested as taxonomically important in Casparya and

Semibegoniella were mapped and codded as fallows: 1) type of fruit, [0] winged capsules

with lateral dehiscence, [1] capsules with lateral horn-like projections instead of wings

and backward dehiscence, 2) inflorescence architecture, [0] dichasial, [1] cincino, [2]

basally dichasial, apically cincino, [3] raceme, 3) inflorescence sex distribution, [0]

unisexual, [1] bisexual, 4) placenta division, [0] simple, [1] bifid, 5) Flower color, [0]

white, [1] pink, [2] red, 6) Perianth fusion in staminate or pistillate flowers, [0] free, [1]

gamophyllous, and 7) Stamen number, [0] less than 9, [1] 9 or more. With the purpose of
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to assign all the species of Casparya to one of the well supported clades and propose

informal groups, using the morphological affinities between the species, we scored the

character used to mapping and the next five additional characters for all the Casparya

species: 1) lamina/petiole angle, 2) female flowers bracteoles, 3) number of female tepals,

4) apex of horns, and 5) column long vs. horns. The matrix was compiled for the 70

species included in the phylogeny from herbarium specimens, literature, and field

observations. Estimation of ancestral states was conducted under maximum likelihood

(ML) optimization of character evolution. We traced and visualized the character

mapping using Mesquite v. 3.10 (Maddison and Maddison, 2016) using the Markov k-

state 1 parameter model (Mk1), a generalization of the Jukes-Cantor DNA substitution

model which give the same probability for all possible transitions between states (Lewis,

2001). We used the 50% majority rule consensus of the MrBayes analysis for the

mapping.

RESULTS

Phylogenetic analysis— Sequences of Casparya and Semibegoniella newly generated for

this study were deposited in GenBank (Appendix 1). The final aligned matrix included 70

species and 4,708 characters, 19 species belong to Casparya and Semibegoniella, 5 of

which are new species currently being described (Jara in prep), a summary of the matrix

composition is presented in Table 1. The monophyly of Casparya + Semibegonilla was

strongly supported, 100 % bootstrap support for MP and ML and posterior probability of

1 in the Bayesian analysis. According to ML and MP, the sister clade of Casparya is the

clade B (Figure 1), composed by species of the sections Ruizopavonia and Cyathoctemis.

However, in the BA there are a polytomy including to Casparya and the clades A and (B
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+ C + Begonia guaduensis). Composition and internal relationships of the clades A, B

and C are fundamentally the same in MP, ML and BA, but in MP and ML B. guaduensis

is not sister to clade B but appears in a most basal position. Under all the three methods

Semibegoniella appears as a paraphyletic group with their species included in the

Casparya clade.

The internal relationships of the Casparya species change slightly depending on the

phylogenetic method. In the MP analysis, the clade composed by B. trianae and B.

chlorolepis is not related with B. solaniflora. The clade composed by B. sp. nov. (Pajarito)

and B. gamolepis is maintained in MP and BA, but not in ML. In ML the sister species to

Begonia suaviola is B. kalbreyeri, but in BA is B. sp. nov. Garagoa, having a low value of

posterior probability, meanwhile in MP this clade is collapsed. Finally, the sister species

to the clade [B. umbellata + B. silverstonii] in ML and BA is B. pectennervia, but in MP

is B. ferruginea.

Character evolution—Evolution of color and fusion of the tepals, sex distribution and

architecture of the inflorescence, number of stamens and branching of the placenta were

mapped onto the 50% majority rule consensus tree from the Bayesian analysis (Figure 2).

The form of the fruit is a synapomorphy of Casparya and the following characters are

apomorphies for subclades of Casparya: red and fused tepals, inflorescence monochasial

and bisexual, number of stamens determinate 4-8, and unilamellate placenta.

DISCUSSION

Based on distinguishing morphological characters as well as strong support in each

analysis, we define five monophyletic groups in Casparya as follows (see Appendix 1).

Group I include species with a long column in the fruit and bisexual dichotomous
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inflorescences. Group II includes species with unisexual inflorescences and whose fruits

lack a column, some of which also have the horn tips of the fruits compressed. The latter

group was named once as the section Aetheropterix A. DC. The group II also includes

Begonia trianae (A. DC.) Warb. that has lateral projections in the fruit more similar to

wings than horns. The group III includes species with column and inflorescences that are

dichasial or dichasial to the base and monochasial to the apex and the presence of

pistillate bracteoles. Group IV include species with red flowers, some of which were

formerly included in Semibegoniella. group V is a heterogeneous group, including the

species formerly belonging to the genus Begoniella, with gamotepalous flowers, but also

some species with white and free tepals such as Begonia urticae and Begonia sp. nov.

Garagoa. Due to the small and constant number of stamens, the unilamellate placenta and

the gamotepalous flowers, relates species to Begonia kalbreyeri, originally in the genus

Begoniella should be included in this group. Begonia killipiana L.B. Sm. & B.G. Schub.

could be included in groups IV or V, because of the determinate number of biseriate

stamens, however there are intermediate and anomalous characters, such as yellowish

tepals, make it too difficult to assign the species based only on the morphological data.

The location of Begonia trujillense L.B. Sm. is uncertain because the rare characters of

peltate leaves and bifurcated stiles.

Character Evolution—The fruit type of Casparya is unique and a synapomorphy for the

section Casparya. The transition from wing to horn-like projections was probably related

with a change in the mode of seed dispersal. Normally Begonia fruits have wings that

canalize the wind flow, allowing the seed to be expelled by a superior aperture in the dry

fruit. In Casparya the aperture of the locule occurs in the back of the fruit and the seeds
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are exposed upwards and the impact of water drops is probably the principal mechanism

for dispersion. One reversal occurs in Begonia trianae that has wings instead of the

typical horn-like projections of Casparya.

The unilamellate placenta that was considered one possible synapomorphy of

Semibegoniella evolved at least five times in Casparya. This character was observed to

be polymorphic in B. urticae and Begonia gamolepis. However, the frequency of simple

placenta in Casparya is great compared to other closely related clades and is a derived

feature as in African begonias (De Wilde and Arends, 1989)

The pollination syndrome of most Begoniaceae species involves the attraction of insects

by the stigma that mimics the anthers of male flowers, which are deceived depositing the

pollen but without any reward (Dafni, 1984). Pollination studies of American begonias

with free and white tepals show the prevalence of bees as pollinator (Wyatt and Sazima,

2011). A change occurred in Casparya to red and tubular flowers in the common ancestor

of the clade IV + V + B. ferruginea, and this change may have implicated a change in the

pollination syndrome to hummingbirds. In fact, hummingbird visits to B. ferruginea have

been observed (Vogel, 1998). Additionally, the color of the stigma in species with red

tepals are usually red or white, which is also indicative of the loss of this type of

pollination strategy. Moreover, in the red and tubiflorous species of Casparya, the

morphological similarity and sympatry with hummingbird pollinated species, and the

lack of food reward for birds., make it possible to raise the hypothesis of Batesian

mimicry in these species. For example, between Begonia lehmanii and some species of

Gesneriaceae, between B. fuchsiiflora and Fuchsia spp. (Onagraceae) and B. umbellata

and Bomarea spp. (Alstroemeriaceae), this hypothesis should be tested experimentally
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Sexual distribution of the flowers in the inflorescence is a highly homoplasious character

in our study group. Unisexual inflorescence was the state reconstructed with the highest

ML at the base of Casparya, this condition had reversals in group II and in B. umbellata.

Adequate coding of this character was difficult because generally flowering time is

asynchronous, with the male flowers appearing first followed by the female ones.

Frequently it is only possible to observe male flowers in herbarium specimens.

Additionally, epigenetic effects of environmental factors as the pollen abundance

(Chávez-García and Vázquez-Santana, 2012) nitrogen and light (Cozza, 2008), may

influence the sexual expression in the same species. In the ingroup, we made some

observation of specimens with male and bisexual inflorescences, but other specimens of

the same species had only bisexual inflorescences.

TAXONOMIC TREATMENT

Casparya (Klotzsch) Warb In Engl. & Prantl, Die Natürl. Planzenfam. (ed. 1) 3, 6a:146

(1864).–Casparya Klotzsch, Monatsber. Kön. Preuss. Akad. Wiss. Berlin 1854: 127

(1854). Lectotype species (proposed by Doorembos et al 1998): Casparya coccinea

Klotzsch= B. uricae L.f. (heterotypic synonym).

Stibadotheca Klotzsch (‘Stiradotheca’, printing error), Monatsber. Kön. Preuss. Akad.

Wiss. Berlin 1854: 127 (1854), lectotype species (Baranov & Barkley, 1974) S. ferruginea

(L.f.) Klotzsch = B. ferruginea L.f. (homotypic synonym).

Sassea Klotzsch, Monatsber. Kön. Preuss. Akad. Wiss. Berlin 1854: 128 (1854), lectotype

species (proposed by Baranov & Barkley (1974): S. urticae (L.f.) Klotzsch = B.

urticae L.f. (homotypic synonym).
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Isopteryx Klotzsch, Abh. Kön. Preuss. Akad. Wiss. ‘1854’: 252 (1855), type species: I.

umbellata (Kunth) Klotzsch = B. umbellata Kunth (homotypic synonym).

Casparya sect. Aetheropteryx A.DC., Prodr. 15 (1):271 (1864), type species: C.

trispathulataA. DC. = B. trispathulata (A.DC.) Warb. (homotypic synonym).

Casparya sect. AndiphillaA.DC., Prodr. 15 (1):271 (1864), lectotype species: C. trianae

(A.DC.) Warb. (homotypic synonym).

Semibegoniella C.DC. Bull. Herb. Boiss. 2, 8: 307 (1908), lectotype species (proposed by

Baranov & Barkley (1974): Semibegoniella sodiroi C.DC. = B. longirostris Benth.

(heterotypic synonym).

Plant terrestrial, perennial, with upright stems; tubers absent; stem herbaceous; stipules

persistent or caduceus, entire. Leaves alternate, straight or transverse with respect to the

petiole, asymmetric, not peltate (except in B. truxillense); venation pinnate; indumentum

of simple hairs or glabrous. Inflorescence axillary, bisexual or separate male and female

or rarely bisexual and male, with male flowers basal and female flowers distal,

protrandrous; bracts persistent (during flowering) or caduceus. Flowers with perianth

segments white, pink or red, outer ones rounded, retuse or acute at apex. Male flower

with 4 or rarely 2 (B. gamolepis) free perianth segments or segments fused in a bilabiate

and short (e.g. B. kalbreyeri) or cylindrical and long tube (e.g. B. lehmanii); filaments

free or rarely fused below, anthers oblong, longer than or rarely about as long as (B.

colombiana) or shorter than the filament (B. umbellata), dehiscent with laterally

positioned longitudinal slits (more than 0.5 of the anther length), connective usually
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extended. Female flowers without or with 2 bracteoles implanted directly under the ovary,

4-6 perianth segments, free of fused; ovary or fruit with 3 wings, wings equal in fruit,

developed into hooks or rarely not (B. trianae), locules 3, placentation axillary, placental

branches 1 or 2 per locule, ovules present into placental branches, styles 3, free to fused

more than halfway, usually irregularly branched but also not branched (B. sp. nov) or

forked once (B. trujillensis), caduceus in fruit, stigma not kidney-shaped, in a band and

not spiraled or contracted near the style apex. Fruit a capsule dehiscent at the back of the

carpels, more or less erect but hanging when mature.

Distribution and Habitat—from Central Peru to the Cordillera de Talamanca (Costa Rica),

between 500 and 3,200 m. Casparya species inhabit mostly humid and well conserved

areas of montane forest.

Taxonomic changes—Two taxonomic changes are proposed here, based on the

specimen’s revision made for the character codding.

1. Begonia luteyorum (L.B. Sm. & Wassh.) Jara stat. nov.

Basionym: Begonia brevipetala var. luteynorum L.B. Sm. &Wassh. Phytologia 64: 77.

1987. —TYPE: VENEZUELA. Trujillo. Bocono - Guaramacal road, kms 16-22 SSE of

Bocono. Luteyn et al., 5208 (holotype: US!)

The ovate vs. oblong, densely pubescent vs. pilose, and profusely branched inflorescence

vs. few branched, separate to Begonia luteyorum from Begonia brevipetadaA.DC.

2. Begonia raimondii Irmsch. syn. nov. Botanische Jahrbücher für Systematik,

Pflanzengeschichte und Pflanzengeographie 74(4): 629–630. 1949. —TYPE: PERU.

Junin. Raimondi 2982. (holotype: B).
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=Begonia hirta (Klotzsch) L.B. Sm. & B.G. Schub., Publications of the Field Museum of

Natural History, Botanical Series 13(4/1): 192. 1941.—TYPE: PERU. Junin. Raimondi

2982. (lectotype: B here designed).

Basionym: Casparya hirta Klotzsch. Monatsb. Akad. Berl. (1854) 127.

Examination of the type specimens as well as specimens labeled under both names in the

general collection do not show differences. There is a continuous variation in form of the

leaves and size and density of pubescence. Because

List of Species Included—Based on the current knowledge, 41 species are included in

Casparya. Ongoing taxonomic work have revealed the presence of at least 7

unsubscribed species, mostly from Colombia.

Begonia antioquensis (A. DC.) Warb., Begonia brevipetala (A. DC.) Warb., Begonia

chlorolepis L.B. Sm. & B.G. Schub., Begonia colombiana L.B. Sm. & B.G. Schub.,

Begonia cornuta L.B. Sm. & B.G. Schub., Begonia diffusa L.B. Sm. & B.G. Schub.,

Begonia diversistipulata Irmsch., Begonia ferruginea L. f., Begonia formosissima

Sandwith, Begonia fuchsiiflora (A. DC.) A.I. Baranov & F.A. Barkley, Begonia

gamolepis L.B. Sm. & B.G. Schub., Begonia hexandra Irmsch., Begonia hirta (Klotzsch)

L.B. Sm. & B.G. Schub., Begonia holmnielseniana L.B. Sm. & Wassh., Begonia

irmscheri L.B. Sm. & B.G. Schub., Begonia kalbreyeri (Oliv.) L.B. Sm. & B.G. Schub.,

Begonia killipiana L.B. Sm. & B.G. Schub., Begonia lehmannii (Irmsch.) L.B. Sm. &

B.G. Schub., Begonia libera (L.B. Sm. & B.G. Schub.) L.B. Sm. & B.G. Schub., Begonia

lipolepis L.B. Sm., Begonia longirostris Benth., Begonia mariae L.B. Sm., Begonia

montana (A. DC.) Warb., Begonia napoensis L.B. Sm. &Wassh., Begonia nevadensis

Dorr, Begonia oliveri L.B. Sm. & B.G. Schub., Begonia pectennervia L.B. Sm. &Wassh.,
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Begonia silverstonii Jara, Begonia suaviola Jara, Begonia tetrandra Irmsch., Begonia

toledana L.B. Sm. & B.G. Schub., Begonia trapa L.B. Sm. & B.G. Schub., Begonia

trianae (A. DC.) Warb., Begonia trispathulata (A. DC.) Warb., Begonia trujillensis L.B.

Sm., Begonia umbellata Kunth, Begonia ursina L.B. Sm. & B.G. Schub. Begonia urticae

L.f., Begonia valvata L.B. Sm. & B.G. Schub., Begonia vareschii Irmsch., Begonia

wilburii Burt-Utley & Utley
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FIGURES

Figure 1. Majority rule consensus of the Bayes analysis of Casparya and related species.

Values of posterior probability (PP) and percent of bootstrap support of the ML analysis

in each node, (*) indicate clades without bootstrap value because were not supported in

ML. In bold species formerly included in the section Semibegoniella.
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Figure 2. Character evolution in Casparya and related species. a. sexual distribution of

the inflorescences, b. architecture of the inflorescence, c. placenta division. (fe) indicate

to Begonia ferruginea and (gu) indicate to Begonia guaduensis both species were not

included in any group because changes in the position depending on the phylogeny

method. (continue)



110

Figure 2. (continuation) Character evolution in Casparya and related species. d. perianth

color, e. staminate and/or pistillate perianth fusion, f. number of stamens. (fe) indicate to

Begonia ferruginea and (gu) indicate to Begonia guaduensis both species were not

included in any group because changes in the position depending on the phylogeny

method.
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SUPPLEMENTARY MATERIAL

Character matrix used for the character evolution analysis and of Casparya.



CHAPTER 4: TAXONOMIC CONTRIBUTIONS IN THE SECTIONS CASPARYA

(BEGONIA: BEGONIACEAE)

The fist scientific reference to a Begonia species dates back to 1678 with a species

described from the region of Malabar in the south-west of India by the Dutch

naturalist Adriaan van Rheede in an ethno-medical book (van Rheede 1678). The

genus was recognized as an entity by Plumier (Tournefort 1700), based on a plants

from the West Indies, and he named the group as Begonia in honor to a french

Governor of the Santo Domingo island (Haiti). Later, Linnaeus include the Plumier’s

genus in the first edition of the Genera Plantarum (Linnaeus 1737), and name the

type species of the genus, Begonia obliqua L. The first species of Casparya

described was Begonia urticae L.f., from specimens collected and illustrated by

Mutis in the Expedicion Botanica del Nuevo Reino de Granada. In this expedition

where also illustrated other species of Casparya that growth close to Bogotá;

Begonia cornuta and Begonia ferruginea.

The most important taxonomic contributions in the classification of Casparya and

the knowledge of their morphological variation and affinities are summarized in the

Table 1. As noted, the tendency has been similar to the overall history of Begonia,

from containing initially different genera (Klotzsch 1854) to include all the species in

only one section of Begonia (Smith & Schubert 1955). These changes reflect the

increase in the number of known species, because European expeditions to America

and Asia, and the consequent filling of morphological gaps. For example the
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expedition of Ruiz and Pavon (1778－1788) to Peru and Chile, who described 20

new species (Uribe-Uribe, 1955).

Table 1. Summary of the historical classification of Casparya.

Klotzsch (1854) Alphonse de
Candolle (1864)

Warburg 1894
(similar to

Irmcher 1925)

Smith &
Schubert
(1955)

Doorembos
(1998)

Ordo (=family)
Begoniaceae

Ordo (=family)
Begoniaceae

family
Begoniaceae

family
Begoniaceae

family
Begoniaceae

Subordo II
Gymnocarpae genus Casparya genus Begonia genus Begonia genus

Begonia

Genus Section Section Section Section

Stiradotheca Kl. Stibadotheca Casparya §
Stibadotheca Casparya Casparya

S. magnifica [=C. ferruginea] B. ferruginea

S. ferruginea C. ferruginea

S. trachyptera

C. fuchsiaeflora B. fuchsiaeolia*

Casparya Kl.

C. hirta

C. coccinea (= B.
Urticae)

C. columnaris (=
B. Urticae)

C. elegans (=B.
Foliosa (sect.
Lepsia))

Isopteris Isopterix

I. umbellata C. umbellata

I. longirostris
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Klotzsch (1854) Alphonse de
Candolle (1864)

Warburg 1894
(similar to

Irmcher 1925)

Smith &
Schubert
(1955)

Doorembos
(1998)

Ordo (=family)
Begoniaceae

Ordo (=family)
Begoniaceae

family
Begoniaceae

family
Begoniaceae

family
Begoniaceae

C. antioquensis

Sassea Sassea Casparya §
Sassea

S. urticae C. urticae B. urticae

S. columnaris C. columnaris B. columnaris

S. glabra -- --

C. montana B. montana

C. cordifolia B. cordifolia

C. brevipetala B. brevipetala

C. trachiptera B. trachyptera

Aetheropterix Casparya §
Aetheopterix*

C. trispathulata B. trispathulata

Andiphila Casparya §
Andiphila

Semibegoniell
a

C. trianei B. trianae

C. grawiifolia B. grewiaefolia

C. longirostris B. longirostris B. longirostris

B. umbellata

B. antioquensis

Sphenanthera

C. robusta

C. multangula

C. erosa

C. teysmanniana
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Klotzsch (1854) Alphonse de
Candolle (1864)

Warburg 1894
(similar to

Irmcher 1925)

Smith &
Schubert
(1955)

Doorembos
(1998)

Ordo (=family)
Begoniaceae

Ordo (=family)
Begoniaceae

family
Begoniaceae

family
Begoniaceae

family
Begoniaceae

Holoclinum

C. trisulcata

Polyschima

C. crassicaulis

genus Begoniella

B. whitei

B. kalbreyeri

B. angustifolia

Genus
Semibegoniella
(solo en Irmscher
1925)

B. sodiroi

B. jamesoniana

Currently Begonia is the fastest growing genera of plants (unpublished data), after two

periods of high productions (Figure 1), correspondent to the middle of the XIX century,

mostly because the the monograph of Klotzsch (1854), and the middle of the XX century

with the contributions of Albert C. Smith (1906–1999) and Bernice G. Shubert (1913–

2000). The works of Smith and Schubert include treatment of Begoniaceae for Argentina

(Smith & Schubert, 1941a), Santa Catarina, Brasil (Smith & Schubert, 1971), Bolivia

(Smith & Schubert, 1944), Colombia (Smith & Schubert, 1946a), Panama (Smith &

Schubert, 1958), Peru (Smith & Schubert, 1941b), Guatemala (Smith & Schubert, 1961)
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and Venezuela (Smith, 1973). The Central American flora of Begonia have been studied

mostly by William and Kathleen Burt Utley during the 80’s and 90’s (Burt-Utley, 1984;

Burt Utley, 1985; Burt-Utley, 1986, 1990, Burt-Utley & Utley, 1999, 2011).

Figure 1. New species published of American begonias.

DISTRIBUTION AND HABITAT

The section Casparya ranges from the Province of Limón in Costa Rica to the state of

Junin in Perú. In Central America, there are only one endemic species (Begonia wilburii

Burt-Utley & Utley), which is morphologically very similar to Begonia diversistipulata

Irmsch., endemic from the Sierra Nevada de Santa Marta (Colombia), but was

erroneously compared with Begonia ursina L.B. Sm. & B.G. Schub. in the protologue.

Most of Casparya species occurs in Colombia with 25 species described (21 endemic),

followed by Venezuela with 12 (7 endemics) and Ecuador with 8 (6 endemics), numerous

species remain to be described from Colombia. In Peru, there are one endemic species

(Begonia hirta (Klotzsch) L.B. Sm. & B.G. Schub.), and a new species have been
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detected in the course of this study from the region of the Cordillera del Condor in the

border between Ecuador and Peru.

Species within Casparya occurs primarily in well conserved forest from 1,000 to 3,000 m

(Figure 2), more than two-thirds of the species have mean elevations between 2,000 and

3,000 m. The species that growth at lower elevation are the ones from the Chocó and the

Cordillera Occidental of Colombian, where in fact it is common to find montane elements

growing at unusually low elevations (Gentry, 1986). There are huge differences in the

amplitude of the elevation ranges, witch span from Begonia urticae that grows in the

range between 1,150 and 3,340 m, and thus, with a range of 2,190 m, to very narrow

ranges like in species inhabiting high elevations as Begonia ursina, as well as in species

of lower elevations as Begonia irmscheri, these species have ranges of less than 300 m,

however most of the species have ranges of around to 500 m, and there is not apparent

relation between the median elevation and the size of the elevation range (Figure 3).

Although all species in Casparya grow terrestrially, field observations show that some

species as Begonia silverstonii are capable to exploiting epiphytic or saxicolous habitats,

for example growing on stones of streams. Those individuals which grow epiphytically

tend to colonize bases of trunks, but not higher and most exposed canopy zones. Some

species usually founded in ravines are frequently founded growing in rocks next to

mosses.
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Figure 2. Elevation profile of Casparya species.

Species of Casparya are most abundant in wet forest throughout Northern Andes, where

they frequently colonize areas above streams. Few species are successful in colonizing

páramo, and only Begonia ursina grows in open areas (“Pajonal”), the other species that

grows above 3,000 m really inhabit at the shadow or semi-shadow zones in forest patches.

Most species form extremely local populations that range in size from a few to tens of

individuals (field observations). As has been studied for species in other regions and

sections, these localized populations may result from poor seed dispersal (Dewitte et al.,

2011).
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F

igure 3. Median elevation vs. size of the elevation range for species of Casparya, with

adjusted curve.

Seed dispersal in Casparya may be even more limited that in other sections, where the

wings enhance the seed expulsion (Pijl, 1972). The precise mechanism of seed dispersion

has not been reveled yet in Casparya, however because the lack of wings, the position of

the dehiscence, and the ornamentation in the testa the most probable mechanism is rain

ballistic dispersal (as exposed in the chapters 3). In fact, change from wind to water as

dispersal force make sense for a group that inhabit mostly in the understory of wet forest,

with high levels of rain and frequently close to streams.

MORPHOLOGY

Habit: Species in section Casparya are ever caulescent, long lived perennials, being

Begonia diffusa the smaller one, with ca. 20 cm high and Begonia ferruginea the biggest

species growing up to 3 m. Most of the species are subfrutescents, some of these are
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usually reclined (e.g. Begonia umbellata). The internodes are usually sparsely lenticellate

and range from glabrous to hirsute, with hairs rarely glandular.

Pubescence: Species in Casparya display a limited variety of hair types, being of few

taxonomic value to species delimitation. The most notable variation is the presence of

glandular hairs in a species to be described from Colombia and Venezuela. Additionally,

field observations have reveled high intra-specific variation in density of the pubescence,

for example in Begonia tetrandra Irmsch. was founded that in the same population some

individual are nearly glabrous and others densely pubescent.

Leaves: Leaf morphology within Casparya, and Begonia in general, is characterized by a

dominant asymmetry, however in Begonia suaviola sp nov. (here described) the leaves

are almost symmetrical. In most of the species of Casparya the leaves are similar to other

sections of Begonia as Ruizopavonia or Cyathoctemys, and are obliquely to transversely

inserted on the petioles. The transverse or oblique lamina may be a compromise between

efficiency and mechanical cost, minimizing the necessity for secondary support tissue

while optimizing water and nutrient transport by approaching a radial transport system

(Givnish, 1979). Only Begonia trujillesis L.B. Sm. have peltate leaves, which is a rare

condition in Begonia, founded most frequently in the section Gobenia.

Leaf blades in Casparya are persistent, and in most species are coriaceous or

membranaceous, being the species inhabiting in lower and pluvial regions more

frequently membranaceous than species of high elevations. The leaves are medium to

dark green on the adaxial surface, and generally lighter beneath, occasionally becoming

red on the abaxial surface in species growing in shadow places, as Begonia kalbreyeri
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(Oliv.) L.B. Sm. & B.G. Schub. However, this a character of few taxonomic value

because is polymorph, and probably is strongly affected by the local light availability.

Inflorescence: Inflorescences of all species in Casparya are borne laterally from axils of

mature or immature leaves. Usually, are unisexual but there are few cases of bisexual

inflorescences and even B. ursina is a dioic species. Some species have dichotomic

cymes and others have cincinnum. Generally, the central flower of dichotomic cymes is

staminate, but in some cases the central flower is missing at the first node. In several

species, the first nodes are largely symmetric, but the last nodes have compressed

internodes and unilateral cymes.

Bracts: At each dichasial node in inflorescences of Casparya there are pairs of bracts that

sometimes ensheath the buds, like in Begonia gamolepis.

Flowers: Flowers in Casparya usually have a well differentiated perianth, as in many

Begonia sections. This was recognized by de Candolle (1859) who referred to parts as

sepals and petals in staminate flowers, but described pistillate flowers as being lobed.

Neither Warburg (1894) not Irmscher (1925) followed Candolle but rather unified

terminology by referring to perianth parts collectively as tepals. While (Smith & Schubert,

1946b) state they were able to recognize two distinctive perianth series in staminate

flowers, they continued used the term tepals. However, in posterior publications they

used sepals and petals to describe its perianth (e.g. Smith, 1973).

Fruits: Fruits of Casparya are loculicide capsules that open along slits at the base of each

locule. Even after capsules loss their seeds, they continue hanging in the senescing

inflorescence.
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Seeds: A comprehensive comparative study of seed morphology was conducted by De

Lange & Bouman (1999). They recognize that the seed of Casparya have a cuticle with a

double structure, and many species have a rough surface.

It is possible to conclude that the morphology of Casparya is markedly different from all

other sections because the characteristic type of fruit. However, at the interior of the

section we can find a wide variation in vegetative and reproductive organs, some of

which are only being discovered, for example the presence of glandular hairs and nearly

symmetrical leaves. The Figure 4 shows an example of these morphological variation in

Casparya.

In this chapter, the first article corresponds to the description of a new species from the

department of Santander (Colombia), and the second article was already published, and

include the description of two new species with a key for the species of Begonia with red

flowers from the Cordillera Occidental of Colombia. These publications are part of the

project to generate a taxonomic revision of Casparya that is an ongoing project. The

record data are shared with the Begonia Resource Center of the Royal Botanic Garden of

Edinburgh.
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Figure 4. Morphological variation in Casparya. a. Begonia ursina, the only dioic species,

grows in open páramo in the Serranía de Perijá. b. Begonia gamolepis, endemic from of

north of the Colombian Cordillera Oriental is the only species in the section with only

two sepals in the staminate flowers. c. Begonia urticae, the species of Casparya with the

widest distribution and morphological variation, this specimen was collected in the Cauca

department (Colombia), it has pink tepals and white stamens and styles, but there are also

populations with entirely red or white flower. d. Begonia lehmanii, this is one of the

species with gamophyllous perianth, the most common group founded in the Cordillera

Occidental of Colombia. e. Begonia ferruginea. Common in semi-open areas above of

2,600 m in the Cordillera Oriental of Colombia, have campanulate but not fused tepals. f.

Begonia sp. nov. one not described species, unique in Casparya by to have glandular

hairs. g. Begonia umbellata, endemic from the high montane region of the Cordillera

Central of Colombia, the inflorescence has very short inter-nodes and looks like an umbel.

h. Begonia sp. nov. this new species has the leaves clearly less asymmetrical than in the

other species of Casparya and the anthers are connivents.
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ABSTRACT

A new species of Begoniaceae, Begonia solaniflora Jara sp. nov. is described from

Colombia. The new species is easy to distinguish from other Casparya species by the

undivided or rarely bifid styles, the stamens erect with the anthers connivent and the

nearly symmetrical leaves. We provide illustrations, photographs, a distribution map of

the species and an evaluation of its conservation status according to IUCN criteria,

placing the species in the Critical Endangered (CR) category.
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INTRODUCTION

Begonia in one of the most species rich genera of the world, with ca. 1,825 species

(Hughes et al. 2015). Section Casparya (Begonia, Begoniaceae) includes 41 accepted

species (Jara unpublished data), mostly from the North Andean region (Doorenbos et al.

1998). The species in this section are caulescent herbs, neither tuberous nor rhizomatous,

the flowers usually have four staminate tepals (except by Begonia gamolepis L.B. Sm. &

B.G. Schub.), and 5-6 pistillate tepals, the number of stamens ranges from 4 in species

formerly placed in section Semibegoniella to ca. 40 in species such as Begonia cornuta

L.B. Sm. & B.G. Schub., the styles are multifid and the stigmas linear, except in Begonia

trujillensis L.B. Sm. which has styles forked once, and the stigmas are spiral. The species

described here is unique in having the styles only once divided or not divided and the

stigmas restricted to the tip.

Ongoing systematic work in the section Casparya have resulted in the finding of several

taxonomic novelties. Here we describe and illustrate a new and very distinctive species of

Casparya.

METHODS

The field work to collect new material of this species was conducted in the department of

Santander (Colombia), herbarium specimens were processed according to standard

procedures (Forman and Bridson 1989), and samples in ethanol 70% and silica gel were

preserved. The specimens were housed at the herbarium of Los Andes University

(ANDES), and duplicates have been lodged in national and international herbaria. The

description of the vegetative parts was based on dry material, and the floral organs were
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described and illustrated based on ethanol preserved samples and photographs of living

plants.

TAXONOMY

Begonia solaniflora Jara sp. Nov. (Fig. 2)

Unlike all others species in the section Casparya (Begonia), this species has 1) anthers

connivent forming a spindle-shape structure, 2) styles are just once divided or not divided,

and 3) leaves are nearly symmetrical.

Type: ―Colombia, Santander, Suaita, corregimiento San José de Suaita, entre Marbella y

La Meseta. 6.254°N, 73.4231°'W, 1,640 m, A. Jara & J. Luna 2568, 17 Dic 2013

(ANDES-Holotype; COL).

Plant perennial, initially erect and becoming prostrate with age, up to 70 cm high.

Internodes 6.7–31.3 (65.4) mm long, up to 2.5 mm across, reddish with some parts green,

glabrous, nodes thickened. Stipules early caduceus, 9.7−10.6 × 2.3−3.8 mm, lanceolate,

glabrous, light green to hyaline, membranous, weakly keeled, glabrous, margin entire,

apex acute to obtuse and aristate, ariste ca. 0.7 mm. Petioles 3.3–10.2 × 0.8–1.1 mm;

narrowly canaliculated, with some bristles near the junction with the blade (Figure 1-C).

Leaves straight, 4.1−8.5 × 1.4−2.5 mm, elliptic to ovate, slightly asymmetric, firmly

membranous; base acute; apex acute; margin serrate with a hair between each pair of

teeth; venation pinnate, with 3-6 major lateral veins on each side; tertiary veins generally

terminating at the margin. Inflorescence axillary, unisexual. Staminate inflorescence:

reduced monochasium; peduncle 6.1−9.2 mm long, glabrous; bracteoles 5–7, the most

external up to 8.1 × 5.1 mm, the others centripetal contorts gradually smaller, hyaline to
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greenish, from broadly ovate the outer ones to elliptic the inner, margin entire, apex

obtuse, reticulations evident. Staminate flowers: 5−7, pedicels 6.4−6.8 mm long; tepals 4,

glabrous, margin entire, apex obtuse, outer 2 ovate, whitish, with some reddish veins

parallels, 6.4–8.1 × 3.0-3.2, inner 2, elliptic, whitish, 6.5 × 1.3 mm; stamens 5–8,

disposed upon an axis of ca. 0.9 mm, anthers 2-locular, opening internally, compressed,

oblong-lanceolate, ca. 3.3 × 0.4 mm, thecae in contact among them by the inner side

forming a staminal spindle-shape structure, connective ca. 0.7 mm, yellow. Pistillate

inflorescence: flowers solitary, peduncle 5.1–8.4, glabrous; bracts 2, broadly ovate, 6.5–

7.2 × 4.5–4.9 mm, hyaline, margin entire, apex apiculate. Pistillate flowers: sessile, tepals

5, margin entire; outer 2 tepals ovate, 9.3–14.4 × 1.9–3.0 mm, whitish, with reddish

variegation, apex rounded to truncate; inner 3 tepals oblong-lanceolate, 10.3 × 0.9 mm,

whitish, apex obtuse: ovary trigonous, 2.9 × 6.2 mm (horns excluded), glabrous;

placentation simple, ovuliferous on both sides; styles 3, simple or once divided close to

the base, 7.5–8.6 mm long, yellow; stigmatic tissue covering ca. 2.5 mm, all around the

style tip. Fruit obconic, 9.1–9.5 × 20.8–24.4 mm (horns included), glabrous, horns

flattened, apex acute, column absent.

Additional specimens examined―COLOMBIA: Santander, El Hato, vereda Hoya Negra,

predio Giolcondas, Quebrada La Vega, PNN Serranía de los Yariguies y zona de

amoriguamiento, 2,000 m, 20 feb 2010, Aguilar-Cano 516 (FMB, UIS). Suaita,

corregimiento San José de Suaita, entre Marbella y La Meseta, 6°09'24''N, 73°24'51''W,

ca. 1,700 m. 17 Dic 2013, Jara & Luna 2563 (ANDES), 2564 (ANDES), 2565 (ANDES),

2567 (ANDES); 2568 (ANDES, HUA); 2569 (ANDES); 2570 (ANDES, COL, HUA);

vereda Campo Anibal, 6°0.8'57.2''-6°0.9'8.0''N-73°24'54.5''-73°24'33.3''W, 1740-1,810 m,
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26 Mar 2004, Betancur et al. 10693 (COL); Oiba, Cascadas de Chaguatá, 6°15'0''N,

73°17'28''W, 1,460 m, 18 Dic 2013, Jara & Luna 2578 (ANDES, COL); 2579 (ANDES);

2580 (UIS); 2581 (COL); 2582 (UIS); 2583 (COL); 2584 (UIS); 2585 (ANDES); 2586

(CUVC); 2587 (JAUM); 2588 (UDBC); 2589 (ANDES).

Distribution and Habitat: ―Moist tropical montane forest at 1,460–1,800 m, growing

near to waterfalls and streams in semi-open or shaded places. Southern region of the

department of Santander (Colombia) between the Chicamocha and Suarez Rivers.

Conservation status: ―Because the species is known from only two locations with an

area of occupancy of near 8 km2 it should be categorized as critically endangered (CR).

The region where the species is growing is mostly occupied by crops and pastures (sensu

IDEAM 2010). The nearest protected area is the Serranía de los Yariguies National Park

ca. 20 km from the distribution locality. The park has an elevation range between 1,500

and 3,200 m (Vasquez and Serrano 2009) and only the lower part is thus suitable for this

species.

Etymology: ―The name refers to the general aspect of the staminate flowers that are

reminiscent of Solanum flowers.

Discussion: ―Due to the absence of an apical projection in the fruit (i.e. “column”), and

the relationships indicated by ongoing phylogenetic work (Jara in prep.) the new species

is related to species distributed in Northern of Colombia, Venezuela and Central America.

Some species that lack the column have the hooks of the fruits flattened apically, this

group was proposed as a section Aetheropteryx A. DC. (1864: 271) of the formerly

accepted genus Casparya including only Begonia thrispathulata (A. DC.) Warb.. Since
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then other species with this character have been described, for example Begonia

chlorolepis L.B. Sm. & B.G. Schub. (1946: 16).
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FIGURE 1. Begonia solaniflora Jara sp. nov. A) branches, B) leaf, C) detail of petiole

showing hairs, D) staminate flower, E) pistillate flower and ovary, F) fruit in lateral view,

G) fruit in superior view, H) transverse section of the fruit showing the unilamellar

placentae.
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FIGURE 2. Begonia solaniflora Jara sp. nov. A) geographic distribution of Begonia

solaniflora, B) habitat of Begonia solaniflora, side of ravine, C) photograph of living

plant showing lateral view of the pistillate flower, this flower having the bifurcate style

condition. D) photograph of living plant showing the staminate flower and the large

hyaline bracts.
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