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Abstract

owhere else on Earth are there so many species of plants and
Nanimals as in the Neotropical region. Yet, many questions re-

main concerning the causes underlying such outstanding diver-
sification.

In this thesis, I use a combination of molecular-based methods (phy-
logenetic inference, molecular dating, biogeographic reconstruction,
analyses of diversification and extinction) together with geological,
palaeontological, hydrological and climatological evidence to recon-
struct the evolution of some Neotropical organisms in space and time.
Diversification patterns obtained from case studies in the plant families
Rubiaceae, Chloranthaceae and Campanulaceae are compared to pub-
lished studies of other plants and animals, especially tetrapods (birds,
non-avian reptiles, amphibians and mammals).

The uplift of the Northern Andes in the Neogene (~23 Ma to today)
is concluded to have played a major role in promoting Neotropical di-
versification, by fostering allopatric speciation of lowland organisms
and inducing adaptive radiations in newly formed montane habitats. In
addition, its formation caused the end of a lowland corridor episodically
invaded by marine incursions that separated the Northern and Central
Andes, enabling the southward dispersal of boreotropical groups al-
ready present in northwestern South America.

The fact that most Neotropical plant groups are either Andean-
centred or Amazonian-centred is explained by the long-lasting effect of
the Palaeco-Orinoco and Lake Pebas as dispersal barriers between these
two diversity centres. Finally, a new diversification model is proposed
to explain the origin and evolution of organisms in two areas character-
ized today by unusually high levels of species richness and endemism:
the Huancabamba region and western Amazonia. Under this model,
speciation is proposed to have occurred over several million years in
connection with the recolonization of previously submerged areas, by
means of adaptive radiation of founder colonies and secondary contact
of previously isolated populations.

KEYWORDS: Neotropics; Biodiversity patterns, Speciation models,
Andean uplift, K/T Event; Biogeography, Phylogenetics, Molecular
dating; Rubiaceae, Chloranthaceae, Campanulaceae, Tetrapods.
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Introduction

“In England any person fond of natural history enjoys in his walks a
great advantage, by always having something to attract his attention,
but in these fertile lands teeming with life, the attractions are so numer-
ous, that he is scarcely able to walk at all.”

Charles R. Darwin, 19" April 1939, during his stay in Brazil.

The Neotropical region

The word Neotropic (from the Greek neos = “new”) refers to the tropi-
cal region of the American continent, or “New World” — a term coined
by Peter Martyr d’Anghiera in 1493 shortly after Christopher Colum-
bus’ first voyage to the Americas (O'Gorman 1972). As currently de-
fined (Schultz 2005), the Neotropic ecozone extends from central Mex-
ico in the north to southern Brazil in the south, i.e. including Central
America, the Caribbean islands and most of South America.

Geologically, the Neotropics are distributed across three tectonic
plates: the North American, the Caribbean and the South American
(Fig. 1), each with a very different geological history. The South
American and African plates remained fused in the giant palacoconti-
nent of Gondwana for hundreds of millions of years until its final break-
up about 100 million years ago (Ma; Scotese 2001). The fact that most
tropical soils are extremely scarce of nutrients reveals long-lasting
weathering conditions.



¥ NORTH AMERICAN
PLATE

AFRICAN }
PLATE

PACIFIC
PLATE

&L
SCOTIA PLATE

Figure 1. The Neotropical region extends from central Mexico in the north to
southern Brazil in the south, thus occupying the North American, the Carib-
bean and the South American tectonic plates. Many hypotheses of diversifica-
tion discussed in this thesis derive ultimately from the geological dynamics of
these plates: the separation of Africa and South America, the rise of the Andes
and the reconnection of South America with a land mass after 90 million years
of isolation. (Source: Wikimedia Commons).

Precipitation and annual mean temperatures are generally high, but
there is great regional variation. Whereas some places in South America
have amongst the highest precipitation rates in the world (such as
Quibdo in western Colombia, with almost 9000 mm annually), other
regions are extremely dry. Perhaps surprisingly, it is in South America
that the driest place on Earth is to be found: Calama, in the subtropical
Atacama Desert of Chile, where no rain has yet been recorded (Kricher
1997). In the Amazon Basin, precipitation ranges between 1500 and
3000 mm annually, averaging around 2000 mm in central Amazonia
(Salati and Vose 1984).

Before human devastation, the Amazonian rain forest accounted for
about one third of the entire South American continent. Aside from
Amazonia, there are other terrestrial biomes in the Neotropics that are
noteworthy for their size and ecological importance:



- the seasonally dry tropical forests (SDTF) covering most of the
Brazilian highlands and scattered areas in Central and South
America (Lavin et al. 2006);

- the Atlantic rain forest of eastern Brazil;

- the Choco region of northwestern South America;

- the Llanos floodplain adjacent to the Orinoco river in northern
South America;

- the semi-arid Caatinga of northeastern Brazil.

Neotropical biodiversity

Species numbers in the Neotropics are astounding. Comprising around
90 — 110 000 species of seed plants, the Neotropical region alone is
home to about 37% of the world’s total number of species. In fact, this
is probably more than tropical Africa (30 000 — 35 000 spp.) and tropi-
cal Asia and Oceania combined (40 000 — 82 000 spp.; Thomas 1999;
Govaerts 2001).

Global patterns of animal diversity seem to be similar to the one
shown by plants. Species richness is strongly correlated among am-
phibians, birds and mammals, even after correcting for differences in
area (Grenyer et al. 2006; Lamoreux et al. 2006; Fig. 2). Reptile diver-
sity is also significantly correlated to other vertebrates, although this
correlation is more moderate (Lamoreux et al. 2006). For reptiles and
amphibians, it has been statistically demonstrated that the Neotropics
are significantly richer in species than expected by chance, as compared
to other tropical regions (Wiens 2007; Hong Qian 2008).
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Figure 2. Tropical hotspots of species richness for mammals, birds and am-
phibians. Red shading shows cells that are hotspots for all three groups, yellow
for two groups and green for one group. Hotspots are the richest 5% non-zero
cells. Adapted from Grenyer et al. (2006). Reproduced with permission.
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Indeed, the Neotropics comprise more than half of all amphibian
species in the world (2916 spp.), followed by tropical Australasia (1378
spp.) and tropical Africa (958 spp.; http://www.globalamphibians.org).
For birds, the most updated and reliable species count available today
(Larsson et al. 2008) clearly shows that tropical Africa contains less
species (2048 spp.) and a lower proportion of endemic species (20%)
than tropical Asia (2324 spp., 23% endemic). And once again,
Neotropical diversity stands out with 3653 bird species documented so
far, of which 35% occur nowhere else (Fig. 3). Despite a major wave of
extinction among South American mammals some 3.5 Ma (see Paper
III), recent studies (Grenyer et al. 2006; Schipper et al. 2008) show that
the Neotropics still possess more species (1189 spp.) of terrestrial
mammals than tropical Africa (1037 spp.). The number of mammal
species in tropical Australasia has not been made available.

Seed plants Birds
(193 500) (8025)
32% 299%,
‘ 51% * 45%
17% 26%
Nymphalid butterflies Amphibians
(4185) (5252)
7%

26%

35%‘ - * -
18%

[0 Tropical America [l Tropical Africa [] Tropical Australasia

Figure 3. Comparison among the number of tropical species in four organism
groups. The estimated total number of tropical species is given within
parentheses (see text for data sources).

Among nymphalid butterflies, the Neotropics (with 2433 spp.) are
also much more species-rich than the other tropical regions, but in this
group tropical Asia (279 spp.) is home to considerably less species than
Africa (1473 spp.; Heppner 1991; http://nymphalidae.utu.fi). Other
estimations of invertebrate diversity are much more uncertain. Recent
studies have argued that the diversity of herbivorous insects (e.g., but-
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terflies, leaf beetles, flies) is a direct function of plant diversity
(Novotny et al. 2006; Dyer et al. 2007). A molecular phylogenetic study
recently demonstrated that a single plant species may support up to 13
species of flies (Condon et al. 2008). Extrapolations from detailed in-
ventories of insect diversity suggest that there may be somewhere be-
tween 3 and 30 million species of herbivorous insects (e.g., Fig. 4) in
the Neotropics (May 1990).

Figure 4. How many species? Many groups of Neotropical insects are still
poorly studied, and estimates of species numbers vary greatly — as among her-
bivorous insects, such as the Brazilian grasshopper portrayed here.
©A.Antonelli.

This ten-fold difference in invertebrate estimations reflects our mea-
gre knowledge of Neotropical insects, but also our insufficient capacity
of dealing with genetic and morphological variation in nature. This
variation is often continuous between individuals, which contrasts with
the categorical grouping of individuals into fixed (discontinuous) taxo-
nomic entities, such as species and genera. It is thus not surprising that
what appears to be a single widespread species of butterfly may turn out
to be at least 10 groups (should we call them species?) that are geneti-
cally distinctive (Hebert et al. 2004).

Ever since the early voyages of renowned explorers, such as Hum-
boldt (1820), Darwin (1845) and Wallace (1852, 1853), the outstanding
species richness found today in the Neotropical region has been a major
riddle in our understanding of the evolution of life on Earth.
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Distributional patterns

Within the Neotropics, species are not distributed randomly. In a semi-
nal paper, Gentry (1982) demonstrated that there are two main patterns
of plant distribution, which he termed “Amazonian-centred” and “An-
dean-centred”. Typically, groups that are rich in species in one of these
centres are relatively species-poor in the other. This will be termed here
“the Gentry pattern”.

Andean-centred groups are characterised by having their centres of
diversity in northwestern South America and adjacent Central America.
Gentry exemplified this pattern with Maas' (1977) diversity map for the
genus Renealmia (Zingiberaceae; Fig. 5). According to Gentry’s (1982)
extensive survey, as many as 38% of all Neotropical plant species may
belong to Andean-centred groups.
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Figure 5. Species diversity of a typical Andean-centred group: the genus Re-
nealmia (Zingiberaceae). Redrawn from Maas 1977; the Trinidad grid square,
mistakenly left blank by Maas was corrected in accordance with data in the
text. Map by L. Andersson (unpublished).
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Amazonian-centred groups, on the other hand, are characterised by
having a high number of species in the Amazon Basin. Gentry exempli-
fied this pattern using Berg's (1972) diversity map for the tribe Olme-
dieae (Moraceae; Fig. 6). Amazonian-centred groups, according to Gen-
try, may comprise some 33% of all Neotropical plant species.
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Figure 6. Species diversity of a typical Amazonian-centred group: tribe Olme-
dicae (Moraceae). Compiled from maps of individual species distributions in
Berg (1972) and localities listed by Berg (1998). Map by L. Andersson (unpub-
lished).

Because the great majority of Neotropical plant species (71% in
Gentry’s survey) belong to either one of these groups, Gentry concluded
that “any explanation of the patterns of evolutionary diversification in
these taxa will largely explain the richness of the Neotropical flora”
(Gentry 1982).
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Models of diversification

Global patterns of species richness have traditionally been explained in
terms of environmental factors (Kreft and Jetz 2007), but lately more
integrative explanations have emphasized the role of historical and evo-
lutionary factors in producing diversity (Pennington and Dick 2004;
Donoghue 2008; Linder 2008).

Several diversification models have been proposed for the Neotropi-
cal region. Here follow some of them and their phylogenetic and tempo-
ral predictions. It is important to note that these hypotheses often have
similar predictions and it is quite possible that more than one could
affect any given lineage (Moritz et al. 2000).

Riverine barriers. From the time of the earliest European bio-
geographical explorers, it has been apparent that the Amazon River and
some of its tributaries separate the ranges of many forest species. Wal-
lace (1853) postulated what we today call the riverine barrier hypothe-
sis. Under this model, widespread Amazonian animals are thought to
have split into isolated populations due to the formation of the Amazon
River network. Riverine barrier effects have been invoked to explain
distribution limits in a number of vertebrate species in the Amazon Ba-
sin, including birds (e.g., Bates et al. 2004) and primates (Ayres and
Clutton-Brock 1992). Other studies (e.g., Gascon et al. 2000, Aleixo
2004) have shown that at least some major rivers in Amazonia do not
appear to have promoted diversification. Bates et al. (2004) proposed
that meandering rivers might offer more opportunities for gene flow
whereas faster flowing rivers may be stronger barriers.

Pleistocene refugia. During the past 2 million years, the Earth under-
went at least twenty major glacial periods when mean global tempera-
tures were at least 4°C lower than today’s (Gates 1993). Based on the
observation that the main centres of avian endemism in northern South
America are situated in zones that receive today the highest levels of
precipitation, Haffer (1969, 1997) suggested that the rainforest cover in
Amazonia changed repeatedly in response to global climatic oscilla-
tions. According to his hypothesis, lowland forest broke up into isolated
refugia during cooler (drier) periods and expanded again during warmer
(wetter) interglacials. As a result, allopatric speciation in forest refugia
was promoted. This Pleistocene refuge theory gained early support by
the demonstration of similar distribution patterns in many taxa. These
included reptiles and amphibians (Vanzolini and Willians 1970; Dixon
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1979; Lynch 1979), butterflies (Brown 1982) and woody plants (Vuil-
lemier 1970; Prance 1973, 1978, 1982; Andersson 1979). Although
there is geological evidence that some parts of Amazonia did become
arid during glacial periods (e.g., Ab’Saber 1982), as predicted by the
refuge theory, in other areas it has been shown that cooler periods only
brought about taxonomic shifts in the forest rather than caused it to
fragment (e.g., Bush 2004).

Disturbance-vicariance hypothesis. According to this hypothesis, the
major factor triggering diversification in the Neotropics was the tem-
perature fluctuations themselves, rather than aridification and physical
fragmentation of lowland forests as proposed under the refuge theory
(Colinvaux 1993; Bush 1994). The late Neogene climatic oscillations
would have caused recurrent displacement of taxa towards lower or
higher altitudes (during cool and warm periods, respectively). The ef-
fects of such displacements would have been most notable in the pe-
ripheral parts of Amazonia, which would have served as crossroads for
the invasions and counter-invasions of montane and lowland species.
Fierce competition between these species could result in directional
selection and eventually lead to speciation. The hypothesis thus predicts
a higher level of endemism in the peripheries of Amazonia as compared
to its core, implying a diversity gradient.

Marine incursions. In the Miocene, sea rises of about 100 m above the
present level have been suggested to cause large parts of lowland Ama-
zonia to become submerged (Hoorn 1993, 1994; Hoorn et al. 1996;
Hoorn and Vonhof 2006), a hypothesis supported by patterns of fish
biogeography and phylogeny (Lovejoy et al. 2006). By using topog-
raphic maps to identify areas above that altitudinal limit, Nores (1999)
argued that during periods of marine incursions, two large islands in
northeastern South America existed around present day Guianas. Addi-
tionally, a large number of smaller islands and archipelagos would have
been formed along the coastal lowlands of northeastern South America
and the southern periphery of the Amazon Basin. Because the regions
where these major islands would have been formed today contain a high
level of endemism among birds, Nores postulated that recurrent marine
incursions in Amazonia may have increased the opportunities for allo-
patric speciation and thus could represent a major force driving diversi-
fication in the Neotropics. However, recent evidence (Miller et al. 2005;
Miiller et al. 2008) strongly indicate that sea level fluctuations have
been of considerably lower amplitudes than those assumed for the
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elaboration of this diversification model (Haq et al. 1987; see Fig. 13 in
Results and Discussion).

Andean uplift. Extending over 7000 km along the western coast of
South America, the Andean Cordillera constitutes the largest mountain
chain in direct connection with a tropical rain forest. Its uplift can be
traced back to the Cretaceous (~100 Ma; Milnes 1987), and is thought
to have proceeded from south to north and from west to east (Taylor
1991). In the central and northern Andes, most of the uplift took place
in the last 25 Ma, with some segments of the Eastern Cordillera in the
northern Andes having risen as recently as 5 — 2 Ma (Gregory-Wodzicki
2000; Garzione et al. 2008).

The Andean uplift may have promoted speciation in several ways: i)
by creating previously non-existent Neotropical montane and pre-
montane habitats, favouring morphological and physiological adapta-
tion of lowland taxa; ii) by producing geographic vicariance, and con-
sequently genetic isolation, between populations on both sides of the
emerging mountains; i) by favouring allopatric speciation among mon-
tane taxa, separated by deep valleys and impassable ridges and peaks.
Newly formed lineages along the eastern Andes could then have moved
into Amazonia and contributed to lowland diversity. Past exchanges
between the Amazonian lowlands and the eastern slopes of the Andes
have included range extension of plants presently confined to moderate
altitudes into the lowlands during Pleistocene cold phases (Colinvaux et
al. 1996).
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Objectives

Since the publication of Gentry’s (1982) comprehensive account on
Neotropical plant diversity and its possible causes, the advent of mo-
lecular phylogenetics in the past two decades has given us new tools for
addressing questions on the origin and evolution of organisms across
space and time.

Advances in the fields of phylogenetic inference, molecular dating,
historical biogeography and statistical modelling can now be combined
to provide clues on ancestral areas and divergence times (Sanmartin et
al. 2001; Sanderson 2002; Donoghue and Smith 2004; Ree et al. 2005;
Drummond et al. 2006), the tempo and mode of lineage diversification,
i.e., the interplay between extinction and speciation, adaptive radiation
and widespread extinction (McKenna and Farrell 2006; Weir 2006;
Rabosky and Lovette 2008), and the putative correlation between his-
torical patterns of diversification and morphological and range evolu-
tion (Moore and Donoghue 2007).

This project takes advantage of these recent developments in order
to reconstruct the spatiotemporal evolution of some Neotropical line-
ages. Departing from detailed studies on the plant families Rubiaceae,
Campanulaceae and Chloranthaceae, the biogeographic patterns found
in these groups are then contrasted with what is currently known about
diversification of Amazonian tetrapods and other plant and animal
groups.

This thesis aims at advancing our understanding on how and when
the Gentry pattern was formed, and how the different speciation models
proposed for the Neotropical region have contributed to the present-day
levels of species richness.

18



Material and methods

Study groups

Given the huge size of Neotropical biodiversity, any attempt at gener-
alization has to be based on extrapolations of the results found for a few
groups of organisms. This practical limitation has important implica-
tions for the choice of taxonomic group to be studied. The following
considerations have been taken into account for choosing groups in this
thesis:

— Geographic distribution: only if a taxon occurs in the region of in-
terest will it be possible to draw conclusions regarding the origin and
evolution of the region’s biota. Groups containing species distributed
over several geographic areas and in several habitats have therefore
been chosen, rather than narrowly distributed taxa;

— Access to suitable material for sequencing: some taxa may be
taxonomically and biogeographically interesting, but if they are too
poorly represented in modern collections it may be impossible to obtain
DNA of good quality for molecular analyses;

— Taxonomic knowledge: it can be very time-consuming (although in
several ways rewarding) to work with groups that have never been re-
vised taxonomically. Moreover, revisions, checklists and local floras are
indispensable for compiling distributional data for biogeographic analy-
ses;

— Suitable calibration points: good fossils are exceedingly rare and
limited to a few plant and animal groups. However, whenever available,
they constitute an invaluable source of information for performing mo-
lecular dating analyses.
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For animals (Paper III), this project has only aimed at summarizing
the results from previously published studies, whereas plants were stud-
ied much more thoroughly (but fewer groups considered). Based on the
considerations above, the following plant families were selected for this
project:

Rubiaceae (Papers I and 1V)

The Rubiaceae (coffee or madder family) is the fourth largest family of
flowering plants, with some 13 100 species in more than 600 genera
(Govaerts et al. 2007). The family has a cosmopolitan distribution, but
its highest diversity is confined to the tropics.

Three subfamilies are commonly recognized: Rubioideae, Ixoroideae
and Cinchonoideae (Bremer et al. 1999). Based on supertree analyses,
Ixoroideae and Cinchonoideae have been proposed to constitute a mo-
nophyletic clade (Robbrecht and Manen 2006), but this conclusion is
disputed (C. Persson pers. comm.). Rubioideae is pantropical, but
probably originated in the Old World (Manen et al. 2006). The distribu-
tion of the subfamily Ixoroideae is concentrated to the Palaeotropics
(Andreasen and Bremer 2000), whereas Cinchonoideae, with the excep-
tion of tribe Naucleeae, is predominantly Neotropical.

In the Neotropics, Cinchonoideae is represented by the tribes Cin-
choneae and Isertieae. These tribes comprise some 130 species of small
trees and shrubs divided into eleven genera and occur in a wide range of
habitats. Some species of Cinchona are economically important as a
source of quinine, which is industrially used to flavour tonic water and
as an effective medicine against malaria.

The distribution of Isertieae is concentrated to the lowlands of the
Amazon basin and eastern Guianas, whereas Cinchoneae species are
mainly confined to the highland and montane habitats of the Northern
and Central Andes, reaching up to 3300 m. Widespread species in these
two tribes occur also in the West Indies, Central America, the Guiana
Shield and southeastern South America. Their wide geographic distribu-
tions thus offer good prospects for investigating the evolutionary history
of species in nearly all Neotropical ecosystems.

Although the fossil record of Rubiaceae is scarce, there is at least one
genus in Cinchonoideae (Cephalanthus) with a well-documented fossil
record from the Late Eocene (~35 Ma) and onwards in Denmark, Ger-
many and western Siberia (see Paper IV for references).
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Chloranthaceae (Paper V)

The Chloranthaceae is a small family of flowering plants, comprising
some 65-70 species in four genera (Heywood et al. 2007). They are
disjunctly distributed in the Old and New World: Chloranthus, Sarcan-
dra and Ascarina are confined to the Palaeotropics, including east Asia
(Chloranthus and Sarcandra) and Australasia (4scarina), while the vast
majority of Hedyosmum species occurs in montane habitats of Central
and South America and the West Indies, but with a single species in
southeastern Asia (H. orientale). Among the four genera, Hedyosmum is
by far the most species rich (~45-50 spp.; Todzia 1988, 1993).

Because of its phylogenetic position near the root of the angio-
sperms, and its extensive and old fossil record extending back to the
Early Cretaceous (~110 Ma; Friis et al. 1997; Eklund et al. 2004), the
Chloranthaceae has figured prominently in studies on the origin and
early diversification of flowering plants.

Relatively recent taxonomic revisions of Hedyosmum (Todzia 1988,
1993), which include detailed accounts on geographic distributions,
together with the possibility of calibrating the phylogeny of Chlorantha-
ceae using multiple fossil constraints, have made Hedyosmum an ade-
quate model group for studying plant evolution in the montane areas of
the Neotropics.

Campanulaceae (Papers II and VI)

The Campanulaceae (the bluebell or Lobelia family) comprises some 84
genera and nearly 2400 species (Lammers 2007). The group has a cos-
mopolitan distribution and is present in a wide array of habitats, from
tropical rain forest to tundra. The variety of life forms ranges from
dwarf herbs shorter than 2 cm to trees up to 15 m tall.

As currently circumscribed (Lammers 1998a), the family is divided
into five subfamilies: Campanuloideae, Lobelioideae, Nemacladoideae,
Cyphioideae and Cyphocarpoideae. Of these, Lobelioideae is the largest
subfamily, comprising 28 genera in about 1200 species, half of which
are native to South America. It is noteworthy that the six largest genera
contain almost 80% of the species, and that eight genera are monotypic.

In the Neotropics, the Lobelioideae are mainly represented by the
genera Burmeistera, Centropogon, Lobelia, Lysipomia and Siphocam-
pylus, together accounting for some 600 species (Lammers 2007). Most
of them occur in montane and pre-montane habitats, with a centre of
diversity in the Northern Andes, where they are ecologically important
as a nectar source for birds and bats (Muchhala 2003, 2006a, 2006b;
Lammers 2007).
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Positive aspects for studying Neotropical lobelioids derive mainly
from the great number of Neotropical species in the subfamily, which
offers the potential of discovering new species, proposing taxonomic
rearrangements and investigating plant evolution in montane habitats.
Nevertheless, a disadvantage lies in the fact that the fossil record of the
Campanulaceae is very scarce (Lammers 2007): only three fossils have
been documented so far, all assigned to subfamily Campanuloideae.
Molecular dating of the family should therefore be complemented by
the use of indirect calibrations, such as geological events and age esti-
mations obtained from large-scale studies.

Sequence regions

It was desirable to obtain phylogenetic resolution both at the family
level as well as among species and genera. Relatively conservative and
relatively fast-evolving sequence regions have therefore been used in
different combinations (Table 1).

Table 1. Sequence regions used for the plant families investigated.

Nll;ch(:'r Chloroplast (plastid) DNA
Family ITS* | rbcL* | rps16 | trunl— | matK* | ndhF
F*
Campanulaceae X X X X
Chloranthaceae X X X
Rubiaceae X X X X X X

(*) For these regions, new primers have been developed for DNA amplification
and/or sequencing (see respective papers for details).

The rbcL gene has proved in numerous studies to offer sufficient
information for well-supported resolution at higher taxonomic levels
(e.g., Chase et al. 1993; Savolainen et al. 2000). It has also the advan-
tage that a large number of useful sequences are available from Gen-
Bank.

The matK gene is known from some families to offer more phyloge-
netic information than the rbcL (e.g., Gentianaceae; Thiv et al. 1999).

The ndhF gene is 1.5 times longer than rbcL. and may contain three
times more phylogenetic information (Kim and Jansen 1995). It has
been used at different taxonomic levels, ranging from the intrageneric
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level (Kéllersjo and Stahl 2003) to studies of major lineages of asterids
(Albach et al. 2001; Olmstead et al. 2000).

The rps16 intron (e.g., Andersson and Rova 1999; Andersson 2002)
and the #7nL—F intergenic spacer (e.g., Persson 2000; Rova et al. 2002)
have been shown in earlier studies to provide resolution within tribes of
Rubiaceae.

Among the sequence regions used in this thesis, ITS is by far the
most employed one. A quick search in GenBank revealed that at present
(August 2008) more than 230 000 ITS sequences have been deposited
in that database, which can be compared with the ~10 000 rps16 se-
quences (Fig. 7).

Number of sequences stored in GenBank
250000 1
200000 1
150000 1
100000 -
50000 -
0
ITS rbcL matKk ndhF trnL-F  rps16
Sequence region

Figure 7. Number of sequences stored in GenBank for the sequence regions
used in this project.

The popularity of the ITS is doubtlessly due to that fact that it is one
of the most easily amplified and fastest evolving sequence regions
available, often providing phylogenetic information for resolving rela-
tionships within genera (Shaw et al. 2005, 2007; Hughes et al. 2006). Its
use also experienced an upturn when it was proposed as the universal
DNA barcoding region for plants and fungi (Kress et al. 2005; Kress
and Erickson 2008; Lahaye et al. 2008). Moreover, it has been useful
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for species-level identification in a wide range of situations, such as the
identification of biodiversity hotspots (Kress et al. 2005; Kress and
Erickson 2008; Lahaye et al. 2008). ITS is also widely used in myco-
logical studies for species identification of ectomycorrhizae and as sup-
port when describing new species (e.g., Kdljalg 2005, Larsson and Or-
stadius 2008).

Nevertheless, it has been shown that the use of ITS is not entirely
unproblematic: tandem repeats, harbouring of pseudogenes in various
states of decay and incomplete homogenization are all phenomena
which may influence phylogenetic and divergence time estimations
(Alvarez and Wendel 2003). When using ITS for these purposes, it is
therefore important to compare the phylogenetic results obtained with
ITS against those obtained using plastid regions. Strongly supported
incongruences and/or multiple PCR bands may be indicative of incom-
plete lineage sorting and/or hybridization.

Phylogenetic inference

Phylogenetic trees were reconstructed using both maximum parsimony
as implemented in TNT (Goloboff et al. 2000) and PAUP* (Swofford
2002) as well as Bayesian inference of phylogeny as implemented in
MrBayes (Huelsenbeck and Ronquist 2001).

When MrBayes was used, MrModelTest 2.2 (Nylander 2004) was
employed to choose the best evolutionary model for each sequence re-
gion. Following the recommendation some works (e.g., Posada and
Buckley 2004), the evolutionary models chosen by the Akaike Informa-
tion Criterion implemented in MrModelTest were incorporated in the
input file to MrBayes. The software Tracer (Drummond et al. 2006) was
used to determine when the tree parameters stabilized. Jackknife sup-
port values (Farris et al. 1996) were estimated in PAUP* under the
maximum parsimony criterion.

Incongruence among gene partitions was assessed by means of the
Incongruence Length Difference (ILD) test (Farris et al. 1994) using
PAUP* and by comparing the topologies obtained using each sequence
region separately.
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Age estimations

Ever since Zuckerkandl and Pauling (1965) suggested a correlation
between the number of genetic mutations in DNA molecules and
elapsed time, there has been a large interest in using molecular phylog-
enies to date the origin and diversification of organisms.

In recent years, molecular dating methods have advanced from a
strict molecular clock to a more “relaxed” clock approach that allows
mutation rates to vary within a phylogeny, thus providing more realistic
estimates of divergence times (Sanderson 2002; Thorne and Kishino
2002; Drummond et al. 2006).

Several works have reviewed these methods and compared their per-
formance (e.g., Linder et al. 2005; Renner 2005; Ricklefs 2007). In data
simulations, different algorithms have been shown to perform differ-
ently well in response to problems such as incomplete taxon sampling
and distance of node to calibration point, producing largely discrepant
age estimates (Linder et al. 2005).

In this thesis, divergence times were estimated using Penalized Like-
lihood (Sanderson 2002) in Papers IV, V and VI, as well as Bayesian
dating (Drummond et al. 2006) in Paper VL. In both cases, the effects
of phylogenetic uncertainty were taken into account by independently
dating a large sample of trees with varying topology. Both methods
have the advantage of enabling direct calibration on one or more nodes
of a phylogeny. However, a major difference is that Penalized Likeli-
hood assumes that rates are auto-correlated (inheritable), whereas in
Bayesian dating each branch is allowed to evolve at its own rate.

It may be virtually impossible to empirically identify which dating
method is “best”, as the fossil record will never be sufficiently complete
to allow a direct verification of the results obtained. Indeed, absence of
evidence is not evidence of absence (G. Nelson pers. comm.), and the
results from molecular dating analyses should therefore always be seen
as hypothetical. In the same way as phylogenetic estimation, they repre-
sent hypotheses to be further tested and refined with the inclusion of
more taxa, more calibration points and improved dating algorithms.
Despite these caveats, molecular dating analyses offer unique opportu-
nities for assessing the biogeographic history of organisms.

A commonly used exploratory tool for examining the temporal evo-
lution of clades is the lineages through time (LTT) plot, first proposed
by Nee et al. (1992). Its principle is simple: the number of lineages in a
molecular chronogram (or its logarithm) is plotted as a function of time.
Although this graphical method has limited statistical value in testing

25



hypotheses (Nee et al. 1992; Paradis et al. 2004), it has been widely
used in the literature for visualizing otherwise complex chronograms
(see Results and Discussion for examples of LTT plots and an alterna-
tive way of constructing similar diagrams).

Analyses of extinction

One way of using LTT plots in a statistical framework is by comparing
the fit of an empirical LTT curve with curves generated by a stochastic
model (Rabosky 2006). Under the pure birth (Yule) model, the number
of lineages increases exponentially through time with a constant speci-
ation rate (Yule 1924). Under a general birth-death model, there is a
speciation rate (b) and an extinction rate (d) parameter, and the net di-
versification rate (b — d) is constant through time (Yule 1924; Nee 2001,
2004).

To further test the effect of extinction in shaping the temporal diver-
sification of a clade, arbitrarily defined extinction events can be mod-
elled and incorporated in data simulations. The simulated chronograms
can then be compared with chronograms generated from empirical data.
A detailed discussion on the use of these methods is presented in Paper
V. In that study, it is tested whether any of three extinction scenarios
may have shaped the empirical chronogram of the Chloranthaceae: a
mass extinction at the end of the Cretaceous (65.5 Ma; the K/T event), a
mass extinction 35 Ma (the Late Eocene cooling event), or sporadic and
less destructive extinction events taking place randomly in time.

Biogeographic reconstruction

Optimization algorithms

Biogeographic methods based on parsimony can be divided into tree-
fitting methods that search for the best area cladogram for a set of trees
(Brooks 1985; Page 1994; Sanmartin and Ronquist 2004) and character-
optimization methods that optimize ancestral areas onto the nodes of a
phylogeny (Ronquist 1997; Maddison and Maddison 1992). The latter
are more appropriate for regions such as the Neotropics, with a reticu-
late history of connecting and disappearing barriers that would be diffi-
cult to represent in a hierarchical, branching area cladogram (Ronquist
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1997; Sanmartin 2007; Wesselingh et al. in press). The two most popu-
lar character-optimization methods are Fitch Parsimony Optimization,
implemented in the software Mesquite v. 2.0.1 (Maddison and Maddi-
son 2007) and Dispersal-Vicariance analysis (Ronquist 1997), imple-
mented in the software DIVA (Ronquist 2001).

These two methods are based on different models of character evolu-
tion. Fitch Optimization constrains ancestors to be restricted to single
areas and models range evolution from ancestor to descendant as a
change in character state, equivalent to dispersal between single areas. It
thus favours a dispersalist explanation. In contrast, DIVA allows wide-
spread distributions at ancestral nodes. Although the maximum number
of areas can be constrained in DIVA, single-area ancestors are not al-
lowed and widespread distributions are always divided at speciation
events by vicariance. Moreover, in Fitch optimization, biogeographic
changes (i.e., dispersal events from one single area to another) are opti-
mized onto the branches subtending from speciation events as in charac-
ter evolutionary models, whereas in DIVA dispersal events are opti-
mized onto the branches leading to the vicariance speciation event, i.e.,
dispersal leads to vicariance but it is not directly associated with
cladogenesis (Sanmartin 2007).

A problem with these two methods, and in general with most bio-
geographic methods is that they do not automatically incorporate phy-
logenetic uncertainty into biogeographic reconstructions. Ancestral
areas and biogeographic events are optimized onto a single, fully bifur-
cated tree, when in reality phylogenetic trees are seldom fully resolved.
This phylogenetic uncertainty may bias the results much more than the
optimization criterion itself, as biogeographic inferences done using
parsimony and maximum likelihood on the same tree usually yield simi-
lar results (Ree et al. 2005; Inda et al. 2008; but see Xiang and Thomas
2008 for a different view). One way to incorporate phylogenetic uncer-
tainty into parsimony-based biogeographic inference is to reconstruct
ancestral area distributions over a sample of trees with varying topology
(Huelsenbeck and Imennov 2002; Ronquist 2003; Nylander et al. 2008).

Here, both these methods were used to infer ancestral distributions
and biogeographic events: DIVA was used in Papers IV and V and
Fitch parsimony in Papers V and VI. In all cases, phylogenetic uncer-
tainty was taken into account.
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Operational areas

Delimitation of operational areas in biogeographic studies usually aims
at representing natural areas of endemism, but there is no general con-
sensus on how this should be objectively done (Linder 2001; Lomolino
2005). In this project, the areas for the biogeographic analyses were
defined by considering i) areas of endemism, and #i) geological history
and features that may have acted as general barriers to dispersal (Haus-
dorf and Hennig 2003; Sanmartin 2003). In order to facilitate compari-
sons and create a useful framework for a wide range of future bio-
geograhic analyses, it was also attempted to maximize congruence with
other biogeographic studies in the Neotropics (e.g., Cracraft 1988; Mor-
rone 1994; Posadas et al. 1997; Katinas and Morrone 1999).

Based on these criteria, eight operational areas were recognized
within the Neotropics (Fig. 8):

Figure 8. Operational areas used in the biogeographic analyses. A: Central
America, B: West Indies, C: Northern Andes, D: Central Andes, E: Choco, F:
Amazonia, G: The Guiana Shield, H: Southeastern South America. Map from
the National Geophysical Data Center (http://www.ngdc.noaa.gov).

A — Central America, ranging from southern Mexico (Veracruz,
Oaxaca, Tabasco, Campeche, Yucatan and Quintana Roo) south to Pa-
nama. Although this region has a complex geological history and its
land and island connections to South America are still prone to discus-
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sion, Central America was long isolated from South America until the
uplift of the Panama Isthmus 3.5 Ma (Taylor 1991; Briggs 1994).

B — West Indies, excluding Trinidad and Tobago, which are geologi-
cally and biologically more related to South America than to the other
Caribbean islands.

C — Northern Andes (10° N — 5°S), ranging from Venezuela and Co-
lombia to northernmost Peru (Piura, Cajamarca and Amazonas), from
elevations higher than 500 m. This area is roughly the same as the
Paramo recognized in other biogeographic studies (e.g., Morrone 1994;
Posadas et al. 1997; Katinas and Morrone 1999), except that occur-
rences in this area have been arbitrarily coded beginning at altitudes
lower than the ones generally adopted.

D — Central Andes (5° S — 18°S), ranging from Peru (San Martin and
La Libertad) southwards to the Tropic of Capricorn, from elevations
higher than 500 m. This area corresponds roughly to the commonly
recognized Puna or Altiplano (e.g., Morrone 1994; Posadas et al. 1997,
Katinas and Morrone 1999).

E — The Choco area, comprising areas west of the Andes and below
500 m in Colombia (Choco, El Valle, Cauca and Narifio), Ecuador and
Peru (Tumbes, Piura). This area is usually recognized by bird bio-
geographers as a centre of endemism (e.g., Cracraft 1988; Brumfield
and Capparella 1996).

F — Amazonia, comprising lowland areas (< 500 m) in Colombia,
Ecuador, Peru, Bolivia, Brazil, Venezuela, Guyana, Suriname and
French Guiana, and including the islands immediately off the South
American coast.

G — The Guiana Shield, including the elevated (> 500 m) areas in
northeastern South America, parts of Venezuela, Guyana, Suriname,
French Guiana and Brazil. It corresponds to the Guianan Bedrock re-
gion (Donato 2006).

H — Southeastern South America, mostly comprising the Brazilian
Shield, but also including the lowlands in eastern Brazil and the Rio
Parana drainage. This area corresponds to the pre-Cambrian Brazilian
Bedrock formation (Donato 2006).
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Results and Discussion

Phylogenetic and taxonomic implications

The inferred relationships among the plant species studied in this thesis
demonstrate the need of amendments to the classification of all groups.
Moreover, several previously unknown or poorly supported relation-
ships receive phylogenetic support in the current analyses.

Figure 9. Ciliosemina A. Antonelli,
dissected flower. Artwork: O. Helje.
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Rubiaceae. Papers I and IV
show that tribe Naucleeae is
probably the sister group of a
clade comprising all other
taxa in subfamily Cinchon-
oideae. Within this subfamily,
the Neotropical tribes Cin-
choneae and Iserticaec are
monophyletic and strongly
supported as sister groups.

In Paper I, it is argued
that the genus Remijia is not
monophyletic with the inclu-
sion of R. pedunculata. Con-
straining Remijia to be mono-
phyletic results in trees that
are 5 steps longer than the
most parsimonious trees ob-
tained. The non-monophyly
of Remijia as traditionally
circumscribed is further sup-
ported by the Bayesian analy-
sis conducted in Paper IV,
where R. pedunculata appears



as sister to genus Ladenbergia with 0.71 Bayesian posterior probability.
Although none of these analyses provide strong support for the phy-
logenetic placement of Remijia pedunculata within tribe Cinchoneae,
they both indicate that this species is best treated in a separate genus.

These molecular-based results are in good agreement with the obser-
vation that Remijia pedunculata, and the morphologically very similar
R. purdieana, are conspicuously distinct from all other Remijia species.
Given these considerations, the new genus Ciliosemina A. Antonelli
(Fig. 9) is proposed in Paper I to accommodate these two species.

Campanulaceae. In Paper II, the phylogenetic analyses of subfamily
Lobelioideac show the cosmopolitan genus Lobelia, traditionally cir-
cumscribed to include over 400 species, to be clearly polyphyletic. The
single morphological character used to distinguish Lobelia from all
other lobelioid genera is a corolla tube cleft dorsally to the base. How-
ever, an optimization of this character state on ancestral nodes of the
Lobelioideae phylogeny indicates that this represents a plesiomorphic
condition in the subfamily, thus not reflecting evolutionary relationships
within the group.

It is shown for the first time that the Neotropical shrubs Centropo-
gon, Burmeistera and Siphocampylus are sister to the tiny Andean en-
demic Lysipomia. Each of the genera Centropogon, Siphocampylus and
the Hawaiian endemic Cyanea appear as non-monophyletic in the par-
simony and Bayesian analyses. The non-monophyly of Centropogon
and Siphocampylus is further supported by a morphological optimiza-
tion of fruit types on ancestral nodes, revealing that the character used
for discerning between these genera (capsules vs. berries) is highly ho-
moplasious in the subfamily. Nevertheless, a SH test (Shimodaira and
Hasegawa 1999) indicates that constraining these genera to form mono-
phyletic clades prior to running a Bayesian analysis produces trees that
are not significantly less likely than the unconstrained Bayesian tree.
The monophyly of these genera should therefore be further tested by the
addition of more taxa and faster evolving sequence regions.

A very unexpected result from Paper II is that the giant lobelioids in
genera Lobelia, Trematolobelia, Brighamia, Delissea, Cyanea and
Clermontia form a clade, strongly supported in all phylogenetic analy-
ses. The evolutionary implications of this relationship are discussed in
detail in Paper VI. It is shown that the giant habit in these genera, long
thought to be the result of convergent evolution, has in fact only
evolved once in a shared African ancestor. The current worldwide dis-
tribution of the clade (which includes the Hawaiian islands, southeast-
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ern Brazil, tropical Africa and Sri Lanka) is inferred to have been at-
tained through transoceanic dispersals in the last 30 Ma.

These results demonstrate that the Lobelioideae are in strong need of
a taxonomic revision. Unfortunately, the low number of species ana-
lyzed (69 out of 1200+), combined with the extreme morphological
variation shown by these species (see Papers Il and VI for discussion
and illustrations), testifies to the huge molecular and morphological
work required to achieve a complete and stable classification. Awaiting
such efforts from the scientific community, no taxonomic rearrange-
ments are proposed here.

Chloranthaceae. The phylogenetic analyses performed in Paper V
show the genus Hedyosmum to be monophyletic with strong support,
but the two sections in the genus containing more than one species (sec-
tions Microcarpa and Macrocarpa) need to be recircumscribed in order
to become monophyletic. The same applies to the subgenus Hedyos-
mum, which is paraphyletic as currently circumscribed. Section Arto-
carpoides (containing a single species, H. mexicanum) is strongly nested
within a clade representing section Macrocarpa. Since Macrocarpa was
proposed earlier than Artocarpoides (Todzia 1988), this means that H.
mexicanum should be transferred to Macrocarpa and the name Artocar-
poides abandoned.

Before a new classification of the genus is proposed, it would be
desirable to sequence a few additional species in order to ascertain their
phylogenetic position (see Paper V for an expanded discussion). This
work is currently in progress (H. Kong et al. in prep.).
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Time and mode of diversification

Climatic fluctuations, biotic interchanges, or rise of the Andes?
As outlined earlier, several models of speciation have been proposed for
the Neotropics, and one way of testing them is by estimating the abso-
lute time of diversification in various groups of organisms.

Figure 10 shows lineages through time (LTT) plots for a relatively
large (N = 55) sample of molecular chronograms (Antonelli et al. in

prep.).
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Figure 10. Temporal evolution of plant and animal groups containing
Neotropical lineages. The graph shows lineages through time (LTT) plots for
22 plant and 23 animal groups, gathered from this and other studies (Antonelli
et al. in prep.). The shaded boxes represent the approximate duration of main
geological and geographic events suggested to have fostered the dispersal and
radiation of Neotropical organisms. GAARIlandia: Greater Antilles and Aves
Ridge. Global temperature curve from Zachos et al. (2001).

As with any LTT plot, the curves shown in Fig. 10 invariably in-
crease with elapsed time, despite the varying number of extant species
and crown ages (see below for an alternative idea on how to construct
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similar graphs). However, each curve behaves differently in terms of
when and how fast lineage splits took place, as revealed by their shape
(steep slopes, flattened curves, etc).

This graph alone goes a long way in addressing Gentry’s famous
question on whether present-day Neotropical floristic diversity is a re-
sult of floristic “inheritance” from Gondwana, phytogeographical con-
nections between Central and South America, Pleistocene climatic fluc-
tuations, or a product of the Andean orogeny (Gentry 1982).

Indeed, a visual inspection of Fig. 10 makes evident that at least two
of these hypotheses could be readily discarded: i) prior to the separation
of Africa and South America, very few lineages occurring today in the
Neotropics existed. This suggests that the biotic inheritance from
Gondwanaland contributed minimally to attain the present levels of
Neotropical diversity; and #i) the onset of climatic changes which led to
the establishment of glaciations in the Late Pliocene and Pleistocene (~2
Ma; Gates 1993) occurred when most lineages splits had already taken
place.

As concluded by Rull (2008), the long-held idea that Pleistocene
climate changes accounted for most of present-day species richness in
the Neotropics no longer holds. This applies both to the refuge theory
(Haffer 1969) and the disturbance-vicariance hypothesis (Colinvaux
1993; Bush 1994).

Biotic interchanges

Most biotic migration between North and South America probably took
place after the formation of the Panama Isthmus ~3.5 Ma (Briggs 1994;
Taylor 1991; Stehli and Webb 1985). However, limited biotic inter-
change between these landmasses may have been facilitated earlier by
the proto-Greater Antilles in the Early Eocene (~50 Ma) and by the
Greater Antilles and the Avies Ridge (GAARIlandia) around the Eo-
cene/Oligocene boundary (33-35 Ma; Iturralde-Vinent and MacPhee
1999). Plants and animals adapted to short-distance dispersal could have
used those islands as “stepping stones”. Indeed, this pathway has been
suggested for several plant families, such as Malpighiaceae (Davis et al.
2002), Annonaceae (Pirie et al. 2006; Richardson et al. 2004), Valeri-
anaceae (Bell and Donoghue 2005), Adoxaceae (Winkworth and
Donoghue 2005), and is suggested here for Rubiaceae (Paper 1V). It
has also been suggested for a wide variety of tetrapod lineages (see
Paper III and references therein). Groups that inhabited the tropical
vegetation present in southern Laurasia during the warm periods of the
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Eocene are commonly called boreotropical elements (Lavin and
Luckow 1993).

These studies provide substantial evidence that plants and animals
migrated into South America from the north, but this does not necessar-
ily mean that the overall species numbers in South America increased.
The migration of North American species into South America may have
led to the extinction of certain South American species, thus reducing
the net increase of species in South America. This has been widely
documented by the fossil record of mammals, which shows that the
invasion of North American mammals led to the extinction of many
South American mammal species (Stehli and Webb 1985). Although the
reasons for this extinction are still a matter of debate, some of the hy-
potheses proposed (competition, lower fitness, or pathogens; Ferigolo
1999; Stehli and Webb 1985) could apply to other animal and perhaps
even plant taxa.

Indeed, for most LTT curves in Fig. 10 there is no clear pattern of
accelerated diversification following the three biotic corridors proposed
between North and South America (the Proto-Greater Antilles, GAAR-
landia and Panama Isthmus). However, it is possible that the few
chronograms that do seem to show a sudden increase in lineage accu-
mulation in connection with the establishment of these corridors did so
as a consequence of habitat expansion (e.g., lowland taxa adapting to
montane and pre-montane Andean areas; Hughes and Eastwood 2007)
or other ecological shifts (e.g., the occupation of unexplored niches;
Verola et al. 2007). So even if biotic interchange between North and
South America did not directly foster diversification, it certainly con-
tributed to Neotropical biodiversity by enabling the establishment of
lineages that later radiated in South America.

Climate vs. geology

Looking again at Fig. 10, it is easy to understand why most molecular
dating studies of animals and plants have evoked the Andean uplift as a
possible candidate for triggering Neotropical diversification (e.g., von
Hagen and Kadereit 2003; Burns and Naoki 2004; Wiens 2004; Bell
and Donoghue 2005; Hughes and Eastwood 2006; Moore et al. 2006;
Pirie et al. 2006; Roberts et al. 2006; Weir 2006; Brumfield et al. 2007;
Brumfield and Edwards 2007; Gamble et al. 2008; Patterson and Ve-
lazco 2008). However, many such suggested correlations may have
been hastened, as it is difficult to confidently discern between the influ-
ence of the Andean uplift and other synchronous palacogeological and
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palaeoclimatic events (e.g., climatic fluctuations; see temperature curve
in Fig. 10). Therefore a formal and combined inference of the spatial
and temporal evolution of each clade of interest may be essential for
disentangling the role of each of these potential factors underlying di-
versification.

Another practical issue while seeking for correlates of diversification
derives from the fact that many groups have wide distributions, occur-
ring outside the actual area of interest. In a cosmopolitan plant family
such as the Rubiaceae, plotting LTT curves for the whole molecular
chronogram (i.e. also palaeotropical clades) will inevitably obscure a
pattern caused by an event taking place only in South America, such as
the Andean orogeny. Following this reasoning, even if diversification in
Rubiaceae were to be directly linked to global climatic changes, the
only way of discerning between geological and climatologic correlates
of diversification in South America may be to restrict the LTT curves to
lineage splits occurring in that area.

To further illustrate this problem, a narrower LTT analysis was con-
ducted in the following way. First, the main Neotropical clades in fami-
lies Rubiaceae, Chloranthaceae and Campanulaceae whose most recent
common ancestors (MRCAs) have been inferred to occur in South
America were identified, and their estimated crown ages and ancestral
areas compiled from Papers I — VI (Table 2). In the case of the Cam-
panulaceae, the MRCA of the clade comprising Lysipomia, Siphocam-
pylus, Burmeistera and Centropogon (the “LSBC” clade) was recon-
structed only as the “Neotropics”, as the lack of internal resolution in
the group precluded the use of smaller operational areas in the bio-
geographic analysis. However, the great majority of species in those
genera occur in the Andes (Lammers 1998b, 2007), suggesting that
most diversification took place there. Second, all species not belonging
to those major clades were manually pruned from the original molecular
chronograms, while keeping the remaining branch lengths unaltered.
Finally, LTT curves were generated for these clades and plotted against
the two synchronous events that were most likely to promote diversifi-
cation in South America: temperature fluctuations and the Andean uplift
(Fig. 11). Unfortunately, there is no temperature curve for South Amer-
ica readily available, so the curve depicted in Fig. 11 represents global
mean values. As global climatic changes have largely influenced tropi-
cal vegetation at a regional level (Morley 2000), there should be a tight
correlation between global and regional temperature variations.

36



Table 2. Estimated time and geographic origin of major Neotropical clades
examined in this project. Clades marked with (*) are plotted in Fig. 11.

Clade Species | Estimated | Range of gls)ll‘ll;wange
sampled total MRCA fosot Ca)

RUBIACEAE: Subfamily Cinchonoideae (Papers I and IV)

Tribe Northern 28.6

. 22 118 Andes [22.9-35.1]
Cinchoneae
Tribe 9 s Lowlangl 25.0
Isertieae Amazonia | [19.9-31.4]

; Northern

*Tribes

: Andes + 452
Clnch oneac + 3 133 Lowland | [12.0-18.9]
Isertieae .

Amazonia

CHLORANTHACEAE: Hedyosmum (Paper V)

*Subgen. Tafalla 18 37 Northern 15.2
(-H. arborescens) Andes' [9.99-26.6]

CAMPANULACEAE: Subfamily Lobelioideae (Papers II and VI)

*Lysipomia,

Siphocampylus, . 37.7
Burmeistera, 16 >80 Neotropics [30.744.1
Centropogon

Brazilian giant . 7.89
Lobelia 2 10 | Neotropics | ) g1 1} 5

"The Northern Andes were inferred to have been the only ancestral area of this
clade in the Fitch optimizations, whereas the DIVA-Bayes results indicate that
this ancestor also reached the Central Andes and Central America.
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Uplift of Eastern
Andean Cordilleras
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Figure 11. Temporal evolution (LTT plots) of the main clades of South Ameri-
can species studied in this project, in relation to global temperature fluctuations
(black curve) and the Andean uplift. Mean ages used; all dating estimations
performed using Penalized Likelihood.

No methodology has yet been developed to statistically test the two
competing hypotheses of diversification outlined in Fig. 11 (climate
changes vs. Andean uplift). Yet, it seems clear for the clades depicted
here that i) diversification does not seem to consistently follow the tem-
perature curve. For instance, no effects on the LTT curves of Rubiaceae
and Campanulaceae can be seen in connection with the sudden tempera-
ture decrease some 33 Ma; #i) most diversification occurred during the
uplift of the Eastern Andean Cordilleras.

Besides this temporal evaluation of competing hypotheses of diversi-
fication, it is important to consider where most divergence in these
groups took place, as inferred under biogeographic analyses. As out-
lined in Table 2, at least in the case of tribe Cinchoneae (Rubiaceae) and
Hedyosmum subgenus Tafalla (Chloranthaceae), and presumably even
in the case of the “LSBC” clade (see discussion above), nearly all diver-
sification events were inferred to have taken place in the Northern An-
des.
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Combined, these spatial and temporal results suggest a causal con-
nection between the uplift of the Northern Andes and diversification in
the groups studied. The role of global temperature fluctuations in foster-
ing diversification in these groups appears, therefore, to have been
minimal.

A highway to the south

From the Eocene to the Middle Miocene (~40 — 12 Ma), episodic ma-
rine incursions from the Pacific have been suggested to have penetrated
a lowland corridor separating the Northern from the Central Andes at
the latitude of southern Ecuador/northern Peru (~3-5° S), sometimes
referred to as the “Western Andean Portal” (Fig. 12-I; Hoorn 1993;
Hoorn et al. 1995; Steinmann et al. 1999; Hungerbiihler et al. 2002;
Santos et al. 2008). Many other terms appear in the literature, which all
seem to refer to the same area: Huancabamba Depression, Huanca-
bamba Deflexion, Marafiéon Portal, Guayaquil Gap, Northern Peruvian
Low and Pirua Divide (Weigend 2004). The marine incursions are sug-
gested to have ended in connection with the uplift of the Eastern Cordil-
leras of the Central and Northern Andes from the Middle Miocene on-
wards (13—-11 Ma; Taylor 1991; Hoorn et al. 1995; Hungerbiihler et al.
2002), allowing the Northern and Central Andes to be permanently
connected by highlands (Hoorn 1993). This presumably created a new
dispersal route between the Northern and Central Andes for a variety of
organisms adapted to montane conditions.

The biogeographic reconstruction of the Rubiaceae (Paper IV) cor-
roborates the existence of a dispersal barrier between the Northern and
the Central Andes coincident with the Western Andean Portal (“WAP”),
and indicates the persistence of this barrier until the Middle Miocene.
The end of the WAP is then observed as at least five independent mi-
grations from the Northern to the Central Andes within the genera Cin-
chona and Ladenbergia (Fig. 1 in Paper IV). All four events are dated
as occurring around the Middle/Late Miocene (12-10 Ma), almost si-
multaneously with the suggested uplift of the WAP based on geological
data (Taylor 1991; Hoorn 1993; Hoorn et al. 1995; Hungerbiihler et al.
2002).

Similarly, the biogeographic reconstruction of the Chloranthaceae
(Paper V) indicates that there may have been up to nine colonization
events from the Northern to the Central Andes within Hedyosmum (Fig.
3A in Paper V). However, these dispersals are inferred to have started
more recently than in the Rubiaceae. The mean age of the first diversifi-
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cation leading to a dispersal across the WAP (the split between H. an-
gustifolium and H. scabrum) is estimated to 5.05 Ma, with 95% confi-
dence intervals ranging between 2.16 Ma and 11.5 Ma (Paper V).
When compared to the Rubiaceae, this temporal difference (most nota-
ble for mean age estimates, but minimal when considering confidence
intervals) could have a biological explanation, such as the time it took
until suitable habitats were formed in the uplifted WAP for the coloni-
zation of Hedyosmum ancestors. On the other hand, it could also be the
result of an underestimation of the lineage splits in the Chloranthaceae
(e.g., due to the use of too young fossils for calibrating the phylogeny).

| - Late Eocene

Il - Middle Miocene

Il - Pleistocene
(~2 Ma)

40

Figure 12. Simplified geophysi-
cal and hydrological history of
South America in the last 35 Ma
(adapted from Paper IV). I: A
northwards flowing fluvial sys-
tem (the Subandean River Sys-
tem or palaeo-Orinoco, “P-O”)
dominates the drainage of west-
ern Amazonia and the foreland
Andean basins. A lowland corri-
dor invaded by marine settings
(the Western Andean Portal,
WAP) blocks most biotic disper-
sal between the Northern and
Central Andes. II: Lake Pebas
covers large parts of western
Amazonia. The WAP is uplifted,
and a ‘“highway to the south”
established for boreotropical
elements. III: Lake Pebas is
completely drained, and the
dispersal of terrestrial organisms
can take place across most of
South America. Area codings as
in Fig. 8. Light yellow, low-
lands; dark yellow, highlands;
blue, aquatic settings.



A third group that appears to have been affected by the WAP is the
genus Gunnera (Gunneraceae). The genus is mainly distributed in the
southern Hemisphere, with about 44 species occurring in Central and
South America (Mora-Osejo et al. in prep.). A biogeographic analysis
of the family (Antonelli et al. in prep.) clearly corroborates the role of
the WAP as a dispersal barrier. But contrary to the Rubiaceae and the
Chloranthaceae, Gunnera ancestors are inferred to have used the up-
lifted WAP for dispersing northwards, from the Central to the Northern
Andes.

These results demonstrate for the first time how and when the WAP
influenced the distribution of three modern groups of plants. In addition,
if the patterns shown by the Rubiaceae and the Chloranthaceae are
proven to be general, this would suggest that many boreotropical ele-
ments could not disperse further southwards immediately after their
arrival in northwestern South America. These taxa may have been con-
fined to the Northern Andes for several million years, until a “highway
to the south” was established by the uplift of the WAP. This scenario
could be further tested by reconstructing the spatiotemporal evolution of
groups that today exhibit a disjunction between the Northern and Cen-
tral Andes (see below for examples).

Despite the evident role of the WAP in shaping present-day Andean
distributions, several questions remain unanswered concerning its na-
ture, geographic extent and duration (Lundberg et al. 1998; Wesselingh
et al. in press; see supplementary information in Paper IV for a thor-
ough discussion on the various ideas proposed).

Formation of the Gentry pattern

To date, no studies have attempted to explain the formation of the strik-
ing distributional pattern between Amazonian-centred and Andean-
centred groups, shown by some 70% of all Neotropical plant species
(Gentry 1982; Figs. 5 and 6) — called here the Gentry pattern.

Gentry’s own idea was that this pattern arose by differentiation from
an originally more uniform pattern, and that the uniform pattern was a
remnant of a more or less continuous West Gondwanan rain forest flora.
Based on these premises, species richness of Andean-centred groups in
northwestern South America was explained as a consequence of evolu-
tionary radiation in certain lineages in response to environmental
changes caused by the Andean orogeny. Gentry did not discuss at all
how or when a diversity centre would have been formed in the central
Amazon basin.
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Distributional disjunctions of organisms are commonly formed by
the influence of a geographic barrier, but no such barrier exists today
between the Andes and the Amazon Basin. It would therefore be natural
to assume that ecophysiological constraints, such as those necessary for
surviving the harsh montane climates, acted instead as barriers for low-
land organisms, at the same time as taxa already adapted to montane
habitats were unable to compete with lowland-adapted taxa at lower
altitudes. However, as emphasized by Gentry (1982), while the repre-
sentation of Andean-centred taxa is highest in the Andes, most species
occur along the base and slopes of mountains, rather than at high alti-
tudes. It seems therefore plausible to assume that, if no geographic bar-
rier existed between the Andes and Amazonia, biotic interchange be-
tween these two areas would have taken place continuously, which
should in turn have promoted speciation through gradual adaptation to
slightly different altitudes (Smith et al. 1997). Several examples of this
scenario have been documented in the Neotropics, for plants and ani-
mals (e.g., Eriksson 1993; Mallet 1993; Colinvaux et al. 1996). How-
ever, if this was the case for most taxa, no clear geographic pattern
should be observed today separating Andean-centred and Amazonian-
centred groups.

The solution to this problem may need to be sought in the past. From
the time South America began separating from Africa in the Cretaceous
until the end of the Oligocene (c. 112 — 24 Ma), a fluvial system re-
ferred to as the palaeo-Orinoco dominated the drainage of northwestern
Amazonia and the foreland Andean basins towards Lake Maracaibo, on
the Caribbean coast (Wesselingh and Hoorn in press; Fig 12—I). Then,
in the Early Miocene (c. 23 Ma), geotectonic changes in the Amazon
Basin associated with the ongoing uplift of the Eastern Cordillera in the
Central Andes caused western Amazonia to gradually become sub-
merged, from south to north and from west to east (Wesselingh and
Hoorn in press). This process created a huge (> 1 million km?®) system
of long-lived lakes and wetlands between at least 17 to 11 Ma, known
as “Lake Pebas” or the “Pebas Sea” (Lundberg et al. 1998; Wesselingh
et al. 2002; Wesselingh 2006; Wesselingh and Salo 2006; Wesselingh et
al. in press), connected to Caribbean marine realm in the north (Fig. 12—
II). From the Late Miocene onwards (11-7 Ma), there was a new period
of rapid mountain uplift, affecting mainly the Eastern Andean Cordille-
ras (Irving 1975; Taylor 1991). This presumably caused the areas west
of the Guiana Shield to emerge, which closed the Caribbean connection
of the palaeo-Orinoco, shifted the drainage of the Amazon Basin east-
wards and lead to the demise of Lake Pebas (Wesselingh and Salo 2006;
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Wesselingh and Hoorn in press; Wesselingh et al. in press) (Fig. 12—
IIT). However, aquatic conditions seem to have persisted in western-
central Amazonia until at least 7 Ma, when the modern Amazon system
came into place (Wesselingh et al. in press).

Remarkably, there is an almost perfect match between the hydrologi-
cal scenario outlined here (Fig. 12) and the distributional patterns de-
picted in Figs. 5 and 6. It seems clear that the “missing” barrier needed
for creating the split between Andean-centred and Amazonian-centred
groups could have been constituted by Lake Pebas and (although less
effectively) its predecessor, the palaco-Orinoco. The inference (Figs. 10
and 11) that most Neotropical diversification has taken place concomi-
tantly with the existence of these aquatic settings in western Amazonia
further corroborates this idea, as well as the biogeographic reconstruc-
tion presented for the Rubiaceae (Paper 1V). In that analysis, the re-
establishment of land connections between the Andes and Amazonia is
evidenced by at least seven independent colonization events in Cincho-
neae and Isertieae from the Late Miocene onwards.

According to the biogeographic reconstructions of the Rubiaceae and
the Chloranthaceae (Papers IV and V), regions outside the ‘core’ areas
of the Gentry pattern (i.e., the Andes and Amazonia) have been colo-
nized several times and from different regions. Most notably, these in-
ferences indicate that many widespread distributions of extant species
have been attained recently, especially during the Pliocene and Pleisto-
cene (~5 Ma until today). Dispersals in this period were presumably
facilitated by the prevailing terrestrial settings, since Lake Pebas had
already drained and the Amazon river system had established its present
course (Wesselingh and Hoorn in press). Moreover, it could be hy-
pothesized that if the forest cover in Amazonia successively contracted
and expanded during the Pleistocene as suggested by Haffer (1969), this
may have led to an increase in the dispersal ability of many species by
means of natural selection (Darwin 1859). For instance, species that
randomly developed lighter or winged seeds would have enhanced
chances of escaping aridification, becoming at the same time more
prone to attain wide distributions.
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“Draining land” — a new hypothesis of diversification

Amazonia. The palaeogeographic scenario described here concerning
the development of wetlands in the Amazon Basin implies that all plant
species adapted to dry land conditions (ferra firme) in present-day west-
ern Amazonia have gained their current distribution after the draining of
Lake Pebas (i.e., in the last ~11 Ma; Wesselingh and Hoorn in press).
Similarly, in situ speciation in those terrestrial groups could not have
taken place prior to that event.

These results may seem controversial given the fact that western
Amazonia is characterized today by an outstanding number of endemic
plant species, of which many belong to long-lived woody families not
expected to speciate fast. In a recent study using large molecular
chronograms from five angiosperm families, Smith and Donoghue
(2008) showed that there is a strong correlation between growth mode
and speciation rates: herbs generally diversify much more rapidly than
shrubs and trees. However, the few molecular dating studies that have
dealt with a representative number of Amazonian trees have presented
very contrasting results. Two of the largest genera of Neotropical trees
have been inferred to have diversified recently: /nga (Fabaceae, 300
spp), which is estimated to have started its diversification either 9.8 Ma
(based on cpDNA) or 1.6 Ma (based on nrDNA; Richardson et al.
2001); and Guatteria (Annonaceae, 265 spp), where the crown age for
all Neotropical taxa (including two large Amazonian subclades) is esti-
mated at 7.4 = 1.4 Ma (Erkens et al. 2007). These results fit well into
the palacogeographic scenario for Amazonia described here, and sug-
gest that Amazonian trees may have evolved at an unusual rate as com-
pared to other angiosperms (Smith and Donoghue 2008) and many other
Neotropical plants and animals (Figs. 10 and 11).

Amazonia has been traditionally seen as a homogeneous and stable
environment since the separation of South America from Africa, where
species could diversify “undisturbed” (e.g., Raven and Axelrod 1974).
The results presented here, however, highlight the importance of dis-
cerning between the geological, hydrological and biotic meanings of the
word “stability”. Although areas of lowland tropical forest have existed
continuously in northern South America ever since the Palacocene or
Early Eocene (~56 Ma; Burnham and Johnson 2004), the Amazonian
region itself has had a highly dynamic history of wetland systems and
mountain uplift in the areas presently occupied by the Andes.
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WAP/Huancabamba. Many studies have recognized the Western An-
dean Portal or Huancabamba Depression as an important biogeographic
barrier separating the Northern and Central Andes. In plants, this barrier
has been demonstrated to separate species groups in families such as
Campanulaceae (Ayers 1999), Calceolariaceae (Molau 1988),
Tropaeolaceae (Sparre and Andersson 1991), Loasaceae, Passifloraceae,
Grossulariaceae (Weigend 2002, 2004), Clusiaceae (M.H.Gustafsson,
pers. comm.) and Alstroemeriaceae (Hofreiter and Rodriguez 2006). In
animals, Vuilleumier (1968) showed such a disjunction for populations
of the bird superspecies Asthenes flammulata (Furnariidae), Nores
(2004) defined the region north of the WAP (the northwestern Andes)
as a general area of bird endemism, and Cortés-Ortiz (2003) defined the
WAP as the southern limit of the monkey Alouatta palliata. Moreover,
this region (the Rio Marafion in Peru) has long been recognized as the
turnover point between the Northern and Central Andean regions of bird
endemism (Stotz et al. 1996).

However, other studies have called into question the role of the re-
gion as a barrier, arguing instead that the Huancabamba—Amotape zone
(between 3°S and 7°S; Weigend 2004) should be primarily regarded as
a region of high endemicity. For plants, a high endemism level in the
area has been demonstrated for families Onagraceae, Solanaceae, As-
teraceae, Loasaceaec and Alstroemeriaceae (Berry 1982; Young and
Reynel 1997; Hensold 1999; Weigend 2002, 2004). For the Passiflora
lobbii complex, Grossulariaceae and Loasaceae, it has been shown that
levels of diversity are six to eight times higher there than in the Central
and Northern Andes (Weigend 2004). Several animal groups exhibit the
same pattern, such as birds, lizards and frogs (see Weigend et al. 2005
and references therein).

The solution to this controversy may be sought in the history of the
area. While the WAP was a lowland corridor episodically invaded by
sea (Fig. 12-1), it acted as a dispersal barrier for montane taxa, which
lead to the formation of endemism centres both north and south of the
barrier. When the WAP uplifted and the lowland corridor disappeared
(~13-11 Ma; Taylor 1991; Hoorn et al. 1995; Hungerbiihler et al.
2002), the zone became available for biotic colonization and speciation
(although environmental constraints, such as varying precipitation lev-
els in different regions of the valley, may have inhibited the dispersal
and colonization of certain organisms for longer periods).
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A unified model. There are several parallels between western Amazo-
nia and the Huancabamba region. For example, both regions are today
characterized by remarkably high numbers of species, many of which
are endemic to each region; both were episodically covered by water
during millions of years, and eventually drained at about the same time;
both are located at about the same latitude. Together, these two regions
may account for a significant percentage of the total number of
Neotropical plant species. It seems therefore plausible to assume that
the drainage of these areas was directly linked to subsequent bursts of
speciation.

The observation by Weigend (2004) that the characteristic species
and genera from the Huancabamba zone “‘form close ties both along the
Andes (north — south) and across the Andes (east — west)” supports the
idea that immigrant taxa arrived from various sides. If so, speciation
could have taken place in two ways: §) by peripatric speciation of small
“founder populations” — new colonies being established by the dispersal
of one to a few individuals of a species into a new area (Templeton
1980). By chance, the new population may be genetically and morpho-
logically distinct from the parental population, evolving into a different
species. Eventually, the great heterogeneity of soils in western Amazo-
nia (Salo et al. 1986) and the great variety of habitats in the Huanca-
bamba region (Weigend 2002) induced some of these founder popula-
tions to undergo adaptive radiation in connection with the uptake of
new niches (e.g., Seehausen 2004); ii) by sympatric speciation via hy-
bridization and polyploidization. This would have been possible if
populations of a common ancestral species had been long separated by
water, during which time they differentiated but did not develop barriers
to interbreeding. When these populations came in contact after the
draining, hybrid species were formed. Numerous studies have demon-
strated the role of this “secondary contact” model (Stebbins 1984, 1985)
in promoting speciation in the Northern Hemisphere of both plants (e.g.,
Comes and Kadereit 1998; Abbot and Brochmann 2003) and animals
(e.g., Avise and Walker 1988; Hansson et al. 2008), but so far they have
only focused on Pleistocene glaciation dynamics.

Two additional considerations may be evoked to explain the exceed-
ingly high number of species in Western Amazonia and the Huanca-
bamba region, via the speciation mechanisms described above:

First, the relatively rapid draining of these areas could be likened to
the rising of oceanic islands such as those being constantly formed in
the Hawaiian archipelago (Clague 1996). The theory of island biogeog-
raphy (MacArthur and Wilson 1963) postulates that species numbers on

46



islands vary as a function of island area, immigration rates (directly
associated with distance from the nearest land mass) and extinction
rates. Following this analogy, an unusually high number of species is
just what should be expected for these regions: both constitute very
large “islands”; immigration rates were probably very high, considering
the direct connection with the surrounding species-rich biotas; and ex-
tinction rates for many groups were presumably lower there than it
would have been in already well-developed ecosystems, where fierce
competition minimizes new colonisations for most taxa (Salo et al.
1986).

Second, it seems reasonable to assume that the draining of these
areas did not occur only once, but repeatedly over a long period of time.
In both regions, the water level must have followed global sea level
fluctuations, which have varied greatly both in the long and short terms
(Fig. 13; Miller et al. 2005; Miiller et al. 2008). If species formed during
each draining period survived subsequent phases of water refilling, spe-
cies numbers in these two regions should steadily increase. In western
Amazonia, ice-melting in the Andes probably caused seasonal floods as
well, which must have increased the disturbance of the area (e.g., fol-
lowing years of unusually high snow accumulation) but were of insuffi-
cient duration for promoting speciation.

The two speciation mechanisms suggested here, founder popula-
tions/adaptive radiation and secondary contact, predict that species
numbers and ploidy levels should increase near a historical water line
and decrease at higher and lower altitudes. For western Amazonia, this
prediction finds some support in the observation from several studies
that more elevated areas in the lowland forest (usually termed uplands)
are considerably more rich in species than areas located at lower eleva-
tions (see Dumont et al. 1990 and references therein). The most species-
rich sites investigated so far in western Amazonia, containing up to 300
tree species per hectar (Gentry 1988; Valencia et al. 1994), were situ-
ated above 140 m.

So far, diversification models dealing with forest cover and river
dynamics in the Neotropics have focused on the role of allopatric speci-
ation taking place during periods when populations were isolated by
water or dry environments during the Pleistocene (~2 — 0 Ma; Haffer
1969; Résénen et al. 1987), sometimes much more recently (~0.1 Ma;
Salo et al. 1986). In the few cases where evidence for so recent lineage
splits has been presented, morphological differentiation has often been
insufficient for the recognition of taxonomic species (see Paper III for
references). Conversely, under the model proposed here, diversification
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is suggested to have occurred mainly during the recolonization of pre-
viously flooded areas (Fig. 14). In addition, since this process was pre-
sumably more linked to sea level fluctuations than to temperature oscil-
lations, it may have taken place over a considerably longer period of
time, several million years. Thus, this model could be expected to have
played a more important role in fostering the diversification of morpho-
logically recognizable species than Pleistocene models.
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Figure 13. Global sea-level fluctuations in the Cenozoic (A) and in the last
million years (B), compared to today’s level (0 m). The altitude of Manaus
(located approx. 1200 km from the Atlantic sea) is given as reference. Curves
compiled from the supplementary information of Miller et al. (2005).
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It is noteworthy that 25 out of 35 hotspots of biodiversity in the
world include regions situated just a few meters above the present-day
sea level (Mittermeier et al. 2004), such as the Choco in northwestern
South America and the Atlantic rain forest of Brazil. Could sea level
fluctuations have contributed to species diversification in these areas, by
sporadically causing the flooding and draining of large areas, followed
by biotic recolonization and radiation?

Figure 14. Decreasing water levels exposes land areas, as here in Amazonia
2005. Events such as these may have been important for triggering
diversification in Western Amazonia, the Huancabamba region and other
lowland areas, such as the Chocd. (© Greenpeace/Ana Claudia Jatahy.
Reproduced with permission).
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The role of extinction

It has been suggested that woody magnoliids, to which Chloranthaceae
are closely related, were significantly affected by the mass extinction
event at the Cretaceous/Palacogene boundary (65.5 Ma), when the Earth
was hit by an asteroid just north of the Yucatan coast in Mexico (Alva-
rez et al. 1980; Upchurch Jr 1989). This is commonly known as the
“K/T event”. As many as one third of all angiosperm taxa represented
by fossil pollen failed to survive the K/T event in North America (Nich-
ols 2007; Nichols and Johnson 2008). Later, the Terminal Eocene cool-
ing event (35 Ma; e.g., Zachos et al. 2001) extirpated many evergreen
plant lineages that once formed part of the boreotropical flora, replacing
them by hardwood deciduous groups in Europe and North America (the
“mixed-mesophytic forest”; Tiffney 1985).

Surprisingly, no significant influence from either of these two events
could be detected in the temporal analyses of the Chloranthaceae (Pa-
per V). In fact, the K/T event, widely assumed to have been one of the
most destructive mass extinctions of all times (Raup and Sepkoski
1982), was the one that worst described the empirical chronogram of the
family (see Fig. 6A in Paper V). Instead, the data simulations per-
formed suggest that the Chloranthaceae have been subject to a high and
constant extinction rate.

Assuming these results are not methodologically biased, one plausi-
ble way of explaining why the Chloranthaceae did not become severely
affected by the K/T event is that their ancestors survived in biological
refugia far from the site of impact. Indeed, McLoughlin et al. (2008)
recently demonstrated that in higher latitudes in the Southern and
Northern Hemispheres, the influence of the impact was minor compared
to regions nearer it. This possibility is supported by the biogeographic
inference of the Chloranthaceae under the Fitch optimization, which
indicates that the most recent common ancestor of genus Hedyosmum
may have been restricted to Australasia (Fig. 3A in Paper V). However,
it should be noted that this result is only poorly represented in the tree
sample analyzed, and only obtained in the Fitch optimization.
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Methodological considerations

An alternative to LTT plots

One well-known and often discussed aspect of lineages through time
(LTT) plots is the tendency of plotted curves to steadily increase in
relation to time, which complicates the visual interpretation of the
tempo of diversification of the chronogram studied (Emerson et al.
2001). This contrasts with the original aim of these graphs, which was
to investigate macro-evolutionary processes such as sudden bursts of
radiation or periods of no diversification (be they due to extinction or
evolutionary stasis; see Paper V).

An alternative to LTT graphs would be to plot non-cumulative
curves of lineage splits through time, conveniently termed “LSTT”
plots. Discrete periods of time may be defined a priori, and the number
of lineage splits within each time period summed across the entire mo-
lecular chronogram. An example of how this could be done is illustrated
in Fig. 15. LSTT plots emphasize the changes (increase and decrease) in
cladogenesis, which are often obscured in conventional LTT plots.

Instead of using fixed periods of time, the intervals in the X-axis
could alternatively be chosen to represent geological and climatic
events, but in that case the number of lineage splits for each period must
be statistically corrected in relation to the absolute duration of the pe-
riod. A third alternative would be to not use discrete time intervals, but
rather plot a trace (from 0 to 1) at the exact time of a lineage split. Such
a plot should normally look like a comb that has lost many of its teeth;
phases with accentuated diversification would be seen as a concentra-
tion of traces (“teeth”) along the time axis. Ideally, LSTT plots could be
implemented in the APE package (Nee et al. 1992; Paradis et al. 2004),
and should allow the simultaneous plotting of chronograms for different
taxa as well as alternative chronograms for the same phylogeny.
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A) Lineages through time (LTT) plot
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Figure 15. An empirical comparison between A) traditional LTT plots and B)
the alternative proposed here, termed LSTT. Both graphs aim at providing a
visual way of exploring the tempo of diversification of clades, but LSTT plots
facilitate the identification of periods of sudden increases and decreases in
diversification. Discrete time intervals of 5 Ma each were used for computing
both graphs. Chronograms from Paper IV.
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Conclusions

The key findings of this thesis can be summarized as follows:

Plylogeny and taxonomy

e Family Rubiaceae: tribes Cinchoneae and Iserticae (subfam. Cin-
chonoideae) are monophyletic and sister to each other. A new genus
(Ciliosemina, comprising two species) is proposed to make Remijia
monophyletic.

o Family Campanulaceae: Lobelia is highly polyphyletic. Lysipomia is
sister to a clade comprising Centropogon, Siphocampylus and Bur-
meistera. The giant lobelioids from the Hawaiian Islands, Brazil, Af-
rica and Sri Lanka constitute a clade.

e Family Chloranthaceae: within Hedyosmum, subgenus Hedyosmum,
sections Microcarpa and Macrocarpa are all non-monophyletic.

Diversification of Neotropical organisms

o Very few groups are old enough to have existed in Gondwana by the
time South America separated from Africa. Most tropical lineages
with an palaeotropical origin, such as Rubiaceae, have therefore
reached the Neotropics by transoceanic dispersal or via the bo-
reotropical route around the Eocene climatic optimum (~50 Ma).

e Most diversification events leading to the present-day levels of spe-

cies richness in the Neotropics occurred during the Cenozoic (650
Ma), with a marked increase in the Neogene (23—0 Ma).
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The inferrence of biogeographic events in families Rubiaceae,
Chloranthaceae and Campanulaceae, in combination with a thorough
review of molecular studies of Amazonian tetrapods indicate that the
uplift of the Eastern Andean Cordilleras in the last ~23 Ma:

- fostered allopatric speciation of lowland organisms, by acting as
a dispersal barrier;

- induced the adaptation to various montane environments by low-
land and pre-montane ancestors, resulting in large radiations;

- caused the end of a long-lasting dispersal barrier between the
Northern and Central Andes, creating a “highway to the south”
for boreotropical organisms that had already colonized north-
western South America;

- was associated with the formation (~23—17 Ma) and dismissal
(~11-7 Ma) of a huge wetland system in western Amazonia
(Lake Pebas), which largely shaped the present distribution of
lowland taxa.

The distributional pattern shown by Neotropical plants into Andean-
centred and Amazonian-centred taxa (here called “the Gentry pat-
tern”) was probably formed by the long-lasting effect of Lake Pebas
and its predecessor, the Palaeo-Orinoco river, as a dispersal barrier
for terrestrial taxa.

In order to explain the high levels of endemism and species richness
in the Huancabamba region and western Amazonia, two regions that
were long submerged, a new diversification model is proposed. Un-
der this model (termed here “draining land”), speciation has occurred
in connection with the recolonization of newly drained land areas, by
means of adaptive radiation of founder populations and secondary
contact of previously separated populations.

The K/T event did not cause noticeable extinction in Chloranthaceae.



Abbreviations and time scale

DIVA — Dispersal-vicariance analysis (a method of biogeographic in-
ference).

K/T — Cretaceous/Paleogene boundary. This is a common denomination
deriving from the German Kreidezeit and the traditionally recognized
Tertiary period, which corresponds today to the Paleogene and Neogene
periods (see Fig. 16 below).

LTT - Lineages through time (a diagram for visualizing chronograms).

Ma — Million years. Ma derives from Mega-annum and means a point
in time; the adverb “ago” is usually omitted.

MRCA — Most recent common ancestor.

WAP — Western Andean Portal.

Time (Ma)
6p 5|0 4|0 3|0 2|0 1|0 0
CENOZOIC -
PALEOGENE NEOGENE
Paleocene Eocene Oligocene Miocene Plio-
E : M: L E : M CL E : L E oM L E:L }

Pleistocene </

Figure 16. A geologic time scale for the Cenozoic (65.5 — 0 Ma), showing
Periods (Paleogene and Neogene) and Epochs (Paleocene, Eocene, Oligocene,
Miocene, Pliocene and Pleistocene). E: Early, M: Middle, L: Late. Adapted
from Gradstein et al. 2004.
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Svensk populdrvetenskaplig
sammanfattning

I mitt avhandlingsprojekt har jag anvént mig av DNA-sekvenser for att
spara ndr och var nagra vixtgrupper bildades. Jag har jaimfort mina
resultat med andra studier av véxter och djur och forsokt identifiera
gemensamma orsaker till varfor det har utvecklats s& manga arter i just
tropiska Amerika. Mina resultat tyder pa att Anderna fungerat som en
“artpump” varifran nya arter kunde sprida sig till resten av kontinenten.
Dessutom har Andernas bildning orsakat stora fordndringar i Amazonas
och dérigenom paverkat artbildningen dven dar.

Nedan ger jag en kort introduktion till &mnet, berdttar hur jag gétt
tillviga i min unders6kning och presenterar de viktigaste resultaten.

Bakgrund

Ingen annanstans pa jorden finns det s méanga arter av vixter och djur
som i tropiska Amerika (Neotropis, eller den Neotropiska regionen som
det ocksé kallas). Hér finns lika ménga véxtarter som i hela tropiska
Afrika och Sydostasien tillsammans: runt 100 000 arter. Mdnstret upp-
repar sig vad géller antalet arter av faglar, grod- och krildjur, ddggdjur,
praktfjarilar — i alla dessa grupper, och formodligen manga andra, ar
antalet arter betydligt hogre i Neotropis &n i andra tropiska omraden.

Flera orsaker har foreslagits for att forklara denna uppseendevick-
ande artrikedom. Nedan f6ljer de tre viktigaste teorierna, som jag har
forsokt testa under mitt projekt.

En forklaring skulle kunna vara att ménga djur och vixter “foljde
med” den sydamerikanska kontinenten nér denna brét sig loss fran den
afrikanska for 100 miljoner ar sedan. Dessa arter skulle sedan ha haft
mycket 1dng tid pa sig att ge upphov till nya arter (diversifiera) pd denna
stora tropiska 6. Nar Sydamerika till slut kom i kontakt med Nordame-
rika, i samband med att Panamaniset reste sig ur havet for 3,5 miljoner
ar sedan, kunde méanga djur och vixter sprida sig sdderut, vilket bidrog
ytterligare till den sydamerikanska artrikedomen.
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En annan viktig héndelse i Sydamerikas historia som antas ha lett till
att manga arter bildades dr Andernas utveckling. Den Andinska bergs-
kedjan stracker sig dver 500 mil ldngs Sydamerikas véstkust och ar
ddrmed virldens enda storskaliga bergsformation i direkt anslutning till
en laglandsregnskog, Amazonas. Trots dess imponerande lingd och
hojd (manga bergstoppar nar 6ver 6 000 m.6.h.) &r Anderna geologiskt
sett unga. Storsta delen av norra Anderna bildades under de senaste 20
miljoner aren — att jimfora med den skandinaviska fjdllkedjan som bor-
jade bildas for ca 70 miljoner ar sedan. Andernas uppkomst skapade nya
bergsmiljoer dar djur och véxter anpassade sig efter nya forhallanden
och bildade pa sa sitt nya arter. Nir olika populationer av en art blev
isolerade frdn varandra, pga barridrer i form av hoga berg eller djupa
dalgangar, blev de med tiden alltmer olika varandra, och var till slut inte
langre samma art.

En helt annan teori om varfor det finns s ménga arter i just Amazo-
nas gar under namnet refugieteorin. Den har att géra med de stora kli-
matforandringarna som drabbat jorden under de senaste 3 &rmiljonerna,
da 20 istider skapade stora glacidrer pa norra halvklotet. Trots att Syd-
amerika aldrig blev téckt av is, antar man att nederbérdsmingden mins-
kade under istiderna. Detta ledde i sin tur till att den sydamerikanska
regnskogen krympte till mindre flackar och savanner bredde ut sig mel-
lan dessa “regnskogsdar” — dven kallade refugier. Néar istiden sa sma-
ningom nadde sitt slut blev jorden ater varmare och nederborden i tro-
pikerna okade, regnskogen expanderade ater och tickte stora arealer.
Under den tid som varje istid pagick hann en del populationer av vissa
arter forandras mycket i sina respektive refugier. Nér regnskogen senare
blev sammanhingande kunde inte dessa populationer langre reproduce-
ra sig sinsemellan — nya arter hade bildats. Denna process antas ha upp-
repats manga ganger och hos sa manga olika véxt- och djurgrupper att
den lédnge ansags vara den mest avgorande orsaken bakom Amazonas
artrikedom.

Metoder

DNA-tekniken &r idag ett oumbdérligt verktyg for att studera evolutionen
av virldens biologiska mangfald. Genom att méta hur DNA-
sekvenserna fran olika arter skiljer sig at kan man med hjélp av avance-
rade analysmetoder uppskatta sliktskapen mellan dessa arter. Skillna-
derna kan dven anvindas for att uppskatta hur langt tillbaka i tiden ar-
terna skiljdes &t fran en gemensam forfader. Dessutom kan analyser
som utgar ifrdn arternas nuvarande geografiska utbredning ge en bra
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uppskattning om forfaderns utbredning. Det ar just sddana analyser som
varit kdrnan i mitt projekt.

Eftersom det &r praktiskt omdjligt att DNA-sekvensera alla arter i
Neotropis har jag valt att studera tre vaxtgrupper i detalj, for att sedan
resonera kring hur tillimpliga resultaten frén varje grupp kan vara for
andra vixter och djur. Tva av artiklarna i min avhandling handlar dérfor
om familjen Rubiaceae (kaffe- och marviaxter), tvd om familjen Campa-
nulaceae (klockvixter), och ett om familjen Chloranthaceae (som sak-
nar svenskt namn). Dessutom har jag och nagra medarbetare i ett bok-
kapitel sammanstillt resultaten fran ett stort antal studier om didggdjur,
faglar, grod- och kréaldjur i Amazonas.

Viktiga resultat och slutsatser

Teorier som bor forkastas — De flesta véxt- och djurgrupper som finns i
Neotropis idag tycks vara alldeles for unga for att ha funnits pa den tid
da Afrika och Sydamerika bildade en gemensam kontinent. Darfor var
det inte s4 manga afrikanska grupper som kunde “f6lja med” nir Syd-
amerika brot sig loss frén Afrika, eller s& har de flesta som gjorde det
dott ut under senare tid. Merparten av de grupper som har ett afrikanskt
eller asiatiskt ursprung och som idag finns i Neotropis kan dérfor antas
ha kommit genom s.k. ldngdistansspridning 6ver Atlanten (t.ex. genom
att fron fastnar pa faglars fotter eller att djur foljer med stormvirke). Ett
annat sitt, som i min avhandling foreslds ha varit fallet for familjen
kaffevixter, var att forst sprida sig till Europa, sedan till Nordamerika,
och till slut sdderut till Sydamerika. Avstandet mellan dessa landytor
har inte alltid varit lika stort som idag, och vid flera tillfdllen tror man
att det funnits tillfdlliga 6forbindelser som underlittade spridningen
over havet (och till slut Panamaniset). Denna spridningsvag styrks av
bade europeiska véxtfossil och den uppskattade tiden for migrationen,
vilken sammanf6ll med en av jordens varmaste perioder (for runt 50
miljoner &r sedan da den globala medeltemperaturen var ca 12°C var-
mare an idag). DA ticktes stora delar av sodra Nordamerika och Europa
av tropisk skog, vilken utgjorde en ldmplig spridningsvég for tropiska
vaxter och djur fran Afrika och Asien.

Tidpunkten for de flesta artbildningar visar tydligt att refugieteorin
som beskrivs ovan inte kan forklara mer &n en brakdel av den nuvaran-
de biologiska mangfalden i Neotropis. Den storsta diversifieringen
skedde istéllet under de senaste 30 drmiljonerna, s& nir istiderna borjade
fanns redan de flesta nu levande arter. Detta bevis borde sétta punkt pa
en langlivad teori.
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Teori som far stod — Den avgorande orsaken till den stora artrikedomen
i Neotropis tycks vara Andernas formation. Tidpunkten for diversifie-
ringarna i de véxtgrupper jag har studerat i detalj, och dven for manga
andra vixt- och djurgrupper, sammanfaller vil med denna héndelse.
Dessutom visar mina resultat att forfaderna till vissa artgrupper befann
sig just i norra Anderna da nya arter bildades. Tillsammans tyder dessa
resultat pa att det funnits en stark koppling mellan norra Andernas for-
mation och artbildning. En sddan koppling kan inte hittas mellan tempe-
raturfluktuationer och artbildning. Troligtvis har artbildning i Anderna
skett av de orsaker som angetts ovan — isolering av populationer och
anpassning till nya miljder i samband med uppresning av bergskedjan.

Fran Anderna spred sig ménga arter vidare till andra omraden i Neo-
tropis, som Amazonas, Karibien, Centralamerika och 0stra Sydamerika.
Mina resultat dr de forsta som tyder pa att spridningen soderut langs
med Anderna mdjliggjordes forst ndr norra och centrala Anderna kom i
kontakt med varandra for ca 10 — 12 miljoner ar sedan. Dessforinnan
hade en l&ng havsvik fungerat som en effektiv spridningsbarridr mellan
dessa omraden. Ofta ledde spridningar till att nya arter bildades, i takt
med att de fyllde nya ekologiska funktioner. P4 detta sétt kan man be-
trakta Anderna som en sorts “artpump” till resten av den Neotropiska
regionen. Naturligtvis delar inte alla vixt- och djurgrupper samma evo-
lutiondra historia, men eftersom uppemot 40 % av alla Neotropiska
vaxtarter tillhér Andinska grupper kan denna modell troligen forklara
en stor del av den nuvarande artrikedomen.

En ny teori — Anda sedan Sydamerika skiljde sig frin Afrika drinerades
véastsluttningarna av Anderna och vistra Amazonas norrut mot Karibis-
ka havet med hjélp av Palaeo-Orinoco floden. I samband med en ny fas
av bergsbildning for ca 20 miljoner &r sedan forsvarades dock vatten-
drdneringen norrut, vilket sakta ledde till en gigantisk dversvimning av
hela vdstra Amazonas och bildningen av Pebas-sjon. Man uppskattar att
Pebassjon, som existerade mellan 17 och 11 miljoner &r sedan, som
mest tickte en yta pa ca 1 000 000 km?* dvs mer 4n Sverige och Norge
tillsammans. S& smaningom ledde ytterligare geologiska forédndringar
till att Pebassjon drinerades och den nuvarande Amazonfloden bilda-
des, for ca 7 miljoner ar sedan.

Det som dr mérkligt med véstra Amazonas dr att det ddr man idag
finner den absolut storsta artrikedomen i varlden (d&tminstone vad géller
antalet tradarter), trots att omradet varit tickt av vatten under sa lang tid.
I ett omrade pa 100 x 100 m har man hittat s& manga som 300 olika
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arter av trad (att jamfora med ca 35 vilda tradarter i Sverige). Hur har sa
manga tridarter kunnat bildas pa sa kort tid, ca 10 miljoner ar? Ur ett
manskligt perspektiv kan detta tyckas vara obegripligt linge, men nya
studier har visat att artbildningen hér har gitt mycket snabbare &n pa de
flesta andra stillen.

Flera andra artrika stéllen i Neotropis (t.ex. Chocé och Huancabam-
ba) och i resten av virlden formodas ha varit tidvis tdckta av havsvatten
i samband med globala fluktuationer i havsnivén (som mest uppemot ca
120 m 6ver och under den nuvarande nivén).

Jag foreslér att en rimlig forklaring till den stora artrikedomen péa
dessa stéllen skulle vara att artbildning har skett i samband med dterko-
loniseringen av dessa omraden omedelbart efter att de blivit drdnerade.
En stor yta som frigdrs i Amazonas blir snabbt koloniserad av vixter
och djur fran den nirliggande skogen. Av slumpmaissiga skidl kommer
en del av dessa sma populationer att vara avvikande fran de flesta indi-
vider i den stora skogspopulationen. Konkurrensen péa denna nya yta &r i
regel svagare dr mitt i den tdta skogen, och hér finns manga outnyttjade
miljoer. Denna situation gynnar nya anpassningar och dédrmed artbild-
ning.

Dessutom kommer populationer som liange varit isolerade pga vatt-
net att motas nér vattnet forsvinner. Har de under tiden hunnit bli sa
avvikande fran varandra att de inte lingre kan korsa sig betyder detta att
artbildning har skett. Kan de ddremot fortfarande reproducera sig trots
skillnaderna kan korsningarna vara sé olika fordldrapopulationerna att
de bor betraktas som nya arter (s.k. hybrider).

Dessa tvé processer — artbildning genom avknoppning frén en mo-
derpopulation och anpassning till den nya miljon, samt artbildning ge-
nom isolering och korsning — skulle kunna ha bidragit till uppkomsten
av en vésentlig del av arterna i dessa laglandsomraden. Dessutom har
denna process troligen upprepats ett stort antal ganger, i samband med
att vattennivan hojdes och sénktes.

Denna teori kombinerar allmént accepterade ekologiska modeller,
men skiljer sig fran andra teorier (t.ex. refugieteorin) genom att ldgga
tonvikt pa aterkolonisering snarare dn skogsfragmentering. Dessutom
stricker den sig mycket ldngre tillbaka i tiden (tiotals &rmiljoner) &n
refugieteorin. Det bor podngteras att jag inte har négra starka bevis pa
att artbildning verkligen gatt till pa det sétt som jag foreslar; framtida
studier kommer forhoppningsvis att klargéra hur viktig denna process
har varit 1 verkligheten. Teorin 4r inte heller avsedd att “ersitta” andra
teorier (t.ex. Andernas roll som “artpump”), utan snarare beskriva art-
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bildningen i omrdden som legat under vatten och som idag ar synnerli-
gen artrika.

Meteoritnedslag och utdoende — Ett av de storsta massutdéendena i
jordens historia skedde for 65,5 miljoner ar sedan dd en meteorit slog
ned i Mexikanska golfen. Flodvagor mellan 50 och 100 m hoga svepte
over sddra Nordamerika, tryckvégor utplénade allt liv pd langt hall,
miljontals ton stoft kastades ut i atmosfaren och jorden kom in i en lang
natt. Troligen ledde morkret till att mycket begransad fotosyntes kunnat
ske under flera ar. Resultatet var forddande: ca 75 % av alla arter antas
ha dott ut, diribland alla dinosaurier forutom faglarna.

Eftersom en av véxtgrupperna som jag har studerat (familjen Chlo-
ranthaceae) dr en av de éldsta kiinda blomvéxterna, med 110 miljoner &r
gamla fossiler, har jag och en medarbetare forsokt uppskatta till vilken
grad den drabbades av nedslaget. Genom datasimuleringar kunde vi visa
att nedslaget inte haft ndgon som helst markbar effekt pa dessa véxter.
Detta var ett forvanansvirt resultat, vilket dock har en del stod fran
tidigare studier. Mina resultat tyder pé att vid tidpunkten for nedslaget
befann sig dessa véxter i Asien, dér nedslaget troligen inte haft lika
omedelbar paverkan som i Amerika. Denna hypotes har tidigare lagts
fram for trddormbunkar frdn Tasmanien, och héir finner den stdd fran
blomvéxter i Asien.
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Resumen en Espaiiol

En ninguna otra region de la Tierra existen tantas especies de plantas y
animales como en la Region Neotropical. Sin embargo, a pesar de esta
riqueza, no se conocen todavia cudles son los mecanismos ecoldgicos
y/o evolutivos responsables de tan extraordinaria diversidad.

La region tropical de Sudamérica es la region mas rica del planeta en
numero de especies de plantas: un tercio de todas las plantas con flores
se encuentran en el Neotrdpico. Desde antiguo los cientificos han
intentado explicar el origen de esta riqueza en términos de factores
ecologicos como una mayor tasa de luminosidad, temperatura y
humedad que habrian favorecido la diversificacion bioldgica.
Recientemente, se han avanzado explicaciones mas integradoras, de
caracter historico, segun las cuales la extraordinaria biodiversidad de los
Neotropicos solo puede explicarse en términos de la historia evolutiva
de cada uno de los organismos que la forman. Por ejemplo, la hipotesis
del “conservatismo neotropical” sugiere que la region neotropical es
mas rica en especies simplemente porque mas linajes se originaron y
diversificaron alli debido a su estabilidad climatica (se trata de una
region cercana al Ecuador) y a la tendencia de las especies a conservar
su “nicho ecoldgico” a lo largo del tiempo evolutivo (el conjunto de
condiciones en las que la especie puede mantener sus poblaciones).

Una explicacion alternativa es la “hipdtesis boreotropical” segun la
cual muchos linajes de plantas neotropicales que ahora presentan su
centro de diversidad en los tropicos, como la familia de las Anonaceas o
el orden Malpighiales, se habrian originado en la antigua Laurasia
(Europa y Asia) como parte de la “flora boreotropical’— una
combinacion de bosques deciduos con elementos tropicales de hoja
perenne que no se parece a ningin otro bosque actual y que existio a
comienzos del Terciario (65-50 millones de afios), y desde alli migrado
a Norte América a través de la conexion Atlantica (“Thulean Land
Bridge”) o el Estrecho de Bering. La migracion a Sudamérica
probablemente se produjo a través de la conexion caribefia (proto-
Antillas).
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Un punto en comun de todas estas hipotesis es el papel clave
atribuido al levantamiento de los Andes desde finales del Terciario (20
millones de afios, Mioceno) en la rapida diversificacion de la flora
neotropical. Segun estas hipdtesis, los Andes Neotropicales habrian
actuado tanto como ruta de dispersion hacia el sur para linajes
“boreotropicales” (procedentes de Norte América), como un agente de
especiacion en linajes de altitud, por ejemplo favoreciendo la creacion
de nuevos nichos ecologicos en las cimas y laderas de las montafias o
mediante  especiacion alopatrica (especiacion por aislamiento
geografico) al aislar geograficamente a las poblaciones en los valles.
Aproximadamente, 22500 especies de plantas (7.5% del total) son
endémicas de la region tropical de los Andes.

En esta investigacion doctoral, se utilizan datos moleculares
(secuencias de ADN) en combinacion con métodos de inferencia
filogenética, datacion molecular, reconstruccion biogeografica, y
modelos macroevolutivos de extincion y diversificacion, asi como
evidencia geologica, paleontoldgica, climatolégica, e hidrologica, para
reconstruir la evolucidon espacio-temporal de algunos grupos de
organismos Neotropicales que destacan por su diversidad, historia
evolutiva, o adaptaciones morfologicas.

Este estudio confirma que el levantamiento tectonico de la Cordillera
Andina Neotropical durante ejercio un papel crucial en la generacion de
la extraordinaria diversidad biologica en los Neotropicos. Por un lado,
se favorecid la especiacion alopatrica en organismos de llanuras y
tierras bajas, y por otro lado se promovieron radiaciones adaptativas en
los nuevos habitats formados en las cimas y laderas de las montaias.
Asimismo, el levantamiento de la cordillera tropical Andina contribuy6
al cierre del llamado “Portal Occidental de los Andes” en el Mioceno
Superior (Orogenia Quechua I, 13 millones de afios), una region de
tierras bajas peridodicamente invadida por incursiones marinas desde el
Pacifico a la altura del sur de Ecuador, que habria actuado como barrera
geografica impidiendo la migracion entre los Andes del Norte y los
Andes Centrales durante parte del Paledgeno y Neogeno (50-13
millones de afios). El levantamiento de esta region permitio la
dispersion hacia el sur de linajes boreotropicales. El cierre del “Portal
Occidental” por el levantamiento andino también favorecié la
formacion de un sistema lacustre, el Lago Pebas, que ocupaba la
Cuenca amazonica occidental, y que reforzo el aislamiento entre los
Andes al oeste y las llanuras amazénicas al este.

El hecho de que la mayor parte de las plantas neotropicales
presenten su centro de diversidad en la region andina (“Andean-
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centreed”) o en la llanura amazonica (“Amazonian- centreed”) se
explica por la existencia de dos barreras geograficas, el sistema fluvial
del Paleo-Orinoco y el Lago Pebas, que habrian actuado como barreras
dispersivas e impedido la migracidn biotica y flujo genético entre estos
dos centros de biodiversidad hasta finales del Neogeno (10—8 millones
de afios).

Finalmente, se propone un nuevo modelo de diversificacion para
explicar el origen y evolucion de las especies en dos areas
caracterizadas por extraordinarios niveles de riqueza de especies y
endemismo en la Region Neotropical: la Regiéon de Huancabamba y la
Amazonia occidental. Segin este modelo, su extraordinaria
biodiversidad se explicaria por un incremento en la tasa de especiacion
relacionado con la recolonizacion de areas previamente sumergidas, en
Huancabama por incursiones marinas desde el Pacifico y en Amazonia
occidental por el Lago Pebas. La disponibilidad de nuevos nichos
ecoldgicos y la falta de competicion habria favorecido procesos de
radiacion adaptativa en las especies colonizadoras, seguido de contacto
secundario de las poblaciones previamente aisladas.

En conclusion, el escenario biogeografico aqui postulado muestra un
extraordinario paralelismo entre la historia paleogeografica de la Region
Neotropical y los principales eventos de cladogénesis en linajes
neotropicales. El levantamiento de los Andes fue el evento mas
importante en la historia biogeografica de Sudamérica. No solo
favoreci6 la diversificacion en linajes de altitud al crear nuevos nichos
ecologicos en las laderas y cimas de las montafias, sino que también
afecto a los linajes amazonicos al modificar el sistema de drenaje de la
Cuenca Amazoénica dando lugar a la formacion de nuevos lagos y
cambiando el curso de los rios.
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