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ABSTRACT. Using track analysis and cladistic biogeography, we identified areas of endemism of hummingbirds in the Andean
and Neotropical regions. Our results point out that the current areas of endemism of hummingbirds occur in the Andes,
Guiana Shield, the Lesser Antilles, western Central and North America and the Chiapas Highlands. The cladistic biogeographic
analysis suggests a hummingbird distribution shaped mainly by dispersal events.
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INTRODUCTION

Biogeography is the science that aims at explaining the
distribution of life on Earth and investigating the processes be-
hind it. It also determines the historical relationship between the
occurrence areas of a given taxon based on their distribution and
phylogenetic analysis (Henderson 1991). According to Crother
and Murray (2011), endemism is the concept most closely asso-
ciated with distribution and results from both historical factors,
as vicariance, and ecological factors, which are consistent with
the current limits of the taxa (Morrone 2014b).

On the other hand, an area of endemism is a geographic
region that has several taxa with their distribution restricted
to it (Silva et al. 2004, Szumik and Goloboff 2004, Sirgrist and
Carvalho 2009). According to the theory of vicariance, an area
of endemism results from the fragmentation of the ancestral
biota due to the emergence of a barrier that breaks the gene flow
between populations and, consequently, results in allopatric
speciation (Hausdorf and Hjenning 2003).

Based on the presence of endemic taxa, Morrone
(20014, b) delimited the Neotropical and Andean regions, which
are natural biogeographic units. South America can be divided in
two regions and, for some time it has been known that the Andes
divides the continent into two very distinct areas. The tracks of
several taxa that inhabit the western portion of South America
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connect this area with Australia and New Zealand; whereas the
tracks of several taxa that inhabit the eastern portion of the
continent connect this area to the Old World tropics. Hence,
the western portion of the continent belongs to the Andean
region and the rest belongs to the Neotropical region, which
extends to Central America, the Antilles, and Mexico, where it
limits with the Nearctic region.

Transition zones are also important elements, because
they show a mixture of biotic elements of two regions (San-
chez-Gonzalez et al. 2013). They are important from a biological
perspective, as they represent areas of biotic interactions and
can either be poor or show a considerable diversity (Morrone
2006). In the present study, we considered two transition zones:
the Mexican transition zone, which comprises Neotropical and
Nearctic elements, and the South American transition zone,
which includes Neotropical and Andean elements (Morrone
2004, 2006, 2014a).

Both in the Neotropical and Andean regions, as well as
in the transition zones, several areas of endemism have been
identified for different taxa (Cracraft 1985, Vazquez-Miranda et
al. 2007, Silva et al. 2004, Escalante et al. 2009, Echeverry and
Morrone 2010, Prado et al. 2015).

With the objective of contributing to the knowledge of
the biogeography of these regions, we undertook a track analysis
and a cladistic biogeographic analysis, aimed at identifying areas
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of endemism of hummingbirds (Trochilidae) in the Andean and
Neotropical regions. We also describe the distribution of hum-
mingbirds in under the light of a current molecular phylogenetic
hypothesis proposed for the taxon (McGuire et al. 2014).

MATERIAL AND METHODS

The Andean and Neotropical regions are natural bio-
geographic units delimited by the presence of endemic taxa
(Morrone 2001a, 2014a).

We used as models 265 Trochilidae species (approximately
78% of hummingbirds’ richness), which comprised the following
clades proposed by Bleiweiss et al. (1997): Topazes, Hermits,
Mountain Gems, Bees, Mangoes, Brilliants, Coquettes, Emeralds,
and the species Patagona gigas (Vieillot, 1824). We obtained
georeferenced records from the literature, consulted vouchers
deposited in the ornithological collections of the Smithsonian
Institution (http://www.si.edu/Collections) and the American
Museum of Natural History (http://www.amnh.org/our-research/
vertebrate-zoology/ornithology), and used the georeferenced
point records available by BirdLife International (http://www.
birdlife.org). Records without geographic coordinates or of
doubtful origin were discarded from the study; therefore, it was
not possible to sample 100% of the species of hummingbirds.
Nomenclature follows Clements et al. (2012).

Track analysis is based on three basic concepts: individual
tracks, generalized tracks, and nodes (Morrone and Crisci 1995).
In the present study, we plotted hummingbird locality records
on maps of the Andes and Neotropics using the shapefiles of
the regions of Lowenberg-Neto (2014, 2015) in the software
DIVA-GIS 7.5 (Hijmans et al. 2012).

We connected each locality to the nearest one, forming
individual tracks. Superimposed individual tracks formed
generalized tracks, which are areas where a former ancestral
biota have fragmented due to vicariance events (Morrone and
Escalante 2002, Carvalho 2011). Where two or more generalized
tracks overlap, a node is identified, which is considered a high
diversity zone (Morrone and Escalante 2002).

For this analysis, we used a parsimony analysis of endemic-
ity (PAE) that classifies areas according to the species they share,
which allows the identification of biotic relationships (Morrone
and Crisci 1995, Urtubey et al. 2010). We built a presence/ab-
sence matrix (1/0) of each species based on individual tracks. We
analyzed this matrix in the software WINCLADA (Nixon 1999)
and built a cladogram. After the first analysis, we implemented
a PAE-PCE or PAE with progressive character elimination, which
consists in removing from the matrix synapomorphies (species)
that define each clade, and successively carrying out parsimony
analyses (Luna-Vega et al. 2000, Urtubey et al. 2010).

With this analysis, we sought to identify areas where
ancestral populations of hummingbirds were fragmented by
vicariance events. This analysis is possible through the gener-
alized tracks (Morrone and Escalante 2002).
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Cladistic biogeographic analysis

This analysis consists in replacing the name of the species
with the area where it is distributed in the terminal branches
of the taxon cladogram. The congruence between different
area cladograms will allow obtaining a general area cladogram,
whose sequence indicates its historical separation (Morrone
and Escalante 2002). We used as a framework the molecular
phylogeny of McGuire et al. (2014). The areas that replaced the
species were the biogeographic provinces proposed by Morrone
(2014a, 2015) for the Andean and Neotropical regions.

For each species of the cladogram we analyzed its individu-
al track. This way, we obtained the provinces where each species
was recorded. Based on this analysis, we built a presence/absence
matrix (1/0), in which the rows were biogeographic provinces
and the columns, species. Based on this matrix, we obtained
the general cladograms of the areas using the software WinCla-
da. Data from this study, the species used and the location of
biogeographic provinces are presented in the supplementary
material (Fig. S1 and Table S1).

RESULTS

Generalized tracks

Based on the superimposition of the individual tracks, we
found 17 generalized tracks (Fig. 1), with the support of species
of almost all clades. Patagona gigas and all the species of the clade
that includes Topazes did not belong to any of the generalized
tracks. Some generalized tracks coincide partially with tracks
found for other plant and animal groups (Table 1).

Cladistic biogeography

The general area cladogram (Fig. 2) places the Ecuadorian
province as the sister group of almost all the provinces of the
Neotropical region, except Galapagos Islands, Atacaman, and
Prepuna (Fig. 2 and Table 2).

Considering the area cladograms for each clade, the
cladogram obtained in the biogeographic analysis for Topazes
supports Araucaria Forest as the sister group of ((Atlantic, Parana
Forest) Cerrado (Caatinga (Xingu-Tapajos (Pard (Roraima (Gui-
ana Lowlands (Pantepui (Imeri, Madeira)))))))). The synapomor-
phic species of this clade, Florisuga fusca, was probably extinct
in (Xinga-Tapajos (Para (Roraima (Guiana Lowlands (Pantepui
(Imeri, Madeira)))))) (see Fig. 2).

The Hermits clade shows a broad distribution, from the
Mexican transition zone to the provinces of the Southern Brazil
dominion, the South American transition zone and the Chacoan
sub-region. The area cladogram implies several dispersal events
and two synapomorphies, all in South America (Table 2). The first
synapomorphies supports the dichotomy between the Atlantic
and Parana Forest, and the second places Rondonia province as
the sister group of (Ucayali (Napo (Paramo (Magdalena, Cauca)))).
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Table 1. Support of the generalized track of Trochilidae and superimposition of other tracks.

. Provinces (Morrone .
Track Species 2014a, 2015) Overlapping tracks
. . . . Echeverry and Morrone (2013) — (Animal and
A Eulampis holosericeus and Oreotrochilus estella Lesser Antilles plants) and del Rio et al. (2015) — Coleoptera
B Leucippus baeri and Myrmia micrura Ecuadorian + Cauca Escalante et al. (2011) - (Nematoda)
D Atthis ellioti; Campylopterus rufus and Doricha enicura Shlapas Higlands + Escalante et al. (2011) — (Nematoda)
‘eracruzan
Puna + Ronddnia + Alzate et al. (2008) — (Alstroemeriaceae), Escalante
E Chalcostigma ruficeps, Heliodoxa aurescens, H. branickii and Eriocnemis sapphiropygia . etal. (2011) - (Nematoda) and Echeverry and
Ucayali
Morrone (2010) — (Vascular plants)
. S . . Puna + Rondobnia + Alzate et al. (2008) — (Alstroemeriaceae) and
F Adelomyia melanogenys, Amazilia viridicauda, Chalcostigma stanleyi and Metallura eupogon Ucayali Escalante et al. (2011) — (Nematoda)
G Aglaeactis aliciae and Metallura phoebe Puna del Rio et al. (2015) - Coleoptera
L Amazilia decora, Chlorostilbon assimilis, Elvira chionura, Eupherusa nigriventris, Lampornis Guatuso-Talamanca + | Escalante et al. (2011) — (Nematoda) and
calolaemus, L. hemileucus, Lophornis adorabilis, Selasphorus flammula and S. scintilla Puntarenas-Chiriqui Escalante et al. (2011) — (Nematoda)
M Chaetocercus heliodor and Heliangelus mavors Guajira Alzate et al. (2008) — (Alstroemeriaceae)
N Amugllla castunetven?ns, A. saucerottei, Anthocephala floriceps, Boissonneaua flavescens and Magdalena + Cauca Alzate et al. (2008) — (Alstroemeriaceae)
Coeligena bonapartei
[0 Heliangelus exortis, Heliodoxa imperatrix and Metallura williami Cauca Alzate et al. (2008) — (Alstroemeriaceae)
. P . . . . . del Rio et al. (2015) - Coleoptera and Alzate et al.
P Eriocnemis nigrivestris, Haplophaedia lugens, Heliangelus strophianus and Urochroa bougueri Cauca (2008) - (Alstroemeriaceae)
Guatuso-Talamanca
R Archilochus colubri and Hylocharis eliciae + Pacific Lowlands + Escalante et al. (2011) — (Nematoda)
Chiapas Highlands

) 1,250

2,500 km

Figure 1. Generalized tracks for Trochilidae in the Neotropical and
Andean regions.
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The Mountain Gems clade shows a more restricted dis-
tribution than the previous clades. It occurs from the Mexican
transition zone to the provinces in northern South America, in
the Pacific dominion. The area cladogram supports with four
synapomorphies the monophyly of the provinces Guatuso-Ta-
lamanca and Puntarenas-Chiquiri.

The distribution of the Bees clade is associated with the
provinces close to the Pacific coast, in the western part of the
American continent, from the Mexican transition zone to the
South American transition zone. The area cladogram shows only
one synapomorphy, which places the Transmexican Volcanic
Belt as the sister group of (Sierra Madre del Sur, Balsas Basin).
The other clade places the Desert province as the sister group of
(Puna (Yungas (Ronddnia (Ucayali (Napo (Paramo (Magdalena,
Cauca))))))) and Rondonia as the sister group of (Ucayali (Napo
(Paramo (Magdalena, Cauca)))).

The distribution of the Mangoes clade comprises the Mexi-
can transition zone, the Antilles, all the Brazilian sub-region, part
of the South American transition zone, and the Xinga-Tapajos
province, in the South-eastern Amazonian dominion. The area
cladogram shows groups supported by a single synapomorphy,
in which the sister group of (Para (Roraima (Guianan Lowlands
(Pantepui (Imeri, Madeira))))) is followed by Pantepui of (Imeri,
Madeira). In the Antilles sub-region, there is the clade Hispan-
iola and Puerto Rico, and in the Brazilian sub-region, the clade
Guatuso-Talamanca and Puntarenas-Chiquiri.

The clade Brilliants is distributed from the Mesoamerican
dominion to the South American transition zone, and some
provinces of the Pacific, Boreal Brazilian and Chacoan domin-
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Table 2. Events of dispersal, extinction and synapomorphies represented in the cladogram (Fig. 2). Each number represents the events
described.

Number
in the Synapomorphy Dispersal Extinction
cladogram
Ancestor of Brilliants, Coquettes,
2 Montain Gems, Patagona gigas, Bees Ancestor of Topazes and Hermits -
and Emeralds
3 Bees and Patagona gigas - _
4 AncestGor of Patagona gigas, Montain Ancestor of Brilliants, Coquettes, Montain Gems, Patagona gigas, Bees and Emeralds -
ems, Bees and Emeralds
5 - Mangoes and ancestor of Topazes and Hermits -
6 - Emeralds and Mangoes -
7 - Coquettes, Emeralds, Hermits and ancestor of Hermits -
8 - Brilliants, Emeralds and Hermits -
9 B Brilliants, Mangoes and ancest_or of Brilliants, Coquettes, Montain Gems, Patagona Mangoes
gigas, Bees and Emeralds
10 - Brilliants, Coquettes, Mangoes, Hermits and ancestor of Coquettes -
1 Brilliants and Coquettes Brilliants, Coquettes, Emeralds, Mo?r]rt;’i)r;zGeir::dTgé);zes, Patagona gigas and ancestor B
12 Coquettes Brilliants and Emeralds -
13 Brilliants, Coquettes and Emeralds Brilliants, Coquettes, Hermits and Mangoes -
14 Brilliants and Hermits Bees, Brilliants, Emeralds, Hermits and Mangoes -
15 Brilliants, Emeralds and Hermits Emeralds and Hermits Coquettes and Emeralds
16 Brilliants and Coquettes Brilliants, Hermits, Mangoes and ancestor of Mangoes Brilliants and Emeralds
17 Brilliants Brilliants, Emeralds, Mangoes, Montain Gems and ancestor of Montain Gems and Bees -
18 Brilliants, Coquettes and Emeralds Coquettes, Emeralds, Hermits and Mangoes Hermits
19 - Ancestor of Montain Gems, Bees, Emeralds and Patagona gigas -
20 - Ancestor of Brilliants, Coquettes, Montain Gems, Bees, Emeralds and Patagona gigas -
21 - Brilliants and Mangoes -
22 Coquettes Brilliants -
23 - Ancestor of Montain Gems, Bees, Emeralds and Patagona gigas -
24 - Brilliants, Emeralds and Mangoes -
Ancestor of Mangoes, Brilliants,
25 - - Coquettes, Montain Gems, Emeralds
and Patagona gigas
26 - Emeralds -
27 - Emeralds Emeralds
28 - Emeralds -
29 - Emeralds -
30 - Emeralds -
31 - Coquettes, Montain Gems and ancestor of Montain Gems and Bees Emeralds
32 B Emeralds, Mangoes, Patagqna gigas and ancesth of Bees, Brilliants, Coquettes, Emer- B
alds, Hermits, Mangoes, Montain Gems and Topazes
33 - Emeralds and Hermits -
34 _ Bees, Coquettes', Emeralds, Mangqes, Montain Gems, PaFagona gigas and ancestor of _
Topazes, Hermits, Coquettes, Brilliants, Mantoes, Montain Gems, Bees and Emeralds
35 - Bees -
36 - Hermits and Montain Gems -
37 - Emeralds -
38 Emeralds Emeralds and Hermits =
39 Ancestor of Topazes Hermits, Topazes and ancestor of Hermits and Topazes -
40 - Hermits and Mangoes -
41 Emeralds Hermits and Emeralds -
42 Brilliants, Emeralds and Hermits Brilliants, Mangoes, Patag;:)lrc;:g’\i/lgaa:éca):gaa:;e’\;tgr:tzfi:ecees;nliriliiants, Coquettes, Emer- _
43 - Hermits and Montain Gems -
44 Hermits - -
45 - Emeralds and Hermits Emeralds
46 - Hermits -
4/13 ZOOLOGIA 35: e13673 | DOI: 10.3897/z0ologia.35.e13673 | April 25, 2018
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Number
in the Synapomorphy Dispersal Extinction
cladogram
47 - Hermits Emeralds and Hermits
48 - Emeralds Hermits
49 Mangoes Mangoes, Patagona gigas and;;ecse:tnodr c'\)/flcl?:;si,nBGrigi;r;ts, Coquettes, Emeralds, Man- Topazes
50 - Emeralds and Hermits Emeralds and Hermits
51 - Mangoes Ancestor of Hermits and Topazes
52 - Emeralds, Hermits and Mangoes -
53 Coquettes Brilliants, Emeralds, M:Ege;aeesz: I;z:z?;z: agr:%a’swa:)r:jtaai:ccezt;rs of Bees, Brilliants, Co- B
54 - - Hermits and Mangoes
55 Mangoes Mangoes Emeralds
56 Emeralds Emeralds Hermits
57 Hermits Brilliants, Emeralds, Hermits, Topazes and ancestor of Brilliants Emeralds
58 - Brilliants, Coquettes and Hermits Mangoes and Topazes
Brilliants, Coquettes, Hermits,
% - Emeralds and Mangoes Becs, Blanis Coaetien, Emeraids,
Montain Gems
60 Emeralds and Mangoes Emeralds -
61 Mangoes Emeralds -
62 - Emeralds -
63 Emeralds and Mangoes Mangoes -
64 Emeralds and Mangoes Bees, Emeralds, Mangoes and Montain Gems -
65 - Emeralds, Mangoes -
66 - Emeralds, Hermits and Montain Gems Mangoes
67 Emeralds Emeralds and Mangoes -
68 - Emeralds and Hermits Coquettes and Hermits
69 - Bees, Emeralds, Hermits, Mangoes and Montain Gems -
70 - - Hermits
71 - Bees, Emeralds and Mangoes -
72 - Emeralds -
73 - Emeralds, Hermits and Montain Gems Emeralds
Emeralds, Patagona gigas and
74 - Brilliants, Emeralds, Hermits and Mangoes agﬁ:::&g Eiee!?:;\iglll:::rgsg;cyce(;?:/le;e—Sl
tain Gems and Topazes
75 B Coquettes, Emeralds, Mangoes, Montain Gems and ancestor of Bees and Montain B
Gems
76 - Brilliants, Coquettes, Emeralds and Hermits Brilliants
77 - Emeralds, Hermits and Mangoes -
78 Emeralds Brilliants, Coquettes, Emeralds, Hermits and Mangoes -
79 Emeralds Emeralds, Hermits and Mangoes Brilliants and Coquettes
80 Brilliants Brilliants, Coquettes, Emeralds and Montain Gems Brilliants, Coquettes and Emeralds
81 - Brilliants, Coquettes and Emeralds Mangoes
82 Emeralds Brilliants and Emeralds Emeralds and Mangoes
83 Emeralds, Mar&%(:::: and Montain Bees, Emeralds, Mangoes and Montain Gems Brilliants
84 Emeralds Bees and Hermits Montain Gems
85 Montain Gems Emeralds and Montain Gems Emeralds
86 Bees Bees and Hermits Emeralds
87 B _ Patagona giga§, Emeralds and
Montain Gems
88 Brilliants Emeralds and Hermits Brilliants and Coquettes
89 - - Brilliants and Patagona gigas
90 - - Coquettes and Brilliants
91 - Bees Emeralds and Hermits
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Figure 2. General area cladogram for Trochilidae. Events of dispersal, extinction, and synapomorphies detailed in the Table 2.
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ions. The area cladogram shows nine synapomorphies; the
best was supported by Yungas as the sister group of (Rondoénia
(Ucayali (Napo (Paramo (Magdalena, Cauca)))))), Ucayali as
the sister group of (Napo (Pdramo (Magdalena, Cauca))))), and
Paramo as the sister group of (Magdalena, Cauca).

The clade Coquettes is distributed in western Neotropical
provinces and some provinces of the Andes and South American
transition zone. The area cladogram shows the extinction of the
entire clade in the provinces Chocé-Darién, Guatuso-Talamanca,
and Puntarenas-Chiquiri and strongly supports three groups. The
first places Desert as the sister group of (Puna (Yungas (Rondoénia
(Ucayali (Napo (Paramo (Magdalena, Cauca))))))), the second
places Puna as the sister group of (Yungas (Rondénia (Ucayali
(Napo (Paramo (Magdalena, Cauca)))))), and the third supports
the clade Magdalena + Cauca.

The clade Emeralds showed the largest number of records
and also the largest distribution, which comprises the Mexican
transition zone, the Antilles, and almost all the Neotropical
provinces of South America, as well as part of the South American
transition zone. The area cladogram showed 11 synapomorphies.
The first places the Ecuadorian province as the sister group of
the provinces in the Neotropical region and rhe Mexican tran-
sition zone except (Atacaman, Prepuna) and Galapagos Islands
and Pampean as the sister group of (Araucaria forest (Atlantic,
Parana forest) (Cerrado (Caatinga (Xingu-Tapajos (Para (Roraima
(Guianan Lowlands (Pantepui (Imeri, Madeira))))))))), also in
the same clade between Atlantic and Parana forest, Pantepui
and (Imeri, Madeira). In addition, Mosquito is the sister group
of (Veracruzan (Chiapas Highlands, Pacific Lowlands)), Guajira
and Venezuelan, Choco-Darién is the sister area of (Guatu-
so-Talamanca, Puntarenas-Chiquiri), Yungas is the sister group
of (Rondodnia (Ucayali (Napo (Paramo (Magdalena, Cauca))))),
Ucayali is the sister group of (Napo (Paramo (Magdalena, Cau-
ca))). The clade Magdalena + Cauca is supported, though weakly.

DISCUSSION

Generalized tracks

The track analysis suggests that current areas of endemism
of hummingbirds occur in the Andes, Guiana Shield, Lesser An-
tilles, western Central and North America. In southern Mexico,
more precisely in the Chiapas Highlands province, there is a
biogeographic node: a zone of complex diversity for the family
(Fig. 1). It s likely that vicariance events, especially of geological
nature, occurred in these areas and involved all clades. In addi-
tion, the areas of endemism of Trochilidae in South America are
within or partially superimpose the areas identified by Cracraft
(1985) for the bird fauna. The generalized tracks corroborate
some current hypotheses about the phylogeography of the fam-
ily and reflect the geological, climatic, and tectonic events that
occurred in the Neotropical and the Andean regions (McGuire
et al. 2007, 2009, 2014, Bleiweiss et al. 1997, Bleiweiss 1998,
2008, Fogden et al. 2014).
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Track “A” comprises the entire province of Lesser Antilles
and part of Hispaniola, and is supported by Mangoes (Eulam-
pis holosericeus (Linnaeus, 1758)) and Coquettes (Oreotrochilus
estella (d’Orbigny & Lafresnaye, 1838)). This track suggests the
fragmentation of the hummingbird population as had already
occurred for other taxa (Ricklefs and Bermingham 2008), due to
the effects of the geological history of Lesser Antilles. This track
partially superimposes with the tracks obtained by Echeverry
and Morrone (2013) and Del Rio et al. (2015).

Tracks “B”, “E”, “F”, “G”, “M”, “N”, “O”, and “P” are
related to the uplift of the northern, southern, and central
parts of the Andes and are supported by Bees (Chaetocercus
heliodor (Bourcier, 1840) and Myrmia micrura (Gould, 1854)),
Emeralds (Amazilia castaneiventris (Gould, 1856)), A. saucerottei
(Delattre & Bourcier, 1846), A. viridicauda (von Berlepsch,
1883), Anthocephala floriceps (Gould, 1853) and Leucippus baeri
Simon, 1901), Coquettes (Adelomyia melanogenys (Fraser, 1840),
Chalcostigma ruficeps (Gould, 1846), C. stanleyi (Bourcier, 1851),
Heliangelus exortis (Fraser, 1840), H. mavors Gould, 1848, H.
strophianus (Gould, 1846), Metallura eupogon (Cabanis, 1874),
M. phoebe (Lesson & Delattre, 1839) and M. williami (Delattre
& Bourcier, 1846)) and Brilliants (Aglaeactis aliciae Salvin, 1896,
Boissonneaua flavescens (Loddiges, 1832), Coeligena bonapartei
(Boissonneau, 1840), Eriocnemis mirabilis Meyer de Schauensee,
1967, E. nigrivestris (Bourcier & Mulsant, 1852), E. sapphiropygia
Taczanowski, 1874, Haplophaedia lugens (Gould, 1852), Helio-
doxa aurescens (Gould, 1846), H. branickii (Taczanowski, 1874),
H. imperatrix (Gould, 1856) and Urochroa bougueri (Bourcier,
1851) and comprise the Ecuadorian, Cauca, Desert, Ucayali,
Rondoénia, Yungas, Guajira, Magdalena, and Choc6-Darién
provinces. The importance of the Andes for hummingbirds has
been highlighted in several studies (Schuchmann et al. 2001,
Weller and Schuchmann 2002, Schuchmann et al. 2003, Parra
et al. 2009, Chaves et al. 2011) and corroborated by general-
ized tracks. According to Bleiweiss (1998), the main reason for
the spectacular radiation of hummingbirds is their ecological
capacity of colonizing high altitude habitats formed by the
orogeny of the Andes, this fauna comprising several lineages
with lowland origin. Moreover, the high potential for coevolu-
tion between hummingbirds and plants probably facilitated the
success of the Andean taxa. On the other hand, McGuire et al.
(2014) highlight the opening of new niches with the uplift of
the Andes for well-succeeded colonization in that environment.
Some species stand out in this habitat, especially the members
of the clades Brilliants and Coquettes (McGuire et al. 2009).
The tracks partially superimpose those obtained by Alzate et al.
(2008), Echeverry and Morrone (2010), Escalante et al. (2011)
and Del Rio et al. (2015).

Tracks “H” and “]J” comprise the Venezuelan and Trinidad
provinces, in the Cordillera de La Costa and are supported by
Emeralds (Campylopterus ensipennis (Swainson, 1822) and Chaly-
bura buffoni (Lesson, 1832)), Bees (Chaetocercus jourdanii (Bourci-
er, 1839)) and Hermits (Phaethornis longuemareus (Lesson, 1832)).
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Most of track “Q” is located in the Pantepui and part of
Imeri, and is supported by Brilliants (Heliodoxa xanthogonys
Salvin & Godman, 1882) and Emeralds (Amazilia cupreicauda
Salvin & Godman, 1884). The area comprises a mountain com-
plex whose importance and formation will be discussed later.

Track “I” is supported only by Emeralds (Lepidopyga coe-
ruleogularis (Gould, 1851)) and Juliamyia julie (Bourcier, 1843))
and comprises the provinces of Choc6-Dérien and Guatuso-Tala-
manca. Therefore, we hypothesize that the closing of the Isthmus
of Panama, at approximately 3-5 million years ago, affected the
distribution of Trochilidae in the area.

Tracks “C”, “D”, “L” and “R” are supported by Mountain
Gems (Heliomaster constantii (Delattre, 1843), Lamprolaima rhami
(Lesson, 1839), Lampornis calolaemus (Salvin, 1865) and L. hemi-
leucus (Salvin, 1865)), Bees (Archilochus colubris (Linnaeus, 1758),
Atthis ellioti Ridgway, 1878, Doricha enicura (Vieillot, 1818),
Selasphorus flammula Salvin, 1865, S. scintilla (Gould, 1851),
Tilmatura dupontii (Lesson, 1832)), Emeralds (Amazilia decora
(Salvin, 1891), Campylopterus rufus Lesson, 1840, Chlorostilbon
assimilis Lawrence, 1861, Elvira chionura (Gould, 1851), Eupherusa
nigriventris Lawrence, 1868 and Hylocharis eliciae (Bourcier &
Mulsant, 1846) and Coquettes (Lophornis adorabilis Salvin, 1870).
In the same area, there is also a biogeographic node. It comprises
the provinces located in the Mexican transition zone and the
Mesoamerican dominion. All tracks are located in provinces of
the western coast, close to the Pacific Ocean. The tracks partially
superimpose with those obtained by Escalante et al. (2011).

Paleogeographic events

Some important events that occurred in the Andean and
Neotropical region during the Neogene equally influenced differ-
ent clades of Trochilidae: uplift of the Andes (Gregory-Wodzicki
2000, Ramos 2009), the change of course of large rivers (Hoorn
et al. 1995, Gamero 1996, Lovejoy et al. 1998, Lundberg et al.
1998, Nie et al. 2010, Sacek 2014), the closing of the Amazonian
and Paranaense seas (Webb 1995), the closing of the Isthmus of
Panama (Fortunato 2008, Farris et al. 2011), tectonic, volcanic,
and climatic events in Central and North America (Pregill 1981,
Briggs 1987, Pindell and Barret 1990, Hedges 1996, Ricklefs and
Bermingham 2008), the Last Glacial Maximum (LGM) and, con-
sequently, the rise in sea level and climate changes (Pregill and
Olson 1981, Bourgouis et al. 1984, Codignotto et al 1992, Ferreira
2002, Filho et al. 2002), forest expansion and retraction (Filho et al
2002), volcanism (Fortunato 2008), and tectonism (Ramos 2009),
and demonstrated in biogeographic analyses. Hence, we notice
that the current distribution of Neotropical and Andean hum-
mingbirds reflects the complex geological history of the region,
which influenced the clades differently as we discuss as follows.

Hummingbirds and northern South America

Tectonic processes of the Andean orogeny reshaped South
America nearly to the current form (Ramos 2009, Revollo 2015)
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and were crucial for the conformation of the current distribu-
tion of the family Trochilidae through vicariant events and the
subsequent opening of new niches (McGuire et al. 2007, 2014).
In addition, according to the generalized tracks, these tectonic
processes divided the ancestral populations of hummingbirds.
Uplift processes and all their resulting modifications in South
America affected the populations of Emeralds, which can be
corroborated by the presence of a generalized track (Fig. 1).
Based on a molecular clock, the mininum age of hummingbirds
has been postulated to be 65 Ma (Pacheco et al. 2011), at the
K/T boundary.

The tectonism involved with the uplift of the central and
northern parts of the Andes changed the drainage of large rivers,
such as the Amazon, Orinoco, and Magdalena, and established
the connection of the Amazon River with the Atlantic Ocean,
completing the Amazon-Caribbean connection through the
“Amazonian sea or Caribbean sea” (Hoorn et al. 1995, Webb
1995, Lundberg et al. 1998 Hernandez et al. 2005, Nie et al.
2010, Sacek 2014, Revollo 2015). Trochilidae populations, in
particular Hermits, may have been affected during this north-east
movement of the Amazon River. The presence of a generalized
track (Fig. 1) indicates that ancestral populations have been
fragmented by vicariance events in this area. Our hypothesis is
that the movement of the river has fragmented the population
of hummingbirds.

Still in the context of the Andes, with the uplift of the
Cordillera Oriental (East Andes) there was the formation of an
arid valley (Magdalena Valley) and change in the drainage of
the Magdalena River (Hoorn et al. 1995, Lundberg et al. 1998,
Egbue and Kellogg 2012, Mufioz-Ortiz et al. 2015), which af-
fected other taxa (Mufoz-Ortiz et al. 2015) and hummingbirds,
in particular the clades Brilliants and Coquettes, as indicated
by the presence of a generalized track (Fig. 1). This event may
have acted in a similar way to the Amazon River, that is, this
change in the course of the river may have fragmented ancestral
hummingbird populations.

In addition to the Andes, the Pantepuis, located in
northern South America also showed a significant relevance
for Trochilidae, as a generalized track occurs in the region (Fig.
1). The Pantepuis are a mountain complex that belongs to the
Precambrian Guiana Shield, which was separated from the Af-
rican Shield by the opening of the South Atlantic. It contains
the largest rivers in the world in terms of annual discharge
(Désamoré et al. 2010, Costa et al. 2013). This area is particularly
important for Mangoes, Brilliants, and Emeralds.

Generalized tracks indicate ancestral populations that
have been fragmented by vicariance events (Morrone and
Escalante 2002). Therefore, events involving Andean orogenic
processes, changes in the Amazon and Magdalena Rivers, and
the formation of the Pantepuis may have acted as barriers that
fragmented the ancestral population of hummingbirds.

The relevance of the Andean orogeny for Trochilidae was
pointed out by McGuire et al. (2014) and highlights the impor-
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tance of the Neogene for the radiation of several taxa, including
hummingbirds (Bleiweiss 1998). Our work corroborates the
postulate by the authors, highlighting the importance of the
upward “pulses” and all the geological changes that have taken
place, the forms in South America, as the molding processes of
the current distribution of the group in the continent.

Hummingbirds and the Last Glacial Maximum

Another important event in the Neotropical region was
the Last Glacial Maximum, which produced profound changes
in the physical geography of Earth (Hoorn et al. 1995, Ferreira
2002). Climatic fluctuations during the last million years led to
long periods of global cooling, which changed the distribution
of many species (Hewitt 2000). During the glacial period in the
Pleistocene, the southern part of the Atlantic Forest became
climatically unstable in comparison with its central part and
served as refuge for several Neotropical species (Carnaval et al.
2009). The region also underwent with a drop in rainfall during
the Mid-Holocene, when its climate was drier than today (Melo
and Marengo 2008). The current Araucaria forest underwent a
significant retraction during the Last Glacial Maximum, and it is
thought to have been rare in high altitude areas (Behling 1998).
The climatic gradient created by this event in the Neotropics,
more precisely in the Atlantic Forest, was significant for Topazes,
Brilliants, Emeralds, and Hermits.

Hummingbirds, North America and Mesoamerica

The closing of the Isthmus of Panama occurred at 3-5
million years ago and brought severe climatic and geological
changes (Briggs 1987, Kellogg and Veja 1995, Coates et al.
2004, Fortunato 2008, Farris et al. 2011, Bacon et al. 2015). It
comprised the tectonic collision between South America and
Panama, which closed the connection between the Pacific Ocean
and the Caribbean Sea and formed an important bridge for
the exchange of fauna and flora (Farris et al. 2011, O’Dea et al.
2012). There was also a floristic diversification, which facilitated
the dispersal of some birds, including hummingbirds (Ornelas
et al. 2014). Concomitantly, there was an uplift of the Andes in
northern Colombia (Kellogg and Veja 1995, Farris et al. 2011).
The presence of generalized tracks (Fig. 1 and Suppl. material
1) demonstrates that this event was important for Mangoes,
Mountain Gems, and Emeralds.

The origin of the Caribbean area is connected to the
breakup of Pangea, when Laurasia began to separate from Gond-
wana (Hedges 1996). Current islands are classified as the Greater
Antilles, which comprise old fragments of the continental crust,
and the Lesser Antilles, which were formed by a volcanic arc
and the current islands (Hedges 1996, Pindell and Barret 1990,
Ricklefs and Bermingham 2008), where vicariant events could
have generated endemism (Heads 2017). During the Last Gla-
cial Maximum, the Bahamas were the most affected islands of
the Antilles due to the sea level rise, which caused the loss of

ZOOLOGIA 35: e13673 | DOI: 10.3897/zoologia.35.e13673 | April 25, 2018

several habitats and a drier climate (Pregill and Olson 1981). In
the period of a low sea level, the Lesser Antilles were probably
connected, forming three large islands and their combination
showed a different topography (Pregill and Olson 1981). This
region stands out as a very important area for Trochilidae, in
particular for Mangoes. The Lesser Antilles stand out due to the
presence of a generalized track, which suggests the fragmentation
of ancestral hummingbird populations (Fig. 1).

The Mexican transition zone and the provinces of the
Mesoamerican dominion are equally important for humming-
birds, where, in addition to the generalized tracks that indicate
endemism, there is a biogeographic node. Geological events that
may have shaped the current Trochilidae distribution are volca-
nism (Mora et al. 2007) and tectonism (Bourgouis et al. 1984).

Hummingbirds and marine transgressions

During the Miocene, the rise in sea level and tectonic
processes in South America produced a significant marine in-
gression into the continent (Lovejoy et al. 1998). These events
contributed to the appearance of the Amazonian and Paranaense
seas, which separated the north and south of the continent at
16 and 13 million years ago. Associated with Andean tectonic
processes, these seas altered drastically the drainage of South
American rivers (Lundberg et al. 1998, Hernandez et al. 2005,
Sacek 2014). Fossil evidence showed the existence of paleogeo-
graphic corridors formed by two large marine transgressions
(Lundberg et al. 1998, Hernéndez et al. 2005). The area clado-
gram for hummingbirds shows signals of these events for the
clades Emeralds and Coquettes.

Cladistic biogeography

Bleiweiss (1998) and McGuire et al. (2007, 2014) highlight-
ed dispersal as a striking characteristic in hummingbird history,
with some vicariance events. Considering the area cladogram of
Trochilidae, dispersal is confirmed to be important in the family.
However, this trend is not the same for all clades, i.e., some clades
have a more restricted distribution, support several generalized
tracks, and are synapomorphies of groups of some provinces.
This divergence occurred mainly in the “Clade of the Andes”.

The first synapomorphy found places the Ecuadorian
province as the sister group of nearly all the other Neotropical
provinces, except Galapagos Island, Prepuna, Atacaman (in the
South America transition zone) and Coquimban, Santiagan,
Maule and Valdivian. Prepuna and Atacaman would be more
related to the provinces of the Andes than the Neotropical
ones, as would be Galdpagos (Fig. 2). Emeralds also support the
group in which the Pampean province is the sister group of the
provinces of the Chacoan, Parana, South-eastern, and Boreal
Brazilian dominions, which occupy nearly the entire plains
of South America, or the mid-northern area of the continent.
The dichotomy between the Atlantic and Parana Forests is well
supported by Brilliants, Emeralds, and Hermits. This result can
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be related to the floristic similarity between these two provinc-
es, which are within the Atlantic Forest in southeastern and
northeastern Brazil, respectively. These provinces have similar
geological histories since the Last Glacial Maximum, which al-
tered flora and fauna. The grouping of the provinces Guatuso-Ta-
lamanca and Puntarenas-Chiriqui is equally well supported by
Mangoes, Mountain Gems, and Emeralds. Brilliants, Coquettes,
and Mountain Gems appear as synapomorphies of the clade in
which Desert is the sister group of the provinces of the South
American transition zone and the South Brazilian and Boreal
Brazilian dominions. In the cladogram, the same provinces are
rearranged, with Puna as the sister group, followed by Yungas,
Rondonia, Ucayali, Napo, and Paramo as sister groups of the
provinces located to the west of South America on both sides
of the Andes (Central and South). Provinces from different do-
minions were grouped, which reinforces the striking dispersal
of the group. It is worth highlighting that, geographically, the
cladogram reflects the grouping of provinces at the east and west
of the continent (related to the Andes) and Central America.

Our results corroborate the hypothesis that the more basal
group (Topazes clade) of Trochilidae was distributed in the plains
of South America, and the dispersal to the Andes and North Amer-
ica were posterior events, before the Neogene phase of uplift of the
Cordillera (McGuire et al. 2014). As shown in the area cladogram
(Fig. 2), most grouped provinces belong to the Brazilian Shield
and have the Araucaria forest region as sister group.

ACKNOWLEDGMENTS

The Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) funded the present study through its insti-
tutional program for sandwich Ph.D. (proc. BEX 10656/14-6),
and the Universidad Nacional Auténoma de México (UNAM).

LITERATURE CITED

Alzate F, Quijano-Abril MA, Morrone ]| (2008) Panbiogeographi-
cal analysis of the genus Bomarea (Alstroemeriaceae). Journal
of Biogeography 35(7): 1250-1257. https://doi.org/10.1111/
j.1365-2699.2008.01896.x

Bacon CD, Silvestro D, Jaramilo C, Smith BT, Chakrabarty P, Anton-
elli A (2015) Biological evidence supports an early and complex
emergence of the Isthmus of Panama. Proceedings of the Nation-
al Academy of Sciences of the United States of America 112(19):
6110-6115. https://doi.org/10.1073/pnas. 1423853112

Behling H (1998) Late Quaternary vegetational and climatic
changes in Brazil. Review of Palaeobotany and Palynology 99(2):
143-156. https://doi.org/10.1016/50034-6667(97)00044-4

Bleiweiss R (1998) Origin of hummingbird faunas. Biologi-
cal Journal of the Linnean Society 65(1): 77-97. https://doi.
org/10.1111/j.1095-8312.1998.tb00352.x

Bleiweiss R (2008) Tempo and mode of hummingbird evolution.
Biological Journal of the Linnean Society 65(1): 63-76. https://
doi.org/10.1111/j.1095-8312.1998.tb00351.x

10/13

Bleiweiss R, Kirsch JAW, Matheus JC (1997) DNA Hybridization
Evidence for the Principal Lineages of Hummingbirds (Aves:
Trochilidae). Molecular Biology and Evolution 14(3): 325-343.
https://doi.org/10.1093/oxfordjournals.molbev.a025767

Bourgouis ), Azema |, Baumgartner PO, Tournon |, Desmet A, Au-
bouin | (1984) The geologic history of the Caribbean-Cocos
plate boundary with special reference to the Nicya ophiolite
Complex (Costa Rica) and D.S.D.P. results (legs 67 and 84 off
Guatemala): A synthesis. Tecronophysics 108: 1-32. https://
doi.org/10.1016/0040-1951(84)90152-5

Briggs JC (1987) Biogeography and Plate Tectonics. Elsevier, Am-
sterdam, 204 pp.

Carnaval AC, Hickerson M), Haddad CFB, Rodrigues MT, Moritz C
(2009) Stability Predicts Genetic Diversity in the Brazilian Atlan-
tic Forest Hotspot. Science 323(5915): 785-789. https://doi.
org/10.1126/science.1166955

Carvalho CJB (2011) Areas de Endemismo, p. 41-50. In: Carva-
lho CJB, Alemida EAB (Eds) Biogeografia da América do Sul:
Padrdes and Processos. Editora Roca Ltda, Sao Paulo, 308 pp.

Chaves JA, Weir JT, Smith TB (2011) Diversification in Adelomy-
ia hummingbirds follows Andean uplift. Molecular Ecolo-
gy 20(21): 4564-4576. https://doi.org/10.1111/j.1365-
294X.2011.05304.x

Clements JF, Schlenberg TS, lliff MJ, Roberson D, Fresweicks TA,
Sullivan BL, Wood CL (2012) The eBird/Clements checklist of
birds of the world. Available online at: http://www.birds.cor-
nell.edu/clementschecklist/download [Accessed: 11/11/2013]

Coates AG, Collins LS, Aurbry MP, Berggren WA (2004) The Geolo-
gy of the Darien, Panama, and the late Miocene-Pliocene colli-
sion of the Panama arc with northwestern South America. GSA
Bulletin  116(11/12): 1327-1344. https://doi.org/10.1130/
B25275.1

Codignotto JO, Kokot RR, Marcomini SC (1992) Neotectonism
and sea-level changes in the Coastal Zone of Argentina. Journal
of Coastal Research 8(1): 125-133.

Costa M, Viloria AL, Huber O, Attlal S, Orellana A (2013) Lepidop-
tera del Pantepui. Parte I: Endemismo y caracterizacién bio-
geogréfica. Entomotropica 28(3): 193-217.

Cracraft | (1985) Historical Biogeography and Patterns of Differ-
entiation within the South American Avifauna: Areas of En-
demism. Ornithological Monographs 36: 49-84. https://doi.
org/10.2307/40168278

Crother Bl, Murray CM (2011) Ontology of areas of endemism.
Journal of Biogeography 38(6): 1009-1015. https://doi.
org/10.1111/j.1365-2699.2011.02483.x

DelRio MG, Morrone J], Lanteri AA (2015) Evolutionary bioge-
ography of South American weevils of the tribe Naupactini
(Coleoptera: Curculionidae). Journal of Biogeography 42(7):
1293-1304. https://doi.org/10.1111/jbi.12481

Désamoré A, Vanderpoorten A, Laenen B, Gradstein SR, Kok PJR
(2010) Biogeography of the Lost World (Pantepui region,
northeastern South America): Insights from bryophytes.
Phytotaxa 9: 254-265. https://doi.org/10.11646/phyto-
taxa.9.1.14

ZOOLOGIA 35: e13673 | DOI: 10.3897/zoologia.35.e13673 | April 25, 2018


https://doi.org/10.1111/j.1365-2699.2008.01896.x
https://doi.org/10.1111/j.1365-2699.2008.01896.x
https://doi.org/10.1073/pnas.1423853112
https://doi.org/10.1016/S0034-6667(97)00044-4
https://doi.org/10.1111/j.1095-8312.1998.tb00352.x
https://doi.org/10.1111/j.1095-8312.1998.tb00352.x
https://doi.org/10.1111/j.1095-8312.1998.tb00351.x
https://doi.org/10.1111/j.1095-8312.1998.tb00351.x
https://doi.org/10.1093/oxfordjournals.molbev.a025767
https://doi.org/10.1016/0040-1951(84)90152-5
https://doi.org/10.1016/0040-1951(84)90152-5
https://doi.org/10.1126/science.1166955
https://doi.org/10.1126/science.1166955
https://doi.org/10.1111/j.1365-294X.2011.05304.x
https://doi.org/10.1111/j.1365-294X.2011.05304.x
http://www.birds.cornell.edu/clementschecklist/download
http://www.birds.cornell.edu/clementschecklist/download
https://doi.org/10.1130/B25275.1
https://doi.org/10.1130/B25275.1
https://doi.org/10.2307/40168278
https://doi.org/10.2307/40168278
https://doi.org/10.1111/j.1365-2699.2011.02483.x
https://doi.org/10.1111/j.1365-2699.2011.02483.x
https://doi.org/10.1111/jbi.12481
https://doi.org/10.11646/phytotaxa.9.1.14
https://doi.org/10.11646/phytotaxa.9.1.14
https://doi.org/10.3897/zoologia.35.e13673

LOGIA

5.+ An International Journal for Zoology

Endemism of hummingbirds

Echeverry A, Morrone JJ (2010) Parsimony analysis of endemicity
as a panbiogeographical tool: an analysis of Caribbean plant
taxa. Biological Journal of the Linnean Society 101(4): 901-
976. https://doi.org/10.1111/j.1095-8312.2010.01535.x

Echeverry A, Morrone JJ (2013) Generalized tracks, area clado-
grams and tectonics in the Caribbean. Journal of Biogeography
40(9): 1619-1637. https://doi.org/10.1111/jbi. 12117

Egbue O, Kellogg ] (2012) Three-dimensional structural evolu-
tion and kinematics of the Piedemonte Llanero, Central Llanos
foothills, Eastern Cordillera, Colombia. Journal of South Amer-
ican Earth Sciences 39: 216-227. https://doi.org/10.1016/j.
jsames.2012.04.012

Escalante T, Szumik C, Morrone ]| (2009) Areas of endemism of
Mexican mammals: reanalysis applying the optimality criteri-
on. Biological Journal of the Linnean Society 98(2): 468-478.
https://doi.org/10.1111/j.1095-8312.2009.01293.x

Escalante T, Martinez-Salazar EA, Falc6n-Ordaz |, Linaje M, Guer-
rero MR (2011) Analisis panbiogeogréfico de Vexillata (Nem-
atoda: Ornithostrongylidae) y sus huéspedes (Mammalia:
Rodentia). Acta Zooldgica Mexicana 27: 25-46. https://doi.
org/10.21829/azm.2011.271732

Farris DW, Jaramillo C, Bayona G, Restrepo-Moreno SA, Montes
C, Cardona A, Mora A, Speakman R|, Glascock MD, Valencia
V (2011) Fracturing of the Panamanian Isthmus during initial
collision with South America. Geology 30(11): 1007-1010. ht-
tps://doi.org/10.1130/G32237.1

Ferreira ADB (2002) Variabilidade climatica e dinamica geomorfo-
I6gica. Publicages da Associacdo Portuguesa de Geomorfélo-
gos 1: 7-15.

Filho AC, Schwartz D, Tatumi SH, Rosique T (2002) Amazonian
Paleodunes Provide Evidence for Drier Climate Phases during
the Late Pleistocene-Holocene. Quaternary Research 58(2):
205-209. https://doi.org/10.1006/qres.2002.2345

Fogden M, Taylor M, Williamson S (2014) Hummingbirds: A life-
size guide to every species. Ivy Press, London, 400 pp.

Fortunato H (2008) The Central American land bridge: evolution
at work. Naturwissenschaftliche Verein fiir Schleswig-Holstein
70: 56-72.

Gamero MLD (1996) The changing course of the Orinoco River
during the Neogene: a review. Palaeogeography, Palaeocli-
matology, Palaeoecology 123(1-4): 385-402. https://doi.
org/10.1016/0031-0182(96)00115-0

Gregory-Wodzicki KM (2000) Uplift history of the Central and North-
ern Andes: A review. GSA Bulletin 112(7): 1091-1105. https://doi.
org/10.1130/0016-7606(2000)112<1091:UHOTCA>2.0.CO;2

Hausdorf B, Hjenning C (2003) Biotic element analysis in bio-
geography. Systematic Biology 52(5): 717-723. https://doi.
org/10.1080/10635150390235584

Heads M (2017) Metapopulation vicariance explains old endem-
ics on young volcanic islands. Cladistcs 2017. https://doi.
org/10.1111/cla.12204

Hedges SB (1996) Historical Biogeography of West Indian Verte-
brates. Annual Review of Ecology and Systematics 27: 163—
196. https://doi.org/10.1146/annurev.ecolsys.27.1.163

ZOOLOGIA 35: e13673 | DOI: 10.3897/zoologia.35.e13673 | April 25, 2018

Herndndez RM, Jordan TE, Farjat AD, Echavarria L, Idleman BD,
Reynolds JH (2005) Age, distribution, tectonics, and eustatic
controls of the Paranense and Caribbean marine transgressions
in southern Bolivia and Argentina. Journal of South American
Earth Sciences 19(4): 495-512. https://doi.org/10.1016/].
jsames.2005.06.007

Henderson IM (1991) Biogeography without Area? Australian
Systematic Botany 4(1): 59-71. https://doi.org/10.1071/
$B9910059

Hewitt G (2000) The genetic legacy of the Quaternary ice ages.
Nature 405: 907. https://doi.org/10.1038/35016000

Hijmans R], Guarino L, Bussink C, Mathur P (2012) DIVA-GIS. v.
5.0. A geographic informationsystem for the analysis of spe-
cies distribution data. http://www.diva-gis.org [Accessed:
17/01/2014]

Hoorn C, Guerrero |, Sarmiento GA, Lorente MA (1995) Andean
tectonics as a cause for changing drainage patterns in Miocene
northern South America. Geology 23(3): 237-240. https://doi.
org/10.1130/0091-7613(1995)023<0237:ATAACF>2.3.CO;2

Kellogg JN, Veja V (1995) Tectonic development of Panama, Costa
Rica, and the Colombian Andes: constraints from global posi-
tioning system geodetic studies and gravity. In: Mann P (Ed.)
Geologic and Tectonic Development of the Caribbean plate
boundary in Southern Central America. GSA Special Paper,
Washington DC, 75-90. https://doi.org/10.1130/SPE295-p75

Lovejoy NR, Bermingham E, Martin AP (1998) Marine incur-
sion into South America. Nature 396: 421-422. https://doi.
org/10.1038/24757

Lowenberg-Neto P (2014) Neotropical region: a shapefile of
Morrone’s (2014) biogeographical regionalisation. Zootaxa
3802(2): 300. https://doi.org/10.11646/zootaxa.3802.2.12

Loéwenberg-Neto P (2015) Andean region: a shapefile of Morrone’s
(2015) biogeographical regionalisation. Zootaxa 3936(4): 600.
https://doi.org/10.11646/zootaxa.3985.4.9.

Luna-Vega |, Ayala OA, Morrone ||, Organista DE (2000) Track
analysis and conservation priorities in the cloud forests of Hidal-
go, Mexico. Diversity and Distributions 6(3): 137-143. https://
doi.org/10.1046/j.1472-4642.2000.00079.x

Lundberg JG, Marshal LG, Guerrero |, Horton B, Malabarba
MCSL, Weddrlingh F (1998) The stage for neotropical fish di-
versification: A history of tropical South American rivers. In:
Malabarba LR, Reis RE, Vari RP, Lucena ZM, Lucena CAS (Eds)
Phylogeny and classification of Neotropical fishes. Edipucrs,
Porto Alegre, 13-48.

McGuire JA, Witt CC, Altshuler DL, Rensen JR (2007) Phy-
logenetic Systematics and Biogeography of Humming-
birds: Bayesian and Maximum Likelihood Analyses of Par-
titioned Data and Selection of an Appropriate Partitioning
Strategy. Systematic Biology 56(5): 837-856. https://doi.
org/10.1080/10635150701656360

McGuire JA, Witt CC, Remsen |R, Dudley R, Altshuler DL (2009)
A higher-level taxonomy for hummingbirds. Journal of Orni-
thology 150: 155-165. https://doi.org/10.1007/s10336-008-
0330-x

11/13


https://doi.org/10.1111/j.1095-8312.2010.01535.x
https://doi.org/10.1111/jbi.12117
https://doi.org/10.1016/j.jsames.2012.04.012
https://doi.org/10.1016/j.jsames.2012.04.012
https://doi.org/10.1111/j.1095-8312.2009.01293.x
https://doi.org/10.21829/azm.2011.271732
https://doi.org/10.21829/azm.2011.271732
https://doi.org/10.1130/G32237.1
https://doi.org/10.1130/G32237.1
https://doi.org/10.1006/qres.2002.2345
https://doi.org/10.1016/0031-0182(96)00115-0
https://doi.org/10.1016/0031-0182(96)00115-0
https://doi.org/10.1130/0016-7606(2000)112%3C1091:UHOTCA%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(2000)112%3C1091:UHOTCA%3E2.0.CO;2
https://doi.org/10.1080/10635150390235584
https://doi.org/10.1080/10635150390235584
https://doi.org/10.1111/cla.12204
https://doi.org/10.1111/cla.12204
https://doi.org/10.1146/annurev.ecolsys.27.1.163
https://doi.org/10.1016/j.jsames.2005.06.007
https://doi.org/10.1016/j.jsames.2005.06.007
https://doi.org/10.1071/SB9910059
https://doi.org/10.1071/SB9910059
https://doi.org/10.1038/35016000
http://www.diva-gis.org
https://doi.org/10.1130/0091-7613(1995)023%3C0237:ATAACF%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023%3C0237:ATAACF%3E2.3.CO;2
https://doi.org/10.1130/SPE295-p75
https://doi.org/10.1038/24757
https://doi.org/10.1038/24757
https://doi.org/10.11646/zootaxa.3802.2.12
https://doi.org/10.11646/zootaxa.3985.4.9
https://doi.org/10.1046/j.1472-4642.2000.00079.x
https://doi.org/10.1046/j.1472-4642.2000.00079.x
https://doi.org/10.1080/10635150701656360
https://doi.org/10.1080/10635150701656360
https://doi.org/10.1007/s10336-008-0330-x
https://doi.org/10.1007/s10336-008-0330-x
https://doi.org/10.3897/zoologia.35.e13673

013°

# ZOOLOGIA

s-.-%°  AnInternational Journal for Zoology

D. Ouvernay et al.

McGuire JA, Witt CC, Remsen |V Jr, Corl VR, Rabosky A, Altshuler
DL, Dudley R (2014) Molecular Phylogenetics and the Diversi-
fication of Hummingbirds. Current Biology 24(8): 1-7. https://
doi.org/10.1016/j.cub.2014.03.016

Melo MLDD, Marengo JA (2008) Simulacdes do clima do Ho-
loceno Médio na Amérca do Sul com o modelo de circu-
lagdo geral da atmosfera do CPTEC. Revista Brasileira de
Meteorologia 23(2): 191-205. https://doi.org/10.1590/
$0102-77862008000200007

Mora ]JC, Jaimes-Viera MC, Guardufio-Monroy VH, Layer P, Pom-
pa-Mera V, Godinez L (2007) Geology and geochemistry cha-
racteristics of the Chiapanecan Volcanic Arc (Central Area),
Chiapas Mexico. Journal of Volcanology and Geothermal Re-
search 162(1-2): 43-72. https://doi.org/10.1016/j.jvolgeo-
res.2006.12.009

Morrone ] (2001a) Biogeografia de América Latina y el Caribe.
MandT - Manuales y Tesis SEA, Zaragoza, 55 pp.

Morrone JJ (2001b) A proposal concerning formal definitions of the
Neotropical and Andean regions. Biogeographica 77: 65-82.
Morrone ]J (2006) Biogeographic areas and transition zones of
Latin America and the Caribbean Islands based on panbio-
geographic and cladstic analyses of the entomofauna. Annual
Review of Entomology 51: 467-494. https://doi.org/10.1146/

annurev.ento.50.071803.130447

Morrone ]| (2014a) Biogeographical regionalisation of the Neo-
tropical region. Zootaxa 3782(1): 01-110. https://doi.
org/10.11646/zootaxa.3782.1.1

Morrone J) (2014b) Parsimony analysis of endemicity (PAE) re-
visited. Journal of Biogeography 41(5): 842-854. https://doi.
org/10.1111/jbi.12251

Morrone ]| (2015) Biogeographical regionalisation of the Andean
region. Zootaxa 3936(2): 207-36. https://doi.org/10.11646/
zootaxa.3936.2.3

Morrone JJ, Crisci JV (1995) Historical Biogeography: Introduc-
tion to Methods. Annual Review of Ecology, Evolution and
Systematics 26: 373-401. https://doi.org/10.1146/annurev.
€s.26.110195.002105

Morrone J], Escalante T (2002) Parsimony analysis of endemicity
(PAE) of Mexican terrestrial mammals at different area units:
when size matters. Journal of Biogeography 29(8): 1095-1104.
https://doi.org/10.1046/j.1365-2699.2002.00753.x

Morrone J] (2004) Panbiogeografia, componentes bidticos y zonas
de transicion. Revista Brasileira de Entomologia 48(2): 149-
162. https://doi.org/10.1590/50085-56262004000200001

Munoz-Ortiz A, VeIézquez-AIvarez AA, Guarnizo CE, Crawford
AJ (2015) Of peaks and valleys: testing the roles of orogeny
and habitat heterogeneity in driving allopatry in mid-elevation
frogs (Aromobatidae: Rheobates) of the northern Andes. Jour-
nal of Biogeography 42(1): 193-205. https://doi.org/10.1111/
jbi.12409

Nie J, Horton BK, Mora A, Saylor JE, Joush TB, Rubiano |, Naran-
jo ] (2010) Tracking exhumation of Andean ranges bounding
the Middle Magdalena Valley Basin, Colombia. Geology 38(5):
451-454. https://doi.org/10.1130/G30775.1

12/13

Nixon KC (1999-2002) WinClada. v. 1.0000, Published by the au-
thor, New York.

O’Dea A, Hoyos N, Rodriguez F, Gracia BD, Degracia C (2012)
History of upwelling in the Tropical Eastern Pacific and the
paleogeography of the Isthmus of Panama. Palaeogeography,
Palaeoclimatology, Palaeoecology 348-349(1): 59-66. https://
doi.org/10.1016/j.palaeo.2012.06.007

Ornelas JF, Gonzalez C, Espinosa de los Monteros A, Rodriguez-Gé-
mez F, Garcia-Feria LM (2014) In and out of Mesoamerica:
temporal divergence of Amazilia hummingbirds pre-dates the
orthodox account of the completion of the Isthmus of Pan-
ama. Journal of Biogeography 41(1): 168-181. https://doi.
org/10.1111/jbi.12184

Pacheco MA, Battistuzzi FU, Lentino M, Aguilar RF, Kumar S, Es-
calante AA (2011) Evolution of modern birds revealed by mi-
togenomics: timing the radiation and origino f major orders.
Molecular Biology and Evolution 28(6): 1927-1942. https://
doi.org/10.1093/molbev/msr014

Parra JL, Remsen |R, Alvarez-Rebolledo M, McGuire JA (2009)
Molecular phylogenetics of the hummingbird genus Coelige-
na. Molecular Phylogenetics and Evolution 53(2): 425-434.
https://doi.org/10.1016/j.ympev.2009.07.006

Pindell JL, Barret SF (1990) Geological evolution of the Caribbean
region; a plate-tectonic perspective. In: Dengo G, Case JE (Eds)
The Geology of North America. Geological Society of America,
Washington, 583. https://doi.org/10.1130/DNAG-GNA-H.405

Prado JRD, Brennand PGG, Godoy LP, Libardi GS, Abreu-junior
EFD, Roth PRO, Chiquito A, Percequillo AR (2015) Species rich-
ness and areas of endemism of oryzomyine rodents (Criceti-
dae, Sigmodontinae) in South America: an NDM/VNDM ap-
proach. Journal of Biogeography 42(3): 540-551. https://doi.
org/10.1111/jbi.12424

Pregill GK (1981) An Appraisal of the Vicariance Hypothesis of Ca-
ribbean Biogeography and Its Application to West Indian Ter-
restrial Vertebrates. Systematic Zoology 30: 147-155. https://
doi.org/10.1093/sysbio/30.2.147

Pregill GK, Olson SL (1981) Zoogeography of West Indian Ver-
tebrates in Relation to Pleistocene Climatic Cycles. Annual
Review of Ecology and Systematics 12: 75-98. https://doi.
org/10.1146/annurev.es.12.110181.000451

Ramos VA (2009) Anatomy and global context of the Andes: Main
geologic features and the Andean orogenic cycle. The Geo-
logical Society of America Memoir 204: 31-65. https://doi.
org/10.1130/2009.1204(02)

Revollo E (2015) Physical Geology and Geological History of South
America. Editora Xlibris, Bloomington, 554 pp.

Ricklefs R, Bermingham E (2008) The West Indies as a laborato-
ry of biogeography and evolution. Philosophical Transactions
of the Royal Society B 363(1502): 2393-2413. https://doi.
org/10.1098/rstb.2007.2068

Sacek V (2014) Drainage reversal of the Amazon River due to the
coupling of surface and lithospheric processes. Earth and Plan-
etary Science Letters 401: 301-312. https://doi.org/10.1016/].
epsl.2014.06.022

ZOOLOGIA 35: e13673 | DOI: 10.3897/zoologia.35.e13673 | April 25, 2018


https://doi.org/10.1016/j.cub.2014.03.016
https://doi.org/10.1016/j.cub.2014.03.016
https://doi.org/10.1590/S0102-77862008000200007
https://doi.org/10.1590/S0102-77862008000200007
https://doi.org/10.1016/j.jvolgeores.2006.12.009
https://doi.org/10.1016/j.jvolgeores.2006.12.009
https://doi.org/10.1146/annurev.ento.50.071803.130447
https://doi.org/10.1146/annurev.ento.50.071803.130447
https://doi.org/10.11646/zootaxa.3782.1.1
https://doi.org/10.11646/zootaxa.3782.1.1
https://doi.org/10.1111/jbi.12251
https://doi.org/10.1111/jbi.12251
https://doi.org/10.11646/zootaxa.3936.2.3
https://doi.org/10.11646/zootaxa.3936.2.3
https://doi.org/10.1146/annurev.es.26.110195.002105
https://doi.org/10.1146/annurev.es.26.110195.002105
https://doi.org/10.1046/j.1365-2699.2002.00753.x
https://doi.org/10.1590/S0085-56262004000200001
https://doi.org/10.1111/jbi.12409
https://doi.org/10.1111/jbi.12409
https://doi.org/10.1130/G30775.1
https://doi.org/10.1016/j.palaeo.2012.06.007
https://doi.org/10.1016/j.palaeo.2012.06.007
https://doi.org/10.1111/jbi.12184
https://doi.org/10.1111/jbi.12184
https://doi.org/10.1093/molbev/msr014
https://doi.org/10.1093/molbev/msr014
https://doi.org/10.1016/j.ympev.2009.07.006
https://doi.org/10.1130/DNAG-GNA-H.405
https://doi.org/10.1111/jbi.12424
https://doi.org/10.1111/jbi.12424
https://doi.org/10.1093/sysbio/30.2.147
https://doi.org/10.1093/sysbio/30.2.147
https://doi.org/10.1146/annurev.es.12.110181.000451
https://doi.org/10.1146/annurev.es.12.110181.000451
https://doi.org/10.1130/2009.1204(02
https://doi.org/10.1130/2009.1204(02
https://doi.org/10.1098/rstb.2007.2068
https://doi.org/10.1098/rstb.2007.2068
https://doi.org/10.1016/j.epsl.2014.06.022
https://doi.org/10.1016/j.epsl.2014.06.022
https://doi.org/10.3897/zoologia.35.e13673

5 ZOOLOGIA

An International Journal for Zoology

Endemism of hummingbirds

Sanchez-Gonzélez LA, Navarro-Siglienza AG, Ornelas, JF, Morrone
J) (2013) What's in a name?: Mesoamerica. Revista Mexicana
de Biodiversidad 84(4): 1305-1308. https://doi.org/10.7550/
rmb.34171

Schuchmann KL, Weller AA, Heynen | (2001) Systematics and
biogeography of the Andean genus Eriocnemis (Aves: Troch-
ilidae). Journal of Ornithology 142(4): 433-481. https://doi.
org/10.1046/j.1439-0361.2001.01025.x

Schuchmann KL, Weller AA, Wulfmeyerm E (2003) Biogeography
and taxonomy of Lafresnaya (Trochilidae) with a new subspe-
cies from Colombia. Ornitologia Neotropical 14(2): 157-171.

Silva JMC, Sousa MC, Castelletti CHHM (2004) Areas of ende-
mism for passerine birds in the Atlantic forest, South Ameri-
ca. Global Ecology and Biogeography 13: 85-92. https://doi.
org/10.1111/j.1466-882X.2004.00077.x

Sirgrist MS, Carvalho CJB (2009) Historical relationships among
areas of endemism in the tropical South America using Brooks
Parsimony Analysis (BPA). Biota Neotropica 9(4): 79-90.
https://doi.org/10.1590/51676-06032009000400009

Szumik CA, Goloboff PA (2004) Areas of endemism: An improved
optimality criterion. Systematic Biology 53(6): 968-977.
https://doi.org/10.1080/10635150490888859

Urtubey E, Stuessy TF, Tremetsberger K, Morrone ]J (2010) The
South American Biogeographic Transition Zone: An anal-
ysis from Asteraceae. Taxon 59(2): 505-509. https://doi.
0rg/10.2307/25677608

Vézquez-Miranda H, Navarro-Siglienza AG, Morrone JJ (2007) Bio-
geographical patterns of the avifaunas of the Caribbean Basin
Islands: a parsimony perspective. Cladistics 23(2): 180-200.
https://doi.org/10.1111/j.1096-0031.2006.00133.x

Webb SD (1995) Biological implications of the middle Miocene
Amazon seaway. Science 269(5222): 361-362. https://doi.
org/10.1126/science.269.5222.361

Weller AA, Schuchmann KL (2002) Biogeography of Ramphomi-
cron Bonaparte, 1850 (Aves: Trochilidae). Ecotropica 8: 47-58.

Supplementary material 1

Table S1. Neotropical and Andean provinces (Morrone
2014, 2015). Legend: SM, Sierra Madre Occidental; SMO,
Sierra Madre Oriental; TM, Transmexican Volcanic Belt;
SMS: Sierra Madre del Sur; CH, Chiapas Highlands; BH,
Bahama; CB, Cuban; Cl, Cayman Islands; JM, Jamaica; HP,
Hispaniola; PR, Puerto Rico; LA, Lesser Antilles; PL, Pacific
Lowlands; BB, Balsas Basin; VC, Veracruzan; YP, Yucatan
Peninsula; MQ, Mosquito; QT, Guatuso-Talamanca; PC,
Puntarenas-Chiriqui; CD, Choco-Darien; GJ, Guajira; VN,
Venezuelan; TR, Trinidad; MG, Magdalena; SB, Sabana; CA,
Cauca; Gl, Galapagos Islands; WE, Western Ecuador; EC, Ec-
uadorian; NP, Napo; IM, Imeri; PT, Pantepui; GL, Guianan
Lowlands; RR, Roraima; PR, Para; UC, Ucayali; MD, Madeira;
RD, Rondonia; YG, Yungas; XT, Xingu-Tapajés; CAA, Caatin-
ga; CRR, Cerrado; CC, Chacoan; PP, Pampean; AT, Atlantic;
PF, Parana; AF, Araucaria Forest; PM, Paramo; DT, Desert; PU,
Puna; AM, Atacama; PRP, Prepuna; MT, Monte.

ZOOLOGIA 35: e13673 | DOI: 10.3897/zoologia.35.e13673 | April 25, 2018

Authors: Daiane Ouvernay, lldemar Ferreira, Juan ]. Morrone
Data type: (measurement/occurence/multimedia/etc.)
Copyright notice: This dataset is made available under the
Open Database License (http://opendatacommons.org/li-
censes/odbl/1.0/). The Open Database License (ODbL) is a
license agreement intended to allow users to freely share,
modify, and use this Dataset while maintaining this same
freedom for others, provided that the original source and
author(s) are credited.

Link: https://doi.org/10.3897/zoologia.35.e13673.suppl1

Supplementary material 2

Figure S1. Neotropical and Andean provinces (Morrone
2014, 2015). Legend: SM, Sierra Madre Occidental; SMO,
Sierra Madre Oriental; TM, Transmexican Volcanic Belt;
SMS: Sierra Madre del Sur; CH, Chiapas Highlands; BH,
Bahama; CB, Cuban; Cl, Cayman Islands; JM, Jamaica; HP,
Hispaniola; PR, Puerto Rico; LA, Lesser Antilles; PL, Pacific
Lowlands; BB, Balsas Basin; VC, Veracruzan; YP, Yucatan
Peninsula; MQ, Mosquito; QT, Guatuso-Talamanca; PC,
Puntarenas-Chiriqui; CD, Choco-Darien; G|, Guajira; VN,
Venezuelan; TR, Trinidad; MG, Magdalena; SB, Sabana; CA,
Cauca; Gl, Galapagos Islands; WE, Western Ecuador; EC, Ec-
uadorian; NP, Napo; IM, Imeri; PT, Pantepui; GL, Guianan
Lowlands; RR, Roraima; PR, Par4; UC, Ucayali; MD, Madeira;
RD, Rondonia; YG, Yungas; XT, Xingu-Tapajés; CAA, Caatin-
ga; CRR, Cerrado; CC, Chacoan; PP, Pampean; AT, Atlantic;
PF, Parana; AF, Araucaria Forest; PM, Paramo; DT, Desert; PU,
Puna; AM, Atacama; PRP, Prepuna; MT, Monte.

Authors: Daiane Ouvernay, lldemar Ferreira, Juan J. Morrone
Data type: (measurement/occurence/multimedia/etc.)
Copyright notice: This dataset is made available under the
Open Database License (http://opendatacommons.org/li-
censes/odbl/1.0/). The Open Database License (ODbL) is a
license agreement intended to allow users to freely share,
modify, and use this Dataset while maintaining this same
freedom for others, provided that the original source and
author(s) are credited.

Link: https://doi.org/10.3897/zoologia.35.e13673.suppl2

Submitted: 14 May 2017

Received in revised form: 19 July 2017
Accepted: 21 July 2017

Editorial responsibility: Luis Fabio Silveira

Author Contributions: DO and IF designed to the study; DO and
JM analyzed the data; DO wrote the paper and IF and JM supervised
the findings of this work. All authors discussed the results and
contributed to the final manuscript.

Competing Interests: The authors have declared that no competing
interests exist.

13/13


https://doi.org/10.7550/rmb.34171
https://doi.org/10.7550/rmb.34171
https://doi.org/10.1046/j.1439-0361.2001.01025.x
https://doi.org/10.1046/j.1439-0361.2001.01025.x
https://doi.org/10.1111/j.1466-882X.2004.00077.x
https://doi.org/10.1111/j.1466-882X.2004.00077.x
https://doi.org/10.1590/S1676-06032009000400009
https://doi.org/10.1080/10635150490888859
https://doi.org/10.2307/25677608
https://doi.org/10.2307/25677608
https://doi.org/10.1111/j.1096-0031.2006.00133.x
https://doi.org/10.1126/science.269.5222.361
https://doi.org/10.1126/science.269.5222.361
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zoologia.35.e13673.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zoologia.35.e13673.suppl2
https://doi.org/10.3897/zoologia.35.e13673

	Areas of endemism of hummingbirds (Aves: Apodiformes: Trochilidae) in the Andean and Neotropical regions
	ABSTRACT
	Introduction
	MATERIAL AND METHODS
	Cladistic biogeographic analysis

	RESULTS
	Generalized tracks
	Cladistic biogeography

	DISCUSSION
	Generalized tracks
	Paleogeographic events
	Hummingbirds and northern South America
	Hummingbirds and the Last Glacial Maximum
	Hummingbirds, North America and Mesoamerica
	Hummingbirds and marine transgressions
	Cladistic biogeography

	ACKNOWLEDGMENTS
	LITERATURE CITED
	Supplementary material 1
	Supplementary material 2

