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Abstract

The Pantepui region harbors one of the most distinctive endemic montane bird faunas in the Neotropics, and is located across
the tepuis of northern South America. We made an extensive literature review to understand large-scale distribution patterns
of birds in the Pantepui. The core avifauna of the tepuis is composed of 138 bird species, most forest-dwelling insectivores,
of which 43 are endemic. In addition, 167 subspecies of birds are endemic to these mountains. The number of endemic spe-
cies peaks between 1251 and 2000 m, whereas the diversity of non-endemic species is highest between 751 and 1000 m. A
high proportion (28%) of endemic taxa (species plus subspecies) is restricted to a single mountain. Tepuis are distributed
along a longitudinal gradient, and bird species compositions of mountains located in the eastern and western portion of
this gradient are clearly differentiated. Maximum altitude of the mountains and their distance from the Andes are the best
predictors of species richness and composition across the Pantepui. Also, bird species composition at site level exhibits
significant nested patterns which are affected by maximum altitude, isolation and geographic position of the mountains. The
unique bird assemblage of the Pantepui area of endemism is structured through a combination of the spatial distribution of
the mountains, habitat diversity, and complex historical events.

Keywords Neotropical montane birds - Elevational gradients - Longitudinal diversity gradient - Nested biotas -
Deconstruction approach

Zusammenfassung

Analyse der Vogeldiversitiit in der von starkem Endemismus geprigten Pantepui-Region im nordlichen Siidamerika
Die Tafelberge in der Tepui-Region im nordlichen Stidamerika bilden die Pantepui-Region, ein Gebiet mit hoher Endemismus-
Rate und einer der ausgeprigtesten Bergvogel-Faunen der Neotropen. Mithilfe einer umfassenden Literaturstudie wollten wir
die weitrdumigen Verbreitungsmuster der Vogel des Pantepuis zu verstehen versuchen. Die Kern-Avifauna der Tafelberge dort
besteht aus 138 Vogelarten, iiberwiegend waldbewohnende Insektenfresser, von denen 43 Arten endemisch sind. Aulerdem
sind in diesen Bergen weitere 167 Vogel-Unterarten endemisch. Die Anzahl der endemischen Arten ist in 1251-2000
Metern Hohe am groBten, die Vielfalt der nicht-endemischen Arten zwischen 751 und 1000 Metern. Ein grofer Anteil
(28%) der endemischen Arten (plus Unterarten) ist auf einen einzigen Berg begrenzt. Die Tafelberge verlaufen entlang
eines longitudinalen Gradienten, und die Zusammensetzung der Vogelarten westlich und 6stlich dieses Gradienten ist klar
unterschiedlich. Die Hohe der Berge und ihre Entfernung von den Anden sind der beste Prediktor fiir den Artenreichtum
und die—zusammensetzung entlang des Pantepui. Auch an anderen Standorten zeigt die Artenzusammensetzung ausgeprigte
Muster, die von der Meereshdhe, der rdumlichen Isolation und der geographischen Position der Berge abhingen. Die
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einzigartige Zusammensetzung der Vogelarten in der endemitischen Pantepui-Region wird von einer Kombination von
raumlicher Anordnung der Berge, Vielfalt der Habitate und komplexer historischer Vorgénge strukturiert.

Introduction

Mountains around the world commonly have a high diver-
sity of species with narrow geographic ranges, making these
ecosystems “cradles of biodiversity” (Fjeldsa et al. 2012). In
addition, mountains have a high conservation priority since
they harbor many endemic and threatened species (Statters-
field et al. 1998). Four principal montane regions are found
in South America: the Andes, running the entire western
length of the continent; the mountain chains of eastern Bra-
zil; the Coastal Cordillera of northern Venezuela; and the
Guayana Highlands or tepuis of southern Venezuela and
adjacent countries (Korner et al. 2017).

Tepuis are ancient montane formations famous for their
mesa-like summits and high diversity of endemic plants
(Maguire 1970; Huber 1995; Berry and Riina 2005; Huber
2005). The Pantepui area of endemism, located across the
tepui mountains, is a biogeographic unit characterized by
the restricted distribution of birds, plants and other organ-
isms (Mayr and Phelps 1967; Cracraft 1985; Maguire 1970;
Huber 1988; Hoogmoed 1979; McDiarmid and Donnelly
2005).

Tepuis host one of the most distinctive avifaunas in South
America (Renjifo et al. 1997; Sanchez-Gonzélez et al. 2008),
and ornithological studies carried out on them have been
vital to an understanding of the evolutionary history and
ecological characteristics of the tepui biota (Chapman 1931;
Mayr and Phelps 1967; Hernandez and Lew 2001). Here, we
provide a review of the species diversity and degree of end-
emism for birds in the Pantepui area of endemism to expand
on previous efforts (Willard et al. 1991; Renjifo et al. 1997,
Zyskowski et al. 2011).

There are a number of reasons for such a review. Continu-
ing systematic and taxonomic revisions of South American
birds refine our understanding of species identity of Pantepui
birds (e.g., Weller 2000; Pérez-Eméan 2005; Bonaccorso
et al. 2011), while the number of field expeditions to tepuis
in different countries has grown since the seminal synthesis
of Mayr and Phelps (1967). Such initiatives allow quantita-
tive analysis of bird assemblages at larger scales. Finally, the
synthesis of tepui biodiversity is critical to define effective
conservation strategies for this fragile ecosystem (Nogué
et al. 2009; Sedaris et al. 2009; Vegas-Vilarrtbia et al. 2012,
Safont et al. 2014).

Several hypotheses have been proposed to explain the pat-
terns of species diversity and endemism within the Pantepui.
These hypothesis emphasize: (1) the geological antiquity
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of the Guyana Shield as a source of temporal and spatial
isolation for the tepui biota (Maguire 1970); (2) vicariance
events mediated by erosional processes of the Guyana Shield
(Croizat 1976; Hoogmoed 1979; McDiarmid and Donnelly
2005); (3) long-distance dispersal from other mountain sys-
tems (Chapman 1931; Mayr and Phelps 1967), (4) speciation
events involving ancestors from the Amazonian lowlands
(Mayr and Phelps 1967; Hoogmoed 1979; Steyermark and
Dunsterville 1980); and (5) past climate change affecting
vegetation cover of tepuis, and promoting speciation and
extinction along elevational gradients (Chapman 1931; Haf-
fer 1970; Cook 1974; Rull 2005).

Most of these hypotheses assume the preponderance of
some biogeographical processes affecting the current dis-
tributions of species forming the tepui biota. For example,
Chapman (1931) suggested that past climate change caused
bird population extinctions in intervening regions between
the Andes and tepuis (see also Cook 1974 and Rull 2005).
Other authors have emphasized that tepui birds are mostly
derived from neighboring mountain regions, mainly the
Andes and Venezuelan coastal mountains, through long-dis-
tance dispersal (Mayr and Phelps 1967). Evaluations of these
alternative hypotheses need to consider the evolutionary/
phylogenetic relationships among tepui birds (Pérez-Eman
2005; Bonaccorso and Guayasamin 2013) as well as the eco-
logical and spatial distributions of the species concerned.
The current study focuses on the latter approach.

Variability in elevational gradients, isolation between
mountains and heterogeneity in vegetation cover have all
been suggested as the main contemporaneous environmen-
tal variables affecting species diversity, compositional vari-
ability and endemism level in Pantepui plants and animals
(Tate 1939; Cook 1974; Jaffe et al. 1993; Berry and Riina
2005, McDiarmid and Donnelly 2005; Nogué et al. 2013).
In addition, the spatial arrangement and topographic attrib-
utes of the individual tepuis, coupled with variation in habi-
tat requirements and dispersal abilities of birds, are factors
likely to be relevant for a full understanding of large-scale
variation in species assemblage composition and diversity
across the Pantepui.

The present study is based on an extensive review of the
literature used to build a database analyzed with the aim
of identifying and testing distributional patterns of tepui
bird assemblages. Our general proposals are to provide an
updated baseline on Pantepui bird species diversity and end-
emism, identify patterns of species distribution within this
area of endemism, and examine the influence of the physical
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geography of tepuis on the diversity and taxonomic compo-
sition of bird assemblages.

The study was driven by the following questions:

Are there difference in altitudinal flexibility among
endemic and non-endemic birds in tepui mountains? Some
of the hypotheses cited above (e.g., Rull 2005) assume that
populations of endemic species were isolated in the top of
tepuis during climate change events. Therefore, it is expected
that in current biological assemblages endemic species will
occupy the higher parts of tepuis while non-endemic species
will show more flexibility in their altitudinal distributions.

Is the Pantepui a homogeneous biogeographic unit, or
it is possible to recognize different biogeographical subu-
nits within this area of endemism? Mayr and Phelps (1967)
proposed that the Pantepui could be divided into two major
regions; we tested this proposal here with a more robust
database than was available to Mayr and Phelps (1967).

Does distance from other mountain systems affect the
nested arrangement, species richness and composition of
bird assemblages of tepuis? Other montane systems have
been indicated as faunal sources for the tepui avifauna
(Chapman 1931, Mayr and Phelps 1967). In addition, Cook
(1974) proposed that differential extinctions in regions near
the Andes could isolate bird populations then occupying
the eastern part of the tepui mountain range. We expected,
therefore, that distance from these mountains would influ-
ence bird species composition at a large scale and the nested
arrangement in the species distribution.

How do physical attributes of mountains, especially
altitude, affect the diversity and composition of tepui bird
assemblages? Tepui mountains have been described as sky
islands (McCormack et al. 2009), with mountaintops iso-
lated from each other by extensive areas of lowlands. The
degree of isolation of each mountain and its altitude, how-
ever, are highly variable within the Pantepui complex, and
bird diversity and composition are expected to be affected by
the mountain attributes associated with high species richness
and more differentiated avifaunas occurring on higher and
more isolated mountains.

Methods
Study area

Tepuis are described in detail in the botanical and geological
literature (Huber 1995; Berry and Riina 2005; McDiarmid
and Donnelly 2005). Huber (1995) categorized the Guayana
montane ecosystem into lowlands (0—500 m a.s.1.), uplands
(500-2000 m a.s.l.) and highlands (>2000 m a.s.l.); a high
plant species turnover is observed along this altitudinal
gradient (Steyermark 1986; Huber 2005, 2006). The slopes
of the tepuis are generally dominated by forests of varying

canopy stature (Huber 2005). Shrubby, herbaceous vegeta-
tion and forest patches along streams are found on the sum-
mits of tepuis (Huber 2005, 2006).

The density of tepuis varies geographically, with these
mountains being highly concentrated in eastern Venezuela
(Fig. 1). The interstitial lowlands between the eastern tepuis
are a mosaic of tropical forest and savanna (Huber 1995).
Isolated tepuis in Guyana and Suriname are surrounded by
lowland forests, with patches of savanna found in the pied-
mont of mountains such as the Tafelberg, Acary Mountains
and the Potaro Plateau (Barnett et al. 2002; Zyskowski et al.
2011). In the western region, tepuis tend to be more eroded
and isolated with vegetation in nearby lowland dominated by
upland forest, with forests and non-forest vegetation growing
on sandy soil (Anderson 1981; Willard et al. 1991; Estrada
and Fuertes 1993; Stiles et al. 1995; Huber 2006).

Huber (1995) considers the Pantepui phytogeographic
province to include only mountains with elevations above
1500 m a.s.l. In the current study we included mountains
and hills that do not follow the Huber’s criteria, such as the
Sierras de Macarena and Chiribiquete in Colombia and some
low tepuis in Venezuela (e.g., Cerro Yapacana). We include
these mountains in the analysis due their phytogeographic
similarities with the Pantepui (Estrada and Fuertes 1993;
Cortés and Franco 1997), and because they are also part
of the Roraima Formation (Galvis Vergara 1994), the main
geological substrate of the Guayana Highlands.

Database

We used previously compiled species lists (Mayr and Phelps
1967; Willard et al. 1991; Zyskowski et al. 2011) to build a
preliminary database, which was then standardized accord-
ing to recent taxonomic studies (e.g., Weller 2000; Rheindt
et al. 2008; Bonaccorso et al. 2011; Remsen et al. 2017). Our
final list contains species with different degrees of associa-
tion with tepuis, including endemic and non-endemic spe-
cies (Supplementary Material 1). The list includes mainly
montane birds with a few species with broader elevational
distributions (e.g., Pyrrhura picta and Tigrisoma fasciatum).
We evaluated whether these species showed geographical
variation by assessing subspecies names by consulting the
Handbook of Birds of the World (HBW) (del Hoyo et al.
1992, 1993, 1996, 1997,1999, 2001, 2002, 2003, 2004).
For each species, we gathered data on the minimum and
maximum elevation records, trophic guilds, and habitat asso-
ciation taken from the literature (del Hoyo et al. 1992, 1993,
1996, 1997, 1999, 2001, 2002, 2003, 2004; Hilty and Brown
1986; Stotz et al. 1996; Hilty 2003; Restall et al. 2006, Sup-
plementary Material 1). Also, birds were categorized as for-
est, forest edge, and non-forest species following habitat use
descriptions found in Hilty (2003) and Restall et al. (2006).
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Fig.1 Northern South America showing the geographical distribu-
tion of tepuis whose avifaunas were reviewed in this study. Yellow
circles Mountains below 1500 m a.s.l., red circles mountains above
1500 m a.s.l. I Sierra Macarena (Ma), 2 Sierra Chiribiquete (Ch),
3 Cerro Sipapo (Si), 4 Cerro de la Neblina (Ne), 5 Cerro Yavi (Ya),
6 Serrania Paru (Pa), 7 Cerro Duida (Du), 8 Serrania Tapirapec6™
(Tap), 9 Cerro Huachamacari (Hu), /0 Cerro Yapacana (Yp), /1]
Cerro Guanay (Gy), /2 Cerro Calentura (Ca), /3 Cerro Urutani (Ur),
14 Cerro Guaiquinima (Gu), /5 Cerro Ayuén-tepui (Ay), 16 Cerro

After compiling the final species list, we searched species
and subspecies records on individual tepuis, compiling data
from Venezuela (25 tepuis), Colombia (2), Guyana (2) and
Suriname (1). We exclude three sites (Serrania Tapirapecd,
Paurai Tepui and Cuquenan Tepui) from the analysis as local
inventories were too sparse to characterize the avifauna of
these mountains. Subspecies were only considered if the
consulted literature explicitly mentioned this taxonomic
category, except for subspecies known to be widespread dis-
tributed through tepuis (e.g., Aeronautes montivagus tatei,
Patagioenas fasciata roraimae).

The option to consider subspecies in the analysis opens
up the possibility of including taxa that are not appropri-
ate evolutionary entities, as several such bird subspecies
were not evaluated in recent taxonomic revisions. On the
other hand, to ignore the numerous subspecies cited in the
tepui ornithological literature could underestimate the true
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Chimanta-tepui (Ci), /7 Cerro Ptari-tepui (Pt), /8 Monte Roraima
(Ro), 19 Sororopéan-tepui (So), 20 Sierra de Lema (Le), 2/ Cerro
Cuquenan* (Cu), 22 Uaipan-tepui (Ua), 23 Aprada-tepui (At), 24
Paurai-tepui* (Pu), 25 Uei-tepui (Uei), 26 Cerro Jaua (Ju), 27 Cerro
El Negro (Eg), 28 Potaro Plateau (Po), 29 Acary Mountains (Am),
30 Tafelberg (Ta). Cerro Humo (Hum; 37) and Serrania Los Picachos
(PI; 32) are reference sites for the Paria Peninsula and the Colombian
Andes, respectively. Asterisks indicate tepuis with sparse bird sam-
pling, excluded from the analysis

extent of avian diversity in the region (see “Discussion”
section). Consequently, we opted to maintain separate
analysis based on subspecies and species.

Species or subspecies whose ranges were poorly
described in the literature were not included in the analy-
sis. We consulted nearly 40 publications including taxo-
nomic monographs and local inventories (Supplementary
Material 2), and the final database represents a significant
improvement on the compilations of Willard et al. (1991)
and Zyskowski et al. (2011).

Although our intention was to summarize bird distribu-
tions for specific tepui, we recognize that our databases
(Supplementary Material 3, 4) are likely affected by false
absences due to the fact that some tepuis are better sam-
pled than others. Although the sampling efforts on indi-
vidual tepui remain difficult to quantify, we believe that
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the data compiled here represent the best available on bird
species occurrence at the site level.

The biogeographic affinities of tepui avifauna were inves-
tigated by means of a distributional analysis of non-endemic
birds across the principal montane regions of the Neotropics
broadly defined as the Northern Andes, Central Andes, Cen-
tral Highlands (mostly in Costa Rica and Panama), moun-
tains in Coastal Venezuela, and montane regions in eastern
Brazil. We assumed that numbers of species shared among
montane regions are good proxies for their biogeographical
relationships. We examined species distribution using HBW
volumes as the main sources (del Hoyo et al. 1992, 1993,
1996, 1997,1999, 2001, 2002, 2003, 2004).

Ecological and biogeographic analysis

We adopted the deconstruction approach suggested by
Marquet et al. (2004) in which the total species diversity
is broken down into smaller subsets of species that share a
particular attribute. The main attributes used to decompose
the studied avifauna were biogeographic (endemic vs. non-
endemic), taxonomic (species vs. subspecies), and ecologi-
cal (feeding guilds and habitat association).

Bands of 250 m were used as comparative units to exam-
ine the influence of elevation on the bird species diversity.
Records of maximum and minimum altitude for each spe-
cies taken from the literature were used, assuming that the
species occur between these limits (Patterson et al. 1998).

We collected data on the following physical and geo-
graphic characteristics for 23 tepuis: (1) maximum eleva-
tion (meters a.s.l.), (2) summit area (squared kilometers),
(3) linear distance from Andes (kilometers in a straight line),
(4) linear distance from the Paria Peninsula (kilometers in
a straight line), and (5) distance to the closest tepui (kilom-
eters in a straight line). Summit area was not available for the
Cerro Urutani, Sororopan-tepui, Sierra de Lema, or Acary
Mountains, therefore, we excluded these mountains from
the analysis. The main data source for maximum elevation
and summit area was Huber (1995), complemented by Stiles
et al. (1995), Bottia et al. (2005), and Nogué et al. (2009).
Geographic coordinates for each tepui were taken from
the literature and used to calculate distance among tepuis
and between tepuis and Cerro Humo in the Paria Peninsula
(northern Venezuela) and Serrania de los Picachos in the
Colombian Andes (Fig. 1). These montane localities were
chosen as reference sites due to their proximity to tepuis and
availability of bird inventories or general accounts of their
avifaunas (Bohérquez 2002; Hilty 2003).

The relationships between number of species and physical
characteristics of tepuis were tested using multiple regres-
sions. Dependent variables in the regression models were:
total number of species; number of endemic species; number
of non-endemic species; number of endemic taxa (species

plus subspecies); number of forest, forest edge and non-for-
est bird species. Physiographic data described above (Sup-
plementary Material 5) were used as independent variables
in the regression models.

The Akaike information criterion (AIC) was used to
choose the best-fitted regression models among the com-
bination of predictor variables for each dependent variable.
Multiple regressions were performed with both independent
and dependent variables log transformed (log 10+ 1). We
used AIC weights to estimate the relative importance of each
predictor variable in the competing models (Burnham and
Anderson 1998). The regressions and multi-model inference
were performed in SAM 4.0 (Rangel et al. 2010).

Species distribution patterns were examined through non-
metric multidimensional scaling with Jaccard indices as a
similarity measure and cluster analysis with Jaccard indices
and the unweighted pair group method with arithmetic mean
as the linkage strategy. Mayr and Phelps (1967) proposed
two main biogeographic units within the Pantepui (eastern
and western tepuis) delimited by the Rio Caroni (Fig. 1).
In addition, bird species diversity is affected by maximum
elevation of individual tepuis (Cook 1974). Analyses of sim-
ilarity with a two-way crossed design (Clarke and Warwick
2006) were used for testing effects of geographic location
and elevation on the bird species composition. Following
the definition of Huber (1995), elevation categories were
defined as above and below 1500 m a.s.I. We also evalu-
ated the degree of concordance of site ordinations based
on biotic composition (total species and endemic taxa) and
physiographic data using the BIOENV approach described
in Clarke et al. (2008).

Patterns of f-diversity in the bird assemblage were inves-
tigated using the analytical method of Podani and Schmera
(2011) in which the p-diversity is partitioned into three com-
ponents: shared species similarity (S), differences in species
richness (D) and species replacement (R). Three coefficients
(Syae> Dot and R ) (formulas in Podani and Schmera 2011)
were calculated and represented as percentages allowing
evaluation of the relative contribution of each component
to the B-diversity pattern. The analysis was run in the com-
puter program SDRSimplex (downloaded from http://ramet
.elte.hu/~podani).

We tested the hypothesis that bird species composition
of individual tepuis is nested within each other through
the nestedness metric based on overlap and decreasing fill
(NODF) whose values range from 0 to 100, with larger num-
bers indicating increased nestedness (Almeida-Neto et al.
2008; Ulrich et al. 2009). To investigate how the patterns
of species nestedness are influenced by tepuis attributes,
presence/absence matrices were ordered by: (1) maximum
altitude, (2) eastern-western sequence of tepuis, (3) western-
eastern sequence of tepuis, (4) isolation metric 1 (distance
of the target tepui to the nearest tepui), and (5) isolation
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metric 2 (average distance of the target tepui to the five near-
est tepuis). The statistical significance of the NODF indices
was assessed by means a shuffled columns null model that
randomizes the order of columns in the matrix and tests if a
particular order of the columns leads to a higher degree of
nestedness than expected by chance. NODF analysis were
performed using the free web application Nestedness for
Dummies developed by Strona et al. (2014).

Results
Bird species diversity of the Pantepui

The core tepui avifauna is composed of 138 bird species
(43 endemic and 95 non-endemic) distributed in 34 families
(Supplementary Material 6). Sixteen non-endemic species
have at least one endemic subspecies within the Pantepui.
The taxonomic distinctiveness of the tepuis avifauna is most
obvious at the subspecies level, with 167 subspecies being
endemic to these mountains (Supplementary Material 6).

Forest species are the dominant component of the tepuis
avifauna (84 species, 61% of avifauna), while the contri-
bution of forest edge and non-forest species is 25% (34
species) and 14% (20 species), respectively. Endemic and
non-endemic species are distributed in similar proportions
among the habitat categories (> =0.04, df=2, P=0.86).

Most birds are insectivores, both in endemic (46.5% of
species) and non-endemic (45%) components. Omnivores
(19.5%) and frugivores (16.5%) have a similar contribu-
tion to the tepuis avifauna. Nectarivores, especially hum-
mingbirds (Trochilidae), contribute disproportionately to
the endemic (21% of species), as opposed to non-endemic
(10.5%), component. Few carnivorous (three species) and
granivorous (three species) birds are known from the tepuis.

A small number of non-endemic bird species (19%) occur
in all five broadly defined Neotropical montane regions, with
most non-endemic birds shared with the Northern (85%)
and Central Andes (80%). A smaller proportion of species
is shared with mountains in coastal Venezuela (64% of spe-
cies), the Central Highlands (46%) and montane regions in
eastern Brazil (41%).

Elevational patterns

Total bird species richness increases with altitude, peak-
ing at 1251-1500 m a.s.l. and then gradually decreases
(Fig. 2). Endemic birds are most diverse between a broad
band of 1251-2000 m a.s.l, while the highest number of
non-endemic species is found at a range of 751-1000 m a.s.1.
(Fig. 2). The highest numbers of forest species are found
from 751 to 1500 m a.s.l., while forest edge and non-forest
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birds are most species diverse from 1251 to 1750 m a.s.l.
(Fig. 2).

Endemic birds tend to occupy higher elevations than non-
endemic (median mid-point=1475 vs. 1200 m, respectively)
(Fig. S1). For example, only eight endemic species occur
below 500, m while 62 non-endemic species are distributed
below this altitudinal limit (Fig. S1).

Compositional variability

The average number of bird species per tepui is 50.52 (range
14-97 species; Table 1). The number of endemic species
varies from O (Sierra Macarena) to 36 (Monte Roraima)
(Table 1). The proportion of endemic species is higher
than 40% for almost half of the analyzed tepuis. In con-
trast, less than 60% of the avifauna is composed of endemic
taxa (species plus subspecies) on only four tepuis (Sierra
Macarena, Sierra Chiribiquete, Acary Mountains and Tafel-
berg). The proportions of endemic species (F = 14.99, 12
adjusted=0.35, P=0.001) and endemic taxa (F=9.22, P
adjusted=0.24, P=0.005) are positively correlated with the
maximum altitude of tepuis.

Most species are widely distributed across the tepuis
(Fig. 3), although a few are apparently restricted to one
or two mountains, such as Chlorostilbon olivaresi (Cerro
Chiribiquete), Phyllomyias burmeisteri (Cerro Chimantd),
Myioborus cardonai (Cerro Guaiquinima), Emberizoides
duidae (Cerro Duida), and Euchrepomis callinota (Acary
Mountains and Tafelberg). Geographical restriction is more
evident among endemic taxa, for which nearly 28% are
found on a single mountain in our sample (Fig. 3). Cerro
Neblina (3014 m a.s.l.) is the tepui with the highest number
of single-mountain-endemic taxa (13), followed by Cerro
Ayuéan-tepui (2450 m a.s.1.) and Cerro Sipapo (1800 m a.s.1.)
with five endemic taxa each.

Bird species assemblage composition is more homogene-
ous on tepuis located east of the Rio Caroni than western
ones, except for non-endemic species (Fig. 4). Mountains
located at both extremes of the tepuis range (Tafelberg,
Acary Mountains, Sierra Chiribiquete and Sierra Macarena)
had the lowest similarity in bird composition (Fig. 4).

Cerro Yapacana has a distinctive species composition
compared to other tepuis, likely due to its low species diver-
sity (Fig. 5). The non-Venezuelan tepuis, with the exception
of the Potaro Plateau, also form a distinctive group (Fig. 5).
Non-endemic birds reveal no clear pattern of site grouping
(Fig. 5).

When all species and endemic ones are compared, most
tepuis fall into two major groups with Rio Caroni as the
geographic limit between them (Fig. 5). Site distribution,
when considering endemic taxa, in contrast, shows a more
complex pattern, although it was possible to identify two
major groups at 25% similarity level, with the exceptions
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of the Cerros Guaiquinima and Urutani, which are western
tepuis that group with ones east of the Rio Caroni (Fig. 5).

Bird species composition is affected by geographic posi-
tion relative to the Rio Caroni and tepuis altitudes. Differ-
ences in species composition are more affected by elevation
than geographic position when considering all species and
non-endemic species (Table 2). The influences of geographic
position and elevation on species composition are more
similar when considering endemic species and subspecies
(Table 2).

Physical geography of tepuis and species diversity
and composition

Maximum elevation was the variable that best predicted the
number of species in all bird groups tested (Supplementary
Material 7). For endemic taxa, distance from the Andes and
maximum elevation contributed similarly to the regression
models (Fig. S2). In addition, distance from the nearest tepui
and summit area influenced the number of non-forest bird
species, although the average of coefficients of determina-
tion in the tested models was low (Fig. S2).

751-  1001- 1251- 1501- 1751- 2001- 2251- >2500
1000 1250 1500 1750 2000 2250 2500
Altitudinal bands

Bird species composition is also affected by the physi-
cal and geographic characteristics of tepuis, both for total
species (global BEST test, r=0.636, P <0.001, 999 permu-
tations), and for endemic taxa (global BEST test, »=0.76,
P <0.001, 999 permutations). Maximum altitude and dis-
tance from the Andes were the variables that best correlated
with total species composition (r=0.636). For endemic taxa
only, the best correlating variable was distance from Andes
(r=0.76).

Components of B-diversity and nestedness

For all species and non-endemic species, composition simi-
larity, richness difference, and species replacement contrib-
uted similarly to patterns of p-diversity (Fig. S3). Richness
difference was the dominant component of p-diversity for
endemic species and endemic taxa (Fig. S3). In addition, for
endemic taxa, species replacement made a major contribu-
tion to f-diversity compared with endemic species (Fig. S3).

Difference criteria applied to order matrices returned
significant patterns of nestedness in species composition,
except for the western-eastern gradient of tepuis distribu-
tion (Table 3). Patterns of nestedness are more evident for

@ Springer



1080

Journal of Ornithology (2018) 159:1073-1086

Table 1 Summary of bird
species diversity of tepuis
analyzed in this study

Fig. 3 Number of bird species

and endemic taxa (spe-

cies plus subspecies) distributed
between the tepuis analyzed

here

Tepuis Maximum Total species Endemic species Endemic taxa
elevation
Sierra Macarena (Ma) 1600 28 0 (0.00) 3(10.7)
Sierra Chiribiquete (Ch) 1000 16 1(6.2) 3(18.7)
Acary Mountains (Am) 1100 28 4(14.3) 12 (42.9)
Cerro El Negro (Eg) 1200 26 4(15.4) 22 (84.6)
Tafelberg (Ta) 1090 29 5(17.2) 14 (48.3)
Cerro Yapacana (Yp) 1300 14 3(21.4) 9 (64.3)
Cerro de la Neblina (Ne) 3014 77 23 (29.9) 59 (76.6)
Cerro Calentura (Ca) 1617 18 6 (33.3) 16 (88.9)
Cerro Yavi (Ya) 2300 51 17 (33.3) 43 (84.3)
Cerro Guanay (Gy) 2080 26 9 (34.6) 20 (76.9)
Cerro Ayuan-tepui (Ay) 2450 75 27 (36.0) 60 (80.0)
Monte Roraima (Ro) 2732 97 36 (37.1) 78 (80.4)
Cerro Guaiquinima (Gu) 1650 55 21 (38.2) 43 (78.2)
Sierra de Lema (Le) 1650 72 28 (38.9) 54 (75.0)
Sororopén-tepui (So) 2050 70 28 (40.0) 56 (80.0)
Cerro Ptari-tepui (Pt) 2400 87 35 (40.2) 69 (79.3)
Uaipéan-tepui (Ua) 1950 57 23 (40.3) 49 (85.9)
Cerro Urutani (Ur) 1270 47 19 (40.4) 40 (85.1)
Serrania Paru (Pa) 2200 51 21 (41.9) 43 (84.3)
Cerro Huachamacari (Hu) 1900 24 10 (41.7) 20 (83.3)
Cerro Duida (Du) 2358 72 31 (43.1) 62 (86.1)
Potaro Plateau (Po) 2000 65 28 (43.1) 48 (73.8)
Cerro Chimanté-tepui (Ci) 2550 72 32 (44.4) 57 (79.2)
Cerro Sipapo (Si) 1800 47 21 (44.7) 42 (89.4)
Uei-tepui (Uei) 2150 59 27 (45.8) 49 (83.0)
Cerro Jaua (Ju) 2250 43 20 (46.5) 40 (93.0)
Aprada-tepui (At) 2500 58 28 (48.3) 53 (91.4)

Mountains are ordered by percentage of endemic species. Numbers in parentheses represent percentages of
total species on each mountain

70 64
60 | [0 Number of species
Number of endemic taxa

Number of species/taxa

51
50 1
40 37
30 1

J 18
2 10 - - 10 10

9

N Jﬁﬂ$ﬂ4““”
N ol 8 o ol A (e e o

1 2 3 4 5 6 7 8 9 10 >10
Number of tepuis

total species than endemic taxa, with NODF values being  of lower tepuis are a subset of those with higher elevations
consistently lower in the latter. Tepuis with a lower number ~ (Table 3).

of all species and endemic taxa are a subset of species-richer Nested analysis suggests a general loss of species in
ones (Table 3). Also species and endemic taxa composition  tepuis along a geographic gradient from east to west but not
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Fig.4 Plots of non-metric multidimensional scaling ordinations of 27 tepuis using different databases. Dotted circles indicate tepuis lower than

1500 m a.s.l. For abbreviations, see Fig. 1

Fig.5 Cluster analysis of bird
communities of 27 tepuis from
different databases. For abbre-
viations, see Fig. 1

(o) B N
oS O (=)

% of similarity
8

100

(=]

% of similarity
[=X) P 3%
(=] (=] (=]

[}
(==}

100

A FBastern tepuis O Western tepuis

Total species

OOOAAOOOAAAAAAAAAAOOOOOOOOO
SE5EESHIRBITSRORELANERLB5OE

Endemic species

45%

OAAOOAAAAAAAAAAOOOOOOOOOO
SEESHRISTEIICELE5v 28R 283

0 Non-endemic species

[\ S S
[= I = R =)

% of similarity
0
S

—_
(=
S

OOO0O0AAOOOOAOOOAAAAAAAOOOOCAA
SEREEEHNES2TA53R8TEZ0ISZ2ER AR

Endemic taxa

1 .

(=)

25%

[~
[ - =]

% of similarity
8

100
OOO0O00000AAAAAAAAAAOOOOOOOAA

CESBESHB5RETBALZSROCIgnsRe g

@ Springer



1082

Journal of Ornithology (2018) 159:1073-1086

Table2 Results of two-way analysis of similarity contrasting two
treatments: geographic position relative to Rio Caroni (eastern or
western) and altitudinal categories (uplands or highlands)

Taxonomic level Groups Global  p-value
R-value

Total species Rio Caroni 0.32 0.001
Altitudinal categories 0.64 0.001

Non-endemic species Rio Caroni 0.16 0.004
Altitudinal categories 0.58 0.002

Endemic species Rio Caroni 0.51 0.001
Altitudinal categories 0.72 0.001

Endemic taxa Rio Caroni 0.51 0.001
Altitudinal categories 0.56 0.002

Highlands and uplands include tepuis above and below 1500 m a.s.1.,
respectively

The number of permutation were 999 for all comparisons

Table 3 Values of nestedness metric based on overlap and decreasing
fill for presence/absence of bird species in 27 tepuis ordered by differ-
ent criteria

Matrices ordered by Total species Endemic taxa

Number of species 65.7%* 45.9%

Maximum altitude 52.9% 37.7*%

Eastern—western sequence 45.0%* 30.3%*%*

Western—eastern sequence 20.9 NS 15.9 NS

Isolation 1 (distance from the nearest ~ 46.5%* 34.0%
tepui)

Isolation 2 (average distance from the ~ 45.0%* 32.4%*

five nearest tepuis)

NS Not significant, *P <0.001, **P <0.01, ***P <0.05

in the opposite direction (Table 3). Finally, the two metrics
of tepuis isolation indicate that bird assemblages of the more
isolated mountains are nested within those of the more con-
nected ones (Table 3). Although results were significant,
it is important to emphasize that the NODF values were
relatively low (<0.50) indicating that several tepuis have
idiosyncratic species/taxa compositions.

Discussion
Biogeographic uniqueness of tepuis

The Pantepui area of endemism harbors a unique and dis-
tinctive biodiversity, although it occupies a modest area
of 5.000-10.000 km? (Berry and Riina 2005; McDiarmid
and Donnelly 2005; Jaffe et al. 1993; Pyrcz 2005; Marmels
2007; Voss et al. 2013). Mayr and Phelps (1967) list 96 bird
species as typical of tepuis in Venezuela, with 29 (30%)

@ Springer

endemic to these mountains. Here we list 138 bird species,
of which 43 (31%) are endemic to the Pantepui. The differ-
ence in the total species number is explained by different cri-
teria used to select species as the core tepui avifauna (Mayr
and Phelps 1967). The total number of species in the tepui
avifauna reported here is, however, consistent with other
studies (Stotz et al. 1996; Renjifo et al. 1997; Zyskowski
etal. 2011).

Despite the changes in taxonomy, the proportion of
endemic bird species remains similar to that reported in
Mayr and Phelps (1967). Taxonomic changes have occurred
widely across taxonomic groups including hummingbirds
(Amazilia cupreicauda), toucanets (Aulacorhynchus white-
lianus), flycatchers (Elaenia olivina), nightjars (Hydropsa-
lis roraimae), and owls (Megascops roraimae) where taxa
formerly considered subspecies have been elevated to full
species level (Weller 2000; Rheindt et al. 2008; Bonaccorso
et al. 2011; Danta et al. 2016; Sigurdsson and Cracraft
2014).

It is important, however, to emphasize that our analy-
ses are likely biased by an incomplete taxonomic treatment
of bird subspecies. Despite recent scientific advances, the
majority of subspecies in the tepuis avifauna have not been
formally analyzed from the perspective of species limit,
which may have exaggerated the degree of endemism within
Pantepui by considering as unique taxa those that do not
represent distinct evolutionary lineages. This situation high-
lights the need for systematic studies to fully appreciate the
taxonomic distinctiveness and degree of endemism of the
Pantepui avifauna. Nevertheless, even the more conserva-
tive species-level estimate of endemism highlights the great
importance of tepuis to Neotropical bird diversity (Renjifo
et al. 1997; Sanchez-Gonzalez et al. 2008).

Ecological distribution of tepuis birds

The Pantepui avifauna is composed of a heterogeneous
mix of species with diversified habitats, food requirements,
and biogeographic affinities. Indeed, the deconstruction
approach used in this study reveals different facets of bird
species distribution across the Pantepui. For example, a dif-
ference in species richness between tepuis is a prominent
characteristic of endemic components of tepuis birds, which
likely reflects the insular nature of these mountains. In addi-
tion, endemic taxa reveal a discernible geographic pattern of
species replacement along a longitudinal gradient, a pattern
not observed among the non-endemic species.

Maximum altitude of tepuis is the physiographic variable
that best explains the variation in bird species diversity and
composition (see also Cook 1974; Jaffe et al. 1993). Higher
tepuis tend to have greater slope areas, which are generally
occupied by forests with variable physiognomies (Tate 1939;
Huber 1995, 1988). In this sense, maximum altitude could
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be considered a proxy for tepuis vegetation heterogeneity,
which in turn affects the bird species diversity (Huber 1988;
McDiarmid and Donnelly 2005). Details of this relationship,
however, require further field studies.

The summit area or total area of tepuis are not among
the variables that explain bird diversity and composition,
confirming analysis of Cook (1974). However, summit area
is apparently relevant for non-forest birds. The top of most
tepuis is characterized by different types of open and herba-
ceous vegetation growing in wet, dry, or stony soils (Huber
2005, 2006; Rull 2004; Safont et al. 2014). The diversity
of open vegetation types at the top of tepuis is directly pro-
portional to the extent of the summit area (Huber 2006).
Therefore, tepuis summit area is likely to be a suitable proxy
for the habitats available to non-forest birds.

Non-endemic montane birds are more frequent along
the lower parts of tepuis, while endemic species are found
at higher elevations, a pattern shared with plants (Nogué
et al. 2013). This pattern of altitudinal distribution, however,
could be affected by differential sampling effort in distinct
altitudinal bands (Lomolino 2001). Unfortunately, no study
has evaluated bird distributions along vertical gradients of
tepuis together with controlled sampling effort, as has been
done in other Neotropical montane systems (e.g., Herzog
et al. 2005; Forero-Medina et al. 2011; Cavarzere and Sil-
veira 2012).

Tepuis as islands of biodiversity

The tepuis are isolated from each other by contrasting veg-
etation between the mountain slopes and lowland valleys,
making the concept of “sky islands” appropriate to describe
this ecosystem (McCormack et al. 2009). Such a geographic
context has prompted the analysis of tepuis species distri-
butions using as a premise theories of island biogeogra-
phy (Whittaker and Fernandez-Palacios 2007; Safont et al.
2014).

However, the interstitial lowland habitats between tepuis
are not analogous to oceans in a true oceanic island context,
since such habitats represent different environmental filters
or barriers depending on the bird species group considered.
Indeed, bird species exhibit altitudinal flexibility, which
may facilitate movements among and between tepuis and
lowlands (see Steyermark and Dunsterville 1980; Kok et al.
2012; Salerno et al. 2012; Nogué et al. 2013 for examples of
altitudinal flexibility in plants and frog species).

While the dispersal capabilities of birds are favored by
altitudinal flexibility, this is not sufficient to homogenize
overall bird distribution within the Pantepui. In fact, our
analysis confirms the major division between the eastern
and western tepuis first noted by Mayr and Phelps (1967).
In addition, the high proportion of single-tepui-endemic

species and taxa suggests isolation between bird populations,
although such drastic spatial restriction could be an artifact
of poor taxonomic resolution, as discussed above.

In this sense, the isolation of tepuis could favor the spe-
ciation processes within the Pantepui. Isolation in the bio-
logical sense is a variable which is difficult to measure, and
distance from the nearest tepuis used in this study may not
provide a good measure of it. Maximum altitude of tepuis,
however, affected bird species diversity and could be also
interpreted as a measure of the degree of isolation of a
mountain.

Extinction events and differential colonization have
also been proposed as important mechanisms affecting the
large-scale patterns of bird distribution within the Pantepui
(Chapman 1931; Cook 1974). Bird assemblages on lower
mountains are subsets of those on higher ones, suggesting
a selective loss of species along elevational gradients. In
other montane systems such nested patterns in bird distribu-
tion have been interpreted as evidence of selective extinction
(Atmar and Patterson 1993; Brown 1971; Barrantes et al.
2011). The nested patterns reported here, however, are also
consistent with the absence, on lower mountains, of habi-
tats adequate to sustain species populations with specific
requirements.

Distance from faunal source is another key component
of the equilibrium theory of island biogeography (MacAr-
thur and Wilson 1967). Although the evolutionary relation-
ships between the faunas of tepuis and other Neotropical
mountains have yet to be settled (Sanchez-Gonzalez et al.
2008), the Andes have been identified as an important source
of many components of the Pantepui avifauna (Mayr and
Phelps 1967; Bonaccorso and Guayasamin 2013). Indeed,
the non-endemic component of tepui avifauna shows high
species similarity with that of the Northern and Southern
Andes. However, contrary to the expectation that mountains
near the Andes have higher species diversity, the eastern
tepuis tend to host a more diverse and differentiated avifauna
(Cook 1974). In addition, nested analysis suggests a general
ordered loss of species from eastern to western tepuis, but
not in the opposite direction.

The most obvious explanation for these patterns is that
western tepuis are more isolated from each other, making
colonization events rarer and favoring extinctions, leading
to a decrease in local species diversity (Cook 1974; Willard
et al. 1991). In contrast, the eastern tepuis occupy larger and
more connected areas, which presumably increase habitat
availability with consequent increases in species diversity
(Mayr and Phelps 1967).

In addition to the influence of contemporaneous geogra-
phy and environment on species distribution, bird assem-
blages in tepuis were likely affected by past geological and
climatic events (Bricefio and Schubert 1990; Edmond et al.
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1995; Rull 2004; D’Apolito et al. 2013; Mecchia et al. 2014).
Innumerable historical hypotheses have been proposed to
explain the patterns of endemism and diversity across the
Pantepui (Chapman 1931; Mayr and Phelps 1967; Maguire
1970; Hernandez and Lew 2001; Rull 2005). Recent molecu-
lar phylogenies with different taxa including plants, birds,
frogs and mammals (Givnish et al. 2000, 2004; Pérez-Eman
2005; Salerno et al. 2012; Bonaccorso and Guayasamin
2013; Leite et al. 2015; Kok et al. 2012, 2017) have impor-
tant implications for the testing these hypotheses, although
a detailed discussion of these studies is beyond the scope of
this paper and will be addressed elsewhere.

Conclusion

Bird diversity and species compositions of tepuis are unique
to the Neotropical region, and the species assemblages of
these mountains were likely structured through the spa-
tial distribution of these mountains, habitat diversity, and
complex historical events. Details of these ecological and
historical drivers, however, remain poorly investigated
in the field due to the difficulty of accessing most tepuis.
Advances in the investigation of diversity and evolution in
the Pantepui birds require well-designed ecological studies
and systematic revisions of bird species and subspecies. This
latter challenge needs an expansion of modern bird collect-
ing from specific mountains, including those located at the
extremes of the Guayana Shield. In addition, the protection
and detailed investigation of unique and fragile tepui eco-
systems need to be prioritized by governments, the academic
community and other relevant stakeholders (Nogué et al.
2009; Rull et al. 2016).

Acknowledgements This study was supported by a grant provided to
the first author by the Fundacdo de Amparo a Pesquisa do Amazonas
through Programa de Apoio a Fixacdo de Doutores no Amazonas—
Fixam/AM (edital no. 017/2014). Adrian Barnett helped with the Eng-
lish. We appreciate the contributions of five anonymous reviewers to
the notable improvement of the text.

References

Almeida-Neto M, Guimardes P, Guimaraes Jr P, Loyola RD, Ulrich
W (2008) A consistent metric for nestedness analysis in eco-
logical systems: reconciling concept and measurement. Oikos
117:1227-1239

Anderson A (1981) White-sand vegetation of Brazilian Amazonia.
Biotropica 13:199-210

Atmar W, Patterson BD (1993) The measure of order and disorder
in the distribution of species in fragmented habitats. Oecologia
96:373-382

Barnett A, Shapley R, Benjamin P, Henry E, McGarrell M (2002) Birds
of Potaro Plateau, with eight new species for Guyana. Cotinga
18:19-36

@ Springer

Barrantes G, Iglesias M, Fuchs EJ (2011) The roles of history and
habitat area on the distribution and composition of avian species
assemblages in the highlands of Costa Rica. J Trop Ecol 27:1-8

Berry PE, Riina R (2005) Insights into the diversity of the Pantepui
Flora and the biogeographic complexity of the Guayana. Shield
Biol Skr 55:145-167

Bohérquez CI (2002) La avifauna de la vertiente oriental de los Andes
de Colombia. Trés evaluaciones em elevacion subtropical. Rev
Acad Colomb Cienc 26:419-442

Bonaccorso E, Guayasamin JM (2013) On the origin of Pantepui mon-
tane biotas: a perspective based on the phylogeny of Aulacorhyn-
chus toucanets. PLoS One 8:¢67321

Bonaccorso E, Guayasamin JM, Peterson AT, Navarro-Siguenza AG
(2011) Molecular phylogeny and systematics of Neotropical tou-
canets in the genus Aulacorhynchus (Aves, Ramphastidae). Zool
Scripta 40:336-349

Bottia CA, Caicedo AH, Acero MD, Tor WV, Bobadilla LC (2005)
Plan de manejo Parque Nacional Natural Sierra de La Macarena.
Unidad Administrativa del Sistema de Parques Nacionales Natu-
rales de Coldmbia, Coldmbia

Bricefio HO, Schubert C (1990) Geomorphology of the Gran Sabana,
Guayana Shield, southeastern Venezuela. Geomorphology
3:125-141

Brown JH (1971) Mammals on mountaintops: non-equilibrium insular
biogeography. Am Nat 105:467—478

Burnham KP, Anderson DR (1998) Model selection and multimodel
inference: a practical information-theoretic approach. Springer,
New York

Cavarzere V, Silveira LF (2012) Bird species diversity in the Atlantic
Forest of Brazil is not explained by the mid-domain effect. Zoo-
logia 29:285-292

Chapman FM (1931) The upper zonal bird-life of Mts. Roraima and
Duida. Bull Am Mus Nat Hist 63:1-135

Clarke KR, Warwick RM (2006) Change in marine communities:
an approach to statistical analysis and interpretation, 2nd edn.
PRIMER-E, Plymouth

Clarke KR, Somerfield PJ, Gorley RM (2008) Testing of null hypoth-
eses in exploratory community analyses: similarity profiles and
biota-environment linkage. J Exp Mar Biol Ecol 366:56—-69

Cook RE (1974) Origin of the highland avifauna of southern Ven-
ezuela. Syst Zool 23:257-264

Cortés R, Franco P (1997) Analisis panbiogeografico de la flora de
Chiribiquete, Colombia. Caldasia 19:465-478

Cracraft J (1985) Historical biogeography and patterns of differentia-
tion within the South American avifauna: areas of endemisms.
Ornithol Monogr 36:49-84

Croizat L (1976) Biogeografia analitica y sintética (Panbiogeografia)
de las Américas, vol XV. Biblioteca de la Academia de Ciencias
Fisicas, Matematicas y Naturales, Caracas

D’Apolito C, Absy ML, Latrubesse EM (2013) The Hill of Six Lakes
revisited: new data and re-evaluation of a key Pleistocene Amazon
site. Quat Sci Rev 76:140-155

Danta SM, Weckstein JD, Bates JM, Krabbe NK, Cadena CD, Rob-
bins M, Valderrama E, Aleixo A (2016) Molecular systematics
of the New World Screech-Owls (Megascops: Aves, Strigidae):
biogeographic and taxonomic implications. Mol Phylogenet Evol
94:626-634

del Hoyo J, Elliot A, Sargatal J (eds) (1992) Handbook of the birds of
the world, vol 1. Ostrich to Ducks. Linx, Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (1993) Handbook of the birds
of the world, vol 2. New World Vultures to Guineafowl. Linx,
Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (1996) Handbook of the birds of
the world, vol 3. Hoatzin to Auks. Linx, Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (1997) Handbook of the birds of
the world, vol 4. Sandgrouse to Cuckoos. Linx, Barcelona



Journal of Ornithology (2018) 159:1073-1086

1085

del Hoyo J, Elliot A, Sargatal J (eds) (1999) Handbook of the birds of
the world, vol 5. Barn-Owls to Hummingbirds. Linx, Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (2001) Handbook of the birds of
the world, vol 6. Mousebirds to Hornbills. Linx, Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (2002) Handbook of the birds
of the world, vol 7. Jacamars to Woodpeckers. Linx, Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (2003) Handbook of the birds of
the world, vol 8. Broadbills to Tapaculos. Linx, Barcelona

del Hoyo J, Elliot A, Sargatal J (eds) (2004) Handbook of the birds of
the world, vol 9. Cotingas to Wagtails. Linx, Barcelona

Edmond JM, Palm FR, Measures CI, Grant B, Stailard RF (1995) The
fluvial geochemistry and denudation rate of the Guayana Shield
in Venezuela, Colombia, and Brazil. Geochim Cosmochim Acta
59:3301-3325

Estrada J, Fuertes J (1993) Estudios botanicos en la Guayana colom-
biana. IV. Notas sobre la vegetacion y la flora de la Sierra de
Chiribiquete. Rev Acad Colomb Cienc 18:483-498

Fjeldsa J, Bowie RCK, Rahbek C (2012) The role of mountain ranges in
the diversification of birds. Annu Rev Ecol Evol Syst 43:249-265

Forero-Medina G, Terborgh J, Socolar SJ, Pimm SL (2011) Elevational
ranges of birds on a tropical montane gradient lag behind warming
temperatures. PLoS One 6(12):e28535

Galvis Vergara J (1994) Estudios geoldgicos de la Sierra de Chiribi-
quete y zonas aledafias (Parque Nacional-Natural Chiribiquete).
Rev Acad Colomb Cienc 119:275-286

Givnish TJ, Evans TM, Zjhra ML, Patterson TB, Berry PE, Sytsma KIJ
(2000) Molecular evolution, adaptive radiation, and geographic
diversification in the amphiatlantic family Rapateaceae: evidence
from ndhF sequences and morphology. Evolution 54:1915-1937

Givnish TJ, Millam KC, Evans TM, Hall JC, Pires JC, Berry PE,
Sytsma KJ (2004) Ancient vicariance or recent long-distance dis-
persal? Inferences about phylogeny and South American-African
disjunctions in Rapateaceae and Bromeliaceae based on ndh F
sequence data. Int J Plant Sci 65:S35-S54

Haffer J (1970) Entstehung and Ausbreitung nord-Andiner Bergvbgel.
Zool Jahrb Syst 97:301-337

Hernéndez RP, Lew D (2001) Las clasificaciones e hipdtesis bioge-
ograficas para la guayana venezolana. Interciencia 26:373-382

Herzog SK, Kessler M, Bach K (2005) The elevational gradient in
Andean bird species richness at the local scale: a foothill peak and
a high-elevation plateau. Ecography 28:209-222

Hilty SL (2003) Birds of Venezuela, 2nd edn. Princeton University
Press, Princeton

Hilty SL, Brown WL (1986) A guide to the birds of Colombia. Prince-
ton University Press, Princeton

Hoogmoed MS (1979) The herpetofauna of the Guianan region. In:
Duellman WE (ed) The South American herpetofauna: its origin,
evolution and dispersal. Monography of Museum Natural History
of University of Kansas, Kansas, pp 241-280

Huber O (1988) Guayana Highlands versus Guayana lowlands, a reap-
praisal. Taxon 37:595-614

Huber O (1995) Vegetation. In: Berry PE, Holst BK, Yatskievych K
(eds) Flora of the Venezuelan Guayana, vol 1. Introduction. Mis-
souri Botanical Garden Press, St. Louis, pp 97-160

Huber O (2005) Diversity of vegetation types in the Guyana Region:
an overview. Biol Skrift 55:169-188

Huber O (2006) Herbaceous ecosystems on the Guayana Shield, a
regional overview. J Biogeogr 33:464-475

Jaffe K, Lattke J, Perez Hernandez R (1993) Ants on the tepuis of the
Guiana Shield: a zoogeographic study. Ecotropicos 6:22-29

Kok PJR, MacCulloch RD, Means DB, Roelants K, Bocxlaer 1V,
Bossuyt F (2012) Low genetic diversity in tepui summit verte-
brates. Curr Biol 15:R589-R590

Kok PIR, Russo VG, Ratz S, Means DB, MacCulloch RD, Lathrop
A, Aubret F, Franky B (2017) Evolution in the South American

‘lost world’: insights from multilocus phylogeography of stefanias
(Anura, Hemiphractidae, Stefania). J Biogeogr 44:170-181
Korner C, Jetz W, Paulsen J, Payne D, Rudmann-Maurer K, Spehn
EM (2017) A global inventory of mountains for bio-geographical
applications. Alp Bot 127:1-15

Leite YLR, Kok PJR, Weksler M (2015) Evolutionary affinities of the
“lost world” mouse suggest a late Pliocene connection between
the Guiana and Brazilian shields. J Biogeogr 42:706-715

Lomolino MV (2001) Elevation gradients of species-density: historical
and prospective views. Glob Ecol Biogeogr 10:3-13

MacArthur RH, Wilson EO (1967) The theory of Island biogeography.
Princeton University Press, Princeton

Maguire B (1970) On the flora of the Guayana Highland. Biotropica
2:85-100

Marmels J (2007) Tepuibasis gen. nov. from the Pantepui region
of Venezuela, with descriptions of four new species, and with
biogeographic, phylogenetic and taxonomic considerations on
the Teinobasinae (Zygoptera: Coenagrionidae). Odonatologica
36:117-146

Marquet PA, Fernandez M, Navarrete SA, Valdovinos C (2004) Diver-
sity emerging: toward a deconstruction of biodiversity patterns.
In: Lomolino M, Heaney LR (eds) Frontiers of biogeography:
new directions in the geography of nature. Sinauer Associates,
Sunderland, pp 191-209

Mayr E, Phelps WH (1967) The origin of the bird fauna of the South
Venezuelan highlands. Bull Am Mus Nat Hist 136:273-327

McCormack JE, Huang H, Knowles LL (2009) Sky Islands. In:
Gillespie R, Clague D (eds) Encyclopedia of Islands. University
of California Press, Berkeley, pp 839-842

McDiarmid RW, Donnelly MA (2005) The herpetofauna of the Guay-
ana Highlands: amphibians and reptiles of the lost world. In:
Donnelly MA, Crother BI, Guyer C, Wake MH, White ME (eds)
Ecology and evolution in the tropics: a herpetological perspective.
University of Chicago Press, Chicago, pp 461-560

Mecchia M, Sauro F, Piccini L, Waele JD, Sanna L, Tisato N, Lira J,
Vergara F (2014) Geochemistry of surface and subsurface waters
in quartz-sandstones: significance for the geomorphic evolution
of tepui table mountains (Gran Sabana, Venezuela). J Hydrol
511:117-138

Nogué S, Rull V, Vegas-Vilarriubia T (2009) Modeling biodiversity
loss by global warming on Pantepui, northern South America:
projected upward migration and potential habitat loss. Clim Chang
94:77-85

Nogué S, Rull V, Vegas-Vilarrubia T (2013) Elevational gradients in
the Neotropical table mountains: patterns of endemism and impli-
cations for conservation. Divers Distrib 19:676—-687

Patterson BD, Stotz DF, Solari S, Fitzpatrick JW, Pacheco V (1998)
Contrasting patterns of elevational zonation for birds and mam-
mals in the Andes of southeastern Peru. J Biogeogr 25:593-607

Pérez-Eman JL (2005) Molecular phylogenetics and biogeography of
the Neotropical redstarts (Myioborus; Aves, Parulinae). Mol Phy-
logenet Evol 37:511-528

Podani J, Schmera D (2011) A new conceptual and methodological
framework for exploring and explaining pattern in presence—
absence data. Oikos 120:1625-1638

Pyrcz TW (2005) Cloud forest butterfly fauna of the Pantepui—poor
or poorly known? Description of new species and records of new
genera of Pronophilina: Eretris agata and Oxeoschistus romeo
(Nymphalidae: Satyrinae). J Lepid Soc 59:200-211

Rangel TF, Diniz-Filho A, Bini LM (2010) SAM: a comprehensive
application for spatial analysis in macroecology. Ecography
33:46-50

Remsen Jr JV, Areta JI, Cadena CD, Jaramillo A, Nores M, Pacheco
JF, Pérez-Eman J, Robbins JMB, Stiles FG, Stotz DF, Zimmer
KJ (2017) A classification of the bird species of South America.

@ Springer



1086

Journal of Ornithology (2018) 159:1073-1086

American Ornithologists’ Union. http://www.museum.lsu.
edu/~Remsen/SACCBaseline.html

Renjifo LM, Servat GP, Goerck JM, Loiselle BA, Blake JG (1997)
Patterns of species composition and endemism in the northern
Neotropics: a case for conservation of montane avifaunas. Orni-
thol Monogr 48:577-594

Restall R, Rodner C, Lentino M (2006) Birds of Northern South Amer-
ica—an identification guide—?2 volumes. Helm Field Guides,
Christopher Helm, London

Rheindt FE, Christidis L, Norman JA (2008) Habitat shifts in the evo-
lutionary history of a Neotropical flycatcher lineage from forest
and open landscapes. BMC Evol Biol 8:1-18

Rull V (2004) An evaluation of the lost world and Vertical Displace-
ment hypotheses in the Chimant4 Massif, Venezuelan Guayana.
Glob Ecol Biogeogr 13:141-148

Rull V (2005) Biotic diversification in the Guayana Highlands: a pro-
posal. J Biogeogr 32:921-927

Rull V, Vegas-Vilarrubia T, Safont E (2016) The lost world’s pristinity
at risk. Divers Distrib 22:995-999

Safont E, Rull V, Vegas-vilarribia T, Holst BC, Huber O, Nozawa S,
Vivas Y, Silva A (2014) Establishing a baseline of plant diversity
and endemism on a Neotropical mountain summit for future com-
parative studies assessing upward migration: an approach from
biogeography and nature conservation. Syst Biodivers 12:292-314

Salerno PE, Ron SR, Senaris JC, Rojas-Runjaic FJ, Noonan BP, Can-
natella DC (2012) Ancient tepui summits harbor young rather than
old lineages of endemic frogs. Evolution 66:3000-3013

Séanchez-Gonzalez LA, Morrone JJ, Navarro-Siguenza AG (2008)
Distributional patterns of the Neotropical humid montane forest
avifaunas. Biol J Linnean Soc 94:175-194

Senaris JC, Lew D, Lasso C (eds) (2009) Biodiversidad del Parque
Nacional Canaima: bases técnicas para la conservacion de la
Guayana venezolana. Fundacién La Salle de Ciencias Naturales
y The Nature Conservancy, Caracas

Sigurdsson S, Cracraft J (2014) Deciphering the diversity and history
of New World nightjars (Aves: Caprimulgidae) using molecular
phylogenetics. Zool J Linn Soc 170:506-545

Stattersfield AJ, Crosby MJ, Long AJ, Wege DC (1998) Endemic bird
areas of the world: priorities for biodiversity conservation. Bird-
Life Conservation Series no. 7. BirdLife International, Cambridge

Steyermark JA (1986) Speciation and endemism in the flora of the
Venezuelan tepuis. In: Vuilleumier F, Monasterio M (eds)

Affiliations

Sérgio Henrique Borges'
Joao Marcos Guimaraes Capurucho’ - Camila Ribas?

P4 Sérgio Henrique Borges
shborges9 @ gmail.com

Departamento de Biologia, Universidade Federal
do Amazonas, Avenida General Rodrigo O. Jorddo Ramos,
3000, Manaus, AM 69077-000, Brazil

Instituto Nacional de Pesquisas da Amazonia (INPA),
Avenida André Aratijo 2936, Manaus, AM 69060-001, Brazil

@ Springer

High-altitude tropical biogeography. Oxford University Press,
Oxford, pp 317-373

Steyermark JA, Dunsterville GC (1980) The lowland floral element on
the summit of Cerro Guaiquinima and other cerros of the Guayana
Highland of Venezuela. J Biogeogr 7:285-303

Stiles FG, Telleria JL, Diaz M (1995) Observaciones sobre la com-
posicion, ecologia, y zoogeografia de la avifauna de la Sierra de
Chiribiquete, Caqueta, Colombia. Caldasia 17:481-500

Stotz DF, Fitzpatrick JW, Parker TA, Moskovits DK (1996) Neotropi-
cal birds: ecology and conservation. University of Chicago Press,
Chicago

Strona G, Galli P, Seveso D, Montano S, Fattorini S (2014) Nestedness
for Dummies (NeD): a user friendly web interface for exploratory
nestedness analysis. J Stat Soft 59:1-9

Tate GH (1939) The mammals of the Guiana Region. Bull Am Mus
Nat Hist LXXVI:151-229

Ulrich W, Almeida-Neto M, Gotelli NJ (2009) A consumer’s guide to
nestedness analysis. Oikos 118:3-17

Vegas-Vilarribia T, Nogué S, Rull V (2012) Global warming, habitat
shifts and potential refugia for biodiversity conservation in the
Neotropical Guayana Highlands. Biol Conserv 152:159-168

Voss RS, Lim BL, Diaz-Nieto JF, Jansa SA (2013) A new species
of Marmosops (Marsupialia: Didelphidae) from the Pakaraima
Highlands of Guyana, with remarks on the origin of the endemic
Pantepui mammal fauna. Am Mus Novit 3778:1-27

Weller A (2000) A new hummingbird subspecies from southern Boli-
var, Venezuela, with notes on biogeography and taxonomy of the
Saucerottia viridigaster-cupreicauda species group. Ornitol Neo-
trop 11:143-154

Whittaker, RJ, Fernandez-Palacios, JM (2007) Island biogeography.
Ecology, evolution, and conservation. Oxford University Press,
New York

Willard DE, Foster MS, Barrowclough GF, Dickerman RW, Cannell
PF, Coates SF, Cracraft J, O’Neill JP (1991) The birds of Cerro
de la Neblina, Territorio Federal Amazonas, Venezuela. Field
(Zool) 65:1-80

Zyskowski K, Mittermeier JC, Ottema O, Rakovic M, O’Shea BJ, Lai
JE, Hochgraf SB, de Le6n J, Au K (2011) Avifauna of the east-
ernmost Tepui, Tafelberg in Central Suriname. Bull Peabody Mus
Nat Hist 52:153-180

- Marcos Pérsio Dantas Santos> - Marcelo Moreira* - Fabricio Baccaro’ -

Instituto de Ciéncias Biologicas, Universidade Federal
do Pard (UFPA), Avenida Augusto Correa, 01, Belém,
PA 66075-110, Brazil

4 Fundacio Vitéria Amazonica (FVA), Rua Estrela d’Alva 146,
Aleixo, Manaus, AM 69060-093, Brazil

Department of Biological Sciences, University of Illinois
at Chicago, 845 West Taylor Street, Chicago, IL 60608, USA


http://www.museum.lsu.edu/%7eRemsen/SACCBaseline.html
http://www.museum.lsu.edu/%7eRemsen/SACCBaseline.html
http://orcid.org/0000-0002-1952-4467

	Dissecting bird diversity in the Pantepui area of endemism, northern South America
	Abstract
	Zusammenfassung
	Introduction
	Methods
	Study area
	Database
	Ecological and biogeographic analysis

	Results
	Bird species diversity of the Pantepui
	Elevational patterns
	Compositional variability
	Physical geography of tepuis and species diversity and composition
	Components of β-diversity and nestedness

	Discussion
	Biogeographic uniqueness of tepuis
	Ecological distribution of tepuis birds
	Tepuis as islands of biodiversity
	Conclusion

	Acknowledgements 
	References




