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The sudden exchange of mammals over the land bridge between
the previously isolated continents of North and South America is
among the most celebrated events in the faunal history of the New
World. This exchange resulted in the rapid merging of continental
mammalian faunas that had evolved in almost complete isolation
from each other for tens of millions of years. Yet, the wider
importance of land bridge-mediated interchange to faunal mixing
in other groups is poorly known because of the incompleteness of
the fossil record. In particular, the ability of birds to fly may have
rendered a land bridge unnecessary for faunal merging. Using
molecular dating of the unique bird faunas of the two continents,
we show that rates of interchange increased dramatically after
land bridge completion in tropical forest-specializing groups,
which rarely colonize oceanic islands and have poor dispersal
abilities across water barriers, but not in groups comprised of
habitat generalists. These results support the role of the land
bridge in the merging of the tropical forest faunas of North and
South America. In contrast to mammals, the direction of traffic
across the land bridge in birds was primarily south to north. The
event transformed the tropical avifauna of the New World.

land bridge � South America � biogeography � Neotropics

Following the mid-Cretaceous breakup of Gondwanaland and
separation from Antarctica in the late Oligocene, South

America was an island continent until joined by a land bridge to
North America, between 3 and 4 Ma. During its island interval,
the mammalian fauna of South America evolved in what has
been coined ‘‘splendid isolation’’ (1). Land bridge completion is
believed to have initiated the Great American Biotic Inter-
change (GABI), possibly one of the largest and most rapid
episodes of interchange known between continental faunas
(1–3). However, adequate appraisal of the role of land bridge
formation in promoting a general interchange has been difficult
because evidence has been overwhelmingly drawn from fossils
for one taxon, the mammals (1, 3–5), and is unresolved to the
species level. Interchange dynamics are largely unknown at
tropical latitudes, where the majority of faunal and floral mixing
occurred but where few fossils have been excavated.

To understand the contribution of a completed land bridge to
faunal and floral mixing between North and South America, we
need a detailed analysis of the timing of interchange events at
tropical latitudes. Here we provide such an analysis of inter-
change events in several families of passerine birds, a group that
inhabits both temperate and tropical regions of the New World
and makes up the bulk of avian species diversity. Like most
terrestrial groups, birds lack a good fossil record, especially from
tropical latitudes, and so the effects of land bridge formation on
avian interchange between the continents is poorly understood
(6). We used molecular phylogenetic data to overcome this
limitation, and maximum-likelihood estimation to compare rates
of avian interchange before and after land bridge completion.
Faster rates of avian interchange between North and South
America after �3.5 Ma, compared with before 3.5 Ma, would
support the view that land bridge formation initiated an abrupt
mixing of the faunas of North and South America. In contrast,
a finding of similarly high interchange rates before and after land
bridge completion would support a more protracted history of

interchange. We compare differences in the timing of inter-
change in passerine families that are believed to cross water
barriers frequently with tropical forest-specialized clades, which
rarely do so.

Results and Discussion
To measure exchange rates, we focused on four passerine
families that straddle the two continents and exhibit some of the
greatest numbers of interchange events: antbirds (Thamnophi-
lidae), woodcreepers (Dendrocolaptidae), tanagers (Thraupi-
dae), and blackbirds (Icteridae). We chose these families be-
cause they are highly diverse in tropical regions of both North
and South America and jointly account for 30% of all passerine
species in the New World. These families also represent a range
of degrees of habitat specialization and dispersal abilities. The
antbirds and woodcreepers are restricted to tropical forest,
whereas many blackbirds and tanagers are more generalist (7, 8).
This difference is likely to affect the propensity of these groups
to cross open-water gaps. For example, of the four families
analyzed only the blackbirds and tanagers have representatives
on Caribbean islands (Table 1), and many species of antbirds and
woodcreepers and other tropical forest-restricted species are
reluctant to fly across open-water gaps of as little as 100 m (9).
We sampled 457 of the 734 species belonging to these families,
and in each family included all clades occurring in both North
and South America. We sampled populations from both sides of
the land bridge in almost all lineages straddling the divide, and
subsampled species from clades exhibiting no interchange
events. A dated molecular phylogeny was generated for each
family. In our analysis of interchange events between North and
South America, the data at the tips of each phylogeny are the
landmasses on which each species resides. Some interchange
events are represented by the same species in both continents,
and in such cases local populations within each continent were
sampled from either side of the land bridge and were similarly
coded according to landmass (see SI Text, Figs. S1–S3, Tables
S1–S3, and Dataset S1). North America is here considered to
include all of Middle America south to central Panama, and
South America includes the Darien region of the Panamanian
and Colombian borders southward. The land bridge was com-
pleted between central Panama and the Darien.

We used maximum likelihood to test the effect of land bridge
formation on the rate of interchange between the continents
(10). We compared two probabilistic models of interchange
along the phylogeny for each family separately. In the single-rate
model, the per-lineage crossing rate between continents was
constrained to be constant through time, before and after land
bridge completion (3.5 Ma.). Under the two-rate model (10), the
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rates of crossing were free to differ before and after a specific
time point that was also estimated from the data. Comparison of
the two models tests whether a GABI occurred, and whether its
start coincided with land bridge completion or was initiated
sooner (e.g., along the proto-land bridge, consisting of a string
of islands) or later, in association with events long after land
bridge completion. With this approach it is not necessary to
reconstruct the continent on which the ancestors occurred.
Rather, crossing rates are estimated over all possible ancestor
reconstructions, weighting each by its likelihood support (10–
12). The two-rate model gave a significantly better fit than the
one-rate model in woodcreepers, antbirds, and tanagers. In each
of these families, the estimated rate was significantly higher after
the breakpoint than before (see Table 1). In the two tropical
forest-restricted families, antbirds and woodcreepers, the best-fit
breakpoint occurred within an estimated several hundred thou-
sand years after land bridge completion (Fig. 1), strongly sup-
porting the role of land bridge completion in increasing inter-
change rates. In contrast, a breakpoint of 6.5 Ma gave the best
fit to the tanager data, suggesting an initiation of GABI during
the proto-land bridge period, although a breakpoint between 3.5
and 4 Ma gave almost equal support (see Fig. 1). The best-fit
breakpoint in blackbirds at 2.9 Ma is also associated with land
bridge completion, but support for the two-rate model was weak
and we cannot rule out the possibility that interchange rates
before and after land bridge completion were similar in this
habitat generalist family.

Maximum-likelihood ancestor reconstructions were used to
visualize these results (see SI Text, Section B). Based on this
analysis, a total of 113 crossing events between continents were
reconstructed (see Materials and Methods) (18 in woodcreepers,
25 in antbirds, 45 in tanagers, and 25 in blackbirds). We were able
to approximate a date for 88 of these interchange events, of
which 72 postdated land bridge completion (3.5 Ma; an addi-
tional 14 crossing events postdated 3.5 Ma but could not be dated
more precisely). We used these reconstructions to estimate the
rate of crossing during 0.5- or 1.0-million-year time intervals by
dividing the number of reconstructed crossing events in the
interval by the sum of evolutionary time (i.e., summed branch
lengths in each interval) (see Fig. 1). These rates control for the
possibility that some crossing events went extinct leaving no
descendants to the present (see Materials and Methods). For the
antbirds and woodcreepers, a high dispersal rate from South
America into North America became established at or soon after
the completion of the land bridge and has continued to the
present. In contrast, in the tanagers, which are also of South
American ancestry, a number of pre-land bridge dispersal events

into North America occurred (one of which produced the only
endemic North America tanager genus, Acanthidops), and cross-
ings have continued up to the present, with one inferred recent
back-colonization. Unlike the other three families, North Amer-
ica is the inferred ancestral continent for the blackbirds (see
Fig. S2). The reconstructions suggest a pre-land bridge burst of
dispersal from North to South America between 7 and 10 Ma,
when representatives of several major clades colonized the
continent (see Fig. 1). Blackbird interchange from north to south
has continued up to the present. However, the results suggest
that back-colonization from south to north occurred primarily
after land bridge completion in this group (see Fig. 1). Signifi-
cantly, most of these south-to-north blackbird taxa (five of seven,
three species of Psarocolius and two of Cacicus) are primarily
associated with tropical forest.

To further test the association between tropical forest habitat
specialization, dispersal ability, and the impact of the land
bridge, we estimated earliest dates of crossing of 14 of the 26
passerine bird families involved in the biotic interchange using
dated molecular phylogenies (Table 2). This process added a
third primarily tropical forest-specialized family to the previous
two, the tapaculos (Rhinocryptidae), added five families without
tropical forest specialists, and brought to six the number of
families with a mixture of the two. It was not possible to analyze
these additional families in the same way as the woodcreepers,
antbirds, tanagers, and blackbirds because the number of cross-
ing events was too few or the level of phylogenetic detail was too
sparse to allow us to compare crossing rate before and after land
bridge completion. Earliest reconstructed crossing events in the
three forest-specializing families all date between 3.0 and 4.0 Ma,
when the land bridge was completed. In contrast, earliest
reconstructed crossing events predated the land bridge in 10 of
the 11 families not specialized exclusively in tropical forest (P �
0.011, Fisher’s exact test). Across passerine families (see Table
2), tropical forest specialization is also tightly associated with
absence on Caribbean islands (P � 0.0019) and with an absence
of long-distance migrants (P � 0.0006). These results strengthen
the conclusion that tropical forest-inhabiting families required a
completed land bridge to cross between the continents, while
habitat-generalist families did not. Because the remaining un-
sampled tropical forest-specializing families (Conophagidae,
Cotingidae, Formicariidae, Grallariidae, and Pipridae) also lack
migratory ability and do not occur on Caribbean islands, we
predict that they too will be found to have crossed only after land
bridge formation. Considering that all eight of these tropical
forest-specializing passerine families (which added 80 species to
the North American fauna) (see Table 1) originated in South

Table 1. Maximum likelihood estimates of interchange rates

Family n qb qa qa / qb Mean log-likelihood LR P

Antbird
1 rate 1 0.13 �82.12
2 rate 3 0.025 � 0.00105 (SE) 0.579 � 0.00778 (SE) 31.96 � 2.5 (SE) �61.506 � 0.467 (SE) 41.23 1.11 � 10�9

Woodcreeper
1 rate 1 0.158 �54.02
2 rate 3 0.043 � 0.0017 (SE) 0.394 � 0.005 (SE) 11.48 � 0.696 (SE) �47.2 � 0.206 (SE) 13.64 0.00111

Tanager
1 rate 1 0.11 �152.55
2 rate 3 0.012 � 0.00062 (SE) 0.167 � 0.00050 (SE) 24.508 � 2.84 (SE) �139.648 � 0.246 (SE) 25.8 2.50 � 10�6

Blackbird
1 rate 1 0.18 �70.57
2 rate 3 0.11 � 0.0012 (SE) 0.298 � 0.00274 (SE) 2.76 � 0.0509 (SE) �68.4 � 0.078 (SE) 4.34 0.114

Values estimated from 100 randomly chosen posterior trees. Parameters estimated are as follows: q, rate parameter under one-rate model; qb and qa, rates
before and after the best fit breakpoint under two-rate model (as shown in Fig. 1A). Standard errors reflect uncertainty in node age estimates. Abbreviations
as follows: LR, likelihood ratio; n, number of free parameters; P, P-value for likelihood ratio test.
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America and spread north (see Table 2), the evidence indicates
that land bridge completion precipitated a massive wave of South
American tropical forest lineages to southern North America.
Floral makeup of tropical rainforests in Central America is
largely comprised of South American elements (13, 14), sug-
gesting that the rainforest f lora and avifauna of South America
may have invaded North America together in a post-land-bridge
wave.

Results for birds and mammals differ importantly in the
estimated primary direction of movement across the land bridge.
Fossil mammals suggest a primarily north-to-south movement
(Fig. 2). In contrast, molecular evidence from birds indicates
mainly a south-to-north transfer after land bridge completion
(although most interchange before completion occurred from
north to south). However, the mammal record is derived almost
entirely from temperate-latitude fossils and includes few fossils
from tropical forests, which may bias estimates of the direction
of traffic between the continents. The phylogenetic methods

used here could be used to expand the record for tropical
mammals and other groups, and provide a more complete
evaluation of movement trends following land bridge formation.

Dates of interchange in birds nevertheless agree closely with
those in mammals, despite being based on molecules rather than
fossils (see Fig. 2). In both groups, a limited number of inter-
change events occurred in the late Miocene, before land bridge
completion. At this time, tanagers and flycatchers (see Table 2),
as well as four genera of ground sloth and armadillos, moved
north, whereas early representatives of blackbirds and most
other passerine families of North American origin (see Table 2)
(15), racoons, camels, tapirs, peccaries, and proboscideans,
moved south (3–5) (see Fig. 2). Dispersal by several other
vertebrate groups is also believed to date to this time period (16,
17). These early dispersal events are presumed to have occurred
either over open ocean or along the proto-land bridge, consisting
of a string of islands (18, 19) or as an ephemeral peninsula (20).
In tropical forest-specializing bird families and mammals, accel-
erated interchange was initiated shortly after land bridge com-
pletion and has continued to the present (see Figs. 1 and 2).

Global diversity of birds, mammals, plants and most other
groups is highest in the New World tropical wet forests that
extend from the Amazon to southern Mexico (21–23). A number
of historical events (i.e., uplift of the Andes and Amazon River
formation), and possibly low tropical extinction rates (24), are
believed to have contributed to this high diversity. The timing of
interchange in tropical birds indicates that land bridge comple-
tion may have also contributed to the extraordinary diversity in
this region by recently merging the faunas and floras long
confined to separate continents. Within the land bridge itself,
this merging produced a contemporary avian fauna composed
almost equally of species belonging to families of North and
South American origin, demonstrating substantial faunal merg-
ing. (The North/South ratio in Costa Rica is 0.98 and in Panama
is 0.85 for passerines; this ratio increases northwards and declines
southwards. Ratios are determined from species lists for each
country.) Whether this merging resulted in a net increase in
species diversity remains unknown, but low estimates of avian
extinction rates from tropical latitudes (present study: see SI
Text) (24) supports this possibility.

Our results demonstrate that despite their ability to fly,
interchange of tropical forest-specializing birds between the
continents was greatly enhanced by land bridge completion,
while habitat-generalist families were less affected. The results
are unique in providing a detailed understanding of interchange
dynamics at tropical latitudes that have been neglected in fossil
analysis of mammals. The results complement those from mam-
mals, despite being based on entirely different methods, and
suggest that the so-called ‘‘Great American Biotic Interchange’’
was a general biogeographic event, reshaping patterns of biodi-
versity across a wide taxonomic spectrum.

Materials and Methods
Taxon Sampling. Published molecular phylogenies with a large proportion of
genera sampled were available for antbirds (25, 26), woodcreepers (27, 28),
tanagers (29–33), and blackbirds (34–38). These previous phylogenetic studies
demonstrated that antbirds, woodcreepers, and blackbirds represent mono-
phyletic groups. However, current taxonomic boundaries of tanagers are
poorly defined. To define a monophyletic tanager radiation, we generated a
large phylogenetic tree, including almost all genera traditionally assigned to
the tanagers and a large proportion of genera in related families (see SI Text,
Section A).

Genetic samples (see Dataset S1 of tissue samples used) representing the
North American side of the isthmus were collected primarily by J.T.W. over a
3-month period in western Panama (west of the Canal Zone), mostly in the
provinces near the Costa Rican border. The South American side was repre-
sented by samples collected in Darien Province near the Panama–Colombia
border. The sampling design was augmented with a large number of samples
obtained from throughout Mesoamerica and South America from a variety of

A B

Fig. 1. Analysis of avian crossing between North and South America. (A) The
likelihood of a range of times for the breakpoint (time of rate change) in the
two-rate analysis. The date of the best-fit breakpoint is shown by a triangle.
Breakpoints within 1.92 log-likelihood units of the maximum log-likelihood (all
values above dashed red line) are considered not significantly different from the
best-fit value at a 95% level of confidence. (B) Crossing dates and rates of crossing
between North and South America estimated in 1-million-year intervals, ob-
tained by dividing the number of crossing events in each interval by the total
branch length in the tree that falls within that interval. Crossings from North to
South America are indicated with yellow bars and those from South to North
America are in black. Crossing rates from North to South America are shown by
a blue line and those from South to North America by a red line. Rates corrected
for missing lineages in phylogenies are shown by dashed lines. Rates are shown
for the time span in which each continent was occupied. Completion of the land
bridge between 3 and 4 Ma is shown by gray shading.
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museums (see Dataset S1). We sampled 44 of 51 woodcreeper, 100 of 219
antbird, 85 of 100 blackbird, and 228 of 364 tanager species.

DNA Sequencing and Phylogenetic Analysis. The woodcreeper, antbird, tana-
ger, and blackbird phylogenies were generated from a combination of Gen-
Bank sequences and a large number of additional sequences generated
specifically for the present study (Fig. S2). Partial (�1000 bp) or complete (1143

bp) sequences of the mitochondrial cytochrome b (cyt b) gene were sequenced
for all individuals using standard protocols (24). The complete mitochondrial
NADH dehydrogenase subunit 2 gene (ND2: 1041 bp) was sequenced using
primers L5215 (39) and H6313 (40) for a subset of individuals representing
most of the major lineages included in each phylogeny. ND2 was also se-
quenced for one or more individuals for most lineages that occur in both North
and South America. Partial sequences of the nuclear recombination activating
protein 1 (RAG1) gene and c-myc exon 3 were sequenced (for protocols see ref.
41) for major woodcreeper lineages to better resolve basal nodes. This se-
quencing effort was augmented with other mitochondrial genes and nuclear
introns available from GenBank (see Dataset S1 ) (woodcreepers: myoglobin;
antbirds: myoglobin, NADPH, ND3, NADPH, B-fibrinogen; tanagers: ATPase,
COI, 12s, myoglobin, RAG1, cmyc; blackbirds: COI, 12s).

Dated phylogenetic trees were generated in three steps. First, Bayesian
topology estimates were obtained in MrBayes v3.7 (42) using the GTR-gamma
model and a full dataset of mitochondrial and nuclear genes for all individuals.
In many cases, species occurring in both Central and South America were
represented by several samples from different geographic localities. To make
phylogenetic reconstruction computationally feasible for these large data-
sets, many redundant samples and localities within each continent were
excluded. Analyses were run for a minimum of 5-million generations and were
sampled every 5,000 generations after an initial burn-in of at least 1-million
generations. Sampled Bayesian trees were used to construct majority-rule
consensus cladograms with strong posterior support for most nodes. Second,
ultrametric estimates of branch-lengths along the consensus topology were
generated under a Bayesian framework in BEAST v1.4.2 (43, 44) using only the
cytochrome b dataset and fewer intraspecific samples (redundant samples
within populations were excluded). This two-stage process was necessary
because the multigene dataset provided more robust topologies, but we
estimated node ages only with cytochrome b for which we have a robust
molecular clock. The uncorrelated lognormal relaxed-clock model [with Yule
prior for branch lengths (44)], which does not rely on the assumption of
molecular rate constancy throughout the tree, was used in combination with
the GTR-gamma model of sequence evolution. The duration, sampling fre-
quency, and burn-in were the same as in tree construction. Mean consensus
branch lengths were obtained from the Bayesian samples. In addition, for
each family, 100 randomly selected posterior trees from the BEAST analysis
were used to determine the effect of error associated with node age estimates
on the parameter estimates in Table 1. Because posterior trees are each

 

 

Fig. 2. Comparison of crossing dates and rates of crossing of North and South
American birds (woodcreepers, antbirds, tanagers, and blackbirds) and mam-
mals. Mammal dates are based on fossil information provided in refs. 3 to 5.
Bird dates are based on molecular estimates. Crossings from North to South
America are indicated with yellow bars and those from South to North
America are in black. Crossing rates from North to South America are shown
by a blue line and those from South to North America by a red line.

Table 2. Earliest reconstructed dispersal dates for 14 of 26 passerine families involved in the GABI

Family
Common

name
Continent
of origin

Number of
continental

species
(NA/ SA)

Number of
reconstructed

dispersal
events

Earliest
reconstructed
interchange
date (Ma) Migratory

Colonized
Caribbean

Tropical
forest

specialist

Dendrocolaptidae Woodcreepers SA 19/46 18 3.6 No No Yes
Rhinocryptidae Tapaculos SA 1/54 1 3.8 No No Yes
Thamnophillidae Antbirds SA 26/218 25 3.0 No No Yes
Tyrannidae Flycatchers SA 125/374 Many 12.7 Yes Yes Mixed
Cinclidae Dippers NA 1/2 1 �3.5 No No No
Emberizidae Sparrows NA 74/48 Many � 4.8 Yes Yes Mixed
Hirundinidae Swallows NA 15/20 10 13.1 Yes Yes No
Icteridae Blackbirds NA 46/60 25 8.4 Yes Yes Mixed
Megaluridae Donacobius SA 0/1 1 14.7 No No No
Mimidae Mockingbirds NA 16/7 3 6.4 or 7.5 Yes Yes No
Motacillidae Pipits ? 5/7 2 or 3 4.7 or 8.2 Yes No No
Thraupidae Tanagers SA 50/334 46 8.4 No Yes Mixed
Troglodytidae Wrens NA 44/46 � 23 15.6 Yes Yes Mixed
Turdidae Thrushes ? 38/32 Many 13.3 Yes Yes Mixed

See Section D in the SI Text for additional details, ancestor state reconstructions, and dated phylogenies. Earliest dispersal dates were not available for the
following passerine families of South American origin [Conophagidae (1 species NA/10 species SA), Cotingidae (10/59), Formicariidae (3/11), Grallariidae (4/49),
Furnariidae (24/234), Pipridae (11/47)] or North America origin [Alaudidae (1/1), Cardinalidae (34/19), Corvidae (32/15), Fringillidae (32/34), Parulidae (74/40),
Polioptilidae (8/9), Vireonidae (29/23)]. None of these South American-derived families have colonized the Caribbean or possess long-distance migrants and all
but Furnariidae specialize in tropical forest. None of these North American-derived families specialize solely in tropical forest. The following North American-
derived families have also colonized the Caribbean: Corvidae, Fringillidae, Parulidae, Polioptilidae, and Vireonidae. The following North American-derived
families also possess long-distant migrants: Alaudidae, Cardinalidae, Fringillidae, Parulidae, Polioptilidae, Vireonidae. Earliest reconstructed dates in Turdidae,
Emberizidae, and Tyrannidae were obtained from well-sampled clades within those families and sampling of additional clades may reveal even older dates. Dates
within the remainder of families are from detailed analysis for the entire family. Tapaculos are primarily associated with tropical forest, although a small number
of species occur in southern temperate forest and bushland.
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constrained to the consensus topology, they may underestimate the range of
node ages, but mean estimates of node ages should be unaffected.

To date trees, we used a molecular clock of 2.1% sequence divergence per
million years (1.05% per lineage), a rate strongly supported by an extensive
avian-clock calibration dataset for cytochrome b (45).

Identical methods were used to construct dated phylogenies for an addi-
tional 11 passerine families involved in the GABI (see Table 2). Sampling of
species was sufficiently complete in seven of these families to allow us to
reconstruct the earliest date of crossing. In the remaining four families (Tyr-
annidae, Emberizidae, Troglodytidae, and Turdidae) detailed phylogenies
were available only for one or a few key clades, but this provided sufficient
information to demonstrate pre-land bridge dispersal between the continents
(for additional details, ancestor state reconstructions and dated phylogenies
see SI Text, Section D). It is possible that further sampling of the remaining
clades within these four families would reveal even earlier dispersal dates than
the ones reported here. Cyt b sequences were used to construct phylogenies
for each family, except cyt b and ND2 sequences were used for Turdidae and
cyt b; ND2 and ATPase 6 and 8 were used for Emberizidae.

Biogeographic Methods. Interchange rates before and after a breakpoint were
calculated using maximum-likelihood models of character evolution along
phylogenetic trees (9–11, 46) implemented in the R package GEIGER (47).
Breakpoints were tested every 0.1 million years back to 8 Ma to determine
whether a change in interchange rates between the continents coincided with
land bridge completion (see Fig. 1). Species and population data at each tip of
the phylogeny is the land mass on which the taxon resides. We assumed that
interchange events coincided with nodes on the phylogeny rather than oc-
curred along branches. Further tests support this assumption over an alter-
native that allows transitions to occur along branches (48) (see SI Text, Section
B). However, if the source population of a crossing event went extinct after
leaving descendants, then the corresponding node would be lacking from our
phylogenetic trees, with the result that the next deepest node would estimate
the crossing date. In such cases, the date of crossing will be overestimated. Our
approach to dating interchange events is thus conservative because extinc-
tions would favor the null hypothesis of no change in interchange rate before
and after the land bridge. We constrained crossing events to occur at nodes in
the one-rate model by ignoring branch lengths (accomplished by setting all
branch lengths in the phylogeny to 1). We achieved this in the two-rate model
by setting all branches immediately descending from nodes predating the
breakpoint to 1 and postdating the breakpoint to a value f. In the two-rate
model we incorporated node-age uncertainty in the estimates using a random
sample of 100 posterior trees from our analysis in BEAST. Some nodes occur
before or after the breakpoint in different posterior trees, generating varying
parameter estimates under the two-rate model.

Maximum likelihood was used to estimate the home continent of ancestors
at interior nodes of the tree using Mesquite v2.6 (49) (see Fig. S2). Branch-
length information was not used in this analysis (all branch lengths were set
to 1). Samples from western Panama northward through North America were
coded as North American, and those from near the Panama–Colombian
border and throughout South America were coded as South American. In a
small number of cases (a few blackbird clades only), it appears that inter-
change between North and South America occurred via islands in the Carib-
bean rather than via the Panama land bridge. In such cases, Caribbean taxa
were coded as belonging to the continent from which the Caribbean was
inferred to have been colonized. Most nodes received strong support for
either a North or South American ancestry. Parsimony reconstructions were
also generated for comparison and yielded almost identical results to the
maximum-likelihood reconstructions (see Fig. S2). Given the concordance

between these methods, we considered only the most likely state at each node
in our analysis.

We were not able to obtain precise dates for 22 crossing events (8 in
tanagers, 6 in blackbirds, 3 in woodcreepers, and 5 in antbirds) because in each
case, we lacked the necessary sequence data from one side of the Isthmus of
Panama. Seventeen of these were represented by interchange events in which
the same species occurs on either side of the isthmus, and are expected to date
to the post-land-bridge period. The remaining four (all tanagers) are repre-
sented by closely related sister-species pairs in which one species occurs in
Central America and the other in South America. For purposes of ancestor-
state reconstruction and maximum-likelihood model testing, we added each
missing lineage as sister to the sampled lineage to which it is most closely
related. For the 17 crossing events represented by populations of the same
species on either side of the land bridge, the missing population was added as
sister to its conspecific sample obtained from the opposite side of the land
bridge. The four missing species were treated similarly, but were joined to
their sister species from the other side of the land bridge. These are shown and
discussed with reference to reconstructions included in the SI Text.

In analyses involving ancestor-state reconstructions and rate estimation
under the one-rate model, branch lengths were set to 1 and so crossing events
lacking dates do not present a problem. However, in analyses based on the
two-rate model, it is necessary to specify whether a crossing event occurred
before or after the breakpoint when the rate change occurred. For crossing
events lacking dates, if the most closely related out-group lineage diverged
after the breakpoint, then the node represented by the missing lineage was
dated after the breakpoint. If out-group taxa predated the breakpoint, then
it remains unknown whether crossing events with missing dates occurred
before or after the breakpoint. In such cases, crossing events were assumed to
predate the breakpoint. This assumption increases rate estimates before the
breakpoint and, thus, is conservative as it favors the null hypothesis of no
change in crossing rates before and after land bridge formation.

Finally, rates of interchange within narrow time intervals were calculated
by dividing the sum of interchange events by the sum of branch lengths
(evolutionary time) during each time interval (see Fig. 1B). This method
assumes complete species sampling to estimate correctly the sum of branch
length for each time interval. We corrected for missing branch lengths in these
phylogenies by assuming that each missing species contributed to branch-
length estimates in each time interval following land bridge completion, but
not to those predating the land bridge. This is a conservative correction
because it reduces the estimate of crossing rate only after land bridge com-
pletion. Branch lengths represented by multiple genetically differentiated
lineages within species were not included in these calculations because it is
unlikely that more than a single population within each species would be in
a position to colonize between the continents (i.e., the one closest to the land
bridge). The method also assumes that per-lineage extinction rates are the
same for lineages that crossed and lineages that remained behind within the
same clade (an assumption which further analysis appears to support; see SI
Text, Section E). While other molecular-based studies have provided dates of
interchange events [e.g., trogons (16) and wrens (15)], this study is unique in
providing per capita rates that correct for extinction.

ACKNOWLEDGMENTS. We thank T. Price for critical discussions and reading of
the manuscript, L. Harmon for R code, O. Sanjur and I. Lovette for logistical
assistance, and M. J. Miller and A. Kirschel for donating several tissues from
eastern Panama and Nicaragua. This work was supported by the Smithsonian
Tropical Research Institute (J.T.W and E.B.), Natural Sciences and Engineering
Research Council of Canada (J.T.W and D.S.), and the Canada Foundation for
Innovation (D.S.).

1. Simpson GG (1980) Splendid Isolation: The Curious History of South American Mam-
mals (Yale Univ Press, New Haven).

2. Webb S (1985) in The Great American Interchange, eds. Stehli F, Webb S (Plenum Press,
New York), pp. 357–386.

3. Marshall L (1985) in The Great American Biotic Interchange, eds. Stehli F, Webb S.
(Plenum Press, New York), pp. 49–85.

4. Campbell K, Frailey CD, Heizier M, Romero-Pittman L, Prothero DR (2000) Late Miocene
dynamics of the Great American faunal interchange; waifs are out. J Vertebr Paleontol
20(suppl):3.

5. Flynn JJ, et al. (2005) Geochronology of Hemphillian-Blancan aged strata, Guanajuato,
Mexico, and implications for timing of the Great American Biotic Interchange. J Geol
113:287–307.

6. Vuilleumier F (1985) in The Great American Biotic Interchange, eds. Stehli FG, Webb SD
(Plenum, New York), pp. 387–424.

7. Stotz DF, Fitzpatrick JW, Parker TA, Moskovits DK (1996) Neotropical Birds: Ecology and
Conservation (Univ of Chicago Press, Chicago).

8. Ricklefs RE (2002) Splendid isolation: Historical ecology of the South American passe-
rine fauna. J Avian Biol 33:207–211.

9. Moore RP, Robinson WD, Lovette IJ, Robinson TR (2008) Experimental evidence for
extreme dispersal limitation in tropical forest birds. Ecol Lett 11:960–968.

10. Mooers AU, Schluter D (1999) Reconstructing ancestor states with maximum likeli-
hood: Support for one- and two-rate models. Syst Biol 48:623–633.

11. Schluter D, Price TD, Mooers AU, Ludwig D (1997) Likelihood of ancestor states in
adaptive radiation. Evolution 51:1699–1711.

12. Pagel M (1999) The maximum likelihood approach to reconstructing ancestral char-
acter states of discrete characters on phylogenies. Syst Biol 48:612–622.

13. Gentry AH (1982) Neotropical floristic diversity: Phytogeographical connections be-
tween Central and South America, Pleisticene climatic fluctuations or an accident of
Andean orogeny? Ann Missouri Bot Gard 69:557–593.

14. Gentry AH (1990) Floristic similarities and differences between Central America and
Upper and central Amazonia. In Four Neotropical Forests, ed Genty AH (Yale Univ
Press, New Haven) pp. 141–157.

Weir et al. PNAS Early Edition � 5 of 6

EV
O

LU
TI

O
N

http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0903811106/DCSupplemental/Supplemental_PDF#nameddest=STXT


15. Barker FK (2007) Avifaunal interchange across the Panamanian isthmus: Insights from
Campylorhynchus wrens. Biol J Linn Soc Lond 9:687–702.

16. DaCosta JM, Klicka J (2008) The Great American Interchange in birds: A phylogenetic
perspective with the genus Trogon. Mol Ecol 17:1328–1343.

17. Bermingham E, Martin AP (1998) Comparative mtDNA phylogeography of neotropical
freshwater fishes: Testing shared history to infer the evolutionary landscape of lower
Central America. Mol Ecol 7:499–517.

18. Coates AG, Obando JA (1996) in Evolution and Environment in Tropical America, eds.
Jackson JBC, Budd AF, Coates AG (University of Chicago Press, Chicago), pp. 21–56.

19. Coates AG, et al. (1992) Closure of the Isthmus of Panama: The near shore marine record
of Costa Rica and western Panama. Geol Soc Am Bull 104:814–828.

20. Kirby MX, MacFadden B (2005) Was southern Central America an archipelago or a
peninsula in the middle miocene? A test using land-mammal body size. Palaeogeogr
Palaeocl 228:193–202.

21. Hawkins BA, Diniz-Filho JAF, Jaramillo CA, Soeller SA (2007) Climate, niche conserva-
tism, and the global bird diversity gradient. Am Nat 170:S16–S27.

22. Kreft H, Jetz W (2007) Global patterns and determinants of vascular plant diversity.
Proc Natl Acad Sci USA 104:5925–5930.

23. Ceballos G, Ehrlich PR (2006) Global mammal distributions, biodiversity hotspots, and
conservation. Proc Natl Acad Sci USA 103:19374–19379.

24. Weir JT, Schluter D (2007) The latitudinal gradient in recent speciation and extinction
rates in birds and mammals. Science 315:1928–1933.

25. Irestedt M, Fjeldsa J, Nylander AA, Ericson PGP (2004) Phylogenetic relationships of
typical antbirds (Thamnophilidae) and test of incongruence based on Bayes factors.
BMC Evol Biol 4:23–38.

26. Brumfield RT, Edwards SV (2007) Evolution into and out of the Andes: A Bayesian
analysis of historical diversification in Thamnophilus antshrikes. Evolution 61:346–367.

27. Aleixo A (2002) Molecular systematics and the role of the ‘‘varzea’’-‘‘terra firme’’
ecotone in the diversification of Xiphorhynchus woodcreepers (Aves: Dendrocolapti-
dae). Auk 119:621–640.

28. Irestedt M, Fjeldsa J, Ericson PGP (2004) Phylogenetic relationships of woodcreepers
(Aves: Dendrocolaptinae)—Incongruence between molecular and morphological
data. J Avian Biol 35:280–288.

29. Burns KJ (1997) Molecular systematics of tanagers (Thraupinae): Evolution and bioge-
ography of a diverse radiation of Neotropical birds. Mol Phylogenet Evol 8:334–348.

30. Klicka J, Johnson KP, Lanyon SM (2000) New World nine-primaried oscine relationships:
Constructing a mitochondrial DNA framework. Auk 117:321–336.

31. Burns KJ, Hackett SJ, Klein NK (2002) Phylogenetic relationships and morphological
diversity in Darwin’s finches and their relatives. Evolution 56:1240–1252.

32. Burns KJ, Hackett SJ, Klein NK (2003) Phylogenetic relationships of Neotropical hon-
eycreepers and the evolution of feeding morphology. J Avian Biol 34:360–370.

33. Burns KJ, Naoki K (2004) Molecular phylogenetics and biogeography of Neotropical
tanagers in the genus Tangara. Mol Phylogenet Evol 32:838–854.

34. Lanyon SM, Omland KE (1999) A molecular phylogeny of the blackbirds (Icteridae): Five
lineages revealed by cytochrome-b sequence data. Auk 116:629–639.

35. Omland K, Lanyon S, Fritz S (1999) A molecular phylogeny of the New World Orioles
(Icterus): The importance of dense taxon sampling. Mol Phylogenet Evol 12:224–239.

36. Cadena CD, Cuervo AM, Lanyon SM (2004) Phylogenetic relationships of the red-
bellied grackle (Icteridae: Hypopyrrhus pyrohypogaster) inferred from mitochondrial
DNA sequence data. Condor 106:664–670.

37. Price JJ, Lanyon SM (2002) A robust phylogeny of the oropendolas: Polyphyly revealed
by mitochondrial sequence data. Auk 119:335–348.

38. Price JJ, Lanyon SM (2004) Patterns of song evolution and sexual selection. Behav Ecol
15:485–497.

39. Hackett SJ (1996) Molecular phylogenetics and biogeography of tanagers in the genus
Ramphocelus (Aves). Mol Phylogenet Evol 5:368–382.

40. Johnson KP, Sorenson MD (1998) Comparing molecular evolution in two mitochondrial
protein coding genes (cytochrome b and ND2) in the dabbling ducks (Tribe Anatini).
Mol Phylogenet Evol 10:82–94.

41. Irestedt M, Fjeldsa J, Johansson US, Ericson PGP (2002) Systematic relationships and
biogeography of the tracheophone suboscines (Aves: Passeriformes). Mol Phylogenet
Evol 23:499–512.

42. Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of phylogenetic trees.
Bioinformatics 17:754–755.

43. Drummond AJ, Rambaut A (2007) BEAST, a Program for Bayesian MCMC of Evolution
and Phylogenetics Using Molecular Sequences, v1.4.

44. Drummond AJ, Ho SYW, Phillips MJ, Rambaut (2006) A relaxed phylogenetics and
dating with confidence. PLOS Biol 4:e88.

45. Weir JT, Schluter D (2008) Calibrating the avian molecular clock. Mol Ecol 17:2321–
2328.

46. Pagel M (1994) Detecting correlated evolution on phylogenies: A general method for
the comparative analysis of discrete characters. P R Soc B 255:37–45.

47. Harmon LJ, Weir JT, Brock C, Glor RE, Challenger W (2008) GEIGER: Investigating
evolutionary radiations. Bioinformatics 24:129–131.

48. Weir JT (2006) Divergent timing and patterns of species accumulation in lowland and
highland Neotropical birds. Evolution 60:842–855.

49. Maddison WP, Maddison DR (2006) Mesquite: A modular system for evolutionary
analysis, v1.12.

6 of 6 � www.pnas.org�cgi�doi�10.1073�pnas.0903811106 Weir et al.


