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SUMMARY

The spatial and temporal dynamics of biodiversity are shaped by complex interactions among species char-
acteristics and geographic processes. A key example is the effect of dispersal on geographical range expan-
sion and gene flow, both of which may determine speciation rates. In this study, we constructed a time-cali-
brated phylogeny of over 9,000 bird species and leveraged extensive data on avian traits and spatial
occurrence to explore the connections between dispersal, biogeography, and speciation. Phylogenetic
path analyses and trait-dependent diversification models reveal that geographic range size is strongly asso-
ciated with the hand-wing index, a proxy for wing aspect ratio related to flight efficiency and dispersal ability.
By contrast, we found mixed evidence for the effect of dispersal on diversification rates: dispersive lineages
show either slightly higher speciation rates or higher extinction rates. Our results therefore suggest that high
dispersal ability increases range expansion and turnover, perhaps because dispersive lineages expand into
islands or other geographically restricted environments and have lower population sizes. Our results high-
light the nuanced and interconnected roles of dispersal and range size in shaping global patterns of avian
diversification and biogeography and provide a richly sampled phylogenetic template for exploring a wide

array of research questions in macroecology and macroevolution.

INTRODUCTION

The inter-relationships among dispersal, geographic range size,
and speciation are complex yet fundamental to our understand-
ing of macroecological and macroevolutionary patterns in biodi-
versity '™ (Figure 1). Dispersal influences geographic range size,
as more dispersive species tend to occur across a wider area
due to higher rates of range expansion and colonization.””’
Speciation, by contrast, typically results in the breakup of wide-
spread ancestral geographic ranges into ranges constrained to a
more limited geographical area.®*°

Dispersal is proposed to affect speciation in two contrasting
ways. On one hand, higher rates of dispersal can reduce the
chances of vicariant speciation if dispersing individuals boost
rates of gene flow, inhibiting population differentiation.’®'" On
the other hand, the capacity to cross geographical barriers and
colonize new regions introduces a potential positive effect
of dispersal on peripatric speciation.>*'? This dual effect
of dispersal on speciation may result in a trade-off whereby

speciation rates peak at intermediate levels of dispersal.’™'®
Poor dispersers may remain as isolated geographic endemics
with little chance of further speciation, while the most dispersive
species would undergo little genetic differentiation across their
extensive geographic ranges owing to the homogenizing effect
of gene flow. Only species with intermediate dispersal capabil-
ities would experience cycles of colonization and isolation that
maximize the chances of speciation.’®>'® Recent theoretical
studies based on population genetic models in a two-island
setting’® and spatial-explicit individual-based simulations'”
demonstrated the plausibility of the intermediate dispersal
model under basic conditions, suggesting that the pattern could
be widespread in nature. However, previous analyses that have
attempted to test this speciation cycle model were restricted to
narrow taxonomic groups or geographic regions, ¢ primarily
because standardized estimates of dispersal, range size, and
rates of speciation are generally not available at sufficient scale.

In this study, we use global datasets of biogeography
and functional traits®® together with a newly assembled
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Figure 1. Hypothetical interactions between dispersal, geography, and speciation
(A) Conceptual representation of the speciation cycle in the context of organismal dispersal and geographical dynamics. Colored shapes depict geographical
ranges, and red arrows indicate dispersal driving gene flow within or between ranges and colonization of new ranges. The formation of new species can be driven

by vicariance (teal) or founder events (orange).

(B) Predicted cause-effect interactions among dispersal, geographic range size, and speciation based on the conceptual model.

time-calibrated phylogeny to investigate the interplay between
dispersal, range size, and speciation rates in birds. Capitalizing
on rapid growth of genomic resources and high-quality molecu-
lar phylogenies, we assembled a new time tree of birds to
generate updated estimates of diversification rates. To estimate
dispersal ability, we used two classic morphological proxies:
body mass and hand-wing index (HWI). Body mass influences
dispersal because large animals tend to have increased locomo-
tor capacity, move over longer distances, and are more resilient
during transit and establishment.?'2® HWI is a proxy of wing
aspect ratio known to predict dispersal ability and gap-crossing
potential in birds because of its association with flight effi-
ciency.?*2® We also incorporated two geographic factors: lati-
tude of the geographical range (correlated with temperature
and seasonality) and the association with islands (linked to con-
straints on range size and dispersal). We then analyzed interac-
tions among these factors using phylogenetic comparative
methods and diversification models®”*® to assess key predic-
tions of the speciation cycle (Figure 1).

RESULTS

An expanded and updated time tree of birds

We assembled a time-scaled phylogeny of 9,072 bird species,
spanning over 80% of avian species diversity, including recently
extinct species (Figure 2; STAR Methods). This sample expands
the size of earlier trees based on DNA supermatrices®®° by an
additional 2,402-2,358 species with molecular data (35%-36%
more). Topological accuracy is also expected to be higher
in this new tree compared with previous trees assembled
using stochastic addition of missing taxa.’®*' Some relation-
ships among major groups are better resolved, including the po-
sition of Tinamidae within®® rather than sister®® to ratites. Esti-
mated divergence times generally agree with recent estimates
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using whole genomes and quantitatively derived calibration
priors.>*=*° For example, the split between Anseriformes and
Galliformes is estimated at 67.7 Ma, and the beginning of the
rapid radiation of Neoaves at 70.6 Ma, near the Cretaceous-
Paleogene boundary, in alignment with 68.2 and 67.4 Ma,
respectively, as reported in the whole-genome time tree.*® Other
bird phylogenies generally estimate older ages for these two
events.*>®! Perhaps most importantly, all branch lengths in our
tree are derived from DNA sequence data, with no use of interpo-
lation or averaging, unlike other comprehensive avian time
trees.>**! This provides a solid phylogenetic template suited
for the analyses of diversification rates.

New speciation rate estimates for birds

We estimated lineage-specific speciation rates across the new
time tree using the ClaDS2 method®® (Figure 2B). Estimates
spanned three orders of magnitude, from as low as 0.014 line-
ages/Ma in the Greater Rhea (Rhea americana) lineage to as
high as 2.98 lineages/Ma in the Tawny-bellied Seedeater (Spor-
ophila hypoxantha) lineage (Figure 2B). Other lineages that
showed very low (<0.02 Ma~") speciation rates included large
ratites (Casuarius, Dromaius, and Struthio), the Sunbittern (Eury-
pyga helias), the Kagu (Rhynochetos jubatus), the Brown Mesite
(Mesitornis unicolor), and some finfoots (Heliornithidae), wood
hoopoes (Phoeniculidae), ground cuckoos (Dromococcyx and
Tapera, Cuculidae), and darters (Anhingidae). At the other
extreme, lineages producing more than one species per million
years can be found among capuchino seedeaters (Sporophila,
Thraupidae), indigobirds (Vidua, Viduidae), ground finches
(Geospiza, Thraupidae), white-eyes (Zosterops, Zosteropidae),
Pyrrhura parakeets and Trichoglossus lorikeets (Psittaciformes),
Anas ducks (Anatidae), and Larus gulls (Laridae). These
groups can be considered the true “great speciators” among
birds.
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Figure 2. A new time tree for the world’s birds

(A) Visual summary of methods used to assemble a composite time-calibrated tree of birds. A “backbone” tree of avian families was inferred by maximum
likelihood (ML) using sequences of recombination activating genes 1 and 2, which was then time-scaled using 33 calibration densities (red) derived empirically
from the fossil record. Species-level phylogenies of 47 subclades were obtained from previous studies or inferred using GenBank mining algorithms (phPHLAWD)
and ML inference and then time-scaled using node age information from the calibrated backbone tree. Subclade trees were then grafted into the backbone tree to
assembile the final tree of 9,072 bird species, representing 80% of all bird species (35% more than previous sequence-based global bird trees). Key software and
algorithms are stated in italics.

(B) Time-calibrated phylogeny of the world’s birds showing lineage-specific speciation rates estimated using the ClaDS2 method.*® The colored circle marks
major clades following Braun et al.?” except that, for simplicity, Aequornithes includes Phaethontimorphae, Opisthocomiformes is included in Cursorimorphae,
and Passeriformes is separated from the more inclusive Australaves. lllustrations represent clades that experienced the lowest (blue) and the highest (red) rates of
speciation. The latter can be considered “the great speciators” of the avian world. Bird images counterclockwise from the rightmost point: Rhea americana (Eric
Kilby, CC BY-SA 2.0), Anas platyrhynchos (Rvalette, CC BY-SA 3.0), Mesitornis unicolor (M.A.P.C. Des Murs, public domain), Larus fuscus (Rawpixel, CC BY-SA
4.0), Eurypyga helias (Rvalette, CC BY-SA 3.0), Pyrrhura lucianii (F.-L. Laporte, public domain), Trichoglossus haematodus (J. Smit, public domain), Zosterops
maderaspatanus (J.G. Keulemans, public domain), Vidua chalybeata (B. Dupont, CC BY-SA 2.0), Geospiza fortis (J. Gould, public domain), and Sporophila
hypoxantha (H. Bottai, CC BY-SA 3.0), all sourced from Wikimedia Commons.

(C) Global map of average speciation rates in birds. Lineage-specific speciation rates estimated using the new time tree and the ClaDS2 algorithm were projected
on the species geographic range map (from BirdLife International 2019.1) and averaged at the 1° x 1° scale. Squares with fewer than 15 species were omitted

(gray).

Geographic patterns of variation in lineage-specific speciation
rates show higher average rates in colder regions both at high
latitudes and high elevations, including the tundra and boreal for-
est of the Holarctic, the Patagonian and central Asian steppes,
and the high Andes of South America (Figure 2C). North America
and Oceania also show high speciation rates, whereas the Pale-
otropics (Afrotropics and tropical South and Southeast Asia)
show low average speciation rates.

Phylogenetic signal and covariation

Most factors analyzed, with the exception of speciation rates,
showed moderate to high levels of phylogenetic inertia, as esti-
mated from a lambda model of trait evolution (Table S1). We
found high phylogenetic signal in body mass (log-transformed,
lambda = 0.99) and HWI (0.96). Absolute latitude had slightly
lower levels of phylogenetic signal (0.91), and geographic range
size (log-transformed) had the lowest levels (0.68), as expected
given that range size does not evolve in a Brownian fashion.®*°
Speciation rates were best explained by a speciational model

of trait evolution in which the amount of change is not propor-
tional to time but proportional to the number of speciation events
along lineages. Bivariate relationships do not reveal strong linear
associations among factors (Figure 3). Consistent with the phylo-
genetic signal analysis, values for body mass and HWI were
taxonomically clustered, with major clades occupying distinct
portions of morphospace (Figure 3).

Interactions among macroevolutionary and
macroecological factors

To test hypotheses about causal effects among dispersal traits
and geographic factors in the speciation cycle, we conducted
a phylogenetic path analysis. The results revealed substantial
differences in effects (Figure 4). The HWI had a strong positive ef-
fect on geographic range size, as reported previously,’® and a
small but statistically significant positive effect on speciation
rates. Body mass, by contrast, had a negative effect on range
size and no effect on speciation rates. We found that speciation
reduces geographic range size, in line with predictions.
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Figure 3. Covariation among dispersal, geography, and speciation rates in birds
Bivariate relationships among dispersal proxies (HWI and body mass), geographic settings (latitude and island dwelling), geographic range size, and speciation
rates in 8,740 species of birds. Colors representing major avian clades follow the schema in Figure 2.

However, we found no significant evidence for an effect of range
size on speciation rates (Figure 4; Table S2), although this rela-
tionship is inherently difficult to detect (see discussion).

Geographic covariates were also influential: higher latitudes
were associated with higher HWI, greater body mass, and larger
range size, in agreement with recent macroecological ana-
lyses,”® Bergmann’s rule,”" and Rapoport’s rule,*” respectively
(Figure 4; Table S2). Island dwelling was associated with smaller
range sizes, lower HWI, and higher speciation rates. Overall, the
strongest effects were on geographic range size, whereas ef-
fects on speciation rates were of small magnitude (<0.05) and
often not statistically significant (Figure 4; Table S2). A sensitivity
analysis using an alternative definition of island dwelling, in which
we used the proportion of the species distribution that occurs on
islands smaller than 2,000 km?, produced remarkably similar re-
sults except for a general attenuation of the effect of island dis-
tribution (Figure S1).

To provide a preliminary assessment of variation in clade-spe-
cific mechanisms, we re-ran analyses on two phenotypically and
ecologically different subclades: (1) the order Passeriformes,
composed of mostly small non-aquatic species, and (2) a clade
of larger, predominantly aquatic birds, including shorebirds,
gulls, and terns (Charadriiformes); rails and cranes (Gruiformes);
and penguins, petrels, storks, pelicans, cormorants, herons, and

4 Current Biology 35, 1-13, August 18, 2025

allies (Aequornithes). The results for Passeriformes were very
similar to those found across all birds, except for a reduction in
the effects of the HWI on range size and speciation, the latter
no longer significant (Figure S1). Waterbirds showed decreased
effects of HWI and body mass on range size to the extent that the
relationships were no longer statistically significant (Figure S2).
Perhaps most notably, body mass had a moderate positive ef-
fect on speciation rates in waterbirds. Other effects remained
similar to those found across all birds.

How dispersal and biogeography influence
diversification rates

To assess in more detail how dispersal traits and geographic fac-
tors influence speciation and extinction, we used quantitative-
state speciation and extinction (QuaSSE) models.** While path
analysis only considers linear relationships among factors,
QuaSSE considers different functional relationships between
quantitative traits and rates of speciation and extinction, allowing
for an evaluation of the intermediate dispersal model (STAR
Methods). We found no evidence that intermediate dispersal
promotes speciation using either of our dispersal proxies (body
mass and HWI). Speciation rates increased with body mass
(Figure 5A), but extinction rates increased even more rapidly so
that net diversification rates peaked at 20 g and then declined
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Figure 4. Phylogenetic path analysis of macroecological and macroevolutionary factors in birds

(A) Graph showing paths (arrows) and associated path coefficients representing the direction and strength of the effects of one factor on another. Arrow thickness
is proportional to the magnitude of the effect (path coefficient), and arrow color indicates the direction of the effect: positive (blue) or negative (red). Body mass,
geographic range size, and speciation rates were log-transformed. Latitude refers to absolute latitude.

(B) Standardized path coefficients with confidence intervals for each path. “HWI” is the hand-wing index, a proxy for flight efficiency and dispersal ability. “Range
size” is the geographic range size. The dot color indicates the direction and statistical significance of the effect based on the confidence interval: positive (blue),

negative (red), or statistically not different from zero (gray) (Table S2).
See also Figures S1 and S2 and Table S2.

for larger birds (Figure 5A). HWI did not influence speciation
rates, but extinction rates increased for HWI >25, bringing the
relative extinction rate to 0.68 and halving the net diversification
rate (Figure 5B). Diversification rates were essentially constant
across latitudes.

The effect of islands was evaluated using hidden-state speci-
ation and extinction (HISSE) models, which examine the effect of
binary traits on diversification rates while allowing rates to be
affected by additional unmeasured (“hidden”) states.** Specia-
tion rates increased from 0.14 Ma~" for continental species to
0.27 Ma~" for island endemics (Figure 5D). However, extinction
also increased from 0 to 0.22 Ma~" on islands, resulting in a
decrease in the net rate of diversification (Figure 5D). When we
re-ran these analyses with a narrower definition of island dwell-
ing, we found again that extinction rates increased even higher
for species occurring on very small islands (<2,000 km?), result-
ing in negative net diversification rates (Figure S3). Finally, both
speciation and extinction changed dramatically with geographic
range size. Speciation rates were high (0.31 lineages/Ma) for
range sizes <1 million km? but low (0.02) for larger ranges.
Extinction was fairly low for range sizes >22,000 km? but jumped
to 0.5 lineages/Ma in smaller ranges, again resulting in negative
net diversification rates (Figure 5E). Only lineages with intermedi-
ate range sizes had high net diversification rates (Figure 5E).

Because QuaSSE models are prone to false positives,*® we
ran sensitivity analyses using two more conservative techniques.
First, we used HiSSE models on discretized versions of our
continuous factors. For body mass, HWI, and latitude, char-
acter-independent diversification (CID) models were superior
(Table S7). For geographic range size, we used a model that
takes into account the splitting of geographic ranges during
speciation, designed to detect the effect of speciation on range
size while avoiding the cofounding association between specia-
tion and small ranges that are the result, not the cause, of high

speciation rates.*® This model was better than the correspond-
ing character-independent models and suggested a reduction
in speciation rates for widespread lineages, in line with the
QuaSSE results, although the magnitude of the reduction was
small (0.20-0.18 Ma~'; Figure S4). Second, we evaluated the
statistical significance of linear correlations between traits and
species-specific speciation rates using the ES-sim method, a
semi-parametric method based on trait evolution simulations.*®
Using our ClaDS estimates of species-specific speciation rates
and fast Brownian motion simulations, we found statistically sig-
nificant linear effects on speciation for geographic range size and
percent of island distribution (Figure S5).

DISCUSSION

We present the first comprehensive study of the interplay be-
tween dispersal ability, geographic range size, and speciation
rates in a major vertebrate radiation. We assembled a phylogeny
of 9,072 bird species using a fossil-calibrated backbone tree and
47 species-level phylogenies that provide an improved frame-
work for analyzing diversification rates in birds. The results pro-
vide strong evidence for the effect of dispersal on geographic
range size in birds, concordant with previous studies.’*%“® In
particular, we found a strong positive effect of HWI on
geographic range size. Because of its direct relationship with
wing aspect ratio, HWI reflects the aerodynamic efficiency of
flight*’~*° and has been shown to predict natal dispersal dis-
tances,”*?%°° as well as the ability to cross fragmented land-
scapes®’ and other dispersal barriers.'°? Therefore, our results
confirm that locomotor capacity, and flight efficiency in partic-
ular, has a strong effect on range expansion and ultimately range
size in birds.

By contrast, the effect of body mass on geographic range size
was not only small but negative (Figure 5). This contrasts with the
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See also Figures S3-S5 and Tables S3-57.

classic macroecological expectation that body mass and range
size will be positively related as a result of fewer large species
with small ranges, resulting in a triangular pattern in a log-log
plot."*® While the triangular pattern is apparent in our data
(Figure 3), we still found a negative effect of body mass on range
size (Figure 4). We suggest that the triangular pattern may be pro-
duced by the independent effects of (1) the low number of large
species and (2) a left-skewed distribution of range sizes. The
gradual scarcity of larger species is reflected in the right-skew dis-
tribution of log-transformed body masses,>® a pervasive pattern in
macroecology that could be explained by higher extinction risk
among larger species.® Once log-transformed, geographic range
sizes tend to show a left skew,® a pattern that may be produced by
the effect of speciation splitting ancestral ranges® (see also next
section). The combination of left-skewed log-range sizes and
right-skewed log-body masses alone can generate a triangular
pattern. As a demonstration, we produced a plot by randomizing
body masses across species, and we recovered a strong triangular
pattern (Figure 6). Therefore, it is plausible that a combination of
extinction reducing the number of large species and speciation
reducing range size, acting independently, creates the triangular
pattern without the need for body mass to influence range size
or other more complex explanations. '+27+%°
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Range size as a consequence, not a driver of speciation
We found a negative effect of speciation on geographic range
size, as expected given the predominance of a vicariant mode
of speciation in birds, whereby the speciation process splits
ancestral ranges, resulting in smaller ranges for daughter spe-
cies.®? By contrast, we did not find that larger geographic ranges
result in higher speciation rates. Path analysis did not detect a
significant effect of geographic range size on speciation rates,
and trait-dependent diversification modeling indicated lower
speciation rates among widespread lineages. On the other
hand, we detected a spike in extinction rates for lineages with
very small ranges, resulting in negative net rates of diversifica-
tion. This is expected due to elevated extinction risk in small pop-
ulations due to ongoing decreasing trends, demographic sto-
chasticity, genetic meltdown, or Allee effects.

Assessing the effect of geographic range size on speciation is
difficult because the process of speciation links speciation and
geographic range evolution in a way that is not well captured
with either path analysis or QuaSSE models. In particular,
because speciation rates are based on information from the
past (phylogenetic history) and geographic range sizes are as-
sessed in the present, causes and effects may be difficult to
disentangle. For example, recent allopatric speciation events
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Figure 6. Triangular relationship between body mass and range size
The triangular pattern in the relationship between body mass and geographic
range size (both in logarithmic scale) was recreated with a randomized sample
in which the original distributions of both body mass (top) and range size (left)
were preserved but the species identity was scrambled. Therefore, this
widespread pattern need not necessarily arise from a mechanistic interaction
between body mass and range size and may instead be an effect of the
scarcity of large-bodied birds and very small distributions. lllustrated birds are
the smallest bird, the Bee Hummingbird (Mellisuga helenae, modified from a
photo by E. Chernetsova, CC BY 2.0 via Wikimedia Commons), and one of the
largest birds, the Greater Rhea (Rhea americana, modified from a photo by E.
Kilby, CC BY-SA 2.0, via Wikimedia Commons, not at scale).

resulting in multiple modern-day lineages with small geograph-
ical ranges may be interpreted by linear modeling as an effect
of small geographic ranges stimulating speciation.*® QuaSSE
models provide more explicit tests of cause-effect relationships
but assume a Brownian model of trait evolution, which does not
capture the abrupt and unidirectional shifts in range size associ-
ated with speciation events. Nonetheless, we also detected
lower speciation rates in lineages with large range sizes using
an alternative method>° that explicitly accounts for the reduction
of ranges produced by speciation, albeit at the cost of modeling
range size as a discrete binary trait (small versus large).

Another limitation of current trait-dependent diversification
models is that they consider a single factor, whereas diversifica-
tion dynamics are typically shaped by a variety of factors, leading
to multiple indirect effects that can confound results. For
example, higher speciation rates among narrowly distributed lin-
eages (Figure 5) may reflect occurrence on islands, so high
speciation rates may arise due to isolation, not range size. Simi-
larly, lower speciation rates among some widespread lineages
may reflect high dispersal ability, which promotes gene flow
across geographic barriers, impeding speciation. We suggest
that the effect of range size on speciation rates varies according
to species traits and that speciation cycles can proceed along
different pathways depending on geographic context.

The effect of dispersal ability on speciation is complex

At a global scale, we found no consistent effect of dispersal abil-
ity on diversification rates. Flightless (ratites and penguins) and
some near-flightless species (ground cuckoos, lyrebirds, and
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rockfowls) show low speciation rates, but other near-flightless
groups, such as Scytalopus tapaculos, show relatively high
speciation rates (see also Cadena et al.*®). In addition, lineages
with more efficient flight were not consistently associated with
lower speciation rates (Figure 3). State-dependent models
(QuaSSE and HiSSE) did not detect effects of wing shape on
speciation rates, while path analysis detected slight but signifi-
cant increases in speciation among lineages with stronger flight
capacity (Figures 4 and 5). These results suggest that, if any-
thing, higher dispersal ability stimulates speciation, in agreement
with some previous studies®*'%°” but in contrast with others
that have shown negative relationships between dispersal and
diversification.'®'®

As with other mechanisms investigated here, the relationship
between dispersal ability and diversification may be affected
by sampling biases and geographical context.*'® In continuous
landscapes with high connectivity, even low levels of dispersal
can inhibit speciation, whereas in fragmented landscapes,
dispersal may stimulate speciation.”®>"” For example, ovenbirds
and woodcreepers (Furnariidae) that have diversified mostly
within the South American continent show a negative relation-
ship between dispersal ability and speciation rates.”> By
contrast, honeyeaters (Meliphagidae) that diversified across
Australasian archipelagos show a positive relationship between
dispersal ability and speciation rates.'®

Overall, the weak positive effects of dispersal on speciation at
a global scale may be due to an increase in diversification related
to colonization of new continents or oceanic archipelagos facili-
tated by high dispersal ability,'®°®°° an effect that may not be
apparent at smaller regional or taxonomic scales.®®®? Birds
that have colonized the most isolated islands, in particular,
tend to have more efficient flight capabilities® but subsequently
may experience elevated levels of isolation and evolution toward
reduced flight capacity,®® two factors that may stimulate speci-
ation.®* For example, oceanic birds such as albatrosses and pe-
trels that breed in isolated oceanic islands can travel long dis-
tances but are highly philopatric, and their highly efficient flight
may not compensate for the isolation of their breeding grounds,
leading to low levels of gene flow across populations. An addi-
tional pathway to speciation for lineages with efficient flight is
via migratory drop-offs, in which migratory birds establish a
breeding population in their wintering ground and then become
isolated from the original breeding population.®>%®

In addition to the effect of speciation after colonization, we
propose an alternative explanation for why high dispersal ability
may be associated with high speciation even in vicariant speci-
ation scenarios. Recent comparative studies in birds suggest
that more dispersive species tend to live at lower densities and
have smaller population sizes.”®®” Among British and North
American birds, there is a negative correlation between popula-
tion size and both natal dispersal distances and the HWI,?**°
and dispersal ability tends to be higher in dry and cold regions,*°
where bird population densities are lower.®® Lower population
levels may increase extinction rates of these lineages and poten-
tially increase speciation rates because the effect of gene flow on
population differentiation depends on the absolute number of
migrants.®®’® Thus, even though per capita dispersal rates
may be high for highly dispersive species, levels of gene flow
may be relatively low due to lower population size. This
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effect may explain why population genetic studies have not
consistently found the expected negative relationship between
dispersal ability and genetic differentiation”'~"® and why rates
of speciation remain relatively stable across a wide range of
dispersal capabilities (Figures 3 and 5).

Geographic drivers of diversification

We detected a strong effect of island dwelling on diversification
(Figures 4 and 5D). Although the effect was of small magnitude in
the path analysis (0.02), trait-dependent diversification modeling
revealed a substantial increase in both speciation and extinction
in island birds. Because the increase in extinction rates was of
greater magnitude, island birds experienced higher speciation
but lower net diversification rates (Figure 5D). This result is
consistent with the widespread heightened vulnerability to
extinction among island birds due to their sensitivity to anthropo-
genic and natural threats arising from a range of factors, such as
small population sizes, population isolation, and vulnerability to
invasive predators, competitors, and parasites.®*"*¢

By contrast, latitude did not affect diversification rates. Across
our different modeling techniques, speciation (and extinction)
rates remained constant across latitudes (Figures 4 and 5D).
These results broadly align with recent studies showing minimal
effects of latitude on speciation rates.””~"® The projection of line-
age-specific speciation rates on a map shows the average
speciation rate increasing toward high latitudes (Figure 2), but
the pattern is more complex than a latitudinal trend, potentially
resulting from other factors, such as wing shape and dispersal
ability,”® that covary with latitude and may affect speciation
rates.

Overall, the effects of dispersal and geographic factors on
speciation rates were small (Figure 4). One possibility is that
these factors, although influential, are not the main drivers of
speciation. Speciation may instead be driven by abiotic pro-
cesses controlling the dynamics of range expansion and the for-
mation of geographic barriers that trigger speciation.®®** For
example, the signature of dispersal traits could be erased by cli-
matic events triggering habitat expansion and the passive trans-
portation of species from one region to another or across a pre-
vious barrier. This view is supported by mounting evidence
highlighting the effect of habitat types, habitat distribution, and
the dynamism of geographic barriers on population genetic dif-
ferentiation and speciation.”"81:85-86

Alternatively, dispersal and geography may be important fac-
tors regulating speciation, but our estimates of speciation rates
may not be sufficiently accurate to recover these relationships.
Although the ClaDS2 algorithm accounts for missing species, it
only accounts for extinction indirectly by assuming a constant
turnover rate.®® Turnover may be constant if rates of speciation
and extinction are positively correlated, as often proposed.®”%®
Indeed, such a correlation is predicted under the classic model
of speciation cycles, as speciation-induced subdivision of
ancestral geographic ranges results in smaller populations that
are more prone to extinction, producing a negative feed-
back,”®%%” and it also emerges in spatially explicit individual-
based simulations of diversification.’” However, turnover rates
may not be constant across birds, as shown in our QuaSSE
models (Figure 5). This highlights the need to estimate extinction
rates independently to assess whether they are influenced by
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dispersal traits or biogeography and to study how extinction
may shape variation in body size and range size across species,
potentially leading to some classic macroecological and macro-
evolutionary patterns.”?”**"7 Finally, speciation rate estimates
may be affected by errors or biases in the phylogenetic tree. In
particular, estimates of speciation and extinction rates depend
heavily on the length of the terminal branches of phylogenies,
which are often subject to biases due to sequencing error, intro-
gression, missing lineages, and gene-tree species-tree discor-
dance.?>®? Methodological advances on these fronts are
required to enable more robust tests of macroevolutionary hy-
potheses linking dispersal traits, biogeography, and rates of
speciation and extinction.

Conclusions

Using global-scale analyses based on a time tree of over 9,000
bird species, we found a strong positive relationship between
dispersal ability and geographic range size, supporting a prom-
inent role of flight efficiency in avian range expansion.”® In
contrast, we found a negative effect of speciation on geographic
range size, revealing the footprint of recent speciation history on
current geographical distributions. Speciation rates were slightly
higher among dispersive lineages, which may be caused by
speciation after dispersal or due to lower population sizes
among dispersive lineages reducing levels of gene flow and
enhancing their chances of speciation. We conclude that the
macro-scale interplay between dispersal, geographic range
size, and speciation is characterized by complex cause-effect
asymmetries in which geographic range size is an outcome of
dispersal and speciation, whereas variation in speciation rates
may be driven by additional factors, including population size,
climate, and geological history. This study opens new avenues
of research into the origins and structure of global bird diversity
and also provides an expanded and updated phylogenetic
framework for addressing current and future challenges in mac-
roecology and macroevolution.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

To generate a backbone tree of avian families, we compiled an alignment of sequences of Recombination Activation Genes (RAG) 1
and 2. We started with the alignment from Claramunt & Cracraft,>* adding 2 crocodilians as outgroup and an additional 23 samples to
complete the family-level coverage. The additional samples were obtained from GenBank or sequenced at the American Museum of
Natural History and the Royal Ontario Museum from frozen tissue collections.

Phylogenies of subclades were obtained from previous studies or newly inferred from sequences deposited in GenBank as follow.
We used high-quality phylogenetic trees of bird groups that were as complete as possible, including those of the Tinamidae,'°”
Galliformes,'°® Charadriiformes,'°° Coraciiformes, ' '° Picidae, "' Psittaciformes,''* Tyranni,”' Melliphagidae,''® Corvides,*° Sylvioi-
dea,’"* Alaudidae,''® Pycnonotidae, ' '® Ploceidae, " Estrildidae,''® and Emberizoidea.''® See the Zenodo data supplement for a full
list source references for phylogenetic information (Zenodo: https://10.5281/zenodo.13377013).

We obtained data on average Hand-wing index, body mass, centroid latitude, and geographic range size from the AVONET data-
base.?° Body mass was originally based on Dunning, '2° with updates from primary and secondary literature.®' Geographic range
size was calculated for breeding and resident ranges of extant, native or reintroduced species, based on 2018 maps published
by BirdLife International. Island dwelling was based on the classification of island endemic birds from Sayol et al.®®> We also conduct-
ed alterative analysis using the percentage of species distribution that occurs on islands, obtained from Sheard et al.*°

METHOD DETAILS

For additional samples, DNA was extracted from frozen collections using DNeasy Blood and Tissue kits (Qiagen). Target sequences
were amplified via PCR using previous protocols and primers for RAG1 and RAG2 sequencing.'?*~'?* PCR products were cleaned
and cycle sequenced with dye terminator chemistry and run in Applied Biosystems genetic analyzers. The alignment of 324 terminals
and 4,068 sites was assembled in Mesquite 3.4° and is provided in the data supplement, along with information on museum
vouchers and GenBank accession numbers (Zenodo: https://10.5281/zenodo.13377013). The average percentage of missing,
gap or ambiguous sites was 5%, and only 8 species were more than 50% incomplete, lacking sequences of the longer RAG1 gene.

QUANTIFICATION AND STATISTICAL ANALYSIS

A new time-tree of the world’s birds
We generated a large-scale time-tree of modern birds using a sequential approach. We first estimated a time-calibrated backbone
tree including at least one representative of all extant bird families using the alignment of RAG1 and RAG2 sequences. We inferred a
maximum likelihood phylogram in IQ-TREE®® using automatic identification of an optimal partitioning scheme (by gene and codon
position) and nucleotide substitution model (ModelFinder algorithm'?°). We provided a reference partial topology to enforce the
monophyly of calibration clades and other clades that are strongly supported by recent phylogenomic analyses.®%'2%:127

We derived time-calibration information empirically from the fossil record using estimators of the lower bounds of truncated dis-
tributions.'® We selected 33 calibration nodes distributed across all major subclades of birds, based on strong evidence of clade
monophyly and the existence of high-quality old fossils.'*® We then recorded the first fossil occurrence of each calibration clade
on each continent in order to obtain a sample of the first occurrences for each clade.®* Using the CladeDate package® in R,”” we
generated point estimates and confidence intervals for the age of the calibration nodes based on the fossil record of each clade.
We transformed the phylogram into a time-calibrated ultrametric tree with the function chronos in the R package ape 5.6°° using
a mixture model of discrete rate categories as a relaxed molecular clock and estimates of the ages of 33 clades as calibration points.

Finally, we augmented the backbone tree by adding species-level phylogenies obtained from previous studies or newly inferred
from GenBank sequence data. For the latter, we constructed multilocus alignments using PyPHLAWD in Python,?® and inferred
maximum likelihood trees with IQ-TREE. To time-calibrate these subtrees, we used chronos with a fixed age constraint on a node
shared with the calibrated backbone. For subtrees based on calibrated Bayesian time-trees, we rescaled branch lengths to match
the age of a corresponding node in our backbone. We then grafted the resulting subtrees into the backbone tree.

Lineage-specific speciation rates
We estimated lineage-specific speciation rates using the Bayesian ClaDS2 algorithm.*® ClaDS2 assumes that each branch of the tree
has its own speciation rate, and that the turnover (extinction/speciation) is constant. We used the Julia 1.9'°° implementation of
ClaDS2 in the PANDA package, which relies on data augmentation to account for unsampled species.*® We calculated family-level
sampling fractions by dividing the number of species included in the tree by the total number of species in the eBird/Clements
taxonomy.'°

We then projected speciation rates on a world map using the raster v3.6 R package'®" at the 1°x1° scale using the 2019.1 BirdLife
International range maps for resident and breeding populations. To avoid visual distortions, under-sampled grid cells with fewer than
15 species were omitted.
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Dispersal proxies and geographic data

To assess the dispersal propensity of species we used two proxies: body mass and Hand-wing index (HWI). HWI is a proxy for wing
aspect ratio expressing the relationship between the length and the width of the hand portion of the wing. The wing length (WL) is the
distance from the carpal joint to the tip of longest primary wing feather. Wing width (S7) can be measured either directly as the dis-
tance from the carpal joint to the tip of the first (most distal) secondary feather or indirectly (relative to WL) by measuring Kipp’s dis-
tance, the distance from the tip of the longest primary feather to the tip of the first secondary (Ky). In the latter case the Hand-wing
index is 100*Ky/WL. Body mass is a single estimate, averaged where possible between males and females. Island dwelling from
Sayol et al.® was included in analyses as a discrete binary variable. We also conducted alternative analyses using a low threshold
island size of 2,000 km? to capture changes in eco-evolutionary dynamics associated with small islands, including increased extinc-
tion risk'®" and absence of intra-island speciation.'*? For this alternative analysis, the percentage of species distribution that occurs
on islands was obtained from Sheard et al.*’ and treated as a continuous variable.

Phylogenetic Linear Models

We evaluated models of trait evolution and the strength of phylogenetic inertia for continuous dispersal traits and geographic factors
using intercept-only models in the R package phyloim 2.6.2."% We compared models using the Akaike Information Criterion (AIC) and
model selection techniques (Table S1)."%"3* We log-transformed body mass, geographic range size, and speciation rates to better
conform with model assumptions of homoscedasticity and lack of bounds (e.g. rates bounded at zero). The absolute value of latitude
was used to reflect change from tropical to polar regardless of hemisphere.

We then evaluated causal models of the relationships between factors using phylogenetic path analysis'>° with the R package phy-
lopath v.1.1.3.7% Phylogenetic non-independence of model residuals was modelled using a lambda-transformation of branch
lengths ' controlling for levels of phylogenetic inertia, with lambda estimated together with other model parameters.'®” We evalu-
ated two models; in both, the two dispersal proxies (body mass and the Hand-wing index) affect speciation rate and geographic
range size. In one model, the speciation rate affects geographic range size, whereas in the alternative model geographic range
size affects the speciation rate. In both models, these four factors are affected by the two geographical covariates—latitude and is-
land dwelling. As before, body mass, geographic range size, and speciation rates were log-transformed.

We did not model an effect of body mass on the Hand-wing index because body size is not expected to be related to a size-free
shape variable such as the Hand-wing index; both small and large birds can have either very low or very high aspect ratio wings and
the slope of a regression of log-body mass on HWI was not statistically different from zero (coefficient = -0.061, t = -0.21, P = 0.83).
Phylopath uses the phylolm function to model causal effects, for which we used a ‘lambda’ correlation structure. The goodness of fit
of alternative models was evaluated using the d-separation test based on Fisher’s C statistic and a Chi-square distribution with 2
degrees of freedom.'®> We then compared models and estimated model-averaged parameters using a modified version of the
Akaike Information Criterion based on the C statistic (CICc).'%%%°

To evaluate the sensitivity of the model to variations in taxonomic scale, and to assess whether our results are robust to ecological
differences among clades, we repeated the analyses for two contrasting groups: passerine birds (order Passeriformes), representing
small, land-based, and sedentary species, and a clade of largely aquatic birds including shorebirds, gulls, and terns (Charadrii-
formes), rails and cranes (Gruiformes), and a diverse array of aquatic and marine birds (Aequornithes).

Trait-dependent speciation and extinction

We analyzed how factors influenced lineage diversification rates using Quantitative State Speciation and Extinction (QuaSSE) models
in the R package diversitree v.0.10-1'%* considering constant, linear, quadratic, sigmoidal, and unimodal effects of traits on diversi-
fication rates. For the linear model, we used the make.linear.x function to build a function in which diversification rates change linearly
with changes in the trait value, except that rates are conditioned to always be positive (rates are set to zero any time the linear relation-
ship suggest negative rates) and the relationships become constant outside the range of values of the trait (to match model assump-
tions*®). The sigmoidal model assumes that rates at low and high values of the trait may be different (yo and y4, respectively) and
bridged by a sigmoidal function with parameter xiq controlling the central location of the transition, and parameter r controlling
the smoothness (steepness) of the transition.** We implemented a new quadratic mode in a function make.quad.x, in which diver-
sification rates change with the trait values following a quadratic function, with the additional conditions of always positive values
and constancy outside the range like in diversitree’s linear model. Finally, we implemented a new unimodal model in which rates
peak at intermediate values of the trait using the formula:

x—w?

y =hxe 22

in which the multiplier h controls the height of the peak (the maximum rate), x is the mean parameter controlling the position of the
peak, and 62 is the variance parameter controlling the spread. This new function, noroptimal2.x, differs from the noroptimal.x function
included in diversitree in lacking vertical offsets. which has the effect of lowering rates towards zero at extreme values of a trait. This
allows testing of the intermediate dispersal model without additional offset parameters.

We fit four sets of models for each trait: 1) varying the model of trait dependence on speciation while holding extinction at zero (no-
extinction models), 2) varying the model of trait dependence on speciation while holding extinction constant, 3) varying the model of
trait dependence on extinction while maintaining speciation constant, and 4) varying the model of trait dependence on both
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speciation and extinction. For the latter, we use the same function for speciation and extinction to reduce the number of models to be
evaluated. We then used AIC and standard model selection techniques to identify the best models. %13

Because QuaSSE models are prone to false positives,* we evaluated effects of traits on diversification using two alternative tech-
niques that are more conservative. First, we used Hidden State Speciation and Extinction (HISSE) models** on discretized versions of
our continuous factors. Body mass, the Hand-wing index, and geographic range size were split at the median values, latitude was
split into tropical versus extra-tropical (limit at 23.44 degrees). We fit two character-dependent diversification models, one with two
observed states, only (BiSSE), and another with two observed and two hidden states (HiISSE). For comparison, we fit two Character
Independent Diversification (CID) models, one with two hidden states (CID2) and another with four hidden states (CID4). For HiSSE
and CID, we further evaluated models in which all state transition rates were equal (including hidden states) and models in which state
transitions were unequal but symmetrical (e.g. rates 0 to 1 = rates 1 to 0). We fitted models by maximum likelihood with the fit_musse
function in the R package castor'® and defining trait type (observed or hidden), and state transition matrices following Beaulieu &
O’Meara.*” For geographic range size, we fit cladogenetic state-dependent diversification models in which ranges are reduced dur-
ing speciation events using the method described by Smyéka et al.>® based on functions in the secsse R package.'°® We compared
models using the Akaike Information Criterion.'**

Second, we used ES-sim, a semi-parametric method based on trait simulations to evaluated the statistical significance of a linear
correlation between traits and species-specific speciation rate estimates.*® We used our ClaDS estimates of species-specific speci-
ation rates and fast Brownian motion rate estimation and simulation using functions phylolm and rTrait in the phylolm package.'%?
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Figure S1. Phylogenetic path analysis of macroecological and macroevolutionary
factors in birds using an alternative definition of island dwelling. Related to Figure 4.
Island distribution is defined as the proportion of the species’ geographical distribution
restricted to small islands (<2,000 km?), with data from Sheard et al.5'.

(A) Graph showing paths (arrows) and associated path coefficients representing the
direction and strength of the effects of one factor onto another. Arrow thickness is
proportional to the magnitude of the effect (path coefficient), and arrow color indicates the
direction of the effect: positive (blue) or negative (red). Body mass, geographic range size,
and speciation rates were log-transformed. Latitude refers to absolute latitude of the
centroid of the species’ geographical range.

(B) Standardized path coefficients with confidence intervals for each path. “HWI” is the
Hand-wing Index. Dot color indicates the direction and statistical significance of the effect
based on the confidence interval: positive (blue), negative (red), statistically not different
from zero (gray).



A Passeriformes B Aaquatic birds
0.01 . 0.03 -
Body mass Latitude Body mass| Latitude
v 7 h .
A/ Ao e
N -0.19 . .
Hand-wing < Island Hand-wing . Island
index g & 2 endemic index 2 ~ [ endemic
S By e @ S < 1) ey
% c o 2,
2 oy, [ v - S
2 R Py > Tl o 5
AV 4 ~a 4 V2 a Ay
— -0.10 - _— - -
Speciation »Geographic Speciation » Geographic
rate -0.01 range size rate -0.01 range size
Latitude—+Hwi { I @ Mass— Speciation | |~
Latitude—Range size { I @ HWI—Ranga size 00—
HWI—Range size | I o Latituda—HWI{ g
Island—Mass { e island—Speciation { o
Island—+Spaciation { e Latitude—+Mass | ke
HWI—+Speciation { b Latitude—Speciation | »(')
Iass—+Spaciation { b Range - Speciation | I}
Latitude—Mass { b HWI—Speciation{ dﬂ
Latitude —Spaciation { Mass—Range size: »—6—4
Range -+ Spaciation { Speciation—Rangs size ._o:_‘
Mass—Range size { L] Island—Mass { »—(}i
Speciation—+Range size { ® : Latitude—Ranga size — "
Island—HwI - | Istand—HWI{ —— |
Island—+Range size { @~ 1 Island—+Range size| ——@—— 1

15 10 08 00 1.0 05 00
standardized regression coefficient + Cl standardized regression coefficient + CI

Figure S2. Phylogenetic path analysis of macroecological and macroevolutionary
factors in two contrasting groups of birds. Related to Figure 4. (A) Path graph and
corresponding for the order Passeriformes. (B) Path graph of aquatic birds including the
Charadriiformes (shorebirds, gulls, and terns), Gruiformes (rails and cranes), and a
Aequornithes (petrels, penguins, loons, herons, storks, ibises, cormorants, pelicans, and
relatives). For both panels, the graph shows paths (arrows) and associated path
coefficients representing the direction and strength of the effects of one factor onto
another. Arrow thickness is proportional to the magnitude of the effect (path coefficient),
and arrow color indicates the direction of the effect: positive (blue) or negative (red). Body
mass, geographic range size, and speciation rates were log-transformed. Latitude refers to
absolute latitude. Below each graph, standardized path coefficients are shown with
confidence intervals for each path. The dot color indicates the direction and statistical
significance of the effect based on the confidence interval: positive (blue), negative (red),
statistically not different from zero (gray). HWI: Hand-wing Index.
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Figure S3. Effect of island dwelling on speciation and extinction rates using an
alternative definition of island dwelling. Related to Figure 5. Lines show predictions
from Quantitative-state Speciation and Extinction (QuaSSE) models in which both
speciation rates (blue) and extinction rate (orange) change according to a quadratic
function with respect to the proportion of island distribution. Also shown is the net
diversification rate (green) calculated as speciation rate — extinction rate. The proportion of
island distribution reflects the proportion of the geographical range restricted to small
islands (<2,000 km?), obtained from Sheard et al.5' (see Methods). The best model was
identified using the same model selection techniques applied in the main analysis.
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Figure S4. The influence of geographic range size on diversification rates. Related to
Figure 5. Lines show diversification rate estimates from a Geographic Hidden-state
Speciation and Extinction model in which geographic range size may decrease during
speciation:S2 speciation rates (blue), extinction rate (orange), and net diversification rate
(green) calculated as speciation rate — extinction rate. The gray boxplot represents
speciation rates estimated using the ClaDS method,*® shown for comparison.
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Figure S5. Evaluation of linear effects of traits on speciation rates (ClaDS estimates)
using the ES-sim method. Related to Figure 5. Brownian rates and random traits
simulations were obtained using functions phylolm and rTrait in the phylolm package.5*
Body mass, and geographic range size were log-transformed. Latitude is the absolute value
of latitude at the centroid of the species’ geographical range. Speciation rates are
significantly lower for large range sizes and significantly higher for birds in smallislands.



Model log(Lik) AlC AAIC o’ o
log(Body mass)

Lambda -4138.3 8282.6 0 0.018 0.99
Kappa -4270.3 8546.6 264.0 0.039 0.52
Ornstein-Uhlenbeck -5590.9 11187.9 2905.3 0.037 0.01
Delta -5621.7 11249.5 2966.9 0.013 2.70
Brownian motion -5664.1 11332.2 3049.6 0.034
Early burst -5664.1 11334.2 3051.6 0.034 0
Hand-wing index
Lambda -25228.4 50462.8 0 1.52 0.96
Kappa -25650.7 51307.4 844.5 6.18 0.32
Ornstein-Uhlenbeck -27794.9 55595.7 5132.9 6.89 0.03
Delta -28032.3 56070.6 5607.8 2.01 3
Brownian motion -28218.4 56440.7 5977.9 5.81
Early burst -28218.4 56442.7 5979.9 5.81 0
abs(Latitude)
Lambda -33737.9 67481.8 0.0 7.1 0.91
Kappa -34024.0 68054.1 572.2 48.0 0.17
Ornstein-Uhlenbeck -35588.5 71183.0 3701.2 85.0 0.16
Delta -37069.9 74145.7 6663.9 16.1 3
Brownian motion -37331.1 74666.1 7184.3 47.3
Early burst -37331.1 74668.1 7186.3 47.3 0
log(Geographic range size)
Lambda -20418.6 40843.2 0.0 0.15 0.69
Kappa -21178.5 42363.1 1519.9 2.87 0.00
Ornstein-Uhlenbeck -21900.1 43806.1 2962.9 8.81 0.47
Delta -25774.2 51554.4 10711.2 1.22 3
Brownian motion -26075.5 52155.1 11311.9 3.60 -
Early burst -26075.5 52157.1 11313.9 3.60 0
log(Speciation rate)
Kappa 1010.0 -2014.0 0.0 0.0179 0.00
Lambda -658.1 1322.2 3336.2 0.0086 0.99
Ornstein-Uhlenbeck -1296.3 2598.6 4612.6 0.0165 0.04
Delta -1444.7 2895.4 4909.4 0.0047 3
Brownian motion -1576.0 3156.0 5170.0 0.0133
Early burst -1576.0 3158.0 5172.0 0.0133 0

Table S1. Results of trait evolution models. Related to STAR Methods. Six models of
trait evolution were evaluated: Brownian motion (simple drift), lambda (phylogenetic
signal), delta (time varying), Early burst (faster early trait evolution), Ornstein-Uhlenbeck
(drift with an attractor), and kappa (speciational change). Reported statistics are the log-
likelihood (log(lik)), Akaike Information Criterion (AIC), differences in AIC respect to the
best model (AAIC), the Brownian rate (62), and the additional parameters of the different
models (o). Models were estimated using intercept-only models with the function
phylolm3*in R, the newly assembled time-tree of birds, and trait information from the
AVONET database.®



Path Coefficients

Island Latitude Mass HWI Speciation Range size
Island 0 0 0.014 -0.116 0.045 -1.483
Latitude 0 0 0.021 0.110 0.010 0.125
Mass 0 0 0 0 0.031 -0.073
HWI 0 0 0 0 0.032 0.235
Speciation rate 0 0 0 0 0 -0.122
Range size 0 0 0 0 -0.009 0
Lower bound

Island Latitude Mass HWI Speciation Range size
Island 0 0 -0.003 -0.136 0.014 -1.546
Latitude 0 0 0.014 0.102 -0.002 0.103
Mass 0 0 0 0 -0.004 -0.119
HWI 0 0 0 0 0.002 0.183
Speciation rate 0 0 0 0 0 -0.150
Range size 0 0 0 0 -0.018 0
Upper bound

Island Latitude Mass HWI Speciation Range size
Island 0 0 0.031 -0.096 0.076 -1.420
Latitude 0 0 0.027 0.118 0.021 0.148
Mass 0 0 0 0 0.066 -0.026
HWI 0 0 0 0 0.062 0.286
Speciation rate 0 0 0 0 0 -0.095
Range size 0 0 0 0 0.000 0

Table S2. Results of path analyses. Related to Figure 4. Coefficient estimates, and lower and
upper bounds, from a phylogenetic path analysis® of the interrelationships among dispersal
proxies, geographic covariates, and speciation rates in the world’s birds. Island is a binary factor
indicating whether the species is an island endemic or not based on Sayol et al.;% Latitude is the
absolute latitude of the centroid of the species’ geographical range; Mass is the logarithm of total
body mass; HWI is the Hand-wing Index; Speciation rate is the speciation rate estimated
using the ClaDS method;% Range size is the logarithm of the geographic range size.



Speciation Extinction log(Lik) k AIC AAIC
Linear linear -27910.3 5 55830.7 0
Constant sigmoid -27910.7 6 55833.5 2.8
Sigmoid sigmoid -27915.5 9 55849.1 18.4
unimodal unimodal -27922.0 7 55858.0 27.3
constant unimodal -27928.0 5 55866.0 35.3
sigmoid constant -279719 6 55955.8 125.1
quadratic quadratic -27992.8 7 55999.6 168.9
linear constant -27996.4 4 56000.9 170.2
quadratic constant -27996.5 5 56003.0 172.3
unimodal constant -27997.2 5 56004.5 173.8
constant quadratic -28061.9 5 56133.7 303.0
constant constant -28065.7 3 56137.3 306.6
constant linear -28067.3 4 56142.5 311.9

Table S3. Quantitative State Speciation and Extinction models of the effect of body
mass (log-transformed) on diversification rates. Related to Figure 5. Models were
estimated using a global time-tree of birds. Reported statistics are the log-likelihood
(log(lik)), number of parameters (k), Akaike Information Criterion (AIC), and differences in
AIC compared to the best model (AAIC).



Speciation Extinction log(Lik.) k AIC AAIC
constant sigmoid -48902.7 6 97817.5 0
sigmoid sigmoid -48926.0 9 97870.0 52.5
constant quadratic -48952.9 5 97915.8 98.3
sigmoid constant -48963.7 6 97939.4 121.9
linear linear -48971.0 5 97952.1 134.6
quadratic quadratic -48978.7 7 97971.3 153.8
constant linear -48986.5 4 97981.0 163.5
constant unimodal -48988.4 5 97986.7 169.2
linear constant -48993.6 4 97995.1 177.7
quadratic constant -48995.0 5 98000.0 182.6
constant constant -49005.6 3 98017.2 199.7
unimodal unimodal -49006.2 7 98026.4 208.9
unimodal constant -49029.9 5 98069.9 252.4

Table S4. Quantitative State Speciation and Extinction models of the effect of the
Hand-wing index on diversification rates. Related to Figure 5. Models were estimated
using a global time-tree of birds. Reported statistics are the log-likelihood (log(lik)), number
of parameters (k), Akaike Information Criterion (AIC), and differences in AIC compared to
the best model (AAIC).



Speciation Extinction log(Lik.) k AIC AAIC
constant linear -58320.3 4 116648.7 0
linear linear -58339.9 5 116689.8 41.1
unimodal unimodal -58872.6 7 117759.1 11104
sigmoid sigmoid -58980.7 9 117979.4  1330.7
constant sigmoid -59022.4 6 118056.8 1408.1
quadratic constant -59189.9 5 118389.8 1741.1
sigmoid constant -59210.0 6 118432.0 1783.3
quadratic quadratic -59264.6 7 118543.1 18944
unimodal constant -59581.7 5 119173.5 2524.8
linear constant -59713.0 4 119434.0 2785.3
constant constant -59794.1 3 119594.3 2945.6
constant quadratic -59799.9 5 119609.8 2961.1
constant unimodal -59801.6 5 119613.1 2964.4

Table S5. Quantitative State Speciation and Extinction models of the effect of absolute
latitude on diversification rates. Related to Figure 5. Models were estimated using a
global time-tree of birds. Reported statistics are the log-likelihood (log(lik)), number of
parameters (k), Akaike Information Criterion (AIC), and differences in AIC compared to the
best model (AAIC).



Speciation Extinction log(Lik.) k AIC AAIC
sigmoid sigmoid -45814.6 9 91647.3 0
unimodal unimodal -46600.3 7 93214.7 1567.4
sigmoid constant -46639.9 6 93291.8 1644.5
quadratic constant -46692.3 5 93394.5 1747.2
linear constant -46836.2 4 93680.3 2033.0
quadratic quadratic -46890.4 7 93794.8 2147.5
constant quadratic -46945.3 5 93900.7 22534
unimodal constant -47199.4 5 94408.8 2761.5
linear linear -47243.3 5 94496.7 28494
constant linear -47282.3 4 94572.6  2925.3
constant constant -47359.3 3 947246 3077.3
constant sigmoid -47358.2 6 94728.4 3081.1
constant unimodal -48203.2 5 96416.4  4769.1

Table S6. Quantitative State Speciation and Extinction models of the effect of
geographic range size on diversification rates. Related to Figure 5. Models were
estimated using a global time-tree of birds. Reported statistics are the log-likelihood
(log(lik)), number of parameters (k), Akaike Information Criterion (AIC), and differences in
AIC compared to the best model (AAIC).



Model observed hidden log(Lik.) AIC AAIC
Mass

CID4sym 0 4 -26783.7 53615.3 0.0
ClID4er 0 4 -27157.1 54332.2 716.8
CID2sym 0 2 -27329.3 54674.6 1059.3
HiSSEer 2 2 -27366.1 54750.2 1134.8
CID2er 0 2 -27402.0 54813.9 1198.6
BISSE 2 0 -27874.3 55760.6 2145.3
HiSSEsym 2 2 -28224.4 56472.7 2857.4
HWI
CID2sym 0 2 -28364.6 56745.3 0.0
CID4sym 0 4 -28350.6 56749.2 4.0
ClID4er 0 4 -28611.9 57241.9 496.6
BiSSE 2 0 -28779.1 57570.1 824.8
HiSSEsym 2 2 -28989.1 58002.1 1256.9
HiSSEer 2 2 -29428.1 58874.2 2129.0
CID2er 0 2 -29944.1 59898.2 3153.0
Latitude
CID2sym 0 2 -29533.4 59082.8 0.0
CID2er 0 2 -29581.1 59172.1 89.3
BISSE 2 0 -30154.5 60321.0 1238.2
CID4sym 0 4 -30266.6 60581.3 1498.5
HiSSEer 2 2 -30572.0 61161.9 2079.1
HiSSEsym 2 2 -30838.7 61701.3 2618.5
ClID4er 0 4 -30934.6 61887.2 2804.3
Island
HiSSEer 2 2 -30360.0 60738.0 0.0
HiSSEsym 2 2 -30364.6 60753.2 15.2
BISSE 2 0 -30515.7 61043.4 305.3
ClID4er 0 4 -31042.9 62103.8 1365.8
CID2er 0 2 -31417.5 62845.1 2107.1
CID4sym 0 4 -32189.8 64427.6 3689.6
CID2sym 0 2 -37213.7 74443.4 13705.4
Range size
Smycka lll 2 2 -30151.6 60327.26 0.0
Smycka IV 0 4 -30213.1 60466.24 139.0
Smyckalll 0 2 -30357.2 60726.38 399.1
Smyckall 2 0 -31387.7 62785.42 2458.2

Table S7. Hidden State Speciation and Extinction models of the effect of dispersal
proxies and geographic features on diversification rates when modeled as discrete
(binary) traits. Related to Figure 5 and Figure S2. Reported statistics are the log-
likelihood (log(lik)), Akaike Information Criterion (AIC), and differences in AIC compared to
the best model (AAIC), and models a ordered from the best (AAIC = 0) to the worst. Body
mass, Hand-wing index, and geographic range size were discretized based on values below
or above the median value. Latitude was divided between tropical and extra tropical



latitudes (boundary: 23.44 degrees). Island dwelling was based on a list of species
endemic to islands.S” Model differ in the number of “observed” and “hidden” states, with
models including only hidden states representing character-independent model (CID) in
which there is no effect of the observed trait on speciation and extinction. Models also
differ in their state transition matrix, in which transition rates can be all equal (ER) or
unequal but symmetrical (Sym). For geographic range size, we used a cladogenetic state-
dependent diversification model in which range size changes during speciation (Smycka et
al.2). See Methods for further details. Support for models that include “observed” states,
indicate effects of the corresponding trait on diversification rates (Island, Range size).
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