
vol. 168, no. 2 the american naturalist august 2006 �

Ecology Predicts Large-Scale Patterns of

Phylogenetic Diversification in Birds

Albert B. Phillimore,1,* Robert P. Freckleton,2,† C. David L. Orme,1,‡ and Ian P. F. Owens1,§

1. Division of Biology and Natural Environment Research Council
Centre for Population Biology, Imperial College London, Silwood
Park Campus, Ascot, Berkshire SL5 7PY, United Kingdom;
2. Department of Zoology, South Parks Road, Oxford University,
Oxford OX1 3PS, United Kingdom; and Department of Animal
and Plant Sciences, University of Sheffield, Sheffield S10 2TN,
United Kingdom

Submitted August 22, 2005; Accepted April 26, 2006;
Electronically published June 12, 2006

Online enhancement: appendix.

abstract: One of the most striking patterns in evolutionary biology
is that clades may differ greatly in the number of species they contain.
Numerous hypotheses have been put forward to explain this phe-
nomenon, and several have been tested using phylogenetic methods.
Remarkably, however, all such tests performed to date have been
characterized by modest explanatory power, which has generated an
interest in explanations stressing the importance of random pro-
cesses. Here we make use of phylogenetic methods to test whether
ecological variables, typically ignored in previous models, may ex-
plain phylogenetic tree imbalance in birds. We show that diversifi-
cation rate possesses an intermediate phylogenetic signal across fam-
ilies. Using phylogenetic comparative methods, we then build a
multipredictor model that explains more than 50% of the variation
in diversification rate among clades. High annual dispersal is iden-
tified as the strongest predictor of high rates of diversification. In
addition, high diversification rate is strongly associated with feeding
generalization. In all but one instance, these key findings remain
qualitatively unchanged when we use an alternative phylogeny and
methodology and when small clades, containing five species or less,
are excluded. Taken together, these results suggest that large-scale
patterns in avian diversification can be explained by variation in
intrinsic biology.
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Phylogenetic tree imbalance, wherein different phyloge-
netic lineages contain different numbers of species, is one
of the most ubiquitous patterns in evolutionary biology
(Willis 1922; Dial and Marzluff 1989; Guyer and Slowinski
1991; Nee et al. 1992; Slowinski and Guyer 1993; Mooers
and Heard 1997; Gittleman and Purvis 1998; Owens et al.
1999; Ricklefs 2003; Stuart-Fox and Owens 2003; Davies
et al. 2004; Isaac et al. 2005; Jones et al. 2005). A large
body of work on this pattern has given rise to a plethora
of biological explanations for why there is so much var-
iation in clade richness, defined here as the number of
extant species within a lineage. These have invoked a wide
range of lineage-specific characteristics to explain the ob-
served variation in clade richness, including body size
(Hutchinson and MacArthur 1959; Brown et al. 1993), life
history (Marzluff and Dial 1991), sexual selection (Darwin
1871; Lande 1981; Barraclough et al. 1995; Stuart-Fox and
Owens 2003), ecological generalization (Rosenzweig
1995), ecological specialization (Schluter 1996, 2000), be-
havioral drive (Wyles et al. 1983), and geographical range
size (Rosenzweig 1978, 1995). Tested in isolation, some of
these hypotheses have received empirical support (e.g.,
sexual selection; Barraclough et al. 1995), while others have
been widely refuted (e.g., body size; Orme et al. 2002).
The most striking aspect of these tests, however, is that,
although some of the associations are statistically signifi-
cant, the proportion of variance explained is generally
rather small (e.g., Gardezi and da Silva 1999; Owens et al.
1999; Belliure et al. 2000). The few comparative ap-
proaches employing multiple predictors have also been
characterized by low explanatory power, typically explain-
ing between 10% and 25% of the variation in clade rich-
ness (Gittleman and Purvis 1998; Stuart-Fox and Owens
2003; Isaac et al. 2005).

Because it has proved notoriously difficult to explain a
high proportion of the variation in clade richness, there
has been a recent renewal of interest in the hypothesis that
cladogenesis may be random, or nearly random, with re-
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spect to the intrinsic biology of the organisms concerned
(Ricklefs 2003; Davies et al. 2004). For instance, in light
of the apparent similarity between the frequency distri-
bution of clade richness in passerine birds and the geo-
metric distribution, one study suggested most of the var-
iation in clade richness could be random with respect to
the intrinsic biology of clades (Ricklefs 2003). This study
argued that, in the few cases where lineages do appear to
have more species than predicted by the random models,
extrinsic processes, such as tectonic movements, may be
a more likely explanation than differences in intrinsic bi-
ology. Furthermore, the presence of passerine lineages with
fewer species than expected under a geometric distribution
was shown to coincide with peripheral morphology (Rick-
lefs 2005).

The overall aim of this study is to test whether the use
of new phylogenetic methods and a new large-scale eco-
logical database would allow us to build more satisfactory
models to explain clade richness via variation in diversi-
fication rate among living birds. We focus our attention
on birds owing to the large body of information that is
available on the biology and phylogeny of this clade and
their high profile in theoretical treatments of patterns and
processes of cladogenesis (e.g., Lack 1947; Mayr 1963; Nee
et al. 1992; Barraclough et al. 1995; Mitra et al. 1996;
Møller and Cuervo 1998; Hubbell 2001; Bennett and
Owens 2002; Cockburn 2003; Ricklefs 2003, 2005; Sol et
al. 2005). Our analyses can be divided into three main
stages. First, we test for imbalance in the topology of avian
phylogenetic trees. Next, we investigate the degree to which
diversification rates and other traits may be determined
by phylogeny. Third, we build multiple regression models
to explore whether it is possible to identify robust eco-
logical correlates of diversification rate. To test the ro-
bustness of these correlates, we repeat these analyses using
an alternative phylogeny and analytical methodology. We
also repeat the main analyses with species-poor clades re-
moved, because Ricklefs (2005) suggested these small
clades may show an unusual pattern of diversification.

Methods

Phylogenetic Framework

The main phylogeny used in this study was the DNA-DNA
hybridization-based phylogeny of Sibley and Ahlquist
(1990). We acknowledge that there are valid concerns re-
garding the methodology used by Sibley and Ahlquist and
the resulting tree topology (e.g., Houde 1987; Harshman
1994; Barker et al. 2004; Cracraft et al. 2004). However,
theirs remains the only phylogeny across the majority of
bird families that includes branch lengths. To examine
whether the inferences we have drawn using this phylo-

genetic framework could be biased because of error in the
phylogeny, we have also analyzed the data using a second
phylogeny of passerine birds (Barker et al. 2004). For the
passerines, we used 100 phylogenies that had been recon-
structed on the basis of pseudoreplicate data sets of se-
quences from RAG-1 and RAG-2 nuclear genes and that
had been subjected to rate smoothing using penalized like-
lihood (Sanderson 2002). The passerine phylogenies were
kindly provided by F. K. Barker. Where possible, the taxa
included in the passerine phylogeny were reconciled with
the families recognized by Sibley and Monroe (1990).
However, where families were found to be paraphyletic,
clades from separate families were lumped together (e.g.,
the Corvidae and Lanidae). Where families showed poly-
phyly, they were split (e.g., the Muscicapidae). In the case
of the family Sylviidae, which is believed to be polyphyletic
(Barker et al. 2004; Beresford et al. 2005), all genera, except
for Garrulax and Sylvia, were excluded from the passerine
phylogeny. Because we had access to 100 bootstrap rep-
licates of the passerine phylogeny (Barker et al. 2004),
analyses were conducted across all of these replicates, al-
though only the mean/median values are reported.

Tree Shape

We tested our phylogenetic tree against an equal-rates
Markov (ERM) model on the basis of the assumption that
all lineages have an equal probability of bifurcating (Raup
et al. 1973). The nodal asymmetry within phylogenies,
I ′, was calculated following the methodologies of Agapow
and Purvis (2002) and Purvis et al. (2002). This method
offers the advantages that it can incorporate clade richness
at the tips of the tree and can be applied to trees with
polytomies. Nodal asymmetry was tested against the ex-
pectation under an ERM model using a Wilcoxon signed-
ranks test.

Phylogenetic Signal

We used a generalized least squares (GLS) approach to test
the phylogenetic signal of individual traits and of the co-
variation between each trait and the diversification rate
(Grafen 1989; Martins and Hansen 1997; Pagel 1999;
Freckleton et al. 2002). A simple multiplier, l (Pagel 1999),
typically between 0 and 1 and applied only to internal
branches, modifies the strength of a signal from phylo-
genetic independence (0) toward increasing dependence
(1). The multiplier l measures the degree to which the
variation/covariation of traits across a tree agrees with the
Brownian process (Freckleton et al. 2002). In the context
of analyzing diversification rates, a value of impliesl p 0
that the diversification rate is random with respect to phy-
logeny. A value of indicates that the diversificationl p 1



222 The American Naturalist

rate is phylogenetically conserved; that is, closely related
groups have more similar rates of diversification than
would be expected by chance. Approximate confidence
intervals for the maximum likelihood value of l were cal-
culated via likelihood ratio tests (Freckleton et al. 2002)
on values derived from the likelihood surface.

Multipredictor Models of Diversification Rate

The response variable we used was diversification rate; an
advantage of using this measure was that it requires no
assumptions of equivalence of families. Diversification rate
was calculated as the natural logarithm of clade richness
divided by the age of the clade (Isaac et al. 2003). This
estimate of diversification rate assumed a pure birth model
of speciation, as proposed by Yule (1925). The clade rich-
ness of a family was obtained from a standard avian tax-
onomy (Sibley and Monroe 1990), and the age of a clade
was calculated on the basis of the terminal branch length.
In the case of the Sibley and Ahlquist (1990) “tapestry,”
the original branch lengths were estimated from the DT50H
values derived from melting curves. Because of differing
rates of molecular evolution in different clades, Sibley and
Ahlquist (1990) cautiously recommended that to obtain
the age in millions of years (assuming a molecular clock),
the DT50H branch lengths for passerine and nonpasserine
birds should be multiplied by 2.3 and 4.7, respectively. We
adopted these calibrations in this study but acknowledge
that rates may differ within the passerines and nonpas-
serines because of other factors, such as age at first breed-
ing (Sibley and Ahlquist 1990). The passerine phylogeny
of Barker et al. (2004) had been subjected to penalized-
likelihood rate smoothing (Sanderson 2002), and thus ter-
minal branch lengths in this case were used as a direct
estimate of clade age.

The candidate explanatory variables included indexes of
body size, life history, sexual selection, ecological gener-
alization, geographic range size, adult dispersal, and island
dwelling. With the exception of the indexes of geographic
range size and island dwelling, data for all of these variables
were obtained primarily from appendixes 1 and 2 of Ben-
nett and Owens (2002). For the family-equivalent clades
in the passerine phylogeny (Barker et al. 2004), supple-
mentary data were collated from recent ornithological
monographs (Beehler et al. 1986; Cramp 1988; Cramp and
Perrins 1994; Lambert and Woodcock 1996; Urban et al.
1997; Frith and Beehler 1998; Fry et al. 2000). We used
the mean female body mass (g) of a clade as our index of
body size. Female body mass was preferred to male body
mass in order to minimize the signal of sexual selection
in our measure of body size (Owens and Bennett 1995).
Mean clutch size was used as an index of life-history var-
iation because of the tight correlation with other aspects

of avian life history at the family level (Owens and Bennett
1995; Bennett and Owens 2002). Sexual dichromatism was
used as an index of the strength of sexual selection, with
dichromatism being scored as the percentage of species in
the family that were dichromatic. This index has been
successfully employed in previous studies (Barraclough et
al. 1995), but it should be noted that it would not measure
any differences in dichromatism that are restricted to ul-
traviolet wavelengths (Eaton 2005). Sexual size dimor-
phism has also been used as an index of sexual selection
across numerous avian studies (e.g., Owens et al. 1999;
Morrow and Pitcher 2003). However, we decided not to
include sexual size dimorphism in this study because of
concerns that the extent and direction of size dimorphism
are also influenced by mating and display characteristics
(Székely et al. 2000, 2004). Furthermore, sexual dichro-
matism is often considered to be a better estimate of sexual
selection via mate choice in birds (Owens and Hartley
1998). Habitat and feeding generalization were scored on
the basis of the number of breeding habitats and food
types used by each species in a family, respectively; from
this, the modal value for a family was obtained. To obtain
these indexes, we reversed the scoring systems that were
used in appendix 2 of Bennett and Owens (2002), which
scored ecological specialization (despite being incorrectly
labeled as “generalism” scores in the column headings
from that source). The modal value for adult dispersal was
measured as a score corresponding to the propensity of
individuals to disperse, again from Bennett and Owens
(2002). Our index of geographic range size was the mean
range size across all the species within a family. This in-
formation was derived from an equal-area database on the
global geographical breeding distribution of all known liv-
ing bird species at a resolution comparable to a 1� grid
(Orme et al. 2005). Our measure of geographic range size
differed from that used in several earlier studies examining
the relationship between range size and species richness
at higher taxonomic levels (Gaston and Blackburn 1997;
Owens et al. 1999), in that we have used the mean of the
(ln-transformed) range size of species within a family
rather than the sum of range sizes across all species in a
clade. Our index of island dwelling was also derived from
the global database on avian geographic ranges (Orme et
al. 2005), with grid cells that were more than 50 km off-
shore from the nearest continental coastline being classi-
fied as island grid cells. We then calculated the proportion
of a bird species’ breeding grid cells that were identified
as island cells and obtained the mean of this score across
species within each family. Where data exhibited positive
skew, the family averages were transformed by the natural
logarithm before analysis (Freckleton 2000). The main data
set used is available in the appendix in the online version
of the American Naturalist.
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Table 1: Phylogenetic tree imbalance in avian phylogenies

Phylogenetic clade Phylogenetic method Median I ′ N Wilcoxon V

Aves DNA hybridization .74 133 13,534*
Passerines Sequence–penalized likelihood .85 41 3,543*

Note: Median I ′ is the median of the I ′ scores (Purvis et al. 2002); N is the number of nodes that are

binary and subtend more than three tips and at which imbalance can be calculated. Deviation from

Markovian null model tested with Wilcoxon signed ranks. All values calculated for the penalized likelihood

passerine phylogeny represent the median value calculated across 100 phylogenies derived from pseudo-

replicate data sets.

* .P ! .001

We used GLS multiple regression to analyze multivariate
correlates of diversification rate. This approach accounts
for phylogenetic covariation in the residuals by transform-
ing shared branch lengths in the phylogenetic variance-
covariance matrix by the maximum likelihood value of l

(Freckleton et al. 2002). The maximum likelihood value
of l thus corresponds to the transformation of the phy-
logenetic variance-covariance matrix that best fits a
Brownian model of trait evolution. The GLS multiple re-
gression represents a test of correlates of diversification
rate against a null ERM model, which assumes that per
lineage branching rate is a normally distributed random
variable. We chose GLS as our primary approach owing
to methodological difficulties with techniques that aim to
test correlates of speciation (Paradis 2005) or cladogenesis
(Isaac et al. 2003) in cases where one or more traits are
likely to be phylogenetically labile. Such models depend
on estimation of ancestral states, yet it is notoriously dif-
ficult to accurately reconstruct ancestral traits for labile
variables (Webster and Purvis 2002).

To test whether our results were an artifact of including
species-poor clades, we repeated our main analyses after
removing families that contained a very small number of
species. This was done in response to a study on passerine
bird morphology, in which Ricklefs (2005) reported that
birds in species-poor clades (possessing ≤5 species) oc-
cupied significantly more peripheral morphospace than
those in species-rich clades. In this context, “peripheral”
describes trait values of species (quantified using principal
components) that are more distant from the trait’s cen-
troid in morphospace. We therefore repeated our analyses
excluding all families possessing five species or fewer.

Finally, to test whether our results were consistent when
analyzed with an alternative analytical method, which was
designed to test for correlates of the rate of diversification
across a phylogeny, we reanalyzed the data using
MacroCAIC (Isaac et al. 2003). This method requires sum-
ming of clade richness at internal nodes, and the relative
rate difference in diversification is calculated for all bi-
furcating nodes (calculated as , where ni and njln [n /n ]i j

represent the species within the clade of the larger and
smaller nodal predictor values, respectively). The results

from this approach are not presented in full but are re-
ferred to in the text where they agree or conflict with the
GLS results.

We adopted a simple information theoretic approach,
using a small-sample version of the Akaike Information
Criterion (AIC), AICc, to determine whether a model with
a parameter deleted performed less well than the more
complex one (Burnham and Anderson 2004).

For all models, diagnostic plots were examined in order
to check for outliers, heteroscedasticity, and nonnormal
errors. Except where stated otherwise, statistical analyses
were conducted in the R environment (R Development
Core Team 2004), and phylogenetic manipulations utilized
the APE package (Paradis et al. 2004).

Results

Tree Shape

Both of the phylogenetic trees examined in this study ex-
hibited significant phylogenetic imbalance, indicative of a
nonrandom pattern of cladogenesis. The degree of im-
balance, I ′, was 0.74 for the composite tree and 0.85 for
the passerine tree (table 1). These results allow us to reject
an ERM model of clade growth across all avian families
and also within the passerines.

Phylogenetic Signal

The hypothesis that diversification rate has a phylogenetic
signal (l) of 1 was rejected across both phylogenies (table
2). In both instances, the phylogenetic signal was of in-
termediate value (albeit, in the case of the passerines, the
confidence intervals span almost the entire range of pos-
sible values), suggesting that there is some tendency for
closely related avian taxa to diversify at similar rates.

When we addressed the phylogenetic signal associated
with the individual explanatory variables used in the mod-
els, we found that different variables showed different phy-
logenetic signals (table 2). Body size and clutch size both
exhibited consistently large l values, indicating that phy-
logenetic dependence is strong for these traits. The phy-
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Table 2: Phylogenetic signal across the full avian phylogeny both for the terms individually
and for the covariation between each variable and diversification rate

Trait

Aves Passerines only

Individual trait Covariation Individual trait Covariation

Diversification rate .55 (.35–.79) … .66 (.01–1.00) …
Female weight 1.00 (.92–1.00) .48 (.26–.74) 1.00 (.41–1.00) .27 (.02–1.00)
Clutch size .76 (.41–1.00) .58 (.37–.82) .98 (.03–1.00) .04 (.00–.93)
Sexual dichromatism .10 (.00–.76) .63 (.39–.89) .41 (.14–.97) .25 (.01–1.00)
Habitat generalization .00 (.00–.58) .70 (.45–.97) .00 (.00–.51) .43 (.00–1.00)
Feeding generalization .14 (.01–.65) .73 (.48–.99) .62 (.14–1.00) .36 (.03–1.00)
Annual dispersal .21 (.00–.68) .83 (.57–1.00) .00 (.00–.64) .22 (.01–.99)
Geographic range size .03 (.00–.32) .55 (.34–.79) .00 (.00–.71) .79 (.02–1.00)
Island dwelling .00 (.00–.62) .55 (.35–.80) .99 (.34–1.00) .51 (.01–1.00)

Note: The maximum likelihood value of l is given along with confidence intervals for this value presented in

parentheses (see “Methods”).

Table 3: Multivariate model of diversification rate for the
full avian phylogeny

Trait Coefficient Partial r2 P

Female weight �.01 .05 .04
Clutch size .01 .00 .60
Sexual dichromatism �.01 .01 .49
Habitat generalization .00 .00 .60
Feeding generalization .03 .17 !.001
Annual dispersal .03 .24 !.001
Geographic range size �.01 .02 .19
Island dwelling �.00 .00 .91

Note: Full model: (0.56–1.00), , . Values2l p 0.85 r p 0.53 df p 89

refer to maximal model output from generalized least squares analysis

of the composite avian phylogeny. Terms in bold are retained in the

AICc best model, (0.57–1.00), , .2l p 0.86 r p 0.52 df p 92

logenetic signals of sexual dichromatism, habitat gener-
alization, and geographic range size were all found to be
low, implying that these traits are more phylogenetically
labile than expected under a purely Brownian model of
trait evolution. While island dwelling and feeding gener-
alization exhibited low phylogenetic signals among all
avian families, within the passerines these traits exhibited
strong phylogenetic signals. The reverse was true for an-
nual dispersal, which exhibited an intermediate phyloge-
netic signal across all families and a weak phylogenetic
signal when this test was restricted to passerine families.

When we subsequently tested for the phylogenetic signal
of the covariance between diversification rate and the ex-
planatory variables, we found that the maximum likeli-
hood l was intermediate between 0 and 1 in every case
(table 2). Across all families, it was also possible to reject
the hypothesis that the phylogenetic signal was equal to 0
or 1 for most covariances. Among the passerine families,
however, the confidence interval for l was wider. Gen-
erally, our findings suggest that the GLS approach for ex-
ploring correlates of diversification rate is likely to be more
appropriate than methods that assume l is equal to either
0 (e.g., no phylogenetic correction) or 1 (e.g., a model
based on Brownian trait evolution; Freckleton et al. 2002).

Multipredictor Analysis of Diversification Rate

Our model across the entire class Aves explained 53% of
the total variation in diversification rate (table 3). The most
significant term in the model was annual dispersal, indi-
cating that more dispersive clades diversify more rapidly.
A highly significant positive relationship was also found
between feeding generalization and diversification rate,
while female weight was a significant negative covariate.
The AICc best model retained these three significant terms
with the addition of geographic range size, which showed
a negative relationship with diversification rate.

Our analysis within the passerines showed strong agree-
ment with the analysis across all families (table 4). Again,
the explanatory power of the model was high ( 2r p

), and annual dispersal and feeding generalization were0.65
highly significant predictors of rate of diversification. No
other terms were significant in the model, although clutch
size was retained as a negative covariate in the AICc best
model.

Exclusion of families possessing five species or less from
our analyses did not lead to major changes in the AICc

best model. Dispersal and feeding generalization remained
as significant terms in the maximal model, showing the
same directions of covariation with diversification rate as
was observed across the entire distribution (table 4). This
result suggests that our main findings are not generated
solely by a dichotomy between species-poor clades and the
rest. The model fit was a little lower in this instance
( ) but still considerably higher than those re-2r p 0.43
ported by previous studies attempting to explain variation
in clade richness. The AICc best model retained dispersal
and feeding generalization as positive terms and geo-
graphic range size as a negative term.
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Table 4: Summary of multivariate models of diversification rate testing the robustness of correlates

Trait

Passerine tree Excluding clades with ≤5 species

Coefficient Partial r2 P Coefficient Partial r2 P

Female weight �.01 .07 .20 �.01 .04 .11
Clutch size .06 .11 .094 �.00 .00 .93
Sexual dichromatism .02 .01 .55 �.01 .01 .44
Habitat generalization .00 .00 .86 .00 .00 .91
Feeding generalization .03 .19 .0294 .03 .17 !.001
Annual dispersal .03 .23 .0198 .03 .19 !.001
Geographic range size �.02 .10 .12 �.01 .02 .28
Island dwelling �.05 .03 .41 �.00 .00 .90

Note: Values refer to maximal model output from generalized least squares analysis. Partial r 2 values in bold signify terms

that are retained in the AICc best model. Passerine phylogeny from Barker et al. (2004): (0.00–0.51), ,2l p 0.00 r p 0.65

. Values reported are mean values from 100 phylogenies produced from pseudoreplicate data sets. Superscript valuesdf p 23.9

report the number of pseudoreplicate phylogenies for which a term was found to be significant ( ). Excluding cladesP ! .05

with ≤5 species: (0.57–1.00), , .2l p 0.91 r p 0.43 df p 62

The alternative comparative analysis, using MacroCAIC,
confirmed the importance of annual dispersal as a cor-
relate of the rate of diversification across nodes in the
phylogeny. However, all other terms were found to be
nonsignificant in this model. The explanatory power of
this model was still reasonably high ( ) but was2r p 0.36
lower than its GLS counterpart.

Discussion

Our results demonstrate that it is possible to build a phy-
logenetic model that explains a substantial proportion of
variation in family-level diversification rates in birds. By
using techniques designed to accommodate phylogeneti-
cally labile traits and including a number of ecological
variables, our models explain more than 50% of the ob-
served variation in diversification rate among families of
birds. This is substantially higher than reported by pre-
vious models exploring clade richness/diversification,
which typically have been able to explain only 10%–25%
of the variation (e.g., Gittleman and Purvis 1998; Gardezi
and da Silva 1999; Stuart-Fox and Owens 2003; Isaac et
al. 2005). In our models, the traits found to correlate most
strongly and most consistently with diversification rate
were annual dispersal and feeding generalization. The only
other term that was significant in the resultant model
across all families was body size, with clades that are (on
average) smaller bodied apparently diversifying more rap-
idly. However, this result was nonsignificant in the analysis
of passerines, which is consistent with the hypothesis that
the overall negative relationship across avian families may
be driven by a difference between small-bodied and rapidly
diversifying passerines and larger-bodied and less rapidly
diversifying nonpasserines (see Nee et al. 1992).

We found less robust support for hypotheses linking
several other variables with rate of diversification. For in-

stance, geographic range size was retained as a negative
covariate in the AICc best model that included all avian
families. However, this term was not retained in the model
for passerine families alone. Conversely, clutch size was
retained as a negative covariate in the model for passerine
families but not across all families.

The remaining variables were nonsignificant across all
analyses. We uncovered no evidence for a robust corre-
lation between sexual dichromatism and increased species
richness, which agrees with the conclusions of Morrow et
al. (2003). This suggests that the findings of two earlier
studies (Barraclough et al. 1995; Owens et al. 1999), which
used the same approach to scoring sexual dichromatism
as described here, may be a consequence of considering
only the relationship between dichromatism and clade
richness of sister families at the tips of the phylogeny. The
biological significance of this discrepancy remains to be
examined. Habitat generalization was a nonsignificant
term across all analyses, again disagreeing with an earlier
univariate study conducted on matched pairs at the tips
of the phylogeny (Owens et al. 1999). Finally, we did not
identify a robust role for island dwelling as a correlate of
diversification rate, which runs counter to the findings of
an earlier study on clade richness and range fragmentation
among bird families (Owens et al. 1999). The difference
between studies may stem from range fragmentation (is-
land dwelling) being summed for each clade in the pre-
vious study rather than being averaged across members of
the clade in this study.

As well as demonstrating two robust ecological corre-
lates of diversification rate in birds, our results also show
that this pattern remains qualitatively unchanged even
when we exclude species-poor clades. This additional set
of analyses was performed in response to the suggestion
that the pattern of cladogenesis in birds is largely consistent
with random processes (Ricklefs 2003). Ricklefs (2005)



226 The American Naturalist

proposed that the surfeit of species-poor groups, not pre-
dicted under a random model of cladogenesis, tends to
exhibit unusual morphological features in relation to feed-
ing apparatus. Hence, our finding that there are consistent
ecological correlates of family-level diversification rate
among birds even when the small clades are removed ar-
gues against the notion that large-scale patterns of avian
differentiation are essentially random with respect to the
intrinsic biology of the lineages concerned.

What do our results tell us about speciation and ex-
tinction across avian families? Because our analyses are
based on diversification rate under a pure birth model,
they are best viewed as tests of the net rate of diversification
rather than as the rate of speciation per se. Nevertheless,
we can speculate on the mechanisms that may link the
net rate of diversification to the ecological correlates that
we have identified. In the case of adult dispersal, for in-
stance, there are a priori hypotheses that predict links with
rates of both speciation and extinction. Higher levels of
dispersal may increase opportunity for speciation by in-
creasing the rate at which novel habitats are encountered
(Rosenzweig 1978, 1995). Conversely, a high level of gene
flow between populations is predicted to reduce divergence
between populations (Slatkin 1987). Indeed, such a neg-
ative relationship between dispersal and clade richness has
been suggested in British birds (Belliure et al. 2000) and
Hawaiian ferns (Ranker et al. 2000). These opposing trends
lead to the prediction that the opportunity for speciation
may be maximized at an intermediate dispersal distance
(Mayr 1963; Price and Wagner 2004). However, thorough
investigation of such nonlinear relationships will require
a highly sensitive index of dispersal. Alternatively, our re-
sults are consistent with a model in which more widely
dispersing families are buffered against local extinction and
periods of ecological change and have thus experienced a
lower rate of extinction (Brown and Kodric-Brown 1977;
Holyoak and Lawler 1996). Quite possibly, the importance
of dispersal comes from an interaction between these
mechanisms.

Similarly, feeding generalization has been invoked in
both models leading to elevated speciation and models
leading to reduced extinction. On encountering novel en-
vironments, it is predicted that species with more generalist
feeding habits are more likely to become established, which
provides the opportunity for allopatric/parapatric specia-
tion (Mayr 1963; Rosenzweig 1978, 1995). An equally
plausible explanation is that generalist families may have
experienced a lower rate of extinction. Indeed, compar-
ative evidence links ecological specialization in birds to
elevated extinction risk (Owens and Bennett 2000; but see
Ricklefs 2005). Again, therefore, we suggest that this var-
iable is a strong correlate of net rate of diversification

because it can elevate speciation rates and depress extinc-
tion rates.

There is somewhat equivocal evidence to suggest that
smaller geographic range size is associated with higher rate
of diversification, which contradicts Rosenzweig’s (1978,
1995) prediction that the probability of allopatric speci-
ation increases with range size (with a potential midop-
timum in the case of knifelike barriers). Alternative models
exist that predict that speciation is negatively related to
geographic range size because of correlation with other
factors, such as dispersal or abundance (Jablonski and Roy
2003). Interestingly, a recent study on Sylvia warblers iden-
tified dispersal as the key predictor of geographic range
size (Böhning-Gaese et al. 2006), although other workers
in the field have identified a negative relationship between
dispersal and range size (e.g., Paradis et al. 1998). Because
dispersal is included as a term in all of our models, we
suggest that the pattern we find may be a consequence of
allopatric speciation. We propose that higher rates of al-
lopatric speciation may lead to the increased dissection of
ranges, such that bird families that have diversified at a
faster rate are found to possess, on average, smaller range
sizes (Barraclough and Vogler 2000). Most theoretical and
empirical treatments of the link between geographical
range size and extinction risk suggest that the relationship
is the reverse of that observed here, with small geographic
range size associated with elevated extinction risk (Pimm
et al. 1988; Gaston 1994; Jones et al. 2003).

In conclusion, the key findings of our study are that
variation in family-level diversification rate in birds is
closely associated with two ecological factors, dispersive-
ness and feeding generalization. These variables alone ex-
plained more than 40% of the variation in diversification
rate. Nonetheless, we do not claim to have built the final
model to explain nonrandom diversification among bird
families. Our models are limited in that they do not include
nonlinear relationships between traits and diversification
(Quader et al. 2004) and interactions between terms (de
Queiroz 2002), and in most cases, we cannot distinguish
between an increase in speciation rate and a decrease in
extinction rate (Coyne and Orr 2004). Furthermore, there
are other interesting variables that we have not included
in our models, such as sexual selection via song (Slab-
bekoorn and Smith 2002; Lachlan and Servedio 2004; Ed-
wards et al. 2005) and behavioral flexibility (Nikolakakis
et al. 2003; Sol et al. 2005), which may also predict rate
of diversification. We therefore argue that there is a strong
prospect of increasing the explanatory power of these
models further still. It also remains to be seen whether
ecological factors will prove vital to uncovering correlates
of diversification in other taxa or at other taxonomic levels
(Katzourakis et al. 2001) and, if so, whether they will be
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the same ecological factors that we have identified as being
important in birds.
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