
Macroevolutionary speciation rates are decoupled
from the evolution of intrinsic reproductive isolation
in Drosophila and birds
Daniel L. Raboskya,1 and Daniel R. Matuteb

aDepartment of Ecology and Evolutionary Biology and Museum of Zoology, University of Michigan, Ann Arbor, MI 48109; and bDepartment of Human
Genetics, The University of Chicago, Chicago, IL 60637

Edited by David B. Wake, University of California, Berkeley, CA, and approved August 6, 2013 (received for review March 22, 2013)

The rate at which speciation occurs varies greatly among different
kinds of organisms and is frequently assumed to result from
species- or clade-specific factors that influence the rate at which
populations acquire reproductive isolation. This premise leads to
a fundamental prediction that has never been tested: Organisms
that quickly evolve prezygotic or postzygotic reproductive iso-
lation should have faster rates of speciation than organisms that
slowly acquire reproductive isolation. We combined phylogenetic
estimates of speciation rates from Drosophila and birds with
a method for analyzing interspecific hybridization data to test
whether the rate at which individual lineages evolve reproductive
isolation predicts their macroevolutionary rate of species forma-
tion. We find that some lineages evolve reproductive isolation
much more quickly than others, but this variation is decoupled from
rates of speciation asmeasured on phylogenetic trees. For the clades
examined here, reproductive isolation—especially intrinsic, postzy-
gotic isolation—does not seem to be the rate-limiting control on
macroevolutionary diversification dynamics. These results suggest
that factors associatedwith intrinsic reproductive isolationmay have
less to do with the tremendous variation in species diversity across
the evolutionary tree of life than is generally assumed.
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Acentral challenge at the interface between macroevolution
and microevolution is to explain the population-level pro-

cesses that contribute to biological variation in diversification
rates and species richness (1). Phylogenetic evidence for bi-
ological variation in the rate of species diversification is wide-
spread (2, 3), and numerous studies have now linked specific
traits to the dynamics of speciation and extinction as realized
over macroevolutionary timescales (2, 4). At the population
level, a microevolutionary research program on the biology of
speciation has focused on the factors that lead to various forms
of reproductive isolation (RI) between populations (5, 6).
Explaining how and why RI evolves is generally considered to be
the central and defining challenge in the study of speciation (2,
7–9), and recent studies have made great progress toward ex-
plaining the genetic and ecological basis for various forms of RI
(7, 8, 10).
Most microevolutionary research on speciation implicitly as-

sumes that RI is the defining and rate-limiting step in the spe-
ciation process (7, 8, 11), but the evolution of RI need not bear
any predictive relationship to rates of species diversification as
realized over macroevolutionary timescales (12). This has long
been recognized by the paleontological community, where
“successful” speciation is believed to entail not only the evolution
of reproductive isolation but also the persistence of incipient
species (13–15). For example, speciation might be limited pri-
marily by the rate at which lineages form allopatric isolates (6, 16)
or by the capacity for geographic range expansion (17, 18). Like-
wise, speciation might be limited more by factors that influence
the temporal persistence of reproductively isolated populations

(15, 19) than by the rate at which RI itself evolves. Finally, mac-
roevolutionary diversity dynamics might be regulated primarily
by factors that influence extinction rates (4). These factors need
not be independent of reproductive isolation. For example, repro-
ductive barriers can reduce the probability of population fusion
following secondary contact between nascent species, thus exerting
a direct effect on population persistence (2). Likewise, RI can in-
fluence the dynamics of geographic range evolution, which may in
turn have secondary consequences for rates of demographic ex-
tinction and allospecies formation (17, 18).
Here, we provide a direct test of the relationship between

reproductive isolation and macroevolutionary diversification. If
the widespread variation observed in macroevolutionary di-
versification rates (20, 21) is attributable to factors that cause RI
(2, 22, 23), then it must also be true that lineage-specific dif-
ferences in the rate at which RI evolves will influence large-scale
patterns of species diversification. In this context, a species with
a “fast” rate of RI evolution will, all else being equal, form more
reproductively isolated lineages than a species with a “slow” rate
of RI evolution.
We use data from the two groups of animals for which the

most extensive multispecies RI data have been compiled and for
which we could derive phylogeny-based estimates of species di-
versification rates. The first dataset is an update of Coyne and
Orr’s (2) seminal work on the relationship between genetic dis-
tance, geographic status, and reproductive isolation in Dro-
sophila (24) and contains estimates of both premating and
intrinsic postzygotic RI. The second dataset includes measure-
ments of intrinsic postyzygotic isolation from interspecies hybrid-
izations in birds (25, 26). We developed a modeling framework for
estimating species- and clade-specific differences in the rate of
evolution of RI and applied it to both birds and flies to test
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whether lineages that quickly evolve RI are characterized by fast
rates of macroevolutionary diversification. This framework can be
used to assess whether any components of reproductive isolation
are associated with speciation rates as measured at macroevolu-
tionary scales. We find significant heterogeneity within both flies
and birds in the rate at which lineages evolve intrinsic postzygotic
isolation. However, this variation is uncorrelated with macroevo-
lutionary rates of species diversification. These results suggest that
patterns of biological diversity may have less to do with re-
productive isolation than generally assumed.

Results
We studied the evolution of reproductive isolation and its re-
lationship to macroevolutionary diversification in Drosophila and
birds. For Drosophila, premating isolation was simply the per-
centage of unsuccessful copulations from interspecific pairings
normalized by the expected percentage from the corresponding
homospecific pairing (24). For intrinsic postzygotic isolation, RI
was computed from observed levels of F1 hybrid sterility and
inviability (Materials and Methods and SI Materials and Methods).
We developed a modeling framework that enabled us to estimate
species-specific and clade-specific differences in the rate at which
RI evolves, despite the fact that RI is measured as a property of
pairwise crosses between species (Materials and Methods). Our
models assume that each species is characterized by a specific
velocity of RI evolution, ψ , which interacts additively with ψ
values from any other species to generate a particular level of RI.
A species with ψ > 0 will tend to accumulate reproductive iso-
lation at a faster-than-average rate, after controlling for genetic
distance and geographic status (allopatry: species do not overlap
in their geographic ranges; sympatry: species overlap). Likewise,
a species with ψ < 0 will tend to accumulate RI more slowly
relative to the average rate across a set of taxa.
We analyzed three general models for the accumulation of RI

as a function of genetic distance. The simplest model assumes
that RI between any two species accumulates linearly through
time. In this case, the level of RI between two species (Yij) as
a function of genetic distance between them (Xij) is given by Yij =
β0 + (β1 + ψ i + ψ j)Xij + «, where β0 and β1 are the intercept and
slope terms, and « is an error term (Materials and Methods). We
also considered a quadratic model, which allows for increasing
rates of RI accumulation through time consistent with “snow-
ball” models for the evolution of genetic incompatibilities (10,
27, 28). Finally, we considered an asymptotic model, where the
rate of RI accumulation between taxa decreases through time as
it asymptotically approaches an upper bound at Y = 1.0. Because
observable RI values are bounded by 0 and 1, we assumed that
all observations were censored beyond this range (SI Materials
and Methods). For Drosophila, our models also incorporated the
geographic status of species pairs (sympatric versus allopatric),
because geographic status is known to influence the relationship
between reproductive isolation and genetic distance (29).
We considered two additional parameterizations of each fun-

ctional model (linear, quadratic, and asymptotic): a model with
no species-specific differences in the rate of evolution of RI (ψ =
0 for all species), and a model with clade-specific but not species-
specific differences (ψ values identical for all species within each
of nine major Drosophila species groups or within 30 avian
families; SI Materials and Methods). We implemented all models
in a Bayesian framework, estimating species-specific or clade-
specific ψ values separately for both premating and postzygotic
isolation in Drosophila and for postzygotic isolation in birds (Fig.
1). We compared all fitted models using AICM (30), an in-
formation theoretic criterion similar to the widely used Akaike
information criterion (AIC) that can be estimated from the pos-
terior distribution of log-likelihoods simulated using Markov chain
Monte-Carlo (MCMC) methods (Materials and Methods).
For postzygotic isolation, models with clade-specific variation

in ψ generally provided a much better fit to the data than models
with ψ = 0 (Drosophila: ΔAICM = 87.2; birds: ΔAICM = 61.9;
Figs. S1 and S2 and Table S1). Models with clade-specific ψ

values also fit better than more parameter-rich models with
species-specific ψ parameters (Fig. S1 and Table S1). A linear
model provides the best overall fit to the Drosophila postzygotic
data (ΔAICM = 25.0 versus the next-best functional model), but
linear and asymptotic models provided similar fits to the avian
data (Fig. S1 and Table S1). In contrast, we found little evidence
that the rate at which premating isolation evolves differs among
Drosophila clades (ΔAICM = 1.0 for models with clade-specific
ψ versus ψ = 0). ANOVA analyses of species-specific ψ values
provide strong support for among-clade variation in the rate at
which postzygotic RI evolves in both Drosophila and birds (Table
S2; P < 0.001 for all models), but only a marginal effect for
premating isolation was observed (P = 0.07). Under all func-
tional models, ∼30% of the variance in species-specific ψ values
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Fig. 1. Pairwise postzygotic reproductive isolation in flies and birds. (A)
Genetic distance and intrinsic postzygotic RI in 173 pairwise Drosophila
crosses. Red squares denote species crosses within a representative subclade
with “fast” species-specific velocities of RI evolution (D. willistoni species
group); blue triangles denote species with a “slow” velocity of RI evolution
(D. virilis species group). Red (solid) and blue (dashed) lines indicate corre-
sponding clade-specific trajectories from fitted linear model; thick and thin
lines denote fits for sympatric and allopatric species pairs, respectively.
Postzygotic RI ranges from 0 (hybrid offspring both fertile and viable) to 1
(all hybrids are sterile or inviable). (B) Genetic distance and postzygotic RI
from 287 pairwise bird crosses. Red denotes pheasants and allies (Phasiani-
dae), a representative clade with fast species-specific velocities of RI evolu-
tion; blue denotes parrots (Psittacidae), a family with slow velocities of RI
evolution. Red (solid) and blue (dashed) lines denote model-predicted rela-
tionships for these clades under the asymptotic model for the accumulation
of RI through time. Points in both A and B were jittered slightly in the x-
plane to reduce overplotting.
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was explained at the clade level for both postzygotic datasets, but
only 4–11% was explained by clade for premating isolation in
Drosophila (Table S2). These results indicate the presence of
substantial variation in clade-specific rates of postzygotic RI
evolution in Drosophila and birds (Fig. 2).
Speciation rates for nine major Drosophila subclades were

computed by pairing literature estimates of species richness with
phylogenetic estimates of clade age (Materials and Methods and
SI Materials and Methods; Fig. S3). This approach assumes that
taxonomic species are not delimited strictly on the basis of re-
productive isolation; otherwise, it would be trivially true that
rates of RI evolution would predict speciation rates at macro-
evolutionary scales. In general, this assumption is justified, be-
cause the vast majority of taxonomic species are delimited
phenotypically and not in reference to an explicit criterion of
reproductive isolation (31). For birds, we estimated rates of
speciation on a recent time-calibrated phylogenetic tree that con-
tained 67% of known species (20), using an automatic Bayesian
model selection framework (21) that enabled us to estimate rates
of speciation on every branch of the avian phylogeny (Figs. S4
and S5). Using these branch-specific speciation estimates, we
computed mean speciation rates for each family of birds (n = 30)
for which we had estimates of the family-specific velocity of RI
evolution (Fig. 2C). We then tested whether clade-specific ψ
parameters predicted variation in speciation rates among clades
in both flies and birds. For birds, we also tested the relationship
between ψ and estimated maximum rates of speciation within
each clade. If macroevolutionary diversification rates are regu-
lated by diversity-dependent factors (32, 33), we predict that the
rate at which RI evolves is most likely to influence maximum
rates of diversity accumulation and not mean rates across entire
clades, which are more likely to be dampened by ecological
interactions between species (34).
No significant positive correlations were found between any

metric of macroevolutionary dynamics and clade-specific veloc-
ities of RI evolution (Fig. 3 and Table 1 and Table S3). In
Drosophila, postzygotic ψ values estimated under each of three
functional models showed no significant association with esti-
mated speciation rates under either high or low extinction rates

(all Pearson and Spearman P values >0.39; df = 7), and all es-
timated correlation coefficients were negative (Table 1 and Ta-
ble S3). For postzygotic isolation in birds, no significant Pearson
or Spearman correlations were observed (all P values >0.23; df =
28) across 18 combinations of functional RI model and specia-
tion metric (Table 1, Table S3, and Fig. 3). Similar results were
observed for premating isolation in Drosophila (Table 1 and
Table S3), although this is unsurprising given that little variation
in premating ψ was apparent among major clades.
We also performed phylogenetic generalized least-squares

(PGLS) regressions to account for phylogenetic autocorrelation
of diversification rates and ψ (35). In general, these results
trended toward negative relationships between macroevolution-
ary dynamics and ψ (Table 1 and Table S3), but no significant
relationships were observed (all P values >0.21). We then esti-
mated the instantaneous rate of species formation for each of the
244 species of birds in the reproductive isolation dataset (Fig.
S5). We tested whether species-specific ψ values could account
for any variation in lineage-level speciation rates across the ra-
diation of extant birds. We found no relationship between the
rate at which individual lineages acquire intrinsic postzygotic RI
and their instantaneous rate of speciation (Fig. 4; linear model:
slope = 0.0093, t = 0.036, PGLS P = 0.97, df = 244; asymptotic
model: slope = 0.074, t = 0.19, PGLS P = 0.85).
We then performed a series of power simulations to assess

whether our analyses would have had sufficient power to detect a
relationship between ψ and speciation rates if such a relation-
ship existed. We simulated pairwise reproductive isolation datasets
that were structurally identical to theDrosophila and avian datasets
considered here (Materials and Methods), but with known cor-
relations between ψ and the rate of speciation and an error
variance estimated from the observed data. Given the data and
analysis protocol considered here, we have moderate power to
infer a true correlation between ψ and diversification rate in both
the Drosophila and avian postzygotic RI datasets (Fig. S6).

Discussion
Macroevolutionary analyses have discovered compelling evi-
dence for biological variation in diversification rates in a wide
range of taxa. However, it has been difficult to link the patterns

im
m

ig
ra

ns
vi

ril
is

w
ill

is
to

ni
an

an
as

sa
e

H
aw

ai
i

ob
sc

ur
a

m
on

tiu
m

m
el

an
og

as
te

r
re

pl
et

a

-4

-3

-2

-1

0

1

2

3

Clade

A

m
on

tiu
m

vi
ril

is
im

m
ig

ra
ns

re
pl

et
a

H
aw

ai
i

ob
sc

ur
a

w
ill

is
to

ni
an

an
as

sa
e

m
el

an
og

as
te

r

-4

-3

-2

-1

0

1

2

3

Clade

B

N
um

id
id

ae
P

si
tta

ci
da

e
A

rd
ei

da
e

P
ar

id
ae

E
m

be
riz

id
ae

M
ot

ac
ill

id
ae

La
ni

id
ae

C
ar

di
na

lid
ae

P
ar

ul
id

ae
Ty

ra
nn

id
ae

R
he

id
ae

La
rid

ae
G

ru
id

ae
P

ic
id

ae
Th

ra
up

id
ae

P
ar

ad
is

ae
id

ae
P

as
se

rid
ae

Th
re

sk
io

rn
ith

id
ae

P
et

ro
ic

id
ae

E
st

ril
di

da
e

Ic
te

rid
ae

O
do

nt
op

ho
rid

ae
A

na
tid

ae
C

ol
um

bi
da

e
P

ha
si

an
id

ae
P

ro
ce

lla
rii

da
e

Fr
in

gi
lli

da
e

C
ic

on
iid

ae
C

ra
ci

da
e

M
us

ci
ca

pi
da

e

-4

-3

-2

-1

0

1

2

3

Clade

C

C
la

de
-s

pe
ci

fic
 R

I v
el

oc
ity

 (ψ
)

n = 50

n = 20

n = 5

n = 2

Fig. 2. Estimates of clade-specific velocities of RI evolution (ψ). (A) Premating ψ for nine Drosophila subclades where sampling was adequate to estimate
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credible interval about the mean. Point size reflects the number of species from each clade for which RI data were available.

15356 | www.pnas.org/cgi/doi/10.1073/pnas.1305529110 Rabosky and Matute

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305529110/-/DCSupplemental/pnas.201305529SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1305529110


of species origination and extinction as realized over geological
time to specific mechanisms that occur within and between
populations at ecological timescales. Previous studies have
speculated that some biological traits might influence macro-
evolutionary dynamics via their effects on the rates at which
populations evolve reproductive isolation (2, 22, 23, 36). By
quantifying lineage-specific variation in the rate at which species
accumulate RI, our study provides a direct test of the relation-
ship between RI and macroevolutionary diversification. If the
causes of speciation at macroevolutionary scales are merely the
long-term manifestation of processes we typically study at mi-
croevolutionary scales, we should observe a coupling between
rates of evolution of RI and macroevolutionary diversification.
We found that clades of both flies and birds differ significantly in
the rate at which they evolved intrinsic postzygotic isolation, but
this variation is decoupled from macroevolutionary diversification
dynamics. For Drosophila, we also found a lack of relationship
between premating sexual isolation and macroevolutionary di-
versification, although the differences in rates of premating RI
evolution across Drosophila clades are not significant.
Our results bear most directly on the relationship between

intrinsic genetic incompatibilities and speciation. The genetic
factors that contribute to hybrid inviability and sterility have
been widely studied, owing in large part to the relative ease with
which controlled laboratory crosses can be performed between
different species (2, 37, 38). Most researchers recognize that RI
can take many forms, but genetic incompatibilities are nonetheless

assumed to play an important role in speciation (2, 39, 40).
Genetic incompatibilities have even been proposed to play a
role in bird speciation (37, 41), where sexual and ecological
isolation is common between closely related species pairs (37).
Interestingly, the idea that postzygotic isolation contributes little
to the onset of bird speciation was suggested previously (42) but
had not been tested. Our results constitute a formal test of this
idea and suggest that hybrid incompatibilities in birds may have
little to do with the macroevolutionary realization of the specia-
tion process.
Given the observed levels of variation in macroevolutionary

diversification rates and rates of postzygotic RI evolution across
clades, we find it surprising that we see no hint of a relationship
between these quantities (Table 1 and Fig. 3 and Table S3).
Reproductive isolation data are notoriously noisy (e.g., Fig. 1),
but our power simulations (Fig. S6) indicate that moderate
correlations between postzygotic ψ and the rate of speciation
could have been inferred under our analytical protocol. It is true
that weaker correlations between RI and speciation would have
been more difficult to detect in these datasets, and future work
may yet find that the rate of evolution of RI plays at least a minor
role in shaping variation in speciation rates in these clades. We
found little evidence for clade-specific variation in premating ψ
for Drosophila, suggesting that the causes of variation in mac-
roevolutionary diversification among Drosophila clades is un-
likely to be explained by differences in the rate at which clades
evolve premating isolation. The overall structure of premating
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Fig. 3. Rates of speciation are uncorrelated with clade-specific variation in the rate at which species accumulate RI (Table 1; Table S3). (A) Premating ψ and
relative speciation rate across nine Drosophila clades assuming low relative extinction rates (ψ model: asymptotic). (B) Postzygotic ψ for Drosophila (linear
model) and relative speciation rates. (C) Postzygotic ψ estimates and mean speciation rate across 30 avian families (ψ model: asymptotic). (D) Postzygotic ψ
estimates and the maximum speciation rate for bird clades.

Table 1. Relationship between macroevolutionary diversification rate (λ) and the rate of prezygotic and postzygotic evolution (ψ) for
major clades of flies and birds

Group Model Metric Pearson correlation (P value) Spearman correlation (P value) PGLS slope PGLS P value df

Drosophila (pre) Asymptotic λ0 0.3 (0.43) 0.23 (0.55) 1.03 0.45 9(7)
Drosophila (pre) Asymptotic λ95 0.24 (0.53) 0.58 (0.11) 0.86 0.38 9(7)
Drosophila (post) Linear λ0 −0.31 (0.42) −0.08 (0.84) −1.22 0.21 9(7)
Drosophila (post) Linear λ95 −0.31 (0.41) −0.10 (0.81) −0.71 0.33 9(7)
Birds Linear λ −0.01 (0.95) 0.0 (0.98) −0.01 0.81 30(28)
Birds Linear λMAX −0.03 (0.8) 0.05 (0.77) −0.03 0.81 30(28)
Birds Linear λq80 −0.03 (0.87) 0.04 (0.82) −0.01 0.77 30(28)
Birds Asymptotic λ 0.04 (0.83) 0.05 (0.79) −0.01 0.67 30(28)
Birds Asymptotic λMAX −0.01 (0.96) 0.12 (0.54) −0.04 0.7 30(28)
Birds Asymptotic λq80 −0.01 (0.98) 0.08 (0.66) −0.01 0.73 30(28)

Results are shown only for the best-fit functional models for the accumulation of RI with genetic distance (Table S1 and Fig. S1). Linear and asymptotic
models were approximately equivalent for birds and results for both models are shown. For Drosophila, λ0 and λ95 are constant-rate estimators of the
speciation rate assuming no extinction (λ0) or high extinction (λ95). For birds, λ is the mean speciation rate within each family, λMAX is the maximum observed
rate within each family, and λq80 is the estimated 0.80 quantile of the distribution of rates for each family. Avian results are shown only for the Hackett
backbone topology; results for Ericson topology and for all other models are given in Table S3. The BAMM model used for the avian dataset estimates
speciation rates separately from extinction rates.
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and postzygotic datasets for Drosophila is similar, and the number
of crosses in the premating dataset exceeds that of the postzygotic
dataset; we thus attribute our failure to find clade-specific dif-
ferences in premating ψ to a lack of biologically meaningful var-
iation in this parameter rather than lack of statistical power.
Under a strict biological species concept, speciation is defined

as the evolution of reproductive isolation, but a more inclusive
view of the speciation process allows for the possibility that
other factors limit the rate at which speciation occurs. Many
researchers have suggested that speciation might be limited
primarily by factors associated with the persistence of incipient
species (13–15). Models of ephemeral speciation propose that it
is relatively easy for lineages to form incipient species, but the
vast majority of new species do not persist over macroevolu-
tionary timescales (15, 19). This view is closely related to Dar-
win’s perspective on speciation, whereby ecological character
divergence plays a critical role in mediating the temporal per-
sistence of new species (43–45). Anecdotally, at least, it seems
clear that many examples of rapid speciation in nature are lim-
ited by population persistence. Stickleback fishes, for example,
can evolve reproductive isolation very quickly in postglacial
lakes, but nascent species pairs typically fail to persist over
geological timescales (46). We speculate that primary controls
on species persistence may involve factors associated with geo-
graphic range expansions (17), including ecological divergence
between incipient species (47) and antagonistic interactions with
pathogens (48). Addressing these issues will require careful
consideration of the nature of species themselves (16), and it is
possible that the manner in which species are defined could in-
fluence the results of analyses such as those presented here (49).
For many decades, researchers have sought to explain the

mechanisms that lead to reproductive isolation between incipient
species (5, 6). Reproductive isolation clearly plays an important
role in maintaining species boundaries, but there is yet no evi-
dence that any forms of reproductive isolation influence specia-
tion rates as realized over macroevolutionary timescales. We have
described a general framework that can be used to test whether
any components of reproductive isolation are associated with
speciation as measured at macroevolutionary scales, provided that
broadly comparative data on pairwise RI can be obtained.
Our results are based on two of the most exhaustive compi-

lations of RI ever assembled for any group of organisms (24–26,

50) and include many decades of work by dozens of researchers.
The results reported here pertain strictly to Drosophila and birds
and suggest an acute need for empirical studies on the evolution
of reproductive isolation from groups of organisms that vary
widely in their rate of macroevolutionary diversification. Nu-
merous studies have assessed components of RI at relatively fine
taxonomic scales (51, 52), but we suggest that future research
should explicitly target groups that are known to differ in di-
versification rate. At present, we do not understand the evolu-
tionary and ecological mechanisms that underlie differential
rates of species diversification in Drosophila, birds, and other
taxa. However, a complete explanation for speciation in nature
may require that we broaden our explanatory paradigm beyond
the mechanisms that underlie reproductive isolation.

Materials and Methods
RI Data. We compiled literature data on RI for birds (26) and Drosophila (24,
50). Prezygotic (premating) RI in the dataset was based on laboratory cop-
ulation experiments (24), and the overall level of premating RI was com-
puted as 1 − (frequency of heterospecific matings)/(frequency of homospecific
matings). We used Yukilevich’s (24) estimates for postzygotic RI in our
analyses, which assign each species cross a value between 0 and 1, based on
the percentage of sterile or inviable F1 offspring for each interspecific cross.
The full avian dataset consisted of postzygotic RI estimates from 407
hybridizations (26). The data were scored on a scale of 1–5, with 1 indicating
fertility of the crossed pair, 3 indicating that F1s in both directions were vi-
able but infertile, and 5 indicating that no F1s were viable. We converted
these to a [0, 1] scale for comparison with Drosophila. Excluding intraspecific
crosses and crosses involving species that were not present in the Jetz et al.
(20) phylogeny left a total of 244 species and 287 crosses.

Phylogenies. We inferred a phylogeny for major Drosophila lineages using
DNA sequence alignments from a recent phylogenetic study of the genus
(53). We trimmed the taxon set to include 94 species that we believed to be
important for estimating the relative crown-clade age for each of nine major
subclades for which we could obtain estimates of species richness (SI Mate-
rials and Methods). We analyzed the resulting dataset of 94 taxa using an
uncorrelated lognormal relaxed-clock model of sequence evolution in the
program BEAST. We used two phylogenies as a framework for estimating
speciation rates in birds (Fig. S5) and for avian PGLS analyses (Fig. S4). Both
are derived from the Jetz et al. (20) time-calibrated phylogeny for all birds.
We analyzed maximum clade credibility (MCC) trees for both backbone trees
used by Jetz et al. (20). These trees contained only the 6,670 species for which
genetic data were available; we did not include those species whose phylo-
genetic positions were estimated from taxonomic information alone (20).

Rate of RI Evolution. We assumed that each species was characterized by
a specific tempo of RI evolution, which we denote by ψ . Individual ψ values
interact additively, such that the expected rate of evolution of reproductive
isolation from a given cross between the i’th and j’th species is proportional
to ψ i + ψ j. In addition to the linear model described in the main text, we
considered an asymptotic model, such that Yij = « + (β0 + δXij)/(1 + δXij),
where δ = (β1 + ψ i + ψ j) and « is sampled from the error distribution for
pairwise RI observations. We also considered a quadratic model, where re-
productive isolation was modeled as Yij = «+Xijβ0 + ðβ1 +ψ i +ψ jÞX2

ij . For
Drosophila, our model also incorporated the geographic status of species
pairs (sympatric versus allopatric), because geographic status is known to
influence the relationship between reproductive isolation and genetic dis-
tance (50, 54). Models to account for sympatric and allopatric taxa were
identical to those described above but contained separate β0 and β1
parameters for sympatric and allopatric species pairs (SI Materials and
Methods). Thus, the full linear model for the Drosophila datasets is given by

Yij = cβ0,S + ð1− cÞβ0,A +
�
cβ1,S + ð1 − cÞβ1,A +ψ i +ψ j

�
Xij + «,

where β0,A and β0,S denote parameters for allopatric and sympatric species
pairs and c is an indicator variable that takes a value of 1 if the species pair is
sympatric and 0 if allopatric. We implemented all models in a Bayesian
framework to estimate marginal posterior distributions and maximum
a posteriori (MAP) estimates for ψ and all other parameters. We compared
models using a posterior-simulation based version of the AIC criterion,
known as AICM. AICM can be computed directly from MCMC simulation
output as AICM = 2L − 2S, where L and S denote the mean and variance of
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Fig. 4. Relationship between rates of speciation and species-specific ve-
locities of postzygotic RI evolution across 244 species of birds. Instantaneous
rates of speciation were estimated for each lineage under a statistical model
that allowed each species to have a potentially unique rate of speciation
(Fig. S5). Identically colored points denote species from the same order.
Species that quickly evolve intrinsic reproductive isolation from other species
do not speciate at faster rates than other species.
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the posterior log-likelihoods (30). Full details of the modeling approach are
given in SI Materials and Methods.

Diversification Rates. Using BEAST-derived estimates of crown-clade age for
Drosophila clades, we computed estimators of net speciation rates (55) un-
der relative extinction rates of 0 and 0.95. For PGLS analyses involving
Drosophila, we pruned the MCC tree to include only representatives from
each of the nine major clades outlined in SI Materials and Methods. For
birds, we estimated branch-specific rates of speciation using a new Bayesian
method (BAMM) for the analysis of speciation and extinction rates on mo-
lecular phylogenies (21). BAMM enables reconstruction of marginal poste-
rior distributions of speciation and extinction rates on each branch of a
reconstructed phylogenetic tree (21). The avian trees contained only 67%
of avian species, and we analytically accounted for incomplete taxon sam-
pling directly in the BAMM model itself (21). We modified BAMM to allow
rates of speciation to change exponentially through time within particular
shift regimes, thus allowing the model to explicitly account for diversi-
fication rate variation through time and among lineages (SI Materials and
Methods). We performed BAMM analyses on both Hackett and Ericson
backbone topologies and report all rates and correlations in Table S3.

Power Analyses. For each RI dataset, we simulated pseudodatasets with
aknowncorrelationbetweenRIandmacroevolutionarydiversification.Wefirst
sampled ψ values for each clade from a distribution with variance identical to
the observed (estimated) distribution. We then generated RI observations
using the MAP parameter estimates for each dataset, including random noise
sampled from the fitted error distribution. All datasets simulated in this
fashion contain the same number of pairwise crosses per clade as the observed
data. We then sampled diversification rates from a lognormal distribution
parameterized to have the same mean and variance as the observed distri-
bution such that the Pearson correlation between clade-specific ψ values and
diversificationwas between 0.25 and 1.0.We estimatedMAPparameter values
for each simulated dataset and evaluated the correlation between the esti-
mated ψ values and speciation rates. A total of 2,000 simulations were per-
formed for each dataset (SI Materials and Methods and Fig. S6).
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