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How seasonal migration originated and impacted diversification in birds remains
largely unknown. Although migratory behaviour is likely to affect bird diversifi-
cation, previous studies have not detected any effect. Here, we infer ancestral
migratory behaviour and the effect of seasonal migration on speciation and
extinction dynamics using a complete bird tree of life. Our analyses infer that
sedentary behaviour is ancestral, and that migratory behaviour evolved indepen-
dently multiple times during the evolutionary history of birds. Speciation of a
sedentary species into two sedentary daughter species is more frequent than spe-
ciation of a migratory species into two migratory daughter species. However,
migratory species often diversify by generating a sedentary daughter species in
addition to the ancestral migratory one. This leads to an overall higher migratory
speciation rate. Migratory species also experience lower extinction rates. Hence,
although migratory species represent a minority (18.5%) of all extant birds,
they have a higher net diversification rate than sedentary species. These
results suggest that the evolution of seasonal migration in birds has facilitated
diversification through the divergence of migratory subpopulations that
become sedentary, and illustrate asymmetrical diversification as a mechanism
by which diversification rates are decoupled from species richness.

1. Introduction

Seasonal migration is a behaviour shared across a wide variety of vertebrate and
invertebrate taxa [1]. It is commonly considered a response to escape low food
availability or harsh climatic conditions during the non-breeding season [2].
Bird migration is particularly remarkable, with journeys ranging from short dis-
tances up to 80 000 km annually [3]. The fascination for bird migration has led to a
variety of studies related to orientation and navigation [4,5], disease risk [6] and
climate change [7]. In comparison, few studies have investigated the origin and
evolution of migratory behaviour and the impact on diversification [8].

Seasonal migration can potentially enhance speciation, because different
populations within the same species may have different migratory flyways or
strategies which can lead to genetic divergence between populations [9-13].
Furthermore, vagrancy, i.e. the movement of individuals outside the species’
migratory, breeding or wintering range, is likely to be more frequent in migratory
than sedentary birds and increases the probability that individuals colonize new
areas, leading to divergence from their ancestral populations [14,15]. Conversely,
migration could reduce opportunities for speciation as it may increase gene flow
between breeding populations [16], thereby reducing genetic divergence between
populations [17,18]. Migrants also need to adjust their life cycle, i.e. mating and
breeding, to their migratory programme [19-21], which may reduce the possibi-
lities of shifts in phenology and thus impede sympatric speciation by divergent
selection and character displacement (even if such speciation has been rarely
observed [22,23]).

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.
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Seasonal migration is also assumed to affect extinction
rates. During past glaciation cycles in particular, migratory
species were more likely to escape changing environmental
conditions and to avoid extinction than their sedentary
counterparts [24]. Gradual changes in migratory distances
have probably allowed migratory birds to adjust their arrival
and stopover times in favourable environments during times
of global climate change (e.g. when ice-sheets extended
towards lower latitudes [25]). Migratory species also had a
higher ability to recolonize seasonally highly productive
arctic habitats following glacial retreats [26—-28]. On the other
hand, travelling long distances exposes individuals to high
levels of stress and increases the risk of mortality [29] as well
as demographic fluctuations [30,31], potentially leading to
overall higher extinction rates.

Given this combination of counterbalancing influences of
seasonal migration on diversification, the overall effect is
unclear. The only study we know of that directly tested the
effect of migratory behaviour on speciation and extinction
rates in New World warblers did not detect any effect [32]. In
terms of the origin and evolution of the migratory behaviour,
previous comparative studies have suggested that migratory
behaviour evolved repeatedly in a number of independent
lineages from sedentary ancestors, for example in Old World
Sylvia and Phylloscopus warblers [17] and in New World
orioles [33]. The recurring evolution of migration has typi-
cally been explained by the ‘migratory threshold” model
[34-37], in which the genetic mechanisms encoding the
migratory behaviour are ancestral [38], such that the ‘migratory
genes’ are present in all individuals. These genes are switched
on in some populations upon crossing a ‘migratory threshold
[34-37] owing to environmental changes or when populations
experience demographic booms or bottlenecks [39].

Here, we investigate the origin and evolution of migra-
tory behaviour in birds. Furthermore, we determine how
migratory behaviour has affected speciation and extinction
dynamics. Specifically, we aim to understand when migratory
behaviour appeared in the evolutionary history of birds and
when switches between sedentary and migratory behaviour
occurred. We also determine the frequency of shifts in
migratory behaviour and the potential impact of such shifts
on diversification. This has implications for understanding
the evolution of birds and other migratory organisms.

2. Material and methods
(a) Molecular phylogenies

We downloaded the Bayesian pseudo-posterior distribution of
time-calibrated bird phylogenies provided in reference [40]
from the associated website (http://birdtree.org). These phylo-
genies include 9993 of the 10625 extant bird species present in
the taxonomy (sensu International Ornithological Committee,
World Bird List Committee, 2013). From 10000 trees sampled
in the pseudo-posterior distribution, we generated a maximum
clade credibility (MCC) tree, using TREEANNOTATOR (included in
BEAST v.1.7.5 [41]). All our analyses were run on this MCC
tree. Following Davis et al. [42], we ran our analyses only on
trees containing at least 300 species. This resulted in analyses at
the global taxonomic scale (all birds) and on the five most
species-rich avian orders: Passeriformes (perching birds), Apodi-
formes (swifts and hummingbirds), Piciformes (woodpeckers
and toucans), Psittaciformes (parrots and parakeets) and Chara-
driiformes (waders, gulls and auks). To test the robustness of the

diversification results obtained from analyses of the MCC trees,
we also randomly chose 100 trees from the posterior distribution
and ran diversification analyses on each of these.

(b) Migratory categorization

We extracted seasonal latitudinal migration data (i.e. round trips
synchronized with the annual cycle) for 9832 species from the dis-
tribution range maps obtained from BirdLife International and
NatureServe [43]. In this worldwide dataset, each species distri-
bution is composed by one or multiple spatial polygons. These
spatial polygons are associated with characteristics of each species,
such as its presence in the polygon (1, extant; 2, probably extant;
3, possibly extant; 4, possibly extinct and 5, extinct), its origin
(1, native; 2, reintroduced; 3, introduced; 4, vagrant and 5, origin
uncertain) and the season in which it is present in the polygon
(1, resident; 2, breeding season; 3, non-breeding season; 4, passage
and 5, seasonal occurrence uncertain). We considered species to be
monophyletic, meaning that they belonged to only one of two
categories: migratory or sedentary. Following Somveille et al.
[44], we classified a species as migratory if it occurred in at least
one breeding-only or one non-breeding-only polygon (seasonality
2 or 3, respectively). We hence consider migration in the broadest
sense of the term, with partially migrant species considered
as migrant. With these criteria, 1817 species of 9832 (18.5%) were
considered migratory.

(c) Diversification analyses
To test the effect of migratory behaviour on speciation and
extinction rates, we performed character-dependent diversifica-
tion analyses [45]. Specifically, we used the cladogenetic state
speciation and extinction model (ClaSSE [46], implemented in
the R package diversitree 0.6-1 and 0.7-6 [47]). This model extends
the binary state speciation and extinction model (BiSSE [48,49])
by allowing characters to evolve not only along phylogenetic
branches (anagenetically), but also at speciation (cladogenetic)
events. Hence, speciation is characterized by four parameters:
two parameters correspond to ‘symmetrical’ speciation (here
denoted Ay and Asss), meaning that the two daughter species
resulting from the speciation event inherit the ancestral character
(here, Aviviv captures migratory species (M) diversifying into two
migratory species (M and M) and Aggs captures sedentary species
(S) diversifying into two sedentary species (S and S)); the two other
parameters correspond to ‘asymmetrical” speciation (here denoted
Amsm and Asgn), meaning that there is a character change at specia-
tion. Here, Apgwm captures migratory species (M) diversifying into a
sedentary (S) and a migratory (M) daughter species, whereas Asgv
captures sedentary species (S) diversifying into a sedentary (S)
and a migratory (M) daughter species. We disregarded the possi-
bility that a sedentary species diversifies into two migratory
daughter species (Asnv), and alternatively that a migratory species
diversifies into two sedentary daughter species (Aviss); we con-
sidered these events to be implausible and rare in nature. This
was confirmed by additional tests in which Agypv and Apgs were
estimated close to 0 (results not shown). In addition to the par-
ameters characterizing speciation, two parameters characterized
extinction (Mmigr and peeq, corresponding to the extinction rates of
migratory and sedentary species, respectively), and two parameters
characterized anagenetic character change (Gmigr—sed aNd Gsed—migrs
corresponding to transitions from migratory to sedentary behaviour
and from sedentary to migratory behaviour, respectively).

We considered sixteen diversification scenarios. Eight of these
16 models accounted for asymmetrical speciation, and eight
did not (i.e. Assm =0 and Aysyv = 0). Among each set of eight
models, four had equal transition rates (fsed—migr = Jmigr—sed)
and four had different transition rates (Gsed—migr 7 Jmigr—sed)-
In each of these four categories, we considered the four following
scenarios: (i) diversification rates independent of migratory
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Figure 1. Migration promotes bird diversification. In comparison with sedentary birds (green), migratory birds (red) have low symmetrical and high asymmetrical
speciation rates (a), low extinction rates (b) and high net diversification rates (c). Anagenetic transition rates are very low (d). Posterior distributions not different
between migratory and sedentary species are shown in grey. Posterior distributions estimates are from MCMC analyses on all birds, using the best-fitting model.

behaviour (Asss = Avvimv and fsed = Mmigr), (i) migratory behav-
iour affects symmetrical speciation but not extinction rates
(Asss # Avvim and. fleed = Umigy), (iil) migratory behaviour affects
extinction but not symmetrical speciation rates (Asss = Avmm
and fsed # migr), and (iv) migratory behaviour affects both sym-
metrical speciation and extinction rates (Asss # Amwnv and
Msed * /‘Lmigr)-

In the eight models without asymmetrical speciation, the
overall migratory (or sedentary) speciation rate is given by the cor-
responding symmetrical speciation rate (i.e. Amigr = Avnvim and
Ased = Agss). In the eight models with asymmetrical speciation,
the overall migratory (or sedentary) speciation rate is given by
the sum of the symmetrical and asymmetrical speciation rates
(Amigr = Avmvm + Amsm and Ageq = Asss + Assm)-

We fitted the 16 different diversification scenarios to each of
the MCC trees and to 100 randomly chosen phylogenies, while
accounting for incomplete taxon sampling [49]. We further com-
puted the likelihood and Akaike information criterion (AIC)
corresponding to each scenario. We checked support for the
selected model—the model with the lowest AIC—against all
models nested within it using the likelihood ratio test (LRT).
If the model with lowest AIC was supported by LRT, it was con-
sidered the best. If it was not supported by LRT (p > 0.05),
the simpler model—with less parameters—was considered the
best. Net diversification rates (r = A — u) were computed from
speciation and extinction rate estimates. To examine the confi-
dence around parameter estimates, we ran Markov chain
Monte Carlo (MCMC) analyses on the consensus tree, using
the best-selected model for each group. We used an exponential
prior 1/(2r) to be as conservative as possible [45] and started the
chain with the parameters obtained by maximum-likelihood. We
applied a burn-in of 500 steps and ran 20 000 steps of MCMC for
each phylogeny. The likelihood and the parameters estimates
were very stable along the chain.

(d) Ancestral character reconstruction

Migratory states were reconstructed by maximum-likelihood
and mapped onto the nodes and tips of the consensus tree
using diversitree. Ancestral reconstruction is not implemented in
ClaSSE (diversitree version 0.9-6 [47]); we therefore used the
ancestral reconstruction algorithm associated with BiSSE, using
the best-fitting model without asymmetrical speciation.

3. Results

In the global-scale phylogeny as well as the order-level
phylogenies, the best-fitting model revealed a significant
association between migratory behaviour and speciation

rates, extinction rates, or both (figures 1 and 2; electronic
supplementary material, tables S1 and S2).

(a) Migration and diversification of all birds

One-fifth (1817/9832 =18.5%) of all birds are migratory.
Accounting for cladogenetic character changes greatly improved
the fit of the models (AAIC = 736 and p < 0.05 between the over-
all best-fitting model and the best non-cladogenetic model;
electronic supplementary material, table S1). The best-fitting
model was a model with migratory behaviour affecting specia-
tion rates (Asss# Avmnv) and extinction rates (ised # Mmigr)s
models with differential anagenetic transitions rates between
migratory to sedentary behaviour (fsed—migr 7 Jmigr—sed) Were
not supported (figure 1). Symmetrical speciation rates were
higher for sedentary than migratory species (Asgs= 0.141 +
0.009 Myr ' and Ayivpv = 0.091 + 0.005 Myr 1), whereas asym-
metrical speciation rates were much higher for migratory than
sedentary species (Avsy = 0.067 + 0.006 Myf1 and Aggv =
0.005 + 3.88 x 10" Myr ) species. This resulted in an overall
higher migratory speciation rate (Anpvv + Avsy = 0.158 +
0.005 Myr ') compared with the overall sedentary speciation
rate (Asss + Assm = 0.146 + 0.004 Myrfl). Extinction rates were
lower in migratory than sedentary species (tmig = 0.007 £
0.005 Myr71 and peeq = 0.056 + 0.01 Myrfl). Net diversification
rates were thus higher for migratory versus sedentary species
(net migratory diversification rate: 0.151 + 0.01 Myr ™ ; net
sedentary diversification rate: 0.09 + 0.005 Myr ).

While models excluding character change at cladogenetic
events supported high anagenetic transitions from migratory
to sedentary behaviour (qmigr—seq = 0.084 & 0.008 Myr ™ b,
anagenetic changes were estimated to be rare in models includ-
ing cladogenetic character changes (fsed—migr ™ Jmigr—sed ~ 0)-
In the latter, anagenetic character changes were ‘replaced’ by
cladogenetic changes (Ansy = 0.067 + 0.006 Myr ). Hence,
transition rates were better explained by cladogenetic than
anagenetic changes, with frequent speciations of migratory
species into a migratory and a sedentary daughter species.

(b) Migration and diversification of major bird orders
The proportion of migratory species is heterogeneously
distributed in the five most species-rich orders (14% in
Passeriformes, 9% in Apodiformes, 3% in Piciformes, 4%
in Psittaciformes and 67% in Charadriiformes). In agree-
ment with results obtained at the global scale, we found
higher net diversification rates for migratory species in

all five taxonomic groups (figure 2 and electronic
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Figure 2. Migration promotes diversification in all species-rich orders. Posterior distributions of migratory (red) and sedentary (green) speciation—symmetrical and
asymmetrical—, extinction, net diversification and anagenetic transition rates, computed using the best-fitting model. In the majority of groups, in comparison with
sedentary birds, migratory birds have higher speciation rates and lower—or equal—extinction rates, resulting in higher net diversification rates. Anagenetic tran-
sition rates are very low. Posterior distributions not different between migratory and sedentary species are shown in grey. Posterior distributions estimates are from

MCMC analyses on all birds, using the best-fitting model.

supplementary material, table S2). This trend, however, was
significant only for Passeriformes and Piciformes (electronic
supplementary material, figure S1). Higher migratory net
diversification rates were mainly explained by higher specia-
tion rates for migratory than sedentary species (figure 2
and electronic supplementary material, table S2). Asym-
metrical speciation rates were higher for migratory than
sedentary species in all orders, except in Charadriiformes for
which asymmetrical speciation rates were higher for sedentary
species (figure 2 and electronic supplementary material, table
S2). Symmetrical speciation rates were higher for sedentary
species in Passeriformes and Apodiformes, and higher for
migratory species in Charadriiformes. In Passeriformes,
higher migratory net diversification rates were also due to
low migratory extinction rates (figure 2 and electronic sup-
plementary material, table S2). The only order in which we
found anagenetic transitions to be important was Psittaci-
formes, in which anagenetic transitions from a migratory to
a sedentary behaviour seemed to occur frequently (figure 2
and electronic supplementary material, table S2).

(c) Evolution of seasonal migration

According to our ancestral character state reconstruction ana-
lyses, migration appeared around 80Ma and reappeared
independently several times during the evolutionary history of
birds (figure 3). All lineages in the ancient part of the phylogeny
(from 120 to 80 Ma) were inferred to be sedentary. Accordingly,
many ancient nodes in the bird tree, in particular, the crown
ancestors of the five major orders, were reconstructed as seden-
tary (probability 0.89 for Passeriformes, 0.92 for Apodiformes,
0.94 for Piciformes, 0.88 for DPsittaciformes and 0.60 for
Charadriiformes).

4. Discussion

(a) Seasonal migration as a major driver of bird
diversification

Few studies have explicitly investigated the impact of
migration on diversification in birds [17,32]. Our analyses

T TR E T -


http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on April 23, 2014

Apodiformes

Charadriiformes

Piciformes

Psittaciformes

sedentary migratory

Passeriformes

120 80

time (Myr)

present

Figure 3. Ancestral bird lineages are reconstructed as sedentary (green), with repeated apparitions of the migratory behaviour (red). The ancestral state reconstruction is
based on the best-fitting BiSSE model and is plotted on the dated consensus tree. The colour of a given branch is scaled from completely green (inferred probability of
being migratory equals 0) to completely red (inferred probability of being migratory equals 1), based on the mean probability of the two adjacent nodes.

suggest that migration has played an important role in the
diversification of birds. Both at the global scale (in the phylo-
geny of all birds) and across the five major bird orders,
migratory behaviour is overall associated with high specia-
tion rates and low extinction rates, resulting in high net
diversification rates.

These results contrast with previous findings by Winger
et al. [32], who reported no relationship between migratory
behaviour and diversification rates in New World warblers.
New World warblers are a relatively small group (less than
150 species), below the 300 species threshold recommended
by Davis et al. [42] to avoid type II error rates. Hence, Winger
et al. [32] may simply have lacked the statistical power to
detect the effect of migration on diversification [42]. Moreover,
New World warblers have a specific genus—Setophaga—which
experienced a well-documented explosive radiation owing to
competition for food [50]. Such particularities may blur the
association between diversification and migratory behaviour.
The higher net diversification rate we detected in migratory
compared with sedentary species is consistent with previous
studies that identified a positive correlation between annual
dispersal and richness [51,52]. The authors of the later studies
suggested that migratory clades may have larger geographical
extents which could potentially increase a clade-wide carrying
capacity [51-53].

Despite a higher overall speciation rate in migratory than
sedentary species, speciation with no character change (sym-
metrical speciation) is estimated to be more frequent in
sedentary than in migratory species in the whole phylogeny,

in the Passeriformes and in the Apodiformes. In other words,
the divergence of a migratory species into two migratory
daughter species tends to be less frequent than the divergence
of a sedentary species into two sedentary daughter species.
This finding is consistent with the predictions of Helbig [17]
and Claramunt et al. [18] that genetic differentiation is reduced
in species with high dispersal capacity, such as migratory
birds. The annual mix of individuals from different breed-
ing populations on shared wintering sites may also tend to
homogenize gene pools within a species [18,54]. The rare occur-
rence of events when migratory species diverge into two
migratory species may also be linked to the difficulty of chan-
ging migratory trajectories, which has been widely illustrated
in the literature. For example, Oenanthe oenanthe conserved its
ancestral migration route from Alaska to West Africa instead
of choosing a shorter route to Central America [55].

The main reason why speciation rates are overall higher in
migratory birds is that the divergence of migratory species
into a migratory and a sedentary daughter species is more
frequent than the divergence of sedentary species into a
migratory and a sedentary daughter species. These asym-
metrical speciation events are almost as frequent as the
symmetrical speciation events in migratory bird species.
These results hold at the global scale as well as in four of
the five most speciose bird orders, and suggest that the excep-
tional dispersal capacities of migratory species may also
promote the colonization of new areas where small founder
colonies are well adapted, turn sedentary and diverge from
their ancestral migratory species. Such settling down of
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migratory populations has, for example, been observed in
Turdus pilaris, with populations establishing in Greenland
in few generations [56,57].

The Charadriiformes (waders, gulls and auks) stand out
in terms of their speciation patterns. The overall speciation
rate is also higher in migratory than sedentary species in this
group. However, the higher migratory speciation rate is
linked to a higher symmetrical migratory speciation rate,
whereas the asymmetrical speciation rate is lower for
migratory than sedentary species. This atypical speciation pat-
tern in Charadriiformes may, in part, be explained by the
particular ecology of the group, in which species are good dis-
persers and are highly associated with aquatic environments
[43,58]. High dispersal capacities associated with the possi-
bility of taking advantage of rich seasonal marine resources
available at high latitudes may explain why few species settle
down and turn sedentary in this group.

Migration tends to decrease extinction rates in birds as a
whole and in the Passeriformes. Migratory species may be
less restricted in space and have the capacity to escape and
find suitable habitat, if climate is changing locally or shifting
spatially. For example, migration may have avoided the extir-
pation of populations during major climate changes, such as
glaciation events linked to Milankovitch cycles [59]. Conver-
sely, sedentary species may be constrained by space, as is
the case for insular species, and may be limited to altitudinal
displacement to cope with climate and/or habitat changes
[60]. We did not detect a significant association between
migration and extinction rates in four of five of the most
species-rich taxonomic orders (Apodiformes, Piciformes, Psit-
taciformes and Charadriiformes). It could be that there is
indeed no effect of migration on extinction rates in these
groups. However, there is also a possibility that the lack of sig-
nificant effect arises from low statistical power. Davis et al. [42]
warned against a potential lack of statistical power in trait-
dependent analyses when the distribution of character states
is highly unbalanced, such that one of the character states is
present in less than 10% of the species. This was the case in
Apodiformes, Piciformes and Psittaciformes, in which less
than 10% of the species are migratory. In the Charadriiformes,
both the distribution of character states and the size of the phy-
logeny complied with the recommendations of Davis et al. [42].
Still, no effect on extinction was detected in this group. Extinc-
tion is notoriously difficult to estimate from molecular
phylogenies, in particular, when rate heterogeneity across
lineages is not accounted for [61-64]. It is thus difficult to con-
clude whether migration indeed had no effect on extinction in
these four groups, or if we lacked power to detect the effect.

It may seem counterintuitive that despite a higher migra-
tory net diversification rate, there are many more sedentary
than migratory extant bird species. In fact, although migration is
an important factor promoting diversification, migratory
species contribute substantially to the generation of sedentary
species. On average, every time a sedentary species diversi-
fies into two sedentary daughters species, a migratory
species generates only one migratory daughter species and
one sedentary species. This results in a decoupling between
diversification rates and species richness.

(b) Accounting for cladogenetic transitions
Character-dependent analyses are receiving a lot of attention
in the literature [45,65-67]. A large majority of these analyses

have been carried out with models accounting for potential [ 6 |

anagenetic changes, but not for cladogenetic changes (e.g.
BiSSE or multiple state speciation and extinction [65-67]).
In our analyses, allowing for cladogenetic transitions signifi-
cantly improved the fit of the models, and dramatically
changed the results. In BiSSE-type models, not accounting
for cladogenetic character changes, frequent anagenetic tran-
sition rates from migratory to sedentary species were
estimated; however, the ClaSSE analyses revealed that these
changes are, in fact, tightly coupled with the speciation pro-
cess. Allowing for speciation and character changes
provided an interesting result that would have been comple-
tely missed with BiSSE-type analyses: the settlement and
subsequent divergence of migrant populations into sedentary
species [56,68] seem to be a frequent mode of speciation in
migratory birds. In future studies, more systematically
accounting for cladogenetic character changes, using ClaSSE
[46] or BiSSE-ness [69], could lead to similar surprises.

Interestingly, we can understand the parameters estima-
ted with BiSSE-type models in the light of those estimated
in models incorporating cladogenetic character changes. The
rate of anagenetic transition from migratory to sedentary beha-
viour in BiSSE-type models (gmigr—sea = 0.084 4 0.008 Myr )
was very similar to the rate of migratory asymmetric speciation
(Amsm = 0.067 + 0.006 Myrfl). This correspondence between
parameters estimated with BiSSE-type versus ClaSSE-type
models suggests that at least in our study, and in the absence
of a character reconstruction implementation associated with
ClaSSE-type models, using BiSSE-type models is reasonable:
estimated diversification rates associated with the migratory
and sedentary behaviour are similar, as well as transition rates
from migratory to sedentary behaviour, the only change
being that the shifts occur along branches instead of during
speciation events.

(c) Transition rates and the evolution of the migratory
behaviour

The extent to which migratory behaviour is a conserved trait
is a controversial question [70,71]. It has been argued that
because migratory behaviour can emerge or disappear within
a few generations in a given population, it is highly labile
[17,35,37]. However, recent studies have found that migratory
traits are phylogenetically structured in New World warblers
[32], suggesting that shifts in migratory strategies may be less
frequent than previously thought. The very low anagenetic
transition rates we found when asymmetrical speciation is
accounted for also support that birds as a whole rarely shift
between sedentary and migratory behaviour, or vice versa.
Rather, sedentary species often evolve through divergence of
a migratory ancestor into a sedentary and a migratory daugh-
ter species. Once migration is expressed in a lineage, it tends to
be maintained during evolution.

Our ancestral state reconstruction results, which suggest that
sedentary behaviour is ancestral for all birds, are in line with pre-
vious findings for other groups, such as the Phylloscopidae [17].
This does not imply that the genes involved in migratory behav-
iour are not ancestral. It has previously been argued that,
because seasonal migration appeared repeatedly, and because
the genetic structure involved in seasonal migration is complex,
the genes required for migration were present in the common
ancestors of birds [17,37,70-72]. Our results confirm that the
expression of migratory behaviour has been triggered multiple
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times during the evolutionary history of birds, supporting the
hypothesis that the genetic structure involved in migration is
present in all birds. The behaviour is however activated only
in some lineages, maybe as a result of genetic or environmental
changes [17,34,37]. Other more direct sources of evidence
would, however, be necessary to further support this hypoth-
esis, which would imply a better understanding of the genetic
basis for the dispersal behaviour and potentially the ancestral
reconstruction of the implicated genes.

(d) Potential biases

The results presented in this study rely on several important
assumptions, such as: (i) the correctness of the phylogeny,
(ii) the homogeneity of rates across lineages within migratory
or sedentary species, and (iii) the constancy of diversification
rates through time.

— (i) Diversification analyses directly rely on the topological
and dating quality of the phylogeny used. The phylogeny
we used is the most up-to-date nearly complete phylo-
geny of birds [40]. This tree is controversial, because not
all species have molecular sequences [73], yet it currently
represents the best tree for such global-scale analyses. We
accounted for some of the uncertainty in phylogenetic
reconstruction by running our analyses on several trees
from the posterior distribution, and found consistent
results.

— (ii) Migratory (and sedentary) lineages may have hetero-
geneous diversification rates for many reasons, including
differences in habitat [67], body size, niche size, diet [66]
or sexual selective pressures such as colour polymorphism
[65]. We ran the various models at the order level to reduce
the bias introduced by this heterogeneity in our global-
scale analyses. There are probably heterogeneities within
orders as well, yet the consistency of our results at the
global scale and across orders suggest that these results are
robust to rate variations across lineages. Heterogeneity in
rates may, however, to some extent explain the lack of evi-
dence for the effect of migratory behaviour on extinction
rates, as discussed above.

— (iii) Diversification rates may vary through time for a variety
of reasons including variations in the abiotic and biotic
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