Does evolution of plumage patterns and of migratory
behaviour in Apodini swifts (Aves: Apodiformes) follow
distributional range shifts?

Dieter Thomas Tietze, Martin Packert, Michael Wink

The Apodini swifts in the Old World serve as an example for a recent radiation on an
intercontinental scale on the one hand. On the other hand they provide a model for the
interplay of trait and distributional range evolution with speciation, extinction and trait
transition rates on a low taxonomic level (23 extant taxa). Swifts are well adapted to a life
mostly in the air and to long-distance movements. Their overall colouration is dull, but
lighter feather patches of chin and rump stand out as visual signals. Only few Apodini taxa
breed outside the tropics; they are the only species in the study group that migrate long
distances to wintering grounds in the tropics and subtropics. We reconstructed a dated
molecular phylogeny including all species, numerous outgroups and fossil constraints.
Several methods were used for historical biogeography and two models for the study of
trait evolution. We finally correlated trait expression with geographic status. The
differentiation of the Apodini took place in less than 9 Ma. Their ancestral range most likely
comprised large parts of the Old-World tropics, although the majority of extant taxa breed
in the Afrotropic and the closest relatives occur in the Indomalayan. The expression of all
three investigated traits increased speciation rates and the traits were more likely lost
than gained. Chin patches are found in almost all species, so that no association with
phylogeny or range could be found. Rump patches showed a phylogenetic signal and were
correlated with Indomalayan distribution. Apodini swifts performed long-distance migration
whenever they expanded their range to temperate latitudes during warm periods,
repeatedly in the Pleistocene.
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Introduction

Adaptive radiations coincide with an accelerated speciation rate combined with an accelerated
differentiation of traits that are adapted to the requirements of a new environment (Schluter, 2000;
Price, 2008). Most examples of adaptive radiations have been extensively studied on oceanic islands of
mostly volcanic origin (Darwin finches on Galapagos (Rands et al., 2013); honeycreepers on Hawaii
(Lerner et al., 2011)). They mostly concern species of low dispersal ability: One accidental founding
event through passive displacement was followed by the differentiation of a single ancestor into several
descendant species with quite different adaptive traits in a relatively short time without further
invasions of closely related species. Neither has the colonising species been outcompeted by species of
a similar niche nor were the niches of the resulting species filled on the respective islands because the

oceanic islands are often young and harbour few endemics.
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On larger islands or continents, the situation is different, since most potential niches have been
occupied over time so that dispersers rarely get the chance to establish (Price, 2010). And if in the case
of harsher climate regimes (at higher latitudes or elevations) niche space in general is restricted, no

further congener could disperse into the same area.

If a species instead was pre-adapted to dispersal rather than to the actual habitat or food requirements
of the newly colonized area, a full competition on these resources could be avoided. Laube et al. (2013)
found that migratory behaviour has an indirect positive effect on range size via better dispersal ability.
Since dispersal ability is positively correlated with migratory behaviour, dispersal to less suitable areas
should coincide with the evolution of long-distance migration (LDM). Winker (2000) considered
migration a key innovation that occasionally enables lineages to radiate in new environments. So,
LDM can accelerate speciation of that lineage. Despite initial comparative approaches (reviewed by
Joseph, 2005) the “adaptive reasons for interspecific variation in migratory behaviour” (Bennett &

Owens, 2002) have not yet been found.

Swifts (Apodidae) represent a prominent avian example of high dispersal ability and LDM. These birds
feed on airborne arthropods and are highly specialised for aerial life and particularly during migration
they are capable of staying entirely airborne across large distances and over long time periods.
Migratory Common Swifts (Apus apus) combine almost permanent flying with foraging, thereby reach
higher speeds and cover longer distances per day than any similar-sized bird species (Akesson et al.,
2012) and Alpine Swifts (Tachymarptis melba) were recently shown to perform non-stop flights of a
proven maximum of 200 days (Liechti et al., 2013). The optimal body shape for such a life style is

based on long pointed wings, which are generally associated with high dispersal ability and LDM
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(Winkler & Leisler, 1992; Marchetti, Price & Richman, 1995; Dawideit et al., 2009; Baldwin et al.,

2010; Forschler & Bairlein, 2011; Claramunt et al., 2012).

We chose the apodiform tribe of typical swifts (Apodini) with 23 extant taxa for a study of trait
evolution with potential impact on speciation rates in birds on a low taxonomic level. In a previous
publication we (Packert et al., 2012) presented a taxon-complete molecular phylogeny at the species
level of this lineage comprising the genera Apus, Cypsiurus and Tachymarptis. However, the
delimitation of the Apodini has still not been fully understood. Monophyly was uncertain for some
species: Some species appeared paraphyletic and lineage sorting among some sister species was found
to be incomplete. A rapid diversification of the study group within the narrow morphological limits due
to the highly specialised life style seemed to be responsible for that. The molecular phylogeny needed
to be dated to quantify the speciation rates and to study evolutionary changes such as distribution and
the expression of morphological traits and migratory behaviour, the latter perhaps being interrelated

with dispersal/diversification.

Based on their pre-adaptation, swifts should exhibit an accelerated speciation, since they could occupy
new breeding grounds as soon as they become available and eventually become reproductively isolated
from populations that remain in situ or discover other new grounds. Although related swift lineages are
exclusively Indomalayan or even partially Australasian, we expected the Apodini swifts to have
originated from the Afrotropic, where most of the extant species breed (Figure 1). Because of the fast
aerial life of swifts, only one of the two plumage patterns should be of importance: the rump patch
should — beside acoustic signals — be relevant for species recognition whereas the chin patch can hardly
be seen. Either way these plumage patterns should evolve stochastically along the phylogeny instead of

being under sexual selection or adapted to the breeding range. Migratory behaviour — like behaviour in
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general — should be a more labile trait because climate conditions have seen dramatic changes
especially during the Pleistocene when the northern hemisphere went through series of cold and warm
periods. If the ancestral-state reconstruction for LDM is nevertheless possible, it should mirror the

extant situation of LDM being performed by species breeding in temperate regions.

Materials & Methods

Tree reconstruction

We (Packert et al., 2012) had previously presented a molecular phylogeny of swifts of the genera Apus,
Cypsiurus and Tachymarptis, with a complete taxon sampling at the species level. Phylogenetic
reconstructions were based on two mitochondrial (cytochrome b, 12S rDNA) and three nuclear
markers (intron 7 of fibrinogen, GAPDH, anonymous marker 12884). In order to compile a robust
taxonomic sampling for fossil molecular dating, we added sequences of further representatives of
Aerodramus, Hirundapus, Hemiprocne and Streptoprocne to the original data set of our previous study

(for origin of samples and GenBank accession numbers see Supplementary Table S1).

The sequences for each gene were aligned by ClustalW using MEGA v5.1 (Tamura et al., 2011) and
slightly adjusted by eye. The best-fit model for each locus was identified with the Akaike Information
Criterion (AIC) implemented in MRMODELTEST v2.3 (Nylander, 2004) in conjunction with PAUP*

v4.0b10 (Swofford, 2003).

Phylogenetic relationships were reconstructed using Bayesian inference through BEAST v1.4.8
(Drummond & Rambaut, 2007). In BEAST, we used the following settings: All five genes were treated
as separate partitions with unlinked substitution and clock models. According to MRMODELTEST

estimates, the HKY+I+I" model was assigned to the cytb partition, the HKY+I" model was assigned to
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partitions Fib7, GAPDH and nuclear 12884 and the GTR+I+I" model was assigned to the 12S rRNA
partition (Table 1). Furthermore, cytochrome b was partitioned into three codon positions after clipping
of the stop codons and all parameters were unlinked. A relaxed uncorrelated log-normal clock was
used with no rate specified and a Yule process (speciation) assumed as a tree prior. The reconstruction
was for 30,000,000 generations. The log files were checked with TRACER v1.5 (Rambaut et al., 2013)
in order to set the burn-in value. The BEAST trees were summarised with TREEANNOTATOR v1.4.8 using

a burn-in value of 9,000 and median node heights and the final tree visualised in FIGTREE v1.2.2.

Molecular dating of the multilocus tree was done in a fossil approach applying three fossil age
constraints to fixed nodes of the Apodidae phylogeny. Because fossils are generally considered
representatives of minimum split ages, we applied fossil constraints as time intervals using a lognormal
turea prior distribution according to the standards given in Benton, Donoghue & Asher (2009, figure 2).
We chose three fossils for calibration and set the fossil age as hard minimum age constraint (zero offset
of lognormal tyc, prior in BEAST). The probability density (lognormal distribution range) was then
codified by manually adjusting lognormal means and standard deviations to soft maximum constraints

in order to match the distribution in real space.

The root (Figure 2, node 1) was calibrated using two of the oldest known apodiform fossils
from the middle Eocene Argornis caucasicus (Karhu, 1999; Mayr, 2003a) and a further Argornis-like
bird that was described from the Messel pit (Germany), Parargornis messelensis (Mayr, 2003b).
According to cladistic analyses of skeletal anatomy both taxa resulted as the oldest splits in an
unresolved trichotomy of the Trochilidae clade, thus as the oldest representatives of modern
hummingbirds (Mayr, 2005; Mayr, 2010, figure 1; but compare Ksepka et al., 2013). For calibration of

node 1 we applied a zero offset of 47 Ma according to the older of the two fossil ages (Parargornis 47—
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107 49 Ma (Mayr, 2003a; Mayr, 2003b; Mayr, 2005)) and set the lognormal range to a soft maximum of 56

108  Ma thus spanning the entire early Eocene epoch (logNormalPrior mean="2.0" stdev="0.5").

109 Node 2 (Figure 2) was calibrated using the oldest known fossils of early swifts first described
110  from the Eocene Resnaes Clay of Denmark, Scaniacypselus wardi Harrison, 1984), however this genus
111  was also represented by another fossil taxon in the Messel fauna, S. szarskii (Peters, 1985). Again we
112 adjusted the lognormal prior distribution range to the early Eocene period and applied a zero offset of
113 48.6 Ma according to the slightly older Resnas Clay fossil (Ypresian: ~48.6-55.8 Ma; cf. Lindow &
114  Dyke, 2006) and set the lognormal prior distribution according to the early Eocene interval, as for node

115 1 (settings see above).

116 Node 3 (Figure 2) was calibrated using the oldest known modern swift fossil from the
117 Riversleigh formation, Australia, Collocalia buday (Boles, 2001). The formation is considered an
118 Awamoan to Lillburinian age of roughly 19—16 Ma and we adjusted the logprior distribution

119 accordingly (logNormalPrior mean="0.25" stdev="0.5" offset="16.0").

120 We performed an independent dating approach based on the extended cytochrome-b data set
121 alone using the same three fossil ages for calibration and assigned a fourth fossil age to an ingroup
122 node of the Aerodramus clade. The fossil taxon Collocalia manuoi was described from the early

123 Holocene Ana Manuku rockshelter (~7000—2000 years ago) on Mangaia, Cook Islands, and was

124  considered a close relative of extant Ae. sawtelli (Steadman, 2002). We therefore assigned the fossil
125 age to the node uniting the sister species Ae. sawtelli and Ae. bartschi using a zero offset of 0.007 Ma
126  and adjusted the lognormal prior distribution to the beginning of the Holocene (logNormalPrior

127  mean="0.005" stdev="0.5").
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Ancestral-area reconstruction

The total breeding range of Apus and Tachymarptis swifts (Figure 1) was subdivided into five discrete
areas (Table 2). Taxon-specific distributional data (Table 3) were compiled based on the maps in the
Handbook of the Birds of the World (Chantler, 1999) and in Chantler & Driessen (2000),

supplemented by range descriptions in Dickinson (2003) and corrected for our taxon delimitation.

Two parsimony-based and one likelihood-based approach were applied to compensate for the
disadvantages of single reconstruction methods: Weighted Ancestral Area Analysis (WAAA;
Hausdorf, 1998), RASP v2.1 beta for a Statistical DIspersal-Vicariance Analysis (S-DIVA; Yu, Harris
& He, 2013), and Likelihood Analysis of Geographic RANGe Evolution (Lagrange; Ree & Smith,
2008) in its C++ version of 17 January 2011. A random subset of 1,000 trees was chosen from the last
10,000 trees for replication in S-DIVA. In Lagrange, a step matrix defined dispersal rates for each pair
of areas: 1 for 1 area transition, 0.5 for 2, 0.25 for 3 and so forth. For each area, the areas considered its
neighbours are listed in Table 2. See Tietze & Borthakur (2012) for further details. An Indomalayan

outgroup was assumed.

The potential interplay between speciation and extinction of lineages and the occupation of two regions
was investigated with the help of the Geographic State Speciation and Extinction (GeoSSE; Goldberg,
Lancaster & Ree, 2011) model implemented in the R package DIVERSITREE v0.9-3 (FitzJohn, 2012).
The five areas were summarized under the following three scenarios: temperate (BCD) vs. tropical
(AE), non-African (BCDE) vs. African (A), non-Indomalayan (ABCD) vs. Indomalayan (E).
Probabilities for either region were reconstructed for all nodes including the root for the ingroup,

neglecting the possibility that both regions were inhabited.
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Trait evolution

We tested the traits chin patch, rump patch and LDM for phylogenetic signal, using Pagel’s A
(fitDiscrete in R package GEIGER (Harmon et al., 2009) and Blomberg’s K (phylosignal in R package
PICANTE (Blomberg, Garland & Ives, 2003; Kembel et al., 2010)). Markov models of discrete character
evolution to trace characters across the phylogeny (make.mk?2, find.mle, asr.marginal in R package
DIVERSITREE) and to test, if the model is improved by different parameters for gain and loss of the

character.

The potential interplay between the speciation and extinction of lineages and the expression of the
three traits was investigated with the help of the Binary State Speciation and Extinction (BiSSE) model
(Maddison, Midford & Otto, 2007) implemented in the R package DIVERSITREE v0.9-3 (FitzJohn,
2012). Probabilities for the presence of a trait were reconstructed for all nodes including the root for
the ingroup. Further tests determined whether the model is improved by different parameters for gain
and loss of the character and trait-specific speciation parameters. 10,000 generations of Markov Chain

Monte Carlo chains were run for each GeoSSE and BiSSE reconstruction.

Finally, we tested whether reconstructed geographic and character states were correlated across all

internal nodes. All analyses were performed in R v2.15.2 (R Core Team, 2012).
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Results

Time-dated phylogeny

We successfully delimited Apodini (from Aerodramus/Hydrochous) and confirmed the sister
relationship between Apus and Tachymarptis and of the latter two with Cypsiurus, and gained good
support for three major lineages within Apus (clades 1-3 in Figure 3). Despite the rapid diversification,
our multi-locus phylogeny succeeded in almost completely resolving the phylogenetic relationships of
the Apodini. Some monophyletic taxa received additional strong support from large indels in the fib7
intron: all Apodini shared a 29-bp-long deletion and all Apodidae differed from the sister family
Hemiprocnidae and from the Trochilidae by a 96-bp-long deletion (Figure 2). Recognised genera were
of unexpectedly young age and 95% HPD intervals were relatively narrow (Table 4): 3.6 Ma crown
age for Apus, 3.8 Ma for Tachymarptis, and 5.3 Ma for Cypsiurus. The ingroup as a whole (Apodini)

appeared to be 8.5 Ma old.

A mere cytochrome-b phylogeny dated with fossils gained a mean rate of 0.5% (without codon

partitioning) and 0.6% (with codon partitioning) changes per site and lineage and million years.

Historical biogeography

We reconstructed ancestral areas along the dated phylogeny and obtained Afrotropic-Indomalayan
origin for the ingroup (Apodini; Figure 4a, Table 4). Outgroup swift genera Aerodramus and
Collocalia were of Indomalayan origin. Ingroup genera Apus, Cypsiurus and Tachymarptis were all of
different origin: Cypsiurus was unequivocally of Afrotropic-Indomalayan and Tachymarptis of

Afrotropical origin, Apus also had Afrotropical origin according to parsimony methods, but Afrotropic-
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Indomalayan origin according to Lagrange. Apus clade 1 was of eastern Palaearctic-Indomalayan

origin, but clades 2 and 3 were Afrotropic.

When testing for tropical origin under the GeoSSE model, Apus received 42%, Tachymarptis 62%,
Cypsiurus 64% and the ingroup 55% probability (Figure 4a). When testing for African origin, Apus
received 33%, Tachymarptis 58%, Cypsiurus 40% and the ingroup 42% probability (Figure 4b). When
testing for Indomalayan origin, Apus received 41%, Tachymarptis 31%, Cypsiurus 42% and the

ingroup 40% probability (Figure 4c).

Likelihoods were not significantly different for geographic scenarios with the same speciation or
dispersal rate in the two regions, respectively, from area-specific rates (Table 5). Nevertheless,
speciation rate was higher in the tropics than outside, higher in the Afrotropic than outside and higher
in the Indomalaya than outside, but in the latter two scenarios speciation rate was much higher when a
lineage was reconstructed to occur in the respective region and outside than in only one of them.
Extinction rates were also higher in the tropics, the Afrotropic and the Indomalaya than outside the

respective region. In contrast, dispersal rates were higher outside than inside these three regions.

Evolution of morphological features and long-distance migration

We found a phylogenetic signal for a white rump patch, but neither for a chin patch nor LDM (Table
5). Under a Markov model, the ingroup root state was clearly rump patch, but undecided for chin patch
and LDM. Under a BiSSE model, chin patch received 71%, rump patch 52% and LDM 59%

probability as the root state (Table 5, Figure 5).

Likelihoods were not significantly different for traits with the same speciation or transition rate for the

two character states, respectively, from state-specific rates (Table 5). Nevertheless, speciation rate was
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higher, if the trait was expressed, for all three traits, but the ratio was least for rump patch and highest
for chin patch. Accordingly, extinction rates were higher if the trait was not expressed. Rates for losing
the trait were higher than for gaining it, also for all three investigated traits, whereby the ratio was

highest for rump patch and clearly lowest for LDM.

Likelihoods for Markov models were (nearly) significantly lower for unconstrained than for models
with identical speciation and transition rates (Table 5). In contrast, likelihoods for constrained and

unconstrained BiSSE models were not significantly different from each other.

A light rump patch was correlated with Indomalayan distribution across the internal nodes (Table 6,
Figure 6a). LDM was correlated with temperate distribution across the internal nodes (Table 6, Figure

6b).

Discussion

Fast radiation

Due to their high dispersal ability based on their pointed wings, swifts should have quickly reached
new inhabitable areas and consequently differentiated from conspecifics elsewhere. Our dated
molecular phylogeny confirms the expectation of numerous speciation events within a relatively short
term, most recently driven by rapid changes of warm and cold periods in the northern hemisphere
during the Pleistocene. Timely dimensions of our split age estimates deviate from previous dating
approaches (across different avian families with only a few representatives of Apodiformes included)
in a younger root age and a slightly older age estimate for node 2 (review in Brown & Mindell, 2009).

For the latter node Mayr (2010) already argued against a late Eocene split age estimate among
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Hemiprocnidae and Apodidae (34 Ma, as estimated by Brown & Mindell, 2009) based on the
considerably older fossil age of the stem group of Apodidae (Scaniacypselus; fixed node age 2 in our

calibration).

The ages of the genera investigated here are much younger than that of other genera of small birds: in a
comparative study of East Asian passerines, Packert et al. (2012) dated eight genera to 5-21 Ma.
Among our study genera, Apus swifts in particular are one of the few examples of avian “great
speciators” that underwent explosive Quarternary radiations including accelerated speciation rates in a
single genus. As in swifts these processes included long-distance transcontinental colonisation like that
in Turdus thrushes (Nylander et al., 2008) and typically island radiations like those in white-eyes
(Zosteropidae (Moyle et al., 2009) or in the Red-bellied Pitta complex (Erythropitta erythrogaster
(Irestedt et al., 2013)). While in the latter two examples these island radiations were restricted to a
single event including stepping-stone colonisation on the Indomalayan archipelago, the Apus radiation
involved at least two separate colonisation events on Madagascar and Macaronesia (clade 3). These
two events occurred independently at the fringes of a predominantly continental African swift radiation
with a terminal colonisation of the Palaearctic. Some driving factors for the diversification rate increase
in Zosterops white-eyes do not apply to swifts, e.g. rapid morphological evolution (see below); others
do, such as sociality and group dispersal as a precondition for successful colonisation (Moyle et al.,

2009).

We are less sure about “generalist ecology” (Moyle et al., 2009) as another driving factor: Chantler &
Driessens (2000) comment on the Common Swift that “it has a greater variety of prey items than any
similarly well studied bird, with over 500 prey species recorded in Europe”. On the other hand, some

species quite selectively feed on hymenopterans; and apparently there is some ecological segregation
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among Common and Pallid Swifts with respect to prey choice and foraging behaviour as well.
Nevertheless, there is one ecological factor that might have a key role in rapid adaptation of swifts to
short-term and long-term climatic changes (see below): availability of aerial plankton. As a
consequence, swifts are highly sensitive to even short-term climate-induced shifts of aerial insect
abundance and even perform seasonal moves to avoid stormy depressions (Udvardy, 1954; Cucco &
Malacarne, 1996). Because reproductive success of swift species is highly dependent on these factors
(Cucco et al., 1992; Rajchard, Prochazka & Kindlmann, 2006), long-term climate changes might have

caused repeated range shifts (colonisation events) from suboptimal towards optimal breeding grounds.

In contrast to higher speciation rates, we found substitution rates in cyt-b that were about half the
general rule of thumb (1.05% substitutions per site and lineage and million years). Weir & Schluter
(2008) listed a clearly lower 0.86% for the Apodiformes based on a single calibration for

hummingbirds only; their estimate tends towards our 0.5-0.6% substitutions/site/lineage/Ma.

Geographic whereabouts

The onset of basal lineage separation among Apodini clades was dated to the Miocene-Pliocene
boundary and gave rise to three major clades of Afrotropical-Indomalayan origin, against our
expectation of mere Afrotropical origin based on extant species numbers. The fact that extant members
of the sister clade (4derodramus) also breed in various parts of the Old-World tropics (Chantler, 1999),
supports this reconstruction. Later in the Pliocene, the Afrotropic was the diversification centre of most

Apodini lineages until the late Pleistocene except for Apus clade 1 (East Asian diversification centre).

For terrestrial birds, Voelker, Outlaw & Bowie (2010) suggested an impact of Pliocene climate change

as a driver of speciation in African forest robins, and the assumption of African montane centres of
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269 Pliocene-Pleistocene speciation processes was corroborated for African greenbuls (Pycnonotidae:

270  Andropadus), too (Roy, 1997). Though the predominantly aerial swift species do not directly depend
271 on forest or other land ecosystems, Pliocene climate changes might have had a similar impact on aerial
272  plankton communities and thus on swift prey availability. Despite the strong airbound life style of all
273  swifts, distribution of many species is also waterbound; this is particularly evident for those species
274 that penetrate continental arid regions where they are locally restricted to river valleys, oases and

275 swamps (Chantler, 1999). Therefore, Pliocene desertification processes on the African continent

276  (Micheels, Eronen & Mosbrugger, 2009; Senut, Pickford & Ségalen, 2009) might have induced range
277  shifts, exodus and colonisation waves and even local extinctions in Afrotropical Apodini swifts (cf.

278 scattered distributional areas today).

279  Accordingly, within-clade differentiation in Apodini was dated back to the Pleistocene with strongest
280 diversification in Apus clade 3: four allopatric African species, one on Madagascar, two in

281 Macaronesia and two in Eurasia and the Mediterranean. Strikingly, a similar diversification pattern in
282  space and time was reconstructed for the Common Kestrel (Falco tinnunculus) and allies (figure 3 in
283  Groombridge et al., 2002) and for Falco biarmicus and allied hierofalcons (Nittinger et al., 2005). Like
284  Apodidae swifts, these falcon species are highly mobile and able to perform long-distance overseas and

285 transcontinental dispersal of founder populations towards new breeding grounds.

286 Warm and cold period changes took place around every 100,000 years during the Pleistocene which
287 probably influenced speciation in some swifts. As a terminal late- or even post-Pleistocene event,
288  colonisation of the Palaearctic occurred four times independently in Apus and Tachymarptis.

289  Considering suboptimal climatic conditions throughout Eurasia at least around the Last Glacial

290 Maximum, ancestors of all extant Palaearctic species might have survived glacial periods at the
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southern margins of the Palaearctic (Mediterranean refuges: A. apus, A. pallidus, T. melba; East Asian
refuges: 4. pacificus) and rapidly dispersed northward after Holocene glacial retreat. Apart from
incomplete lineage sorting among the very young Western Palaearctic sister species 4. apus and A.
pallidus (Packert et al., 2012), other factors might have enhanced repeated genetic admixture among
their ancestral populations: 1) past hybridisation due to partial overlap of their Mediterranean refuges,
i1) “repeated colonisation of genetically similar individuals from the same source populations” (Baker,
2008). Similar processes during very recent speciation events might have enhanced past genetic
admixture among avian close relatives in Mediterranean refuges, too (hierofalcons (Nittinger et al.,

2005), gulls (Liebers, de Knijf & Helbig, 2004; Sternkopf et al., 2010)).

Current trans-Atlantic vagrancy in both directions in swifts (Chantler, 1999) proves their ability to

randomly reach far distant potential breeding grounds.

Evolutionary (plumage) patterns

In contrast to frequent speciation events, morphology evolved negligibly. The almost permanent aerial
life style of swifts puts constraints on body proportions and physiology. This left little room for any
kind of ecological speciation. Swifts thus followed the more common pattern of non-ecological
speciation, differentiated in allopatry and regained sympatry after reproductive isolation (Rundell &
Price, 2009). Overall size varies to allow for niche partitioning among sympatric species (Chantler &
Driessens, 2000); e.g. gape size and wing length corresponding to prey size and foraging behaviour
(Salomonsen, 1976; Salomonsen, 1983). A parapatric ecological speciation process can be observed in
a later stage among A. apus and A. pallidus, which are hardly separable by phylogenetic markers

(Packert et al., 2012): body size differs negligibly, but foraging occurs at different altitudes (aerial
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stratification in mixed flocks) and the range of food items differs accordingly (Cucco & Malacarne,

1987; Cucco, Bryant & Malacarne, 1993).

Due to the fast aerial life style of swifts, plumage colouration should not be driven by either sexual
selection or distribution, but might rather evolve randomly under phylogenetic constraint. Findings
were different for the two investigated plumage patterns: the facial character was neither bound to
phylogeny nor explained by one of the geographic scenarios. It remains obscure why this trait was lost

in only one species per Apus clade and one Cypsiurus species.

The conspicuous rump patch on the other hand showed a phylogenetic signal, but nevertheless its
expression was correlated with Indomalayan distribution. Both findings can be explained by the fact
that the feature occurs only in species of Apus clades 1 and 2, which are most likely sister to each
other. (Only one species per clade actually lacks a rump patch.) The only four terminal taxa in Apus

that breed in the Indomalaya belong to clades 1 and 2 (two taxa each).

Both markers (insignificantly) increased speciation and extinction rates, but both traits were more
likely to have been lost during the diversification of the Apodini swifts than to be gained. Hugall &
Stuart-Fox (2012) investigated polymorphic plumage in several larger groups of birds (family to
order). In their larger data sets, polymorphism was a rarely expressed trait that significantly increased
speciation rates, and rates of losing polymorphism were significantly higher than rates of gaining it. So
maybe these findings are significant in contrast to ours due to the larger and thus older clades
investigated. We consider it more likely that the two plumage traits we investigated have been
irrelevant under natural and sexual selection and consequently evolved under a Brownian motion

model or got fixed after being expressed for the first time.
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FitzJohn, Maddison & Otto (2009) contrasted sexual monomorphism with dimorphism within the
Charadriiformes (shorebirds) and found that diversification rates and character transition rates differed
between sexually monomorphic and dimorphic species. However, the threshold level of sexual
dimorphism used to classify species as monomorphic and dimorphic can vary; their evidence for a
correlation between sexual dimorphism and diversification rates is thus equivocal. They also confirmed

that the rarer a state the more likely its diversification rate would be underestimated.

If this holds true, in our relatively common traits diversification rates for the expressed traits should not
have been underestimated and consequently should actually significantly differ from the rates for not-
expressed traits. At least for the more widespread trait chin patch the A1/A0 ratio is much higher than

for the other two traits.

Switching on and off long-distance migration

Swifts should only migrate between breeding grounds and winter quarters if they breed in high-latitude
areas, which cannot provide enough small aerial insects to feed the swifts in the cold season. This holds
true for the extant species, but could also be confirmed for their ancestors, even though tropical
distribution and migratory behaviour were reconstructed independently. Thus older approaches to
studying LDM evolution in a phylogenetic context (in passerines only) could be confirmed in that
LDM evolved several times independently in a genus (Joseph, Lessa & Christidis, 1999; Joseph, Wilke
& Alpers, 2003; Helbig, 2003; Outlaw et al., 2003). LDM was the most labile trait in our study, as
expected for a behavioural trait (Blomberg, Garland & Ives, 2003). That suggested that the expression
of this trait did not depend on common ancestry. Migrating Apodini swifts were more likely to speciate
(significant only under the Markov model) and to become extinct; it was slightly more likely for a

migratory species to become sedentary than for a sedentary species to switch to LDM. Consequently,
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LDM is a rarely expressed trait in the Apodini, but this behaviour has not only opened up new areas for
reproduction and foraging for these swifts, it has also accelerated diversification within the clade.
Newton (2008) summarised why natural selection should favour LDM: birds can 1) better survive the
winter, if there is more food available in the winter quarters, i1) more productively breed, if there is
seasonally more food available in the summer quarters. Additionally, competition is avoided without
major adaptation, if the season of reproduction, which is most critical in respect to food resources, is
spent in different areas. LDM also imposes quite some cost and risk, but they are apparently relatively

low in swifts due to their perfect adaptation to aerial life.

Previous work often found the ancestors of their study groups to be sedentary and breed in the tropics
(but see Voelker, Bowie & Klicka, 2013). From the combined analysis of geographic ancestry and trait
evolution we may also conclude that the MRCA of the Apodini swifts bred in the tropics and was
sedentary (ignoring the tendency of the BiSSE and GeoSSE models to reconstruct equivocal root
states). The Markov model remained also undecided about the MRCA being migratory or not. This is
consistent with the fact that migration behaviour proved to be a labile trait in the swifts, too, and the
knowledge that migratory behaviour can be intensified or lost within small birds in only a few
generations (Berthold et al., 1992). The nearly perfect adaptation to dispersal and other long-distance
movements in swifts supports Pulido’s (2007) suggestion that migratory behaviour might be immanent
in sedentary populations and “switched on” or selected for, if altered climatic conditions make
surviving during the winter unlikely (Bruderer & Salewski, 2008). Surprisingly, Winger, Lovette &
Winkler (2012) found a strong phylogenetic signal for LDM in the American passerine family of the
Parulidae (Blomberg’s K between 0.79 and 0.90) and could even predict the migratory distance of their

study species through the phylogeny.
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In contrast to our results from trait evolution analysis, Helbig (2003) — based on incomplete data for
few passerine genera — argued that highly migratory species show less tendency to speciate than more
sedentary species; this referred to descriptive facts regarding extant species. Second, Helbig (2003)
expected less differentiation along the migratory axis (north-south) than along the west-east axis. This
is certainly true, because tropical ecosystems are older than temperate ones and have more reliably
provided prey to swifts throughout a year over geological times. We confirmed his third hypothesis
that LDM evolved several times independently, but found that this was not due to a lower speciation
rate in migrants but a higher rate of transition to sedentary behaviour. Although often assumed that
lineages with higher dispersal ability experienced lower speciation rates (Claramunt et al., 2012), we
found a four times higher speciation rate in migratory species, i.e. species with apparently higher

dispersal ability, in contrast to sedentary species across the phylogeny (Table 5).

This is not the first study that combined a phylogenetic and biogeographic approach to the evolution of
migration (even with diversitree tools): Winger, Lovette & Winkler (2012) found for their Parulidae
that losses of LDM were only “at least as prevalent as” gains and that the speciation rate for migrants
was slightly lower than for sedentary birds, whereas in the Apodini migratoriness clearly increased the

speciation rate and was much more likely to be lost than gained (Table 5).

So far we considered long-distance migration as an intercontinental movement (Europe to Subsaharan
Africa; East Asia to Australia). This is fundamentally different from seasonal movements inside a
continent as described for several African Apus species. In some of these species these seasonal
movements in the tropics depend on the availability of aerial prey and change of weather conditions
(also observable in A. apus during the breeding season in Europe), in others they depend on the change

between wet and dry season (4. niansae) and some mountain populations perform seasonal altitudinal
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movements. There are also some seasonal southward coastal movements in 4. berliozi and nomadic
behaviour of A. bradfieldi outside the breeding season. All these rather short-distance movements show
the general aptitude for “migration”. This pre-adaptation can extended to LDM if required. However,

such short-distance movements are not known from among the Indomalayan islands.

Conclusions

Apodini swifts radiated into 20 currently recognised species within less than 8.5 Ma. Originally
distributed across the Old-World tropics, several lineages expanded their ranges into the Palaearctic
independently both from the East and the West. Because of their already highly specialised life style
and connected physical adaptations, only subtle adaptations are observable. Obvious plumage patches
are not among them: A light chin patch is generally present and has been lost in four species
independently. A white rump patch in contrast is the synapomorphy of a monophylum of half the Apus
species, in which two species lost the feature, giving this whole trait a phylogenetic signal as well as
apparent dependency on Indomalayan distribution. LDM turned out to be the only trait of three
investigated traits that might be an adaptation to the requirements of the new environment of the high
latitudes. The trait was expressed several times independently whenever a swift lineage expanded to
the Palaearctic. Area- and trait-specific speciation and transition rates did not differ from general ones,
so that the GeoSSE and BiSSE models were actually too complicated on this low taxonomic level. We
would suggest further comparative studies of this model system including continuous traits such as
body dimensions and life-history traits (cf. Pienaar et al., 2013). Furthermore, it would be interesting to
work out the impact of microevolutionary processes (cf. incomplete speciation e.g. in A. apus/A.
pallidus) on the interspecific trait evolution (Simpson, 2013). But also many interesting questions

related to the comparative evolutionary patterns across the whole family remain to be answered.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

Acknowledgements

Numerous colleagues and natural history collections provided samples for the phylogenetic
reconstructions (for details see Packert et al., 2012). Emma E. Goldberg gave DTT advice on how to
get node and root results from GeoSSE models. Reviewers and editors helped to improve the

manuscript.

References

Akesson S, Klaassen R, Holmgren J, Fox JW, Hedenstrdm A. 2012. Migration routes and strategies
in a highly aerial migrant, the common swift Apus apus, revealed by light-level geolocators. PLoS

ONE 7:¢41195.

Baker AJ. 2008. Islands in the sky: the impact of Pleistocene climate cycles on biodiversity.

Journal of Biology 7:32.

Baldwin MW, Winkler H, Organ CL, Helm B. 2010. Wing pointedness associated with migratory
distance in common-garden and comparative studies of stonechats (Saxicola torquata). Journal of

Evolutionary Biology 23:1050-1063.

Bennett P, Owens IPF. 2002. Evolutionary ecology of birds. Oxford: Oxford University Press.

Benton MJ, Donoghue PC, Asher RJ. 2009. Calibrating and constraining molecular clocks. In:

Hedges SB, Kumar S, ed. The timetree of life. Oxford: Oxford University Press, 35-86.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

Berthold P, Helbig AJ, Mohr G, Querner U. 1992. Rapid microevolution of migratory behavior in a

wild bird species. Nature 360:668-670.

BirdLife International, NatureServe. 2011. Bird species distribution maps of the world. Cambridge:

BirdLife International, NatureServe.

Blomberg SP, Garland T, Ives AR. 2003. Testing for phylogenetic signal in comparative data:

Behavioral traits are more labile. Evolution 57:717-745.

Boles WE. 2001. A swiftlet (Apodidae: Collocaliini) from the Oligo-Miocene of Riversleigh,

northwestern Queensland. Memoir of the Association of Australasian Palaeontologists 25:45-52.

Brown JW, Mindell DP. 2009. Swifts, treeswifts and hummingbirds (Apodiformes). In: Hedges

SB, Kumar S, editors. The timetree of life. Oxford: Oxford University Press, 454-456.

Bruderer B, Salewski V. 2008. Evolution of bird migration in a biogeographical context. Journal of

Biogeography 35:1951-1959.

Chantler P. 1999. Family Apodidae (swifts). In: del Hoyo J, Elliott A, Sargatal J, ed. Handbook of
the Birds of the World — Volume 5, Barn-owls to hummingbirds. Barcelona: Lynx Edicions, 388-

457.

Chantler P, Driessens G. 2000. Swifts — A guide to the swifts and treeswifts of the world, 2" ed.

Sussex, UK: Pica Press.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

Claramunt S, Derryberry EP, Remsen J, Brumfield RT. 2012. High dispersal ability inhibits
speciation in a continental radiation of passerine birds. Proceedings of the Royal Society of London

B 279:1567-1574.

Cucco M, Bryant DM, Malacarne G. 1993. Differences in diet of Common (4pus apus) and Pallid

(Apus pallidus) Swifts. Avocetta 17:131-138.

Cucco M, Malacarne G. 1987. Distribution and nest-hole selection in the breeding Pallid Swift.

Avocetta 11:57-61.

Cucco M, Malacarne G. 1996. Reproduction of the Pallid Swift (Apus pallidus) in relation to

weather and aerial insect abundance. ltalian Journal of Zoology 63:247-253.

Cucco M, Malacarne G, Orecchia G, Boano G. 1992. Influence of weather conditions on Pallid

Swift Apus pallidus breeding success. Ecography 15:184-189.

Dawideit BA, Phillimore AB, Laube I, Leisler B, Bohning-Gaese K. 2009. Ecomorphological

predictors of natal dispersal distances in birds. Journal of Animal Ecology 78:388-395.

Dickinson EC, ed. 2003. The Howard and Moore complete checklist of birds of the world. 3 ed.

London: Christopher Helm.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees.

BMC Evolutionary Biology 7:214.

FitzJohn RG. 2012. Diversitree: comparative phylogenetic analyses of diversification in R.

Methods in Ecology and Evolution 3:1084-1092.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

FitzJohn RG, Maddison WP, Otto SP. 2009. Estimating trait-dependent speciation and extinction

rates from incompletely resolved phylogenies. Systematic Biology 58:595-611.

Forschler MI, Bairlein F. 2011. Morphological shifts of the external flight apparatus across the

range of a passerine (northern wheatear) with diverging migratory behaviour. PLoS ONE 6:4.

Goldberg EE, Lancaster LT, Ree RH. 2011. Phylogenetic inference of reciprocal effects between

geographic range evolution and diversification. Systematic Biology 60:451-465.

Groombridge JJ, Jones CG, Bayes MK, van Zyl AJ, Carrillo J, et al. 2002. A molecular phylogeny
of African kestrels with reference to divergence across the Indian Ocean. Molecular Phylogenetics

and Evolution 25:267-277.

Harmon L, Weir J, Brock C, Glor R, Challenger W, et al. 2009. geiger: Analysis of evolutionary

diversification. R package version 1.3-1. http://CRAN.R-project.org/package=geiger.

Harrison C. 1984. A revision of the fossil swifts (Vertebrata, Aves, suborder Apodi) with
descriptions of three new genera and two new species. Mededelingen van de Werkgroep voor

Tertiaire en Kwartaire Geologie 21:157-177.

Hausdorf B. 1998. Weighted Ancestral Area Analysis and a solution of the redundant distribution

problem. Systematic Biology 47:445-456.

Helbig AJ. 2003. Evolution of bird migration: a phylogenetic and biogeographic perspective. In:

Berthold P, Gwinner E, Sonnenschein E, ed. Avian migration. Berlin, Heidelberg. Springer.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

Hugall AF, Stuart-Fox D. 2012. Accelerated speciation in colour-polymorphic birds. Nature

485:631-635.

Irestedt M, Fabre P-H, Batalha-Filho H, Jensson KA, Roselaar CS, et al. 2013. The spatio-temporal
colonization and diversification across the Indo-Pacific by a ‘great speciator’ (Aves, Erythropitta

erythrogaster). Proceedings of the Royal Society of London B 280:20130309.

Joseph L. 2005. Molecular approaches to the evolution and ecology of migration. In: Greenberg R,

Marra PP, ed. Birds of two worlds. Washington, DC: The Johns Hopkins University Press, 18-26.

Joseph L, Lessa EP, Christidis L. 1999. Phylogeny and biogeography in the evolution of migration:

shorebirds of the Charadrius complex. Journal of Biogeography26:329-342.

Joseph L, Wilke T, Alpers D. 2003. Independent evolution of migration on the South American
landscape in a long-distance temperate-tropical migratory bird, Swainson's flycatcher (Myiarchus

swainsoni). Journal of Biogeography 30:925-937.

Karhu AA. 1999. A new genus and species of the family Jungornithidae (Apodiformes) from the
Late Eocene of the northern Caucasus, with comments on the ancestry of hummingbirds.

Smithsonian Contributions to Paleobiology 89:207-216.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, et al. 2010. Picante: R tools for

integrating phylogenies and ecology. Bioinformatics 26:1463-1464.

Ksepka DT, Clarke JA, Nesbitt SJ, Kulp FB, Grande L. 2013. Fossil evidence of wing shape in a
stem relative of swifts and hummingbirds (Aves, Pan-Apodiformes). Proceedings of the Royal

Society of London B 280:20130580.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




512

513

514

515

516

517

518

519

520

321

522

523

524

525

526

527

528

529

530

Laube I, Korntheuer H, Schwager M, Trautmann S, Rahbek C, et al. 2013. Towards a more

mechanistic understanding of traits and range sizes. Global Ecology and Biogeography 22:233-241.

Lerner HRL, Meyer M, James HF, Hofreiter M, Fleischer RC. 2011. Multilocus resolution of
phylogeny and timescale in the extant adaptive radiation of Hawaiian honeycreepers. Current

Biology 21:1838-1844.

Liebers D, de Knijf P, Helbig AJ. 2004. The Herring Gull complex is not a ring species.

Proceedings of the Royal Society of London B 271:893-901.

Liechti F, Witvliet W, Weber R, Bichler E. 2013. First evidence of a 200-day non-stop flight in a

bird. Nature Communications 4:2554.

Lindow BEK, Dyke GJ. 2006. Bird evolution in the Eocene: climate change in Europe and a

Danish fossil fauna. Biological Reviews 81:483-499.

Maddison WP, Midford PE, Otto SP. 2007. Estimating a binary character’s effect on speciation and

extinction. Systematic Biology 56:701-710.

Marchetti K, Price T, Richman A. 1995. Correlates of wing morphology with foraging behaviour

and migration distance in the genus Phylloscopus. Journal of Avian Biology 26:177-181.

Mayr G. 2003a. Phylogeny of early tertiary swifts and hummingbirds (Aves: Apodiformes). Auk

120:145-151.

Mayr G. 2003b. A new Eocene swift-like bird with a peculiar feathering. /bis 145:382-391.

Mayr G. 2005. Fossil hummingbirds in the Old World. Biologist 52:12-16.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




531

532

533

534

535

536

537

538

239

340

541

542

543

544

545

546

547

548

549

Mayr G. 2010. Reappraisal of Eocypselus — a stem group apodiform from the early Eocene of

Northern Europe. Palaeobiodiversity and Palaecoenvironments 90:395-403.

Micheels A, Eronen J, Mosbrugger V. 2009. The Late Miocene climate response to a modern

Sahara desert. Global and Planetary Change 67:193-204.

Moyle RG, Filardi CE, Smith CE, Diamond J. 2009. Explosive Pleistocene diversification and
hemispheric expansion of a “great speciator”. Proceedings of the National Academy of Sciences of

the United States of America 106:1863-1868.

Newton 1. 2008. The migration ecology of birds. Amsterdam: Elsevier.

Nittinger F, Haring E, Pinsker W, Wink M, Gamauf A. 2005. Out of Africa? Phylogenetic
relationships between Falco biarmicus and the other hierofalcons (Aves: Falconidae). Journal of

Zoological Systematics and Evolutionary Research 43:321-331.

Nylander JA, Olsson U, Alstrém P, Sanmartin I. 2008. Accounting for phylogenetic uncertainty in
biogeography: a Bayesian approach to dispersal-vicariance analysis of the thrushes (Aves: Turdus).

Systematic Biology 57:257-268.

Nylander JAA. 2004. MrModeltest v2. Program distributed by the author. Evolutionary Biology

Centre, Uppsala University.

Outlaw DC, Voelker G, Mila B, Girman DJ. 2003. Evolution of long-distance migration in and
historical biogeography of Catharus thrushes: A molecular phylogenetic approach. Auk 120:299-

310.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




550 Péackert M, Martens J, Sun Y-H, Severinghaus LL, Nazarenko AA, et al. 2012. Horizontal and

551 elevational phylogeographic patterns of Himalayan and Southeast Asian forest passerines (Aves:
552 Passeriformes). Journal of Biogeography 39:556-573.

553 Péackert M, Martens J, Wink M, Feigl A, Tietze DT. 2012. Molecular phylogeny of Old World
554 swifts (Aves: Apodiformes, Apodidae, Apus and Tachymarptis) based on mitochondrial and

555 nuclear markers. Molecular Phylogenetics and Evolution 63:606-616.

556 Peters DS. 1985. Ein neuer Segler aus der Grube Messel und seine Bedeutung fiir den Status der
557 Aegialornithidae (Aves: Apodiformes). Senckenbergiana lethaea 66:143-164.

558 Pienaar J, [lany A, Geffen E, Yom-Tov Y. 2013. Macroevolution of life-history traits in passerine
559 birds: adaptation and phylogenetic inertia. Ecology Letters 16:571-576.

560 Price TD. 2008. Speciation in Birds. Greenwood Village, Co.: Roberts and Company.

561 Price TD. 2010. The roles of time and ecology in the continental radiation of the Old World leaf
562 warblers (Phylloscopus and Seicercus). Philosophical Transactions of the Royal Society B

563 365:1749-1762.

564 Pulido F. 2007. The genetics and evolution of avian migration. Bioscience 57:165-174.

565 R Core Team. 2012. R: A language and environment for statistical computing. Wien: R Foundation
566 for Statistical Computing. www.r-project.org.

567 Rajchard J, Prochéazka J, Kindlmann P. 2006. Long-term decline in Common Swift Apus apus
568 annual breeding success may be related to weather conditions. Ornis Fennica 83:66-72.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




569

570

571

572

573

574

575

576

7

378

579

580

581

582

583

584

585

586

587

Rambaut A, Suchard MA, Xie D, Drummond Al. 2013. Tracer v1.5. Available from

http://beast.bio.ed.ac.uk/Tracer.

Rands CM, Darling A, Fujita M, Kong L, Webster MT, et al. 2013. Insights into the evolution of
Darwin’s finches from comparative analysis of the Geospiza magnirostris genome sequence. BMC

Genomics 14:95.

Ree RH, Smith SA. 2008. Maximum likelihood inference of geographic range evolution by

dispersal, local extinction, and cladogenesis. Systematic Biology 57:4-14.

Roy MS. 1997. Recent diversification in African greenbuls (Pycnonotidae: Andropadus) supports a

montane speciation model. Proceedings of the Royal Society of London B 264:1337-1344.

Rundell RJ, Price TD. 2009. Adaptive radiation, nonadaptive radiation, ecological speciation and

nonecological speciation. Trends in Ecology and Evolution 24:394-399.

Salomonsen F. 1976. The main problems concerning avian evolution on islands. Proceedings of the

16™ International Ornithological Congress 585-602.

Salomonsen F. 1983. Revision of the Melanesian swiftlets (Apodes, Aves) and their conspecific
forms in the Indo-Australasian and Polynesian region. Biologiske skrifter af det Kongelige Danske

Videnskabernes Selskab 23:1-112.

Schluter D. 2000. The ecology of adaptive radiation. Oxford: Oxford University Press.

Senut B, Pickford M, Ségalen L. 2009. Neogene desertification of Africa. Comptes rendus

geoscience 341:591-602.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

Simpson C. 2013. Species selection and the macroevolution of coral coloniality and

photosymbiosis. Evolution 67:1607-1621.

Steadman DW. 2002. New species of swiftlet (Aves. Apodidae) from the late Quaternary of

Mangaia, Cook Islands, Oceania. Journal of Vertebrate Paleontology 22:326-331.

Sternkopf V, Liebers-Helbig D, Ritz MS, Zhang J, Helbig AJ, et al. 2010. Introgressive
hybridization and the evolutionary history of the herring gull complex revealed by mitochondrial

and nuclear DNA. BMC Evolutionary Biology 10:348.

Swofford DL. 2003. PAUP*. Phylogenetic analysis using parsimony (*and other methods), vers. 4.

Sinauer Associates.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. 2011. MEGAS: Molecular
Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary Distance, and

Maximum Parsimony Methods. Molecular Biology and Evolution 28:2731-2739.

Tietze DT, Borthakur U. 2012. Historical biogeography of tits (Aves: Paridae, Remizidae).

Organisms, Diversity & Evolution 12:433-444.

Udvardy MD. 1954. Summer movements of Black Swifts in relation to weather conditions. Condor

56:261-267.

Voelker G, Bowie RCK, Klicka J. 2013. Gene trees, species trees and Earth history combine to
shed light on the evolution of migration in a model avian system. Molecular Ecology 22:3333-

3344.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




607

608

609

610

611

612

613

614

615

616

Voelker G, Outlaw RK, Bowie RC. 2010. Pliocene forest dynamics as a primary driver of African

bird speciation. Global Ecology and Biogeography 19:111-121.

Weir JT, Schluter D. 2008. Calibrating the avian molecular clock. Molecular Ecology 17:2321-

2328.

Winger BM, Lovette 1J, Winkler DW. 2012. Ancestry and evolution of seasonal migration in the

Parulidae. Proceedings of the Royal Society of London B 279:610-618.

Winker K. 2000. Migration and speciation. Nature 404:36.

Winkler H, Leisler B. 1992. On the ecomorphology of migrants. /bis 134:21-28.

Yu Y, Harris AJ, He X-J. 2013. RASP (Reconstruct Ancestral State in Phylogenies) 2.1 beta.

Available at http://mnh.scu.edu.cn/soft/blog/RASP.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




617 Figure Legends

618 Figure 1. Breeding distribution of swift (tribe Apodini) species according to BirdLife International
619 & NatureServe (2011) subdivided into five areas (A—E), with number of swift species per area and

620 connectivity among areas (Table 3).

621 Figure 2. Dated phylogeny of Apodiformes based on the same reconstruction as in Figure 3; fixed
622 fossil ages assigned to nodes 1-4, 1 = fossil taxon used for calibration; shared indels of monophyletic
623  groups indicated by grey bars: A = 96-bp deletion, B = 29-bp deletion; size of triangles does not

624  correspond to number of species in the respective clade.

625 Figure 3. Molecular phylogeny of swifts (tribe Apodini) and swift outgroup based on a 3601-bp

626 alignment of five genes (cyt-b, 12S rRNA, fib7, GAPDH and nuclear marker 12884) reconstructed in
627 BEAST (genes and codon positions partitioned, GTR/HKY models, 30,000,000 generations, for node
628 age constraints see Materials and Methods section). At the nodes are posterior probabilities, unless they
629 gained full support, indicated by an asterisk; outgroups Hemiprocnidae and Trochilidae not shown

630 (compare Figure 2); tree rooted with Amazilia tzacatl, a hummingbird.

631 Figure 4. Reconstructed ancestral areas for swifts (Apodini). a) Area( combination)s for extant
632 species and ancestral nodes according to Weighted Ancestral Area Analysis (WAAA), Statistical

633 Dlspersal-Vicariance Analysis (S-DIVA), and Likelihood Analysis of Geographic RANGe Evolution
634 (Lagrange; in this order, if different; for area coding see Figure 1); a—c) reconstructed ancestral region
635 under a Geographic State Speciation and Extinction (GeoSSE) model with probabilities (in %) of a)
636 tropical origin, b) African origin, ¢) Indomalayan origin (taxa in the region of origin in green, in the

637 other region in red, in both in black).

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015




638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

Figure 5. Evolution of plumage patterns and long-distance migration (LDM) in swifts (Apodini).
a) chin patch, b) rump patch, ¢) LDM. Red indicates the presence of a character. Thermometers and
node labels (in %) show the probability of the expression of a character under a Markov or a Binary

State Speciation and Extinction (BiSSE) model, respectively.

Figure 6. Significant correlations of probability of a character state with probability of a regional
origin across the internal nodes. a) rump patch against Indomalayan origin, b) long-distance

migration against tropical origin. For parameters see Table 6.

Tables

Table 1. Model settings as estimated with MRMODELTEST for the different gene regions analysed.

Table 2. Areas inhabited by swifts (tribe Apodini) with adjacent areas and number of species

breeding therein.

Table 3. Taxa treated in this study with inhabited areas (for area codes see Figure 1 or Table 2) and

character states (0 = character absent, 1 = character present).

Table 4. Important nodes in the ingroup phylogeny with age (and 95% highest-probability density)
and reconstructed areas; Age 1: tree prior = Yule process, all model priors estimated by BEAST; Age
2: tree prior = birth-death process, all model priors estimated by BEAST; Age 3: tree prior = birth-

death process, model priors set according to best-fit model for each partition.

Table 5. Characteristics of trait evolution including phylogenetic signal (Pagel’s A, Blomberg’s K),

root states, rates of speciation (A, s), extinction (., X), trait state transition (q) and dispersal (d), ratios
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of speciation rates under expressed over not-expressed trait and transition rate for loss over gain, P
values of ANOV As comparing constrained/unconstrained Markov models and speciation/transition

rates, respectively.

Table 6. Correlation coefficients r and P-values for correlations between the three traits and the

three geographic scenarios across the internal nodes. *P < 0.001.

Supplemental Information

Supplementary Table S1. Samples for each taxon with GenBank accession numbers and sampling

location.

File S1. Apodini phylogeny as NEXUS file.
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Table 1(on next page)

Model settings

Model settings as estimated with MRMODELTEST for the different gene regions analysed.
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Partition cytb cytbl cyth2 cyth3 12S rRNA | GAPDH | Fib7 12884
Model HKY++T | GTR+I4+T | GTR+T | GTR+I | GTR+I+I | HKY+I | HKY+I | HKY+T
R(a) [A-C] - 22,9236 | 2.3088 | 0.0435 3.7802 - _ _
R(b) [A-G] - 41.7812 | 0.0000 | 6.7175 40.6859 - - -
R(c) [A-T] - 12.2952 | 1.2674 | 0.2491 4.6645 - B -
R(d) [C-G] - 6.8762 1.4906 | 0.3697 1.6670 - - _
R(a) [C-T] - 103.9030 | 5.1977 | 2.6417 | 69.2465 - B _
alpha 1.1381 0.5771 0.2915 | 2.7189 0.6707 1.3598 | 0.5474 | 0.3806
p-inv 0.5360 0.4429 0.0000 | 0.0000 0.5366 0.0000 | 0.0000 | 0.0000
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Table 2(on next page)

Areas inhabited by swifts (tribe Apodini)

Areas inhabited by swifts (tribe Apodini) with adjacent areas and number of species breeding

therein.
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Code | Name Adjacency | Apodidae | Apodini
A Afrotropic BCE 12 12

B Macaronesia AC 4 4

C Western Palaearctic | ABDE 5 5

D Eastern Palaearctic CE 3 3

E Indomalayan ACD 14 6
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Table 3(on next page)

Taxa treated in this study

Taxa treated in this study with inhabited areas (for area codes see Figure 1 or Table 2) and

character states (0 = character absent, 1 = character present).
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Taxon Areas | Region Chin | Rump | Migration
Apus acuticauda E tropical 0 0 0
Apus affinis Asia E tropical 1 1 1
Apus affinis Palaearctic AC both 1 1 0
Apus alexandri B temperate | 1 0 0
Apus apus BCD | temperate | 1 0 1
Apus balstoni A tropical 1 0 0
Apus barbatus A tropical 1 0 0
Apus batesi A tropical 0 0 0
Apus berliozi A tropical 1 0 0
Apus bradfieldi A tropical 1 0 0
Apus caffer AC both 1 1 0
Apus horus A tropical 1 1 0
Apus niansae A tropical 1 0 0
Apus nipalensis DE both 1 1 0
Apus pacificus cooki E tropical 1 1 0

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.797v1 | CC-BY 4.0 Open Access | rec: 16 Jan 2015, publ: 16 Jan 2015



Apus pacificus pacificus D temperate | 1 1 1
Apus pallidus BC temperate | 1 0 1
Apus unicolor B temperate | O 0 0
Cypsiurus balasiensis E tropical 1 0 0
Cypsiurus parvus A tropical 0 0 0
Tachymarptis aequatorialis A tropical 1 0 0
Tachymarptis melba marjoriae A tropical 1 0 0
Tachymarptis melba melba CE both 1 0 1
Aerodramus brevirostris E tropical
Aerodramus fuciphagus E tropical
Aerodramus maximus E tropical
Aerodramus salangana E tropical
Aerodramus vulcanorum E tropical
Collocalia esculenta E tropical
Collocalia linchi E tropical
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Hydrochous gigas E tropical
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Table 4(on next page)

Important nodes in the ingroup phylogeny

Important nodes in the ingroup phylogeny with age (and 95% highest-probability density)
and reconstructed areas; Age 1: tree prior = Yule process, all model priors estimated by
BEAST; Age 2: tree prior = birth-death process, all model priors estimated by BEAST; Age 3:
tree prior = birth-death process, model priors set according to best-fit model for each

partition.
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Clade Age 1 (Ma) Age 2 (Ma) Age 3 (Ma) WAAA | S-DIVA | Lagrange | Areas

Collocalia 5.30[4.47-6.16] | 5.13[4.32-6.01] | 5.29[4.50-6.11] | E E E Indomalaya

Aerodramus 5.98 [5.26-6.68] | 5.93 [5.07-6.72] | 6.07 [5.38-6.79] | E E E Indomalaya

Apodini 8.48[7.56-9.43] | 8.70[7.43-9.89] | 8.88[7.94-9.89] | A(E) A(E) AE Afrotropic/Indomalaya

Cypsiurus 5.27[4.35-6.19] | 5.54[4.47-6.59] | 5.39[4.49-6.35] | AE AE AE Afrotropic/Indomalaya
)

Apus/Tachymarptis | 4.85.[4.35-5.37] | 4.90[3.15-5.78] | 4.82[4.35-5.30] | A A AE Afrotropic(/Indomalaya)

Tachymarptis 3.83[3.26-4.42] | 3.91[3.29-4.56] | 3.92[3.36-4.46] | A A A Afrotropic

Apus 3.56[3.20-3.92] | 3.55[3.15-3.95] | 3.62[3.27-3.98] | A A AE Afrotropic(/Indomalaya)

Apus Clade 1 2.16[1.80-2.57] | 2.00[1.68-2.32] | 2.16[1.84-2.49] | DE DE DE E Palaearctic-Indomalaya

Apus Clade 2 2.93[2.60-3.26] | 2.93[2.54-3.29] | 3.19[2.61-3.25] | A A A Afrotropic

Apus Clade 3 1.98 [1.69-2.28] | 2.26[1.80-2.72] | 2.18[1.82-2.52] | A A A Afrotropic
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Table 5(on next page)

Characteristics of trait evolution

Characteristics of trait evolution including phylogenetic signal (Pagel’s A, Blomberg’'s K), root
states, rates of speciation (A, s), extinction (u, x), trait state transition (q) and dispersal (d),
ratios of speciation rates under expressed over not-expressed trait and transition rate for loss
over gain, P values of ANOVAs comparing constrained/unconstrained Markov models and

speciation/transition rates, respectively.
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Trait Pagel’s | Blomberg’s | Root state Root state A0 I | no nl q01 | q10 | A1/20 q10/q01 P (Markov A q
A K (Markov) (BiSSE) constrained) constrained | constrained

Chin patch 0.00 0.31 0.50 0.71 0.0 0.4 | n/a 0.7 0.0 0.0 0.2 | 4288655.2 40714.70 0.06 0.21 0.63
0 4 2 0 0 0 1

Rump patch 1.00 0.67 1.00 0.52 0.3 0.4 | n/a 0.1 0.0 0.0 0.2 1.18 | 2044234.8 0.06 0.76 0.10
6 3 4 0 0 6 6

Long-distance 0.00 0.22 0.50 0.59 0.2 0.7 | n/a 0.0 0.0 0.3 1.6 3.45 4.30 0.03 0.26 0.17

migration 2 7 4 0 9 6

Geographic Root state SA sB sA XA xB dA dB s d

scenario (GeoSSE) B constrained | constrained

Tropics n/a n/a n/a 0.55 0.5 0.3 0.0 0.8 0.0 0.0 0.3 | n/a n/a n/a 0.70 0.40
4 5 0 8 8 0 8

Afrotropic n/a n/a n/a 0.42 0.3 0.2 0.7 0.2 0.0 0.0 0.2 | n/a n/a n/a 0.91 0.70
6 5 6 3 0 5 4

Indomalaya n/a n/a n/a 0.40 0.3 0.0 1.2 0.0 0.0 0.0 0.2 | n/a n/a n/a 0.37 0.68
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Table 6(on next page)

Correlation coefficients and P-values

Correlation coefficients r and P-values for correlations between the three traits and the three

geographic scenarios across the internal nodes. *P < 0.001.
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Trait Geographic scenario r P
Chin patch Tropics -0.16 | 0.47
Afrotropic 0.01 | 0.95
Indomalaya -0.26 | 0.24
Rump patch Tropics 0.24 | 0.28
Afrotropic -0.33 | 0.13
Indomalaya 0.79 *
Long-distance migration Tropics -0.71 *
Afrotropic -0.38 | 0.08
Indomalaya -0.31 | 0.17
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1

Breeding distribution of Apodini species

Breeding distribution of swift (tribe Apodini) species according to BirdLife International &

NatureServe (2011) subdivided into five areas (A-E), with number of swift species per area

and connectivity among areas (Table 3).
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2

Dated phylogeny of Apodiformes

Dated phylogeny of Apodiformes based on the same reconstruction as in Figure 3; fixed fossil
ages assigned to nodes 1-4, t = fossil taxon used for calibration; shared indels of
monophyletic groups indicated by grey bars: A = 96-bp deletion, B = 29-bp deletion; size of

triangles does not correspond to number of species in the respective clade.
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3

Molecular phylogeny of Apodini swifts

Molecular phylogeny of swifts (tribe Apodini) and swift outgroup based on a 3601-bp
alignment of five genes (cyt-b, 12S rRNA, fib7, GAPDH and nuclear marker 12884)
reconstructed in BEAST (genes and codon positions partitioned, GTR/HKY models, 30,000,000
generations, for node age constraints see Materials and Methods section). At the nodes are
posterior probabilities, unless they gained full support, indicated by an asterisk; outgroups
Hemiprocnidae and Trochilidae not shown (compare Figure 2); tree rooted with Amazilia

tzacatl, a hummingbird.
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4

Reconstructed ancestral areas for swifts (Apodini)

a) Area( combination)s for extant species and ancestral nodes according to Weighted
Ancestral Area Analysis (WAAA), Statistical DIspersal-Vicariance Analysis (S-DIVA), and
Likelihood Analysis of Geographic RANGe Evolution (Lagrange; in this order, if different; for
area coding see Figure 1); a-c) reconstructed ancestral region under a Geographic State
Speciation and Extinction (GeoSSE) model with probabilities (in %) of a) tropical origin, b)
African origin, c) Indomalayan origin (taxa in the region of origin in green, in the other region

in red, in both in black).
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5

Evolution of plumage patterns and long-distance migration (LDM) in swifts (Apodini)

a) chin patch, b) rump patch, c) LDM. Red indicates the presence of a character.
Thermometers and node labels (in %) show the probability of the expression of a character

under a Markov or a Binary State Speciation and Extinction (BiSSE) model, respectively.
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6

Significant correlations of probability of a character state with probability of a regional
origin across the internal nodes

a) rump patch against Indomalayan origin, b) long-distance migration against tropical origin.

For parameters see Table 6.
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