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Supplementary Table 1. Results of conventional and EM-based Mantel tests for the three nest
characters based on the “effective” datasets for all bird families (Bird) and all passerine families
(Passerine).

Structure Site Attachment
Bird Passerine Bird Passerine Bird Passerine
Mantel r 0.44 0.18 0.33 -0.01 -0.16 0.16
statistic
Convention (P <0.01 <0.01 <0.01 0.43 <0.01 0.01
value)”
EM (P Value)# 0.02 0.13 0.05 0.31 0.01 0.13

* The null hypothesis for all tests is r <= 0 except for attachment in the all bird dataset and site in the all
passerine dataset, for which the null hypothesis is r >= 0

Supplementary Table 2. Results of conventional and EM-based Mantel tests for the three nest
characters based on the “all” datasets for all bird families (Bird) and all passerine families
(Passerine).

Structure Site Attachment
Bird Passerine Bird Passerine Bird Passerine
Mantel r 0.44 0.21 0.28 <0.01 -0.17 0.19
statistic
Convention (P <0.01 <0.01 <0.01 0.48 <0.01 <0.01
value)”
EM (P Value)# 0.02 0.11 0.06 0.58 <0.01 0.11

* The null hypothesis for all tests is r <= 0 except for attachment in the all bird dataset, for which the null
hypothesis is r >= 0
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Supplementary Figure 1. Evolutionary transition rates between nest character states under
dependent models. (a) The transition from scrape nests on the ground to nests with other
structure and site types is more likely via a non-scrape structure intermediate (q13 + q34 =
0.069) than a non-ground intermediate (q12 + q24 = 0.036). Furthermore, the transition rate
from ground to other site types is higher in non-scrape nesters (q34 = 0.059) than scrape nesters
(q12 =0.008). (b) The transition pathway to cup nests on non-tree vegetation site from other
structure and site types is more likely via a cup nest intermediate (q13 + q34 = 0.062) than a non-
tree vegetation intermediate (q12 + q24 = 0.008). The transition rate to non-tree vegetation from
other site types is higher in cup nesters (q34 = 0.062) than birds building other structure types
(q12 =0.007). (c) The transition pathway to cup/domed nests with non-basal attachment from
other structure types with basal attachment is more likely via a cup/domed nest intermediate (q13
+ 34 = 0.017) than a non-basal attachment intermediate (q12 + q24 = 0.008). The transition to
non-basal attachment is more likely to occur in cup/domed nesters (q34 = 0.016) than birds
building other structure types (q12 = 0.001).



Nest structure Nest site

Petrochelidon pyrrhonota  Dome+tunnel  Cliff/Tree

_E Petrochelidon spilodera Dome+tunnel  Cliff

Cecropis semirufa Dome+tunnel  Cliff/Bank/Tree/Underground/Termite nest
Delichon urbicum Dome Cliff/Tree
Hirundo rustica Cup Cliff/Tree
Ptyonoprogne fuligula Cup Cliff
[ Progne tapera* 2nd cavity Bank/Tree/Termite nest
Progne chalybea 2nd cavity Cliff/Tree/Termite nest
Atticora fasciata 2nd cavity Cliff/Bank
E Neochelidon tibialis 2nd cavity Bank/Tree
Pygochelidon cyanoleuca* 7nd cavity Bank/Cliff/Tree/Underground
Stelgidopteryx ruficollis ~ 2nd cavity Bank
Tachycineta bicolor 2nd cavity Tree
Riparia riparia 1st cavity Bank/Underground
Riparia cincta 1st cavity Bank/Underground
Pseudhirundo griseopyga  1st cavity Bank/Underground/Termite nest
Psalidoprocne holomelas  1st cavity Bank
1st/2nd cavity Tree

Baeolophus bicolor*

Supplementary Figure 2. Distribution of the character states of nest structure (data from ref. 2)
and nest site (data from this study) for swallows in the their phylogeny (Modified from ref. 2). *
indicates species with recently revised names compared to that in ref. 2: Progne tapera =
Phaeprogne tapera; Pygochelidon cyanoleuca = Notiochelidon cyanoleuca, Baeolophus bicolor
= Parus bicolor.
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Supplementary Figure 3. Same as Fig. 1, but based on all character states mentioned on the
family summary pages in the HBW' (Supplementary Data 2).



Struthioniformes

o \Anseriformes
po

\Ga"iformes

? \Eurypygiformes
O

o \ Caprimulgiformes

0

0 Phaethontiformes
i{Oplsthocomiformes
\ Pterocliformes
-Podicipediformes
+Phoenicopteriformes
}Columbiformes

'\‘Mesitornithiformes

$3— R 1'Otidiformes
%" ‘Cuculiformes

8
8 | Gruiformes

¢  Musophagiformes
$ | Gaviiformes
Sphenisciformes

: Procellariiformes
§ I Ciconiiformes
Suliformes
! Scrape
Platform
Cup
Dome
Dome-+tunnel
Primary cavity Charadriiformes
Secondary cavity
| |Brood parasite Psittaciformes:~ o A2~ Cathartiformes

I COg Y e Pt
Falconiformes =~ . Z0@0y Z ~—Accipitriformes
Mound Cariamiformes/ _(Tngtngﬁorm%S

No data Coliiformes piciformes Coraciiformes | iLeptosomiformes
o Bucerotiforme rogoniformes




Ground
Tree

Non-tree vegetation
Cliff/Bank
Underground
Water body
Termite/Ant nest g
Brood parasite Psmacnormes—h Bey

Mound

No data

Caprimulgiformes

Phaethontiformes
t{Oplsthocomiformes
\ Pterocliformes
-Podicipediformes
+Phoenicopteriformes
& 1 Columbiformes

1 Mesitornithiformes
$ ! Otidiformes

8 | Cuculiformes

Gruiformes

1 Musophagiformes
! Gaviiformes
Sphenisciformes

9 [ Procellariformes
! Ciconiiformes
Suliformes

P> -'1 Cathartiformes
Falconifor, ~~ ~ 2008009 333009999 ~—Accipitriformes
Cariamiformes/ 47T'§tr|g|for.mes
Coliiformes pjciformes Coraciiformes | iLeptosomnormes

Bucerotiforme rogoniformes



o0 truthlonlformes

0Y,
A \Anseriformes
\GaHiformes
Eurypygiformes
& \
@

Phaethontiformes
,Opisthocomiformes
Pterocliformes
-Podicipediformes

v Phoenicopteriformes
1}

-Columbiformes
\*Mes_ltornlthlformes
1'Otidiformes
/‘Cucuhformes

DO

e

"o \
/] ‘
r“/%.‘u“‘

e
g
&

Gruiformes

&

1 Musophagiformes
| Gaviiformes
Sphenisciformes

Procellariiformes

O AW

Basal

Horizontally forked

Lateral

Pensile

Brood parasite Psittaciformes™ L /:c—cicietlmg:mgrsmes

Mound F%%?gmirfg]r?neg,’\TT'gtrigiform%s

No data Coliiformes pjciformes Coraciiformes | | Leptosomiformes
Bucerotiformedrogoniformes

Supplementary Figure 4. Same as Fig. 2, but based on all character states mentioned on the
family summary pages in the HBW' (Supplementary Data 2).
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Supplementary Figure 5. Same as Fig. 3, but based on all character states mentioned on the
family summary pages in the HBW' (Supplementary Data 2).
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Supplementary Figure 6. Trend lines of three independent MCMC runs in BayesTraits analyses
for nest structure, site and attachment. The analyses are based on the equal-substitution-rate
model.
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Supplementary Figure 7. Trend lines of MCMC runs in BayesTraits analyses for nest structure
with two different priors (exp 0.1: exponential prior with a mean of 0.1; exp 0.05: exponential
prior with a mean of 0.05) and with a longer chain (40M: 40 million iterations). The analyses are
based on the different-substitution-rate model.
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Supplementary Figure 8. A majority-rule consensus tree generated from the 1,000 family trees
extracted from BirdTree.org based on the Hackett constraint. The names of 242 avian families
are labeled on the terminal branches. The consensus tree is used to summarize and visualize the
distribution of current and ancestral character states in Fig. 2 and Supplementary Fig. 4.



Supplementary Note 1

Methods and Results of MuSSE analyses
Methods

We used the MuSSE (Multi-State Speciation and Extinction) function of the diversitree’ package
in R to test the effect of nest structure types on the speciation rates (lambda) of lineages. We
separated the nest structure types to three categories: (1) scrape, (2) platform/cavity and (3)
cup/dome. We compared the ‘state-dependent’ model, in which speciation and extinction rates
were impacted by the states of tested characters, with the ‘state-independent’ model, in which
speciation and extinction rates were independent from character states’. If the former was
significantly better supported than the latter, we concluded that the character states affected the
speciation rates of lineages and then estimated the speciation rates of lineages associated with
different states.

The MuSSE analyses were conducted based on the consensus tree generated from the
1,000 family trees, and each run of the MCMC chain contained 20,000 generations with the first
2,000 generations discarded as burn-in. We set an exponential prior with a mean of 0.1 for the
estimated parameters. Three separate runs were conducted for each analysis to ensure
convergence of parameter estimates. The reported parameters were averaged across the three
runs. We used Tracer v1.6 (http://beast.bio.ed.ac.uk/Tracer) to assess runs for adequate mixing
and to ensure properly high effective sample sizes (ESS > 1,500) for posterior probability
distribution. We used Bayes Factors estimated from the harmonic means of log likelihoods to
determine the level of support for ‘state-dependent’ models versus ‘state-independent’ models.
A value of Bayes Factors larger than 5 indicated strong support for the ‘state-dependent’ model.

Results & Discussion

The ‘state-dependent’ model was strongly supported (Bayes Factor = 88.8), and thus we
concluded that the nest structure types affected the speciation rates of avian lineages. The
average speciation rate in avian lineages with scrape nests (lambdal = 0.0607) was higher than
that of cup/dome nests (lambda3 = 0.0309), followed by that of platform/cavity nests (lambda2 =
0.0001). However, the results revealed little information about whether the platform/cavity and
cup/dome nests led to bursts of new species (or families) at the period of time when these
structure types evolved. That is because the MuSSE estimates the speciation rates averaged
across the evolution history (i.e., the whole phylogeny) rather than those at particular time points.
Thus, we cannot use the approach to assess the effect of new nest structure types on the adaptive
radiations in birds.
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