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The architectural diversity of nests in the passerine birds (order Passeriformes)

is thought to have played an important role in the adaptive radiation of this

group, which now comprises more than half of avian species and occupies

nearly all terrestrial ecosystems. Here, we present an extensive survey and

ancestral state reconstruction of nest design across the passerines, focusing on

early Australian lineages and including members of nearlyall passerine families

worldwide. Most passerines build open cup-shaped nests, whereas a minority

build more elaborate domed structures with roofs. We provide strong evidence

that, despite their relative rarity today, domed nests were constructed by the

common ancestor of all modern passerines. Open cup nests evolved from

enclosed domes at least four times independently during early passerine evol-

ution, at least three of which occurred on the Australian continent, yielding

several primarily cup-nesting clades that are now widespread and numerically

dominant among passerines. Our results show that the ubiquitous and rela-

tively simple cup-shaped nests of many birds today evolved multiple times

convergently, suggesting adaptive benefits over earlier roofed designs.
1. Introduction
Birds exhibit an astonishing variety of nest designs, and in no group is this

variety more striking than in the passerines. This group represents the largest

evolutionary radiation of birds [1,2], comprising roughly 60% of extant avian

species and encompassing a tremendous ecological and behavioural diversity.

This life-history diversity is reflected in the architectural diversity of passerine

nests, which range from simple grass mats to elaborate baskets and enclosed

structures that can take weeks to construct [3,4]. Nest-building behaviour is

considered one of the major innovations allowing passerines to diversify into

such a wide variety of ecological niches and terrestrial habitats [5–7].

All passerine bird species construct or adopt nests of some description in which

to lay eggs and care for nestlings, and different designs have different advantages

and disadvantages [8,9]. Open cup-shaped nests are the most common design [5],

having the advantage of relatively simple construction but the disadvantage

of potentially exposing eggs, nestlings, and parents to predators and climatic

elements [10,11]. A smaller proportion of species build domed nests with roofs,

which can take longer to construct but provide greater concealment and insulation

[3,5]. Both of these nest types may be placed on the ground, in vegetation, or in

some cases attached to vertical surfaces. Birds may also nest in tree hollows or

underground burrows, either by adopting pre-existing cavities or by excavating

their own [3,4]. Many cavity nesters line the bottoms of their cavities with grass

or similar material, thus forming a cup, whereas others are known to construct

domed nests within cavities [12]. Cavities provide enhanced protection for

young, as in free-standing domed nests, but they are also limited in availability

and energetically expensive to create [5].

Nests can vary among and even within species in some aspects, such as size

and the particular building materials used [11,13]. Yet, the general design of a

nest, for instance whether it is constructed as a cup or a dome and whether or

not it is built within a cavity, is often relatively invariant within and across closely
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related species and therefore conserved over evolutionary

timescales. Indeed entire passerine families are known to exhi-

bit the same basic nest type [12], and nest structural characters

have long been used in taxonomic classification [4]. Nest evol-

ution has been investigated in phylogenetic studies of several

passerine families with particularly diverse nests, including

the swallows and martins (Hirundinidae [14]), ovenbirds (Fur-

nariidae [15,16]), babblers (Timaliidae [17]), and New World

blackbirds (Icteridae [18]). However, the evolution of nest-

building behaviour at broader phylogenetic and geographical

scales has not been quantitatively assessed.

Relative to morphological traits, we know little about how

complicated, largely unlearned behavioural sequences evolve

[19], including the behaviours involved in avian nest building

[5]. Differences in nest architecture among species are thought

to reflect differences in the precisely coordinated motor patterns

and underlying genetic programmes of nest builders, so study-

ing nest evolution provides a means for understanding the

evolution of complex behaviour in general [20]. The domed

nests of many passerine species are hypothesized to have

evolved from simpler open cups, based partly on the prevalence

of cup nests today but also on the assumption that behavioural

sequences tend to evolve cumulatively [3,5].

Here, we test that hypothesis by reconstructing the evol-

ution of nest architecture across the Passeriformes, including

nearly all recognized passerine families, with the central goal

of reconstructing ancestral nest features in the earliest passerine

lineages. We reconstructed nest shape (cup or dome), nest

location (in cavities, on vegetation, on the ground, or attached

to vertical surfaces), and the likely geographical areas in which

ancestral changes occurred. Previous molecular phylogeo-

graphic studies have indicated Australasia as the origin of

most extant passerine lineages [1,2,21–23]. The oscine passer-

ines (songbirds), which alone comprise nearly half of all bird

species, arose on the Australian continent [2], following earlier

Gondwanan divergences of the suboscine passerines and New

Zealand wrens (Acanthisittidae) [1,21]. Our study of nest evol-

ution therefore included two stages: (i) a detailed survey and

ancestral state reconstruction of nest design among Australian

passerine species and (ii) a broader family-level analysis of nest

evolution across 124 passerine families worldwide (taxonomy

following the IOC 6.1 World Bird List [24]). Both analyses

yielded complementary and largely identical results, provid-

ing a framework for future investigations into the factors

influencing historical changes in nest structure.
2. Methods
(a) Scoring nest characteristics
We gathered information on Australian passerine nests from pub-

lished sources [12,25–28] and by visiting the Australian National

Wildlife Collection (Canberra, Australia: http://www.csiro.au).

Our survey included 315 extant species from 39 families known

to breed in Australia and outlying islands [29], excluding intro-

duced taxa and one poorly known native species Glycichaera
fallax (electronic supplementary material, table S1). Although our

focus on the Australian continent omitted some phylogenetically

important taxa in other regions of Australasia (e.g. New Zealand,

Papua New Guinea), Australia includes representatives of most

Australasian families and provides the most inclusive and detailed

sampling of passerine nest characteristics [28].

For our broader family-level analysis, whenever possible we

relied on the family-wide descriptions of nests and geographical
ranges provided in Handbook of Birds of the World Alive (HBW)

[12]. Our analysis included 124 of the 128 extant families in the

Passeriformes as recognized by the IOC 6.1 [24] (electronic

supplementary material, table S2), excluding just four poorly

known monotypic families (Elachuridae, Hylocitreidae, Pityria-

seidae, Urocynchramidae). We scored a family as having a

particular nest characteristic if fewer than 5% of species were

known to exhibit any alternative character state (91 families

total), a threshold intended to account for undescribed species

and potential errors in reporting. Thus, for example, members

of the honeyeaters (Meliphagidae) were scored as having open

cup-shaped nests despite the fact that two of the 186 known

species (1.1%) are reported to build pendulous enclosed domes

[12]. If two or more nest character states were each reported in

5% or more of family members, we assigned the family score

as ‘variable’ (33 families total). Of these 33 variable families, all

but one (Melampittidae) are members of either the New World

suboscines or the Passerida. Whenever necessary we surveyed

individual species within families to determine the distribution

of nest characteristics (79 families overall), especially when

taxonomies in HBW differed from those of IOC 6.1.

We scored nest characteristics according to nest shape (cup or

dome) and location (in cavities, on vegetation, on the ground, or

attached to vertical surfaces). We further combined these scores to

assess nests as either open or enclosed (by a constructed roof, a

cavity or both) to distinguish open cup nests from others. Taxa

that do not build their own nests, such as obligate brood parasites

(e.g. indigobirds and whydas, Viduidae), were scored as unknown.

We categorized nest shapes as either cups or domes following

Collias [5]. Each of these two types includes a variety of elaborated

and specialized forms [3,4], but nonetheless they are easily distin-

guished. Cup nests are any in which the upper portion is exposed,

including simple concave platforms, hemispherical bowls, and

suspended baskets, which require a range of different skills to con-

struct [3,4]. Domed nests are any in which the upper portion is

enclosed by a constructed roof, including globular structures and

pendulous nests with side entrances. Some domed nests have

long entrance tunnels [12].

Cavity nesters included taxa that lay their eggs in tree holes,

rock crevices, or underground burrows. We recognized obligate

cavity nesters as opposed to those that nest in cavities only

occasionally and opportunistically (e.g. in nest-boxes); however,

we did not distinguish taxa that adopt pre-existing cavities from

those that excavate their own, in part because this is unknown in

some cases and in part because some taxa appear to do both [12].

We distinguished species that nest directly on the ground from

those that build their nests on any type of vegetation, including

grasses, shrubs, and trees.

For the family-level analysis, we also recorded geographical

ecozone (Australasian, Afrotropic, Indomalayan, Palaearctic,

Nearctic, and Neotropic) as delineated by Udvardy [30] and

based on ranges in HBW [12]. Families often span multiple eco-

zones, so for our evolutionary reconstructions we consolidated

these regions into just four geographical character states: Austra-

lasian, Old World (Afrotropic, Indomalayan, Palaearctic), New

World (Nearctic, Neotropic), and worldwide.

(b) Phylogenetic analyses
To reconstruct the evolution of nest structure, we overlaid our char-

acter scores onto three exhaustive passerine phylogenies, each of

which included all available genetic sequence data at the time of

publication [31–33]. We used a majority-rule consensus of 1 000

randomly sampled phylogenies from Jetz et al. [31,34], using the

Hackett backbone and including only taxa with sequence data

[35]. We also mapped our data onto the passerine trees by

Hugall & Stuart-Fox [32] and Burleigh et al. [33]. The three trees dif-

fered slightly in topology, allowing us to ensure that our results

were not based on any one phylogenetic hypothesis.

http://www.csiro.au
http://www.csiro.au


Table 1. Numbers (and proportions) of Australian passerine species and world passerine families with various nest characteristics.

total

shape location exposure

cup dome cavity vegetation ground cliff open enclosed

Australian species 315 209 (0.66) 106 (0.34) 18 (0.06) 268 (0.84) 26 (0.08) 3 (0.01) 195 (0.62) 120 (0.38)

world families 123a 88 (0.72) 35 (0.28) 16 (0.13) 100 (0.81) 6 (0.05) 1 (0.01) 77 (0.63) 46 (0.37)

more than 95% of

members

76 (0.62) 23 (0.19) 10 (0.08) 87 (0.71) 3 (0.02) 1 (0.01) 66 (0.54) 36 (0.29)

50 – 95% of members 12 (0.10) 12 (0.10) 6 (0.05) 13 (0.11) 3 (0.02) 0 (0.00) 11 (0.09) 10 (0.08)
aViduidae are brood parasitic and do not build nests, so they are not included in the total number of world families.
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For our Australian analysis, the trees from Jetz et al. [31],

Hugall & Stuart-Fox [32], and Burleigh et al. [33] included 260,

281, and 274 Australian species, respectively, of the 315 included

in our study (24 species were not included in any of the trees).

For our passerine-wide family-level analysis, we selected one

representative species from each of 124 passerine families to be

included in our phylogenies (electronic supplementary material,

table S2). We chose representative species that were included in

all three molecular trees [31–33] with a preference for species

with more sequence data.

We used three ancestral state reconstruction models to deter-

mine likely ancestral nest characteristics: unordered parsimony,

Markov k-state one-parameter (Mk1) maximum-likelihood, and

asymmetrical Markov k-state two-parameter (AssymMk2) maxi-

mum-likelihood. We reconstructed ancestral states and compared

the overall agreement of these models using Mesquite v. 3.04

[36], which allowed us to test the robustness of our results to differ-

ent evolutionary assumptions. Whereas parsimony is the simplest

model, resolving ancestral states that minimize the number of char-

acter changes on a tree, maximum-likelihood models estimate the

uncertainty associated with character reconstruction and take into

account branch lengths, which represent levels of species diver-

gence. Both parsimony and Mk1 maximum-likelihood assume

that changes among character states are equally probable, whereas

AssymMk2 maximum-likelihood allows probabilities of gains and

losses to differ [36]. This latter model can only be applied to binary

characters, those with no more than two states, so it was not used in

reconstructing nest location or geographical region.

We investigated whether differences in net diversification rates

(the difference between speciation and extinction rates) and transi-

tion rates between nest types could affect historical reconstructions

using the binary-state speciation and extinction (BiSSE) model [37],

as implemented in the Diverse package in Mesquite [36]. Relatively

low rates of diversification in dome-nesting taxa, for example, could

support a cup-nesting ancestor if transitions from cup nests to

domed nests occurred sufficiently frequently (e.g. [38]).

Maximum-likelihood and BiSSE models do not allow uncer-

tainty in character scores. Thus, for taxa that exhibited multiple

potential states and were scored as ‘variable’, either within Aus-

tralian species or among species within passerine families, we

performed separate analyses each favouring a particular charac-

ter state (e.g. favouring cups or favouring domes). This, in

addition to our use of multiple phylogenies and reconstruction

models, generated a range of rate estimates and probability

values for each ancestral state.
3. Results
Approximately a third of Australian passerine species (106/

315 or 33.7%) build domed rather than cup-shaped nests

(table 1), and likewise 11 of the 30 passerine families endemic
to Australasia (36.7%) build primarily domed nests (electronic

supplementary material, table S2), which is a slightly higher

proportion of dome-builders than occurring elsewhere in the

world (x2 ¼ 4.1, p ¼ 0.043). Worldwide only 35 of 123 nest-

building families (28.5%) include members that construct

domed nests, either exclusively (23 families) or predominantly

(12 families) (table 1). Most passerine families (71.5%) build

cup-shaped nests.

Although they are relatively uncommon today, domed nests

were found to be the most likely ancestral passerine nest design

in all of our reconstructions of ancestral character states, regard-

less of reconstruction method and regardless of whether we

included just Australian species or passerine families world-

wide (table 2). Among Australian taxa, parsimony analyses on

all three phylogenies unequivocally reconstructed a domed

nest as the ancestral state, as did both maximum-likelihood

models (Mk1 and AssymMk2) with probabilities ranging

from 95.3 to 98.8% and with strong support using a likelihood

decision threshold of 2.0 (figure 1 and table 2). Likewise,

our broader analysis including oscine and suboscine passerine

families worldwide invariably reconstructed domed nests

as the most likely ancestral state, regardless of how we scored

variable character states and regardless of whether we

used parsimony, Mk1 maximum-likelihood (68.7–80.7%), or

AssymMk2 maximum-likelihood (90.6–96.6%) (table 2).

Net diversification rates did not differ consistently between

cup-nesting and dome-nesting Australian species, and these

values varied widely depending upon how variable character

states were scored in passerine families (electronic supplemen-

tary material, table S3; also see Rabosky & Goldberg [39] for

problems in such analyses). However, transition rates from

domed nests to cup nests were consistently higher than the

reverse, providing strong additional evidence that the ancestral

passerine nest was domed.

Maximum-likelihood reconstructions indicated that the

ancestral passerine nest was built on vegetation such as trees

or shrubs (97.5–99.4% likelihood using Australian species

and 87.7–94.7% likelihood using world families) rather than

in cavities or on the ground (table 2). Most extant passerines

(more than 81%) likewise build their nests on vegetation

today (table 1). Only 16 passerine families (13% of the total)

tend to nest in cavities, 12 of which build cup-shaped

nests and four of which build domed nests within cavities.

Australian taxa reflect this broader pattern, with a minority

of species (6%) nesting in cavities, some of which build cups

(12 species) and some of which build domes (six species).

Nevertheless, despite strong maximum-likelihood support

for a vegetation-nesting ancestor, parsimony reconstructions



Table 2. Probabilities of ancestral states from multiple phylogenetic reconstructions of nest characteristics. All ancestral state reconstructions were performed on
three phylogenies [31 – 33] and using three different reconstruction models (unordered parsimony, Mk1 maximum-likelihood, and AssymMk2 maximum-
likelihood), which in turn were run multiple times with variable character states favouring each possible state, resulting in a range of probability values.

model

shape location exposure

cup dome cavity vegetation ground cliff open enclosed

Australian

species

parsimony 0.00 1.00 0.00 1.00 0.00 0.00 0.00 1.00

Mk1 0.03 – 0.05 0.95 – 0.97a 0.0 – 0.01 0.97 – 0.99a 0.0 – 0.01 0.0 – 0.01 0.0 – 0.01 0.99 – 1.00a

AssymMk2 0.01 – 0.02 0.98 – 0.99a — — — — 0.0 – 0.01 0.99 – 1.00a

world families parsimony 0.00 1.00 0.50 0.50 0.00 0.00 0.00 1.00

Mk1 0.19 – 0.31 0.69 – 0.81 0.04 – 0.09 0.88 – 0.95a 0.01 – 0.02 0.01 – 0.02 0.08 – 0.27 0.73 – 0.92a

AssymMk2 0.03 – 0.09 0.91 – 0.97a — — — — 0.01 – 0.26 0.74 – 0.99a

aAncestral states strongly supported by a likelihood decision threshold of 2.0.
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Figure 1. Ancestral state reconstruction of nest shape on a DNA-based phylogenetic tree of 281 Australian passerine species [32]. Although cup-shaped nests (red)
are more common than domed nests (black) among species today (187 or 66.5% of species on the tree build cup nests), multiple analyses reconstructed domed
nests as the ancestral state. The pie chart in the centre shows the probability of a domed nest in the common ancestor (97% likelihood on this phylogeny using Mk1
maximum-likelihood, strongly supported by a likelihood decision threshold of 2.0). Reconstructions using different evolutionary models and alternative trees [31,33]
gave nearly identical results (also see electronic supplementary material, figure S1). Asterisks indicate families that are primarily cavity nesters.
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were equivocal about whether the ancestral passerine nest was

placed within cavities or on vegetation (table 2). The sister

group of all other passerines, the New Zealand wrens

(Acanthisittidae), build domed nests within cavities [25], and

cavity nesting is also common in the sister group of the Passer-

iformes, the parrots (Psittaciformes) [12,31–33], so it seems

likely that cavity nesting occurred in ancestors of the
Passeriformes. Yet cavity nesting was almost certainly absent

in the ancestral lineage following the split with Acanthisittidae

and leading to the rest of the passerines (less than 1% likelihood

in all of our analyses).

Ground nesting, like cavity nesting, has evolved among

scattered taxa throughout the passerine phylogeny, predomi-

nating in only six passerine families (4.8% of the total)



New Zealand wrens* (2)
pittas (33)
broadbills (20)

NW suboscines
11 families (1 282)

core Corvoidea
28 families (801)

Passerida
71 families (3 865)

lyrebirds (2)
scrubbirds (2)
Australasian treecreepers* (7)
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logrunners (3)
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transitions

domed nests

not Australasian

uncertain nest type

Australasian
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Figure 2. Schematic showing major evolutionary transitions to cup-shaped nests (red) from domed nests (black) among passerine families worldwide (grey indicates
ambiguous reconstructions). Major evolutionary radiations of the New World (NW) suboscines, core Corvoidea, and Passerida are condensed and shown as triangles
(all with more than 93% RAxML bootstrap support [32]). Boxes and bars on the right show approximate proportions of species with cup-shaped nests (red) and
domed nests (black) in each group, as well as the proportions of taxa located within (blue) or outside (white) Australasia. Multiple evolutionary transitions between
cup-shaped and domed nests have occurred in the NW suboscines and the Passerida (see electronic supplementary material, figure S2), so continuity of red or black
triangles and bars in these groups should not imply monophyly of cup- or dome-nesting taxa. Numbers of species in each group are given in parentheses (based on
IOC 6.1 [24]), and asterisks indicate families that are primarily cavity nesters. Pie charts show lowest Mk1 maximum-likelihood values for cup-shaped and domed
nests at two nodes on this tree [32], with a minimum 73% likelihood that the ancestor of all passerines had an enclosed dome nest and a minimum 96% likelihood
that the Corvoidea-Passerida ancestor had a cup-shaped nest.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

284:20162708

5

(table 1). Ground nesters are more likely to build cups than

domes: four of six ground-nesting families and 14 of 26 Austra-

lian ground-nesting species tend to build open cups rather than

domed nests, not supporting previous suggestions that roofed

nests occur especially frequently in ground nesters [3,5,17].

Open (non-cavity) cup-shaped nests evolved from enclosed

dome nests at least four times independently during the

early history of the passerines (figure 2): in the New World sub-

oscines, the bowerbirds (Ptilonorhynchidae), the honeyeaters

(Meliphagidae), and a worldwide radiation including the

majority (approx. 74%) of extant passerine species. This world-

wide radiation in turn includes two diverse and cosmopolitan

clades: the core Corvoidea (crows and allies) and the much

larger Passerida (warblers, finches, and a variety of other song-

birds) [1,2,40]. Our parsimony and maximum-likelihood

analyses invariably reconstructed the common ancestor of

these two clades as having a nest that was cup-shaped (all

with more than 96% likelihood) and built on vegetation
(more than 99% likelihood), together indicating that open

cup nests appeared prior to the explosive evolutionary diversi-

fication of these taxa, which included multiple reappearances

of domed nests in the Passerida (figure 2).

Our reconstructions were more ambiguous about the

origins of cup-shaped nests in the New World suboscines

(figure 2). All parsimony analyses supported a cup-nesting

ancestor for this group, whereas Mk1 and AssymMk2 maxi-

mum-likelihood values varied dramatically depending upon

how we scored variable character states, from 94.9% likelihood

of a cup to 99.4% likelihood of a dome. Cup nests either evolved

once in the ancestor of the group followed by multiple reversals

to domed nests, or they evolved later at least four times, or some

combination of these scenarios. Regardless, all of our recon-

structions showed that the open cup nests of extant New

World suboscine taxa evolved from dome-nesting ancestors.

Including the geographical ranges of families (Australasian,

Old World, New World, or worldwide) as character states in our
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reconstructions indicated that the dome-nesting ancestor of all

modern passerines was Australasian (electronic supplementary

material, figure S2). This ancestral state was supported in all

of our reconstructions by parsimony and by high maximum-

likelihood values (82.2–95.5%) using a likelihood decision

threshold of 2.0. Our reconstructions further indicated that,

outside of the New World suboscines, all three initial transitions

from domed to open cup nests occurred on the Australian con-

tinent, evident in our analysis of Australian species (figure 1)

and in our broader analysis of passerine families across the

world (figure 2). The bowerbirds and the honeyeaters, for

instance, evolved open cup-shaped nests independently,

and both families are Australasian endemics with origins in

Australia [22,41,42]. The cup-nesting common ancestor of the

Corvoidea-Passerida clade was also placed in Australasia in

our reconstructions, with parsimony and maximum-likelihood

values of more than 99% at this node, again in line with previous

studies showing an Australian origin [1,2,21,22]. We were

unable to determine the geographical origin of cup nests in

New World suboscines, a group with ancient Gondwanan

relationships to other passerines and which today is almost

entirely confined to the Neotropics [1,12,21].

Multiple evolutionary reversals to enclosed nests, with

roofs, or in cavities, or both, have occurred since the initial tran-

sitions to open cups (electronic supplementary material, figure

S2). For example, within the honeyeaters pendulous domed

nests evolved from cup-nesting ancestors in the genus Ram-
sayornis (figure 1), and within the core Corvoidea clade a

domed nest has been reported only in the little-known species

Melampitta lugubris [43]. More transitions between open and

enclosed nests have occurred in the New World suboscines

(figure 2), in which at least six of 11 families include species

with domed or cavity nests. But it is in the Passerida, recognized

as the largest avian radiation [2], that nest diversification

appears most extensive. At least 40 of 71 families in this

group include taxa with enclosed nests, and our reconstructions

revealed at least 38 independent transitions among open cup,

domed, and cavity nests among families. Additional evolution-

ary transitions have presumably occurred within families,

including transitions from enclosed nests back to cups, given

how many Passerida and New World suboscine families are

known for their diverse nest designs [14–18] and were scored

as having variable nest characteristics in our analysis. The

Passerida and the New World suboscines together include

over 80% of extant passerine species [24], and they account

for most of the world’s nest-building diversity today [3–6].
4. Discussion
Our findings illustrate how the current prevalence and relative

complexity of a trait may not necessarily reflect the order of

events in its evolutionary history. Open cup-shaped nests are

common among passerine birds today and appear in much

the same form across widely divergent taxa. They are generally

relatively simple in comparison to roofed structures [5,10], and

in fact many dome-nesting birds build their nests by initially

constructing a cup [3,4]. Based on these observations alone it

seems self-evident that domed nests evolved from simpler

forms that were open above. Indeed, Collias [5] noted that

‘the open nest, by the criteria of commonality (general occur-

rence), relative simplicity, and ontogeny, appears closer to

the ancestral type of bird nest than does the domed nest’.
Yet, based on ancestral state reconstructions using multiple

methods and phylogenies and with variable character states

scored multiple ways, we found that the ancestral passerine

nest was domed. This and other early passerine lineages

(excluding suboscines) were also found to be Australasian, as

shown in a variety of previous phylogeographic analyses of

early passerine diversification [1,2,21–23]. Many of the most

phylogenetically distinct passerine lineages are endemic to

Australasia, such as the New Zealand wrens, lyrebirds (Menur-

idae), and scrubbirds (Atrichornithidae), and most of these

ancient Australasian endemics build domed nests presumably

reflecting the ancestral form (figure 2). Passerines include a

higher proportion of dome-nesting taxa than does any other

avian group [3,5], and within passerines our study shows

that a higher proportion of dome-nesting taxa occur

in Australasia than in any other region of the world. Neverthe-

less, dome-nesters constitute only about a third of Australian

passerine taxa today (table 1). Open-cup-nesting lineages

appeared more recently on the passerine tree, yet they now

comprise the majority of extant passerine species. Taken

together, our results suggest that dome-nesting passerines

were more common in the evolutionary past.

Open cup nests evolved from ancestral domed nests mul-

tiple times independently, probably just once each in the

ancestors of the bowerbirds, honeyeaters, and Corvoidea-

Passerida clade, and possibly more than once in the New

World suboscines (figure 2). The open nests of these groups

are strikingly similar in overall structure [3,4], yet our recon-

structions reveal that they evolved convergently, both with

each other and with non-passerine cup-building birds. Tran-

sitions from domed to cup nests have occurred more often

than the reverse, and these repeated losses of roofs presumably

reflect repeated losses of the behavioural sequences involved in

building them. Likewise, similarities among the more recently

and independently derived domed nests of some Passerida

taxa (e.g. Estrildidae, Troglodytidae) and those of Australasian

endemics (e.g. Maluridae) are also the result of convergent

evolution, but through independent gains in roof-building

behaviours rather than losses. This should serve as a reminder

that, even in traits as complex and as evolutionarily conserved

as passerine nest designs, overall similarities can be misleading

about evolutionary relationships.

The evolution of open cup nests in bowerbirds is particu-

larly interesting considering that males in this group court

females by building elaborate bowers [42], with walls and/

or roofs that can be strikingly reminiscent of the domed

nests presumably constructed by ancestors. Female bower-

birds build open cup nests on their own [3,12]. Bower

building and nest building have long been recognized as

homologous behaviours (e.g. [3]). Our results suggest that,

in at least some of their architectural features, the cup nests

of females differ more from ancestral nests than do the

bowers of males.

Divergence time estimates of several previous studies

[2,22,31,41,44] suggest that open cup nests first appeared in

Australia during the Eocene, following its separation from Ant-

arctica when Australia was much less arid than it is today and

wet forests were widespread [41]. The honeyeaters are thought

to have diverged from other Australian passerines in the

mid-Eocene [22,41], and Passerida taxa probably radiated

from Australia during roughly the same time period between

40 and 47 million years ago [2,22,31,44]. The timing of the

origin of cup-shaped nests in the bowerbirds is less clear
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because our reconstructions could not resolve whether this nest

shape evolved before or after the divergence of bowerbirds and

their sister group the Australasian treecreepers, which build

similar woven cups, although placed within cavities [45].

Given the presumed timing of the bowerbird-treecreeper diver-

gence in the Eocene [22], however, neither scenario of nest

evolution precludes an appearance of open (non-cavity) cup

nests in the bowerbirds that is somewhat contemporaneous

with changes in the honeyeaters and the Corvoidea-Passerida

clade. This roughly simultaneous evolution across three distinct

Australian lineages would suggest a common cause.

What might explain these ancient transitions from enclosed

domes to open cups? On the one hand, cup-shaped nests can be

constructed more quickly and with fewer materials than roofed

nests [8,10], so they may be more easily replaced following a

loss [46]. Open nests might also allow parents to more easily

escape from predators [5]. However, on the other hand, open

nests provide less concealment and protection than do domes

or cavities, leaving parents and offspring more exposed to pre-

dators and environmental changes [8,9]. Both open and

enclosed nest designs present trade-offs in costs versus benefits,

implying that these parameters have changed over evolution-

ary time. Selection for open nests may have occurred with

the emergence of new nest predators or parasites or with chan-

ging climates and habitats, as occurred in Australia during

the Eocene [41]. Open nests may have also coevolved with cryp-

tic plumage in incubating females and losses of female song

[47,48]. Detailed comparative studies of passerine families

with both types of nest (e.g. [17,18]), or experiments with the

few species known to build cups or domes in different parts

of their ranges (e.g. Cisticola exilis [12]), might provide further

insights into the potential selective mechanisms underlying

historical changes between these two distinct nest forms.

Although we found no consistent differences in overall

diversification rates based on nest shape, it is nevertheless

interesting that each of the early transitions to open cup

nests appears to have been followed by more descendent

taxa in comparison to enclosed-nesting sister groups

(figure 2). Bowerbirds are nearly three times as speciose as

Australasian treecreepers, which nest in cavities; honeyeaters

include more species than all of their Australasian (non-

Corvoidea-Passerida) dome-nesting relatives combined; and

the New World suboscines include nearly 25 times as many

species as their closest relatives the broadbills and pittas,

known as the Old World suboscines, which all build

domed nests. In the Corvoidea-Passerida clade, open cup

nests evolved immediately prior to the emergence and
subsequent explosive radiation of this group worldwide

[1,2]. Open cup-shaped nests therefore may have been a key

innovation during early passerine evolution, providing

adaptive benefits over earlier enclosed designs.
5. Conclusion
The complexity of avian nests, along with the skills required

to build them, has long been viewed as both a challenge and

an opportunity in evolutionary biology [8,9,13,49]. Our study

reveals a surprising level of order underlying the seemingly

bewildering diversity of passerine nests, with high levels of

evolutionary conservatism in basic nest design and with

some passerine families, particularly in Australasia, building

nests that appear little changed over tens of millions of years.

This pattern of evolutionary stability punctuated by relatively

few innovative events resembles the evolution of other com-

plex, largely innate behaviours in birds [42,50], perhaps

pointing to the intricate and modular nature of the genetic

influences underlying such behavioural sequences [20]. We

hope that our phylogenetic framework for the evolution of

passerine nest diversity provides a foundation for future

investigations into the cognitive, genetic, and ecological

determinants of one of the best known extended phenotypes

in the natural world [51].
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