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Most Neotropical lowland forest taxa occur exclusively on one side of the Andes despite the availability of
appropriate habitat on both sides. Almost all molecular phylogenies and phylogenetic analyses of species
assemblages (i.e. area cladograms) have supported the hypothesis that Andean uplift during the Late
Pliocene created a vicariant barrier affecting lowland lineages in the region. However, a few widespread
plant and animal species occurring in lowland forests on both sides of the Andes challenge the generality of
this hypothesis. To understand the role of the Andes in the history of such organisms, we reconstructed the
phylogeographic history of a widespread Neotropical flycatcher (Mionectes oleagineus) in the context of the
other four species in the genus. A molecular phylogeny based on nuclear and mitochondrial sequences
unambiguously showed an early basal split between montane and lowlandMionectes. The phylogeographic
reconstruction of lowland taxa revealed a complex history, with multiple cases in which geographically
proximate populations do not represent sister lineages. Specifically, three populations ofM. oleagineuswest
of the Andes do not comprise a monophyletic clade; instead, each represents an independent lineage with
origins east of the Andes. Divergence time estimates suggest that at least two cross-Andean dispersal events
post-date Andean uplift.
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Neotropical phylogeography

1. INTRODUCTION
The high passes and montane habitats of the Andean
cordilleras present a formidable ecological interruption of
the Amazonian lowland moist tropical forests and similar
habitats found in northwestern South America and most
of Middle America. Thus, it is not surprising that when
lowland organisms from this region have been analysed in
a phylogenetic framework, most researchers have found a
basal split between the lowlands east and west of the
Andes (arachnids: Zeh et al. 2003; birds: Cracraft & Prum
1988, Brumfield & Capparella 1996, Eberhard &
Bermingham 2004, 2005, Cheviron et al. 2005; primates:
Cortes-Ortiz et al. 2003; reptiles: Zamudio & Greene
1997; trees: Dick et al. 2003). Likewise, when geographi-
cal relationships among entire faunal assemblages have
been evaluated either phenetically (da Silva & Oren 1996;
Bates et al. 1998) or cladistically (Prum 1988; Ron 2000),

similar results were obtained. One obvious explanation
for these results is that for many widespread species
the final uplift of the northern Andes in the Late Pliocene
(ca 2.7 Myr ago; Gregory-Wodzicki 2000) split the
distributions of organisms found in the lowland forests
of the region, an hypothesis advanced nearly a century ago
by Chapman (1917). Even in birds, which must be among
the most vagile of lowland Neotropical organisms,

distributional patterns suggest that the rise of the Andes
restricted gene flow and dispersal: of the approximately
3800 bird species found in the Neotropics, only 178 (less
than 5%) are encountered in lowland forests both east and
west of the Andes (Haffer 1967).

Several observations point to the role that the Andes
may play in limiting dispersal of lowland forest birds over
or around them. First, even the lowest passes in the

northern Andes reach nearly 2000 m higher in elevation
than the surrounding lowland forests (Haffer 1967). At
these elevations, Andean montane habitats present novel
physiological (Janzen 1967) and competitive (Terborgh &
Weske 1975) challenges to birds typically found in lowland
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forest habitats (Terborgh 1971). Second, the northern
extent of the forests of the northwestern Amazon Basin is
bordered by the large llanos savannah, which itself is
bounded by the eastern Andean cordillera, extending
northeastward into the Caribbean ocean and terminating
with the island of Trinidad. Under current climatic
conditions, the shortest low-elevation route around the
Andes is interrupted by extensive stretches of ocean,
llanos, and arid scrublands in the Caribbean lowlands
north and east of the Andes (Eva et al. 2002).

Thus, for species with populations occurring in lowland
forests on both sides of the Andes, three possibilities exist:
(i) populations have been isolated too recently for
speciation to occur, (ii) gene flow across presumably
significant barriers occurs with sufficient regularity
to inhibit speciation, or (iii) phenotypic evolution is
sufficiently conservative that we fail to recognize species-
level differences. We investigated these hypotheses by
reconstructing the evolutionary history of Mionectes
oleagineus (ochre-bellied Flycatcher), which is widespread
in lowland forests both east and west of the Andes.
Furthermore, we placed our phylogeographic analysis of
M. oleagineus within the phylogenetic context of the
remaining species in the genus. Mionectes consists of a
pair of montane flycatchers found in the Andes and
southern Middle America and three lowland species,
including our focal species. M. oleagineus is found
exclusively in the understorey of lowland tropical forests
and woodlands and is replaced by congeners at higher
elevations, suggesting that dispersal across the Andes
should be unlikely in this species. Furthermore, because
morphological evolution is very conservative among
Mionectes species (Capparella & Lanyon 1985), it is
possible that cross-Andean populations have been isolated
since before Andean uplift yet remain sufficiently similar
phenotypically to be classified as conspecific.

2. MATERIAL AND METHODS
The genus Mionectes consists of five species of drab,

principally frugivorous flycatchers found in the understorey

of most Neotropical forests. Two species are found in

montane forests: Mionectes olivaceus inhabits premontane

and lower montane forests in the Andes and southern Middle

America (north to Costa Rica); in higher elevations in the

Andes, this species is replaced by Mionectes striaticollis. There

are three lowland species in the genus. The most widespread,

M. oleagineus, ranges throughout tropical Middle America,

Amazonia, and the lowland forests of the Guiana Shield and

also includes two disjunct populations in the western Ecuador

and the Atlantic Forest of Brazil (figure 1b). In the field, it

is often difficult to separate M. oleagineus from the two

other lowland Mionectes species (Mionectes macconnelli and

Mionectes rufiventris), both of which are partially sympatric

with M. oleagineus. M. macconnelli has a disjunct distribution

in southwestern Amazonia and the Guiana Shield (figure 1b).

In both regions, it is almost entirely sympatric with M.

oleagineus. M. rufiventris is restricted to forest and woodland

habitats in coastal southeastern South America, where it

narrowly overlaps with M. oleagineus (figure 1b).

(a) Phylogenetic tree reconstruction

We generated three different molecular datasets to establish

phylogenetic relationships among Mionectes species and

populations. Because earlier classifications (e.g. Todd 1921;

Meyer de Schaunsee 1970) placed lowland Mionectes in their

own genus (Pipromorpha), we wanted to confirm the sister

relationship between montane and lowland Mionectes and to

place a root for the latter. To do this, we generated a dataset

using a portion of the cytochrome b mitochondrial gene (999

basepairs (bp)) and fragments of two nuclear single-copy

protein-coding genes: RAG-1 (930 bp) and c-myc (477 bp).

We sequenced a single individual of both montane and all

three lowland Mionectes species; for out-groups, we used

several taxa available from GenBank (Johansson et al. 2002).

We generated phylogenetic trees from this dataset using

two methods: Bayesian inference (implemented in MRBAYES

v. 3.1.2; Ronquist & Huelsenbeck 2003) and branch-and-

bound maximum-likelihood phylogeny (implemented in

PAUP! v. 4.0b10; Swofford 2002). To further resolve

phylogenetic and phylogeographic variation within lowland

Mionectes, we obtained the entire mitochondrialND2 gene for

153 additional lowland Mionectes and 5 additional montane

Mionectes from widespread geographical origins within their

respective ranges, focusing on the widespread M. oleagineus

(see table 1 in the electronic supplementary material for

details about locality and other voucher specimen data).

Similar to the first dataset, we generated a Bayesian inference

phylogeny using MRBAYES for this second dataset. Although

this analysis showed strong support for M. oleagineus nodes

near the tips of the phylogeny, some interior nodes were not

strongly supported. To test the validity of these nodes, we

selected one individual from each major lowland Mionectes

clade recovered in the second phylogenetic tree (nZ14) as

well as one each of the two montane species and sequenced

the entire cytochrome b mitochondrial gene to create a new

mtDNA dataset that combined this gene with the ND2

sequence from the previous analysis. For the clade compris-

ing individuals from eastern Panama and northern South

America, we included one individual from each side of the

Andes. We generated a Bayesian inference phylogeny using

MRBAYES from this new dataset as well. Details of laboratory

sequencing techniques and phylogenetic tree reconstruction

can be found in the electronic supplementary material.

(b) Ancestral area analysis and molecular clock

techniques

Using the consensus phylogram from the combinedND2 and

cyt b dataset, we reconstructed the ancestral areas of lowland

Mionectes using maximum parsimony and maximum-

likelihood ancestral state simulations in MESQUITE v. 1.06

(Maddison & Maddison 2005) with the default maximum-

likelihood model for character-state reconstruction. Terminal

taxa were coded as either west or east of the Andes. A

likelihood ratio test failed to reject the assumption of a

molecular clock (K2D ln LZ9.37, d.f.Z12, pZ0.67), so we

modified the consensus topology to conform to a molecular

clock as implemented in PAUP!.

Because the widely used 2%MyrK1 mtDNA molecular

clock rate calibration has not been critically examined in

suboscines, following Ribas et al. (2007) we calibrated a

relaxed molecular clock (non-parametric rate smoothing,

NPRS; Sanderson 1997) topology for a dataset consisting of

the Mionectes RAG-1 sequences and a variety of RAG-1

sequences obtained from GenBank. This provided an

independent estimate for the age of the split betweenmontane

and lowland Mionectes and thus an alternative calibration

for the clock-enforced cyt b/ND2 tree. Uncertainty in this
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alternative calibration was evaluated by bootstrapping the

expanded RAG-1 data matrix. The NPRS molecular dating

analysis is described in further detail in the electronic

supplementary material.

(c) Cross-Andes gene flow

The lack of reciprocal monophyly found between

M. oleagineus populations in eastern Panama and northern

South America, which are bisected by the Andes (figures 2

and 4), can be due to incomplete lineage sorting or to

continued gene flow. To estimate the extent of post-

separation gene flow between populations, we fitted a

population genetic model of divergence with gene flow

using Metropolis-coupled Markov Chain Monte Carlo

simulations of the coalescent in IM (Hey & Nielsen 2004).

This analysis determined whether the more complex model

including post-separation gene flow was a better fit to the data

than a model without gene flow, as evaluated by a likelihood

ratio test ( per Vollmer & Palumbi 2002). Several trial runs

assuming unrealistic priors helped determine the range of

priors for final runs. Final run conditions included an HKY

model of molecular evolution, Metropolis coupling involving

geometric heating along 10 chains with 10 chain-swap

attempts per step, a burn-in of 500 000 steps, and symmetric

gene flow between the two populations, because initial runs

showed broad overlap between the 95% highest posterior

densities (HPDs) for directional migration estimates. We ran

the program four times with unique starting seeds to ensure

proper convergence of parameter estimates; all runs lasted

over 30!106 steps, which ensured that lowest effective

sample sizes for all parameter estimates were at least an

order of magnitude larger that the value (500) suggested by

the authors (Hey & Nielsen 2004). We obtained estimates for

qE and qW, which are equal to two times the effective size of

females scaled to the mutation rate (e.g. 2Nefm) for the

populations east and west of the Andes, respectively, and mE

and mW, which represent the migration rate per generation

into the respective population. Following Peters et al. (2005),

we calculated the number of females moving across the

Andes per generation as: NfZ(qECqW)!(mECmW)/2.

Because the results from all four runs were similar, we

present parameter estimates obtained from the longest run.

To visualize relationships among this clade of birds that span

the Andes (the YELLOW clade using the nomenclature

presented in the figures), we used a haplotype network

obtained by statistical parsimony using TCS v. 1.21 (Clement

et al. 2000). The resulting network was redrawn by hand.

3. RESULTS
Our multi-locus phylogeny recovered all five Mionectes
species as a monophyletic clade with 100% posterior
probability (figure 1a). The branch-and-bound ML
search recovered an identical topology (not shown) with
100% bootstrap support for a monophyletic Mionectes, as
did an unpartitioned MRBAYES search (not shown).
Among the species sampled, Leptopogon and Corythopis
were the closest out-groups for Mionectes. However, these
taxa are only distantly related to Mionectes: average cyt b
pairwise model-corrected distance between these two
genera andMionectes was 35.9%. Adopting the commonly
used avian mitochondrial clock of 2% sequence diver-
genceMyrK1 or related approximations thereof (Fleischer
et al. 1998; Weir & Schluter 2004) places the origin of
Mionectes in the Mid-Miocene. Within Mionectes, two
clades were recovered with 100% posterior probability
(100% ML bootstrap), corresponding to the lowland and
montane Mionectes clades, respectively (figure 1a). This
split is old: average model-corrected cyt b distance
between the montane and lowland Mionectes clades was
14.3%, dating to ca 7 Myr ago.

In the montane species M. olivaceus, ND2 sequences
revealed two phylogroups in Panama corresponding to an
eastern–central clade (including the Darien highlands)
and a western clade (Talamanca highlands). The average

Manacus manacus

Tyrannus savana

Todirostrum cinereum

Corythopis delalandi

Leptopogon amaurocephalus

Mionectes striaticollis

Mionectes olivaceus

Mionectes rufiventris

Mionectes oleagineus

Mionectes macconnelli

M. oleagineus

M. macconnelli

M. rufiventris

**
**

**

**

**

*

*

**

(a) (b)

Figure 1. (a) Relationship of Mionectes and related genera determined by Bayesian inference using partial sequences of the
mtDNA cytochrome b gene (999 bp) and the nuclear exons RAG-1 (930 bp) and c-myc (477 bp). The monophyly of Mionectes
and a basal split between montane and lowland clades are strongly supported. (b) Distribution map for the three lowland
Mionectes species; two additional species, M. olivaceus and M. striaticollis, are found in montane habitats in the Andes and
southern Middle America and are not depicted. Posterior probabilities: double asterisk, 100%; single asterisk 95%.
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model-corrected distance between these two clades was
2.0%. Owing to a lack of widespread geographical
sampling in M. striaticollis, we have no phylogeographic
results for this montane species.

Our broad geographical sampling of ND2 sequences
from birds collected throughout the range of the three
lowland Mionectes species identified a series of strongly
supported clades (figure 2) with posterior probability
nodal support greater than 95% (figure 2). Mionectes
rufiventris was represented by a single mtDNA haplotype
clade, whereas the other two, more widespread, lowland
taxa showed phylogeographic complexity. Mionectes
macconnelli was represented by two clades, corresponding
to geographically disjunct populations in southwestern
Amazonia and the Guiana Shield. Within M. oleagineus,
we recovered five clades: three exclusively west of the
Andes (BLUE, RED, and GREEN clades; figure 2), one
found east and west of the Andes (YELLOW; figure 2),
and one exclusively east of the Andes (ORANGE;
figure 2). For heuristic purposes, we refer to each clade
by its colour in figure 2, because mtDNA clades do not

correlate well with currently recognized subspecific
limits (see below). West of the Andes, the BLUE clade
ranged from southeastern Mexico to the northwestern
corner of Panama. The RED clade occupied points
throughout central Panama, and the GREEN clade was
found in the Pacific lowlands of western Ecuador. West of
the Andes, the YELLOW clade was found only in eastern
Panama, whereas east of the Andes it had a broad
distribution north of the Amazon River (Ecuador,
Venezuela, Guyana, Trinidad, and northern Brazil). The
ORANGE clade was the only M. oleagineus clade found
exclusively east of the Andes, where it was widespread:
southwestern Amazonia, Guyana, and the Atlantic Forest
of southeastern Brazil.

ForM. oleagineus, the current subspecies do not correlate
well with the recovered mtDNA clades. Based on a
recent revision of oleagineus subspecies (Fitzpatrick 2004),
our clades represent the following subspecies: BLUE:
assimilis; RED: parcus; YELLOW: parcus, abdominalis,
pallidiventris and oleagineus; GREEN: pacificus, and
ORANGE: oleagineus. Furthermore, in two instances,

** **
striaticollis

1% sequence
    divergence

olivaceus
** rufiventris

macconnelli Guiana Shield

northern
Middle America

**

**

**

**

*

**

**

**

W Ecuador
SW Panama

C Panama

**

Guyana
SW Amazonia
Atlantic Forest

**

macconnelli SW Amazonia**

**

**

Trinidad and coastal Venezuela

eastern Panama

Para, Brazil

northern Amazonia and Guiana Shield

Figure 2. Majority-rule consensus Bayesian inference topology for 163 individuals of Mionectes flycatchers (156 lowland and
7 highland birds) based on complete ND2 sequences. Posterior probabilities for bifurcations indicated at node: double asterisk,
100%; single asterisk, greater than 95% (omitted from the most terminal nodes for clarity). Internal nodes with less than 95%
posterior probabilities were collapsed, but terminal nodes with less than 95% pp support were retained. The red arrow shows an
unresolved polytomy (see text). The map shows localities for 156 lowland Mionectes colour coded to correspond to the major
clades at left. Two sites (central Panama and Guyana) are bicoloured to indicate two mtDNA clades at these locations. Circles
are M. oleagineus, white hexagons M. macconnelli, and white squares M. rufiventris. Four M. oleagineus clades occur west of the
Andes: the BLUE clade (northern Middle America), the GREEN clade (western Ecuador), the RED clade (central and
southwestern Panama), and the YELLOW clade (eastern Panama). The YELLOW clade also occurs east of the Andes across
northern South America. The ORANGE clade occurs exclusively east of the Andes. Within the YELLOW clade, there is no
reciprocal monophyly between samples from either side of the Andes (figure 4).
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sampling locations included individuals from more than a
single clade. In Panama province (central Panama), we
recovered five RED haplotypes and one YELLOW
haplotype, while in Iwokrama Reserve (Guyana), we
recovered three ORANGE haplotypes and one YELLOW
haplotype (figure 2). This broad sampling of ND2
sequences from M. oleagineus did not resolve sister
relationships among clades in every instance (figure 2).

The addition of cyt b sequences to a subsample of birds
provided a phylogeny with greatly improved nodal support
throughout the tree (figure 3), with all bifurcations
supported by at least 95% posterior probabilities. Based
on this phylogeny, geographically proximate clades were
not one another’s closest phylogenetic neighbour, and
several sister relationships among clades were bisected by
the Andes. All of the lineages west of the Andes had a sister
lineage found to the east. Both maximum-likelihood and
maximum-parsimony analyses indicated that the ancestral
area for lowland Mionectes taxa was east of the Andes,
requiring a minimum of three cross-Andean biogeo-
graphic events. In the clock-enforced maximum-
likelihood tree, the earliest divergence across the Andes
occurred at node A (figure 3), roughly 1.9 Myr ago
assuming a 2% pairwise divergence rate (Fleischer et al.
1998; Weir & Schluter 2004). The other two nodes
corresponding to cross-Andean events date to 1.0 and
0.2 Myr ago, respectively. For either of these latter events
to be coincident with the final uplift of the Andes, the
single lineage rate of mtDNA evolution in Mionectes for
node B (the second crossing of the Andes) would have to
be less than 0.38%MyrK1, and for node C (the third
crossing) slower than 0.06%MyrK1. The former is slower
than any reported rate for birds and less than half of the
typical result for passerines such as Mionectes (Lovette

2004), while the latter is nearly an order of magnitude
slower than the reported rate of mtDNA evolution for any
vertebrate. Dates for these nodes obtained using NPRS
and a RAG-1 calibration (see §2 and the electronic
supplementary material) were similar (node A, 1.5G
0.4 Myr ago; node B, 0.8G0.2 Myr ago and node C 0.5G
0.1 Myr ago) and give support to the 2%MyrK1 mtDNA
calibration henceforth used in this paper.

Individuals from the YELLOW clade were found on
both sides of the Andes and were not reciprocally
monophyletic with respect to the mountains (figure 4).
Parameter estimates for q east and west of the Andes and
the average migration rate since separation of the eastern

SW Amazonia macconnelli
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rufiventris

W Ecuador

NW Panama
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Guyana

SW Amazonia

SE Brazil

SW Panama
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Panama
E Panama

Guiana Shield

Trinidad

Guiana Shield

NW Argentina
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100%

100%
53%
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C

Figure 3. Ancestral area reconstruction for lowland Mionectes flycatchers. The phylogenetic tree represents the consensus
Bayesian inference topology obtained from cytochrome b and ND2 sequences (2184 bp) modified to conform to an enforced
molecular clock (see text). Posterior probabilities of all nodes were 100% except node A (98%). Branch colour reflects the most
parsimonious state (east or west of the Andes) for that branch, while coloured circles at nodes represent relative likelihoods of
each state. ForM. oleagineus, colour coding follows figure 2 (see also inset map). Both parsimony and likelihood reconstructions
indicate three cross-Andean biogeographic events at nodes A, B, and C. Scale bar represents millions of years BP assuming a rate
of mtDNA diversification of 2.0%MyrK1 (Fleischer et al. 1998). The vertical grey line at 2.7 Myr BP indicates completion of
uplift in the northern Andes (Gregory-Wodzicki 2000).

3

22

2 3

72

5
3

Figure 4. Statistical parsimony-based haplotype network for
the YELLOW clade (see figure 2) of M. oleagineus showing
incomplete lineage sorting between populations east and west
of the Andes. Dark grey, eastern Panama; light grey, Amazon
Basin and Guiana Shield; white, coastal South America.
Black dots (smallest circles) indicate unobserved haplotypes;
larger circle sizes indicate haplotype frequencies. Birds from
eastern Panama (west of the Andes) are more closely related
to birds from the Amazon Basin and the Guiana Shield than
from coastal South America, which provides some evidence
for dispersal over rather than around the Andes.
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Panama and northern South American populations (i.e.
qE, qWand m) were highly unimodal and similar in all four
runs. Posterior distributions peaked at 2.0 (95% HPD:
0.5–6.6) for qE and 50.2 (95% HPD: 16.4–265.2) for qW,
whereas the posterior distribution of estimates of the
scaled migration parameter (m) peaked at 0.5 (95%HPD:
0.1–1.7). These parameters yielded a peak value of 6.2
females per generation (Nf) migrating across the Andes,
with a range of 0.3–115.3 assuming extreme 95% HPD
values. Our model, which included cross-Andean
migration, was a significantly better fit to the data than a
model without post-divergence gene flow across the Andes
(K2D ln LZ8.65, d.f.Z1, pZ0.003).

4. DISCUSSION
Evidence from nuclear and mitochondrial DNA sup-
ported the monophyly of the five flycatcher species
currently placed in the genus Mionectes relative to allied
genera (figure 1a), consistent with recent classifications
(Sibley & Monroe 1990; American Ornithologists’ Union
1998; Fitzpatrick 2004; Remsen et al. 2007). Genetic
distances between these taxa and putative out-groups are
considerable, again in agreement with earlier studies
of genetic relationships among Mionectes and its allies
(Sibley & Monroe 1990; Bates & Zink 1994; Chesser
2004). Within the genus, both mitochondrial and nuclear
gene sequences identified a basal phylogenetic split
between montane and lowland Mionectes species, provid-
ing support for earlier classifications that placed the three
lowland species in the genus Pipromorpha (e.g. Traylor
1977). The model-corrected cyt b mtDNA distance
between montane Mionectes and lowland Mionectes was
14.3%, dating the split between these forms to the Late
Miocene, or ca 7 Myr ago.

The montane Mionectes group consists of two species
that inhabit higher-elevation habitats in South America
and southern Middle America: M. olivaceus can be
found in premontane and montane forests, and in the
Andes it is replaced at even higher elevations by
M. striaticollis. Our evidence indicates that the two
montane species last shared a common ancestor in the
Late Miocene or Early Pliocene.

Despite only modest geographical sampling of montane
Mionectes (table 1 found in electronic supplementary
material), some comparisons to phylogeographic patterns
in other Neotropical montane bird taxa are possible. The
model-corrected ND2 distance between the Darien
(eastern Panama) and Talamanca (western Panama)
clades of M. olivaceus was 2.0%. Across this same
geographical span, Myadestes solitaires showed identical
mtDNA divergence (Miller et al. 2007). If we assume a
constant rate of mtDNA divergence of ca 2.0%MyrK1,
then both montane Mionectes and Myadestes in southern
Middle America began to differentiate across the Isthmus
of Panama ca 1.0 Myr ago, well after its Pliocene
formation. However, in the Chlorospingus bush-tanagers
species complex, average pairwise distance between
Darien and Talamanca mtDNA clades was nearly three
times that of montane Mionectes and Myadestes (approx.
5–6%; Weir et al. in press). These comparisons identify
central Panama as an important barrier to gene flow of
montane Neotropical birds but also suggest that avian
lineages have responded differently to regional changes in

the Pliocene and Pleistocene landscapes of lower Middle
America as the Isthmus of Panama developed (see also
Bermingham & Martin 1998).

The lowland and montane Mionectes clades are
elevational replacements, and where they meet the zones
of overlap are narrow. It is worth noting that despite
roughly 7 Myr of independent evolution, the montane
clade has not diversified to exploit lowland habitats, nor
has the lowland clade diversified to exploit montane
habitats. We posit that this long history of habitat
segregation between montane and lowland Mionectes
probably arises from ecological interactions between
individuals of the two clades. Our hypothesis is supported
by the observation that in the Pacific lowlands of
Colombia and Ecuador, where lowland M. oleagineus is
absent, M. olivaceus, one of the montane species, ranges
down to sea level. Likewise, in areas such as Bolivia and
southern Venezuela, where montane Mionectes are absent,
lowlandM. macconnelli populations reach elevations above
2000 m (Ridgely & Tudor 1994).

Lowland Mionectes are currently classified as three
species. However, our mtDNA phylogeny suggests that
evolutionary relationships among populations of these three
species are more complex than predicted by current
taxonomy (figure 3). Mionectes macconnelli, which has a
disjunct distribution in southwestern Amazonia and the
Guiana Shield (figure 1b), is polyphyletic: specimens from
southern Amazonia form a clade that is sister to all other
lowland Mionectes, including M. macconnelli specimens
from the Guiana Shield and the Atlantic Forest endemic,
M. rufiventris (figure 3). Also, M. oleagineus was recovered
as a monophyletic clade with pronounced phylogeographic
structure among mtDNA haplotypes (figure 3).

The geographical pattern of diversification in lowland
Mionectes differs from previously published area clado-
grams for the region and other studies of the diversifi-
cation of widespread Neotropical organisms (references
given in §1). Most strikingly, the overwhelming majority of
these studies found a basal split across the Andes, whereas
lowland Mionectes show three cross-Andean divergences
near the tips of the phylogeny. When only areas east of the
Andes are considered, most studies have found that the
deepest divergences split the Atlantic Forest from the
Amazon Basin and the Guiana Shield (e.g. Ron 2000). In
contrast, the basal split among lowlandMionectes separates
the southern Amazonian M. macconnelli from the rest of
the region including the Atlantic Forest (figure 3), a
pattern most similar to that observed for howler monkeys
(Alouatta spp.; Cortes-Ortiz et al. 2003). Finally, nearly all
previous studies have shown a sister relationship between
northern and southern clades in western Amazonia (e.g.
Cracraft & Prum 1988; Ron 2000). This was not the case
in lowland Mionectes for either M. macconnelli or M.
oleagineus (figure 3).

The Mionectes mtDNA phylogeny (figure 3) provides
strong inference that M. oleagineus has diversified across
the Andes at least three times over the course of its evolu-
tionary history. The earliest separation of M. oleagineus
populations on either side of the Andes (node A, figure 3)
might represent vicariance associated with the final uplift
of the northern Andes. Assuming typical rates of passe-
rine mtDNA evolution, these populations split ca 1.9 Myr
ago, about the same time the northern Andes reached
their current elevation (Gregory-Wodzicki 2000). The
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other two splits within M. oleagineus occurred at more
recent nodes on the clock-enforced phylogram (nodes
B and C, figure 3). Forcing the date of the splits
represented by nodes B and C to be coincident with the
northern Andean uplift would imply unreasonably slow
rates of mtDNA evolution (see §3). Thus, the two later
splits between M. oleagineus populations on either side of
the Andes must necessarily represent dispersal over or
around the mountains.

Haffer (1967) proposed two alternative mechanisms for
gene flow across the Andes following their final uplift. The
first was via dispersal over low passes in the northern
Andes (first suggested by Chapman 1917), and the
second was through ephemeral forest corridors during
Quaternary interglacials along the northern coast of South
America. These hypothetical forest corridors passed
through regions currently characterized by grassland and
savannah ecosystems and might have facilitated the
dispersal of forest-dwelling organisms between lowland
populations east and west of the Andes. Although our
mtDNA phylogenies cannot rule out either scenario,
several observations suggest dispersal over Andean passes
rather than around the northern cordilleras for the splits
represented by nodes B and C (figure 3).

As noted, the upper elevational limit for lowland
Mionectes in the Andes may be due to competition
with montane Mionectes rather than to physiological
limits. Where highland congeners are absent, lowland
M. oleagineus reach over 2000 m elevation, which is nearly
the elevation of the lowest Andean passes. In the split at
node B (figure 3), ancestral area analysis suggests that
birds from southwestern Amazonia or the Guiana Shield
colonized lowlands west of the Andes (figure 3). One
possible route for this colonization is through the
Marañon Valley in northern Peru, which is the lowest
Andean pass between Venezuela and Bolivia (2140 m),
and which was previously suggested as a dispersal corridor
for many Amazonian taxa into a semi-humid area of
endemism west of the Andes in northern Peru (Chapman
1917). While this would be the most direct route between
southwestern Amazonia and the lowlands west of the
Andes, this hypothesis requires the RED clade to have
moved through regions along the Pacific slope of South
America that are currently occupied by representatives of
the GREEN clade (figure 2). In the most recent split
(node C, figure 3), it is more difficult to determine
whetherM. oleagineus dispersed around or over the Andes.
Tissues from northern Colombia and northwestern
Venezuela were unavailable for this study, but the
subspecies there is Mionectes oleagineus parcus, the same
that occurs in eastern Panama (Fitzpatrick 2004). This
alone provides little evidence to discern between the two
routes, because the ranges of many bird species extend
from Panama into this region without occurring in the
Amazon Basin (Chapman 1917). Furthermore, individ-
uals from northwestern Amazonia are genetically more
similar to birds from eastern Panama than to those from
the coast of north–central Venezuela and Trinidad
(figure 4). Finally, the shortest dispersal route between
northwestern Amazonia and eastern Panama is the
Andalucia Pass into central Colombia (Chapman 1917),
providing additional evidence that the most recent
dispersal event also occurred over rather than around
the Andes.

However, several observations suggest that dispersal
around the Andes is a reasonable alternative. Under
current climatic conditions, the shortest low-elevation
route around the Andes is interrupted by extensive
stretches of ocean, llanos, and arid scrublands in the
Caribbean lowlands north and east of the Andes (Eva et al.
2002). But habitats during the Pleistocene in northern
South America probably differed from current conditions.
Conditions in the South American lowlands east of the
Andes during the Pleistocene were generally cooler
(Colinvaux et al. 2000) and wetter (Baker et al. 2001)
than at present. Pollen records from the Colombian llanos
suggest that savannah persisted as far back as the last
glacial maximum (LGM), but no earlier data exist
(Behling & Hooghiemstra 1999). However, pollen
evidence from the Gran Sabana, a grassland east of the
Colombian llanos, indicates that trees typical of con-
temporary premontane cloud forests were replaced by
expanding savannah coincident with the onset of the
Holocene (Rull 2007). If mesic forest occurred in
currently arid areas, dispersal around the tip of the
northern Andes would be facilitated by relatively low
passes in the northern cordillera.

Our coalescent simulations indicate that gene flow
between the most recently separated populations of
M. oleagineus in eastern Panama and northern South
America may be ongoing or episodic. Estimates indicate
that the rate of female dispersal across the Andes between
these populations is at least 0.3 individuals per generation
(95% HPD: 0.3–115 females per generation). Further-
more, a coalescent model including post-dispersal gene
flow across the Andes was a significantly better fit to the
data than a model without migration. Because no lowland
forest corridor currently connects Amazonia and Middle
America, the coalescent simulations argue for some gene
flow across the Andes.

How common is cross-Andean dispersal? Several
studies of lowland birds have provided phylogenetic
hypotheses discounting its importance (Cracraft &
Prum 1988; Prum 1988; Brumfield & Capparella
1996; Bates et al. 1998; Ron 2000; Brumfield et al.
2001). An exception occurs in the lowland forest
woodcreeper Glyphorynchus spirurus, in which Middle
American populations nest phylogeographically within a
northern Amazonian clade, perhaps due to Quaternary
dispersal around the Andes (Marks et al. 2002). Two
studies of bats have also shown lack of reciprocal
monophyly in DNA lineages on either side of the
Andes, which the authors attributed to post-uplift gene
flow across the Andes (Ditchfield 2000; Hoffman &
Baker 2003). Finally, Dick et al. (2004) reported
phylogenetic evidence of recent cross-Andean dispersal
in two groups of euglossine bees. In sum, these studies
indicate that cross-Andean movement by lowland
species may be more frequent than previously assumed.
However, M. oleagineus stands out in the repeated role
that the Andes have played in its phylogeographic
differentiation.

The evolutionary history of M. oleagineus is also
striking in the geographical pattern of populations west
of the Andes. Descendants of the first cross-Andean split
(figures 2 and 3; the BLUE and GREEN clades) show
the broadest distribution, extending from southeastern
Mexico to western Panama and western Ecuador. The
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second cross-Andean split, which must be a dispersal
event, is evident in a population that is currently found
only in central and parts of western Panama (the RED
clade), where it abuts the range of the BLUE clade
(figure 2). Whether the RED clade has displaced the
BLUE clade or has simply colonized a region unoccu-
pied by BLUE clade conspecifics cannot be discerned
from our data. One presumes that the ancestor of the
BLUE and GREEN clades was once continuously
distributed in the lowlands west of the Andes, but the
level of phylogeographic divergence between the western
Ecuador (GREEN) and northern Middle America
(BLUE) haplotypes suggests their separation, and
perhaps local extinction on the Isthmus of Panama
might have predated colonization by the RED clade.
The most recent colonization episode by M. oleagineus
west of the Andes ushered in the YELLOW mtDNA
clade, which has the narrowest trans-Andean distri-
bution of the three western clades, being restricted to
eastern Panama (and probably part of northern
Colombia).

In both eastern and western Panama, our data suggest
relatively narrow zones of transition between mtDNA
lineages. Approximately 125 km separate our eight speci-
mens (100% RED haplotypes) from Santa Fe, Veraguas
and our 22 specimens (100% BLUE haplotypes) from
Bocas del Toro. Likewise, less than 250 km separate our
sampling sites from eastern Darien province (18 individ-
uals, 100% YELLOW haplotypes) and our easternmost
site in central Panama (five of six specimens had RED
haplotypes). We found no evidence of mixing of BLUE
and RED mtDNA haplotypes, despite the fact that the
numbers of M. oleagineus collected near the zone of
contact (22 and 11 individuals, respectively) between the
two mtDNA haplotype clades was sufficient to provide an
82% probability of observing mixing occurring at
a frequency of 5% or greater ( pZ1K[0.05(22C11)]Z
0.82). However, on the other hand, we did collect one
YELLOW clade bird near the eastern edge of the range of
RED haplotypes. It is worth noting that the Caribbean
slope of Panama in the region of both of these putative
contact zones is continuously forested.

The apparently parapatric distributions of three
mtDNA clades of M. oleagineus in Panama evoke several
unanswered questions: what explains the lack of geo-
graphical overlap? Is secondary contact recent, or has
demographic inertia retarded replacement of one clade by
another (Reeves & Bermingham 2006)? Is Haldane’s rule
operating to retard female-mediated gene flow (females
are the heterogametic sex in birds)? Finally, are the
mtDNA clades cryptic species, with parapatry enforced
through competitive exclusion? Only further study will
resolve these issues.

The phylogeographic relationships in M. oleagineus
provide an alternative model for the role of the Andes in
the biogeography of lowland Neotropical animals. The
area cladogram approach to Neotropical biogeography has
suggested that the Andes was an early barrier to lowland
taxa, and rarely, if ever, transgressed by descendants
on either side. Our data showing episodic dispersal across
(or around) the Andes suggest that these mountains can
play a more persistent role in Neotropical biogeography
and diversification.
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Abstract
The latitudinal gradient in species richness is a nearly universal ecological phenomenon.
Similarly, conspecific genetic diversity often increases towards the equator – usually

explained as the consequence of post-glacial range expansion or due to the shared
response of genetic diversity to processes that promote species richness. However, no

study has yet examined the relationship between latitude and within-population genetic
diversity in exclusively tropical species. We surveyed genetic variation in nine resident
bird species co-occurring in tropical lowlands between southern Mexico and western

Ecuador, where avian species richness increases with decreasing latitude. Within-
population genetic variation was always highest at mid-range latitudes, and not in the

most equatorial populations. Differences in demography and gene flow across species!
ranges may explain some of our observations; however, much of the pattern may be due

simply to geometric constraints. Our findings have implications for conservation
planning and for understanding how biodiversity scales from genes to communities.

Keywords
Centre-marginal hypothesis, genetic diversity, gradient, latitude, mid-domain effect,
tropics.
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I N TRODUCT ION

Biogeography, community ecology and population genetics
all attempt to describe how biological diversity is spatially
distributed, albeit at different scales of geographic and
biological organization. Therefore, it is not surprising that
researchers from these disciplines seek common patterns in
the distribution of diversity. One of the oldest and likely
most recognized patterns of biodiversity is the latitudinal
gradient of species richness (Rosenzweig 1995). For most
taxa, the number of species occurring in an area increases
towards the Equator. The regard for the latitudinal gradient
in species richness is due to its ubiquity: the pattern holds at
both small and large latitudinal spans, for plants and
animals, for terrestrial and marine organisms, for taxonomic
richness of genera and families in addition to species, and
for fossil assemblages (Willig et al. 2003).

In a similar vein, several studies have reported latitudinal
differences in genetic variation, including two important
meta-analyses (Martin & McKay 2004; Hughes & Hughes

2007). Examples include Nearctic and Palearctic fishes
(Bernatchez & Wilson 1998), Palearctic mammals (Jaarola &
Tegelström 1995), Palearctic frogs (Johansson et al. 2006),
Nearctic and Palearctic birds (Merilä et al. 1997) and South
African corals (Ridgway et al. 2008). However, as Eckert
et al. (2008) noted, single-species studies of geographic
variation in within-population genetic diversity are dispro-
portionately focused on taxa at their northern limits in the
northern temperate zone. Because of the strong historical
effect that Pleistocene-era glaciers had on the biogeography
of higher latitudes, it is perhaps not surprising that post-
glacial expansion is usually considered primarily responsible
for the observed genetic diversity patterns (Hewitt 1996).
This empirically demonstrated pattern of decreasing within-
population genetic diversity with increasing latitude might
be termed the "poleward model!. Like their temperate zone
counterparts, tropical habitats also expanded poleward
during the Holocene (Leyden 1984; Hillesheim et al. 2005).
Thus, as expected by latitudinal diversity hypotheses, it
would be reasonable to expect that within-population

Ecology Letters, (2010) 13: 576–586 doi: 10.1111/j.1461-0248.2010.01454.x

! 2010 Blackwell Publishing Ltd/CNRS



genetic diversity should decrease as one samples exclusively
tropical taxa poleward along a latitudinal gradient.

Similarly, latitudinal gradients in genetic diversity are also
predicted by recently developed theory that relates species
richness in a community to the genetic variation of members
of that community. Vellend and colleagues (Vellend 2003;
Vellend & Geber 2005) noted that the same biogeographic
conditions favourable to high species richness within a
community (i.e. high immigration rates and low extinction
rates) should promote high genetic diversity within the
species comprising that community. Empirical support for
this model has come from forest tree communities
(Wehenkel et al. 2006), butterflies (Cleary et al. 2006), and
over half of the archipelago species surveyed in a meta-
analysis (Vellend 2003). Vellend (2003) termed this positive
relationship between species richness and genetic diversity
the species–genetic diversity correlation; here, we will refer
to it simply as the "species richness model!. One of the most
intriguing aspects of the latitudinal gradient in species
richness is that it can be found within exclusively tropical
samples (Willig et al. 2003). Therefore, a correlation between
species richness and within-population genetic variation
should result in a latitudinal gradient in within-population
genetic diversity of exclusively tropical taxa.

Models predicting a latitudinal gradient in genetic
variation can be compared with the central–peripheral
model, an important general model for the distribution of
abundance across a species! range. The central–peripheral
model has been most frequently applied in macroecology,
where it predicts that a species! abundance peaks in the
centre of its range and diminishes towards the range edges
(Brown 1984), but it has also been extended to genetic
diversity (da Cunha et al. 1950; Brussard 1984). This pattern
is believed to be caused by diminishing ecological suitability
of habitats at range edges, resulting in greater population
fluctuations in edge populations compared with central ones
(Brown et al. 1995). Reduced abundance and greater
variance in abundance should increase genetic drift, thus
reducing within-population genetic variation (Vucetich &
Waite 2003). The combined consequences of reduced
effective population size and lower immigration rates in
edge populations should cause a reduction in genetic
diversity relative to central populations.

Additionally, geometry predicts that central populations
should have higher immigration rates than edge populations
(Eckert et al. 2008), thus minimizing the diversity-reducing
effects of genetic drift in central populations. This geometric
effect parallels the macroecological observation that the
richness of a local species pool is strongly influenced by the
regional species pool richness (Terborgh 1973; Rosenzweig
1995) as well as the notion that species richness gradients
are driven largely by geometric constraints or "mid-domain!
effects (Colwell & Hurtt 1994; Lees et al. 1999; Colwell &

Lees 2000). As noted by Eckert et al. (2008), in spite of the
strong theoretical support for this model, there is a relative
lack of empirical evidence. These authors also noted that
they were unable to find a single study of tropical taxa that
investigated latitudinal variation in genetic diversity among
conspecific populations. To our knowledge, no study to date
has addressed how within-population genetic diversity varies
across a tropical latitudinal gradient.

Here, we measure within-population genetic diversity
along a tropical latitudinal gradient, contrasting central–
peripheral and latitudinal gradient models against a null
model of no relationship between population genetic
diversity and latitude. Our empirical data were developed
from nine resident Neotropical landbird species, sampled
more or less concordantly across their ranges from Middle
America to the Pacific lowlands of northwestern South
America. Lowland tropical forest occurs in a narrow band
from southern Mexico to western Ecuador, and along this
transect avian resident species richness increases with
decreasing latitude (Fig. 1). Furthermore, the avian com-
munity is relatively biogeographically homogeneous,
whereas avian assemblages east of the Andes are more
heterogeneous across a similar latitudinal span. Relatively
few species co-occur on both sides of the Andes, and we
expect gene flow to be non-existent or greatly diminished
across the Andes in these cases (e.g. Brumfield & Capparella
1996; Miller et al. 2008). These factors combine to make this
transect a natural laboratory for observing how within-
species genetic diversity varies along the latitudinal and
species richness gradient.

300
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Los Tuxtlas

La Selva
BCI

Bilsa

Figure 1 Number of breeding landbirds recorded at four research
stations in the Neotropical lowlands from Mexico to Ecuador: (1)
Los Tuxtlas (Veracruz, Mexico c. 18.6" N); (2) La Selva (Heredia,
Costa Rica c. 10.4" N); 3) Barro Colorado Island (BCI: Colon,
Panama c. 9.2" N) and (4) Bilsa (Esmeraldas, Ecuador c. 0.4" N)
(see Appendix S2 for details).
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MATER IA L S AND METHODS

Tropical evergreen forest is more or less continuously
distributed from southern Mexico south through Central
America and along the Pacific lowlands of South America
until western Ecuador, where a strong moisture gradient
results in a relatively abrupt transition to tropical dry
forest. Blocked by the continental divide along Central
America, this narrow band of forest is restricted to the
lowlands of the Middle American Caribbean slope until
eastern Panama, where a lower continental ridge and
increased Pacific rainfall permit this band to cross the
continental divide and continue south along a narrow
lowland strip of the Pacific coast of Colombia and
northwestern Ecuador. Many tropical forest species have
a more or less continuous distribution along this transect:
42% of the resident landbirds from the Los Tuxtlas
Biological Station in Veracruz, Mexico, can be found in
Bilsa Biological Station in Esmeraldas, Ecuador (see
Appendix S2). This transect spans over 18" of latitude
separating Veracruz and Esmeraldas, and in most places it
is less than 200 km wide.

Based on available tissue samples from vouchered
museum specimens, nearly all of which we collected, we
identified nine species (Table 1) of resident Neotropical
landbirds with suitable sample size at various locations along
this transect. In most cases, we sampled these species at six
sites: Veracruz, Mexico (c. 18.5" N), Toledo District, Belize
(c. 16.5" N), northern Honduras (c. 15.5" N), Bocas del
Toro, Panama (c. 9.0" N), Darién, Panama (c. 7.8" N) and
western Ecuador (c. 0.0" N). One species, Euphonia gouldi,
occurs only from southern Mexico to Bocas del Toro, and
another species, Glyphorynchus spirurus, occurs in our samples
northward only to Belize. Additionally, Myrmeciza exsul
occurs from southern Honduras to western Ecuador; in this
case, we included samples from Heredia, Costa Rica
(c. 10.4" N). In general, for all the nine species, these
population samples represent multiple collecting efforts
spread over several years at two to four geographic points
within a 25-km radius; exact locations are available from the
authors and the respective museums. As the range maps in
Fig. 3 show, our sampling strategy covered nearly the entire
range west of the Andes for these nine species.

As our metric of within-population genetic diversity, we
chose nucleotide diversity (p) of the NADH dehydrogenase
subunit II (ND2) mitochondrial gene (1041 bp). Nucleotide
diversity equals the average number of nucleotide substitu-
tions between all sequences and is a standard measure of
DNA polymorphism (Nei 1987). We sequenced the
complete ND2 gene following standard protocols as
described by Miller et al. (2008). In most cases, DNA was
extracted from mitochondrially rich muscle tissue; however,
a few western Ecuador samples were from feathers. In

addition, we included one sequences from GenBank
(a sequence of Pipra mentalis, LSUMZ B18078, from
Veracruz, Mexico) which is marked with an asterisk in
Appendix S1. All other sequence data were generated by the
authors in their laboratories, and the first author reviewed all
chromatograms. We estimated p in DnaSP 4.2 (Rozas et al.
2003).

We aimed to sample at least 10 individuals per popula-
tion, but sample sizes varied due to the vagaries of field
success (Table 1). To explore the effect of sample size on
estimates of p, we subsampled three of our largest
population samples that also had varying estimates of p
(Mionectes oleagineus, Bocas del Toro, n = 18, p = 0.0010;
Myrmeciza exsul, Bocas del Toro, n = 12, p = 0.0048;
Henicorhina leucosticta, Darien, n = 13, p = 0.0029). For each
of these populations, we created 1000 bootstrapped datasets
for each possible sample size value from n = 2 to n = 10.
We plotted the mean, median, standard deviation and
mean–median of p against bootstrap sample size.

A null model for the distribution of genetic diversity
along a cline predicts no relationship between a population!s
genetic diversity and that of an adjacent population. In
contrast, the latitudinal gradient models (poleward and
species richness) both predict an increase in genetic diversity
with decreasing latitude. We tested for such an increase in
p for our nine Neotropical bird species by calculating
the value of the expression: pi - pi+1, where i refers to a
given population and i + 1 is the next population found at a
lower latitude. The latitudinal gradient models predict that
this difference should be positive more frequently than
negative. The frequency of observed vs. expected positive
values was compared with a null hypothesis of equal
frequency of positive and negative values using an exact
binomial test.

An alternative model to latitudinal models (poleward and
species richness, as discussed above) is the central–
peripheral model, which would produce a humped distri-
bution, wherein the largest value of p is found in mid-range
relative to edge populations. A null hypothesis for this
model is that, within a species, the largest value of p is
equally likely to be observed in any of the sampled
populations. We tested for a humped distribution of p by
evaluating whether the frequency of a species! highest value
for p occurred in the northernmost or southernmost
sampling point (i.e. edge populations) at a lower frequency
than predicted by the null hypothesis. Specifically, each of
our nine species has two edge populations and two to four
mid-range populations, so the probability by chance that the
maximum observed value of p occurs in a mid-range
population varies from 0.50 to 0.66. We calculated the
probability that the observed number of species with
maximum p in an edge population was due to chance by
computing the joint probabilities of all combinations of
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Table 1 Estimated nucleotide diversity for nine species (48 populations) of Neotropical landbirds ranging from SE Mexico to W Ecuador

Scientific name n Num Hap H p ¶p

Phaethornis longirostris (21.7º N – 4.0º S)
Veracruz, Mexico 10 1 0.000 0.0000
Toledo, Belize 10 3 0.511 0.0005 0.0005
N Honduras 10 2 0.467 0.0004 )0.0001
Bocas del Toro, Panama 11 4 0.691 0.0016 0.0012
Darién, Panama 12 4 0.455 0.0005 )0.0011
W Ecuador 5 1 0.000 0.0000 )0.0005
Phaethornis striigularis (18.7º N – 0.4º S)
Veracruz, Mexico 7 1 0.000 0.0000
Toledo, Belize 10 5 0.756 0.0014 0.0014
N Honduras 6 4 0.867 0.0018 0.0004
Bocas de Toro, Panama 9 5 0.889 0.0033 0.0015
Darién, Panama 10 8 0.956 0.0022 )0.0011
W Ecuador 3 1 0.000 0.0000 )0.0022
Amazilia tzacatl (18.7º N – 3.4º S)
Veracruz, Mexico 4 3 0.833 0.0010
Toledo, Belize 10 5 0.667 0.0010 0.0000
N Honduras 4 4 1.000 0.0048 0.0038
Bocas del Toro, Panama 9 6 0.917 0.0021 )0.0027
Darién, Panama 5 2 0.600 0.0087 0.0066
W Ecuador 2 2 1.000 0.0010 )0.0077
Glyphorynchus spirurus (18.0º N – 3.8º S)
Toledo, Belize 10 2 0.200 0.0002
N Honduras 9 2 0.389 0.0004 0.0002
Bocas del Toro, Panama 10 7 0.933 0.0061 0.0057
Darién, Panama 10 3 0.378 0.0004 )0.0057
W Ecuador 8 3 0.679 0.0024 0.0020
Myrmeciza exsul (14.2º N – 3.5º S)
Heredia, Costa Rica 10 3 0.600 0.0008
Bocas, del Toro, Panama 12 6 0.818 0.0048 0.0040
Darién, Panama 11 3 0.564 0.0005 )0.0043
W Ecuador 15 8 0.838 0.0015 0.0010
Pipra mentalis (18.8º N – 0.0º S)
Veracruz, Mexico 10 2 0.200 0.0002
Toledo, Belize 12 4 0.561 0.0009 0.0007
N Honduras 10 6 0.889 0.0014 0.0005
Bocas del Toro, Panama 9 3 0.417 0.0004 )0.0010
W Ecuador 2 2 0.100 0.0010 0.0006
Mionectes oleagineus (21.2º N – 4.2º S)
Veracruz, Mexico 10 5 0.667 0.0014
Toledo, Belize 10 5 0.822 0.0011 )0.0003
N Honduras 10 5 0.844 0.0015 0.0004
Bocas del Toro, Panama 18 6 0.627 0.0010 )0.0005
Darién, Panama 18 5 0.771 0.0010 0.0000
W Ecuador 5 1 0.000 0.0000 )0.0010
Henicorhina leucosticta (21.0º N – 0.0º S)
Veracruz, Mexico 7 5 0.905 0.0018
Toledo, Belize 10 8 0.933 0.0023 0.0005
N Honduras 9 4 0.583 0.0015 )0.0008
Bocas del Toro, Panama 12 7 0.879 0.0016 0.0001
Darién, Panama 13 6 0.859 0.0029 0.0013
W Ecuador 8 3 0.464 0.0007 )0.0022
Euphonia gouldi (18.7º N – 9.0º S)
Veracruz, Mexico 9 1 0.000 0.0000
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observations that equalled or were less frequent than found
in our empirical data.

To visualize the collective pattern of genetic diversity
among the nine species along this transect (for heuristic
purposes only), we did two simple calculations. First, we
standardized site-specific values for each species separately
by setting the highest value of p observed in that species to
1.0 and calculating the proportion of this value exhibited at
other sampled locations. Second, for each site we averaged
the values for all species obtained at that location. This was
carried out for the six sites along the transect noted above
(Veracruz to western Ecuador); the sampled assemblage at
each site included seven to nine species. Although each
species has a unique range and not all of those included here
match that of our transect, among these particular species
they are not so different as to obscure the utility of this
heuristic visualization approach. Standardizing ranges into
quartiles and performing similar calculations resulted in a
similar among-species pattern (not shown). We chose to use
the former here because spatially shared attributes among
co-occurring species (here, community genetics) are more
directly applicable to community ecology and conservation
biology.

RESUL T S

We sequenced ND2 from 48 populations (445 individuals)
of the nine species in our study. Among these populations,
p varied from 0.0000 to 0.0865 and had a median value of
0.0011. The distribution of values of p was strongly left-
skewed and long-tailed (Fig. 2). Values less than 0.001 were
most frequent (45%). Only 6% of the populations had p
values greater than 0.005.

We found no significant relationship between sample
size and the rank of p values within a species (Fig. 2b:
r2 = 0.02, P = 0.31). Our bootstrap analyses on three of
our empirical population datasets did detect a slight
downward bias in estimated p in samples of two to three
individuals, but this was not observed with sample sizes
equal to or greater than 4 (only 3 of our 48 population

samples had n = 2 or 3; see Table 1; Appendix S4 and
Table S1 for details). Based on these two findings, we
conclude that sample size did not have an undue effect on
our estimates of p.

Table 1 continued

Scientific name n Num Hap H p ¶p

Toledo, Belize 9 4 0.806 0.0011 0.0011
N Honduras 10 6 0.889 0.0050 0.0039
Bocas del Toro, Panama 10 8 0.933 0.0029 )0.0021

n = number of individuals sampled; Num Hap: number of haplotypes; H: haplotype diversity; p: nucleotide diversity; ¶p = pi+1 – pi.
Maximum p (per species) in bold. Veracruz, Mexico: (! 18.5º N, 95.0º W); Toledo, Belize: (!16.0º N, 89.0º W); N Honduras (Copán &
Atlántida): (!15.5º N, 87.5º W); Heredia, Costa Rica: (10.5º N, 84.0º W); Bocas del Toro, Panama: (!9.0º N, 82.5º W); Darién, Panama: (!
7.5º N, 78.0º W); W Ecuador (Esmeraldas & Manabı́): (! 0.0º N, 79.5º W). For each species we have included an estimate of the latitudinal
limits of its distribution; see further maps in Figure 3.
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Figure 2 (a) Histogram of estimated nucleotide diversity p from 48
populations (nine species) of Neotropical landbirds. (b) Rank
(among populations within species, from largest to smallest) of
estimated nucleotide diversity (p) relative to number of individuals
sampled, indicating that sample size and p have a non-significant
relationship. Note inverted y-axis.
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In our comparison of the model of a relationship between
genetic diversity and latitude with a null model of
uniformity, there were 39 opportunities to evaluate the
expression: pi+1 - pi. Of these, 22 were non-negative
(frequency = 0.56), which is not significantly different from
an expected frequency of 0.5 predicted by a null model of
random change with respect to latitude (exact test: P = 0.26;
Table 1). This finding was consistent even in reduced
datasets (i.e. sequentially removing populations with sample
sizes below three to eight individuals; range of P-values:
0.10–0.26; see Appendix S4, Table S1 for details). There-
fore, there is no evidence for a general trend of increasing
within-population genetic diversity with decreasing latitude.

In our comparison of a humped distribution against a null
model, we found that zero of the nine species had a
maximum p value in an edge population (Fig. 3; see

"Materials and Methods!). The P-value of this result can be
calculated analytically as the joint probability of the
probability of a mid-range maximum p value for all nine
species given a random spatial distribution of maximum
values. That result is significant even after a Bonferroni-
correction to take into account our previous test of an
inverse relationship between latitude and within-population
diversity (a = 0.025; P = 0.01). Likewise, among our
reduced datasets (i.e. after sequentially removing popula-
tions with sample sizes below three to eight individuals), this
probability remained significant in six of seven cases, with
the seventh case nearly significant (range of P-values: 0.006–
0.065; see Appendix S4, Table S2 for details). We thus reject
the null model of no relationship between latitude and
within-population genetic variation in favour of a humped
distribution model.

Figure 3 Maps for all nine resident Neotropical landbirds surveyed in this study. For each species, the sampled population with the highest
nucleotide diversity (p) is marked in red, other sampled populations are marked in blue. Red lines indicate the species! geographic range
latitudinal maximum and minimum (west of the Andes). Inset bar graphs show relative p values for populations, beginning with the
northernmost sampled population for each species; data values available in Table 1.
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We found no evidence of a secondary effect of latitude
on estimates of p. Across our nine species, average p
calculated from populations north of each species! latitudi-
nal midpoint did not differ from the average p calculated
from populations south of that point (Wilcoxon signed-rank
test, W = 16, P > 0.2). Likewise, we found no difference
between the average p for each species calculated from
populations in the most poleward quartile of the species!
range compared with the average p from populations in the
most-equatorial quartile (Wilcoxon signed-rank test,
W = 21, P > 0.2).

Heuristic visualization of the distribution of within-
population genetic variation among species along the
transect also showed a humped distribution; i.e. collectively,
the sampled avian assemblages of largely co-distributed
species along this transect (seven to nine species per site)
exhibited the pattern observed within these species (Fig. 4).

D I SCUSS ION

Among the nine species of resident Neotropical landbirds,
our data reject a null model of no relationship between
maximum p and latitude in favour of a humped distribution
model in which the highest p for a species was found in
mid-latitude populations (Figs 3 and 4). In contrast, a model
of increasing mitochondrial DNA nucleotide diversity (p)
with decreasing latitude (the poleward or species richness
models) was not a better fit to the data than a null model of
randomly distributed p. Even after controlling for edge vs.
range-centre effects, we found no evidence for a secondary

effect of latitude on within-population genetic variation
[note that in Fig. 4, Bocas del Toro, Panama (c. 9" N) is
latitudinally midway between our extreme sampling points
Veracruz, Mexico (c. 18.5" N) and western Ecuador
(c. 0.0" N)].

Although relatively few studies have reported within-
population p from mtDNA in Neotropical birds, our results
appear consistent with values found by others (Brumfield
2005; Aleixo 2006). And although very small sample size can
cause a minor downward bias in the estimate of p (see
Appendix S3), our findings remain even after populations of
varying thresholds of minimum sample size were removed
from the analysis.

Many studies focused on temperate zone organisms (e.g.
Jaarola & Tegelström 1995; Merilä et al. 1997; Bernatchez &
Wilson 1998; Milá et al. 2000) have suggested that latitudinal
patterns of within-population genetic diversity are most
likely due to a history of post-glacial poleward habitat
expansion. Could our findings similarly result from post-
glacial expansion of tropical species west of the Andes both
towards the pole and the equator?

The limits of tropical habitats in northern Middle
America have shifted northward since the Pleistocene.
Studies show that northern Middle America lacked forest
and was instead covered with arid habitats (Leyden 1984;
Hillesheim et al. 2005). Leyden (1984) has documented
regeneration of forest cover through the Holocene. In
contrast, Colinvaux (1996) provided strong evidence that
lower Middle America and northwestern South America
remained continuously forested throughout the late Pleis-
tocene and Holocene. In addition, existing biome models
for the Chocó forests of western Colombia (and presumably
northwestern Ecuador) indicate that this region was
continuously covered by wet evergreen forest since the late
Quaternary (Berrı́o 2002; Marchant et al. 2004). Further,
although no bioclimatic reconstruction has apparently
focused on the Ecuadorian coastal lowlands, at least one
continental-scale bioclimatic reconstruction suggests that
the vegetation in western Ecuador has remained remarkably
stable from the Last Glacial Maximum to the present
(Adams 1997). Therefore, although the northern popula-
tions in our study may have experienced a reduction in
genetic variation as a consequence of tracking northward-
expanding forests (Hewitt 1996), habitat shifts since the Last
Glacial Maximum are unlikely to explain the lower genetic
diversity found at the southern edges of the nine species we
examined.

If historic habitat shifts do not explain the humped
pattern, then latitudinal variation in the demography of
central and range-edge populations may be contributing to
lower within-population genetic diversity in edge popula-
tions. Among the species included in our study, there is
some evidence that edge populations may be less abundant
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Figure 4 Average nucleotide diversity (p) among nine species of
co-distributed resident landbirds across a Neotropical latitudinal
gradient showing a humped distribution of p. Values of p are
scaled whereby for each species the maximum value of p equals 1.
Because our sample points are not evenly spaced across the
gradient, the latitudinal midpoint occurs at Bocas del Toro,
Panama.
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than mid-range populations: of the 18 edge populations, we
found abundance estimates for 17 in area checklists. Of
these, five (29.4%) were classified as abundant, or common,
six as fairly common (35.3%) and the remaining six as
uncommon (35.3%), whereas 16 populations surveyed in the
centre of the species! ranges were classified as abundant or
common 14 times (87.5%) and uncommon twice (12.5%).
Paired comparisons among species found that edge popu-
lations had lower qualitative rankings for these measures of
relative abundance than populations from the range centre
(Wilcoxon signed-rank test, W = 1.5, P < 0.05; see Appen-
dix S3 for details). Thus, mid-range vs. edge variation in
relative abundance might be responsible for the observed
pattern. If so, this is an interesting observation given that
meta-analyses establish that a majority of species do not
show a simple pattern of high abundance at mid-range
populations and low abundance at range edges (Sagarin &
Gaines 2002).

If edge demographics are causing the observed pattern,
this would be consistent with models suggesting that
reduced abundance and gene flow at range edges may drive
central–peripheral models of within-population genetic
variation (e.g. Vucetich & Waite 2003; Eckert et al. 2008).
In fact, while most studies focused on latitudinal variation in
genetic diversity in temperate zone species invoke post-
glacial expansion to explain reduced genetic variation in
poleward populations, at least one study has argued that this
factor alone is insufficient: Johansson et al. (2006) found a
strong latitudinal component to differences in within-
population genetic variation among Rana temporaria popula-
tions. After controlling for latitude, a significant effect of
population size on genetic diversity remained, and the
authors concluded that demographic patterns in edge
populations were principally responsible for their findings.
It is important to note if edge effects are responsible for our
observation of a humped distribution of genetic variation,
they occur on relatively large scales: for six of our nine
species at least one "edge! population occurred greater than 2
latitudinal degrees away from the geographic edge of the
species! range.

Lower relative abundance in range-edge populations is
not necessary to create the patterns we observed: these
patterns can be explained exclusively by the geographical
context of contemporary and historical gene flow. On
contemporary time scales, immigration counters the loss of
genetic diversity caused by genetic drift. For populations
that have relatively one-dimensional distributions, such as
the birds in this study, range edge populations have
functionally half the potential source populations from
which to receive immigrants as do mid-range populations.
Vucetich & Waite (2003) showed that even in the absence
of population size differences, differential migration
between central and peripheral populations can diminish

genetic variation in edge populations. Alternatively, the
effect of geometry may be historical rather than dependent
on contemporary gene flow differences. Haplotypes arise
by mutation in a single point in space and then expand to
form their current distributions; therefore, they are likely to
have a more or less continuous distribution within some
portion, or all, of a species! range. The spread of a
haplotype across a species! range might be envisioned in
purely neutral terms as the spread of a ripple generated
from a particular point in a pond. Because these
distributions are ultimately bounded by the edges of
species! ranges, it is more likely that the majority of
haplotypes will overlap in the centre portion of the range.
This phenomenon has been coined the "mid-domain effect!
(Colwell & Lees 2000). Proponents of the mid-domain
effect (also known as geometric constraints) argue that it is
at least partially responsible for other cases in which the
geographic distribution of biological diversity is humped,
such as latitudinal and altitudinal species-richness gradients
(e.g. Jetz & Rahbek 2001; Colwell et al. 2004). While
controversial (e.g. Colwell et al. 2004), geometric con-
straints can be useful to explain deviations from well-
established laws of biodiversity, such as the latitudinal
gradient in species richness. For example, Lees et al. (1999)
argued that geometric constraints explain why, on Mada-
gascar, butterfly species richness peaks at the island!s
latitudinal midpoint, rather than increasing equatorially as
normally occurs with species richness gradients.

We note that six of the nine species examined had a mid-
range population comprised of individuals from two clades,
one otherwise northward and the second otherwise south-
ward (not shown), consistent with expectations of the mid-
domain model. Geometric constraints refer both to the case
of secondary contact of two lineages, such as a northern and
southern clade in some of the species in our study, or a case
in which a single mtDNA lineage is found throughout a
species! range. If variants (i.e. mtDNA haplotypes) have
relatively continuous distributions and are bound to a
discrete area (i.e. a species! range), the greatest number of
variants should be found in the middle rather than at the
edges of that area, regardless of any particular geographic
co-association of variants (i.e. geographic structure). With-
out finer-scale measurements of contemporary population
size and gene flow, we are unable to evaluate the extent to
which contemporary vs. historical processes are responsible
for the humped mtDNA genetic diversity pattern that we
observed. We also note that, as required to compile this
dataset, the nine species in this study represent widespread,
common birds, and each was reasonably common at our
sampling points (which is why they were chosen). Each
species does have its own life-history attributes and ecology,
but despite their differences they appear to show a common
pattern in the distribution of within-population genetic
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diversity (e.g. Fig. 4). Future studies will be needed to
determine whether the humped distribution found here
among common understory forest birds also occurs in rarer
or more local taxa.

Differences between the geometric constraints on species
and genes may partially explain the decoupling of the
gradient in species richness and genetic variation. Haplo-
types within our species are geographically bounded by
these species! present distributions, which collectively
extend from southern Mexico to western Ecuador. How-
ever, the processes responsible for the formation of these
species have a much wider geographic context. In fact, all of
the species included in this study have sister species in
regions outside the geographic scope of this study (i.e.
northward in Mexico, southward along the Pacific South
American coast, into the Andes, or across the Andes into
South America), and at these larger geographic scales,
Neotropical birds conform to the latitudinal gradient
expectation, with highest species richness centred near the
Equator (Orme et al. 2005). Thus, in cases where the
geometry of species formation and genetic variation are
coupled, such as island systems, we might expect a coupling
between geographic patterns in alpha species richness and
within-population genetic variation (e.g. Vellend 2003).
However, it seems likely that in most continental cases the
geography of conspecific genetic variation will often be
decoupled from the geography of the species formation
process.

The concept of the "stable tropics! (Orians 1969;
MacArthur 1972) still persists, despite a variety of evidence
that tropical populations undergo substantial fluctuations
over both contemporary and Quaternary time scales (e.g.
Karr & Freemark 1983; Leyden 1984; Phillips et al. 1994).
Recent reviews continue to posit that effective population
sizes of tropical taxa are generally expected to be more
stable than those of temperate taxa (e.g. Mallet et al. 2005),
although the limited genetic evidence for historical stability
of tropical populations is mixed (e.g. Schneider & Moritz
1999; Lessa et al. 2003; Anthony et al. 2007). In contrast, our
results suggest that the effective population size (as
measured by mtDNA polymorphism) of tropical species is
geographically context-dependent: range centres have more
genetic diversity than range edges. Because effective
population size is proportional to the harmonic mean of
the census population size, our results suggest that
populations of tropical species near the range centre may
have been relatively stable, but that populations on the range
edges appear to have been less so.

Our findings have implications for both evolutionary
biology and the management of biodiversity, as differences in
genetic diversity can have substantial effects on ecological
processes (Hughes et al. 2008). Further study is needed to
determine whether the humped pattern present in mtDNA of

Neotropical birds is also found in potentially adaptive genetic
variation. That relationship will be important for conserva-
tion and management, because, with respect to the mainte-
nance of genetic diversity, our data predict that consequences
of anthropogenic habitat fragmentation and population
isolation will likely have differential effects depending on
where in a species! range these phenomena occur.
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Milá, B., Girman, D.J., Kimura, M. & Smith, T.B. (2000). Genetic
evidence for the effect of a postglacial population expansion on
the phylogeography of a North American songbird. Proc. R. Soc.
Lond. B Biol. Sci., 267, 1033–1040.

Miller, M.J., Bermingham, E., Klicka, J., Escalante, P., Raposo do
Amaral, F.S., Weir, J.T. et al. (2008). Out of Amazonia again and
again: episodic crossing of the Andes promotes diversification in
a lowland forest flycatcher. Proc. R. Soc. Lond. B Biol. Sci., 275,
1133–1142.

Nei, M. (1987). Molecular Evolutionary Genetics. Columbia University
Press, New York.

Orians, G.H. (1969). The number of bird species in some tropical
forests. Ecology, 50, 783–801.

Orme, C., Davies, R., Burgess, M., Eigenbrod, F., Pickup, N.,
Olson, V. et al. (2005). Global hotspots of species richness are
not congruent with endemism or threat. Nature, 436, 1016–1019.

Phillips, O.L., Hall, P., Gentry, A.H., Sawyer, S.A. & Vasquez, R.
(1994). Dynamics and species richness of tropical rain forests.
Proc. Natl Acad. Sci. USA, 91, 2805–2809.

Ridgway, T., Riginos, C., Davis, J. & Hoegh-Guldberg, O. (2008).
Genetic connectivity patterns of Pocillopora verrucosa in southern
African Marine Protected Areas. Mar. Ecol. Prog. Ser., 354, 161–
168.

Rosenzweig, M.L. (1995). Species Diversity in Space and Time. Cam-
bridge University Press, Cambridge.

Rozas, J., Sánchez-Delbarrio, J.C., Messeguer, X. & Rozas, R.
(2003). DnaSP, DNA polymorphism analyses by the coalescent
and other methods. Bioinformatics, 19, 2496–2497.

Sagarin, R. & Gaines, S. (2002). The "abundant centre! distribution:
to what extent is it a biogeographic rule?. Ecol. Lett., 5, 137–147.

Schneider, C. & Moritz, C. (1999). Rainforest refugia and evolution
in Australia!s Wet Tropics. Proc. R. Soc. Lond. B Biol. Sci., 266,
191–196.

Terborgh, J. (1973). On the notion of favorableness in plant
ecology. Am. Nat., 197, 481–501.

Vellend, M. (2003). Island Biogeography of genes and species. Am.
Nat., 162, 358–365.

Letter Tropical latitudinal gradients in genetic diversity 585

! 2010 Blackwell Publishing Ltd/CNRS



Vellend, M. & Geber, M.A. (2005). Connections between species
diversity and genetic diversity. Ecol. Lett., 8, 767–781.

Vucetich, J.A. & Waite, T.A. (2003). Spatial patterns of demogra-
phy and genetic processes across the species! range: Null
hypotheses for landscape conservation genetics. Conserv. Genet.,
4, 639–645.

Wehenkel, C., Bergmann, F. & Gregorius, H.-R. (2006). Is there a
trade-off between species diversity and genetic diversity in forest
tree communities? Plant Ecol., 185, 151–161.

Willig, M.R., Kaufman, D.M. & Stevens, R.D. (2003). Latitudinal
gradients of biodiversity: pattern, process, scale and synthesis.
Annu. Rev. Ecol. Syst., 34, 273–309.

SUPPORT ING IN FORMAT ION

Additional Supporting Information may be found in the
online version of this article:

Table S1 Effect of removing small sample-size populations
on the test of an inverse relationship between latitude and
nucleotide diversity.
Table S2 Effect of removing small sample-size populations
on the test of whether the maximum p value occurs in edge
populations less frequently than expected by chance.
Appendix S1 Specimens and tissue samples used in this
study, with corresponding GenBank accession numbers.

Appendix S2 Number of breeding landbirds at four
biological stations along a latitudinal gradient in the
Neotropical lowlands north and west of the Andes.
Appendix S3 Relative abundances of populations of nine
focal species of Neotropical landbirds near their range limits
and in the centres of their ranges.
Appendix S4 Sample size analysis and permutations.

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for
online delivery, but are not copy-edited or typeset. Technical
support issues arising from supporting information (other
than missing files) should be addressed to the authors.

Editor, Marcel Holyoak
Manuscript received 11 June 2009
First decision made 17 July 2009
Second decision made 30 December 2009
Manuscript accepted 18 January 2010

586 M. J. Miller et al. Letter

! 2010 Blackwell Publishing Ltd/CNRS



Comparative Genomics Reveals Evolution of a Beak
Morphology Locus in a High-Altitude Songbird

Yalin Cheng ,1 Matthew J. Miller,2, Dezhi Zhang,1 Gang Song,1 Chenxi Jia,1 Yanhua Qu,1 and
Fumin Lei*,1,3,4

1Key Laboratory of Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, Beijing, China
2Sam Noble Oklahoma Museum of Natural History and Department of Biology, University of Oklahoma, Norman, OK
3University of Chinese Academy of Sciences, Beijing, China
4Center for Excellence in Animal Evolution and Genetics, Chinese Academy of Sciences, Kunming, China

*Corresponding author: E-mail: leifm@ioz.ac.cn.

Associate editor: Guang Yang

Raw reads are available in the NCBI Sequence Read Archive (PRJNA553273). Individual sequence accession numbers are provided in
supplementary table S2, Supplementary Material online.

Abstract

The Ground Tit (Pseudopodoces humilis) has lived on the Qinghai-Tibet Plateau for �5.7 My and has the highest
altitudinal distribution among all parids. This species has evolved an elongated beak in response to long-term selection
imposed by ground-foraging and cavity-nesting habits, yet the genetic basis for beak elongation remains unknown. Here,
we perform genome-wide analyses across 14 parid species and identify 25 highly divergent genomic regions that are
significantly associated with beak length, finding seven candidate genes involved in bone morphogenesis and remolding.
Neutrality tests indicate that a model allowing for a selective sweep in the highly conserved COL27A1 gene best explains
variation in beak length. We also identify two nonsynonymous fixed mutations in the collagen domain that are predicted
to be functionally deleterious yet may have facilitated beak elongation. Our study provides evidence of adaptive alleles in
COL27A1 with major effects on beak elongation of Ps. humilis.

Key words: genomics, beak, adaptation, major effect, fixation.

The avian beak has a multitude of forms, which is the con-
sequence of the variety of functions that beaks serve (e.g.,
foraging, preening, nest-building, cavity excavation) and the
diversity of habitats where birds live. As a result, the beak is a
highly evolvable structure that permits birds to rapidly re-
spond to environmental changes (Grant and Grant 2011).
However, the high plasticity and diversity of beak morphol-
ogy, along with the fact that beak shape, like most quantita-
tive phenotypes (Yang et al. 2011), is a polygenic trait (Bosse
et al. 2017), presents challenges to our understanding of the
genetic mechanisms underlying beak evolution. Under the
polygenic model, natural selection often acts on many loci
simultaneously (Pritchard et al. 2010), resulting in the com-
bination of a few loci with major effects and many loci with
small effects controlling adaptive changes in phenotypes (Orr
1998; Rockman 2012). Due to the characteristics of being
more likely to be fixed by strong selective coefficients
(Olson-Manning et al. 2012) and less susceptible to loss by
genetic drift (Kimura 1962), major loci with high allele fre-
quency may be more relevant to phenotypes and easier to be
detected from the genome. As a result, previous studies have
identified species-specific major genes affecting distinct beak
morphology in chickens (Wu et al. 2004), Darwin’s finches

(Abzhanov et al. 2004; Mallarino et al. 2011; Lamichhaney
et al. 2016), and great tits (Bosse et al. 2017).

Around 5.7 Ma, the Ground Tit (Pseudopodoces humilis;
Aves: Paridae) split from a common ancestor with genus
Machlolophus and colonized the Qinghai-Tibet Plateau
(QTP) (Qu et al. 2013; Cheng YL, unpublished data). As a
result of millions of years of isolation in this sparsely vegetated
and high-altitude environment (fig. 1a), Ps. humilis has
evolved pale plumage, large body size, long tarsi, and a
long-decurved beak (Qu et al. 2013; Shao et al. 2016; Gosler
et al. 2019). Because of phenotypic similarities with ground
jays, for over a century Ps. humilis was believed to be a mem-
ber of the family Corvidae (Monroe and Sibley 1993; Hume
2008). After molecular systematics recognized it as the largest
of parids (James et al. 2003), many studies have attempted to
understand which processes underly this unique phenotype
and how genetic changes control its development.
Morphological analyses found significant correlations of tar-
sus length and beak morphology with altitude, suggesting
that long tarsi and a long-decurved beak are the result of
ground-living in open plateau habitats (Shao et al. 2016).
Comparative transcriptomic analyses identified differential
expression of genes involved in skeletal development that
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probably affect beak morphogenesis (Cheng et al. 2017).
However, to date, adaptive alleles at major loci responsible
for the morphological transformation of the beak in
Ps. humilis remain unknown. Here, we use whole-genome
sequences of 14 parid species (supplementary table S1,
Supplementary Material online), to compare the long-
beaked Ps. humilis with short-beaked parids via the integra-
tion of multiple genome-wide scanning analyses.
Furthermore, we assess the selection signals and predicted
the function for mutations in candidate genes.

Results and Discussion
Morphological traits are commonly correlated with body size,
which may veil adaptive variation. In 14 parids, we found that
body length, wing length, tail length, tarsus length, and beak
length were strongly correlated with body weight (r¼ 0.46–
0.92; fig. 1b; supplementary fig. S1a, Supplementary Material
online). Among these measurements, both tarsus length and
beak length are strikingly larger in Ps. humilis in relative to all
other 13 parids (fig. 1b; supplementary fig. S1a,
Supplementary Material online), even after standardizing
for body weight differences (fig. 1c; supplementary fig. S1b,
Supplementary Material online). In fact, after standardizing
for body weight, the difference in beak length between
Ps. humilis and the other parids was the most extreme of
all of our measurements (Wilcoxon-rank sum ¼ 0,

P< 2.16� 10�16; fig. 1c; supplementary fig. S1b,
Supplementary Material online), suggesting that the elon-
gated beak may be the most adaptive morphological change
in Ps. humilis, allowing for ground-foraging and burrow-
nesting in the open steppe QTP habitat (fig. 1a and d).

Candidate Genes Correlated with Beak Length
To identify genes controlling beak elongation, we calculated
Z-transformed FST (ZFST) values between the long-beaked
Ps. humilis and the short-beaked group (the other 13 species)
to identify highly divergent regions (supplementary table S2,
Supplementary Material online). Mantel tests (Mantel 1967)
identify outliers between two distance matrices and can iden-
tify nonneutral phenotypic evolution (Ho et al. 2017); here,
we performed partial Mantel tests (PMT) to look for outliers
between the FST matrix and the difference matrix of body
weight-standardized beak lengths across these 14 species
(supplementary fig. S2, Supplementary Material online).

The FST analysis identified 202 highly diverged windows
(ZFST > 2.69 for autosomes, ZFST > 2.63 for chromosome
Z), whereas the PMT identified 258 significantly correlated
windows (�log10P > 1.30) (fig. 2a), with 25 windows shared
between the two sets (supplementary fig. S3, Supplementary
Material online). We assume these 25 regions are most likely
to be under divergent selection. We used SnpEff v4.3
(Cingolani et al. 2012) to annotate genes and predict gene
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function in each of these. We found 23 genes in our windows,
seven of which were functionally annotated as candidate
genes involved in bone morphogenesis and remolding (sup-
plementary fig. S4, Supplementary Material online), including
frizzled-3 (FZD3), receptor tyrosine kinase-like orphan recep-
tor 1 (ROR1), BMP/retinoic acid-inducible neural-specific pro-
tein 1 (BRINP1), cytochrome P450 26B1 (CYP26B1), collagen
alpha-1(XXVII) chain (COL27A1), ubiquitin carboxyl-terminal
hydrolase CYLD (CYLD), and ephrin-A2 (EFNA2) (fig. 2a; sup-
plementary table S3, Supplementary Material online).
Although these genes have not been found to be related to
beak morphology in other birds (Lamichhaney et al. 2015,
2016; Bosse et al. 2017), their functional pathways play roles
in beak development (Mallarino et al. 2011; Medio et al. 2012;

Ealba et al. 2015). Our previous analysis also indicated that
transcriptional changes in genes related to bone morphogen-
esis and remolding affect beak development in embryos of
Ps. humilis (Cheng et al. 2017).

FZD3 and ROR1 were associated with the most significant
ontology term “Wnt-protein binding” (GO: 0017147)
(P¼ 7.5� 10�4; supplementary fig. S4, Supplementary
Material online) involved in the Wnt signaling pathway,
which is known to promote osteoblast differentiation
(Hartmann 2006) and which plays role in beak morphogen-
esis (Medio et al. 2012). Multiple studies have reported other
Wnt-protein binding genes, such as FZD1 (Brugmann et al.
2010), DKK3 (Mallarino et al. 2011), FRZB1, and WIF1 (Cheng
et al. 2017), as responsible for craniofacial or beak
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development at the expression level. BRINP1 and CYP26B1
respond to retinoic acid, which is required for facial morpho-
genesis in chickens (Lee et al. 2001; Schneider et al. 2001).
Mutations in CYP26B1 result in craniofacial disorders in mice
and zebra fish (Yashiro et al. 2004; Laue et al. 2011). COL27A1,
located in one of the three most significant outlying regions
(fig. 2a; supplementary table S2, Supplementary Material on-
line), is a type XXVII collagen gene, and plays a role in the
transition of cartilage to bone during bone morphogenesis
(Hjorten et al. 2007). A homologous gene of COL27A1,
COL4A5 is associated with the elongated beak of Parus major
as a response to supplementary feeding at bird feeders (Bosse
et al. 2017). CYLD and EFNA2 were also identified to be under
likely divergent selection but they did not have the highest
ZFST values; however, they are associated with osteoclast
differentiation participating bone resorption that negatively
affects beak length (Ealba et al. 2015). Interestingly, FGF13 and
ITGB3—two genes associated with beak development that

we previously found to be differently expressed between
Ps. humilis and P. major (Cheng et al. 2017)—were not iden-
tified as candidate genes in this analysis.

Strong Selection on One Locus
To detect the strength of selection on the seven candidate
genes,wecalculatedmultiplestatisticstotesttheirevolutionary
neutrality. Among the seven genes, only COL27A1 had reduced
nucleotidediversity inPs.humilisandelevateddiversity inother
parids (fig. 2b). Furthermore, COL27A1 had a long haplotype
block (iES ¼ 1.49� 104), whereas neutrality test values for
Tajima’s D (�0.36) (Tajima 1989), Fu & Li’s D (�0.73) (Fu and
Li 1993), and Zeng’s E (0.02) (Zeng et al. 2006) were consistent
with strong positive selection (fig. 2c). Furthermore, COL27A1
had the highest frequency of completely fixed sites in introns
and exons (476) and in just exons (11) (fig. 2d). Phylogenetic
analysis of COL27A1 exonic SNPs shows reciprocal monophyly
and deep divergence between Ps. humilis and other parids
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FIG. 3. COL27A1 genotypes and adaptive SNPs affect beak length. (a) A phylogenetic tree based on COL27A1 coding region SNPs. Branches are
colored by beak length. (b) PCA analysis of all COL27A1 coding SNPs; Pseudopodoces humilis is separated from other parids. (c) Significant
correlation between beak length and PC1. (d) Genotypes at all coding SNPs, showing striking difference between Ps. humilis and other parids. Fixed
SNPs are indicated with arrows; black and gray arrows indicate nonsynonymous and synonymous derived sites, respectively, blue arrows indicate
ancestral sites. Outgroup genotypes determined allele states of parids. (e) Conservation of nucleotide bases in COL27A1 among 48 avian species
based on PhastCons scores from Zhang et al. (2014). (f) Selection detection and function predictions for the six completely fixed nonsynonymous
substitutions in COL27A1. All nonsynonymous mutations are under positive selection, and only two mutations are intolerant. (g) Conservation of
the two deleterious amino acid sites among birds, reptiles, and mammals. These two mutations occur only in Ps. humilis.
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(fig. 3a) but not in a data set of SNPs from both exons and
introns(supplementaryfig.S5,SupplementaryMaterialonline).
Collectively, these results suggest that COL27A1 underwent
strong divergent selection in Ps. humilis, with most molecular
evolution occurring in coding regions.

Principal component analysis (PCA) for COL27A1 coding
region SNPs separated long-beaked Ps. humilis from the
short-beaked parids (fig. 3b), and PC1 was significantly corre-
lated with beak length (r ¼ �0.96, P¼ 4.86� 10�45; fig. 3c).
Short branch lengths in the gene tree and low variation in PC
values within Ps. humilis were associated with low genetic
variation in COL27A1 (fig. 3a and b). We observed the highest
level of derived homozygous genotypes in Ps. humilis, with
only five heterozygous sites (fig. 3d), which is consistent with a
selective sweep (Nielsen 2005). A selective sweep is also sup-
ported by the high ratio of fixed SNPs to all coding SNPs (11/
120). All but one of the fixed SNPs were derived, as deter-
mined by comparison with outgroup sequences (fig. 3d).
Among the ten derived fixed SNPs, six were nonsynonymous,
and the remaining four were synonymous (fig. 3d; supple-
mentary table S4, Supplementary Material online). Given
the highly conserved nature of COL27A1 across 48 birds
(Zhang et al. 2014) (fig. 3e), the high ratio of nonsynonymous
to synonymous substitutions observed here (6/4) is likely to
result in protein function change.

Potential Adaptive Substitutions in COL27A1
To assess selection signals and predict function for the six
nonsynonymous substitutions, we reconstructed COL27A1
coding sequences (CDS) for each species using our high-
coverage SNP data (supplementary fig. S6, Supplementary
Material online). We compared our constructed sequences
with the Ps. humilis published sequence (XM_014256225.1)
and found high identity between them, especially at fixed
sites, suggesting that our constructed CDS are accurate. We
performed a selection analysis in Datamonkey (Weaver et al.
2018) on the COL27A1 alignment across all 14 parid species.
All six nonsynonymous substitutions were identified as under
positive selection (fig. 3f). Likewise, functional prediction from
PROVEAN (Protein Variation Effect Analyzer) (Choi and
Chan 2015) and SIFT (Sorting Intolerant From Tolerant)
(Kumar et al. 2009), respectively, classed three and four sub-
stitutions as intolerant, including two substitutions (R1493Q
and P1501L) identified as intolerant in both predictions
(fig. 3f). These two mutations occur in a Gly-Xaa-Yaa repeat
region of the collagen domain (supplementary fig. S7,
Supplementary Material online), which determines the struc-
ture and property of type XXVII collagen (Pace et al. 2003).
Mutations in this region would likely change the biological
function of COL27A1 protein, leading to skeletal abnormali-
ties, such as a long and oval-shaped face (Gonzaga-Jauregui
et al. 2015), chondrodysplasia (Plumb et al. 2011), and scoli-
osis (Christiansen et al. 2009). These two amino acid sites
show high conservation among birds, reptiles, and mammals,
which supports the hypothesis that these two missense
mutations in Ps. humilis may have caused a fundamental
change in beak form (fig. 3g), ultimately allowing for adaptive
elongation of the beak.

Conclusion
The prominent beak of Ps. humilis is likely the result of ad-
aptation for foraging and cavity nest excavation in open
habitats of the QTP. FST and PMT analyses across 14 parid
species identify 25 genomic regions under divergent selection
that correlate to beak length and contain seven candidate
genes known to be involved in bone morphogenesis and
remolding. Among these genes, only COL27A1 appears to
have experienced a selective sweep in Ps. humilis.
Additionally, COL27A1 has high fixation probability and
high homozygosity, especially in the coding region. All non-
synonymous fixed substitutions show evidence of positive
selection, but being part of a single linkage group, we cannot
determine whether all five were targets of selection. However,
the two substitutions in the collagen domain are predicted to
be deleterious; and likely lead to large changes in COL27A1
protein function. These findings suggest that COL27A1 has
major effects on the extreme beak evolution in Ps. humilis.

Materials and Methods
A complete description of our methods is provided in the
Supplementary Material online.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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Abstract 24 

Parallel genomic evolution may be expected in organisms that co-occur in landscapes in which 25 

environments shift over space and time. Among 19 East Asian parid species (“tits and 26 

chickadees”), we found that species from the Pleistocene unglaciated eastern lowlands showed 27 

consistent high genomic diversity and signatures of late Pleistocene stability or expansion, while 28 

all parids from the glaciated western highlands showed low genomic diversity and late 29 

Pleistocene demographic contraction. Comparisons between closely related high- and low-30 

elevation parids reveal no evidence for convergent adaptation in any single mutation or gene, nor 31 

evidence for a common toolkit of high-elevation genes. Instead, each has distinct highly 32 

differentiated outlier genomic regions each over-represented by hypoxia-related genes and a 33 

priori hypothesized functional pathways enriched more often than expected by chance. These 34 

results suggest that historical demographic change leaves predictable genome-wide signatures 35 

while contemporary adaptation is characterized by parallel evolution at functional, rather than 36 

genic levels. 37 

 38 

Introduction 39 

For many plants and animals, Pleistocene climate change substantially altered their 40 

geographic range and population size (1) and often left an imprint on genetic diversity (2). At the 41 

same time, the pervasive hypoxia encountered in the Earth’s montane regions has been shown to 42 

exert strong selective pressure (3-5), especially in endotherms that are unable to reduce metabolic 43 

output as a respose to the reduced partial pressure of atmospheric oxygen (6). However, it remains 44 

unclear the extent to which animal genomes respond predictably to demographic and selective 45 

pressures caused by complex patterns of historical and contemporary environmental variation. 46 

 East Asia is a region of extreme environmental variation. Most of the east is at or near sea 47 

level, but western East Asia is dominated by the Qinghai–Tibet Plateau (QTP), with an average 48 
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elevation above 4,500 meters (Fig. 1A). During the Pleistocene, the region’s western highlands 49 

(WH) were covered by glaciers, whereas the eastern lowlands (EL) were largely ice free (7-9). 50 

Presently, in contrast to the near sea level EL, the WH, especially the QTP, is characterized by 51 

several extreme environmental conditions including low availability of oxygen and colder annual 52 

temperatures that provide strong selective pressures driving local adaptation (10-12). 53 

 The tits and chickadees (Passeriformes: Paridae) are an avian lineage with low dispersal 54 

ability that originated in the Sino-Himalayas (13) and are distributed in both EL (down to sea 55 

level) and WH (up to 5,500 m). Phylogeographic studies (based on mitochondrial DNA) of bird 56 

species with ranges that span the WH and the EL show a consistent pattern of lack of gene flow 57 

and population differentiation that dates to the Early-Mid Pleistocene or earlier, likely driven by 58 

ecological differences between WH and EL, as well as physical barriers to gene flow (14-17). 59 

These studies also indicate that EL birds show demographic signals of population expansion 60 

during the late Pleistocene, whereas WH birds show evidence of reduced genetic diversity, which 61 

may be the result of population contraction, but could also be the consequence of adaptation to 62 

life at high elevation. East Asian parids show evidence for various genomic adaptations to life at 63 

the extreme high elevations found in much of the WH. Populations of the Great Tit (Parus major) 64 

have elevationally divergent alpha-hemoglobin genes (18), while a comparative transcriptomic 65 

analysis between two WH native parids (Lophophanes dichrous and Periparus rubidiventris) 66 

detected similarity in genes associated with high-altitude adaptations at the gene-expression level 67 

(19). However, the QTP-native Pseudopodoces humilis and the widespread P. major evolved 68 

distinct adaptive responses for increased energy metabolism in order to cope with high elevation: 69 

Ps. humilis shows enrichment of fatty acid metabolism (12), whereas high elevation populations 70 

of P. major show positive selection in genes associated with carbohydrate metabolism (20). Here, 71 

we analyze genome data from all 19 extant East Asian tit species to identify patterns of shared 72 

genetic variation and selection. Contemporary and historical variation in environments across 73 
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East Asia provides a rare opportunity to investigate the degree of parallelism in closely related 74 

species’ responses to shared extreme environmental variation across space and time. 75 

 76 

Results 77 

Sequence analysis and time trees 78 

We sequenced whole genomes from 19 parid species (n = 87) and two species from the closely 79 

related Remizidae (n = 4; Fig 1A) to a mean genome-wide depth of coverage of 18.7× (10.2–80 

47.8×) per individual. On average 95% (71%–98%) of the reads aligned to the chromosome-81 

assembled P. major reference genome (21) (fig. S1) and resulted in a dataset of 43,458,033 single 82 

nucleotide polymorphisms (SNPs; table S1).  83 

Phylogenies constructed from this SNP dataset consistently recovered a single identical 84 

topology with fully supported nodes for all 19 parid species, irrespective of tree-building method 85 

or whether we used only autosomal SNPs or only Z-linked SNPs (fig. S2). We converted this 86 

phylogeny to a timetree using the coding genes from the de novo assemblies as follows: for each 87 

species (or population, for widespread species that span both WH and EL) we generated a “rough” 88 

de novo genome assembly from which we recovered orthologous protein-coding genes. After 89 

translating nucleotide sequences to amino acid sequences, we identified a set of 1,885 one-to-one 90 

orthologs among the 24 assemblies (table S2). Of these orthologs, we found that 246 had evolved 91 

in a clock-like manner. We then concatenated these 246 genes, constrained the above topology, 92 

and enforced a rate calibrated molecular clock. The resulting timetree shows that Paridae diverged 93 

from Remizidae around 26 million years ago (Mya), with subsequent splits between extant EL 94 

and WH taxa spanning a range from ~13–1.3 Mya (Fig. 1B). WH and EL taxa do not form 95 

independent clades, instead they are distributed across the tree. Likewise, our principal 96 

components analysis (PCA) and multidimensional scaling analysis (MDS) reject the hypothesis 97 

that WH and EL genomes form distinct clusters (fig. S3). Nodes connecting EL and WH species 98 



 

Science Advances                                                            Manuscript Template                                                               Page 5 of 35 

date to earlier than 3 Mya divergence (prior to the Pleistocene), except for intraspecific nodes 99 

within three widespread species (P. major, Poecile montanus and Periparus ater) that occur in 100 

both the EL and WH regions and exhibit shallower divergence times, as expected for within-101 

species comparisons. Here, estimated intraspecific divergence times between EL and WH 102 

populations range from 1.8–1.3 Mya (Fig. 1B). These results more or less agree with previous 103 

phylogenetic dating efforts for Paridae (13, 22, 23), and confirm that the most recent intraspecific 104 

splits between WH and EL populations date to the early to mid-Pleistocene. 105 

 106 

Spatial patterns of genetic diversity 107 

Most East Asian parids had relatively low levels of genome-wide nucleotide diversity (π) 108 

(average: 0.74 × 10-3; table S1). The widespread P. major had the highest nucleotide diversity 109 

(1.77 × 10-3), whereas the Taiwan island endemic Machlolophus holsti had the lowest nucleotide 110 

diversity (0.07 × 10-3), consistent with insularization. We found an extremely high correlation 111 

between π and heterozygosity (H) (R2 = 0.97, P = 6.76 × 10-16; fig. S5A), so we used the latter to 112 

analyze landscape-level patterns of genomic diversity, as H is less likely to be influenced by 113 

sample size and uneven geographic sampling. Kriging-smoothed estimates of phylogroup-wide H 114 

were significantly lower in the WH compared to the EL (Wilcoxon-rank-sum = 634, P = 0.008; 115 

Fig. 1C), indicating congruent and species-independent patterns of genomic diversity across all 116 

East Asian parids. In the three widespread species, all WH populations had significantly lower H 117 

(and π) compared to their conspecific EL populations (fig. S5, B and C). 118 

 119 

Spatial distribution of demographic history 120 

Pairwise sequentially Markovian coalescent (PSMC) estimates of effective population size (Ne) 121 

through time showed markedly different patterns in the demographic history of WH and EL 122 

species during the Pleistocene. All nine taxa that occur only in WH show significant decline in Ne 123 



 

Science Advances                                                            Manuscript Template                                                               Page 6 of 35 

during this period. For six of these, the decline began at or near the beginning of the Last Glacial 124 

Period (LGP, 0.011 Mya); for the other three, demographic contraction began at the Last Glacial 125 

Maximum (LGM, 0.023-0.018 Mya) (Fig. 2A and table S3). In contrast, five of six EL taxa show 126 

significant demographic expansion during Pleistocene. Here, three show expansion starting at or 127 

near the LGM, while for the remaining two, expansion started earlier during the LGP (Fig. 2B). In 128 

all three widespread taxa, the EL populations show significant population expansion during the 129 

LGP, while two of the three WH populations show significant expansion during the LGP, rather 130 

than the contraction seen in other WH taxa (Fig. 2C). This finding, along with the lower π 131 

observed in the WH relative to the EL population of each widespread species (see above; fig. 132 

S5B), suggests that all three species underwent population expansion from lowland areas into the 133 

WH region during the Pleistocene, and not the reverse, which would also agree with the split 134 

dates obtained in our time tree (Fig. 1B). Therefore, we expect that these three widespread taxa (P. 135 

major, Po. montanus and Pe. ater) have had less time to adapt to living at high elevation than the 136 

nine deeply diverged species found exclusively in WH. Finally, the Taiwan endemic species (Ma. 137 

holsti) shows significant and constant population expansion throughout LGP, which is consistent 138 

with population recovery after a founder event (Fig. 2D). 139 

 140 

Genome-wide patterns of elevation-associated differentiation 141 

At our sampling locations ranging from sea level to 4,550 meters, available oxygen (partial 142 

pressure of oxygen: PO2) declines sharply with increased elevation from 21% to 12% (R2 = 143 

0.9987, P < 2.2 × 10-16; Fig. 3A), representing an almost 50% reduction in inspired O2. Annual 144 

mean temperature also declines with elevation (R2 =0.4536, P = 9.85 × 10-13; Fig. 3A), but the 145 

relationship is more variable, such that several low elevation sites are as cold as high elevation 146 

sites, demonstrating the ubiquity of hypoxia as a principal selective force on birds living in the 147 

East Asian highlands (24). For small-bodied endotherms such as tits, altitude and cold tolerance 148 
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are inexorably linked, because such animals cannot reduce metabolic activity to mitigate against 149 

reduced oxygen availability given their thermogenic requirements (4, 11). 150 

To better understand the effect of altitude on the molecular evolution of East Asian parids, 151 

we classified 37 birds sampled at or above 3,000 m as high altitude (HA) parids and classified 43 152 

bird sampled at or below 1,000 m as low altitude (LA) parids (Fig. 3A and data file S1). Some 153 

WH birds are not HA parids (but all EL are LA parids), and the three widespread species (P. 154 

major, Pe. ater, and Po. montanus) have both HA and LA populations. Comparing all HA to all 155 

LA individuals, allele frequency distributions show that none of the more than 43M SNPs that we 156 

recovered in our dataset (see above) are differentially fixed between HA and LA parids (Fig. 3B). 157 

This is also reflected in overall low levels of fixation index (FST) found between HA and LA 158 

parids: only 5589 (0.013%) SNPs had FST values above 0.6 (Fig. 3C). Furthermore, outlier FST 159 

windows were not coincident along the genome among our seven species pairs (Fig. 4A). Given 160 

the high genomic synteny found across all songbirds (25), including parids (26), this result 161 

suggests that high-altitude adaptation has largely independent macrogenomic consequences 162 

among co-occurring montane East Asian parids. 163 

 164 

Genes in highly differentiated windows are disproportionally related to hypoxia response 165 

We pre-identified 17 parent-level Gene Ontogeny (GO) terms associated with the oxygen 166 

transport cascade and/or hypoxia (see Methods for details) to identify genes potentially important 167 

for hypoxia adaptation (Fig. 4B). Including dependent (i.e. “children”) terms in this analysis, 168 

resulted in a list of 973 hypoxia-related GO terms that we used for GO analysis (data file 169 

S2).After annotating all protein-coding genes with at least one variable site, we find that total 170 

number of variable protein-coding genes did not vary between outlier windows and random 171 

windows (two-sample t-test, t(6) = 0.72, P = 0.50; Fig. 5A). However, FST outlier windows did 172 

have significantly more genes attributable to our set of hypoxia-related GO terms (i.e. genes 173 
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potentially associated with hypoxia) than did random windows (two-sample t-test, t(6) = 5.24, P = 174 

0.0002; Fig. 5B). Furthermore, hypoxia-related GO terms were significantly more likely to be 175 

enriched in FST outlier windows compared to random windows (two-sample t-test, t(6) = 3.67, P = 176 

0.003; Fig. 5C). 177 

 178 

Little overlap of hypoxia-related genes among HA–LA comparisons 179 

Per species, the number of hypoxia-related genes varied from a high of 95 in the WH endemic Ps. 180 

humilus to a low of 40 in the widespread Pe. ater. There was no difference in the number of 181 

hypoxia-related genes between WH endemic and widespread taxa (two-sample t-test, t(5) = 0.54, 182 

P = 0.62). On average, any two HA–LA parids pairs shared only 8.5 such genes (range: 0–24; fig. 183 

S7A). Only one hypoxia-related gene (PLB1) was found in six of the seven FST outlier windows 184 

(fig. S7B); no such genes occurred in all seven sets of FST outlier windows (fig. S7C). PLB1, in 185 

particular, is associated with lipid metabolic processes (27, 28), a GO term enriched in all seven 186 

HA–LA comparisons (see below). As a whole, these results suggest a lack of parallelism among 187 

particular genes likely to be involved in adaptation to hypoxia and/or associated with high 188 

elevation among East Asian parids.  189 

 190 

Substantial overlap of hypoxia-related GO terms among HA–LA comparisons 191 

While individual genes showed little overlap among our comparisons, the proportion of hypoxia-192 

related enriched GO terms co-occurring between any two HA–LA comparisons was significantly 193 

higher than expected by chance (Wilcoxon-rank-sum = 886,932, P < 2.2 × 10-16; Fig. 5D), and the 194 

set of enriched hypoxia-related GO terms co-occurring between any two HA–LA comparisons 195 

also had significantly greater semantic similarity than expected by chance (Wilcoxon-rank-sum = 196 

707,173, P < 2.2 × 10-16; Fig. 5E). In contrast, enriched GO terms unrelated to hypoxia were 197 

significantly less likely to co-occur in outlier windows than expected by chance (Wilcoxon-rank-198 
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sum = 130,094, P = 1.9 × 10-15; fig. S7D) and sets of co-occurring non-hypoxia related GO terms 199 

between pairs of HA–LA comparisons had significantly less semantic similarity in outlier 200 

windows than did sets from random windows (Wilcoxon-rank-sum = 325,874, P = 0.002; fig. 201 

S7E).  202 

 203 

Biological functions and processes associated with genomic outlier windows 204 

The 17 GO terms (and their dependents) varied in the frequency in which they were enriched 205 

among our seven HA–LA comparisons (Fig. 4B and table S4). Terms associated with respiration, 206 

circulation, and oxygen diffusion in tissues were less often enriched (on average, between 1.5 and 207 

2.8 out of 7 comparisons), although we note that within the circulation terms, two terms more 208 

directly associated with circulatory system development (i.e. vascularization) were enriched in six 209 

of seven comparisons. The three terms associated with utilization of oxygen in tissues and cells 210 

(GO:0046034, GO:0006629, and GO:0005975) were most frequently enriched (on average 5.7 211 

out of 7 comparisons), as was the hypoxia specific term (GO:0036293, six of seven comparisons). 212 

Importantly, both lipid metabolic processes (GO:0006629) and carbohydrate metabolic processes 213 

(GO:0005975) were enriched in all seven HA–LA comparisons, processes which serve dual 214 

functions related to oxygen transport and thermogenesis. 215 

 216 

Evidence for selection in hypoxia-related genes 217 

We found evidence for positive selection on amino acid changes in just one HA–LA comparison, 218 

and only in two genes, out of 273 hypoxia-related genes (data file S3). The two genes, MAN1B1 219 

and EDEM3, are involved in the carbohydrate metabolic process (29, 30), a process that has been 220 

shown previously to be important for high elevation adaptation in several vertebrates (6, 31, 32). 221 

We note that the codon-based selection tests used here (33) have less power and cannot identify 222 

adaptive evolution in regulatory and other non-coding regions unlike selective sweep tests, which 223 
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require population level sampling beyond the scope of this project. Nonetheless, our observation 224 

of over-representation of genes with hypoxia-related function in outlier windows, but limited 225 

evidence for positively-selected amino acid substitutions in those genes is consistent with 226 

hypotheses that emphasize selection on gene expression and regulatory processes, rather than on 227 

novel amino acids, in explaining vertebrate adaptation to high elevation (6, 19, 34-38). 228 

 229 

Discussion 230 

The genomes of East Asian parids have been shaped by both history and environment. The 231 

demographic legacy of Pleistocene climate change had a predictable effect on genome-wide 232 

patterns of diversity. All nine WH endemic species showed a significant reduction in effective 233 

population size during the LGP, consistent with demographic contraction in western East Asia 234 

(Fig. 1C). Glaciations of the western highlands would have made most of the region uninhabitable 235 

– WH parids likely persisted during much of the Quaternary in tiny refugia relative to their 236 

current distributions (39). While some previous studies indicate that mitochondrial diversity (and 237 

thus effective population size) increased since the LGM in a few WH endemic birds (14), our data 238 

demonstrate that genome-wide autosomal variation remains low compared to the variation 239 

estimated at the beginning of the LGP. In contrast, EL parids do not show a reduction in genome-240 

wide diversity. The EL were unglaciated during the LGP (Fig. 1C) resulting in relatively stable 241 

environments through the Quaternary (7, 9), and our results demonstrate stable avian population 242 

sizes in this region during this period, in agreement with previous studies (15, 16, 40, 41). In fact, 243 

we recovered evidence of population growth since the LGM for some EL parids, which is 244 

different from previous hypothesized post-LGM expansion scenario based solely on mtDNA 245 

sequences (16, 39), and would be consistent with poleward expansion of suitable habitat. 246 

Importantly, previous studies (20, 42) have hypothesized that reduced genetic diversity in high-247 

elevation animal populations may be a direct consequence of adaptation to life at high altitude 248 
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and/or the founder events that permitted these populations to become established in the first place. 249 

The extremely low levels of fixed SNPs across HA–LA comparisons reject these alternative 250 

hypotheses for East Asian parids. Instead, landscape-wide differences in genomic diversity are 251 

more likely the result of different demographic histories between highland and lowland tits, 252 

almost certainly driven by Pleistocene glacial patterns. 253 

For small bodied, active endotherms, such as East Asian tits, hypoxia presents the greatest 254 

challenge to survival at extreme altitudes such as found on much of the Qinghai-Tibet Plateau and 255 

across the Himalayas. Across seven HA–LA comparisons of East Asian parids, we find that the 256 

most divergent genomic regions are significantly over-represented by protein-coding genes with 257 

biological processes and functions related to hypoxia (Fig. 5B). Because the chromosomal 258 

locations of these outlier regions show little overlap among high-low comparisons (Fig. 4A) and 259 

given the high level of chromosomal synteny known generally in birds (25) and more specifically 260 

in tits (26), this indicates little overlap in the particular genes involved in hypoxia adaptation. 261 

Indeed, we identified a total of 273 genes across all East Asian tits that may be involved in 262 

hypoxia adaptation, on average only 8.5 of these were shared across any two high elevation tit 263 

taxa, and just one was found in only six of our seven comparisons. This result mirrors hemoglobin 264 

adaptation in high-elevation birds: while occasional cases of parallel evolution at particular 265 

hemoglobin amino acid substitutions have been observed (5), more generally, hemoglobin 266 

proteins in high-elevation birds have convergent function that is the result of distinct molecular 267 

evolutionary solutions (11, 38, 43). Recent studies of genome-wide avian adaptation to life at high 268 

altitude provide additional support for convergence in function but not necessarily identity (44-269 

46). Furthermore, evidence for amino acid substitutions consistent with positive selection was not 270 

found in most taxa. This may indicate that hypoxia adaptation in birds relies as much – or more – 271 

on gene regulation as on protein evolution, as has previously been suggested (6, 35). Future 272 

studies of convergent evolution for high-elevation birds should consider non-coding regions (19), 273 
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recognizing that genomic adaptation to high elevation is likely polygenic, with many loci of 274 

relatively minor effect (46, 47). In the case of East Asian parids, certain biological processes and 275 

functions are more consistently enriched in outlier genomic regions than others. Circulatory and 276 

metabolic pathways were enriched in nearly all comparisons, whereas respiratory and tissue 277 

diffusion pathways were seldom enriched. Importantly, we found that both carbohydrate and lipid 278 

metabolic processes were enriched in all seven HA–LA comparisons; these processes are 279 

consistently shown to be important for avian adaptation to high elevation (12, 20, 44-46). It has 280 

recently been argued that evolution of carbohydrate metabolism precedes adaptation for increased 281 

lipid metabolism (20, 44, 48). We found evidence for enrichment for carbohydrate and lipid 282 

metabolic processes in both WH endemics, which presumably have inhabited the QTP for 283 

millions of years, and also in western populations of widespread parids, which separated from EL 284 

populations during the early to mid-Pleistocene (Fig. 1B). This suggests either that evolution of 285 

lipid and carbohydrate metabolism is coincident rather than serial in East Asian parids, or that the 286 

pace of high elevation metabolic adaptation is relatively rapid, as has been shown recently for 287 

another East Asian songbird (46) and Andean waterfowl (44). Our finding of no significant 288 

difference in the number of potentially hypoxia-related genes between highland endemics and 289 

widespread taxa would be consistent with a hypothesis of rapid high elevation adaptation.  290 

In sum, East Asian tits show predictable genomic responses to environmental variation in 291 

both time and space in both neutral and adaptive evolutionary processes. However, the particular 292 

genomic pathways for adaption to extreme environments appear unique to each species. Thus, 293 

researchers should consider at what scale (SNP, gene, chromosome, or function) adaptation is 294 

likely to occur when addressing the question of convergence and parallelism in evolutionary 295 

processes. 296 

 297 
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Materials and Methods 298 

Sampling and sequencing 299 

We sampled 91 individuals of parids and penduline-tits. Field sampling conformed to the 300 

National Wildlife Conservation Law with the permission from the local forestry administration. 301 

We extracted total genomic DNA from muscle and blood samples using the Tissue/Cell Genomic 302 

DNA Extraction Kit (Aidlab Biotechnologies, Beijing, China). We prepared genomic libraries 303 

with a mean insert size of 350 bp according to manufacturer’s protocols, which were sequenced 304 

on an Illumina HiSeq X Ten machine to obtain 150 bp paired end reads at Berry Genomics 305 

(Beijing, China). Prior to downstream analyses, we cleaned the reads by removing adapter 306 

sequences, as well as reads with ≥ 3% unidentified nucleotides and reads with over 50% of bases 307 

having Phred quality scores < 3. Detailed information including sample identification number, 308 

collecting location, sequencing depth of coverage, NCBI Sequence Read Archive accession 309 

numbers, and more are available in data file S1. 310 

 311 

Read aligning and variant calling 312 

We aligned reads to the P. major reference genome (Assembly: GCA_001522545.2) (21) using 313 

BWA v0.7.15 (49) with default parameters. Alignments were reordered, sorted, and marked for 314 

PCR duplicates using PICARD v2.8.3 (http://broadinstitute.github.io/picard). We additionally 315 

performed local realignment for insertion-deletion (indel) polymorphisms using the Genome 316 

Analysis Toolkit (GATK) v3.7 (50). Variants were first called across all samples independently 317 

using both HaplotypeCaller in GATK and mpileup in Samtools v1.3.1 (51). Sites identified as 318 

variant in either tool were subjected to a second round of variant calling in HaplotypeCaller to 319 

confirm genotypes. 320 

 To further improve variant quality, we conducted a hard filtration for raw variant calls. We 321 

only retained variant sites for downstream analyses when they met the following criteria: quality > 322 

1000, 900 < overall depth (DP) < 2700, quality by depth (QD) > 10, mapping quality (MQ) > 55, 323 



 

Science Advances                                                            Manuscript Template                                                               Page 14 of 35 

Fisher strand bias (FS) < 10, mapping quality rank sum (MQRankSum) > 5, read position rank 324 

sum (ReadPosRankSum) > 10, and Symmetric Odds Ratio (SOR) < 2. Cut-offs for these 325 

parameters were chosen based on their density distributions. We also removed short indels, and 326 

only retained SNPs that had < 10 individuals with missing data. 327 

 328 

Phylogenetic construction and dating 329 

We reconstructed maximum-likelihood (ML) phylogenetic trees separately for autosomal and Z-330 

chromosome SNPs (52), and we also generated one coalescent-based species tree based on 50 331 

subsamples from the genome-wide SNP set (~50,000 SNPs per replicate). For both the autosomes 332 

and Z-chromosome dataset we concatenated all SNPs and constructed maximum-likelihood 333 

phylogenies using RAxML v8.2.10 (53) with 100 bootstrap replicates under the 334 

ASC_GTRGAMMA model. We also constructed a species tree using a coalescent-based method 335 

in ASTRAL-II (54), based on 50 random subsets of ~50,000 SNPs. All tree-building approached 336 

generated a single topology (see Results), and so we dated nodes on this tree as follows. 337 

Following Jarvis et al. (55) (see Supplementary Methods for details) we generated a dataset of 338 

clock-like evolving protein coding genes (see Results) and enforced the above topology, which 339 

was loaded into the MCMCtree program in PAML v4.9 (56) and generated both uncorrelated and 340 

autocorrelated relaxed clocks. We estimated posterior distributions of divergence time by Markov 341 

chain Monte Carlo sampling, with samples drawn every 2,000 steps over a total of 108 steps after 342 

a discarded burnin of 2×107 steps. 343 

 344 

Genetic diversity calculation 345 

We calculated nucleotide diversity (π) and heterozygosity (H) for each species or population in 346 

VCFtools v0.1.13 (57). We used individual heterozygosity across all species and populations to 347 
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simulate the spatial distribution of the lineage-wide genetic diversity using kriging routines (58) 348 

in ArcGIS v10.0 (ESRI, Redlands, CA, USA) based on the heterozygosity at each locality. 349 

 350 

Demographic history inference 351 

For each species and geographic population, we selected the individual with the highest 352 

sequencing depth to infer population size over time using PSMC (59). We generated consensus 353 

sequences that were filtered by removing sites with mapping quality below 25, low inferred 354 

consensus quality (below 20), and low read depth (less than 6×, one-third of the mean coverage). 355 

According to suggestions by Nadachowska-Brzyska et al. (60), PSMC parameters (-p and -t 356 

options) were set as ‘-N25 -t5 -r5 -p 4+30*2+4+6+10’ with 100 bootstrap replicates. PSMC 357 

results were scaled using species-specific mutation rates and generation times (table S5). The 358 

synonymous substitution rate per synonymous site was calculated using the codeml program of 359 

PAML (61) based on the time tree (see above) and was used to calculate the species-specific 360 

mutation rate (µ) for each species. We used the age of sexual maturity (62) multiplied by two as a 361 

proxy for the generation time (g) (63). 362 

 We scaled relative population size to effective size (Ne) using approximated mutation rate 363 

(µ) based on the equation: Nk = (θ0 × λk) / 4μs; provided by H. Li and R. Durbin 364 

(https://github.com/lh3/psmc). We used generation time to convert coalescent time to calendar 365 

time using the following equation [Tk = (θ0 × tk × g) / 2μs]. θ0, tk and λk are estimated by the 366 

PSMC model and s is the bin size, which we set at the default value = 100. We used this equation 367 

to generate Ne estimates at three times in the past: 0.012 Mya (end of the LGP), 0.023 Mya 368 

(beginning of the LGM) and 0.11 Mya (beginning of the LGP). We used Wilcoxon rank sum tests 369 

to test for significant differences between Ne estimates at the beginning of the LGP or LGM and 370 

at the end of the LGP (table S3). 371 

 372 
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Linkage disequilibrium analysis 373 

To select a suitable window size for genome-wide scanning, we estimated levels of linkage 374 

disequilibrium (LD) within species for all species with sample size of at least five. We phased 375 

haplotypes for each species using BEAGLE v4.1 (64). Levels of LD (r2) were then calculated 376 

using VCFtools between pairs of loci in every 50 kb window of the genome. Haplotype r2 values 377 

were used to measure the LD decay by averaging the r2 values in each bin of 500 bp over 20 kb. 378 

LD decreased rapidly within 5 kb and then slowly declined until 15 kb, suggesting that a window 379 

size of greater than 15 kb would avoid autocorrelation between adjacent windows (fig. S6). 380 

 381 

Genome-wide scanning and annotation of SNPs 382 

We scanned the whole genome to identify adaptive genetic variation at different levels using 383 

several FST analyses, including both SNP-based and region-based FST calculations. For each of the 384 

seven HA–LA pairs, we extracted each SNP’s allele frequency (AF) using VariantsToTable in 385 

GATK, and we calculated FST for each SNP in VCFtools. Additionally, we calculated FST in 50 kb 386 

sliding windows, a window size more >3 greater than indicated by the maximum observed LD 387 

(see above). We Z-transformed autosomal and Z-chromosome windows separately. We defined 388 

outlier windows as those with ZFST values exceeding the 99th percentile of the distribution. 389 

Therefore, each pair had 186 autosomal outlier windows and 16 Z-chromosome outlier windows. 390 

For comparison purposes, we generated 20 replicates of randomly selected sets of 186 autosomal 391 

and 16 Z-chromosome windows for each pair. For both the outlier and random replicate window 392 

sets, we annotated all SNPs using SnpEff v4.3 (65) based on the location of SNPs in the P. major 393 

genome. SnpEff determines whether SNPs are found in coding or non-coding regions, and for 394 

coding-region SNPs determines whether the substitution is synonymous or non-synonymous. 395 

 396 

Functional enrichment and similarity analyses 397 
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Because they are metabolically active and homeotherms, most birds living at high altitude cannot 398 

compensate for hypoxia by behavioral change and must adapt physiologically to reduced oxygen 399 

availability (4, 11). Physiological adaptations are most likely to occur at the four stages of the 400 

oxygen transport cascade (breathing/pulmonary oxygen diffusion, circulation oxygen delivery, 401 

tissue oxygen diffusion, and tissue oxygen utilization) where oxygen is transferred via either 402 

diffusion or convection between atmospheric air and oxidative phosphorylation (4). Prior to all 403 

analyses, we identified Gene Ontology (GO) molecular functions and biological processes 404 

associated with these four stages (35, 66-68). This resulted in a list of 16 parental GO terms as 405 

well as an additional term directly associated with hypoxia (Fig. 4B). We also used the QuickGO 406 

database (https://www.ebi.ac.uk/QuickGO/) (69) to identify direct descents of these parental GO 407 

terms (child terms) associated with these 17 parental GO terms, and filtered out only the GO 408 

terms found in the union of human, mouse, and chicken gene ontologies, which resulted in a set 409 

of 973 GO terms (data file S2). We used topGO v2.32.0 (70) to annotate the SnpEff-identified 410 

variable coding genes by GO term. From this, we separated genes into two groups: those 411 

assignable to one of 973 hypoxia-related GO terms, which we defined as hypoxia-related genes, 412 

e.g. “potentially associated with hypoxia”, and those not assignable to the 973 GO terms, which 413 

we defined as “hypoxia-unrelated”. Finally, we used topGO to calculate whether certain GO 414 

terms were associated with genes found in our windows more often than expected by chance (e.g. 415 

enriched). We used a cut-off P-value of 0.05 corrected for the false discovery rate using the 416 

Benjamini and Hochberg method (71). 417 

 For the set of seven HA–LA paired taxa, we compared i) the number of coding genes; ii) 418 

the number of coding genes associated with the 973 hypoxia-related GO terms; and iii) the 419 

number of enriched hypoxia-related GO terms found in outlier windows to the average found in 420 

the 20 random replicates using two-sample t-tests. To test whether the same hypoxia-related 421 

enriched GO terms occurred in each of the seven outlier comparisons more often than expected by 422 
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chance, we conducted pairwise hypergeometric tests using the dhyper function in R; these results 423 

were compared with the outcome of pairwise hypergeometric tests between the 20 random 424 

window replicates. Additionally, we measured the semantic similarity between hypoxia-related 425 

enriched GO term sets using GOSemSim v3.11 package (72). Finally, to compare these results to 426 

null expectations, we repeated the hypergeometric and semantic similarity analyses, but with 427 

“hypoxia-unrelated” enriched GO terms. 428 

 429 

McDonald-Kreitman test 430 

We constructed consensus sequences for each hypoxia-related gene from HA–LA comparisons 431 

using vcf-consensus (57) based on our SNP data, and aligned each hypoxia-related gene using 432 

MUSCLE (73). Based on these alignments of hypoxia-related genes, we conducted the 433 

McDonald-Kreitman test (33) in PopGenome (74) to detect signals of positive selection by 434 

comparing the ratio of fixed non-synonymous sites (Dn) and fixed synonymous sites (Ds) with the 435 

ratio of polymorphic non-synonymous sites (Pn) and polymorphic synonymous sites (Ps) using a 436 

Fisher’s exact test. Under positive selection, the ratio of Dn to Ds is significantly larger than the 437 

ratio of Pn to Ps. 438 

 439 

Ecological analyses 440 

Atmospheric partial pressure of oxygen (PO2) was calculated by a simple formula based on 441 

altitude: PO2 = 21% × 101.325 × (1 - Elevation / 44300)^5.256, assuming a constant pressure 442 

(101.325 kPa) and temperature (15°C) at sea level. To estimate range size of parid species, we 443 

calculated the geometric area of distribution maps downloaded from BirdLife International 444 

(http://datazone.birdlife.org/) in ArcGIS. We estimated the annual temperature for each sampling 445 

locality based on 19 bioclimatic variables with 30-second resolution from WorldClim (75) using 446 

the “Zonal” tool in ArcGIS. 447 



 

Science Advances                                                            Manuscript Template                                                               Page 19 of 35 

 448 

Supplementary Materials 449 

Supplementary Methods 450 

Fig. S1. Statistics for whole genome re-sequencing data.  451 

Fig. S2. Phylogenetic analyses. 452 

Fig. S3. Dimensionality reduction analyses of all individuals based on all SNPs. 453 

Fig. S4. Time trees for East Asian parids based on autocorrelated relaxed clock. 454 

Fig. S5. Relationships between nucleotide diversity and heterozygosity. 455 

Fig. S6. Linkage disequilibrium (LD) decay measure by haplotype r2 values. 456 

Fig. S7. Lack of similarity in hypoxia-related genes among the seven high-altitude vs. low-457 

altitude (HA–LA) comparisons, and similarity comparison of enriched hypoxia-unrelated 458 

Gene Ontogeny (GO) terms between outlier windows and randomly selected windows. 459 

Table S1. Summary for samples of parid and outgroup species used in this study. 460 

Table S2. Statistics for the assemblies and protein-coding genes from 24 species or populations. 461 

Table S3. Comparisons between effective population sizes (Ne) at the end and the beginning of 462 

the glaciations. 463 

Table S4. Enrichment statistics for 17 Gene Ontogeny (GO) terms associated with the oxygen 464 

transport cascade and hypoxia response in all HA–LA comparisons. 465 

Table S5. Mutation rates for each species calculated by PAML. 466 

Data file S1. Detail information for sequenced samples, including sources and tissue types of 467 

samples, ecological data, quality and coverage of sequencing, NCBI accessions of 468 

sequencing data, as well as heterozygosity of each individual. 469 

Data file S2. List of 973 Gene Ontogeny (GO) terms (i.e. 17 parental-level GO terms and their 470 

child terms) associated with the oxygen transport cascade and hypoxia response. 471 
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Data file S3. List of hypoxia-related genes found in FST outlier windows for each high altitude 472 

(HA) and low altitude (LA) parids comparison, and the corresponding statistics for 473 

McDonald-Kreitman test, including number of Dn, Ds, Pn, Ps sites and the significance 474 

value of Fisher’s exact test. 475 
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Figures 758 

 759 

Fig. 1. Sampling localities, time tree, and lineage-wide pattern of landscape genomic 760 

diversity of true tits (Paridae) in East Asia. (A) Sampling localities for 91 birds (19 parid 761 

species and two outgroup species) across East Asia. Western Highland (WH) parids (red triangles) 762 

represent individuals from the Qinghai-Tibet Plateau and adjacent regions (e.g. the Pamirs Plateau, 763 

the Tianshan Mountains and the Altai Mountains). Eastern Lowland (EL) parids (black circles) 764 

were sampled throughout eastern mainland China and Taiwan Island below 1,000 m. The 765 

elevational base map was downloaded from https://lta.cr.usgs.gov/GTOPO30. (B) Time tree for 766 

East Asian parids based on uncorrelated relaxed clock. Best-estimate divergence times are 767 

displayed above the nodes and are largely similar with results from autocorrelated relaxed clocks 768 

(fig. S4). Blue bars on the nodes indicate the highest posterior density of the divergence time. Oli., 769 

Oligocene; Mio., Miocene; Pli., Pliocene; Ple., Pleistocene. (C) Spatial distribution of lineage-770 

wide genomic diversity based on the heterozygosity (H) of each individual. WH parids had 771 

significantly lower H than EL parids (** indicates P < 0.01). The white contour lines indicate the 772 

extent of glaciers during the Last Glacial Maximum (LGM, 0.023-0.018 Mya). The map of 773 
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glaciers is from https://www.deviantart.com/atlas-v7x. Capital letters correspond to panels in Fig. 774 

2. 775 

 776 

 777 

Fig. 2. Demographic responses to Pleistocene varied consistently between Western Highland 778 

(WH) and Eastern Lowland (EL) parids. (A) Historical demography of WH parids inferred by 779 

pairwise sequentially Markovian coalescent (PSMC): all nine species experienced a contraction of 780 

effective population size (i.e. Ne contraction) during the Last Glacial Period (LGP; 0.11–0.012 781 

Mya). Six taxa (a–f) declined from a high point at or near the beginning of the LPG, while in 782 

three (g–i) the decline started at or near the Last Glacial Maximum (LGM; 0.023 Mya). (B) 783 

Historical demography of EL parids: five of six species (j–n) experienced significant increase in 784 
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Ne during the LGP, the sixth (o) experienced a decline. (C) Historical demography of three 785 

widespread East Asian parid species. Here, the EL population of each species experienced 786 

significant demographic expansion during the LGP, yet two WH populations (Pe. ater and Po. 787 

montanus) also experienced significant expansion (in contrast, WH P. major experienced a 788 

significant contraction). (D) Significant increase in Ne during the LGP for the Taiwan Island 789 

endemic Ma. holsti. For all PSMC reconstructions, the box plot to the right side compares Ne at 790 

the end of the LGP versus the beginning of the LGP or LGM. “***” above the boxes indicates P 791 

< 0.001. Capital letters corresponding to the locations in Fig. 1C. The legend shows changes in 792 

temperature during the past 120,000 years and indicates the intervals of the LGP and LGM glacial 793 

periods. ∆Ts is the global mean surface temperature anomaly from Zachos et al. (76) and Hansen 794 

et al. (77) plotted by years. 795 

 796 

 797 

Fig. 3. SNP-based differentiation between high-altitude (HA) and low-altitude (LA) parids. 798 

(A) Atmospheric partial pressure of oxygen (PO2) declines more rapidly than mean annual 799 

temperature across our East Asian sampling locations. We defined birds sampled at elevations 800 

above 3,000 m as HA parids, whereas those sampled below 1,000 m were defined as LA parids. 801 

(B) Allele frequency (AF) distribution for 43,458,033 single nucleotide polymorphisms (SNPs): 802 

zero SNPs are fixed between HA and LA parids. (C) Frequency distribution of site based FST 803 

between HA and LA parids: only 5589 (0.013%) SNPs had FST greater than 0.6. 804 

 805 
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 806 

Fig. 4. FST outlier windows are enriched with hypoxia-related genes. (A) Window-based 807 

comparisons of each high-altitude (HA) taxon with its low-altitude (LA) relatives. Red dash lines 808 

indicate cutoff values of the ZFST distribution in autosomes and Z chromosome. 202 highly 809 

divergent windows were identified for each high-altitude species. Illustrations of parids are from 810 

ref. (62). (B) Number of potentially hypoxia-related genes found in FST outlier windows by Gene 811 

Ontogeny (GO) term. The 17 hypoxia-related GO terms are grouped by the four physiological 812 

stages of the O2 transport cascade plus a sixth hypoxia category. The unfilled bar represents the 813 
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log-transformed P-value for the enrichment of GO term, and the color-filled bar represents the 814 

observed number of genes associated with that GO term found in outlier FST windows. 815 

Enrichment is a measure of the over-representation of particular genes by GO term. Phu = Ps. 816 

humilis; Psu = Po. superciliosus; Ldi = Lo. dichrous; Pru = Pe. rubidiventris; Pat_H = Pe. ater 817 

(HA); Pma_H = P. major (HA); Pmo_H = Po. montanus (HA). 818 

 819 

 820 

Fig. 5. East Asian tits show parallel adaptive responses to high elevation at the level of 821 

biological function. (A) High FST outlier windows have a similar number of total genes compared 822 

to random windows. (B) However, outlier windows have significant more hypoxia-related genes 823 

than random windows. (C) Also, outlier windows have significantly more enriched hypoxia-824 

related Gene Ontogeny (GO) terms than random windows. Cell color in A-C indicates the scaled 825 

z-score (by standard deviation) within each high-altitude (HA) and low-altitude (LA) comparison. 826 

(D) High FST outlier windows have significantly higher overlap of enriched hypoxia-related GO 827 

terms than random windows. Cell color indicates the log-transformed P-value generated by the 828 
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hypergeometric test. (E) Likewise, enriched hypoxia-related GO terms have significantly 829 

semantic similarity in high FST outlier windows than in random windows. Cell color indicates the 830 

similarity degree. In the box plots for D and E, “***” indicates P < 0.001. 831 
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Supplementary Methods 22 

Cluster analyses 23 

We performed two cluster analyses, e.g., principal components analysis (PCA) and 24 

multidimensional scaling (MDS), on the filtered SNP dataset using PLINK v1.9 (78). 25 

 26 

Rough assembly 27 

One individual with deep coverage from each species or population was passed to SOAPdenovo 28 

v2.04 (79) for de novo simple step by step assembly. We tried different k-mers (from 20-mer to 29 

50-mer) to construct contigs and chose the k-mer with the largest N50 contig length. All usable 30 

reads were mapped back to contig sequences to construct scaffolds. Gap filling of the assembly 31 

was done using the intrinsic function of SOAPdenovo as well as Gapcloser v1.10 (80). All rough 32 

assemblies had similar genome sizes, ranging from 0.95 Gb to 1.25 Gb, with an 14.24 kb average 33 

N50 scaffold length (1.26 kb to 48.73 kb) and an 1.61 kb average N50 contig length (0.376.04 34 

kb; table S2). 35 

 36 

Protein-coding sequence prediction 37 

We obtained 14,150 putative orthologs from 15,781 single-copy proteins for Pseudopodoces 38 

humilis and 15,203 for Parus major. This orthologous set was used as a reference to predict 39 

protein-coding sequences for all assemblies. We roughly aligned reference protein sequences to 40 

each assembled genome by TBLASTN (81) with an E-value cut-off of 1e-5, and linked the 41 

fragmental blast hits into putative candidate gene loci using genBlastA v1.0.4 (82) with a 42 

coverage cut-off of 50%. The corresponding genomic sequences of candidate gene loci were 43 

extracted to perform further alignment with Exonerate v2.2.0 (83). We then extracted predicted 44 

coding sequences from the outcomes of Exonerate and clustered them into a non-redundant gene 45 

set using Usearch v10.0 (84)). After filtering out sequences with lengths of <100 bp, we finally 46 

obtained around 11,000 protein-coding sequences for each assembly with an average length of 47 

1000 bp (table S2). 48 

 49 

Orthology and clocklike-testing 50 

We translated coding sequences into amino acid sequences, and identified 1,885 one-to-one 51 

orthologs among 24 species or populations (including outgroups). Orthologous protein sequences 52 



3 
 

were aligned by MUSCLE v3.8.31 (73), and gaps and poorly aligned regions were removed 53 

using Gblocks v0.91 (85). To estimate the timescale for the evolution of parids, we tested the 54 

clocklike evolution of each ortholog. We first translated proteins back into coding sequences and 55 

removed the third codon position (C3) for each code because of its high degeneracy. The 56 

clocklike test was performed on the retained first and second codon positions (C12) of each 57 

alignment using BEAST v2.4.5 (86) under the uncorrelated lognormal relaxed-clock model (87). 58 

This model produces a coefficient of variation (CoV) of rates that measures the degree of the 59 

variation in rates among lineages. A CoV close to zero reflects no variation in rates, indicating 60 

the ortholog is clocklike. Here, we selected 246 orthologs (124,080 nucleotides) for the dating 61 

analysis when their CoV was less than 0.5 and the lower and upper limits of the 95% credibility 62 

interval of the CoV were less than 0.1 and 1.0, respectively (55). 63 

 64 

Time estimation 65 

Bayesian dating analysis was conducted using a concatenated alignment of orthologs based on 66 

the above species tree (fig. S2c). Divergence times were estimated using the uncorrelated and 67 

autocorrelated relaxed clocks in the MCMCtree program of PAML v4.9 (56). We used the 68 

HKY85+GAMMA substitution model, with four rate categories for gamma-distributed rates 69 

across sites. Given the large size of the dataset, we used the approximate-likelihood method with 70 

substitution rate and branch lengths estimated in the baseml and MCMCtree programs. We also 71 

used the estimated substitution rate to set the gamma for the overall rates for genes 72 

(rgene_gamma). Posterior distributions of divergence times were estimated using Markov chain 73 

Monte Carlo sampling, with samples drawn every 2,000 steps over a total of 108 steps after a 74 

discarded burn-in of 2  107 steps. We repeatedly ran each step to ensure the results began to 75 

converge. 76 

 77 

Calibration 78 

Our dating analysis was calibrated using soft-bound age constraints because no relevant parid 79 

was known. In Johansson’s comprehensive phylogenetic analysis, a fossil of Certhiops rummeli 80 

was used as a calibration (88), and they found a separation of Paridae from Remizidae at 81 

16.022.4 Mya (13). We used the upper limits of the 95% confidence interval (22.4 Mya) to 82 

calculate the substitution rate using the baseml program. Then we estimated branch lengths based 83 
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on an approximate root age (30 Mya) that was the divergence time between oscines and 84 

suboscines (55). Finally, a genome-based age between Ps. humilis and Machlolophus spilonotus 85 

(11.94.8 Mya) (12) was used as a soft-bound calibration point to estimate the divergence times 86 

between parids. 87 

 88 

  89 
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 90 

Fig. S1. Statistics for whole genome re-sequencing data. A total of 1,921 Gb whole-genome 91 

sequences were generated with an average of 18.66× (10.1847.80×) coverage per individual. 92 

Reads were aligned to the Parus major reference, resulting in an average mapping rate of 95% 93 

(71%98%). 94 

 95 
 96 
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 97 

Fig. S2. Phylogenetic analyses. (A) ML phylogenetic tree based on autosomal SNPs. (B) ML phylogenetic tree based on Z-98 

chromosomal SNPs. (C) Coalescent-based species tree constructed by ASTRAL using 50 random subsets of ~50,000 SNPs. Three 99 

basal species successively branch off, and the remaining parids consist of two large clades (clade A and clade B). All nodes marked by 100 

stars have high bootstrap values (100%). Western Highland (WH) parids are highlighted by red; WH populations of widespread 101 

species are underlined. 102 

 103 
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 104 

Fig. S3. Dimensionality reduction analyses of all individuals based on all SNPs. (A) 105 

Principal components analysis (PCA) analysis. (B) Multidimensional scaling (MDS) 106 

analysis. Western Highland (WH) and Eastern Lowland (EL) individuals do not form 107 

unique clusters. 108 

 109 
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 110 
Fig. S4. Time trees for East Asian parids based on autocorrelated relaxed clock. 111 

Time estimates are displayed above the branches and similar with estimates generated by 112 

uncorrelated relaxed clock (Fig. 1b). Blue bars on the nodes indicate the highest posterior 113 

density of the divergence time. Western Highland (WH) parids are highlighted in red; 114 

Eastern Lowland (EL) parids are in black. Oli., Oligocene; Mio., Miocene; Pli., Pliocene; 115 

Ple., Pleistocene. Epoch ages were determined according to the International 116 

Stratigraphic Chart (2016) from the International Commission on Stratigraphy. 117 

Altitudinal ranges are from Gosler et al. (62), and distribution range sizes were calculated 118 

in ArcGIS based on distribution maps from BirdLife International 119 

(http://datazone.birdlife.org/). Red bars indicate WH native parids; black bars indicate EL 120 

native parids; orange bars indicate widespread species. 121 

 122 
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 123 

Fig. S5. Relationships between nucleotide diversity and heterozygosity. (A) 124 

Heterozygosity is significantly correlated to nucleotide diversity, suggesting that we can 125 

use the heterozygosity as the genetic diversity. (B) Western Highland (WH) populations 126 

of three widespread species have significantly lower nucleotide diversity than Eastern 127 

Lowland (EL) population. “***” above the boxes indicates P < 0.001. P. major: W = 128 

184198789, P < 2.2 × 10-16; Pe. ater: W = 199023579, P < 2.2 × 10-16; Po. montanus: W 129 

= 138119300, P < 2.2 × 10-16. (C) WH populations of three widespread species have 130 

significantly lower heterozygosity than EL population. “*” above the boxes indicates P < 131 

0.05. P. major: t = 2.4495, df = 3, P = 0.046, Pe. ater: t = 2.2361, df = 4, P = 0.044; Po. 132 

montanus: t = 6.1969, df = 2, P = 0.013. 133 

 134 
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 135 

Fig. S6. Linkage disequilibrium (LD) decay measure by haplotype r2 values. Average 136 

haplotype r2 values in 500 bp windows over 20 kb (upper). Subtracted LD over the first 137 

5kb is showed in the lower panel. 138 

 139 
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 140 

Fig. S7. Lack of similarity in hypoxia-related genes among the seven high-altitude vs. 141 

low-altitude (HA–LA) comparisons, and similarity comparison of enriched 142 

hypoxia-unrelated Gene Ontogeny (GO) terms between outlier windows and 143 

randomly selected windows. (A) Gene number shared by each pair of HA–LA 144 

comparison. Po. montanus had few genes in common with any other species. (B) Genes 145 

shared by the seven HA–LA comparisons. Comparisons except the pair that includes high 146 

elevation population of Po. montanus have a convergent gene, the PLB1. (C) Venn 147 

diagram showing no shared genes across the seven HA–LA comparisons. (D) 148 

Hypergeometric test for overlap of GO terms enriched by genes unrelated to hypoxia, 149 

showing significant lower overlap among outlier windows than among random windows. 150 

Cell color indicates the log-transformed P-value generated by the hypergeometric test. (E) 151 

Significantly lower semantic similarity in GO terms enriched by genes unrelated to 152 

hypoxia among outlier windows than among random windows. Cell color indicates the 153 

similarity degree. Phu = Ps. humilis; Psu = Po. superciliosus; Ldi = Lo. dichrous; Pru = 154 

Pe. rubidiventris; Pat_H = Pe. ater (HA); Pma_H = P. major (HA); Pmo_H = Po. 155 

montanus (HA).  156 
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Table S1. Summary for samples of parid and outgroup species used in this study. 157 

 158 
  159 

Species Common names No. of  
samples

No. of 
SNPs 

Heterozygosity 
(H, 10-3) 

Nucleotide 
diversity 
 (π, 10-3)

Cyanistes cyanus Azure Tit 3 12,123,996 0.247 0.256
Machlolophus holsti Yellow Tit 2 12,126,871 0.0732 0.0729
Machlolophus spilonotus Yellow-cheeked Tit 5 13,848,362 1.040 1.095
Pseudopodoces humilis Ground Tit 10 14,925,296 0.508 0.538
Parus major Great Tit 6 4,079,932 1.613 1.770
Parus monticolus Green-backed Tit 4 9,107,223 1.053 1.060
Lophophanes dichrous Grey-crested Tit 9 19,085,141 0.713 0.989
Periparus ater Coal Tit 8 18,351,291 1.155 1.389
Periparus rubidiventris Rufous-vented Tit 10 19,702,307 1.270 1.303
Periparus rufonuchalis Rufous-naped Tit 1 16,219,882 0.310 0.316
Pardaliparus venustulus Yellow-bellied Tit 5 17,790,733 1.588 1.768
Poecile davidi Rusty-breasted Tit 1 15,575,825 0.216 0.219
Poecile montanus Willow Tit 6 17,423,939 0.597 0.926
Poecile palustris Marsh Tit 6 17,975,211 0.733 0.822
Poecile superciliosus White-browed Tit 1 14,765,034 0.379 0.381
Sittiparus varius Varied Tit 5 16,063,208 0.670 0.681
Melanochlora sultanea Sultan Tit 2 12,733,744 0.272 0.280
Sylviparus modestus Yellow-browed Tit 2 12,839,195 0.663 0.697
Cephalopyrus flammiceps Fire-capped Tit 1 7,848,698 0.355 0.360
Remiz consobrinus Chinese Penduline Tit 2 10,521,662 0.362 0.377
Remiz coronatus White-crowned 

Penduline Tit 
2 10,180,575 0.216 0.230
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Table S2. Statistics for the assemblies and protein-coding genes from 24 species or 160 

populations. 161 

 162 
  163 

Taxa Individuals Depth Genome 
size (Gb)

Contig N50; 
Scaffold N50 

No. of 
scaffolds 

CDS 
(number; 
mean length)

Cy. cyanus_WH XJ10088 22 0.993 3.18K; 32.22K 87,857 12,086; 1.51K
Ma. holsti_EL T1969 22 0.998 6.04K; 48.73K 74,836 12,709; 1.61K
Ma. spilonotus_EL GX09261 26 1.165 0.75K; 3.60K 366,458 9,298; 1.18K
Ps. humilis_WH 2 20 0.995 2.79K; 37.58K 68,825 12,497; 1.56K
P. major_EL BS09166 17 1.09 0.85K; 6.67K 253,321 10,019; 1.15K
P. major_WH E8 20 1.07 1.08K; 7.26K 250,750 9,417; 1.09K
P. monticolus_EL SNJ08251 25 1.05 1.70K; 11.77K 188,240 9,877; 1.25K
Lo. dichrous_WH 1271 22 1.07 1.48K; 12.70K 179,838 11,080; 1.37K
Pe. ater_WH XZ14251 22 1.16 0.79K; 4.40K 359,243 9,434; 1.19K
Pe. ater_EL a15 30 1.25 0.56K; 2.07K 507,845 11,769; 0.97K
Pe. rubidiventris_WH XZ15155 20 1.10 1.01K; 6.73K 280,605 9,521; 1.14K
Pe. rufonuchalis_WH TJK13097 16 0.947 1.13K; 5.39K 268,236 9,200; 0.92K
Pa. venustulus_EL 14BJ05 21 1.22 0.37K; 1.26K 619,453 10,522; 0.79K
Po. davidi_WH SC13013 18 0.994 1.72K; 21.13K 109,349 11,560; 1.4K
Po. montanus_WH 1208 20 1.00 2.86K; 32.5K 92,400 12,162; 1.53K
Po. montanus_EL NM09302 23 1.08 1.34K; 11.19K 211,990 10,632; 1.31K
Po. palustris_EL HC09195 19 1.03 1.74K; 14.21K 165,215 10,157; 1.33K
Po. superciliosus_WH 1402 14 0.981 1.37K; 14.86K 127,575 11,256; 1.32K
Si. varius_EL LZS003 23 1.11 1.18K; 7.61K 261,732 10,542; 1.27K
Me. sultanea_EL GZ001 22 1.07 1.70K; 12.68K 147,173 11,194; 1.34K
Sy. modestus_WH SC14083 17 1.12 0.72K; 4.17K 343,569 11,241; 0.99K
Ce. flammiceps_WH SC14321 13 1.07 1.1K; 9.13K 221,907 10,632; 1.31K
R. consobrinus PJ09016 15 0.986 1.69K; 21.6K 108,306 11,278; 1.36K
R. coronatus TJK14022 14 1.10 2.69K; 26.2K 119,391 10,896; 1.46K
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Table S3. Comparisons between effective population sizes (Ne) at the end and the 164 

beginning of the glaciations. 165 

Taxa Individuals Identifiers LGP_End vs. 
LGP_Beginning

LGP_End vs.  
LGM_Beginning

Pe. rufonuchalis_WH TJK13097 a ∆Ne = −150315, 
W = 0, P < 2.2 × 10-16

 

Ps. humilis_WH QZ01086 b ∆Ne = −65261, 
W = 311010, P < 2.2 × 10-16

 

Lo. dichrous_WH 1271 c ∆Ne = −177759.57232504, 
W = 481, P < 2.2 × 10-16

 

Pe. rubidiventris_WH XZ16432 d ∆Ne = −534753, 
W = 508, P < 2.2 × 10-16

 

Sy. modestus_WH SC14082 e ∆Ne = −552073, 
W = 150560, P < 2.2 × 10-16

 

Ce. flammiceps_WH SC14321 f ∆Ne = −1230416, 
W = 0, P < 2.2 × 10-16

 

Cy. cyanus_WH XJ10088 g  ∆Ne = −36909,  
W = 567402, P < 2.2 × 10-16

Po. superciliosus_WH 1402 h  ∆Ne = −16454,  
W = 235123, P < 2.2 × 10-16

Po. davidi_WH SC13013 i  ∆Ne = −174013, 
W = 56955, P < 2.2 × 10-16

Po. palustris_EL HC09195 j  ∆Ne = 399570,  
W = 493123, P < 2.2 × 10-16

Pa. venustulus_EL HBXT001 k ∆Ne = 777359, 
W = 997610, P < 2.2 × 10-16

 

Si. varius_EL LZS003 l ∆Ne = 149119, 
W = 137350, P < 2.2 × 10-16

∆Ne = 431689,  
W = 31008, P < 2.2 × 10-16

P. monticolus_EL SNJ08251 m ∆Ne = 2350448, 
W = 162825, P < 2.2 × 10-16

 

Me. sultanea_EL GZ001 n  ∆Ne = 146957,  
W = 29281, P < 2.2 × 10-16

Ma. spilonotus_EL FJ412 o ∆Ne = −323771, 
W = 0, P < 2.2 × 10-16

 

Pe. ater_WH XZ16532 p ∆Ne = 98419, 
W = 699640, P < 2.2 × 10-16

 

P. major_WH 1-E8 q ∆Ne = −344137, 
W = 0, P < 2.2 × 10-16

 

Po. montanus_WH 1221 r ∆Ne = 56162, 
W = 5870039, P < 2.2 × 10-16

 

Pe. ater_EL a16 s ∆Ne = 320091, 
W = 191910, P < 2.2 × 10-16

 

P. major_EL B041 t ∆Ne = 812728, 
W = 67000, P < 2.2 × 10-16

 

Po. montanus_EL NM09110 u ∆Ne =906868, 
W = 590037, P < 2.2 × 10-16

 

Ma. holsti_EL T1969 tw ∆Ne = 32875, 
W = 10151000, P < 2.2 × 10-

16

 

Note: W indicates the Wilcoxon rank sum, P indicates the significant value. LGP: Last 166 

Glacial Period; LGM: Last Glacial Maximum.  167 
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Table S4. Enrichment statistics for 17 Gene Ontogeny (GO) terms associated with 168 

the oxygen transport cascade and hypoxia response in all HA–LA comparisons. 169 

GO IDs  GO terms Phu Psu Ldi Pru Pat_H Pma_H Pmo_H

GO:0007585  respiratory gaseous 
exchange 

2.11E-02 1.00E+00 5.00E-01 5.51E-01 1.00E+00 7.82E-01 1.00E+00

GO:0060541  respiratory system 
development 

1.06E-01 4.31E-02 2.93E-02 1.37E-01 5.51E-01 1.00E+00 4.40E-01

GO:0072359  circulatory system 
development 

1.29E-12 1.32E-03 4.01E-05 1.02E-04 5.78E-02 2.47E-03 2.18E-10

GO:0003013  circulatory system 
process 

6.93E-14 2.25E-02 1.04E-03 6.28E-02 7.92E-04 6.17E-03 8.44E-02

GO:0019825  oxygen binding 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.18E-01 1.00E+00 1.19E-01
GO:0015671  oxygen transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.23E-02
GO:0034101  erythrocyte 

homeostasis 
3.56E-01 6.89E-02 7.48E-04 2.31E-01 6.72E-03 4.05E-01 2.40E-01

GO:0003012  muscle system 
process 

1.34E-15 8.83E-01 3.09E-04 1.53E-03 3.26E-02 1.84E-03 8.44E-01

GO:0055001  muscle cell 
development 

6.93E-07 4.03E-01 9.92E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00

GO:0043292  contractile fiber 1.11E-08 8.37E-01 1.73E-01 3.15E-02 2.85E-04 1.62E-04 1.00E+00
GO:0051646  mitochondrion 

localization 
4.80E-01 4.97E-01 3.86E-01 5.50E-02 5.81E-01 9.70E-03 4.40E-01

GO:0070584  mitochondrion 
morphogenesis 

1.00E+00 3.41E-01 1.00E+00 2.90E-01 4.14E-01 4.26E-02 1.00E+00

GO:0003032  detection of oxygen 1.00E+00 1.00E+00 1.04E-01 1.00E+00 1.00E+00 1.00E+00 1.00E+00
GO:0046034  ATP metabolic 

process 
5.16E-02 6.89E-02 1.02E-02 4.83E-02 6.72E-01 8.03E-03 5.47E-01

GO:0006629  lipid metabolic 
process 

4.75E-09 1.47E-02 1.24E-08 1.02E-06 4.95E-06 6.47E-05 1.69E-02

GO:0005975  carbohydrate 
metabolic process 

1.98E-13 5.54E-05 2.84E-03 1.70E-06 7.07E-03 1.11E-09 1.37E-02

GO:0036293  response to decreased 
oxygen levels 

8.03E-06 2.45E-02 9.90E-05 3.39E-03 1.70E-02 1.62E-02 2.46E-01

 170 

Note: The filled colors indicate the four physiological stages of the oxygen cascade 171 

showed in Fig. 4b. The bolded P values indicate significant enrichment. Phu = Ps. 172 

humilis; Psu = Po. superciliosus; Ldi = Lo. dichrous; Pru = Pe. rubidiventris; Pat_H = Pe. 173 

ater (HA); Pma_H = P. major (HA); Pmo_H = Po. montanus (HA). HA: high altitude; 174 

LA: low altitude. 175 

  176 
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Table S5. Mutation rates for each species calculated by PAML. 177 

Species dN/dS dN N*dN S*dS dS Mutation 
rate (x10-9)

Generation 
time (Years) 

Cy. cyanus 0.2971 0.004 598.6 793.6 0.0149 2.213 2 
Ma. holsti 0.2684 0.002 266.4 391 0.0073 2.346 2 
Ma. spilonotus 0.3049 0.002 268.8 347.3 0.0065 2.089 2 
Ps. humilis 0.3084 0.004 470.7 601.2 0.0113 1.996 2 
P. major 0.3317 0.002 310.2 368.4 0.0069 2.096 2 
P. monticolus 0.2955 0.002 272.2 362.8 0.0068 2.066 2 
Lo. dichrous 0.336 0.004 571 669.5 0.0125 1.848 2 
Pe. ater 0.2782 0.003 348.1 492.8 0.0092 2.489 2 
Pe. rubidiventris 0.2437 0.001 183.4 296.4 0.0055 1.971 2 
Pe. rufonuchalis 0.3399 0.002 282.7 327.6 0.0061 2.186 2 
Pa. venustulus 0.3231 0.004 506.4 617.2 0.0116 2.285 2 
Po. davidi 0.2876 0.002 296.7 406.3 0.0076 2.169 2 
Po. montanus 0.3283 0.002 297 356.3 0.0067 2.038 2 
Po. palustris 0.2747 0.002 277.7 398.1 0.0075 2.281 2 
Po. superciliosus 0.305 0.003 382.6 494.1 0.0092 2.065 2 
Si. varius 0.306 0.003 465.1 598.6 0.0112 1.975 2 
Me. sultanea 0.3063 0.007 915.7 1177 0.022 1.723 2 
Sy. modestus 0.2962 0.008 1029.6 1369 0.0256 1.736 2 
Ce. flammiceps 0.3218 0.021 2801 3428 0.0642 2.586 2 
 178 

  179 
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Legends for data files S1 to S3 180 

Data file S1. Detail information for sequenced samples, including sources and tissue 181 

types of samples, ecological data, quality and coverage of sequencing, NCBI accessions 182 

of sequencing data, as well as heterozygosity of each individual. 183 

 184 

Data file S2. List of 973 Gene Ontogeny (GO) terms (i.e. 17 parental-level GO terms and 185 

their child terms) associated with the oxygen transport cascade and hypoxia response. 186 

 187 

Data file S3. List of hypoxia-related genes found in FST outlier windows for each high 188 

altitude (HA) and low altitude (LA) parids comparison, and the corresponding statistics 189 

for McDonald-Kreitman test, including number of Dn, Ds, Pn, Ps sites and the significance 190 

value of Fisher’s exact test. 191 

 192 

 193 


