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The barn swallow (Hirundo rustica) is one of most widely distributed swallows, owing in part to its recent

switch from natural nest sites to human structures. We conducted phylogenetic analysis of mitochondrial

(mt) and nuclear DNA to explore the recent evolutionary history of this species. Strongly supported

mtDNA clades corresponded to Europe, Asia and North America plus the Baikal region of Asia. Analysis

of sequence data from a sex-linked nuclear gene was unable to recover the phylogenetic splits in the

mtDNA tree, confirming that the main clades evolved recently. The phylogenetic pattern suggests that the

ancestral area of the barn swallow was the holarctic; most divergence events are consistent with vicariance.

Most unexpectedly, analyses show that barn swallows from North America colonized the Baikal region in

the recent past (one fixed substitution). This dispersal direction is opposite of that for most nearctic–

palearctic taxon exchanges. Although this invasion was envisioned to coincide with the appearance of new

types of human dwelling in the Baikal region, calibration of molecular divergence suggests an older

dispersal event. A recent history of gene flow within the main palearctic clades is consistent with range and

population expansion owing to new nesting opportunities provided by human settlements. Contrary to

expectation, populations in North America appear historically larger and more stable than those in the

palearctic. The Baikal population apparently has not increased greatly since colonization.

Keywords: Holarctic; mtDNA; vicariance; phylogeography; biogeography; dispersal
1. INTRODUCTION
By virtue of its vernacular name, the barn swallow

(Hirundo rustica) would seem to be dependent on human

settlements for its existence. Indeed, barn swallows often

attach their open-cup mud nests to the interior walls of

barns. Of course, this begs the question of how barn

swallows managed to nest before humans built barns. In

North America, barn swallows historically nested in caves,

but by the early 1800s had begun to affix their nests to

Native American structures (Brown & Brown 1999), and

subsequently to structures and bridges in European

settlements; natural nest sites are rarely used today. The

widespread availability of nest sites resulted in dramatic

range and population expansion in North America.

A similar history occurred in Europe (Møller 1994) and

Asia. For example, Smirenskiy & Mishchenko (1981)

studied barn swallows from the Baikal, Amur and

Primor’e regions of eastern Russia. They reported that

prior to the seventeenth century, native people of the

Amur region lived mostly in subterranean structures,

which together with a paucity of natural nest sites

suggested to them that barn swallows were historically

absent in this region. The arrival of people who built
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above-ground structures potentially led to colonization of

the region by barn swallows. As a consequence of its

association with human settlements, the barn swallow

today is the most widespread and abundant swallow

species in the world, breeding in Eurasia and North

America (figure 1) and wintering south to tropical Africa,

northern Australia, Central and South America (Turner &

Rose 1989; Brown & Brown 1999). Despite the vagility of

barn swallows, subspecific taxonomy suggests some

isolation (see figure 1).

We analysed genetic variation in the mitochondrial

DNA (mtDNA) and nuclear genomes of barn swallows to

evaluate potential genetic consequences of its large range

and recent history of range and population expansion.
2. MATERIAL AND METHODS
We analysed breeding individuals from 13 Eurasian and six

North American localities as well as wintering individuals

from South Africa and Singapore, resulting in a total of 74

individuals (figure 1; table 1 of electronic supplementary

material). A study skin and a spread wing were preserved

for the majority of individuals deposited at the Burke

Museum, University of Washington, Seattle and the Bell

Museum, University of Minnesota, St Paul (table 1 of

electronic supplementary material). Tissue samples were

preserved in 95% ethanol or frozen in liquid nitrogen.

Genomic DNA was extracted using DNeasy Tissue Kit

(Qiagen, Valencia, CA). The complete mitochondrial

NADH subunit 2 (ND2) gene was amplified with primers
q 2006 The Royal Society
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Figure 1. World breeding range (grey, following Brown & Brown (1999) and Turner (2004)) and distribution of sampling
localities for the barn swallow Hirundo rustica. From six (fig. 1; Cramp 1988; Turner & Rose 1989) to eight (Turner 2004)
subspecies have been recognized, differing mainly in the coloration of the underparts and the extent of the breast band (Turner &
Rose 1989). Lines indicate approximate borders of subspecies distribution (Cramp 1988). In general, western Eurasian rustica
and eastern Asian gutturalis are whitish below, whereas the underparts of North American erythrogaster, south-central Siberian
tytleri, Egyptian savignii and eastern Mediterranean transitiva are more rufous. The breast band varies in most populations,
generally it is complete in rustica, transitiva and savignii, but only partial in erythrogaster. In tytleri and gutturalis, black patches on
sides of breast can be connected by a narrow black band across lower chest (Cramp 1988). Abbreviations for localities are
explained in table 1 of electronic supplementary material.
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metL (5 0-AAGCTATCGGGCCCATACCCG-3 0) and ASN

(5 0-GATCRAGGCCCATCTGTCTAG-3 0, both designed

by O. Haddrath 2004, unpublished). The following thermo-

cycling parameters were used: 2.5 min of initial denaturation

at 95 8C, followed by 40 cycles of denaturation at 94 8C for

30 s, annealing at 55 8C for 30 s and extension at 72 8C for

1 min, concluded with an extension of 10 min at 72 8C.

To compare evolutionary hypotheses derived from

mtDNA phylogenetic tree, nine individuals were sequenced

for a nuclear, Z-linked intron of the MUSK gene with the

primers MUSK-I3F (5 0-CTTCCATGCACTACAATGG-

GAAA-3 0) and MUSK-I3R (5 0-CTCTGAACATTGTG-

GATCCTCAA-3 0), both designed by F. K. Barker (2004,

personal communication). PCR for MUSK started with

15 min of initial denaturation at 95 8C and followed by five

cycles of 20 s at 95 8C, 20 s at 58 8C and 75 s at 72 8C, then by

five cycles of 20 s at 95 8C, 20 s at 56 8C and 75 s at 72 8C,

then by five cycles of 20 s at 95 8C, 20 s at 54 8C and 75 s at

72 8C, then by 20 cycles of 20 s at 95 8C, 20 s at 52 8C and

75 s at 72 8C and concluded with 3 min at 72 8C.

PCR products were cleaned with a QIAquick PCR

Purification Kit (Qiagen) and sequenced with amplification

primers and, for ND2, with primers L5215 (Hackett 1996)

and H1064 (Drovetski et al. 2004a) on an ABI 3700

automated sequencer using BigDye kit v. 3.0 according to

recommended protocols (Applied Biosystems). Complete

ND2 (1041 base pairs (bp)) and MUSK intron (609 bp)

sequences were aligned and edited in Sequencher 3.1.1

(Gene Codes, Ann Arbor, MI) and deposited in GenBank

(DQ176512–176594).

We used Hirundo aethiopica (GenBank number

AY826023) as an outgroup for the ND2 tree of H. rustica,

because this species was shown to be one of the closest

relatives of H. rustica (Sheldon et al. 2005). For the nuclear

MUSK intron, Riparia riparia was used as an outgroup.

We employed Modeltest 3.06 (Posada & Crandall 1998)

and the Akaike Information Criterion to find the model of

sequence evolution which best fit our data. The TrNCI

model (Tamura & Nei 1993) was selected for ND2, with the

proportion of invariant sites set to 0.8172. This model was

used to perform a maximum-likelihood (ML) tree search with
Proc. R. Soc. B (2006)
10 replicates in PAUP� (Swofford 2000). We also performed

a maximum-parsimony (MP) search with all characters

weighted equally. Support for the branches was assessed by

the ML and MP bootstrap analyses with 100 and 1000

replicates, respectively. Finally, Bayesian analysis was per-

formed in MrBayes 3.1 (Ronquist & Huelsenbeck 2003) with

general time reversible model and estimated proportion of

invariable sites. Two independent runs with four chains each

were run for 2 000 000 generations and sampled every 100

generations. The first 5000 trees from each run were

discarded as a burn-in and the remaining 30 000 trees were

used to construct a majority-rule consensus. Posterior

probabilities (proportion of the trees with particular node)

were used to assess the reliability of the nodes.

A likelihood ratio (LR) test (Felsenstein 1981) was

performed to test clock-like molecular evolution. Likelihood

scores of ML trees with and without a molecular clock

enforced were compared and the LR was computed as 2

(ln LclockKln Lno clock) under the assumption that LR was c2

distributed with the number of degrees of freedom (d.f.)

equal to the number of taxa minus two (Nei & Kumar 2000).

We used DNASP v. 4.00 (Rosas et al. 2003) to calculate the

number of polymorphic sites, number of haplotypes in a

population, haplotype diversity (h), nucleotide diversity (p),

the R2 test for detecting population growth and McDonald &

Kreitman (M–K; 1991) tests for natural selection. We used

ARLEQUIN v. 2.000 (Schneider et al. 2000) to perform analysis

of molecular variance (AMOVA, Excoffier et al. 1992),

calculate pairwise population Fst-values, mismatch distri-

butions, time since population expansion (t), relative

population sizes before (q0) and after (q1) expansion, Tajima’s

D (1996) and Fu’s Fs; (1997) test of selective neutrality. To

test the empirical mismatch distribution against a model of

sudden expansion, we used the generalized nonlinear least-

squares approach (Schneider & Excoffier 1999) implemented

in ARLEQUIN. Sites with ambiguous characters were omitted.

We used Mdiv (Nielsen & Wakeley 2001) to compute q

and population divergence time (tpop). We then used the

formula in Brito (2005) to convert these values to time since

divergence, assuming a generation length of 1 year and a

mutation rate of 5.4!10K8 (Drovetski et al. 2004b). We used
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Figure 2. One of the three maximum-likelihood trees of Hirundo rustica mtDNA haplotypes, rooted with H. aethiopica (average
uncorrected distance between these two species was 3.1%). Numbers above branches are maximum-likelihood bootstrap values
(100 replicates); values below branches are Bayesian posterior probabilities, followed by maximum-parsimony bootstrap values
(1000 replicates, in parentheses). Lab numbers precede locality abbreviations (see table 1 of electronic supplementary material);
total number of individuals sharing the same haplotype is noted in parentheses.
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DIVA (Ronquist 1996, 1997) with its default settings to

reconstruct biogeographic history.
3. RESULTS
We found 42 mtDNA haplotypes among 74 individuals.

Average pairwise uncorrected sequence divergence was

1.14%. Maximum-likelihood phylogenetic analysis

yielded three trees, all of which shared three major clades,

each with bootstrap support R94% (figure 2); the trees
Proc. R. Soc. B (2006)
differed only in rearrangements of terminal taxa within

one of the clades (Europe). Of the three clades, one

included primarily European individuals (from Austria,

Medvedevo, Moscow, Kursk, Krasnodar, Astrakhan’ and

Almaty) and two migrants collected in South Africa. The

second clade comprised samples from eastern Asia

(Mongolia, Khabarovsk, Magadan, Primor’ye, Irkutsk

and Buryatiya) and a migrant from Singapore. The third

clade, sister to the second, included samples from Baikal

region (Buryatiya and Irkutsk) and North America, with
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Figure 3. Mismatch distributions for four groupings of Hirundo rustica. Dots indicate observed values, solid lines show the
distribution according to a model of sudden population expansion, dashed lines indicate the mean number of pairwise
differences. The Baikal population is significantly different from the model of sudden population expansion and some analyses
(table 1) suggest that the North American sample has also been stable.
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samples from Baikal comprising a monophyletic group

(figure 2). A close relationship among individuals from the

Baikal clade indicates a recent origin of this population.

Strict consensus of 2124 equally parsimonious trees

(not shown) and majority rule consensus of all Bayesian

trees (not shown) identified the same three major clades

as did the ML tree (figure 2) and recovered most of the

nodes found on consensus ML tree (not shown); however,

on the Bayesian consensus tree individuals from Baikal

were intermixed with those from North America.

A model of clock-like evolution was not rejected for

the data set (Kln L without clock enforcedZ2004.2038,

Kln L with clock enforcedZ2026.6461, d.f.Z41,

pO0.05). AMOVA indicated that 85.1% of the variation

was distributed among regions ( p!0.05) and pairwise

Fst-values were significant and ranged from 0.48 (Baikal—

North America) to 0.93 (Baikal—Asia).

The nine MUSK sequences resolved only three

haplotypes (pZ0.0011, hZ0.417), with seven birds,

whose mtDNA belonged to three different clades

(18BUR, 60WA, 38IRK, 33AST, 50KRD, 20MN and

32MON), sharing the same sequence. Haplotypes 1MED

and 40KHA possessed one and two unique mutations,

respectively. There were 20 mutations, a 22 bp deletion

and three single base gaps in the outgroup sequence

compared to the ingroup. Uncorrected genetic distance

between R. riparia and H. rustica was 3.4–3.6%, whereas

distances within H. rustica were 0–0.4%. For ND2,

uncorrected genetic distance between R. riparia (Gen-

Bank sequence AY826015) and H. rustica (our data) was

16.5–18.6%.

Mismatch distributions (figure 3) did not differ from

the model of sudden population expansion for European,

Asian and North American samples; however, a significant

difference was detected for the Baikal sample (there are

too few pairs of individuals with zero base-pair differences

and too many with one). Population growth was also

indicated for Europe and Asia by Tajima’s D, Fu’s Fs and

R2 tests (table 1). None of these tests detected growth for

the North American sample and Tajima’s D and the R2

tests suggested that Baikal was from a stable distribution.
Proc. R. Soc. B (2006)
McDonald & Kreitman (1991) tests were not significant

( pO0.05) for any of the pairwise comparisons between

Europe, Asia, North America or Baikal (haplotypes from

North American clade only), with the exception that Asia

versus Baikal was marginally significant ( pZ0.047).

DIVA indicated that vicariance alone cannot explain

the current distribution of barn swallow mtDNA lineages,

and that a single dispersal event is required. According to

the DIVA reconstruction (figure 4), divergence at the first

three nodes resulted from vicariance. The first divergence

resulted from a separation of African lineage from a

widespread holarctic ancestor (figure 3). The second

vicariant event separated European and Asian/nearctic

clades; Mdiv results placed this split at 106 000 yBP. The

third event was the split of Asian and nearctic lineages, and

according to Mdiv results this occurred at 102 000 yBP.

The most recent divergence resulted from dispersal of

nearctic birds to the Baikal region of Central Asia (area d;

figure 3). Although DIVA does not state explicitly the

direction of the dispersal, dispersal of nearctic birds is

supported by several independent lines of evidence. The

Baikal area (Buryatiya) clade consists of very recent

haplotypes embedded within the nearctic clade (figure 2).

Second, birds from the Baikal area are phenotypically

much more similar to nearctic birds then they are to other

palearctic barn swallows. The Mdiv results suggested this

split to be 27 000 yBP.
4. DISCUSSION
(a) Phylogenetic and biogeographic history

Phylogenetic analysis (figure 2) of mtDNA haplotypes

revealed three major clades, European, Asian and North

America plus the Baikal region. These clades are

approximately equidistant genetically (ca 1.5% uncor-

rected sequence divergence). Although genetic distance

should have no bearing on decisions about species limits,

these clades are less differentiated than most avian species

(Avise & Walker 1998). Thus, the tree topology indicates

that the major clades might correspond to phylogenetic or

evolutionary species although denser sampling is needed

(Zink et al. 1995). The occurrence of individuals in
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Buryatiya from two major haplotype clades (figure 2)

opens the possibility of interbreeding. Nevertheless, it

would be prudent to recognize that significant historical

diversity exists in the barn swallow.

Biogeographic analysis (figure 4) suggests that after

separation from an African sister-taxon, the barn swallow

achieved a holarctic distribution. The next historical

event was vicariant separation of the western palearctic

(European) clade, which was followed by the vicariant

divergence of the Asian and North American clades. These

population divergences appeared to be very close in time.

Assuming a sequence divergence rate of 5.4% MyrK1, the

splits were on the order of 100 000 years; if ND2 evolves

more slowly, these estimates could double. The two clades

correspond to the western and eastern palearctic regions,

which mirrors a relatively common pattern (Pavlova et al.

2003; Drovetski et al. 2004b). This reconstruction is the

most parsimonious assuming that vicariance is the

preferred explanation. The most unexpected finding was

a secondary invasion of the Baikal region from North

America. Only a single synonymous substitution separates

North American and Baikal groups, suggesting that

dispersal and differentiation of the Baikal population was

recent (and that dispersal is not ongoing). This direction

of colonization runs counter to most nearctic–palearctic

taxon exchanges (Cook et al. 2004). Although Smirenskiy

& Mishchenko (1981) believed that barn swallows arrived

recently in the Baikal region concomitant with the arrival

of humans who constructed dwellings suitable for nesting

sites, results from MDIV suggested that the Baikal and

North American populations diverged ca 27 000 yBP

(note that the coalescence point of the haplotype tree

would be older). Even considering the confidence

intervals around q and tpop (not shown), molecular data

suggest a divergence of the Baikal population well before

the time envisioned by these authors. Perhaps, the Baikal

clade persisted at low enough density to escape detection

by early naturalists.

The biogeographic history of the clades in H. rustica is

more complex than typically encountered (Cook et al.

2004). That is, not only was there a reinvasion of the

palearctic, but also the new clade is sandwiched between

two older clades. How it happened to arrive and persist in

this region is unresolved. This odd biogeographic history

is consistent with two observations. First, both Baikal and

North American birds share a reddish-bellied plumage,

whereas birds from other sampled regions have whitish

underparts (see figure 1). The sharing of phenotypes by

North American and Baikal birds suggests stabilizing

selection or an insufficient time for divergence. Second,

mtDNA analyses (Zink et al. 2006, unpublished data) of

the bank swallow (R. riparia) reveal a unique clade in the

Baikal region. Thus, the pattern in the barn swallow is not

unique, but nonetheless reveals an intriguing biogeo-

graphic history.

(b) Population history

The spread of human settlements has increased the range

and population size of barn swallows (Moller 1994;

Brown & Brown 1999). In agreement with this obser-

vation, both the European and Asian clades have

mismatch distributions (figure 3) and associated tests

(table 1) consistent with population growth beginning

approximately at roughly the same time (mean number of
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base-pair differences of 2.3 and 1.8, respectively). The

history of the nearctic population is less clear. The

mismatch distribution is bimodal, with a mean number

of differences of 3.5, suggesting an older and more stable

history. The bootstrap test of the bimodal mismatch

distribution was consistent with population growth,

whereas Tajima’s D, Fu’s Fs and the R2 tests indicated

that the North American sample has not undergone major

growth (table 1). Ramos-Onsins & Rozas (2002)

suggested that the R2 test was a better test of population

growth, at least under some circumstances. Thus, it

appears that despite the documented history of population

growth and expansion (Brown & Brown 1999), the

nearctic population was historically larger and more stable

than those in the palearctic, or that population expansion

was not as great. However, the two clades of North

American haplotypes (individuals 21, 63, 72, 74, 79, 82

and the rest excluding individual 60; see figure 2), which

are not geographically structured (figure 2), are consistent

with two histories: a single population that shows the

expected deep coalescence structure (Hudson 1990), or

prior geographical isolation followed by subsequent

intermixing (see also Zink et al. 2005). If the two clades

were part of the same large population, each should have

the same genetic signature. We found that each clade has

similar nucleotide and haplotype diversity (table 1).

Although our samples of each clade are small, R2 values

for each clade are not significant ( pR0.10), suggesting

population stability, and both mismatch distributions (not

shown) exhibit too few zero and too many one base-pair

values. Combination of the two clades creates an overall

bimodal mismatch (figure 3). Thus, the data are

consistent with a single large population of barn swallows

in the nearctic, which has not undergone dramatic growth.

Potentially, the growth of barn swallow populations has

been too recent to be detectable in our data. Alternatively,
Proc. R. Soc. B (2006)
perhaps range expansion has not been accompanied by

dramatic increases in population size. Additional study of

nearctic populations is warranted.

The history of the recently established Baikal popu-

lation is more clear. Like the two clades of North

American haplotypes, the mismatch distribution has a

dearth of zero values and an excess of one base-pair

differences (figure 3), which differs from the sudden

expansion model according to the bootstrap and R2 tests.

The striking similarity of mismatch distributions in the

two North American and Baikal clades is suggestive of

common population histories and ancestry. Although

populations with unimodal mismatch distributions are

typically considered to be expanding, our analyses suggest

otherwise. Thus, it appears that the Baikal population has

remained relatively small post-colonization, as suggested

by the lack of historical sightings. Relatively low levels of

haplotype and nucleotide diversity, and theta in this

population (table 1) are consistent with this view. Lastly,

M–K tests do not implicate natural selection because the

only fixed difference between North American and Baikal

is a synonymous substitution. Therefore, the incipient

divergence of the Baikal haplotypes from the North

American clade appears to have been driven by genetic

drift and not natural selection.

(c) Mitochondrial and nuclear gene trees

MtDNA gene trees represent one of many possible gene

trees. Unfortunately with small mtDNA distances among

clades (especially relative to differences within clades), the

likelihood of differences at nuclear genes is remote, given

the larger effective population size and concomitantly

slower coalescence time for nuclear loci (Palumbi et al.

2001). That is, the lack of nuclear gene differences is

expected given the shallow divisions in the mtDNA tree.

Nonetheless, it is valuable to note that our MUSK

sequences did not reveal a pattern that differed signifi-

cantly from the mtDNA gene tree.
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