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Abstract

The relative importance of the Pleistocene glacial cycles in driving avian speciation
remains controversial, partly because species limits in many groups remain poorly under-
stood, and because current taxonomic designations are often based on phenotypic charac-
teristics of uncertain phylogenetic significance. We use mtDNA sequence data to examine
patterns of genetic variation, sequence divergence and phylogenetic relationships between
phenotypically distinct groups of the yellow-rumped warbler complex. Currently classi-
fied as a single species, the complex is composed of two North American migratory forms
(myrtle warbler 

 

Dendroica coronata coronata

 

 and Audubon’s warbler 

 

Dendroica coronata
auduboni

 

), and two largely sedentary forms: 

 

Dendroica coronata nigrifrons

 

 of Mexico, and

 

Dendroica coronata goldmani

 

 of Guatemala. The latter are typically considered to be races
of the Audubon’s warbler based on plumage characteristics. However, mtDNA sequence
data reveal that sedentary Mesoamerican forms are reciprocally monophyletic to each other
and to migratory forms, from which they show a long history of isolation. In contrast,
migratory myrtle and Audubon’s warblers form a single cluster due to high levels of shared
ancestral polymorphism as evidenced by widespread sharing of mtDNA haplotypes
despite marked phenotypic differentiation. Sedentary and migratory forms diverged in the
early Pleistocene, whereas phenotypic differentiation between the two migratory forms
has occurred in the Holocene and is likely the result of geographical isolation and sub-
sequent range expansion since the last glaciation. Our results underscore the importance of
Quaternary climatic events in driving songbird speciation and indicate that plumage traits
can evolve remarkably fast, thus rendering them potentially misleading for inferring
systematic relationships.
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Introduction

 

Climatic cycles during the Pleistocene had a dramatic
impact on the distribution and phylogeographical pattern
of species (Avise 2000; Hewitt 2000), yet the relative role
of climatic change during this epoch in driving bird
speciation remains controversial (Lovette 2004). Using
molecular markers to time the splits between sister species
has led some to propose that most speciation events predate

the Pleistocene (Klicka & Zink 1997; Zink 

 

et al

 

. 2004), while
other studies have concluded that the late Pleistocene was
indeed an important time for speciation (Avise & Walker
1998; Johnson & Cicero 2004; Weir & Schluter 2004). This
ongoing debate underscores the need for detailed phylo-
geographical studies that document patterns of lineage
splitting and establish species limits in poorly studied
groups. Furthermore, the revision of species limits using
molecular data is important as recent studies show that
phylogenetic inference based on certain phenotypic traits
can lead to erroneous conclusions regarding phylogenetic
relationships and evolutionary history (Crochet 

 

et al

 

. 2000;
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Omland & Lanyon 2000; Weckstein 2005; Moore 

 

et al

 

. 2006).
For example, recent molecular phylogenetic studies have
revealed striking patterns of homoplasy in plumage traits
caused by sexual selection (Prum 1997; Omland & Lanyon
2000) or natural selection (Crochet 

 

et al

 

. 2000; Warren 

 

et al

 

.
2005; Moore 

 

et al

 

. 2006), leading to substantial systematic
revisions and a better understanding of evolutionary pro-
cess in general and phenotypic trait evolution in particular.

Here, we use mitochondrial DNA (mtDNA) variation to
investigate the evolutionary history of the yellow-rumped
warbler 

 

Dendroica coronata

 

 complex of North and Central
America. Given its broad latitudinal range from Alaska to
Guatemala, and marked phenotypic differentiation among
subspecific groups, the complex provides a good model
to test the role of Pleistocene climate cycles in driving dif-
ferentiation and to study the evolution of plumage traits.
The current taxonomic classification of the yellow-rumped
warbler complex consists of a 

 

‘

 

myrtle warbler 

 

Dendroica
coronata coronata

 

 group’ of eastern and northern North
America, and an ‘Audubon’s warbler group’, composed of
three subspecies: 

 

Dendroica coronata auduboni

 

 of western
North America, 

 

Dendroica coronata nigrifrons

 

 of the Sierra
Madre Occidental in Mexico, and 

 

Dendroica coronata goldm-
ani

 

 of the Guatemalan highlands (Hubbard 1970; Hunt &
Flaspohler 1998) (Table 1, Fig. 1). The two North American
forms are short- to long-distance migrants, whereas 

 

D. c.
nigrifrons

 

 and 

 

D. c. goldmani

 

 are largely sedentary. Despite
marked phenotypic differentiation between the main four
groups (hereafter referred to as 

 

coronata

 

, 

 

auduboni

 

, 

 

nigrifrons

 

and 

 

goldmani

 

), the presence of a narrow hybrid zone between

 

coronata

 

 and 

 

auduboni

 

 in British Columbia and Alberta
(Hubbard 1969) (Fig. 1), resulted in the grouping of all forms
into a single species (A.O.U. 1973). Previously, 

 

D. coronata

 

and 

 

D. auduboni

 

 were considered separate species, with

 

nigrifrons

 

 and 

 

goldmani

 

 regarded as subspecies of 

 

D. auduboni

 

,
although 

 

goldmani

 

 has been considered a separate species
by some authors based on plumage characteristics (Davis
1972; Navarro-Sigüenza & Peterson 2004).

To date, the systematics of the group have been based on
plumage characteristics only (Hunt & Flaspohler 1998).
Here we investigate the evolutionary history of the four
yellow-rumped warbler groups using mtDNA markers,
and examine patterns of current and historical gene flow, the
geographical distribution of lineages, the phylogenetic
relationships among groups, and the demographic history
of populations. In addition, we generate estimates of diver-
gence time between taxa to infer the role of climatic patterns
in driving lineage differentiation in the complex. We also
use the phylogenetic relationships and divergence time
estimates generated from molecular data to infer the
evolutionary history of plumage patterns in the complex.
Specifically, we test the validity of the current split into
myrtle and Audubon’s warbler ‘groups’. If this hypothesis
is correct, both groups should form reciprocally mono-
phyletic groups. The alternative ‘paraphyly’ hypothesis
(migratory 

 

coronata

 

 and 

 

auduboni

 

 are more closely related
to each other than either is to the Mesoamerican groups),
would mean that the markedly distinct plumage traits of

 

coronata

 

 are autapomorphic and have evolved unusually fast.
Finally, we compare patterns of variation in three different
mtDNA regions to investigate the usefulness of each to infer
evolutionary history and demarcation of species limits in this
system. Specifically, we compare variation in the cytochrome

 

c

 

 oxidase 

 

I

 

 gene (COI), the standard marker proposed for
‘barcoding’ studies (Hebert 2004) to that of two other mtDNA
markers, ATPase 6 & 8 genes, and the control region.

 

Materials and methods

 

Field sampling

 

Populations of all four yellow-rumped warbler groups
were sampled in the field using mist nets and playback of
song recordings to attract individuals to the nets when
necessary. Sampling localities and sample sizes for each
group were as follows: 

 

Dendroica coronata coronata

 

: Juneau

Table 1 Main morphological characteristics of yellow-rumped warbler groups (males only)

Group
Throat 
colour Auriculars

White 
postocular 
stripe

White 
supraloral 
spot

Posterior 
white patch 
on crown

Breast 
and flanks Upperparts

Outer 
rectrices with 
white spots

Mass 
(mean ± SD)*

coronata White Gray Yes Yes No Streaked Gray 3 11.57 ± 0.597
auduboni Yellow Gray No No No Streaked Gray 5 12.15 ± 0.671
nigrifrons Yellow Black No No No Blackish Blackish 5 13.56 ± 0.850
goldmani Yellow with 

white posterior 
patches

Black No No Yes Black Black 5 13.57 ± 0.666

* based on field measurements taken with an electronic scale on the following number of males per group: coronata (n = 24), auduboni 
(n = 28), nigrifrons (n = 24), goldmani (n = 33).
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(58.4166

 

°

 

N, 134.55

 

°

 

W) 

 

n

 

 = 8, Alaska; Rangeley (44.98

 

°

 

N,
70.66

 

°

 

W) 

 

n

 

 = 16, and New Brunswick (43.8888

 

°

 

N, 69.9204

 

°

 

W)

 

n

 

 = 8, Maine, USA; 

 

Dendroica coronata auduboni

 

, El Portal
(37.7555

 

°

 

N, 119.7528

 

°

 

W) 

 

n

 

 = 10, California; Agness
(42.6083

 

°

 

N, 123.8528

 

°

 

W) 

 

n

 

 = 9, Elgin (45.8139

 

°

 

N,
117.8611

 

°

 

W) 

 

n

 

 = 11, and Paisley (42.5917

 

°

 

N, 120.8139

 

°

 

W)

 

n

 

 = 10, Oregon; and Naches (46.75

 

°

 

N, 120.9

 

°

 

W) 

 

n

 

 = 20,
Washington, USA; 

 

Dendroica coronata nigrifrons

 

, San Diego
Tenaenz (24.9466

 

°

 

N, 105.9203

 

°

 

W) 

 

n

 

 = 15, Durango, and El
Vergel (26.4671

 

°

 

N, 106.3881

 

°

 

W) 

 

n

 

 = 17, Chihuahua, Mexico;
and 

 

Dendroica coronata goldmani

 

, Culchemal (15.5333

 

°

 

N,
91.4883

 

°

 

W) 

 

n

 

 = 12, and Chichim (15.5365

 

°

 

N, 91.5536

 

°

 

W)

 

n

 

 = 14, Huehuetenango, and Ixchiguan (15.1493

 

°

 

N,
91.9124

 

°

 

W) 

 

n

 

 = 4, San Marcos, Guatemala. Captured
individuals were aged, sexed, weighed and marked with a
uniquely numbered aluminium band. For genetic analysis
we collected a blood sample (by venipuncture of the sub-
brachial vein), and the two outermost tail feathers. Blood
was stored in lysis buffer (Seutin 1991) and kept at ambient
temperature until storage at 

 

−

 

80 

 

°

 

C in the laboratory.
Feathers were placed in clean, dry paper envelopes and
stored at 

 

−

 

20 

 

°

 

C.

 

Laboratory methods

 

We extracted genomic DNA using a QIAGEN extraction
kit and followed the manufacturer’s protocol. We used the
polymerase chain reaction (PCR) to amplify the following
three regions of the mtDNA genome: 300 base pairs (bp)
of the hypervariable region I of the control region using
primers H417 (H2607, 5

 

′

 

-AGTAGCTCGGTTCTCGTGAG-3

 

′

 

)
and LGL2 (L2263, 5

 

′

 

-GGCCACATCAGACAGTCCAT-3

 

′

 

)
(Tarr 1995); 655 bp of the cytochrome 

 

c

 

 oxidase I (COI)
gene using primers ‘BirdF1’ (5

 

′

 

-TTCTCCAACCACAA
AGACATT-3

 

′

 

) and ‘BirdR1’ (5

 

′

 

-ACGTGGGAGATAAT-
TCCAAATCCTG-3

 

′

 

) (Hebert 2004); and a 648-bp fragment
that spanned 358 bp of the ATP-synthase 6 gene and the
entire ATP-synthase 8 gene (hereafter referred to as ATPase),
using primers L8929 (5

 

′

 

-GGACAATGCTCAGAAATCT-
GCGG-3

 

′

 

) and H9855 (5

 

′

 

-ACGTAGGCTTGGATTATK-
GCTACWGC-3

 

′

 

) (Sorenson 

 

et al

 

. 1999). PCR cycles were
the following: 3-min denaturation at 94 

 

°

 

C followed by 36
cycles of 94 

 

°

 

C for 30 s, 54 

 

°

 

C (48 

 

°

 

C for the control region
fragment) for 45 s, and 72 

 

°C for 45 s, with a final extension
of 5 min at 72 °C. Products were purified with an Ultra-Clean

Fig. 1 Sampling localities (black dots),
breeding and wintering ranges, and basic
plumage characteristics of males of the
four main yellow-rumped warbler groups:
Dendroica coronata coronata (‘myrtle warbler’);
Dendroica coronata auduboni (‘Audubon’s
warbler’); Dendroica coronata nigrifrons (‘black-
fronted warbler’); and Dendroica coronata
goldmani (‘Goldman’s warbler’). Stippled
areas on bird schematics represent yellow
plumage. For a more detailed description of
phenotypic characteristics of the complex,
see Table 1 and Hunt & Flaspohler (1998).
Hatched area corresponds to wintering
range of D. c. auduboni, and area of empty
circles represents wintering range of D. c.
coronata. Thick-hatched area in the northwest
corresponds approximately to the hybrid
zone between coronata and auduboni.
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(Mo Bio Laboratories) PCR purification kit and run in a
dydeoxy-terminator cycle-sequencing reaction using a
CEQ cycle sequencing kit by Beckman-Coulter. Products
of this reaction were purified with an ethanol precipitation
and sequenced in a Beckman-Coulter CEQ 2000 automated
sequencer. Sequences were automatically aligned using
sequencher 4.1. (GeneCodes) and variable sites were
checked visually for accuracy. Coding gene sequences
(COI and ATPase) were unambiguously translated into
their amino acid sequence. Some of the control region
sequences obtained from blood samples [which generally
have a high nuclear-to-mitochondrial DNA ratio (Sorenson
& Quinn 1998)] produced double peaks on the sequence
chromatographs, suggesting the amplification of double
product and the possibility of nuclear copies of the control
region. A single product was produced in most cases when
genomic DNA was re-extracted from the epithelial cells
found in feather samples, which are richer in mitochondria.
Eleven CR and seven ATPase sequences in which double
peaks persisted were excluded from the analyses. All
sequences used in this study have been deposited in
GenBank under accession nos DQ855136–DQ855241.

Phylogenetic analysis

We combined the three mtDNA segment data sets (COI
and ATPase 6 and 8 genes and control region) for a total of
1602 bp. Each of the three data sets was analysed with
mrmodeltest (Nylander 2004) to determine the model of
sequence evolution that best fit the data. Bayesian analysis
of the sequence data was then conducted using mrbayes
version 3.1.2 (http://mrbayes.csit.fsu.edu/) (Huelsenbeck
et al. 2001) using the model of sequence evolution obtained
from mrmodeltest for each of the mtDNA regions. Two
Markov chains were run simultaneously for 1 million
generations and sampled every 100 generations. Trees
generated prior to stationarity were excluded, and a
consensus topology was obtained from the last 195 000
trees in the chain. We also constructed phylogenies of
mtDNA haplotypes with the neighbour-joining (NJ)
algorithm in paup* (Swofford 1999) using uncorrected
distances. Node support in the NJ tree was tested with a
bootstrap analysis (Felsenstein 1985) using 10 000 replicates.
In both Bayesian and NJ analyses we rooted trees with
Dendroica palmarum as the outgroup due to its phylogenetic
proximity to D. coronata (Lovette & Bermingham 1999).

Traditional bifurcating trees may not adequately repre-
sent intraspecific phylogenies, where ancestral and derived
haplotypes can co-exist in a given sample (Posada &
Crandall 2001). In order to maximize inference power from
haplotype relationships and frequencies, we constructed
minimum-spanning networks of absolute distances between
haplotypes for each mtDNA segment using the molecular
variance parsimony algorithm (Excoffier & Smouse 1994)

as implemented in arlequin 2.0 (Schneider et al. 2000). In
these networks, haplotypes are represented as circles at
the nodes of a tree instead of at the tips, with the size of the
circle being proportional to the frequency of the haplotype
in the population.

Genetic differentiation and population structure

We used the number of nucleotide changes between haplo-
types to calculate corrected genetic distances between groups
by taking into account intragroup polymorphism (Nei
1987), so that Dxy = dixy – 0.5(dix + diy), where x and y are
the groups being compared and di is uncorrected average
genetic distance (Wilson et al. 1985).

Population structure was deduced with an analysis of
molecular variance (amova) using arlequin 2.0. amova
uses the frequencies of haplotypes and the number of
mutations among them to test the significance of the
variance components associated with various hierarchical
levels of genetic structure (within populations, among
populations within groups, and among groups) by means
of nonparametric permutation methods (Excoffier et al.
1992). In order to identify groups of populations based on
genetic differences, we grouped sampling localities in a way
that maximized the among-group variance component
(Φct). Differentiation between groups was tested with an
exact test of population differentiation (Raymond & Rousset
1995) using 10 000 Markov chain steps in arlequin 2.0.

Demographic history

To test for past sudden changes in effective population size
we used Fu’s test of neutrality (Fu 1997), which detects
departures from neutrality in scenarios characterized by
an excess of rare alleles and young mutations in nonre-
combining sequences. We used arlequin 2.0 to generate
values of Fs for each of the four yellow-rumped warbler
groups and for each mtDNA segment (COI and ATPase
and control region). Significant large negative values of Fs
indicate an excess of recent mutations and reject population
stasis (Fu 1997). In addition, we compared distributions of
pairwise nucleotide differences among mtDNA haplotypes
(mismatch distributions) with expectations of a sudden-
expansion model (Rogers 1995). Populations that have
undergone a sudden demographic expansion are expected
to show a Poisson-shaped mismatch distribution, whereas
populations that have been in equilibrium for a relatively
long period of time are expected to show a bimodal or
‘ragged’ distribution (Slatkin & Hudson 1991). We generated
mismatch distributions for the different groups using
arlequin 2.0. The model also generates an estimate of the
time (t) elapsed between the effective population size
before the expansion (N0), and the present population size
(N1) (Rogers & Harpending 1992).
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Estimation of divergence times

We calculated divergence times among groups with
a nonequilibrium coalescence model that uses the vari-
ance in pairwise differences between DNA sequences to
generate estimates of divergence time independent
of gene-migration rates between pairs of populations
(Nielsen & Wakeley 2001). We used Markov chain Monte
Carlo simulations as implemented in the program mdiv
(Nielsen & Wakeley 2001) to generate maximum likelihood
estimates of θ, twice the effective female population size
(Nfe) times the mutation rate (µ); T, the divergence time
between two populations scaled by population size; and
M, the gene migration rate between the two populations,
also scaled by population size. We assumed uniform prior
distributions and set maximum values for T and M of 10
and 30, respectively. To allow for the possibility of multiple
mutations at the same nucleotide site, we used the
Hasegawa–Kishino–Yano (HKY) model (Hasegawa et al.
1985) instead of an infinite sites model, which did not
apply to our data. We used Markov chains of 4 000 000
cycles preceded by a ‘burn-in’ period of 500 000 cycles
for each pairwise population comparison, and run the
analysis three times for each population comparison using
different random seeds. We run mdiv on a data set that
combined the two coding regions (COI and ATPase) for a
total of 1302 bp, and used a standard mutation rate of 0.02
substitutions/site/million years ago (Ma).

In addition, we estimated divergence times by applying
a molecular clock to genetic distances corrected for intra-
group polymorphism. Previous work on mtDNA variation
in small landbirds has shown that the 2% divergence-
per-Ma rule is reasonably consistent for coding regions of
the mtDNA across species (Baker & Marshall 1997; Lovette
2004). However, in order to account for possible depar-
tures from this rate (García-Moreno 2004), we calculated
divergence times using three rates for coding region data
(0.01, 0.02 and 0.04 substitutions/site/Ma). Mutation rates
for the control region are more variable than those of coding
genes, and published rates span an order of magnitude,

from 20% in penguins (Lambert et al. 2002) and 15% in
dunlin (Wenink et al. 1994) to about 2% in sparrows (Zink
& Weckstein 2003). We therefore used a range of mutation
rates (0.02, 0.04, 0.1 and 0.15 subst./site/Ma) to estimate
divergence times from control region data. Finally, we
assessed levels of gene flow between populations from
the degree of divergence estimated by FST, given that FST ≈
1/1 + 2Nfem, where Nfem denotes the effective number of
females exchanged between populations per generation in
an island model (Wright 1969).

Because most passerine bird species reach sexual maturity
at 1 year of age, most previous population genetic studies
of passerines have used a generation time (T) of 1 year.
However, theoretical work has shown that the generation
time of a population, defined as the average age of mothers
of newborn individuals in a population with a stable age
distribution is T = α + s/(λ – s), where α is the age in years
at first breeding, λ is the annual geometric growth rate of
the population, and s is the annual probability of survival
(Lande et al. 2002). Assuming the population is in demo-
graphic equilibrium (λ = 1) and using an estimated value
of s of 0.445 (Stewart 1988), we used a generation time T of
1.8 years.

Results

Phylogenetic relationships

Sequencing of 126 individuals for COI, 93 for ATPase and
109 for the control region (CR) produced 32, 18 and 56
unique haplotypes, respectively (Table 2). For the phylo-
genetic analysis, we concatenated the sequence from
all three markers into a single data set of 1602 bp. Only
individuals for which sequence from all three segments
was available were used, thus the final number of haplotypes
in the concatenated data set was 41 (Fig. 2). The concatenated
haplotypes produced 130 variable sites, of which 80 were
parsimony informative. Models of sequence evolution for
the three mtDNA segments obtained from mrmodeltest
were HKY + I + G for COI and CR, and GTR + G for ATPase.

Table 2 mtDNA haplotypes per sequenced region found at each sampling site. Numbers in parentheses indicate frequency when greater
than one. See text for exact localities

Population COI (n = 126) ATPase (n = 93) CR (n = 109)

coronata Alaska J, P2, W3 H(3), N, O, P, Q, R M, N, O, P, Q(4)
Maine J(17), K, L(2), M H(7), J, L, M O2, O3(3), Q(4), T, V4(3), Z1, Z2, Z4, Z5, Z6, Z7

auduboni Washington J(8), J2, O, T(4), V, W, W2, X, Y, Z H(4), I(4) T2, T3, V3, V4, Z
Oregon J(9), J4, O, P, Q, R(4), S, T(4), T2(2),

U, X
H(8), I(5), K O3, R(2), R1, R2, S, S1, T1, T6(2), T7, U, U1, V3, 

V5, V6(3), W, W2, Y(2), Z8, Z9
California J(2), J3, M2, T(3), X H(5), I(3) Q(2), T, V1, V2, V3(3), W1, X

nigrifrons Mexico A(3), C(7), E, F, G(2), H(2), I(4) E(10), F(5), G C, D(3), E, E1, F, G, H, H1, I, J(4), K, L
goldmani Guatemala A(23), B(4) A(20), B(3), C, D(5) A(25), B(2)
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Bayesian analysis and the neighbour-joining algorithm
produced identical phylogenies with respect to nodes that
obtained > 95% branch support in the Bayesian analysis
(Fig. 2). Phylogenetic analysis revealed that nigrifrons and
goldmani form well-differentiated, reciprocally monophyletic
sister groups, whereas coronata and auduboni cluster together
into an unresolved sister clade (Fig. 2). Minimum-spanning
networks constructed for each of the three mtDNA
markers examined show a consistent pattern of haplotype
sharing between coronata and auduboni groups (Fig. 3). In
these groups, the pattern for COI and ATPase data is
characterized by the presence of a single haplotype of high
frequency (J and H, respectively), accompanied by several
other closely related haplotypes of lower frequency. The
control region was considerably more variable than the
coding regions, and although this pattern is also apparent
(see haplotype Q in Fig. 3c), there was a much larger
number of low-frequency haplotypes, probably due to the
relatively higher mutation rate of this marker. The ATPase
and control region data sets were able to resolve the
separation of nigrifrons and goldmani groups (Fig. 3b, c). In
contrast, the COI data set revealed sharing of haplotype A

between individuals of Mexico and Guatemala (Fig. 3a).
Given the central position of haplotype A in the network
and its relative high frequency, this pattern in COI appears
to represent shared ancestral polymorphism due to the
relatively slower mutation rate of this gene compared to
that of ATPase and CR.

Genetic structure

Significant FST values were found between all population
pairs, including the coronata and auduboni groups (COI:
FST = 0.068, P = 0.003; ATPase: FST = 0.133, P = 0.002; CR:
FST = 0.118, P < 0.001). Exact tests of population different-
iation based on haplotype frequencies (Raymond & Rousset
1995) were also significant for all population pairs, including
the coronata/auduboni pair (COI: P = 0.029; ATPase: P <
0.001; CR: P = 0.012). The grouping of yellow-rumped
warbler individuals into the three main clades revealed by
the phylogenetic analysis (Fig. 2) explained close to 92% of
the genetic variance among groups and yielded the highest
values of Φct in an amova (Table 3). Grouping individuals
into four groups according to phenotype (coronata, auduboni,

 

 

 

 

 

 

 

Fig. 2 Bayesian analysis of 1602 bp of
mtDNA sequence (combined COI, ATPase
and CR data sets), showing phylogenetic
relationships between yellow-rumped
warbler morphotypes. Consensus topology
of 195 002 trees obtained after one million
generations based on the HKY + I + G
model for COI and CR, and GTR + G for
ATPase. Figures along branches represent
node support from Bayesian analysis (above)
and neighbour joining (below). Asterisks
correspond to nodes that obtained support
values between 50% and 94% in both ana-
lyses. Haplotype designations (concatenated
from COI, ATPase and CR haplotypes on
Table 1) are shown at branch tips, followed
by the geographical location of the haplo-
type (CA, California; OR, Oregon; AK,
Alaska; ME, Maine; DGO, Durango,
Mexico; CHI, Chihuahua, Mexico; GUA,
Guatemala). Stippled areas on bird
schematics represent yellow plumage.
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nigrifrons and goldmani) decreased Φct to a nonsignificant
value below 90%, emphasizing the genetic similarity
between the two migratory groups despite their marked
phenotypic divergence.

Genetic distance and divergence times

Average percent divergence (corrected for intrapopulation
polymorphism) between North American forms (coronata +
auduboni) and Mesoamerican forms (goldmani + nigrifrons)
was 3.07% for COI, 3.48% for ATPase, and 4.86% for control
region data (uncorrected distance values were 3.33%,
3.84%, and 6.38%, respectively). Distances between coronata
and auduboni and between nigrifrons and goldmani, were
markedly smaller (see Table 4).

The standard clock calibration of 2% per Ma for coding
data yields an estimated time to the common ancestor
between migratory and sedentary forms of about 1.7 Ma
(for COI) to 1.9 Ma (for ATPase), corresponding approxi-
mately to the early Pleistocene. Using the control region
data, and given that in this species variation in this marker
is about twice that found in coding regions, divergence
time between migratory and sedentary forms would be 1.2
Ma using a clock calibration of 4% per Ma, and 0.49 Ma
using a faster calibration of 10% per Ma. Estimated diver-

gence times between coronata and auduboni groups using
the coding region calibration yields about 10 000 years bp
with the COI data set (0.13% divergence), and 12 000 years
bp with the ATPase data set (0.15% divergence). The control
region data yields times between 41 000 and 16 400 years
bp using the same calibrations as above. These results are
generally consistent with a Holocene separation of coronata
and auduboni following the last glacial maximum about
18 000 years bp.

Maximum-likelihood values of θ and T estimated from
the nonequilibrium coalescence model for the coronata/
auduboni group comparison using mdiv were 5.60 and
0.30, respectively (Table 6). These values correspond to a
divergence time of about 16 129 years bp using a mutation
rate of 0.02 subst/site/Ma. The divergence time esti-
mate between nigrifrons and goldmani (θ = 3.39, T = 1.93)
was about 62 814 years, and between North American
and Mesoamerican groups (θ = 8.72, T = 4.82) was about
403 517 years.

Genetic diversity and demographic history

Populations of North American groups coronata and auduboni
showed evidence of a recent population expansion. The
pattern of genetic diversity in both migratory groups is

Fig. 3 Minimum-spanning networks of absolute distances between mitochondrial DNA haplotypes of (a) COI gene (b) ATPase 8 gene, and
(c) control region. Each circle represents a haplotype, with size proportional to the haplotype’s frequency in the population. Colors represent
the four main yellow-rumped warbler morphotypes: coronata group (light grey), auduboni group (medium grey), nigrifrons group (dark
grey) and goldmani group (black). Unhatched network branches represent a single nucleotide substitution, and hatch marks along branches
represent additional substitutions. Broken lines represent alternative pathways of equal likelihood (additional alternative pathways for the
CR network, not shown for clarity, are as follows: G-D, J-D, F-E, H-E, O-T2, Z4-O2, M-O, Z7-Z6, V4-Q, W1-W2, S-T5, R1-Y, Y-R, Z-Z3).
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characterized by the presence of one or two high-frequency
haplotypes accompanied by several other closely related
haplotypes in lower frequencies, a pattern that is particularly
apparent in the COI and ATPase data sets (Fig. 3a, b).
Further evidence for a population expansion in the north is
provided by the results of Fu’s neutrality test, which show
large negative and significant values in both coronata and
auduboni groups (Table 5). Finally, the mismatch distributions
for the coronata and auduboni groups show a good fit to the
expansion model curve and appear as a Poisson-shaped
wave, especially in the control region data set (Fig. 4), as

expected for a population that has undergone a sudden
expansion in effective population size (Slatkin & Hudson
1991; Rogers & Harpending 1992). The estimated time to
the expansion based on parameter τ ranged between 48 310
and 12 077 years bp for coding region data, and between
176 916 and 35 383 years bp for control region data.

In contrast to migratory groups, the pattern of the Mexican
nigrifrons group suggests a history of long-term population
stasis and a lack of a clear expansion. Levels of genetic
diversity, especially nucleotide diversity, are relatively
high across markers (Table 5) and values of Fs are generally

Table 3 Analysis of molecular variance (amova) of the main seven yellow-rumped warbler populations (Maine, Alaska, Washington,
Oregon, California, Mexico and Guatemala). Significance values associated with the variance components were obtained from 1000 random
permutations of the DNA sequences using arlequin 2.0

Grouping tested Marker d.f. SS Variance component % of variance

(coronata) (auduboni) COI
(nigrifrons) (goldmani) Among groups (φct) 3 602.72 6.732 89.74

Among populations (φsc) 3 3.27 0.027 0.37***
Within populations (φst) 119 88.34 0.742 9.90***

ATPase
Among groups (φct) 3 591.11 8.665 95.37*
Among populations (φsc) 3 1.39 0.005 0.06***
Within populations (φst) 86 35.77 0.416 4.58***

Control region
Among groups (φct) 3 473.60 5.802 79.39*
Among populations (φsc) 3 8.68 0.143 1.96***
Within populations (φst) 102 139.02 1.363 18.65***

(coronata) (auduboni) COI
(nigrifrons + goldmani) Among groups (φct) 2 595.72 7.330 89.48*

Among populations (φsc) 4 10.27 0.119 1.46***
Within populations (φst) 119 88.34 0.742 9.06***

ATPase
Among groups (φct) 2 527.77 8.467 83.19*
Among populations (φsc) 4 64.74 1.295 12.72***
Within populations (φst) 86 35.78 0.416 4.09***

Control region
Among groups (φct) 2 394.05 4.698 61.62
Among populations (φsc) 4 88.23 1.563 20.50***
Within populations (φst) 102 139.02 1.363 17.88***

(coronata + auduboni) COI
(nigrifrons) (goldmani) Among groups (φct) 2 600.06 8.832 91.76*

Among populations (φsc) 4 5.94 0.051 0.53***
Within populations (φst) 119 88.34 0.742 7.71***

ATPase
Among groups (φct) 2 588.69 10.379 95.64*
Among populations (φsc) 4 3.81 0.057 0.52***
Within populations (φst) 86 35.77 0.416 3.83***

Control region
Among groups (φct) 2 464.31 7.403 82.02*
Among populations (φsc) 4 17.97 0.259 2.87***
Within populations (φst) 102 139.02 1.363 15.10***

*, P < 0.05; ***, P < 0.001.



S P E C I A T I O N  I N  Y E L L O W - R U M P E D  W A R B L E R S 167

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

nonsignificant (Table 5). Furthermore, the mistmatch dis-
tribution is more ragged (less smooth) than that of the
coronata/auduboni group and shows a worse fit to the
expansion model frequencies (Fig. 4). The Guatemalan
goldmani group appears to have undergone either long-
term small population size or a severe and recent genetic
bottleneck, as evidenced by extremely low levels of genetic
diversity across markers (Table 5, Fig. 3).

Discussion

Speciation in the yellow-rumped warbler complex

Lineage divergence between sedentary forms (nigrifrons
and goldmani) and migratory forms (coronata and auduboni)
of the yellow-rumped warbler using a standard molecular
clock appears to have occurred in the early Pleistocene,
a pattern that is broadly consistent with the radiation of
several other Dendroica taxa as previously inferred from a
genus-wide phylogenetic study (Lovette & Bermingham
1999). In turn, sedentary forms nigrifrons and goldmani
have attained reciprocal monophyly in mtDNA markers
(except in the COI gene), and the genetic distance between
the two forms suggests they split from a common ancestor
within the last million years, or the middle Pleistocene.
Reproductive isolation between goldmani and other groups
cannot be ascertained in the wild because its distribution
does not overlap with that of other groups. Reproductive
isolation between nigrifrons and auduboni, however, seems
likely. Large numbers of auduboni individuals visit the high-
lands of western Mexico during the nonbreeding season,
where they live sympatrically with nigrifrons individuals
(both groups can be captured in the same mist nets), and

Table 4 Corrected and uncorrected genetic distances among
and within yellow-rumped warbler groups. For each mtDNA
segment, above diagonal: corrected average percent pairwise
distances; below diagonal: uncorrected average percent pairwise
distances, and along diagonal: average percent divergence within
group

coronata auduboni nigrifrons goldmani

COI
coronata 0.097 0.019 3.048 3.112
auduboni 0.216 0.296 3.053 3.136
nigrifrons 3.332 3.437 0.471 0.081
goldmani 3.188 3.304 0.336 0.040

ATPase
coronata 0.303 0.023 3.657 3.609
auduboni 0.219 0.089 3.802 3.736
nigrifrons 3.854 3.891 0.090 0.944
goldmani 3.803 3.824 1.032 0.086

Control Region
coronata 1.450 0.164 5.998 5.073
auduboni 1.296 0.813 6.284 5.197
nigrifrons 7.404 7.372 1.363 2.501
goldmani 5.821 5.627 3.206 0.047

mtDNA marker n #hap. h π Fs

COI
coronata 25 7 0.8344 ± 0.0394 0.00296 ± 0.00189 −12.955***
auduboni 54 19 0.4867 ± 0.1211 0.00097 ± 0.00087 −4.901***
nigrifrons 20 7 0.8316 ± 0.0568 0.00471 ± 0.00285 0.088
goldmani 27 2 0.2621 ± 0.0972 0.00040 ± 0.00051 0.479

ATPase
coronata 18 9 0.7059 ± 0.1198 0.00302 ± 0.00201 −3.783**
auduboni 30 3 0.5356 ± 0.0480 0.00089 ± 0.00082 0.343
nigrifrons 16 3 0.5417 ± 0.0985 0.00090 ± 0.00085 −0.094
goldmani 29 4 0.5000 ± 0.0985 0.00086 ± 0.00081 −0.994

Control region
coronata 26 15 0.8954 ± 0.0487 0.00813 ± 0.00507 −9.51012***
auduboni 29 23 0.9771 ± 0.0134 0.01449 ± 0.00814 −24.50843***
nigrifrons 17 12 0.9338 ± 0.0456 0.01363 ± 0.00799 −4.69191*
goldmani 27 2 0.1425 ± 0.0862 0.00048 ± 0.00079 −0.34896

*, P < 0.05; **, P < 0.01; ***, P < 0.001.

Table 5 Genetic diversity indices. Sample
size (n), number of haplotypes (#hap.),
haplotype diversity (h), nucleotide diver-
sity (π), and Fu’s Fs per mtDNA segment
and population

Table 6 Maximum likelihood values of parameters θ, M (2Nm),
and T (t/2 N) estimated with a nonequilibrium coalescence model
using mdiv

Groups θ (SD) M (SD) T (SD)

(coronata) (auduboni) 5.60 (0.02) 1.20 (0.13) 0.30 (0.04)
(nigrifrons) (goldmani) 3.39 (0.02) 0.02 (0.02) 1.93 (0.02)
(cor + aud) (nigr + gold) 8.72 (0.12) 0.02 (0.01) 4.82 (0.05)
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they do not vacate these areas until nigrifrons is well into its
breeding activity, including territory establishment and
nest building (late April; B. Milá, personal observation).
Furthermore, the similarity in the breeding habitat of
auduboni and nigrifrons suggests that the two groups likely
lived sympatrically (or in close parapatry) during at least
the last glacial maximum, when temperate coniferous
forests were restricted to the southern US and northwestern
Mexico (Markgraf 1993; Wright et al. 1993), yet no intermixing
appears to have occurred over the last several hundred
thousand years as demonstrated by the complete differen-
tiation of their mitochondrial genomes. However, because
mtDNA is strictly matrilineal, analysis of nuclear markers

will be needed to confirm the patterns of gene flow among
groups suggested by our results.

In contrast to sedentary forms, genetic differentiation
between coronata and auduboni is considerably lower
(Table 4), haplotypes of the two taxa cluster into a single
unresolved clade (Fig. 2), and high-frequency haplotypes
are shared between the two groups. Unexpectedly, our
results indicate that auduboni is more closely related to
coronata than to the other members of the so-called
‘Audubon’s warbler group’ (nigrifrons and goldmani), with
which auduboni shares such prominent plumage characters
as a yellow throat and lack of white on lores and supercilium
(Fig. 1, Table 1). Three different estimates of divergence

Fig. 4 Mismatch distributions from migratory coronata and auduboni, Mexican nigrifrons and Guatemalan goldmani yellow-warbler
populations based on COI (first column), ATPase (second column) and control region (third column) data. Black circles correspond to
observed frequencies of pairwise nucleotide differences, broken lines represent upper and lower bounds for the 95% confidence intervals
around the observed distribution (α = 0.05), and solid lines represent the expected frequencies under a sudden expansion model.
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time between the two forms consistently point to their
separation during the Holocene.

The sharing of haplotypes between coronata and auduboni
forms can be attributed to one of three main processes,
including incomplete lineage sorting due to recent diver-
gence, recent gene flow, or ancient introgression through
hybridization. Haplotypes shared by the two groups are
haplotype J in COI, H in ATPase, and Q in the control
region sample (Table 2, Fig. 3). The relatively high frequency
of these haplotypes and their central position in star-like
minimum-spanning networks indicate that they are ances-
tral to other sampled haplotypes (Templeton et al. 1992).
Because only ancestral haplotypes are shared between the
two populations, and because the hybrid zone where the
two groups meet in western Canada is narrow (∼56 km)
and stationary (Hubbard 1969; Barrowclough 1980), recent
gene flow seems an unlikely explanation. Incomplete
lineage sorting is expected in the early stages of speciation
between recently diverged populations. Coalescence theory
predicts that populations between which gene flow has
been interrupted will eventually reach reciprocal mono-
phyly at neutrally evolving markers (Slatkin & Maddison
1989), and for mtDNA markers that should take place in
about 4Nfe generations, where Nfe is the female effective
population size. However, for expanding populations of
large effective size such as those of coronata and auduboni,
achievement of reciprocal monophyly might take much
longer (Neigel & Avise 1986; Nichols 2001).

Ancient introgression following hybridization (Lehman
et al. 1991; Weckstein et al. 2001) early in cladogenesis is
expected to generate a similar pattern to incomplete line-
age sorting, and thus distinguishing the two processes can
be difficult (Moore 1995; Funk & Omland 2003). Because
mtDNA is inherited as a single unit, hybridization cannot
be detected using mtDNA alone and nuclear loci should be
examined. However, because coalescence times in nuclear
genes may be four times longer than in mtDNA (Nichols
2001), a large number of autosomal loci will be required to
attain the necessary resolving power. A study by Barrow-
clough (1980) revealed that genetic distance between the
two taxa inferred from eight allozyme loci was only 0.006
(SE = 0.0022) and FST values were low and nonsignificant
(global FST = 0.005, P > 0.05), suggesting that genetic diver-
gence in nuclear markers is low and consistent with mtDNA
variation. Moreover, recent genetic divergence accompanied
by fast plumage evolution despite incomplete lineage
sorting has been recently documented in a number of
species (see below), suggesting that fast plumage differen-
tiation in the absence of lineage sorting might not be rare
in nature.

In light of the above evidence, we believe hybridization
to be a less parsimonious explanation than incomplete line-
age sorting, but further assays of nuclear genes are necessary
to confirm this pattern. In either case, given the marked

phenotypic differentiation, significant FST values, and the
absence of current gene flow (except at a narrow hybrid
zone), the coronata and auduboni groups appear to be in the
early stages of speciation and given their largely allopatric
distributions can be considered to be on separate evolu-
tionary trajectories.

Pleistocene climate and evolutionary history

The Pleistocene appears to have been a crucial period for
differentiation in the yellow-rumped warbler complex.
Changes in habitat distribution caused by cyclical glaciations
over the last 2 million years (Wright et al. 1993) are likely to
have played a role in driving the divergence of the different
groups. Specifically, restriction of forest patches during
glacial maxima may have confined populations to small
isolated refugia. On these habitat patches, warbler
populations probably suffered severe reductions in effective
population size, which catalysed allopatric differentiation
and speciation (Mengel 1964; Hubbard 1970; Weir &
Schluter 2004). The pattern of genetic diversity and
haplotype frequencies in the auduboni and coronata groups
is consistent with an expansion from a population of small
effective size, a pattern that seems to support the forest
refuge hypothesis. This pattern of low genetic diversity
and lack of genetic structure has been reported for a
number of other temperate passerines (Ball & Avise 1992;
Zink 1997; Milá et al. 2000; Milot et al. 2000; Veit et al. 2005)
and suggests that genetic bottlenecks during glacial
maxima followed by postglacial expansions may be of
common occurrence. Based on current distributions and
observed patterns of genetic diversity, we hypothesize
that the auduboni group expanded northward along the
western half of the continent, whereas coronata expanded
up the eastern half, then across the boreal zone to reach
Alaska and western Canada, giving rise to a distri-
butional pattern that is typical of many boreal passerines
(Morse 1989; Sibley 2000; Weir & Schluter 2004). The
evolution of this distributional pattern was inferred from
molecular data in Swainson’s thrush (Catharus ustulatus)
and it was shown to be concordant with the advance of
boreal forest since the last glacial maximum (Ruegg &
Smith 2002).

In his influential study on the role of Quaternary glacial
cycles in driving speciation in wood warblers, Mengel (1964)
postulated that glacial remnants of eastern deciduous
forest in southeastern North America hosted the ancestral
forms from which western species evolved following
postglacial expansions northward and westward across
the boreal zone. However, Mengel proposed the yellow-
rumped warbler as one of the few exceptions to his over-
arching speciation model, hypothesizing that given the
myrtle warbler’s affinity for coniferous forest habitats, this
species is ‘a recent (Wisconsin) differentiate resulting from
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eastward re-expansion of (a) pro-Dendroica auduboni’
(Mengel 1964; p. 31). Although our results generally favour
this hypothesis, we believe that differentiation in southern
forest refugia during the last glacial maximum followed by
a northward expansion to their current ranges as explained
above, appear to be a more plausible scenario based on
our data.

Whether sedentary forms are ancestral to migratory forms
or vice versa cannot be established from our molecular
data alone, as the two clades are separated by a single node
(Fig. 2). According to the available genus-wide phylogeny
of Dendroica wood warblers (Lovette & Bermingham 1999),
all potential outgroups for the yellow-rumped warbler tree
are fully migratory species, which means that inference of
ancestry based on character evolution using migratory
behaviour would favour the hypothesis of migratory
ancestry and thus a loss of migration in nigrifrons and gold-
mani. However, the possibility that extant sister species
had sedentary populations that went extinct at some point
in their histories cannot be ruled out (Cox 1985), and thus
migratory behaviour might not be an appropriate trait to
infer the evolution of the group. A more informative set of
traits might be the plumage characteristics within the
ingroup. These suggest that a yellow throat and lack of
white supercilium, shared by auduboni, nigrifrons and gold-
mani, constitute the ancestral state, with the white throat
and supercilium found in coronata representing derived
characters that evolved rapidly in the Holocene. In light of
our genetic results, we believe this assessment to be the
most parsimonious.

Rapid plumage divergence in the coronata group

Our results indicate that the marked plumage differentiation
of the coronata group with respect to other members of the
complex (Fig. 1, Table 1) has evolved in just a few thousand
years. Recent divergence with fast plumage evolution has
been recently documented in Icterus orioles (Baker et al. 2003;
Kondo et al. 2004), redpolls (Seutin et al. 1995), bluethroats
(Questiau et al. 1998; Zink et al. 2003), yellow wagtails
(Ödeen & Björklund 2003), and swamp sparrows (Greenberg
et al. 1998). Sexual selection is typically invoked as the most
likely factor in driving the rapid evolution of plumage
divergence in the above studies, as it is known to be
capable of driving the rapid evolution of striking plumage
characteristics (Prum 1997; Omland & Lanyon 2000), and
its role in speciation has received considerable theoretical
and empirical attention (Lande 1981; Takimoto et al. 2000;
Panhuis et al. 2001; Price 2002). The role of natural selection
cannot be discounted and has been proposed as a factor in
plumage evolution (Crochet et al. 2000; Greenberg et al.
1998; Warren et al. 2005), although it is thought to operate
at slower rates than sexual selection. Given the fact that
the main differences in plumage found in coronata are

restricted to patterning of the head area, a role for natural
selection appears unlikely and we favour the hypothesis
that sexual selection may be involved in the rapid evolution
of these plumage traits.

Relative utility of different mtDNA markers

Patterns of mtDNA variation in our study revealed
significant differences in the degree of phylogenetic
resolution afforded by the three different markers used.
The control region appeared to be the most variable
marker, followed in order by the ATPase 6 and 8 genes and
COI. The most significant difference in terms of phylogenetic
signal was the pattern of incomplete lineage sorting found
in the COI data set with respect to two of the groups
(nigrifrons and goldmani), which the other two markers
grouped into reciprocally monophyletic clades. This is
likely due to the relatively lower mutation rate of this
marker and suggests that the use of COI as a gene for
‘barcoding’ avian species (Hebert 2004) may not detect
reciprocally monophyletic groups in all situations. Despite
the greater variation found in the control region, this
marker was not found to be more informative than the
ATPase genes in terms of phylogenetic signal. However,
due to its higher mutation rate, this marker was the most
effective in detecting a signature of expansion in the
migratory populations as evidence by a Poisson-shaped
mismatch distribution (Fig. 4).

Implications for the systematics of the complex

Our study reveals that Dendroica coronata coronata is more
closely related to Dendroica coronata auduboni than either
one is to Dendroica coronata nigrifrons or Dendroica coronata
goldmani (Fig. 2), which makes the ‘Audubon’s warbler
group’ paraphyletic. Based on plumage traits and the
molecular phylogenetic data presented here, we believe
that the assignation of species rank to D. c. nigrifrons and
D. c. goldmani is likely to be uncontroversial. However,
whether D. c. auduboni and D. c. coronata should be treated
as separate species is less clear given the existence of a
hybrid zone between them (Hubbard 1969) and the pattern
of incomplete lineage sorting shown here. Because the
evolution of reciprocal monophyly is due to the stochastic
process of gene sorting and may or may not be correlated
with the evolution of phenotypic characters, reciprocal
monophyly may not always be a useful criterion for the
establishment of species limits (O’Hara 1994; Doyle 1995;
de Queiroz 1998; Baker et al. 2003). However, the presence
of hybrid zones between putative species poses a special
problem, and factors such as its width, degree of intro-
gression and back-crossing, and projected permanency of
the hybrid zone should be further investigated and taken
into account (Helbig et al. 2002).
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Historical demography of Mesoamerican forms: 
implications for conservation

The exceptionally low levels of genetic diversity found
across all mtDNA markers in the goldmani group suggests
that this relatively small and isolated population in the
western highlands of Guatemala has either suffered a
severe and recent bottleneck or has remained small for a
long period of time. At the high elevations preferred by
goldmani [typically above 2500 m (Howell & Webb (1995);
B. Milá, personal observation], relatively small changes in
the altitudinal distribution of high-elevation pine and
juniper species may have had a dramatic effect on the area
of its suitable habitat, leading to reductions in effective
population size. Present-day anthropogenic disturbance
of natural habitats for agriculture and grazing could
be exerting significant pressure on this geographically
restricted and poorly studied group. Similar concerns
apply to the nigrifrons group in the Sierra Madre Occidental
of Mexico, where its preferred habitat (dry pine and pine-oak
forest primarily above 2000 m) is being rapidly depleted
for timber production. Detailed analysis of the current
geographical distribution of goldmani and nigrifrons, as
well as data on population density and trends, are urgently
needed to ensure the protection of these unique taxa.
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