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GEOGRAPHIC VARIATION IN THE MITOCHONDRIAL CONTROL REGION
OF BLACK-THROATED BLUE WARBLERS (DENDROICA CAERULESCENS)
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ABsTrACT.—We investigated the genetic population structure of the Black-throated Blue Warbler (Dendroica caerulescens), a
Nearctic—Neotropic migrant passerine that breeds in cool mixed deciduous—coniferous forests in eastern North America. A cline in
plumage color in breeding populations in the central Appalachian Mountains suggests either a contact zone between two formerly
allopatric populations or the presence of a strong contemporary selection gradient. Analysis of 333 base pairs of the mitochondrial
control region from 287 individuals sampled from 14 populations revealed relatively high haplotype diversity, low nucleotide diversity,
and limited but significant phylogeographic structure across the breeding range (analysis of molecular variance [AMOVA], variation
among populations = 2.7%; P < 0.01) and between northern and southern population groups (AMOVA, variation among groups =
2.9%; P < 0.01). Genetic differentiation among populations did not conform to an isolation-by-distance model. Nucleotide diversity was
generally highest in the central Appalachians and lower in geographically peripheral populations. Populations from the northwestern
periphery of the breeding range in Michigan had the lowest haplotype diversity and were genetically distinct from populations in the
southern Appalachians. The star-shaped haplotype network, extensive sharing of common haplotypes among populations, and the
haphazard distribution of rare haplotypes are most likely attributable to the combined effects of postglacial expansion from a single
refugium (12,000-84,000 years ago) and long-distance dispersal events. The existence of a cline in plumage color, in the face of inferred
recent gene flow, suggests that a strong selection gradient is operating, perhaps related to the migratory divide postulated from stable-
isotope data. Received 28 September 2007, accepted 9 October 2008.

Key words: Appalachian Mountains, Black-throated Blue Warbler, Dendroica caerulescens, genetic structure, glaciation, mitochondrial
DNA, plumage color, stable isotopes.

Variacion Geografica en la Region Control Mitocondrial de Dendroica caerulescens

RESUMEN.—Investigamos la estructura genética poblacional de Dendroica caerulescens, un paseriforme que migra entre el Neartico
y el Neotrépico y que se reproduce en dreas frescas de bosques mixtos de coniferas en el este de Norte América. Una clina en la coloracién
del plumaje en las poblaciones reproductivas de las montafias Apalaches sugiere que existe una zona de contacto entre dos poblaciones
que fueron alopdtricas, o la presencia de un fuerte gradiente de seleccion contemporanea. El andlisis de 333 pares de bases de la region
control mitocondrial de 287 individuos muestreados en 14 poblaciones, revel6 una diversidad de haplotipos relativamente alta, una baja
diversidad de nucledtidos y una estructura filogeografica escasa pero significativa en el area de distribucién reproductiva (analisis de
varianza molecular [AMOVA], variacién entre poblaciones =2.7%; P < 0.01) y entre los grupos formados por las poblaciones del norte y del
sur (AMOVA, variacion entre grupos =2.9%; P < 0.01). La diferenciacion genética entre poblaciones no se ajust6 al modelo de aislamiento
por distancia. La diversidad de nucleétidos fue generalmente mds alta en el centro de las Apalaches y menor en las poblaciones periféricas.
Las poblaciones de la periferia en el noroeste del rea de distribucién reproductiva en Michigan tuvieron la menor diversidad de haplotipos
y fueron genéticamente diferentes a las de las montanas Apalaches del sur. La red de haplotipos con forma de estrella, la gran cantidad de
haplotipos comunes compartidos entre poblaciones y la distribucién al azar de haplotipos raros, son atribuibles probablemente al efecto
combinado de la expansién postglacial a partir de un tnico refugio (12,000-84,000 afios atrds) y eventos de dispersién de gran distancia.
La existencia de una clina en la coloracion del plumaje a pesar del flujo genético reciente inferido, sugiere que estd operando un fuerte
gradiente de seleccion, quizds relacionado a la divisién migratoria postulada con datos de is6topos estables.

3Present address: Fred Hutchinson Cancer Research Center, 1100 Fairview Avenue N, C3-168, P.O. Box 19024, Seattle Washington 98109, USA.
*Address correspondence to this author. E-mail: gravesg@si.edu. Grus and Graves contributed equally.
SPresent address: Department of Environmental Health Science, University of Georgia, Athens, Georgia 30602, USA.

The Auk, Vol. 126, Number 1, pages 198-210. ISSN 0004-8038, electronic ISSN 1938-4254. © 2009 by The American Ornithologists’ Union. All rights reserved. Please direct
all requests for permission to photocopy or reproduce article content through the University of California Press’s Rights and Permissions website, http://www.ucpressjournals.
com/reprintInfo.asp. DOI: 10.1525/auk.2009.07159

— 198 —



JANUARY 2009 —

MTDNA VARIATION AMONG BLACK-THROATED BLUE WARBLERS —

199

PLEISTOCENE GLACIAL CYCLES were important drivers of phyletic
diversification, genetic reorganization, and lineage extinction in
plants and animals. Contemporary populations of Holarctic ver-
tebrates often exhibit low haplotype diversity in formerly glaciated
regions (Sage and Wolff 1986) or clines of decreasing haplotype
diversity along transects from unglaciated to recently glaciated
landscapes (Hayes and Harrison 1992, Hewitt 1996, Merild et al.
1997, Mil4 et al. 2000). Such spatial patterns can be caused by the
rapid expansion of bottlenecked populations from glacial refugia
(Rogers and Harpending 1992, Rogers 1995) or by range-wide se-
lective sweeps in which one or more favored haplotype spreads
across a species’ geographic range (Maruyama and Birky 1991).
Weak phylogeographic structure observed in formerly glaciated
regions may result from the consequences of postglacial range
expansion or from ongoing demographic processes. In birds, for
example, migratory behavior and high natal dispersal may act
to spread mitochondrial haplotypes among distant populations
(Zink 1996). Discriminating between the ancient effects of post-
glacial population expansion and current demographic processes
in mobile organisms is, therefore, a major challenge for phylogeo-
graphic hypothesis-testing.

Here, we examine variation in the mitochondrial DNA
(mtDNA) control region of Black-throated Blue Warbler (Dendro-
ica caerulescens; hereafter “warbler”), a Nearctic—Neotropic mi-
gratory songbird whose breeding range is centered in cool mixed
deciduous—coniferous forests of eastern North America (Holmes
1994). The highest breeding densities occur in mesic forests (700—
1,400 m above sea level) in the Appalachian Mountains (Wilcove
1988, Graves 1997b, Haney et al. 2001). More than two dozen
avian species (representing 10 families) share a similar breeding
distribution in the Appalachians, occurring southward at higher
altitudes to at least the Great Smoky Mountains (~36°N latitude).
Taxonomists have applied trinomials to many Appalachian popu-
lations (American Ornithologists’ Union 1957), but morphologi-
cal differentiation is subtly clinal in most taxa (Zink and Remsen
1986). The warbler is unique among Appalachian species in ex-
hibiting geographic variation in plumage color that is distinctive
enough to be quantified in the field (Graves 1997a). Breeding pop-
ulations in the southern Appalachians (Dendroica caerulescens
cairnsi) have significantly darker plumage than those breeding
on glaciated landscapes from Pennsylvania northward (D. c. cae-
rulescens). Rudiments of this geographic pattern were recognized
more than a century ago (Coues 1897, Ridgway 1902). Recent sys-
tematic collections (G. R. Graves unpubl. data) have revealed the
existence of a cline in plumage color between southern Virginia
(37°N) and the Susquehanna River (41°N), which lies near the
southernmost limit of the Wisconsinan glaciation (18,000 years
ago) in the Appalachians (Williams et al. 2000). This phenotypic
pattern could represent a contact zone between two formerly
allopatric populations or signal the presence of a strong selection
gradient in the Appalachians (Mayr 1963).

Stable-isotope analysis of feather keratins provides inferen-
tial support for a north—south subdivision of warbler populations
(Chamberlain et al. 1997, Rubenstein et al. 2002). Hydrogen isotope
signatures suggest that “blue-backed” populations from the glaci-
ated portion of the species’ breeding range winter in the western
Caribbean, whereas “black-backed” populations breeding in the
central and southern Appalachians appear to winter in the eastern

Caribbean (Rubenstein et al. 2002). Such migratory divides in pas-
serine birds are often associated with partial barriers to gene flow
and population differentiation (Bensch et al. 1999, Chamberlain
etal. 2000, Ruegg and Smith 2002, Bearhop et al. 2005).

Other lines of evidence, however, predict that gene flow
among breeding populations of warblers may be substantial. The
settlement patterns of yearlings and older males at fine spatial
scales appear to be driven by heterogeneity in habitat quality and
by the despotism of older philopatric males (Holmes 1994, Hol-
mes et al. 1996). A survey of 23 breeding populations distributed
throughout the core range revealed that the proportion of year-
ling males in local populations increased as total relative abun-
dance decreased northward and westward from the Appalachian
Mountains (Graves 1997b). This implies that yearlings from high-
densitysourceareasinthe Appalachians may disperse tolow-quality
habitats that support lower population densities near the northern
and western margins of the breeding range (Graves 1997b). These
factors may result in the spread of haplotypes and weak or imper-
ceptible phylogeographic structure among contemporary breeding
populations. The hypothesis that male natal dispersal is prevalent
at local and perhaps regional spatial scales is supported by carbon
isotope data from an altitudinal gradient in the Appalachians that
indicated that yearling males rarely returned to breed in the altitu-
dinal zone where they were hatched (Graves et al. 2002).

The phylogeography of malarial parasites provides further
indirect evidence of gene flow among breeding populations of
warblers (Fallon et al. 2006). Analyses of malarial infections in
32 populations of warblers sampled across the species’ breeding
range showed that lineages of Plasmodium and Haemoproteus are
geographically widespread and did not provide site-specific infor-
mation. The wide distribution of malarial parasites is thought to
reflect natal dispersal of their hosts as well as mixing of breeding
populations on the wintering grounds.

Finally, Davis et al. (2006) investigated geographic variation
of the mtDNA control region and microsatellite markers in war-
blers from four breeding populations, three located north and
one south of the Last Glacial Maximum. These analyses revealed
significant genetic variation within populations but weak phylo-
geographic structure overall, and little differentiation between
southern and northern populations. The strength of Davis et al.’s
(2006) conclusion about differentiation between northern and
southern populations, however, is limited by the number of popu-
lations sampled, particularly in the southern Appalachians, where
phylogeographic structure may be more pronounced.

We sought to build on the work of Davis et al. (2006) with
a more extensive analysis of geographic variation in the mtDNA
control region of the warbler based on 287 specimens from 14
breeding localities. We addressed two fundamental questions: (1)
Do haplotypes exhibit geographic variation among breeding pop-
ulations? And (2) did glaciation history affect phylogeography?

METHODS

Sample collection.—Because nucleotide and haplotype diversity
may exhibit clinal variation from unglaciated to glaciated land-
scapes, we sampled breeding populations at strategic geographic
intervals both northand south of the Last Glacial Maximum (Fig. 1):
Cooper Creek, Georgia (34.75°N, 84.03°W; coordinates converted



— GRus, GRAVES, AND GLENN —

AUK, VoL. 126

200
7 7 ;}
Saint John River \ _,,f
JN S
L P Hiawatha p o0y ke Saransd 1?:,/
s Lak (
4 \_\4 AK€ ¢ Hubbard{
o l v Brook

i' ! [ ] ﬂ-(‘i’)’_:‘b P4 /. \ /WJ
Paint Lake /4 ﬁ ?A d .(‘P,Adirondack Mtns
@< Catskill Mtns
AR
Ricketts Glen

Blackwate "(1‘
=7

Unaka Mtns

———

Santeetlah Creek—y

[ ]
Cooper Creek )\y
: |

Fic. 1. Distribution of sampling localities within the core breeding range
(shaded gray) of Black-throated Blue Warbler in eastern North America
(Fallon et al. 2006). The thick black line indicates the glacial front at the
Wisconsinan maximum, ~18,000 years ago.

to decimals; 7 =12 individuals); Santeetlah Creek, North Carolina
(35.33°N, 84.02°W; n=29); Unaka Mountains, Tennessee (36.13°N,
82.33°W; n = 16); Blackwater Falls, West Virginia (39.13°N,
79.30°W; n = 8); Ricketts Glen, Pennsylvania (41.32°N, 76.33°W/;
n =10); Catskill Mountains, New York (41.92°N, 74.50°W; n = 21);
Adirondack Mountains, New York (43.70°N, 74.72°W; n = 19);
Round Lake, Ontario (45.67°N, 77.50°W; n =15); Saint John River,
New Brunswick (45.83°N, 67.00°W; n = 14); and Paint Lake, Mich-
igan (46.37°N, 88.93°W; n = 18) (Graves 1997b, Fallon et al. 2006).
Population samples included both yearling (first breeding season)
and older males (second or later breeding season), which can be
distinguished by several plumage characters (Graves 1997a). To
ensure that neither migrating nor wandering postbreeding birds
were collected, males were collected during the peak of the breed-
ing season (10-29 June, 1988-2000; Graves 2004). Specimens were
packaged and frozen whole in liquid nitrogen immediately after
collecting. Voucher specimens were deposited in the research col-
lections of the National Museum of Natural History, Smithsonian
Institution, Washington, D.C.

We combined our data with an overlapping section of
mtDNA control-region sequence previously published for breed-
ing populations of the warbler (Davis et al. 2006): Coweta, North
Carolina (35.11°N, 83.52°W; 14 males, 7 females); Hubbard Brook,
New Hampshire (43.95°N, 71.72°W; 26 males, 31 females); Sara-
nac Lake, New York (44.15°N, 74.80°W; 9 males, 1 female); and Hi-
awatha National Forest, Michigan (46.08°N, 84.70°W/; 27 males, 10
females). Davis et al. (2006) did not collect voucher specimens or
specify collection dates for blood sampled from the North Carolina,
Michigan, and New York populations.

DNA sequencing—Detailed laboratory protocols are avail-
able online (see Acknowledgments). Briefly, genomic DNA was
isolated from striated muscle samples by digesting 0.1 g of muscle

in 900 pL of standard proteinase K digestion buffer (Sambrook
etal. 1989). For the populations from the Adirondack and Catskill
mountains, Ricketts Glen, and Santeetlah Creek, digestion was
followed by a guanidine thiocyanate with diatomaceous-earth
extraction protocol (Carter and Milton 1993). For the other six
populations, the digestion was followed by a phenol chloroform ex-
traction (Sambrook et al. 1989). The genomic DNA was quantified
on 1% agarose gels and diluted with TLE (10mM Tris pH 8, 0.2 mM
EDTA).

A 333-base pair (bp) section of domain 1 of the mtDNA
control region was amplified with polymerase chain reaction
(PCR) primers L5 (5"TTCTTGCTTTAAGGGTATGT) and H4
(5"TCAATAGATAACCATGTCCT) (Milot et al. 2000) for 162 in-
dividuals. Amplification was done in 25-uL volumes with final re-
action concentrations of 2.0 mM MgCl1,, 150 uM of each ANTP,
0.25 uM of each primer, 1 unit of Taq polymerase, and 20 ng of
DNA. The PCR amplicons were generated in Eppendorf gradient
Mastercyclers using a touchdown protocol (Don et al. 1991) with
an initial annealing temperature of 60°C and an ending anneal-
ing temperature of 50°C. Amplifications were confirmed on 1.0%
agarose gels containing ethidium bromide.

Sequences from both DNA strands were determined directly
from PCR products using Big-Dye terminator chemistry and an
ABI 377-96 automated sequencer (Applied Biosystems, Foster City,
California). All cycle-sequencing reactions were carried out in 10-
uL volumes with 0.33 uM primer, 50 ng PCR product (1.0-2.5 uL
of unpurified PCR product), and Big-Dye Terminators using ABI
specifications except that the terminator mix was diluted 1:3 with
5X automated sequencing dilution buffer (10 mM MgC1,, 400 mM
Tris-HCI pH 9.0). Control-region sequences have been deposited
in GenBank (accession numbers EU147998—-EU148058).

Data analysis.—Sequences were edited using SEQUENCHER,
version 3.1.1 or 4.0.1 (Gene Codes, Ann Arbor, Michigan). To con-
firm the mitochondrial origin of PCR products, we compared Black-
throated Blue Warbler sequence with those from Yellow Warbler
(D. petechia; Milot et al. 2000) in GenBank and computed transi-
tion:transversion (Ti:Tv) ratios to compare with those of other bird
species. The Ti:Tv ratio for Black-throated Blue Warbler (9.6 for our
data alone, 6.4 for the combined data) is similar to the average ra-
tio for neutral mtDNA sites in birds (Belle et al. 2005). We also note
the absence of heterozygotes, which would be expected in nuclear
copies of mitochondrial genes. We examined the likely relationships
between haplotypes with an unrooted minimum spanning network
constructed in TCS1.18 (Clement et al. 2000). To investigate possible
phylogeographic structure among the populations, we used ARLE-
QUIN, version 3.1 (see Acknowledgments), to calculate an analysis
of molecular variance (AMOVA; Excoffier et al. 1992), which deter-
mines the amount of haplotype variation within populations, among
populations in a group, and between groups of populations. We con-
ducted AMOVA on our data and those of Davis et al. (2006) to en-
sure that the two data sets did not differ systematically. We pooled
the data in subsequent analyses because they appeared to be comple-
mentary. Different groupings of populations were then investigated
to determine whether genetic structure existed to match phenotypic
and migratory differences between the populations. We categorized
populations, a priori, into three geographic pools: northern (south to
the Adirondack Mountains), central (Catskill Mountains to Ricketts
Glen), and southern (Blackwater Falls southward). Four different
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AMOVA tests were performed: (1) no geographic pools; (2) three
geographic pools—northern, central, and southern; (3) two geo-
graphic pools—central combined with northern; and (4) two geo-
graphic pools—central combined with southern.

We conducted additional spatial analyses of molecular vari-
ance (SAMOVA), using both geographic and genetic distances
among populations to maximally differentiate groups of breeding
populations (Dupanloup et al. 2002). Spatial analyses of molecular
variance require the number of groups to be predefined, but group
membership is determined through the analysis. We ran separate
SAMOVAs for two and three groups. The relationship between ge-
netic and geographic distances among populations was assessed
with Mantel tests (Bohonak 2002). All P values are two-tailed.

To investigate Holocene demographic history, we used
ARLEQUIN to calculate haplotype (%) and nucleotide diversity ()
for each population, to perform Tajima’s test (Tajima 1989) and Fu
and Li’s test (Fu and Li 1993) for neutrality, and to calculate a mis-
match distribution of pairwise differences between haplotypes.
We also calculated FS and R?> (Ramos-Onsins and Rozas 2002)
in DNASP (Rozas et al. 2003) to evaluate recent demographic
processes.

We estimated the time since the most recent common an-
cestor (T, ) with two different methods. First, we estimated the
number of generations since 7, . using the quick calculation of
T =2 pt, where ¢ is the number of years since coalescence (gen-
eration time is one year) and p is the mutation rate (Rogers and
Harpending 1992, Schneider and Excoffier 1999), which we mod-
eled at 0.2—0.7 substitutions site™! MA™! (Avise and Walker 1998).
We then used ARLEQUIN to estimate t and 95% confidence inter-
vals (CI) of T under a model of pure demographic expansion. We
also used BEAST, version 1.4.5 (Drummond and Rambaut 2007),
to estimate 7 using parameters similar to those used by Davis
et al. (2006), except that we used a general time reversible (GTR)
model with gamma rate distribution and invariable sites, a total
chain length of 60 million sampling every 10,000 to achieve an ef-
fective sample size of >340 for T e and only one substitution rate
in the simulations (0.3 substitutions site ™ MA™}; complete param-
eters can be obtained from T. C. Glenn).

We used Chao’s (1984) equation to obtain a nonparametric
estimate of the true number of haplotypes (H’) present in con-
temporary populations of the warbler based on the number of rare
haplotypes present in the breeding sample,

aZ
H =Hobserved+ 2_1,

where H, . represents the observed number of haplotypes in
a sample, a is the number of observed haplotypes that are repre-
sented by only a single individual in the sample (i.e., singletons),
and b is the number of observed haplotypes represented by exactly
two individuals in that sample (i.e., doubletons). A 95% CI for the
true number of haplotypes in a sample was calculated with Chao’s
(1987) variance equation:

4 2
varH =b (MJ +(a/b)3+(ﬂ)
4 4

REsuLTS

Haplotype diversity and distribution.—For the combined data
set, the 333-bp section of the mtDNA control region exhibited
64 variable sites (19%) and 94 unique haplotypes among the 287
typed individuals (Fig. 2). Most haplotypes differed by only a few
base-pair changes (Fig. 3). The K81uf + I + G model (Hasegawa et
al. 1985, Yang 1993, Gu et al. 1995) was selected by the hierarchi-
cal likelihood ratio test of MODELTEST, version 3.04 (Posada and
Crandall 1998), as the best fit for the control-region data. Param-
eters estimated for this model were as follows: transition rate =
59.7; transversion rate 1 (A—T, C—@) = 8.3; transversion rate 2
(A—C, G—T) =1.0 (for an average transition—transversion [Ti:Tv]
ratio = 6.4); gamma shape parameter = 0.96; base frequencies A =
0.31, C=0.31, G=0.18, and T = 0.20; and proportion of invariable
sites = 0.64.

The minimum spanning network of haplotypes was highly re-
ticulated and organized around two principal and two subsidiary
foci (Fig. 3). Most haplotypes were represented by singletons (67
of 94), 21 haplotypes were shared by 2—4 individuals, 2 haplotypes
were shared by 7 individuals, and 4 common haplotypes were
shared by 16—65 individuals (Fig. 2). The four most common hap-
lotypes, which accounted for 55% of all individuals, were widely
distributed geographically (Fig. 3). Most of the rarer haplotypes
differed from common haplotypes by one or two nucleotides; re-
lated haplotypes often occurred in widely separated populations
(Fig. 4). Pairwise nucleotide diversity (it = 0.00424-0.00812) was
highest in Pennsylvania near the center of the breeding range and
lowest in northern populations on glaciated landscapes and at the
southern extreme of the breeding range in Georgia (Table 1 and
Figs. 1 and 5A). The number of haplotypes detected per popula-
tion was significantly correlated with sample size (r> = 0.83; P =
0.0001). Haplotype diversity (overall # = 0.90) varied from 0.79
(Paint Lake) to 0.96 (Blackwater Falls and Catskill Mountains)
(Table 1 and Fig. 5B). Nucleotide and haplotype diversity were
uncorrelated (P = 0.15), and neither diversity index was correlated
with latitude (P> 0.30).

Population history.—Warblers exhibited significant among-
population variation (AMOVA, 2.02%, P = 0.004) that was incon-
sistent with the predictions of an isolation-by-distance model
(Mantel test, r = 0.08, P = 0.27; Fig 5C). Among-population vari-
ation was also significant when populations were pooled into
two regional groups (highest support for the central and south-
ern populations lumped; AMOVA, 2.86%, P < 0.01) or three re-
gional groups (northern, central, and southern; AMOVA, 2.30%,
P < 0.02). The two-group SAMOVA clustered the central and
southern populations, except that Georgia was grouped with the
northern populations (3.97% variation among groups, P < 0.001;
0.01% variation among populations within groups; 96.02% varia-
tion within populations).

When individual populations were compared in a pairwise
fashion, 22 combinations exhibited significant F,, values (P < 0.05).
After Pvalues were adjusted for the number of simultaneous obser-
vations (0.05/91 = 0.00055), six pairwise combinations of popula-
tions showed significant F values. The Hiawatha population was
significantly different from the Catskill Mountains population and
three others from the southern Appalachians—Santeetlah Creek,
Coweta, and the Unaka Mountains. The Paint River population
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Fic. 3. Minimum spanning network for haplotypes of Black-throated Blue Warbler. Each oval represents a haplotype listed in Figure 2. Oval size is
proportional to sample size. Missing haplotypes are indicated by small circles, and each branch indicates one nucleotide difference.

from Michigan also differed from populations in the Catskill and
Unaka mountains. Tests for evidence of population expansion gave
conflicting results. The subtly bimodal distribution of pairwise nu-
cleotide differences (Fig. 6) suggests that warbler populations are in
equilibrium and that a sudden-population-expansion model can be
rejected (raggedness index=0.05, P=0.18; sudden expansion sum of
squared deviation =0.004, P < 0.001; Rogers and Harpending 1992).
By contrast, Rozas et al.’s (2003) statistics reject the constant-popu-
lation-size model (FS=159.41, P<1x10-% R?>=0.018, P< 0.01). The
rejection of neutrality hypotheses by Fu and Li’s (1993) D* statistic
(D* = -4.62, P < 0.02) and Tajima’s (1989) D (D = —2.25, P < 0.01)

provides additional evidence for population expansion. Although
the strong rejection of neutrality could have other explanations be-
sides population expansion, those explanations, such as selective
sweeps (Maruyama and Birky 1991, Moyer et al. 2005) due to the
linked coding regions of mtDNA, are rarely observed in mtDNA
of animal populations (Gerber et al. 2001). The star-shaped topol-
ogy of the haplotype tree is consistent with expectations of a recent
range expansion (Avise and Walker 1998).

Under the model of pure demographic expansion, we esti-
mated a mean t=2.07 (95% CI: 0.74-2.83), yielding the number of
yearssince T (=2 pt) 0f10,000 (95% CI:3,700-14,000 years ago),

mrca

TasLe 1. Genetic variation in breeding populations of Black-throated Blue Warblers.

Nucleotide Haplotype

Number of diversity diversity
Population Sample size haplotypes (m) (h)
Cooper Creek, Georgia 12 7 5.081 0.8788
Coweta, North Carolina 21 12 6.359 0.9095
Santeetlah Creek, North Carolina 29 15 6.846 0.9236
Unaka Mountains, Tennessee 16 11 7.427 0.9083
Blackwater Falls, West Virginia 8 7 5.611 0.9643
Ricketts Glen, Pennsylvania 10 7 8.124 0.8667
Catskill Mountains, New York 21 15 7.884 0.9619
Adirondack Mountains, New York 19 9 5.230 0.8830
Hubbard Brook, New Hampshire 57 29 7.153 0.8929
Saranac Lake, New York 10 6 4.968 0.8889
Round Lake, Ontario 15 10 5.710 0.9451
Saint John River, New Brunswick 14 11 6.272 0.9429
Hiawatha NF, Michigan 37 12 4.237 0.8093
Paint Lake, Michigan 18 8 5.416 0.7908
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which suggests that the warbler was restricted to a single refu-
gium near the end of the Pleistocene. The more complex coales-
cence simulations using BEAST yielded a median 7, of 45,000
years ago (95% CI:12,000-84,000 years ago). If a slower mutation
rate of 0.076 mutations per site per million years is assumed (cf.
Davis et al. 2006), the T rea 18 estimated to be about four times
older.

DiscussiON

Breeding populations of Black-throated Blue Warblers exhibit rel-
atively high haplotype diversity, low nucleotide diversity (cf. Mila
et al. 2000, Milot et al. 2000), and subtle phylogeographic struc-
ture. We observed 94 haplotypes (67 singletons and 17 double-
tons) in 287 individuals (0.33 haplotypes individual™) sampled
from 14 populations. A nonparametric estimate (Chao 1984, 1987)

12000
Observed -----------
10000 - Expected

8000 -

6000

Frequency

4000
2000 1

-
0 LI I I U N B N N O B A B O O A I

15 20 25 30
Number of pairwise differences

Fic. 6. Mismatch distribution for pairwise differences in Black-throated
Blue Warbler haplotypes. The broken line represents the pairwise mis-
match distribution. The expected distribution under the sudden-expansion
model (Ti:Tv = 6.4) is represented by the solid line.

of the lower bound of the true number of haplotypes for the pooled
sample was estimated as 226 (95% CI: 160-292 haplotypes). The
lower bound of the true number of haplotypes estimated from the
four populations sampled by Davis et al. (2006) was 162 (95% CI:
86-238 haplotypes). The higher estimate of haplotype diversity
from the combined data set indicated that analyses based on fewer
geographic localities substantially underestimated the true num-
ber of haplotypes present in contemporary populations. The com-
bined power obtained from sampling both more individuals and
more localities was also important in revealing variation among
population groups.

It is clear that most variation (>96%) in the mtDNA control
region in warblers occurs within breeding populations. Limited
but significant differentiation was observed between southern
“black-backed” populations (D. caerulescens cairnsi) and the
northern “blue-backed” populations (D. c. caerulescens). The two
westernmost populations in Michigan were genetically distinct
from populations in the Catskill Mountains and in the south-
ern Appalachians of Tennessee and North Carolina, which indi-
cates that populations from the southern and western edges of the
breeding range may have diverged significantly from one another.
On the other hand, the haphazard distribution of rare haplotypes
(e.g., doubletons) among widely separated locations (Fig. 2) and
the distribution of malarial parasite lineages among warbler pop-
ulations (Fallon et al. 2006) suggests that long-distance dispersal
events occur with some regularity. Because 83% of the sampled
individuals were male, and because natal dispersal in songbirds is
invariably female-biased (Greenwood 1980, Clarke et al. 1997), our
analyses more likely represent an optimistic than a conservative
estimate of genetic differentiation among warbler populations.

Nucleotide diversity was highest in populations near the cen-
ter of the breeding range and tended to be lower in northern pop-
ulations on glaciated landscapes and in Georgia at the southern
terminus of the species’ breeding range. Haplotype diversity was
lowest in Michigan near the western periphery of the breeding
range. Collectively, these data suggest that breeding populations
from the central part of the breeding range, from West Virginia to
New York, are more genetically diverse. Lower genetic diversity in
peripheral populationsis, presumably, a consequence of geographic
isolation and smaller effective population sizes. Alternatively,
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higher genetic diversity in the central portion of the breeding
range may represent a contact zone between two formerly allo-
patric populations that originated in separate Pleistocene re-
fugia. However, coalescence analysis suggests that warbler
populations were restricted to a single refugium between 12,000
and 84,000 years ago (i = 0.3), an interpretation consistent with
the star-shaped topology of the haplotype tree. This implies that
geographic variation in plumage color and migratory behavior ob-
served in contemporary breeding populations originated no ear-
lier than the last glacial period. Davis et al. (2006) drew a similar
conclusion but estimated that T, ranged from 25,400-72,100
years ago (= 0.3) to 98,000-284,000 years ago (i =0.076).

“Blue-backed” populations, which occupy the whole of the
glaciated breeding range, are separated from the “black-backed”
populations of the unglaciated southern Appalachians by a cline
in plumage melanism extending from southern Virginia (37°N)
to the Susquehanna River in Pennsylvania (41°N) (G. R. Graves
unpubl. data). This phenotypic variation, which is believed to be
genetically controlled, is exhibited in yearling and older males.
Although it is possible that geographic variation in plumage
color existed in refugial populations, we suspect that the ob-
served pattern is a relatively recent phenomenon associated with
sexual selection and a strong selective factor, perhaps related to
the migratory divide postulated from stable-isotope data (Ru-
benstein et al. 2002). Although the genetic differences are small
and relatively recent in origin, our data suggest that warblers are
more appropriately managed as two conservation units rather
than a single unit.

Although there is no direct evidence that breeding popula-
tions segregate on the wintering grounds, stable-isotope studies
suggest that populations breeding on glaciated landscapes win-
ter primarily in Cuba and Jamaica, whereas populations from
the southern Appalachians winter largely in Hispaniola and
Puerto Rico (Rubenstein et al. 2002). Migratory behaviors of
songbirds can have a strong genetic component that may evolve
rapidly (Berthold and Querner 1981; Helbig 1991, 1996; Berthold
2003; Bearhop et al. 2005), and genetic differentiation is often
associated with migratory divides in the breeding range (Bear-
hop et al. 2005). The extent to which the hypothesized migra-
tory divide in warbler breeding populations coincides with the
position of the cline in plumage color is unknown. However, se-
lection for wintering destination is a plausible mechanism for
the maintenance of geographic variation in plumage color in the
presence of recent (postglacial) or, possibly, ongoing gene flow.
Under such selection, offspring from hybridization between
individuals that winter on different islands in the Greater An-
tilles may be genetically programmed to end their migrations
over open water in the Caribbean. In any event, genetic factors
that encode plumage color and migratory behavior in warblers
are not likely to be reflected in the selectively neutral mtDNA
control region or the coding regions to which it is linked. New,
massively parallel DNA sequencing technologies will facilitate
powerful investigations of the genetic basis of phenotypic varia-
tion in birds. Future research into the mechanisms that gen-
erated and maintain the phenotypic variation among warbler
populations will make use of the large number of individuals
and populations that have already been sampled (Graves 2004,
Fallon et al. 2006).
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