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Abstract

The postglacial recolonization of northern North America was heavily influenced by the
Pleistocene glaciation. In the Pacific Northwest, there are two disjunct regions of mesic
temperate forest, one coastal and the other interior. The chestnut-backed chickadee is one
of the species associated with this distinctive ecosystem. Using seven microsatellite markers
we found evidence of population structure among nine populations of chestnut-backed
chickadees. High levels of allelic variation were found in each of the populations. Northern
British Columbia and central Alaska populations contained a large number of private
alleles compared to other populations, including those from unglaciated regions. The disjunct
population in the interior was genetically distinct from the coastal population. Genetic and
historical records indicate that the interior population originated from postglacial inland
dispersal. Population structuring was found within the continuous coastal population,
among which the peripheral populations, specifically those on the Queen Charlotte Islands
and the central Alaska mainland, were genetically distinct. The pattern of population structure
among contemporary chickadee populations is consistent with a pioneer model of recolo-
nization. The persistence of genetic structure in western North American chestnut-backed
chickadees may be aided by their sedentary behaviour, linear distribution, and dependence
on cedar—hemlock forests.

Keywords: disjunct population, historical biogeography, microsatellite, Pleistocene glaciation,

Poecile rufescens, postglacial recolonization

Received 12 October 2005; revision received 29 January 2006; accepted 2 March 2006

Introduction

Pleistocene glaciations caused historical range expansions
and contractions and were therefore important factors
affecting the levels of genetic diversity within and among
populations. The retreat of the Cordilleran glacier in western
North America was asynchronous (Warner ef al. 1982; Mann
& Hamilton 1995), and as the ice retreated trees rapidly
colonized deglaciated areas (Warner ef al. 1982; Barnosky
et al. 1987; Mann & Hamilton 1995). Expansion of forests
into deglaciated regions was dependent on dispersal from
refugia. For mesic temperate forests, the main refugium
was south of the ice sheets, with possible additional refugia
along the Pacific Coast (Brunsfeld et al. 2001; Ritland ef al.
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2001). The two main arboreal components of the mesic
temperate forest, western red cedar (Thuja plicata) and
western hemlock (Tsuga heterophylla), were present in
northern British Columbia and southeast Alaska by the early
to mid-Holocene (Barnosky et al. 1987; Mann & Hamilton
1995). The arrival of these species within the British Columbia
interior appears to be more recent, 2500-1500 years before
present (BP) (Barnosky et al. 1987; Brunsfeld et al. 2001). The
rate and pattern of expansion of mesic forests into northern
areas would depend not only on their dispersal abilities,
but also on the successional stage of existing forests. The
pattern of colonization of species integrally associated with
these cedar-hemlock ecosystems, such as the chestnut-
backed chickadee (Poecile rufescens), would depend on
similar factors.

Hewitt (1996) proposed two models explaining the
recolonization of previously glaciated areas from refugia.
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In the “phalanx’ model, range expansion is slow, resulting
in a homogeneous population and no loss of genetic vari-
ation. In contrast, the ‘pioneer’ or ‘leading edge’ model
involves the rapid recolonization of previously glaciated
regions through both short-distance and long-distance
dispersal. Depending on how colonizing groups of indi-
viduals are formed, and the relationship between the number
of colonists and the subsequent number of post-colonizing
immigrants from the source population, different patterns
of differentiation are expected to emerge. Ibrahim et al.
(1996) modelled spatial patterns of genetic variation
generated by different modes of dispersal during a range
expansion and found that if dispersal is leptokurtic, i.e.
most colonists disperse a short distance and a few disperse
a long distance, then heterogeneity is greater and genetic
diversity is reduced in the colonized areas. This is partially
due to the early arrival of long-distance colonists creating
a high-density barrier. When populations have filled avail-
able habitat, it is more difficult for later waves of colonists
to advance because they must disperse into the already-
colonized area and, unlike the original colonists, their
reproduction is not exponential (Hewitt 2000). As dis-
persal is made more leptokurtic and more long-distance
dispersal occurs, populations become more heterogeneous,
and this pattern will persist and increase with time (Hewitt
1996). In contrast, in the absence of long-distance dispersal,
differentiation among demes is lower and decreases
with time. The patterns of population structure predicted
by the two models of recolonization are very different (see
Johansen & Latta 2003). Under the pioneer model, pockets
of genetically isolated populations would exist within
a larger genetically homogenous population. In contrast,
population structure resulting from expansion using
the phalanx model would be minimal. The newly founded
populations would be genetically similar to the source
population.

In several cases, historical range shifts associated with
Pleistocene glaciations led to the existence of disjunct
populations of plants and animals. In the Pacific Northwest,
there are two large, disjunct regions of mesic, temperate
coniferous forests: the Cascade/Coast Mountains in the
west and the central Rocky Mountains in the interior.
Chestnut-backed chickadees are integrally associated
with this regionally important forest ecosystem and can
thus serve as a model for understanding the effects of
Pleistocene glaciation on this ecosystem. Several molecular
studies have focused on organisms from these mesic forest
areas to determine their origins (Green et al. 1996; Soltis
et al. 1997; Taylor ef al. 1999; Brunsfeld et al. 2001; Carstens
et al. 2004). Brunsfeld ef al. (2001) proposed two hypotheses
for the origin of mesic forest disjuncts: ancient vicariance
and inland dispersal. Under the ‘ancient vicariance” hypo-
thesis, the mesic forests of the Pacific coast and western Rocky
Mountains were contiguous until the late Pliocene when

the rise of the Cascade Mountains created a rain shadow
in the intervening Columbia Basin, thereby isolating
populations in the interior. In the ‘inland dispersal” hypo-
thesis, the interior populations are postglacially derived
from either a northern or southern colonization around the
Columbia Basin. Genetic studies have shown that the
disjunct lineages are ancient in some species (Nielson ef al.
2001; Carstens et al. 2004) and recent in others (Richardson
et al. 2002; Carstens ef al. 2004, 2005). We may expect some
species to give different signals with respect to these
hypotheses because although glacial refugia played an
integral role in recolonization, species-specific dispersal
patterns, dispersal capabilities, habitat requirements,
and colonization rates determine the rate and pattern of
recolonization.

The chestnut-backed chickadee is a year-round resident
and a near obligate of cedar—hemlock ecosystems. Chestnut-
backed chickadees primarily nest in Douglas fir (Pseudotsuga
menziesii), western hemlock and western red cedar (Lun-
dquist & Mariani 1991), and the species is most abundant
in mature and old-growth forests (Anthony et al. 1996). The
distribution of this species follows closely that of the mesic
temperate forests, occupying a narrow band less than 200
km wide along the Pacific Coast from north California to
Alaska, with a disjunct population in the western Rocky
Mountains (Fig. 1). The coastal and interior populations of
these chickadees are separated by the Coast and Cascade
mountain ranges. In 1904, the interior population was
restricted to several sites in northern Idaho (Grinnell 1904);
however, a century later the chestnut-backed chickadee
has extended its range into southeastern British Columbia
and parts of eastern Washington and Oregon and western
Montana and Alberta, while remaining physically isolated
from the coastal population (Dahlsten et al. 2002). A similar
expansion appears to have occurred at the southern end of
its distribution, in the Sierra Nevada mountains of California
(Grinnell 1904; Root 1964; Brennan & Morrison 1991).

Our study examines spatial patterns of genetic variation
in natural populations representative of this important
forest ecosystem, following the retreat of the Cordilleran
ice sheet from northwestern North America. We studied
patterns of genetic structure throughout most of the pre-
viously glaciated portions of the range of the chestnut-backed
chickadee in British Columbia and southeast Alaska, and
unglaciated portions of the species’ range in Washington
and Oregon. We attempted to answer four central questions:
(i) How are contemporary populations of chestnut-backed
chickadees structured? (ii) Was long-distance dispersal a
factor in recolonization of the northern range? (iii) Is there
lower genetic variation in populations from deglaciated
areas? (iv) Are interior and coastal populations genetically
isolated? By addressing the first three questions, we can
determine whether the postglacial range expansion of this
species followed the ‘phalanx’ or “pioneer’ model. A priori,

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd



Fig. 1 Distribution of chestnut-backed chickadees in western
North America. Species range is indicated by dashed lines.
Sampling sites are central, coastal Alaska (CAK), Alexander
Archipelago (AA), Queen Charlotte Islands (QCI), northern
British Columbia (NBC), Vancouver Island (VI), North Cascades
Park (NCP), Mount Rainier (MtR), northern Oregon (NOR) and
southeastern British Columbia (SEBC). The star in Idaho (ID)
represents 1904 range of chestnut-backed chickadees in the
interior (Grinnell 1904).

both models are possible. If no suitable habitat was available
north of the leading edge, then recolonization of previously
glaciated regions would likely have been a slow process and
followed the ‘phalanx” model of expansion. Alternatively,
if there were pockets of suitable habitat north of the
leading edge, then colonization of available habitat could
have been rapid and hence followed the ‘pioneer’ model.
The fourth question relates to the disjunct distribution of
the interior and coastal populations. If the interior popu-
lation was recently founded, then it should contain a
subset of the alleles present in the coastal population.
Alternatively, if the two populations are the result of
ancient vicariance, then the interior populations should
be genetically distinct from the coastal population and
contain a number of private alleles due to mutation.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

CHICKADEE POPULATION GENETICS 2411

Materials and methods

Samples and genotyping

The sampling area covered >75% of the contemporary
range of the chestnut-backed chickadee, including the
disjunct population in the western Rocky Mountains. A
total of 249 samples were collected from nine populations
in Alaska, British Columbia, Washington and Oregon (Fig. 1).
The populations sampled in Washington and Oregon were
from areas that were unglaciated during the Pleistocene.
Blood samples were collected from 223 individuals during
the summer of 2002 and 2003. Birds were caught using mist
nets, and blood was taken from the brachial vein, dried
on filter paper, and stored in individual bags. Twenty-six
samples (central, coastal Alaska, n = 6; Alexander Archi-
pelago, n = 9; northern Oregon, n = 1; and Queen Charlotte
Islands, n = 10) collected over a similar time period were
obtained from the University of Alaska Museum.

DNA was extracted using standard proteinase K/phenol-
chloroform extraction followed by ethanol precipitation
(Sambrook ef al. 1989). Seven microsatellite primer pairs
isolated from other passerine species were used for geno-
typing (Table 1). The forward primers were modified by
the addition of M13 sequence (CACGACGTTGTAAAAC-
GAQ) to the 5" end to allow for direct incorporation of a
fluorescently labelled M13 primer. All loci were amplified
using a two-step annealing procedure: one cycle for 2 min
at 94 °C, 45s at T,;, 60s at 72 °C; seven cycles of 60 s at
94°C,30satT,,,45sat72 °C;30cycles of 30 sat 89 °C,30 s
at T,,, 45 s at 72 °C; and one final cycle of 5 min at 72 °C.
For locus Pat43 T,; = 55 °C and T,, = 57 °C and for the
other six loci T,; = 50 °C and T,, = 52 °C. PCR products
were run on a 6% acrylamide gel using a LI-COR 4200 IR2
(LI-COR Inc.). Individuals of known allele sizes were
included on each gel to ensure that alleles were sized
consistently between gels. Alleles were scored using Gene-
ImaglIR (Scanalytics) and sizing was confirmed by visual
inspection.

Statistical analyses

Tests for departures from HardyWeinberg equilibrium
and for linkage disequilibrium were examined using exact
tests (Guo & Thompson 1992) as implemented in GENEPOP
version 3.3 (Raymond & Rousset 1995b), and sequential
Bonferroni corrections for multiple tests were applied
(Rice 1989). As estimates of allelic diversity can be biased
due to unequal samples sizes, allelic richness was estimated
using FSTAT version 2.9.3.2 (Goudet 2001).

Population differentiation can be estimated using two
types of tests: standard statistical methods and clustering
methods. Of the standard statistical methods, allelic
goodness of fit tests are the most powerful for detecting
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Table 1 Expected (Hp) and observed (H)

Sampling heterozygosities, total number of alleles
site Pat14* Patd43* BT6* Pdobt Ppi2f Poccl§ Escu6] Ave. (Ay), allelic richness (A) and percentage of
private alleles (Ap) for nine populations of
CAK Hy 0.59 083 057 071 058  0.60 0.89 0.68 chestnut-backed chickadees at seven micro-
(n=44) Ho 056 053 046 071 045 072 0.88 0.67 satellite loci. See Fig. 1 for abbreviations of
Ay 13 13 6 4 8 6 16 10.1 sampling sites. Departures from Hardy-
Ag 51 7.2 3.3 59 41 3.6 8.9 5.5 Weinberg equilibrium (in italics) are not
Ap 155 significant after a Bonferroni correction
AA Hg 0.59 079 057 075 041 0.59 0.83 0.65
(n=9) Hy 067 078 056 0.89 025 0.44 1.00 0.65
Ay 6 9 5 5 4 3 8 5.7
Ay 56 85 3.9 5.0 49 42 9.5 6.1
Ap 7.5
NBC Hg 0.63 084 057 071 0.57  0.65 0.91 0.70
(n=238) Hy  0.64 087 053 0.64 052  0.60 0.95 0.68
Ay 15 21 7 9 9 7 16 12.0
Ag 5.9 8.5 398 59 49 42 9.5 6.1
Ap 14.3
QCI Hg 0.72 084 046 0.82 049 0.55 0.85 0.68
(n =43) Hy 088 081 043 0.63 041 048 0.88 0.64
Ay 14 11 4 8 10 5 12 9.1
Ag 5.7 7.3 24 6.1 4.8 29 7.6 5.3
Ap 4.7
VI Hg 0.63 082 040 082 071  0.56 0.90 0.69
(n = 40) Hy 075 087 038 0.55 0.66  0.75 0.93 0.70
Ay 15 15 4 9 12 4 16 10.7
Ay 59 72 2.8 6.2 59 28 9.3 5.7
Ap 6.7
NCP Hg 0.74 076 054 076 0.81 0.59 0.90 0.73
(n=21) Hy 086 091 050 071 0.65 0.57 1.00 0.74
Ay 11 12 4 8 8 3 15 8.7
Ay 7.0 6.7 3.3 6.1 62 3.0 9.7 6.0
Ap 1.6
MtR Hy 0.68 076 059 078 0.61 057 0.89 0.70
(n=16) Hy 081 067 060 0.69 0.64 0.73 0.86 0.72
Ay 8 10 7 8 6 3 12 77
Ag 54 6.8 4.9 6.8 46 29 9.5 5.8
Ap 74
NOR Hg 0.42 072 056 0.66 0.69 0.46 0.83 0.62
(n=28) Hy 038 075 038 0.50 057  0.50 0.75 0.55
Ay 5 6 3 3 6 3 8 4.9
Ag 5.0 6.0 3.0 3.0 60 3.0 8.0 4.9
Ap 5.9
SEBC Hg 0.66 069 042 083 056  0.62 0.88 0.67
(n=30) Hy 059 070 033 073 0.60  0.52 0.93 0.63
Ay 10 12 6 8 6 6 13 8.7
Ay 56 6.2 35 6.8 38 42 8.6 5.5
A 6.6

=

*Otter et al. (2001), tGriffith et al. (1999), tMartinez et al. (1999), §Bensch et al. (1997),
{Hanotte et al. (1994).

population structure when sample sizes are unequal
(Goudet et al. 1996). TFPGA version 1.3 was used to test for
differences in allele frequencies among populations (1000
dememorization steps, 20 batches and 20 000 permutations/
batch, Miller 1997). TFPGA uses a Markov chain Monte Carlo

(MCMC) approximation of Fisher’s exact test (Raymond
& Rousset 1995a) and significance values are combined
across all loci (Fisher 1954). In contrast to standard statistical
methods that use pre-defined populations, normally sam-
pling sites, clustering methods use multilocus genotypes to
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create groups of individuals within which linkage dis-
equilibrium is minimized (Pritchard et al. 2000; Manel ef al.
2005). The program STRUCTURE version 2.1 (Pritchard ef al.
2000) was used to determine the level of population
structure in the data set independent of the geographic
origin of the samples. Three independent runs of 106 MCMC
iterations were performed using uncorrelated allele fre-
quencies and the admixture model to estimate the number
of populations (K) for K = 1-10. Results from runs at each
value of K were averaged.

Fgr and Rgp are two commonly used estimators of
population divergence. Rq was developed specifically for
microsatellites and incorporates microsatellite-specific
mutation models, yet simulation studies show that Fg;
has lower variance (Paetkau et al. 1997) and performs
better when sample sizes (<50/ population) and/or number
of loci (<20) are small (Gaggiotti et al. 1999). For popula-
tions sharing a recent history, mutation probably plays a
minor role in differentiation (Hardy et al. 2003); however,
to determine whether allele sizes were informative, and
whether Fq or Rgr was a better estimator for our data,
allele size permutation tests were performed in SPAGEDI
(Hardy & Vekemans 2002). Permutation tests showed that
allele sizes were not informative (P = 0.80) and therefore,
Fgr, not Rgp, was used. Weir and Cockerham’s estimator
of Fgp (1984) was used to measure population variation.
Both global and pairwise Fg estimates were calculated in
GENETIX 4.02 (Belkhir ef al. 2000). Relative measures of
differentiation can be difficult to compare directly ( Hedrick
1999). The genotype likelihood ratio distance (D, y, Paetkau
et al. 1997) is well suited to studying fine-scale population
structure and has lower variance than other distance
measures (Paetkau et al. 1997). D, is the likelihood of a
genotype from one population being identical to a geno-
type in another population. When D, = 1, the genotypes
of individuals from the two populations being compared
are one order of magnitude more likely to occur in the
individuals” own population than in the other population
(Paetkau ef al. 1997). D, was calculated in Doh (http://
biodb.biology.ualberta.ca/jbrzusto).

A factorial correspondence analysis (FCA) was performed
to aid in visualization of the patterns of genetic structure
using GENETIX 4.02 (Belkhir ef al. 2000). FCA uses individual
genotypic data to quantify the amount of inertia among
populations. The global inertia is proportionally weighted
relative to sample size and the total number of alleles
present in each sample. The ‘centre of gravity’ for each
population was plotted in 3D space.

To estimate the relative importance of drift and migration
in determining population structure we used isolation by
distance (IBD) and Bayesian approaches. Tests for isolation
by distance allow us to evaluate the relative historical roles
of gene flow and drift on population structure by com-
paring expected pairwise genetic and geographic distances
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with those expected under a stepping-stone model of
population structure (Hutchison & Templeton 1999). They
also allow us to determine if gene flow is affected by
geographic distance. IBD tests were performed in TFPGA
version 1.3 (Miller 1997) and significance was determined
using 999 permutations. Geographic distances to the south-
eastern British Columbia population were calculated as
the shortest distance through mesic forest habitat. The
program 2moD (Ciofi ef al. 1999) uses a Bayesian approach
to estimate the relative importance of drift and migration
in determining population structure by comparing two
models of population history. The gene flow—drift model
assumes that allele frequencies in the populations are
determined by a balance of genetic drift and immigration.
The drift model assumes one panmictic population was
fragmented into multiple subpopulations and that sub-
populations are diverging in the absence of migration.
Both models assume that mutation is negligible. The
program uses a coalescent-based MCMC approach with
Metropolis—-Hastings sampling to compare the likelihood
of the two models. 2moD also simulates the posterior
density of F, i.e., the probability that two alleles chosen at
random in a population are identical by descent rather
than due to immigration or a founder event. Two inde-
pendent runs of 106 iterations were performed and results
compared to determine whether the posterior probabilities
had converged. The first 10% of the runs were discarded to
remove effects of initial starting parameters.

Founder effects can cause a reduction in the number of
alleles in a new population, but similar decreases in allelic
variation can also result from a population bottleneck. To
test for recent reductions in population size, we used the
program BOTTLENECK version 1.2.02 (Cornuet & Luikart
1996; Piry et al. 1999). During a bottleneck, alleles will be
lost from the population and levels of heterozygosity will
be temporarily higher than expected under mutation—drift
equilibrium. The one-tailed Wilcoxon sign test is the most
powerful and robust of the three tests in BOTTLENECK for
studies using fewer than 20 loci (Piry et al. 1999). We there-
fore used this test with a two-phase mutation model
(TPM), with 95% single-stepwise mutations and 1000 iter-
ations, as recommended by Piry ef al. (1999), to determine
if a bottleneck occurred in the last 2N,—4N, generations.

Results

Levels of expected heterozygosity for the seven micro-
satellite loci ranged from 0.40 to 0.91 in the nine populations
(Table 1). The total number of alleles at each locus was high
(9-31) and each population contained 3-16 alleles/locus
(Table 1). The allele frequencies in the two less extensively
sampled populations (Alexander Archipelago and northern
Oregon) at Pat14 and Escu6 may not accurately reflect the
alleles present in each population due to the small sample
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Table 2 Results of exact tests for popu-

CAK AA NBC QCI VI NCP MtR  NOR  SEBC lation differentiation. Significant pairwise
tests are indicated in bold. Refer to Fig. 1 for
CAK abbreviations of sampling sites
AA 0.002
NBC 0.003  0.266
QCI  <0.001 0.003 <0.001
VI <0.001 0.055 0.008 <0.001
NCP  <0.001 0.013 0.014 <0.001 0.155
MtR  <0.001 0.157 0470 <0.001 0.014 0.405
NOR 0.002 0.025 0.192 0.003 0.004 0.006  0.059
SEBC <0.001 0.003 <0.001 <0.001 <0.001 <0.001 0.001 0.025
Table 3 Matrix of genetic distances: pair-
CAK AA NBC  QCI VI NCP MR NOR  SEBC wise Fgp values (below diagonal) and D,
(above diagonal) for nine chestnut-backed
CAK 1.64 0.74 0.82 2.01 2.69 0.70 121 121 chickadee populations. Fg values significant
AA 0.026 049 1.63 1.41 1.30 0.90 0.97 1.32 after correction for multiple tests are in bold.
NBC  -0.002 0.011 1.47 0.75 0.76 -0.05 0.90 0.54 Refer to Fig. 1 for abbreviations of sampling
QCI 0.021  0.017 0.019 2.22 2.67 1.58 1.46 1.48 sites
VI 0.022  0.010 0.010 0.017 0.55 0.99 1.16 1.40
NCP 0.026  0.026 0.017 0.041 0.008 0.38 2.69 1.94
MR 0.016  0.003 0.004 0.016 0.008 0.007 0.96 0.62
NOR 0.019 0.033 0.012 0.029 0.029 0.037 0.010 1.11
SEBC 0.022 0.034 0.013 0.025 0.019 0.035 0.014  0.020

size and the large number of alleles at these two loci. Average
allelic richness, adjusting for unequal sample sizes, ranged
from 4.9 to 6.1 alleles/locus (Table 1). Northern and
southeastern British Columbia populations contained
similar levels of genetic diversity to populations from
unglaciated areas in Oregon and Washington (Table 1).
Private alleles were detected at each locus and were present
in all nine populations (Table 1). The central Alaska and
northern British Columbia populations contained a dis-
proportionately large number of private alleles (11 and 12,
respectively) compared to the other populations (1-5 alleles).
The distribution of private alleles is not significantly
heterogeneous (G_,, = 14.30, d.f. =8, P = 0.07); however, a
Freeman-Tukey test showed that the central Alaska and
northern British Columbia populations had more private
alleles than the other populations and that the North
Cascades Park population had fewer private alleles.

Prior to Bonferroni corrections (Rice 1989), 6 of the 63
locus-population comparisons showed significant depar-
tures from Hardy-Weinberg equilibrium (Pdo5 in Queen
Charlotte Islands and Vancouver Island); however after
corrections for multiple tests none were significant. No
tests for linkage disequilibrium were significant.

Population differentiation was detected in the western
North American populations of the chestnut-backed
chickadee. Exact tests showed significant differences for
all but one of the comparisons involving the central
Alaska, southeastern British Columbia and Queen Charlotte
Islands populations (Table 2). The northern Oregon-—
Vancouver Island and northern Oregon-North Cascades

Park comparisons also had significantly different allele
frequencies.

The results of STRUCTURE were not clear. Clustering
algorithms are known to work well when population
divergence is high, but it is not known how well they
perform when divergence is low (Manel et al. 2005). The
highest probability was for K =5 [Pr(K = 5) = 0.83]; how-
ever, values of K> 3 resulted in further division of
sampling sites within the existing inferred clusters. The
clustering at K =3 consisted of Queen Charlotte Islands
and central Alaska, southeastern British Columbia, and the
remaining populations.

The global Fq value was low (Fg = 0.018 compared to
the theoretical maximum Fg; = 0.291; Hedrick 1999), but
highly significant (P < 0.001). Pairwise Fg; values between
populations ranged from —0.002 to 0.041 (Table 3). Based
on the results from the exact tests and cluster analysis, we
examined the Fg; values more closely. The Fq values
were higher for comparisons involving the central Alaska,
southeastern British Columbia and Queen Charlotte
Islands populations (Table 3 and Fig. 2). The exception was
the central Alaska—northern British Columbia comparison.
Five of the Fg values for the other population comparisons
were relatively high (0.017-0.037, Table 3). These compar-
isons involved the two populations with smaller samples
sizes (northern Oregon and Alexander Archipelago) and
therefore higher variance; none of these five values was
significant after correction for multiple tests. D,  distances
also suggested differentiation within western North
America. The average D, ; was 1.24. The smallest distance
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Fig.2 Graph of genetic versus geographic distances between
populations of chestnut-backed chickadees. Comparisons
involving central Alaska, Queen Charlotte Islands and southeastern
British Columbia populations are represented by grey squares,
and all other populations are represented by black diamonds.

was between Mount Rainier and northern British Columbia,
where the likelihood of genotypes occurring in either
population was identical. In comparison, most of the other
values were above 0.50, indicating genotypes had a higher
likelihood of occurring in the populations from which they
were sampled (Table 3).

The first three axes of the FCA explained 47.6% of the
inertia (Fig. 3): 19.6%, 14.9% and 13.1%, on the first, second
and third axes, respectively. The individuals from the
central Alaska, Queen Charlotte Islands, southeastern
British Columbia, northern Oregon and Alexander Archi-
pelago populations showed little overlap with each other
or with individuals from the four remaining populations.
However, individuals from the Vancouver Island, Mount
Rainier, North Cascades Park and northern British Columbia
populations, while forming loose clusters with other indi-
viduals from the same population, overlapped extensively
with individuals from other populations (data not shown).

No significant isolation by distance was found (r = 0.157,
P =0.18, Fig. 2). The high level of variance suggests that
the populations are not in gene flow—drift equilibrium
and that the effects of gene flow are greater than drift
(Hutchison & Templeton 1999). Bayesian tests using 2M0oD
confirmed this. The pattern of population structure is best
explained by a gene flow—drift model. The likelihood of the
gene flow—drift model was 1 (Bayes factor = 999; a Bayes
factor > 3 is considered substantial support, Kass & Raftery
1995). Under the gene flow—drift model, the relative effects
of drift and immigration can be examined using F
(probability of identical alleles by descent). F values range
from 0 to 1, and smaller F values imply that the effects of
immigration are stronger than the effects of drift. F values
from the chickadees ranged from 0.007 to 0.069. The effects
of drift are highest in the northern Oregon population and
lowest in the northern British Columbia population.
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Fig. 3 FCA of chestnut-backed chickadee populations in western
North America. Each point represents the centre of the
distribution of genotypes from all of the individuals in the
population.

No evidence of a recent population bottleneck was
found. None of the populations tested showed a significant
excess of heterozygosity (P > 0.81).

Discussion

Genetic analyses of population structure in chestnut-backed
chickadees revealed significant structure within the portions
of their range thought to have been glaciated, with four
main groupings: Queen Charlotte Islands, central Alaska,
southeastern British Columbia and a large coastal group
(Table 2). The southernmost sampling site in northern
Oregon also showed evidence of population differentiation,
but this may be due to small sample sizes.

Pattern of recolonization

The pioneer model of recolonization best describes the
contemporary population structure for chestnut-backed
chickadees. The factorial correspondence analysis showed
that genetically similar populations were not the most
geographically proximal populations (Fig.3). A similar
pattern was found in Steller’s jay (Cyanocitta stelleri) and
yellow cedar (Chamaecyparis nootkatensis) in the Pacific
Northwest (Ritland et al. 2001; Burg et al. 2005). In addition,
all of the chickadee populations inhabiting previously
glaciated regions south of the main ice sheet contained
private alleles. If colonization had occurred continuously
along the Pacific coast (i.e., the ‘phalanx” model), adjacent
populations should contain similar allelic composition
or allelic variation should decrease progressively as
colonization proceeded northward (Pruett & Winker 2005).
Furthermore, two of the most northerly sites (central,
coastal Alaska and northern British Columbia) contained
a large number of alleles that were absent in the other
populations. The large number of private alleles in these
two populations raises a question as to the origin of these
populations.
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Grinnell (1904) hypothesized that the chestnut-backed
chickadee may have arisen in Alaska or northern British
Columbia from the boreal chickadee (P.hudsonicus),
another northern chickadee, and expanded southwards.
Mitochondrial data suggest the two closely related species
diverged during the Pleistocene (Gill et al. 1993), and the
explanation of a northern origin is consistent with the large
number of private alleles found in two northern popula-
tions. Indeed, these two species may have diverged in the
north during an interglacial. It is possible that these popu-
lations persisted in a northern refugium; however few of
the studies of mesic temperate forest species have included
samples from this far north. Genetic studies on western red
cedar and yellow cedar, components of mesic temperate
forests with a similar distribution to the chestnut-backed
chickadee, provide conflicting results. Ritland et al. (2001)
raise the possibility of a northern refugium for yellow
cedar, while Glaubitz et al. (2000) suggest a single southern
refugium for western red cedar populations. If a northern
refugium was present, it is not clear whether or not it was
large enough to support a population of chestnut-backed
chickadees. The paleoecological data for other species of
cedar and hemlock is inconclusive, but shows that western
red cedar and western hemlock were present along the cen-
tral coast in the mid- Holocene (Mann & Hamilton 1995).
Further sampling of southern populations, especially
populations in California, is required to determine if these
private alleles are also present in populations from
unglaciated areas.

Contemporary population structure

In addition to coastal and interior population subdivision,
population structuring exists west of the Cascade and
Coast mountain ranges. Within the coastal population,
three genetic groups of chestnut-backed chickadees were
detected: Queen Charlotte Islands, central Alaska, and a
central coastal population. Both the Queen Charlotte Islands
and central Alaska chestnut-backed chickadee populations
differ in their geographical position relative to the core
coastal population. Like the interior population, the Queen
Charlotte Island population is physically isolated from
the main coastal population. In contrast, the central Alaska
population, near the northern periphery of the range, is
contiguous with the coastal population.

Peripheral populations are more likely to be genetically
isolated than central populations (Jump et al. 2003; Wisely
et al. 2004). Individuals at the centre of a species’ range can
disperse in many directions, while those at the range edge
can disperse in fewer directions. This effect is even more
pronounced in linearly distributed species which are
more likely to exhibit reduced dispersal at the ends of their
ranges due to the reduced number of pathways for gene
flow (Kimura & Weiss 1964). Although the central Alaska

population is not at the extreme northern end of the
contemporary range, it may be considered as a peripheral
population. The mesic temperate forest between the Kenai
Peninsula, at the far northwestern end of the chestnut-
backed chickadee distribution, and northern Southeast
Alaska is reduced to a very narrow strip between the Pacific
ocean and the St Elias and Chugach mountain ranges,
which remain heavily glaciated (Little 1971; Mann &
Hamilton 1995). A 100 km break in the distribution of west-
ern hemlock, one of the main winter food sources for
chestnut-backed chickadees (Price et al. 1995), also exists
near the British Columbia—Yukon-Alaska border. In addi-
tion, many of the cedar and hemlock species that comprise
the mesic temperate forest reach their northern limits in
Southeast Alaska and northern British Columbia (Little
1971). The combination of these factors suggests that the
central Alaska population may be a peripheral population,
at least with respect to optimal habitat. Given the large
number of private alleles in the central Alaska population
it is unlikely that the genetic differentiation is due solely to
areduction in gene flow between it and other populations,
but rather a combination of a different founding population
and subsequently reduced gene flow occurring in this
peripheral portion of the species’ range.

Similarly, the peripheral location of the Queen Charlotte
Islands, situated 80 km off the British Columbia coast and
isolated by the waters of Hecate Strait, may be contribut-
ing to the reduction in gene flow between this population
and the main coastal populations. Unlike the two other
island populations sampled in this study (Alexander
Archipelago and Vancouver Island), the Queen Charlotte
Islands are located a substantial distance from the
mainland. Barriers are often species-specific and while
dispersal of other species from the Queen Charlotte Islands
to the mainland may be high (e.g. seasonal migrants), for
the chestnut-backed chickadee dispersal appears to be
reduced.

Inland dispersal or ancient vicariance

The interior and coastal populations appear to be
geographically and genetically distinct. The age and origin
of the interior population are not known but the patterns of
genetic differentiation and private alleles, together with
levels of allelic variation, suggest that the origin was due
to historical, inland dispersal and included numerous
individuals. It is possible that chestnut-backed chickadees
survived part of the Pleistocene in the Clearwater refugium
in north central Idaho (Brunsfeld et al. 2001; Carstens et al.
2004); but it is doubtful that they were isolated from the
coastal populations for a prolonged period of time. Several
factors suggest that the interior population has a more
recent origin and is the result of inland dispersal. First, levels
of divergence, while high, are comparable to populations
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from deglaciated regions (e.g. central Alaska and the Queen
Charlotte Islands). Second, if the populations were the
result of ancient vicariance, then the interior population
should harbour a large number of private alleles. The
number of private alleles present in the interior population
is no higher than in other coastal populations (Table 1).
Third, surveys from the early 20th century showed a
paucity of chestnut-backed chickadees in the interior.
Grinnell (1904) found chestnut-backed chickadees were
present only near Coeur d’Alene, Idaho (Fig. 1). While
he may have failed to identify some isolated interior
populations, it is unlikely that the 1904 chestnut-backed
chickadee distribution was as extensive as it is today.
Other researchers have also reported the scarcity of
chestnut-backed chickadees east of the Cascade mountains
(Bowles 1909). Chestnut-backed chickadees were present
in the British Columbia interior in 1974 (Brennan &
Morrison 1991), but no data have been published as to their
arrival date. If the interior population was of pre-Holocene
origin, then the 1904 range should have been more
widespread throughout the interior temperate mesic
forest. No estimates of the 1904 population size are known,
but levels of contemporary genetic variation suggest that it
was sufficiently large to retain a large amount of genetic
variation and not experience any bottlenecks. Finally, if the
interior population persisted in the Clearwater refugium
in southern Idaho for a prolonged period of time and was
isolated from the coastal populations, then mutation
should have played a role in divergence, and there is no
genetic evidence for this having occurred.

The exact tests for population differentiation showed
that the southeastern British Columbia and northern
Oregon populations were homogeneous, but this could be
due to the small number of samples from northern Oregon.
If these two populations are connected, or were in the
recent past, the connection would have been around the
southern end of the Columbia Basin, as populations closest
to the northern Columbia Basin in Washington and coastal
British Columbia are genetically isolated from the interior
population.

In summary, the pattern of population structure among
chestnut-backed chickadees in western North America
suggests that the ‘pioneer’ model of colonization was
the main factor shaping contemporary patterns. Post-
colonization dispersal between coastal and interior popu-
lations was restricted by a large area of unsuitable habitat,
and gene flow was reduced between peripheral populations
near the northern end of the distribution and central
populations. The high levels of population differentiation
in the chestnut-backed chickadee may also be attributed to
their historical isolation in multiple refugia, their sedentary
nature, their effectively linear distribution and their depend-
ence on cedar—hemlock forests, which together act to
decrease dispersal.
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