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Abstract

There is growing interest in understanding patterns of seasonal migratory connectivity
between breeding and wintering sites, both because differences in migratory behaviour
can be associated with population differentiation and because knowledge of migratory
connectivity is essential for understanding the ecology, evolution and conservation of
migratory species. We present the first broad survey of geographic variation in the
nuclear genome of breeding and wintering Wilson’s warblers (Wilsonia pusilla), which
have previously served as a research system for the study of whether genetic markers and
isotopes can reveal patterns of migratory connectivity. Using 153 samples surveyed at up
to 257 variable amplified fragment length polymorphism markers, we show that Wilson's
warblers consist of highly distinct western and eastern breeding groups, with all winter
samples grouping with the western breeding group. Within the west, there is weak
geographic differentiation, at a level insufficient for use in the assignment of wintering
samples to specific areas. The distinctiveness of western and eastern genetic groups, with
no known intermediates, strongly suggests that these two groups are cryptic species.
Analysis of mitochondrial cytochrome b sequence variation shows that the estimated
coalescence time between western and eastern clades is approximately 2.3 Ma, a
surprisingly old time of divergence that is more typical of distinct species than of
subspecies. Given their morphological similarity but strong genetic differences, western
and eastern Wilson’s warblers present a likely case of association between divergence in
migratory behaviour and the process of speciation.
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Introduction

How seasonal migratory behaviour relates to popula-
tion differentiation is of growing interest to ecologists,
conservationists and evolutionary biologists. A full
understanding of the year-round ecology of migratory
organisms depends critically on the knowledge of pat-
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terns of migratory connectivity between specific breed-
ing and wintering populations (Webster et al. 2002;
Smith et al. 2005; Carlisle et al. 2009). Effective conser-
vation planning also depends on such knowledge,
because threats to population persistence can occur in
the breeding and wintering ranges as well as the migra-
tory routes in between and because migratory differ-
ences can point to genetically divergent populations
(Bensch et al. 1999; Ruegg & Smith 2002) that are
important to conserve. In an evolutionary context,
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differences in migratory pathways can reveal popula-
tions that show some degree of reproductive isolation
(Ruegg 2007; Bensch et al. 2009), and it is even possible
that the migratory differences themselves may lead to
reproductive isolation (Helbig 1991; Irwin & Irwin 2005;
Irwin 2009; Rohwer & Irwin 2011), thereby contributing
to speciation.

Given the importance of migratory connectivity to
ecology, conservation and evolution, there is intense
interest in developing better methods for revealing pat-
terns of connectivity (Webster et al. 2002). While mark-
recapture techniques have been somewhat useful in
revealing broad patterns for some species (e.g. Swain-
son’s thrush; Ruegg & Smith 2002), for most species the
recovery rate is extremely low, requiring immense effort
for very low resolution of patterns of connectivity
(Webster et al. 2002). Thus, new approaches using
telemetry, stable isotopes and/or genetic signatures are
receiving much attention (Webster et al. 2002; Kelly
et al. 2005; Boulet & Norris 2006). While all of these
approaches show potential for uncovering patterns of
connectivity, particularly when used in combination,
genetic analysis is particularly informative for character-
izing evolutionary divergence between populations.

The Wilson’s warbler (Wilsonia pusilla Wilson 1811)
has emerged as a focal species for the study of how
stable isotopes and genetic markers can be used to
describe patterns of migratory connectivity (Kelly et al.
2002; Kimura et al. 2002; Clegg et al. 2003; Smith et al.
2005). With a breeding range extending through much
of Canada and the United States and a wintering range
through much of Mexico and Central America (Fig. 1;
Dunn & Garrett 1997, Ammon & Gilbert 1999), this
species offers considerable potential for revealing
detailed patterns of connectivity. As a colourful and
widespread Nearctic-Neotropical migrant that has
shown large population declines (e.g. Breeding Bird
Survey survey-wide growth rate of —2.3% per year
between 1996 and 2007; Sauer et al. 2008), it is also of
considerable conservation interest. Being too small for
even the smallest available telemetry devices that could
track movements over large geographic areas, these
birds require alternative methods, such as feather iso-
topes and genetic signatures, to determine their patterns
of connectivity. Feather isotopes have been most useful
as an indicator of latitude (Kelly et al. 2002), enabling,
for example, the elucidation of a pattern of ‘leapfrog
migration” in which birds that breed furthest north
spend the winter furthest south (Kelly et al. 2002; Clegg
et al. 2003; Paxton et al. 2007).

In contrast, molecular analyses of Wilson’s warblers
across the breeding range have been most informative
in revealing longitudinal rather than latitudinal varia-
tion, showing large differences between western and
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Fig. 1 Map of North and Central America showing breeding
ranges of three subspecies of Wilson’s warbler (blue, Wilsonia
pusilla chryseola; green, W. p. pileolata; red, W. p. pusilla) and
their combined winter range (grey), along with sampling sites
(designated with letters, according to Table 1). Range informa-
tion was obtained from Dunn & Garrett (1997) and Ammon &
Gilbert (1999). The boundaries between subspecies have not
been well studied; hence, the map shows their approximate
positions.

eastern regions in mitochondrial DNA (Kimura et al.
2002) and microsatellites (Clegg et al. 2003) compared
with the variation within each of those regions. These
differences parallel previously recognized but subtle
differences in coloration of western and eastern popula-
tions, which have been used as the basis for designating
three named subspecies (Dunn & Garrett 1997). These
include two subspecies breeding in the west (W. p.
pileolata, from Alaska south through interior British
Columbia and the Rocky Mountains to northern New
Mexico; W. p. chryseola, from southwestern British
Columbia through southern California; Fig. 1) and one
in the east (W. p. pusilla, from Alberta and the North-
west Territories to the east coast of Canada; Dunn &
Garrett 1997). However, previous genetic studies were
unable to resolve patterns of migratory connectivity
within the western and eastern groups (Kimura et al.
2002; Clegg et al. 2003). Given that previous research
surveyed only small numbers of genetic loci (i.e.



3104 D. E. IRWIN, J. H. IRWIN and T. B. SMITH

mtDNA, which is inherited as a single unit, and eight
microsatellite loci), we decided to survey of a much lar-
ger number of genetic markers distributed throughout
the genome, with the goal of answering several ques-
tions. First, do these markers enable assignment of win-
tering and migratory individuals to specific breeding
regions? Second, how closely do patterns of genomic
variation correspond to the three named subspecies?
Third, are the strong east-west differences observed in
mitochondrial DNA representative of overall genomic
divergence such that western and eastern forms of Wil-
son’s warbler might actually be reproductively isolated
species?

Motivated by these questions, we conducted a survey
of geographic variation in a large number (257) of
genetic markers spread throughout the Wilson’s war-
bler genome, using the amplified fragment length poly-
morphism (AFLP) method (Vos et al. 1995; Mueller &
Wolfenbarger 1999; Bensch & Akesson 2005; Bonin et al.
2007). Compared with previously used methods
(mtDNA sequencing and microsatellites), AFLP has the
advantage that it surveys a large number of markers
and as a consequence is better representative of overall
genomic divergence and therefore has more potential to
capture geographic variation. Given that AFLP has been
highly successful in resolving within-species population
structure in other study systems (e.g. Bensch et al. 2002;
Campbell & Bernatchez 2004; Irwin et al. 2005, 2009b;
Mila et al. 2007, 2009; Freedman et al. 2010; Brelsford
et al. 2011) and in discovering cryptic species (Irwin
et al. 2005; Toews & Irwin 2008), we use it in Wilson’s
warblers to determine (i) whether there is sufficient
population structure within western and eastern groups
of Wilson’s warblers to allow the use of these markers
to infer breeding locations of wintering birds and (ii)
how divergent the three named subspecies are in their
nuclear genomes. We also estimate the mitochondrial
divergence time between western and eastern groups of
Wilson’s warblers using a novel analysis of cytochrome
b sequences available from GenBank.

Methods

Sampling

Blood and/or feather samples of Wilson’s warblers
were obtained throughout much of the breeding and
wintering ranges (Table 1, Fig. 1) as part of a long-term
effort to examine patterns of connectivity in this species.
Most of the samples used in this study were also used
by Kimura et al. (2002) and Clegg et al. (2003); see those
studies for detailed descriptions of sampling and DNA
extraction methods. Table 1 describes 24 sampling loca-
tions included in the present study as well as their sam-

ple sizes. Nearby locations were grouped into ‘sites’
that are designated with letters in Fig. 1 according to
Table 1.

AFLP

Genomic DNA was extracted according to the method
of Kimura et al. (2002). To survey variation in AFLP
markers, we used a protocol designed by Vos et al.
(1995), with slight modifications by Bensch et al.
(2002). We adapted this protocol for the visualization
of bands on an ABI 3700 genetic analyzer at the UCLA
Core DNA Sequencing Facility; later, the identical
protocol was used by Mila et al. (2007, 2009), where it
is described more clearly. The average per locus meth-
odological error rate, as estimated for this protocol by
Mila et al. (2007), is 1.8%. We also calculated a rough
estimate of the error rate for our study, by running
and blindly scoring two samples at two primer combi-
nations multiple times (one-three times, the other
twice) on different days and in different sets of
other samples. This resulted in an error rate of 2.0%,
small compared with the differences between individu-
als within populations (ranging from 12.7% to 25.3%
on average, see Results) and between individuals of
different populations (ranging from 15.3% to 33.6% on
average).

We generated AFLP signatures for 237 samples at 2-6
primer combinations. After the inspection of the trace
files, we rejected 84 of these samples because they gen-
erated trace files that were visibly irregular compared
with those produced by the bulk of the samples. Irregu-
larities included too many bands, too few bands or
unusual distributions of band sizes (e.g. too many short
bands, too few long bands). Many of these DNA sam-
ples had been extracted from feathers, which often pro-
duce less DNA than blood, or had been extracted many
years earlier, possibly causing degraded DNA or other
problems. The decision of whether to include or reject
samples was made before subsequent analysis and
without considering individual identity or origin. Of
the remaining 153 samples, 108 were successfully pro-
filed using six primer combinations (Table 2), and the
rest were successfully profiled at two primer combina-
tions. (Logistical and time constraints prevented those
from being profiled at the other four primer combina-
tions.) We are confident that these samples produced
reliable AFLP signatures because there were no notice-
able outliers, every sample falling into one of two
distinct clusters (see Results).

We examined trace files and scored AFLP bands
using the program Genographer 1.6 (Benham 2001). We
scored all variable AFLP bands, except those that
appeared in three or fewer individuals. Variation in the
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Table 1 Sampling locations and numbers of samples from each used in the two amplified fragment length polymorphism analyses

(six primer combinations and two primer combinations)

Location Grouped site Lat. Long. N (6combo) N (2combo)
Breeding (west)
1. Denali, AK A 63.4 -150.4 — 4
2. Juneau, AK B 58.3 -134.4 8 8
3. Hinton, AB C 53.5 -117.5 10 10
4. Ram Falls, AB C 52.0 -115.8 — 4
5. Benjamin Creek, AB C 51.5 -115.0 — 2
6. 100 Mile House, BC D 51.7 -121.3 10 10
7. Cayoosh Mountain, BC D 50.3 -122.3 — 1
8. Mt. Baker Nat. Forest, WA E 48.1 -121.5 — 8
9. Siuslaw Nat. Forest, OR F 443 -123.9 — 8
10. Half Moon Bay, CA G 375 -122.5 — 8
11. Rocky Mountain Nat. Park, CO H 40.4 -105.6 2 5
12. Grand Mesa, CO H 39.0 -107.9 1 6
Breeding (east)
13. New Liskeard, ON ] 47.5 -79.7 5 5
14. Camp Myrica, QC K 49.7 -73.3 13 13
15. Fredericton, NB L 45.8 -66.7 4 4
Wintering
16. Concordia, Sinaloa, Mex. P 23.8 -102.3 3 3
17. El Cielo Biosphere Reserve, Tamaulipas, Mex. Q 23.0 -99.1 7 7
18. Coatepec, Veracruz, Mex. R 19.5 -97.0 9 9
19. Tuxtlas, Veracruz, Mex. R 18.4 -95.2 2 2
20. Oaxaca. Mex. S 17.1 -96.8 9 9
21. Tegucigalpa, Honduras T 14.1 —87.2 7 7
22. San Salvador, El Salvador U 13.7 -89.2 9 9
23. Nicaragua \Y% 13.0 —-85.0 — 2
24. Las Alturas Biological Station, San Vito, Costa Rica Y 8.8 -83.0 9 9
Totals 108 153

Table 2 Primer combinations used in the amplified fragment
length polymorphism analysis, the dye used to visualize
bands, the number of samples genotyped at each combination
and the number of variable bands. For the lower two combina-
tions, the number of variable bands is shown for the 108-sam-
ple data set (six primer combinations) followed by the number
of variable bands in the 153-sample data set (two primer com-
binations)

EcoRI Variable
primer* M-primer" Dye Samples bands
TCT CGA VIC 108 38
TCT CGT VIC 108 54
TGA CGT VIC 108 48
TGC CGA FAM 108 44
TAG CTA FAM 153 42/45
TGC CTT FAM 153 31/32

*EcoRI primer: 5-GACTGCGTACCAATTCNNN-3".
Msel primer: 5-GATGAGTCCTGAGTAANNN-3".

resulting presence/absence matrix was summarized
using principal components analysis (PCA) applied to
the covariance matrix, using R (R Development Core
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Team 2008). We used Structure 2.2 (Pritchard et al.
2000; Falush et al. 2007) using models of both admix-
ture and no admixture and correlated allele frequencies
to estimate the optimal number of genetic clusters and
to determine the probabilities that each individual
belongs to each cluster. As recommended by Pritchard
et al. (2010) for initial studies of geographic structure,
sampling locations were not used as priors. Each Struc-
ture run consisted of 50 000 burn-in steps, followed by
50 000 steps for parameter estimation, with K (the num-
ber of clusters) ranging from 1 to 15. In the admixture
model, a (the parameter for degree of admixture) was
inferred from the data. Three replicate runs were per-
formed for each K.

To describe the amount of genetic differentiation
between populations, we used two forms of Fsr statistic
(Bonin et al. 2007; Toews & Irwin 2008). The first esti-
mates the fraction of variance in allele frequencies that
is explained by differences between populations. The
second is similar but based on AFLP band frequencies
rather than allele frequencies. The allele-based Fsr has
more relevance to population genetic theory and can be
compared more directly with Fsp calculated from
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codominant markers such as microsatellites, whereas
the band-based Fsr is more straightforward to estimate,
requiring fewer assumptions. Both have been used in
previous studies of AFLP variation in birds; hence, we
calculated both for purposes of comparison with other
studies. Allele-based Fsr was estimated using AFLP-
SURV (Vekemans 2002), which used a Bayesian
approach (with a nonuniform prior distribution of allele
frequencies) assuming Hardy-Weinberg equilibrium
within each species. We estimated 95% confidence
intervals as follows: we used AFLP-SURV to calculate
Fst from each of 99 bootstrapped data sets by resam-
pling with replacement among AFLP markers and then
took the third smallest value and the third highest
value as the 95% confidence interval. In addition to the
overall Fgr calculated by AFLP-SURV based on all loci,
we calculated Fsr for each locus, according to the
method used by Toews & Irwin (2008). The program
Arlequin 3.11 (Excoffier et al. 2005) was used to calcu-
late Fst based on band frequencies, for purposes of
comparing with other studies that have used the same
method (summarized by Irwin et al. 2009b).

Arlequin was also used to perform analysis of molecu-
lar variance (amMova), which calculates the percentage of
genetic variation that is explained by the difference
between groups of interest, among sampling sites within
groups and within sampling sites. Using the 2-primer-
combination data set, because it had greater geographic
sampling, we performed two amova analyses: the first
calculated the percentage of AFLP variation in all breed-
ing samples that was explained by the difference
between western (sites A-H, subspecies chryseola and
pileolata; Table 1, Fig. 1) and eastern (sites J-L, subspe-
cies pusilla) breeding populations, whereas the second
calculated the percentage of variation within the western
breeding group that was explained by the difference
between the two western subspecies (chryseola and pileo-
lata). Statistical significance of the variance components
was tested using 1023 permutations in Arlequin.

Mitochondrial DNA divergence time

While it has been previously established that western
and eastern breeding groups of Wilson’s warbler corre-
spond to divergent mitochondrial DNA clades (Kimura
et al. 2002), no previous study has applied a reliable
molecular clock to estimate the time of that split. Kim-
ura et al. (2002) presented an analysis of variation in
the control region, but the rate of evolution in that
region is not well established and is highly variable. In
contrast, cytochrome b has been intensively studied and
has a fairly reliable molecular clock of 2% sequence
divergence per million years, at least in birds (Weir &
Schluter 2008). Kimura ef al. (2002) identified 33 unique

cytochrome b haplotypes within Wilson’s warblers and
used variation within them to design a PCR-RFLP assay
to quickly assign samples to divergent western or east-
ern clades; they did not present a phylogenetic analysis
of these sequences. We now present the first phyloge-
netic analysis of cytochrome b variation within Wilson’s
warblers, comparing them with related species.

We downloaded the 33 sequences, each of 316 bp,
contributed by Kimura ef al. (2002), from Wilson’s war-
blers  (GenBank accession numbers AF499563-
AF499595). We used Arlequin 3.11 (Excoffier et al. 2005)
to calculate average pairwise differences between and
within western and eastern groups and to calculate
Fst between these haplotype clusters. Note that this Fsr
cannot be taken as a precise population-based Fsr
because it is not based on actual haplotype frequencies.
(Each haplotype was entered once into the analysis,
because the frequency data from Kimura et al. 2002 are
presently unavailable; M. Kimura, pers. comm.) To
compare variation in Wilson’s warblers with molecular
distance between other related and distinct species, we
downloaded sequences for the four species that are
apparently most closely related to Wilson’s warblers
(Lovette et al. 2010): Ergaticus ruber, Ergaticus versicolor,
Wilsonia canadensis (GU932413-GU932415; Lovette et al.
2010) and Cardellina rubifrons (AF383026; Lovette & Ber-
mingham 2002). We then estimated a phylogeny using
the program Tree-Puzzle (Schmidt et al. 2002), using a
maximum-likelihood approach. We specified exact
parameter estimation using a neighbour-joining tree
and an HKY + I' model of sequence evolution (Price
2008), with eight gamma-distributed rate categories. A
likelihood ratio test using Tree-Puzzle revealed that the
assumption of a molecular clock did not significantly
decrease the likelihood of the phylogeny. We therefore
use the clock-like tree for illustration, assuming 2%
sequence divergence per million years (Weir & Schluter
2008). This rate of divergence is an expectation given
much time and a large sequence, whereas in any partic-
ular short span of time and short sequence, there will
be stochastic variation in the number of mutations that
actually occur. To estimate a 95% confidence interval
on the estimated coalescence time owing to this source
of variation, we determined the lower 2.5% and highest
2.5% values of a Poisson distribution with a mean of
12.6, which is the average basepair difference between
western and eastern haplotypes (see Results).

Results

A total of 257 variable AFLP markers were identified
using six primer combinations (Table 2) applied to a
sample of 108 Wilson’s warblers (Table 1). An addi-
tional 45 samples were successfully profiled at two of
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Table 3 Pairwise genetic differentiation between major breeding sites of Wilson’s warblers, estimated using 77 amplified fragment
length polymorphism (AFLP) markers. Sites are indicated by letters according to Fig. 1 and Table 1, with A-H being western sites
(chryseola and pileolata) and J-K being eastern (pusilla). On the diagonal (shaded) are average AFLP distances within sites (i.e. the
number of bands that differ between individuals in presence/absence). Above the diagonal are average AFLP distances between
sites. Below the diagonal are band-based Fsr values between sites, calculated using Arlequin (Excoffier ef al. 2005). Italicized text
indicates Fgr values that are significantly different from zero at the P < 0.05 level, and bold italics indicates significance at the
P < 0.005 level

A B C D E F G H J K L

A 19.0 17.9 18.8 17.3 17.0 20.4 18.9 18.1 23.8 25.2 23.0
B 0.18 11.9 12.6 12.2 13.1 16.3 15.3 13.4 18.9 20.2 18.4
C 0.20 0.01 13.0 12.9 13.7 16.9 15.3 13.8 18.5 19.5 18.0
D 0.12 -0.01 0.01 12.7 12.8 16.7 15.4 13.0 19.4 20.7 18.8
E 0.07 0.04 0.04 -0.01 13.4 16.6 15.6 13.8 194 20.5 18.6
F 0.08 0.06 0.08 0.07 0.03 18.7 17.8 16.9 21.9 224 20.4
G 0.11 0.12 0.09 0.10 0.09 0.05 15.1 15.0 22.7 22.9 21.8
H 0.16 0.07 0.06 0.02 0.05 0.08 0.08 12.8 19.9 20.8 18.8
J 0.38 0.39 0.33 0.38 0.36 0.30 0.41 0.39 11.2 12.8 115
K 0.40 0.37 0.32 0.37 0.35 0.30 0.39 0.37 0.03 13,3 11.6
L 0.38 0.40 0.34 0.38 0.36 0.26 0.40 0.38 0.09 -0.01 9.5
these primer combinations accounting for 77 variable 5]
AFLP markers (Tables 1 and 2). Among these 77 mark- Lo e ©
ers, individuals within breeding sites differed on aver- DS " .
age by 9.5-19.0 markers (12.3-24.7%), and individuals 11 v 8 ;ox
from different breeding sites differed on average by ’ ﬁa:s , CR .
11.5-25.2 markers (14.9-32.7%), providing abundant § .%c ;BTD ) DB . - ;
genetic variation for the study of population differentia- o, 07 SEe L
tion (Table 3). < N Y a%xn v "

A principal component analysis on the 257-marker 1] U:QV:% 8 K,
data set reveals that the major axis of variation (PC1) e
separates two highly distinct genetic clusters (Fig. 2), °
explaining a large amount (17.0%) of the variation -2 "
while subsequent PCs explained much less (e.g. PC2: : : : : : :
3.1%). The clusters separated along PC1 correspond 2 - 0 AFL|13 PC1 2 8 ‘

perfectly to (i) all western breeding samples and all
wintering samples (the left cluster in Fig. 2) and (ii) all
eastern breeding samples (the right cluster). Analysis of
the 77-marker data set produces similar results (Fig. S1,
Supporting information), the notable difference being
that there is a bit more scatter in the clusters compared
with the distance between the clusters, presumably due
to the lower signal-to-noise ratio owing to less informa-
tion (77 vs. 257 markers).

While there is clear separation between western and
eastern clusters, principal component analysis reveals
relatively weak geographic variation within each clus-
ter. Among western breeding individuals (Fig. 3), there
is some differentiation between breeding sites, but a fair
amount of overlap as well (see below for Fsr analyses
and tests of differentiation). For example, individuals
from the eastern slopes of the Rocky Mountains in
Alberta (site C in Fig. 3) tend to fall on the lower left
side of the graph, individuals from Denali, Alaska (site
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Fig. 2 Amplified fragment length polymorphism fingerprint-
ing using 257 variable markers from six primer combinations
(Table 2) followed by principal component analysis reveals
two highly distinct genetic clusters of Wilson’s warblers. Each
letter (corresponding to grouped sampling sites; Table 1,
Fig. 1) represents a single individual (108 total, sampled across
the breeding and wintering ranges), plotted according to its
position on the first two principal components. Colours indi-
cate sampling region (see Fig. 1). The two major clusters corre-
spond perfectly to western (sites A-H, green) and eastern (sites
J-L, red) breeding groups, with all winter samples in the study
(sites P-W, grey) grouping with the western breeding cluster.

A) in the upper right and individuals from California
(site G) in the lower right. Among our three eastern
breeding sites, there is little if any noticeable differentia-
tion revealed by principal component analysis (not
shown).

The above patterns are reflected in our analyses of
population differentiation using F-statistics. In the
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Fig. 3 A principal component analysis performed only on
those breeding samples in the western cluster using the 77-
marker data set (also see Fig. S1, Supporting information) sug-
gests a small but detectable amount of geographic variation.
PC1 explains 8.2% of the variation, and PC2 explains 6.5%. To
maximize the number of samples shown, the 77-marker data
set was used for this figure; the 257-marker data set shows a
similarly weak level of differentiation between western breed-
ing sites.

breeding range, band-based Fsr is quite high between
western (sites A-H) and eastern (sites J-L) regions,
ranging from 0.26 and 0.41 in pairwise comparisons
(Table 3). When sites within each region (western and
eastern) are lumped, band-based Fsr between west and
east is 0.33 (significantly different from zero at the
P < 0.00001 level) for the 77-marker data set and 0.34
(P <0.00001) for the 257-marker data set. Allele-based
Fsr between west and east breeding regions is 0.23
(95% C.I.: 0.12-0.30) for the 77-marker data set and 0.23
(0.18-0.29) for the 257-marker data set. Consistent Fgr
values for each data set, which differ markedly in num-
bers of markers and samples, suggest that the AFLP
analysis produces highly reliable results. While the sig-
nal of divergence between west and east is strong, the
signal comes from a relatively small number of markers:
the distribution of Fsr values among markers is highly
skewed, with only 29 markers having Fsr > 0.2 and only
five markers having Fgr > 0.6 (Fig. S2, Supporting infor-
mation). In contrast to these high overall values of Fsr
between western and eastern breeding regions, Fsr val-
ues are generally much lower between pairs of sites
within each region (Table 3). However, among western
breeding sites, Fsr values are mostly positive (26 of 28
cases) and many are highly significant, indicating that
there is genetic differentiation between many western
breeding areas. In particular, our sample of four indi-

viduals from Denali (site A) differed fairly strongly
from other sites (band-based Fsr ranging from 0.07 to
0.20, P < 0.05 in all cases; Table 3).

Analysis of molecular variance (amova) allows the
quantification of the amount of variation explained by
differences between previously designated subspecies.
The difference between the eastern subspecies (pusilla)
and the western pair of subspecies (chryseola and pileola-
ta) explains 31.6% of the AFLP variation, whereas dif-
ferences between sampling sites within those regions
explain only 4.0%, leaving 64.4% of the variation
explained by differences between individuals within
sites. In stark contrast, when only the sites within the
west are analysed, only 1.2% of the variation is parti-
tioned between chryseola and pileolata, with 5.8%
explaining differences between sites within those sub-
species and 93.0% being within-site variation. The dif-
ference between pusilla and the two western subspecies
is highly statistically significant (P < 0.005), whereas
the difference between chryseola and pileolata is not
(P =0.14).

In contrast to the breeding range, our sample of war-
blers across the wintering range shows virtually no geo-
graphic structure in AFLP signatures (sites P-W;
Table 4). Band-based Fsr between pairs of wintering
populations are mostly small, with only 2 of 28 being
significantly different than zero at the P < 0.05 level.
(Hence, these could be false-positives.) Each of the win-
tering sites is strongly divergent from the eastern breed-
ing region (sites J-L, lumped as ‘East’ in Table 4), with
band-based Fsy ranging from 0.33 to 0.43, and highly
similar to the western breeding region (sites A-H,
lumped as ‘West’), with estimates of band-based Fsr
ranging from —0.02 to 0.05. These results are consistent
with the principal component analysis in showing that
each of our wintering individuals has an AFLP profile
that is similar to those of the western breeding cluster.

Analysis using the program Structure (Pritchard et al.
2000) also showed that samples in our study fit into
two distinct genetic clusters. Running Structure with all
samples (both breeding and wintering) in the 257-mar-
ker data set under the no-admixture model showed
that the likelihood of the data [i.e. Ln P(D)], given a
number of populations, K, rises dramatically from
K =1 to K = 2, where it reaches a plateau before declin-
ing at higher values of K (Fig. S3a). This suggests that
K =2 is the best description of the number of genetic
clusters (Evanno et al. 2005). While the likelihood is
sometimes higher when K > 2, the difference is small
compared with the likelihood when K = 2, and the indi-
viduals are still assigned with high probability to only
two clusters. Under this model (K =2), each of the
breeding individuals from western areas (sites A-H)
and each of the wintering individuals were assigned
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Table 4 Pairwise genetic differentiation between major wintering sites of Wilson’s warblers, estimated using 77 amplified fragment
length polymorphism (AFLP) markers, along with comparisons to western (sites A-H) and eastern (sites J-L) breeding clusters. Sites
are indicated by letters according to Fig. 1 and Table 1. On the diagonal (shaded) are average AFLP distances within sites. Above
the diagonal are average AFLP distances between sites. Below the diagonal are band-based Fsr values between sites, calculated using
Arlequin (Excoffier et al. 2005). Italicized text indicates Fsr values that are significantly different from zero at the P < 0.05 level, and
bold italics indicates significance at the P < 0.005 level

P Q R S T U \Y% W West East
P 14.0 12.5 12.1 12.1 12.4 12.1 14.3 12.0 14.2 20.3
Q 0.02 11.1 11.1 11.5 11.9 11.1 13.9 10.5 133 19.7
R -0.02 -0.02 11.3 11.5 12.0 11.0 13.1 10.8 13.5 20.3
S 0.03 0.06 0.06 10.4 11.3 10.7 12.3 11.0 13.2 20.2
T -0.05 0.01 0.01 -0.01 12.5 11.5 13.9 11.5 13.6 19.8
U 0.01 0.01 -0.01 0.01 -0.01 10.8 12.9 103 133 20.6
\Y% 0.08 0.18 0.12 0.12 0.11 0.14 12.0 13.1 14.8 19.0
\W 0.03 -0.02 -0.01 0.05 0.01 -0.03 0.18 10.3 13.2 20.2
West -0.02 0.01 0.02 0.03 -0.01 0.02 0.05 0.03 14.8 20,5
East 0.37 0.39 0.41 0.42 0.37 0.43 0.35 0.42 0.33 124
with 100% confidence to one cluster, and each of the ture model) or in approximately equal probabilities to
breeding individuals from eastern areas (sites J-L) was the K clusters (in the admixture model). This showed
assigned with 100% confidence to the other cluster. that the optimal K is one; all wintering samples and
Similar results were obtained with the admixture western breeding samples form a single genetic cluster.
model: when K =2, each individual was assigned The strong differences in nuclear DNA (i.e. AFLPs)
strongly to one of the two clusters (Fig. 4; Fig. S3b, between western and eastern breeding groups are
Supporting information). When K =3, no individual reflected in our mitochondrial DNA phylogeny based
had a strong assignment probability to the third cluster, on 316 bp of the cytochrome b gene (Fig. 5). Average
and all winter individuals were still assigned to the pairwise difference between western and eastern haplo-
same cluster as all western breeding individuals; hence, types is 12.6 bp (4.0%), much larger than average pair-
we interpret K = 2 as being the most accurate descrip- wise differences in the western group (3.4 bp; 1.1%)
tion of the number of clusters. and in the eastern group (2.1 bp; 0.7%). Fsy between
Given the strong differentiation between west and western and eastern clades is 0.76, a very high value
east and given the assignment of all winter samples to that reflects the large distance between groups com-
the western breeding group, we again ran Structure pared to the variation within.
without the eastern breeding samples. In both the no- The maximum-likelihood phylogeny that includes
admixture (Fig. S4a, Supporting information) and these samples as well as four outgroup species (Fig. 5)
admixture (Fig. S4b, Supporting information) models, allows us to estimate the timing of the split between
the likelihood is highest and approximately equal for western and eastern mitochondrial clades. Applying the
K=1 and K=2. When K>1, all individuals are well-accepted molecular clock for cytochrome b of 2%
assigned either entirely to one cluster (in the no-admix- sequence divergence per million years (Weir & Schluter

Probability of
membership
in cluster 1

Western breeding Eastern breeding Wintering

Individuals grouped by sampling location

Fig. 4 Analysis using Structure (Pritchard et al. 2000) shows that each individual Wilson’s warbler can be assigned with high confi-
dence to one of two genetic clusters, corresponding to western (1 = 31) and eastern (1 = 22) breeding regions. Each column repre-
sents a single individual, with black and grey representing the probabilities of membership in two genetic clusters. All wintering
individuals (1 = 55) are clearly assigned to the western breeding region. This figure shows results based on the admixture model, the
257-marker data set and K = 2.
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Fig. 5 Mitochondrial DNA phylogeny showing highly divergent western and eastern groups of Wilson’s warbler (Wilsonia pusilla) as
well as their relationships to the four species most related to them (Lovette et al. 2010). The phylogeny is based on 316 bp of cyto-
chrome b sequence, using sequences downloaded from GenBank (accession numbers are shown) and the program Tree-Puzzle
(Schmidt et al. 2002). Wilson’s warbler sequences were generated by Kimura et al. (2002); only unique haplotypes are shown. The
scale bar shows the branch length equivalent to 1% sequence evolution within a lineage, as well as estimated coalescence times in
millions of years before present, based on a rate of 2% sequence divergence per million years (Weir & Schluter 2008). Numbers at
major nodes are quartet puzzling support values (Schmidt et al. 2002).

2008), we estimate that the two mitochondrial clades
split approximately 2.3 Ma (Fig. 5), with a 95% confi-
dence interval of 1.1-3.7 Ma (based on stochastic varia-
tion in the number of mutations that are expected to
occur given a 2% molecular clock). The point estimate
of the coalescence time is almost half the span of time
back to the splits between the Wilson’s warbler lineage
and lineages leading to the four most closely related
species, about 5.6 and 5.8 Ma, and more than twice as
deep as the split between the two species Ergaticus ruber
and Ergaticus versicolor, which is dated about 1.0 Ma
(Fig. 5).

Discussion

Our survey of variation in a large number (257) of
nuclear genetic markers in Wilson’s warblers revealed a
remarkable amount of differentiation between western
(subspecies chryseola and pileolata) and eastern (pusilla)
breeding groups and comparatively very little variation
within each. There is no indication of gene flow
between these clusters, and no individuals were found
with intermediate genetic signatures. While our sam-
pling in the breeding season had a large gap that
includes the area of putative contact between western
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and eastern forms, our winter sampling to some extent
mitigates this gap in sampling, as the wintering birds
must have come from many breeding areas that we did
not sample directly. The lack of any intermediate
genetic signatures in the winter suggests that genetic
intermediates may not actually exist in any sizeable
numbers.

These patterns raise an intriguing question: Might
western and eastern Wilson’s warblers in fact be repro-
ductively isolated cryptic species? To our knowledge,
this possibility has not been suggested previously,
although strong differentiation has been seen in both
mitochondrial DNA (Kimura et al. 2002) and microsatel-
lites (Clegg et al. 2003), presumably because of the high
phenotypic similarity of the western and eastern forms.
The level of differentiation in AFLP markers is at a level
that is often seen between species; in other studies of
AFLP differentiation between taxa at or near the species
level, band-based Fsr has ranged from 0.14 to 0.42
between taxa generally considered separate species
(Irwin et al. 2009b); the observed Fsr of 0.34 in Wilson’s
warblers is towards the upper end of this range. Mito-
chondrial differentiation is also very large between wes-
tern and eastern clades compared with the variation
within each, and the estimated date of the split between
these groups (2.3 Ma) is more typical of separate species
than of subspecies within species (Weir & Schluter 2004;
Lovette 2005; Price 2008). Even with the uncertainty in
the exact timing of the split (95% CI: 1.1-3.7 Ma), the
reciprocal monophyly and high sequence divergence
support our conclusion from AFLP divergence that the
western and eastern populations of Wilson’s warblers
have experienced substantial genetic isolation over a
long period of time. While species designations should
not be based solely on such an analysis of genetic pat-
terns, the observed level of differentiation, without any
evidence for intermediates, raises the likelihood that the
two forms are reproductively isolated.

A full test of this possibility would benefit from
intensive research in a zone of contact (e.g. Toews &
Irwin 2008) between western and eastern forms as well
as analysis of variation in other traits such as vocaliza-
tions and response to vocalizations. One of the authors
(DI has spent much time attempting to find a zone of
contact in west-central Alberta (between Hinton and
Lesser Slave Lake), without success; there appears to be
a gap in distribution between the western and eastern
forms that spans much of central Alberta. It is possible,
however, that the two forms come into contact in north-
ern Alberta and the Northwest Territories; future
attempts to find contact zones should examine those
areas. Based on the present results, we foresee four pos-
sible alternatives: (i) no breeding range contact between
western and eastern populations, (ii) contact between

© 2011 Blackwell Publishing Ltd

distinct species that are fully reproductively isolated (as
recently documented in the same general region for
Pacific and winter wrens; Toews & Irwin 2008), (iii) a
narrow hybrid zone between western and eastern forms
(as recently documented in northeastern British Colum-
bia between MacGillivray’s and mourning warblers and
between Townsend’s and black-throated green war-
blers; Irwin ef al. 2009a; Toews et al., in press) or (iv) a
more complex pattern in which there are a series of
transitional zones between western and eastern forms,
with clines in different traits and genetic markers being
discordant in their locations and widths. Given the high
amount of genetic divergence between the western and
eastern groups that we have studied, we feel the latter
alternative is less likely than the first three.

As a tool for elucidating patterns of migratory con-
nectivity, our AFLP analysis was partially successful.
The analysis revealed strong differences between wes-
tern and eastern breeding regions, and these can be
used to assign wintering samples to one of those
regions with very high confidence. The fact that each of
the wintering samples was assigned clearly to a breed-
ing cluster shows that the AFLP method in principle
can work well for studying migratory connectivity.
However, in this case, Wilson’s warblers show little
geographic differentiation within each of the western
and eastern breeding regions. While different western
sites are genetically divergent, as shown by the Fgr
analysis, they are not different enough to allow assign-
ment of wintering birds to areas within the western
region using the markers that we surveyed. This is also
true for the eastern region, although our sampling there
was confined to only three sites, limiting the scope of
our conclusions. While our AFLP survey was insuffi-
cient for revealing detailed patterns of connectivity
within each of the western and eastern regions, the sig-
nificant and often fairly high values of Fsr between var-
ious western sites suggests that a larger AFLP analysis
using many more primer combinations could reveal a
small number of markers that differ strongly between
western breeding regions. Such an approach was used
successfully with willow warblers (Phylloscopus trochi-
Ius), revealing two AFLP markers that were useful for
studying migratory connectivity (Bensch et al. 2002,
2009).

Despite the above limitations of our ability to assign
birds to specific areas within west and east, our survey
of wintering individuals revealed some interesting pat-
terns in terms of migratory connectivity. First, all of our
57 wintering samples were assigned clearly to the wes-
tern breeding region. We can conclude from this that
the large majority of wintering Wilson’s warblers at the
winter sites included in this study are from the western
breeding group. But this raises an important question:
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why is it so difficult to find wintering birds from the
eastern breeding group? We designed our winter sam-
pling as a broad survey of wintering areas for Wilson’s
warblers in general (not targeting the western group);
hence, it was a surprise to not find any eastern birds
among our winter samples. We suggest several possible
reasons: First, perhaps the most likely explanation is
that there may be some geographic localization of the
eastern group in the winter, and our winter sampling
could have unintentionally favoured the western group.
While our sampling was distributed widely over the
winter range, it did not cover some regions that may be
used by wintering birds from the eastern breeding
region. In particular, the Yucatan peninsula and Pan-
ama were not sampled in this study; using mtDNA,
Kimura et al. (2002) identified approximately 10 winter-
ing eastern birds (and approximately 176 wintering
western birds), and these were from sites near these
areas (specifically, from southeast Veracruz, Oaxaca,
Chiapas, Belize and Costa Rica). It is also possible that
eastern Wilson’s warblers differ behaviourally or eco-
logically in ways that make them less likely to be sam-
pled compared with western Wilson’s warblers. But
this seems unlikely as a sole explanation given that our
sampling was from a broad range of habitats and used
methods (e.g. mist netting) that are generally consid-
ered good at sampling Wilson’s warblers. Such ecologi-
cal or behavioural differences in the winter would
provide further evidence for the distinctiveness of the
western and eastern forms. A final possibility as to why
eastern breeders were not sampled in the winter is that
they might be very low in numbers compared with
western breeders. This is consistent with a breeding
bird survey (BBS) map for Wilson’s warblers, which
shows a very low density across their range from cen-
tral Alberta to Nova Scotia, whereas densities are
higher across most of the western range (Sauer et al.
2008). A problem with the BBS data is that much of the
breeding range extends far north of the northern
boundary of BBS data, making population size very dif-
ficult to estimate accurately. Our results point to the
possibility of more accurately monitoring relative popu-
lation size of western and eastern Wilson’s warblers by
repeated sampling across the wintering range (rather
than the breeding range, which is large and difficult to
survey broadly) and then using genetic methods to
assign samples to west or east.

The second pattern with respect to migratory connec-
tivity revealed by our study is that there is evidence for
greater geographic genetic structure in the breeding
region than in the wintering region. Support for this
conclusion comes mainly from the Fsr analysis: gener-
ally, genetic differentiation as measured by Fsr is usu-
ally moderate and statistically significant between

western breeding sites, whereas it is lower and not sta-
tistically significant between winter sites (where all
samples were from the western group). This suggests
that winter sites contain a mix of individuals from dif-
ferent western breeding areas.

This study shows that AFLP can be a valuable tool in
revealing patterns of genetic differentiation and migra-
tory connectivity. By detecting patterns of covariation in
a large number of markers spread throughout the gen-
ome, AFLP can show both large differences between
populations (e.g. between west and east) and subtle pat-
terns of differentiation that might not be detectable
from examinations of a small number of neutral loci
(e.g. within the west). While the differentiation seen
among western samples is insufficient to allow the use
of these markers in assigning individual migrants to
specific western breeding regions, the analysis nonethe-
less uncovered some important patterns, including the
very strong differentiation between west and east, the
widespread wintering range of western birds, the rarity
and apparent geographic confinement of eastern birds
in the winter and the apparent mixing of wintering
birds from different western breeding regions. While
similar patterns were also seen in analyses of mitochon-
drial DNA (Kimura et al. 2002) and microsatellites
(Clegg et al. 2003), the wide genomic coverage of AFLP
gives higher confidence that the patterns are accurately
representative of genomic relationships rather than
peculiar patterns of one or a few loci (Irwin 2002; Irwin
et al. 2005; Brelsford et al. 2011). These findings suggest
that AFLP is a useful tool to apply to studies of migra-
tory connectivity in other species. Furthermore, patterns
of subtle variation revealed by an AFLP survey such as
that done here can be further investigated by examining
a much larger number of markers, with the goal of find-
ing those few parts of the genome that differ strongly
between populations, presumably due to selection
(Bensch et al. 2002, 2009).

In conclusion, our broad survey of breeding and win-
tering samples shows that what is currently known as
the Wilson’s warbler in fact consists of two highly
divergent genetic groups with no known intermediates.
Of the three previously named subspecies, one (pusilla)
is highly divergent genetically, whereas the other two
(chryseola and pileolata) are extremely similar genetically
compared to the amount of variation within each; in
fact, the largest between-site differences within the wes-
tern group are between sites within pileolata (specifi-
cally, between Denali, AK and more southern sites).
These results are a good demonstration that named sub-
species can sometimes correspond to highly distinct
genetic groups and other times can be highly geneti-
cally similar. High levels of divergence between wes-
tern and eastern breeding groups have been observed
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in a survey of a large number of nuclear markers (257
AFLP markers in this study and eight microsatellite loci
in Clegg et al. 2003) and in mtDNA (Kimura et al.
2002). These two genetic groups appear to have differ-
ing winter distributions, although our information on
the eastern group is sparse owing to its apparently low
population size and to its apparently more limited win-
ter distribution compared with the western group. The
patterns also strongly suggest that these groups have
been reproductively isolated for a long period of time
(the cytochrome b divergence time is estimated at
2.3 Ma) and therefore may be best described as separate
species, although some researchers may feel that more
research in potential areas of contact (e.g. Toews &
Irwin 2008) is needed before making a taxonomic
change. Whether they are designated as distinct species
or simply as highly divergent subspecies, it is clear that
both western and eastern forms should be treated as
distinct conservation units and as divergent evolution-
ary and ecological entities. Given their visual similarity,
these two forms of Wilson’s warblers thus provide an
especially striking case of cryptic biological diversity
and remind us that many more such cases probably
await discovery.
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