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ABSTRACT.—Swainson’s Warbler (Limnothlypis swainsonii) is a species of conservation concern because
of its small wintering range in the Caribbean Basin, relatively low population densities, and habitat fragmentation
in its core breeding range in the southeastern United States. We investigated microsatellite DNA variation among
11 breeding populations from eastern Texas to Virginia and two populations from wintering areas in Jamaica
and Mexico. Analyses of six polymorphic loci indicated a moderate level of gene flow among breeding popu-
lations, relatively small effective population sizes (<200 individuals in each sampled population), and subtle
population variation. We detected no evidence of population bottlenecks in breeding or wintering populations.
Bayesian assignment tests suggested that substantial mixing of breeding populations may occur in wintering
areas. Genetic differences between the Mexican and Jamaican populations indicate they may be drawn from
different subsets of breeding populations. Patterns of genetic variation among breeding and wintering populations
suggest a network of local and regional conservation programs may be necessary to maintain genetic diversity

in Swainson’s Warbler. Received 4 May 2007. Accepted 17 December 2007.

Genetic differentiation in migratory species
is often associated with migratory divides
where populations that winter in different re-
gions meet during the breeding season in par-
apatric contact zones (Salomonsen 1955).
Studies of Sylvia warblers (Sylviidae) in Eu-
rope have demonstrated that migratory behav-
iors can have a strong genetic basis and can
evolve rapidly (Berthold and Querner 1981;
Helbig 1991, 1996; Berthold 2003; Bearhop
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et al. 2005). Experimental crosses between
populations that winter in different regions
produced offspring that exhibited intermediate
degrees of migratory orientation and restless-
ness. Helbig (1991) suggested that hybrids be-
tween populations of Eurasian Blackcap (Syl-
via atricapilla) from opposite sides of the mi-
gratory divide would be selected against, be-
cause they would probably attempt to migrate
across the Mediterranean and end in the un-
inhabitable expanses of the Sahara Desert.
This example suggests a plausible mechanism
for maintenance of genetic structure in breed-
ing populations of migratory species that win-
ter in different areas (allohiemy).

Swainson’s Warbler (Limnothlypis swain-
sonii) is a sparsely-distributed wood warbler
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(Parulidae) that breeds in the unglaciated
southeastern United States and winters in the
Caribbean Basin (Meanley 1971; Brown and
Dickson 1994; Graves 2001, 2002). Geo-
graphic variation in plumage color is subtle
and the species is currently regarded as mono-
typic (Brown and Dickson 1994). Although
locally common, Swainson’s Warbler has been
ranked as one of the most vulnerable breeding
songbirds in the southeastern United States
because of habitat fragmentation, relatively
low population densities, and a small disjunct
wintering range (Morse 1989, Terborgh 1989,
Hunter et al. 1993, Rappole 1995). Most con-
temporary breeding populations occur in sec-
ond-growth forest on alluvial soils in the Mis-
sissippi Valley and on the coastal plain from
eastern Texas to southeastern Virginia (Graves
1998, 2001, 2002). The nonbreeding distri-
bution is poorly known (Brown and Dickson
1994, Graves 1996), but the primary winter-
ing areas appear to be in Cuba (Kirkconnell
et al. 1996), Jamaica (Graves 1996), and in
humid forests of mainland Middle America
from Veracruz to Tabasco in Mexico (Winker
et al. 1992, Winker et al. 1999b) and in Belize
(K. Winker, unpubl. data).

Winker et al. (2000) compared allozyme
variation at 26 loci among five breeding pop-
ulations of Swainson’s Warbler. Allele fre-
quencies at five loci indicated modest popu-
lation structure, chiefly between samples in
the Mississippi Valley from Arkansas and
populations on the coastal plain from Louisi-
ana to Virginia; patterns of genetic variation
were inconsistent with an isolation-by-dis-
tance model. It was hypothesized the observed
population structure was due to genetic drift
due to the absence of barriers to gene flow in
the contemporary landscape. Alternatively,
genetic structuring could be influenced by the
warbler’s divided wintering range (Greater
Antilles vs. mainland Middle America). If mi-
gratory behavior is under genetic control in
this nocturnally migrating species, interbreed-
ing between populations that winter on the
mainland and those that winter in the Greater
Antilles might produce offspring that end their
migrations over open water in the Caribbean
or in the Gulf of Mexico.

We investigated allelic variation at six poly-
morphic microsatellite loci in 11 breeding
populations of Swainson’s Warbler sampled

THE WILSON JOURNAL OF ORNITHOLOGY ¢ Vol. 120, No. 3, September 2008

from eastern Texas to Virginia and two pop-
ulations from wintering areas in Jamaica and
Mexico. We had three principal objectives: (1)
characterize microsatellite diversity within
breeding and wintering populations, (2) ex-
amine the evidence for mixing of breeding
populations on wintering areas, and (3) con-
trast microsatellite and allozyme variation in
the subset of breeding populations studied by
Winker et al. (2000).

METHODS

Data Collection.—Swainson’s Warblers are
territorial in breeding (Meanley 1971) and
wintering areas (Graves 1996); they are also
monogamous, although polygyny may occur
(Graves 1992), and pairing occurs in breeding
areas. We obtained tissue samples from 205
territorial males from breeding locations be-
tween 27 April and 31 May (1986—-1996) in
the southeastern United States (Fig. 1) under
state and national permits: Sulphur River, Tex-
as (TX1: n = 17); Sam Houston National For-
est, Texas (TX2: n = 20); Atchafalaya River,
Louisiana (LA1: n = 22); Tensas River, Lou-
isiana (LA2: n = 10); Homochitto River, Mis-
sissippi (MS1: n = 20); Little Sunflower Riv-
er, Mississippi (MS2: n = 10); White and
Mississippi rivers, Arkansas (AR: n = 20);
Apalachicola River, Florida (FL: n = 24); Oc-
mulgee River, Georgia (GA: n = 20); Cooper
and Santee rivers, South Carolina (SC: n =
21); and the Great Dismal Swamp, Virginia,
and Chowan River, North Carolina (VA: n =
21). These samples nearly span the latitudinal
and longitudinal distribution of the core
breeding range (Graves 2002). Individuals
from five population samples (LA1, AR, FL,
SC, and VA) were previously assayed in the
allozyme study of Winker et al. (2000). Ge-
netic samples from the wintering range were
obtained in Veracruz (n = 25) and Tabasco (n
= 1) in southern Mexico (MEX) and in the
Blue Mountains of Jamaica (JAM: n = 19;
Fig. 1). Voucher specimens (except for Ja-
maican samples, for which only blood was ob-
tained) are housed in the National Museum of
Natural History (Smithsonian Institution),
Bell Museum of Natural History (University
of Minnesota), and the Coleccion Nacional de
Aves (Universidad Nacional Autonoma de
Mexico).

Genomic DNA was extracted from body
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FIG. 1.
Graves 2002).

tissues or from small pieces of museum skins
using a diatomaceous earth/guanidine thiocy-
anate extraction protocol (Carter and Milton
1993) and diluted to 20 ng/pL for amplifica-
tion of microsatellite loci developed for this
species by Winker et al. (1999a). Extractions
and amplifications were conducted in a PCR-
free laboratory. All amplification batches in-
cluded negative controls. Individuals were
randomized across extractions, amplifications,
and gel runs. Fragments were generated using
dye-labeled primers and visualized on an ABI
373A automated sequencer. Fragment size
was measured using an internal size standard
(350 TAMRA) and GeneScan software (both
from Applied Biosystems Inc., Foster City,
CA, USA). All electropherograms were ex-
amined manually, allele scoring was done

Sampling localities within the principal breeding and wintering ranges of Swainson’s Warbler (after

without reference to source population, and
results were not sorted to population until
completion of the study.

Analyses.—Basic statistics of allelic fre-
quencies, genetic distance measures between
populations, allelic diversity, and expected
and observed heterozygosities were calculated
using the computer programs BIOSYS-1 and
GDA version 1.0 (Swofford and Selander
1981, Lewis and Zaykin 1999). Tests for Har-
dy-Weinberg (H-W) equilibrium, allelic het-
erogeneity, levels of population structure, and
differences between population pairs were
performed using GENEPOP version 3.1d
(Raymond and Rousset 1995). Levels of pop-
ulation structure are given using the 6 of Weir
and Cockerham (1984), which is an unbiased
estimator of traditional Fgy.. We used CER-
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VUS version 1.0 (Marshall et al. 1998) to in-
fer frequencies of null alleles. We used anal-
ysis of covariance (ANCOVA) to evaluate
population variability in allelic diversity. The
relationship between genetic and geographic
distances among populations was assessed
with Mantel and permutation tests using
NTSYS-pc version 1.50 (Rohlf 1988). We ex-
amined geographic subsets of the population
matrix with Spearman rank correlation coef-
ficients (r,). Pairwise comparisons of popula-
tion parameters are not independent, because
each population is subjected to multiple con-
trasts. Therefore, we emphasize the relative
strength of the correlative relationship (r,) be-
tween genetic and geographic distances for
these populations rather than P values.

We used STRUCTURE, version 2 (Prit-
chard et al. 2000, Falush et al. 2003) to ex-
amine how well the predefined populations
corresponded to genetic groups (K). Individ-
ual genotypes in this Bayesian clustering ap-
proach are assigned to clusters with Hardy-
Weinberg equilibrium and linkage equilibrium
achieved within each cluster. A Markov Chain
Monte Carlo approach was used to identify
the number of clusters (K) that are most likely
given the observed genotypes. STRUCTURE
was used twice for each defined K (1-11) after
a burn-in of 10° iterations, followed by an ad-
ditional 10° iterations on the full breeding area
data set (11 populations). No prior informa-
tion (e.g., on the population of origin of each
individual) was used. Admixture and correla-
tions models were used in which individuals
can have mixed ancestry, and where the allele
frequencies of closely related populations may
be correlated. We further refined our analysis
of genetic groups (K) using the approach of
Evanno et al. (2005), which examines the sec-
ond order rate of change of the log probability
of data with respect to the number of clusters.
These analyses were based on 20 independent
STRUCTURE runs for each K under the same
conditions of a 10° burn-in, plus another 10°
iterations. A bootstrapped (100 replicate),
neighbor-joining tree was developed using
SEQBOOT, GENDIST, NEIGHBOR, and
CONSENSE in the software package PHYLIP
(Felsenstein 1993).

We tested for population bottlenecks using
the computer program M (Garza and William-
son 2001). This test calculates the ratio (M)
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of total alleles to the range of allele sizes with-
in populations. Reduced populations are ex-
pected to have a smaller M ratio than popu-
lations in mutation-drift equilibrium (Garza
and Williamson 2001). Simulations estimating
the probability of the observed M ratio used
Garza and Williamson’s (2001) suggested val-
ues for the proportion of one-step mutations
(90%) and the average size of non-one-step
mutations (Ag = 3.5). We used 10,000 repli-
cates for simulations and set 6 (4N,n) to 1,
10, and 25, values corresponding to equilib-
rium effective population sizes (V,) before a
bottleneck of 500, 5,000, and 12,500, respec-
tively, at a mutation rate (n) of 5 X 107*
(Goldstein and Schlotterer 1999). Population
sizes of Swainson’s Warbler are unknown, but
values of 6 well above 1 seem reasonable giv-
en our field experience.

Estimates of 4N, were obtained using MI-
GRATE (Beerli and Felsenstein 2001), where
N, is effective population size and p is the
microsatellite mutation rate. Our estimates of
long-term effective population sizes (N,) were
made using a mutation rate (p) of 5 X 107*
(Goldstein and Schlotterer 1999). Estimates of
levels of gene flow among breeding popula-
tions were made using the rare alleles method
(Slatkin 1985, Barton and Slatkin 1986, Slat-
kin and Barton 1989) as implemented in
GENEPOP version 3.1d (Raymond and Rous-
set 1995) and assignment tests; the latter (Cor-
nuet et al. 1999) enable a more direct estimate
of gene flow by calculating the likelihood that
an individual genotype originated from the
population where it was obtained. These tests
remove an individual from the sample and
compare it with the remainder (Rannala and
Mountain 1997, Cornuet et al. 1999) to iden-
tify the most likely breeding population of or-
igin for wintering individuals. We used an o
of 0.01, a stringency level shown to have high
levels of accuracy in assigning populations of
origin for dispersing individuals (Berry et al.
2004). We used the Dunn-Siddak correction
(Sokal and Rohlf 1995) where appropriate to
adjust probabilities for simultaneous statistical
tests.

RESULTS

Variability of Microsatellite DNA.—The six
microsatellite loci exhibited 5—-16 alleles per
locus (Table 1). Sixty-seven alleles were de-



Winker and Graves « GENETIC STRUCTURE OF SWAINSON’S WARBLER

439

TABLE 2. Sample sizes (n), average allelic diver-
sity (A), and expected and observed heterozygosities
(H, and H,) for six microsatellite loci in breeding and
wintering populations of Swainson’s Warbler.

TABLE 3. Exact tests for Hardy-Weinberg equi-
librium (P-values; GENEPOP, Raymond and Rousset
1995) and inferred frequencies of null alleles (CER-
VUS, Marshall et al. 1998).

Population n A H, H, Locus P Null alleles
Arkansas (AR) 20 6.17 0.676 0.667 Lswpn14 0.293 0.006
Florida (FL) 24  6.83 0.724 0.660 Lswp18 0.185 0.016
Georgia (GA) 20 6.00 0.687 0.658 Lswp3 0.429 0.011
Louisiana 1 (LA1) 22 750 0712 0.652 LswpSB 0.029 0.045
Louisiana 2 (LA2) 10 5.17 0.754 0.750 Lswp9 0.616 0.004
Mississippi 1 (MS1) 20 6.83 0.734 0.700 Lswpn19 0.035 0.019
Mississippi 2 (MS2) 10 533 0.698 0.767
South Carolina (SC) 21 6.17 0.674 0.690
Texas 1 (TX1) 17 633 0.733 0.667
Texas 2 (TX2) 20 6.50 0.687 0.725 testing to identify the true number of genetic
Virginia (VA) 21 583 0.667 0.690 clusters (K), performed separately for both
Mexico (MEX) 26650 0.705  0.620  preeding and wintering populations, suggested
Jamaica (JAM) 19 6.33 0.672 0.684

tected across all loci, ranging from a mini-
mum of 32 detected in the MS2 population (n
= 10 individuals) to a maximum of 45 in the
LA1 population (n = 22 individuals). Ten al-
leles were unique to a single population (FL
=3;JAM = 2; LA2 = 1; MEX = 2; TX2 =
2). The number of alleles detected per popu-
lation was correlated (2 = 0.54; P < 0.005)
with sample size. Populations from localities
that drain into the Atlantic Ocean (VA, SC,
GA) had significantly lower allelic diversity
(ANCOVA, F,z = 9.57; P = 0.015) than pop-
ulations from drainages that empty into the
Gulf of Mexico after factoring out the effects
of sample size (FL, MS1, MS2, LA1, LA2,
AR, TX1, TX2; Table 2). An overall hetero-
zygote deficiency (P = 0.011) was caused by
loci Lswp5B and Lswp19 (Table 3). Hetero-
zygote deficiency can be caused by a number
of factors, including inbreeding, the Wahlund
effect, and null alleles. Inferred frequencies
for the latter possibility suggested that null al-
leles were not responsible for the H-W dis-
equilibrium (Table 3).

Population Structure.—Breeding popula-
tions had significant but weak structure (0 =
0.0068, P < 0.00005; Table 4) where 0 is the
unbiased estimator for F; this was driven by
heterogeneous distributions of alleles in loci
LswpSB (P < 0.00005) and Lswpl8 (P =
0.039; Table 4). The Bayesian assessment of
population clusters reflected this weak struc-
ture with the highest probabilities of K occur-
ring for 1-7 populations (Fig. 2A). Further

that 2—4 populations are involved (2—4 among
breeding populations and 2-3 in the wintering
samples), although the peak height of delta K
in both sets of analyses suggested a lack of
strong signal in the data set (Fig. 2B, C). A
bootstrapped distance tree (10,000 replicates)
provided little support for any breeding pop-
ulation associations; just two populations
formed one supported clade (FL and MS1
supported by 60% of bootstrap replicates; not
shown).

Mantel and permutation tests (NTSYS-pc)
of the pooled breeding population data set in-
dicated that genetic distance was at best only
weakly associated with geographic distance (Z
= 0.27, P = 0.11; 10,000 random permuta-
tions). However, when population contrasts
were partitioned by geographic region, a
clearer view of population differentiation

TABLE 4. Allelic heterogeneity and levels of pop-
ulation structure (6 and associated P-values; Weir and
Cockerham 1984) among 11 breeding and between
two wintering populations of Swainson’s Warbler
(GENEPOP, Raymond and Rousset 1995).

Breeding Wintering
Locus 0 P2 0 P2
Lsw:14 0.003 0.122 0.014  0.098
Lsw:18 0.007 0.039 —0.012  0.585
Lsw:3 —0.009 0.924 —0.014 0.455
Lsw:5B 0.034 0.000 —0.012  0.338
Lsw:9 0.012 0.192 0.144  0.004
Lsw:19 —0.001 0.387 —0.005 0.577
Overall 0.007  <0.00005 0.011  0.044

2 Adjusted « for series of tests on individual loci is 0.0083. An « of 0.05
for exact tests (bottom row) is not adjusted.
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FIG. 2. A. Probabilities, In P(D), of population
samples coming from K genetic groups using Bayesian
analyses of the full breeding area data set (STRUC-
TURE Version 2, Pritchard et al. 2000; Falush et al.
2003). The set of 11 breeding populations oversampled
the number of actual genetic clusters present, a value
that ranges from 1 to 7. The second and third figures
show delta K, the second order rate of change of
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FIG. 3. Rogers’ (1972) genetic distance and geo-

graphic distance between breeding populations of
Swainson’s Warbler: (circles) pairwise comparisons
between localities that drain into the Gulf of Mexico
(TX1, TX2, LAlL, LA2, MS1, MS2, AR, FL); (gray
triangles) pairwise comparisons between localities that
drain into the Atlantic Ocean (GA, SC, VA); (black
triangles) pairwise comparisons between Gulf and At-
lantic drainage localities.

emerged (Figs. 1, 3). Pairwise comparisons
between Gulf populations (n = 28 contrasts)
indicated a slightly negative relationship be-
tween genetic and geographic distance (r, =
—0.39). The relationship between genetic and
geographic distance was substantially weaker
(r, = —0.23) when pairwise comparison was
limited to the seven populations from the Mis-
sissippi and Sabine river drainages (n = 21
contrasts) of the western Gulf. In contrast,
pairwise contrasts (n = 24) between popula-
tions from Atlantic drainages with those from
Gulf drainages exhibited a markedly positive
correlation (r; = 0.49), suggesting a weak lon-
gitudinal trend toward genetic isolation-by-
distance. The most geographically isolated
population in our survey (VA) also exhibited
the greatest average pairwise genetic distance

«—

In P(D) in relation to K (Evanno et al. 2005), of breed-
ing (B) and wintering (C) populations suggesting that
2—4 genetic clusters are most probable among the 11
sampled breeding populations, and that just 2-3 are
most likely represented in the wintering populations
(although peak heights and signal in these data sets are
low).
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from other populations. The most centrally lo-
cated population (FL) also showed the lowest
average genetic distance between populations.

Wintering populations exhibited significant
but weak structure (6 = 0.0111, P = 0.044;
Table 4). This was driven largely by locus
Lswp9 (P = 0.004; other loci P > 0.098; Ta-
ble 4). The loci responsible for breeding and
wintering population structure were different
(Table 4).

Allozyme and Microsatellite Compari-
sons.—We compared genetic distance matri-
ces derived from allozymes and the microsat-
ellite loci examined in this study for five
breeding populations (LA1, AR, FL, SC, VA).
The null hypothesis that the two matrices were
not associated could not be rejected with Man-
tel and permutations tests (Z = 0.18, P =
0.30; 10,000 random permutations) indicating
the two nuclear genetic marker systems ex-
amined for this subset of breeding populations
exhibited discordant patterns of differentia-
tion.

Gene Flow.—The rare alleles method, an
indirect technique to estimate the number of
migrants per generation, inferred Nm = 9.16
among breeding populations after correction
for sample size (where mean sample size was
18.6 and mean frequency of private alleles
P[1] = 0.026). Assignment tests, which are
more reflective of contemporary gene flow, in-
dicated that three to seven individuals (15—
70%) from each breeding population had ge-
notypes that were significantly unlikely to
have originated there (averaging 4.4 individ-
uals or 25% per population; Table 5). These
values ranged from two to five individuals per
population (averaging 3.2 individuals or 18%
per population; Table 5) when adjusted for
type-I error (Dunn-Siddk test). These numbers
were similar in the two wintering populations
(averaging 4.5 individuals per population, or
3.5 with the Dunn-Siddk correction; Table 5).
The genotypes of three individuals from Flor-
ida and single individuals from Mississippi
(MS1), South Carolina, and Texas (TX2)
could not be assigned to any breeding popu-
lation (all with P < 0.00005). Similarly, two
individuals from Jamaica and one from Mex-
ico could not be assigned to any breeding or
wintering population. Both the rare alleles
method and assignment tests suggested a
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TABLE 5. Assignment test results comparing ge-
notypes of individuals with genotypic characteristics
of the breeding populations from which they were
sampled (GeneClass, Cornuet et al. 1999).

Mean Bayesian Genotypes not

probability from sampled

Population n (= SD)? population®
Arkansas (AR) 20  0.37 = 0.38 5
Florida (FL) 24 0.34 = 0.30 5
Georgia (GA) 20 0.32 = 0.31 3
Louisiana 1 (LA1) 22 0.28 = 0.29 5
Louisiana 2 (LA2) 10 0.11 £ 0.20 7
Mississippi 1 (MS1) 20 0.29 = 0.29 4
Mississippi 2 (MS2) 10 0.16 = 0.27 3
South Carolina (SC) 21 0.31 = 0.32 3
Texas 1 (TX1) 17  0.23 £ 0.25 4
Texas 2 (TX2) 20 0.32 = 0.28 5
Virginia (VA) 21 0.38 = 0.30 4
Mexico (MEX) 26 035 = 0.34 4
Jamaica (JAM) 19 0.32 = 0.29 5

a Averaged Bayesian posterior probabilities of membership among a pop-
ulation’s individuals (Rannala and Mountain 1997, Cornuet et al. 1999).

b Number of individuals with probabilities of membership from popula-
tion of origin with P < 0.01.

moderate amount of gene flow among breed-
ing populations (Nm = 3.2-9.2).

Long-term Population Size.—We obtained
estimates of 4N,w, where N, is effective pop-
ulation size and p is the microsatellite muta-
tion rate. These analyses suggested uniformly
small long-term effective population sizes (N,)
ranging from a low of 44 (LA2) to a high of
174 (LA1; Table 6). There was no evidence
for population genetic bottlenecks in breeding
or wintering populations at any of the mod-
eled values of 6 (1, 10, and 25; P > 0.1),
despite these rather low estimates of long-
term effective population size.

Evidence of Winter Mixing.—We compared
the allelic frequencies of wintering popula-
tions from Mexico and Jamaica with those of
each of the 11 breeding populations to inves-
tigate the genetic relationships between breed-
ing and wintering populations. No genetic dif-
ferences were found between any pairwise
combination of wintering and breeding pop-
ulation when a was adjusted for multiple tests
(Table 7). Evidence of geographic segregation
of breeding populations in wintering areas re-
mained weak under a less conservative ap-
proach (no adjustment of o). Allelic frequen-
cies of the Mexican wintering population were
significantly different from those of breeding
populations from Arkansas (AR) in the Mis-



442 THE WILSON JOURNAL OF ORNITHOLOGY - Vol. 120, No. 3, September 2008

TABLE 6. Estimates of 4N,u and the 95% confidence interval (following Beerli and Felsenstein 2001)
where N, is effective population size and u is the mutation rate of microsatellite loci. Subsequent estimates of
long-term effective population sizes (V, est.) and the corresponding 95% confidence intervals are based on a
mutation rate of 5 X 10~* (Goldstein and Schlotterer 1999) and are well below contemporary census sizes of
these populations.

Population 4N 95% CI? N, est. 95% CI1
Arkansas (AR) 0.18 (0.16-0.21) 92 (81-105)
Florida (FL) 0.24 (0.21-0.26) 118 (105-132)
Georgia (GA) 0.17 (0.15-0.20) 86 (75-98)
Louisiana 1 (LA1) 0.35 (0.30-0.41) 174 (150-204)
Louisiana 2 (LA2) 0.09 (0.08-0.10) 44 (38-51)
Mississippi 1 (MS1) 0.16 (0.14-0.18) 80 (71-91)
Mississippi 2 (MS2) 0.09 (0.08-0.11) 45 (39-53)
South Carolina (SC) 0.22 (0.19-0.25) 108 (96-123)
Texas 1 (TX1) 0.14 (0.13-0.16) 71 (63-81)
Texas 2 (TX2) 0.20 (0.18-0.23) 102 (89-117)
Virginia (VA) 0.16 (0.14-0.18) 78 (69—-88)
Mexico (MEX) 0.34 (0.30-0.38) 170 (152-192)
Jamaica (JAM) 0.17 (0.15-0.19) 84 (74-96)

4 Based on multiple runs after initial, random parameter estimates were used to seed additional runs and convergence on similar values was verified.

sissippi Valley and Virginia (VA) and South
Carolina (SC) on the Atlantic coastal plain
(Table 7). Similarly, allelic frequencies of the
Jamaican wintering population were signifi-
cantly different from those of breeding pop-
ulations from Louisiana (LA2), Arkansas
(AR), Texas 1 (TX1), and Virginia (VA; all P
< 0.02; Table 7).

We assigned wintering individuals to their
most likely breeding population by choosing
the highest probability P-value from the array
of breeding populations. All but two individ-
uals from Mexico and two from Jamaica could
be assigned to one of the 11 breeding popu-
lations (P < 0.01). Of the 24 assignable in-

dividuals from Mexico, only Arkansas (AR)
and Georgia (GA) were eliminated as likely
breeding populations; and among the 16 as-
signable individuals from Jamaica, only Lou-
isiana (LA2), Mississippi (MS2), and Virginia
(VA) were unlikely breeding sources. This
suggests that individuals from a substantial
number of geographically distinct breeding
populations mix in wintering areas in Mexico
and Jamaica.

DISCUSSION

The breeding distribution of Swainson’s
Warbler has decreased significantly during the
past century because of deforestation of bot-

TABLE 7.

Pairwise comparisons showing genetic similarities and differences between two wintering and

11 breeding populations of Swainson’s Warbler (6 and associated P-values; GENEPOP).

Mexico (MEX)

Jamaica (JAM)

0 P2 0 pa
Arkansas (AR) 0.0211 0.0126 0.0200 0.0107
Florida (FL) —0.0046 0.5485 0.0081 0.1444
Georgia (GA) 0.0004 0.3073 0.0112 0.1641
Louisiana (LA1) 0.0006 0.1796 —0.0007 0.2652
Louisiana (LA2) —0.0082 0.3890 0.0221 0.0070
Mississippi (MS1) —0.0122 0.9319 0.0087 0.1468
Mississippi (MS2) —0.0195 0.9580 0.0163 0.0831
South Carolina (SC) 0.0217 0.0115 0.0117 0.1059
Texas (TX1) 0.0015 0.0645 0.0201 0.0062
Texas (TX2) 0.0125 0.1380 0.0042 0.3184
Virginia (VA) 0.0207 0.0169 0.0173 0.0178

a Experiment error held at « = 0.05, and adjusted alpha for each series of tests = 0.0045.
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tomlands, flood mitigation projects, and for-
estry practices that minimize early succession-
al habitats (Twedt and Loesch 1999; Graves
2001, 2002). Several populations near the
northern periphery of the warbler’s breeding
range have disappeared in recent decades and
many of the remaining populations are isolat-
ed. We detected no evidence of genetic bot-
tlenecks in breeding or wintering populations
despite relatively small effective population
sizes and fragmentation of the warbler’s geo-
graphic range. However, the lower allelic di-
versity exhibited among Atlantic-drainage
populations and the significant correlation be-
tween genetic and geographic distances ob-
served in pairwise comparisons of Gulf-drain-
age populations with those sampled in Atlan-
tic drainages suggests that subtle population
structure exists among breeding populations.
Clustering tests further suggested that breed-
ing populations sampled in this study are
composed of two to four genetic populations.
Whether differentiation is caused by genetic
drift, stochastic sampling effects, selection as-
sociated with the warbler’s disjunct wintering
range, or other factors is unknown.

The moderate levels of gene flow among
breeding populations revealed by microsatel-
lite data (Nm = 3.2-9.2) were consistent with
the results of an earlier survey of allozymes
(Winker et al. 2000) in a subset of five pop-
ulations (Nm = 1.5-11.7). However, spatial
patterns of genetic variation revealed by mi-
crosatellites and allozymes were discordant, a
not uncommon event between molecular
marker systems (Allendorf and Seeb 2000).
Significant population structure was caused by
two microsatellite loci in the present study and
three of 16 loci examined in our earlier allo-
zyme study.

Mixing of breeding populations in winter-
ing areas is believed to be a common phenom-
enon because breeding ranges of most Nearc-
tic-Neotropic migratory songbirds are consid-
erably larger than their wintering ranges (Ter-
borgh 1989). The signal of geographic
structure in our microsatellite data is weak,
but Bayesian assignment tests imply that at
least six breeding populations (TX1, TX2,
LA1, MS1, FL, and SC) could have contrib-
uted wintering individuals to both the Mexi-
can and Jamaican wintering populations.
However, genetic differences between the
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Mexican and Jamaican populations suggest
they are comprised of different subsets of
breeding populations.

CONSERVATION IMPLICATIONS

Should breeding populations of Swainson’s
Warbler be managed as a single conservation
unit? Patterns of microsatellite variation
among breeding and wintering populations
suggest that multi-regional and international
efforts will likely be required to maintain the
current level of genetic diversity in the spe-
cies. Implementation of a viable management
plan for the species throughout its global
range, however, is contingent upon the devel-
opment of additional genetic markers that can
more fully resolve the genetic structure of
breeding populations and their distributions
during the nonbreeding season. Future field
efforts should focus first on obtaining genetic
samples from breeding populations in the Ap-
palachian and Ozark mountains and from win-
tering populations in Cuba and Belize.

ACKNOWLEDGMENTS

The Legacy Resource Management Program of the
U.S. Department of Defense (DAMDI17-93-J-3073,
DACAS87-94-H-0012) and the Research Opportunities
Fund of the Smithsonian Institution supported this
study. Numerous agencies kindly granted permits for
the research: Jamaican Conservation and Development
Trust; National Resources Conservation Authority
(Kingston); USDA Forest Service; U.S. Fish and Wild-
life Service; U.S. Department of Defense; Arkansas
Game and Fish Commission; Florida Fish and Wildlife
Conservation Commission; Georgia Department of
Natural Resources; Louisiana Department of Wildlife
and Fisheries; Mississippi Department of Wildlife,
Fisheries, and Parks; North Carolina Wildlife Resourc-
es Commission; South Carolina Department of Natural
Resources; Texas Parks and Wildlife Department; and
Virginia Department of Game and Inland Fisheries. R.
T. Brumfield and T. C. Glenn helped with marker de-
velopment. R. M. Zink permitted us to sample study
skins in the Bell Museum of Natural History. Patricia
Escalante P provided additional samples from Mexico.
B. K. Schmidt, C. M. Milensky, J. P. Angle, and J. P.
Dean assisted with specimen preparation. Francois
Rousset provided helpful correspondence on making
multiple comparisons. M. J. Braun, R. T. Brumfield, P.
O. Lewis, and C. L. Pruett provided helpful comments
on an earlier draft.

LITERATURE CITED

ALLENDORF, E W. aAND L. W. SEEB. 2000. Concordance
of genetic divergence among sockeye salmon pop-



444

ulations at allozyme, nuclear DNA, and mitochon-
drial DNA markers. Evolution 54:640—-651.

BARTON, N. H. AND M. SLATKIN. 1986. A quasi-equi-
librium theory of the distribution of rare alleles in
a subdivided population. Heredity 56:409—-415.

BEARHOP, S., W. FIEDLER, R. W. FURNESS, S. C. VOTIER,
S. WALDRON, J. NEWTON, G. J. BOwEN, P. BERT-
HOLD, AND K. FARNSWORTH. 2005. Assortative
mating as a mechanism for rapid evolution of a
migratory divide. Science 310:502—-504.

BEERLI, P. AND J. FELSENSTEIN. 2001. Maximum like-
lihood estimation of a migration matrix and effec-
tive population sizes in n subpopulations by using
a coalescent approach. Proceedings of the Nation-
al Academy of Sciences USA 98:4563-4568.

BERRY, O., M. D. TOCHER, AND S. D. SARRE. 2004.
Can assignment tests measure dispersal? Molec-
ular Ecology 13:551-561.

BEeRTHOLD, P. 2003. Genetic basis and evolutionary as-
pects of bird migration. Advances in the Study of
Behavior 33:175-229.

BERTHOLD, P. AND U. QUERNER. 1981. Genetic basis of
migratory behavior in European warblers. Science
212:77-79.

BrowN, R. E. AND J. G. DICKSON. 1994. Swainson’s
Warbler (Limnothlypis swainsonii). The birds of
North America. Number 126.

CARTER, M. J. AND I. D. MILTON. 1993. An inexpensive
and simple method for DNA purification on silica
particles. Nucleic Acids Research 21:1044.

CORNUET, J.-M., S. PIRY, G. LUIKART, A. ESTOUP, AND
M. SoLiGNAC. 1999. New methods employing
multilocus genotypes to select or exclude popu-
lations as origins of individuals. Genetics 153:
1989-2000.

EvanNO, G., S. REGNAUT, AND J. GOUDET. 2005. De-
tecting the number of clusters of individuals using
the software STRUCTURE: a simulation study.
Molecular Ecology 14:2611-2620.

FALUSH, D., M. STEPHENS, AND J. K. PRITCHARD. 2003.
Inference of population structure using multilocus
genotype data: linked loci and correlated allele
frequencies. Genetics 164:1567—-1587.

FELSENSTEIN, J. 1993. PHYLIP (Phylogeny Inference
Package) Version 3.5c. Distributed by the author.
Department of Genetics, University of Washing-
ton, Seattle, USA.

GARzA, J. C. AND E. G. WILLIAMSON. 2001. Detection
of reduction in population size using data from
microsatellite loci. Molecular Ecology 10:305—
318.

GOLDSTEIN, D. B. AND C. SCHLOTTERER. 1999. Micro-
satellites: evolution and applications. Oxford Uni-
versity Press, Oxford, United Kingdom.

GRAVES, G. R. 1992. A case of aggregated nest place-
ment and probable polygyny in Swainson’s War-
bler. Wilson Bulletin 104:370-373.

GRAVES, G. R. 1996. Censusing wintering populations
of Swainson’s Warbler: surveys in the Blue Moun-
tains of Jamaica. Wilson Bulletin 108:94—-103.

GRAVES, G. R. 1998. Stereotyped foraging behavior of

THE WILSON JOURNAL OF ORNITHOLOGY ¢ Vol. 120, No. 3, September 2008

the Swainson’s Warbler. Journal of Field Orni-
thology 69:121-127.

GRAVES, G. R. 2001. Factors governing the distribution
of Swainson’s Warbler along a hydrological gra-
dient in Great Dismal Swamp. Auk 118:650-664.

GRAVES, G. R. 2002. Habitat characteristics in the core
breeding range of the Swainson’s Warbler. Wilson
Bulletin 114:210-220.

HELBIG, A. J. 1991. SE- and SW-migrating Blackcap
(Sylvia atricapilla) populations in central Europe:
orientation of birds in the contact zone. Journal of
Evolutionary Biology 4:657-670.

HELBIG, A. J. 1996. Genetic basis, mode of inheritance
and evolutionary changes of migratory directions
in Palearctic warblers (Aves: Sylviidae). Journal
of Experimental Biology 199:49-55.

HuNTER, W. C., D. N. PAsHLEY, AND R. E. E Escano.
1993. Neotropical migratory landbird species and
their habitats of special concern with the southeast
region. Pages 159—171 in Status and management
of neotropical migratory birds (D. M. Finch and
P. W. Stangel, Editors). USDA, Forest Service
General Technical Report RM-229. Fort Collins,
Colorado, USA.

KIRKCONNELL, A., G. E. WALLACE, AND O. H. GARRIDO.
1996. Notes on the status and behavior of the
Swainson’s Warbler in Cuba. Wilson Bulletin 108:
175-178.

LEwis, P. O. AND D. ZAYKIN. 1999. Genetic data anal-
ysis: computer program for the analysis of allelic
data. (www.eeb.uconn.edu/people/plewis/software.
php).

MARSHALL, T. C., J. SLATE, L. E. B. KRUUK, AND J. M.
PEMBERTON. 1998. Statistical confidence for like-
lihood-based paternity inference in natural popu-
lations. Molecular Ecology 7:639-655.

MEANLEY, B. 1971. Natural history of the Swainson’s
Warbler. North America Fauna 69:1-90.

MOoRSE, D. H. 1989. American warblers: an ecological
and behavioral perspective. Harvard University
Press, Cambridge, Massachusetts, USA.

PRITCHARD, J. K., M. STEPHENS, AND P. J. DONNELLY.
2000. Inference of population structure using mul-
tilocus genotype data. Genetics 155:945-959.

RANNALA, B. AND J. L. MOUNTAIN. 1997. Detecting
immigration by using multilocus genotypes. Pro-
ceedings of the National Academy of Sciences
USA 94:9197-9201.

RAPPOLE, J. H. 1995. The ecology of migrant birds.
Smithsonian Institution Press, Washington, D.C.,
USA.

RAYMOND, M. AND E RoUSSET. 1995. GENEPOP (Ver-
sion 1.2): a population genetics software for exact
tests and ecumenicism. Journal of Heredity 86:
248-249.

ROGERS, J. S. 1972. Measures of genetic similarity and
genetic distance. Studies in Genetics 7:145-153.

RoHLF, E J. 1988. NTSYS-pc: numerical taxonomy
and multivariate analysis system. Exeter Software,
Setauket, New York, USA.

SALOMONSEN, E 1955. The evolutionary significance of



Winker and Graves « GENETIC STRUCTURE OF SWAINSON’S WARBLER

bird-migration. Det Kongelige Danske Videnska-
bernes Selskab 22:1-62.

SLATKIN, M. 1985. Rare alleles as indicators of gene
flow. Evolution 39:53-65.

SLATKIN, M. AND N. H. BARTON. 1989. A comparison
of three indirect methods for estimating average
levels of gene flow. Evolution 43:1349-1368.

SokAL, R. R. AND E J. ROHLF. 1995. Biometry. Third
Edition. W. H. Freeman and Company, New York,
USA.

SwOFFORD, D. L. AND R. B. SELANDER. 1981. BIO-
SYS-1: a FORTRAN program for the comprehen-
sive analysis of electrophoretic data in population
genetics and systematics. Journal of Heredity 72:
281-283.

TERBORGH, J. 1989. Where have all the birds gone?
Princeton University Press, Princeton, New Jer-
sey, USA.

TweDT, D. J. AND C. R. LOESCH. 1999. Forest area and
distribution in the Mississippi alluvial valley: im-

445

plications for breeding bird conservation. Journal
of Biogeography 26:1215-1224.

WEIR, B. S. AND C. C. COCKERHAM. 1984. Estimating
F-statistics for the analysis of population struc-
ture. Evolution 38:1358-1370.

WINKER, K., T. C. GLENN, AND G. R. GRAVES. 1999a.
Dinucleotide microsatellite loci in a migratory
wood warbler (Parulidae: Limnothlypis swainson-
ii), and amplification among other songbirds. Mo-
lecular Ecology 8:1553—-1556.

WINKER, K., G. R. GRAVES, AND M. J. BRAUN. 2000.
Genetic differentiation among populations of a
migratory songbird: Limnothlypis swainsonii.
Journal of Avian Biology 31:319-328.

WINKER, K., S. ARRIAGA WEISS, P. J. LOURDES TREJO,
AND P. ESCALANTE 1999b. Notes on the avifauna
of Tabasco. Wilson Bulletin 111:229-235.

WINKER, K., R. J. OEHLENSCHLAGER, M. A. RaMOS, R.
M. ZINK, J. H. RAPPOLE, AND D. W. WARNER.
1992. Avian distribution and abundance records
for the Sierra de Los Tuxtlas, Veracruz, Mexico.
Wilson Bulletin 104:699-718.



