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Abstract

Landscape genetic approaches offer the promise of increasing our understanding of the
influence of habitat features on genetic structure. We assessed the genetic diversity of the
endangered golden-cheeked warbler (Dendroica chrysoparia) across their breeding range
in central Texas and evaluated the role of habitat loss and fragmentation in shaping the
population structure of the species. We determined genotypes across nine microsatellite
loci of 109 individuals from seven sites representing the major breeding concentrations of
the species. No evidence of a recent population bottleneck was found. Differences in allele
frequencies were highly significant among sites. The sampled sites do not appear to represent
isolated lineages requiring protection as separate management units, although the amount
of current gene flow is insufficient to prevent genetic differentiation. Measures of genetic
differentiation were negatively associated with habitat connectivity and the percentage of
forest cover between sites, and positively associated with geographic distance and the
percentage of agricultural land between sites. The northernmost site was the most genetically
differentiated and was isolated from other sites by agricultural lands. Fragmentation of
breeding habitat may represent barriers to dispersal of birds which would pose no barrier
to movement during other activities such as migration.
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Introduction

Fragmentation may decrease connectivity and increase
distance between remnant habitat patches. In the case
of threatened and endangered avian species, the risk of
extinction due to the effects of fragmentation is greater
because they usually exist at low densities (Saunders et al.
1991; Johnson 2001). Smaller, more isolated patches of habitat
are characterized by a decreased likelihood of males
attracting females and less successful dispersal of offspring
(Rappole et al. 2003). Decreased dispersal can lead to a
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more restricted distribution and further reduce abundance
(Villard et al. 1999). Moreover, as distance between patches
of habitat increases, recolonization of vacated patches
becomes more difficult and the ability of breeders to move
among populations decreases (Wiens 1994).

The fragmentation of habitat and consequent reduction
in population size and gene flow could result in increased
loss of genetic diversity within populations and increased
genetic differentiation among populations (Frankham
1995). Few investigations of avian populations have
reported an association between anthropogenic habitat
fragmentation and reduced gene flow leading to increased
differentiation. Most studies that have found an association
between fragmented populations, and genetic differentiation
have involved relatively sedentary gallinaceous birds or
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ratites (Leberg 1991; Bouzat 2001; Caizergues et al. 2003);
although an apparent effect of anthropogenic habitat
fragmentation on genetic structure has been observed in
sedentary passerines (Brown et al. 2004). For highly mobile
avian species, such as many songbirds or woodpeckers,
most studies have not detected an association between the
level of genetic differentiation and anthropogenic habitat
fragmentation (Ellegren et al. 1999; Bates 2000; Galbusera
et al. 2004; Veit et al. 2005). It is not clear whether the lack of
fragmentation effects on genetic structure in this latter
group is due to their higher mobility, the recent nature of
much of the habitat loss or the small number of taxa that
have been studied.

One such mobile species subject to the potential
genetic consequences of habitat fragmentation is the
golden-cheeked warbler (Dendroica chrysoparia), a migratory
songbird that winters in Central America and breeds in
a range restricted to central Texas (Fig. 1). Between 1962
and 1990, the estimated number of golden-cheeked
warbler breeding territories declined from 18 500 to
13 800, corresponding to a 35% reduction in breeding
habitat, leading to the listing of the species as endan-
gered in 1990 (USFWS 1992). Today, the breeding habitat
of the species is highly fragmented throughout its range.
A nesting-habitat specialist, the golden-cheeked warbler
has a breeding range limited to dense, mature stands of
Ashe juniper (Juniperus ashei) mixed with deciduous
trees (mostly Quercus spp.). Banding data suggests that
golden-cheeked warblers are highly philopatric (Ladd
& Gass 1999), and their reproduction appears to be
adversely affected by small patch sizes and increased
edge habitat (Wahl et al. 1990; Ladd & Gass 1999). The
tendency toward philopatry and dependence on large
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Fig. 1 Map of sample site locations (dots),
recovery units (polygons) and the current
breeding range (shaded) of the golden-
cheeked warbler in Texas (adapted from
USFWS 2004), with a map of North America
for reference. The expanded map depicts
Waco forested and nonforested landcover (2001
National Land-cover Database) in the vicinity
of sampling locations, with an outline of
the golden-cheeked warbler breeding range
and nearby cities for reference. Sample sites
included the Klondike Ranch (KLR), Fort
Hood Military Reservation West (FHW),
Fort Hood Military Reservation East (FHE),
Fort Hood Military Reservation South (FHS),
Balcones Canyonlands National Wildlife
Refuge (BAC), Camp Bullis Training Site
(CAB) and Kerr Wildlife Management Area
(KWM).

patches of mature forests contributes to this species’
potential sensitivity to habitat fragmentation.

Landscape genetics, through integration of genetic and
habitat data with spatial analysis tools, offers opportunities
tobetter understand the role of habitat features as dispersal
barriers (Storfer et al. 2007). Our objectives were to use both
traditional and landscape approaches to understand pat-
terns of genetic diversity within and among golden-cheeked
warbler populations across their breeding range, and to
assess correlations between landscape features and genetic
structure. We predicted that habitat fragmentation would lead
to reduced gene flow between populations, and, combined
with decreased population sizes, would result in reduced
allelic diversity and heterozygosity within populations.

Materials and methods

Sample collection

Seven study sites were selected throughout the breeding
range of the species (Fig. 1), representing almost all the
remaining concentrations of singing males. We lured
adults into mist nets using song playback and collected
blood samples by pricking the brachial vein with a sterile
needle and drawing two drops of blood into a non-
heparinized capillary tube. Blood samples were stored in
PureGene cell lysis solution (Gentra Systems) at 4 °C.

DNA extraction and analysis

DNA was extracted from blood using the PureGene DNA
Isolation Kit Non-Mammalian Whole Blood Protocol (Gentra
Systems). Using DNA from a subset of golden-cheeked
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warbler samples, we evaluated 20 microsatellite primer
pairs developed for the black-throated blue warbler
(Dendroica caerulescens), yellow warbler (Dendroica petechia),
Swainson’s warbler (Limnothlypis swainsonii) and Wilson’s
warbler (Wilsonia pusilla). We identified nine loci for use in
this study that were polymorphic, produced consistent
results across runs and demonstrated no evidence of
null alleles based on MICROCHECKER (van Oosterhout ef al.
2003). The loci used included Dca32 from D. caerulescens
(Chuang-Dobbs et al. 2001; Webster et al. 2001); Dpu05 and
Dpu16 from D. petechia (Dawson et al. 1997; Yezerinac et al.
1999; Gibbs et al. 2000); Lswu5B, Lswu7 and Lswul8 from
L. swainsonii (Winker et al. 1999); and WpD4, WpD23 and
WpD30 from W. pusilla (Clegg et al. 2003). We used the
polymerase chain reaction (PCR) reagent concentrations
provided for each locus in their original publications.
While the loci Dca32, Dpul6, LswuSB, Lswi7 and Lswul8
are dinucleotide, Dpu05 is a pentanucleotide and WpD4,
WpD23 and WpD30 are tetranucleotides.

Each PCR was conducted via 35 cycles of 95 °C for 60 s,
the annealing temperature for 60 s, and 72 °C for 30 s, with
an initial denaturation cycle of 95 °C for 3.5 min and a final
incubation of 72 °C for 5 min. Annealing temperatures,
optimized for golden-cheeked warblers, were 46 °C for
Dpu05, Dppil6, Lswu7, Lswul8, WpD4, WpD23 and WpD30,
and 48 °C for Dca32 and Lswu5B. Negative controls were
included in all amplifications.

Genotypes were collected on both ABI Prism 310 and
3130 Genetic Analysers (Perkin Elmer) due to availability,
with either GENESCAN or GENEMAPPER software (Applied
Biosystems) and either TAMRA 500 or Rox 500 size stand-
ards. Repetitive genotyping between machines and size
standards was conducted to confirm consistency. Fragment
analysis reactions consisted of 0.5-1 uL PCR product,
0.5 uL size standard and HiDi Formamide (Applied Biosys-
tems) to 15 uL. All putative homozygotes and a subset of
all individuals were amplified and genotyped multiple
times to confirm their status.

Genetic diversity

Genetic diversity within sample sites was characterized by
calculating the mean number of alleles per locus, expected
and observed heterozygosity and F;g values in GENEPOP 3.4
(Raymond & Rousset 1995). We also used GENEPOP to
determine whether loci deviated from Hardy—Weinberg
Equilibrium (HWE) or exhibited linkage disequilibrium.
We calculated allelic richness using rarefaction in FSTAT to
correct for sample-size differences among sites (Goudet
2001). We conducted an analysis of variance using PROC
GLM (SAS Institute 2005) to determine whether differences
in heterozygosity or allelic richness existed among sites,
treating each locus as a randomized block to control for
interlocus variation (Leberg 1992).

To evaluate whether individuals from sampled sites
were from a population that had experienced a recent
bottleneck, we used 1000 replicates of the two-phased
model (TPM) with 70% of the mutations following a
step-wise mutation model (SMM) and 30% following an
infinite alleles model (IAM) in the program BOTTLENECK
(Cornuet & Luikart 1996). The Wilcoxon sign-rank test
was used to determine whether the number of loci with
heterozygote excess was significantly different than
expected if no bottleneck had occurred. We also used the
program M_r_vAL (Garza & Williamson 2001) to calculate
the ratio (M) of the number of alleles from a sample site
to the total range in allele sizes. Our sample sizes from
individual sites were not large enough to ensure that we
sampled most alleles at each site, so we compared estimates
of M to estimates of M, obtained using the two-phase
model in the program criticaAL_M (Garza & Williamson
2001). We used the TPM with the conservative parameter
estimates recommended by Garza & Williamson (2001). If
the observed value of M was in the lower 5% of the distri-
bution of M, values, it was taken as evidence that the
sample was from a population that had experienced a
recent bottleneck. We also compared an estimate of M from
a combined sample of all individuals to a M, value of 0.68,
where an estimate of M > 0.68 provides evidence that the
population is unlikely to have experienced a recent, severe
reduction in size (Garza & Williamson 2001).

Population structure

Population structure was evaluated with pairwise Fg; tests
and tests for allele frequency differentiation in GENEPOP 3.4.
To further evaluate the genetic structure of the population,
we used three different approaches, discussed in order
of their increasing ability to detect population structure
among simulated populations with small values of Fgr.
First, we estimated the number of genetically divergent
groups using STRUCTURE 2.2 (Pritchard etal. 2000), a
commonly used Bayesian clustering method. We imple-
mented STRUCTURE using the admixture and correlated
allele frequency model with 500 000 replicates of the Markov
Chain following a 100 000 replicate burn-in. Default values
were maintained for all other parameters. Because the
highest log-likelihood values were obtained for K = 1 (where
K is the number of populations), indicating no detectable
population structure, further analyses with this approach
are not presented.

Population structure was also assessed using BAPs 5.0
(Corander et al. 2003, 2004, 2006), a Bayesian assignment
approach that performs better than STRUCTURE when Fg is
small (Latch ef al. 2006). We implemented an admixture
analysis following the strategy of Corander & Marttinen
(2006). This approach begins with a mixture analysis to
identify the number of underlying populations in the data.
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Considering clusters to be those with more than three
individuals, as per Corander et al. (2006), we estimated
the number and composition of clusters considering
maximum K =5, 10 and 15, with 20 repetitions at each
maximum K. The allele frequencies of genetically diver-
gent groups identified in the mixture analysis were then
used to conduct the admixture analysis (Corander &
Marttinen 2006). This method avoids difficulties with
the simultaneous estimation of number of differentiated
ancestral populations and the level of admixture in
sampled individuals. Following Corander & Marttinen
(2006), we used 100 realizations from the posterior of the
allele frequencies to determine admixture. We conducted
the admixture analysis five times and the results were
highly consistent among replicates. The full search
algorithm of cLumpp (Jakobsson & Rosenberg 2007) was
used to obtain an optimal alignment from these replicates.
This analysis did not include information on spatial
locations of the samples, although we did implement such
an analysis using both Baps with spatial data (Corander
et al. 2007) and TEss (Chen et al. 2007). These analyses are
not presented, as the former produced results similar to
those of sTRUCTURE, while the latter produced similar
results to those obtained with BaPs without spatial data.

Finally, we used a contingency test (Waples & Gaggiotti
2006) to define populations. This method is based on the
analyses of contingency tables of allele frequency differ-
ences among sample sites. We implemented this approach
using GENEPOP and the statistical criteria suggested by
Waples & Gaggiotti (2006). In simulations, this ad hoc
method was much more powerful than assignment tests,
such as STRUCTURE, at identifying the underlying population
structure when Fg; values were small. Additionally, Waples
& Gaggiotti (2006) showed that this method rarely identifies
population structure when it does not exist.

Nonmetric multidimensional scaling (NMS) was used to
create a plot depicting the genetic relationships among sample
sites in the program pc-orD using the Euclidean distance
measure (McCune & Mefford 1999). NMS ordination is a
nonparametric projection in space, based in this case on allele
frequencies, which reduced variation from six dimensions
down to two dimensions in the final solution. The lack of
correspondence between the original genetic distances
and the ordination in two dimensions is called stress,
with a value of 0% representing perfect correspondence.

Landscape composition

We quantified habitat between pairs of sample sites using
the 2001 National Land-Cover Database (NLCD) (Homer
et al. 2004), with a spatial resolution of 30 m, and FRAGSTATS
(McGarigal et al. 2002). Because it was unclear how much
of the area between sites should be considered when
assessing habitat features, indices for habitat between pairs
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of sites were calculated for both a 10 and 20 km wide band
around the centreline extending from the centre points of
each site. We used the 10 km assessments for our analyses
because band-width had no effect on outcomes.

Because the golden-cheeked warbler is dependent on
forest, we estimated the percent forest, percent agriculture,
percent developed lands and the connectivity of forest
patches between sites. The forest designation corresponds
to the deciduous, evergreen and mixed forest categories.
The developed designation corresponds to the developed
open space and developed low, medium and high intensity
categories. The agriculture designation corresponds to the
cultivated crops, pasture/hay and grassland/herbaceous
categories. All data were in the Universal Transverse
Mercator coordinate system, a specialized Transverse
Mercator projection, using North American Datum 1983
(NADS3).

Connectivity was calculated in FRAGSTATS using the
class-level Connectance Index (McGarigal & Marks 1995).
The Connectance Index is defined as the proportion of
connected forest patches, where each pair of patches is
either connected or not based on a Euclidian threshold
distance, relative to the maximum possible connectance
among all patches. We tested threshold distances of 1, 3.5
and 9 km, based on the average breeding and natal disper-
sals of female and male golden-cheeked warblers (Ladd &
Gass 1999); because choice of threshold did not affect
outcomes, we used the intermediate value. Because con-
nectivity was calculated as a class-level metric, a single
value resulted for each intersite corridor. We used this
measure of connectivity because we are interested in the
long-term viability of the species as a result of habitat loss
and fragmentation, and ‘connectivity’ is defined as ‘the
degree to which a landscape facilitates or impedes ecolo-
gical flows” (McGarigal & Marks 1995). The Connectance
Index calculates connectivity between individual patches,
which is more appropriate for the scale of our analysis
and is widely used in landscape ecology. Connectivity
was estimated using both unfiltered (including all forest
patches) and filtered (removing all forest patches < 250 ha
that were > 1 km from forest patches > 250 ha) landcover
data. These filtering criteria were used by Diamond & True
(1998) to identify core golden-cheeked warbler breeding
habitat areas. Because estimates of connectivity from
the filtered and unfiltered landcover data were highly
correlated (r =0.910, P < 0.001), only results using the
filtered data are presented.

Associations of geographical distance and connectivity,
as well as percent forest, agriculture and developed land
with genetic differences between populations, were assessed
using Mantel tests (xLsTAT™). We evaluated these associa-
tions with two measures of genetic distance, Fg; and chord
distance (Cavalli-Sforza & Edwards 1967). Chord dis-
tance was chosen because it tends to perform well with
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Table 1 Sample size, location, estimated number of singing males and summary of genetic diversity for seven golden-cheeked warbler
sample sites. Measures of genetic diversity include average numbers of alleles per locus (A), allelic richness (Ay), expected heterozygosity
(Hp), observed heterozygosity (Hg) and inbreeding coefficient (Fig), based on the average of nine polymorphic loci

UTM Coordinatest

Sample Sample Singing

Site Size* E N Males A Ay Hy Hg, Fg
KLR 14 640 899 3559 975 35t 7.11 7.11 0.74 0.77 -0.017
FHW 14 612 968 3467215 5608 7.78 7.78 0.75 0.75 0.038
FHE 14 635032 3455 678 42908 7.78 7.78 0.76 0.71 0.093
FHS 19 607 587 3438313 22908 8.78 8.12 0.76 0.75 0.039
BAC 17 597 729 3387 421 10009 8.56 7.97 0.76 0.76 0.032
CAB 17 541 051 3284183 485** 7.78 7.30 0.74 0.76 0.000
KWM 14 451473 3327018 269 7.78 7.78 0.75 0.78 -0.006
Mean 7.94 7.69 0.75 0.75 0.026

*All captured birds were males except for one female each from FHE, BAC and CAB; two females from KLR and three females from KWM,
tNorth American Datum 1983 (NADS83), $(Glenda Miller, personal communication), §Calculated using available habitat (Scott Tweddale,
personal communication) and average territorial male density (Jette ef al. 1998), JUSFWS (2004), **Cooksey & Thompson (2005).

microsatellite data and may produce a different suite of
relationships among populations than Fg, when most of
the differences among populations might be due to recent
genetic drift (Takezaki & Nei 1996; Kalinowski 2002). Cavalli-
Edwards chord distance was estimated using PHYLIP
(Felsenstein 1989). Estimates of differentiation based upon
Fgr and chord distance were strongly correlated (r = 0.820,
P < 0.001); however, choice of distance measure did have
some effect on the outcome of tests of association between
genetic differentiation and landscape features, so we present
the results for both. Significance of correlation coefficients
were evaluated using 100 000 permutations of the matrices.
We predicted that genetic differences between populations
would increase with increasing geographical distance,
proportions of agricultural lands and proportions of devel-
oped lands; conversely, we expected genetic differences to
decrease with increasing proportions of forest and increasing
connectivity between sites. To control for intermatrix
correlations, we used a partial Mantel test to assess the
association of one measure of habitat or distance between
sites with genetic differentiation, while holding the influence
of a second measure constant (Smouse et al. 1986), recog-
nizing there is debate over whether the test produces
biased estimates of P-values (Raufaste & Rousset 2001;
Castellano & Balletto 2002; Rousset 2002).

Results

Genetic diversity

Over the 2004 and 2005 breeding seasons, we sampled a
total of 109 individuals from seven sites (Table 1). None
of the tests for deviation from HWE or for linkage
disequilibrium were significant when the false discovery

rate was adjusted for multiple comparisons (Benjamini
& Hochberg 1995).

The lowest allelic richness was found in KLR (Table 1);
however, there was no variation in allelic richness
(Fo4=1.031, P=0417) or heterozygosity (Fg = 0.003,
P =1.000) among sites. No sample site had significant
heterozygote excess under mutation-drift equilibrium
(Cornuet & Luikart 1996). None of the M ratios for individual
sites were smaller than M, and the M ratio for the total
population sample was 0.72 (Garza & Williamson 2001).
These two lines of evidence suggest that none of the
samples from our study sites were from populations that
have experienced a recent bottleneck.

Population structure

Overall, genetic differentiation among sample sites was
relatively small, but highly significant (Fg = 0.008, P < 0.001).
The largest pairwise Fg; values were observed between
KLR and all other sample sites, as well as between FHE
and both CAB and KWM (Table 2).

The mixture analysis in BAPs consistently identified
three clusters of individuals that were larger than the
minimum threshold of three individuals per cluster sug-
gested by Corander & Marttinen (2006). While most
individuals fell into one large cluster, one genetically
divergent group consisted of five individuals from KLR
and a second group consisted of six individuals from
FHW and FHE. The individuals identified as being
genetically distinct in the mixture analysis were assigned
to the same divergent groups in the admixture analysis
(Fig. 2). Outside of KLR and the combined sample of
FHW and FHE, there was little variation in the level of
admixture among samples. The method of Waples &
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Table 2 Pairwise estimates of Fg (lower left) and chord distance
(upper right) from tests of null hypothesis of no genetic differ-
entiation among seven golden-cheeked warbler sample sites. Overall
Fgp = 0.008 (P < 0.001)

KLR FHW FHE FHS BAC CAB KWM

KLR 0.059 0.066 0.067 0.068 0.049 0.059
FHW  0.016* 0.037 0.035 0.042 0.038 0.042
FHE 0.013*  0.000 0.056 0.052 0.056 0.060
FHS 0.026* 0.000 0.003 0.045 0.037 0.045
BAC 0.036* 0.000 0.009  0.006 0.039  0.037
CAB 0.016* 0.005 0.019* 0.002 0.003 0.035

KWM 0.024* 0.001 0.008* 0.000 0.000 0.002

*Significant P-values (P < 0.05) following adjustment for multiple
comparisons (Benjamini & Hochberg 1995).

I

KLR J FHW

L . .J j_l [ ul =
CAB KWM

Fig.2 Admixture coefficients for golden-cheeked warblers
estimated using BAPs. Each vertical column corresponds to one
individual. Columns are shaded with different colours (black,
dark grey and light grey) in proportions corresponding to estimated
admixture coefficients for each individual. Individuals from the
different sample sites are separated by black vertical lines.

BAC
I:HW CAB ®
JHE  pwm ®
L4 FHS
[ ]

N
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KLR
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Axis 1

Fig. 3 Nonmetric multidimensional scaling (NMS) ordination
two-dimensional plot representing the relative genetic relationships
among golden-cheeked warblers from seven sample sites.

Gaggiotti (2006) identified KLR as being differentiated
from all other sites. No other individual or set of sample
sites was sufficiently differentiated from others to be
considered a separate population.

Reduction of the allele-frequency differences among
sample sites down to two axes resulted in a stress of 3.7%
(Fig. 3). Kruskal (1964) notes that NMS ordinations with
a stress of < 10% represent excellent depictions of the
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relationships among the original data. When interpreting
the NMS plot it is important to note that, while this
approach resulted in less distortion of relationships among
sites than other ordination approaches because it does not
assume linear relationships among allele frequencies, the
numbering of the dimensions had no correlation to the
amount of variation explained by each dimension, and
it was not possible to directly attribute the effects of
individual loci to individual dimensions. In this two-
dimensional space, KLR appeared to be the most different
from other sites, reflecting the relatively high pairwise
Fgp values for this site and the other sites examined (Fig. 3).
Although FHE was also differentiated from several sites, it
does not occupy as unique an area of the ordination of
genetic space as KLR (Fig. 3).

Landscape composition

There were associations of connectivity (r = —0.40, P = 0.011)
and geographic distance (r = 0.40, P = 0.037) with Fg. As
expected, the genetic distances between sites increased
as the connectivity of sites decreased (Fig.4a) and as
geographic distance between sites increased (Fig. 4c).
Controlling for covariation with geographic distance, the
association between connectivity and Fg; was no longer
significant (r=-0.14, P =0.278). Likewise, there was no
association between geographic distance and Fg; when
controlling for covariation with connectivity (r=0.16,
P =0.248). The difficulty of determining the relative con-
tributions of geographic distance and connectivity to Fg;
is due to the strong relationship between connectivity
and geographic distance (r =—-0.80, P < 0.001). In contrast
to Fgp, chord distance was not associated with connectivity
(r=-0.28, P=0.115) or geographic distance (r=0.22,
P =0.167; Fig. 4d).

Unlike connectivity, geographic distance was not strongly
correlated to the percentage of forested land (r =-0.04,
P =0.368) or agriculture (r=-0.23, P=0.306) between
sites, although there was a negative correlation between
the percentage of developed land and geographic distance
betweensites (r = —0.43, P = 0.018). There was no significant
negative association between Fq and the percentage of
forested land (r =-0.29, P = 0.101). Contrasting Fgp, chord
distance was strongly correlated with the percentage of
forested land (r = —0.50, P = 0.009; Fig. 4b), and these rela-
tionships were not altered by holding geographic distance
constant. Likewise, there was no positive association
between either Fg; or chord distance with the percentage
of developed land, regardless of whether geographic
distance was held constant (P > 0.100). As predicted, there
was a strong positive association between Fq and the
percentage of agricultural land between sample sites
(r=0.55, P =0.008; Fig. 4e). This association between Fg
and the percentage of agricultural land increased when the
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Fig. 4 Associations of pairwise estimates of Fg; and (a) percent connectivity, (c) geographical distance and (e) percent agriculture; and of
pairwise estimates of chord distance and (b) percent forest, (d) geographical distance and (f) percent agriculture among golden-cheeked

warbler samples from seven sites.

influence of geographic distance was removed from
the analysis (r = 0.72, P < 0.001). A similar relationship was
observed between chord distance and the percentage of
agricultural land (r = 0.58, P = 0.006; Fig. 4f), and again
the association increased when geographic distance was
held constant (r =0.67, P <0.001). All P-values < 0.03 in
these analyses remained significant when adjusted for
false detections.

Discussion

Genetic diversity

Although the golden-cheeked warbler has suffered
significant habitat loss and fragmentation over the past few
decades, estimates of allelic richness and heterozygosity
are relatively high and similar to those of other warbler
species (Gibbs et al. 2000; Clegg et al. 2003; Veit et al. 2005).

Even with an estimated 25% reduction in the number
of breeding pairs between 1962 and 1990 (USFWS 1992),
the overall population size of 5900-7000 singing males
(USFWS 2004) has thus far been sufficiently large to retain
high levels of genetic diversity.

There were no differences in allelic richness or hetero-
zygosity among sampled sites, suggesting no difference
in the bottleneck histories of the individual sites. Allelic
richness is known to be especially sensitive to small popu-
lation sizes (Leberg 1992; Spencer et al. 2000). There was
also no evidence of heterozygote excess or a shift in the dis-
tribution of allele sizes typical of populations experiencing
bottlenecks (Cornuet & Luikart 1996; Garza & Williamson
2001). The small numbers of singing males in some sample
sites (Table 1), likely reflecting even smaller numbers
of breeding pairs, could result in the genetic signature
of bottlenecks were those sites isolated. The lack of any
genetic evidence of a bottleneck suggests the importance
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of gene flow for maintaining genetic diversity across popu-
lations of this species (Slatkin 1985).

In addition to the potential role of gene flow in minimizing
the signature of bottlenecks, it is possible that bottlenecks
were not detected due to a lack of statistical power. For the
number of loci in our study, both approaches used to test
for recent bottlenecks in our sample sites lack power to
detect reductions in populations when the minimum
N, > 50 (Luikart & Cornuet 1998; Garza & Williamson 2001;
Leblois et al. 2006). It is possible that populations ex-
perienced bottlenecks, but that those bottlenecks were not
severe enough to be detected using nine loci.

Population structure

Current levels of gene flow among sample sites were
limited enough to have resulted in the significant differ-
entiation of at least one population. The amount of genetic
structure observed was strong enough to assign individuals
to three different groups using BaPs and two distinct groups
using the contingency table method. In both approaches,
as well as in the NMS ordination, KLR was genetically
differentiated from other sites.

The observed differentiation among sample sites, with
an overall Fg; value of 0.008, was slightly smaller than
estimates of population structure for other warbler species
(0.010-0.035; Gibbs et al. 2000; Clegg et al. 2003; Veit et al.
2005). The estimates of Fg; for these species, however, were
made over breeding ranges that were 10-200 times the
size of the breeding range of the golden-cheeked warbler.
When considering only the geographically closest popu-
lations in other warbler studies (similar to the maximum
distance between our sampled sites), pairwise Fg; values
were between 0.006 and 0.015 for Dendroica petechia (Gibbs
et al. 2000), 0.002 and 0.006 for Wilsonia pusilla (Clegg et al.
2003) and —0.013 and 0.039 for Dendroica cerulea (Veit et al.
2005). Pairs of our sites separated by comparable distances
(~300 km) had Fg; values between 0.016 and 0.024, indicating
that genetic structure in the golden-cheeked warbler is at
the high end of that observed for other warbler species on
a similar spatial scale.

Avian species can be expected to exhibit low levels of
population differentiation due to high rates of dispersal
(Crochet 2000). Observed dispersal patterns of golden-
cheeked warblers seem to be fairly typical of migratory
passerines, with natal dispersal being more extensive than
breeding dispersal (Villard et al. 1995). Although adult
breeders have been observed to disperse < 1 km on average
from their location in a previous year (Ladd & Gass 1999),
average dispersal from the natal site is 9 km for males
and 3 km for females (Ladd & Gass 1999). Because these
observations are a function of survey efforts at specific sites
(non-random sampling), they may underestimate actual
mean dispersal distances.
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Landscape composition

Although the potential for dispersal was high, there were
strong differences in allele frequencies among some sites
and evidence that the type of habitat features between
sites was influencing this genetic differentiation. Analysis
of Fgp supported our prediction that genetic differentiation
would increase as connectivity decreased; however, our
analysis of chord distance did not. The geographic
distance between sites also had a significant association
with Fg;. Because connectivity and geographic distance
were highly correlated, it is not possible to distinguish
between the influence of isolation-by-distance and
fragmentation on genetic differentiation in this dataset.
Forest cover had a strong, positive association with chord
distance, but not with Fg;. The different associations of our
two measures of genetic differentiation with connectivity,
geographic distance and percent forest cover lead to the
question of which measure of genetic differentiation would
be more reliable in this case. One could argue that because
chord distance does not make the assumption that
populations are in drift-mutation equilibrium, it might
be a better choice of measure of genetic differentiation than
Fgp in recently fragmented populations. This assumption,
however, applies only to the use of Fg; as an estimator
of gene flow, and nonequilibrium conditions should not
affect its use as an index of relative genetic differenti-
ation (Neigel 2002). It is not clear whether more weight
should be placed on one measure or the other, as each
responds to drift, mutation and gene flow in different ways
(Kalinowski 2002).

The only habitat feature that had a strong association
with both measures of genetic differentiation was the
percentage of agricultural land. A decreased likelihood
of birds to cross agricultural landscapes would explain
why the greatest observed differentiation was between
the northernmost site (KLR) and the other sites, as KLR
was largely surrounded by agricultural lands. It is
important to recognize that our measures of connectivity
and forest cover are not measurements of the distribution
of preferred nesting habitat, as there is only limited
spatial data on the locations of dense, mature stands of
Ashe juniper and oaks. While fine-scale characterization
of habitat preference in dispersing golden-cheeked
warblers is currently lacking, it may be that like many
woodland passerines, the presence of general forest cover
may play a greater role in dispersal than the actual com-
position of the forest (Wiens 1994; Harris & Reed 2002).
It is possible that the negative associations of both
measures of genetic differentiation with agricultural
lands was stronger than their positive associations with
connectivity or forest cover because all agricultural lands
are essentially uninhabitable to the golden-cheeked
warbler, while only a portion of the forested habitat may
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be suitable for the species. The significant associations
between genetic distance and habitat were strongly
influenced by KLR. It is the most differentiated site
and also the most isolated from the other sites in terms
of intervening agricultural habitat. When KLR was
removed from the analyses, associations between genetic
differentiation and habitat variables were no longer
significant, while the removal of other sites did not have
a large effect on the associations.

Why would a bird capable of migrating thousands of
kilometres exhibit reduced genetic exchange between
KLR and large populations just 70 km to the south? The
species is relatively philopatric, with the vast majority
of individuals nesting within 4 km of where they were
born (Ladd & Gass 1999). This pattern might result in
isolation-by-distance, but does not explain why the KLR
and FHE sites, which are separated by agricultural land,
were much more differentiated than other pairs of sites
separated by similar distances, but with larger tracts of
intervening forest. One possibility is that low dispersal
may result from the tendency of forest-dwelling birds
to avoid crossing open areas (Dickman 1987; Belisle et al.
2001). These effects are most restrictive for species with
specialized habitat requirements (Desrochers & Hannon
1997; Harris & Reed 2002), such as golden-cheeked war-
blers. Although many birds migrate large distances,
most tend to breed near their natal site (Gauthreaux 1982;
Greenwood & Harvey 1982), and dispersal movements
to locate new breeding territories likely depend on local
landscape features (Opdam 1991; Belisle etal. 2001).
Long-distance dispersal by forest-dependent birds across
an agricultural landscape would be much less likely than
dispersal across a landscape dominated by forest and
shrubland, leading to differentiation of populations
isolated by agricultural land. It is also possible that the
size of a habitat fragment might play a role in the ability
of dispersers to locate that patch (Williams 1964; Freemark
& Merriam 1986). The KLR site is relatively small and is
located at the northern end of the current breeding distri-
bution of the species, making it possible that the few
birds dispersing in that direction might not encounter
the small habitat patches supporting the population.
Available data do not allow us to differentiate between
these hypotheses.

Although declines in golden-cheeked warbler population
size during the last 50 years were substantial enough to
result in the species being listed as endangered (USFWS
1992), effective population sizes have not yet become small
enough to result in serious erosion of genetic diversity.
There is, however, the possibility that insufficient time since
fragmentation has occurred to detect bottleneck effects in
those populations with very low numbers of singing males.
Because brown-headed cowbird control has apparently
resulted in stabilizing or increasing populations in some

areas (Hayden et al. 2000), there is reason to be optimistic
about the future of the species. If current trends of habitat
alteration continue in central Texas, however, connectivity
may further erode, reducing gene flow that has probably
thus far mitigated the effects of small population sizes on
genetic variation.

The recovery plan for the species established eight
recovery units within the current breeding range (Fig. 1)
and called for the maintenance of at least one viable popu-
lation in each recovery unit (USFWS 1992). We could not
obtain samples from three of the units (Fig. 1) because known
sites contained only a few singing males or managers
deemed that sampling efforts might disrupt population
recovery. This may have affected our results, possibly
underestimating the effects of fragmentation. Additionally,
our capture methods resulted in a male-biased sample.
Because female golden-cheeked warblers tend to disperse
shorter distances than males, this bias may also contribute
to underestimated fragmentation effects. Analysis of
samples obtained from the other five recovery units
indicated no evidence of population divergence suggestive
of long-term genetic isolation. The species does not appear
to contain any evolutionary significant units (Waples 1991)
and there is no compelling genetic basis for managing
populations as separate entities, although such a strategy
has other merits such as minimizing risk to the species due
to unexpected declines in one or a few populations.

The two northernmost units (Fig.1) are currently
known to contain only eight sites, with between five and
16 singing males per site (USFWS 2004), in addition to the
small KLR population we sampled. Because the number
of breeding pairs is small, drift will eventually increase
levels of genetic differentiation with these northern
populations. This differentiation could become exacer-
bated if population sizes or immigration rates are further
reduced. Increased isolation would also put these small
populations at a greater risk of local extinction. Because
recent trends have been towards further reductions in
connectivity among habitat patches in this region, protecting
existing patches and fostering late-successional growth
at other sites could improve connectivity, potentially
improving the interpopulation genetic dynamics of these
northern populations and safeguarding the long-term
genetic viability of the species.

Conclusions

Few migratory birds have exhibited genetic structure on
their breeding grounds at the spatial scale of the golden-
cheeked warbler. We conclude that a lack of connectivity
among habitat patches, resulting from loss of natural
landscapes, is likely playing a primary role in the notable
genetic differentiation of at least one population (KLR) and
is of concern for other populations as well. The influence
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of habitat fragmentation on genetic differentiation has
important implications for management of species like
the golden-cheeked warbler that are relatively vagile, but
highly specialized in their habitat preferences. Restoration
and protection of connected patches is likely to be the best
option for conserving or recovering such species (Young &
Clarke 2000).

Landscape genetic approaches, applied to potentially
vagile groups such as the butterfly Parnassius smintheus,
have demonstrated that connectivity influences rates and
patterns of gene flow and thus the amount and distribution
of genetic diversity (Keyghobadi et al. 2005). Studies of
nonmigratory avian species have also suggested that
habitat fragmentation can affect genetic structure (Bates
2002; Segelbacher et al. 2003). Although both traditional and
landscape approaches have suggested habitat fragmenta-
tion can contribute to genetic structure, the influence of
landscape composition on highly vagile organisms, such
as migratory birds, is unclear. Our results suggest that
in spite of the ability to transverse large expanses of
inhospitable habitat during migration, fragmentation of
breeding habitat has the potential to result in genetic
differentiation.

The behavioural limitations of birds to disperse across
fragmented landscapes have been predicted to increase
with increasing habitat specialization (Harris & Reed 2002).
The only other study that we are aware of that addresses
the genetic implications of fragmentation for a migratory
passerine, the cerulean warbler (Dendroica cerulea), failed to
observe an association between fragmentation and genetic
structure (Veit et al. 2005), although the species has less
restrictive breeding habitat requirements than the golden-
cheeked warbler. It is possible that our observation of
increased genetic differentiation for a population isolated
by land-use conversion is due to the specialized habitat
requirements of our study species, however, considerably
more research on both habitat generalists and specialists
is needed to evaluate the degree to which behavioural
limitations on dispersal associated with habitat specializa-
tion influence genetic structure.
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