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Abstract

The delimitation of populations, defined as groups of individuals linked by gene flow, is
possible by the analysis of genetic markers and also by spatial models based on dispersal
probabilities across a landscape. We combined these two complimentary methods to define
the spatial pattern of genetic structure among remaining populations of the threatened
Florida scrub-jay, a species for which dispersal ability is unusually well-characterized. The
range-wide population was intensively censused in the 1990s, and a metapopulation model
defined population boundaries based on predicted dispersal-mediated demographic
connectivity. We subjected genotypes from more than 1000 individual jays screened at 20
microsatellite loci to two Bayesian clustering methods. We describe a consensus method for
identifying common features across many replicated clustering runs. Ten genetically
differentiated groups exist across the present-day range of the Florida scrub-jay. These groups
are largely consistent with the dispersal-defined metapopulations, which assume very
limited dispersal ability. Some genetic groups comprise more than one metapopulation,
likely because these genetically similar metapopulations were sundered only recently
by habitat alteration. The combined reconstructions of population structure based on
genetics and dispersal-mediated demographic connectivity provide a robust depiction of
the current genetic and demographic organization of this species, reflecting past and
present levels of dispersal among occupied habitat patches. The differentiation of popula-
tions into 10 genetic groups adds urgency to management efforts aimed at preserving what
remains of genetic variation in this dwindling species, by maintaining viable populations
of all genetically differentiated and geographically isolated populations.
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Introduction

In their review of the population concept, Waples &
Gaggiotti (2006) showed that most definitions can be
associated with one of two paradigms: the ecological
paradigm, where the contacts between individuals are
mainly due to demographic events; and the evolutionary

paradigm, where the cohesive forces are mainly genetic. In
the evolutionary paradigm, the criterion to define popula-
tions is the amount of gene flow — or effective dispersal —
among locations. Following this approach, it is possible to
define populations by estimating gene flow through the
analysis of genetic markers or from field data on dispersal.
In practice, however, genetic clustering often defies ex-
pectations based on dispersal biology or present-day
geographical patterns (but see Berry et al. (2004), Vande-
woestijne & Baguette (2004)). Molecular studies often
reveal levels of gene flow exceeding those inferred from
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field data, suggesting either elevated past gene flow or rare
long-distance dispersal events (Crochet 1996; Koenig et al.
1996; but see Thompson & Goodman 1997; Nathan 2001).
The combination of the two methods and the analysis of
the discordances or concordances in their results may
actually provide complimentary information (about, for
example, the existence of long-distance dispersal events
that are difficult to infer from field data, or on temporal
changes in the levels of gene flow). Here, we used these
two complimentary approaches to provide a compre-
hensive picture of the spatial organization of the endan-
gered Florida scrub-jay (Aphelocoma coerulescens) over its
entire current range.

The Florida scrub-jay (FSJ hereafter) is a nonmigratory
bird species endemic to Florida and restricted to early
successional, fire-maintained xeric oak scrub (Woolfenden
& Fitzpatrick 1984). This unique, biologically diverse scrub
habitat was widespread in the peninsula in the late Pleis-
tocene, but became fragmented and reduced in area as
humid climate prevailed during the Holocene (Myers &
Ewel 1990). Over the past century, the rate of habitat loss
and fragmentation of Florida’s oak scrub increased by
several orders of magnitude because of anthropogenic
land-use conversion (especially to citrus plantations and
housing developments) and suppression of the lightning-
caused fires necessary for its persistence (Fernald 1989;
Myers & Ewel 1990; Fitzpatrick et al. 1991; Woolfenden &
Fitzpatrick 1996). As a result, over the last several decades
FSJ populations have declined precipitously, or disappeared
altogether, throughout much of the remaining range of the
species. The FSJ was classified as a ‘Threatened’ species by
the Florida Game and Fresh Water Fish Commission in
1975 and by the US Fish and Wildlife Service in 1987. By
1993, Florida scrub-jay populations had declined to an
estimated 3% of their original number, to about 10 000 indi-
viduals (Pranty 1996). Since then, further severe declines
have been documented in several populations, including
those in Brevard (Breininger et al. 2003), Charlotte (Miller
& Stith 2002), and Sarasota counties (Fig. 1). Facing these
ongoing dramatic declines, robust information on the
population structure of the species is required to enable
agencies and regulators to prioritize conservation efforts.

Florida scrub-jays are permanently territorial, coopera-
tively breeding birds. Each territory (mean size = 10 ha) is
defended by a family group consisting of one breeding
pair and zero to six (mean = 1) helpers that contribute to
defending the territory, as well as to feeding nestlings and
fledglings (Woolfenden & Fitzpatrick 1984). Because some
populations have been studied intensively for decades
(e.g. Woolfenden & Fitzpatrick 1984, 1996; Breininger et al.
1995; Fitzpatrick et al. 1999), the species’ dispersal biology
is unusually well characterized. Individuals usually
remain on their natal territory for at least 1 year before
dispersing. Dispersal distances are mostly short, with a

strongly leptokurtic frequency distribution and a modal
dispersal distance of only one territory for both sexes.
Dispersal events farther than five territories are notably
rare. Females tend to disperse farther than males (Fitz-
patrick et al. 1999): the maximum documented dispersal
distance is 60 km for females vs. 13 km for males (unpub-
lished data). The overall rate of dispersal off the natal
territory is substantially higher for females (94%) than
for males (44%) (Woolfenden & Fitzpatrick 1984). Once
established as breeders, FSJs are essentially sedentary
(Woolfenden & Fitzpatrick 1984).

An intensive survey of FSJs in 1992–1993 (Stith et al.
1996) yielded a fine-scale map of the species’ distribution
and estimates of its local population sizes in most of the
then-occupied habitat patches throughout its range. These
census data, together with field-documented dispersal
data, were used to generate a map of metapopulations
range-wide, in which a metapopulation was defined as a
group of territories among which dispersal likely occurs,
but which is probably separated from other such territory
clusters by habitat gaps that impede or prevent dispersal.
A 12-km isolation threshold was inferred from the land-
scape distribution of occupied territories: occupancy of
suitable habitat patches drops to near zero when distance
to the nearest occupied patch exceeds 12 km, suggesting
that FSJ dispersal beyond this distance is rare and demo-
graphically unimportant. Assuming a 12-km dispersal
limit across habitat gaps, Stith et al. (1996) defined current
metapopulations by creating 12-km buffers around all
extant jay territories, thereby clustering all occupied
remnant habitat patches assumed to function as demogra-
phically connected units. Buffers were further modified to
incorporate known hard barriers to dispersal (such as open
water with forested margins). This process delineated 42 FSJ
metapopulations, most of which were small and isolated.

Strong philopatry, short dispersal distance, natural
patchiness of scrub habitat, and further isolation of most
jay populations by recent habitat loss all suggest that the
FSJ should show substantial genetic structuring. A prelim-
inary study based on 10 microsatellite loci and 11 popula-
tions yielded a GST of 0.048 (McDonald et al. 1999), which
was much greater than that observed for the widespread,
congeneric western scrub-jay, supporting the prediction of
strong genetic structuring in FSJs. To examine the question
more comprehensively, we genotyped over 1000 individuals
at 20 microsatellite loci, with populations sampled across
the species’ entire geographical range. We employ two
Bayesian clustering methodologies: the widely used
structure (Pritchard et al. 2000; Falush et al. 2003), and the
more recently developed geneland (Guillot et al. 2005b),
which makes use of the information contained in the spa-
tial locations of the individuals. We compare the inferred
clusters from the Bayesian clustering analyses (hereafter
‘genetic groups’) with the metapopulations defined by
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Stith et al. (1996). The general congruence we find between
these two approaches supports the existence of genuine
genetic boundaries among dispersal-defined metapopu-
lations. This result has important implications for the
conservation of this endangered species, since it provides
information useful for prioritizing conservation efforts as
most local FSJ populations rapidly decline toward extinction.

Materials and methods

Study area and sampling design

We sampled Florida scrub-jays across their entire current
range (Fig. 1). We obtained genetic material from at least
some FSJs from 21 of the 42 metapopulations defined by
Stith et al. (1996). Nongenetically sampled metapopulations

were generally small (one to seven pairs) populations
found in isolated remnant scrub patches in the early 1990s,
many of which are now extinct. From some demographically
large or geographically broad populations, we obtained
samples from multiple sites within the metapopulation,
whereas at other sites our sampling was limited by the
number of FSJs remaining in the metapopulation (Fig. 1).
Sampling was most intensive in metapopulation 21, which
included the FSJ population at Archbold Biological Station
and surrounding areas of the Lake Wales Ridge, where jays
have been intensively monitored for more than 30 years.
Sample collection was undertaken between 1995 and 2001
(13% of the samples) and between 2003 and 2005 (87%).
The first sampling period involved only the Lake Wales
Ridge area, where many individuals were also sampled
between 2003 and 2005. Genetic samples were obtained

Fig. 1 Study site, sampling locations (black
triangles) and sample sizes. Polygons
surround individuals belonging to the
same metapopulation as defined by Stith
et al. (1996). Numbers are the metapopu-
lation identifiers given by Stith et al. (1996).
Dashed lines represent county limits. Br,
Brevard County; Ch, Charlotte County; Sa,
Sarasota County; Pa, Pasco County. ABS,
Archbold Biological Station. The boundary
of Lake Wales Ridge was drawn by Weekley
et al. (in press).
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opportunistically as part of other studies, or by targeted
capture of birds using Potter traps, drop traps, bow nets
and nylon mist-nets. Sampling locations were recorded as
GPS (Global Positioning System) coordinates. From each
individual, blood samples were taken via needle-pricks in
the brachial vein of one or both wings, and collected into
heparinized microhematocrit tubes. Blood samples were
placed in 0.5 mL of lysis buffer (Hoelzel 1992) and stored
thereafter at room temperature.

DNA extraction and genotyping

DNA was extracted from whole blood in lysis buffer
(Hoelzel 1992) using Perfect gDNA Blood Mini Kits
(Eppendorf). We genotyped each individual via polymerase
chain reaction (PCR) at 20 microsatellite loci previously
developed for the FSJ (Stenzler & Fitzpatrick 2002). During
generation of PCR products, a multiplexing protocol was
used to reduce the number of reactions per individual from
20 to six (Hailer et al. 2005). These reactions were optimized
to 0.25 U Jumpstart Taq polymerase (Sigma-Aldrich) and
3.25 mm MgCl2. The PCR cycling profile consisted of one
cycle at 95 °C for 2 min, 35 cycles of 50 s at 95 °C, 1 min at
48 or 58 °C (specific to each locus), and 1 min at 72 °C,
followed by a final extension cycle of 30 min at 72 °C. In
addition to the Taq polymerase and MgCl2, each reaction
(10 μL) contained 10–100 ng of genomic DNA, 10 mm
Tris-HCl (pH 8.3), 50 mm KCl, 200 μm of dNTPs (Invitrogen)
and from 1.0 to 4.8 pm each of forward and reverse
primers. Primer concentrations varied to obtain equal
fluorescent signals across multiplexed loci. Genotypes were
run on an ABI PRISM 3100 Genetic Analyser (Applied
Biosystems). Multiplexes were designed to avoid marker
overlap based on fluorescent labels and fragment sizes.
Allele sizes were estimated using genemapper version 3.7
(Applied Biosystems).

Genetic clustering analyses

We performed Bayesian clustering analyses to infer spatial
structure in the genetic data. Several methods are currently
available that implement this general type of analysis, and
alternative methods sometimes show somewhat different
results (Latch et al. 2006). We employed the most widely
used approach, which is implemented in structure
version 2.0 (Pritchard et al. 2000; Falush et al. 2003), and
likewise utilized a second approach that incorporates
spatial information, as implemented in geneland version
1.0.5 (Guillot et al. 2005b).

STRUCTURE analyses

To infer the number of genetic groups in our data set, we
used the ΔK method of Evanno et al. (2005), which consists

in finding the breakpoint in the slope of the distribution of
lnP(D) for the different K values tested, where lnP(D) is an
estimate of the posterior probability of the data for a given
K. We then assigned each individual to the group for which
its inferred ancestry was the highest, provided this value
was higher than 0.6 (i.e. we considered that if more than
half the genome of an individual is assigned to the same
genetic group then this individual can be assigned to this
group with reasonable confidence; the individuals with
maximum inferred ancestry < 0.6 were not assigned to any
group). Since Evanno et al. (2005) showed that this ΔK
method detects the uppermost level of population structure
when several hierarchical levels exist, we repeated the
analyses (estimation of the number of groups with the ΔK
method + assignment of the individuals to the groups) on
each of the K groups inferred in the previous step. We
repeated this process until the number of genetic groups
inferred was 1, or the number of individuals was small (see
Fig. S1, Supplementary material). The ΔK method is not
appropriate when the true K is 1 (as there is no break in the
slope in that case), so for each round of runs, we first tested
for this possibility by examining whether lnP(D) was
maximum for K = 1.

At each round of this process, runs were performed with
the admixture model and the correlated allele frequency
model, without prior population information and with
alphapropsd set to 0.005 (higher values led to substantial
variations of alpha along the runs). Each run was com-
posed of a burn-in period of 50 000 MCMC (Markov chain
Monte Carlo), followed by 1 million iterations. We checked
that the length of the burn-in period was sufficient by
ensuring that the lnP(D) and the likelihood of the runs had
stabilized. We generated five runs per K value tested, with
K ranging from 1 to 20 in the first round of runs (i.e. on the
whole data set) and then from 1 to Kmax, values of which
depend on the number of individuals on which the runs
were performed and on the behaviour of lnP(D); if lnP(D)
was still increasing for the highest values of K-tested,
then Kmax was increased (see Fig. S1 for the Kmax values
eventually used). At each round, the assignment step was
performed on the outputs of the most likely run among the
five replicates (i.e. with the highest lnP(D)) of the inferred K.

This hierarchical use of the ΔK method has, to our know-
ledge, not been applied previously. We were hence inter-
ested in comparing these results to those obtained under
the alternate method, which, loosely speaking, consists
in looking for the K value that gives the highest lnP(D),
although we note that Pritchard et al. (2000) warned that
the results obtained with this method should be treated
with care and the simulations performed by Evanno et al.
(2005) showed that the ΔK method is usually more reliable.
For this highest lnP(D) method, we inferred the number of
genetic groups with the estimator of posterior probabilities
of K provided by Pritchard & Wen (2004), using, among the
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five replicate runs, the one with the highest lnP(D) value;
we confirmed this diagnostic by a visual observation of the
plot of the lnP(D) values of the different runs performed, as
a function of the K-values tested. We then ran 100 supple-
mentary runs with the same parameters as above and K set
to the inferred value and examined the assignment results
of the best of them (see below, ‘Consensus analyses’).

GENELAND analyses

In our geneland analyses, we first performed a series
of runs to infer the number of genetic groups (K) in our
sample. We conducted multiple preliminary runs to adjust
input parameter values based on the behaviour of the
MCMC, thereby ensuring that the maximum values we set
for the parameters were large enough to allow the MCMC
to explore all likely regions of the parameter space, and
confirming that the chains converged by the end of the
runs. We then performed 10 runs of 100 000 MCMC
iterations, each with the selected set of parameters (see
Table 1, column 2) and where K was allowed to vary.
Because of their strong territorial behaviour (Woolfenden

& Fitzpatrick 1984), we assumed birds were sampled in
or very close to their natal or breeding territories. The
uncertainty associated with the spatial coordinates was
hence set to 200 m, the mean territory radius (Woolfenden
& Fitzpatrick 1984). Two allele frequency models are
available in geneland; we used the Dirichlet option (allele
frequencies assumed to be independent among popula-
tions), as Guillot et al. (2005a) showed it performs better than
the F-model (allele frequencies assumed to be nonin-
dependent). K was inferred as the modal number of genetic
groups estimated among the 100 000 iterations of the best
of the 10 runs. To select this best run, we used the posterior
density of the runs as an estimator of their quality: the
posterior density is estimated for each state of parameters
explored along the Markov chain, and represents the
posterior probability of that current state of parameters.

The second step consisted of running the model to have
it assign each individual to one of the K genetic groups. We
performed 100 independent runs using the parameter set
established in the first step, with K fixed to the number of
populations inferred therein (Table 1, column 3). To assign
individuals to genetic groups, geneland first calculates

Table 1 Summary of the goals and parameter sets of the different geneland runs

Parameters Inference of K

Assignment of 
individuals to the 
K populations

Consistency check 
of the results with 
different run lengths

Consistency check 
of the results with 
different run lengths

No. of runs 10 100 3 1
K constant? No Yes Yes Yes
nit 100 000 100 000 250 000 500 000
npopmin 1 1 1 1
npopmax 50 12 12 12
delta.coord 200 m 200 m 200 m 200 m
nb.nuclei.max* 50 50 50 50
rate.max* 50 50 50 50
allfreq model Dirichlet Dirichlet Dirichlet Dirichlet
burn-in period length — 20 000 37 500 75 000
nxdom — 725 725 725
nydom — 850 850 850

nit, number of MCMC iterations.
npopmin, minimum number of populations.
npopmax, maximum number of populations.
delta.coord, amount of uncertainty attached to the spatial coordinates.
nb.nuclei.max, maximum number of nuclei in the Poisson–Voronoi tessellation: each genetic group has a spatial subdomain which is the union 
of convex polygons (Voronoi tessellation) induced by a homogeneous Poisson process; each of these polygons is characterized by its nucleus.
rate.max , maximum rate of the Poisson process used to generate the Voronoi cells.
allfreq model = allele frequency model
burn-in period length, number of iterations, situated at the beginning of the runs, that were not used for the post-processing step.
nxdom, nydom, number of cells for discretization of the spatial domain in the horizontal and vertical directions respectively
*For these two parameters, we used lower values than those recommended in the manual of geneland (i.e. number equal to the number 
of individuals for rate.max and to three times the number of individuals for nb.nuclei.max). Indeed, when the number of individuals is high 
(> 100) it is not necessary to use such high values, which trigger very high computation times (G. Guillot, personal communication). Instead, 
one can try with a value of, say, 100, and then refine it from the behavior of the chain along the run; if the rate of the Poisson process and/
or the number of nuclei take values close from 100, one should then increase rate.max and/or nb.nuclei.max. If, on the contrary, the chain 
stayed very far from 100, one can decrease them.
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the posterior probabilities of genetic group membership
for each cell in a spatial domain. We divided the current
range of the FSJ into a grid spanning 725 cells along the
east–west axis, and 850 cells along the north–south axis,
yielding a cell size of approximately 400 m on a side (=
typical diameter of an FSJ territory). We ranked the 100
runs according to their mean logarithm of posterior density
(the plot of the mean of the posterior density along the runs
showed that the chains converged after the 20 000th itera-
tion, so we calculated these means only on the iterations
sampled after this initial burn-in). We looked at the results
of assignments of the best of them (see below, ‘consensus
analyses’).

To check that the results were not affected by the length
of the runs (which was unlikely given that the runs reached
convergence quickly), we also performed four longer runs:
three with 250 000 iterations and one with 500 000 itera-
tions. All other parameters were identical to those used for
the 100 runs with 100 000 iterations, except the length of
the burn-in periods, which had to be increased (Table 1,
columns 1 and 5).

Consensus analyses

In Bayesian clustering, it is common that replicate runs
give slightly different solutions (Jakobsson & Rosenberg
2007). We employed two different approaches to analyse
the 100 runs performed with the highest lnP(D) imple-
mentation of structure and the 100 runs performed with
geneland: one that we developed, hereafter termed
consana; and one that was recently released, called
clumpp (Jakobsson & Rosenberg, in press). Neither type of
consensus analysis could be used with our hierarchical
application of the ΔK method for structure because of the
high number of rounds on which we would have had to
apply them.

The first step of each consensus analyses was to select the
best of the 100 runs performed: we ranked the runs by their
mean posterior densities and selected those that had the
highest values, based on the pattern of decline of the mean
posterior densities.

consana: To better define the features common to all or
most of the replicated reconstructions of genetic population
structure, we devised a consensus approach that generates
a composite map based on these commonalities (functions
for the program r (Ihaka & Gentleman 1996); available by
request to the corresponding author). This method creates
a pairwise matrix that sums the number of times two indi-
viduals were assigned to the same genetic group in the
replicate runs. The vector of assignments necessary to
perform this step is one of the outputs of the software in
the case of geneland; for structure, we created it by
assigning each individual to the group for which it had the
highest inferred ancestry. The program then clusters

together all such paired individuals assigned to the same
genetic group in more than x% of the runs, x being defined
by two criteria. First, for some clustering thresholds of x
(usually when they are low), there are cases where clustering
patterns are nontransitive (e.g. where individuals A and B
are consistently assigned to the same genetic group, and
likewise B and C, but not A and C). The presence of non-
transitive groupings in the combined analyses suggests
that these particular groupings are not consistent among
runs, and we sought a threshold that minimizes the number
of nontransitive cases. The second criterion is based on the
observation that as the clustering stringency threshold is
raised to 100%, an increasing number of individuals are
assigned as singletons to their own genetic group, and
likewise the number of very small (two to five individuals)
genetic groupings increases. The threshold is hence best
set to the lowest percentage value that avoids nontransitive
assignments.

clumpp: In contrast to consana’s basis in the vector of
assignments of individuals to genetic groups, clumpp
works on the matrices of membership coefficients of each
individual to the K genetic groups. It hence has to deal
with the problem of label switching, i.e. the fact that
among different runs, the same group may have been
assigned different labels. clumpp first uses an algorithm to
find the optimal alignment of the replicate matrices, and
then it calculates the mean of the permuted matrices
across replicates. Because of the high number of genetic
groups we have inferred and the high number of replicate
runs in our analyses (see Results), we used the LargeK-
Greedy algorithm, with 30 000 random input orders. We
used H as the estimate of average pairwise similarity
between matrices. We then assigned each individual to the
genetic group for which it had the highest mean member-
ship coefficient.

Visualization of the population structure patterns

We plotted the results of the assignments of structure
and of geneland on maps generated with the GIS software
arcgis 9.1. (ESRI). We surrounded the individuals assigned
to the same genetic groups with minimum convex
polygons (MCP) generated with the extension Hawth’s
analysis tools for arcgis (Beyer 2004). For improved
clarity, we excluded some outlier individuals from these
polygons, i.e. single individuals that were located within
a cluster of individuals belonging to a different genetic
group than their own. These outliers are illustrated by
symbols in the maps. If more than one individual was
assigned to a different group than those around them, we
included them in the MCP drawing.

These maps were then compared to the map of the meta-
populations provided by the territory-clustering approach
of Stith et al. (1996).



P O P U L AT I O N  S T R U C T U R E  O F  T H E  F L O R I D A  S C R U B - J AY 1691

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

Analyses of genetic groups

We estimated several characteristics of the inferred genetic
groups — among the different results of the various
methods we used, we based these analyses on the grouping
pattern that we judged as being the most biologically
plausible (see Results). For each group, we calculated
observed heterozygosity and heterozygosity expected
under Hardy–Weinberg equilibrium, the latter corrected
for sampling bias, using genetix 4.05.2 (Belkhir et al.
1996–2004). We tested for the significance of heterozygote
deficiency with the Markov chain method of genepop 3.4
(Raymond & Rousset 1995). Default values of Markov
chain parameters were increased in order to obtain standard
deviations lower than 0.01 for P-value estimates. We
performed 10 000 dememorizations (default value), 200
batches, and 2000 iterations of batches. We also tested for
the presence of a significant deficiency of heterozygotes in
the total sample (i.e. without any partitioning of individuals
to populations), using 10 000 dememorizations, 200 batches,
and 3000 iterations of batches. We estimated FIS values
within each group with genetix. We tested for the
presence of linkage disequilibrium among loci with the
Markov chain method of genepop. Here also, default
values were increased in order to obtain standard devia-
tions for the P-value estimates lower than 0.01; we used
10 000 dememorizations, 1000 batches, and 10 000 iterations
of batches. We also calculated Weir & Cockerham′s (1984)
FST and pairwise FST estimator with genetix and tested
their significance with the permutation test (10 000
permutations).

When applicable, we controlled for multiple compari-
sons by calculating the P values adjusted  for FDR (false
discovery rate) with the function compute.fdr for r 2.3.1. The
library of the function is available online at http://www.
stjuderesearch.org/depts/biostats/documents/fdr-library.R.
We used the method of Benjamini & Hochberg (1995),
which controls the proportion of significant results that
are in fact false positives (type I errors). It rejects the null
hypotheses of the tests which P values are lower than or
equal to alpha/m*i. Alpha is the desired level of type I
errors, ‘m’ is the number of tests performed and ‘i’ is the
number of tests that have lower P values than the test
currently assessed. FDR control has the advantage of
being less stringent than the widely used Bonferroni
correction, and hence avoids the considerable loss of
power triggered by the use of this criticized method (e.g.
Moran 2003; Verhoeven et al. 2005).

Results

We genotyped 1028 FSJs (49 on average per metapopulation,
min = 3, max = 261; see Fig. 1), each at 20 microsatellite
loci. All 20 loci were polymorphic, with three to 22 alleles

per locus and a mean of 9.6 alleles per locus (SD = 4.5)
(Table S1, Supplementary material). Based on the high
level of geographical structuring in this species, we expected
the collective data set to exhibit signs of a Wahlund effect.
This was indeed the case, with the global sample of
microsatellite loci and of individuals showing a highly
significant deficit of heterozygotes as compared to Hardy–
Weinberg equilibrium expectations (P < 0.0001).

Genetic clustering

STRUCTURE analyses under the ΔK method.  At each round of
the process, the consistency of the lnP(D) values among
the different runs with the same K, compared to the
variability observed among runs with different Ks, indicated
that these runs were adequately long (not shown). The
results of the different rounds of the process are sum-
marized in Fig. S1. In total, 898 individuals were assigned
to 22 genetic groups, and 130 individuals were not assigned
to any group because their maximum estimated mem-
bership coefficients were below 0.6. The map of these
assignments is shown in Fig. 2. The first round of runs
inferred two groups, one including the individuals from
the north and the east of the peninsula (groups with names
beginning with ‘1’), and the other including the individuals
from the southwest (names beginning with ‘2’). Group 1
was then subdivided into two groups, a and b, with b
including the individuals from the east coast (with two
exceptions) and a all others. Group 2 was also subdivided
into two groups, a and b, a mostly including individuals in
the west and b those in the east. Then, each of these groups
(except 2b) was further subdivided (Fig. 2 and Fig. S1).
Eventually, this method inferred genetic groups that were
often spatially overlapping and, for some, that were
defined at a surprisingly fine spatial scale (e.g. groups
1a1a, 1a1b and 1a1c).

STRUCTURE analyses under the highest lnP(D) method. The esti-
mator of posterior probabilities of K indicated that the most
likely K was 13: P(K = 13) = 1. However, the variability
of lnP(D) among different runs performed with the same
K increased for values of K higher than 10 (Fig. S2,
Supplementary material). As there was more variability in
the quality of the runs for K = 13, and the lnP(D) value of the
runs of K = 10 was almost as high as for the best run for
K = 13, we chose K = 10 as the most conservative value and
performed the subsequent 100 runs with K set to 10. The
quality of these runs, as estimated by their lnP(D), declined
more sharply after the 72nd best run (Fig. S3a, Sup-
plementary material). We hence performed the consensus
analyses on the 72 best runs.

consana: We explored threshold values ranging from
50 to 90%, and selected 72% as the value that minimized
the number of transitive cases (to 1). The 1028 individuals

http://www.stjuderesearch.org/depts/biostats/documents/fdr-library.R
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were assigned to 13 genetic groups, composed of two to
327 individuals (Fig. 2). The main patterns were similar to
those inferred with the ΔK method, with three distinct
groups in the east coast, three in the southwest of the
peninsula, and one in the northwest, but most of the
groups were highly overlapping, some containing indi-
viduals scattered through most of the range of the species.
The north-central part of the range showed a particularly
confusing structure.

clumpp: We used a threshold of 0.6 to assign individuals
to their most likely genetic group. This resulted in nine
genetic groups, composed of 13–297 individuals, and 243
individuals without assignment (Fig. 2). These groups
showed much less overlap than in the previous methods,
and exhibited the same major patterns except that the east
coast was comprised of only two groups. However, as
many individuals were not assigned, we used the same
method without a threshold. This produced a clustering

Fig. 2 Results of the genetic clustering analysis structure. Polygons are the minimum convex polygons surrounding the individuals
belonging to the same genetic group. White circles are individuals that were assigned to no genetic group. Dashed arrows indicate isolated
individuals that were located within a cluster of individuals belonging to a different genetic group than their own; they originate on a
boundary of the genetic group to which the individual was assigned. Top left: ΔK hierarchical method. A, B and C refer to the magnified
areas, showing patterns visible at a fine spatial scale only; the other designations are the names of the genetic groups, as defined in Figure
S1, Supplementary material. Top right: highest lnP(D) method, combined with consana. Bottom left: highest lnP(D) method, combined
with clumpp with a threshold of 0.6 for the assignment of individuals to genetic groups. Bottom right: highest lnP(D) method, combined
with clumpp without any threshold.
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pattern of 10 genetic groups (14–333 individuals per
group) that, although showing the same main clustering
patterns, were much more overlapping (Fig. 2).

GENELAND analyses

In the 10 runs performed to estimate K, the posterior
density and the log-likelihood levels reached a plateau
well before the end of the MCMC runs, indicating that
they had reached convergence. These replicate runs gave
generally consistent results: in seven of 10 runs, the modal
number of genetic groups (K) estimated along the MCMC
was 12; in the remaining three runs, the modal values of K
were 9, 11 and 13. The run with the highest mean posterior
density likewise had a K of 12 (based on their mean
posterior density the runs with 9, 11 and 13 as modal
values were ranked 10th, eighth and third, respectively).
Therefore, subsequent runs were performed with K set to 12.

The 100 runs of 100 000 iterations performed for the
assignment step also reached convergence (not illustrated).
Many runs assigned individuals to fewer than 12 groups,
showing ‘ghost populations’ (Guillot et al. 2005a), i.e.
populations that were modal to none of the individuals
and to which no individual was assigned. The results of
the three longest runs showed the same consistent patterns
as the shorter runs. When the 100 runs were ranked by the
mean posterior densities, their qualities (as estimated by
these mean densities) showed only a slight decrease
through the first 85 runs, and then a sharp decrease in the
lowest-ranked 15 runs (Fig. S3b, Supplementary material).
We therefore looked for consistent structuring features
among the 85 best runs.

consana: We explored thresholds ranging from 50 to
80%. There were nontransitive cases when these clustering
thresholds were low (50–65%). Groupings at and above

the 70% threshold were entirely transitive. We therefore
chose the 70% threshold as a conservative value for defining
general clustering patterns among the 85 runs. Twelve
genetic groups were consistent across all 85 runs, ranging
in size from two to 262 individuals (Table 2, Fig. 3). The
clustering pattern was very similar to the one revealed by
structure/clumpp with the threshold of 0.6. The main
differences apparent in the geneland/consana results
were: the existence of a third group on the east coast; the
separation of the individuals from Lakes Wales Ridge
from those located farther west; and the separate clustering,
in the west, of the individuals from the southernmost part
of the range. The other major difference is that with this
method all but two individuals were assigned to a genetic
group.

clumpp: The 1028 individuals were assigned to eight
genetic groups, ranging in size from one to 274 (Fig. 3).
The clustering pattern mirrored that obtained with con-
sana, with two differences. First, there was a biologically
implausible grouping of individuals from the southern-
most group of the east coast with individuals from the
southwestern, the northwestern and the north-central part
of the peninsula (in consana these individuals were
assigned to four distinct groups). Second, the individuals
from the southernmost part of the west of the peninsula
were assigned to the same group as those of Lake Wales
Ridge, whereas in consana they were a distinct entity.

Comparison of the genetic clustering pattern with the 
metapopulations defined by Stith et al. (1996)

Although differences are apparent, the results obtained
with each genetic clustering method nevertheless showed
some consistent patterns, with a more or less clearly
defined separate clustering of the individuals of the east

Table 2 Characteristics of the populations
defined by the genetic clustering method
geneland, in combination with consana.
See Fig. 4 for their location in the species’
range. HE n.b. is the expected heterozygosity
under the Hardy-Weinberg hypothesis
corrected for sampling bias, HO is the
observed heterozygosity. q is the FDR-
adjusted P value (FDR, false discovery rate)
of the Hardy-Weinberg tests

Genetic 
group

No. of 
individuals HE n.b. HO FIS q

A 128 0.692 0.668 0.035 0.001***
B 262 0.686 0.663 0.033 < 0.001***
C 59 0.705 0.702 0.005 0.301
D 176 0.734 0.701 0.044 < 0.001***
E 47 0.592 0.617 –0.041 1
F 140 0.682 0.668 0.021 0.086
G 77 0.693 0.675 0.026 0.032*
H 15 0.579 0.637 –0.103 1
I 82 0.716 0.673 0.060 < 0.001***
J 22 0.616 0.666 –0.082 1
K 16 0.645 0.634 0.017 0.386
L 2 — — — —

*: q ≤ 0.05.
***: q ≤ 0.001.
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coast (into two or three groups according to the methods),
those of the southwest and those of the northeast. Among
the different results, those obtained with structure/
clumpp/threshold, geneland/consana and geneland/
clumpp are the more biologically plausible, as they involve
the least overlapping of groups. These overlapping patterns
are not due to isolated individuals that could be migrants,
as we excluded those potential isolated ‘migrants’ from
the drawing of the polygons representing the genetic
groups. Among those three methods, structure/clumpp/
threshold involved the dropping of 243 individuals,
because of their low assignment level, and geneland/
clumpp generated a very implausible clustering of indivi-
duals (southeast/southwest/northwest/north-central).
We hence decided to compare the genetic clustering and
the metapopulations of Stith et al. (1996) primarily to the
results of geneland/consana, the genetic analysis that
we believe is the most accurate.

In the geneland/consana clustering (Fig. 4), one
group (L) was composed of only two individuals. They
were assigned in half the runs to genetic group E and in
the other half to genetic group F (except in one run where
they were assigned to the genetic group H). This interme-
diate assignment explains why they were assigned to their
own very small genetic group in the consensus analysis.
The same phenomenon explains why two individuals
were assigned as singletons to their own genetic groups

(see Fig. 4): they were assigned alternately to two groups
in the 10 best runs.

Boundaries of the genetic groups accorded well with
metapopulation boundaries defined by Stith et al. (1996).
Either the two types of units match exactly (i.e. genetic
group/metapopulation: B/21, E/5, G/19, H/1 and K/8),
or genetic groups cleanly comprise two or more metap-
opulations (i.e. A/11-12-13, C/9–10, D/2-3-17-18–20, F/4-6-
7, I/14-15-16). In no instance was a single metapopulation
split into multiple genetic groups, except in the surprising
pattern occurring within metapopulation 20 (see Discus-
sion). Only six of 1028 sampled individuals were assigned
to a genetic group other than the one that included the
remaining individuals from their spatial metapopulation
(see Fig. 4).

Characteristics of the genetic groups obtained with 
GENELAND/CONSANA

We excluded the group L from these analyses because of
its extremely small sample size of only two individuals.
Heterozygosity levels were high, ranging from 0.617 to
0.702 (Table 2). Five genetic groups showed a significant
deficiency of heterozygotes after FDR correction (groups
A, B, D, G and I), and a sixth (group F) had a P value close
to significance (Table 2). A small proportion of locus
× genetic group pairs (23 such pairs of loci out of 2090

Fig. 3 Results of the genetic clustering analysis geneland. Polygons are the minimum convex polygons surrounding the individuals
belonging to the same genetic group. Dashed arrows indicate isolated individuals that were located within a cluster of individuals
belonging to a different genetic group than their own; they originate on a boundary of the genetic group to which the individual was
assigned. Left: output from consana. Right: output from clumpp.
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total) showed significant linkage disequilibrium, after
correcting for multiple testing. In the majority of cases, one
locus was involved in only one or two of these pairs. The
most notable exceptions were ApCo68, ApCo29, ApCo36
and ApCo 41, involved, respectively, in 4, 5, 6 and 8 pairs.
The pairs exhibiting significant linkage disequilibrium

were not consistent among the genetic groups, except
from one that appeared in four groups (ApCo29-ApCo36)
and two that appeared in two groups (ApCo15-ApCo41
and ApCo41-ApCo68).

Global FST was 0.0735, and highly significant (P < 0.0001).
All pairwise FST values between genetic groups also were
highly significant (P < 0.0001), with values ranging from
0.0254 (between genetic groups D and G) to 0.228 (genetic
groups H and J; Table 3).

To confirm that these results were not biased by the few
individuals assigned to genetic groups not congruent with
their geographical metapopulations, we performed the same
analyses with the six individuals excluded. The results
(not shown) were very similar to those reported above.

Discussion

Spatially explicit Bayesian clustering to infer genetic 
groups

As a consequence of their statistical power, the development
of Bayesian clustering methods has expanded rapidly. The
results obtained with different methods can differ, and a
recommended approach is to try and compare several of
them (Latch et al. 2006; Chen et al. 2007). However, it is not
clear how best to deal with variability among the results.
Here, we decided to base our choice (geneland, analysed
with consana) on biological plausibility.

Some of the runs of geneland exhibited ‘ghost’ popu-
lations to which no actual individual was assigned. This is
a typical outcome of the geneland clustering process
(Guillot et al. 2005a; Coulon et al. 2006; Pilot et al. 2006),
which likely stems from the fact that any clustering model
is a simplification of the many processes that naturally
contribute to spatial patterns of genetic structuring. As
a result, some of the assumptions (such as completely
random mating within populations) of the method are not
fully fulfilled, creating spurious classes in the runs with
varying K (Guillot et al. 2005a; Coulon et al. 2006). Real FSJ

Table 3 Pairwise FST between the genetic groups

B C D E F G H I J K

A 0.092 0.035 0.045 0.110 0.079 0.063 0.128 0.047 0.120 0.120
B 0.085 0.061 0.094 0.029 0.086 0.141 0.078 0.155 0.048
C 0.045 0.138 0.087 0.072 0.132 0.065 0.124 0.123
D 0.097 0.063 0.025 0.092 0.045 0.101 0.085
E 0.062 0.123 0.167 0.111 0.214 0.113
F 0.088 0.136 0.069 0.155 0.041
G 0.136 0.069 0.110 0.115
H 0.130 0.228 0.171
I 0.115 0.084
J 0.172

Fig. 4 Results of the genetic clustering analysis geneland
obtained with consana, and the metapopulations of Stith et al.
(1996). Solid lines surround the individuals assigned to the same
genetic group. Letters are identifiers of the genetic groups.
Dashed lines surround the individuals belonging to the same
metapopulation as defined by Stith et al. (1996). i1 and i2 are the
only two individuals assigned as singletons to their own genetic
groups. i3 to i8 are potential migrants; the arrows point toward
the location in which they were sampled and originate in the
genetic group to which they were assigned. The migrants are here
defined based on the metapopulation design.
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populations are unlikely to be truly panmictic, and they
indeed exhibit within-population isolation by distance
(unpublished data). No model exists that is able to deal
fully with the presence of isolation by distance (Guillot
et al. 2005a). The existence of within-population isolation
by distance can also explain the Hardy–Weinberg disequi-
librium exhibited by some of the genetic groups inferred
by geneland.

To deal with the underlying variation that can appear in
replicate runs of Bayesian clustering analyses, we repli-
cated our clustering runs many times, and developed
a consensus technique, consana, to identify the well-
supported features common to the entire set of replicates.
Compared to another consensus technique recently released,
clumpp, the disadvantage of consana is that it requires
the user to set a threshold in a ‘trial-error’ fashion and can
sometimes lead to cases where there are not entirely
transitive solutions (i.e. where there is no threshold for

which there are no cases with individuals A and B consist-
ently assigned to the same genetic group, and likewise B
and C, but not A and C). However, in our data set, consana,
combined with geneland, provided the most biologically
plausible clustering pattern.

Range-wide genetic structure of the Florida scrub-jay

The Florida scrub-jay is currently subdivided into 10
major genetic groups (Figs 4 and 5), not including two
additional small peculiar groups (J and L) which are
discussed below. Three of these 10 groups (A, C and I in
Fig. 4) occur on Florida’s east coast along a nearly
continuous, narrow, 330 km long ancient beach ridge.
Boundaries separating these east coast populations coincide
with a broad water barrier (Indian River, separating A and
C) and a region of sparsely distributed scrub patches long
disturbed by human settlement (between A and I). In

Fig. 5 Summary of relevant landscape
features, including major forests (grey
shading), lakes, and rivers. The genetic
groups are represented by the same solid
lines as in Fig. 4.
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central Florida, the Lake Wales Ridge constitutes a genetic
group (B) bounded both east and west by wide prairies. In
the southwest, three genetically differentiated populations
(E, F, and K) are separated by two major river systems and
their associated mesic hardwood and pine forests (Myakka
and Caloosahatchee rivers). In contrast to these well-
differentiated populations, those in the northern peninsula
are more homogeneous. A single genetic group (D) encom-
passes individuals ranging from Lake George in the Ocala
National Forest to northern Pasco County on the west
coast. A distant isolated scrub along the northern Gulf
Coast (Cedar Key, H) is separated from this large northern
group by flatwoods and sandhill forests. A small genetic
group (G) exists on ancient scrub soils remarkably close to
the widespread northern population (D), but separated by
the relatively wide St Johns River. All these clustering
patterns confirm that certain landscape features, such as
extensive forests and large expanses of open water, serve
as barriers that have limited FSJ dispersal movements
over long timescales. Nevertheless in a few cases, the areas
encompassed by the genetic groups inferred in this study
include large rivers (e.g. groups D and F), suggesting that
water gaps do not always act as barriers to FSJ gene
flow. The width of these rivers or the composition of the
landscape surrounding them may influence their degree
of permeability. More detailed landscape genetic analyses
are necessary to understand the specific effects of the
various landscape components on FSJ movements.

An 11th genetic group (J), comprised of 22 sampled
individuals, is embedded within the geographical area
occupied by the genetic group D. In the 10 most likely
geneland runs, these 22 individuals always clustered
together, generally with the individuals of some other
genetic group (the identity of which differed across the 10
runs). In all other methods tried in this study, these indi-
viduals were also clustered apart from their neighbours.
One reason could be that by chance, these 22 individuals
might be closely related. However, this would result in a
high FIS value, which is not the case (FIS = –0.082). A more
likely explanation is that the very high density of lakes and
orange groves surrounding this small area has limited FSJ
movements and isolated the individuals of this group.
Conversely, the presence of similar landscape features
does not seem to have impeded FSJ gene flow in other
areas, as in group B, or even between the group D individu-
als to the north and south of group J.

Finally, a 12th group (L) was composed of only two
sampled individuals, exhibiting nearly equal probabilities
of assignment to either groups E or F. This pattern could
stem from admixture events between groups E and F
(reproduction between individuals of these two groups).
The same type of explanation also could hold for the two
individuals assigned as singletons to their own genetic
groups (i1, i2; see Fig. 4).

Six individuals were assigned to a different genetic
group than were the other individuals from their geo-
graphical metapopulation (see Fig. 4). One possibility is
that these individuals are immigrants from the genetic
group to which they were assigned, although the long
dispersal distances required under this scenario for two of
them (male i3 and female i7, 70 and 75 km, respectively)
are surprising. These six potential dispersal events link
groups between which the levels of genetic differentiation
are among the lowest (pairwise FST of 0.025, 0.029, 0.035
and 0.092).

High congruence between metapopulations and genetic 
groups

The metapopulations of Stith et al. (1996) in the 1990s were
defined as discrete clusters of then-occupied territories
within which movements can likely occur, but among
which dispersal is impeded by distance or habitat features
likely acting as barriers to FSJ movements. To the extent
that such extant habitat barriers reflect ancient landscape
features, these metapopulations might be expected to
reflect genetic structuring across the species as a whole.
The Florida scrub-jay demonstrates strong concordance
between metapopulation boundaries defined by dispersal
assumptions and those of the genetic groups defined on
the basis of microsatellite variation. In all cases, either the
genetic groups and the metapopulations had the same
boundaries (H/1, G/19, B/21, K/8 and E/5), or the genetic
groups cleanly encompassed several metapopulations
(D/2-3-17-18–20, C/9–10, A/11-12-13, I/14-15-16, F/4-6-7).
No metapopulation based on territory clustering appeared
genetically subdivided, except for the peculiar group J
(see above) and the few cases of potential immigrants or
admixed individuals (involving eight of the 1028
genotyped individuals).

The fact that a number of the FSJ genetic groups include
several putative metapopulations indicates that genetic
structuring occurs at a somewhat larger spatial scale than
predicted by the present-day territory clustering. Indeed,
some of today’s metapopulations probably were demo-
graphically connected in the recent past. Most impor-
tantly, the xeric landscapes inhabited by these jays have
been severely reduced in area over the past century
(Fernald 1989; Myers & Ewel 1990; Fitzpatrick et al. 1991;
Woolfenden & Fitzpatrick 1996). For example, between the
late 1800s and 1992, the area encompassed by the group
F saw a reduction of 82% in potential FSJ habitat
(62 689–11 353 ha) and the number of patches decreased
from 1887 to 452. Similarly for group D, the area of poten-
tial scrub decreased of 79% (614 769–126 641 ha) and the
number of patches decreased from 4260 to 329 (unpub-
lished data). The current pattern of genetic structuring
presumably retains a strong signal of the predevelopment
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pattern of connectivity, whereas the territory clustering
predicted metapopulation structure at a specific recent
point in time when many populations had already shrunk
or gone extinct. Thus, many of today’s apparent meta-
populations were substantially less isolated from one
another prior to the recent fire suppression and frag-
mentation of their landscape.

It is also certain that some jays were missed during
the 1992–1993 survey, and had they been included in the
metapopulation analysis, the dispersal buffers applied by
Stith et al. (1996) would likely have been larger and may
have even more closely matched the genetic groupings
documented here. This explanation is most likely in por-
tions of the state that could not be surveyed because access
to large private properties was denied, or because soil
types did not correspond well with habitat types (Stith
1999, e.g. F, D). It also is certain that at least occasionally
FSJs disperse farther than assumed by the 12-km threshold
territory clustering method. However, the species’ social
system dictates that such long-distance dispersers even
more rarely become breeders (Fitzpatrick et al. 1999).
Moreover, although some overall dispersals longer than
12 km have been documented, to date, all have involved
birds passing through a landscape mosaic that includes
scrub-habitat ‘stepping stone’ patches no greater than
12 km apart. The territory clustering explicitly excluded
currently unoccupied patches that could have been occu-
pied in the past or which could continue to serve as stepping
stones. Despite these assumptions, the strong congruence
between the metapopulations and genetic groups pro-
vides yet another confirmation of the poor dispersal
ability of these jays.

The combined methods of Stith et al. (1996) to define
metapopulations and Bayesian genetic clustering to infer
genetic groups provide complementary and congruent
information regarding FSJ population structure, and a
robust depiction of the current genetic and demographic
organization of this species reflecting past and present
levels of dispersal among occupied habitat patches. Assum-
ing that the differences between the metapopulations and
the genetic groups mainly reflect the past existence of now
extinct FSJ populations, then the metapopulations of Stith
et al. (1996) may be a good estimate of what the FSJ genetic
structure will be in the future. However, this assumes that
populations present in the early 1990s will persist, an
assumption that is not being realized in present-day Florida.

This empirical study illustrates that the combination of
direct and indirect estimates of gene flow can provide
complementary information about the genetic structure in
a data set and should be encouraged. In particular, these
complementary approaches can give insight into recent
changes in gene flow patterns, which, as in this case study,
can be important for understanding how the species might
respond to landscape changes. However, an almost uni-

versal difficulty is that reliable direct dispersal data are
a challenge to obtain.

Conservation and management implications

Biologically sound conservation and management decisions
about endangered species require knowledge of how the
species is spatially structured and to what extent its
populations interact demographically. Data on past and
present connectivity provide vital information on the
spatial scale at which conservation measures should be
applied. This general idea has led to the definition of
conservation and management ‘units’ via various criteria,
but debate continues as how to best define such units
using genetic markers and other approaches (e.g. Pennock
& Dimmick 1997; Waples 1998; Paetkau 1999; Crandall
et al. 2000; Fraser & Bernatchez 2001; Moritz 2002; Palsbøll
et al. 2007). No general consensus has emerged, but as
pointed out by Green (2005), many conservation problems
are too urgent to wait for resolution of these debates. Such
is the case for the Florida scrub-jay. For this species, a very
large number of local populations have already gone
extinct (Woolfenden & Fitzpatrick 1996). Most of the rest —
remarkably genetically distinct from one another — are in
imminent risk of the same fate.

The Florida scrub-jay can now be understood as rep-
resenting no fewer than 10 genetically distinct groups,
which today are further subdivided into at least 21 demo-
graphically isolated populations. Some genetic groups
show substantial differentiation (e.g. A/E, H/B, H/E ... )
of almost the same order of magnitude as the differentiation
between two closely related species, the island scrub-jay
(Aphelocoma insularis) and the western scrub-jay (Aphelocoma
californica) (FST = 0.184, Delaney & Wayne 2005). The FSJ
has likely lost a substantial but unknown amount of
genetic variation already through the extinction of other
isolated populations. Maintaining all remaining genetic
variation now present will require conservation efforts
that foster long-term persistence of each of the 10 distinctive
groups, with special urgency attached to the smallest and
most vulnerable of these groups. The small populations
located at the perimeter of today’s contracted range (group
G, east of the St Johns River; group H, at Cedar Key; and
group K, south of the Caloosahatchee River) demand
immediate conservation action. Maintaining genetic vari-
ation within the larger genetic units (e.g. groups C, D and
F; Fig. 4) will be facilitated by restoring suitable habitat to
connect via corridors or stepping-stones the now-isolated
populations within these groups. The spatial pattern of
genetic variation identified here should assist in identifying
genetically appropriate source populations for trans-
locations of FSJs to formerly occupied habitat patches, as the
all-important preserve networks are created and fire-
suppressed scrub habitats are restored. Finally, the genetic



P O P U L AT I O N  S T R U C T U R E  O F  T H E  F L O R I D A  S C R U B - J AY 1699

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

patterns reported here confirm the suspicion of Stith et al.
(1996) that in order for preserve networks to maintain
full genetic viability of FSJs within each metapopulation,
individual tracts must be located within a landscape
configuration promoting dispersal among them. In this
respect, landscape genetic approaches are promising tools
for inferring more precisely how landscape elements
influence gene flow (Manel et al. 2003).
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