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Abstract We use microsatellite loci to examine genetic

structure of the Florida scrub lizard (Sceloporus woodi)

and test for the effects of landscape variables at the scale of

neighboring patches. We evaluate ecological metrics of

connectivity with genetics data, which to our knowledge is

the first application of these particular metrics to land-

scape-level genetics studies in Florida scrub. Florida scrub

is a highly threatened ecosystem in which habitat patches

are remnants of a previously widespread xeric landscape.

Analysis of mitochondrial DNA (mtDNA) has shown that

landscape structure influenced the evolutionary history of

the Florida scrub lizard (S. woodi) across its range. Our

results concur with these mtDNA studies in documenting

divergence between xeric ridge systems and also demon-

strate divergence at very local scales. Both least-cost dis-

tance and pairwise isolation (a metric used in ecological

studies that includes patch size, quality and a modified

isolation index) were better predictors of genetic distance

than Euclidean distance, indicating that mesic and hydric

habitat influence spatial patterns in genetic variation. Our

results support the need for focusing on spatial distribution

of scrub habitat at the scale of neighboring patches, as well

as regionally, in conservation management and restoration.

Also, our study points to the value of integrating landscape

ecology metrics into landscape genetics.
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Introduction

Understanding how landscape structure and processes

affect gene flow is crucial to improving conservation

strategies (Crandall et al. 2000; Moritz 2002; Manel et al.

2003; Allendorf and Luikart 2007). Range-wide phyloge-

ographic studies elucidate historic biogeographic processes

that shape the current genetic structure of species (e.g.,

Avise 1992, 2000; Osentoski and Lamb 1995; Branch et al.

2003; Habel and Assmann 2009). Such studies support

conservation decisions by providing information on spatial

distribution of genetic diversity at regional to continental

scales (Moritz and Faith 1998). Landscape structure also

influences microevolutionary and demographic processes

at population and subpopulation scales (see reviews in

Allendorf and Luikart 2007; Storfer et al. 2007). Landscape

characteristics such as habitat patch size, isolation, and the

type and quality of habitat matrix, interact with the dis-

persal ability of species to affect evolutionary and eco-

logical processes such as local adaptation, spread of

beneficial mutations, and population dynamics on hetero-

geneous or fragmented landscapes (Hanski and Gilpin

1997; Manel et al. 2003; Allendorf and Luikart 2007;

Storfer et al. 2007; Holderegger and Wagner 2008).
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Landscape genetics has emerged as a methodology that

combines the tools of landscape ecology and population

genetics to examine the relationship between landscape

structure and spatial genetic variation (Manel et al. 2003;

Holderegger and Wagner 2006, 2008 Storfer et al. 2007).

While traditional studies in population genetics have long

used isolation-by-distance (or Euclidean distance) to

describe spatial patterns in genetic variation, landscape

genetics extends such analyses to examine how landscape

composition and configuration influence gene flow and

genetic population structure. One of the primary goals of

landscape genetics is to describe the functional connec-

tivity of a landscape to better understand evolutionary and

ecological processes that may influence conservation

decisions.

Landscape connectivity can be generally defined as the

degree to which the landscape promotes or impedes

movement of individuals and, thus, results from the inter-

action between landscape structure and species vagility

(Merriam 1984; Taylor et al. 1993; Goodwin 2003). If the

matrix habitat between populations has no effect on the

movement of organisms then Euclidean distance can be

used to characterize landscape connectivity. However,

many matrix features (e.g. streams, roads, waterways,

topography) are known to restrict or prevent species

movement (e.g. Keyghobadi et al. 1999; Michels et al.

2001; Funk et al. 2005; Broquet et al. 2006). In this case,

understanding connectivity requires measurement of the

‘‘effective distance’’ between individuals or populations.

One common method for measuring effective distance is

the least-cost distance, which measures the path between

two locations that circumvents barriers and minimizes the

distance through ‘‘resistant’’ matrix habitat (Singleton et al.

2002; Adriaensen et al. 2003). One problem with the

application of the least-cost path is that often this measure

of connectivity does not include landscape features that are

important to species movement such as patch size, patch

quality or habitat preferences (Broquet et al. 2006). In fact,

many landscape variables identified in ecological studies as

important for species vagility are often not included in

models of landscape genetics (Storfer et al. 2007). Cur-

rently, extensive discussion in landscape ecology focuses

on the most appropriate metrics for describing landscape-

level processes such as connectivity (Moilanen and Ni-

eminen 2002; Pascual-Hortal and Saura 2006). Evaluation

of these ecological metrics with genetics datasets could

inform this discussion and advance the integration of

landscape ecology and landscape genetics.

We examine the landscape genetics of the Florida scrub

lizard (Sceloporus woodi) and explicitly test for associa-

tions between landscape variables and genetic structure and

evaluate ecological metrics of connectivity with genetics

data. The Florida scrub lizard provides an opportunity to

study patterns of genetic variation in a species restricted to

a hierarchical arrangement of habitat patches in a landscape

that is highly threatened by human development. The

Florida scrub lizard was surveyed previously with mito-

chondrial DNA (mtDNA) cytochrome b sequences across

its range (Clark et al. 1999; Branch et al. 2003). These

studies showed deep genetic separations among disjunct

ridges and population structure within ridges. Experimental

field studies also suggest that movement of lizards is lim-

ited by mesic and hydric habitat that separates scrub pat-

ches (Tiebout and Anderson 1997; Clark et al. 1999; Hokit

et al. 1999). State and federal conservation initiatives for

scrub habitat focus on establishment of an archipelago of

reserves (United States Fish Wildlife Service 1991; The

Nature Conservancy 1991). Successful reserve design and

long-term management of Florida scrub will depend, in

part, on understanding effects of landscape structure on

distribution and dynamics of scrub organisms.

Here, in addition to corroborating the previous large-

scale, mtDNA study that documents strong genetic struc-

ture, we test for genetic variation among neighboring scrub

patches, which is the scale relevant to local land manage-

ment. We then compare alternative landscape models to

test for the effects of patch size, quality, isolation and

matrix habitat on genetic variation. Finally we discuss the

conservation implications of our findings.

Methods

Model system, study area and sampling

Scrub lizards are endemic to peninsular Florida and

restricted to xeric, scrub habitat (DeMarco 1992). In

Florida, scrub occurs on elevated, well-drained, sandy soils

distributed in patches along ridges that extend down the

peninsula (Myers 1990). These ridges represent ancient

shorelines that formed as the Florida peninsula contracted

and expanded with changes in sea level (Webb 1990).

During high sea levels associated with interglacial periods,

the central ridges were isolated for long periods of time,

resulting in many endemic species including several plants,

insects, lizards, and a bird (Deyrup 1989, 1996; Huck et al.

1989; McCoy and Mushinsky 1992; McDonald and Ham-

rick 1996). As mesic habitat expanded during the Pliocene

and Pleistocene (Watts and Hansen 1988), xeric habitat

within these ridges became fragmented and shrank into

archipelagos of scrub patches.

Our study was conducted on Avon Park Air Force

Range (APAFR, 15 km east of Avon Park, FL) and

neighboring Arbuckle State Forest (ASF). Scrub patches on

APAFR and ASF are located on the Bombing Range Ridge

and the Lake Wales Ridge, respectively (Fig. 1), which are
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separated by several kilometers and hydric habitat

(Arbuckle Lake and tributaries). Scrub patches on APAFR

and ASF are isolated naturally by mesic and hydric habitat.

Prior to sampling, we delineated clusters of patches within

each ridge so that gaps between neighboring patches were

no greater than 750 m, the estimated maximum dispersal

distance for scrub lizards (Hokit et al. 1999). This resulted

in one cluster of patches on ASF and two clusters, referred

to as north and south, on APAFR (Fig. 1). A description of

patch delineation methods and construction of GIS buffers

to define patch clusters has been reported elsewhere (Hokit

et al. 1999, 2001).

We sampled 10 patches in the south cluster of APAFR

to conduct a within-cluster analysis of population structure.

Additional samples were collected in one patch in the north

cluster and in one patch on ASF to compare between

clusters and between ridges. We collected tissue samples

from an average of 37 individuals per patch for a total of

444 individuals. Scrub lizards were captured by noosing or

by hand, a portion of the tail was removed, and animals

were released at the capture site. Tissues were preserved in

a salt buffer (saturated NaCl; 25 mM EDTA pH 7.5; 20%

DMSO) using a protocol modified from Amos and Hoelzel

(1991).

Molecular methods

DNA isolations were performed using the DNeasy Tissue

Kit (Qiagen, Inc., Valencia, CA) following protocol for

animal tissue. We used a total of seven microsatellites

developed for scrub lizards: SW614-A1, SW614-A4,

SW614-A6, SW614-A7, SW614-B6, SW614-B10, and

SW614-B12. Detailed laboratory protocols, repeat motifs

and primer sets are presented in Ernst et al. (2004). All

PCR products were run on a capillary sequencer MegaB-

ace
TM

1000 (Amersham Biosciences/GE Healthcare) using

GeneScan
TM

—500 [ROX]
TM

(Applied Biosystem) as size

standard. Alleles were scored employing GeneMarker

software version 1.5 (SoftGenetics, LLC, CA).

Landscape metrics

We tested for the effects of the total patch area, prime area

of the patch (area adjusted by habitat quality) and relative

isolation on genetic structure. Details of remote sensing

and geographic information techniques (GIS) used in

measuring landscape structure are presented in Hokit et al.

1999. To assess which landscape features were associated

with genetic structure, we compared a null model using

only Euclidean distance (DE) against alternative models

using two measures of effective distance: a least-cost path

parameter (DLC) and a pairwise isolation parameter (I) that

included landscape metrics of patch size, quality, and a

modified measure of relative patch isolation within a group

of patches. Euclidean distance (DE) was estimated as the

shortest, straight-line distance between each pair of patches

using a GIS (ArcGIS 9.2) and landcover data for APAFR.

To estimate the least-cost distance (DLC), habitat types

Fig. 1 Location of scrub

patches where the Florida scrub

lizard was sampled on the Lake

Wales Ridge (Arbuckle State

Forest) and the Bombing Range

Ridge (Avon Park Air Force

Range). Site numbers

correspond to patch numbers in

Table 2
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were classified relative to the movement abilities of scrub

lizards. Previous studies indicate that scrub lizards move

best through xeric habitat, move poorly through densely

vegetated mesic habitat, and that hydric habitat acts as a

barrier (Tiebout and Anderson 1997; Hokit et al. 1999).

Accordingly, scrub communities (sand pine scrub, oak

scrub, rosemary scrub, and scrubby flatwoods) were

defined as xeric ‘‘stepping stones’’, moderately moist

communities (pine flatwoods, prairies, oak hammock,

cutthroat grass, pine plantations, and pastures) as mesic

‘‘filters’’, and hydric communities (marshes, swamps, wet

prairies, cutthroat-wet flatwoods, lakes, and ponds) as

‘‘barriers.’’ The least-cost distance between each pair of

patches was measured as the shortest distance between two

patches that (1) used intervening xeric habitat as stepping

stones, (2) minimized travel through mesic habitat, and (3)

circumvented hydric barriers.

Patch size, quality and isolation may affect genetic

structure by influencing the number of migrants a patch

receives (e.g., Merriam 1984; Gustafson and Gardner 1996;

Hanski 1999). The relative isolation of a patch within a

group of patches can be described as:

Si ¼ R pj exp �dij

� �
Aj;

where the sum is taken over all patches j = i, pj is 1 for

patches occupied by scrub lizards and 0 for patches

unoccupied by scrub lizards, dij is the distance between

patches i and j, and Aj is the area of patch j (Hanski 1994).

Defined in this manner, isolation is a function of distances

between a patch and other occupied patches and the area of

occupied patches. Area is included because the number of

individuals in a patch and the number of dispersers often

are correlated with patch area (Fahrig and Paloheimo 1988;

Pulliam 1988; Hanski 1994). The number of individuals in

a patch also is influenced by habitat quality. To test for

effects of habitat quality, we first calculated Si using total

patch areas for Aj and then again using ‘‘area of prime

habitat’’ for Aj. Scrub lizards most often are associated with

open-sandy habitat (DeMarco 1992; Hokit et al. 1999) and,

thus, prime area was defined as total amount of open-sandy

habitat within each patch as determined from aerial pho-

tographs and GIS (Hokit et al. 2001). Note that the isola-

tion index for each patch does not use area of the patch

itself—only area of occupied neighboring patches within

750 m. Distance between patches (dij) was measured as

described for DLC. To transform relative patch isolation (Si)

into a parameter that could be analyzed with respect to

pairwise genetic differences between patches, we calcu-

lated a pairwise isolation parameter (I) by summing

transformed Si values for each pair of patches. More iso-

lated patches have smaller Si values. We transformed Si

values to 1/(1 ? Si) to produce a more heuristic index

where isolation increases with increasing I. We predicted

that two patches with small I values would be well con-

nected to other patches in the cluster and more likely to

share alleles. Conversely, two patches with large I values

would not be well connected to other patches and less

likely to share alleles even though the patches may be

relatively close to each other by Euclidean distance

measures.

Data analysis

We used the software program MICRO-CHECKER ver-

sion 2.2.3 (Van Oosterhout et al. 2004) to identify the

possibility of null alleles at each locus and FeeNA (Cha-

puis and Estoup 2007) to estimate the frequency of null

alleles. We calculated allele frequencies, expected and

observed heterozygosities, and exact probabilities for

Hardy–Weinberg and genotype disequilibrium using

GENEPOP version 3.4 (Raymond and Rousset 1995).

Allelic richness (number of alleles corrected for sample

size, Petit et al. 1998), F statistics, and exact probabilities

of differentiation in allele frequencies among patches were

estimated using FSTAT version 2.9.3.2 (Goudet 1995). We

used STATISTICA version 5.1 (StatSoft, Inc.) to perform

linear regression analyses to test for effects of patch

characteristics (total area, prime area, and relative isola-

tion) on allelic richness and expected heterozygosity.

We investigated genetic structure at two scales. First, we

used analysis of molecular genetic variance (AMOVA,

Excoffier et al. 1992) with FST to examine broad scale

structuring between ridges and between clusters. Using

ARLEQUIN version 3.01 (Excoffier et al. 2005), we

compared the amount of variation explained by a model

that lumped the clusters together with a model that split the

data into respective clusters.

Second, we used two methods to investigate small-scale

structuring within the south cluster on APAFR. We

examined pairwise FST and their associated exact proba-

bility of differentiation in allele frequencies when all loci

are combined (Sokal and Rohlf 1981) to determine which

patches were genetically distinct. Then we used a Bayesian

clustering approach with the program STRUCTURE ver-

sion 2.0 (Pritchard et al. 2000) to estimate the number of

randomly mating populations (K) in the south cluster. We

used the admixture model, which assumes gene flow

between populations, to assign a proportion of each indi-

vidual genome to each of the K populations. We ran a

series of simulations that calculated the probability that

there are from K = 1 to 10 populations in the south cluster.

We performed simulations both with and without the

assumption that allele frequencies are correlated, using a

burn-in length of 50,000 and a run length of 105. For each

K, we completed five independent simulations and then

averaged the results. We estimated average contribution of
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each individual genome to each K within each patch. Each

patch was assigned to the population that contained the

greatest proportion of the genome for individuals from the

patch.

We examined associations between genetic distance

(FST) and four alternative models of functional connec-

tivity: Euclidean distance (DE), least-cost distance (DLC),

pairwise isolation using total patch area (ITA), and pairwise

isolation using prime patch area (IPA). Using patches from

the south cluster of the Bombing Range Ridge, we first

tested for significant associations using simple Mantel tests

(Mantel 1967) in FSTAT and then compared alternative

models of geographic distance using Akaike’s information

criterion (AIC; Burnham and Anderson 1998). The ‘best’

parameter for modeling geographic distance was deter-

mined by selecting the model that was significantly asso-

ciated with FST and resulted in the lowest AIC score (e.g.

Roach et al. 2001; Spear et al. 2005). In a post hoc anal-

ysis, we used partial Mantel tests (Smouse et al. 1986) to

assess whether alternative measures of geographic distance

were statistically significant after accounting for the ‘best’

parameter.

In all cases where multiple statistical tests were per-

formed, we applied sequential Bonferroni corrections (Rice

1989) to a levels to account for simultaneous tests.

Results

Variation within patches

Out of 252 tests for linkage disequilibrium, none of the

tests were found to be significant. Genotype frequency tests

for each locus within each patch revealed that 23 out of 84

tests deviated significantly from Hardy–Weinberg propor-

tions. Twenty-two of these deviations occurred within the

same 3 loci: SW614-B12 in 11 patches, SW614-B6 in 7

patches, and SW614-A7 in 4 patches. Data screening with

MICRO-CHECKER suggested that these three loci had an

excess of homozygotes and a high probability of null

alleles. Assuming that all non-amplification events are due

to homozygous null alleles (an obvious simplification that

could overestimate null allele frequencies), the results from

FreeNA suggested that null allele frequencies were much

higher for these three loci than for the other four loci

(Table 1). The remaining test deviating from expected

Hardy–Weinberg proportions was locus SW614-A4 in

patch 18. Screening results suggested a possibility of a null

allele at low frequencies for this locus at this patch.

Because at least three of our loci had a high probability of

null alleles, we performed two sets of analyses for all

subsequent tests: the first using only the four loci with rare

null alleles and the second using all seven loci after using

FreeNA to correct for the presence of null alleles. FreeNA

statistically corrects genotype data and FST estimates for

microsatellite data presumed to have null alleles (Chapuis

and Estoup 2007).

Landscape and genetic characteristics for each patch are

presented in Table 2. Overall genetic diversity was asso-

ciated significantly with landscape structure. For the four

loci data set, mean allelic richness and mean expected

heterozygosity were significantly, negatively associated

with relative isolation (Si) of each patch (Table 3). Allelic

richness was positively associated with prime area of a

patch, although this association fell out after Bonferroni

correction of alpha levels. Similar results were observed for

the seven loci data set except that only expected hetero-

zygosity was significantly associated with Si after Bon-

ferroni corrections.

Spatial variation across the region and among

neighboring patches

Larger scale structuring was revealed between ridges and

between clusters within a ridge. Alternative groupings in

AMOVA showed that a model that split the three clusters

was significant (P = 0.014 for both the four loci and seven

loci analyses) and accounted for a larger portion of among

group variance than did a model that combined the three

clusters or combined the clusters into two groups defined

Table 1 Genetic diversity

characteristics estimated for

each locus pooled across all

habitat patches for 444 lizards

HE average (across all habitat

patches) expected

heterozygosity, AR allelic

richness, C estimates corrected

for the presence of null alleles

Loci Number of

alleles

HE AR Non-amplification

frequency

Null allele

frequency

HE
C ARC

SW614-A1 17 0.75 7.0 0.11 0.18 0.74 7.7

SW614-A4 9 0.69 5.9 0.09 0.16 0.75 7.3

SW614-A6 19 0.84 9.1 0.04 0.08 0.84 10.7

SW614-A7 19 0.85 9.5 0.15 0.34 0.82 11.0

SW614-B6 31 0.75 9.6 0.13 0.30 0.76 10.9

SW614-B10 18 0.80 8.6 0.05 0.12 0.83 10.2

SW614-B12 18 0.85 9.4 0.19 0.43 0.75 9.8
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by ridge location (i.e. Lake Wales v Bombing Range

Ridges). Neither the one group (combining all clusters) nor

the two group (by ridge) models were statistically signifi-

cant. Furthermore, FST with associated exact tests

(Table 4) revealed that all pairwise comparisons with patch

18 on ASF and patch 27 in the north cluster of APAFR

were highly significant, with an average FST of 0.169 using

four loci and 0.123 using seven loci.

Exact tests and FST also revealed significant structuring

at a finer scale within the south cluster (Table 4). For the 4

loci data set, out of 45 tests only 5 were not significant

indicating that the patches in these 5 pairings could be

grouped together as one population. These results suggest

that as many as 6 randomly mating populations could be

represented within the 10 scrub patches. The results were

even more discriminating for the seven loci data set with

only one pairing that was not significant, suggesting a

possible nine distinct populations.

The clustering analysis in STRUCTURE also revealed

multiple populations in the south cluster but with fewer

estimated populations. The four loci analysis estimated a

maximum number of two randomly mating populations

combining patches 54–80 into a northern population and

82–85 into a southern population. The seven loci analysis

revealed three possible populations by combining patches

54–65, 73–80, and 82–85 into unique populations.

Table 2 Characteristics of scrub patches and genetic samples from the Lake Wales Ridge in Arbuckle State Forest (ASF) and the Bombing

Range Ridge in Avon Park Air Force Range (APAFR)

Patch Total area (ha) Prime area (ha) Si N Alleles4 HE
4 AR4 Alleles7 HE

7 AR7

18 30.1 9.1 0.98 37 27 0.73 5.9 58 0.78 7.0

27 35.5 11.3 0.06 16 23 0.75 5.7 44 0.78 6.3

54 95.7 14.5 0.72 38 24 0.71 5.2 49 0.72 6.1

65 45.7 8.3 0.99 37 24 0.59 5.2 57 0.70 6.6

73 34.1 10.8 0.03 36 34 0.77 6.9 73 0.81 8.4

77 18.9 2.9 0.04 34 27 0.75 6.1 63 0.80 7.6

79 141.8 51.6 0.07 31 35 0.80 7.5 73 0.80 8.7

80 14.7 7.6 0.99 40 23 0.74 5.1 55 0.78 6.7

82 278.3 84.3 0.19 37 33 0.77 7.0 76 0.81 8.8

83 63.2 20.1 0.05 51 35 0.78 6.9 78 0.82 8.5

84 132.4 54.1 0.18 37 35 0.80 7.1 79 0.82 8.7

85 14.9 2.0 0.05 50 31 0.78 6.4 68 0.81 7.8

Two separate analyses were performed using four loci without null alleles problems (superscript = 4) and using all seven loci after correcting for

null alleles (superscript = 7). Patch 18 is located on ASF, patch 27 in the northern cluster of APAFR and all other patches are in the southern

cluster of APAFR

Si relative isolation index, modified from Hanski (1994), N number of lizard samples, HE average (across all loci) expected heterozygosity, AR
average (across all loci) allelic richness

Table 3 Results of linear regression analysis testing for the effects of total area (TA), prime area (PA), and relative isolation (Si) on allele

richness (AR) and expected heterozygosity (HE)

Bonferroni a Test4 r4 P value4 Test7 r7 P value7

0.008 AR 9 Si -0.73 0.007* HE 9 Si -0.73 0.007*

0.010 HE 9 Si -0.72 0.008* AR 9 Si 0.65 0.023

0.013 AR 9 PA 0.63 0.028 AR 9 PA 0.64 0.025

0.017 AR 9 TA 0.51 0.089 AR 9 TA 0.52 0.083

0.025 HE 9 PA 0.41 0.179 HE 9 PA 0.37 0.240

0.050 HE 9 TA 0.28 0.369 HE 9 TA 0.21 0.521

Two separate analyses were performed using four loci without null alleles problems (superscript = 4) and using all seven loci after correcting for

null alleles (superscript = 7)

r Correlation coefficient

* Significant at sequential Bonferroni corrected alpha level
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Landscape structure and spatial variation

Mantel tests performed with south cluster patches showed

that all four models of geographic distance were signifi-

cantly associated with FST using either the four or seven

loci data sets (Table 5). However, according to AIC scores,

pairwise isolation (either ITA and IPA) was a better pre-

dictor of FST than either least-cost distance (DLC) or

Euclidean distance (DE). The difference in AIC scores can

be used to compare candidate models (Burnham and

Anderson 1998) with a difference B2 from the lowest AIC

indicating an equally viable model, less support for models

with a difference between 2 and 10, and little or no support

for models with a difference [10. Thus, ITA and IPA are

equally viable models, DLC has less support, and DE can be

rejected as a viable alternative model of geographic

distance.

Post-hoc, partial Mantel tests confirm this conclusion.

Neither DLC (P = 0.45 and 0.16 for the four loci and seven

loci data, respectively) nor DE (P = 0.44 and 0.20 for the

four loci and seven loci data, respectively) were signifi-

cantly associated with FST after accounting for ITA.

Discussion

Our microsatellite results corroborate the findings of pre-

vious studies demonstrating genetic structure on a regional

scale. FST comparisons and AMOVA each detected strong,

population divergence between the Lake Wales and

Bombing Range Ridges and between the north and south

clusters within the Bombing Range Ridge. These results

are consistent with an examination of mtDNA haplotypes

that found deep, evolutionary separations between scrub

lizards sampled on five major ridge systems across Florida

and between some patches within ridges (Clark et al.

1999). This regional scale structure most likely results from

historic events (e.g. sea level changes) operating on a

temporal scale much larger than the genetic structure

observed between neighboring patches.

At the neighboring patch scale, expected heterozygosity

and allelic richness were associated negatively with rela-

tive isolation (Si) of a patch as theory would predict for

populations receiving a low number of migrants (Wright

1931; Young and Clarke 2000). Exact tests of differentia-

tion of allele frequencies and the clustering approach of

STRUCTURE showed significant population structure

among the 10 patches within the south cluster. Estimates of

population structure can be influenced by sample size,

number of loci examined, amount of admixture, and

magnitude in differences in allele frequencies between

populations (Pritchard et al. 2000). Thus, our estimates of

the number of randomly mating populations on the land-

scape should be viewed with caution. However, given the

similarity in results between the exact tests and the clus-

tering approach, we feel confident that more than two

randomly mating populations, or demes, occur in the 10

patches in the south cluster. If we use the clustering results

to define a lower boundary and exact tests to define an

upper boundary as suggested elsewhere (Funk et al. 2005),

we conclude that there are between three and nine demes

within the south cluster when using the seven loci data set.

Connectivity among demes can be influenced by distance

to neighboring patches, variation in matrix habitat, quality

and size of surrounding patches, edge effects, dispersal

ability of migrants, and a variety of other factors (Hanski

1994; Michels et al. 2001; reviewed in Storfer et al. 2007). In

this scrub system, patch and matrix characteristics, as indi-

cated by the pairwise isolation parameter, and measures of

least-cost distance between patches, provided superior esti-

mates of connectivity than Euclidean distance. Other studies

also have reported stronger associations of genetic structure

with effective distance than Euclidean distance (Keyghobadi

et al. 1999; Chardon et al. 2003) and landscape genetics is

defined by the analysis of such landscape features (Storfer

et al. 2007; Holderegger and Wagner 2008).

Table 5 Results of simple Mantel tests investigating the relationship

between genetic distance (FST), pairwise isolation (using total patch

area ITA, and prime area of habitat patches IPA), the least-cost distance

between patches (DLC), and Euclidean distance (DE) for the south

cluster patches on the Bombing Range Ridge

Parameter Bonferroni a r4 P value4 AIC4 r7 P value7 AIC7

ITA 0.013 0.54 \0.001* -173.78 0.74 \0.001* -202.17

IPA 0.017 0.53 \0.001* -172.94 0.74 \0.001* -201.54

DLC 0.025 0.48 0.001* -169.96 0.69 \0.001* -195.93

DE 0.050 0.30 0.046* -162.30 0.45 0.002* -176.49

Two separate analyses were performed using four loci without null alleles problems (superscript 4) and using all seven loci after correcting for

null alleles (superscript 7)

r Correlation coefficient

* Significant at sequential Bonferroni corrected alpha level
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However, of particular note, we found that the measure

of connectivity most strongly associated with genetic dis-

tance was the pairwise isolation parameter (both ITA and

IPA), calculated using the isolation index Si, (Hanski 1994).

This index is used commonly in ecological studies (e.g.,

Bonte et al. 2003; Schultz and Crone 2005) but, to our

knowledge, has not been applied in landscape-level

genetics studies. I represents a pairwise connectivity

parameter (Goodwin 2003) with potentially more explan-

atory power than either Euclidean distance or simple

measures of least-cost distance. I explicitly attempts to

model the relative number of dispersers into a patch by

incorporating the least-cost distance to all occupied patches

and area of these patches. Our parameter IPA also consid-

ered habitat quality by including the area of open-sandy

habitat of neighboring patches, a factor known to be

associated with scrub lizard abundance (Hokit et al. 1999,

2001). This parameter, which incorporates all patches

within dispersal distance into a connectivity measure,

better describes relative isolation of a patch in the scrub

system than do simple distance measures such as distance

to nearest occupied neighbor (Hanski 1994). For example,

although patches 65 and 54 are only a moderate distance

apart (1.8 km), these two patches have the highest FST

value (0.165) of any pair of patches within the south cluster

which stretches over 14 km. Patches 54 and 65 also have

relatively high Si values indicating that, although they are

fairly close together, neither patch is well connected to

other patches in the cluster and thus, are less likely to share

genetically similar migrants from other patches. Based on

our results, we suggest that the pairwise isolation index I

may be useful for landscape genetics studies in other sys-

tems characterized by discrete habitat patches.

In the last several decades, conversion of scrub to citrus

groves and urbanization have reduced the number and size

of scrub patches, increased isolation of patches, and

inhibited the natural dynamics of fire, a key process

affecting structure and function of this system (Myers

1990; Greenberg et al. 1994). Habitat quality for many

species within scrub patches declines with time if habitat is

not burned or otherwise restored. As a result of these

processes, more than 50 scrub species are recognized as

endangered or potentially endangered and other scrub

species, such as the Florida scrub lizard, are not yet listed

as threatened or endangered but are included on Florida’s

list of Species of Greatest Conservation Concern (McCoy

and Mushinsky 1992; United States Fish Wildlife Service

1991; Stout 2001; Florida Fish and Wildlife Conservation

Commission 2004, 2005). Dispersal is a key population

process for many species that occupy ephemeral (e.g. fire

dependent) habitats because organisms must move between

habitat patches when conditions become unsuitable. Such

species often exhibit a metapopulation structure in which

subpopulations go extinct and persistence of the regional

population is contingent upon recolonization dynamics

linked to return of habitat to suitable conditions and arrival

of dispersers (Harrison and Taylor 1997; Husband and

Barrett 1998). The genetic differentiation observed in our

study, at such small geographic distances, indicates that

recolonization potential of lizards is limited and restricts

the possibility for metapopulation dynamics to patches

separated by at most a few hundred meters. These results

corroborate field studies that found that 80% of the patches

occupied by scrub lizards at our study sites occurred within

200 m of an occupied patch, and that no occupied patches

were separated from another occupied patch by more than

750 m (Hokit et al. 1999). Patches separated by tens of

meters of xeric habitat may behave as a ‘‘patchy’’ popu-

lation where interchange of individuals is more frequent

resulting in demographic rescue of subpopulations (Hanski

and Gilpin 1997). Patches separated by as little as a few

hundred meters of mesic habitat may contain isolated

populations with little opportunity for recolonization if

local populations go extinct.

A growing body of evidence from genetic, demographic

and modeling studies indicates that landscape structure

greatly limits distribution and abundance of the scrub

reptile and amphibians (Tiebout and Anderson 1997; Clark

et al. 1999; Hokit et al. 1999, 2001 McCoy and Mushinsky

1999; Hokit and Branch 2003a, b; McCoy et al. 2004). At

the regional scale, these findings have important implica-

tions for designing reserves that encompass genetic diver-

sity of scrub organisms (Branch et al. 2003). At a more

local scale, our results can help guide programs aimed at

maintaining viability of fragmented populations through

habitat management and restoration. In the absence of

natural fire regimes, active management (e.g. prescribed

fire) is required for scrub species. Conservation of scrub

organisms will require landscape-level management that

takes dispersal ability into account. Although scrub habitat

can be restored with fire, if populations become locally

extinct in scrub patches as a result of fire suppression or

other factors, recolonization is not likely to occur except

across very small distances. Similarly, as scrub patches are

destroyed by development, demographic rescue of

remaining populations and recolonization of empty patches

becomes increasingly less likely.
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