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Abstract

Dispersal influences both the ecological and evolutionary dynamics of range expan-
sion. While some studies have demonstrated a role for human-mediated dispersal
during invasion, the genetic effects of such dispersal remain to be understood, par-
ticularly in terrestrial range expansions. In this study, we investigated multimodal
dispersal during the range expansion of the invasive gecko Hemidactylus mabouia
in Florida using 12 microsatellite loci. We investigated dispersal patterns at the re-
gional scale (metropolitan areas), statewide scale (state of Florida), and global scale
(including samples from the native range). Dispersal was limited at the smallest,
regional scale, within metropolitan areas, as reflected by the presence of genetic
structure at this scale, which is in agreement with a previous study in this same
invasion at even smaller spatial scales. Surprisingly, there was no detectable genetic
structure at the intermediate statewide scale, which suggests dispersal is not limited
across the state of Florida. There was evidence of genetic differentiation between
Florida and other areas where H. mabouia occurs, so we concluded that at the
largest scale, dispersal was limited. Humans likely contributed to patterns of dis-
persal at all three scales but in different ways. Infrequent low-volume dispersal has
occurred within regions, frequent high-volume dispersal has occurred across the
state, and infrequent long-distance dispersal has occurred among continents at the
global scale. This study highlights the importance of considering different modes
of dispersal at multiple spatial scales to understand the dynamics of invasion and
range expansion.

Introduction
Dispersal plays a critical role in determining the ecological
and evolutionary dynamics of range expansion. Natural dis-
persal in terrestrial habitats has typically been thought to be
quite limited and to occur primarily over short distances,
giving rise to relatively small founding populations with lim-
ited genetic diversity and slow rates of spread (Skellam 1951;
Hastings et al. 2005; Hoehn et al. 2007). Human-mediated
dispersal, on the other hand, can enhance dispersal by al-
lowing more individuals to disperse over greater distances
than would be expected with natural dispersal alone. This
additional mode of dispersal can increase founding popula-
tion size, genetic diversity, dispersal distance, and the rate of
spread (Shigesada et al. 1995; Hastings et al. 2005). While
human-mediated dispersal has been implicated in the accel-
erating rates of range expansion in some invasive populations

(Andow et al. 1990; Wilson et al. 1999; Suarez et al. 2001), em-
pirical evidence for multiple dispersal modes and their effects
on range expansion remains rare. Understanding the role of
human-mediated dispersal during range expansion, and par-
ticularly during the spread of introduced species, is critical
because it can influence both the ecology and evolution of
spreading populations.

Human-mediated dispersal can have important demo-
graphic and genetic effects, sometimes resulting in high
propagule pressure and genetic diversity at the introduction
stage of invasion (Kolbe et al. 2004; Dlugosch and Parker
2008). Increased propagule pressure at this stage can prevent
invasive populations from experiencing the ecological and ge-
netic effects of small population size (Lockwood et al. 2005;
Roman and Darling 2007). In contrast to the large number
of studies that have suggested an important role for human-
mediated dispersal during introduction, very few studies have
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investigated the role of humans during subsequent range ex-
pansion (Wilson et al. 1999; Suarez et al. 2001; Darling and
Folino–Rorem 2009). It cannot be assumed that the role of
human-mediated dispersal should be consistent across mul-
tiple stages of invasion, because different modes of dispersal
may be important for different stages of invasion. For ex-
ample, while transport on airplanes may be instrumental in
introducing individuals to new continents, overland disper-
sal may be more relevant to their post-introduction spread.
Because human-mediated dispersal could accelerate range
expansion and thereby increase the extent of impact of in-
vasion on native ecosystems (Parker et al. 1999), it is critical
to understand which modes of dispersal are prevalent during
spread within the introduced range.

Where multiple modes of dispersal are occurring simul-
taneously, they are most likely to be detected by investiga-
tion of dispersal at multiple spatial scales. Molecular genetic
analyses using microsatellites have made it possible to re-
construct dispersal patterns at multiple scales during range
expansion (Herborg et al. 2007; Fleischer et al. 2008; Darling
and Folino–Rorem 2009). Several genetic analyses of range
expansion in aquatic invasive species have found that natural
dispersal is most likely to be evident at fine spatial scales, while
long-distance human-mediated dispersal is more likely to be
evident at larger spatial scales (Wilson et al. 1999; Darling
and Folino–Rorem 2009; Dupont et al. 2009). However, few
studies have investigated dispersal at multiple spatial scales in
terrestrial systems, and this information could be important
for managing range expansion, especially in terrestrial urban
habitats.

The tropical house gecko Hemidactylus mabouia (Fig. 1) is
native to Africa and it has been introduced in South Amer-
ica and the Caribbean (Kluge 1969). The species was first
recorded on the Florida mainland in 1991 (Butterfield et al.
1993), and has rapidly spread northward throughout the state
in the last 20 years (Short and Petren, in review (a)). Dispersal
is limited at very small spatial scales (among buildings, tens

Figure 1. Photograph of Hemidactylus mabouia. Like other house
geckos, H. mabouia typically inhabits building walls in urban areas, but
is occasionally found on trees surrounding buildings. It is a nocturnal
insectivore, foraging around lights that cluster insects. Photo credit: Ted
C. MacRae.

Figure 2. Hypothesized levels of gene flow at three different scales.
Gene flow is likely to be low as global colonization events are rare,
and dispersal within regions is limited. However, to account for the rapid
colonization across Florida, we hypothesize that large numbers of geckos
are transported among major metropolitan areas and goods distribution
centers across the state.

of meters) in H. mabouia (Short and Petren, in review (b)),
yet its rapid spread throughout Florida suggests that natural
movement is not likely to be the sole means of dispersal of
H. mabouia at larger spatial scales. Geckos are prime can-
didates for human-mediated dispersal because of their close
habitation with humans, dessication-resistant adhesive eggs
with long incubation periods (2 months), and communal
nesting (Kluge 1969; Krysko et al. 2003); therefore it is likely
that several individuals or eggs can be dispersed rapidly in
construction, landscaping, and shipping materials.

The goal of this study was to investigate multimodal disper-
sal in H. mabouia during colonization and range expansion
in Florida by determining dispersal patterns at multiple spa-
tial scales (Fig. 2). First, we hypothesized that at the regional
scale, gene flow is limited, reflecting a combination of natu-
ral and low-volume human-mediated dispersal. We therefore
predicted we should detect genetic structure among localities
within metropolitan regions. Second, we hypothesized that
dispersal among regions within Florida is augmented by hu-
man transport vectors, and this accounts for the rapid long-
distance colonization that has taken place across the state
(hundreds of kilometers). We predicted that frequent human
transport causes more long-distance dispersal, reduces pat-
terns of isolation by distance, and limits population structure
at the larger spatial scales among major cities of Florida. Fi-
nally, we hypothesized that at the global scale, transoceanic
dispersal is limited, and we therefore predicted that there
should be genetic differentiation between Florida and other
areas where H. mabouia occurs.
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Methods

Gecko tail samples were collected in Florida according to
IACUC protocol 06-06-01-01 between May and September in
the years 2005–2009. Samples were preserved in 70% EtOH,
and microsatellites developed previously in H. mabouia were
amplified using multiplex PCR (Short and Petren 2008).

Fragment analyses were conducted on an AB3730xl DNA
analyzer at the Cornell Biotechnology Resource Center and
alleles were scored with Genemapper 3.7 (Applied Biosys-
tems, CA, USA).

We collected 316 samples from building walls at 30 sites in
Florida (Table 1). For tests of heterozygosity, allelic richness,
and isolation by distance, we excluded the four populations

Table 1. Samples used in statewide scale analyses. N indicates sample size, HE indicates expected heterozygosity, HO indicates observed heterozygosity,
and AR indicates allelic richness. Bold values indicate totals. HO values with asterisks indicate significant heterozygote deficits. A cross (X) indicates
samples were used only for pooled analyses by region. Numbers in parentheses after site names correspond to regional locations in Fig. 3.

Region Sample Site N HE HO AR

West Coast Naples Edison State College, Collier Campus 8 0.50 0.52 2.76
Laurel Oak Elementary School 12 0.49 0.48 2.74
Regional Total 20

Fort Myers Canterbury School 13 0.56 0.44∗ 3.02
Edison State College, Lee Campus 10 0.51 0.48 2.96
Regional Total 23

Port Charlotte Port Charlotte High School (X) 3
Murdock Middle School (X) 4
Regional Total 7

Sarasota Cardinal Mooney High School 15 0.42 0.44 2.27
Regional Total 15

Bradenton Criminal Justice Academy (X) 2
W.D. Sugg Middle School 6 0.48 0.44 2.59
Regional Total 8

St. Petersburg St. Petersburg College, Clearwater Campus (1) 5 0.53 0.49 2.90
Fort De Soto Campground (2) 13 0.45 0.38∗ 2.53
University of S. Florida, St. Petersburg Campus (3) 10 0.55 0.55 2.93
Madeira Beach Middle School (X) (4) 3
Regional Total 31

Tampa University of South Florida, Tampa Campus 7 0.44 0.40 2.41
Regional Total 7

East Coast Miami University of Miami (1) 18 0.56 0.49∗ 2.92
Florida International University (2) 21 0.55 0.49∗ 3.05
St. Thomas University (3) 17 0.58 0.5∗ 3.09
Florida International University, Biscayne Bay
Campus (4) 8 0.49 0.38∗ 2.82
Oleta River State Park (5) 7 0.55 0.56 3.14
Regional Total 71

Fort Lauderdale University of Florida Agricultural Center 6 0.59 0.54 3.19
Regional Total 6

Boca Raton Palm Beach State College, Boca Raton Campus 8 0.53 0.54 2.93
Regional Total 8

West Palm Beach Palm Beach State College, Palm Beach Gardens Campus 5 0.55 0.60 3.12
Regional Total 5

Fort Pierce Indian River Community College 12 0.56 0.48∗ 3.06
University of Florida Agricultural Center 15 0.46 0.41 2.51
Regional Total 27

Melbourne Florida Institute of Technology 14 0.54 0.49∗ 2.93
Regional Total 14

Central Sebring Highlands Hammock State Park (1) 13 0.56 0.53 3.05
Highlands Regional Medical Center (2) 25 0.52 0.46∗ 2.94
Shoppes of the Highlands (3) 21 0.56 0.50 3.25
Sun ’n Lake Elementary (4) 5 0.49 0.58 3.08
Avon Elementary (5) 10 0.53 0.52 3.19
Regional Total 74

c© 2011 The Authors. Published by Blackwell Publishing Ltd. 183
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Table 2. Samples from three continents. N indicates sample size, HE

indicates expected heterozygosity, HO indicates observed heterozygosity,
and AR indicates allelic richness. Bold values represent totals for the
continent.

Sample Site N HE HO AR

Africa 5 0.64 0.47 3.44
Equatorial Guinea 1
Kenya 2
Uganda 2

South America/Caribbean 27 0.49 0.34 2.40
Brazil 13
Puerto Rico 1
Trinidad 2
Tobago 2
St. John 9

Florida 316 0.58 0.48 2.77
All locations in Table 1

with sample sizes fewer than five individuals to minimize the
effects of smaller sample sizes. These populations were in-
cluded, however in pooled regional analyses of isolation by
distance. We also collected nine samples from Maho Bay, St.
John, U.S.V.I., and obtained other samples from areas out-
side Florida from Salvador Carranza (Table 2). We tested for

genetic patterns reflecting colonization and gene flow at mul-
tiple spatial scales (Fig. 3): the regional scale (multiple sample
sites within the same metropolitan area, with maximum dis-
tance <60 km), the statewide scale (state of Florida, with
maximum distance 300 km), and the global scale (including
samples outside Florida).

Observed and expected heterozygosity were calculated
in GenAlEx 6.1(Peakall and Smouse 2006), and we used
Genepop on the web (Raymond and Rousset 1995) to test for
deviations from Hardy–Weinberg equilibrium with a one-
tailed test for heterozygote deficit. We corrected for multiple
comparisons by adjusting our P-values with the sequential
Bonferroni correction. We calculated allelic richness in FS-
TAT v.2.9.3.2 (Goudet 1995) using rarefaction to correct for
differences in sample size among sites. We tested for signifi-
cant differences in allelic richness among sites using Wilcoxon
sign-rank tests and alpha of 0.05.

We tested for isolation by distance with Mantel tests con-
ducted in GenAlEx 6.1 (Peakall and Smouse 2006). Geo-
graphic distances were obtained using Google Earth, and ge-
netic distances were obtained by estimating FST (θ) in Genetic
Data Analysis (GDA; Lewis and Zaykin 2001). For statewide
tests, we used approximately linear South–North transects

Figure 3. Map showing locations used for
sampling. Shaded regions show
approximate distribution of H. mabouia.
Insets show approximate locations of sites
used in regional samples, and numbers
correspond to those in Table 1. Lines within
regional insets represent 10-km scale
markers.
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corresponding to the direction of spread and initially consid-
ered all populations independently. However, we also pooled
populations within the same metropolitan area (e.g., five pop-
ulations within Miami and five populations within Sebring)
to eliminate any potential bias due to genetic differentiation
(or lack thereof) at smaller spatial scales. We also conducted
an analysis of molecular variance (AMOVA) in GenAlEx to
determine the distribution of genetic variation within and
among regions in Florida.

We used Bayesian inference in STRUCTURE (Pritchard
et al. 2000; Falush et al. 2003; Hubisz et al. 2009) to cluster
individuals into populations at both the regional and global
scales. In both cases, we conducted simulations with 10,000
iterations of burn-in and 100,000 iterations of Markov Chain
Monte Carlo (MCMC), and used the admixture model with
correlated allele frequencies and sample location informa-
tion. For the regional scale, we conducted 10 iterations at
each K with maximum K of 5. For the global scale, we con-
ducted 10 iterations at each K with maximum K of 3. The
most likely value of K was determined by plotting mean like-
lihood at each K versus K , and determining where the values
reached a plateau.

Results

Regional scale

There was no evidence for isolation by distance among four
populations in St. Petersburg/Tampa (rM = 0.35, P = 0.35)
or five populations in Miami (rM = 0.055, P = 0.47; Fig. 4).
There was evidence for isolation by distance among the five
populations in Sebring (rM = 0.72, P = 0.02), although the
relationship disappeared with removal of the Avon Elemen-
tary population (P = 0.41), suggesting that this population
may have been largely responsible for the correlation.

F ST (θ) values among populations within regions ranged
from 0 to 0.17 (Table 3). In St. Petersburg/Tampa, the overall
θ was 0.13, with 100% of pairwise θ values significant, and
in Sebring, the overall θ was 0.039, with 60% of pairwise
θ values significant. In both of these regions, θ was signif-
icantly greater than zero, indicating the presence of genetic
structure. In Miami, however, the overall θ was 0.009, with
only 30% of pairwise values significant. This value of θ was
not significantly greater than zero and was significantly lower
than in both other regions, indicating a relative lack of genetic
structure.

In St. Petersburg/Tampa, Bayesian clustering revealed four
genetic clusters (K = 4) among the five populations. In
Sebring, there were two genetic clusters but they did not
clearly correspond to sample sites; most sample sites were
not strongly assigned to a particular cluster. In Miami, there
was only one genetic cluster, indicating relative panmixia at
the regional scale (Fig. 5).

Figure 4. Relationship between geographic distance and genetic dis-
tance (FST, θ ) at the regional scale. A Mantel test produced a significant
correlation in the Sebring (B) populations only, but this correlation was
not robust to removal of individual populations.

An AMOVA on all three regions within Florida revealed
that while 0% of the variation was attributable to differen-
tiation among regions, 8% (P < 0.001) was attributable to
variation within regions. This seemingly counterintuitive re-
sult suggested that there was greater structure at a smaller
geographic scale than across the state, and was explored fur-
ther through analyses at the statewide scale.

Statewide scale

Across the state of Florida, expected heterozygosity ranged
from 0.42 to 0.59, and allelic richness ranged from 2.27 to
3.19 after rarefaction to four individuals. There was evidence
for heterozygote deficit in a few populations (Table 1), which
likely reflects substructure within sites (Short and Petren, in
review (b)). Despite a wide range of geographic distances
among populations, there was no evidence for isolation by
distance along the South–North transects on either coast
of Florida (Fig. 6). Mantel tests were not significant when
populations within regions were considered independently
(East coast rM = 0.16; P = 0.20; West coast rM = 0.18; P =
0.09) or when populations within regions were pooled (East
coast rM = 0.29; P = 0.20; West coast rM = 0.057; P = 0.17;

c© 2011 The Authors. Published by Blackwell Publishing Ltd. 185



Multimodal Dispersal in Invasion K. H. Short & K. Petren

Ta
b

le
3.

G
eo

gr
ap

hi
c

an
d

ge
ne

tic
di

st
an

ce
s

am
on

g
m

ul
tip

le
sa

m
pl

e
si

te
s

in
St

.P
et

er
sb

ur
g,

Se
br

in
g,

an
d

M
ia

m
i.

G
eo

gr
ap

hi
c

di
st

an
ce

s
(k

m
)a

re
be

lo
w

th
e

di
ag

on
al

an
d

ge
ne

tic
di

st
an

ce
s

(θ
)a

re
ab

ov
e

th
e

di
ag

on
al

.V
al

ue
s

in
bo

ld
an

d
w

ith
an

as
te

ris
k

in
di

ca
te

st
at

is
tic

al
ly

si
gn

ifi
ca

nt
ge

ne
tic

di
ff

er
en

tia
tio

n
ac

co
rd

in
g

to
th

e
G

en
ep

op
ex

ac
t

te
st

.

St
.P

et
er

sb
ur

g
C

ol
le

ge
(S

PC
)

Fo
rt

D
e

So
to

U
ni

ve
rs

ity
of

S.
Fl

or
id

a,
St

.P
et

er
sb

ur
g

U
ni

ve
rs

ity
of

S.
Fl

or
id

a,
Ta

m
pa

St
.P

et
er

sb
ur

g
C

ol
le

ge
(S

PC
)

–
0.

11
0∗

0.
08

1∗
0.

05
3∗

Fo
rt

D
e

So
to

36
.2

–
0.

14
8∗

0.
17

3∗

U
ni

ve
rs

ity
of

S.
Fl

or
id

a,
St

.P
et

er
sb

ur
g

24
.4

16
.7

–
0.

11
0∗

U
ni

ve
rs

ity
of

S.
Fl

or
id

a,
Ta

m
pa

33
.1

55
.6

39
–

H
ig

hl
an

ds
H

am
m

oc
k

H
ig

hl
an

ds
Re

gi
on

al
M

ed
ic

al
C

en
te

r
Sh

op
pe

s
of

H
ig

hl
an

ds
Su

n
’n

La
ke

El
em

en
ta

ry
A

vo
n

El
em

en
ta

ry

H
ig

hl
an

ds
H

am
m

oc
k

–
0.

04
8∗

0.
02

4∗
0.

00
3

0.
04

2∗

H
ig

hl
an

ds
Re

gi
on

al
M

ed
ic

al
C

en
te

r
13

–
0.

02
7∗

0.
01

2
0.

07
0∗

Sh
op

pe
s

of
H

ig
hl

an
ds

14
.8

3.
1

–
0.

02
0.

07
1∗

Su
n

’n
La

ke
El

em
en

ta
ry

8
10

.9
13

.8
–

0.
00

8
A

vo
n

El
em

en
ta

ry
14

.6
17

20
.1

7.
6

–

U
ni

ve
rs

ity
of

M
ia

m
i

Fl
or

id
a

In
te

rn
at

io
na

lU
ni

ve
rs

ity
St

.T
ho

m
as

U
ni

ve
rs

ity
Fl

or
id

a
In

te
rn

at
io

na
lU

ni
ve

rs
ity

,B
is

ca
yn

e
O

le
ta

Ri
ve

r

U
ni

ve
rs

ity
of

M
ia

m
i

–
0.

00
7

0.
01

8∗
0.

03
2∗

0
Fl

or
id

a
In

te
rn

at
io

na
lU

ni
ve

rs
ity

10
.8

–
0.

00
5

0.
01

7
0

St
.T

ho
m

as
U

ni
ve

rs
ity

21
.9

21
–

0.
03

3∗
0

Fl
or

id
a

In
te

rn
at

io
na

lU
ni

ve
rs

ity
,B

is
ca

yn
e

24
.6

28
.6

11
–

0.
00

3
O

le
ta

Ri
ve

r
26

30
.5

12
.2

0.
8

–

Fig. 5). There was also no decrease in allelic richness with
increasing distance from the most southern population on
the East coast (linear regression: R2 = 0.13, F1,9 = 1.37, P =
0.27) or the West coast (linear regression: R2 = 0.13, F1,8 =
1.25, P = 0.30).

The overall FST (θ) value for all the populations considered
in both transects was 0.06. The overall FST (θ) for the West
coast transect was 0.11, and 0.07 when populations in the
same region were pooled. On the East coast, the overall FST

(θ) was 0.04, and 0.03 when regions were pooled. Pairwise θ

values among individual populations on either coast ranged
from 0 to 0.26 when populations were considered indepen-
dently and from 0.004 to 0.26 when populations were pooled
within regions.

Global scale

Bayesian population structure analysis revealed the pres-
ence of three distinct clusters, with each continent compris-
ing an independent cluster (Fig. 7). When K = 2, the S.
America/Caribbean samples were clustered with those from
Africa, and the Florida samples formed their own cluster.
Allelic richness after rarefaction to three individuals (due to
few data in the African samples) was significantly different
among all three continents, with highest values in Africa,
lowest values in South America/Caribbean, and interme-
diate values in Florida (Africa–S. America/Caribbean Z =
–34.0; P = 0.005; Africa–Florida Z = –28.0; P = 0.027; S.
America/Caribbean–Florida Z = 28.0; P = 0.027; Table 2).
These results suggest that ongoing gene exchange between
Florida and these other areas does not play a significant role
in determining patterns of genetic structure within Florida.

Discussion

We tested for genetic structure at three spatial scales, and
found different patterns at each scale, which supports our
hypothesis of multimodal dispersal (Fig. 2). The presence
of genetic structure at the regional scale suggests that gene
flow at this scale is limited, and may reflect natural dispersal
and/or very limited human-mediated dispersal. This result is
congruent with the limited dispersal we have shown at even
smaller scales among individual buildings (Short and Petren,
in review (b)). Across the state of Florida, however, the lack
of pronounced genetic structure suggests that dispersal is not
limited and large numbers of individuals are moving greater
distances than would be expected with natural dispersal. We
conclude that at this scale, human-mediated dispersal is fre-
quent enough to homogenize regions across Florida. At the
global scale, we found evidence of genetic structure between
Florida and other regions of the world where H. mabouia oc-
curs, and this suggests that ongoing dispersal of H. mabouia
among continents is rare. Together, these results under-
score the role of human-mediated dispersal during terrestrial

186 c© 2011 The Authors. Published by Blackwell Publishing Ltd.
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Figure 5. Results of Bayesian clustering
analysis in STRUCTURE at the regional scale of
analysis. Line graphs show the likelihood of
each K across 10 runs, and dashed lines
indicate the true value of K. Bar plots
represent clustering patterns in each
populations (no plot is given for Miami
because no structure was detected). Vertical
bars represent individuals, and vertical black
lines divide individuals by population. Colors
represent proportional membership in each
cluster.

Figure 6. Relationship between geographic distance and genetic distance (θ ) in North–South linear transects at the statewide scale. In A and C, all
populations were considered independently, while in B and D multiple sample sites within the same region were pooled. No significant correlations
were found in any analysis.

invasion and also demonstrate the importance of investigat-
ing patterns at multiple spatial scales during invasion and
range expansion.

Significant population structure was present at the regional
scale among sites within St. Petersburg and Sebring, although
in Sebring, the inferred clusters did not correspond to sample

sites. This may reflect recent and ongoing gene flow among
sites near Sebring. The lack of genetic structure among sites
in Miami is likely attributable to the fact that the Miami area
has been colonized by H. mabouia for around 20 years. In
a separate study, we demonstrate that population structure
arising from colonization is ephemeral, and that over time,

c© 2011 The Authors. Published by Blackwell Publishing Ltd. 187
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Figure 7. Triangle plot showing results of STRUCTURE analysis. Each
point represents an individual from Africa (circles), South Amer-
ica/Caribbean (squares), or Florida (+).

gene flow among sites gradually erodes the signature of col-
onization (Short and Petren, in review (b)). When regions
are first colonized, individual sites are probably isolated from
other nearby sources of migrants, which causes population
structure to arise initially. However, over time more neigh-
boring sites become colonized and are able to exchange mi-
grants with previously colonized sites, homogenizing allele
frequencies among sites. It is likely that this process explains
the lack of genetic structure among Miami populations; this
area has been colonized for a long enough period of time to
allow gene flow to erase the signature of colonization. The fact
that genetic structure arises in the more recently colonized
regions suggests, however, that dispersal is limited during
range expansion at this scale.

The presence of population structure at the regional scale
would appear to contradict the lack of structure at the
statewide scale without consideration of multiple dispersal
modes. With limited natural dispersal, we would expect to
find population structure at both spatial scales. Because we
found population structure at the regional scale but not at
the larger statewide scale, we conclude that the coloniza-
tion process must involve different dispersal modes at dif-
ferent spatial scales. In other studies of multimodal dispersal
involving natural short-distance dispersal and some form
of long-distance dispersal, the long-distance component is
generally attributed to either natural long-distance dispersal
associated with a particular life stage (especially in aquatic
organisms; Kinlan and Gaines 2003), or human-mediated
dispersal (Darling and Folino–Rorem 2009). In our gecko
system, natural long-distance dispersal seems quite unlikely
to occur frequently, because geckos do not have the ability to
disperse on wind or water currents, and their natural disper-

sal is known to be quite limited (Short and Petren, in review
(b)). Therefore, human-mediated dispersal is the most likely
mechanism by which our results can be explained. Human-
mediated transport of geckos seems quite likely to occur,
because geckos are known to inhabit and lay eggs on human
structures (anecdotal evidence, K. Short pers. obs.).

Even human-mediated dispersal in terrestrial habitats may
take different forms at different scales. Dispersal within
regions is likely a combination of natural dispersal and
low-volume human-mediated dispersal through intentional
translocations, localized shipments, or movements on recre-
ational vehicles. However, human-mediated dispersal at the
statewide scale is more likely to be a form of mass dispersal
through the shipment of larger quantities of goods and con-
tainers between hotspot distribution points. Nevertheless,
the sharp contrast between the restricted gene flow at the re-
gional scale and the frequent gene flow at the statewide scale
suggests that different dispersal modes are prevalent at dif-
ferent spatial scales. In spite of evidence for human-mediated
dispersal during the introduction stage of invasion, evidence
for this phenomenon during range expansion remains scarce,
especially in terrestrial systems. While a few studies have ex-
plicitly investigated genetic patterns at multiple scales (Dar-
ling and Folino–Rorem 2009; Dupont et al. 2009), ours is
unique because it allows us to explore the consequences of
range expansion in a terrestrial urban environment.

Many studies have focused on gene flow from the native
range as a primary factor in determining the genetic patterns
associated with invasion (Dlugosch and Parker 2008). Some
studies have found evidence for limited gene flow during in-
troduction (Hawley et al. 2006; Ficetola et al. 2008; Peacock et
al. 2009), while a growing number of studies have found that
genetic variation is maintained during introduction because
of high propagule pressure, multiple introductions, admix-
ture, or rapid population growth (Holland 2001; Zenger et
al. 2003; Kolbe et al. 2004; Dlugosch and Parker 2008). In
our study, we found some evidence that there was reduced
genetic variation in the introduced range compared to the
native range, Africa; more importantly, we found evidence of
significant genetic structure at this scale. It is perhaps not sur-
prising that there is genetic structure across such large regions
of the globe, but for our study it implies that it is unlikely
that multiple introductions from genetically distinct sources
in Africa occurred as H. mabouia colonized the New World,
and there is not a significant amount of ongoing gene flow
among continents. Therefore, we conclude that transoceanic
dispersal in H. mabouia is somewhat limited, and does not
play a major role in shaping genetic patterns within Florida.

Evidence for scale-dependent human-mediated dispersal
has important implications for biological invasions and ur-
ban ecology, and these implications extend to a variety of
other organisms. The role of human-mediated dispersal in
other organisms likely depends to some extent on traits of
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the organisms. For example, both sociality and commensal-
ism with humans may increase the numbers of individuals
involved in human-mediated dispersal events. House geckos
are known to share shelters and egg-laying sites on buildings
(Krysko et al. 2003), and this makes them ideal candidates
for human-mediated dispersal. These features of invading
organisms, as well as their prevalence in the pet trade and
the extent of intentional introduction by humans, may pre-
dispose them to human-mediated dispersal, but landscape
features may also be important. It has been suggested that ur-
banization has led to hyperconnectivity of the landscape for
species that inhabit urban areas, because roads and highways
connect otherwise fragmented landscapes for such species
(Crooks and Suarez 2006). Although roads are barriers to
dispersal for many species, they may facilitate mass dispersal
in others. Invasive species are particularly likely to be posi-
tively influenced by such hyperconnectivity of the environ-
ment because they are often closely associated with humans
and invade urban habitats (Jeschke and Strayer 2006).

Mass dispersal may have consequences for the ecology and
evolution of invasive populations (Wilson et al. 2008). We
found evidence for mass dispersal at the statewide scale dur-
ing range expansion, and the fact that genetic diversity was
not lost with successive colonizations suggests that propagule
pressure is higher at this scale than it is at the local scale where
natural dispersal prevails. Higher propagule pressure suggests
that newly colonized populations are probably less affected
by drift and Allee effects than populations founded naturally.
Human activity increases propagule pressure among regions
in the introduced range, and this provides an explanation for
how an introduced species, which is capable of only very lim-
ited natural dispersal, can spread so rapidly. It also suggests
that managing the spread of introduced populations may re-
quire consideration of multiple modes of dispersal, especially
for species inhabiting urban habitats.
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