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A B S T R A C T

During the century following its initial introduction in 1886, the Australian tree Melaleuca quinquenervia

(Myrtaceae) dispersed from a few introduction points to occupy over 200,000 ha, primarily in historic

Everglades wetlands of southern Florida. Cellulose acetate gel electrophoresis (CAGE) was used to

investigate the allozyme diversity and population genetic structure of 208 individuals in a dozen

populations resulting from this invasion. The analyses showed that these populations have a high (82%)

rate of polymorphic loci and an average of 2 alleles/locus. There was substantial heterozygosity (mean

He = 0.356), which concords well with recent studies reporting a greater number of introduction events

and sources than generally recognized. The introduction history and distributional patterns within

Florida have led to geographic structuring (GST = 0.419) in which the Gulf Coast metapopulation has a

greater effective number of alleles and greater heterozygosity than the Atlantic Coast metapopulation.

The gene diversity in M. quinquenervia was comparable to other tropical woody species. Its strong

population divergence was reminiscent of pioneer species and consistent with its status as a plant

invader in Florida.

Published by Elsevier B.V.
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1. Introduction

Conventional wisdom long held that founder effects and genetic
bottlenecks result in pioneer populations of invading species
which harbor reduced levels of genetic variation relative to source
populations (Sakai et al., 2001; Novak and Mack, 2005). The loss of
genetic diversity restricts the suite of potential responses to
environmental variation and stochastic events (Barrett, 2000), thus
rendering small founder populations more susceptible to extinc-
tion (Hanski and Gilpin, 1997). This may help explain why many
invaders fail to establish persistent populations.

Researchers have more recently recognized that successful
invasions commonly are associated with multiple introduction
events (Novak and Mack, 2005). Multiple introductions from a
broader gene pool would be expected to reduce founder effects and
result in substantial genetic differentiation among invasive
populations (Dlugosch and Parker, 2008). A number of studies
have described populations of naturalized, introduced species that
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exhibit substantial amounts of genetic variation in their adventive
ranges (e.g., Ward, 2006; Facon et al., 2008). Genetic variation and
population differentiation can strongly influence how species will
respond to control attempts and to environmental changes. Thus, it
is increasingly being recognized that understanding the extent of
this variation is an important component in the arsenal of
information required to properly manage invaders (Sobhian
et al., 2003).

Melaleuca quinquenervia (Cav.) Blake is a large paperbark tree
predominantly occurring in seasonally and permanently inun-
dated wetlands in its native Australia. The species was introduced
into the United States over a century ago, but naturalized quickly
(Dray et al., 2006). It ultimately invaded over 200,000 ha of
Florida’s prized Everglades ecosystem, replacing diverse wetland
communities with dense monocultures that have little value to
native species (Bodle et al., 1994; O’Hare and Dalrymple, 1997). It
has long been assumed that M. quinquenervia in Florida derived
primarily from two sources (Meskimen, 1962; Kaufman and
Smouse, 2001). Populations along Florida’s Atlantic Coast purport-
edly arose from seeds imported by John Gifford in 1906 from the
Royal Botanical Gardens in Sydney, Australia. Populations along
the Gulf Coast presumably came from seeds imported by A.H.
Andrews from a Melbourne, Australia, seed house during 1912.
With a small number of founder events, and the likelihood of high
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levels of inbreeding resulting from a paucity of suitable pollinators,
Florida populations have generally been assumed to harbor limited
genetic diversity.

Recent scrutiny of early horticultural catalogs and USDA plant
introduction records has expanded the number of sources known
to have contributed to populations along both coasts (Dray et al.,
2006). These same data indicate that progeny from several pioneer
populations have been widely distributed throughout the state.
Further, an influx of indiscriminant pollinators occurred during the
second quarter of the 20th century when apiculturists began over-
wintering their honey bee colonies in southern Florida (Wilder,
1940). It thus seems reasonable to propose that Florida populations
of M. quinquenervia harbor greater genetic diversity than
previously anticipated.

This study describes the allozyme diversity in 12 populations of
M. quinquenervia distributed throughout its naturalized range in
Florida, and is part of a larger effort to understand factors that may
influence biological control agent establishment and efficacy. Our
results confirmed hypotheses (based on invasion history, life
history characteristics, and observed trait variation) that popula-
tions of M. quinquenervia in Florida would harbor substantial
genetic diversity and show strong population differentiation.
Population genetic patterns also corroborated hypotheses regard-
ing possible invasion routes for a previously unprovenanced
population.

2. Material and methods

2.1. Plant material

Infructescences were collected from up to 20 open-pollinated
individuals at each of 12 M. quinquenervia populations. Some early
introduction sites had fewer than 20 reproductive individuals in
which case all available trees were sampled. Samples were
restricted to the third/fourth youngest infructescences because
these cohorts have the highest seed viabilities (Rayamajhi et al.,
2002). The infructescences from each individual were bagged
separately and transported to the laboratory where they were
allowed to dehisce. Seeds were planted in germination flats
containing ProGro Potting Soil for Starting Seeds (Scotts-Sierra
Horticultural Products, Marysville, OH). The flats were kept in
shallow (8 cm) water-filled trays to supply constant moisture. The
flats were replaced by 0.5 L pots into which the seedlings were
transplanted after 6 weeks. Each tray received 1 L of fertilizer
solution (Excel 15-5-15 plus Mg, Ca, and minors; Scotts-Sierra
Horticultural Products, Marysville, OH; mix: 0.26 tbsp/L) on the
day of planting and again after 90 days. Leaves for this study were
harvested from the seedlings on week 20.

2.2. Allozyme analysis

We collected approximately 40 mg of leaf material from each
seedling and sampled one seedling per maternal lineage. The leaf
material from each seedling was stored at �80 8C. Enzymes were
extracted using the Butcher et al. (1992) modification of the
Cheliak and Pitel (1984) extraction buffer which was prepared in
advance, adjusted to pH 7.0, and stored at 10 8C. Bovine serum
albumin and sucrose (at 10 and 100 mg mL�1, respectively) were
added immediately prior to extraction. To extract the enzymes, the
frozen leaf tissue was homogenized in 1 mL of extraction buffer
using a chilled pestle and mortar. The resulting slurry was
centrifuged for 5 min at 13,500 � g, after which the supernatant
was drawn off and stored at �80 8C.

Allozymes were separated using cellulose acetate gel electro-
phoresis (CAGE) and a Tris-Glycine (TG) continuous buffer system.
Gel plates (76 mm � 76 mm) were soaked overnight in 0.5� TG
buffer prior to use. Electrophoresis was carried out at room
temperature, and lasted 30–45 min at 200 V with a current of
6 mA. Enzyme activity was detected using stains described in
Hebert and Beaton (1993), occasionally modified following
Acquaah (1992). Where possible, stain components were prepared
in advance and stored frozen until needed.

Preliminary evaluations of 11 enzyme systems yielded seven
that resolved in clear and consistent banding patterns: aspartate
aminotransferase [AAT; EC (Enzyme Commission) 2.6.1.1], argi-
nine kinase (ARK; EC 2.7.3.3), glucose-6-phosphate dehydrogenase
(GPI; EC 5.3.1.9), malate dehydrogenase (MDH; EC 1.1.1.37),
mannose-6-phosphate dehydrogenase (MPI; EC 5.3.1.8), phospho-
glucomutase (PGM; EC 2.7.5.1), and trehalase (TRE; EC 3.2.1.28). A
total of ten loci were scored: Aat-1, Ark-1, Ark-2, Gpi-1, Gpi-2, Mdh-

1, Mpi-1, Pgm-1, Pgm-2, and Tre-2.

2.3. Data analysis

Allele frequencies were calculated from genotype arrays, and
PopGene (version 1.32; Yeh et al., 1999), was used to calculate
standard measures of genetic diversity including the average
number of alleles per locus (A) and per polymorphic locus (AP), the
effective number of alleles (Ae), observed heterozygosity (Ho) and
an unbiased estimate of expected heterozygosity (He; Nei, 1978).
The latter two parameters were used to calculate local inbreeding
coefficients (Hartl, 2000). Allele frequency estimates for the Royal
Palm Nursery site were excluded from these analyses because only
two reproductive trees were available at the site. Sample sizes
were small (20 or fewer individuals per population), so loci were
considered polymorphic when the most frequent allele occurred in
less than 95% of the individuals in a population (Nei, 1987). This
was expressed as the average proportion of polymorphic loci (Pp).
t-Tests were used to compare mean allelic variation of the
populations occurring along Florida’s Atlantic Coast with those
along the Gulf Coast—the principle distributional pattern of M.

quinquenervia in the state.
Genetic structure was examined using Wright’s F-statistics as

modified by Goudet (2002) in the software program FSTAT.
Overall genetic variation (Ht) was partitioned into gene diversity
within subpopulations (Hs) and among subpopulations (Dst)
using Nei’s genetic diversity indices. Among-population diversity
was expressed relative to overall gene diversity as the coefficient
of gene differentiation (Gst = Dst/Ht; Nei, 1987). The metrics Dst

and Gst are both dependent on the number of subpopulations
(Goudet, 2002), which in the present study was only twelve. To
compensate for this small sample size, Goudet’s adjusted
measures for these metrics were employed. Among-population
differences in allele frequency at each locus were examined using
chi-square analysis: x2 = 2NGst(a � 1), df = (a � 1)(n � 1), where
N is total number of individuals examined, a is the number of
alleles at a locus, and n is the number of populations (Workman
and Niswander, 1970).

Geographic trends in genetic structure were investigated
through hierarchical analysis of population structure. For this
analysis, Gst was calculated for the two regions (Atlantic and Gulf
coasts) using FSTAT. Total Gst was then parsed into two
components: diversity among regions and diversity among-
populations within regions, following Butcher et al. (1992). We
also looked for correlations between genetic distance and
Euclidian distance by regressing pairwise Fst/(1 � Fst) against the
natural log of geographic distance (in km) between sites using the
program SigmaPlot (version 11.0; Systat Software Inc., San Jose,
CA). An unweighted pair-group clustering based on arithmetic
averages (UPGMA) of Nei’s genetic distances was generated with
PopGene. Clustering programs force objects into clusters whether
or not these clusters actually exist, so we tested the goodness of fit



Table 1
Origins of the seedlots used to assess allozyme variation in Melaleuca quinquenervia in Florida. Sites 2, 3, 6, 11, and 12 represent early importations. Sites 1, 2, 4, 5, 7, and 8

comprise the Atlantic Coast metapopulation. Sites 3, 9, 10, 11, and 12 comprise the Gulf Coast metapopulation.

Site no. Site name County No. of trees Latitude Longitude

1 Conservation Area 2A Broward 20 268 09.460 N 808 21.950 W

2 Lange Park Broward 20 268 03.800 N 808 14.000 W

3 Royal Palm Nursery Manatee 2 278 26.800 N 828 32.770 W

4 Loxahatchee National Wildlife Refuge Palm Beach 20 268 29.800 N 808 16.360 W

5 Everglades National Park Miami-Dade 20 258 41.330 N 808 29.830 W

6 Lake Okeechobee Glades 12 268 47.040 N 808 57.140 W

7 Krome Avenue Miami-Dade 20 258 55.830 N 808 27.030 W

8 Gramercy Park Palm Beach 20 268 45.610 N 808 07.240 W

9 Corkscrew Wellfields Collier 20 268 27.490 N 818 42.100 W

10 Estero Bay State Buffer Preserve Lee 20 268 28.150 N 818 53.840 W

11 Koreshan State Park Lee 18 268 26.130 N 818 48.710 W

12 Caribbean Gardens Collier 16 268 10.200 N 818 47.280 W
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of the clustering by comparing the cophenetic value matrix to the
original distance matrix using NTSYSpc (Rohlf, 2000).

3. Results

3.1. Sampled populations

Five of the populations (Lange Park, Royal Palm Nursery, Lake
Okeechobee, Koreshan State Park, and Caribbean Gardens; see
Table 1) selected for sampling were chosen to represent early M.

quinquenervia importations in Florida (Dray et al., 2006). A further
six sites were selected to ensure that sampled populations were
distributed throughout the adventive range of M. quinquenervia in
southern Florida. One additional site (Estero Bay Preserve) was
selected to represent populations that grow in brackish waters
(most melaleuca populations in Florida, as in Australia, occur in
permanently or seasonally inundated freshwater communities).
Voucher specimens from the study populations are deposited in
the Australian National Herbarium (FRI), where Dr. Lyn Craven
confirmed our determinations, and at Fairchild Tropical Botanical
Gardens (FTG).

3.2. Allelic variation

Three of the 36 alleles identified in Florida populations of M.

quinquenervia were rare, occurring at frequencies of 0.05 or less for
the species as a whole. Interestingly, each of these alleles (Pgm-1c,
Mpi-1c, and Gpi-2a) was rare in populations along the Atlantic
Table 2
Estimates of genetic diversity for 11 populations (Royal Palm Nursery is excluded—see te

Pp (%) A Ap Ae

Population variation

1 90.0 2.50 2.67 1.

2 87.5 2.25 2.43 1.

4 70.0 2.20 2.71 1.

5 70.0 2.40 3.00 1.

6 80.0 2.30 2.62 1.

7 100.0 2.50 2.50 1.

8 60.0 1.80 2.33 1.

9 70.0 2.10 2.43 1.

10 100.0 2.30 2.30 1.

11 90.0 2.30 2.44 1.

12 80.0 2.00 2.00 1.

Metapopulation variation

Atlantic 79.6 2.28 2.61 1.

Gulf 84.0 2.20 2.36 1.

Overall species variation

81.6 2.06 2.49 1.

Pp: Percent polymorphic loci; A: total alleles per locus; Ae: effective alleles per locu

heterozygosity; F: inbreeding coefficient; S.D.: standard deviation.
Coast but entirely absent from populations along the Gulf Coast.
One additional allele (Tre-2a) that was absent from Gulf Coast
populations was relatively common in Atlantic Coast populations.
Each of the ten loci included in this study was polymorphic in at
least one of the populations surveyed. Overall, these loci were
polymorphic (frequency of most common allele < 0.95) 81.6% of
the time (Table 2). There was no difference between Atlantic and
Gulf Coast populations in number of monomorphic loci (x2 = 0.80,
P = 0.492).

Allelic richness as measured by mean number of alleles per
locus (A) varied from 1.8 to 2.5 (mean = 2.00) in Florida, whereas
the effective number of alleles (Ae) varied from 1.48 to 1.89
(mean = 1.73). Absence of the rare alleles in Gulf Coast populations
contributed to regional differences in Ae (1.82 vs. 1.66 on Atlantic
Coast; t = 2.85, P = 0.019). Polymorphic loci (AP) averaged 2.49
alleles (Table 2). Observed heterozygosity (Ho) within each
population was similar to expected heterozygosity (He; t = 0.16,
P = 0.872), although mean Ho was substantially greater on the Gulf
Coast than the Atlantic Coast (Table 2; t = 3.11, P = 0.012). The
inbreeding coefficients show some populations had heterozygote
deficits and others excesses (Table 2). This differed geographically,
as the Atlantic Coast metapopulation exhibited a heterozygote
deficit but the Gulf Coast metapopulation showed an excess. The
species as a whole exhibited a slight heterozygote deficit (Table 2).

Fifty-one of 96 individual fixation indices were significantly
different from zero (P < 0.05), which is ten-fold greater than would
be expected by chance alone. So, individual loci and populations did
not meet Hardy–Weinberg expectations. Fixation indices for Mdh-1
xt for explanation) of Melaleuca quinquenervia in Florida based on 10 allozyme loci.

Ho (�S.D.) He (�S.D.) F

78 0.280 (0.331) 0.405 (0.196) 0.309

71 0.309 (0.283) 0.359 (0.228) 0.139

68 0.237 (0.351) 0.306 (0.278) 0.225

67 0.310 (0.378) 0.319 (0.275) 0.028

89 0.567 (0.368) 0.418 (0.253) �0.356

67 0.325 (0.310) 0.334 (0.215) 0.027

48 0.290 (0.395) 0.252 (0.251) �0.151

84 0.400 (0.375) 0.365 (0.272) �0.096

77 0.453 (0.296) 0.390 (0.196) �0.162

86 0.371 (0.344) 0.389 (0.229) 0.046

72 0.312 (0.337) 0.374 (0.230) 0.166

67 0.292 (0.031) 0.329 (0.051) 0.112

82 0.421 (0.096) 0.387 (0.020) �0.088

73 0.350 (0.093) 0.356 (0.049) 0.017

s; Ap: alleles per polymorphic locus; Ho: observed heterozygosity; He: expected



Table 3
Distribution of genetic diversity among Melaleuca quinquenervia populations in

Florida. Diversity is expressed as total genetic diversity (Ht), within-population

diversity (Hs), differentiation among-populations (Dst), and the proportion of total

diversity attributable to among-population variation (Gst = Dst/Ht) at each of ten loci

representing seven enzyme systems. x2 tests the interpopulational homogeneity of

gene frequencies.

Locus (alleles) Ht Hs Dst Gst x2 (df)a

Pgm-1 0.46 0.232 0.249 0.517 417.7 (22)***

Pgm-2 0.699 0.604 0.104 0.147 178.2 (33)***

Mpi-1 0.349 0.241 0.118 0.329 254.0 (22)***

Tre-2 0.707 0.370 0.368 0.498 573.7 (33)***

Ark-1 0.485 0.214 0.296 0.580 468.6 (22)***

Ark-2 0.774 0.549 0.245 0.309 499.3 (44)***

Gpi-1 0.569 0.442 0.139 0.239 193.1 (22)***

Gpi-2 0.652 0.192 0.501 0.723 876.3 (33)***

Aat-1 0.598 0.224 0.407 0.645 497.9 (22)***

Mdh-1 0.625 0.493 0.144 0.226 260.4 (33)***

Metapopulation variation

Atlantic Coast 0.539 0.328 0.254 0.436 3631.9 (385)***

Gulf Coast 0.565 0.385 0.225 0.368 1848.1 (341)***

Overall species variation

0.592 0.356 0.257 0.419 5631.4 (385)***

*** Significant at P < 0.001.
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were significant, and for Mpi-1 non-significant, in all populations.
Otherwise, deviations from Hardy–Weinberg expectations pre-
sented no discernable pattern across populations and loci.

3.3. Population structure

x2 analyses (Table 3) showed that allele frequencies were
highly heterogeneous (P < 0.001) among-populations at all ten
loci. Gst values for individual loci ranged from 0.147 to 0.723,
suggesting a substantial M. quinquenervia population differentia-
tion in Florida (Table 3). However, when the 42% of genetic
diversity attributable to population differentiation (Gst) was parsed
into inter- and intraregional components, only about 16% (i.e., 7%
of total diversity) resulted from differences between Gulf and
Atlantic Coast populations.

Genetic identity (I) among-populations was strongest (0.843)
between Loxahatchee Wildlife Refuge and Caribbean Gardens (see
Fig. 1). Trees at Koreshan Unity and Estero Bay Preserve exhibited
similarly high genetic identity (0.830). Royal Palm Nursery and
Koreshan Unity exhibited the lowest genetic identity (0.324).
Genetic identity averaged 0.585 (S.D. = 0.118) overall. Genetic
identity between populations in different regions averaged 0.581
(S.D. = 0.111), which was similar to the mean genetic identity
within each metapopulation (I = 0.606, S.D. = 0.109, Atlantic Coast;
I = 0.574, S.D. = 0.145, Gulf Coast). Geographic distance explained
35% of the variation in genetic distance within the Gulf Coast
metapopulation (F = 6.874, P = 0.021). It explained none of the
genetic distance within the Atlantic Coast metapopulation
(R2 = 0.074, F = 1.044, P = 0.326), however, and only marginally
(F = 2.898, P = 0.094) explained 4% of the genetic distance among-
populations throughout the state. A dendogram was constructed
based on genetic distances (Nei, 1972) to aid visualization of these
relationships (see Fig. 1 inset). Goodness of fit between the original
distance matrix and a cophenetic matrix representing the
phenogram was marginal (rcs = 0.71; Unmack, 1999), but tree
architecture is supported by historical and chemometric data
(Dray, 2003). So the low cophenetic values likely reflect the limited
number of loci being examined.

4. Discussion

The invasion history of an exotic plant species has a strong
influence on its success as an invader, with invasion success often
(but not exclusively) related to the number of introductions
(Lockwood et al., 2005; Novak and Mack, 2005). Multiple
introductions increase the likelihood that pioneers represent a
diversity of genotypes, which enhances the ability of a species to
respond both to local environmental conditions and to stochastic
events (Dlugosch and Parker, 2008). The successful encroachment
of M. quinquenervia into southern Florida was, in part, promoted by
more than a dozen introduction events involving at least six
different seed sources (Dray et al., 2006). One consequence of the
significant propagule pressure generated by the plethora of
sources has been that this notorious Everglades invader harbors
substantial genetic diversity as measured by analysis of ten
allozyme loci using cellulose acetate gel electrophoresis. This
finding compares favorably with reports of substantial variation in
phenotypic traits within both Florida and Australia populations
(Wang and Littell, 1983; Kaufman and Smouse, 2001; Dray, 2003).

M. quinquenervia in Florida exhibits levels of intraspecific
genetic variability representative of other species with similar life
history traits. For example, a substantial proportion (61%) of
allozyme loci tends to be polymorphic in tropical woody plants
(Hamrick et al., 1979; Hamrick and Loveless, 1989). M. quinque-

nervia exhibits a similarly high level of allozyme polymorphism
(mean Pp = 82%), one that is identical to that reported by Hamrick
and Godt (1996) for Eucalyptus, another tropical genus in the
family Myrtaceae. Likewise, mean number of alleles (A = 2.06) in
this study falls well within the range (A = 1.00–3.12) reported by
Hamrick et al. (1979) for tropical trees. Further, tropical woody
species often harbor substantial heterozygosity (He = 0.211;
Hamrick and Loveless, 1989). This was also true of M. quinque-

nervia (He = 0.356) which exhibited greater heterozygosity than
Eucalyptus (He = 0.222; Hamrick and Godt, 1996). Thus, the gene
diversity within populations of M. quinquenervia in Florida is
typical specifically of the family Myrtaceae and more generally of
many large, woody perennial species growing in tropical and
subtropical regions of the world.

M. quinquenervia populations in Florida are strongly divergent
from one another (Gst = 0.419), which contrasts sharply with what
has been reported for other tropical woody species. Hamrick and
Godt (1996) reported a mean Gst = 0.134 for Eucalyptus species.
Hamrick and Loveless (1989) examined 14 tropical trees and
shrubs (not including Eucalyptus) and reported levels of inter-
population differentiation (Gst = 0.022–0.090) an order of magni-
tude lower than found among M. quinquenervia populations in
Florida. High Gst values are, however, common among early
successional species (mean Gst = 0.411; Loveless and Hamrick,
1984). Successful invaders such as M. quinquenervia perform like
traditional pioneer species when encroaching into new territory,
even though they may not fill that niche in their native ranges.
Thus, the data from this study suggest that other invasive plant
species are likely to exhibit high levels of interpopulation
differentiation in their adventive ranges for a considerable time
(it has been over 120 years since M. quinquenervia was first
imported into Florida) after initial invasion. This prediction is
corroborated by North American leafy spurge (Euphorbia esula L.)
populations, which show a similarly high differentiation among
populations (Gst = 0.460; Rowe et al., 1997) and Chinese popula-
tions of bitterbush [Chromolaena odorata (L.) King & H.E. Robins]
which demonstrate even greater differentiation (Gst = 0.736; Ye
et al., 2004).

The high among-population diversity is also reflective of the
distribution of M. quinquenervia in its adventive range. Although
the tree has a reasonably restricted geographic range in Florida, the
heart of the Everglades ecosystem apparently serves as a natural
geographic barrier that has forced a disjunction in the populations
here. Butcher et al. (1992) demonstrated that a similarly small
(<100 km) disjunction in the distribution of M. alternifolia



Fig. 1. Geographic distribution (grey dots) of Melaleuca quinquenervia in Florida (derived from systematic reconnaissance flight data found at http://tame.ifas.ufl.edu/old/

index.htm) showing locations of populations included in this study, and cluster analysis (inset) based on Nei’s genetic distance and the UPGMA algorithm. Numbers

correspond to the sites in Table 1.
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populations in Australia has resulted in their separation into two
genetically distinct metapopulations. Likewise, the two principle
M. quinquenervia metapopulations in Florida (occurring along the
Atlantic and Gulf coasts) are genetically distinct (see also Kaufman
and Smouse, 2001). The high Gst concords well with the fact that
two principal chemical phenotypes found in Florida seem to be
disproportionately represented among these metapopulations
(Dray, 2003; but see Wheeler et al., 2007). It is also consistent
with observations by Wang and Littell (1983) of marginally
significant (P = 0.069) differences in caloric content of M.

quinquenervia tissues from plants in Lee Co. versus Miami-Dade Co.
It is somewhat surprising that the Everglades presents such a

substantial barrier to gene flow between Atlantic and Gulf Coast
populations because the infested areas around Lake Okeechobee
would seem to offer an ideal corridor for gene exchange between
the two metapopulations. Natural range expansion is restricted
because M. quinquenervia seeds are small (Rayamajhi et al., 2002)
and gravity-dispersed, and so are deposited within a short distance
(<170 m) of the parent tree (Meskimen, 1962). However, Varda-
man (1994) reported that honey bees (Apis mellifera) are the
principle pollinators of M. quinquenervia in Florida, and Ward et al.
(2005) presented evidence that insect pollinators can distribute
pollen many kilometers from a source tree. Further, the historic
data (Dray et al., 2006) show that human-vectored dispersal was,
at times, substantial. Thus, the apparently low gene flow
represents a conundrum that warrants additional study.

The origin of the Lake Okeechobee populations has never been
clear. The U.S. Army Corps of Engineers (Corps) established a
melaleuca nursery on the southern shore of the lake during 1938–
1941, as a source for trees to be planted along the levee to protect it
fromwaveaction(Dray,2003).Theseedsfromwhichthisnurserywas
established came from an unknown source. However, the close
genetic relationship between the Royal Palm plants and those along
Lake Okeechobee (Fig. 1 inset) suggests the Reasoner brothers (see
Dray et al., 2006) provided the seeds to start the Corps nursery. This
hypothesisissupportedbyhistoricalevidencethatNormanReasoner
(son of a Royal Palm Nurseries founder) worked as an Agronomic
Consultant for the Corps at about this same time (Dray, 2003).

http://tame.ifas.ufl.edu/old/index.htm
http://tame.ifas.ufl.edu/old/index.htm
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Despite the evidence for regional differences, only a
small proportion (7%) of the total genetic variation present
among M. quinquenervia populations could be ascribed to the
disjunction in the adventive range of this species. In contrast,
the high level of differentiation within metapopulations (35%)
means that gene flow, even assisted by human agents, has thus
far failed to homogenize independent gene pools established a
century ago by discrete introduction events. Each introduction
consisted of a small envelope of seeds, each of which
likely derived from a single maternal seed source (Dray et al.,
2006). Limited numbers of colonization events, each consisting
of only a few propagules, is a recipe for founder effects (Hartl,
2000). Nei (1987) says such genetic bottlenecks can temporarily
increase estimates of genetic distance, which may help explain
the high Gst values within M. quinquenervia metapopulations in
Florida.

Historical evidence (Dray et al., 2006) suggests that much of
the range expansion of M. quinquenervia in Florida occurred
through human agency. This transport of plant material between
regions was largely unidirectional, with ‘‘truckloads’’ of saplings
being transported from nurseries on the Gulf Coast to developing
towns on both coasts. The strong relationship between genetic
distance and geographical distance within the Gulf Coast
metapopulation, but absence of a similar relationship within
the Atlantic Coast metapopulation or within the species as a whole
in Florida seems to concord well with these historical data.
Further, absence in the Gulf Coast metapopulation of four alleles
that are present in the Atlantic Coast metapopulation, and
especially lack of the Tre-2a allele (which is common along the
Atlantic Coast), supports this interpretation of the historical data.
This unidirectional propagule flow helps explain the somewhat
greater among-population differentiation within the Atlantic
Coast metapopulation.

The M. quinquenervia populations in this study were seldom in
Hardy–Weinburg equilibrium. One likely contributor to this result
is the mating system of M. quinquenervia. Vardaman (1994)
demonstrated that this species is highly self-compatible with 70%
of artificially selfed flowers, and 25% of autogamously pollinated
flowers, successfully producing fruit. She also noted, however, that
the highest rates of fruit set were obtained from cross-pollinated
flowers, and that M. quinquenervia does not appear to be pollinator
limited in Florida. Thus, it is likely that M. quinquenervia employs a
mixed mating system in Florida. Also, some of the seeds imported
into Florida derive from locations (e.g., Ventimiglia, Italy; Nice,
France; Ivoloina, Madagascar; see Dray et al., 2006) outside the
native range of M. quinquenervia and undoubtedly endured genetic
bottlenecks of their own. This strengthens the possibility that
seeds comprising different introduction events in Florida harbored
vastly disparate genomes. These two factors likely account for the
observed heterozygote deficiency.

Our understanding of the population genetics of M. quinque-

nervia in Florida contributes to the growing body of evidence (e.g.,
Novak and Mack, 2005; Dlugosch and Parker, 2008; Facon et al.,
2008) that alien plants often present strong genetic diversity in
their adventive ranges. The propagule pressure resulting from
many introductions at multiple sites over time (Dray et al., 2006)
was clearly sufficient to establish multiple genetic lineages that
gene flow and human-vectored dispersal have thus far failed to
homogenize. The two principle metapopulations demarcated by
Florida’s two coasts and largely (but not exclusively) segregated
by the Everglades ecosystems that bisect them can now be
characterized by genetic as well as phenotypic traits (Wang and
Littell, 1983; Kaufman and Smouse, 2001; Dray, 2003). Recent
management efforts aimed at dramatically reducing the geo-
graphic distribution and reproductive potential of M. quinque-

nervia in Florida (Pratt et al., 2005) may help maintain the
isolation of these metapopulations by further restricting gene
flow. Finally, although the allelic diversity among M. quinque-

nervia populations in Florida concords well with other tropical,
long-lived, woody plant species, its recent invasion history has
contributed to a high genetic diversity that is more reminiscent of
pioneer species.
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