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Two  questions  were  asked  in  this  study:  after  a fire,  does  the  choice  of  invasive  plant  management
strategy,  namely  herbicidal  or  biological,  alter  (1)  plant  community  assemblages  and  (2)  the  re-invasion
potential  of the  Australian  tree  Melaleuca  quinquenervia? Plant  species  richness  was  highest  in the  non-
invaded  and  herbicide  sites  compared  to the  biological  site  with  10.5,  10.8,  and  8.25  species  m−2 found  in
each  site,  respectively.  Although  the  total  count  of  live  and  dead  seedlings  was  highest  in the  biologically
eywords:
ire
nvasion

anagement
elaleuca quinquenervia

controlled  site  at 22.8 and  13.6  plants  m−2, respectively,  M. quinquenervia  seedlings  were  recruited  in
all  sites.  While  the  ultimate  goal  of  management  programs  is  to  restore  ecosystem  integrity,  this  work
provides  evidence  that passive  restoration  may  not  be  enough  to  restore  plant  community  structure  in
this  system.

Published by Elsevier B.V.

ichness

. Introduction

Populations of invasive exotic plants reproduce quickly and
pread into new habitats causing substantial economic and envi-
onmental harm (Richardson et al., 2000). Herbicidal and biological
anagement programs in natural areas aim to reduce the size and

pread of invasive plant populations in order to reduce the harmful
cological effects and allow native plant communities to recover.
owever, the impact of various treatment methods on plant com-
unity structure and re-invasion potential of target species often

emain unexamined. Reid et al. (2009) found that, while biodi-
ersity conservation was a goal of 76% of the management plans
argeting Australian “Weeds of National Significance”, only 18 of
5 published papers reported on post-treatment plant community
tructure. Similarly, D’Antonio and Meyerson (2002) concluded
hat the development of monitoring programs is often overlooked

fter management, but is vital to restoration efforts as treatment
ay  actually facilitate the spread of invasive plants in disturbed

cosystems.

∗ Corresponding author. Present address: United States Fish and Wildlife Service,
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aul.Madeira@ars.usda.gov (P.T. Madeira), Danyelle.Fitzgerald@ars.usda.gov
D. Fitzgerald).

304-3770/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.aquabot.2011.08.004
The successful management of invasive species can be par-
ticularly difficult in natural areas that depend on disturbances
such as fire to maintain community structure and function. In
these systems, fire-adapted invasive species may  disproportionally
benefit from post-fire resource availability, increasing in cover-
age and abundance (Ehrenfeld, 2003; Hobbs and Huenneke, 1992;
D’Antonio and Vitousek, 1992). Keeley (2006) found that the
restoration of “natural” fire regimes in forests of the Western
United States may  increase the abundance of exotic plants with the
potential for ecosystem invasion. These species may  then further
complicate management programs by altering the basic patterns
and influence of fire in natural communities (Mack and D’Antonio,
1998; Brookes et al., 2004).

The Australian tree Melaleuca quinquenervia (Cav.) Blake, oth-
erwise known as the paper-bark tree, has successfully colonized
and invaded most of the freshwater ecosystems in South Florida,
including the fire-regulated Pinus elliottii Englem–Taxodium dis-
tichum (L.) L.C. Rich var. nutans (Ait.) Sweet ecotone forest (Myers,
1984). High concentrations of the essential oils found in this inva-
sive plant promote canopy fires which kill native vegetation and
trigger the massive release of its seed, resulting in the establish-
ment of widespread monotypic stands (Serbesoff-King, 2003). This
fire induced sequence was repeated for decades allowing M.  quin-
quenervia to colonize approximately 400,000 ha in the State of

Florida (LaRoche, 1998). Studies have shown that M.  quinquenervia
invasion can alter the abundance of native plant species, wildlife
habitats, and ecosystem nutrient storages (Serbesoff-King, 2003;
Martin et al., 2009).
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In the 1980s an integrated, interagency program was created
o suppress the plant using mechanical, chemical, and biologi-
al controls (Van Driesche et al., 2010). Two of the intentionally
ntroduced, specialized insect herbivores, Oxyops vitiosa Pascoe
Coleoptera: Curculionidae) and Boreioglycaspis melaleucae Moore
Hemiptera: Psyllidae) have been shown to reduce both the
rowth and reproductive capacities of M.  quinquenervia (Tipping
t al., 2008). Two additional species have recently been released
o information on their impact is unavailable. Both O. vitiosa
nd B. melaleucae have established and spread throughout South
lorida (Center et al., 2006; Tipping et al., 2008). Rayamajhi et al.
2009) reported that in addition to reducing the density and
anopy cover of M.  quinquenervia,  two biological control agents
esulted in a two to four fold increase in plant diversity in a
lorida forest. Limited information is available, however, on how
anagement programs interact with natural disturbances such

s fire to affect plant community structure in invaded land-
capes (D’Antonio and Meyerson, 2002; Denslow and D’Antonio,
005).

The objective of this work was to elucidate changes in plant com-
unity structure in a P. elliottii–T. distichum wetland forest after the

nvasion and subsequent management of M.  quinquenervia.  Two
uestions were asked in this study: after a fire, does the choice of

nvasive plant management strategy, namely herbicidal or biologi-
al, alter (1) plant community assemblages and (2) the re-invasion
otential of M.  quinquenervia?

.  Materials and methods

.1. Site description

The study sites are located in what was historically a mixed
. distichum–P. elliottii forest with a hardwood under-story in the
elle Meade Tract of the Picayune Strand State Forest in Col-

ier County, Florida. Invaded portions of this landscape are now
omprised of sparse populations of mature M.  quinquenervia trees
ith dense understories of saplings that can exceed densities of

00 plants m−2. A more detailed description of the study site is
vailable in Martin et al. (2010).

.2. Experimental design

In order to assure the proper assignment of treatment causal-
ty in experiments several fundamental assumptions must be met
ncluding the random assignment of treatments across exper-
mental units and treatment replication (Beyers, 1998). The

ost rigorous field studies utilize randomly assigned, repli-
ated experimental treatments. Often, however, land managers
anipulate natural areas to restore function, provide habitat, or
itigate anthropogenic disturbance without regard for experimen-

al design. As a result, large tracts of land are treated as needed
r as resources allow. The resulting landscapes are complex and
rovide a statistical challenge to empirical studies. Despite this,
valuating large-scale field treatments can provide unique oppor-
unities to gain insight on the outcomes of adaptive management
f ecosystems.

The current study evaluated the results of a multi-agency,
ntegrated management strategy that has taken place over the
ourse of several decades. As large tracts of the native forest
ecame infested with M.  quinquenervia,  the two biological con-
rol agents mentioned above were released: O. vitiosa in 1998

nd B. melaleucae in 2002. These two agents quickly spread and
ecame common throughout the entire landscape. Later, in 2003,

 limited amount of state funding became available to aerially
reat a single tract of reproductive M.  quinquenervia with the
any 95 (2011) 287– 291

herbicide Velpar® (Hexazinone, 3-cyclohexyl-6-(dimethylamino)-
1-methyl-1,3,5-triazine-2,4(1H,3H)-dione). The end result of these
two management strategies is a complex landscape of large, con-
tiguous, un-replicated blocks of native, invaded, and managed
vegetation. In early May  of 2007 the Great Balsa fire burned approx-
imately 8000 ha in southwest Florida and all of the field sites
described below. The fire was  unplanned so no direct measure-
ments were taken of fire intensity.

This study began after the fire, with the establishment of
twenty-five, 1 m2 plots (replicates) arranged five plots per transect
with five transects in each of three contiguous study sites (15 tran-
sects and 75 plots in total). The sites (treatment) sampled were: site
#1: reproductive M. quinquenervia managed with a herbicide appli-
cation in the summer of 2003 (hereafter referred to as “herbicide
site”), site #2: reproductive M. quinquenervia managed with the two
biological control agents (hereafter referred to as “biological control
site”), and site #3: native forest with no history of M. quinquenervia
invasion (hereafter referred to as “non-invaded site”).

The total number of plant species was  measured in each plot
(no. of 25 per site) on February 12–14, 2008. The percentage of
each species present was  calculated as the total count of live plants
divided by the total count of all plants in each m−2 plot, averaged
per site. The percentage of the Florida Exotic Plant Pest Council’s
(FLEPPC), Category I invasive plant species was calculated as the
total count of live M. quinquenervia and Panicum repens L. plants
divided by the total count of all plants in each m−2 plot averaged per
sites. Species richness in each site was the average total number of
species in each plot. Species diversity was derived from the number
of individuals of each species and was calculated using Simpson’s
Reciprocal Index (D−1), where D =

∑
(n × N−1)2, where n is the total

number of individuals of a particular species and where N is the
total number of individuals of all species. Additionally, four, 100 m2

plots were established between the five transects in each of the sites
and the total count of mature woody species was  measured in each
of these larger plots (no. of 4 per site) and averaged per site.

When possible, plants were identified to species level in the
field. Samples of unknown species were taken from outside the
plot and preserved for identification to genus level by the Uni-
versity of Florida Herbarium. Preserved samples of all species are
available at the United States Department of Agriculture, Agricul-
tural Research Service, Invasive Plant Research Laboratory in Fort
Lauderdale, Florida.

2.3. Statistical analyses

Diversity indices and species abundances were calculated as
a mean for each site. ANOVA and Tukey means separation tests
were used to detect any differences among the sites. Differences
are reported as significant for tests with p values ≤0.05. The per-
centages of M.  quinquenervia and FLEPPC Category I invasive plants
datasets varied from the normal distribution and were transformed
with square root(x) function. All statistical analyses were per-
formed using JMP  9 software (SAS Institute, NC, USA).

3. Results

Full models were run for the main effect of management strat-
egy/site (treatment). There were no consistent transect effects for
any of the measured variables. A total of 50 plant species were found
across the three study sites with 39 species in the non-invaded site,
37 in the biological control site, and 28 species in the herbicide site

(Supplementary item 1). There was  considerable overlap in species
between the biological control site and non-invaded sites with 74%
of all plant species found in both sites. The herbicide site had fewer
plants in common with the non-invaded site at 62%.
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Table  1
Diversity indices and the percentages of M. quinquenervia and Category I invasive plants (±S.E.) in the non-invaded, herbicide, and biologically controlled sites (lower case
letters  within columns indicate significant differences at P values ≤0.05).

Site Richness species (m−2) Simpson index (D−1) M.  quinquenervia (%) Category I (%)

Non-invaded 10.5 ± 0.65 a 4.55 ± 0.33 a 10.3 ± 1.82 b 10.5 ± 1.83 b
Herbicide 10.8 ± 0.57 a 2.54 ± 0.18 b 1.39 ± 0.30 c 1.50 ± 0.33 c
Biological control 8.25 ± 0.55 b 2.84 ± 0.28 b 23.4 ± 4.38 a 23.5 ± 4.38 a
P  0.007 <0.0001 <0.0001 <0.0001

Table 2
Woody species abundance (±S.E.) for the non-invaded, herbicide, and biologically controlled sites. All M.  quinquenervia individuals measured in the non-invaded site
germinated after the 2007 fire (lower case letters within columns indicate significant differences at P values ≤0.05).

Woody species abundance plants (m−2) Melaleuca quinquenervia Taxodium distichum Pinus elliottii

Live seedling (<15 cm)
Non-invaded 5.2 ± 0.93 b 0.20 ± 0.08 a 0.20 ± 0.13
Herbicide 2.58 ± 0.47 b 0.00 ± 0.00 b 0.04 ± 0.04
Biological control 22.8 ± 4.64 a 0.00 ± 0.00 b 0.25 ± 0.12
P <0.001 0.005 0.36

Dead  seedling (<15 cm)
Non-invaded 0.28 ± 0.15 b * *

Herbicide 0.00 ± 0.00 b * *

Biological control 13.6 ± 5.87 a * *

P 0.007
Mature (>15 cm)

Non-invaded 1.78 ± 0.98 0.53 ± 0.04 a 0.06 ± 0.01 a
Herbicide 2.27 ± 0.29 0.00 ± 0.00 c 0.00 ± 0.00 b
Biological control 3.79 ± 0.94 0.13 ± 0.01 b 0.003 ± 0.003 b
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P  0.24 

* No seedlings found.

Overall, the plant species richness was highest in the non-
nvaded and herbicide sites compared to the biological control
ite (Table 1). The Simpson’s diversity index was  highest in the
on-invaded compared to the herbicide and biological control
ites. Pluchea sp. 1 was  the most common plant in the herbicide,
on-invaded, and biological control sites comprising on average
5.9 ± 0.60, 13.3 ± 2.45, and 24.3 ± 4.34 percent of the total number
f plants counted in each m−2 plot, respectively.

The biological control site had the highest percentage of
. quinquenervia and FLEPPC Category I invasive plants, fol-

owed by the native and then the herbicide sites (Table 1). The
bundance of M.  quinquenervia live and dead seedlings was high-
st in the biological control compared to the non-invaded and
erbicide sites (Table 2). Out of the total number of M. quin-
uenervia seedlings (live + dead) measured in the biological control

 37% were dead followed by 5% in the non-invaded site and 0% in
he herbicide site. The non-invaded site had highest abundance of
. distichum and P. elliottii mature trees compared to the herbicide
nd biological control sites.

. Discussion

.1. Plant community structure

Approaches to restoring plant communities following manage-
ent programs for invasive species can run the gamet from passive

o active. The most passive approach relies on native plant commu-
ities recovering on their own, while more active methods involve
irected efforts like replanting natives. Selecting the best approach
epends on multiple factors including cost and the impact of the
anagement itself on the native plant community. However, there

as been little evaluation of the effects of these management pro-
rams on native community recovery in disturbed ecosystems.
In this study, the herbicidal and biological management of M.
uinquenervia resulted in lower levels of plant diversity after a fire
hen compared to an unmanaged, non-invaded site, although the
erbicide site contained levels of species richness comparable to
<0.001 <0.001

the non-invaded site. Despite this, the herbicide site shared only
64% of plant species in common with the non-invaded site and had
no T. distichum and fewer P. elliottii plants present. Similarly, Mason
and French (2007) found that despite significant post-treatment
reductions of Chrysanthemoides monilifera (L.) T. Nord., dune sys-
tems were unable to passively return to pre-invasion levels of
native plant diversity. They attributed this deficit to collateral dam-
age from aerial herbicide applications which prevented recovery
of dune communities. It is possible that the herbicide treatment
may  have further damaged remnant populations of native woody
species already weakened by the invasion of M.  quinquenervia.
Martin et al. (2010) found that the herbicidal treatment of M.
quinquenervia reduced the above- and below-ground storage of
nutrients compared to the non-invaded and biological control sites.
Such a fundamental ecosystem change may  result in decreased
native plant community productivity and stability over the long-
term.

Rayamajhi et al. (2009) found that as M.  quinquenervia popula-
tions in South Florida declined over an eight-year period because of
insect biological control, the abundance of native plants increased.
While no pre-treatment data existed for this study site, we antic-
ipate that damage from herbivores will likewise open the forest
canopy and eventually improve conditions for native plants in the
managed sites. While this study demonstrates how foundational
ecosystem components were affected by the management of inva-
sive plants in conjunction with a natural fire event, the challenges
involved in the statistical analysis of large-scale treatment designs
limit the extrapolation of these results without further experimen-
tation. Additional research in multiple sites under varied resource
conditions is needed to evaluate the consequences of the treat-
ment of M. quinquenervia on native plant community recruitment
and stability.
4.2. Plant community re-invasion

Arguably the effort to control M. quinquenervia in South Florida
has been one of the most successful integrated pest management
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rojects on record. Mechanical and chemical control programs
ave suppressed existing stands and biological agents have largely
liminated the invasive potential of existing M.  quinquenervia
opulations (Van Driesche et al., 2010). In this study, post-fire
ecruitment of M.  quinquenervia was highest in the biological
ontrol site compared to the non-invaded and herbicide sites.
his finding is not surprising considering that before the fire
he biologically controlled site was dominated by reproductively

ature M.  quinquenervia trees. It should be noted, however,
hat all of the rates of M.  quinquenervia re-invasion after this
007 fire were significantly lower than experienced after a 1998
re that took place in the same area. After the 1998 fire, 591
. quinquenervia seedlings m−2 were recruited in the invaded

ites (Tipping et al., unpublished data) compared to the 22.8
eedlings in this study. The lower recruitment rates in all sites
re most likely the result of herbivory from the aforementioned
iological agents, which have been shown to reduce the seed
roduction of M.  quinquenervia trees by 99% (Tipping et al.,
008).

Although Pluchea sp. 1 was the most common plant found,
here was no difference in percentage of this species and
ercentage of M.  quinquenervia seedlings present in the non-

nvaded and biologically controlled sites. The M.  quinquenervia
eedling in these two sites, however, experienced a higher
evel of seedling mortality compared to the herbicide site.
he higher mortality levels observed in the biologically con-
rolled and non-invaded sites are most likely the result of
ttack from the biological control agents and shading effects
rom the re-growth of trees that survived the fire. Additional
ork is needed to investigate how integrated management
rograms will affect existing populations of M.  quinquen-
rvia considering future disturbances and the ecosystem-level
hanges caused by past management activities. Management-
nduced alterations in soil resources could prevent the re-
stablishment of native plant communities and further promote
he lower level of species diversity measured in the herbicide
ite.

In addition to the challenges of restoring diversity to levels com-
arable to non-invaded areas, controlling one species often leads to

nvasion by other species. Ogden and Rejmanek (2005) found that,
lthough the use of fire and herbicides did significantly decrease the
over of the invasive fennel Foeniculum vulgare Mill., it was replaced
y exotic Mediterranean annual grasses. Riparian systems invaded
y Impatiens glandulifera Royle showed an overall increase in plant

nvasions after management (Hulme and Bremner, 2006). Similarly,
opulations of exotic grasses were replaced after treatment by the
xotic forb Erodium L’Hér. ex Aiton in coastal sage scrub ecosystems
Cox and Allen, 2008).

In 2009 the FLEPPC released a list of 73 Category I inva-
ive plants found in Florida (FLEPPC, 2011). The Category I
esignation indicates that these species are “[i]nvasive exotics
hat. . .[alter] native plant communities by displacing native
pecies, changing community structures or ecological functions,
r hybridizing with natives.” Two Category I species were found
n the three study sites, M.  quinquenervia and P. repens.  The
nvasive grass P. repens or torpedo grass is a serious pest in
he State of Florida and may  eventually out-compete natives in
hese sites (David, 1999). The potential for re-invasion follow-
ng management reveals a need for a more active management
pproach that considers site specific environmental conditions
Bay and Sher, 2008; MacDougall and Turkington, 2007). Such
nalyses should include both above- and belowground alter-

tions to ecosystem function caused by exotics and the tactics
sed to manage them. While the ultimate goal of manage-
ent programs is to restore ecosystem integrity, this work

as shown that passive restoration after management may
any 95 (2011) 287– 291

not be enough to restore plant community structure in these
systems.
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