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The population dynamics of Melaleuca quinquenervia were monitored over a 5-year period in a cypress-
pine wetland while subjected to two levels of herbivory. The trees had been recruited during 1998–1999
after a destructive crown fire. Half of 26 experimental plots were sprayed every 4–6 weeks with an insec-
ticide to reduce herbivory by the biological control agents Oxyops vitiosa and Boreioglycaspis melaleucae.
After only 1-year melaleuca density increased by 26% in sprayed plots and by 7% in unsprayed plots.
However, over the entire 5-year period melaleuca density increased in sprayed plots by 0.1% while
decreasing by 47.9% in unsprayed plots when compared to initial densities. Annual mortality of melaleu-
ca never exceeded 6% in any year in sprayed plots but ranged from 11% to 25% in unsprayed plots. There
was a significant year by treatment interaction indicating the importance of the environment on tree
mortality. Limited seed production occurred on sprayed trees but never on unsprayed trees. Mean tree
height increased by 19.6% in sprayed plots while declining by 30.6% in unsprayed plots. Coverage by
native vegetation did not increase with decreasing melaleuca density. This is the first study with controls
that quantifies the population level regulation of melaleuca by introduced biological control agents and
corroborates other correlative studies that documented significant changes in melaleuca communities
after the introduction and establishment of biological control agents.

Published by Elsevier Inc.
1. Introduction

Exotic plant species which successfully invade and dominate
ecosystems cause a multitude of environmental and economic
problems (Vitousek, 1990). These include modifying geomorphol-
ogy ( Graf, 1978; Blackburn et al., 1982), hydrology ( Mueller-
Dombois, 1973), nutrient cycles and productivity (Harcombe et
al., 1993; Garcia-Moneil and Binkley, 1998), disturbance regimes
(Mack and D’Antonio, 1998), and biodiversity (Schooler et al.,
2006). The mechanisms whereby species become invasive are
debatable and include the role of intrinsic biological characters
(Daehler, 1998; Rejmánek, 1996), relative ecosystem resistance
( Myers, 1983; Pimm, 1989; Rejmánek, 1989), frequencies of
introductions (Rejmánek, 2000), and the release of the invaders
from growth and reproduction constraints imposed by natural
enemies that existed in their native range (Keane and Crawley,
2002).
Inc.

Tipping).
The sheer scale or locations of many infestations often pre-
cludes labor intensive control methods, such as cutting or pulling,
and makes herbicides the most practical technique. However, con-
cerns over side effects of herbicides limits their use in some areas.
Classical biological control provides an alternative control method
which can be integrated with other methods or used alone. This
procedure aims to reunite invading plant species with host specific
natural enemies so as to restore some level of top-down regulation,
thereby preventing or restraining the invasive species from domi-
nating plant communities. The goal is the sustainable suppression
of the invasive species, leading eventually to the passive or active
rehabilitation of degraded ecosystems (Huffaker, 1951).

Evaluating the impact of biological control beyond the scale of
the individual plant is uncommon because of the difficulty in
maintaining experimental controls in the face of agent dispersal
and funding the cost of longer term, community level, post-release
evaluation studies. Our objective was to evaluate the impacts of
two introduced biological control agents on the population level
dynamics of a large cohort of Melaleuca quinquenveria (Cav.) S.T.
Blake (hereafter ‘‘melaleuca”) under field conditions while main-
taining experimental controls over a 5-year period.
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2. Materials and methods

2.1. The target weed

Melaleuca is an Australian tree which reached 25–30 m in
height in Florida prior to the deployment of biological control
agents (Rayachhetry et al., 2002). It originates from coastal areas
of eastern Australia (11–34�S), southern New Guinea, and New Cal-
edonia where it occurs typically along freshwater streams and
swamps (Boland et al., 1987). The plant was introduced into south-
ern Florida in 1886 (Dray et al., 2006) and by 1994 had infested
about 0.61 million ha (Bodle et al., 1994).

Reproductive melaleuca exhibits serotiny where seeds are held
in sessile capsules that are arranged in clusters of 30–70 capsules
with a 21 m tall tree holding up to 9 million viable seeds (Rayachh-
etry et al., 2002). Constant propagule pressure via a continuous
seed rain from the canopy has facilitated the extensive recruitment
of melaleuca into native plant communities. Woodall (1982) esti-
mated the weekly seed rain at 2260 seeds m�2. However, the rate
and intensity of melaleuca invasion accelerates following distur-
bances, especially fires which reduce interspecific competition by
disproportionately damaging native plants and improving the
seedbed with a layer of higher nutrient ash. Fire damage to melal-
euca branches interrupts vascular activity causing seed capsules to
dehisce and synchronously release seeds (Rayachhetry et al., 2002).
The result is high density recruitment of melaleuca seedlings
which grow rapidly, and replace the native community with a
virtual monoculture of melaleuca (Van et al., 2002). Succession in
communities invaded by melaleuca has been unidirectional and
rapid, leading to melaleuca domination of every freshwater plant
community in southern Florida (Bodle et al., 1994).

2.2. Biological control agents

Two insects have been released and established on melaleuca:
Oxyops vitiosa Pascoe (Coleoptera: Curculionidae) in 1997 and
Boreioglycaspis melaleucae Moore (Homoptera: Psyllidae) in 2002.
Both species were tested thoroughly prior to their release in order
to determine their physiological host ranges (Balciunas et al., 1994;
Wineriter et al., 2003).

Adult O. vitiosa feed on buds and leaves while the larvae prefer
newly flushing leaves (Balciunas et al., 1994). The larvae cause
most of the damage by consuming the leaf tissue through to the
opposite cuticle, thereby creating characteristic elongate win-
dow-like blemishes (Purcell and Balciunas, 1994). Larvae become
coated with a thick viscous coating derived from the plant which
provides a potent anti-predator defense (Wheeler et al., 2002).
Pupation occurs in the soil, a factor which constrains the insect
in permanently inundated areas (Center et al., 2000). This species
is now established throughout southern Florida (P.W.T. personal
observation).

Adults and nymphs of B. melaleucae are phloem feeders and
complete their life cycle on the plant. Third through fifth instar
nymphs secrete a white, waxy flocculence which may repel preda-
tors and, or, conserve moisture (Purcell et al., 1997; Wineriter
et al., 2003). This species is also now established and occurs
throughout the range of melaleuca in Florida (Center et al., 2006).

2.3. Study site

Experimental plots were located in a 19 ha section of the Belle
Meade Tract (ca. 6700 ha) within the Picayune State Forest
(29,000 ha) located near Naples, Florida. This area consists of
nearly-level, poorly-drained, low-fertility soils which are loamy,
siliceous, hyperthermic Arenic Glassoqualfs. The top 5 cm of soil
in the plots contained 4.1% organic matter, 18.5 mg g�1 carbon,
0.8 mg g�1 nitrogen, and 18.1 lg g�1 phosphorus with a pH of 5.3
(Martin, unpublished data). This area is inundated each year typi-
cally from June through January to a maximum depth of 60 cm
(Tipping, unpublished data).

The Belle Meade tract within the Forest is comprised of cypress
strands, wet prairies, and pine flatwood communities which
predominate in lowland sloughs while subtropical hardwood ham-
mocks dominant upland ridges. Important native species include
slash pine (Pinus elliotii var. densa Little and Dorman), pond cypress
(Taxodium ascendens Brongn.), cabbage palm (Sabal palmetto
[Walt.] Lodd. ex. J.S. Schult. and J.H. Schult.), saw palmetto (Serenoa
repens [Bartr.] Small), waxmyrtle (Myrica cerifera L.), and sawgrass
(Cladium jamaicensis Crantz).

Melaleuca has invaded this area over the years and replaced
many of the native communities with large monocultures of vari-
ous-aged trees, a process expedited by several successive canopy
fires. A large fire in 1998 resulted in a major recruitment event
where seedling densities exceeded 1000 m�2 (Center, unpublished
data) and formed the cohort of plants on which we based our
research to evaluate the impact of the introduced biological control
insects on melaleuca population dynamics.

2.4. Experimental design

Four permanent transects were established in March 2002 radi-
ating out in cardinal directions from a central location. Pairs of
9 m2 plots, separated by at least 10 m, were demarcated at the
central location and at 30, 60, and 100 m intervals in each direction
(n = 26). There were no obvious environmental gradients along any
combination of direction and distance from the center. The configu-
ration of the transects was chosen initially to assess the establish-
ment and spread of B. melaleucae. However, because the insect
quickly spread beyond the limits of the transects, the plots were used
to assess the impact of the introduced agents (Center et al., 2006).

Two herbivory treatments were assigned randomly to each pair
of plots: (1) an insecticide control where herbivory by O. vitiosa
and B. melaleucae was impeded by foliar applications of acephate
(OS—dimethyl acetylphosphor-amidothiote), and (2) a biological
control treatment where the trees were not sprayed and there
were no constraints on herbivory. A concentration of 0.367% ai
(v/v) acephate was applied to all plant foliage until runoff every
4–6 weeks during 2003 through 2007 using a hand pressurized
backpack sprayer.

2.5. Insecticide selection

No one method of excluding insect herbivores from plants is
exempt from potential artifacts (Adair and Holtkamp, 1999). Using
insecticides usually requires an extensive commitment of resources
because of the need to constantly retreat the plants, especially in a
subtropical environment that lacks a dormant period over winter.
Applicator safety and the safe disposal of containers must be con-
sidered. Results may be confounded where several species of herbi-
vores are present (Crawley, 1989). However, the herbivorous insect
fauna on exotic invasive weeds is often depauperate, with the
released agents the only specialist herbivores present (Agrawal et
al., 2005; Carpenter and Cappuccino, 2005; Vilà et al., 2005; Wolfe,
2002). Costello et al. (2003) witnessed only a few generalist insect
herbivores feeding on melaleuca in Florida whereas Balciunas
et al. (1995) listed 409 invertebrate herbivores attacking melaleuca
in Australia.

We chose acephate, a broad spectrum organophosphate insecti-
cide, because it has low mammalian toxicity and an antidote is
readily available (Crisp and Look, 1982; Singh, 1984; Behera
and Bhunya, 1989). At the selected application concentration and
frequencies, acephate neither inhibits nor stimulates melaleuca
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growth (Tipping and Center, 2002) while effectively controlling
both species of biological control agents (Tipping et al., 2008). Ace-
phate is systemic and is ingested by the phloem feeding B. melaleu-
cae which would otherwise be protected within closed terminal
leaf clusters. Bouchard and Lavy (1982) reported that less than
25% of acephate remained on the leaf surface 24 h after application.

Acephate has a half life of <3 d and 6 d in aerobic and anaerobic
soils, respectively (Thomson, 1982). Aerial application of acephate
on snap beans and associated weeds did not increase honey-bee
mortality (Erickson et al., 1994). Repeated soil applications of ace-
phate did not reduce nitrification, sulfur oxidation, respiration
rates, or population levels of actinomycetes, bacteria, and fungi
(Focht and Joseph, 1974). It’s unlikely that applications of acephate
would have a significant fertilizing effect since each molecule
contains a single atom of N which, when applied at the rates in this
study, would add only 13.6 mg N m�2 year�1 to treated plots.
Sprays were directed at foliage and, therefore, drift to soils was
minimized. Watering effects were also negligible since foliage
received ca 28 ml m�2 of water and insecticide every 4–6 weeks,
a trivial amount compared to the normal rainfall amounts and
periodically flooded conditions that prevailed at the site.

One concern with acephate is its solubility in water which in-
creases its potential mobility in soils, especially those low in silt
and clay components (Sanchez-Camazano et al., 1993). Acephate
moves more readily in moist soil conditions than dry ( Suzuki,
2000). However, Yen et al. (2000) found that the soil mobility of
acephate was slower than expected and predicted it would not lead
to contamination of groundwater under normal agricultural opera-
tions in subtropical areas where much higher amounts of the insec-
ticide were applied than in this study. Our sites were inundated for
at least 6 months each year so the impact of acephate on aquatic
organisms was also a consideration. Geen et al. (1981) concluded
that impacts of acephate on aquatic fauna and sediment were
limited and localized after making controlled releases of acephate
in a stream. Although acephate was rapidly taken up by fish, sedi-
ments, insect nymphs, and larvae, no mortality was observed and
acephate residues in animals and sediments declined to trace or
non-detectable levels after 24 h (Geen et al., 1981).

2.6. Evaluation of treatments

Plots were monitored annually during February when the
following measurements were made in a permanent 1 m2 subplot
located in the center of each plot: number and height of live mel-
aleuca trees, number of capsule clusters, percent cover of non-mel-
aleuca vegetation, the number of dead melaleuca trees and leaf
damage using the rating of Tipping et al. (2008). To estimate levels
of control achieved, the number of O. vitosa larvae and B. melaleu-
cae colonies were counted in the plots before herbicide treatments
commenced in 2003 and again after the last treatment in 2004.

Saplings were considered dead if they had no leaves and stems
broke off at the soil surface with minimal pressure. The height of
plants was recorded by measuring from the soil surface to the tall-
est portion of the plant with live buds or leaves on the first 10
plants located along a haphazardly chosen diagonal transect within
the central subplot.

Two observers visually estimated the percentage cover of all
non-melaleuca plants within each subplot starting in 2004. Species
which were present included Cladium jamaicense (Crantz), Drosera
brevifolia Pursh, Agalinis purpurea (L.) Pennell, Viola lanceolata L.,
Xyris sp., Cyperus retrorsus Chapman, Dichromena latifolia Baldwin
ex Elliott, Andropogon glomeratus (Walt.) Britton, Stern and Poggen-
burg, Lachnocaulon anceps (Walt.) Morong, Hypericum sp., Utricu-
laria cornuta Michaux, and several unidentified grasses.

In 2006 and 2007, leaf residue was collected on the ground from
the central subplot in six plots from each treatment (n = 12). Samples
were bulked within plots and recognizable leaf litter was separated
into component species, namely melaleuca, P. elliotii, M. cerifera, and
T. ascendens, dried at 70 �C and weighed.

Data on plant parameters were analyzed using analysis of
covariance for repeated measures (SAS, 2003). Initial measure-
ments of plant variables served as the covariate. Treatment means
for leaf residue were separated using t-tests. Linear regression was
used to examine the effects of treatments and duration on plant
height. The capsule cluster data were not distributed normally
and consisted of many zero values. In order to determine the
effects of the herbivore treatment on seed production, the numbers
of capsule clusters per subplot were converted to a binary response
variable and analyzed with logistic regression (PROC GENMOD)
with repeated measures (Allison, 1999).
3. Results

Melaleuca populations responded negatively to herbivory from
biological control agents over the 5-year period of this study. Dam-
age from herbivory was higher in unsprayed plots (F1,18 = 145.6,
P < 0.0001) with a mean (±SE) rating of 4.1 ± 0.1 compared to
1.7 ± 0.1 for sprayed plots, confirming the efficacy of the insecti-
cide. The rating of 4 corresponds to 75–99% of the suitable leaves
on a plant being damaged (Tipping et al., 2008). Damage ratings
were unobtainable in 2003, 2005, and 2006 because frosts ‘burned’
the foliage and obscured the herbivore damage. There was no
effect of year (F1,18, = 3.07, P = 0.09) but there was a year by treat-
ment interaction (F1,18, = 12.49, P = 0.002) indicating the impor-
tance of the environment on this variable.

The pre- and post-spray assessments of insect control showed
that there were fewer O. vitiosa larvae (F1,18 = 3.7, P = 0.06) and
B. melaleucae nymphs (F1,18 = 10.5, P = 0.004) on sprayed trees.
Tipping et al. (2008) found that B. melaleucae nymphs were dispro-
portionately suppressed by acephate as compared to O. vitiosa which
often recolonized trees within a few weeks after a spray. In this
study, densities of B. melaleucae colonies decreased 98.9 ± 0.8% on
sprayed trees and increased of 49.9 ± 46.4% on unsprayed trees.
The response of O. vitiosa varied by life stage where densities of
young larvae (instars 1–3) increased 19.0 ± 6.3%, old larvae (instars
4–5) decreased 54.9 ± 14.0%, and adults increased 58.6 ± 21.1% on
sprayed trees. This phenomenon was observed by Tipping et al.
(2008) where a lower proportion of older larvae was the only demo-
graphic difference between O. vitiosa densities on sprayed and
unsprayed trees. They concluded that feeding by older, larger larvae
had the greatest impact on melaleuca growth and reproduction.
Although the data were highly variable, the density of older larvae
were significantly suppressed by the insecticide treatment
(F1,18 = 7.99, P = 0.01).

Tree mortality was always greater in unsprayed plots
(F1,18 = 54.1, P < 0.0001) with an annual mean (±SE) of 12.9 ± 1.5%
compared with 2.7 ± 0.3% in sprayed plots (Fig. 1). However, the
influence of year (F3,54 = 6.4, P = 0.0008) and the interaction of year
with treatment (F3,54 = 7.6, P = 0.0002) indicated the importance of
abiotic factors, most likely moisture and temperature.

Initial tree density declined in unsprayed plots but not in
sprayed plots (Fig. 2). The downward trend in tree density after
2004 in sprayed plots may be the result of self thinning. However,
after 5 years tree density remained largely unchanged in sprayed
plots (0.1 ± 0.4%) while decreasing 47.9 ± 5.0% in unsprayed plots
when compared to initial densities (Fig. 2).

Plant height decreased 29.9 ± 4.7% in unsprayed plots and in-
creased 20.3 ± 6.4% in sprayed plots (F1,18 = 370.3, P < 0.0001) over
the course of the study (Fig. 3). Unprotected saplings decreased in
height as the apical portions died back, primarily as a result of her-
bivory, and secondarily from abiotic factors such as frost. The rate



Fig. 1. Mean mortality m�2 of M. quinquenervia in unsprayed and sprayed plots
from 2004 to 2007. Error bars are one standard error of the mean.

Fig. 2. Percent change in initial densities m�2 of M. quinquenervia in unsprayed and
sprayed plots from 2004 to 2007. Error bars are one standard error of the mean.
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of increase in plant height in sprayed plots was also probably
inhibited by occasional frosts. These environmental effects were
reflected by significant year (F3,54 = 9.5, P < 0.0001) and year by
herbivory (F3,54 = 15.6, P < 0.0001) interactions.

Seed capsule clusters did not appear on trees in sprayed plots
until 2005 and were never found in unsprayed plots (v2 = 18.5,
Fig. 3. Mean plant heights of M. quinquenervia in unsprayed and sprayed plots from
2004 to 2007. Error bars are one standard error of the mean.
P 6 0.0001). The relatively low numbers of seed capsules in
sprayed plots may be attributable to the cumulative O. vitiosa dam-
age inflicted on the trees from 1998 through 2002, prior to the
applications of insecticides.

The percentage of the plots covered by other plants was not
related to melaleuca density or height. Vegetative cover by native
species was influenced by year (F3,54 = 5.9, P = 0.001) and the inter-
action of year with herbivory (F3,54 = 3.2, P = 0.02) but not herbiv-
ory alone (F1,18, = 0.1, P = 0.9). Native species cover declined
steadily in unsprayed plots, mirroring the decline in melaleuca
(Fig. 4). However, in sprayed plots, coverage by natives declined
only from 2004 to 2005 then appeared to stabilize and increase
from 2006 to 2007 (Fig. 4). Although not quantified, many of the
unsprayed plots in 2006 and 2007 consisted primarily of open
areas with exposed mineral soil with little or no organic matter.
These exposed open areas remained largely devoid of plants de-
spite the dramatic declines in melaleuca density, primarily because
of a lack of litterfall from heavily damaged plants (Table 1).

4. Discussion

Significant biological suppression of melaleuca is occurring at
this site on a population scale. Plants of this age would have grown
much taller and produced a large quantity of seeds prior to the
release of biological control agents. Tipping et al. (2008) found that
growth rates in individual attacked trees were 10% of protected
trees and that seed production was reduced by greater than 98%,
primarily because of feeding by O. vitiosa. Reproductive suppres-
sion was complete at the population level probably because sap-
lings were attacked soon after recruitment and for up to 6 years,
indicating the need to consider the age of melaleuca when first
exposed to herbivory when evaluating the impact of biological
control. For example, older and larger, pre-biological control trees
at this site still produce seed capsules regularly. Biological control
impacts on the seed banks of these larger trees are uncertain but
currently recruitment of seedlings within their seed shadows is
uncommon. This may reflect an overall decline in their seed banks
as evidenced by lower monthly seed rain (Tipping, unpublished
data).

Overall, the invasion of melaleuca into the area by this 1998
cohort has been effectively checked and even reversed with respect
to density, biomass, and seed production. This study supports
results from correlative research by Rayamajhi (unpublished data)
who documented similar changes in older melaleuca populations.
Fig. 4. Mean percentage of ground coverage m�2 by native plant species in
unsprayed and sprayed plots from 2004 to 2007. Error bars are one standard error
of the mean.



Table 1
Mean (±SE) dry weight biomass of leaf residues on the soil surface in unsprayed and
sprayed plots during 2006 and 2007

Treatment Leaf residue g m�2

2006 2007

Unsprayed 19.7 ± 9.7 14.9 ± 4.6
Sprayed 101.0 ± 13.3 63.9 ± 15.5
t �4.77** 2.82*

* P = 0.01.
** P < 0.001.
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The influence of perturbations on recruitment remains unan-
swered and may depend on the degree of reduction to the canopy
seed bank since the introduction of biological control. Significant
reductions in the seed bank should minimize melaleuca invasive
potential even with perturbations such as fires. In addition, any
seedlings recruited after disturbances would now face continuous
herbivory from the established insects.

Despite the decline in melaleuca populations from herbivory,
there was no significant recolonization of areas by natives as open
sites appeared. However, Rayamajhi (unpublished data) found in-
creases in native plant diversity and abundance following herbi-
vore mediated declines in older melaleuca growing in wetter,
higher organic soils. The reason(s) for the lack of recolonization
at Belle Meade await further study but could be related to de-
graded nutrient availability of microsites, insecticide effects on
herbivores of native plants which promoted them even in the face
of melaleuca competition, distances from reproducing native com-
munities, soil moisture losses from evaporation due to the lack of a
litter layer, and unknown legacy effects of melaleuca. These results
may indicate a need for a longer time scales in order to detect
changes in plant communities or perhaps a need for more active
restoration efforts that include replanting of native vegetation.
Unfortunately, continuing this study will not be possible because
the entire area was burned again in a large fire in March 2007.

The role of insect herbivores in structuring plant communities
remains an open question in natural systems ( McEvoy, 2002).
However, as more and more ‘‘natural” systems acquire exotics,
classical weed biological control offers a sustainable alternative
to mechanical and chemical programs. Most post-release evalua-
tions of biological control programs are correlative in nature and,
while often compelling, remain open to misinterpretation because
of the lack of experimental control treatments. This study provides
conclusive evidence that classical biological control is providing
sustainable suppression of melaleuca at a population scale and cor-
roborates other correlative research on this topic. It also highlights
the need to prioritize and budget long term evaluation components
for each biological control project in order to measure progress and
quantify success. The design of the evaluation will necessarily
differ by project and system but establishing and maintaining true
experimental controls, where possible, often provides the most
dramatic and irrefutable evidence of efficacy.
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