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a b s t r a c t

Multiple insects are commonly introduced as biological control agents to reduce the performance of
invasive plants. Little is known about the species-specific contributions of co-existing agents, and about
the effects of insect density on the control of invasive plants. Several agents are expected to strengthen
the control. The effects of insect type, density, and soil type on seedling survival and growth of the
invasive tree Melaleuca quinquenervia were investigated in Florida. The biological control agents are
Oxyops vitiosa (weevil) and Boreioglycaspis melaleucae (psyllid). A three-way factorial shade-house
experiment was conducted, manipulating weevil density (zero/low/high), psyllid density (zero/low/high),
and soil type (organic/sandy). Only high densities of one or both insects combined consistently reduced
plant survival or growth; low densities did not. Overall, psyllids had stronger effects than weevils and for
some performance parameters, the effects of one insect depended not only on its density but also on the
density of the other insect. Interaction effects between insects were sometimes positive (i.e. seedling
survival was lowest when both insects were in high densities). In other cases, high densities of only
one agent were enough to reduce plant growth. Plants perform better on organic soils than on sandy soils.
Weevils were more effective in reducing biomass on organic soils, while psyllids were more effective in
reducing survival on sandy soils. Seedlings compensated for damage by producing more leaves, with the
highest standing leaf crop at intermediate insect densities. These results show that the effectiveness of
biological control on M. quinquenervia seedlings varies with insect species and depends upon insect
density and soil type.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Biological control is the use of natural enemies to reduce the
density and spread of invasive species (McFadyen, 1998), and it
can be an effective method of suppressing invasive plants
(Huffaker and Kennett, 1959; Osmond and Monro, 1981; Moran
and Zimmermann, 1984). Biological control programs generally
employ multiple species of natural enemies to control a single
target pest. Quantifying species-specific contributions to the
control of an invasive plant can be difficult when multiple co-exist-
ing agents have been introduced (McEvoy and Coombs, 1999a). A
review of 26 biological control programs reported that control
was attributable to only one agent in 81% of the case studies
(Myers, 1985). However, other studies have reported that the
cumulative effects of several agents were needed to control weeds
(Schroeder and Goeden, 1986; Denoth et al., 2002; Milbrath and
Nechols, 2004). Considering that the introduction of natural
enemies is costly, time-consuming (McEvoy and Coombs,
1999a,b), and potentially risky (Simberloff and Stiling, 1996; Louda

et al., 1997, 2003), evaluating the relative contributions of already-
established agents prior to introducing additional natural enemies
is useful to managers. Of particular interest is to determine whether
the introduced natural enemies affect life stages or demographic
processes (survival, growth, and reproduction) that result in
marked reductions in population growth (Shea and Kelly, 1998;
Buckley et al., 2004; Davis et al., 2006; Ramula and Buckley, 2008).

Two insects, native to Australia, have been introduced as
biological control agents of Melaleuca quinquenervia Cav. Blake
(Myrtaceae), a tree that is native to Australia but invasive in
subtropical southern Florida. The insects are: the leaf-eating weevil
Oxyops vitiosa Pascoe (Coleoptera: Curculionidae) and the
sap-sucker psyllid Boreioglycaspis melaleucae Moore (Homoptera:
Psyllidae). The weevil, O. vitiosa, was released in southern Florida
in 1997 (Wineriter and Buckingham, 1997; Center et al., 2000).
Larvae and adults feed on the newly developed foliage and
expanding leaves at branch apices, producing paper-thin feeding
trails (by larvae) and window-like feeding scars (by adults) (Pratt
et al., 2004b). Weevils have four larval stages, and all of them are
found on the plant. Since weevils pupate in the soil, their
abundance is limited in permanently inundated areas (Center et al.,
2000). Larval densities in Florida are highest during late fall and
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winter, and lowest in spring and summer, unless fresh leaf tissue is
available (Pratt et al., 2004b). Adults are present throughout the year.

The psyllid, B. melaleucae, was released in southern Florida in
2002. Both nymphs and adults feed on sap from leaves and stems
by inserting their stylets into the phloem. Most damage, however,
is attributed to nymphs, which feed on tender, expanding buds and
leaves, as well as mature foliage (Purcell et al., 1997; Pratt et al.,
2004a). Psyllids cause leaf desiccation, curling, discoloration,
premature leaf senescence, and ultimately defoliation (Morath
et al., 2006). Psyllids have five nymphal instars. First instars are
mobile but later stages are sessile and congregate on leaves or stems
(Pratt et al., 2004a). Psyllid nymphs produce a white waxy
flocculence that covers them, making it difficult to quantify density
in the field, particularly on large adult trees. Psyllids are common on
M. quinquenervia throughout the year, although the densities are
highest from late fall through spring, before the start of the rainy
season, which occurs in the summer in southern Florida.

Damage to M. quinquenervia by weevils and psyllids has been
quantified in the field since their introduction. Herbivory on
mature trees by weevils increased from 5% of leaves in 1999 to
45% of leaves in 2005 (Rayamajhi et al., 2006). Trees may compen-
sate for weevil damage by replacing leaf-bearing branches that are
attacked (Pratt et al., 2005; Silvers et al., 2008). However, Pratt
et al. (2005) compared the incidence of inflorescence and
capsule production between weevil-damaged and undamaged
M. quinquenervia stands during spring 2000, and found that the
probability of producing inflorescences/new capsules was 36 times
higher in undamaged versus damaged trees. Damaged trees had
80% and 54% fewer inflorescences and capsules, respectively, than
undamaged trees (Pratt et al., 2005). Center et al. (2007) observed
psyllid damage on 43% of surveyed coppices in 2003 with between
50% and 85% of the leaves being damaged on affected coppices.
Sustained damage by psyllids in abundance (>15 per plant for
>35 d) caused a reduction in the height of seedlings (Center
et al., 2007). However, psyllid-damaged seedlings compensate for
herbivory by increasing lateral leaf production (Center et al.,
2007). Melaleuca quinquenervia stands (individuals 1–33 cm diam-
eter at 1.3 m height) with high levels of damage by both insects
experience significant reduction (12%) in aboveground biomass
(Rayamajhi et al., 2008). Insecticidal exclusion experiments
revealed that weevils and psyllids together reduced growth rates,
biomass, number of capsules, and seed production (Tipping et al.,
2008; Franks et al., 2008a,b).

Although the effects of insect damage on survival and
performance of M. quinquenervia have been studied in the field,
the effects of different densities of each insect and the interaction
between the insects have not been investigated under controlled
combinations. Both insects have become widely naturalized
throughout southern Florida (Center et al., 2000, 2006; Pratt
et al., 2003), thus making it difficult to independently estimate
the effects of either species under natural conditions (Rayamajhi
et al., 2006; Tipping et al., 2008, 2009). One previous experimental
field study (Franks et al., 2006) examined the effects of combina-
tions of psyllids and weevils by manipulating the density of
psyllids but not of weevils. At the time the study was conducted,
weevils had only been observed to occur at the low rate of one
larva per seedling (Wheeler, 2003; Franks et al., 2006). This study
reported that: (1) high densities of psyllids (P15 nymphs per
seedling) were required to reduce seedling survival, growth, and
biomass; (2) weevils did not reduce survival, growth, and biomass
of seedlings; and (3) the psyllids and weevils did not interact in
their effects on seedlings. What remains unclear after this study
is whether weevils might have a significant effect at higher
densities than the density assayed. In recent years, up to three
weevil larvae per seedling have been frequently observed in
naturalized populations (L. Sevillano, personal observations).

Understanding the effects of multiple species and densities of
herbivores on plant fitness is important both conceptually, in the
framework of plant–insect interactions, and for management. The
two insects introduced as biological control agents against
M. quinquenervia have different feeding modes that may differen-
tially affect plant survival and growth. Predicting which type of
herbivore is most injurious is not easy. Damage inflicted by one
herbivore may influence the vulnerability of plants being attacked
by the other herbivore (Pilson, 1992; Karban and Baldwin, 1997).
Multiple species of herbivores attacking a plant simultaneously
can have additive or multiplicative effects on plant fitness (Strauss,
1991), but interaction effects between herbivores in general have
rarely been investigated (but see Meyer, 1993). From a manage-
ment perspective, multiplicative effects of biological control agents
would be most effective in controlling invasive plants, provided the
interaction is facilitative rather than interferential.

Plant response to herbivory may depend not only on the identity
of the herbivore, but also on its density. Higher densities are
expected to have a greater impact on plant fitness (Louda, 1982),
although Meyer (1993) showed that a few individuals of one type of
herbivore (spittlebugs) had a greater impact on plant fitness of
goldenrod (Solidago altissima), than did hundreds of aphids or
several leaf-beetle larvae. Insect density might determine the strength
and extent of the impacts of herbivory on plant fitness. From a
management perspective, knowing whether insect density influences
control is relevant considering the economic and possible ecological
implications of introducing biocontrol agents (Louda et al., 1997).

The resilience of plants to herbivore-caused damage might also
depend on the resources available after damage (Coley et al., 1985;
Meyer and Root, 1993; Strauss and Agrawal, 1999; Hawkes and
Sullivan, 2001). For example, according to the Resource Availability
Hypothesis (Coley et al., 1985), plants in resource-abundant
environments are expected to grow fast and easily replace lost
tissues due to herbivory, while plants in resource-limited
environments might be less able to replace lost tissue, and thus
to allocate more resources to anti-herbivore defenses. Naturalized
populations of M. quinquenervia in southern Florida inhabit sites
with two different kinds of soil, nutrient-rich organic and nutri-
ent-poor sandy soils. Plants growing in these two soil types would
be expected to respond differently to herbivory. The predictions of
the Resource Availability Hypothesis and other related hypothesis
are still debatable (Hamilton et al., 2001; Wise and Abrahamson,
2007), and this study can help to address the debate.

The current study sought to investigate the effects of
density levels of both weevils and psyllids independently and
interactively on survival and growth of M. quinquenervia seedlings.
The study addressed the following questions: (1) How does the
density of each of the herbivores affect survival and growth of
M. quinquenervia seedlings? (2) Is the effect of psyllids on seedlings
independent of the effects of weevils? and (3) Do the effects of the
insects depend upon soil type? A three-way factorial experiment
was conducted in a shade-house, manipulating weevil density
(three levels), psyllid density (three levels), and soil type (sandy
versus organic). We proposed the following hypotheses: (1) as insect
density increases survival and growth of seedlings will decrease; (2)
the effects of psyllids on plants will be independent of the effects of
weevils; and (3) plants will be more susceptible to damage in sandy
soils, which have fewer nutrients than organic soils.

2. Materials and methods

2.1. Study system

M. quinquenervia was introduced to southern Florida in 1886
(Dray et al., 2006), and is among the most invasive species in the
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region (Bodle et al., 1994; Rayamajhi et al., 2002). Melaleuca
quinquenervia populations are found in dry and flooded habitats
throughout southern Florida. The species produces flowers
year-round (Vardaman, 1994), which give rise to millions of
wind-dispersed seeds that can be kept within serotinous capsules
on the tree for several years. Massive seed releases and
colonization events occur after vascular connections are disrupted
by fire, mechanical damage, or herbicide applications, leading to
the creation of dense monospecific carpets of M. quinquenervia
seedlings (Meskimen, 1962; Woodall, 1982; Rayachhetry et al.,
1998). Seedling establishment and growth are expected to be
particularly susceptible to biological control (Turner et al., 1998;
Center et al., 2000).

Populations of M. quinquenervia in southern Florida are
common in coastal areas as well as in interior portions of the
Florida Everglades (Turner et al., 1998). Soils on the east coast
south of Lake Okeechobee are predominantly organic while on
the west coast they are predominantly sandy. Although soil type
has not limited the ability of M. quinquenervia to invade new areas
in southern Florida (Bodle et al., 1994), the susceptibility of plants
to biological control may differ with soil type.

2.2. Experimental design

This study was conducted in an ambient temperature (mean
monthly temperature ranges from 26 to 33 �C over the entire year)
outdoor growing facility at the University of Miami, Coral Gables,
Florida. Melaleuca quinquenervia seeds were collected from five
different populations on the east and west coasts of southern
Florida. The seeds were germinated and six-month-old seedlings,
12 ± 3.5 cm tall (mean ± SE), were transplanted to 1.1 L pots
randomly assigned to either organic or sandy soil (150 plants
per soil type). Soils were collected from areas where there are
naturalized forests of M. quinquenervia. Organic soil was collected
in Holiday Park, Ft. Lauderdale, FL. Sandy soil was collected in the
Picayu Strand State Forest, Naples, FL. General characteristics of the
two soil types are presented in Appendix 1. At each site, soil was
collected from several spots separated by 10–20 m, and was mixed
thoroughly before filling the pots.

A 3 � 3 � 2 fully factorial experiment was conducted, with
three levels of weevil density (zero, low, and high), three levels
of psyllid density (zero, low, and high), and two levels of soil type
(organic and sandy). Each of these 18 treatments was replicated
five times. Each experimental unit (replicate) comprised three
potted plants enclosed in a 25 � 50� 75 cm PVC cage, covered with
white mesh screen; a 25 � 50 cm tray was placed at the bottom of
each experimental unit. The three plants within each experimental
unit received the same treatment. To analyze survival, the
experimental unit was every plant instead of the three plants
within a tray (see below). To investigate if the cage with its white
mesh covering had any effect on the response variables, five
experimental units that had no cages and no insects for each soil
type were included. In total, there were 100 experimental units,
90 with cages (18 treatments � five replicates per treatment), plus
10 with no cages (five per soil type), for a total of 300 plants.

The dependent variables were plant survival, growth, and
biomass. Plant survival was recorded every two weeks. Plant size
(height, diameter at 5 cm above the soil, and number of leaves)
was measured at the beginning of the experiment and growth
was estimated every two weeks as the change in the magnitude
of each of these variables. Because many plants produced
resprouting leaves on the main stem as a result of insect damage,
new leaves emerging from the apical meristem (hereafter ‘‘primary
leaves”) were distinguished from leaves produced through
resprouting along the main stem, generally at the base of damaged
leaves (‘‘secondary leaves”). Secondary leaves were smaller than

primary leaves, but this was only because they had not fully
expanded and matured by the time the experiment was concluded.
Biomass was quantified at the end of the experiment as the dry
weights of shoots (stems + leaves) and roots of each plant.

Adult weevils and psyllids were collected in the field as well as
from the populations at the Invasive Plant Research Laboratory
(USDA, Davie, Florida), and were placed in a 2 � 2 � 2 m enclosure
where weevil larvae and psyllid nymphs were reared for the
experiment. For the weevils, the low density treatment consisted
of a single first or second instar larva per plant, and the high
density treatment consisted of three first or second instar larvae
per plant. For the psyllids, the low density treatment consisted of
1–5 first to third instar nymphs per plant, and the high density
treatment consisted of 15–25 first to third instar nymphs per plant.
Insect densities were chosen based on the published literature and
on recent field observations of natural insect densities in seedling
stands (Franks et al., 2006; Center et al., 2007; L. Sevillano,
personal observations). Insects were added twice during the
experiment: once at the beginning (March 20–25, 2007), and once
half-way through (April 26–30, 2007). The second addition was
done to maintain the prescribed densities. One or two days after
each insect addition, the plants were surveyed to ensure that the
required insect densities were reached, and more insects were
added if necessary. Seedlings were checked twice a week to
monitor insect density levels and contamination by other herbi-
vores. Psyllid adults were removed to prevent oviposition on the
plants and alteration of the prescribed density. One yellow sticky
card was placed inside each experimental unit to trap occasional
unwanted insects that appeared. In addition, prior to the start of
the experiment and before the second insect addition, control
plants (i.e. with no weevils or psyllids) were sprayed with insecti-
cide (Ortho� Systemic Insect Killer; 8.0% acephate, 0.5% fenbutatin
oxide). The rest of the plants (i.e. those with different combinations
of insect densities) were sprayed with equal amounts of water to
simulate the effects of the insecticide application. Previous studies
have shown that acephate does not alter survival, growth, or
biomass of M. quinquenervia seedlings (Tipping and Center, 2002).

Experimental units (three potted plants on a tray inside a cage)
were placed on greenhouse tables and randomly arranged. The
plants were protected from ambient rain by a clear plastic roofing
material. Each plant within an experimental unit received 400 ml
of water once a week, throughout the experiment. The plants were
harvested on June 20, 2007 approximately three months after the
experiment began. Stems and leaves were dried to constant weight
(at 60 �C), and weighed. Roots were stored in a refrigerator until
carefully rinsed to remove all the soil, dried at 60 �C, and weighed.

2.3. Statistical analyses

Caged and uncaged controls (zero density of weevils and
psyllids) were pooled because no statistical differences were found
between these treatments and measured response variables
(survival; change in height, diameter, number of leaves; and
biomass; t-tests, all P > 0.05).

A generalized linear model (R Development Core Team, 2008)
was used to analyze the survival data as recommended by Crawley
(2007) because the average value among the three plants within
each tray is not a parameter with a continuous distribution and
is not a very informative metric (there are four possible outcomes
for each tray: 1, 0.67, 0.33, and 0). In such cases the unit of analysis
should be each individual plant with a binomial response variable
(alive or dead) (Crawley, 2007). The variation due to the tray is
accounted for by incorporating the replicate number (tray number)
as a random factor. The fixed factors are weevil density, psyllid
density, and soil type. Generalized mixed models are used in cases
where errors are non-normal, or in cases where the response
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variable is binary with pseudoreplication (in this case, plants
within each tray) (Pinheiro and Bates, 2000; Crawley, 2007); the
error family is specified in the model (in this case, binomial).

Size and biomass measurements were made on the surviving
plants and averaged in each experimental unit. The effects of the
insects on the relative growth rates of seedlings were analyzed
as follows. The dependent variable is a unit-less index of growth
rate that controls for initial size ([final size � initial size]/initial
size). For example, a relative growth rate of 1 means that a plant
added an amount equivalent to its initial size during the study
and a relative growth rate of 2 means that a plant added an amount
equivalent to twice its initial size during the study. Similarly, a
relative growth rate of 0.5 means that a plant added an amount
equivalent to one-half its initial size during the study. Since these
are unit-less measures, the effects of insects on growth rates of
different aspects of plant size can be compared. Differences among
treatments on relative growth, measured as relative change in
height, diameter, or number of leaves were analyzed with a
three-way analysis of variance (ANOVA) in which weevil density,
psyllid density, and soil type were fixed factors (JMP 7.0).
Post-hoc Tukey tests were used to determine the statistical
differences among levels of each factor (e.g. insect density). Final
biomass of leaves, stems, and roots was natural log transformed,
and was analyzed with three-way ANOVA (JMP 7.0).

3. Results

3.1. Survival

Both weevil and psyllid densities significantly affected survival
(Table 1). In the controls (zero density of weevils and psyllids,
caged and uncaged), all seedlings survived until the end of the
experiment regardless of soil type. At high weevil density, only
77% of seedlings survived (Fig. 1a). At high psyllid density only
43% of seedlings survived (Fig. 1b). A significant interaction was
observed between psyllid density and soil type (Table 1). At low
psyllid density, seedling survival was higher in sandy as compared
to organic soil (97% vs. 89%, respectively), but this trend reversed at
high densities. While 53% of the seedlings harboring high psyllid
density survived to the end of the experiment in organic soil, only
38% survived in sandy soil. Survival was lowest, only 27%, when
both weevils and psyllids were at high density (Fig. 1c). Although
the weevils � psyllids interaction was marginally significant
(P = 0.07, Table 1), at high psyllid densities there was a much
greater effect of adding weevils than there was when psyllids were
at either zero or low density (Fig. 1c) which may be biologically
significant.

3.2. Growth rates

Seedlings increased in height and diameter most rapidly in the
controls (zero density of weevils and psyllids, caged and uncaged)

and least rapidly when the insects were at high densities (Fig. 2). In
contrast, the number of leaves increased most rapidly at
intermediate levels of insect density (Fig. 3).

Weevils and psyllids significantly reduced the rate at which
seedlings grew in height during the experiment (Table 2).
Seedlings in the controls (zero density of weevils and psyllids,
caged and uncaged) increased in height by 201% with respect to
initial size, compared to only a 115% increase in height of seedlings
with psyllids but without weevils (zero weevil density) and a 167%
increase in height of seedlings with weevils but without psyllids
(zero psyllid density) (marginal means in Appendix 2A). When
weevils were at low density, seedlings increased in height by
95%; and when weevils were at high density seedlings increased
in height by only 53% (not shown). Similarly, when psyllids were

Table 1
Generalized mixed model of the effects of weevil density, psyllid density, and soil
type on the survival of M. quinquenervia seedlings. Bold indicates p < 0.05; italic
indicates p < 0.10.

Survival

df F P

Weevil density 2 6.5771 0.0022
Psyllid density 2 77.7330 <0.0001
Soil type 1 0.1281 0.7213
Weevil � Psyllid 4 2.2403 0.0717
Weevil � Soil 2 0.7901 0.4572
Psyllid � Soil 2 3.6035 0.0316
Weevil � Psyllid � Soil 4 0.6540 0.6257
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Fig. 1. Survival of M. quinquenervia seedlings exposed to different densities of
weevils (a) and psyllids (b). Bars correspond to the least square means + 1 standard
error. Different letters indicate significantly different means according to the Tukey
post-hoc test. (c) Interaction effects of weevil and psyllid densities on seedling
survival. Points correspond to the least square means + 1 standard error in each of
the nine weevil � psyllid treatment categories. Lines connect the means of each
weevil density level, and psyllid density levels are shown on the x-axis.
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at low density seedlings increased in height by 79%, and at high
density they increased in height by only 17% (not shown). The
influence of density levels of psyllids on growth in height was
greater than that of density levels of weevils, at least according
to the density levels defined in this study. Comparing the growth

rates in the zero versus the high density category, there was a
10-fold difference in relative growth rates for psyllids, and only a
twofold difference for weevils. However this result does not
compare the per-capita effects of the insects, since the ‘‘high”
density treatment was only three individuals for weevils, but
15–25 individuals for psyllids. Soil type also had a significant effect
on growth in height (Table 2); seedlings in organic soil grew 21%
more quickly than seedlings in sandy soils (not shown).

Weevils and psyllids interacted significantly in their effects on
diameter growth (Table 2). The level of psyllid density affected
the variability in growth rate among weevil density levels. At zero
psyllid density, there was a fourfold difference in growth rate
among weevil levels and at high psyllid density, there was only a
fractional difference in growth rates among weevil levels (Fig. 2
and Appendix 2B), indicating that the reduction in growth rate
due to high density of psyllids was less in the presence than in
the absence of weevils. The lowest growth rate in diameter was
for seedlings where there was a high density of psyllids and a
low density of weevils; in this category plants shrank slightly (by
�2%). Seedlings with high densities of both insects did only slightly
better, they grew by 1%. The effects of soil type and weevil � soil
type interaction on diameter were marginally significant (Table 2).
Despite the significant weevil � psyllid interaction, the overall
effects of the density of each insect on diameter growth were also
significant (Table 2). Seedlings in the controls (zero density of
weevils and psyllids, caged and uncaged) increased in diameter
by 121% (Appendix 2B), compared to only a 73% increase in
diameter of seedlings with psyllids but without weevils, and a
75% increase in diameter of seedlings with weevils but without
psyllids (main effects not shown). Once again, the influence of
density levels of psyllids on growth in diameter was greater than
density of weevils, according to the density levels defined in this
study. Comparing the growth rates in the zero versus the high
density category, there was a 16-fold difference in relative growth
rates for psyllids, and only a fivefold difference for weevils.

The three-way interaction among weevil density, psyllid
density, and soil type significantly influenced the rate at which
the standing crop of leaves increased (No. of primary + No. of
secondary leaves) (Table 2). The highest rate of increase in leaves
was not for seedlings with no insects, but rather for seedlings with
low densities of both weevils and psyllids; they increased in leaf
number by 320% in both soil types (Fig. 3, Appendix 2B). Seedling
response to the weevil � psyllid interaction differed between soil
types. Seedlings in the controls (zero density of weevils and
psyllids, caged and uncaged) increased in leaf number by only
122%, with a slightly higher increase in the organic soils (Appendix
2B). The lowest rate of increase in standing crop of leaves was for
seedlings with high density of both weevils and psyllids in sandy
soil where increase in leaf number was about 100% (Fig. 3).
Seedlings with low density of weevils and high density of psyllids
had a higher rate of increase in sandy than in organic soils,
although in most other comparisons, seedlings added leaves more
quickly in organic soil.

3.3. Number of leaves and biomass

The standing crop (total number) of leaves at the end of the
experiment exemplified the plant’s ability to compensate for mild
attack by herbivores (similar to the results for the relative change
in the number of leaves); it was higher when just a few insects
were present, than it was when either zero or many insects were
present (Fig. 4). Seedlings in the controls (zero density of weevils
and psyllids, caged and uncaged) had produced on average 44
primary leaves and one secondary leaf, by the end of the experiment.
In comparison, seedlings with no weevils produced on average 31
primary and 32 secondary leaves, and seedlings with no psyllids
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produced on average 36 primary and 17 secondary leaves
(Appendix 2C). The number of primary leaves decreased as insect
density increased; but the number of secondary leaves increased
in the presence of insects (Fig. 4). Although total number of leaves
was highest in plants with few insects (weevils or psyllids), leaf

biomass of primary and secondary leaves decreased as insect
density increased (Fig. 5), indicating that the photosynthetic tissue
in plants with insects decreased as insect density increased. Leaf
biomass of seedlings without insects was on average 0.73 g,
compared to 0.54 g for plants with no weevils and 0.5 g for plants
with no psyllids.

Weevil density, psyllid density, and soil type all significantly
affected the total plant biomass (final weight) (Fig. 5). While all
three factors also affected shoot biomass, only the insects and
not the soil type affected root biomass (Table 3). Overall, seedlings
in the controls (zero density of weevils and psyllids, caged and
uncaged) reached greater biomass than those with insects. Total
seedling biomass in the absence of herbivory was on average
1.57 g while seedlings with psyllids but zero weevils weighed on
average 1.13 g and seedlings with weevils but zero psyllids
weighed 1.06 g (Appendix 2C). Seedlings with low and high
densities of weevils weighed 29% and 57% less, respectively, than
plants without weevils (Fig. 5a). Similarly, seedlings with low
and high densities of psyllids weighed 21% and 59% less,
respectively, than plants without psyllids (Fig. 5b). Seedlings in
organic soil weighed 20% more than plants grown in sandy soil
(Fig. 5c). Also, soil type significantly interacted with weevil
presence in its effects on plant biomass (Table 3): the influence
of soil type disappeared when weevils were introduced into the
system (not shown).

4. Discussion

Herbivory by weevils and psyllids reduced survival, growth, and
biomass of M. quinquenervia seedlings. While previous studies have
shown that herbivory can impact M. quinquenervia’s seedling
survival and growth, this study shows that the magnitude of these
negative effects is density dependent. High density levels of either
weevils or psyllids consistently reduced seedling performance
(survival, growth, and biomass), while low density levels did not.
These results are consistent with the previously reported field
studies in that psyllids attacking M. quinquenervia seedlings or
coppicing stumps at high densities (P15 nymphs per plant)
markedly reduce survival by >50% (Franks et al., 2006; Center
et al., 2007). For some of the plant performance parameters, the
effects of one insect depended not only on the density of that
insect, but also on the density of the other insect. The marginally
significant weevil � psyllid interaction suggests that survival is
particularly affected when both insects are present. These results
indicate that although psyllids are effective at high densities, both
insects in concert will most effectively reduce seedling survival. In
this sense, it would be relevant to investigate the population
dynamics of both species of biological control agents to understand
how insect densities fluctuate over time in the field, and predict
the consequences of such fluctuations for the plant.

Soil type affected growth (measured as height), and biomass of
M. quinquenervia (organic > sandy), and in some cases, the effects

Table 2
Fully crossed ANOVA of the effects of weevil density, psyllid density, soil type, and all interactions on the growth of M. quinquenervia seedlings measured as relative change in
height, diameter, and number of leaves. Factors in bold face are statistically significant.

df Height Diameter Total no. of leaves

F P F P F P

Weevil density 2 11.26 <0.0001 21.62 <0.0001 4.17 0.02
Psyllid density 2 70.16 <0.0001 29.26 <0.0001 15.54 <0.0001
Soil type 1 4.02 0.024 3.62 0.06 0.01 0.89
Weevil � Psyllid 4 1.85 0.12 3.32 0.01 1.75 0.15
Weevil � Soil 2 2.62 0.07 2.69 0.07 0.06 0.94
Psyllid � Soil 2 0.50 0.60 0.76 0.47 0.28 0.75
Weevil � Psyllid � Soil 4 1.39 0.24 0.69 0.60 2.60 0.04
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Fig. 4. Total number of leaves (primary + secondary) produced by M. quinquenervia
seedlings exposed to different densities of (a) weevils and (b) psyllids. The total
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meristem of the plants), and secondary leaves (produced through resprouting along
the main stem). Different letters indicate significantly different means according to
the Tukey post-hoc test.
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of insect herbivory depended on soil type. Sandy soils where
M. quinquenervia lives in southern Florida are poor in terms of
nutrient content and organic matter, and have low water holding
capacity compared to organic soils (Appendix 1). Plants in organic
soil would be more likely to overcome herbivory by replacing lost
tissue, than those in sandy soil (Resource Availability Hypothesis,
Coley et al., 1985). Although final biomass was higher in plants
growing in organic soil, the results of this study indicate that plant
responses to herbivory under different resource conditions also
depend on insect density/damage intensity. For example, only
seedlings with high psyllid density had higher survival in organic
than in sandy soil. Although the significant psyllid � soil
interaction suggests that plants growing in sandy soils can also
overcome insect damage and keep growing, after a certain
threshold (high density of psyllids) plants can no longer
compensate for losses due to herbivory, and survival is lower.
Overall M. quinquenervia seedlings growing in sandy soils would
be expected to allocate more resources to plant defense than
seedlings in organic soil. It would be relevant to study whether these
two biocontrol agents can naturally achieve higher densities in sandy
than in organic sites. Regardless of soil type, high density of insects
impact M. quinquenervia seedling performance more efficiently.

Franks et al. (2006) did not find a significant interaction
between weevil and psyllid damage in the field, although only
the effects of low density of weevils across different levels of
psyllids were tested. They suggested that the effects of the insects
were additive but our experiment found a significant interaction
effect of weevils and psyllids on relative growth (i.e. diameter).
The negative impacts of psyllids observed on plants with zero or
low density of weevils were diminished when weevils were
present in high densities. This is what would be expected if the
insects were competing with each other. Competition for resources
between weevils and psyllids was not assessed in this study, but it
is likely that some level of competition exists (Strauss, 1991;
Denno et al., 1995; Paynter and Hennecke, 2001), particularly on
seedlings or saplings in which the amount of leaf tissue is limited
compared to larger plants. For adult M. quinquenervia trees, it has
been suggested that defoliation produced by psyllids promotes
the production of new foliage that, in turn, attracts weevil larvae
(Center et al., 2006), further increasing the vulnerability of plants
to damage (Pilson, 1992; Karban and Baldwin, 1997). Despite the
strong effects of the weevils and psyllids on seedling growth and
survival, a previous study (Franks et al., 2008b) showed that there
was no selection for increased resistance to herbivory in the
presence of the insects. Fortunately for biological control efforts,
this indicates that the strong effects of herbivory shown in the
present study are not likely to lead to M. quinquenervia evolving
increased defense, at least over the relatively short term.

The interaction effects between weevils and psyllids have
different consequences for survival than they do for growth of
M. quinquenervia seedlings. For survival, the effects of psyllids at
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biomass are shown.

Table 3
Fully crossed ANOVA of the effects of weevil density, psyllid density, soil type, and all interactions on total final biomass, shoot biomass, and root biomass of M. quinquenervia
seedlings. Factors in bold face are statistically significant.

df Total biomass Shoots Roots

F P F P F P

Weevil density 2 27.61 <0.0001 27.42 <0.0001 20.68 <0.0001
Psyllid density 2 26.27 <0.0001 28.11 <0.0001 12.11 <0.0001
Soil type 1 6.62 0.01 10.89 0.001 0.65 0.42
Weevil � Psyllid 4 1.62 0.18 1.18 0.32 3.28 0.02
Weevil � Soil 2 5.11 0.008 4.99 0.009 4.39 0.02
Psyllid � Soil 2 1.60 0.21 1.30 0.28 2.11 0.13
Weevil � Psyllid � Soil 4 2.13 0.09 1.96 0.11 1.45 0.23
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high density levels are enhanced when weevils are also present at
high density levels. However, for growth, the effects are not
enhanced when both insects are present but, on the contrary,
having both insects is not as effective in reducing growth, as is
having only one type of insect at high density levels.

M. quinquenervia seedlings that experienced herbivory
produced secondary leaves, revealing that one of the mechanisms
that these plants use as defense against herbivory is to compensate
for defoliation by replacing damaged leaves (Rosenthal and
Kotanen, 1994; Mauricio et al., 1997; Agrawal, 1998). Compensation
is a commonly observed mechanism that plants use to tolerate
insect herbivore damage (Trumble et al., 1993; Rosenthal and
Kotanen, 1994; Dhileepan et al., 2000) and has been demonstrated
for M. quinquenervia previously (Pratt et al., 2005). The magnitude
of the compensatory response to herbivory can vary depending on
the intensity of herbivory (Marquis, 1984; Gadd et al., 2001; Wirf,
2006). Herein for instance, compensation was higher in seedlings
receiving moderate levels of herbivory (low density of either
weevils or psyllids) than high levels (Fig. 4). Understanding the
mechanisms of defense against herbivory is particularly important
for systems in which insects are used as biological controls of
invasive plants. Small to moderate loses of plant tissue do not
always have measurable impacts on plant performance, suggesting
that below a threshold, compensatory responses might mitigate
the effectiveness of biological control agents (Karban, 1993).
Research should concentrate on testing if invasive plants have
the ability to compensate or overcompensate for the effects of
herbivory by growing or reproducing more than undamaged plants
(Belski, 1986; Strauss and Agrawal, 1999). The results of this study
indicate that M. quinquenervia seedlings can compensate for insect
damage by producing new leaves (secondary leaves) but these
leaves are much smaller initially and have less photosynthetic
capacity. Some of those secondary leaves developed into new
shoots, which in turn altered plant architecture. This mechanism
has been observed in other plants as a response to leaf-beetle
herbivory (Nozama and Ohgushi, 2002; Schat and Blossey, 2005).
Although the production of new leaves as a consequence of
herbivory could be beneficial for M. quinquenervia seedlings in
the short term, it can also induce new events of herbivory (Center
et al., 2007), because both weevils and psyllids are particularly
attracted to young tissue. Newly developed leaves were commonly
damaged by both biological control agents, particularly on plants
in which most primary leaves had already been damaged. This
observation suggests that damage by weevils or psyllids increases
the vulnerability of plants being further attacked by either (or
both) insect, and thus having both insects in the same area will
increase, at least at the seedling stage, the effectiveness of the
biological control program.

The compensatory mechanism observed in growth did not
result in an increase in seedling biomass. Both insects significantly
reduced above and belowground biomass. Although seedlings that
received relatively low herbivory had more leaves than those with
no or high herbivory by the end of the experiment, they did not
have higher leaf biomass. Indeed, leaf biomass followed the same
trend as that observed for survival and growth (relative change
in height and diameter): as insect density increased, leaf biomass
decreased. This trend was also observed for root and stem
biomass, and thus for total biomass (Fig. 5). Psyllid impacts on
M. quinquenervia seedling biomass have also been reported in the
field (Franks et al., 2006; Center et al., 2007), and this study shows
that weevils and soil type can also influence biomass.

The results of this study showed that independently or in
concert, both insects introduced as biological control agents
against the invasive tree M. quinquenervia in southern Florida can
reduce survival, growth, and biomass of seedlings. Psyllids are
generally more effective than weevils, and the effects of the insects

are consistently stronger when they are in high densities (except
for the change in number of leaves). Interaction effects between
biological control agents are in some instances positive in that
the impacts on M. quinquenervia seedling survival are greater when
both weevils and psyllids are in high densities than when only
psyllids are in high densities. In other instances, the presence of
only one agent in high densities (i.e. psyllids) is enough to reduce
growth. Biological control agents were introduced with the
expectation that their primary contribution to the reduction of
the growth and spread of M. quinquenervia populations would be
through the reduction of seedling and sapling survival, and seed
production (Turner et al., 1998; Center et al., 2000). This study
shows that both insects affect the seedling–sapling transition of
the life cycle of this plant by reducing seedling survival and
performance, and thus the number of plants that reach the next life
cycle stage, or the rate at which they reach such stage (saplings).
Other studies have shown that seedlings, and other stages of the
Melaleuca life cycle, can be negatively affected by weevils and
psyllids (Pratt et al., 2005; Franks et al., 2006, 2008a,b; Center
et al., 2007; Rayamajhi et al., 2008; Tipping et al., 2008). The next
step in understanding the effectiveness of Melaleuca’s biological
control program is to study if the negative impacts of the
biocontrol agents at the individual level translate into a
reduction of the population growth rates and rates of spread of
M. quinquenervia. We are developing mathematical models of
spatial population dynamics for this tree to address this question.

Studies of the impacts of biological control agents should
concentrate now on understanding the role that the agents play on
the population dynamics of invasive plants, which is fundamental
to improving weed biocontrol. Successful suppression of invasive
plants requires that biological control agents, or any other
control strategy, alter stage transitions that are important for plant
population growth.

Acknowledgments

We thank Steven J. Franks, Svata Louda, and two anonymous
reviewers for comments on earlier versions of the paper. We also
thank Deah Lieurance, Robyn Chiarelli, and Sigfredo Gonzalez for
assistance with insect rearing and experimental set-up.
Undergraduate biology students from the University of Miami
were actively involved during the experimental set-up, insect
rearing, and data collection. This research was supported by
Cooperative Agreement No. 58-6629-4-232 between the Invasive
Plant Research Laboratory, USDA, ARS, and C.H. at the University
of Miami and by a Consejo Nacional de Ciencia y Tecnologia
(CONACyT-Mexico) fellowship to L.S.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biocontrol.2010.01.006.

References

Agrawal, A.A., 1998. Induced responses to herbivory and increased plant
performance. Science 279, 1201–1202.

Belski, A.J., 1986. Does herbivory benefit plants? A review of the evidence. American
Naturalist 127, 870–892.

Bodle, M.J., Ferriter, A.P., Thayer, A.D., 1994. The biology, distribution and ecological
consequences of Melaleuca quinquenervia in the Everglades. In: Davis, S.M.,
Ogden, J.C. (Eds.), Everglades: The Ecosystem and Its Restoration. St. Lucie Press,
Delray Beach, FL, p. 826.

Buckley, Y.M., Rees, M., Paynter, Q., Lonsdale, M., 2004. Modelling integrated weed
management of an invasive shrub in subtropical Australia. Journal of Applied
Ecology 41, 547–560.

Center, T.D., Van, T.K., Rayachhetry, M.B., Buckingham, G.R., Dray, F.A., Wineriter,
S.A., Purcell, M.F., Pratt, P.P., 2000. Field colonization of the melaleuca snout
beetle (Oxyops vitiosa) in south Florida. Biological Control 19, 112–123.

L. Sevillano et al. / Biological Control 53 (2010) 168–177 175



Author's personal copy

Center, T.D., Pratt, P.D., Tipping, P.W., Rayamajhi, M.B., Van, T.K., Wineriter, S.A.,
Dray Jr., F.A., Purcell, M., 2006. Field colonization, population growth, and
dispersal of Boreioglycaspis melaleucae Moore, a biological control agent of the
invasive tree Melaleuca quinquenervia (Cav.) Blake. Biological Control 39, 363–
374.

Center, T.D., Pratt, P.D., Tipping, P.W., Rayamajhi, M.B., Van, T.K., Wineriter, S.A.,
Dray, F.A., 2007. Environmental Entomology 36, 569–576.

Coley, P.D., Bryant, J.P., Chapin, F.S., 1985. Resource availability and plant
antiherbivore defense. Science 230, 895–899.

Crawley, M.J., 2007. The R Book. Wiley, England. pp. 942.
Davis, A.S., Landis, D.A., Nuzzo, V., Blossey, B., Gerber, E., Hinz, H.L., 2006.

Demographic models inform selection of biocontrol agents for garlic mustard
(Alliaria petiolata). Ecological Applications 16, 2399–2410.

Denno, R.F., McClure, M.S., Ott, J.R., 1995. Interspecific interactions in phytophagous
insects: competition reexamined and resurrected. Annual Review of
Entomology 40, 297–311.

Denoth, M., Frid, L., Myers, J., 2002. Multiple agents in biological control: improving
the odds? Biological Control 24, 20–30.

Dhileepan, K., Setter, S.D., McFadyen, R.E., 2000. Response of the weed Parthenium
hysterophorus (Asteraceae) to defoliation by the introduced biocontrol agent
Zygogramma bicolorata (Coleoptera: Chrysomelidae). Biological Control 19, 9–
16.

Dray Jr., F.A., Bennett, B.C., Center, T.D., 2006. Invasion history of Melaleuca
quinquenervia (Cav.) S.T. Blake in Florida. Castanea 71, 210–225.

Franks, S.J., Kral, A.M., Pratt, P.D., 2006. Herbivory by introduced insects reduces
growth and survival of Melaleuca quinquenervia seedlings. Environmental
Entomology 35, 366–372.

Franks, S.J., Pratt, P.D., Dray, F.A., Simms, E.L., 2008a. No evolution of increased
competitive ability or decreased allocation to defense in Melaleuca
quinquenervia since release from natural enemies. Biological Invasions 10,
455–466.

Franks, S.J., Pratt, P.D., Dray, F.A., Simms, E.L., 2008b. Selection on herbivory
resistance and growth rate in an invasive plant. American Naturalist 171, 678–
691.

Gadd, M.E., Young, T.P., Palmer, T.M., 2001. Effects of simulated shoot and leaf
herbivory on vegetative growth and plant defence in Acacia drepanolobium.
Oikos 92, 515–521.

Hamilton, J.G., Zangerl, A.R., DeLucia, E.H., Berenbaum, M.R., 2001. The carbon-
nutrient balance hypothesis: its rise and fall. Ecology Letters 4, 86–95.

Hawkes, C.V., Sullivan, J.J., 2001. The impacts of herbivory on plants in different
resource conditions: a meta-analysis. Ecology 82, 2045–2058.

Huffaker, C.B., Kennett, C.E., 1959. A ten-year study of vegetational changes
associated with biological control of Klamath weed. Journal of Range
Management 12, 69–82.

Karban, R., 1993. Costs and benefits of induced resistance and plant density for a
native shrub, Gossypium thurberi. Ecology 74, 9–19.

Karban, R., Baldwin, I.T., 1997. Induced Responses to Herbivory. Chicago, University
of Chicago Press. pp. 319.

Louda, S.M., 1982. Distributional ecology: variation in plant recruitment over a
gradient in relation to insect seed predation. Ecological Monographs 52, 25–41.

Louda, S.M., Kendall, D., Connor, J., Simberloff, D., 1997. Ecological effects of an
insect introduced for the biological control of weeds. Science 277, 1088–1090.

Louda, S.M., Arnett, A.E., Rand, T.A., Russell, F.L., 2003. Invasiveness of some
biological control insects and adequacy of their ecological risk assessment and
regulation. Conservation Biology 17, 73–82.

Marquis, R.J., 1984. Leaf herbivores decrease fitness of a tropical plant. Science 226,
537–539.

Mauricio, R., Rausher, M.D., Burdick, D.S., 1997. Variation in the defense strategies of
plants: are resistance and tolerance mutually exclusive? Ecology 78, 1301–
1311.

McEvoy, P.B., Coombs, E.M., 1999a. Why things bite back: unintended consequences
of biological weed control. In: Follet, P.A., Duran, J.J. (Eds.), Nontarget Effects of
Biological Control. Kluwer Academic Publishers, Boston, Massachusetts, USA.

McEvoy, P.B., Coombs, E.M., 1999b. Biological control of plant invaders: regional
patterns, field experiments, and structured population models. Ecological
Applications 9, 387–401.

McFadyen, R.E.C., 1998. Biological control of weeds. Annual Review of Entomology
43, 369–393.

Meskimen, G.F., 1962. A silvical study of the Melaleuca tree in South Florida. M.S.
Thesis, Univ. Florida, Gainsville, FL, pp. 177.

Meyer, G.A., 1993. A comparison of the impacts of leaf- and sap-feeding insects on
growth and allocation of goldenrod. Ecology 74, 1101–1116.

Meyer, G.A., Root, R.B., 1993. Effects of herbivorous insects and soil fertility on
reproduction of goldenrod. Ecology 74, 1117–1128.

Milbrath, L.R., Nechols, J.R., 2004. Individual and combined effects of Trichosirocalus
horridus and Rhinocyllus conicus (Coleoptera: Curculionidae) on musk thistle.
Biological Control 30, 418–429.

Moran, V.C., Zimmermann, H.G., 1984. The biological control of cactus weeds:
achievements and prospects. Biocontrol News Information 5, 320–397.

Morath, S.U., Pratt, P.D., Silvers, C.S., Center, T.D., 2006. Herbivory by Boreioglycaspis
melaleucae (Hemiptera: Psyllidae) accelerates foliar senescence and abscission
in the invasive tree Melaleuca quinquenervia. Environmental Entomology 35,
1372–1378.

Myers, J.H., 1985. How many insect species are necessary for successful biocontrol
of weeds? In: Delfosse, E.S. (Ed.), Proceedings of the VIth International
Symposium of Biological Control of Weeds, 19–25, August 1984, Vancouver,

Canada. Agriculture Canada, Canadian Government, Printing Office, Ottawa,
pp. 77–82.

Nozama, A., Ohgushi, T., 2002. Indirect effects mediated by compensatory shoot growth
on subsequent generations of a willow spittlebug. Population Ecology 44, 235–239.

Osmond, C.H., Monro, J., 1981. Prickly pear. In: Carr, D.J., Carr, S.G. (Eds.), Plants and
Man in Australia. Academic Press, New York, pp. 194–222.

Paynter, Q., Hennecke, B., 2001. Competition between two biological control agents,
Neurostrota gunniella and Phloeospora mimosae-pigrae, and their impact on the
invasive tropical shrub, Mimosa pigra. Biocontrol, Science and Technology 11,
575–582.

Pilson, D., 1992. Aphid distribution and the evolution of goldenrod resistance.
Evolution 46, 1358–1372.

Pinheiro, J.C., Bates, D.M., 2000. Mixed-Effects Models in S and S-PLUS. Springer,
New York. pp. 528.

Pratt, P.D., Slone, D.H., Rayachhetry, M.B., Van, T.K., Center, T.D., 2003. Geographic
distribution and dispersal rate of Oxyops vitiosa (Coleoptera: Curculionidae), a
biological control agent of the invasive tree Melaleuca quinquenervia in South
Florida. Environmental Entomology 32, 397–406.

Pratt, P.D., Wineriter, S., Center, T.D., Rayamajhi, M.B., Van, T.K., 2004a.
Boreioglycaspis melaleucae. In: Coombs, E.M., Clark, J.K., Piper, G.L.,
Cofrancesco, A.F. (Eds.), Biological Control of Invasive Plants in the United
States. Oregon State University Press, Corvallis, Oregon, pp. 273–274.

Pratt, P.D., Center, T.D., Rayamajhi, M.B., Van, T.K., Wineriter, S., 2004b. Oxyops
vitiosa. In: Coombs, E.M., Clark, J.K., Piper, G.L., Cofrancesco, A.F. (Eds.),
Biological Control of Invasive Plants in the United States. Oregon State
University Press, Corvallis, Oregon, pp. 270–272.

Pratt, P.D., Rayamajhi, R.M., Van, T.K., Center, T.D., Tipping, P.W., 2005. Herbivory
alters resource allocation and compensation in the invasive tree Melaleuca
quinquenervia. Ecological Entomology 30, 316–326.

Purcell, M.F., Balciunas, J.K., Jones, P., 1997. Biology and host range of Boreioglycaspis
melaleucae (Hemiptera: Psyllidae), potential biological control agent for
Melaleuca quinquenervia (Myrtaceae). Environmental Entomology 26, 366–372.

R Development Core Team, 2008. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. Available
from: <http://www.R-project.org>.

Ramula, S., Buckley, Y.M., 2008. Management of invasive plants in relation to life
history. In: van Klinken, V.A., Osten, F.D., Panetta, F.D., Scalan, J.C. (Eds.), 16th
Australia Weed Conference Proceedings. Weed Management 2008, Hot Topics
in the Tropics, Cairns, North Queensland, Australia, May 18–22, 2008, pp. 109.

Rayachhetry, M.B., Van, T.K., Center, T.D., 1998. Regeneration potential of the
canopy-held seeds of Melaleuca quinquenervia in South Florida. International
Journal of Plant Science 159, 648–654.

Rayamajhi, M.B., Van, T.K., Center, T.D., Goolsby, J.A., Pratt, P.D., Racelis, A., 2002.
Biological attributes of the canopy-held Melaleuca seeds in Australia and
Florida, US. Journal of Aquatic Plant Management 40, 87–91.

Rayamajhi, M.B., Van, T.K., Pratt, P.D., Center, T.D., Tipping, P.W., 2006. Melaleuca
quinquenervia dominated forests in Florida: analyses of natural-enemy impacts
on stand dynamics. Plant Ecology 192, 119–132.

Rayamajhi, M.B., Pratt, P.D., Center, T.D., Tipping, P.W., Van, T.K., 2008. Aboveground
biomass of an invasive tree (Melaleuca quinquenervia) before and after herbivory
by adventive and introduced natural enemies: a temporal case study in Florida.
Weed Science 56, 451–456.

Rosenthal, J.P., Kotanen, P.M., 1994. Terrestrial plant tolerance to herbivory. Trends
in Ecology and Evolution 9, 145–148.

Schat, M., Blossey, B., 2005. Influence of natural and simulated leaf beetle herbivory
on biomass allocation and plant architecture of purple loosestrife (Lythrum
salicaria). Environmental Entomology 34, 906–914.

Schroeder, D., Goeden, R.D., 1986. The search for arthropod natural enemies of
introduced weeds for biological control – in theory and practice. Biocontrol
News and Information 7, 147–155.

Shea, K., Kelly, D., 1998. Estimating biocontrol agent impact with matrix models:
Carduus nutans in New Zealand. Ecological Applications 8, 824–832.

Silvers, C.S., Pratt, P.D., Rayamajhi, M.B., Center, T.D., 2008. Shoot demographics for
Melaleuca and impacts of simulated herbivory on vegetative development.
Journal of Aquatic Plant Management 46, 121–125.

Simberloff, D., Stiling, P., 1996. How risky is biological control? Ecology 77, 1965–
1974.

Strauss, S.Y., 1991. Direct, indirect, and cumulative effects of three native herbivores
on a shared host plant. Ecology 72, 543–558.

Strauss, S.Y., Agrawal, A.A., 1999. The ecology and the evolution of plant tolerance to
herbivores. Trends in Ecology and Evolution 14, 179–185.

Tipping, P.W., Center, T.D., 2002. Evaluating acephate for insecticide exclusion of
Oxyops vitiosa (Coleoptera: Curculionidae) from Melaleuca quinquenervia.
Florida Entomologist 85, 458–463.

Tipping, P.W., Martin, M.R., Pratt, P.D., Center, T.D., Rayamajhi, M.B., 2008.
Suppression of growth and reproduction of an exotic invasive tree by two
introduced insects. Biological Control 44, 235–241.

Tipping, P.W., Martin, M.R., Nimmo, K.R., Pierce, R.M., Smart, M.D., White, E.,
Madeira, P.T., Center, T.D., 2009. Invasion of a west everglades wetland by
Melaleuca quinquenervia countered by a classical biological control. Biological
Control 48, 73–78.

Trumble, J.J., Kolodny-Hirsch, D.M., Ting, I.P., 1993. Plant compensation for
arthropod herbivory. Annual Review of Entomology 38, 93–119.

Turner, C.E., Center, T.D., Burrows, D.W., Buckingham, G.R., 1998. Ecology and
management of Melaleuca quinquenervia, an invader of wetlands in Florida, USA.
Wetlands Ecology and Management 5, 165–178.

176 L. Sevillano et al. / Biological Control 53 (2010) 168–177



Author's personal copy

Vardaman, S.M., 1994. The reproductive ecology of Melaleuca quinquenervia (Cav.)
Blake. M.S. Thesis, Fl. Int. Univ., Miami, FL, pp. 71

Wheeler, G.S., 2003. Minimal increase in larval and adult performance of the
biological control agent Oxyops vitiosa when fed Melaleuca
quinquenervia leaves of different nitrogen levels. Biological Control 26,
109–116.

Wineriter, S., Buckingham, G., 1997. Love at first bite – introducing the Australian
Melaleuca weevil. Aquatics 19, 10–12.

Wirf, L.A., 2006. The effects of manual defoliation and Macaria pallidata
(Geometridae) herbivory on Mimosa pigra: implications for biological control.
Biological Control 37, 346–353.

Wise, M.J., Abrahamson, W.G., 2007. Effects of resource availability on tolerance of
herbivory: a review and assessment on three opposing models. American
Naturalist 169, 443–454.

Woodall, S.L., 1982. Seed dispersal in Melaleuca quinquenervia. Florida Scientist 45,
81–93.

L. Sevillano et al. / Biological Control 53 (2010) 168–177 177


