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Abstract The Australian tree Melaleuca quinquen-

ervia (melaleuca) formed dense monocultural forests

several decades after invading parts of Florida and the

Caribbean islands. These dominant forests have

displaced native vegetation in sensitive wetland

systems. We hypothesized that native plant diversity

would increase following recent reductions in density

of mature melaleuca stands in south Florida. We

therefore examined data on changes in melaleuca

densities and plant species diversity derived from

permanent plots that were monitored from 1997 to

2005. These plots were located within mature melal-

euca stands in nonflooded and seasonally-flooded

habitats. Two host-specific biological control agents

of melaleuca, Oxyops vitiosa and Boreioglycaspis

melaleucae, were introduced during 1997 and 2002,

respectively. Also, an adventive rust fungus Puccinia

psidii and lobate-lac scale Paratachardina pesudolo-

bata became abundant during the latter part of the

study period. Overall melaleuca density declines in

current study coincided with two to four fold increases

in plant species diversity. The greatest declines in

melaleuca density as well as the greatest increases in

family importance values and species diversity indi-

ces occurred in nonflooded as compared to seasonally-

flooded habitats. Most pioneer plant species in study

sites belonged to Asteraceae, Cyperaceae, Poaceae,

and Ulmaceae. The rapid reduction in melaleuca

density and canopy cover during the study period may

be attributed to self-thinning accelerated by the

negative impact of natural enemies. Densities of other

woody plants, particularly Myrica and Myrsine, which

were sparsely represented in the understory by a few

suppressed individuals also declined during the same

period, possibly due to infestation by the generalist

lac-scale. These findings indicate that natural-enemy

accelerated self-thinning of melaleuca densities is

positively influencing the native plant diversity and

facilitating the partial rehabilitation of degraded

habitats.
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Introduction

Invasion of native plant communities by exotic

organisms threatens the integrity of many natural

systems (OTA 1993; Wilcove et al. 1998; Myers and

Bazely 2003). An alarming number of invasive plants

have invaded natural communities on both local and

regional scales (D’Antonio and Vitousek 1992).

Important effects of invasive weeds include
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diminished biodiversity (Braithwaite et al. 1989;

Malecki et al. 1993) coupled with alteration of

nutritional, hydrological, and fire regimes (Vitousek

et al. 1997; D’Antonio and Vitousek 1992). In Florida

USA, for instance, 39% of invasive plants are capable

of modifying geomorphology and 77% of altering

biotic communities (Gordon 1998). Evidence sug-

gests that invading vines (Gorchov and Trisel 2003),

shrubs (Baker and Van Lear 1998), and trees (Brown

et al. 2006a; Nagaike et al. 2006) behaving as

dominant species have successfully reduced the

density, diversity, and abundance of native plants.

Aggressive invaders develop dense thickets (Baker

and Van Lear 1998; Rayamajhi et al. 2006a) and

change forest floor properties through accumulation

of slowly decomposing litter (White 1994; Rayamajhi

et al. 2006a). Litter accumulation may inhibit

seedling establishment and growth not only through

shading but also through mulching effects, which

over time alters the forest floor physiography (White

1994; Rayamajhi et al. 2006a).

Forest managers have observed that increased

stem densities of a dominant plant species often

results in reduced plant species diversity in the

overstory and increased species replacement in

the understory (Nagaike et al. 2006). Additionally,

the role of forest canopy gaps in the maintenance of

plant species diversity has been well recognized in

many systems (Denslow 1987). Mitigation and ulti-

mately restoration of weed invaded habitats will

typically involve suppression of the target-weed

(Gordon 1998). Therefore, one would logically

assume that greater plant diversity could be realized

in invasive plant dominated communities by reducing

density and canopy cover of the invader thereby

increasing light penetration to the forest floor (Baker

and Van Lear 1998) and reducing mulching effects

(Gordon 1998).

Very few published examples exist that quantify

the influence of reductions in exotic tree densities on

plant species diversity in natural areas (Brown et al.

2006a; Baker and Van Lear 1998). It is essential to

understand the effects of density reductions in a

dominant invasive tree and the type of plant species

(native versus non native) which may colonize the

space vacated by the invader in order to formulate

management strategies. To investigate this phenom-

enon, we studied the dynamics of mature Melaleuca

quinquenervia (Cav.) Blake (Family, Myrtaceae;

hereafter ‘‘melaleuca’’) stands and their impact on

other associated plant species in the community over

time and space (habitat).

The noxious weed melaleuca has been introduced

to many parts of the world (Holliday 1989) including

Florida (Dray et al. 2006) and is recognized as one of

the most invasive weeds of the southeastern United

States and the Caribbean islands (Bodle et al. 1994;

Hofstetter 1991; Pratt et al. 2005, 2006a, b, 2007).

Melaleuca has become a pernicious invader of

wetland systems in the Florida Everglades (Browder

and Schroeder 1981; Woodall 1982) due in part to its

competitive superiority over native vegetation and

development of dense stands (Turner et al. 1998;

Dray et al. 2006) and canopy closure. These stands

often appear as domes characterized by larger

founder trees up to 20 m tall mixed with co-dominant

and suppressed trees near the center and tapering

progressively towards smaller trees at the periphery

(Hofstetter 1991; Rayamajhi et al. 2006a). The

melaleuca invasion ultimately affected ecosystem

structure and dynamics by causing a 60–80% loss in

graminoid marsh communities (Austin 1978) and

other understory vegetation through shading and soil

accretion (White 1994). Melaleuca also invaded pine-

cypress ecotones and displaced well established pond

cypress (Taxodium ascendens Brong.) stands (Myers

1975, 1983; Ewel 1986). Thus, diverse natural

communities have been replaced by monoculture

thickets and forests of close-canopied melaleuca trees

(Rayamajhi et al. 2006a) which are of negligible

wildlife value (Laroche 1994; O’Hare and Dalrymple

1997). Similar incidence of decreased species rich-

ness with increased canopy coverage has also been

reported for other systems such as abandoned chest-

nut (Castanea sativa) stands (Romane et al. 2001).

Recently, however, marked reductions in melal-

euca tree densities have been reported in southern

Florida. Rayamajhi et al. (2007), for instance, dem-

onstrated that changes in stand densities are due

primarily to the combined effects of density-depen-

dent (self-thinning) and density-independent (natural-

enemy mediated) factors that result in tree mortality.

They implied that the intentionally introduced and

adventive natural enemies inflicting damage to trees

have enhanced the level of melaleuca tree mortality

that formerly resulted from density dependent mor-

tality factors acting alone (Rayamajhi et al. 2007).

Intentionally introduced melaleuca natural enemies
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include the weevil Oxyops vitiosa Pascoe (a foliage

feeder) and the psyllid Boreioglycaspis melaleucae

Moore (a sap-feeder), which were imported from

Australia to southern Florida during 1997 and 2002,

respectively. Both arthropods are well established in

most melaleuca populations of Florida (Center et al.

2000; Center et al. 2006; Pratt et al. 2003). An

outbreak of a polyphagous scale-insect Paratachar-

dina pseudolobata (Kondo and Gullan 2007) was first

observed attacking melaleuca and other trees in south

Florida during 2002 (Pemberton 2003). Additionally,

an unidentified sooty mold (indiscriminately covering

foliage and green stems) was also associated with

heavy infestations of this lac-scale. An adventive rust

fungus, Puccinia psidii G. Wint originally reported

from allspice plants (Pimenta sp.), also causes

damage to new foliage and succulent tips by distort-

ing, defoliating, and inducing localized swellings on

twigs which cumulatively results in dieback of M.

quinquenervia tips (Rayachhetry et al. 1997; Ray-

amajhi et al. 2006b). As reported by Rayamajhi et al.

(2007) weevil and rust damaged melaleuca leaves in

leaf-litter increased from 4.7% in 1997 to 38.7% in

2005 and 4.1%, in 2004 to 8.0% in 2005 which is

indicative of substantial weevil damage in the

canopy.

While investigating the density-dependent and

density-independent causes of melaleuca tree mor-

talities, Rayamajhi et al. (2007) determined that

overall tree damage was greatest (2.82 at the scale

of–5; 1 = up to 1%, 2 = 1.1–25%, 3 = 25.1–75%

4 = 75.1–100% of the total leaves are damaged or

defoliated, and 5 = the plant was completely killed)

among small versus large individuals. Highest levels

of herbivory were also observed on trees of smaller

dimensions, which corroborates with the accelerated

rate of melaleuca tree mortality. However, basal area

coverage decline, an indication of the mortality of

larger trees, was also evident (Rayamajhi et al. 2007).

A combination of density reduction and canopy

opening due to mortality of both smaller as well as

larger trees was visually discernable and this phe-

nomenon was expected to facilitate recruitment of

non-melaleuca species as long as the competitive

ability of melaleuca remains checked through top-

down population regulation (Rayamajhi et al. 2007).

Experimental evidence has further proven the wee-

vil’s (Pratt et al. 2005) and the psyllid’s ability to

reduce melaleuca flowering and kill newly recruited

seedlings (Franks et al. 2006). These abilities of the

natural enemies to inflict leaf-damage, defoliation,

twig dieback, and ultimately mortality of melaleuca

trees (Pratt et al. 2003, 2004, 2005; Franks et al.

2006; Morath et al. 2006; Rayamajhi et al. 2007,

2008) will presumably continue to open up forest

gaps allowing non-melaleuca plant diversity to

increase over time in south Florida.

Here, we hypothesized that this decline in melal-

euca densities would facilitate increases in non-

melaleuca plant species richness and diversity. We

tested this hypothesis through temporal and spatial

monitoring of mature melaleuca stands in southern

Florida (1997 through 2005) by quantifying: (a)

melaleuca density as a dominant species, (b) number

of plants of each non-melaleuca species, and (c)

indirect indications of natural-enemy damage on

melaleuca canopies during our study periods.

Materials and methods

Study sites and species

The study system included melaleuca stands that

proliferated in and around fresh water marshes where

surface water depths fluctuate in accordance with

topography and the wet-dry seasonality of south

Florida, USA (Kushlan 1990). Melaleuca stands at

two sites in nonflooded habitats and two sites in

seasonally-flooded habitats were included in this

study. Sites designated as ‘‘nonflooded’’ remained

inundated intermittently for a few hours to several

days during or following periods of heavy rain but

were not continuously flooded nor flooded every year,

whereas ‘‘seasonally-flooded’’ sites remain inundated

for variable periods every year (Rayamajhi et al.

2006a). The nonflooded and seasonally-flooded sites

were located in the Holiday Park area (N26�02059.000,
W80�26022.600; N26�02058.200, and W80�26021.800)
within Broward County, and along Krome Avenue

(N25�55049.500, and W80�2701.900) within Miami-

Dade as well as in the Clewiston area (N26�4704.200,
and W80�57013.700) of Palm Beach County. Soil types

in all study sites were poorly drained Histosols as

described by Brown et al. (1990) and Kushlan (1990).

Melaleuca plots selected for this study were

located at or near the center of the stands within

sites, referred to as ‘‘interior or mature stands’’. These
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were composed primarily of mature trees mixed with

sparsely scattered suppressed trees and saplings. Four

10 9 10 m plots were established at each site (i.e.,

four replications per site). The forest floors in these

plots were nearly devoid of vegetation or, if present,

the vegetation was sparsely confined to a few plants

occurring sporadically under canopy gaps and at the

invasion fronts of developing melaleuca stands. The

forest floors in the sites were generally blanketed by

thick layers of litter. Baseline data describing litter-

fall, biomass, and stem density in these plots have

been reported for an early phase characterized by

little or no herbivory (before 2001) followed by a

later phase (2002–2005) of intense herbivore pressure

on melaleuca populations (Rayamajhi et al. 2006a,

2007).

Canopy damage

Melaleuca trees at the sites were tall so it was

impractical to monitor leaf-damage and defoliation at

the upper canopy levels. We assumed that the causes

and the intensity of natural-enemy damage in the

canopy would be reflected in the percentages of

damaged leaves among the total number of leaves

collected in litter traps under the trees in the

melaleuca stands. Therefore, an indirect approach

was employed which involved collecting the fallen

leaves in litter-traps placed on the forest floor. Two

litterfall collection traps were randomly placed in

each study plot. These consisted of square wooden

frames (0.5 9 0.5 m) with 16 cm high sides, and

copper wire screened bottoms (2 mm mesh) to

provide drainage. The traps were raised 24 (on

inverted plastic container at the four corners) or

70 cm (on wooden legs at the four corners) above the

forest-floor to minimize litter-wetness and decompo-

sition between collections. The traps in all plots were

emptied at monthly intervals from July 1997 to June

2005.

Melaleuca leaf-litter samples were oven-dried at

ca. 708C to constant weight and separated into non-

damaged and natural-enemy (weevil and rust fungus)

damaged (leaves with weevil feeding scars and rust

pustules) fractions. Numbers of leaves in each

fraction were counted and the percentages of weevil,

O. vitiosa and rust-fungus, P. psidii damaged leaves

were determined for each sample.

Stand density

All plants (melaleuca and non-melaleuca) within

permanent plots were counted regardless of size to

determine the absolute density of each species. Initial

enumeration of melaleuca and non-melaleuca plants

was performed during March–April 1997. These

measurements were then repeated once in 2000 and

every year thereafter during the same time period

until 2005. Permanent plots in the seasonally-flooded

areas were lost to aerial herbicidal treatment after

spring 2005, just after making the DBH measurement

but before recording non-melaleuca plants in the

plots.

Plant diversity

All prominent macrophytes (psilophytes, pterido-

phytes, gymnosperms, and angiosperms) with

discernable characteristics within the plots were

identified in the field to the lowest taxonomic level

possible or sampled and later identified from herbar-

ium specimens. Plant lists were prepared for each

habitat. Family and species richness were determined

from these lists. None of the non-melaleuca plants,

especially the perennial dicots and gymnosperms,

were at least 1 cm diameter at 1.3 m height from the

base and so DBH could not be measured for those

species.

Family importance values (FIV) were calculated

based on the method described by Mori et al. (1983).

These values were used to compare the relative

contribution of each plant family to the community

composition of each habitat type. Calculations were

performed as follows:

Relative family diversity = (Number of species in

family/Total number of species in the habitat) 9 100.

Relative family density = (Number of plants per

ha in family/Total number of plants per ha in the

habitat) 9 100.

The sum of these two values (Relative family

diversity ? Relative family density) for each family

provided the FIV for each habitat.

Plant species diversity presented herein was based

on Simpson’s reciprocal index (Krebs 1999) as

follows: 1=D ¼ 1=
P

p2
i where D = Simpson’s

original index, pi (proportion of individuals of species

in the community) = number of individuals of a
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species enumerated in a plot divided by the summa-

tion of the individuals of all the species in the plot.

Statistical analysis

The effects of habitat, year, and stand position within

a given stand on melaleuca density, basal area

coverage, number of families and species per plot,

and Simpson’s Reciprocal Index (1/D) for species

diversity were analyzed using repeated measures

analysis of variance (ANOVA). Mean percentages

and standard errors of the proportion of damaged

leaves were determined for nonflooded habitats.

Means and standard errors of density and the numbers

of families and species per plot were determined for

plots in both habitat types. Mean separations for

density was carried out using Duncan’s Multiple

Range Test. Fisher’s protected least significant

difference test (LSD) was used to compare the means

of the species and family richness and species

diversity. Number of plant species/plot during our

7 year data collection period was regressed against

the proportion of weevil and rust damaged leaves in

the corresponding year to quantify the relationship

between herbivory and changes in species diversity.

Correlation between the level of damage on melal-

euca canopies (proportion of damaged leaves) and the

number of plant species/plot was determined using

Pearson’s Correlation Coefficient test.

Results

Melaleuca density

At the onset of the experiments, mean (±SE)

melaleuca density in the permanent plots was similar

(P = 0.9589) in nonflooded (28,513 ± 5,331trees/

ha) and seasonally-flooded (27,200 ± 5,390 trees/ha)

habitats but the effects of years (1997–2005) within

habitats were highly significant (P \ 0.0001). Over-

all, the density tended to decline over time in both

habits (Fig. 1). The annual rate of decline in melal-

euca density during the 8 year (1997–2005) study

period was 9.1 and 8.6% per year for nonflooded and

seasonally-flooded habitats, respectively. As reported

in Rayamajhi et al. (2007), most of the loss was due

to mortality among smaller trees and the tree

mortality rate increased with natural-enemy impact,

i.e., after year 2001.

Plant families

Diversity of plant families increased in both habitats

while melaleuca densities decreased. Habitat and year

both affected (P \ 0.0001) family richness, which

decreased during the first phase (1997–2001) then

gradually increased during the second phase (2002–

2005) of the study period (Fig. 2). The mean (±SE)

numbers of families during 1997 and 2005 in

nonflooded habitats were 9.0 (±1.0) versus 16.7

(±0.7), respectively. In seasonally-flooded habitats

during 1997 and 2004, the numbers were 4.1 (±1.0)

versus 10.25 (±1.3), respectively. The fewest and the

most plant families (family richness) existed in

seasonally-flooded (13 in 1997 and 15 in 2004) and

nonflooded (15 in 1997 and 26 in 2005) habitats,

respectively (Table 1). In terms of FIV, Myrtaceae,

Cyperaceae, and Asteraceae ranked first, seond, and

third, respectively, in both habitats and during both

Fig. 1 Absolute density changes in M. quinquenervia tree

populations in southern Florida
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years (Table 1). The FIV increased over time within

habitats for some plant groups but others declined.

Although the decline in the FIV of Myrtaceae was

much more rapid in nonflooded habitats (from 61.6 in

1997 to 15.8 in 2005) compared to seasonally-flooded

habitats (from 96.2 in 1997 to 69.0 in 2004), family

richness in the latter habitat was documented only up

to the year 2004. Interestingly, the FIV of Asteraceae,

Cyperaceae, and Poaceae increased in both habitat

types but on different scales (Table 1). As shown in

Table 1, more new families were documented during

2004/2005 compared to 1997.

Plant species

Simpson’s reciprocal diversity-index differed

between habitats (P = 0.0512) and among years

(P \ 0.0001) within a given habitat. There was a

slight declining trend in the mean diversity index

during 1997–2001 in both nonflooded and seasonally-

flooded habitats (Fig. 3). However, the diversity

index increased ca four-fold (2.76–9.8) in nonflooded

habitats during 2001–2005 and two fold (1.6–2.4) in

seasonally-flooded habitats during 2001–2004

(Fig. 3). These indices reflect differences in the

magnitude of species diversity changes during three

time periods (Fig. 3).

Habitat and year affected species richness

(P \ 0.0001) in the permanent plots. Species richness

decreased between 1997 and 2001 and then gradually

increased from 2002 to 2005 (Fig. 2). This trend was

similar to that observed for family richness. The

mean (±SE) numbers of species in the plots were 9.6

(±1.2) versus 26.1 (±1.2) during 1997 versus 2005 in

nonflooded and 4.1 (±1.0) versus 11.3 (±1.3) during

1997 versus 2004 in seasonally-flooded habitats.

Cumulative plant species enumerated within habitats

showed greater numbers of species in nonflooded

than in seasonally-flooded habitats (Table 2). Native

plant species in nonflooded habitats during 1997 and

2005 comprised 88 and 83% of the total flora,

respectively. In seasonally-flooded habitat, these

percentages were 78 and 77% during 1997 and

2004, respectively. The majority of species were

native, both at the onset of the experiment and at the

final evaluation, although melaleuca and/or sawgrass

were the dominant species in both habitats.

Major perennial plant species enumerated in

permanent plots (Table 2) showed differences in

their densities. The order of the density of major plant

species in 1997 was M. quinquenervia (melaleu-

ca) [ C. jamaicense (sawgrass) [ M. cerifera (wax

myrtle) in mature melaleuca stands in both nonfloo-

ded and seasonally-flooded habitats. Melaleuca

Fig. 2 Family and species

richness in nonflooded and

seasonally-flooded M.
quinquenervia dominated

stands in south Florida.

Note that the study plot

dimensions were 100 m2

(0.01 ha) and plant species

enumeration years have

only up to 2004 in

seasonally flooded habitat

due to the loss of plots from

herbicide
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density in the non-flooded habitats declined by 36%

during the period between 1997 and 2001 as

compared to a decline of 58% between 2001 and

2005; the melaleuca density in seasonally flooded

habitats declined by 33% during the earlier phase as

compared to 47% during the later time period. The

density of wax myrtle in non-flooded habitats

declined by 82% during the period between 1996

and 2001 but increased by 140% during 2001 to

2005; wax-myrtle density decline in seasonally-

flooded habitat was 24 and 100% for the 1996–

2001, and 2001–2004, respectively. Sawgrass density

in nonflooded habitats declined by 60% between

1996 and 2001 but increased by 118% between 2001

and 2005 whereas in seasonally flooded habitats it

declined by 48% during the early phase as compared

to only 3% during the later phase. The plant species

that colonized and proliferated after melaleuca den-

sity declines, especially in the nonflooded habitats,

consisted mainly of several native woody species

(Annona glabra, Cephalanthus occidentalis, Ficus

aurea, Ilex cassine, Myrsine floridana, Persea palus-

tris, and Trema micranthum), shrubs (Baccharis

glomerulifolia, Eupatorium sp.), vines (Mikania

scandens and Vitis sp.), sedges (Cladium jamaicense

and Rhyncospora spp.), grasses, and ferns

Table 1 Habitat-wise (from all plots within habitat) family

importance value (FIV), comparing the relative contribution to

the plant species composition in mature stands of Melaleuca
quinquenervia in south FL

Plant families Nonfloodeda Seasonally floodeda

1997b 2005b 1997b 2004b

Anacardiaceae 5.3 3.7 10.8 12.6

Annonaceae – 2.3 – 12.7

Aquifoliaceae – 2.9 – –

Araliaceae – 5.9 – –

Asteraceae 18.9 35.0 – 16.3

Bromeliaceae 5.3 – – –

Casurinaceae – 2.2 – –

Convolvulaceae – 2.4 – –

Cucurbitaceae – 5.5 – –

Cyperaceae 20.9 32.5 15.1 18.0

Euphorbiaceae – 2.5 – –

Fabaceae – – – 7.4

Lauraceae 5.3 2.4 10.1 6.0

Malvaceae – – – 6.0

Moraceae 5.3 2.4 10.2 6.0

Myricaceae 10.9 3.2 10.2 –

Myrsinaceae 5.8 3.2 – –

Myrtaceae 61.6 15.8 96.2 69.0

Orchidaceae 5.3 17.0 10.1 –

Osmundaceae 13.6 11.4 – –

Poaceae 10.7 22.2 10.0 10.8

Psilotaceae 8.8 5.9 – 7.7

Pteridaceae 6.6 2.8 – –

Rubiaceae 5.3 2.3 10.2 –

Schizaeaceae – 2.3 – –

Thelypteridaceae 6.6 7.0 17.1 –

Ulmaceae – 2.4 – 7.4

Urticaceae – 2.2 – 7.5

Vitaceae – 2.6 – –

a Habitat types
b Year vegetation surveyed

Fig. 3 Simpson’s reciprocal index (1/D) for overall species

diversity (richness ? abundance) in M. quinquenervia domi-

nated forest stands of south Florida. Note that the plant species

enumeration years have only up to 2004 in seasonally flooded

habitat due to the loss of plots to herbicide drift. Error bars
represent stand error of the mean; columns sharing a common

letter within a given year are not significantly different at

P = \ 0.1 level using Fisher’s protected least significant

difference (LSD) test

Wetlands Ecol Manage (2009) 17:455–467 461

123



Table 2 Cumulative list (from all plots) of plant species showing densities (ha-1) in two M. quinquenervia dominated habitats as

recorded during four (1997, 2001, 2004, and 2005) observation dates

Species/statusa Habitat/observation dates

Nonflooded Seasonally flooded

1997 2001 2005 1997 2001 2004

Annona glabra L./native –b 125 (25)c 63 (50) – 25 (25) 1050 (100)

Baccharis glomerulifolia Pers./native 1138(75) 536 (75) 5375 (100) – 13 (13) 300 (75)

Bischofia javanica Blume/exotic – – 188 (50) – – –

Bletia purpurea (Lam.) DC /native 25 (25) 13 (13) 75 (25) 25 (25) 25 (25) –

Boehmeria cylindrica (L.) Sw. /native – – 13 (13) – – 250 (75)

Casuarina sp./exotic – – 13 (13) – – –

Catopsis sp./native 13 (13) – – – – –

Centella asiatica (L.) Urb/native – 2488 (63) – – 13 (13) 100 (25)

Cephalanthus occidentalis L./native 25 (13) – 38 (13) 50 (13) 100 (13) –

Circium sp./native 38 (13) – 25 (25) – – –

Cladium jamaicense Crantz /native 6913 (100) 2763 (75) 3238 (100) 1600 (50) 825(50) 800(50)

Cyperus sp./unknown – – 813 (38) – – –

Desmodium sp./native – – 225 (100) – – –

Eleocharis sp./native – – 175 (13) – – –

Eugenia uniflora L./exotic – – 25 (13) – – –

Eupatorium capillifolium (Lam.) Sm. Ex Porter

& Britton/native

– – 613 (88) – – –

Ficus aurea Nutt./native 25 (25) 150 (25) 113 (50) 63 (25) 50 (25) 25 (25)

Habenaria sp. 1/native – – 75 (13) – – –

Habenaria sp. 2/native – – 6863 (100) – – –

Ilex cassine L./native – – 438 (88) – – –

Ipomoea sagittata Poir./native – – 125 (25) – – –

Lygodium microphyllum (Cav.) R.Br./exotic – – 25 (13) – – –

Melaleuca quinquenervia /exotic 28513 (100) 18400 (100) 7650 (100) 27200 (100) 18113 (100) 9675 (100)

Mikania scandens (L.) Willd./native – – 388 (63) – – –

Momordica sp./exotic – – 688 (13) – – –

Myrica cerifera L./native 2638 (100) 463 (75) 650 (100) 50 (25) 38 (25) –

Myrsine floridana A.DC. /native 263 (50) 213 (25) 650 (100) – – –

Oplismenus hirtellus (L.) P.Beuv. /native – – 1700 (38) – – –

Osmunda regalis L./native 3888 (50) 4650 (75) 6213 (88) – – –

Panicum ripens L./exotic – – – – – 750 (25)

Panicum sp.d – – 4050 (100) – – –

Passiflora sp./native – – 625 (88) – – 25 (25)

Persea palustris (Raf.) Sarg. /native 25 (13) 13 (13) 113 (38) 38 (13) – 25 (25)

Pluchea sp./native 263 (25) – 2688 (100) – – –

Psilotum nudum (L.) P. Beuv./native 1675 (50) 338 (38) 2513 (100) – – 275 (75)

Pteris sp.d 638 (50) – 375 (63) – – –

Rhyncospora sp. 1/native – – 5500 (100) – – –

Rhyncospora sp. 2/native – – 2275 (88) – – 150 (100)

Rhyncospora sp. 3/native – – 950 (63) – – –

Schinus terebinthifolius Raddi/exotic 38 (13) – 975 (100) 250 (50) 138 (25) 1025 (100)
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(Thelypteris sp. and Osmunda regalis) (Table 2).

Also, some prominent exotic species of concern

invaded the site and proliferated, but to a lesser extent

than the species of native trees and shrubs. These

exotic species of concern were mainly Schinus

terebinthifolius (Brazilian pepper tree), Lygodium

microphyllum (Japanese climbing fern), and Bischofia

javanica.

Melaleuca canopy damage and plant species

richness

The number of species per plot (species richness per

plot) recorded annually increased concomitantly with

natural-enemy damaged leaves during 1997–2005

(r2 = 0.8196) (Fig. 4). Spearman’s correlation coef-

ficient also showed positive correlation (Correlation

coefficient = 0.905, P = 0.00503) between the pro-

portion of damaged leaves in the litter trap and the

species richness within the plots. The increase in

proportion of damaged leaves falling prematurely

may have accelerated melaleuca canopy thinning,

which led to increased number of plant species per

plot as a result of increased light penetration to the

forest floor.

Discussion

Natural area managers of south Florida were making

efforts to develop plans for halting further advance of

melaleuca invasions while simultaneously reducing

the existing populations (Bodle et al. 1994). They

proposed deployment of mechanical and chemical

means to remove mature tree populations and classical

Fig. 4 Linear regression of natural-enemy-damaged M. quin-
quenervia leaves and plant species richness in nonflooded

forest stands of south Florida

Table 2 continued

Species/statusa Habitat/observation dates

Nonflooded Seasonally flooded

1997 2001 2005 1997 2001 2004

Thelypteris sp./native 638 (75) 112 (25) 3250 (100) 2250 (50) 2488 (50) –

Trema micranthum (L.) Blume/native – – 113 (38) – – 225 (50)

Urena lobata L./exotic – – – – – 25 (25)

Vitis sp./native – – 275 (13) – – –

Known native species 14 10 31 7 9 13

Pteridophyte (uncertain native/exotic status)d 1 – 1 – – –

Monocot (uncertain native/exotic status)d 0 – 1 – – –

Known exotic species 2 1 7 2 2 4

Total number of species 17 11 40 9 11 17

a Exotic and native status of plants was determined based on Wunderlin and Hansen (2003)
b Species not present in permanent plots
c Number of plants/ha, i.e., density of the given species; numbers in parenthesis indicate the percentage of permanent plots in which

the species occurred
d Plant species whose exotic and native status could not be determined
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biological control to prevent reproduction and recruit-

ment, thereby constraining the expansion and

regeneration of this noxious species (Bodle et al.

1994; Turner et al. 1998). This strategy aimed to

reduce existing populations and densities of melaleu-

ca, in order to facilitate the diversification of plant

communities, as native plants re-colonized infested

areas. The current study documents the increased

diversity of non-melaleuca species in mature melal-

euca stands reported by Rayamajhi et al. (2007) to be

subjected to self-thinning and chronic damage by

foliovorous weevils, sap-feeding psyllids and lac-

scales, and a rust fungus. The accelerated mortality of

melaleuca seedlings and saplings in south Florida

caused primarily by the psyllid B. melaleucae has been

documented by Franks et al. (2006). Similar phenom-

ena have been reported in a general purpose model

developed by Polyakov et al. (2008) for other systems.

Our findings show that declines in melaleuca

densities coincide with overall increases in understory

regeneration and subsequent increases in plant species

diversity even though melaleuca is still occupying the

topmost vertical layer in the community. This was

expected since others have reported similar increases

in understory recruitment and overall diversity with

decreased stem density of dominant trees in other

systems (Thomas et al. 1999; Nagaike et al. 2006).

The family Myrtaceae, for instance, had the highest

FIV in both habitats at the inception of our study in

1997 due primarily to the density and canopy

dominance by M. quinquenervia. By 2005, however,

FIV of Myrtaceae was reduced by 74 and 28% in

nonflooded and seasonally-flooded habitats, respec-

tively. The decrease in FIV of melaleuca in

nonflooded habitat coincides with an increased FIV

of Asteraceae, Poaceae, and Orchidaceae by C100%

between 1997 and 2005. Such an increase in the FIV

of these three families in melaleuca vacated gaps may

be attributed to the availability of resource mother

plants in areas adjacent to our study areas (personal

observation) and the seed attributes (small-sized

anemophilous seeds). Ohtsuka (1999) studied coloni-

zation of abandoned cropland and reported the marked

success of pioneer plant species in Asteraceae

(Galinsoga, Crassocephalum, Conyza and Eupatori-

um species), Poaceae (Imperata sp.) and a member of

Ulmaceae (Trema sp.). He attributed successful

colonization of abandoned sites by members of

Asteraceae and Poaceae to smaller seed size and

dispersive capabilities (Ohtsuka 1999). Similarly,

members of Asteraceae (represented by Baccharis,

Eupatorium, Mikania, and Pluchea species), Poaceae

(represented by Panichum and Oplismenus species)

and Cyperaceae (represented by Cladium, Cyperus,

and several species of Rhyncospora species), all with

small seeds, have rapidly colonized the forest floor

gaps caused by the mortality or thining of melaleuca

trees. Increased FIV of Poaceae, Asteraceae, Cyper-

aceae, and Orchidaceae in these gaps is not surprising

since these four families are most abundantly repre-

sented by 124, 81, 53, and 42 species, respectively,

out of ca 1,000 species cataloged in the Everglades

National Park (Brown et al. 2006b) located adjacent to

our study sites. Other notable groups of plants taking

advantage of the gaps, especially around decomposing

melaleuca stumps, are fern species (Thelypteris,

Osmanda and Lygodium species) that recruit sporo-

phytic adults as other ferns do through germination of

anemophilous (Cobb et al. 2005) haploid spores. The

increase in populations of the members of Orchida-

ceae (Bletia sp. and Habenaria spp.) also followed a

trend similar to that reported in Ohtsuka (1999).

Overall, it appeared that forest-floor and canopy gaps

created due to mortality of melaleuca tree in both

nonflooded and seasonally flooded habitats in our

study have been colonized early by plants bearing

smaller regenerative units that are easily wind

dispersed. However, this dynamic is expected to

change over time with the recruitment of tree and

shrub species. As a result, we predict that species

diversity will decrease over time because of the

codominance of more stable perennial tree and shrub

species. This prediction is supported by the reports in

other systems where annuals have been replaced by

woody plants during later phase of succession

(Ohtsuka 1999).

The comparative FIV of some woody plant

families, such as Myricaceae (M. cerifera) and

Myrsinaceae (M. floridana), was represented by

fewer suppressed understory saplings at the onset of

the study (during 1997) and their FIV was slightly

decreased at final evaluation (in 2004/2005). Their

decreased FIV may be attributed to herbivory from

the lac scale as members representing these families

are susceptible to this arthropod (Pemberton 2003)

and their populations in south Florida peaked during

2002 (Rayamajhi et al. 2007). Therefore, any increase

in the FIV of non-melaleuca plants can primarily be
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attributed to the decreased FIV of Myrtaceae repre-

sented by melaleuca rather than to the declines in the

density of other plant species in the stand. On the

other hand, new (that were not recorded at the

onset of the study in 1997) woody plant species

(T. micranthum, I. cassine, Casuarina sp.) appeared

both in nonflooded and seasonally-flooded habitats in

our study; others (Brokaw 1985; Ohtsuka 1999; Kwit

et al. 2000) have reported one (Trema) of the above

three genera as a pioneer tree species in gaps of other

forest systems.

Positive correlation between the increase in the

level of melaleuca canopy damage and the subse-

quent increase in plant species richness was apparent

in our study. This supports the assumption that the

natural enemies, by reducing competitive dominance

of an exotic plant species, can promote the develop-

ment of plant communities with higher plant

diversity. This assumption is further supported by

Center et al. (2005) who reported that the herbivory

from introduced natural enemies reversed the com-

petitive dominance of the invasive aquatic host,

Eichhornia crassipes, and resulted in its replacement

by the weaker competitor Pistia stratiotes. Similar

abilities of herbivores to alter plant species richness

and ecosystem processes have been experimentally

demonstrated by Mulder et al. (1999).

Does this melaleuca density decline represent a

shift from melaleuca monoculture to a complex of

desired native species or rather to a group of equally

invasive exotic species? Of the 17 and 40 plant

species documented for nonflooded habitat in 1997

and 2005, two (M. quinquenervia and S. terebinthifo-

lius) and four (E. uniflora, M. quinquenervia,

Momordica sp., and S. terebinthifolius) species,

respectively, were exotic. Similarly, out of 9 and 17

species recorded in seasonally-flooded habitats dur-

ing 1997 and 2004, two (M. quinquenervia and S.

terebinthifolius) and four (M. quinquenervia and S.

terebinthifolius, Panicum sp. and U. lobata) species,

respectively, were exotic. Hence, the spaces vacated

by melaleuca in nonflooded and seasonally-flooded

habitat are mostly colonized by native plants.

Summary

A landscape level Everglades restoration program has

been initiated in hopes of returning the degraded

systems to a semblance of their historic ecological

condition. Restoring the system to its former state,

however, is improbable if not economically impossi-

ble. Restoration of areas previously occupied by

gramineous vegetation (White 1994; Turner et al.

1998), for instance, has proven problematic because of

the alteration of physiography (White 1994) and soil

characteristics due to decades of melaleuca occupation

(Rayamajhi et al. 2006a). Rehabilitation of such

degraded or derelict ecosystems will require reduction

of the existing population densities of melaleuca and

inhibition of further recruitment and invasion.

Recently, reduced stand densities due to density-

dependent (self-thinning) and density-independent

(natural-enemy impact) factors (Rayamajhi et al.

2007, 2008), reduced reproductive potential (Pratt

et al. 2005; Rayamajhi et al. 2008) and suppression of

growth (Pratt et al. 2005; Center et al. 2007) in the

stands has been documented. It has been reported that

reduction in melaleuca density and canopy coverage

can be accelerated through the chronic impact of

defoliating agents (Rayamajhi et al. 2007, 2008). Our

findings indicated that sites dominated by melaleuca

can gradually be rehabilitated through reduction of its

canopy coverage and stem density. The current study

has documented a two to four-fold increase in non-

melaleuca plant diversity in study sites within our

8 year period which may decrease or increase in future

owing to the community succession. It may also be

noted that the sites degraded by invasive plants may

only be partially rehabilitated by passive means, such

as natural regeneration of non-melaleuca plants. This

may require more active restoration efforts like

continued mechanical or chemical removal of larger

stands and direct seeding or replanting of desired

vegetation where deemed ecologically and economi-

cally feasible.
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