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ABSTRACT 

Exotic tree Melaleuca quinquenervia (melaleuca) 
deposits large quantities of slowly decomposing 
litter biomass that accumulates over time and 
covers forest floors in its adventive habitats in 
Florida (USA). Herein, we assessed the influence 
of melaleuca litter cover, seed addition, and 
seeding date on seedling emergence and sur-
vival. The assessment was conducted by ma-
nipulating litter cover and seed inputs of me-
laleuca and two native species at different dates 
in two soil types. Litter cover was either re-
moved or left in place in organic and arenaceous 
soils within melaleuca stands. Each of the three 
treatment plots were seeded with melaleuca, 
wax myrtle or sawgrass, while the fourth plot 
was not seeded and served as the control. 
Seedlings were counted at 2-wk intervals to de-
termine cumulative seedling emergence and 
survival during the experimental period. The 
experiment was repeated four times within a 
year. Soil type did not influence seedling emer-
gence of all three species but influenced sur-
vival of wax myrtle. Litter removal increased the 
emergence of melaleuca, sawgrass, and wax 
myrtle and increased the survival of melaleuca. 
Seed addition increased the emergence and 
survival of sawgrass and wax myrtle but made 
no difference for melaleuca. Seeding during the 
periods of high soil moisture content had posi-
tive effects on the emergence and survival of 
melaleuca, wax myrtle, and sawgrass seedlings. 
These findings are deemed useful in planning 
active restoration for melaleuca invaded sites. 
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Leaf Litter; Melaleuca quinquenervia; Seedling 
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1. INTRODUCTION 

The general role of plant litter in community structure 
and function has been reviewed by Facelli and Pickett 
[1-3] and Xiong and Nilsson [4,5]. Accumulation of 
plant litter biomass on forest floors affects community 
structure in ecosystems [6] by influencing seedling 
emergence and establishment [7]. In general, litter bio-
mass affects seeds in forest floors by restricting them to 
the litter surface thereby obstructing contact with under-
lying soils, cutting off light, or altering seed temperature 
[7-9]. Germination of species with large seeds is usually 
not affected by litter cover, while smaller seeded species 
may experience reduced germination [10]. Litter accu-
mulation however, has less effect on germination and 
seedling establishment of shade tolerant species [11]. 
The biomass of litter may affect seeds physically by 
burying them, or affect them chemically by adding nu-
trients or phytotoxins to the soil. Biological effects of 
litter biomass may include the addition of diaspores that 
serve as the plant-dispersal units [4]. High litter deposi-
tion by a dominant plant species can modify competition, 
suppress competing plants, and lower plant species rich-
ness [5,12-14]. 

Invasive plants are capable of modifying environments, 
including soils on which they persist, in ways that in-
creases their fitness and facilitates invasion [15]. These 
modifications can displace native plants and lead to the 
development of invasive monocultures [5]. Soil systems 
are altered by the litter type, amount, rate of decomposi-
tion, effects on soil pH, release of nutrients from litter, 
and nutrient-induced changes in soil biota [15,16]. De-
spite these negative effects of dominant invasive plants, 
published reports documenting the direct impact of ex-
otic plant litter biomass on the emergence and survival of 
seedlings are rare. Melaleuca quinquenervia (Cav.) Blake 
is of Australian origin (hereafter referred to as “me-
laleuca”) and was introduced into south Florida (USA) 
during the early 1900s [17]. This exotic tree can deposit 
large amounts of litter annually to the forest floor of in-
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vaded areas [18,19]. Melaleuca leaf litter in sawgrass 
marshes decomposes more slowly than sawgrass leaf 
litter under the same environmental regime [19]. This 
slow decomposition rate, coupled with high annual lit-
terfall (up to 12 Mg·ha–1·yr–1) leads to the accumulation 
of a large amount of litter mass (up to 25 Mg·ha–1 at any 
given time) on forest floors, which may limit recruitment 
of native plants in melaleuca dominated stands [18,19]. 

More recently, the number and size of canopy open-
ings in mature melaleuca stands have increased follow-
ing attack by released natural enemies such as Oxyops 
vitiosa Pascoe (weevil), Boreioglycaspis melaleucae 
Moore (psyllid), and an adventive rust fungus Puccinia 
psidii G. Winter. These agents have caused significant 
tree-crown thinning and mortality of melaleuca seedlings, 
saplings and even mature trees [20-23]. This plant mor-
tality has resulted in a short-term increase in the amounts 
of accumulated melaleuca litterfall. The density of re-
leased and adventive natural enemies in south Florida is 
generally highest during late fall through early summer, 
which coincides with milder temperatures and emergence 
of new foliage (Rayamajhi, personal observation). 

General attributes of invasive plants include high re-
productive capacity (precocity, self-compatibility, copi- 
ous/frequent flowering, prolific seed production, smaller 
seeds that lack dormancy, capacity for vegetative multi-
plication, etc.), superior competitive ability, morpho-
logical or physiological plasticity, and rapid growth po-
tential [24-27]. Melaleuca possesses many of these inva-
sive traits in its adventive range in Florida [28-30]. One 
such trait is the ability to produce and retain large quanti-
ties of seeds (up to 550 kg·ha–1 in mature stands) in se-
rotinous woody capsules for several years [22], which 
provides a sustained input of seeds to the forest-floor. 
Under water-saturated conditions, most melaleuca seeds 
germinate within 10 days, although a small fraction may 
remain dormant for an extended time [30]. All seeds at 
the soil surface or buried as deep as 5-cm in water-satu- 
rated organic soils germinate within 18 months, but a few 
seeds buried in arenaceous (predominantly sandy) soils 
remain dormant over 28 months [31]. Ground fires that 
scorch vegetation and expose mineral soils stimulate the 
emergence of melaleuca seedlings (Center, unpublished 
data). Similarly, animals such as armadillos and wild pigs 
disturb the leaf litter while searching for food, which also 
appears to stimulate seedling emergence (Rayamajhi, 
personal observation). These observations suggest that 
melaleuca litter may impede seedling emergence and 
establishment of both exotic and native plants but this 
has not been tested in the field. In addition, there are no 
data on potential interactions between the timing of litter 
removal and seedling emergence, as well as seedling 
survival in mature melaleuca stands. Therefore, the ob-
jectives of this current study were to assess the influence 

of 1) melaleuca litter cover, 2) seed addition, 3) soil type, 
and 4) seeding date on the emergence and survival of 
seedlings within mature stands of melaleuca in southern 
Florida. Information obtained may prove useful to land 
managers in active restoration of melaleuca invaded 
areas. 

2. MATERIALS AND METHODS 

2.1. Study Sites 

Two sites were used for this study, both located in sou- 
thern Florida. The Broward County site was located be- 
tween N26˚02′59.39′′, W080˚26′22.71′′ and N26˚02′58.68′′, 
W080˚26′22.68′′ and the Collier County site, in the 
Picayune Strand State Forest, was located between 
N26˚06′28.10′′, W081˚38′19.77′′ and N26˚06′27.43′′, 
W081˚38′19.68′′. These sites represent two physically 
separated geographic areas with starkly different soils 
with the Broward County site consisting of organic soil 
and the Collier County site consisting primarily of aren-
aceous soils. General soil types, organic matter content, 
and vegetation composition of the Broward and Collier 
County sites are described in Rayamajhi et al. [19]. 
Within each site a mature melaleuca stand was chosen 
where melaleuca trees were sparse. As reported in Ra-
yamajhi et al. [19] the pH, water holding capacity, total 
carbon, total nitrogen and carbon/nitrogen ratios in the 
upper 10 cm of the organic soils in the areas of the cur-
rent study site was 7.7(±0.1), 512.6(±41.4), 407.4(±9.9), 
27.3(±2.5), and 15.1(±1.0) respectively; similarly, the 
soil pH, water holding capacity, total carbon, total nitro-
gen and carbon/nitrogen ratios in the upper 10 cm of the 
arenaceous soils was 6.0(±0.0), 65.9(±13.7), 51.3(±12.9), 
2.5(±0.6) and 20.0(±1.7), respectively. These sites are 
typical of wetlands in Florida where Cladium jamaicense 
Crantz (sawgrass), Morella cerifera (L.) small (wax myr-
tle) and other native plants are being replaced by me-
laleuca.  

2.2. Seed Source for Experiments 

Melaleuca seeds used in this study were collected 
from Broward County, Florida in 1997 and were stored at 
room temperature (22˚C - 25˚C). Sawgrass and wax 
myrtle seeds used in this experiment were collected, 
during 2003-2004 from Broward County and Picayune 
State Forest, Collier County, FL, respectively and were 
stored in the same as melaleuca seeds. The glasshouse, 
the mean seed germination rates (of the seeded plant spe- 
cies) as tested in the commercial potting soil (PROMIX- 
PGX, Premier Horticulture Inc., 127 South 5th Street, 
Quakertown, PA 18951) were 14.3% ± 4.8% (range 4% - 
20%), 23.5% ± 10.1% (range 11% - 44%), 17.8% ± 4.4% 
(range 14% - 26%), for melaleuca, wax myrtle and saw- 
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grass, respectively at the onset of the current study. 

2.3. Litter Cover and Soil Moisture 

The amount of litter cover in research plots was esti-
mated by collecting four litter (leaf and twig ≤ 1.0 cm 
diameter) samples from each of the sites representing 
two soil types at the onset of each experiment. Litter was 
air-dried at 70˚C until a constant weight was achieved 
and the dry weight of all samples was individually re- 
corded. From these data the litter biomass was deter-
mined as grams of dry weight/m2. 

2.4. Experimental Design 

This experiment was performed over four, 12-wk pe-
riods during 2005-2006 using split-split plot design. To 
ensure that no seeds dispersed into the plots or intention-
ally introduced seeds were washed away during the ex-
periment, we constructed sheet metal frames: each 30.0 
cm × 30.0 cm = 0.09 m2 (20 cm height) with four equally 
sized compartments, labeled A, B, C and D (Figure 1). 
The frames were pressed down ca 2 cm into the soil 
through the melaleuca litter cover. Edges of the frames 
were sharp enough to cut through smaller twigs and leaf 
litter. We installed two frames side by side (see Figure 1) 
to minimize microenvironment differences for variables 
like soil type, elevation, and litter depth. Litter was re-
moved from four plots within one frame to expose the 
underlying mineral soil (hereafter referred as the “litter 
removed” plot) while another identical frame was left 
unmodified (hereafter referred as the “litter covered” 
plot), these frames served as whole plots (litter cover). 
Into three of the four compartments in each frame we 
added (spread evenly) seeds of melaleuca, wax myrtle or 
sawgrass at a rate of 2222 seeds/m2. No seeds were 
added to the fourth compartment which served as the 
“control” treatment. These seed species plus control treat-  
 

 

Figure 1. Metal frames used to create litter-removed and litter 
covered compartments (0.09 m2 plots); Note the composition of 
melaleuca litter (leaves and small twigs). 

ment served as sub-plots and were randomized within the 
frame. Each pair of litter removed and litter covered 
frames containing sub-plots were replicated three times 
per site (soil type) and were considered sub-subplots. 
The effects of seeding date were determined by tempo-
rally repeating the whole experiments four times (April, 
July and November of 2005, and February of 2006) in 
approximately 3-month interval. For each seeding date, 
the frames were located in different places within the 
study site and the treatment plots within frames were 
randomized. After seeding, melaleuca litter accumulating 
on litter removed and litter covered plots was left in situ 
during 12-wk experimental period to reflect the natural 
field conditions following seeding. Each experiment was 
monitored for a 12-wk period. 

Seedling emergence and survival was recorded at 
2-wk intervals during each of the 12-wk periods and total 
emergence and survival of seedlings during the experi-
mental period was calculated. A seedling was counted as 
emerged after its cotyledons expanded and the seedling 
was sufficiently visible on the surface of the mineral soil 
or litter as described in Hastwell and Facelli [32]. Each 
seedling was marked by placing a toothpick next to it to 
avoid recounting at the next sample. The total number of 
seedlings emerged during the each 2-wk interval were 
summed to calculate the total seedling emergence during 
the experimental period. Similarly, the total live seed-
lings at the end of the sixth 2-wk interval were recorded; 
these numbers represented the total seedling survival at 
the end of the experimental period. Only three plant spe-
cies of interest, namely melaleuca, wax myrtle, and saw-
grass were documented by species; the remaining plants 
were counted and grouped into broad taxonomic groups 
(e.g., monocots and dicots). In this study, only melaleuca, 
sawgrass, and wax myrtle seedlings were included in the 
analysis. It should be noted, however, that densities of 
the other species were low in all plots and assumed to 
have no negative competitive affect on the three study 
species. 

2.5. Data Analysis 

Data were analyzed with a General Linear Model 
(PROC GLM) in SAS [33]. Cumulative seedling emer-
gence was obtained by adding the total number of plants 
by species from each of the six 2-wk evaluations during 
the 12-wk experimental period. However, the seedling 
survival data represented only the percentage of plants 
alive at the end of the respective 12-wk experimental 
period. We analyzed data using mix model ANOVA in 
which the effects of the independent variables (soil 
type, litter cover and seeding date) on dependent vari- 
ables (seedling emergence and survival) were considered 
random. Full model multivariate analysis showed sig- 
nificant main effects, and two- and three-way interactions 
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(among independent variables) for the emergence and 
survival of some species (Table 1). This was simplified 
by carrying out further ANOVA and mean separations 
by litter cover and seeding date within respective soil 
type. 

The main effect of M. quinquenervia, M. cerifera and 
C. jamaicense seed addition on the dependent variable 
(seedling emergence of these species) was considered 
fixed while performing simple ANOVA. In this case, the 
number (cumulative) of seedlings in seeded plots was 
compared with the number of seedlings in the control 
plots which were not seeded with any of the three spe-
cies. 

The survival percentages were determined for each of 
the three species based on the total number of emerged 
seedlings (by species) within the experimental period and 
the seedlings that survived to the end of the correspond-
ing experimental period. These percentage data on sur-
vival rates were arcsine transformed prior to analysis; 
however, actual percentages are presented in tables and 
figures. The mean separations for all the response vari-
ables were carried out using LSD procedure. 
 
Table 1. Full model analysis of variance showing the effects of 
the soil type, litter cover, and seeding date on seedling emer-
gence (total during the experimental period) and survival at the 
end of the experiments. 

Source/variables Melaleuca Wax-myrtle Sawgrass 

Emergence F P F P F P 

Emergence       

TRT1 2.5 0.116 0.09 0.766 1.63 0.203

TRT2 105.13 <0.001 4.11 0.008 4.06 0.008

TRT3 94.81 <0.001 4.37 0.038 3.34 0.069

TRT1 × TRT2 23.96 <0.001 2.67 0.049 0.39 0.76

TRT1 × TRT3 1.35 0.247 0.34 0.561 1.91 0.169

TRT2 × TRT3 13.46 <0.001 0.91 0.435 1.06 0.366

TRT1 × TRT2 × 
TRT3 

8.55 <0.001 1.04 0.378 0.56 0.639

Survival       

TRT1 1.01 0.316 5.64 0.027 3.21 0.086

TRT2 161.38 <0.001 3.75 0.027 0.2 0.819

TRT3 9.92 0.002 1.51 0.232 0.16 0.689

TRT1 × TRT2 16.9 <0.001 1.37 0.277 1.59 0.225

TRT1 × TRT3 6.62 0.011 0.17 0.686 0.06 0.815

TRT2 × TRT3 0.98 0.405 2.3 0.125 0.31 0.584

TRT1 × TRT2 × 
TRT3 

2.88 0.037 2.5 0.129 3.97 0.058

1TRT1 = Soil types, TRT2 = Seeding date, TRT3 = Litter cover. DF = 1, 3 
and 1 for soil types, seeding date, and litter cover, respectively. 

3. RESULTS 

3.1. Accumulated Litter and Soil Moisture 

The mean (±SE) amount of litter in plots at the organic 
soil site (1.95 kg/m2 ± 0.09 kg/m2) was greater (F = 
12.01; P = 0.0016, N = 16) than in plots at the arena-
ceous soil site (1.45 kg/m2 ± 0.11 kg/m2). Overall mois-
ture content in the top 5-cm soil-layer during the experi-
mental period (Figure 2) was higher at the site with or-
ganic soils (range: 75.4% ± 1.07% - 78.00% ± 0.70%) 
than at the site with arenaceous soil (range: 13.40% ± 
3.60% - 34.7% ± 2.00%). Soil moisture content in or-
ganic soils was higher during July 2005-February 2006 
while in arenaceous soils moisture content increased 
during July 2005-October 2005 and declined during No-
vember 2005-May 2006. 

3.2. Litter Cover 

Overall, accumulated litter cover on the soil surface 
markedly reduced seedling emergence (F = 18.04, P < 
0.0001). This trend was consistent between soil types 
(Tables 1 and 2, Figures 3 and 4) except for the emer-
gence of sawgrass seedlings at the arenaceous site, which 
was not influenced by litter cover (Figure 4(a)). Litter 
cover did not influence survival of the sawgrass or wax 
myrtle seedlings that emerged (Tables 1 and 2, Figures 
3(b) and 4(b)), although there is evidence to suggest that 
melaleuca seedlings in organic soils experienced greater 
survival rates in the absence of litter cover (Tables 1 and 
2, Figure 3(b)). 

3.3. Soil Types 

Soil type did not affect seedling emergence of any of 
the three species tested (Table 1, Figure 5 (a)). 

Seedling survival of melaleuca and sawgrass was not 
affected by soil type while survival of wax myrtle in-
creased in arenaceous soils (Figure 5 (b)). 
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Figure 2. Mean soil moisture content (% by weight) during 
four 3-mo periods during 2005-2006. 
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Figure 3. Effects of litter cover on the emergence and survival 
of seedlings in organic soils: (a) Seedling emergence; (b) Sur- 
vival of emerged seedlings. Different letters associated with 
vertical columns within species/groups indicate significant 
difference between the “litter removed” and “litter covered” 
treatments LSD test (P = 0.05). 

Figure 4. Effects of litter cover on the emergence and survival 
of seedlings in arenaceous soils: (a) Seedling emergence; (b) 
Survival of emerged seedlings. Different letters associated with 
vertical columns within species/groups indicate significant 
difference between the “litter removed” and “litter covered” 
treatments as per LSD test (P = 0.05). 

 
Table 2. Analysis of variance (ANOVA) showing the main effects of the seeding date and litter cover on the seedlings emergence 
(cumulative over experimental period) and survival under mature melaleuca stands. 

 Soil types 

 Organic soils Arenaceous soils 
Plants/variables F P F P 
Seeding date 
Melaleuca 

    

Emergence 7.05 0.0022 24.71 <0.0001 

Survival 5.86 0.0061 51.4 <0.0001 

Wax myrtle     

Emergence 3.85 0.0261 28.41 <0.0001 

Survival 1.59 0.2526 4.91 0.0538 

Sawgrass     

Emergence 26.07 <0.0001 31.4 <0.0001 

Survival 1.48 0.274 0.03 0.8681 
Litter cover 
Melaleuca 

    

Emergence 11.62 0.0029 10.72 0.004 

Survival 4.15 0.0575 0.19 0.6698 

Wax myrtle     

Emergence 6.24 0.0218 7.09 0.0154 

Survival 0.08 0.7851 0.15 0.7103 

Sawgrass     

Emergence 14.75 0.0011 2.13 0.1607 

Survival 0.04 0.8495 0.26 0.6231 

DF = 1 for both emergence and survival parameters. Data from both litter-removed and litter-covered plots within soil type was pooled for analysis. 
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Figure 5. Effects of soil types on seedling emergence and sur- 
vival by seeded species and overall groups: (a) Emergence (cumu- 
lative over three month period); (b) Survival (% of the cumula- 
tive total number of seedlings emerged) at the end of the experi- 
mental period. Different letters associated with vertical columns 
within species/groups indicate significant difference between 
organic and arenaceous soil types as per LSD test (P = 0.05). 

3.4. Seed Addition 

The emergence of melaleuca seedlings in plots seeded 
with melaleuca was not different than in the unseeded 
control plots (Table 3). In contrast, wax myrtle and saw-
grass seedling emergence in seeded plots was signifi-
cantly greater than in control plots (Table 3). These trends 
were similar in both organic and arenaceous soils (Table 3). 
 
Table 3. Analysis of variance (ANOVA) comparing the main 
effects between seed added and control (seed not added) treat-
ments (DF = 1, N = 24) on seedling emergence of the three 
plant species of interest. 

Seedling emergence (/m2) 
Independent 
variables 

F P 
Seeded 

Unseeded  
(control) 

Organic soils     

Melaleuca 0.28 0.577 829.2 (191.4) a1 699.1 (151.9) a

Wax myrtle 11.64 0.0014 77.8 (22.5) a 0.93 (0.93) b 

Sawgrass 13.04 0.0008 88.0 (23.9) a 1.39 (1.39) b 

Arenaceous soils     

Melaleuca 0.03 0.8652 930.1 (228.0) a 874.5(232.1) a

Wax myrtle 11.77 0.0013 65.3 (18.7) a 0.93 (0.93) b 

Sawgrass 14.47 0.0004 68.06 (17.8) a 0.5 (0.5) b 

1Mean number (cumulative) of emerged seedlings/m2 within row with the 
same letters are not significantly different from each other as per LSD test 
(P = 0.05). Numbers in the parenthesis represent standard errors of the mean. 

3.5. Seeding Date 

The dates that seeds were added to the plots affected 
seedling emergence of all species in both organic and 
arenaceous soil types (Tables 1 and 2). In organic soils, 
seeding during July-October 2005 and November 2005- 
early February 2006 produced the greatest seedling emer- 
gence for all three species, with melaleuca having the 
highest emergence among the three species (Figure 6(a)). 
Seedling emergence for all species was lower in organic 
soils except during the April-July 2005 seeding period 
(Figure 6(a)). The emergence of melaleuca, wax myrtle, 
and sawgrass seeds in arenaceous soils was greater when 
seeding commenced in November 2005-February 2006 
(Figure 7(a)). There was no emergence of wax myrtle or 
sawgrass seedlings for the April-July 2005 and February- 
May 2006 seeding dates (Figure 7(a)). 

The survival rate of melaleuca seedlings was different 
among seeding dates in both organic and arenaceous 
soils (Table 2). More melaleuca and wax myrtle seed-
lings survived in organic soils during April-July and 
July-October 2005 than in February-April 2006 (Figure 
6(b)). In arenaceous soils, melaleuca survival rate was 
higher during multiple periods from April-October 2005 
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Figure 6. Influence of seeding date on the emergence and sur-
vival of seedlings in organic soils: (a) Seedling emergence; (b) 
Survival of emerged seedlings. Different letters associated with 
vertical columns within species/groups indicate significant dif- 
ference among seeding dates as per LSD test (P = 0.05). 
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Figure 7. Influence of seeding dates on the emergence and 
survival of seedlings in arenaceous soils: (a) Seedling emer-
gence; (b) Survival of emerged seedlings. Different letters as- 
sociated with columns within species/groups indicate signify- 
cant difference among seeding dates as per LSD test (P = 0.05). 
 
but none survived during the February-April 2006. Saw-
grass had similarly higher survival rates in both the 
July-October 2005 and November 2005-February 2006 
seeding periods (Figure 7 (b)). 

4. DISCUSSION 

4.1. Litter Cover 

Litter biomass has been implicated as a mechanism 
inhibiting seedling emergence of various plant species 
[10,34,35]. Melaleuca litter inhibited seedling emergence 
of all three plant species in our study; conversely, litter 
removal and exposure of mineral soils increased seedling 
emergence in both organic and arenaceous soils (Figures 
3(a) and 4(a)) as has been reported in other systems as 
well [7,36]. Rasran et al. [37] found that litter removal 
and mowing stimulates emergence and establishment of 
the herbaceous plants Lotus pedunculatus Cav. and Si- 
lene flos-cuculi (L.) Clairv [37]. Similarly, litter removal 
stimulated Quercus seedling emergence and survival in 
mixed oak-pine forests [38] as well as emergence of 
woody seedlings in a xeric successional community [32]. 
In other systems, researchers have demonstrated de- 

creased seed germination and seedling emergence with 
increased litter cover for small-seeded species [7,11, 
35,39-41]. 

Our study also showed that litter cover reduced sur-
vival of emerged seedlings of melaleuca whose seeds are 
relatively smaller [42]. We attribute this to inadequate 
carbohydrate reserves in the smaller seeds which do not 
allow development of adequate root systems capable of 
penetrating litter layers in order to contact mineral soils. 
The litter cover however had no affect on the seedling 
emergence of other species with larger seeds (e.g., saw-
grass and wax myrtle) (Figures 3(b) and 4(b)). Similar 
probability of seed germination and seedling emergence 
in species with larger seeds like Chrysophyllum appeared 
to be independent of the amount of litter because larger 
seeds produce larger cotyledons and physically more 
robust seedlings, able to emerge from thick deposits of 
plant litter [11,41]. 

4.2. Soil Type 

The majority of emerged seedlings in both organic and 
arenaceous soils of our study sites were melaleuca, which 
is a prolific seeder and exhibits enhanced seed longevity 
when buried up to 5-cm beneath the soil surface [31]. 
Removing the litter increased seedling emergence per-
haps by exposing formerly buried seeds to conditions 
more conducive to germination. A similar phenomenon 
has been reported by Reader [43] involving seedling 
emergence of six plant species where ground cover was 
removed to expose soil surface. 

In the current study, survival rates of some plant spe-
cies differed between organic and arenaceous soils types. 
For example, both wax myrtle and sawgrass had better 
survival rates in arenaceous soils. These results are con-
sistent with the findings of others wherein emergence 
and survival of seedlings differed according to plant spe-
cies and general soil attributes such as texture, tempera-
ture, conductivity, light and soil moisture [44,45]. 

4.3. Seed Addition 

Seed addition affected seedling emergence of some 
species but not others. For example, seed addition had no 
effect on the quantity of melaleuca seedling emergence 
which normally releases seeds from the canopy seed 
bank year round [31] and while maintaining a smaller 
soil seed bank [46]. These canopy-held and soil seedbank 
bound seeds in control plots probably accounted for the 
lack of difference in emergence between melaleuca 
seeded and unseeded control plots. On the other hand, 
the addition of wax myrtle and sawgrass seeds increased 
emergence of both species compared with the control. 
Normally, seed sources for both species are usually 
sparse under melaleuca stands. Additionally these plants 
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flower and fruit annually and hold seeds until maturity, 
thereby maintaining no transitional seeds in the canopy 
and very little transitional soil seedbank if any. Therefore, 
seed addition had significant positive effect on seedling 
emergence in wax myrtle and sawgrass. Similar increases 
in seedling emergence following seed addition have been 
reported for some plant species in subhumid grasslands 
[47]. It’s likely that rehabilitating sites formerly infested 
with melaleuca will require additional seed inputs of 
appropriate native species. 

4.4. Seeding Date 

Temporal effects of seeding were evident on seedling 
emergence and survival. In general, emergence was greater 
during July 2005 through February 2006 than during 
February through July 2005. This difference (Figures 
6(a) and 7(a)) coincided with higher moisture content 
(Figure 2) in the soils during that period. A similar in-
fluence of the timing of litter removal on seedling emer-
gence was reported by Hastwell and Facelli [32] and 
Wardle [48]. Regardless of the presence or absence of 
litter on the forest floor and soil type, melaleuca seedling 
emergence was highest among the three plant species 
examined. This suggests that additional melaleuca seeds 
entered plots either from seeds buried in arenaceous soils 
[31] or from canopy seed banks [30,42]. There was no 
emergence of sawgrass and wax myrtle seedlings in 
arenaceous soils from February through early July, which 
corresponds to relatively low moisture content in our the 
study sites (Figure 2). Higher number of seedling emer-
gence of these two plant species in late July through 
February suggested the requirement of higher moisture 
level for seedling emergence for sawgrass and wax myr-
tle. This finding showed similar trends shown by a sea-
sonal tropical forest in Panama with a majority (75%) of 
seeds germinating within the first 3 months of the rainy 
season [49]. 

5. CONCLUDING REMARKS 

Our study demonstrated that litter cover significantly 
inhibited the emergence of the seeds for all species tested, 
but that seedling survival remained unaffected in wax 
myrtle and sawgrass. Combination of litter removal and 
high soil moisture promoted greater seedling emergence 
but the effect on seedling survival was species dependent. 
In general, melaleuca litter removal from forest floors 
enhanced restoration efforts by facilitating the emergence 
and survival of native plants such as sawgrass, wax myr-
tle, and perhaps other native plants in melaleuca invaded 
sites. Our findings showed that the effect of soils on 
seedling emergence and survival is variable and species 
specific. Adding seeds did not increase melaleuca seed-
ling densities indicating that the plant was not seed lim-

ited at these sites; while, the reverse was true with wax 
myrtle and sawgrass where seed addition increased seed-
ling densities. Understanding the seed and seedling dy-
namics of the native plants of interest is one of the first 
steps to designing programs to rehabilitate ecosystems 
degraded by exotic plant invasions. 
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