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Japanese climbing fern (Lygodium japonicum) is an invasive vine that is 

problematic in forests of the southeastern United States. Improved understanding of the 

fern’s germination requirements might better inform early detection and prevention 

strategies. In a controlled environment study, I evaluated how temperature, pine litter, 

and light intensity affected germination timing and success. I collected weekly 

gametophyte presence/absence and percent cover data from pots maintained at 

consistent temperature, light, and litter regimes. I analyzed differences between 

treatments using chi-squared tests, Kruskal-Wallis ANOVA, and the Wilcoxon each pair 

method. Higher temperatures spurred germination sooner than lower temperatures. A 

lower germination temperature threshold was reached between 10 and 15°C. Spores 

under litter germinated earlier and displayed greater gametophyte cover, especially at 

colder temperatures. Light intensity did not significantly affect percentage of pots 

containing gametophytes or percent cover. 
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Much about the fern’s impact on natural systems remains unknown, including its 

effect on biodiversity and habitat quality. In a field study, I compared understory 

richness, diversity, composition, and bobwhite food species cover between fern-invaded 

and -free plots across three longleaf pine sites. While no differences were noted for 

species richness and diversity between plot types, these parameters decreased with 

increasing fern cover. Functional diversity was higher in invaded plots than free plots. 

Composition was different between plot types, with graminoids more associated with 

invaded plots. Bobwhite food cover decreased with increasing fern cover. Management 

should include litter removal prior to temperature-dependent peak spore germination 

and planting of native grasses to competitively discourage fern establishment. 
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CHAPTER 1 
INTRODUCTION: BIOLOGY, ECOLOGY, AND INVASIVITY OF JAPANESE CLIMBING 

FERN 

Japanese climbing fern (Lygodium japonicum (Thunb.) Sw.) is an exotic, invasive 

climbing fern that has become problematic in forests throughout the Coastal Plain and 

portions of the Piedmont regions of the southeastern United States. It is designated as a 

Category I noxious weed in Florida due to its potential to “alter native plant communities 

[and] change community structures and ecosystem function” (FLEPPC 2009). Since its 

introduction from eastern Asia around 1900 for ornamental purposes, it has spread 

rapidly to inhabit understories of a wide range of forest types throughout the Florida 

Panhandle and peninsular Florida, much like its closely related congener, Old World 

climbing fern (Lygodium microphyllum (Cav.) R. Br.) (Wunderlin and Hansen 2006). It 

has also spread as far north as North Carolina, as far west as Texas, and to Hawaii and 

Puerto Rico (USDA, NRCS 2012). The ability of its rhizomes to tolerate frost has 

facilitated its northward expansion (Minogue et al. 2009). In the Southeast, the fern 

occupies as much as 400 ha in each of 100 counties and as much as 4,050 ha in each 

of 50 counties (Ridley et al. 2009). 

The invasiveness of Japanese climbing fern has largely been attributed to its 

efficient reproductive capabilities and its ability to withstand a variety of severe 

environmental conditions. Sexually mature Japanese climbing fern gametophytes 

develop from hardy, thick-walled spores approximately five weeks after germination 

(Lott et al. 2003). These gametophytes may be produced by either outcrossing or 

selfing, but intragametophytic selfing (reproduction via a single gametophyte) is posited 

to be the primary mode of spread for Japanese climbing fern populations in Florida. If 

this were true, such a reproductive strategy would promote the establishment of distant 
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fern populations from single spores. It has been postulated that Japanese climbing fern 

plants produce as many as 38,000 spores per square inch of fertile leaf area (Lockhart 

2006), an approximation based on the estimated spore output of Old World climbing 

fern (Volin et al. 2004). Following fertilization of haploid Japanese climbing fern 

gametophytes, diploid sporophyte (true leaf) production begins (Lott et al. 2003). 

Leaves grow indeterminately (Mueller 1981, Ferriter 2001) and, at peak expansion, 

grow at a rapid rate for several weeks. While Japanese climbing fern plants remain 

evergreen below the frost line (Ferriter 2001, Valenta et al. 2001, Zeller and Leslie 

2004), plants above the frost line die back and then resprout from frost-tolerant 

underground rhizomes in early spring (Volin 2006). The fern’s rhizomes also aid in its 

regeneration following prescribed burning activities (Evans et al. 2006). Despite 

seasonal dieback, it is thought that expanding populations of Japanese climbing fern in 

southern Florida may lead to development of the same canopy-smothering growth seen 

with Old World climbing fern (Van Loan 2006). 

However, relatively little is known about the basic environmental requirements of 

Japanese climbing fern germination and establishment, or the degree of impact on the 

native plant and animal communities of the ecosystems it invades. Investigations in 

these areas could provide information that may influence the direction and strategy of 

future management activities. Additionally, such information may assist landowners and 

managers in their efforts to control and mitigate Japanese climbing fern infestations. 

Accordingly, the two studies that comprise this body of work were conducted to 

elucidate several points about Japanese climbing fern’s reproductive biology and 

behavior as an invasive plant. With a controlled environment study, I explored the 
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effects of several environmental variables—temperature, light intensity, and the 

presence or absence of forest litter—on the germination of Japanese climbing fern 

spores and survival of its gametophytes. Furthermore, in an observational study of three 

similar longleaf pine communities, I investigated the degree of Japanese climbing fern’s 

impact on native plant diversity and bobwhite quail habitat quality by characterizing and 

comparing the understory plant communities in invaded areas versus those in areas 

free of invasion.
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CHAPTER 2 
EFFECTS OF TEMPERATURE, FOREST LITTER, AND LIGHT INTENSITY ON 
JAPANESE CLIMBING FERN SPORE GERMINATION AND GAMETOPHYTE 

DEVELOPMENT 

Introduction 

To date, most studies regarding Japanese climbing fern management as an 

invasive species pertain to post-emergent control of mature plant foliage, either through 

herbicide treatments, prescribed burning, or a combination of the two (e.g. Zeller and 

Leslie 2004, Van Loan 2006, Minogue et al. 2009, Bohn et al. 2011). However, due to 

its rapid spread and establishment through numerous, hardy spores that are readily 

disseminated by wind, water, and a wide variety of biological and vehicular vectors, it 

has become increasingly clear that effective management of Japanese climbing fern 

may only be achieved through a better understanding of the ecological requirements of 

the fern through all stages of its life cycle. Such knowledge may be useful in monitoring 

current fern invasions or in predicting where new populations may develop. Greater 

understanding of the fern’s life cycle may also aid in more effective timing of control 

measures. For example, Thetford and Bohn (unpublished data) found several pre-

emergent herbicides to be effective at controlling spore germination. 

Japanese climbing fern is known to tolerate a wide variety of environmental 

conditions and can be found in a broad array of ecosystems, ranging from fairly xeric 

pine to fairly hydric hardwood ecosystems in both tropical and temperate zones (Van 

Loan 2006). However, there is a dearth of knowledge concerning specific environmental 

conditions that initiate spore germination or allow for gametophyte survival. Seasonal 

cues such as temperature, light intensity, and microsite conditions have been shown to 

have a profound impact on germination and persistence for many plant species. More 
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specifically, temperature has been shown to have a significant effect on spore 

germination in several different fern species (Ranal 1999, Brum and Randi 2002, Pérez-

García et al. 2007). Kagawa and Sugai (1991) tested the effect of a range of 

temperatures between 20 and 30°C on Japanese climbing fern spore germination. 

Percent germination was shown to decrease with decreasing temperature and was 

found to be “extremely low” at 20°C. However, temperatures below 20°C were not 

explored and a specific temperature threshold below which no germination occurred 

was not identified. 

Light intensity and quality (i.e. wavelength) were also shown to have an impact on 

spore germination in several fern species, inhibiting it through high light intensity (Brum 

and Randi 2002), insufficient light quality, or darkness (Pérez-García et al. 2007). In 

Japanese climbing fern, spore germination is known to be phytochrome-mediated, 

requiring red light for initiation (Kagawa and Sugai 1991). Spore germination in this fern 

is also inhibited by blue light (Sugai et al. 1977). It has also been suggested that light 

quality is not significant to Japanese climbing fern spore germination, as evidenced by 

anecdotal observations of its success under tree canopies (Van Loan 2006). However, 

the filtration of light through tree canopies has been shown to alter red light, increasing 

the inactive to active phytochrome ratio and, in some cases, inhibiting germination of 

underlying seeds (Taylorson and Borthwick 1969). This suggests that light quality and, 

possibly, light quantity may influence Japanese climbing fern spore germination more 

than has previously been assumed. 

For many plant species, microsite conditions related to competing vegetation or 

forest litter can also have critical influence over reproductive success. Schimpf and 
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Danz (1999) showed that litter type could greatly affect light quality by modifying the 

amount of transmitted red light that could potentially reach underlying seeds and 

spores. Japanese climbing fern has been observed to develop and flourish in pine 

plantations (P. J. Minogue, personal communication). Given the fern’s prevalence in 

pine plantations managed for straw production and its spread via pine straw bales 

(Wunderlin and Hansen 2006), knowledge of the types of litter conditions under which 

Japanese climbing fern spore germination is either inhibited or promoted may also 

further the ability of managers to effectively control or prevent establishment of this 

species. As no studies currently exist exploring the effects of various types of litter on 

Japanese climbing fern spore germination, further exploration is warranted. 

Despite widespread recognition of Japanese climbing fern’s profound influence on 

landscapes throughout much of the southeastern United States, relatively little is known 

about the fern’s reproductive biology and ecology in forests. This study sought to 

elucidate the effects of temperature, light intensity, and the presence or absence of 

forest litter on Japanese climbing fern’s gametophyte development. To accomplish this, 

I conducted studies to determine the effect of temperature, the presence or absence of 

litter, and the interaction of these factors on gametophyte development through periodic 

measures of spore germination. I also explored the effect of light intensity on 

gametophyte development through a non-replicated preliminary study.  

Methods 

Equipment and Materials 

I used three controlled environment growth chambers (Conviron CMP6050 Control 

System, Winnipeg, Manitoba) in the execution of this experiment. Each unit was 

capable of regulating an internal growing environment according to user specifications 
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for temperature (10-30°C), light intensity (360-400 µmol m2), and relative humidity 

(80%). Chambers were illuminated by a combination of warm white fluorescent 

(OSRAM SYLVANIA, St. Marys, Pennsylvania, 32-W) and soft white halogen lights 

(OSRAM SYLVANIA 28-W SuperSaver) to simulate light wavelengths similar to 

sunlight. 

Spores used in this experiment were collected from actively sporulating Japanese 

climbing fern fronds in late September to early October of 2010 from six locations on the 

Florida Panhandle and stored in sealed paper bags. Fronds were air-dried in the bags 

at room temperature (20-25°C) then shaken and crushed to release spores. Spores 

were collected from the bottoms of the paper bags and sieved through a fine mesh 

screen to separate spores from other plant material. Spores from the different collection 

sites were mixed uniformly and stored in an airtight container at room temperature. 

I used native Troup loamy sand topsoil (loamy, kaolinitic, thermic Grossarenic 

Kandiudults) typical of much of the Florida Panhandle in this experiment. Soil was 

sieved twice through 9.51-mm and 3.3-mm meshes to remove any non-soil materials 

and break down aggregates, autoclaved at 120°C and approximately 100,000 Pa for 25 

minutes, dried at 70°C for 12 hours, and homogenized in a soil mixer. 

Longleaf pine (Pinus palustris Mill.) litter was collected from a climbing fern-free 

area in a 15-year-old pine plantation. Litter was air-dried at room temperature, 

separated from any non-pine plant material, cut into approximately 8-mm pieces, and 

stored in a plastic bag. 

Temperature and Light Experiments 

I tested the effects of temperature or light intensity on germination response in 

experiments where each growth chamber was set to a single temperature and light 
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regime over a five-week period (Table 2-1). Prior to each experiment, 24 individual 250-

mL pots in six seedling flats were filled to the top with one part soilless potting mixture 

(Fafard 4M, Plymouth, Florida), to improve moisture uptake and availability, and three 

parts Troup loamy sand soil above it. The potting medium was wetted thoroughly, 

allowed to settle overnight, and surfaces were leveled prior to spore application. 

I prepared a suspension of 0.075 g of spores in 100 mL of tap water for each 

experiment and kept it agitated on a stir plate at room temperature. I distributed the 

spore suspension over the surface of each pot with a graduated syringe. I syringed 1 

mL of spore solution onto each of four quadrants of every pot, resulting in an average of 

512 spores per pot. After spore application, three of the six flats were covered uniformly 

with a layer of pine litter approximately 25 mm thick. One flat with litter and one flat 

without were distributed to each growth chamber. 

The first study evaluated the effect of a range of temperatures on germination 

(Table 2-1). The preliminary experiment, which included 30, 20, and 10°C treatments, 

was designed to approximate general climate conditions typical of the subtemperate 

region of the southeastern United States at various times throughout the year (30°C for 

summer, 20°C for spring and fall, and 10°C for winter). Based on the findings of the first 

temperature experiment, a second experiment was conducted to examine 18.4, 16.7, 

and 15°C treatments to further refine spore germination response to temperature. The 

effect of light intensity on germination was also examined in a smaller preliminary trial. 

Four seedling flats (two with and two without litter) were prepared as described above 

and distributed between two growth chambers. The temperature in both chambers was 
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set to 20°C. One chamber was set to full normal ambient light intensity (100% or 360-

400 µmol m2) and the other to 75% light (260-300 µmol m2). 

For all experiments, growth chambers were programmed to maintain relative 

humidity at 80% and to simulate a 14-hour photoperiod. Beginning at 06:00, both 

fluorescent and halogen bulbs would turn on to their set light intensity (Table 2-1), and 

at 20:00 would turn off (0 µmol m2). Specific temperatures were maintained throughout 

the duration of an experiment through machine settings, and relative humidity was 

maintained through a combination of machine settings and a pan of tap water kept at 

the bottom of each chamber. I maintained a consistent potting medium moisture regime 

in the pots by ensuring that the tray holding each seedling flat was consistently filled 

halfway with water for subsequent uptake through small holes in the bottom of each pot. 

Trays were monitored every other day and water was added as needed. 

Experimental Design and Data Analysis 

The experimental design used in this study was a completely randomized split-plot 

design. The whole plot was represented by the specific temperature and light intensity 

in each growth chamber, and the subplot was represented by the presence or absence 

of litter on a flat. For every experiment, each growth chamber contained two flats that 

each held 24 individual pots, which served as the treatment plots or experimental units. 

Treatments included six temperatures, two light intensities, and two litter regimes, and 

each treatment combination was applied to 24 pots (384 samples in total). Pots were 

visually assessed weekly for presence or absence of Japanese climbing fern 

gametophytes (1 = “present”; 0 = “absent”) and, if applicable, percent cover of Japanese 

climbing fern gametophytes (to the nearest 5%, or 1 and 99% at the extremes). Each 
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experiment was terminated after five weeks, by which time most pots appeared to reach 

near complete gametophyte cover and many gametophytes began to die back. 

I used Pearson’s chi-squared tests (α = 0.05) to determine whether there was a 

significant association between timing of Japanese climbing fern spore germination and 

temperature, litter presence or absence, or an interaction between the two factors at 

various periodic assessments. Analyses were performed on data from weeks 3, 4, and 

5 separately. Since no germination occurred in any treatment combination during week 

1, it was not analyzed. Additionally, week 2 could not be analyzed reliably using a chi-

squared test because germination only occurred at 30°C. This same method was used 

to test for a significant association between germination and light intensity, litter 

presence or absence, and the interaction between the two for weeks 3, 4, and 5. 

For percent cover data, neither absolute nor transformed values for percent cover 

met assumptions of analysis of variance (ANOVA) for equal variances, so I used the 

non-parametric Kruskal-Wallis ANOVA (α = 0.05) to examine the main effects of 

temperature and litter. When main effects proved to be significant, I used the Wilcoxon 

each pair method (α = 0.05) to determine significant differences between specific 

treatment combinations. All data were analyzed using JMP® 9 Statistical Discovery 

Software for Macintosh. 

Results 

Presence/Absence of Gametophytes 

The timing and degree of spore germination in response to a range of temperature 

regimes seemed to follow a predictable trend. With each decrease in temperature, 

spore germination became progressively delayed until it reached a certain lower 

temperature threshold, at which point no germination occurred (Figure 2-1). 
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Germination was seen first at 30°C. By week 2, nearly all pots in either litter treatment 

kept at 30°C displayed some degree of germination, which was a week earlier than pots 

exposed to any other temperature. By week 4, sporophytes began to develop in most 

pots of either litter treatment kept at 30°C, which was an occurrence only seen in one 

other treatment combination (20°C with litter by week 5). 

There was a significant interaction between temperature and the presence or 

absence of litter on the percentage of pots with gametophyte growth for all weeks where 

germination occurred in more than one temperature (Table 2-2). In general, germination 

occurred earlier at higher temperatures and the presence of litter improved germination 

at lower temperatures (Figure 2-1). However, the effect of litter was minimal for the two 

highest temperatures (20 and 30°C). For the 16.7°C and 18.4°C treatments, 

germination occurred a week earlier in pots with litter than in pots without. For the 15°C 

treatment, germination only occurred in pots with litter, starting in week 4. No 

germination occurred at 10°C regardless of litter treatment. 

The interaction of light intensity and litter was significant for weeks 3 and 4, but not 

for week 5 where only the main effect of light was significant (Table 2-3). At 100% 

ambient light intensity, the percentage of pots with germinated spores in the flat with 

litter was more than nine times greater than without litter (Figure 2-2). Under 75% light, 

12.5% of pots with litter had germinated spores and no germination occurred in pots 

without litter. There was no difference between the two litter treatments under 75% light 

during week 4, whereas litter improved the germination response by 12.5% under 100% 

light. Under 75% light during week 5, the percentage of pots containing germinated 
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spores in the flat without litter was 4% higher than in the flat with litter. In contrast, all 

pots had germinated spores at 100% light in both litter treatments. 

Percent Cover of Gametophytes  

As indicated by the Wilcoxon each pair method, percent cover of gametophytes 

increased with increasing temperature and with the presence of litter (Figure 2-3). There 

was a significant interaction between temperature and litter treatment on percent cover 

of gametophytes for all weeks where germination occurred (Table 2-4). Gametophyte 

cover was greater in the presence of litter than without in all cases, but the difference 

between the litter treatments increased as temperature decreased. Differences in 

percent cover of gametophytes were observed between litter treatments under the high 

and intermediate temperature regimes by week 3. For the 30°C treatment, mean 

percent cover was 68% in pots with litter and 43% in pots without, and 10% in pots with 

litter versus 1% in pots without for the 20°C treatment. Significant differences in percent 

cover were noted between litter treatments for all temperatures by week 5. At 30°C, 

mean percent cover was 84% in pots with litter and 60% in pots without; 43% in pots 

with litter and 16.5% in pots without at 20°C; 21.5% in pots with litter versus 0.5% in 

pots without at 18.4°C; and 2% in pots with litter and 0.2% in pots without at 16.7°C. For 

the 15-degree treatment, pots with litter had 2.5% cover at week 5, whereas no 

germination occurred in pots without litter. 

There was also a significant interaction between light intensity and litter treatment 

on percent cover of gametophytes for every week where germination occurred (Table 2-

5). Using the Wilcoxon each pair method, no significant differences in percent cover 

were found between the two litter treatments at 75% light, but litter did improve percent 

cover at 100% light for all weeks (Figure 2-4). At 100% light, a significant difference was 
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observed between litter treatments only in week 4. In this case, the presence of litter 

increased mean gametophyte percent cover by nearly 10%. By week 5, mean percent 

cover was 21% greater in pots with litter than in pots without at 100% light, but the 

difference was only about 1% at 75% light.  

Discussion 

In general, the results of my study indicate that Japanese climbing fern spore 

germination is more rapid at higher temperatures than lower ones. These results are 

similar to those of Kagawa and Sugai (1991), who found that red light-induced 

Japanese climbing fern spore germination increased proportionally as the temperature 

increased. The results of their study also estimate the lower extent of temperature 

tolerance for germination to be 20°C. However, I found that germination and 

gametophyte survival occurred at even lower temperatures (15°C) and were clearly 

greater in the presence of litter (Figure 2-3). Since no germination occurred in any week 

at 10°C (Figure 2-1), my results suggest that the lower temperature threshold for 

Japanese climbing fern spore germination is likely to be between 10 and 15°C. 

In much of Japanese climbing fern’s introduced range, including the Florida 

Panhandle, temperatures in the range of 10 to 15°C are typical daily averages for 

November through March (NCDC, NOAA 2005). The results of my study suggest that, 

though spore germination may occur during late fall and winter months, it may be 

severely impeded or halted altogether during prolonged cold periods. Such episodes of 

dormancy may be especially pronounced in the northern reaches of Japanese climbing 

fern’s introduced range, as daily average temperatures are often between 0 and 5°C in 

much of Tennessee and North Carolina during January and February. Within the scope 

of my study, 30°C was shown to be the most optimal temperature for Japanese climbing 
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fern spore germination. In Florida, Louisiana, Texas, and the southern portions of 

Mississippi, Alabama, and Georgia, average daily temperatures around 30°C are very 

common during July and August. This indicates that peak Japanese climbing fern spore 

germination is likely to occur during the summer months throughout most of its 

introduced range. This is coincident with the recognized growing season of the fern’s 

mature foliage in Florida (Van Loan 2006). 

Temperature has also been noted to affect spore germination in several other fern 

species. In a study of germination and gametophyte development in three species of the 

genus Asplenium, germination in spores of wallrue (A. ruta-muraria L.) was found to 

slow with decreasing temperature and was severely restricted or completely stalled at 

10°C (Pangua et al. 1994). In contrast, spores of alpine woodfern (Dryopteris paleacea 

(Spreng.) Hyl.) have been shown to germinate better at lower temperatures than higher 

ones (Haupt 1990). Red light-induced germination was shown to be optimal between 27 

and 30°C for spores of sensitive fern (Onoclea sensibilis L.), and was also noted to 

decrease with decreasing temperature to a lower threshold of 20°C (Towill 1978). 

Though no germination occurred below 20°C, Towill (1978) did observe that 95% 

of spores initially kept at lower temperatures remained viable and germinated when they 

were then placed under illumination at room temperature. Such an observation is an 

indication of the hardiness of fern spores despite seasonal temperature fluctuations. 

Although germination may be arrested during months where temperatures outside of a 

species’ tolerance are reached, spores can maintain viability and resume germination 

once conditions become more favorable. It also provides evidence for fern spore banks 

playing an important role in the reproductive success of many fern species (Ranal 
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2003). In the case of Japanese climbing fern, spore banks and long-term spore viability 

are thought to play an important role in dispersal and population maintenance (Van 

Loan 2006). 

As the growth chambers were set to run a single temperature for the duration of 

my study, it should be noted that daily temperature fluctuations in the field were not 

represented. A study of the germination ecology of sweet fern (Comptonia peregrina (L.) 

Coult.) revealed that temperature fluctuations were critical in stimulating germination of 

its seeds from seed banks (Dow and Schwintzer 1999). This germination parameter has 

also been noted for seeds of other fern species (Thompson and Grime 1983, Probert 

1992). In some cases, one fleeting exposure to a high temperature was enough to 

promote germination (Probert 1992). Given the general sensitivity of Japanese climbing 

fern spores to temperature, it is possible that temperature fluctuations may generate 

different germination and gametophyte survival results than would be seen with 

continuous exposure to stable temperatures. Future studies would also need to 

replicate the same temperature conditions tested in this study as well as others, 

particularly between 10 and 15°C, to confirm the relationship between temperature and 

germination response and to more closely approximate the fern’s lower temperature 

threshold for germination. Nevertheless, the results of this study provide preliminary 

evidence of Japanese climbing fern germination temperature thresholds and may have 

implications for timing of pre-emergent treatments and controlling the fern before it 

becomes established. 

One of the most interesting findings of this study was the profound effect that the 

presence of pine litter had on Japanese climbing fern spore germination success, 
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especially in the lower reaches of the fern’s temperature tolerance. For every week 

when germination occurred and for every temperature, litter improved germination 

success by decreasing time at which germination first developed, increasing 

germination percentage, and increasing percent cover of gametophytes (Figures 2-1 

and 2-3). Such a trend could undoubtedly have profound repercussions in terms of 

understanding and carrying out control measures in pine straw plantations, especially 

for managers of plantations where Japanese climbing fern presence could result in 

increased control costs. For example, pine plantation managers may need to anticipate 

the occurrence of peak Japanese climbing fern spore germination a week or two earlier 

than would be expected in a forest where management dictates regular mechanical litter 

removal, which may have a bearing on timing of herbicide applications, prescribed 

burns, and other control activities. 

While most studies of the effect of litter on spore germination focus on litter 

decomposition and subsequent changes to growth medium chemistry, the results of this 

study indicate that other explanations may also be plausible. In a previous study of the 

effect of hardwood litter on seed and spore germination conditions on forest floors, it 

was found that litter from different hardwood species had various effects on red to far-

red ratios (R/FR) and photosynthetically active radiation (PAR) (Schimpf and Danz 

1999). Both are critical factors in the germination of many plant species, including the 

red light-induced germination of Japanese climbing fern spores (Kagawa and Sugai 

1991). Schimpf and Danz (1999) found that transmitted R/FR was greater through 

foliage of late-successional species than early successional species, although only 

litters from various hardwood species were tested. While it is possible that longleaf pine 



 
 

28 

litter similarly affects R/FR ratios and subsequently alters germination success in 

underlying seeds and spores, no studies have thus far explored this influence from 

pines. Future studies should explore differences in Japanese climbing fern germination 

under pine versus hardwood litter, measuring factors such as light quality, pH, and soil 

moisture as gauges. 

Given the strong interaction effect of temperature and litter found in this study 

(Tables 2-2 and 2-4), it is also possible that litter has an insulating effect on germinating 

Japanese climbing fern spores. This may help to explain the germination and survival of 

gametophytes at the lower temperatures tested. If this is the case, the presence of large 

quantities of litter may explain the heightened success of Japanese climbing fern on 

pine straw plantations, especially above the frost line. If average seasonal temperatures 

continue to rise in many places as predicted (IPCC 2007), heavily littered areas at 

increasingly higher latitudes may become prime areas for new Japanese climbing fern 

infestations. Awareness of this possibility may help forest managers and plantation 

owners better anticipate the need for monitoring and control efforts in areas of high 

invasion risk potential. On smaller private lands, either mechanical removal of litter or 

maintenance of frequent prescribed fire may enable landowners to better control their 

fern invasions and curtail spread. 

Future studies should compare the effects of different types of litter on Japanese 

climbing fern germination to identify the relative susceptibility of different forest types to 

invasion. In addition to pine litter, litter from hardwood species that comprise the 

overstories of forests where Japanese climbing fern can frequently be found should be 

examined to elucidate the importance of litter type as a substrate for fern establishment. 
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In addition to gametophyte development and the success of sporophytes, measured 

variables should include measurements of transmitted R/FR under different conditions 

of light and temperature typical for growing season versus winter conditions. 

Though it is known that Japanese climbing fern spore germination is induced by 

red light through a phytochrome-mediated system (Kagawa and Sugai 1991), it is 

believed that light intensity is not a significant impediment to germination, with the main 

evidence being that germination is often successful under canopies (Van Loan 2006). 

The results of this study seem to substantiate this belief. Throughout most of the 

experiment, percent cover of gametophytes was not significantly different between the 

two light levels tested, though it was highest in pots with litter at 100% light. However, 

these are only preliminary findings. As with temperature, a more thorough exploration of 

this variable’s effect on Japanese climbing fern reproduction is needed. Further testing 

should incorporate more light levels to mimic different canopy and litter covers, 

particularly in conjunction with fluctuating temperature regimes. 
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Table 2-1.  Temperature, light intensity, and presence (Y) or absence (N) of litter tested in each growth chamber 
experiment examining germination of Japanese climbing fern spores 

Growth Chamber 1 Growth Chamber 2 Growth Chamber 3 
Study Experiment Temp. 

(°C) 
Light 
(%) a 

Litter 
(Y/N) 

Temp. 
(°C) 

Light 
(%) a 

Litter 
(Y/N) 

Temp. 
(°C) 

Light 
(%) a 

Litter 
(Y/N) 

1 1 30 100 N 20 100 N 10 100 N 
30 100 Y 20 100 Y 10 100 Y 

2 18.4 100 N 16.7 100 N 15 100 N 
18.4 100 Y 16.7 100 Y 15 100 Y 

2 3 20 100 N 20 75 N 
20 100 Y 20 75 Y 

a Percentage of ambient light 

Table 2-2.  Pearson’s chi-squared test results for percentage of pots with germinated Japanese climbing fern spores 
showing significance of temperature, litter, and interaction of these factors at weeks 3, 4, and 5 after inoculation 
Temperature Litter Temperature*Litter 

Week df χ2 p a df χ2 p a df χ2 p a 
3 5 193.899 <0.0001 1 7.033 0.0080 11 215.842 <0.0001 
4 5 181.745 <0.0001 1 15.126 0.0001 11 215.163 <0.0001 
5 5 154.367 <0.0001 1 30.722 <0.0001 11 216.566 <0.0001 
a α = 0.05 

Table 2-3.  Pearson’s chi-squared test results for percentage of pots with germinated Japanese climbing fern spores 
showing significance of light intensity, litter, and interaction of these factors at weeks 3, 4, and 5 after 
inoculation 

Light Litter Light*Litter 
Week df χ2 p a df χ2 p a df χ2 p a 
3 1 4.360 0.0326 1 10.766 0.0010 3 17.349 0.0006 
4 1 13.714 0.0002 1 0.549 0.4589 3 14.811 0.0020 
5 1 5.275 0.0216 1 0.211 0.6460 3 5.697 0.1273 
a α = 0.05
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Table 2-4.  Kruskal-Wallis one-way analysis of variance results for percentage of pots with germinated Japanese climbing 
fern spores showing significance of temperature, litter, and interaction of these factors at weeks 3, 4, and 5 after 
inoculation 
Temperature Litter Temperature*Litter 

Week df Χ2 p a df Χ2 p a df Χ2 p a 
3 5 219.470 <0.0001 1 6.625 0.0101 11 236.299 <0.0001 
4 5 230.852 <0.0001 1 11.965 <0.0005 11 250.055 <0.0001 
5 5 218.206 <0.0001 1 24.665 <0.0001 11 255.042 <0.0001 
a α = 0.05 

Table 2-5.  Kruskal-Wallis one-way analysis of variance results for percentage of pots with germinated Japanese climbing 
fern spores showing significance of light intensity, litter, and interaction of these factors at weeks 3, 4, and 5 
after inoculation 

Light Litter Light*Litter 
Week df Χ2 p a df Χ2 p a df Χ2 p a 
3 1 4.548 0.0330 1 10.873 0.0010 3 17.930 0.0005 
4 1 25.456 <0.0001 1 4.227 0.0398 3 31.724 <0.0001 
5 1 9.841 0.0017 1 13.358 0.0003 3 34.991 <0.0001 
a α = 0.05



Figure 2-1.  Percentage of pots
either the presence (L) or absence (NL) of
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pots containing gametophytes for various temperature
either the presence (L) or absence (NL) of litter at weeks 3, 4, and 5.

temperatures and 
at weeks 3, 4, and 5.



 

 
Figure 2-2.  Percentage of pots 

either the presence (L) or absence (NL) of 
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pots containing gametophytes for two light intensities
either the presence (L) or absence (NL) of litter at weeks 3, 4, and 5.

two light intensities and 
at weeks 3, 4, and 5.



 

 
Figure 2-3.  Mean percent cover of gametophytes 

either the presence (L) or absence (NL) of 
Significantly different 
different capital letters and were determined using the Wil
method (α = 0.05).
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ercent cover of gametophytes (± SE) for various temperature
either the presence (L) or absence (NL) of litter at weeks 3, 4, and 5

rent temperature and litter treatments are indicated with 
different capital letters and were determined using the Wilcoxon each pair 

temperatures and 
at weeks 3, 4, and 5. 

are indicated with 
coxon each pair 



 

 
Figure 2-4.  Mean percent cover of gametophytes 

either the presence (L) or absence (NL) of 
Significantly different 
different capital letters and were determined using the Wil
method (α = 0.05).
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ercent cover of gametophytes (± SE) for two light intensities
presence (L) or absence (NL) of litter at weeks 3, 4, and 5

Significantly different light intensity and litter treatments are indicated with 
different capital letters and were determined using the Wilcoxon each pair 

two light intensities and 
at weeks 3, 4, and 5. 

are indicated with 
coxon each pair 
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CHAPTER 3 
EFFECT OF JAPANESE CLIMBING FERN INVASION ON NATIVE PLANT DIVERSITY 

AND BOBWHITE QUAIL HABITAT QUALITY IN LONGLEAF PINE ECOSYSTEMS 

Introduction 

Japanese climbing fern is tolerant of a wide range of light, moisture, and nutrient 

regimes (Hipps 1989, Van Loan 2006) and can be found in a variety of ecosystems 

ranging from mesic hardwood bottomlands (Minogue et al. 2009) to xeric pine uplands 

(Bohn et al. 2011). While it has been considered problematic on pine plantations for 

some time due to its potential economic impacts to timber and pine straw production 

(Zeller and Leslie 2004), Japanese climbing fern may also have serious ecological 

impacts in natural areas (Van Loan 2006). However, despite widespread assertions that 

it negatively impacts various ecosystem properties, empirical evidence to this effect has 

not been well documented. 

As a whole, invasive species are considered to be a threat to the overall health of 

ecosystems for various reasons, including their alleged direct contributions to the 

decline of numerous native species (McNeely 2001, Morse et al. 2004, Clavero and 

García-Berthou 2005, Loewenstein and Loewenstein 2005). It has been suggested that 

many invasive species have negative impacts on ecological function and native 

community composition and structure in various ecosystems, though these impacts may 

be unrecognized, underestimated, or otherwise misrepresented in the literature (Gordon 

1998). 

Several studies on various invasive species have demonstrated conflicting results 

with respect to invasion and changes in native species diversity. In a study conducted 

on the impact of cogongrass (Imperata cylindrica (L.) P. Beauv.) on understory species 

richness, functional richness, and cover in southeastern pine ecosystems, no significant 
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relationship was found between measured parameters and rate of cogongrass spread 

(Collins et al. 2007). Conversely, another cogongrass study found that patch expansion 

had a profound negative influence on native plant richness and diversity (Brewer 2008). 

Studies on the impact of Japanese stiltgrass (Microstegium vimineum (Trin.) A. Camus) 

(Adams and Engelhardt 2009, Flory and Clay 2010) and medusahead (Taeniatherum 

caput-medusae (L.) Nevski) (Davies 2011) similarly found that invaded areas were 

associated with declining native species richness, diversity, and cover at a local scale. 

In contrast, Sax and Gaines (2003) found that though invasion may decrease richness 

and diversity globally, it commonly increases species richness locally. It is clear that the 

impacts of invasion vary by species, situation, and scale, and that efforts must be made 

to improve the parameters by which ecologists measures harm wrought on ecosystems 

by invasive species, including their effect on native diversity (Sagoff 2005). Without a 

clear basis for understanding the basic ecological impacts of invasion, little can be done 

to effectively prioritize the management of truly impactful species. 

In many ecosystems, the conservation of plant diversity is critical to preserving 

many aspects of ecosystem function, including wildlife habitat quality (Gordon 1998). 

Invasive species may alter habitat quality by outcompeting important native plant 

species that provide food and critical protective cover for wildlife (DiTomaso 2000, Mack 

et al. 2000, Simberloff 2005). For example, by altering fire frequency in the 

Intermountain West, cheatgrass (Bromus tectorum L.) has been shown to reduce native 

shrubs that serve as important wildlife habitat (Miller et al. 1994). In riparian ecosystems 

of the western United States, saltcedar (Tamarix spp. L.) has been reported to reduce 
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native understory vegetation important to wildlife by using large quantities of water 

(DiTomaso 2000). 

Longleaf pine (Pinus palustris Mill.) ecosystems, characterized by a considerable 

diversity of understory plant and animal species (Outcalt and Sheffield 1996), are 

among the ecosystems in which Japanese climbing fern may potentially have profound 

effect. The fern first establishes as scattered individuals, but is capable of forming 

dense patches and overtopping native vegetation, potentially altering native plant cover 

and diversity. In longleaf pine ecosystems, native plant diversity losses brought on by 

plant invasions may carry wide-ranging implications for many associated wildlife species 

(Outcalt 2000). Bobwhite quail (Colinus virginianus L.), for example, often utilize mature 

upland pine forests that are comprised of open areas interspersed with patches of 

diverse early successional understory that provide adequate cover and a varied diet of 

fruits, seeds, plant matter, and insects (Schroeder 1985). A site’s suitability to serve as 

potential bobwhite habitat is determined by assessing whether adequate food, cover, 

and appropriate nesting and brood-rearing locations are amply provided and thoroughly 

interspersed throughout the area (Tirpak et al. 2009). This is accomplished by 

evaluating a number of different variables for the place in question: landform, land 

cover, successional age class, hardwood basal area, evergreen basal area, grass land 

cover, and interspersion of open and forest habitat. Over time, significant plant diversity 

losses in longleaf pine ecosystems may have broader consequences where bobwhite 

and species with similar habitat requirements are concerned. 

In order to determine the degree of Japanese climbing fern’s impact on native 

plant diversity and its subsequent influence on bobwhite quail habitat quality, I 
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characterized and compared the understory plant communities in invaded areas versus 

those in areas free of invasion across three similar longleaf pine ecosystems on the 

Florida Panhandle. To accomplish this, I conducted a study to determine whether 

understory species diversity differed in plots invaded by or free of Japanese climbing 

fern. I also quantified differences in species richness and diversity between plots with 

increasing levels of Japanese climbing fern, as well as whether understory species 

composition differed in these two plot types. Finally, I used the data collected to 

determine whether fern presence or absence and percent cover of Japanese climbing 

fern had any effect on abundances of important bobwhite quail food species using the 

documented food preferences of bobwhite in the southeastern United States as a proxy. 

Methods 

Study Area 

This study was conducted on three forested sites (“stands”) classified as subxeric 

to mesic longleaf pine communities in Santa Rosa County on the Florida Panhandle 

(Figure 3-1). Summers in the region are hot and humid with average temperatures 

around 29°C, and winters are mild with average temperatures around 11°C (NCDC, 

NOAA 2005). Annual precipitation is more than 150 cm per year. All stands were 

characterized by an open overstory comprised primarily of longleaf pines and a few 

various oaks (Quercus spp. L.), and by a diverse but patchy herbaceous and shrubby 

understory. Stands were selected because of their potential to serve as quality habitat 

for small, ground-dwelling, granivorous fauna such as bobwhite quail. All stands were 

heavily infested with Japanese climbing fern (≥ 25% total stand cover) and had not 

previously been treated with herbicides or other chemicals. Stands were located near 
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main forest roadways and ditches, which may have served as the initial sources of the 

infestations. 

The three selected stands were approximately 1 ha in area. Stand 1 was located 

in the Blackwater River State Forest near Holt, Florida (N 30°44', W 86°51') (Figure 3-

1). Soils there were mainly Troup loamy sands (loamy, kaolinitic, thermic Grossarenic 

Kandiudults) with 0-5% slopes. They have been characterized as very low in fertility and 

water-holding capacity. This stand has been managed using a regular two- to five-year 

dormant season prescribed burn regime and was last burned in March 2008. Stand 2 

was also located in the Blackwater River State Forest near Baker, Florida (N 30°52', W 

86°48'). Soils were primarily Orangeburg sandy loams (fine-loamy, kaolinitic, thermic 

Typic Kandiudults) with 2-5% slopes. These soils were well drained and moderately 

permeable. Natural fertility in these soils was low, and water-holding capacity was low to 

moderate. This stand has also been managed using a consistent two- to five-year 

prescribed burn regime and was last burned in September 2008 during the late growing 

season. Stand 3 was located at the University of Florida’s research facility in Jay, 

Florida (N 30°45-46', W 87°8'). Soils at this stand were mainly Orangeburg sandy loams 

with 2-5% slopes. The area has been maintained on a two- to three-year burn cycle. It 

has historically been managed with dormant season burns, but received three growing 

season burns prior to this study. The last of these burns took place during June 2010. 

Experimental Design and Data Collection 

At each stand, I established 40 3 x 3-m plots (Figure 3-2). Plots were equally 

divided between two areas in a stand that were either invaded by Japanese climbing 

fern (“invaded” with 10-90% total fern plot cover) or free of Japanese climbing fern 

invasion (“free”), and randomly placed within each of these two areas for a total of 20 
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plots of each type per stand. Two 1 x 1-m subplots were randomly established within 

each larger plot to collect species-specific data. 

I assessed plots from late September to early November of 2011 when grasses 

typically bloom in the Florida Panhandle, to facilitate species identification of graminoids 

by their inflorescences. I evaluated species-level diversity and evenness on the 1 x 1-m 

subplots. All plants were identified to the level of species or, if this was not achievable, 

to the genus. Percent cover class was recorded using the Daubenmire class method (1 

= 0-5%; 2 = 5-25%; 3 = 25-50%; 4 = 50-75%; 5 = 75-95%; 6 = 95-100%).  

Data Analysis 

I explored differences in diversity between free and invaded plots using several 

commonly used diversity indices: 

• Species richness (S), or the number of different species in a given area, 

• The Shannon index (H), , where  is the proportional abundance 

of a species, and 

• The Simpson index (D), , which similarly accounts for both species 

richness and evenness, but places less emphasis on rare species. 

 
I calculated each of the three indices for each subplot and the mean of each 

diversity index for both invaded and free plot types. Additionally, I calculated functional 

diversity for all subplots using both the Shannon and Simpson indices where all species 

were assigned to one of four functional groups: forbs, woody shrubs/trees, grasses, and 

nonnatives. I tested for differences in mean diversity between the two plot types using 

the two-way nested analysis of variance (ANOVA) (α = 0.05), where plot type was 

nested within stand. I explored diversity within invaded plots further by sorting these 
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plots by percent cover of Japanese climbing fern (5-25%, 25-50%, and 50-75%), 

assessing the strength and nature of the correlation between Japanese climbing fern 

percent cover and each diversity index using the Pearson product-moment correlation 

coefficient (r) (α = 0.05).  

To further evaluate differences in species composition, I employed the 

discriminant analysis technique (α = 0.05) to determine the degree of separation 

between invaded and free plot types and to ascertain which species were most 

important to the separation. Prior to the analysis, I calculated relative cover for each 

species in each subplot by dividing the midpoint of a species’ Daubenmire class by total 

cover for the subplot in which it was found. Since discriminant analysis is most effective 

when it employs the smallest number of factors that still explain the majority of group 

separation (McCune and Grace 2002), I prepared the data by manually isolating 

“important” species (≥ 0.01 mean relative cover for any stand) to avoid overfitting of the 

model (57 species in total). 

Discriminant analysis calculates among-group and within-group variances of each 

group for each 1 x 1-m subplot and maximizes the F-ratio between them (McCune and 

Grace 2002). The eigenvectors (also called “discriminant functions” or “canonical axes”) 

are calculated for each species in each subplot and standardized to unit variance so 

that the absolute value of a species’ standardized scoring coefficient can be directly 

understood to be a measure of that species’ relative importance to the discrimination. 

The discriminant analysis calculates one fewer model than the number of factors that 

went into the analysis and ranks them according to how much group separation they 

explain. A canonical plot is created using the species scoring coefficients from the two 
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models listed first and second (“Canonical 1” and “Canonical 2”), which are also the 

models that respectively best explain group separation. For a given model, the species 

with the largest scoring coefficient absolute values will be most important in pulling apart 

the designated groups along that model’s canonical axis, while species with smaller 

coefficient absolute values will be less important. 

In order to assess the effect of Japanese climbing fern invasion on habitat quality 

for bobwhite quail post hoc, I created a dataset comprised of the relative cover of each 

“important bobwhite food species” in each subplot. I created a subset of the data by 

selecting species listed in Landers and Johnson’s (1976) comprehensive review of 

bobwhite quail food habits in the southeastern United States (111 species in total). I 

calculated the relative cover of a species in a given subplot by multiplying the midpoint 

of its Daubenmire class by total cover for that subplot. I used the two-way nested 

ANOVA and correlation analysis using Pearson’s r to examine the relationship between 

Japanese climbing fern percent cover and important bobwhite food species relative 

cover. All data analyses for diversity indices, species composition, and bobwhite habitat 

were analyzed using JMP® 9 Statistical Discovery Software for Macintosh. 

Results 

Diversity Between Plot Types 

Mean species richness was not significantly different between invaded and free 

plot types (Table 3-1), with respective values of 15.55 and 15.50 species per subplot 

(Figure 3-3). At the species level, the mean Shannon diversity and Simpson diversity 

index values were also not significantly different. However, at the functional group level, 

the difference in means of both diversity index values between the two plot types was 
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statistically significant (Table 3-1), though only by about 0.2 index units higher in 

invaded plots than free plots (Figure 3-4). 

Diversity Within Invaded Plots  

Within invaded plots, there were significant correlations between each species-

level measure of diversity and increasing percent cover of Japanese climbing fern 

(Figure 3-5). A negative correlation was found between mean richness and increasing 

fern percent cover (r = -0.3021; p = 0.0008). Mean Shannon diversity index and 

increasing fern percent cover were also shown to be significantly negatively correlated 

at the species level (r = -0.4603; p < 0.0001) (Figure 3-5), but not at the functional group 

level (Figure 3-6). At the species level, the correlation between mean Simpson diversity 

index and fern percent cover was significant and positive (r = 0.4727; p < 0.0001) 

(Figure 3-5), which again connotes that there was a negative association between 

increasing Japanese climbing fern percent cover and species-level diversity. No 

relationship was observed at the functional group level (Figure 3-6). 

Species Composition 

Results from the discriminant analysis suggest that there was a significant 

separation between invaded and free plots, primarily along the first canonical axis (λ = 

0.3878; F = 5.0400; df = 52; p < 0.0001) (Figure 3-7). The model had effective predictive 

ability, with the first canonical axis explaining about 80% of the variance between the 

groups (eigenvalue = 1.5785; canonical correlation = 0.7824) (Figure 3-7). For this 

analysis, the proportion of misclassified cases was 10.5%, indicating that the model 

should be accurate for 89.5% of cases. 

The standardized scoring coefficients generated for each group by the 

discriminant analysis showed that several species were of particular importance to the 
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separation between invaded and free plots (Table 3-2). Species most strongly 

associated with invaded plots, for example, were slender threeseed mercury (Acalypha 

gracilens A. Gray), blue mistflower (Conoclinium coelestinum (L.) DC.), and sensitive 

partridge pea (Chamaecrista nictitans (L.) Moench) (Table 3-2 and Figure 3-8). Species 

most strongly associated with free plots were muscadine (Vitis rotundifolia Michx.), big 

bluestem (Andropogon gerardii Vitman), and Beyrich threeawn (Aristida beyrichiana 

Trin. & Rupr.). 

Bobwhite Quail Habitat Assessment 

Mean relative cover of bobwhite food species was statistically different between 

plot types by 0.1% (Table 3-1 and Figure 3-3), which does not qualify as an ecologically 

relevant difference. Similar to the measures of diversity calculated, there was a 

significant negative correlation between mean relative cover of bobwhite food species 

and increasing percent cover of Japanese climbing fern in invaded plots (r = -0.3133; p 

= 0.0005) (Figure 3-5). Many important species responsible for the separation between 

invaded and free plots in the discriminant analysis were also identified as important food 

plants for bobwhite quail. Of the 10 species most strongly associated with invaded plots, 

eight species were also identified as bobwhite food plants, including azure blue sage 

(Salvia azurea Michx. ex Lam.), marsh bristlegrass (Setaria parviflora (Poir.) 

Kerguélen), and Canada goldenrod (Solidago canadensis L.) (Figure 3-8). Of the 10 

species most strongly associated with free plots, four species were also identified as 

bobwhite foods, including blue huckleberry (Gaylussacia frondosa (L.) Torr. & A. Gray 

ex Torr.).  
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Discussion 

Though the potential negative impacts of Japanese climbing fern invasion on 

native understory plant communities are indicated frequently throughout the literature 

(Valenta et al. 2001, Zeller and Leslie 2004, Van Loan 2006, Minogue et al. 2009), the 

results of my study indicate that mean richness and diversity were not generally affected 

by Japanese climbing fern invasion in these longleaf pine stands. Additionally, though 

statistically significant differences in diversity were found at the functional group level 

(Table 3-1), the actual margins between the means of invaded and free plots for both 

indices were relatively small (Figure 3-4), suggesting that these differences may not be 

ecologically significant. Any variation in richness and diversity seen between individual 

invaded and free 1 x 1-m subplots was more likely the result of a complex interplay of 

factors rather than mere Japanese climbing fern presence or absence. 

One of the most frequently cited reasons for differences in community composition 

within stands is microsite variability and the availability of “safe sites” (Fowler 1988). 

Safe sites, or sites with particular combinations of favorable conditions that facilitate 

germination (Harper et al. 1961), can be specific to individual species and are 

influenced by large-scale forces such as disturbance regimes (Eriksson and Ehrlén 

1992) and weather (Dybzinski and Tilman 2012), as well as extremely localized 

influences such as soil moisture and nutritive qualities (Fowler 1988, North et al. 2005), 

light quality and quantity (North et al. 2005), and litter composition and depth (Fowler 

1988, North et al. 2005, Dybzinski and Tilman 2012, Farrell et al. 2012). In longleaf pine 

ecosystems, microsite-level differences in over- and understory species density (Jones 

et al. 2003), soil temperature (Simkin et al. 2004), soil moisture, and nutrient availability 

(Jones et al. 2003, Simkin et al. 2004) have all been shown to affect seedling survival 
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for various species. Restoration and management activities such as mechanical litter 

removal and herbicide usage are also known to influence microsite conditions in ways 

that affect seedling survival (Kelly and Wentworth 2009).   

While it is generally underrepresented in diversity studies, considerations of 

functional diversity may grant more insight into ecosystem health and functionality than 

richness-based approaches alone (Díaz and Cabido 2001). In a grassland study, 

functional composition and diversity were the primary factors influencing plant 

productivity, percent nitrogen, total nitrogen, and light penetration (Tilman et al. 1997). 

Thus, habitat modifications or management practices that alter functional diversity and 

composition, including the addition of novel organisms, are likely to impact ecosystem 

processes. Given the implications of such findings, the potential impact of invasive 

species on biodiversity is likely much more complex and far-reaching than individual 

native species eliminations might imply. Results of this study suggest that while 

Japanese climbing fern infestations can slightly reduce species-level diversity in any 

one subplot with increasing intensity of invasion (Figure 3-5), functional diversity would 

likely remain intact within this infestation timeframe. However, scale is also an important 

consideration in such assessments, since the typical patchiness of Japanese climbing 

fern infestations may cause plot-level impacts to be very different than those at the level 

of the stand. Thus, if the overall land management goal is to preserve a particular rare 

species, the degree of Japanese climbing fern infestation in an area may be a pressing 

concern. However, if preserving functional diversity is of utmost importance, level of fern 

infestation might mean that the situation is somewhat less urgent.  
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Although species-level richness and diversity were not statistically different 

between invaded and free plots, overall species composition did differ, as reflected in 

the degree of separation between plot types in the discriminant analysis (Figure 3-7). 

The species most important to the separation of invaded plots were largely forbs and 

graminoids, but also included longleaf pine and Elliott’s blueberry. Some studies 

suggest that Japanese climbing fern tends to establish and develop near shrubs more 

readily than near herbaceous groundcover (Leichty et al. 2011), though this may be due 

to the fact that the fern demonstrates faster climbing growth rates than lateral ones 

(Punetha 2000). One somewhat surprising finding brought out by the discriminant 

analysis was that many herbaceous plants were more associated with invaded than free 

plots (Table 3-2 and Figure 3-8). On the other hand, grasses (Family: Poaceae) as a 

whole were more common in free plots than invaded plots. For example, Vasey’s grass 

(Paspalum urvillei Steud.), a widespread exotic grass, as well as other native grasses, 

were generally more prevalent in free plots. Given this trend, the difference between 

plot types may be better explained by lack of Japanese climbing fern because of 

belowground competition (Walker and Smith 1997). The presence of many grass 

species, which tend to have extensive root systems, may impose space restrictions on 

Japanese climbing fern’s own roots and rhizomes and make establishment more difficult 

where grasses are already established. Thus, it is also likely that, in many cases, pre-

invasion site conditions such as native groundcover dictate where Japanese climbing 

fern is able to establish and not the other way around. 

Low-level Japanese climbing fern occurrence co-occurred with important bobwhite 

quail food species without causing eradication or even significant cover loss. 
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Nevertheless, bobwhite food availability may be increasingly negatively affected as 

infestations of Japanese climbing fern worsen. However, not all plant species invasions 

are detrimental to wildlife habitat quality. For example, Chinese privet (Ligustrum 

sinense Lour.), which serves as an important source of browse and fruit to many animal 

species during times of nutritional scarcity, is one such species for which the benefits of 

removal may not outweigh the potential cost to wildlife (Stromayer et al. 1998). In 

riparian woodlands, native lizards and small mammals have been known to utilize areas 

dominated by invasive saltcedar since the shade and debris provided serve as quality 

components of cover (Bateman and Ostoja 2012). Though large Japanese climbing fern 

infestations may lead to reduced food species cover for bobwhite and other wildlife, 

future studies of Japanese climbing fern should explore other wildlife uses—particularly 

as cover, nesting, or brood-rearing habitat—so such knowledge can be taken into 

account by land managers and restoration specialists seeking to prioritize their invasive 

species removal and control efforts. 
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Table 3-1.  Two-way nested ANOVA results for species- and functional group-level diversity indices showing significance 
of richness, Shannon index, Simpson index, and bobwhite food species relative cover as indicators of plot type 

Species Functional Groups 
Index df F p c df F p c 
Richness 
(S) a 

1 0.0119 0.9134 

Shannon 
(H) a

1 3.3338 0.0691 1 90.1204 <0.0001 

Simpson 
(D) a 

1 3.4265 0.0654 1 21.9858 <0.0001 

Bobwhite Food 
Species b

1 22.2589 <0.0001 

a Calculated using the original, unabridged dataset (157 spp.) 
b Calculated using a dataset defined by isolating those species found in Landers and Johnson (1976) from the original, 
unabridged dataset (111 spp.) 
c α = 0.05
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Table 3-2.  Standardized scoring coefficients and group means for “important” species from discriminant analysis 
Latin Name SSC �� (Inv.) �� (Free) Latin Name SSC �� (Inv.) �� (Free) 
Acalypha gracilens -0.2633 0.0180 0.0085 Pityopsis graminifolia 0.1651 0.0350 0.0328 
Aesculus pavia 0.1650 0.0018 0.0060 Pteridium aquilinum 0.3120 0.0048 0.0116 
Agalinis purpurea 0.2021 0.0038 0.0100 Quercus falcata 0.2494 0.0132 0.0206 
Andropogon gerardii 0.5693 0.0185 0.0475 Q. incana 0.3099 0.0008 0.0109 
A. virginicus 0.3078 0.0141 0.0191 Q. virginiana 0.1863 0.0000 0.0071 
Aristida beyrichiana 0.4930 0.0262 0.0502 Rhus copallinum 0.2820 0.0078 0.0137 
Baccharis halimifolia 0.1636 0.0074 0.0061 Rhynchosia reniformis 0.0081 0.0009 0.0040 
Callicarpa americana 0.2548 0.0141 0.0106 Rubus spp. 0.2631 0.0690 0.0672 
Centrosema virginianum 0.2244 0.0120 0.0127 Salvia azurea -0.1954 0.0037 0.0018 
Chamaecrista nictitans -0.2199 0.0096 0.0046 Schizachyrium scoparium 0.4517 0.0446 0.0639 
Conoclinium coelestinum -0.2311 0.0038 0.0017 S. tenerum 0.4203 0.0226 0.0363 
Conyza canadensis 0.3384 0.0088 0.0080 Sericocarpus asteroides 0.1108 0.0024 0.0058 
Dichanthelium spp. 0.4393 0.0251 0.0376 Setaria parviflora -0.1514 0.0060 0.0019 
Elephantopus tomentosus 0.1322 0.0227 0.0161 Seymeria cassioides -0.0974 0.0071 0.0028 
Eupatorium leptophyllum 0.2719 0.0081 0.0066 Smilax spp. 0.1786 0.0179 0.0266 
Euphorbia corollata 0.2552 0.0017 0.0060 Solidago canadensis -0.0846 0.0198 0.0075 
Euthamia caroliniana 0.2753 0.0062 0.0069 S. odora 0.1400 0.0140 0.0269 
Galactia regularis 0.1562 0.0100 0.0127 Sorghastrum secundum 0.3536 0.0025 0.0131 
Gaylussacia frondosa 0.3563 0.0004 0.0132 Sporobolus junceus 0.2024 0.0034 0.0088 
Hypericum hypericoides -0.0787 0.0090 0.0091 Stylosanthes biflora 0.3127 0.0049 0.0097 
Ilex coriacea 0.2598 0.0000 0.0070 Symphyotrichum adnatum 0.0195 0.0099 0.0124 
I. glabra 0.2368 0.0118 0.0132 S. concolor 0.3696 0.0108 0.0144 
I. vomitoria 0.0018 0.0144 0.0127 S. dumosum -0.0017 0.0042 0.0020 
Ipomoea pandurata 0.1418 0.0050 0.0057 Tragia urticifolia 0.0476 0.0134 0.0206 
Lespedeza repens 0.0564 0.0087 0.0114 V. corymbosum 0.2792 0.0234 0.0195 
Ligustrum sinense 0.1162 0.0062 0.0011 V. elliottii -0.0167 0.0172 0.0091 
Panicum anceps 0.0204 0.0138 0.0043 V. myrsinites 0.2938 0.0069 0.0205 
Paspalum urvillei 0.0445 0.0045 0.0011 Vitis rotundifolia 0.5794 0.0204 0.0292 
Pinus palustris -0.0135 0.0240 0.0178 



Figure 3-1.  Map of Santa Rosa County, Florida indicating the approximate locations of
the three stands used in this study.

52 

1. Map of Santa Rosa County, Florida indicating the approximate locations of
the three stands used in this study.

1. Map of Santa Rosa County, Florida indicating the approximate locations of 



Figure 3-2.  Illustration of the scheme used to define plots and subplots at each stand.
All plots were divided between two
by Japanese climbing fern (“invaded”)
invasion (“free”), and
plots of each type per
measured 1 x 1 m.
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Illustration of the scheme used to define plots and subplots at each stand.
lots were divided between two areas in a stand that were either

by Japanese climbing fern (“invaded”) or free of Japanese climbing fern
and randomly placed within these two areas for a total of 20

plots of each type per stand. Each plot measured 3 x 3 m and each subplot

Illustration of the scheme used to define plots and subplots at each stand. 
in a stand that were either invaded 
free of Japanese climbing fern 

ithin these two areas for a total of 20 
d each subplot 



Figure 3-3.  Mean species-level richness, Shannon in
values (± SE) by plot type. Significantly different treatments a
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level richness, Shannon index, Simpson index, and bobwhite food species re
Significantly different treatments are indicated by asterisks (****)

food species relative cover 
re indicated by asterisks (****) (α = 0.05).



Figure 3-4.  Mean functional group-level Shannon index and Simpson index values (
different treatments are indicated by asterisks (****)
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level Shannon index and Simpson index values (± SE) by plot type.
re indicated by asterisks (****) (α = 0.05).

SE) by plot type. Significantly 



Figure 3-5.  Mean species-level richness, Shannon in
values (± SE) by percent cover of Japanese climbing fern. Pearson
showing significance of relationship between percent cover of Japanese climbing fern and
indicated on the graph for that measure
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level richness, Shannon index, Simpson index, and bobwhite food species relative cover
by percent cover of Japanese climbing fern. Pearson product-moment correlation coefficients

significance of relationship between percent cover of Japanese climbing fern and
ated on the graph for that measure (α = 0.05).

food species relative cover 
nt correlation coefficients (r) 

significance of relationship between percent cover of Japanese climbing fern and each measure are 



Figure 3-6.  Mean functional group-level Shannon index and Simpson index values (
climbing fern. Pearson product-moment correlation coefficients
percent cover of Japanese climbi
0.05).
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level Shannon index and Simpson index values (± SE) by percent cover of Japanese
moment correlation coefficients (r) showing significance of relationship between

percent cover of Japanese climbing fern and each measure are indicated on the graph for that

SE) by percent cover of Japanese 
showing significance of relationship between 

are indicated on the graph for that measure (α = 



Figure 3-7.  Canonical plot derived from the
with mean relative covers
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l plot derived from the discriminant analysis on “impor
covers > 0.01 in any stand (57 spp.).

on “important species” 



Figure 3-8.  Canonical plot derived from the
with mean relative covers
associated with either
the graph. The 20 most important
by their Latin names
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derived from the discriminant analysis on “impor
covers > 0.01 in any stand (57 spp.). Species

either invaded or free plots are listed on the left
most important species to the discrimination 

by their Latin names in order of their importance to either plot type

discriminant analysis on “important species” 
. Species most 

are listed on the left-hand side of 
o the discrimination are indicated 

ortance to either plot type.
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CHAPTER 4 
CONCLUSIONS AND MANAGEMENT RECOMMENDATIONS 

Despite its reputation as an invasive species of high concern throughout much of 

the southeastern United States, Japanese climbing fern biology and ecology are 

relatively understudied and poorly understood. For management purposes, it has 

previously been conflated with biologically similar Old World climbing fern. However, 

without increased knowledge of this species’ own basic biological and ecological 

requirements and behaviors, adequate management may never be possible. Such 

knowledge can help to prioritize management efforts in more meaningful and calculated 

ways that save time, resources, and effort. This research explored various aspects of 

invasive species germination and establishment toward that end. 

The controlled growth chamber study offers increased understanding of the 

environmental conditions that optimize Japanese climbing fern spore germination and 

subsequent survival. The results indicate a distinct positive relationship between 

increasing temperatures and increasing Japanese climbing fern spore germination. 

Additionally, this trend was enhanced by the presence of a thin layer of pine litter, 

especially in the lower temperatures examined. Japanese climbing fern control activities 

must be timed in accordance with when daily average temperatures climb to 20 to 30°C 

for a given location, since different areas of the fern’s invaded range will experience 

different peak germination times. Additionally, germination was enhanced by the 

presence of a thin layer of pine litter, especially in the lower temperatures examined. 

This suggests that managers of lands with significant pine litter cover should expect that 

peak germination will occur earlier than in areas with relatively little litter cover, 

especially in the more northerly portions of the fern’s invaded range where seasonal 
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temperatures are typically cooler. Given this, managers may opt to prioritize litter 

removal to occur prior to peak germination so as to eliminate its positive effect on spore 

germination. Pre-emergent herbicides and prescribed burns will also likely need to be 

timed in accordance with peak germination, but additional work is first needed to 

confirm the precise effects of such treatments on spore germination. 

Future research exploring the influence of various environmental variables on 

Japanese climbing fern spore germination and survival should focus on refining 

additional environmental variables. For instance, this study looked only at germination 

response under constant temperatures, but exploring a range of temperature 

fluctuations would more accurately simulate the germination response of Japanese 

climbing fern under field conditions. The effects of different litter types that simulate 

different forest communities in which Japanese climbing fern can be found should also 

be explored, particularly under hardwood litter that would be typical of hardwood 

bottomland systems where the fern also invades. Since examinations of light quality on 

spore germination in this experiment were preliminary and inconclusive, the effects of 

light intensity and other aspects of light quality should be examined, particularly in how 

these variables are affected by different types of canopy and litter cover. 

In addition, the field study provides observational insight into the relationship 

between Japanese climbing fern infestation and native diversity and composition. On 

these post-invasion sites, overall species richness and diversity were not significantly 

different in invaded plots, though there was a trend of decreasing native diversity with 

increasing Japanese climbing fern cover. Consequently, Japanese climbing fern control 

should be prioritized if loss of rare plant species is a concern, but not necessarily for the 
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preservation of overall species composition since fern invasion may not cause 

significant losses in diversity until infestations become significantly more severe. 

Very clear differences in species composition existed between invaded and free 

areas, though the causal explanation for these differences requires further exploration. 

For example, many early successional species were more prevalent in invaded plots 

than free plots. However, many graminoid species were more associated with free plots 

than invaded plots, possibly because underground competition with extensive grass root 

systems makes Japanese climbing fern establishment more difficult in these areas. 

These results suggest that managers may be able to mitigate Japanese climbing fern 

spread by planting native grasses and other favorable vegetation that will discourage 

fern establishment through competition, or by maintaining appropriate fire regimes that 

would promote the growth of such species. Furthermore, since many of the plants 

associated with invaded plots tended to be early successional species, managers 

should reexamine disturbance regimes and attempt to make adjustments that favor the 

establishment of more late successional species than ruderal ones. 

I only examined the effects of Japanese climbing fern invasion on one type of 

ecosystem, longleaf pine ecosystems, under one management regime. Future research 

should examine the effects of Japanese climbing fern infestations on native understory 

diversity and composition in other ecosystems, particularly those where infestations 

may reach higher and more continuous levels of cover (e.g. hardwood bottomlands). As 

time is also an important factor in invasion, it would also be valuable to conduct further 

diversity studies that explore the vegetative response of Japanese climbing fern 

infestation over the course of several years. 
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Though patchy Japanese climbing fern presence was shown to coexist with 

bobwhite food species without major losses in percent cover, results indicate that 

bobwhite food species cover losses could occur as fern infestations intensify. Future 

studies should continue to focus on increasing knowledge of Japanese climbing fern’s 

effect on wildlife habitat quality, both by examining habitat requirements of different 

species of interest in different ecosystems and exploring other aspects of habitat quality 

aside from wildlife food availability (e.g. cover availability, suitable breeding site 

availability).
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