
ABSTRACT 

JUDGE, CAREN ANN. Japanese stiltgrass (Microstegium vimineum): Population dynamics 
and management for restoration of native plant communities. (Under the direction of Joseph 
C. Neal) 
 
Japanese stiltgrass [Microstegium vimineum (Trin.) A. Camus] is a nonnative, invasive grass 

that occurs in many habitats and is a management concern throughout the eastern United 

States. Experiments were conducted to address biological and ecological considerations for 

effective management of Japanese stiltgrass and restoration of native plant communities. 

Because conventional management recommendations emphasize removal of Japanese 

stiltgrass in autumn prior to flowering, phonological aspects of reproductive biology of 

Japanese stiltgrass were investigated. Japanese stiltgrass was grown in growth chambers 

under long-day conditions at 26/22 C and plants were moved 2, 6, or 10 wk after seed 

germination to growth chambers at 26/22 or 22/18 C under short-day conditions. All plants 

exposed to short-days flowered, while under long-days no plants flowered. No differences in 

inflorescence number or shoot dry weight were observed between the two temperature 

regimes. Populations of Japanese stiltgrass from North Carolina, Pennsylvania, and Virginia 

flowered similarly in response to short-days. Furthermore, inflorescences from natural stands 

of Japanese stiltgrass were harvested at four reproductive growth stages: one raceme branch 

beginning to emerge through the leaf sheath, one raceme branch fully elongated with a 

second branch visible, fully expanded inflorescence, and in concert with natural dispersal. 

Following dry storage for > 90 d, seed germination from each harvest averaged 13%, 51%, 

95%, and 100%, respectively, suggesting management designed to prevent seed production 

should be implemented before inflorescences emerge. In forested areas, herbicides that 

selectively control Japanese stiltgrass while preserving native vegetation may be desired. The 



efficacy of three selective postemergence herbicides (fenoxaprop-P, imazapic, and 

sethoxydim) applied early, mid-, or late-season were compared. The herbicides, averaged 

across application timings, controlled Japanese stiltgrass 83% to 89% and reduced seedhead 

production 79% to 94%. Compared to a no herbicide treatment, seedling emergence the 

subsequent spring was reduced 89%, 70%, and 78% by fenoxaprop-P, imazapic, and 

sethoxydim, respectively. Additionally, fenoxaprop-P or sethoxydim applied twice (4 wk 

interval) at half or full-labeled rates controlled Japanese stiltgrass, providing 92% biomass 

reduction and 97% to 98% seedhead reduction. Experiments were conducted to determine if 

seeds of Japanese stiltgrass possess dormancy and if so, to determine conditions required to 

overcome dormancy and for germination. Mature seeds of Japanese stiltgrass were collected 

Autumn 2002 and 2003, stratified (moist-prechilled) at 4 C or stored dry at 21 C for 0 to 90 

d. After storage, seeds were placed in petri dishes at alternating or constant temperature and 

exposed to daily photoperiods of 0 (total darkness) or 14 h. Less than 1% of seeds stored 0 or 

15 d germinated while > 95% of seeds stored 90 d germinated, suggesting primary innate 

dormancy upon natural dispersal. Light was not a requirement for germination. A 3-yr 

experiment was conducted in two forest sites to document the ecological impacts of 

conventional and alternative selective management on populations of Japanese stiltgrass and 

native flora recruitment and establishment. Conventional management treatments included 

hand-removal (pulling), mowing, or glyphosate (1.1 kg ai/ha) applied in autumn compared to 

hand-removal or fenoxaprop-P (0.19 kg ai/ha) applied as needed throughout the season. All 

management treatments reduced populations of Japanese stiltgrass over time compared to no 

management. Relative cover and seed bank populations of Japanese stiltgrass decreased over 

time with consecutive years of management. However, selective management was more 



suitable than nonselective management for recruitment and re-establishment of native plants 

and increasing overall species richness. Additionally, relative cover of other exotic plants 

decreased 6% over time, suggesting that removal of Japanese stiltgrass did not increase 

invasion by other exotic plant species.  
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Background 

 Japanese stiltgrass [Microstegium vimineum (Trin.) A. Camus], also known as 

bamboograss, flexible sesagrass, Mary’s grass, or Nepalese browntop, is an invasive, summer 

annual grass (Brown 1977) in the Poaceae, subfamily Panicoideae, and tribe Andropogoneae 

(Fairbrothers and Gray 1972). Native to China, India, Japan, Korea, Malaysia, Nepal, 

Pakistan, Sri Lanka, and Taiwan (Tu 2000; Williams 1998), Japanese stiltgrass was first 

collected along a creek bank and reported in the United States in 1919 near Knoxville, 

Tennessee (Fairbrothers and Gray 1972). Japanese stiltgrass has since spread rapidly 

throughout the eastern United States, from New York to Texas, and Puerto Rico (Barden 

1987; Fairbrothers and Gray 1972; Redman 1995; USDA, NRCS 2004). The first reported 

collection in North Carolina was in 1933 (Fairbrothers and Gray 1972). Common habitats 

include roadside ditches, utility easements, floodplains, streamsides, river bluffs, woodlands, 

fire trails, and logging roads (Barden 1987; Cusick 1986; Fairbrothers and Gray 1972; Hunt 

and Zaremba 1992; Redman 1995). Recently Japanese stiltgrass has moved into landscape 

plantings and turfgrass (Barden 1987; Derr 2004; Fairbrothers and Gray 1972; Senesac 1994; 

Yelverton and Hinton 1996).  

 Many biological and ecological adaptations allow Japanese stiltgrass to establish rapidly 

and produce near monoculture stands in disturbed sites (Barden 1987; Hunt and Zaremba 

1992). Natural disturbances such as flood erosion or storm damage, or man-made 

disturbances such as grading or road construction, create niches in the natural vegetation that 

are rapidly colonized by Japanese stiltgrass. Two years following intentional physical 

disturbance, Japanese stiltgrass comprised 63% of the understory leaf area in a mesic 

floodplain hardwood forest in North Carolina, with Japanese honeysuckle (Lonicera japonica 
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Thunb.) as the only other species (Barden 1987). Conversely, in areas with established 

vegetation, Japanese stiltgrass is slow to invade. Only one of 40 populations of Japanese 

stiltgrass intentionally seeded into established stands of Japanese honeysuckle was able to 

survive longer than 3 years (Barden 1987). Seed germination within intact and cut forest sites 

lacking substantial understory was shown to be greater than intact and cut forest sites with 

understories. The occurrence of soil disturbance increased final biomass of stiltgrass in 75% 

of plots, suggesting areas that are most conducive to initial colonization and possess the 

greatest seed-producing potential (Booher et al. 2004). Recently, a mature loblolly pine 

(Pinus taeda L.) forest (Duke Forest) in central North Carolina was harvested with a shelter-

wood regeneration cut. A shelter-wood cut is an even-aged silvicultural system in which a 

new stand is established under the protection of a partial canopy of trees. The mature stand is 

removed in two or more cuts, the last of which is when the new, even-aged stand is well 

developed. After harvest, much of the forest floor was disked to expose bare mineral soil to 

create optimum conditions for establishment of seedlings of loblolly pine. With such a 

treatment, an overstocking of 20,000 to 25,000 pine seedlings per hectare was expected. 

However, a heavy understory of Japanese stiltgrass soon developed, and < 250 seedlings of 

loblolly pine regenerated per hectare (Judson Edeburn, personal communication). 

 Dispersal of Japanese stiltgrass apparently occurs by floating fruit that disperse 

throughout wetland areas during high-water events, or by fruit adhering to fur-bearing 

animals and human clothing or vehicles (Cole 2003; Mehrhoff 2000; Woods 1989). These 

modes of dispersal allow for long distance spread by establishing satellite populations within 

areas of disturbance (e.g., flooding) on patches of soil left bare of vegetation (Barden 1987; 

Gibson et al. 2002). Yet, Japanese stiltgrass occurs in both disturbed, early-successional 
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habitats, as well as relatively nondisturbed, late-successional forest communities (Cole and 

Weltzin 2004; Drake et al. 2003). Further, Japanese stiltgrass is absent in apparently suitable 

locations (Cole and Weltzin 2004; Redman 1995). As a result, several researchers have 

attempted to elucidate the ecological requirements of Japanese stiltgrass to predict 

ecosystems highly susceptible to invasion by Japanese stiltgrass or alternatively, to predict 

site characteristics that allow ecosystems to resist invasion by the species.  

 Japanese stiltgrass exhibits highly plastic morphological responses to local microhabitat 

conditions, such as soil texture and chemistry and overhead canopy cover, which likely 

ensures persistence in invaded sites (Gibson et al. 2002). Kourtev et al. (1998) reported that 

sites with a history of infestations by Japanese stiltgrass had fewer native canopy oaks 

(Quercus L. spp.) and understory shrubs, and significantly higher soil pH than similar 

noninfested sites. Causative relationships between presence of Japanese stiltgrass and species 

richness or soil conditions could not be made from their observations. It was suggested that 

Japanese stiltgrass may alter nitrogen cycling, soil pH (Ehrenfeld et al. 2001; Kourtev et al. 

1999), and soil microbial community structure and function (Kourtev et al. 2002) compared 

to native understory shrubs [i.e., species of blueberry (Vaccinium L. spp.)] in hardwood 

forests in New Jersey, possibly creating a positive feedback loop which increases its ability 

to spread (Ehrenfeld et al. 2001).  

 Barden (1987) demonstrated a negative correlation between reproductive success of 

Japanese stiltgrass with soil pH, zinc, potassium, base saturation, percent silt, calcium, and 

leaf area index of other species. Therefore, it was concluded that Japanese stiltgrass is not 

limited directly by soil fertility, but indirectly by its inability to invade existing ground 

vegetation. Hunt and Zaremba (1992) speculated that the northeastward spread of Japanese 
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stiltgrass into Connecticut may be nearing its northern limits due to lack of cold hardiness. 

Barden (1987) observed that a late spring frost killed seedlings, yet late germinating seeds 

compensated for the mortality. Further, in Virginia Beach, Virginia, a stand of late March 

germinating seedlings declined after a cold spell in April (Derr 2004). Hunt and Zaremba 

(1992) also postulated that Japanese stiltgrass may be limited by red clay soil types typical to 

Piedmont species, limiting the spread of Japanese stiltgrass in the northeastern United States 

to the Hudson and Connecticut River Valleys. Conversely, in Maryland, Japanese stiltgrass 

occurred primarily on moist, well-drained silty loams, loamy sands, sandy loams, or loams, 

and not limited by red shale formations. Furthermore, the sites had mainly acidic soils (pH 

5.8 to 4.8) that were average in potassium and phosphorus and high in nitrogen (Redman 

1995). Soils that supported Japanese stiltgrass in the Oak Ridge National Environmental 

Research Park ranged in texture from loamy sand to clay loam, and pH 6.5 to 4.4 (Cole and 

Weltzin 2004). 

 In the Green Ridge State Forest in eastern Allegany County, Maryland, proximity to road 

edge was a significant site attribute for the presence of Japanese stiltgrass (Jones et al. 2003). 

In the Oak Ridge National Environmental Research Park, several environmental variables 

were investigated as potential explanatory variables for presence and performance of 

Japanese stiltgrass including canopy openness, litter mass, aboveground biomass of other 

species, soil moisture, soil carbon and nitrogen content (%), soil pH, rock content (%), and 

soil texture (Cole and Weltzin 2004). The presence of Japanese stiltgrass was correlated only 

with pH; higher soil pH increased the likelihood of presence of the species. Further, 

performance of Japanese stiltgrass, measured as biomass production, was positively related 

to canopy openness and negatively correlated with biomass of other plant species. Similarly, 
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Williams (1998) also reported a negative correlation between biomass of Japanese stiltgrass 

and biomass of other plant species.  

 Japanese stiltgrass is adapted to a wide variety of habitats. In a greenhouse study 

comparing resource allocation under three levels of shade (full sun, 18% to 22% full sun, or 

2% to 7% full sun) and two levels of fertility (fertilized or not fertilized), Japanese stiltgrass 

produced flowers in all conditions except 2% to 7% full sun combined with no fertilization 

(Claridge and Franklin 2002). Fertility compensated for lower light levels, with respect to 

flower number and flower weight. Furthermore, in a greenhouse experiment, Cole (2003) 

demonstrated that light and water were mutually substitutable for root, shoot, and total 

biomass accumulation of Japanese stiltgrass. However, light was shown to be a better 

substitute for water than water as a substitute for light. 

 Japanese stiltgrass exhibits greater vegetative and reproductive performance with 

increases in light availability (Barden 1996; Claridge and Franklin 2002; Cole and Weltzin 

2004; Gibson et al. 2002; Horton and Neufeld 1998; Williams 1998). Yet, Japanese stiltgrass 

is often found and thrives in shady environments and is known to be shade tolerant. It has the 

typical Kranz anatomy of other C4 plants (Brown 1977). Dry matter production under 18% 

full sunlight was no different than 100% sunlight. Even at 5% full sunlight, albeit reduced by 

83%, growth still occurred, in comparison to no growth of large crabgrass [Digitaria 

sanguinalis (L.) Scop.], another C4, summer annual grass (Winter et al. 1982). Additionally, 

its low respiration rates and low light compensation points allow it to maintain positive 

carbon gain during long periods of low light in forest understories (Horton and Neufeld 

1998). Japanese stiltgrass possesses many characteristics that enable it to tolerate the low 

light typical of understory habitats, yet it still maintains characteristics of plants adapted to 
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high light environments (Horton and Neufeld 1998). Allocation expended to shoot 

production increased in shaded habitats to maximize photosynthetic ability (Claridge and 

Franklin 2002). Apparently, Japanese stiltgrass, with its C4 metabolism, is uniquely 

competitive with native vegetation in shady wetlands and forests, yet deep shade areas may 

be less susceptible to invasion. Cole and Weltzin (2003) attributed lack of growth of 

Japanese stiltgrass under a pawpaw [Asimina triloba (L.) Dunal] canopy to an apparent lower 

limit of light. The authors demonstrated that deep shade suppresses growth of Japanese 

stiltgrass, an aspect that might allow plant communities to avoid invasion (Cole 2003). 

 In addition to high plasticity and adaptability to a wide range of environments, after 

senescence in autumn, dead biomass of Japanese stiltgrass persists throughout the winter and 

into the following spring (personal observation). Over time, a thick litter layer is created 

potentially limiting seed germination of native vegetation. However, the litter layer does not 

impact germination of Japanese stiltgrass seeds, which occurs early in spring, before much of 

the native vegetation. For example, in central North Carolina (Latitude 36° N), seeds 

germinate in mid- to late March (personal observation). In eastern Virginia (Latitude 37° N), 

Japanese stiltgrass germinates in mid- to late March, several days in advance of smooth 

crabgrass [D. ishaemum (Schreb. ex Schweig.) Schreb.] and large crabgrass (Derr 2004). 

Gover et al. (2003) reported seed germination of Japanese stiltgrass on April 3 on south 

facing slopes, but applied preemergence herbicides on April 11 on northwest facing slopes 

near Philadelphia, PA (Latitude 40° N), prior to seedling emergence. In Pennsylvania, near 

State College (Latitude 41° N), Japanese stiltgrass germinates in late April (Nora Peskin, 

personal communication). There is no evidence of allelopathy with Japanese stiltgrass 



 8

(Barden 1987; Woods 1989). However, research is ongoing for confirmation (Lisa Ochoa-

Frongia, personal communication). 

  As a result of the aforementioned biological and ecological characteristics, Japanese 

stiltgrass is of paramount management concern in natural areas in the eastern United States. 

Japanese stiltgrass was ranked most problematic of the known 167 nonnative, invasive 

species present in the 8,100-ha Oak Ridge National Environmental Research Park, located in 

Tennessee (Drake et al. 2003). This ranking occurred because of the potential impact on 

natural systems and the tendency to become a management problem. In fact, Japanese 

stiltgrass is distributed nearly continuously along the > 50 km of roads in the Research Park 

except rights-of-ways maintained with mowing or herbicides (Cole and Weltzin 2004). 

Similarly, in an invasive species survey of 23 urban riparian forest sites within the greenways 

systems of Raleigh and Cary, North Carolina, Japanese stiltgrass was the only species to 

occur at every site among the 26 invasive species inventoried (Vidra 2004). Japanese 

honeysuckle occurred at 22 sites, but the next most frequent species occurred at only eight 

sites. Likewise, the United States Department of Agriculture Forest Service lists Japanese 

stiltgrass as one of the top 33 invasive plants invading southern forests at an alarming rate, 

thus affecting forest productivity and degrading plant species diversity and wildlife habitat 

(Miller 2003).  

 Mehrhoff (2000) suggested that every attempt should be made to reduce the spread of the 

highly invasive Japanese stiltgrass to conserve natural plant communities or imperiled 

species. Hunt and Zaremba (1992) also recommended monitoring of Japanese stiltgrass and 

eradication programs to preserve rare native wetland species. Therefore, the goal of the 
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dissertation research herein was to address biological and ecological considerations for 

effective management of Japanese stiltgrass for invaded natural ecosystems.  

 

Biological Considerations to Improve Late Season Management 

 As a summer annual grass, Japanese stiltgrass only persists by the annual carryover of 

seeds in the seed bank (Fairbrothers and Gray 1972; Mehrhoff 2000; Radford et al. 1968). 

Therefore, management efforts must endeavor to reduce or eliminate seed production and 

subsequent contributions into the seed bank (Tu 2000; Woods 1989). Current management 

guidelines suggest prevention of seed production by hand-removal, mechanical methods (i.e., 

mowing), or nonselective postemergence herbicides (e.g., glyphosate) in autumn prior to 

flowering (Swearingen 2000; Tu 2000). Flowering occurs at different times in autumn 

depending on geography, both latitude and altitude. In North Carolina, flowering is observed 

in late September and seed production in mid-October to mid-November (personal 

observation). In the Great Smoky Mountains National Park, seeds are produced in early to 

mid September (Woods 1989). In Virginia Beach, Virginia, flowering occurs in the second 

week of October (Derr 2004). In southern Illinois, seeds are produced in late September 

(Gibson et al. 2002). In State College, Pennsylvania, Japanese stiltgrass flowers late August 

to early September and produces seeds mid- to late September to mid-October (Nora Peskin, 

personal communication). In Connecticut, Japanese stiltgrass flowers mid-September 

(Mehrhoff 2000).  

 An inflorescence of Japanese stiltgrass consists of a one- to three-branched raceme with 

many spikelets on each branch. Spikelets are in pairs, both fertile, one sessile, and the other 

pedicellate (Hitchcock 1951; Radford et al. 1968). Japanese stiltgrass produces both 
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cleistogamous flowers (closed and self-pollinating) and chasmogamous flowers (open and 

can cross-pollinate), with all axillary racemes cleistogamous (Tanaka 1975 as translated by 

Barden 1987; Gibson et al. 2002; Williams 1998). Therefore, timing of recommended 

autumn management, whether manual, mechanical, or chemical, may be imprecise if the 

inflorescences are not readily visible. Since Japanese stiltgrass tolerates mowing heights used 

for cool-season turfgrass, mowing to prevent seed production must occur late in the growing 

season. In Virginia Beach, Virginia, mowing in September reduced seed production, yet 

plants that were mowed approximately 1 month before bloom were able to produce 

seedheads, although inflorescense numbers were significantly reduced compared to 

nonmowed plants (Derr 2004). In Great Smoky Mountains National Park, mowing (i.e., 

weedeating) in the last week of August or first week of September did not allow Japanese 

stiltgrass to have sufficient growing season remaining to produce seeds (Woods 1989). In 

Pennsylvania, Gover et al. (2003) reported that mowing Japanese stiltgrass at ground level 

using a string-trimmer in mid-August controlled Japanese stiltgrass with no subsequent seed 

production. We hypothesize that if land managers wait until late in the growing season, 

flowers may already be pollinated, and management might not be timely enough to 

completely interrupt seed production. 

 Thus, understanding environmental stimuli for flowering could enable land managers to 

better predict when control programs for Japanese stiltgrass should be implemented. Large 

crabgrass, another C4 summer annual grass, flowers in response to short day photoperiods 

(Holm et al. 1977). Japanese stiltgrass flowers in the fall, after smooth crabgrass and other 

common summer annual grasses (Derr 2004; personal observation), suggesting that 

flowering of Japanese stiltgrass may also be day-length mediated. During the winter months 
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in a greenhouse under natural light, Japanese stiltgrass flowered when plants were only 15 to 

20 cm tall; whereas, plants grown in the summer reached over 60 cm in height and did not 

flower until autumn. However, no data have been reported to ascertain if day length can be 

used as a reliable predictor of flowering of Japanese stiltgrass under natural conditions. 

 In Chapter 2, cues for flowering and seed development of Japanese stiltgrass with respect 

to critically timing late season management were investigated. Understanding environmental 

stimuli for flowering, such as photoperiod requirements, might enable land managers to 

better predict when late season management of Japanese stiltgrass should be implemented. 

Once plants have been killed either by hand or mechanically, the remains are generally left 

on the soil surface. It is thus necessary to know when seed become mature or have enough 

reserves to mature once removed from the parent plant.   

 Therefore, an experiment was conducted in growth chambers to determine the effect of 

day length on a local population of Japanese stiltgrass. The interactions of photoperiod with 

temperature and growth stage were also investigated to provide a foundation for development 

of reproductive models of Japanese stiltgrass. The effect of photoperiod on flowering of three 

populations of Japanese stiltgrass was also investigated. Finally, seed development 

throughout the reproductive cycle of Japanese stiltgrass was monitored to determine the 

criticality of late season management timing, with respect to seed bank inputs.  

 

Alternatives to Late Season Management  

 Since late season management efforts must be critically timed, the potential of alternative 

management options were investigated. In addition to glyphosate, many preemergence (PRE) 

and postemergence (POST) herbicides are registered for selective or nonselective control of 
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other C4 summer annual grasses, such as large crabgrass. Some preliminary or nonreplicated 

(over time) experiments have tested efficacy of PRE herbicides. For example, benefin and 

diphenamid controlled Japanese stiltgrass PRE (Woods 1989). Derr (1999) applied PRE 

herbicides to a field site and planted seeds of Japanese stiltgrass 30 d after treatment (DAT). 

In this study, benefin, benefin plus trifluralin, oxadiazon, bensulide, dithiopyr, oryzalin, 

pendimethalin, prodiamine, or siduron controlled Japanese stiltgrass. However, when 

Japanese stiltgrass was seeded 90 DAT, only bensulide, oryzalin, oxadiazon, and prodiamine 

remained effective. Gover et al. (2003) reported PRE control of Japanese stiltgrass with 

imazapic, oryzalin, oxyfluorfen, pendimethalin, and prodiamine. In a comprehensive 

herbicide evaluation of control of Japanese stiltgrass conducted in containers, PRE herbicides 

labeled for large crabgrass control were equally or more effective on Japanese stiltgrass than 

on large crabgrass including benefin plus oryzalin, dithiopyr, isoxaben plus trifluralin, 

oryzalin, oxadiazon, pendimethalin, prodiamine, or trifluralin (Judge et al. 2005). 

 Several preliminary or nonreplicated (over time) experiments have also tested efficacy of 

POST herbicides. For example, research conducted at the University of Tennessee, 

Knoxville, demonstrated effective control of Japanese stiltgrass with imazameth (syn. 

imazapic), fluazifop-P, and glyphosate (Tu 2000). However, Woods (1989) reported that 

fluazifop-P did not provide adequate control, yet sethoxydim was effective on Japanese 

stiltgrass. Senesac et al. (1994) reported POST control of Japanese stiltgrass in heavily-

shaded Kentucky bluegrass (Poa pratensis L.), perennial ryegrass (Lolium perenne L.) and 

fine fescue (Festuca L. spp.) turf grass with fenoxaprop-P and MSMA. In the same 

experiment, fluazifop and sethoxydim provided moderate levels of control, while diclofop 

and dithiopyr were ineffective. Yelverton and Hinton (1996) also reported that fenoxaprop-P 
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controlled Japanese stiltgrass in a tall fescue lawn. Gover et al. (2003) demonstrated effective 

above-ground biomass reduction with glufosinate, glyphosate, and quizalofop-P. Clethodim, 

fluazifop-P, and sethoxydim were less effective in terms of biomass reduction, yet seed 

production was reduced with all treatments even if complete biomass control was not 

observed. Sethoxydim applied in May, late July or mid-August provided excellent control of 

Japanese stiltgrass, and was superior to fluazifop-P (Woods 1989). In a comprehensive POST 

herbicide evaluation conducted in containers, selective POST herbicides (clethodim, 

fenoxaprop-P, fluazifop-P, and sethoxydim) and nonselective POST herbicides (glufosinate 

and glyphosate) labeled for large crabgrass control were equally or more effective on 

Japanese stiltgrass than on large crabgrass (Judge et al. 2005).  

 Therefore, in managed ecosystems such as lawns and landscapes, many selective PRE 

and selective or nonselective POST herbicide options are available for Japanese stiltgrass 

control, in addition to hand or mechanical removal. However, in forested ecosystems not all 

of these options are feasible, as it is often desirable to control Japanese stiltgrass while 

minimizing impact on native herbaceous and woody vegetation, including native rushes 

(Juncaceae) and sedges (Cyperaceae), thereby facilitating native plant community 

restoration.  

 At present, only fenoxaprop-P (Anonymous 2003a) and imazapic (Anonymous 2003b) 

are labeled specifically for control of Japanese stiltgrass. Fenoxaprop-P selectively controls 

nearly all summer annual and some perennial grasses POST without injuring dicots or 

tolerant grasses (Vencill 2002). Imazapic is labeled for both PRE and POST control of 

annual and perennial grasses, sedges, and many annual broadleaf species without injuring 

rangeland and pasture species, some warm-season turfgrasses, perennial prairie grasses, and 
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roadside wildflower plantings (Norcini et al. 2003; Vencill 2002). Sethoxydim, another 

effective POST herbicide, selectively controls annual and perennial grasses without injuring 

most dicots. Therefore, the importance of application timing of these POST herbicides in 

controlling Japanese stiltgrass was evaluated. Efficacy of POST grass herbicides on other C4 

annual grasses is dependent on growth stage. For example, seedlings of large crabgrass or 

smooth crabgrass without tillers are controlled with lower rates and fewer applications than 

plants in more advanced growth stages (Chism and Bingham 1991; Neal et al. 1990). 

Reduced rates may be desirable in sensitive habitats (Williams 1998), whereas multiple 

applications may be required to reduce seed production to satisfactory levels.  

 In Chapter 3, three selective POST herbicides, fenoxaprop-P, imazapic, and sethoxydim, 

were compared in natural forest stands for control of Japanese stiltgrass. The objectives were 

(1) to determine the efficacy of fenoxaprop-P, imazapic, and sethoxydim, on natural stands of 

Japanese stiltgrass applied at various times throughout the season, (2) compare control of 

tillering plants at various rates and timings of fenoxaprop-P and sethoxydim, and (3) assess 

the impact of herbicide application on stand reduction of Japanese stiltgrass the year after 

application.  

 

Biological Considerations for Seed Bank Management 

 As an annual species, Japanese stiltgrass relies exclusively on its seed bank for annual 

regeneration. Evidence exists that Japanese stiltgrass creates a persistent seed bank, albeit 

short-lived. Despite lack of flowering the prior year because of drought, seedlings emerged 

from six of seven nonflowering sites (Gibson et al. 2002). Further, despite chemical control 

in 2003, populations of Japanese stiltgrass germinated the following year and stem counts, 
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inflorescence numbers, and seed production were actually greater in 2004 (Peskin et al. 

2005). Barden (1987) reported that following 2 years of eliminating seed production, 

seedlings of Japanese stiltgrass continued to emerge the following spring. However, no new 

plants emerged after eliminating seed production for 3 years, suggesting 3 years viability in 

the soil. Using similar techniques, Woods (1989) demonstrated at least 2 years viability in the 

soil seed bank. The ability to create a persistent seed bank suggests that seeds of Japanese 

stiltgrass may possess dormancy allowing temporal dispersal of seeds that maintains a 

population over time even if a catastrophic event occurs during one growing season (Benech-

Arnold et al. 2000).  

 Seed dormancy is lack of germination resulting from some characteristics of the seed, 

rather than environmental factors (Baskin and Baskin 1998). Benech-Arnold et al. (2000) 

describe dormancy as an internal condition of seeds that impede germination under otherwise 

adequate hydric, thermal, and gaseous conditions. A critical component of seed ecology is to 

understand the environmental conditions that overcome dormancy and induce germination 

thus contributing to the persistent seed bank. The number of established plants of a weed is 

strongly related to the proportion of the seed bank that has been released from dormancy 

(Benech-Arnold et al. 2000). These results have implications on the potential longevity of the 

persistent seed bank. 

 Dormancy release is a separate process from germination, each of which are affected by 

different environmental variables; thus, each process should be assessed separately (Benech-

Arnold et al. 2000). Once dormancy is overcome, the necessary ecoophysiological factors, 

which are species specific, must be present for adequate germination (Bewley and Black 

1994). Gibson et al. (2002) reported no seeds of Japanese stiltgrass germinated under 
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favorable greenhouse conditions from soil collected in autumn, but considerable germination 

occurred from soil collected in spring. This suggests that seeds of Japanese stiltgrass exhibit 

primary dormancy when dispersed from the parent plant. Seeds of Japanese stiltgrass may 

have a requirement to overcome dormancy that occurs after natural dispersal allowing some 

or all seeds to germinate in the spring given favorable conditions. For most cereals, 4 to 8 wk 

storage at 15 to 20 C suffices to fulfill after-ripening requirements and allow maximum 

germination (Copeland and McDonald 2001). Large crabgrass, another C4 summer annual 

grass, exhibits a short period of dormancy in temperate parts of the world (Holm et al. 1977). 

Dormancy of large crabgrass can be overcome by dry storage or by scarifying the seeds 

(Holm et al. 1977).  

 Seeds of some species exhibit an annual cycle between dormancy and nondormancy and 

may cycle many times before they germinate (Baskin and Baskin 1998). For example, yellow 

foxtail [Setaria glauca (L.) Beauv.] (Poaceae) exhibited primary dormancy upon dispersal in 

September, dormancy was completely overcome by February, and reentered either 

conditional dormancy or complete dormancy by mid-summer when maximum yearly 

temperatures were at their highest (Baskin et al. 1996). The enforcement of secondary 

dormancy is generally a gradual change and occurs in response to changes in environmental 

factors (Baskin et al. 1996; Baskin and Baskin 1998). Germination of seedlings in plots 

where seed production had been eliminated the previous season suggests that seeds of 

Japanese stiltgrass also exhibit an annual dormancy cycle (Barden 1987; Gibson et al. 2002; 

Peskin et al. 2005; Woods 1989).  

 Williams (1998) attempted to assess the ability of darkness to induce dormancy in 

Japanese stiltgrass, but the author did not use recently mature seeds (immediately following 
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natural dispersal); therefore, all viable seeds germinated. The author attributed germination to 

lack of innate dormancy, which conflicts with previously mentioned anecdotal evidence 

(Barden 1987; Gibson et al. 2000; Peskin et al. 2005; Woods 1989). However, since the 

author did not use recently dispersed seeds, it is likely the seeds had already fulfilled any 

after-ripening requirement and enforcement of secondary dormancy was being tested, rather 

than primary dormancy (Baskin and Baskin 1998). Williams (1998) demonstrated that 

nondormant seeds of Japanese stiltgrass germinated equally well under dark and light 

conditions; however, because of some exposure of all seeds to light, the dark condition was 

suspect. Little other research has been conducted on seed dormancy or seed germination 

requirements of Japanese stiltgrass. Understanding dormancy and germination characteristics 

allows one to understand the fate of seeds into the seed bank and assess the necessity of 

multiple seasons of management (Harper 1977). Understanding general seed requirements 

can improve long-term management, or eradication, of Japanese stiltgrass in invaded 

ecosystems.  

 To provide an ecological foundation for management of Japanese stiltgrass, a controlled-

environment germination experiment and a complementary field experiment are reported in 

Chapter 4. The research objectives were to document definitively primary dormancy of seeds 

of Japanese stiltgrass, elucidate the appropriate conditions to overcome dormancy, and 

determine environments for successful germination. Gaining a better understanding of 

environmental conditions that overcome dormancy and induce germination in nature will 

improve long-term seed bank management strategies with the intent of eradicating Japanese 

stiltgrass invaded ecosystems.    
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Ecological Considerations for Long-term Management 

 One concern about currently recommended late season management by hand removal, 

mechanical removal, or nonselective herbicide applications is that removal in autumn, by any 

of these methods, can eliminate cover at a time of year when little re-establishment of native 

vegetation is possible. As a result, newly germinated seeds of Japanese stiltgrass have a 

competitive advantage the following spring. Over the past 5 years, the author has personally 

observed this process of mowing, erosion, and re-infestation in local utility easements. 

Successful control requires a clear understanding of the impacts of current and alternative 

management strategies on seed bank dynamics of Japanese stiltgrass and how the species and 

its control influence recruitment and establishment of native flora.  

 No long-term studies have directly compared the competitive interactions of Japanese 

stiltgrass with native vegetation recruitment, survival, and growth. Investigations during one 

season demonstrated that sethoxydim applied in late July or mid-August provided excellent 

control of Japanese stiltgrass and also resulted in the greatest release of native dicots with no 

chemical injury (Woods 1989). In Pennsylvania, applications of fenoxaprop-P, glyphosate, 

imazapic, and sethoxydim all controlled Japanese stiltgrass equally (Jones et al. 2004). 

However, the alternative grass herbicides, fenoxaprop-P and sethoxydim, had the highest 

diversity values and species richness at the end of the growing season compared to all other 

treatments including the nontreated. Of the two alternative grass herbicides, sethoxydim 

restored the native plant community to higher diversity values greater than fenoxaprop-P, yet 

both treatments retained enough ground cover to provide stability against soil loss factors. 

However, when evaluating the same plots the following year, seedlings of Japanese stiltgrass 

emerged from the persistent seed bank. Further, diversity indices in treated plots were only 
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slightly higher than nontreated plots (Peskin et al. 2005). These data suggest that one season 

of management is not adequate for eradication of Japanese stiltgrass or recruitment and 

establishment of native plants.    

 Fenoxaprop-P has been shown to control Japanese stiltgrass (Jones et al. 2004; Judge et 

al. 2005) and does not injure dicots, rushes (Juncaceae), sedges (Cyperaceae), or most 

perennial grasses (Poaceae) (Vencill 2002). Sethoxydim is less selective controlling both 

annual and perennial grasses (Vencill 2002). Therefore, fenoxaprop-P should provide more 

selective control of Japanese stiltgrass thus promoting re-establishment of a more desirable 

native plant community. Research needs to be conducted in natural stands of Japanese 

stiltgrass to compare conventional nonselective or nonherbicide management 

recommendations with a selective herbicide (fenoxaprop-P) for controlling Japanese 

stiltgrass and to compare their effects on native plant recruitment and establishment over 

several years. Sethoxydim was a potential candidate; however, sethoxydim controls a broader 

range of grasses than fenoxaprop-P, including annual and cool-season perennials (Vencill 

2002). The herbicide imazapic is labeled specifically for control of Japanese stiltgrass; 

however, imazapic kills both broadleaves and grasses by soil uptake, and is used for native 

grass establishment, turf growth suppression on roadsides, and other noncrop areas 

(Anonymous 2003b). The broader range of species susceptible to both sethoxydim and 

imazapic, and the soil residual efficacy of imazapic, causes these chemicals to be less 

desirable for native plant restoration. Therefore, the hypothesis of work reported in Chapter 5 

is that selective removal of Japanese stiltgrass early in the season with a postemergence grass 

herbicide (fenoxaprop-P), rather than late season management (e.g., hand-removal, mowing, 

glyphosate), will encourage recruitment and establishment of native flora and ultimately 
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provide a flora less susceptible to further invasion by Japanese stiltgrass. The objectives were 

to compare the relative effectiveness of properly timed fenoxaprop-P herbicide applications 

with current recommended methods including late season manual removal, mechanical 

removal or treatment with a nonselective herbicide, document the impacts of such removal 

methods on native flora including phytotoxicity, recruitment, and growth parameters, and 

document the impact on seed production and contributions to the soil seed bank. The 

research was conducted over three growing seasons to be able to make long-term 

management recommendations.  

 The author aims to provide land managers with improved and realistic Japanese stiltgrass 

management recommendations while allowing for restoration of desirable native plant 

communities. Investigating alternative management options for Japanese stiltgrass, 

reproductive biology of Japanese stiltgrass, and recruitment and establishment of native flora 

following Japanese stiltgrass management allows one to make such recommendations.   



 21

Literature Cited 

Anonymous. 2003a. Acclaim Extra herbicide specimen label. Research Triangle Park, NC: 

Bayer CropScience. 10 p.  

Anonymous. 2003b. Plateau herbicide specimen label. Research Triangle Park, NC. BASF 

Corp. 10 p.  

Barden, L.S. 1996. The linear relation between stand yield and integrated light in a shade-

adapted annual grass. Bull. Torr. Bot. Club 123:122-125.  

Barden, L.S. 1987. Invasion of Microstegium vimineum (Poaceae), an exotic, annual, shade-

tolerant, C4 grass, into a North Carolina floodplain. Am. Midl. Nat. 118:40-45. 

Baskin, C.C., J.M. Baskin, and S.A. El-Moursey. 1996. Seasonal changes in germination 

response of buried seeds of the weedy summer annual grass Setaria glauca. Weed Res. 

36:319-324.  

Baskin, C.C. and J.M. Baskin. 1998. Seeds: Ecology, Biogeography, and Evolution of 

Dormancy and Germination. San Diego: Academic Press. Pp. 5-85. 

Benech-Arnold, R.L., R.A. Sanchez, F. Forcella, B.C. Kruk, and C.M. Ghersa. 2000. 

Environmental control of dormancy in weed seed banks in soil. Field Crops Res. 67:105-

122.  

Bewley, J.D. and M. Black. 1994. Seeds: Physiology of Development and Germination, 2nd 

ed. New York: Plennum Press. Pp. 273-290.  

Booher, M., D.A. Mortensen, and B. Jones. 2004. The effect of site heterogeneity and 

disturbance on the establishment and fecundity of Microstegium vimineum. Proc. 

Northeast. Weed Sci. Soc. 58:97 (abstr.). 



 22

Brown, W.V. 1977. The Kranz syndrome and it subtypes in grass systematics. Mem. Torrey 

Bot. Club 23:1-97. 

Chism, W.J. and S.W. Bingham. 1991. Postemergence control of large crabgrass (Digitaria 

sanguinalis) with herbicides. Weed Sci. 39:62-66. 

Claridge, K. and S.B. Franklin. 2002. Compensation and plasticity in an invasive plant 

species. Biol. Invasions 4:339-347.  

Cole, P.G. 2003. Environmental constraints on the distribution of the non-native invasive 

grass, Microstegium vimineum. Ph.D. Diss., Dept. of Ecology and Evolutionary Biology. 

Knoxville, TN: Univ. of Tennessee. 101 pp.   

Cole, P.G. and J.F. Weltzin. 2003. Demonstration of a light/water trade-off in the non-native, 

invasive grass, Microstegium vimineum. Ecol. Soc. Amer. Annu. Mtg. oral presentation 

(abstr.).  

Cole, P.G. and J.F. Weltzin. 2004. Environmental correlates of the distribution and 

abundance of Microstegium vimineum, in East Tennessee. Southeastern Naturalist 3:545-

562.  

Copeland, L.O. and M.B. McDonald. 2001. Principles of Seed Science and Technology, 4th 

ed. Norwell, MA: Kluwer Academic Publishers. Pp. 140-164. 

Cusick, A.W. 1986. Distributional and taxonomic notes on the vascular flora of West 

Virginia. Castanea 51:56-65. 

Derr, J.F. 1999. Biology and management of microstegium, a relatively unresearched turf 

weed. Proc. Northeast. Weed Sci. Soc. 53:100.   

Derr, J.F. 2004. Introduction to Japanese stiltgrass biology and implications for control 

programs. Proc. Northeast. Weed Sci. Soc. 58:166-167.   



 23

Drake, S.J., J.F. Weltzin, and P.D. Parr. 2003. Assessment of non-native invasive plant 

species on the United States Department of Energy Oak Ridge National Environmental 

Research Park. Castanea 68:15-30. 

Ehrenfeld, J.G., P. Kourtev, and W. Huang. 2001. Changes in soil functions following 

invasions of exotic understory plants in deciduous forests. Ecol. Appl. 11:1287-1300. 

Fairbrothers, D.E. and J.R. Gray. 1972. Microstegium vinineum (Trin.) A. Camus 

(Gramineae) in the United States. Bull. Torrey Bot. Club 99:97-100. 

Gibson, D.J., G. Spyreas, and J. Benedict. 2002. Life history of Microstegium vimineum 

(Poaceae), an invasive grass in southern Illinois. J. Torrey Bot. Soc. 129:207-219. 

Gover, A.E., J.M. Johnson, L.J. Kuhns, and D.A. Burton. 2003. Pre- and postemergence 

control comparisons for Japanese stiltgrass. Proc. Northeast. Weed Sci. Soc. 57:28-33. 

Harper, J.L. 1977. Population Biology of Plants. London: Academic Press. Pp. 33-111.  

Hitchcock, A.S. 1951. Manual of the Grasses of the United States, 2nd ed. (rev. by A. Chase). 

USDA Misc. Pub. 200. 

Holm, L.G., D.L. Plucknett, J.V. Pancho, and J.P. Herberger. 1977. The World’s Worst 

Weeds: Distribution and Biology. Univ. Press of Hawaii, Honolulu. Pp. 92-97. 

Horton, J.L. and H.S. Neufeld. 1998. Photosynthetic responses of Microstegium vimineum 

(Trin.) A. Camus, a shade-tolerant, C4 grass, to variable light environments. Oecologia 

114:11-19.   

Hunt, D.M. and R.E. Zaremba. 1992. The northeastward spread of Microstegium vimineum 

(Poaceae) into New York and adjacent states. Rhodora 94:167-170. 



 24

Jones, B.P., D.A. Mortensen, and M. Booher. 2004. The influence of Japanese stiltgrass 

suppression tactics on native species diversity and abundance. Proc. Northeast. Weed Sci. 

Soc. 58:170 (abstr.).  

Jones, B.P., D.A. Mortensen, R. Humston, D. Keech, and E. Raesly. 2003. Inventory and 

associated site attributes of invasive weed species in the ridge and valley physiographic 

region. Proc. Northeast. Weed Sci. Soc. 57:75 (abstr.). 

Judge, C.A., J.C. Neal, and J.F. Derr. 2005. Preemergence and postemergence control of 

Japanese stiltgrass (Microstegium vimineum). Weed Technol. 19:183-189. 

Kourtev, P.S., J.G. Ehrenfeld, and M. Haggblom. 2002. Exotic plant species alter the 

microbial community structure and function in the soil. Ecology 83:3152-3166.  

Kourtev, P.S., J.G. Ehrenfeld, and W.Z. Huang. 1998. Effects of exotic plant species on soil 

properties in hardwood forests of New Jersey. Water, Air, and Soil Pollution 105:493-

501. 

Kourtev, P.S., W.Z. Huang, and J.G. Ehrenfeld. 1999. Differences in earthworm densities 

and nitrogen dynamics in soils under exotic and native plant species. Biol. Invasions 

1:237-245.  

Mehrhoff, L.J. 2000. Perennial Microstegium vimineum (Poaceae): An apparent 

misidentification? J. Torrey Bot. Soc. 127:251-254.  

Miller, J.H. 2003. Nonnative Invasive Plants of Southern Forests: A Field Guide for 

Identification and Control. Gen. Tech. Rpt. SRS-62. Asheville, NC: U.S. Dept. Agr. For. 

Serv., Southern Res. Sta. 93 p. 

Neal, J.C., P.C. Bhowmik, and A.F. Senesac. 1990. Factors influencing fenoxaprop efficacy 

in cool-season turfgrass. Weed Technol. 4:272-278. 



 25

Norcini, J.G., J.H. Aldrich, and F.G. Martin. 2003. Tolerance of native wildflower seedlings 

to imazapic. J. Environ. Hort. 21:68-72.  

Peskin, N., B. Jones, and D.A. Mortensen. 2005. The legacy of invasive weed suppression on 

a forest roadside community. Proc. Northeastern Weed Sci. Soc. 59:131 (abstr.).  

Radford, A.E., H.E. Ahles, and C.R. Bell. 1968. Manual of the Vascular Flora of the 

Carolinas. Chapel Hill, NC: Univ. of North Carolina Press. Pp. 160. 

Redman, D.E. 1995. Distribution and habitat types for Nepal Microstegium [Microstegium 

vimineum (Trin.) Camus] in Maryland and the District of Columbia. Castanea 60:270-

275. 

Senesac, A. 1994. Flexible sesagrass (Microstegium vimineum var. variabilis) control in 

shaded turf.  In: Weed Control in Turfgrass and Ornamentals 1994 Data Summary. Weed 

Sci. Res. Rpt. No. 10. Ithaca, NY: Cornell Univ. Pp. 40-41. 

Swearingen, J.M. 2000. PCA Alien Plant Working Group B Japanese Stilt Grass 

(Microstegium vimineum). U.S. National Park Service, Washington, DC. 

<www.nps.gov/plants/alien/fact/mivi1.htm>.  

Tanaka, H. 1975. Pollination of some Graminaeae (2). J. Jap. Bot. 50:25-31. 

Tu, M. 2000. Elemental Stewardship Abstract for Microstegium vimineum. Arlington, VA: 

The Nature Conservancy. Pp. 1-9.  

<http://tncweeds.ucdavis.edu/esadocs/documnts/micrvim.html>.   

USDA, NRCS. 2004. The PLANTS Database, Version 3.5 (http://plants.usda.gov). National 

Plants Data Center, Baton Rouge, LA 70874-4490 USA.  

Vencill, W.K. 2002. Herbicide Handbook, 8th ed. Lawrence, KS: Weed Sci. Soc. Am., 

Champaigne, IL. Pp. 180-182, 249-250, 393-395.  



 26

Vidra, R.L. 2004. Implications of exotic species invasion for restoration of urban riparian 

forests. Ph.D. Diss., Dept. of Forestry. Raleigh, NC: NC State Univ. 110 pp.   

Williams, L.D. 1998. Factors affecting growth and reproduction in the invasive grass 

Microstegium vimineum. MS Thesis, Dept. Biol. Boone, NC: Appalachian State Univ.   

57 pp. 

Winter, K., M. R. Schmitt, and G. E. Edwards. 1982. Microstegium vimineum, a shade 

adapted C4 [carbon pathway] grass [comparison of growth with Digitaria sanguinalis and 

Sporobolus airoides]. Plant Sci. Lett. 24:311-318. 

Woods, F.W. 1989. Control of Paulownia tomentosa and Microstegium vimineum in 

National Parks: A Report to The Great Smoky Mountains National Park. Knoxville, TN: 

The Univ. of Tenn. Pp. 1-24.    

Yelverton, F. and J. Hinton. 1996. Annual jewgrass control with postemergence herbicides.  

 Turfgrass Research Report. North Carolina State University. Pp. 105-106.  

 

 



 
27

 

 

 

 

 

 

Chapter 2 

 

Photoperiod, temperature, and growth stage effects on flowering of Japanese stiltgrass 

(Microstegium vimineum) and implications on seed development 

 

(Formatted for submission to Weed Science) 



 
28

Japanese stiltgrass reproduction 

 

Photoperiod, temperature, and growth stage effects on flowering of Japanese 

stiltgrass (Microstegium vimineum) and implications on seed development 

 

Caren A. Judge  

Corresponding author. Department of Horticultural Science, North Carolina State University, 

Raleigh, NC 27695-7609; carrie_judge@ncsu.edu 

Joseph C. Neal 

Department of Horticultural Science, North Carolina State University, Raleigh, NC 27695-

7609 

Michael G. Burton 

Department of Crop Science, North Carolina State University, Raleigh, NC 27695-7620 

 

Received ___, and approved ___.  



 
29

Abstract 

 Seeds of Japanese stiltgrass were sown at 26/22 C under long-day conditions. Two, 6, or 

10 wk after germination, seedlings were moved to each of two growth chambers at 26/22 or 

22/18 C under short-day conditions. All plants exposed to short-days flowered, while under 

long-days no plants flowered. Temperature had no effect on inflorescence number or shoot 

dry weight. Under short-days, inflorescence number per plant averaged 663, 1146, and 1560, 

and shoot dry weight per plant averaged 27, 57, and 105 g for plants moved 2, 6, or 10 wk 

after germination, respectively. Japanese stiltgrass populations from North Carolina, 

Pennsylvania, and Virginia flowered similarly in response to short-day growing conditions. 

In 2003 and 2004, inflorescences from natural stands of Japanese stiltgrass were harvested at 

each of the following growth stages of reproductive development: one raceme branch 

beginning to emerge through the leaf sheath, one raceme branch fully elongated with a 

second branch visible, fully expanded inflorescence, and in concert with natural dispersal. 

Following storage for > 90 d, seed germination from each growth stage averaged 13%, 51%, 

95%, and 100% respectively. Data demonstrate that management programs designed to 

prevent seed production must be implemented before inflorescences are formed or it is likely 

that viable seeds will be contributed to the seed bank. Collectively, these data may also 

facilitate development of floral models useful in predicting flowering of Japanese stiltgrass 

and required timing for late season management.   

  

Nomenclature: Japanese stiltgrass, Microstegium vimineum (Trin.) A. Camus, MCGVM. 

Key Words: Floral induction, invasive plant, Poaceae, seed bank, seed maturation.  
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Introduction  

 Japanese stiltgrass is a nonnative, invasive, summer annual grass distributed widely 

throughout the eastern United States, from New York to Texas, and Puerto Rico (Barden 

1987; Fairbrothers and Gray 1972; Redman 1995; USDA, NRCS 2004). Japanese stiltgrass is 

a management concern for natural areas (Cole and Weltzin 2004; Drake et al. 2003; Hunt and 

Zaremba 1992; Mehrhoff 2000; Miller 2003; Vidra 2004), lawns, and landscapes (Derr 2004; 

Fairbrothers and Gray 1972; Redman 1995). As a summer annual grass, Japanese stiltgrass is 

believed to have a short-lived seed bank (Barden 1987; Woods 1989) with most of the 

population from annual carryover of seeds in the seed bank (Fairbrothers and Gray 1972; 

Mehrhoff 2000; Radford et al. 1968). Interrupting seed production for 2 to 3 yr should 

dramatically reduce populations of Japanese stiltgrass, provided new inputs (immigration) 

into a management site are also eliminated (Harper 1977).  

 Postemergence herbicides, such as fenoxaprop-P, imazapic, or sethoxydim, applied 

during the growing season (i.e., May to August) are effective chemical management 

strategies (Gover et al. 2003; Judge et al. 2005a; Judge et al. 2005b; Woods 1989). These 

herbicide options are not available or suitable for all infested sites. Furthermore, traditional 

management recommendations suggest late season management, prior to flowering, rather 

than throughout the growing season (Tu 2000). Recommended late season management 

methods include hand-removal, mechanical removal (e.g., mowing), or nonselective 

herbicides (e.g., glyphosate) (Tu 2000). However, Japanese stiltgrass produces both 

cleistogamous flowers (flowers that are closed and self-pollinating) and chasmogamous 

flowers (flowers that open and can cross-pollinate), with all axillary racemes cleistogamous 

(Tanaka 1975 as cited by Barden 1987). Timing of the recommended late season 
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management, whether manual, mechanical, or chemical, may be imprecise because of the 

inconspicuous nature of the flowers. If land managers wait until late in the growing season, 

cleistogamous flowers may already be pollinated, and control treatments might not be 

applied soon enough to completely interrupt subsequent seed production. Thus, 

understanding environmental cues for flowering of Japanese stiltgrass is essential to 

effectively time late season management treatments, whether manual, mechanical, or 

chemical.  

 In central North Carolina, terminal inflorescences of Japanese stiltgrass first become 

visible in late September and early October and seeds collected early- to mid-November, in 

concert with natural seed dispersal (personal observations). This is much later than most 

other C4 summer annual grasses, such as large crabgrass [Digitaria sanguinalis (L.) Scop.]. 

Large crabgrass is known to flower in response to short-day growing conditions (Holm et al. 

1977). Of course, it is the length of the night (or dark period) to which plants are responding. 

Phytochrome red (PR) is receptive to red light (600 to 680 nm) and phytochrome far-red (PFR) 

is receptive to far-red light (700 to 760 nm). The conversion of PFR phytochrome to PR 

phytochrome takes place in the dark, but at a much slower rate than induced by far-red light 

(Taiz and Zeiger 1998). Thus, when the nights are longer than a critical length, enough PFR is 

converted to PR to initiate flowering in short-day plants. This is the basis for photoperiodism, 

the ability of an organism to detect day length (Taiz and Zeiger 1998).  

 No data are available on the response of Japanese stiltgrass to day length; however, 

anecdotal evidence suggests that photoperiod might affect flowering of Japanese stiltgrass. 

Japanese stiltgrass observed in Raleigh, North Carolina, during winter months in a 

greenhouse under natural photoperiod flowered when plants were only 15 to 20 cm tall; 
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whereas, plants grown in the summer reached over 60 cm in height and did not flower until 

autumn (personal observation). Understanding environmental stimuli for flowering, such as 

photoperiod requirements, might enable land managers to better predict when late season 

management of Japanese stiltgrass should be implemented to prevent viable seed production 

and contributions to the seed bank. Therefore, the following research was conducted to 

determine effects of day length on growth and flowering of Japanese stiltgrass. The 

interactions of photoperiod with temperature and growth stage were also investigated in 

addition to comparing the effect of photoperiod on reproductive development of three 

populations of Japanese stiltgrass. Finally, seed development throughout the reproductive 

cycle in natural stands of Japanese stiltgrass was monitored to determine when viable seed 

production occurs. Collectively, these data can provide a foundation for development of 

reproductive models of Japanese stiltgrass  that can be used in various invaded areas with 

unique climatic and geographic locations and serve to improve timing of late season 

management.  

 

Materials and Methods 

Photoperiod, Temperature, and Growth Stage Effects on Flowering 

Local Populations 

 Caryopses (dry, one-seeded, indehiscent fruit with the seed coat fused to the pericarp) 

with attached lemma and palea (hereafter referred to as seeds) of Japanese stiltgrass were 

collected synchronous with natural dispersal in Schenck Memorial Forest, Raleigh, Wake 

County, North Carolina, USA. One population was collected November 8, 2002, from plants 

growing in a dense monoculture along a bottomland right-of-way bisecting a mixed pine-
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hardwood forest. Another population was collected November 14, 2002, from plants growing 

in a dense monoculture in an upland mixed pine-hardwood forest > 1 km from the other 

population. Seeds were collected employing a back and forth motion with a sweep net 

through the plants. This method is effective since fruit easily disarticulate from 

inflorescences (Mehrhoff 2000). Upon harvest, seeds were placed in paper bags, moved to a 

laboratory (~21 C), and retained in the bags with the tops folded. Previous studies 

demonstrated that 90 d dry storage at room temperature completely breaks Japanese stiltgrass 

dormancy (Judge and Neal 2004), after which time, seeds were sealed in plastic bags and 

moved to a refrigerated cooler (3 to 4 C) until the beginning of the experiment. 

 The experiment was conducted in growth chambers at the Southeastern Plant 

Environment Laboratory1. The chambers were 9 m2 with 2.1 m vertical clearance. The 

experiment was initiated November 24, 2003. Approximately 10 seeds of each population 

were surface-sown to round plastic containers. Containers were 15 cm in diameter with 

volumetric capacity of 1.6 L. The bottom of each container was lined with a paper towel to 

avoid loss of a 1:1 mix of peat-lite2 and sand substrate. Containers were placed on five 0.4 m2 

rolling carts and moved to a growth chamber.  

 The growth chamber had an alternating temperature regime of 26/22 C and was 

maintained with a 9-h photoperiod (0700 to 1600 h) plus a 3-h night interruption (2300 to 

0200 h) to simulate long-days. During the 9-h photoperiod, light was maintained with both 

cool-white fluorescent lamps that provided a photosynthetic photon flux density (400 to 700 

nm) of approximately 600 µm/m2/s and 100 W incandescent lamps that provided 39 µm/m2/s. 

The incandescent bulbs were used alone for the night interruption, allowing a minimum 

difference in photosynthetic photon flux density. The 9-h photoperiod was synchronous with 
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the high temperature portion of the thermoperiod. Lamps were separated from the growing 

area by plexiglass. 

 Containers were watered to container capacity twice daily; once in the morning with 

purified water and once in the afternoon with a standard nutrient solution (Thomas et al. 

2004). One wk after sowing, the majority of seeds had germinated and seedlings were 

thinned by hand to one plant per pot. Any additional seedlings emerging after that date were 

also removed. Two wk after emergence, three containers of each Japanese stiltgrass 

population (for a total of six within chamber replications) were moved to each of two 

alternating temperature growth chambers maintained at 26/22 or 22/18 C with a 9-h short-

day photoperiod, as described previously. Similarly, 6 wk and 10 wk after emergence, three 

additional containers of each Japanese stiltgrass population were moved to each of the short-

day growth chambers. Three containers of each population remained in the long-day growth 

chamber as control plants for the duration of the experiment. These methods allowed for 

testing interactions of growth stage and temperature with photoperiod on Japanese stiltgrass 

flowering. Treatments were not meant to be exhaustive of temperatures found throughout the 

range of Japanese stiltgrass in The United States. 

 After terminal inflorescences were fully expanded, all terminal and axillary 

inflorescences were counted on each plant. An inflorescence of Japanese stiltgrass consists of 

a one to three branched raceme with many spikelets on each branch. Spikelets are in pairs, 

both fertile, one sessile, and the other pedicellate (Hitchcock 1951; Radford et al. 1968). 

After counting inflorescences, all shoot matter was destructively harvested. Plants were cut at 

the soil surface, dried at 50 C for at least 1 wk, and shoot dry weight was recorded. Dates of 

data collection were: 2 wk high temperature, January 30; 2 wk low temperature, February 5; 
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6 wk high temperature, February 22; 6 wk low temperature, February 23; 10 wk high 

temperature, March 20; 10 wk low temperature, March 21, and the long-day control, March 

21.  

 The experiment was repeated. The second experimental run was initiated March 22, 2004 

utilizing the same two local populations of Japanese stiltgrass. Dates when inflorescences 

were fully expanded were: 2 wk high temperature, June 1; 2 wk low temperature, June 7; 6 

wk high temperature, June 7; 6 wk low temperature, June 15; 10 wk high temperature, July 

14, 10 wk low temperature, July 13; and the long-day control, July 14.  

The experimental design was a three by two factorial, three growth stages at which plants 

were moved from long-days to short-days by two temperatures plus a long-day control. 

Containers in each chamber were arranged in a completely randomized design. Each 

experimental run was viewed as replication over time for statistical analysis (i.e., two 

replications). The three containers of each seed population were viewed as replication within 

an experimental run, for a total of six replications per treatment per experimental run. Data 

analysis was conducted using inflorescence number and shoot dry weight as dependent 

variables. Therefore, inflorescence number and shoot dry weight were calculated as a mean 

of 12 replications per treatment (six replications within chamber by two replications over 

time). Because the long-day growth chamber was viewed as the control, these data were 

deleted for analysis of main effects. Number of inflorescences and shoot dry weight data 

were subjected to ANOVA using the general linear models procedure (SAS 1999). Means 

were separated using the Pdiff option in SAS (1999) at the 5% significance level. The Pdiff 

option provides an associated level of significance for each comparison.  
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Multiple Populations  

 Three populations of Japanese stiltgrass from distinct latitudes were collected and 

exposed to short-day conditions across two temperatures to determine if flowering response 

to photoperiod is specific to geographically diverse populations. Only one plant growth stage 

was compared among the three populations. The three populations of Japanese stiltgrass 

investigated were from North Carolina, Pennsylvania, and Virginia. Seeds from North 

Carolina were collected in Schenck Memorial Forest (Latitude 36° N), the bottomland source 

collected November 8, 2002, described previously. Seeds from Pennsylvania were collected 

October 14, 2003 at Rothrock State Forest, Jackson, Huntingdon County in a hardwood 

forest (Latitude 41° N). Seeds from Virginia were collected mid-November 2003 at Hampton 

Roads Agricultural Research and Extension Center, Virginia Beach, Virginia Beach County 

in a mixed pine-hardwood forest (Latitude 37° N).  

 Seeds were surface-sown August 23, 2004. The containers, growing substrate, and 

watering regime were the same as described previously. Seeds were germinated under long-

day conditions as described previously. After 1 wk (August 30, 2004), containers were 

thinned by hand to one seedling per pot. Any seedlings that emerged thereafter were 

removed. Five wk after emergence, three containers of each Japanese stiltgrass population 

were moved to either the 26/22 C or 22/18 C short-day growth chambers, as described 

previously. Three containers of each population were retained in the long-day growth 

chamber as control plants. After inflorescences were fully expanded, but prior to seed 

maturity, all terminal and axillary inflorescences were counted on each plant. The harvest 

date for high temperature plants was November 16, while the date for plants in the low 
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temperature and long-day control was November 24. After counting inflorescences, shoots 

were cut at the soil surface, dried at 50 C for at least 1 wk, and shoot dry weight recorded.  

 The experimental design was a three by two factorial (three Japanese stiltgrass 

populations by two short-day temperatures) plus a long-day control. Containers in each 

chamber were arranged in a completely randomized design. Data analysis was conducted 

using inflorescence number and shoot dry weight as dependent variables. Inflorescence 

numbers and shoot dry weights were calculated as a mean of three one-container replications 

of each population per treatment. Because the long-day growth chamber was viewed as the 

control, these data were excluded during analysis of main effects. Number of inflorescences 

and shoot dry weight data were subjected to ANOVA using the general linear models 

procedure (SAS 1999). 

   

Seed Development in Natural Stands 

 Inflorescences were harvested at four times throughout the reproductive cycle to assess 

seed development through time and to determine germinability of seeds at each harvest. 

Inflorescences were collected from Schenck Memorial Forest, described previously. One 

hundred intact terminal inflorescences were randomly removed with scissors from each of 

three (5 m by 3 m) plots within the forest. The three plots were located in distinct areas 

separated by > 50 m within a mixed pine-hardwood forest stand including an open canopy 

logging trail, a closed canopy upland patch, and a closed canopy bottomland patch to 

represent a variety of forest habitats that Japanese stiltgrass invades. Inflorescences were 

collected at four development stages: one terminal raceme branch beginning to emerge 

through the leaf sheath, one raceme branch fully elongated with a second branch visible, fully 
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expanded inflorescence, and in concert with natural dispersal (Figure 1). In 2003, 

corresponding dates were October 7, October 14, October 21, and November 2. In 2004, 

dates were October 5, October 12, October 20, and November 2.  

 Each year, collected inflorescences were placed in paper bags with the top folded over 

and retained in a laboratory until the initiation of germination tests. For inflorescences 

collected in 2004, the germination experiment was initiated March 21, 2005. For 

inflorescences collected in 2003, the germination experiment was initiated June 2, 2004.  

For each harvest date and plot combination, 50 seeds were placed in each of four 9-cm 

glass petri dishes lined with three filter papers3. Filter papers were moistened with 5 ml tap 

water and wrapped with plastic film4. Petri dishes were placed in an upright reach-in 

controlled-environment growth chamber5. The growth chamber was equipped with four cool-

white fluorescent lamps that provided a photosynthetic photon flux (400-700 nm) of 

approximately 3.8 µmol/m2/s as measured6 outside the dishes at dish level. The growth 

chamber had eight trays stacked vertically and two consecutive trays were considered a 

block.  

 Four petri dish replications of each harvest date and plot combination were arranged in a 

randomized complete block design. The growth chamber was maintained at 24/18 C with a 

14/10 h thermoperiod and a 14 h photoperiod. The photoperiod was synchronous with the 

high temperature. Germinated seeds were counted every 7 d for 28 d and a final count was 

made at 30 d. Once a seedling had germinated and been counted, it was removed from the 

petri dish. After 30 d, all nongerminated seeds were analyzed using X-ray image analysis. X-

ray image analysis is not a viability test, but it presents a quick indication of abnormal 

morphology or mechanical damage that might impair germination capacity and has been used 
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on sugar beet and tree seeds and thus gives and indirect indication of nonviable seeds 

(Copeland and McDonald 2001).  

 Data were pooled across experimental years, or seed lots, which were considered random 

factors. Data analysis was conducted using cumulative percent germination as the dependent 

variable. Percent germination was calculated on the basis of seed number per experimental 

unit because X-ray image analysis during the first experimental run showed that > 97% of all 

seeds (including nongerminating seeds) were structurally normal (data not presented) and no 

correction was conducted to calculate percent germination. Therefore, percent germination 

was calculated as a mean of 24 replications per treatment (three field plots by four petri dish 

within time replications by two replications over time). Means were subjected to ANOVA 

using general linear models procedure (SAS 1999). Because the block effect was less than 

experimental error, block error was pooled with error treating the experiment as a completely 

randomized design. Means were separated using Fisher’s protected LSD at P ≤ 0.05. 

Nontransformed data were analyzed because arcsine square root transformations did not 

improve the model.  

 
Results and Discussion 

Photoperiod, Temperature, and Growth Stage Effects on Flowering 

Local Populations 

 Irrespective of temperature or growth stage, all plants exposed to short-days flowered, 

while under long-days (as simulated by night interruption) no plants flowered. From these 

results, it appears Japanese stiltgrass is an obligate short-day plant (Taiz and Zeiger 1998). 

However, Bernier (1988) noted that flower production of short-day plants can occur under 
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long-days due to factors such as poor fertility, high irradiance, low temperature, root 

removal, or application of cytokinin.    

 Plants moved from long-days to short-days 2 wk after emergence required 8 wk exposure 

to short-days for terminal inflorescences to become fully expanded. Plants moved from long-

days to short-days 6 or 10 wk after emergence required 6 wk exposure to short-days for 

terminal inflorescences to become fully expanded. These results suggest Japanese stiltgrass 

has a short juvenile period, the period of time the plant is unable to form flowers because it 

does not possess sufficient vegetative structures (Copeland and McDonald 2001). Therefore, 

Japanese stiltgrass was responsive to the short-day stimulus on flowering early in its life 

cycle (≥ 2 wk after emergence). This can be a benefit or detriment to late season germinating 

seeds of Japanese stiltgrass, albeit rare in ecosystems where soil is not disturbed (personal 

observation; J.F. Derr, personal communication). For example, a late season seedling may 

reproduce shortly after seed germination if germination occurs in autumn after the critical 

day length for flowering is passed. However, a late season seedling will need at least 6 wk 

according to our controlled environment studies, to reproduce. Thus, if it germinates too late 

in the growing season, frost kill may not allow enough time to reproduce (Woods 1989). 

When Derr (2004) sowed seeds September 30, 2002 in an understory site in Virginia Beach, 

Virginia, Japanese stiltgrass had enough time to set seed. Flowering of natural populations at 

the same site was documented by the second week of October.  

 Under short-days, there was no plant age by temperature interaction. Temperature had no 

effect on inflorescence number (P ≤  0.73) or shoot dry weight (P ≤  0.06). However, older 

plants moved to short-days had greater shoot dry weights (P ≤ 0.01) and produced more 

inflorescences (P ≤ 0.01) than younger plants moved to short-days. Under short-days, 
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number of inflorescences per plant averaged 663, 1146, and 1560 and shoot dry weight per 

plant averaged 27, 57, and 105 g for plants moved from long-days to short-days 2, 6, or 10 

wk after emergence, respectively (Table 1). Shoot dry weight was highly correlated with 

number of inflorescences (r = 0.92). Others have reported that seed production is highly 

correlated with plant biomass (Gibson et al. 2002; Williams 1998). 

 The number of inflorescences per plant is surprisingly large compared to previous 

reports. In southern Illinois, only 10 inflorescences per plant were reported; however, low 

reproductive capacity was attributed to a severe drought. In nondrought conditions the 

following year, number of inflorescences per plant was still relatively low ranging from 5 to 

31 (Gibson et al. 2002). Furthermore, Cusick (1986) speculated that the poor representation 

of Japanese stiltgrass in herbaria across its established range in the U.S. is due to difficulty in 

finding even a few flowering individuals among hundreds of plants, based on observations in 

West Virginia. Woods (1989) also suggested that Japanese stiltgrass tends to produce flowers 

under certain environmental conditions, but not others. A possible explanation for the orders 

of magnitude differences compared to field environments is that in controlled-environments, 

plants do not experience inter- or intra-specific competition or limited water or nutrients. Yet, 

root volume (1.6 L) was a considerable constraint in the controlled-environment that would 

be absent in field environments. Furthermore, during 3 yr of observations in central North 

Carolina the authors have never observed nonflowering populations, even in the severe 

drought year of 2002, although plants were much smaller (personal observation). Mehrhoff 

(2000) also suggested that Japanese stiltgrass produces an abundance of seeds. Other 

researchers may have only counted terminal inflorescences compared to counting both 

terminal and axillary inflorescences as in the present study. It is also possible that 
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observations of nonflowering plants may have actually been plants with cleistogamous 

flowers, and were mistakenly considered nonflowering plants (Cusick 1986; Woods 1989). 

Finally, environmental constraints in latitudes farther north (i.e., southern Illinois, West 

Virginia) and higher altitudes such as the Great Smoky Mountains National Park (Woods 

1989) may limit reproduction compared to central North Carolina.  

 Anecdotally, Japanese stiltgrass has been reported to produce 100 to 1,000 seeds per 

plant (Tu 2000). Williams (1998) reported a range of five to 77 seeds per plant, whereas 

Gibson et al. (2002) reported a range of two to 48 seeds per plant. However, a Japanese 

stiltgrass inflorescence consists of a one to three branched raceme with many spikelets on 

each branch (Radford et al. 1968). In the present study, inflorescence numbers ranged from 

663 to 1560 indicating that seeds produced per plant might be much higher than past reports, 

given favorable growing conditions. Of course, one must take into account the limitations of 

controlled-environment studies. 

 We did not specifically investigate the critical short-day period, the critical time the dark 

period must exceed for flowering to occur. Flowering was only observed under 9-h short-day 

growing conditions. However, for the last three years in central North Carolina, the first 

visible signs of terminal inflorescences appearing under natural growing conditions have 

been observed on September 30, 2002, October 7, 2003 and October 5, 2004 when the 

natural photoperiod was between 11½ and 12 h. Floral induction (the physiological change 

that permits development of reproductive primordia) occurs prior to floral initiation (the 

morphological expression of the induced state) (Copeland and McDonald 2001). In central 

North Carolina, this suggests that floral induction occurs around mid-September. Thus, the 

photoperiod requirement is likely just over 12 hr.  
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Multiple Populations 

 There were no differences in inflorescence number (P ≤ 0.18) or shoot dry weight (P ≤ 

0.27) in response to short-day growing conditions among Japanese stiltgrass populations 

from North Carolina, Pennsylvania, or Virginia. Furthermore, there was no population by 

temperature interaction when evaluating inflorescence number (P ≤ 0.31) or shoot dry weight 

(P ≤ 0.59).  

 Averaged over populations and temperatures, number of inflorescences per plant was 

1195, ranging from 1050 to 1314 inflorescences per plant (Table 2). Again, these numbers 

were much greater than those reported under field conditions (Gibson et al. 2002; Williams 

1998). Shoot dry weight was 61 g (averaging over populations and temperatures), ranging 

from 51 to 69 g (Table 2). These data demonstrate that the three populations of Japanese 

stiltgrass responded similarly to environmental cues for flowering, suggesting a lack of 

ecotype differences among populations. However, differences among populations might 

occur as the day length approaches the critical day length for flowering. For example, 

sicklepod [Senna obtusifolia (L.) H.S. Irwin & Barneby] populations from North Carolina 

and Florida flowered similarly at 11 h short-days, but differently as day length approached 

the critical day length, which was 13 to 14 h (Patterson 1993).  

 Other environmental variables must be interacting with photoperiod to induce flowering 

because Japanese stiltgrass flowers at different times of the year depending on geography, 

both latitude and altitude. In North Carolina, flowering of Japanese stiltgrass is observed in 

late September and high seed production mid-October to mid-November. In the Great Smoky 

Mountains National Park, seeds are produced early to mid September until frost (Woods 
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1989). In southern Illinois, seeds are produced in late September until frost (Gibson et al. 

2002). In State College, Pennsylvania, Japanese stiltgrass flowers late August or early 

September and produces seeds mid- to late September to mid-October (Nora Peskin, personal 

communication). In Connecticut, Japanese stiltgrass flowers mid-September (Mehrhoff 

2000). Temperature is a likely candidate for interacting with day length with regards to 

flowering as it often interacts with photoperiod especially close to the critical day length for 

flowering (Bernier 1988; Patterson 1993; Zaidan et al. 1991). A greater understanding of 

these interactions might be useful in predicting flowering and when management treatments 

must be implemented. Further observations over a larger geographic region might also be 

useful in developing biological models for Japanese stiltgrass to improve integrated weed 

management strategies (Schreiber 1982). Furthermore, understanding environmental cues 

that induce flowering in Japanese stiltgrass may help to predict potential range of expansion 

of Japanese stiltgrass in North America. Some authors suggest frost kills Japanese stiltgrass 

and stops further seed production (Woods 1989), yet closer observations are needed. 

Understanding photoperiod and temperature interactions on flowering along with limitations 

frost may have on reproduction will aid in predicting future invasions. Additionally, global 

climatic warming might enable Japanese stiltgrass and other weeds to expand their range 

(Patterson et al. 1993). 

 

Seed Development in Natural Stands 

 Percent germination of seeds harvested from racemes with one branch barely visible was 

13%, and significantly less than seeds from later harvests (Table 3). Seeds germinated 51% 

from racemes where one branch was fully expanded with a second branch was visible. Seeds 
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from each of the early harvests germinated significantly less than those harvested from fully 

expanded inflorescences or inflorescences at seed dispersal, which germinated > 95% (Table 

3). While germinability increased as seeds became more mature, some were capable of 

germination at early harvest dates. One explanation may be that seeds exhibit rudimentary 

embryo dormancy, where seeds are dispersed before the embryos are morphologically mature 

(Copeland and McDonald 2001). The storage period and conditions may have been sufficient 

for embryos of some seeds of the early harvests. A shallow innate dormancy has been 

reported for Japanese stiltgrass, although the dormancy mechanism has not been elucidated 

(Judge et al. 2004). Rudimentary embryo dormancy, however, is unlikely for members of 

Poaceae as the embryo is neither rudimentary nor linear; Poaceae have a lateral embryo 

(Baskin and Baskin 1998). Another explanation might be that seeds mature at different rates 

along inflorescences similar to other grass plants such as wheat (Triticum aestivum L.), corn 

(Zea mays L.), sorghum [Sorghum bicolor (L.) Moench] (cf. Copeland and McDonald 2001), 

and perennial ryegrass (Lolium perenne L.) (Warringa et al. 1998), in which most seeds are 

immature, but some mature early. 

 Data herein demonstrate that timeliness of management treatments is critical for 

prevention of seed production. If one waits until inflorescences are visible before employing 

management techniques such as hand-removal, mechanical removal, or chemical control, it is 

likely seeds will be capable of maturing or will have already matured and contribute to the 

soil seed bank, counteracting the effects of management.  

 In summary, Japanese stiltgrass flowered in response to a 9-h photoperiod. No flowering 

occurred under long-day growing conditions suggesting Japanese stiltgrass is an obligate 

short-day plant. Furthermore, populations of Japanese stiltgrass originating from different 
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latitudes did not demonstrate differences in response to photoperiods or temperatures tested, 

suggesting differences in flowering dates across the introduced range of distribution of the 

species may be caused by one or more environmental factors, rather than ecotypic 

differences. Finally, Japanese stiltgrass can produce viable seeds, despite the plants being 

immature when management tactics are employed. This suggests management treatments 

utilized after floral induction may not completely prevent seed production. Although seed 

production may be greatly reduced, contributions to the seed bank can still occur, reducing 

the long-term efficacy of management efforts. 

 Collectively, data herein provide a foundation for floral models that predict flowering of 

Japanese stiltgrass over a broad geographic range to improve timeliness of late season 

management. Other parameters that are important for floral models include temperature data 

and photoperiod interactions. 

 

Sources of Materials 

   1 A-chambers. NC State University Phytotron, Raleigh 27695-7618. 

   2 Redi Earth commercial mixture of peat moss and vermiculite, W.R. Grace & Co, 7500 

Grace Dr., Columbia, MD 21044. 

   3 Whatman #1 filter papers, Whatman Inc. 9 Bridgewell Pl., Clifton, NJ 07014. 

   4 Parafilm M laboratory film, Pechiney Plastic Packaging, Inc., 175 Western Avenue, 

Neenah, WI 54956.  

   5 Seedburo Equipment Co., 1022 W. Jackson Blvd., Chicago, IL 60607. 

   6 LI-COR LI-190 SA quantum sensor, LI-COR Biosciences, 4421 Superior St., Lincoln, 

NE 68504. 
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TABLE 1. Number of inflorescences and shoot dry weight of Japanese stiltgrass averaged 

across temperature regimes (26/22 and 22/18 C).    

Weeks after emergence when 

transferred to short-daysa 
Shoot dry weight (g)bc Inflorescences/plantbc 

2 27 a 653 a 

6 57 b 1146 b 

10 105 c 1560 c 

 

    a Transferred from long-days (simulated by a 9-h photoperiod plus a 3-h night interruption) 

to short-days (9-h photoperiod).  

   b Mean separation within columns by the Pdiff option at P ≤ 0.05 (SAS 1999).  

   c Shoot dry weight and inflorescences/plant were recorded approximately 7 wk after 

transferring from long-days to short-days.  
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TABLE 2. Number of inflorescences and shoot dry weight for populations of Japanese 

stiltgrass from North Carlolina, Pennsylvania, and Virginia. Plants were moved from long-

daysa to short-days 5 wk after emergence.  

  Populationb 

Temperature (C)c  NC PA VA 

   Inflorescences/plant  

26/22  1314 1257 1237 

22/18  1120 1190 1050 

   Shoot dry weight per plant (g)  

26/22  63 62 69 

22/18  51 60 61 

 

   a Long-days were maintained at 26/22 C with a 9-h photoperiod plus a 3-h night 

interruption.  

   b There were no significant population main effects or interactions with temperature. The 

main effect of temperature was not tested because it was not replicated. 

   c Plants were maintained in short-day conditions (9-h photoperiod).  
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TABLE 3. Percent seed germination of Japanese stiltgrass collected from terminal 

inflorescences (multi-branched raceme) at various growth stages throughout reproductive 

development in 2003 and 2004.  

Development stage of terminal inflorescencesa  Percent germinationb 

(1) One raceme branch emerging through leaf sheath   13 c 

(2) One raceme branch fully elongated, a second branch visible  51 b 

(3) Inflorescence fully expanded  95 a 

(4) In concert with natural dispersal  100 a 

 

   a Inflorescence collection dates in 2003 were (1) October 7, (2) October 14, (3) October 21, 

and (4) November 2. Collection dates in 2004 were (1) October 5, (2) October 12, (3) 

October 20, and (4) November 2. 

   b Mean separation within columns followed by Fisher’s protected LSD at P ≤ 0.05 (SAS 

1999).  
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FIGURE 1. Stage of inflorescence development when harvested; (A) one terminal raceme 

branch beginning to emerge through the leaf sheath, (B) one raceme branch fully elongated 

with a second branch visible, (C) fully expanded inflorescence, and (D) in concert with 

natural dispersal.  
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Response of Japanese Stiltgrass (Microstegium vimineum) to Application Timing, Rate, 

and Frequency of Postemergence Herbicides1 

CAREN A. JUDGE, JOSEPH C. NEAL, and JEFFREY F. DERR2 

 

Abstract: Japanese stiltgrass is a nonnative, invasive grass that occurs in a variety of habitats 

and is widely distributed throughout the eastern United States. In natural areas such as 

forests, herbicide options that selectively control Japanese stiltgrass while preserving native 

herbaceous and woody vegetation may be desired. The efficacy of three selective 

postemergence herbicides (fenoxaprop-P, imazapic, and sethoxydim) applied early season, 

mid-season, or late season on monoculture understory stands of Japanese stiltgrass in forests 

was examined in an experiment conducted at a site in North Carolina and a site in Virginia 

from 2002 to 2004. Averaged across application timings, the herbicides controlled Japanese 

stiltgrass at the end of the growing season 83 to 89% and seedhead production 79 to 94% 

compared with nontreated plants. Seedling emergence was reduced in the Spring 2004 by 89, 

70, and 78% by fenoxaprop-P, imazapic, and sethoxydim, respectively, applied in 2003. In 

another experiment in North Carolina site in 2002 and 2003, fenoxaprop-P or sethoxydim 

applied twice (4 wk apart) at half or full-labeled rates controlled Japanese stiltgrass, 

providing 92% reduction in biomass and 97 to 98% seedhead reduction. This study 
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demonstrates that land managers have multiple POST herbicide and application timing, rate, 

and frequency options for Japanese stiltgrass control.    

Nomenclature:  Fenoxaprop-P; imazapic; sethoxydim; Japanese stiltgrass, Microstegium 

vimineum (Trin.) A. Camus #3 MCGVM. 

Additional Index Words:  Invasive plant, annual jewgrass, bamboograss, flexible sesagrass, 

Japanese grass, Mary's grass, Nepalese browntop. 

Abbreviations:  1X, maximum use rate; POST, postemergence; PRE, preemergence.    

 

INTRODUCTION 

 Japanese stiltgrass is an invasive, summer annual grass (Brown 1977; Winter et al. 1982) 

in the Poaceae, subfamily Panicoideae, and tribe Andropogoneae (Fairbrothers and Gray 

1972). A native of Asia, it was first reported in the United States in 1919 near Knoxville, 

Tennessee (Fairbrothers and Gray 1972) and is now widely distributed throughout the eastern 

United States, from New York to Texas, and Puerto Rico (Barden 1987; Fairbrothers and 

Gray 1972; Redman 1995, USDA, NRCS 2004). Japanese stiltgrass occurs in a variety of 

habitats including river banks, flood plains, woodland thickets, roadside ditches, river bluffs, 

forest edges, and deep forest understory sites (Fairbrothers and Gray 1972; Hunt and 

Zaremba 1992; Redman 1995).  More recently, it has encroached into landscape plantings 

and turfgrass (Fairbrothers and Gray 1972; Senesac 1994). The species is a C4 plant (Brown 

1977) with unusual shade adaptation.  Dry matter production under 18% of full sunlight was 

no different than 100% sunlight, and growth continued down to 5% of full sunlight; in 

                                                           
   3 Letters following this symbol are a WSSA-approved computer code from Composite List of Weeds, Revised  
 
1989.  Available only on computer disk from WSSA, 810 East 10th Street, Lawrence, KS 66044-8897.   
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contrast, large crabgrass [Digitaria sanguinalis (L.) Scop.], another C4 summer annual grass, 

failed to grow at 5% of full sunlight (Winter et al. 1982).   

 Japanese stiltgrass is one of the most troublesome invasive species in the eastern United 

States. Japanese stiltgrass was ranked the most problematic of the known 167 nonnative, 

invasive species present in the 8,100-ha Oak Ridge National Environmental Research Park, 

located in Tennessee (Drake et al. 2003). It is considered difficult to manage due to 

numerous, dense stands that occur in disturbed, early-successional habitats, and relatively 

nondisturbed, late-successional forest communities (Drake et al. 2003). Similarly, in an 

invasive species survey of 23 urban riparian forest sites within the greenways systems of 

Raleigh and Cary, North Carolina, Japanese stiltgrass was the only species to occur at every 

site among the 26 invasive species inventoried (Vidra 2004). Likewise, the United States 

Department of Agriculture Forest Service lists Japanese stiltgrass as one of the top 33 

invasive plants invading southern forests at an alarming rate, thus affecting forest 

productivity and degrading plant species diversity and wildlife habitat (Miller 2003).      

 Control recommendations emphasize prevention of seed production by hand-removal, 

mechanical methods, or nonselective postemergence (POST) herbicides before flowering (Tu 

2000). Previous research by Judge et al. (2005), conducted in containers, showed that 

preemergence (PRE) herbicides labeled for large crabgrass control were equally or more 

effective on Japanese stiltgrass than on large crabgrass including benefin plus oryzalin, 

dithiopyr, isoxaben plus trifluralin, oryzalin, oxadiazon, pendimethalin, prodiamine, or 

trifluralin. Likewise, selective POST herbicides (clethodim, fenoxaprop-P, fluazifop-P, or 

sethoxydim) and nonselective POST herbicides (glufosinate and glyphosate), with little or no 

soil residual, labeled for large crabgrass control, were equally or more effective on Japanese 
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stiltgrass than on large crabgrass grown in containers. Other preliminary research supports 

the effectiveness of pendimethalin, oryzalin, or prodiamine applied PRE and clethodim, 

fenoxaprop-P, fluazifop-P, sethoxydim, glufosinate, or glyphosate applied POST (Gover et 

al. 2003; Senesac 1994). Therefore, in managed ecosystems such as lawns and landscapes, 

many selective PRE and selective or nonselective POST herbicide options are available for 

Japanese stiltgrass control in addition to hand or mechanical removal. However, in forested 

ecosystems not all of these options are feasible, as it is often desirable to control Japanese 

stiltgrass while minimizing impact on native herbaceous and woody vegetation, including 

native rushes (Juncaceae) and sedges (Cyperaceae), thereby facilitating native plant 

community restoration. As seed is the sole means of reproduction, the primary goal of any 

Japanese stiltgrass management program should be to reduce or eliminate seed input into the 

soil seed bank. Japanese stiltgrass has a persistent seed bank (Barden 1987; Gibson et al. 

2002); seeds can remain viable in the soil for up to 3 yr (Barden 1987; Woods 1989).   

 For selective POST control, fenoxaprop-P and sethoxydim are both effective (Judge et al. 

2005). In preliminary research, imazapic applied PRE controlled Japanese stiltgrass (Gover 

et al. 2003). Fenoxaprop-P (Anonymous 2003a) and imazapic (Anonymous 2003b) are 

labeled specifically for Japanese stiltgrass control. However, the three herbicides vary in their 

level of selectivity. Fenoxaprop-P selectively controls nearly all summer annual and some 

perennial grasses without injuring dicots or tolerant grasses; sethoxydim selectively controls 

both annual and perennial grasses without injuring most dicots; and imazapic is labeled for 

both PRE and POST control of annual and perennial grasses, sedges, and many annual 

broadleaf species without injuring rangeland and pasture species, some warm-season 

turfgrasses, perennial prairie grasses, and some roadside wildflower species (Vencill 2002). 
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For wildflower establishment, reduced rates of imazapic (0.04 to 0.07 kg ai/ha) did not injure 

annual phlox (Phlox drummondii Hook.), lanceleaf coreopsis (Coreopsis lanceolata L.), and 

sundial lupine (Lupinus perennis L.). Rates less than 0.04 kg ai/ha were required to reduce 

stunting and occasionally stand thinning on scarlet sage (Salvia coccinea Buc’hoz ex Etl.), 

blanketflower (Gaillardia pulchella Foug.), black-eyed susan (Rudbeckia hirta L.) (Norcini 

et al. 2003).  

 Timing of POST grass herbicide applications impacts efficacy. For example, large 

crabgrass and smooth crabgrass [D. ishaemum (Schreb. ex Schweig.) Schreb. ex Muhl.] 

seedlings without tillers were more susceptible to fenoxaprop-P compared with plants in a 

more advanced growth stage that required higher rates or multiple applications for complete 

control (Chism and Bingham 1991; Neal et al. 1990). Additionally, the imazapic label 

suggests that rates between 0.06 and 0.09 kg ai/ha only control Japanese stiltgrass less than 

or equal to 10-cm tall (Anonymous 2003b). In preliminary experiments, two applications of 

fenoxaprop-P, sethoxydim, or other selective grass herbicides at full-label rates were required 

to control Japanese stiltgrass (Judge et al. 2005); however, those trials were conducted with 

container-grown plants. Furthermore, Japanese stiltgrass produces both cleistogamous 

flowers (flowers that are closed and self-pollinating) and chasmogamous flowers (flowers 

that open and can cross-pollinate) (Williams 1998). Timing of the recommended fall 

treatment, whether manual, mechanical, or chemical, may be imprecise if the cleistogamous 

flowers are not readily visible. Additionally, reduced herbicide rates may be desirable in 

sensitive habitats (Williams 1998). Therefore, the objectives of this research were the 

following: (1) determine the efficacy of fenoxaprop-P, imazapic, and sethoxydim, on natural 

stands of Japanese stiltgrass; (2) compare control of nontillering and tillering plants at 
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various rates and timings of fenoxaprop-P and sethoxydim; and (3) assess the impact of 

herbicide application on Japanese stiltgrass stand reduction the year after application. 

 

MATERIALS AND METHODS 

Efficacy as Affected by Herbicide and Application Timing. The experiment was 

conducted in 2002 and repeated in 2003 in established forest understory monoculture stands 

of Japanese stiltgrass in both North Carolina and Virginia. In North Carolina, the Schenck 

Memorial Forest (central Wake County), a mixed pine-hardwood forest, was the 2002 

experimental site; in 2003 the experiment was repeated at Harris Lake Research Forest 

(southern Wake County), a hardwood forest. The Virginia experiment was conducted in a 

mixed pine-hardwood forest at the Hampton Roads Agricultural Research and Extension 

Center, Virginia Beach, Virginia. 

 The experiment was a factorial arrangement of treatments (three herbicides and three 

application timings, plus a nontreated) in a randomized complete block design with four 

replications. Plot size in North Carolina was 2.4 by 3.0 m and 1.8 by 3.0 m in Virginia. 

Selective POST herbicides included fenoxaprop-P, imazapic, and sethoxydim applied at 0.19, 

0.07, and 0.56 kg ai/ha, respectively. Nonionic surfactant4 (0.25% v/v) was added to 

fenoxaprop-P and imazapic. Each herbicide was applied early season (pre-tiller), mid-season 

(tillering), or late-season (before anthesis) and efficacy was compared to nontreated plants. In 

North Carolina, application dates in 2002 were May 10 (two to five leaves; 4 to 10 cm tall), 

July 18 (six to seven leaves, one to two tillers; 12 to 30 cm tall), and October 7 (multiple 

                                                           
   4 Latron AG-98, principal functioning agents – nonylphenoxypolyethoxy ethanol, butyl alcohol, Rohm and 

Hass Co., 100 Independence Mall West, Philadelphia, PA 19106-2399.   
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tillers; 30 to 40 cm tall); dates in 2003 were May 9 (four to six leaves; 15 to 30 cm tall), June 

6 (six to seven leaves, zero to one tiller; 38 to 76 cm tall), and August 12 (multiple tillers; 76 

to 80 cm tall). Herbicides were applied using a CO2-pressurized backpack sprayer equipped 

with two 8003 or two 8004 flat fan spray tips5 in 2002 and 2003, respectively. The sprayer 

was calibrated to deliver 280 L/ha at 407 kPa and 280 L/ha at 234 kPa in 2002 and 2003, 

respectively. In Virginia in 2002, application dates were May 5 (two to five leaves; 8 to 30 

cm tall), June 11 (six to seven leaves, two to five tillers; 28 to 58 cm tall), and July 22 

(multiple tillers; 38 to 69 cm tall); dates in 2003 were May 8 (two to five leaves; 5 to 20 cm 

tall), June 11 (8 to 15 leaves, one to two tiller; 23 to 53 cm tall), and July 31 (multiple tillers; 

48 to 69 cm tall). Herbicides were applied using a CO2-pressurized backpack sprayer 

equipped with two 8003 flat fan spray tips and calibrated to deliver 234 L/ha at 207 kPa. In 

2002, a drought severely affected plant growth at the North Carolina experimental site. 

Therefore, herbicides were applied later to coincide with the proper growth stage.   

 Percent biomass control was evaluated visually and compared with nontreated plants at 

the end of the season before senescence (North Carolina: November 4, 2002 and October 21, 

2003; Virginia: October 24, 2002 and November 1, 2003), using a 0 to 100% scale, with 0 

equal to no plant response and 100% equal to complete control. Additionally, seedhead 

reduction was also estimated in both sites in 2003. In North Carolina, visual estimates of 

percent of plants with seedheads were recorded on October 21 and converted to percent 

seedhead reduction. In Virginia, on October 20, terminal seedhead counts were made and 

converted to percent seedhead reduction compared with nontreated plants.  

                                                           
   5 Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60189-7900.     
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   Percent biomass control and seedhead reduction data were analyzed using the GLM 

procedure (SAS 1999) testing the hypothesis for mixed model ANOVA (α=0.05) with error 

partitioning to reflect the factorial treatment arrangement. Data from the four experimental 

repetitions (North Carolina 2002 and 2003; Virginia 2002 and 2003) were combined after 

analysis showed nonsignificance for year, location, and year by location interactions. 

 In the spring of 2004, Japanese stiltgrass seedlings were counted in plots sprayed in 2003 

at both the North Carolina and Virginia sites to determine impact of the POST herbicides on 

the seedling population the following season. In North Carolina on May 14, seedlings were 

counted in randomly placed 1-m2 subplots in each plot and converted to percent stand 

reduction compared to nontreated controls, using a 0 to 100% scale, with 0 equal to no stand 

reduction and 100% equal to complete stand reduction. In plots with high population 

densities, seedlings were counted in three randomly placed 1-dm2 subplots, and data were 

extrapolated to a 1-m2 basis. In Virginia, seedlings were counted on April 28 in randomly 

placed 0.9-m2 subplots in each plot and converted to percent stand reduction compared with 

nontreated plants.  

 Percent stand reduction data were analyzed using the GLM procedure (SAS 1999) testing 

the hypothesis for mixed model ANOVA (α=0.05) with error partitioning to reflect the 

factorial treatment arrangement. Data from the two experimental repetitions (North Carolina 

and Virginia 2004) were combined after analysis showed nonsignificance for location. Means 

for significant main effects and interactions were separated using the Pdiff option in SAS 

(1999) at the 5% significance level. The Pdiff option provides an associated level of 

significance for each comparison. The mean square error is obtained by ANOVA and 

comparisons are equivalent to those determined with LSD.  
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Efficacy as Affected by Herbicide, Rate, and Application Frequency. The experiment 

was conducted in a mixed pine-hardwood forest at Harris Lake County Park (southern Wake 

County), North Carolina, in 2002 and was repeated in 2003 in a nearby hardwood forest at 

Harris Lake Research Forest. Plot size was 2.4 by 3.0 m. The experiment was a factorial 

arrangement of treatments (two herbicides, two rates, two application frequencies, plus a 

nontreated) in a randomized complete block design with four replications. Herbicides 

included fenoxaprop-P at 0.10 (1/2X) or 0.19 kg ai/ha (maximum use rate or 1X) or 

sethoxydim at 0.28 (1/2X) or 0.56 kg ai/ha (1X). Nonionic surfactant (0.25% v/v) was added 

to fenoxaprop-P. Application frequency was once or twice (4 wk apart). Application dates in 

2002 were May 23 (six to seven leaves, zero to one tiller; 30 to 33 cm tall) and June 17 

(multiple tillers, 60 to 65 cm tall), 2002.  In 2003, application dates were June 6 (six to seven 

leaves, zero to one tiller; 38 to 76 cm tall) and July 7 (multiple tillers; 76 to 80 cm tall). 

Herbicides were applied as previously described.   

 Percent biomass reduction was evaluated visually and compared to nontreated plants at 

the end of the season prior to senescence (November 4, 2002; October 21, 2003), using the 0 

to 100% scale described previously.  Additionally, in 2003, visual estimates of percent cover 

of plants with seedheads were recorded on October 21 and converted to percent seedhead 

reduction.  Percent biomass and seedhead reduction data were analyzed using the GLM 

procedure (SAS 1999) testing the hypothesis for mixed model ANOVA (P ≤ 0.05) with error 

partitioning to reflect the factorial treatment arrangement. Because data were expressed 

relative to nontreated plants, these data for were deleted for analysis. For biomass reduction, 

where no treatment by year interaction was present, means were pooled. Data from the two 
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experimental repetitions (North Carolina and Virginia 2004) were combined after analysis 

showed nonsignificance for location.  

 

RESULTS AND DISCUSSION 

Efficacy as Affected by Herbicide and Timing Application. No location or year effect or 

interactions were detected for Japanese stiltgrass control; therefore, data were pooled across 

locations and years (Table 1). Additionally, no herbicide, application timing, or interaction 

were present, therefore data were pooled across application timings for each herbicide. 

Aboveground biomass of Japanese stiltgrass was reduced 83% to 89% by the herbicides (no 

difference among herbicides). Likewise, for seedhead reduction in 2003, no location effect 

was present; therefore, data were pooled across locations. Additionally, no herbicide, 

application timing, or interaction was present, therefore, data were pooled across application 

timings for each herbicide. Herbicides reduced seedhead production by 79% to 94%, 

depending on the herbicide (no difference among herbicides). 

 Each herbicide and timing combination was equally effective on Japanese stiltgrass; 

therefore, land managers have flexibility in herbicide choice and application timing for 

selective POST control of Japanese stiltgrass. Japanese stiltgrass was not as sensitive to 

application timing as was demonstrated by seedlings of crabgrass (Chism and Bingham 1991; 

Neal et al. 1990). In contrast, Japanese stiltgrass may be controlled throughout the growing 

season. This wide window of application may be particularly important due to the 

cleistogamous flowering habit discussed previously. Additionally, the herbicides tested vary 

in selectivity making it possible to control Japanese stiltgrass while maintaining desirable 

vegetation.   
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 POST herbicide treatments in 2003 reduced stand density of Japanese stiltgrass in 2004 

(Table 1).   No location effect was present; therefore, data were pooled across locations. The 

main effect of herbicide was significant (P ≤ 0.01); however, other main effects and 

interactions were nonsignificant. Nontreated plots averaged 18,600 and 500 seedlings per m2 

in North Carolina and Virginia, respectively. Averaged across application timings, stand 

reduction in the fenoxaprop-P treated plots was 89%, similar to sethoxydim (78% reduction), 

but greater than imazapic (70% reduction) (Table 1). Stand reduction in the sethoxydim- and 

imazapic-treated plots were similar. Since imazapic-treated plots had the lowest stand 

reduction, herbicide residues were not considered a factor in germination the following 

spring. These results suggest that reducing seed production > 79%, as noted previously, for 

just one growing season has substantial impacts on emergence from the transient and 

persistent seed bank the following season. However, if not completely controlled, surviving 

seedlings will likely result in 100% cover by the fall and replenish the seed bank. Further 

research needs to be conducted to determine what level of control and how many seasons of 

control will be required to completely deplete the seed bank. Therefore, fenoxaprop-P, 

imazapic, or sethoxydim applied anytime throughout the growing season, but before 

flowering, will control both biomass and seed production of Japanese stiltgrass, and reduce 

seedling emergence the next growing season. Selectively controlling Japanese stiltgrass and 

depleting the seed bank may allow reestablishment of native vegetation, a critical component 

to reclamation of an invaded plant community (Miller 2003; Neal et al. 2004).   

    

Efficacy as Affected by Herbicide, Rate, and Application Frequency. No year effect or 

treatment interactions with year were present for percent biomass reduction; therefore, data 
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were pooled across years (Table 2). Averaged across years, response of Japanese stiltgrass to 

fenoxaprop-P and sethoxydim was similar. However, rate (P ≤ 0.01), frequency (P ≤ 0.01), 

and rate by frequency interaction (P ≤ 0.01) were significant. The herbicides applied twice at 

1/2X or 1X (4 wk apart) resulted in 92% control. Likewise, for seedhead reduction in 2003, 

no statistical differences were present across the two herbicides.  However, rate (P ≤ 0.03), 

frequency (P ≤ 0.01), and the rate by frequency interaction (P ≤ 0.03) were significant (Table 

2). Fenoxaprop-P and sethoxydim controlled Japanese stiltgrass when applied twice at 4 wk 

intervals, regardless whether the full-labeled rate or a reduced rate was applied, providing 

97% to 98% seedhead reduction. However, one application of either herbicide at 1/2X rate 

reduced biomass by only 53% whereas a single application at 1X reduced biomass by 77%. 

In this experiment, two applications were more effective than one application, even at the 

full-label rate, while control was adequate with only one application in the previously 

mentioned experiment. Reduced rates are a feasible control option if herbicides are applied 

sequentially 4 wk apart. However, the lowest effective rate needs to be determined. Gover et 

al. (2003) reported effective control of Japanese stiltgrass with applications of glyphosate and 

glufosinate below recommended label rates. Further, clethodim, fluazifop-P, imazapic, 

quizalofop-P, and sethoxydim were effective at the lowest labeled rates. Woods (1989) 

demonstrated effective control of the plant with sethoxydim applied at low rates (0.6 L/ha). 

Furthermore, as rates are reduced, growth stage may become a significant variable 

(Anonymous 2003b; Chism and Bingham 1991). Regardless, it is critical to understand how 

reduction in biomass affects seed production and contributions to the seed bank to effectively 

determine what level of control is needed. 
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 These studies demonstrate that Japanese stiltgrass can be selectively controlled POST. 

Fenoxaprop-P, imazapic, or sethoxydim applied anytime throughout the growing season, but 

before flowering, will control Japanese stiltgrass biomass and seed production, and reduce 

seedling emergence the following growing season. Furthermore, when applied twice 4 wk 

apart, either fenoxaprop-P or sethoxydim applied at half of the full label rate controlled 

Japanese stiltgrass. These results confirm that fenoxaprop-P, imazapic, and sethoxydim can 

be used for POST Japanese stiltgrass control in naturally occurring stands (Gover et al. 2003; 

Judge et al. 2005). For each of the POST herbicides, it will be necessary to confirm the site 

specificity of the product labels due to the complex range of ecosystems where control of 

Japanese stiltgrass is desired. Depending on the management goals and level of selectivity 

desired, land managers of an invaded site have multiple POST herbicide treatment options 

for control of this invasive plant.  
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Table 1. Biomass reductiona (pooled across 2002 and 2003) and seedhead reductionb (2003) 

of Japanese stiltgrass at the end of the growing season at a site in North Carolina and a site in 

Virginia (pooled) by three postemergence herbicides applied at three timings (pre-tiller, tiller, 

pre-anthesis); and stand reductionc in 2004 at both sites from herbicides applied in 2003d.  

 

Herbicide 

 Biomass 

reduction 

Seedhead 

reduction  

Stand 

reduction 

  %  

Fenoxaprop-P   89 94 89 

Imazapic  83 79 70 

Sethoxydim  88 90 78 

ANOVA  (P > F)  

Location   NSe NS NS 

Year  NS   

Herbicidef  NS NS 0.01 

   Fenoxaprop-P vs.   imazapic  
 

 0.01 

   Fenoxaprop-P vs. sethoxydim  
 

 NS 

   Sethoxydim vs. imazapic  
 

 NS 

Application timing  NS NS NS 

All interactions  NS NS NS 

    

aPercent aboveground biomass reduction compared with nontreated controls was evaluated 

visually using a 0 to 100% scale; 0% = no plant response and 100% = complete control. 
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   bIn North Carolina, visual estimates of percent of plants with seedheads were recorded in 

October and converted to percent seedhead reduction; in Virginia, terminal seedheads were 

counted in October and converted to percent seedhead reduction compared with nontreated 

plants.   

   cSeedling density was determined in April or May; reduction as a percentage of nontreated 

controls. 

   dMeans were pooled across locations, years (biomass data) and application timings.   

   eNS, nonsignificant according to the t test on differences of least square means at P ≤ 0.05. 

   fFor stand reduction, herbicides were compared using P-values generated by PROC GLM 

using the Pdiff option (SAS 1999).     
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Table 2. Biomass reduction of Japanese stiltgrass in 2002 and 2003 (pooled) as affected by 

postemergence applications of fenoxaprop-P and sethoxydim (data pooled across herbicides).   

Herbicide ratea Application frequencyb  
Biomass 

reductionc 

Seedhead 

reductiond 

   %e 

   1/2X 1 application   53 46 

   1/2X 2 applications   92 97 

   1X 1 application   77 77 

   1X 2 applications  92 98 

ANOVAf    (P > F)  

   Rate   0.01 0.03 

   Frequency   < 0.01 < 0.01 

   Rate by frequency   0.01 0.04 

    

   a Fenoxaprop-P (1/2X = 0.10 kg ai/ha, 1X = 0.19 kg ai/ha); sethoxydim (1/2X = 0.28 kg 

ai/ha, 1X = 0.56 kg ai/ha). 

   bHerbicides were applied either once or twice (4 wk interval).     

   cPercent aboveground biomass reduction estimated visually using a 0 to 100% scale where 

0% = no plant response and 100% = complete control.   

   dPercent seed reduction estimated visually using a 0 to 100% scale where 0% = no seed 

reduction and 100% = complete seed reduction.   
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    eBiomass reduction data pooled across years, 2002 and 2003, and herbicides, fenoxaprop-P 

and sethoxydim (n=16).  Seed reduction data pooled across herbicides, fenoxaprop-P and 

sethoxydim (n=8).     

   fNonsignificant main effects and interactions are not shown.   
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Abstract 

 Laboratory and field experiments were conducted to characterize seed dormancy of 

Japanese stiltgrass and determine conditions required to overcome dormancy and promote 

germination. Mature seeds of Japanese stiltgrass were collected from local populations 

November, 2002 and 2003, and stored under dry conditions or stratified (moist-prechilled) 0, 

15, 30, 60 or 90 d. Following dry storage or stratification seeds were germinated at 24 C or a 

14/10 hr thermoperiod of 24/18 with daily photoperiods at each temperature of 0 (total 

darkness) or 14-h. Less than 1% of seeds stored dry or stratified 0 or 15 d germinated while > 

95% of seeds stored 90 d germinated, suggesting primary innate dormancy upon natural 

dispersal. For 30 and 60 d stored seeds, germination was greater when seeds were stored dry 

rather than stratified and germination was greater in the alternating temperature than the 

constant temperature. Furthermore, for 30 or 60 d stored seeds, germination was greater in 

light than total darkness. Dormancy was completely overcome after 90 d regardless of 

storage condition and germinated over the range of incubation treatments. These results have 

implications on the potential longevity of the persistent seed bank. Under field conditions, 

seeds are exposed to conditions required for breaking dormancy, thus the vast majority of 

seeds are likely to germinate when moisture and temperature conditions are conducive. 

Therefore, contributions to a persistent soil seed bank should theoretically be small. 

Managing Japanese stiltgrass populations to prevent annual seed production annually should 

deplete rapidly the seed bank. Additionally, these data are useful for researchers wishing to 

maintain seed lots of Japanese stiltgrass. After 90 d storage, seed germinability should be 

near 100%.   
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Nomenclature: Japanese stiltgrass, Microstegium vimineum (Trin.) A. Camus, MCGVM.  

Key Words: After-ripening, invasive plant, light, moist-prechilling, stratification, 

temperature.   

 

Introduction 

 Japanese stiltgrass, a plant native to Asia, is a shade-tolerant, summer annual grass 

(Poaceae) (Brown 1977; Winter et al. 1982) invasive throughout the eastern United States 

(Barden 1987; Fairbrothers and Gray 1972; Redman 1995; Tu 2000; USDA, NRCS 2004). 

Common habitats include roadside ditches, utility easements, floodplains, streamsides, river 

bluffs, woodlands, fire trails, and logging roads (Barden 1987; Fairbrothers and Gray 1972; 

Hunt and Zaremba 1992; Redman 1995; Vidra 2004), occurring in both disturbed, early-

successional habitats, as well as relatively undisturbed, late-successional forest communities 

(Cole and Weltzin 2004; Drake et al. 2003). Recently, Japanese stiltgrass has moved into 

landscape plantings and turfgrass (Barden 1987; Derr 2004; Fairbrothers and Gray 1972).  

 As an annual species, Japanese stiltgrass relies exclusively on its seed bank for annual 

regeneration and evidence exists that Japanese stiltgrass creates a persistent seed bank, albeit 

short-lived. Despite lack of flowering the prior year because of drought, seedlings emerged 

from six of seven nonflowering sites (Gibson et al. 2002). Barden (1987) reported that 

following 2 yr of intentionally eliminating seed production, seedlings of Japanese stiltgrass 

emerged the following spring. No new plants emerged after 3 yr of eliminating seed 

production, suggesting soil viability for 3 yr. Using similar techniques, Woods (1989) 

demonstrated at least 2 yr viability in the soil seed bank. However, sites were not evaluated 

in subsequent years. The ability to create a persistent seed bank suggests that seeds of 
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Japanese stiltgrass may possess dormancy allowing temporal dispersal of seeds that 

maintains a population over time even if a catastrophic event occurs during one growing 

season (Benech-Arnold et al. 2000).  

 Seed dormancy is the lack of germination resulting from some physical or physiological 

characteristic of the seed, rather than environmental factors (Baskin and Baskin 1998). 

Benech-Arnold et al. (2000) describe seed dormancy as an internal condition of seeds that 

impedes germination under otherwise adequate hydric, thermal, or gaseous conditions. A 

critical component of seed ecology is to understand environmental conditions that overcome 

dormancy and induce germination. Dormancy release is a separate process from germination, 

and each process is affected by different environmental variables. Thus, each process must be 

assessed separately (Benech-Arnold et al. 2000). A period of stratification (moist-prechilling) 

is often required to break seed dormancy of summer annual plants (Baskin and Baskin 1998). 

However, dry storage conditions are often reported to be adequate for removal of seed 

dormancy for many species in the Poaceae (Copeland and McDonald 2001; Holm et al. 

1977). Once dormancy is overcome, necessary ecophysiological factors, which are species 

specific, must be present for germination to occur (Bewley and Black 1994). Gibson et al. 

(2002) reported that no seeds of Japanese stiltgrass germinated under favorable greenhouse 

conditions from soil collected in autumn, but considerable germination occurred from soil 

collected in the spring. This suggests that seeds of Japanese stiltgrass exhibit primary 

dormancy when dispersed. It appears seeds of Japanese stiltgrass have a dormancy breaking 

requirement that occurs after natural dispersal allowing some or all seeds to germinate the 

following spring under favorable environmental conditions. 
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 Seeds of some species exhibit an annual cycle between dormancy and nondormancy, and 

may cycle many times before they germinate (Baskin and Baskin 1998). For example, yellow 

foxtail [Setaria glauca (L.) Beauv.] (Poaceae) exhibited primary dormancy upon dispersal in 

September, dormancy was completely overcome by February, and reentered either 

conditional dormancy or complete dormancy by mid-summer when maximum yearly 

temperatures were at their highest (Baskin et al. 1996). The enforcement of secondary 

dormancy is generally a gradual change and occurs in response to changes in environmental 

factors (Baskin and Baskin 1998; Baskin et al. 1996). The reports by Barden (1987) and 

Woods (1989) that seeds germinated in plots where seed production had been eliminated the 

previous season suggests that the species may also exhibit an annual dormancy cycle.  

 Williams (1998) attempted to assess the effect of darkness in imposing seed dormancy of 

Japanese stiltgrass, but did not use recently mature seeds (immediately following natural 

dispersal); therefore, all viable seeds germinated. She attributed germination to lack of innate 

dormancy, which conflicts with previously mentioned anecdotal evidence (Barden 1987; 

Gibson et al. 2000). However, because recently mature seeds were not being utilized, it is 

likely the seeds had already fulfilled any after-ripening requirements and enforcement of 

secondary dormancy was being tested, rather than primary dormancy (Baskin and Baskin 

1998). Furthermore, Williams (1998) demonstrated that nondormant seeds of Japanese 

stiltgrass germinated equally well under dark or light conditions; however, because some 

exposure of seeds to light occurred prior to germination tests, the assertion was not certain. 

Little other research has been conducted on seed dormancy or seed germination requirements 

of Japanese stiltgrass.  
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 Understanding dormancy and germination characteristics allows one to understand the 

fate of seed entering the seed bank and assess the necessity of multiple seasons of 

management (Harper 1977). Judge et al. (2005) demonstrated that 87% control of biomass of 

Japanese stiltgrass in one growing season resulted in 88% seedhead reduction. The following 

spring, seedling stand of the species was reduced 70% to 88%, based on seedling counts per 

square meter compared to nontreated plots. Thus, biomass reduction, seedhead reduction, and 

subsequent population reduction occur with one season of management, although seedlings 

continue to emerge from the persistent seed bank in addition to seedlings arising from any 

previously noncontrolled plants. Understanding general seed biology and ecology can 

improve long-term management, or eradication, of Japanese stiltgrass in invaded ecosystems. 

Therefore, the following research was conducted to definitively document primary seed 

dormancy of Japanese stiltgrass, elucidate appropriate conditions to overcome dormancy, and 

determine environmental conditions necessary for germination.  

 

Materials and Methods 

Laboratory Experiment  

 Caryopses (dry, one-seeded, indehiscent fruit with the seed coat fused to the pericarp) 

with attached lemma and palea (hereafter referred to as seeds) of Japanese stiltgrass were 

collected November 11, 2002 synchronous with natural dispersal in Schenck Memorial 

Forest, Raleigh, Wake County, North Carolina, USA. The plants were growing in a dense 

monoculture along a bottomland right-of-way that bisects a mixed pine-hardwood forest 

stand. Seeds were collected employing a back and forth motion of a sweep net through the 

plants. This method is effective since fruit easily disarticulate from inflorescences (Mehrhoff 
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2000). As seeds were harvested, they were placed in a brown paper bag and later transported 

to a laboratory (~ 21 C) where they remained in the bag overnight. The following day, seeds 

were graded to remove inert material (i.e., plant debris, seeds of other plants, insects, etc.). 

Following grading, seeds were stored under dry conditions or stratified (moist-prechilled) for 

0, 15, 30, 60, or 90 d in the following manner. The seeds were divided in half and one-half 

was placed in a brown paper bag, with the top folded, enclosed in a black plastic bag, and 

retained in the laboratory for dry storage. The remaining half was mixed with moist sand, 

sealed in a clear plastic bag, wrapped in a black plastic bag, and moved to a refrigerated 

cooler (3 to 4 C) for stratification.  

 After each respective storage interval, 50 seeds from each level of storage were placed on 

each of eight 9-cm diameter glass petri dishes. Each petri dish contained three pieces of filter 

paper1 moistened with 5 ml of tap water and wrapped with plastic film2. Seeds representing 0 

d storage were immediately placed in growth chambers3. Seeds are yellowish to reddish, 

ellipsoid, and 2.8 to 5 mm long (Hitchcock 1951; Radford et al. 1968). Magnification (10X) 

was used to ensure normal appearance of seeds placed on petri dishes. 

 Two growth chambers were equipped with four cool-white fluorescent lamps that 

provided a photosynthetic photon flux (400-700 nm) of approximately 3.8 µmol/m2/s as 

measured4 outside the dishes at dish level. One chamber was maintained at 24 C (14 h)/ 18 C 

(10 h) and one chamber was maintained at constant 24 C. Within each temperature regime, 

seeds were subjected to daily photoperiods of 0 h (total darkness) or 14 h. Regardless of 

temperature regime, the 14 h photoperiod was imposed the same time each day. The 

photoperiod for the alternating temperature regime of 24/18 C was synchronous with the 

transition to the high temperature portion of the daily cycle. The constant darkness treatment 
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was imposed by keeping petri dishes in black sateen cloth bags throughout the experiment 

and all germination counts for this treatment were performed in a darkroom utilizing a 

fluorescent lamp equipped with a green acetate filter5 to reduce the possibility of exposure to 

photomorphogenic radiation. Furthermore, seeds of dark treatments were counted and placed 

onto petri dishes in the darkroom to reduce the possibility of exposure to photomorphogenic 

radiation. Stratified seeds were separated from the sand by floating and sieving.  

 The experiment was repeated in exactly the same manner with seeds collected November 

11, 2003 in the same location described previously. For each experimental run, germination 

counts (radicle emergence > 1 mm) were recorded every 7 d for 28 d and a final count was 

made at 30 d. Once counted, a seedling was removed from the petri dish. At the same time as 

germination counts, additional tap water was added to keep filter papers moist as needed 

throughout the duration of the experiment. At the conclusion of the second experimental run, 

all nongerminated seeds from the second run were analyzed using X-ray image analysis. X-

ray image analysis is not a viability test, but permits a quick indication of abnormal 

morphology or mechanical damage that might impair germination and has been used on 

sugar beet and tree seeds (Copeland and McDonald 2001). All apparently viable seeds that 

did not germinate were considered dormant.     

 Each growth chamber had eight trays stacked vertically and two consecutive trays were 

considered an experimental block. The experiment was set up as a split-split plot design. 

Temperature regime, or chamber, was viewed as the main plot while photoperiod was the 

sub-plot, with the dark and the 14-h photoperiod petri dishes randomly assigned to separate 

trays within each block. The sub-sub plot was jointly assigned factors of storage condition 

(stratification or dry storage) by storage interval (0, 15, 30, 60, or 90 d). Sub-plot treatments 
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were replicated four times within each temperature regime with a replication consisting of a 

petri dish containing 50 seeds. The petri dishes were arranged in each chamber in a 

randomized complete block. Furthermore, the main plot of temperature regime, or chamber, 

was replicated over time on different seed lots (2002 and 2003 experimental runs).  

 

Field Experiment  

 To confirm results of the laboratory experiment, seeds collected November 15, 2003 were 

subjected to stratification under natural conditions. Mature Japanese stiltgrass seeds were 

harvested in the manner described previously from a monoculture in a bottomland mixed 

pine-hardwood stand in Schenck Memorial Forest. Once collected, seeds were retained in the 

laboratory (~ 21 C) overnight in a brown paper bag with the top folded over. The following 

day, seeds were graded to remove inert material. Approximately 200 seeds were placed into 

each of 15 nylon mesh bags and tied. In an upland mixed pine-hardwood stand in Schenck 

Memorial Forest, five bags were placed in each of three sites, staked down, and covered with 

existing leaf litter. Three sites were used for purposes of replication in the forest. Seeds 

remained under natural field stratification conditions 0, 30, 60, 90, or 120 d. No further 

stratification intervals were possible because by 150 d, seeds were germinating in the bags in 

the forest litter indicating loss of dormancy and suitable germination conditions. Due to the 

conditions of the seedlings, it was not possible to accurately count seedlings that had 

germinated inside of the bags.  

 After each respective stratification interval, one nylon mesh bag from each of the three 

field sites was exhumed and returned to the laboratory. Seeds from each bag were sorted out 

onto each of four petri dishes. Petri dishes were lined with three filter papers, moistened with 
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5 ml tap water, and wrapped with plastic film. Seeds representing 0 d stratification were 

immediately placed in the growth chamber. The alternating temperature growth chamber 

described previously was utilized for the germination test. The photoperiod was maintained 

at 14-h beginning at the onset of the high temperature cycle. Each combination of 

stratification interval and field site was replicated four times. Germination counts were 

recorded every 7 d for 28 d and a final count was made at 30 d. Germination counts, 

maintenance, and experimental design were the same as described previously except that a 

replication consisted of a petri dish containing 25 seeds.  

 

Statistical Analysis 

Laboratory Experiment 

 Data analysis was conducted using cumulative percent germination as the dependent 

variable. Data were pooled across experimental runs (2002 and 2003) because year was 

considered a random factor and was merely a replication of the main plot factor (temperature 

regime). Percent germination was calculated on the basis of seed number per experimental 

unit. Based on X-ray image analysis combined with percent germination of nondormant 

seeds, Japanese stiltgrass viability was estimated > 97%, so no correction was necessary in 

calculating percent germination. Thus, percent germination was calculated as a mean of eight 

replications per treatment (four within run replications by two replications over time). 

Arcsine square root transformations did not improve the model; therefore, nontransformed 

means are presented. Data were subjected to ANOVA with sums of squares partitioned to 

reflect the split-split-plot treatment structure using the general linear models procedure (SAS 

1999) at P ≤ 0.05. Because very few seeds stored for 0 or 15 d germinated (< 1%), these data 



 88

were omitted from the analysis to conform to ANOVA assumptions. For significant 

interactions, means were plotted against storage interval. LSD values were calculated to 

compare pairs of means within a storage interval (30, 60, or 90 d) that differed with respect 

to only one factor because of the dual assignment of factors within each storage interval.  

   

Field Experiment 

 Data analysis was conducted using cumulative percent germination as the dependent 

variable. Percent germination was calculated as a mean of four within chamber replications 

per treatment. Sites within the forest were viewed as random factors; therefore, error was 

partitioned accordingly. Nontransformed means are presented because arcsine square root 

transformations did not improve the model. Data were subjected to ANOVA using the 

general linear models procedure (SAS 1999) at P ≤ 0.05. Because the block effect was less 

than experimental error, block error was pooled with experimental error and the analysis was 

repeated treating the experiment as a completely randomized design. Means for month effect 

were separated using Fisher’s protected LSD at P ≤ 0.05 (SAS 1999).  

 

Results and Discussion 

 For laboratory stored seeds, no freshly harvested seeds and < 1% of seeds stored 15 d 

germinated, while seeds stored for 90 d germinated > 95% when averaged across all 

treatment factors (Table A.1). When stratified in leaf litter under natural field conditions, 

freshly harvested seeds of Japanese stiltgrass and seeds stratified 30 d did not germinate 

(Table 1). Percent germination increased with time of field stratification, up to the final 

treatments of 120 d. Following 60, 90, and 120 d field stratification, Japanese stiltgrass seeds 
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germinated 87%, 93%, and 98%, respectively. This confirmed observations from laboratory 

studies and supports the conclusion that Japanese stiltgrass seeds possess primary innate 

dormancy when dispersed from parent plants. This short period of dormancy is similar to that 

of large crabgrass [Digitaria sanguinalis (L.) Scop.], another C4 summer annual grass (Holm 

et al. 1977). Yet, this conflicts with Williams (1998) indication that Japanese stiltgrass does 

not possess primary dormancy.  

 For seeds stored 30 or 60 d in the laboratory, percent germination was affected by storage 

conditions (stratification or dry storage) and germination conditions (alternating vs. constant 

temperature or light vs. dark). The loss of dormancy over time depending upon incubation 

conditions is referred to as conditional dormancy or postdormancy (Baskin and Baskin 1998; 

Vegis 1964). When analyzing data for 30, 60, and 90 d of storage, all three-way interactions 

that included storage interval (i.e., temperature regime by photoperiod by storage interval; 

storage condition by photoperiod by storage interval; and temperature regime by storage 

condition by storage interval) were significant (P ≤ 0.01), preventing presentation of main 

effects or two-way interactions. The other three-way interaction (temperature regime by 

storage condition by photoperiod) was not significant (P ≤ 0.20), nor was the interaction of 

all four factors (temperature regime by storage condition by photoperiod by storage interval; 

P ≤ 0.64) (Table A.2). 

 When assessing effects of storage time and germination conditions on seed germination 

of Japanese stiltgrass, after 30 d storage, seeds incubated at the alternating temperature 

(24/18 C) had greater germination than seeds incubated in the constant temperature, with 

respect to photoperiod regime (Figure 1). Seeds incubated in the alternating temperature and 

light germinated 22%, which was greater than seed germination in the constant temperature 
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and light (12%) (Table A.1). Seeds incubated in the alternating temperature and dark 

germinated 17%, which was greater than seed germination in the constant temperature and 

dark (6%). Furthermore, within a temperature regime, there were no differences in 

germination between seeds incubated in light (14 h) or dark (0 h) (Figure 1). After 60 d 

storage, seeds incubated in light had greater germination than seeds incubated in dark. In the 

light, there were no differences in germination under the alternating or constant temperature. 

However, in dark, seeds incubated in the alternating temperature germinated significantly 

greater (88%) than seeds incubated in the constant temperature (27%) (Table A.1). After 90 d 

storage, germination was > 98% for light-incubated seeds in combination with the alternating 

or constant temperature or dark incubated seeds exposed to the alternating temperature. Dark 

incubated seeds exposed to the constant temperature germinated 86%. 

 When assessing effects of storage time and conditions and photoperiod on seed 

germination of Japanese stiltgrass, seeds stored dry for 30 d had greater germination than 

seeds stratified 30 d (Figure 2). For seeds stored dry, germination was significantly greater 

(30%) in the light than in the dark (21%) (Table A.1). However, cold stratified seeds 

demonstrated no differences in germination in light or darkness (< 4%). After 60 d storage, 

photoperiod had a greater impact on percent germination than storage condition. Seeds 

incubated in light had significantly greater germination than seeds germinated in dark. For 

seeds incubated in light, there were no differences in germination for cold or dry stored seeds 

(> 92%). However, germination in the dark was greater for dry stored seeds (75%) than cold 

stratified seeds (40%). After 90 d storage, germination was > 90% regardless of storage type 

or photoperiod (Figure 2). 
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 When assessing effects of storage time and conditions and germination temperature on 

seed germination of Japanese stiltgrass, germination was greater in the alternating 

temperature (36%) than the constant temperature (16%) for dry stored seeds (Figure 3). For 

stratified seeds, germination was only 3%, with no differences between alternating or the 

constant temperature (Table A.1). After 60 d storage, seeds incubated in the alternating 

temperature had greater germination than seeds in the constant temperature, with respect to 

stratification or dry storage. Within the alternating temperature, though, more dry stored 

seeds germinated (98%) than stratified seeds (88%). Similarly, under the constant 

temperature, more dry stored seeds germinated (75%) than stratified seeds (44%). After 90 d 

storage, germination was > 92% regardless of temperature regime or storage type (Figure 3).   

 After 0 or 15 d storage, germination was < 1% with all storage or incubation treatments. 

In general, after 30 or 60 d storage, germination was greater when seeds were stored dry 

rather than stratified, germination was greater at the alternating temperature rather than a 

constant temperature, and germination was higher in light than total darkness. However, after 

90 d of either type of storage and exposure to any of the incubation conditions, dormancy 

was completely overcome and > 95% of seeds germinated.   

 Stratification was not required to break dormancy during the period of conditional 

dormancy (30 to 60 d storage), though it is often a common requirement of summer annual 

weeds (Baskin and Baskin 1998). In fact, dry storage overcame dormancy more quickly than 

stratification. Seeds of Japanese stiltgrass that had not completely overcome dormancy 

responded more favorably and had greater germination when stored dry than when stratified. 

Similarly, dormancy of large crabgrass can be overcome simply by allowing seeds to after-

ripen in dry storage. After-ripening is widespread among many seeds and almost universal in 



 92

cereal grains. For most cereal grains, 4 to 8 wk storage at 15 to 20 C suffices to fulfill after-

ripening requirements and allow maximum germination (Copeland and McDonald 2001).  

 Seed germination of Japanese stiltgrass was greater under light than dark during the 

period of conditional dormancy. Therefore, seeds that had not completely overcome 

dormancy responded more favorably and had greater germination under light that dark 

incubation conditions. However, light was not required ultimately for seed germination once 

dormancy was completely overcome (90 d). These results are similar to that reported by 

Williams (1998) where nondormant seeds germinated equally well under dark or light 

conditions. Furthermore, Psammochloa villosa (Trin.) Bor (Poaceae), responded similarly as 

nonstratified seeds had greater germination in light than in darkness. Yet, after 4 wk of 

stratification, germination was similar between nonstratified and stratified seeds (Huang et al. 

2004). Once seed dormancy of yellow foxtail was overcome, germination occurred equally 

under light and darkness (Baskin et al. 1996). Lack of a light requirement for seed 

germination of Japanese stiltgrass has ecological and management significance. Japanese 

stiltgrass can germinate in heavy forest litter. After senescence in autumn, dead biomass of 

the plant persists on the forest floor throughout the winter and into the following spring and 

beyond (personal observation). This heavy litter layer may present a disadvantage to 

germination of native vegetation, while not inhibiting germination of Japanese stiltgrass. 

Furthermore, in landscape environments, Japanese stiltgrass is unlikely to be controlled by 

mulching. 

 The alternating temperature provided greater germination of Japanese stiltgrass seeds 

than a constant temperature during the period of conditional dormancy. Flux between daily 

high temperatures with lower night temperatures is often more favorable for germination than 
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germination under constant temperatures (Baskin and Baskin 1998; Benech-Arnold et al. 

2000; Vegis 1964). This is common since seeds are exposed to alternating temperatures in 

nature. The resulting high rate of germination (> 95%) after 90 d suggests that a large 

majority of seeds will germinate under natural conditions, with a small percentage remaining 

in the persistent seed bank.  

 Seeds of Japanese stiltgrass possess primary innate dormancy. After 90 d storage, > 95% 

germinated. Thus, seeds will require only 60 to 90 d storage or stratification to break 

dormancy. For seeds stored < 90 d, Japanese stiltgrass was considered conditionally dormant 

(Baskin and Baskin 1998). Although the annual dormancy cycle was not tested explicitly, 

others have reported that seeds germinate in a spring following a year when no Japanese 

stiltgrass seeds entered the seed bank (Barden 1987; Woods 1989). Only seeds with shallow 

physiological dormancy reenter dormancy and exhibit annual cycles in their dormancy states 

(Baskin and Baskin 1998).  

 In summary, seeds of Japanese stiltgrass are dormant when dispersed from the parent 

plant. However, normal field conditions are sufficient to break dormancy for the vast 

majority of seeds of Japanese stiltgrass. Therefore, the persistent soil seed bank should be 

small. Managing the population to prevent seed input annually should deplete the seed bank 

rapidly within a few yr (Barden 1987; Woods 1989). Additionally, data herein are useful for 

researchers who wish to maintain seed lots of Japanese stiltgrass. After 90 d storage, seed 

germination should be near 100%. Gaining a better understanding of the environmental 

conditions that overcome dormancy and induce germination in nature will improve long-term 

seed bank management strategies with the intent of eradicating Japanese stiltgrass from 
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invaded ecosystems. It may also allow inference of future adaptation and distribution of 

Japanese stiltgrass throughout and beyond its current geographic range.  
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TABLE 1. Cumulative percent germination of Japanese stiltgrass seeds stratified 0, 30, 60, 90, 

or 120 in forest leaf litter. After stratification interval, seeds were exhumed and subjected to 

germination tests in growth chambers.  

Month exhumed Days of stratification Germination (%)a 

November  0 0 b 

December 30 0 b 

January  60 87 a 

February  90 93 a 

March 120 98 a 

 

   a Mean separation within columns by Fisher’s protected LSD at P ≤ 0.05 (SAS 1999).  
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FIGURE 1. Effects of storage time and germination condition on seed germination of Japanese 

stiltgrass. Following storage, seeds were incubated at 24/18 C with a 14/10 thermoperiod or 

constant 24 C with 14 h light or in total darkness. Means were averaged across storage type 

(stratification or dry storage). Comparisons can be made within a storage time (30, 60, or 90 

d) comparing pairs of means that differ with respect to only one factor (LSD = 7).  
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FIGURE 2. Effects of storage time, storage conditions, and photoperiod during germination on 

seed germination of Japanese stiltgrass. Seeds were either stratified or stored dry and then 

incubated with a 14 h photoperiod or in total darkness. Means were averaged over 

germination temperature regimes (alternating 24/18 or constant 24 C). Comparisons can be 

made within a storage interval (30, 60, or 90 d) comparing pairs of means that differ with 

respect to only one factor (LSD = 7).  
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FIGURE 3. Effects of storage time, storage conditions, and germination temperature on seed 

germination of Japanese stiltgrass. Seeds were either stratified or stored dry and then 

incubated at 24/18 C with a 14/10 thermoperiod or constant 24 C. Means were averaged over 

photoperiod (14 h or 0 h). Comparisons can be made within a storage interval (30, 60, or 90 

d) comparing pairs of means that differ with respect to only one factor (LSD = 7).   
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Abstract 

 Japanese stiltgrass is a nonnative, invasive grass occupying a range of habitats in the 

eastern United States. Conventional management recommendations include hand-removal, 

mowing, or nonselective herbicide treatment in autumn prior to flowering. However, no 

long-term studies have directly compared the ecological impacts of management strategies 

on populations of Japanese stiltgrass or recruitment and establishment of native flora. An 

experiment was initiated in 2002 and continued for three growing seasons in two mixed pine-

hardwood forests in central North Carolina. Conventional treatments included hand-removal, 

mowing, or one application of glyphosate (1.1 kg ai/ha) in autumn compared to hand-

removal or fenoxaprop-P (0.19 kg ai/ha) applied as needed throughout the growing season. 

All treatments were compared to nontreated plots. Percent cover data were recorded each 

year in summer and autumn. Cover classes included Japanese stiltgrass, other exotic plant 

species, native herbaceous plants, native monocots, and native woody plants. Additionally, 

the soil seed bank of all species was monitored over time by extracting soil cores and 

documenting seedling emergence. Lastly, soil was analyzed following 3 yr of treatment to 

ascertain if the presence or absence of Japanese stiltgrass affected soil properties. All 

management treatments significantly reduced cover and seed bank of Japanese stiltgrass over 

time compared to no management. Relative cover and seed bank populations decreased over 

time with consecutive years of management. However, selective management was more 

suitable for recruitment and re-establishing native plants and increasing overall species 

richness. Additionally, relative cover of other exotic plants decreased 6% over time, 

suggesting removal of Japanese stiltgrass did not increase invasion of other exotic plant 

species. Elimination of Japanese stiltgrass for 3 yr resulted in no differences in soil properties 
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including humic matter, weight to volume ratio, cation exchange capacity, percent base 

saturation, exchangeable acidity, pH, and concentrations of phosphorus, potassium, calcium, 

magnesium, manganese, zinc, and copper.  

 

 Nomenclature: Japanese stiltgrass, Microstegium vimineum (Trin.) A. Camus, MCGVM.  

Key Words: Invasive plants, natural areas, Poaceae, restoration, seed bank.   

 

Introduction 

  Japanese stiltgrass, also known as bamboograss, flexible sesagrass, Mary’s grass, or 

Nepalese browntop, is an invasive, summer annual grass (Brown 1977). Native to China, 

India, Japan, Korea, Malaysia, Nepal, Pakistan, Sri Lanka, and Taiwan (Tu 2000; Williams 

1998), Japanese stiltgrass was first reported in the United States in 1919 near Knoxville, 

Tennessee (Fairbrothers and Gray 1972). Japanese stiltgrass has since spread rapidly 

throughout the eastern United States, from New York to Texas, and Puerto Rico (Barden 

1987; Fairbrothers and Gray 1972; Redman 1995; USDA, NRCS 2004). Common habitats 

include roadside ditches, utility easements, floodplains, streamsides, river bluffs, woodlands, 

fire trails, and logging roads (Barden 1987; Cusick 1986; Fairbrothers and Gray 1972; Hunt 

and Zaremba 1992; Redman 1995). Recently, Japanese stiltgrass has been reported in 

landscape plantings and turfgrass (Barden 1987; Derr 2004; Fairbrothers and Gray 1972).  

 Japanese stiltgrass was ranked most problematic of the known 167 nonnative, invasive 

species present in the 8,100-ha Oak Ridge National Environmental Research Park, located in 

eastern Tennessee (Drake et al. 2003). In fact, Japanese stiltgrass is distributed nearly 

continuously along the > 50 km of roads in the Research Park except rights-of-ways 
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maintained with mowing or herbicides (Cole and Weltzin 2004). Similarly, in an invasive 

species survey of 23 urban riparian forest sites within the greenways systems of Raleigh and 

Cary, North Carolina, Japanese stiltgrass was the only species to occur at every site among 

the 26 invasive species identified (Vidra 2004). Japanese honeysuckle (Lonicera japonica 

Thunb.) occurred at 22 sites, but the next most frequent species occurred at only eight sites. 

Likewise, the United States Department of Agriculture Forest Service lists Japanese stiltgrass 

as one of the top 33 invasive plants invading southern forests at an alarming rate, thus 

affecting forest productivity and degrading plant species diversity and wildlife habitat (Miller 

2003).  

 Japanese stiltgrass establishes rapidly and produces near monoculture stands in disturbed 

sites (Barden 1987; Hunt and Zaremba 1992). Natural disturbances such as flood erosion or 

storm damage, or man-made disturbances such as grading or road construction, create 

openings in the natural vegetation that are rapidly colonized by Japanese stiltgrass. Two 

years following intentional physical disturbance, Japanese stiltgrass comprised 63% of the 

understory leaf area in a mesic floodplain hardwood forest in North Carolina, with Japanese 

honeysuckle as the only other species (Barden 1987). Conversely, in areas with established 

vegetation, Japanese stiltgrass is slow to invade. Only one in 40 Japanese stiltgrass 

populations survived longer than 3 yr when intentionally introduced into established stands 

of Japanese honeysuckle (Barden 1987). In research conducted in Pennsylvania, disturbed 

intact and cut forest sites lacking substantial understory were shown to be most conducive to 

initial colonization and possessed the most seed-producing potential (Booher et al. 2004).  

 Dispersal of Japanese stiltgrass apparently occurs by floating fruit that disperse 

throughout wetland areas during high-water events, by adhering to fur-bearing animals, and 



 108

by hitchhiking on human clothes or cars (Cole 2003; Mehrhoff 2000; Woods 1989). These 

modes of dispersal allow for long distance spread by establishing satellite populations within 

areas of disturbance (e.g., flooding) on patches of soil left bare of vegetation (Barden 1987; 

Gibson et al. 2002). Yet, Japanese stiltgrass occurs in both disturbed, early-successional 

habitats, as well as relatively nondisturbed, late-successional forest communities (Cole and 

Weltzin 2004; Drake et al. 2003). Further, Japanese stiltgrass is absent in apparently suitable 

locations (Cole and Weltzin 2004; Redman 1995).  

 Japanese stiltgrass exhibits highly plastic morphological responses to local microhabitat 

conditions, such as soil texture and chemistry and overhead canopy cover, which allows 

persistence in invaded sites (Gibson et al. 2002). It has been suggested that in hardwood 

forests in New Jersey, Japanese stiltgrass may alter nitrogen cycling, soil pH (Ehrenfeld et al. 

2001; Kourtev et al. 1999), and soil microbial community structure and function (Kourtev et 

al. 2002) compared to native understory shrubs [i.e., species of blueberry (Vaccinium L. 

spp.)] possibly creating a positive feedback loop increasing ability to spread (Ehrenfeld et al. 

2001).  

 In the Green Ridge State Forest in eastern Allegany County, Maryland, proximity to road 

edge was a significant site attribute for presence of Japanese stiltgrass (Jones et al. 2003). In 

the Oak Ridge National Environmental Research Park, several environmental variables were 

investigated as potential explanatory variables for presence and performance of Japanese 

stiltgrass including canopy openness, litter mass, aboveground biomass of other species, soil 

moisture, soil carbon and nitrogen content (%), soil pH, rock content (%), and soil texture 

(Cole and Weltzin 2004). Presence of the plant was correlated only with pH; higher soil pH 

increased the likelihood of the presence of Japanese stiltgrass. Further, performance of 
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Japanese stiltgrass, measured as biomass production, was positively related to canopy 

openness and negatively correlated with biomass of other plant species. Williams (1998) also 

reported a negative correlation between biomass of Japanese stiltgrass and biomass of other 

plant species.  

 Japanese stiltgrass exhibits greater vegetative and reproductive performance with 

increases in light availability (Barden 1996; Claridge and Franklin 2002; Cole and Weltzin 

2004; Gibson et al. 2002; Horton and Neufeld 1998; Williams 1998). Yet, Japanese stiltgrass 

is often found in shady environments and is known to be shade tolerant. It has the typical 

Kranz anatomy of other C4 plants (Brown 1977). Dry matter production under 18% full 

sunlight was no different than 100% sunlight. Even at 5% full sunlight, albeit reduced by 

83%, growth still occurred, in comparison to no growth of large crabgrass [Digitaria 

sanguinalis (L.) Scop.], another C4, summer annual grass (Winter et al. 1982). Low 

respiration rates and low light compensation points allow Japanese stiltgrass to maintain 

positive carbon gain during long periods of low light in forest understories (Horton and 

Neufeld 1998). Claridge and Franklin (2002) demonstrated that resource allocation expended 

to shoot production increased in shaded habitats to maximize photosynthetic ability. 

Apparently, Japanese stiltgrass, with its C4 metabolism, is uniquely competitive with native 

vegetation in shady wetlands and forests. However, deep shade suppresses growth of this 

species, an aspect that might allow plant communities to resist invasion (Cole 2003). 

 Mehrhoff (2000) suggested that every attempt should be made to slow the spread of 

Japanese stiltgrass to conserve natural plant communities or imperiled species. Hunt and 

Zaremba (1992) also recommended monitoring and eradication programs for Japanese 

stiltgrass to preserve rare native wetland species. Research objectives set forth in The Nature 
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Conservancy’s Elemental Stewardship Abstract for Japanese stiltgrass included elucidating 

the impacts of Japanese stiltgrass on native plant communities and determining what species 

replace Japanese stiltgrass following management (Tu 2000). Other objectives were to 

determine the most effective management method, and how this method encourages 

regeneration of native species. Therefore, one goal of a management program is to address 

biological and ecological considerations for invasions of Japanese stiltgrass and the impact 

on native plant recruitment, establishment, and regeneration.  

 As a summer annual grass, Japanese stiltgrass relies on its seed bank for annual 

recruitment (Fairbrothers and Gray 1972; Mehrhoff 2000; Radford et al. 1968). Barden 

(1987) reported that following 2 yr of intentionally eliminating seed production, seedlings of 

Japanese stiltgrass continued to emerge the following spring. No plants emerged after 3 yr 

after eliminating seed production, suggesting soil viability under natural conditions is limited 

to 3 yr. Using similar techniques, Woods (1989) demonstrated at least 2 yr viability in the 

soil seed bank. The ability to create a persistent seed bank allows Japanese stiltgrass to 

maintain populations over time even if a catastrophic event, such as a herbicide application, 

occurs during 1 yr. Therefore, management efforts must endeavor to reduce or eliminate seed 

production and inputs into the seed bank for multiple years (Tu 2000; Woods 1989).  

 Current management guidelines suggest prevention of seed production by hand-removal, 

mechanically (i.e., mowing), or nonselective postemergence herbicides (e.g., glyphosate) in 

autumn prior to flowering (Swearingen 2000; Tu 2000). However, removal in autumn, by 

any of these methods, can eliminate cover at a time of year when little re-establishment of 

native vegetation is possible. As a result, newly germinated seedlings of Japanese stiltgrass 

may have a competitive advantage the following spring. Additionally, late season removal 
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treatments allow season-long competition reducing the potential for native species 

recruitment. No long-term studies have directly compared the competitive interactions of 

Japanese stiltgrass with native vegetation recruitment, survival, and growth. Investigations 

during one season demonstrated that sethoxydim applied late July or mid-August controlled 

Japanese stiltgrass and released native dicot vegetation in eastern Tennessee (Woods 1989). 

In studies in Pennsylvania, applications of fenoxaprop-P, glyphosate, imazapic, and 

sethoxydim controlled Japanese stiltgrass (Jones et al. 2004). However, the selective grass 

herbicides, fenoxaprop-P and sethoxydim, resulted in the highest diversity values and species 

richness at the end of the growing season compared to glyphosate, imazapic, and nontreated 

plots. Of the two selective grass herbicides, sethoxydim was better than fenoxaprop-P at 

restoring the native plant community to higher diversity values, yet both treatments retained 

enough ground cover to provide stability against soil loss factors. When evaluating the same 

plots the following year, seedlings of Japanese stiltgrass emerged from the persistent seed 

bank. Diversity indices in treated plots were only slightly higher than nontreated plots 

(Peskin et al. 2005). These data demonstrate that one season of management was not 

adequate for eradication of the species or native plant recruitment and establishment.    

 Fenoxaprop-P has been shown to control Japanese stiltgrass (Jones et al. 2004; Judge et 

al. 2005a; Judge et al. 2005b) and does not injure dicots, rushes (Juncaceae), sedges 

(Cyperaceae), or most perennial grasses (Poaceae) (Vencill 2002). Sethoxydim has also been 

shown to control Japanese stiltgrass (Gover et al. 2003; Jones et al. 2004; Judge et al. 2005a; 

Judge 2005b), yet is less selective controlling both annual and perennial grasses (Vencill 

2002). Therefore, fenoxaprop-P should provide more selective control of Japanese stiltgrass 

thus promoting re-establishment of a more desirable native plant community.  
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 Successful management of Japanese stiltgrass requires a clear understanding of the 

impacts of current and alternative management strategies on seed bank dynamics of the 

species and how Japanese stiltgrass and its control influence the recruitment and 

establishment of native flora. Therefore, the objectives of this study were to compare the 

relative effectiveness of season long management utilizing fenoxaprop-P or hand-removal 

(alternative management) with conventional management including hand-removal, mowing, 

or glyphosate applied in autumn and to document and compare the impacts of such 

management methods on native flora recruitment and establishment, seed production of 

Japanese stiltgrass, and soil seed bank changes after 3 yr of management. 

   

Materials and Methods 

 A field experiment was initiated in 2002 with management treatments applied in 2002, 

2003, and 2004. The experiment was conducted at two locations in central North Carolina, 

USA; Duke Forest, Durham, Durham County and Schenck Memorial Forest, Raleigh, Wake 

County. Duke Forest is a floodplain area managed for production of loblolly pine (Pinus 

taeda L.). In 2000, the mature pine stand was harvested with a shelter-wood regeneration cut. 

A shelter-wood cut is an even-aged silvicultural system in which a new stand is established 

under the protection of a partial canopy of trees. The mature stand is removed in two or more 

cuts, the last of which is when the new even-aged stand is well developed. After harvest, 

much of the forest floor was disked to expose bare mineral soil to create optimum conditions 

for establishment of pine seedlings. With such a treatment, an overstocking of 20,000 to 

25,000 pine seedlings per hectare is expected. However, a heavy understory of Japanese 

stiltgrass soon developed, and less than 250 pine seedlings regenerated per hectare (Judson 
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Edeburn, personal communication). Thus, the overstory was exclusively loblolly pine with an 

understory shrub layer of American sweetgum (Liquidambar styraciflua L.), eastern red 

cedar (Juniperus virginiana L.), and princess tree (Paulownia tomentosa (Thunb.) Sieb. & 

Zucc. ex. Steud.), a nonnative tree. Upon experiment initiation, the understory was 

dominated by Japanese stiltgrass. Schenck Memorial Forest is an upland mixed pine-

hardwood forest, with the overstory dominated by American ash (Fraxinus pennsylvanica 

Marsh.), American elm (Ulmus americana L.), loblolly pine, species of oak (Quercus L. 

spp.), and American sweetgum. Upon experiment initiation, Japanese stiltgrass and seedling 

American sweetgum trees dominated the understory. 

 Three conventional management treatments were applied in autumn, prior to flowering. 

One conventional treatment was selective hand-removal, where only Japanese stiltgrass was 

removed from plots. The second conventional treatment was mowing using a gas-powered 

string trimmer and cutting all vegetation at ground level, thus a nonselective treatment. The 

third conventional treatment was one application of 1.1 kg ai/ha isopropylamine salt of 

glyphosate, a nonselective herbicide (Vencill 2002). Conventional treatments were compared 

to alternative treatments applied throughout the growing season. The two alternative 

treatments were hand-removal of Japanese stiltgrass or applying the selective grass herbicide, 

fenoxaprop-P, once or twice at 0.2 kg ai/ha as needed throughout the growing season. 

Nonionic surfactant (0.25% v/v) was added to fenoxaprop-P in 2002 and 2003. Alternative 

treatments were initiated when Japanese stiltgrass had several leaves and some plants were 

tillering. Herbicides were applied using a CO2 pressurized backpack sprayer. In 2002, the 

sprayer was equipped with two 8003 flat fan spray tips1 and calibrated to deliver 280 L/ha at 

407 kPa. In 2003 and 2004, the sprayer was equipped with two 8004 flat flan spray tips and 
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calibrated to deliver 280 L/ha at 234 kPa. Conventional and alternative treatments were 

compared to nontreated plots. 

 

Plot establishment 

 Plots at Duke Forest were established during the week of May 6, 2002. Plots at Schenck 

Memorial Forest were established during the week of April 15, 2002. The six management 

treatments were replicated four times and arranged in a randomized complete block design at 

each site. Plots were 4 m2 and maintained with 1 m wide vegetation-free buffer strips 

between and around plot borders. Plots were large enough to observe plant effects but small 

enough to clear and work without trampling. The buffer strips were considered necessary to 

reduce the shade effect of surrounding vegetation and minimize potential seed introductions 

from adjacent plots. Additionally, the buffer strips aimed to reduce belowground competition 

although no direct measurement of this was undertaken. In 2003 and 2004, erosion control 

matting was laid over the buffer strips to reduce potential movement of propagules between 

plots, specifically by surface water movement. Erosion matting consisted of weaved 

hardwood shavings held together by plastic webbing. Each of the 3 yr of management, buffer 

strips were maintained free of vegetation by applying a 2% solution of the isopropylamine 

salt of glyphosate twice per growing season. All glyphosate applications to buffer strips were 

made using a 15-L piston pump backpack sprayer2 equipped with a wide-angle FloodJet 

nozzle1 and calibrated to deliver 234 L/ha at 83 kPa. Care was taken to direct spray only to 

buffer strips, and not to the experimental plots. At the onset of the experiment, all woody 

vegetation was removed by dipping hand clippers in a 5% solution of triclopyr, and cutting 

each plant at ground level as described by Kalmowitz et al. (1989). Treated vegetation was 
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primarily young saplings of American sweetgum < 5 cm in diameter at the base of the plant. 

The woody vegetation was cut and treated May 22, 2002 at Duke Forest and May 9, 2002 at 

Schenck Memorial Forest. 

 Percent canopy cover was estimated at each site to determine homogeneity of the canopy 

environment. A spherical densitometer with a concave mirror was utilized to estimate the 

amount of canopy cover directly over the midpoint of each plot in four cardinal directions 

and then the measurements were averaged (Lemmon 1956). Measurements at Duke Forest 

were recorded June 30, 2003 and June 8, 2004 and at Schenck Memorial Forest July 1, 2003 

and June 8, 2004 and averaged separately for each site to obtain a summer canopy cover 

estimate. Further, measurements were recorded at Duke Forest March 3, 2004 and at Schenck 

Memorial Forest March 4, 2004 before leaves were present on deciduous trees to obtain an 

estimate of winter canopy cover. Using ANOVA to test for treatment differences in canopy 

cover, there were no treatment differences suggesting relative homogeneity across 

replications within each site. At Duke Forest, average winter cover was 56% and average 

summer cover was 66%. At Schenck Memorial Forest, average winter cover was 54% and 

average summer cover was 83%.   

    

Management treatments  

 Duke Forest 

 In 2002, the first application of the alternative treatments, fenoxaprop-P and hand-

removal all season, occurred June 26 when Japanese stiltgrass had six to seven leaves, zero to 

one tiller, and was 25 to 36 cm tall. On October 7, prior to flowering, all conventional and 

alternative treatments were applied. At both sites in 2002, a drought severely reduced plant 
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growth and flowering. Therefore, treatments occurred later to coincide with the target growth 

stage. In 2003, the first application of fenoxaprop-P occurred June 13 when Japanese 

stiltgrass had six to seven leaves, zero to one tiller, and was 20 to 30 cm tall. Alternative 

hand-removal occurred June 30 and September 4. All treatments were applied September 15. 

In 2002 and 2003, two yearly applications of fenoxaprop-P were adequate for control of 

Japanese stiltgrass. In 2004, the first application of the alternative treatments was June 16 

when Japanese stiltgrass had six to seven leaves, zero to one tiller, and was 10 to 30 cm tall. 

Another alternative hand-removal treatment occurred July 13 and August 19. A second 

application of fenoxaprop-P was not necessary because Japanese stiltgrass was controlled 

completely. Thus, all treatments, with the exception of fenoxaprop-P, were applied 

September 16. 

 

 Schenck Memorial Forest 

 In 2002, the first application of alternative treatments occurred July 18 when Japanese 

stiltgrass had six to seven leaves, zero to one tiller, and was 12 to 30 cm tall. Another 

alternative hand-removal treatment occurred July 29. On October 7, prior to flowering, all 

treatments were applied. In 2003, fenoxaprop-P and alternative hand-removal treatments 

occurred June 12 when Japanese stiltgrass had five to six leaves and was 5 to 10 cm tall. 

Each of these treatments occurred again July 1. Another alternative hand-removal treatment 

occurred September 3. All treatments, with the exception of fenoxaprop-P, were applied 

September 15. In 2002 and 2003, two yearly applications of fenoxaprop-P were adequate for 

control of Japanese stiltgrass. In 2004, fenoxaprop-P and alternative hand-removal occurred 

June 16 when Japanese stiltgrass was 10 to 30 cm tall with no tillers. Another alternative 
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hand-removal occurred July 13 and August 19. Only one application of fenoxaprop-P was 

necessary for complete control of the species. Thus, all treatments, except fenoxaprop-P, 

were applied September 16.  

 

Data collection 

 Vegetation cover 

 Percent cover of Japanese stiltgrass, other nonnative vegetation, and native vegetation 

was recorded twice annually to monitor response of vegetation to various management 

treatments for Japanese stiltgrass. Vegetation surveys were conducted in the middle of the 

growing season and again at the end of the growing season, prior to flowering and prior to 

conventional autumn management treatments. Using the nomenclature provided by Radford 

et al. (1968), all species rooted within the plot boundaries were identified and percent cover 

of each species was estimated visually. Square plots were divided into four equal sized 

triangles by visualizing an “X” through the plot. Having one triangle equal to 25% cover, 

more precise visual estimates were obtained. Because the plots included herbaceous plants, 

shrubs, and tree saplings < 5 cm in diameter measured at ground level, many plots had 

multiple layers of vegetation and total percent cover exceeded 100%. Using the USDA 

PLANTS database (USDA, NRCS 2004), each species was classified according to its status 

as a native or exotic, with the exotic species being nonnative to the Unites States. 

Additionally, each species was classified according to growth form, herb, monocot, or woody 

plant. Because of the limited presence of vines, they were included in their respective herb, 

monocot, or woody plant category when present. Japanese stiltgrass was classified as its own 

growth form category. There were no overstory trees within plots. Thus, all woody 
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vegetation was derived from seeds or other propagules. These growth forms were chosen as 

logical categorization based on potential response to management treatments. For example, 

fenoxaprop-P should only impact summer annual grasses such as Japanese stiltgrass. 

Conversely, nonselective treatments impact all vegetation, with glyphosate having greater 

impact on woody vegetation than mowing. Data for all native vegetation were combined to 

compare abundance of all native vegetation with Japanese stiltgrass. Based on presence of 

species in vegetation cover evaluations, species richness was also determined. Species 

richness was calculated as the number of species per plot, with no regard to classification as 

native or exotic.  

 At Duke Forest, percent vegetation cover was recorded July 25 and October 3, 2002; June 

30 and September 4, 2003; and June 8 and September 10, 2004. At Schenck Memorial 

Forest, percent vegetation cover was recorded July 29 and October 3, 2002; June 12 and 

September 12, 2003; and June 8 and September 13, 2004. An estimate of Japanese stiltgrass 

was determined for alternative management treatments prior to application of alternative 

management treatments.  

 A destructive ice storm in December 2002 impacted Schenck Memorial Forest. Three 

damaged trees of loblolly pine fell on the plots. On March 18, 2003 the trees were removed 

from the plots either by hand or larger pieces by chain saw. Trees fell mostly in the first two 

replications. No other damage was noted. No obvious impact on the vegetation or soil 

disturbance was observed in the experimental plots. 
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 Soil seed bank 

 To monitor the response of seed bank populations to management strategies, soil cores 

were collected annually in late winter. Gibson et al. (2002) demonstrated that seeds of 

Japanese stiltgrass from soil collected in the spring germinated, whereas seeds from soil 

collected in autumn did not germinate. From each plot, two randomly selected soil cores 

were collected, each 10 cm in diameter and 5 cm in depth. Cores were collected using a 

standard golf course cup cutter. Soil collected at a depth of 5 to 10 cm has been shown to 

have ten times fewer seeds of Japanese stiltgrass than soil collected at the surface 0 to 5 cm 

(Gibson et al. 2002). Further, the soil substrate was rocky, prohibiting consistent collection of 

deeper soil samples. Each core of soil was placed in an individual plastic bag and returned to 

the laboratory. Soil from the cores was broken apart and spread evenly over the surface of a 

0.25 m2 flat filled with sterile peat-based growth substrate3. The flats were placed in a 

greenhouse under natural photoperiod. At Duke Forest, soil cores were collected March 11, 

2003 and placed in the greenhouse March 13, 2003. In 2004, soil cores were collected March 

9 and placed in the greenhouse March 11. In 2005, soil cores were collected and placed in the 

greenhouse March 7. In 2002, prior to any management treatments, soil cores were collected 

only from Schenck Memorial Forest. Cores were collected April 24 and placed in the 

greenhouse April 26. Those seeds that had already germinated were counted prior to 

spreading the soil onto the growing substrate and included in the final seedling count. In 

2003, soil cores from Schenck Memorial Forest were collected and placed in the greenhouse 

March 14. In 2004, soil cores were collected March 8 and placed in the greenhouse March 

12. In 2005, soil cores were collected and placed in the greenhouse March 7.  



 120

 Emerged seedlings of Japanese stiltgrass and all other species were counted and identified 

to genus (and to species when possible) and removed. After germination ceased, the soil mix 

was stirred to break up crusted pieces and stimulate further germination. Seedling counts 

continued for 5 to 6 mo each year. In 2002, after counting seedlings, flats were placed in a 

cooler for 12 wk, and then returned to the greenhouse to induce further germination of 

potentially dormant seeds. However, subsequent seed germination was negligible and this 

procedure was not continued in subsequent years.  

  

 Soil analysis 

 After three seasons of management, soil samples were exhumed from each plot on 

October 26, 2004. Soil samples (approximately 50 cm3 volume) were collected from the top 

15 cm of the soil at each corner of the plot and in the center using a standard soil probe (1.5 

cm in diameter). The five samples per plot were aggregated and analyzed by the North 

Carolina Soil Testing Lab4. Soil was analyzed for humic matter, weight to volume ratio, 

cation exchange capacity, percent base saturation, exchangeable acidity, pH, and 

concentrations of phosphorus, potassium, calcium, magnesium, manganese, zinc, and copper.  

 
 Data analysis 

Percent cover and soil core count data for Japanese stiltgrass, other exotics, native herbs, 

native monocots, and native woodies were transformed as relative differences from the 

nontreated plot in the same replication. Relative differences were calculated by subtracting 

percent cover or soil core count of each respective growth form in the nontreated plot within 

the same replication from the percent cover or soil core count of the same growth form in the 

treatment, and divided by percent cover or soil core count of the same growth form of the 
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nontreated. Relative differences were expressed as percent increase or decrease from 

nontreated plots. These calculations were used to minimize the effects of landscape 

heterogeneity and to account for changes occurring over time in all plots not related to 

management treatments (e.g., successional processes). When percent cover or soil core count 

was < 10% in any of the four nontreated plots, 10% was added to each data point. This did 

not affect relative differences; rather, it made the calculation mathematically possible and did 

not inflate percent relative differences as would have occurred with a smaller number. 

Because relative percent cover and core count differences were calculated from the 

nontreated plots, nontreated data were omitted from data analysis. Further, calculating 

differences relative to the nontreated plots within each replication removed replication and 

location effects. 

 Species richness was calculated based on number of species present per plot in vegetation 

surveys. Data analysis was conducted using relative differences of percent cover, relative 

differences of soil core counts, and species richness as dependent variables. Therefore, 

treatment means were calculated as the average of eight replications (two sites by four within 

site replications). Nontreated data were not omitted from species richness data analysis 

because no transformations relative to nontreated plots were calculated. Data were subjected 

to ANOVA using general linear models procedure (SAS 1999). Analysis was conducted on 

relative differences that occurred prior to any management treatments (i.e., summer 

vegetation cover data and pre-treatment core counts at Schenck Memorial Forest) and after 

the first application of alternative treatments, but prior to the first application of conventional 

treatments (i.e., autumn vegetation cover data). Further, analysis was conducted to determine 

within year treatment differences (i.e., summer compared to autumn within 2003 and 
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separately for 2004). Finally, analysis was conducted to determine within season (summer or 

autumn analyzed separately) treatment differences between 2003 and 2004. Means were 

separated using Fisher’s protected LSD or Pdiff option of SAS (1999) at P ≤ 0.05. The Pdiff 

option provides an associated level of significance for each comparison. The mean square 

error is obtained by ANOVA and comparisons are equivalent to those determined with LSD.  

Soil analysis data were analyzed individually for each site and data from nontreated plots 

were included in the analysis. Nontreated plots served as a reference for stands containing 

Japanese stiltgrass compared to the management treatments, which were intended to remove 

Japanese stiltgrass. Data analysis was conducted using the soil parameters as dependent 

variables. Treatment means were calculated as the average of four within site replications. 

Data were subjected to ANOVA using the general linear models procedure (SAS 1999). 

 

Results and Discussion 

Vegetation cover 

 Japanese stiltgrass 

 For 2002 summer evaluations, prior to any management treatments, there were no 

treatment differences for relative cover of Japanese stiltgrass (P ≤ 0.80), suggesting 

homogeneity of the species across experimental sites. Further, despite the application of 

alternative management treatments (hand-removal or fenoxaprop-P applied all season), 

treatments that selectively control Japanese stiltgrass, 2002 autumn evaluations also resulted 

in no treatment differences for relative cover of the species (P ≤ 0.06). Though the selective 

treatments were effective in reducing cover of Japanese stiltgrass in 2002, the lack of 
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treatment differences was likely due to the presence of low populations across the 

experimental sites as a result of a severe drought. 

 When treatment differences were compared for each season of evaluation (summer and 

autumn), there was a treatment by season interaction (2003: P ≤ 0.03; 2004: P ≤ 0.05). 

However, the interaction was an artifact of the timing of management treatments. In other 

words, when populations of Japanese stiltgrass were evaluated, summer evaluations 

accounted for the previous season’s application of all management treatments; whereas, 

autumn evaluations accounted for only the alternative treatments from the current season. 

Therefore, for Japanese stiltgrass, only summer evaluations were used to investigate 

treatment differences because summer evaluations compared the effect of all management 

treatments simultaneously. 

 Following two seasons of management, Japanese stiltgrass was reduced similarly by all 

treatments (Table 1). After one season of management, cover of Japanese stiltgrass increased 

10% relative to nontreated plots, averaged across all treatments. This increase was due to 

recruitment of the plant from the persistent seed bank. Seeds of Japanese stiltgrass have been 

reported to exhibit dormancy (Judge and Neal 2004) and thus create a persistent seed bank 

(Barden 1987; Woods 1989). After two seasons of management, however, populations of 

Japanese stiltgrass decreased 69%. Repeated years of management is effective for reducing 

populations of Japanese stiltgrass.  

 
 Other exotic plants  

 Removal of one exotic species often provides opportunity for populations of other exotics 

to increase. Therefore, presence of other exotic plants was evaluated separately from 
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Japanese stiltgrass or native plants. Few other exotic plants were present at the experimental 

sites. Species present at Duke Forest were autumn olive (Eleagnus umbellata Thunb.), 

bristlegrass (Setaria Beauv.), Japanese honeysuckle, and mimosa (Albizia julibrissin 

Durazz.) (Table 2). At Schenck Memorial Forest, Chinese lespedeza [Lespedeza cuneata 

(Dun.-Cours. G. Don)], Chinese privet (Ligustrum sinense Lour.), and Japanese honeysuckle 

were observed (Table 3). Each of these exotic plants is considered invasive (Miller 2003; 

Miller et al. 2004). In 2002, relative cover of other exotic plants was homogenous prior to 

treatments.  

 There were no differences in relative percent cover of other exotic plants for summer or 

autumn evaluations in 2003 or 2004. Therefore, data were pooled across season of evaluation 

for treatment comparisons. In 2003, all treatments reduced relative cover of other exotic 

plants 7% to 33%, with the exception of alternative hand-removal, which increased relative 

cover of other exotic plants 32% (Table 4). Mowing and glyphosate reduced relative cover of 

other exotic plants 23% to 54% in 2004; whereas, the selective treatments increased relative 

cover of other exotic plants 4% to 62%. The most plausible explanation for the mowing and 

glyphosate treatments consistently decreasing relative cover of other exotic plants is that 

these treatments have a particularly catastrophic impact on woody vegetation (Vencill 2002), 

since woody plants cannot regenerate from underground storage propagules or reproduce 

from seeds as readily as herbaceous vegetation. Most of the exotic plants present were woody 

vegetation with the exception of bristlegrass and Chinese lespedeza.  

 There were no differences over time for relative cover of other exotic plants. After two 

seasons of management, relative cover of other exotic plants decreased 6% averaged across 

all treatments and years (Table 4). 
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 Native plants   

 One goal of selective management treatments of Japanese stiltgrass is to encourage 

recruitment and establishment of native plants. Native plants varied at each location (Duke 

Forest: Table 2; Schenck Memorial Forest: Table 3). Consequently, species were categorized 

by growth form and data for each growth form were analyzed separately. Based on data from 

the 2002 vegetation survey, native plant growth forms were statistically homogenous across 

experimental sites prior to treatments.  

 There were no differences in relative percent cover of native herbs, native monocots, or 

native woody plants for summer or autumn evaluations in 2003 or 2004. Therefore, data were 

pooled across season of evaluation for treatment comparisons. Lack of seasonal differences 

for relative cover of native plants is likely because alternative treatments applied throughout 

the growing season did not affect native herbs and thus, no differences were observed 

between summer and autumn evaluations within a management season.  

 Relative cover of native herbs increased with all treatments in 2003. Fenoxaprop-P, 

provided the greatest increase, with a 167% increase in relative cover of native herbs 

compared to nontreated plots (Table 4). Other treatments increased relative cover of native 

herbs 30% to 88%. In 2004, there were no treatment differences in relative cover of native 

herbs. Relative cover of native herbs increased 125% to 286% compared to nontreated plots. 

Relative cover of native herbs significantly increased over time in concert with multiple 

seasons of management treatments for Japanese stiltgrass. In 2003, overall increases in 

relative cover of native herbs were 85%; whereas, in 2004, relative cover of native herbs 

increased 192%.  
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 Glyphosate decreased relative cover of native monocots by 19% in 2003; whereas, all 

other management treatments increased relative cover of native monocots 52% to 112% 

(Table 4). However, the treatment differences were not statistically significant. In 2004, 

glyphosate provided the lowest increase at 38%, though it was not statistically different than 

fenoxaprop-P. Fenoxaprop-P may have adversely affected some of the grasses (Vencill 

2002), thus providing lower increases in relative cover of native monocots. All other 

treatments increased relative cover of native monocots 174% to 306% compared to 

nontreated plots. Relative cover of native monocots significantly increased over time. In 

2003, overall increases were 59%; whereas, in 2004, relative cover of native monocots 

increased 188%.  

 Relative cover of native woody plants differed among treatments in 2003 and 2004. The 

alternative treatments and the conventional hand-removal treatment increased relative cover 

of native woody plants 52% to 80%, while the nonselective conventional treatments (mowing 

and glyphosate) decreased relative cover of native woody plants 14% to 26%, though not all 

differences were statistically significant (Table 4). Similarly, in 2004, relative cover of native 

woody plants significantly increased with all selective treatments (conventional hand-

removal and alternative hand-removal and fenoxaprop-P) 105% to 135%. The nonselective 

treatments increased relative cover of native woody plants < 22%. The nonselective 

treatments were more detrimental consistently to woody plants compared to selective 

treatments likely because woody plants can not regenerate from underground propagules and 

produce fewer seeds for regeneration. Conversely, herbaceous vegetation can reestablish 

more effectively from seeds even when plants are injured from nonselective methods. 

Further, mowing often does not injure the underground propagules of perennial herbaceous 
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vegetation, thus allowing regrowth. Increases in relative cover of native woody plants were 

greater in 2004 with a 69% increase, compared to 30% increase in 2003.  

 When data for all native plants were combined in 2003, selective treatments significantly 

increased relative cover of native plants 248% to 279%, mowing was not significantly 

different than the selective treatments increasing relative cover of native plants 108%, and 

glyphosate decreased relative cover of native plants 15% (Table 4). In 2004, however, there 

were no treatment differences relative to increases in relative cover of native plants. Overall 

increases in relative cover of native plants were 163% to 561%. Relative cover of native 

plants significantly increased over time. In 2003, overall increases in relative cover of native 

plants were 175%; whereas, in 2004, relative cover of native plants increased 393%.  

 Overall, all management treatments reduced relative cover of Japanese stiltgrass over 

time compared to no management. In addition, relative cover of all native plants increased 

over time compared to no management; yet, selective treatments provided greater increases 

in native plants without increasing cover of other exotic plants.  

  

Species richness 

 Ideally, increases in species richness will contribute to reduced susceptibility of future 

invasion by Japanese stiltgrass or other exotic plants (Elton 1958; Tilman et al. 1997). 

Species richness was homogenous across treatments at experimental sites prior to 2002 

management treatments. Additionally, in 2003 and 2004, there were no differences in relative 

percent cover of native herbs, native monocots, or native woody plants for summer or 

autumn evaluations. Therefore, data were pooled across season of evaluation for treatment 

comparisons. 
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 In 2003, selective treatments exhibited greatest species richness averaging 9 to 13 species 

(Table 5). The glyphosate treatment exhibited the lowest species richness of 7 species. 

Mowing was intermediate between selective treatments and glyphosate. Results in 2004 were 

similar. The selective treatments exhibited species richness of 14 to 16 species. Glyphosate 

treatments averaged 9 species and were no different than the nontreated. The mowing 

treatment had greater species richness (13 species) than the glyphosate treatment (9 species) 

or the nontreated (9 species). Species richness increased significantly over time. Species 

richness was 10 species in 2003; whereas, in 2004, species richness was 13 species. Overall, 

selective treatments provided the greatest increase in species richness over time, whether 

alternative hand-removal or fenoxaprop-P or conventional hand-removal. Glyphosate 

applications resulted in lowest species richness. Mowing was intermediate between selective 

treatments and glyphosate treatments, relative to species richness. Selective treatments 

increased species richness compared to glyphosate or no managment.  

 

Soil seed bank 

 Species appearing in the soil cores were obviously similar to those species recorded in 

forest vegetation surveys; however, some species present in soil cores were not present in the 

vegetation surveys and vice-versa. For example, princess tree and poverty rush (Juncus 

tenuis Willd.) germinated from soil cores, but were never observed in vegetation surveys 

(Duke Forest: Table 6; Schenck Memorial Forest: Table 7). These slight differences are 

likely because of competitive field environments; whereas, the greenhouse is an ideal 

noncompetitive environment for germination. In 2002, plots were homogenous prior to 

treatments based on counts from soil cores exhumed at Schenck Memorial Forest in Spring 
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2002, prior to any management treatments. In 2003 and 2004, there were no differences 

among treatments for seed bank changes of Japanese stiltgrass; however, the relative seed 

bank of Japanese stiltgrass decreased 87% in 2004, significantly more than in 2003 (52%) 

(Figure 1).  

 There were no treatment or year effects for relative differences of soil core counts for 

other growth forms. Cover of other exotics, native herbs, and native monocots generally 

increased with treatments and increased over time. Relative cover of woody plants decreased 

over time, likely due to the overall effects of the nonselective treatments mentioned 

previously. Averaged across treatments and years, relative seed bank increases of other 

exotic vegetation increased 8%, native herbs 9%, native monocots 151%, native woody 

plants 18%, and all native plants 178% (Table A.3). In summary, soil core data demonstrated 

a significant reduction in Japanese stiltgrass over time and increases in all native plants over 

time with all treatments, and a negligible increase (8%) in other exotic plants.  

 

Soil analysis 

 After 3 yr of management treatments, there were no differences between treatments in 

humic matter, weight to volume ratio, cation exchange capacity, percent base saturation, 

exchangeable acidity, pH, and concentrations of phosphorus, potassium, calcium, 

magnesium, manganese, zinc, and copper (Table A.4). Soil properties did not change despite 

the presence or absence of Japanese stiltgrass over 3 yr. Controlling Japanese stiltgrass for 3 

consecutive yr did not result in a change in these soil properties contrary to reports by 

Kourtev et al. (1999) and Ehrenfeld (2001).  
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 In conclusion, decreases in relative cover of Japanese stiltgrass were similar with all 

management treatments for the species compared to no management. Relative cover of 

Japanese stiltgrass decreased over time and was greater in 2004 than 2003. After two full 

seasons of management, relative seed bank populations of Japanese stiltgrass were reduced 

87%. These data demonstrate that management for multiple seasons is an effective strategy 

for decreasing relative cover and seedling recruitment of Japanese stiltgrass.  

 Increases in relative cover of native plants were consistently greater with selective 

treatments, whether alternative hand-removal and fenoxaprop-P or conventional hand-

removal. Conversely, the nonselective treatments, mowing and glyphosate, reduced relative 

cover of native plants consistently. Woody plants were especially susceptible to nonselective 

treatments. Relative cover of other exotic plants generally followed similar trends as native 

woody plants because the majority of other exotic plants were woody. After 3 yr, the relative 

cover of other exotic plants decreased 6% and the soil seed bank of other exotic plants 

increased only 8%. Comparatively, overall increases in relative cover of native plants was 

almost 400%. These data suggest that removal of Japanese stiltgrass from these forest sites 

did not increase the presence of other exotic plant species.  

 After two full seasons of management, species richness was consistently greatest with 

selective treatments of fenoxaprop-P, alternative hand-removal, or conventional hand-

removal; whereas, the nonselective glyphosate resulted consistently in the lowest species 

richness. Mowing was intermediate relative to species richness compared to selective 

treatments and glyphosate. While all management treatments significantly reduced relative 

cover of Japanese stiltgrass and seed bank populations over time compared to no 
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management, selective management was more suitable for recruitment and re-establishment 

of native plants and improving species richness.  

 

Sources of Materials 

   1 Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60189-7900.     

    2 Solo, Inc., 5100 Chestnut Ave., Newport News, VA 23605. 

   3 Middleweight Mix #4-P – peat moss, perlite, vermiculite, and processed pine bark, Conrad 

Fafard, Inc., P.O. Box 790, 770 Silver St., Agawam, MA 01001-0790. 

   4 North Carolina Department of Agriculture and Consumer Services Agronomic Division, 

Soil Testing Section, 1040 Mail Service Center, Raleigh, NC 27699-1040. 
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TABLE 1. Yearly comparisons of management treatments of Japanese stiltgrass on relative 

percent covera of the species.  

Main effect  Japanese stiltgrassb   
Treatmentc   NSd 
Year   P ≤ 0.01 
   2003  10% a 
   2004  -69% b 

 
   a Relative percent cover was calculated relative to nontreated plots in each treatment’s 

corresponding replication.   

   b Percent cover of Japanese stiltgrass was evaluated in summer prior to the current season’s 

management treatments. Thus, treatment effects are comparing the previous season(s) of 

management treatments.  

   c Treatments were hand-removal, mowing, or glyphosate applied late in the season or hand-

removal or fenoxaprop-P applied as needed throughout the growing season.   

   d NS, nonsignificant according to the t test on differences of least square means at P ≤ 0.05. 
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TABLE 2. List of species observed during vegetation surveys at Duke Forest. All parameters determined by the USDA Plants database 

(USDA, NRCS 2004).  

Growth form Species Common name Family Life cycle Exotic
herb Conyza canadensis L. Cronq. horseweed Asteraceae annual
herb Erechtites hieraciifolia (L.) Raf. American burnweed Asteraceae annual
herb Gnaphalium L. cudweed Asteraceae annual
herb Boehmeria cylindrica (L.) Sw. smallspike false nettle Urticaceae perennial
herb Eupatorium capillifolium (Lam.) Small dogfennel Asteraceae perennial
herb Fragaria L. wild strawberry Rosaceae perennial
herb Hypericum mutilum L. St. Johnswort Clusiaceae perennial
herb Lespedeza procumbens Michx. trailing lespedeza Fabaceae perennial
herb Ludwigia alternifolia L. seedbox Onagraceae perennial
herb Ludwigia palustris (L.) Ell. marsh seedbox Onagraceae perennial
herb Mikania scandens (L.) Willd. climbing hempvine Asteraceae perennial
herb Oxalis L. woodsorrel Oxalidaceae perennial
herb Phytolacca americana L. American pokeweed Phytolaccaceae perennial
herb Pluchea camphorata (L.) DC. marsh fleabane Asteraceae perennial
herb Polygonum punctatum Ell. dotted smartweed Polygonaceae perennial
herb Polypremum procumbens L. juniper leaf Buddlejaceae perennial
herb Solanum carolinense L. Carolina horsenettle Solanaceae perennial
herb Solidago L. goldenrod Asteraceae perennial
monocot Setaria Beauv. bristlegrass Poaceae annual
monocot Andropogon virginicus L. broomsedge Poaceae perennial
monocot Cyperus echinatus (L.) Wood globe flatsedge Cyperaceae perennial
monocot Cyperus strigosus L. sedge Cyperaceae perennial

monocot 
Dicanthelium acuminatum (Sw.) Gould & C.A. 
Clark var. fasciculatum (Torr.) Freckmann western panicgrass Poaceae perennial   

monocot 
Dicanthelium sphaerocarpon (Ell.) Gould var. 
isophyllum (Schribn.) Gould & C.A. Clark roundseed panicgrass Poaceae perennial   

monocot Dulichium arundinaceum (L.) Britt threeway sedge Cyperaceae perennial
monocot Erianthus sp. plumegrass Poaceae perennial
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Growth form Species Common name Family Life cycle Exotic
monocot Juncus scirpoides Lam. needlepod rush Juncaceae perennial
monocot Muhlenbergia schreberi J.F. Gmel. nimblewill Poaceae perennial
monocot Scirpus L. bulrush Cyperaceae perennial
monocot Smilax L. greenbriar Smilacaceae perennial
monocot Unknown Dicanthelium Poaceae perennial
monocot Unknown grass Poaceae perennial
monocota Microstegium vimineum (Trin.) A. Camus Japanese stiltgrass Poaceae annual
woody Acer rubrum L. red maple Aceraceae perennial
woody Albizia julibrissin Durazz. mimosa Fabaceae perennial X
woody Cercis canadensis L. redbud Fabaceae perennial
woody Cornus florida L. flowering dogwood Cornaceae perennial
woody Eleagnus umbellata Thunb. autumn olive Eleagnaceae perennial X
woody Juniperus virginiana L. eastern red cedar Cupressaceae perennial
woody Liquidmbar styraciflua L. American sweetgum Hamamelidaceae perennial
woody Liriodendron tulipifera L. tulip poplar Magnoliaceae perennial
woody Lonicera japonica Thunb. Japanese honeysuckle Caprifoliaceae perennial X
woody Parthenocissus quinquefolia (L.) Planch. Virginia creeper Vitaceae perennial
woody Pinus taeda L. loblolly pine Pinaceae perennial
woody Platanus occidentalis L. American sycamore Platanaceae perennial
woody Quercus L. oak Fagaceae perennial
woody Rubus L. blackberry Rosaceae perennial

woody Solanum americanum P. Mill. 
American black 
nightshade Solanaceae perennial   

woody Toxicodendron radicans (L.) Kuntze eastern poison ivy Anacardiaceae perennial
woody Ulmus alata Michx. winged elm Ulmaceae perennial
woody Vitis L. wild grape Vitaceae perennial

 

   a Microstegium vimineum was classified as its own growth form, rather than being categorized with the monocot growth form.  



 140

TABLE 3. List of species observed during vegetation surveys at Schenck Memorial Forest. All parameters determined by the USDA 

Plants database (USDA, NRCS 2004). 

Growth form Species Common name Family Life cycle Exotic
herb Conyza canadensis L. Cronq. horseweed Asteraceae annual
herb Erechtites hieraciifolia (L.) Raf. American burnweed Asteraceae annual
herb Erigeron strigosus Muhl. ex Willd. prairie fleabane Asteraceae annual
herb Gnaphalium L. cudweed Asteraceae annual
herb Impatiens capensis Meerb. jewelweed Balsaminaceae annual
herb Aeschynomene L. jointvetch Fabaceae perennial
herb Allium vineale L. wild garlic Liliaceae perennial
herb Apocynum cannabinum L. Indian hemp Apocynaceae perennial
herb Desmodium Desv. ticktrefoil Fabaceae perennial
herb Eupatorium capillifolium (Lam.) Small dogfennel Asteraceae perennial
herb Fragaria L. wild strawberry Rosaceae perennial
herb Hypericum mutilum L. St. Johnswort Clusiaceae perennial
herb Lespedeza cuneata (Dun.-Cours. G. Don) Chinese lespedeza Fabaceae perennial X
herb Oxalis L. woodsorrel Oxalidaceae perennial
herb Polypremum procumbens L. juniper leaf Buddlejaceae perennial
herb Salvia lyrata L. lyreleaf sage Lamiaceae perennial
herb Solanum carolinense L. Carolina horsenettle Solanaceae perennial
herb Solidago L. goldenrod Asteraceae perennial
herb Verbena urticifolia L. white vervain Verbenaceae perennial
herb Verbesina occidentalis L. (Walt.) yellow crownbeard Asteraceae perennial
herb Viola L. violet Violaceae perennial
herba Asplenium platyneuron (L.) Oakes ebony spleenwort Aspleniaceae perennial
monocot Andropogon virginicus L. broomsedge Poaceae perennial
monocot Cyperus strigosus L. sedge Cyperaceae perennial

monocot 
Dicanthelium acuminatum (Sw.) Gould & C.A. 
Clark var. fasciculatum (Torr.) Freckmann western panicgrass Poaceae perennial  
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Growth form Species Common name Family Life cycle Exotic

monocot 
Dicanthelium sphaerocarpon (Ell.) Gould var. 
isophyllum (Schribn.) Gould & C.A. Clark roundseed panicgrass Poaceae perennial  

monocot Erianthus sp. plumegrass Poaceae perennial
monocot Juncus scirpoides Lam. needlepod rush Juncaceae perennial
monocot Muhlenbergia schreberi J.F. Gmel. nimblewill Poaceae perennial
monocot Smilax L. greenbriar Smilacaceae perennial
monocot Unknown Dicanthelium Poaceae perennial
monocotb Microstegium vimineum (Trin.) A. Camus Japanese stiltgrass Poaceae annual X
woody Acer rubrum L. red maple Aceraceae perennial
woody Carya Nutt. hickory Junglandaceae perennial
woody Cornus florida L. flowering dogwood Cornaceae perennial
woody Eleagnus umbellata Thunb. autumn olive Eleagnaceae perennial
woody Fraxinus americana L. white ash Oleaceae perennial
woody Ligustrum sinense Lour. Chinese privet Oleacease perennial X
woody Liquidmbar styraciflua L. American sweetgum Hamamelidaceae perennial
woody Liriodendron tulipifera L. tulip poplar Magnoliaceae perennial
woody Lonicera japonica Thunb. Japanese honeysuckle Caprifoliaceae perennial X
woody Oxydendrum arboreum (L.) DC. sourwood Ericaceae perennial
woody Parthenocissus quinquefolia (L.) Planch. Virginia creeper Vitaceae perennial
woody Pinus taeda L. loblolly pine Pinaceae perennial
woody Prunus serotina Ehrh. black cherry Rosaceae perennial
woody Quercus L. oak Fagaceae perennial
woody Rubus L. blackberry Rosaceae perennial
woody Salix nigra Marsh. black willow Salicaceae perennial

woody Solanum americanum P. Mill. 
American black 
nightshade Solanaceae perennial  

woody Toxicodendron radicans (L.) Kuntze eastern poison ivy Anacardiaceae perennial
woody Ulmus alata Michx. winged elm Ulmaceae perennial
woody Vitis L. wild grape Vitaceae perennial

 
   a Asplenium platyneuron is a fern; however, due to the limited presence of ferns, it was categorized with the herb growth form.  



 142

   b Microstegium vimineum was classified as its own growth form, rather than being categorized with the monocot growth form.  
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TABLE 4. Yearly comparisons of management treatments for Japanese stiltgrass on relative 

percent vegetation covera in 2003 and 2004.  

2003 
  Growth Form 

 
Main effectb 

 Other 
exotics 

Native 
herbs 

Native 
monocots 

Native 
woodies 

All 
natives 

Treatmentc  P ≤ 0.02 P ≤ 0.01 NSd P ≤ 0.03 P ≤ 0.01 
  ––––––––––––––––––––––––––%–––––––––––––––––––––––––
   Conventional   
      Hand-removal  -13 b 77 b 92 a 80 a 248 a 
      Mowing  -7 b 63 b 60 a -14 bc 108 ab 
      Glphosate  -33 b 30 b -19 a -26 c -15 b 
   Alternative       
      Hand-removal  32 a 88 b 112 a 52 abc 253 a 
      Fenoxaprop-P  -11 b 167 a 52 a 60 ab 279 a 

2004 
  Growth Form 

 
 

 Other 
exotics 

Native 
herbs 

Native 
monocots 

Native 
woodies 

All 
natives 

Treatment  P ≤ 0.01 NS P ≤ 0.01 P ≤ 0.01 NS 
  ––––––––––––––––––––––––––%–––––––––––––––––––––––––
   Conventional       
      Hand-removal  5 ab 230 a 306 bc 105 c 561 a 
      Mowing  -23 bcd 141 a 195 bc 0 ab 163 a 
      Glphosate  -54 cd 125 a 38 a 21 a 357 a 
   Alternativea        
      Hand-removal  62 a 213 a 253 bc 135 c 450 a 
      Fenoxaprop-P  4 abc 286 a 174 ab 118 c 433 a 
Year  NS P ≤ 0.01 P ≤ 0.01 P ≤ 0.01 P ≤ 0.01 
  ––––––––––––––––––––––––%––––––––––––––––––––––– 
   2003  -6 a 85 b 59 b 30 b 175 b 
   2004  -5 a 192 a 188 a 69 a 393 a 

  

  a Relative percent cover was calculated relative to nontreated plots in each treatment’s 

corresponding replication.   

   b Main effects were averaged across season of evaluation (summer and autumn).  
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   c Conventional treatments were applied in autumn prior to flowering; whereas, alternative 

treatments were applied as needed throughout the growing season.  

    d NS, nonsignificant according to the t test on differences of least square means at P ≤ 0.05.  
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TABLE 5. Yearly comparisons of management treatments for Japanese stiltgrass on species 

richness in 2003 and 2004.  

  Year of evaluation 
Main effecta  2003 2004 
Treatmentb  P ≤ 0.01 P ≤ 0.01 
  ––––––––––––––––––# of species–––––––––––––––––– 
   Nontreated  9 c 9 cd 
   Conventional    
      Hand-removal 9 bc 14 ab 
      Mowing  9 c 13 b 
      Glyphosate  7 d 9 c 
   Alternative    
      Hand-removal  13 a  16 a 
      Fenoxaprop-P 11 ab 14 ab 
Year  P ≤ 0.01 
 ––––––––––––––––––# of species–––––––––––––––––– 
   2003 10 b 
   2004 13 a 

 
   a Main effects were averaged across season of evaluation (summer and autumn).   

   b Conventional treatments were applied in autumn prior to flowering; whereas, alternative 

treatments were applied as needed throughout the growing season. 
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TABLE 6. List of species observed in soil cores removed from Duke Forest. All parameters determined by the USDA Plants database 

(USDA, NRCS 2004). 

Growth form Species Common name Family Life cycle Exotic
herb Cardamine hirsuta L. hairy bittercress Brassicaceae annual X
herb Conyza canadensis L. Cronq. horseweed Asteraceae annual
herb Erechtites hieraciifolia (L.) Raf. American burnweed Asteraceae annual
herb Gnaphalium L. cudweed Asteraceae annual
herb Lindernia dubia (L.) Pennell yellow false pimpernel Scrophulariaceae annual
herb Boehmeria cylindrica (L.) Sw. smallspike false nettle Urticaceae perennial
herb Chenopodium ambrosioides L. Mexican tea Chenopodiaceae perennial X
herb Eupatorium capillifolium (Lam.) Small dogfennel Asteraceae perennial
herb Fragaria L. wild strawberry Rosaceae perennial
herb Hypericum mutilum L. St. Johnswort Clusiaceae perennial
herb Ludwigia alternifolia L. seedbox Onagraceae perennial

herb Ludwigia decurrens Walt. 
wingleaf primrose 
willow Onagraceae perennial  

herb Ludwigia glandulosa Walt. 
cylindric fruit 
primrose willow Onagraceae perennial  

herb Ludwigia palustris (L.) Ell. marsh seedbox Onagraceae perennial
herb Mecardonia acuminata (Walt.) Small axilflower Scrophulariaceae perennial
herb Mikania scandens (L.) Willd. climbing hempvine Asteraceae perennial
herb Oxalis L. woodsorrel Oxalidaceae perennial
herb Phytolacca americana L. American pokeweed Phytolaccaceae perennial
herb Pluchea camphorata (L.) DC. marsh fleabane Asteraceae perennial
herb Polygonum punctatum Ell. dotted smartweed Polygonaceae perennial
herb Polypremum procumbens L. juniper leaf Buddlejaceae perennial
monocot Setaria Beauv. Bristlegrass Poaceae annual X
monocot Andropogon virginicus L. broomsedge Poaceae perennial
monocot Cyperus echinatus (L.) Wood globe flatsedge Cyperaceae perennial
monocot Cyperus strigosus L. sedge Cyperaceae perennial
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Growth form Species Common name Family Life cycle Exotic

monocot 
Danthonia spicata (L.) Beauv. ex Roemer & 
J.A. Schultes poverty oatgrass Poaceae perennial  

monocot 
Dicanthelium acuminatum (Sw.) Gould & C.A. 
Clark var. fasciculatum (Torr.) Freckmann western panicgrass Poaceae perennial  

monocot 
Dicanthelium sphaerocarpon (Ell.) Gould var. 
isophyllum (Schribn.) Gould & C.A. Clark roundseed panicgrass Poaceae perennial  

monocot Juncus scirpoides Lam. needlepod rush Juncaceae perennial
monocot Juncus tenuis Willd. poverty rush Juncaceae perennial
monocot Muhlenbergia schreberi J.F. Gmel. nimblewill Poaceae perennial
monocot Saccharum L. wild sugarcane Poaceae perennial X
monocot Scirpus L. bulrush Cyperaceae perennial
monocot Unknown Dicanthelium Poaceae perennial
monocot Unknown grass Poaceae perennial
monocota Microstegium vimineum (Trin.) A. Camus Japanese stiltgrass Poaceae annual X
woody Albizia julibrissin Durazz. mimosa Fabaceae perennial X
woody Baccharis halimifolia L. eastern baccharis Asteraceae perennial
woody Cercis canadensis L. redbud Fabaceae perennial
woody Leucothoe racemosa (L.) Gray swamp doghobble Ericaceae perennial
woody Liriodendron tulipifera L. tulip poplar Magnoliaceae perennial
woody Lonicera japonica Thunb. Japanese honeysuckle Caprifoliaceae perennial X

woody 
Paulownia tomentosa (Thunb.) Sieb. & Ducc. 
ex Steud. princesstree Scrophulariaceae perennial X 

woody Pinus taeda L. loblolly pine Pinaceae perennial
woody Platanus occidentalis L. American sycamore Platanaceae perennial
woody Rhus copallinum L. flameleaf sumac Anacardiaceae perennial
woody Rubus L. blackberry Rosaceae perennial
woody Salix nigra Marsh. black willow Salicaceae perennial

woody Solanum americanum P. Mill. 
American black 
nightshade Solanaceae perennial  

woody Ulmus alata Michx. winged elm Ulmaceae perennial
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   a Microstegium vimineum was classified as its own growth form, rather than being categorized with the monocot growth form. 
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TABLE 7. List of species observed in soil cores removed from Schenck Memorial Forest. All parameters determined by the USDA 

Plants database (USDA, NRCS 2004). 

Growth form Species Common name Family Life cycle Exotic
herb Amaranthus blitum L. purple amaranth Amaranthaceae annual X
herb Cardamine hirsuta L. hairy bittercress Brassicaceae annual X
herb Conyza canadensis L. Cronq. horseweed Asteraceae annual
herb Erechtites hieraciifolia (L.) Raf. American burnweed Asteraceae annual
herb Erigeron strigosus Muhl. ex Willd. prairie fleabane Asteraceae annual
herb Gnaphalium L. cudweed Asteraceae annual
herb Impatiens capensis Meerb. jewelweed Balsaminaceae annual
herb Lindernia dubia (L.) Pennell yellow false pimpernel Scrophulariaceae annual
herb Chenopodium ambrosioides L. Mexican tea Chenopodiaceae perennial X
herb Desmodium Desv. ticktrefoil Fabaceae perennial
herb Eupatorium capillifolium (Lam.) Small dogfennel Asteraceae perennial
herb Hypericum mutilum L. St. Johnswort Clusiaceae perennial
herb Lespedeza cuneata (Dun.-Cours. G. Don) Chinese lespedeza Fabaceae perennial X
herb Mecardonia acuminata (Walt.) Small axilflower Scrophulariaceae perennial
herb Oxalis L. woodsorrel Oxalidaceae perennial
herb Phryma leptostachya L. Amercan lopseed Verbenaceae perennial
herb Phytolacca americana L. American pokeweed Phytolaccaceae perennial
herb Polypremum procumbens L. juniper leaf Buddlejaceae perennial
herb Salvia lyrata L. lyreleaf sage Lamiaceae perennial
herb Solanum carolinense L. Carolina horsenettle Solanaceae perennial
herb Solidago L. goldenrod Asteraceae perennial
herb Verbena urticifolia L. white vervain Verbenaceae perennial
herb Verbesina occidentalis L. (Walt.) yellow crownbeard Asteraceae perennial
herb Viola L. violet Violaceae perennial
herba Asplenium platyneuron (L.) Oakes ebony spleenwort Aspleniaceae perennial
monocot Andropogon virginicus L. broomsedge Poaceae perennial
monocot Cyperus strigosus L. sedge Cyperaceae perennial

 



 150

Growth form Species Common name Family Life cycle Exotic

monocot 
Dicanthelium acuminatum (Sw.) Gould & C.A. 
Clark var. fasciculatum (Torr.) Freckmann western panicgrass Poaceae perennial  

monocot 
Dicanthelium sphaerocarpon (Ell.) Gould var. 
isophyllum (Schribn.) Gould & C.A. Clark roundseed panicgrass Poaceae perennial  

monocot Erianthus sp. plumegrass Poaceae perennial
monocot Juncus scirpoides Lam. needlepod rush Juncaceae perennial
monocot Juncus tenuis Willd. poverty rush Juncaceae perennial
monocot Muhlenbergia schreberi J.F. Gmel. nimblewill Poaceae perennial
monocot Scirpus L. bulrush Cyperaceae perennial
monocot Smilax L. greenbriar Smilacaceae perennial
monocotb Microstegium vimineum (Trin.) A. Camus Japanese stiltgrass Poaceae annual X
woody Acer rubrum L. red maple Aceraceae perennial
woody Baccharis halimifolia L. eastern baccharis Asteraceae perennial
woody Cornus florida L. flowering dogwood Cornaceae perennial
woody Liquidmbar styraciflua L. American sweetgum Hamamelidaceae perennial
woody Liriodendron tulipifera L. tulip poplar Magnoliaceae perennial
woody Lonicera japonica Thunb. Japanese honeysuckle Caprifoliaceae perennial X
woody Parthenocissus quinquefolia (L.) Planch. Virginia creeper Vitaceae perennial

woody 
Paulownia tomentosa (Thunb.) Sieb. & Ducc. 
ex Steud. princesstree Scrophulariaceae perennial X 

woody Pinus taeda L. loblolly pine Pinaceae perennial
woody Rhus copallinum L. flameleaf sumace Anacardiaceae perennial
woody Rubus L. blackberry Rosaceae perennial
woody Salix nigra Marsh. black willow Salicaceae perennial

woody Solanum americanum P. Mill. 
American black 
nightshade Solanaceae perennial  

woody Ulmus alata Michx. winged elm Ulmaceae perennial
 
   a Asplenium platyneuron is a fern; however, due to the limited presence of ferns, it was categorized with the herb growth form. 

   b Microstegium vimineum was classified as its own growth form, rather than being categorized with the monocot growth form.  
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FIGURE 1. Soil seed bank changes of Japanese stiltgrass over time, calculated as relative 

difference in seedling counts from nontreated plots. Data are averaged across management 

treatments because there was no treatment main effect. Data from 2002 only reflect Schenck 

Memorial Forest. Since 2002 counts were prior to management treatments, they were not 

compared statistically.  
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SUMMARY AND CONCLUSIONS 

 Japanese stiltgrass is an invasive, summer annual grass of paramount management 

concern in natural areas of the eastern United States. The primary goals of past research on 

this species have been to raise awareness of the invasive capabilities of Japanese stiltgrass 

and to elucidate biological and ecological constraints of Japanese stiltgrass. Understanding 

constraints for an invasive plant can help to predict future invasions and assess characteristics 

that allow plant communities to be more or less susceptible to invasion by Japanese stiltgrass. 

No long-term studies have directly compared the ecological impacts of management 

strategies and biological characteristics of populations of Japanese stiltgrass, or recruitment 

and establishment of native flora following management. The studies reported herein 

addressed these parameters. By investigating alternative management options for Japanese 

stiltgrass, reproductive biology of Japanese stiltgrass, and recruitment and establishment of 

native flora following management of Japanese stiltgrass, we aim to provide land managers 

with improved, realistic, and management recommendations for Japanese stiltgrass while 

facilitating restoration of desirable native plant communities.  

   

 
Biological Considerations to Improve Late Season Management 

 Current management guidelines emphasize prevention of seed production by hand-

removal, mechanically (i.e., mowing), or nonselective postemergence herbicides (e.g., 

glyphosate) in autumn prior to flowering. In Chapter 2, environmental stimuli for flowering 

and seed development of Japanese stiltgrass to improve timing of late season management 

were reported. Understanding cues for flowering, such as photoperiod requirements, may 
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enable land managers to better predict when late season management of Japanese stiltgrass 

should be implemented. Once plants have been killed by hand or mechanically, it is often not 

practical to remove plants from the site and remains are generally left on the soil surface. To 

ensure hand-removal or mowing practices prevent viable seed formation, it is necessary to 

know when seed become mature or have enough reserves to mature following removal from 

the parent plant.   

 Seeds of Japanese stiltgrass were sown at 26/22 C under long-days. Plants were moved 2, 

6, or 10 wk after seed germination to each of two growth chambers at 26/22 or 22/18 C both 

under short-day conditions. All plants flowered in response to short-days, while under long 

days no plants flowered, suggesting that Japanese stiltgrass is an obligate short day plant. 

Temperature did not affect inflorescence number or shoot dry weight. Under short days, 

inflorescence number per plant averaged 663, 1146, and 1560, and shoot dry weight per plant 

averaged 27, 57, and 105 g for plants moved 2, 6, or 10 wk after seed germination, 

respectively. Furthermore, populations of Japanese stiltgrass originating from North 

Carolina, Pennsylvania, and Virginia did not demonstrate differences in response to 

photoperiod or experimental temperatures, suggesting that differences in flowering dates 

across the distribution range of Japanese stiltgrass is caused by one or more environmental 

factors, rather than ecotypic differences.  

 In 2003 and 2004, inflorescences from natural stands of Japanese stiltgrass were 

harvested at each of the following growth stages in reproductive development: one raceme 

branch beginning to emerge through the leaf sheath, one raceme branch fully elongated with 

a second branch visible, fully expanded inflorescences prior to seed shed, and inflorescences 

in concert with natural seed dispersal. Following > 90 d storage, seed germination from each 
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harvest date averaged 13%, 51%, 95%, and 100%, respectively. These data demonstrate that 

management programs must be implemented before inflorescence formation or it is likely 

that viable seeds will contribute to the seed bank. Timeliness of management treatments is 

critical for prevention of seed production. Collectively, these data may facilitate development 

of floral development models useful in predicting flowering of Japanese stiltgrass and 

required timing for late season management.   

 In central North Carolina, chasmogamous flowers first become visible in late September 

and early October. Therefore, based on field observations, the critical day length for 

flowering of Japanese stiltgrass is > 12 h. In central North Carolina, because floral induction 

occurs prior to visible inflorescences, the critical photoperiod correlates to mid-September. 

Thus, the photoperiod requirement is likely just over 12 h. In latitudes farther north, this 

photoperiod requirement must interact with other environmental variables, such as 

temperature, because flowering occurs earlier in the season. The interaction of photoperiod 

and temperature may limit invasion by Japanese stiltgrass into more northern latitudes.  

 

Alternatives to Late Season Management  

 Since late season management efforts for Japanese stiltgrass must be critically timed, the 

potential of alternative management options were investigated. Initially, four selective 

postemergence grass herbicides, clethodim, fenoxaprop-P, fluazifop-P, and sethoxydim, were 

screened for control of Japanese stiltgrass in containers. Each of the herbicides controlled 

Japanese stiltgrass. In Chapter 3, experiments were reported comparing the efficacy of three 

selective postemergence (POST) herbicides on Japanese stiltgrass in a natural stands. 

Efficacy of fenoxaprop-P, imazapic, and sethoxydim applied early season, mid-season, or 
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late season on monoculture understory stands of Japanese stiltgrass were compared in North 

Carolina and Virginia from 2002 to 2004. Averaged across application timings, the 

herbicides controlled Japanese stiltgrass at the end of the growing season 83% to 89% and 

reduced seedhead production 79% to 94% compared with nontreated plants. Seedling 

emergence was reduced in the Spring 2004 by 89%, 70%, and 78% by fenoxaprop-P, 

imazapic, and sethoxydim, respectively, applied in 2003. In a separate experiment, 

fenoxaprop-P or sethoxydim applied twice (4 wk apart) at half or full-labeled rates controlled 

Japanese stiltgrass, with 92% biomass reduction and 97% to 98% seedhead reduction.  

 The aforementioned studies demonstrate that Japanese stiltgrass can be selectively 

controlled POST. Fenoxaprop-P, imazapic, or sethoxydim applied anytime throughout the 

growing season, but before flowering, will effectively reduce biomass and seed production of 

Japanese stiltgrass and reduce seedling recruitment the following spring. Furthermore, when 

applied twice, 4 wk apart, either fenoxaprop-P or sethoxydim applied at half or full-labeled 

rates controlled Japanese stiltgrass. For each of the POST herbicides, it is necessary to 

confirm site specificity of product labels due to the complex range of ecosystems where 

management of Japanese stiltgrass is desired. Depending on the management goals and level 

of selectivity desired, land managers of invaded sites have multiple POST herbicide options 

for control of Japanese stiltgrass. 

 

Biological Considerations for Seed Bank Management 

 As an annual species, Japanese stiltgrass relies exclusively on its seed bank for annual 

recruitment. To provide an ecological foundation for management of Japanese stiltgrass, seed 

storage conditions required to break dormancy were compared in a controlled-environment 
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germination experiment and a complementary field experiment (Chapter 4). Mature seeds of 

Japanese stiltgrass were collected from local populations in 2002 and 2003 and stored moist 

at 4 C (stratified) or dry at 21 C for 0, 15, 30, 60, or 90 d. After each respective storage 

interval, seeds were incubated in petri dishes at 24/18 C alternating or constant 24 C. Within 

each temperature regime, seeds were either exposed to 14 h or 0 h (total dark) photoperiod. 

Cumulative percent germination was determined 30 d after seeding. Less than 1% of seeds 

stored 0 or 15 d germinated, while > 95% of seeds stored 90 d germinated, suggesting 

primary innate dormancy upon natural dispersal. For seeds stored < 90 d, germination was 

greater when seeds were stored dry rather than stratified, exposed to alternating temperatures 

rather than constant temperatures, and exposed to light rather than total darkness. Dormancy 

was completely overcome after 90 d and all incubation conditions were adequate for seed 

germination. These results have implications on the potential longevity of the persistent seed 

bank. Under field conditions, seeds are exposed to conditions required for breaking 

dormancy, thus all seeds have high potential for germination. Therefore, contributions to the 

persistent soil seed bank should be minimal. Managing populations of Japanese stiltgrass to 

prevent seed input annually should deplete the seed bank rapidly. Additionally, these data are 

useful for researchers wishing to maintain seed lots of Japanese stiltgrass; after 90 d storage, 

seed germination should approach 100%.   

 Though the annual dormancy cycle was not tested explicitly, it has been reported that 

seeds germinate in a spring following a year when no seeds of Japanese stiltgrass seeds have 

entered the seed bank. Only seeds with nondeep physiological dormancy reenter dormancy 

and exhibit annual cycles in their dormancy states. Therefore, it is suggested that Japanese 

stiltgrass possesses nondeep physiological dormancy, dormancy where seeds cannot 
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germinate at any temperature or they germinate only over a very narrow range of 

temperatures. Nondeep physiological dormancy is the most common type of dormancy for 

weeds and can be overcome by relatively short periods of cold stratification or dry storage at 

room temperature. Seeds of Japanese stiltgrass overcame dormancy in either type of storage, 

though seeds that were stored dry overcame dormancy sooner than stratified seeds. This 

dormancy may be caused because palea and lemma may restrict movement of oxygen to the 

embryo, may prevent leaching of inhibitors from the embryo, retard the entrance of oxygen, 

or prevent production of inhibitors. Elucidation of the environmental conditions that 

overcome dormancy and induce germination in nature will improve long-term seed bank 

management strategies with the goal of eradicating Japanese stiltgrass from ecosystems 

invaded by the species.   

 

Ecological Considerations for Long-term Management 

 One concern about currently recommended late season management options including 

hand-removal, mechanical removal, or nonselective herbicide applications, is that removal in 

autumn, by any of these methods, can eliminate cover at a time of year when little re-

establishment of native vegetation is possible. Additionally, late season managements allows 

season-long competition reducing the potential for native species recruitment. As a result, 

newly germinated seedlings of Japanese stiltgrass may have a competitive advantage the 

following spring.  

 No long-term studies have compared directly the ecological impacts of management 

strategies on populations of Japanese stiltgrass or recruitment and establishment of native 

flora. Therefore, an experiment was initiated in 2002 and continued for three growing 



 158

seasons in two mixed pine-hardwood forests in central North Carolina. Conventional 

treatments included hand-removal, mowing, and one application of glyphosate (1.1 kg ai/ha) 

in autumn compared to hand-removal or fenoxaprop-P (0.19 kg ai/ha) applied once or twice 

as needed throughout the growing season. All treatments were compared to nontreated plots. 

Percent cover by species was recorded each year in summer and autumn. Cover classes 

included cover of Japanese stiltgrass, other exotic plants, native dicot herbs, native monocots, 

and native woody plants. Additionally, the soil seed bank of all species was monitored over 

time by extracting soil cores and counting emerged seedlings. Lastly, soil was analyzed at the 

end of 3 yr to ascertain if removal of Japanese stiltgrass affected soil properties.  

 All management treatments reduced cover and seed bank of Japanese stiltgrass over time 

compared to no management. Further, decreases of Japanese stiltgrass relative cover were 

greater in 2004 than 2003 with all treatments. Concurrently, the seed bank of Japanese 

stiltgrass also decreased over time. After two full seasons of management, averaged across 

all treatments, seed bank of Japanese stiltgrass populations were reduced 87% compared to 

nontreated plots. These data demonstrate that management for more than two years will be 

required to exhaust the seed bank. 

 Relative native plant cover increased consistently with selective treatments, alternative 

hand-pulling and fenoxaprop-P and conventional hand-pulling. Conversely, the nonselective 

treatments, mowing and glyphosate, reduced consistently relative cover of native plants. 

Woody plants were especially susceptible to nonselective management. Relative cover of 

other exotic plants generally followed similar trends as native woody plants; after 3 yr, 

relative cover of other exotic plants decreased 6%. Overall increase in relative cover of 
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native plants was almost 400%, suggesting that removal of Japanese stiltgrass does not 

increase the invasion of other exotic plant species in the ecosystems evaluated.  

 After two full seasons of management, species richness was consistently greatest with 

selective treatments of fenoxaprop-P, alternative hand-removal, or conventional hand-

pulling; whereas, the nonselective glyphosate treatment resulted consistently in the lowest 

species richness. Mowing was intermediate relative to species richness. While all 

management treatments significantly reduced populations of Japanese stiltgrass over time 

compared to no management, selective management was more suitable for recruiting and re-

establishing native plants and increasing species richness.  

 

Conclusions 

 The aim of this research was to provide land managers with improved and realistic 

management recommendations for Japanese stiltgrass while facilitating restoration of 

desirable native plant communities and reducing the reliance of chemical management over 

time. This can be accomplished in part by investigating alternative management options for 

Japanese stiltgrass, reproductive biology of Japanese stiltgrass, and recruitment and 

establishment of native flora following management of Japanese stiltgrass. Data herein 

demonstrate that late-season management must be timed precisely to fully prevent seed 

production and subsequent inputs into the soil seed bank. Therefore, alternatives to late-

season management were provided. Fenoxaprop-P, imazapic, or sethoxydim equally control 

Japanese stiltgrass when applied May to August. Two applications of fenoxaprop-P or 

sethoxydim are more effective than one application, whether half or full-labeled rates are 

utilized. Not only do these management options provide alternative herbicide, timing, dose, 
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and frequency options compared to conventional management of Japanese stiltgrass 

recommendations, they also provide selective management options for land managers.   

 Understanding seed dormancy of Japanese stiltgrass allows land managers to determine 

the time required to effectively reduce or eradicate the seed bank and thus populations of 

Japanese stiltgrass. Seeds of Japanese stiltgrass possess primary innate dormancy upon 

dispersal. However, dormancy is overcome by storing seeds dry or stratifying seeds 90 d or 

less. Under field conditions, seeds are exposed to appropriate environmental conditions 

required for breaking dormancy, thus all seeds have high potential for germination. 

Therefore, contributions to the persistent soil seed bank should be minimal. Managing a 

population of Japanese stiltgrass for 2 yr significantly reduces seed bank populations. Ideally, 

3 yr of managements will reduce seed bank populations to negligible levels if new seed 

migrations of the species can be eliminated (i.e., watershed level, neighborhood level).  

 Combining selective weed management strategies with knowledge of the biology of 

Japanese stiltgrass allowed examination of long-term impacts of management on the 

restoration of native plant communities. All management treatments decreased seed bank 

populations of Japanese stiltgrass; however, selective management was more suitable for 

recruitment and re-establishment of native plants and increasing species richness. In addition, 

the overall increase in relative cover of other exotic plants decreased 6% over time 

suggesting that removal of Japanese stiltgrass does not increase invasion of other exotic plant 

species.  

 In an ideal world, plant communities with greater abundance of native species and 

richness will be less susceptible to future invasion even in the highly likely event of the 

introduction of new Japanese stiltgrass or other exotic plant populations. New introductions 
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are likely because the sites utilized during this investigation are similar to many invaded sites 

throughout the eastern United States. Invaded sites are often highly disturbed by people and 

equipment, are small tracts of forests with high perimeter to area ratio in and around highly 

urbanized areas, and are invaded by many invasive plants. Ideally, currently recommended 

selective management treatments will provide land managers with long-term control options 

for Japanese stiltgrass to increase native plant abundance and species richness. Presumably, 

once seed bank populations of Japanese stiltgrass are depleted and native plant communities 

are restored, they will be more likely to resist future plant invasions and will discontinue the 

reliance of land managers on chemical management.   

  

Recommendations 

 In conclusion, management of Japanese stiltgrass is possible. Many preemergence and 

postemergence herbicides are very effective in controlling Japanese stiltgrass. Hand-pulling 

and mowing are also effective management strategies. For effective management of Japanese 

stiltgrass, one must evaluate the actual site of management, and available and legal 

management options. For example, many herbicides are not registered for use in some 

habitats populated by Japanese stiltgrass, particularly in sensitive riparian habitats. 

Furthermore, one must evaluate the management goal. For example, in a forest community, 

the goal may be to minimize impact on other vegetation; whereas, in a roadside environment, 

the goal may be quite different.  

 No matter the management site, management goal, or choice of management method, 

management of Japanese stiltgrass must occur for at least 2 yr. Afterwards, the majority of 

the seed bank will be depleted but it is essential to “spot treat” persistent plants to eradicate 



 162

the population. Limitations to management of Japanese stiltgrass are the feasibility of 

management on a large scale. For example, in the greenways systems of Raleigh and Cary, 

North Carolina, with repeated seed introductions from waterways and human or vehicular 

traffic, eradication efforts must be conducted on a large scale with efforts to minimize 

subsequent seed introductions. Continual monitoring will also be necessary for escaped 

populations that must be spot treated as needed. In a state park or wildlife refuge, control of 

Japanese stiltgrass is possible if management is prioritized and adequate funding is available. 

However, continued monitoring is necessary once populations are reduced since small 

populations can persist for many years without developing a monoculture. Once the large 

populations are reduced, these small satellite populations must be monitored.  

 Some remaining questions that the research herein did not address were whether the seed 

bank populations of Japanese stiltgrass can truly be eradicated. Further, if Japanese stiltgrass 

is controlled, will the new plant communities be less susceptible to invasion by Japanese 

stiltgrass or other exotic invasive plants? Also, will the less diverse glyphosate treatments 

ultimately reach the same species richness as the selective treatments in the absence of 

competition by Japanese stiltgrass and absence of further glyphosate application? Finally, is 

greater species richness important in the context of resistance to future invasion? How can 

Japanese stiltgrass be managed on a large scale (e.g., eastern deciduous forest biome)? 

Despite the questions remaining, much has been elucidated on biology, management, and 

ecological consequences of management of Japanese stiltgrass and the impacts on native 

plant communities.   
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TABLE A.1. Effects of storage time (0, 15, 30, 60, or 90 d), storage conditions (dry storage or stratification), germination temperature 

regimes (alternating 24/18 C or constant 24 C), and photoperiod (14 h or 0 h) on percent germination of Japanese stiltgrass.  

 
  day 0  day 15  day 30  day 60  day 90 

  Light 
germ. 

Dark 
germ.  Light 

germ. 
Dark 
germ.  Light 

germ. 
Dark 
germ.  Light 

germ. 
Dark 
germ.  Light 

germ. 
Dark 
germ. 

24/18 C  
incubation 

 0 Aaa 0 Aa  1 Aa 1 Aa  22 Aa 17 Aa  98 Aa 88 Ab  99 Aa 98 Aa 

24 C 
incubation 

 0 Aa 0 Aa  0 Aa 0 Aa  12 Ba 6 Ba  92 Aa 27 Bb  99 Aa 86 Bb 

  day 0  day 15  day 30  day 60  day 90 

  Light 
germ. 

Dark 
germ.  Light 

germ. 
Dark 
germ.  Light 

germ. 
Dark 
germ.  Light 

germ. 
Dark 
germ.  Light 

germ. 
Dark 
germ. 

Dry storage  0 Aa 0 Aa  1 Aa 0 Aa  30 Aa 21 Ab  98 Aa 75 Ab  99 Aa 94 Aa 
Stratifi-
cation 

 0 Aa 0 Aa  1 Aa 0 Aa  4 Ba 2 Ba  92 Aa 40 Bb  99 Aa 91 Ab 

  day 0  day 15  day 30  day 60  day 90 

  Dry 
storage 

Stratifi-
cation  Dry 

storage 
Stratifi-
cation  Dry 

storage 
Stratifi-
cation  Dry 

storage 
Stratifi-
cation  Dry 

storage 
Stratifi-
cation 

24/18 C 
incubation 

 0 Aa 0 Aa  1 Aa 1 Aa  36 Aa 3 Ab  98 Aa 88 Ab  99 Aa 99 Aa 

24 C 
incubation 

 0 Aa 0 Aa  0 Aa 0 Aa  16 Ba 3 Ab  75 Ba 44 Bb  94 Aa 92 Aa 

 
   a For each storage interval, means can be compared within a row (lowercase letters) or within a column (uppercase letters), 

comparing pairs of means that differ with respect to only one factor (LSD = 7).   
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TABLE A.2. ANOVA summary table for Japanese stiltgrass, using cumulative percent 

germination as the dependent variablea.  

Factor Levels of factor DFa  Cumulative percent germination
    F-value P-value 
Temperature regime (T) 24/18 C or 24 C 1  26   ≤ 0.01 

Error = Repb(T)  14    
      

Photoperiod (P) 14 h light or 0 h 
light 

1  300 ≤ 0.01 

T * P  1  141 ≤ 0.01 
Error = P * Rep(T)  14    

      
Storage type (ST) Stratified or dry 1  105 ≤ 0.01 
Storage interval (SI) 30, 60, or 90 d 2  1163 ≤ 0.01 
ST * SI   2  23 ≤ 0.01 
T * ST  1  1  ≤ 0.83 
T * SI  2  37 ≤ 0.01 
T * ST * SI  2  16 ≤ 0.01 
P * ST   1  7 ≤ 0.01 
P * SI  2  52 ≤ 0.01 
P * ST  * SI  2  13 ≤ 0.01 
T * P * ST  1  2 ≤ 0.20 
T * P * SI  2  33 ≤ 0.01 
T * P * ST * SI  2  1 ≤ 0.62 

Error =   140    
  
   a The experiment was set up as a split-split plot design. Temperature regime was the main 

plot while photoperiod was the sub-plot. The sub-sub plot was jointly assigned two factors of 

storage type (stratification or dry storage) by storage interval (30, 60, or 90 d). ANOVA was 

conducted partitioning error appropriately for the treatment structure. 

   b ANOVA degrees of freedom. 

   c Sub-plot treatments were replicated (Rep) four times within each temperature regime with 

a replication consisting of a petri dish containing 50 seeds. 
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TABLE A.3. Effect of treatment and year on relative differences in core counts in 2003 and 

2004. 

  ––––––––––––––––––––Growth Form––––––––––––––––––– 
  Other 

exotics 
Native 
herbs 

Native 
monocots 

Native 
woodies 

All 
natives 

Treatmenta  NSb NS NS NS NS 
  ––––––––––––––––––––––––%––––––––––––––––––––––– 
  8 9 145 18 172 

Year  NS NS NS NS NS 
  ––––––––––––––––––––––––%––––––––––––––––––––––– 
  8 9 151 18 178 

 
   a Conventional treatments were applied in autumn prior to flowering; whereas, alternative 

treatments were applied as needed throughout the growing season.  

   b NS, nonsignificant according to the t test on differences of least square means at P ≤ 0.05. 
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Table A.4. Results of soil analysis from soil exhumed October 26, 2004 after three seasons of 

management.  

   Location  
Soil parameter Unit  Duke Foresta Schenck Foresta 
Humic matter g/100 cm3  0.4 1.1 
Weight to volume ratio g/cm3  1.3 1.1 
Cation exchange capacity meq/100cm3  5.4 7.5 
Base saturation %  68.5 78.3 
Exchangeable acidity (pH 6.6) meq/100cm3  1.7 2.0 
pH   5.2 5.7 
Phosphorus  meq/cm3  0.8 3.2 
Potassium meq/cm3  0.1 0.2 
Calcium  meq/cm3  2.7 5.9 
Magnesium  meq/cm3  0.9 1.2 
Manganese meq/cm3  277.4 50.0 
Zinc meq/cm3  2.8 3.9 
Copper meq/cm3  0.9 3.1 

 
   a No treatment differences were present for any of the soil parameters; therefore, averages 

are presented. 

 


