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ABSTRACT 
 

 The 2007 Energy Independence and Security Act mandates the production of 135 billion 

liters of transportation fuel achieved through the use of alternative energy sources. The most 

economically and sustainably competitive bioenergy crops will need to be high yielding, 

perennial species which require minimal inputs coupled with the ability to grow on marginal 

land. Grower adoption will be imperative to the success of this industry. Our results indicate that 

after three years of growth, several species including Arundo donax and Miscanthus × giganteus 

are able to produce up to 48.2 and 61.4 Mg ha-1 dry weight of feedstock respectively. We also 

found that weed management may not be necessary under ideal growing conditions, but a group 

of herbicides appear promising for preemergence and postemergence application timings, tested 

under greenhouse conditions. The herbicides pyroxasulfone, sethoxydim and nicosulfuron may 

prove to be useful tools for the control of bioenergy crops if they escape cultivation.  

 The potential for many of these exotic and highly competitive species to become invasive 

has hindered advancement of this industry. We develop a beginning framework to evaluate the 

potential for seeded Miscanthus × giganteus to become invasive, as no proven formula currently 

exists. We developed a novel methodology to assess the invasive potential of bioenergy crops 

across a continuum of invasiveness, which proved to be critical to the interpretation of our 

results. This methodology allows us to make relative comparisons of risk, evaluating our 

otherwise isolated results in broader context. We chose to evaluate M. × giganteus in a direct 

comparison with known exotic invasives, as well as with species that are known not to be 



 
iii 

invasive. We use a tiered approach, combining qualitative risk assessment models with 

quantitative field trials. Results from two weed risk assessment models indicate that many 

bioenergy feedstocks are of high risk, but agronomic crops such as Oryza sativa were also found 

to be high risk. Subsequent field trials indicate that seedling establishment for M. × giganteus in 

perennial systems may be low as only 0.1% of emerged seedlings survived after six months, 

while up to 10% of the invasive Microstegium vimineum survived. Spread of fertile M. × 

giganteus seedlings into annual systems with low competition had greater success; we observed 

316 culms m-2, at a distance of 1.5 m from the planted plot, after three years of growth. The 

observed spread of fertile M. × giganteus, in the low competition environment, did not differ 

from that of our positive control species; however, spread of fertile M. × giganteus seedlings into 

areas of high competition was significantly lower than our positive controls, up to 3 m from the 

cultivated plot. Importantly, A. donax and sterile M. × giganteus never spread from the cultivated 

plot. Results from our study and application of this novel methodology will help to prepare for 

the expansion of this burgeoning industry while providing useful information for the 

implementation of best management practices and improved stewardship. 
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Chapter 1. Literature Review 

 

 The 2007 Energy Independence and Security Act mandates the reduction of CO2 

emissions by 20% by 2022 through the use of bioenergy with the production of 36 billion gallons 

of transportation fuel from renewable sources, 44% of which must be cellulose derived (EISA 

2007). It is estimated that 60 million hectares of new, and likely marginal land, will be required 

for production (Robertson et al. 2008). This mandate, along with high fuel costs and a finite 

supply of fossil fuels has sparked interest in the large-scale cultivation of trees, algae and 

perennial grasses for bioenergy. While the legal validity of this mandate has been challenged and 

quota requirements have been overturned (Wald 2013), it is likely that cellulosic crops will still 

have a major role in the future of renewable energy.  

 Grower adoption will be an important step in the success of the cellulosic bioenergy 

industry.  Personal observation suggests that growers are interested in this industry, but are 

reluctant to commit to a commodity with many unknowns; specifically the current lack of buyers 

for the crop. Therefore, refineries must be in place and ready to accept the commodity before 

grower adoption is likely to take place. The southeastern US is projected to be a key region for 

production with capabilities of yielding up to 50% of the countries total biomass supply (Perlack 

et al. 2005).  Large-scale cultivation of bioenergy feedstocks is well suited to the southeastern 

US (Miguez et al. 2008; Perlack et al. 2005), and has the potential to enhance rural and economic 

development, while offering an alternative to the declining tobacco industry. This is an exciting 

time for agriculture; these new crops are likely to be rapidly adopted and planted at a huge scale, 

a novel development the field of agriculture has not experienced for decades, if ever.  

Development of these crops and benchmark data collection regarding stand establishment, as 
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well as yield quantity and quality is ongoing for these relatively undomesticated wild species 

(Parrish and Fike 2005). Rapid adoption of bioenergy feedstocks has increased the need for 

information on crop management. Breeding and research development is still in the early stages 

(Lewandowski et al. 2003), and the mechanics of planting and early establishment could still be 

vastly improved.  

 Europe began investigating perennial grasses as candidate bioenergy feedstocks in the 

1960’s.  The United States began its own research program a decade later in hopes of identifying 

potential sources of biomass based alternative energy (Lewandowski et al. 2003).  Perennial 

grasses area ideal because of their high annual biomass production (Clifton-Brown and Jones 

1996), perennial life cycle (Ma et al. 2000), low management requirements with few inputs 

following the establishment year (Christian et al. 1997), and relatively low pest pressure 

compared with traditional crops (Lewandowski et al. 2000). In 1991, the U.S. Department of 

Energy’s Bioenergy Feedstock Development Program named switchgrass (Panicum virgatum L.) 

a ‘model’ crop for bioenergy production (Lewandowski et al. 2003). However, numerous other 

species of high yielding, warm season, perennial grasses have emerged as contenders for use 

including giant miscanthus (Miscanthus × giganteus [Greef & Deuter ex Hodkinson & 

Renvoize]) and Napier grass (Pennisetum purpureum Schumach.) both C4 grasses, giant reed 

(Arundo donax L.) and reed canarygrass (Phalaris arundinaceae L.) both C3 grasses. The low-

water content and high-carbon content in the lignin (~64%), gives these plants an advantage over 

annual crops; providing a high quality late season, standing crop of biomass for both solid and 

liquid forms of alternative energy (Hartman et al. 2011; Lewandowski et al. 2003). In a review 

by Lewandowski et al. (2003), Miscanthus spp. yielded between 5 and 44 t DM ha-1 yr-1 

indicating this species has the potential to out-yield 15 other grass species tested across Europe. 
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In U.S. trials, Dohleman and Long (2009) showed that under similar growing conditions, M. × 

giganteus produced 60% more biomass than corn (Zea mays L.), and mature stands of M. × 

giganteus consistently produce more biomass per unit land area than P. virgatum (Healy et al. 

2008). These results likely contributed to the recent interest in Miscanthus spp. cultivation in the 

U.S. (Anderson et al. 2011).  

 The Miscanthus genus comprises many species of perennial, C4 grasses native to 

Southeast Asia, China, Japan, and Korea (USDA, NRCS 2011).  Miscanthus × giganteus is a 

naturally occurring sterile hybrid between M. sinensis Andersson and M. sacchariflorus 

(Maxim.) Franch. (Greef and Deuter 1993) discovered in Japan less than a century ago (Scally et 

al. 2001). In the case of M. × giganteus, biomass production is influenced by many abiotic 

factors, such as geographic location, water availability, and soil type. The timing and initiation of 

flowering also seems to be one of the mechanisms contributing to stand yield and quality 

(Lewandowski et al. 2000; Lewandowski et al. 2003). For example, slower physiological 

development (late season flowering) of M. × giganteus allows for a longer growing season and 

therefore higher yield than some of the other species of Miscanthus. Specifically, soil texture has 

been shown to influence nutrient retention, and therefore affect ash content, influencing harvest 

practices (Lewandowski et al. 2003).  Also, M. × giganteus is unique in that it seems to maintain 

relatively high photosynthetic activity when temperatures are low, especially for a C4 grass, 

maintaining high productivity from the Mediterranean to Scandinavia (Beale et al. 196; Carroll 

and Somerville 2009; Lewandowski et al. 2000; Linde-Laursen 1993). This, and other 

preferential traits such as larger stature, displayed by M. × giganteus are likely conferred from 

the hybridization of its parent species.  As seen with other members of the Poaceae, 

hybridization can result in growth, fecundity, and environmental tolerances exceeding that of 
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either parent (Davis et al. 2004). Despite years of research, there is still much to learn about the 

cultivation of these crops.  Factors such as early competition for resources will likely play a role 

in stand establishment, especially for seeded species. Over a decade of research has shown that 

one of the major obstacles to establishment is weed pressure in the first, and sometimes second 

year of growth.  

 One of the largest drawbacks to the cultivation of M. ×giganteus is the high cost of 

propagation material and specialty equipment required for planting this sterile species. 

Previously, the only options for propagation were the use of vegetative propagules. Expensive 

macro-propagated rhizomes ($348 ha-1) or micro-propagated tissue culture stock ($2979 to 

$5958 ha-1) may deter interested growers (Lewandowski et al. 2000).  Advances in breeding of 

Miscanthus spp. have led to the development of new fertile lines for the previously sterile M. × 

giganteus. With the goals of lower cost plant establishment, rapidly scalable market development 

and expansion, and yields equivalent or higher than vegetative materials; our collaborators 

developed a variety of M. × giganteus, known as PowerCaneTM, that can be produced from seed 

(personal communication Mendel Biotechnology). While the commercial launch of seeded 

PowerCaneTM may have stalled, at least temporarily, these new propagules exist and therefore 

yield opportunities for new research and development. At this time we can only speculate how 

this additional source of propagules may influence PowerCaneTM population dynamics.  The use 

of Weed Risk Assessments for both sterile M. × giganteus ‘Illinois’ and fertile PowerCaneTM 

indicate that both risk and uncertainty increase with the development of fertile cultivars (L. 

Smith, unpublished data). Matlaga and Davis (2013) used population demographic models to 

show that the probability of invasion is likely to increase if fertile varieties are selected for 

cultivation. Evaluation of the little information we have for M. × giganteus invasion potential 
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and drawing parallels with its parent species may be initially useful, but quantitative data will be 

required to prevent unbiased conclusions.  

 The cultivation of these high yielding plants (Matlaga and Davis 2013; USDA-NRCS 

2011) has elicited concern from environmentalists, conservationists, and many others for their 

potential to become invasive. While it may be challenging to determine the relative risks posed 

by introduction of new species, and widespread cultivation of a previously introduced species, 

invasive plants do pose very real and measurable impacts. We spend billions of dollars every 

year to reduce the impacts of invasive species (Pimental et al. 2000). In 1994, Bridges estimated 

that invasive plant control efforts cost close to $4.8 billion, and the numbers have likely risen in 

the last two decades. Further, invasive species have far more subtle impacts that frequently go 

unnoticed until populations are not only persistent but also rapidly expanding. Impacts of 

invasive species include the displacement of native species and the alteration of communities in 

rare and sensitive habitats (IUCN 2000; Vitousek 1990), reduction in land and property value 

(Horsch 2008; Leggett and Bockstael 2000), contamination of agricultural commodities (Bridges 

1994), impediment of waterways (Langeland 1996); and creation of fire hazards by changing 

community structure (D'Antonio and Vitousek 1992; Schmitz et al. 1997). For these reasons 

invasion biologists work to prevent, predict, and mitigate impacts of new invasive populations.   

 The negative impacts imposed by invasive plants are the very reason for concern 

regarding the widespread cultivation of many candidate bioenergy feedstocks; as the very 

characteristics that make them so desirable as biofuels are also shared with many highly 

competitive and potentially invasive weeds (Lewandowski et al. 2003; Raghu et al. 2006). 

Barney and DiTomaso (2010), diagram the fine line between many agronomic weeds, introduced 

and even subsidized in some cases, for purposes such as forage or erosion control, and the 
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relatively benign crops our economy and food supply depend on.  Some of the potential 

bioenergy feedstocks and their close relatives, are not only weedy in parts of the United States 

and elsewhere in the world, but risk analyses indicate a high likelihood of invasiveness as well 

(Barney and DiTomaso 2008). It is known that the majority of our most troublesome invasive 

species were intentionally introduced (Simberloff 2008), highlighting the need for vigilance and 

stewardship with the use of these new crops.  For example, the single clone A. donax is currently 

ranked as one of California’s worst weeds, gaining notoriety on noxious weed lists in four states.  

Arundo donax has proven to successfully increase population growth exclusively through the 

production of numerous vegetative ramets. The high number of vegetative propagules coupled 

with the number of potential dispersal events, referred to as propagule pressure, increases the 

potential threat of off target spread into sensitive habitats, especially in riparian sites or land 

susceptible to flooding (Barney et al. 2009).  Despite this label, no peer-reviewed data exists 

evaluating this species ability to spread from a cultivated setting or escape from non-riparian 

areas.  

Two Miscanthus species in particular have been widely grown in the Unites States for 

horticultural use: M. sinensis and M. sacchariflorus. Both species have been documented to 

escape cultivation and have the ability to disperse hundreds of meters (Quinn et al. 2011). 

Miscanthus sacchariflorus is a state listed noxious weed in Massachusetts (Quinn et al., 2010), 

while M. sinensis is a state listed noxious weed in Connecticut, and is known to form extensive 

infestations after spreading from older or abandoned ornamental plantings (Miller 2003).  The 

status of the two aforementioned Miscanthus spp., and the strikingly similar life history traits 

between M. × giganteus and A. donax, has led to comparisons of invasive potential between 

these species (Mann et al. 2009). While there is a fair amount of literature available for M. × 
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giganteus, the risk of spread from cultivation at such a large scale is scarcely addressed.  To date, 

M. × giganteus is not known to be naturalized outside of cultivation, and mostly evades the 

reputation garnered by its parents (Quinn et al. 2010; Quinn et al. 2011). The new seeded 

cultivars may change this low risk recommendation drastically by adding an enormous source of 

wind-dispersed viable seeds. We have known Miscanthus spp. as ornamentals, in test plots and 

even as escapes at small scales for many years.  However, the proposed cultivation of many 

thousand hectares increases our need to better assess the potential risks posed by these plants, not 

to mention the added uncertainties of newly developed hybrids.  

As Davis (2009) shows, scientists have an unabating desire to make invasion biology a 

predictive science. In the case of bioenergy feedstock production, the ability to make informed 

management decisions may depend on these predictive abilities. There are numerous theories 

and models in use to help make predictions, but no single framework exists to determine if these 

crops will become invasive. Developments of new weed risk assessment models have shown 

high accuracy (Koop et al. 2011; Pheloung et al. 1999).  However, these models are not 

infallible, and used alone cannot begin to address such heterogeneous land use characteristics 

and environmental diversity for which escaped propagules may encounter. Numerous studies call 

for a tiered approach (Davis et al. 2010; Quinn et al. 2013), which integrates qualitative weed 

risk assessment models, semi-qualitative climate-niche assessment, and quantitative in situ field 

trials to better ascertain the ecological risks. The following document outlines the beginning 

framework to assess the invasive potential of bioenergy feedstocks. 
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Objectives 

The objectives of this research were to 1) develop a beginning framework for the 

evaluation of bioenergy crop invasion potential, 2) Evaluate the application and accuracy of 

weed risk assessment models for crop species, 3) compare the invasive potential of seeded 

miscanthus biotypes to known invasive and known non-invasive species in relation to their 

population dynamics, competitive ability, and local recruitment, 4) determine yield potential 

(aboveground biomass), for candidate feedstocks, over a three year period, 5) identify candidate 

preemergence and postemergence  herbicides for effectively managing weeds in bioenergy 

cropping systems. 
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 Billions of dollars are spent annually to reduce the impacts of invasive species; therefore, 

the imminent global escalation of cultivating invasive species as novel bioenergy crops has been 

met with tremendous concern. A conservative estimate, based on the federal Biomass Crop 

Assistance Program (BCAP), suggests that more than 61,000 ha are already in bioenergy crop 

production in the US of (mostly) exotic, highly competitive, which thrive on marginal land with 

only minimal inputs. These characteristics warrant the immediate need to evaluate the invasive 

potential of bioenergy crops before rapid adoption. Weed Risk Assessments provide broad, 

qualitative evaluation for invasiveness, and have become compulsory regulatory instruments in 

many countries. We compared the Australian (A-WRA) and newly developed U.S. Plant 

Protection and Quarantine (PPQ-WRA) Weed Risk Assessment models to evaluate the risk of 16 

candidate bioenergy crops. Recognizing that invasiveness is variable, we made relative 

comparisons of bioenergy crop WRA predictions against 14 important agronomic crops as well 

as 10 invasive species with an agronomic origin. Of the 40 species we assessed, the A-WRA and 

the PPQ-WRA ranked 34 and 28 species as high risk respectively, including canola (Brassica 

napus), barley (Hordeum vulgare), alfalfa (Medicago sativa), and rice (Oryza sativa). 

Surprisingly, both models failed to effectively distinguish the weeds from the crops in several 
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cases. For example rye (Secale cereale) received scores above (PPQ-WRA) or comparable to (A-

WRA) kudzu (Pueraria montana), an invader of the Southeastern US introduced as forage. Our 

results indicate that these models are unable to accurately address the broad infraspecific 

variation occurring in many crops. Weed Risk Assessment models may serve as a first tier 

assessment, but as they stand, these models should not set regulatory policy when it comes to 

economically important novel crops.  
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 Invasive species are found on every continent and impact nearly every landscape around 

the world (Molina-Montenegro et al. 2012). The majority of our worst invasive plants were 

intentionally introduced, cultivated and dispersed (Simberloff 2008). Listed as the second 

greatest threat to biodiversity (Mack et al. 2000), invasive plants inflict trillions of dollars of 

economic loss annually imposing disastrous and frequently irreversible change (Pimental et al. 

2000, Simberloff 2005). Despite the economic and ecological consequences imposed by exotic 

species, many species have neutral consequences while others may provide necessary ecosystem 

goods and services (Barney and DiTomaso 2010).  Our most important agricultural crops have 

been introduced, domesticated, and widely cultivated to meet our food, fiber, and construction 

needs (Sax et al. 2005). However, when driving down any road in the Southeastern United States 

the catastrophic intentional introductions of species such as kudzu (Pueraria montana) and 

johnsongrass (Sorghum halepense) are a stunning reminder of our once cavalier approach to 

species introduction. Once invasive plants become established and widespread, long-term 

management is neither practical or successful (Simberloff 2005). As no proven formula exists to 

predetermine the inherently beneficial or benign exotic species from those that will cause 

negative ecological and economic impacts, the consequences of myopic species introduction and 

prevention is high (Barney and DiTomaso 2010). In the case of economically important new 

crops, such as bioenergy feedstocks, the ability to parse the weeds from the crops is imperative 

and has broad social, economic, environmental, and biosecurity implications.   

 Interest in the use of novel and predominately exotic crops for biomass based-energy has 

grown in an effort to reduce dependence on fossil fuels and stimulate rural economies (Kopetz 

2013). Unlike our traditional domesticated crops, bioenergy crops have been selected for their 

rapid production of above ground biomass, low input requirements, broad climatic suitability and 
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performance on marginal land (Lewandowski et al. 2003); traits shared by many of our worst 

invasive plant species (Raghu et al. 2006). Several bioenergy crops are documented weedy 

species already in the United States. For example, giant reed (Arundo donax) is currently ranked 

as one of California’s worst weeds, is listed as a noxious weed in four states (Quinn et al. 2013), 

and lines the Rio Grande River in Texas where it is the focus of an active biocontrol program 

(Seawright et al. 2009). The ornamental grasses Miscanthus sacchariflorus and M. sinensis have 

escaped cultivation across much of the US, likely assisted with the ability of anemochorous 

seeds capable of dispersing ~0.4km (Quinn et al. 2011). Miscanthus sacchariflorus is a state 

listed noxious weed in Massachusetts (Quinn et al. 2010) while M. sinensis is a state listed 

noxious weed in Connecticut, and is known to form extensive infestations after spreading from 

older or abandoned ornamental plantings (Miller 2003). Despite the existing invasive nature of 

Miscanthus species, breeders have developed fertile lines of giant miscanthus (M. × giganteus) 

to reduce establishment costs in order to improve grower adoption and streamline establishment 

(Smith and Barney, unpublished data). Miscanthus × giganteus, a species with relatively minimal 

ability to move from the agricultural field, may now produce as many as 2.5 billion viable 

spikelets ha-1 yr-1 (Smith and Barney 2014).  

 According to the United States Department of Agriculture the federal Biomass Crop 

Assistance Program (BCAP) has already subsidized the establishment of over 61,000 ha of 

biomass feedstocks 

(http://www.fsa.usda.gov/FSA/webapp?area=home&subject=ener&topic=bcap-pjt-bloc). The 

intentional planting and transport of bioenergy crops will immediately short-cut the early 

challenges of introduction and colonization (Barney et al. 2012) as well as obstacles to invasive 

spread including geographical, environmental and reproductive barriers (Richardson and 
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Blanchard 2011). While spread of new populations usually takes time, the intentional 

introduction plus the massive number of new propagules indicates that probability of spread does 

not favor the bioenergy industry. While interest in the production of cellulosic ethanol appears to 

be waning, federal mandates from the 2007 Energy Independence and Security Act are still 

driving this industry forward. Rapid adoption of these biomass-based crops, planted to a 

projected area 1.4 times the size of California, presents a clear and present danger.  

 Much like the forage improvement programs in Australia (Stone et al. 2008), the 

bioenergy industry could provide substantial economic gain to many stakeholders and the U.S. 

economy as a whole. However, the concern that competitive perennial grass species could 

become invasive and the call by many to prevent their cultivation or countermand grower 

subsidies threatens the industry. Introduction of nonnative species for agricultural purposes is not 

unique, but the land area proposed for novel bioenergy crop cultivation reaches a scale not seen 

for 10,000 years. The U.S. approach to species introductions has largely been seen as arbitrary 

and subjective with a stance of innocent until proven guilty (Simberloff 2005). In contrast, 

Australia has worked to take a proactive approach with stringent pre-introduction and quarantine 

procedures (Pheloung et al. 1999, Stone et al. 2008). Plagued with invasive plants introduced for 

agronomic purposes, Virtue et al. (2004) showed that 23% of Australia’s exotic perennial forages 

have escaped to become serious environmental weeds. With many of our bioenergy crops 

showing broad climatic tolerance and suitability for the U.S. (Barney and Ditomaso 2011) as 

well as competitive growth on marginal land; at minimum the adoption of “highly educated 

qualitative prediction” (Simberloff and Alexander 1998) tools are necessary. In an effort to 

reduce the spread and environmental impact of perennial forages, Australia has developed a 

‘post-border’ environmental weed risk assessment, for economically important forage crops 
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(Stone et al. 2008). This environmental weed risk assessment for forage crops is intended to set 

management protocols to reduce the chances that important forage crops will become 

environmental weeds as well as help develop agricultural practices to reduce risk (Stone et al. 

2008). Other more broadly applicable and robust weed risk assessment (WRA) models have been 

developed. The Australian Weed Risk Assessment (A-WRA), has become the global standard for 

weed risk assessment (Pheloung et al. 1999),  but the recent Animal and Plant Health Inspection 

Service (APHIS) Plant Protection and Quarantine weed risk assessment (PPQ-WRA) is the new 

regulatory benchmark for evaluating the invasive potential of plant taxa in the United States 

(Koop et al. 2011). 

 For undomesticated species that we intentionally introduce, WRA models can be important 

tools for qualitative risk analysis. The ability to parse the weeds from benign species seems a 

daunting task, yet new developments in WRA have yielded results of >90% accuracy (Koop et 

al. 2011). Weed risk assessments have the ability to play a huge role in the regulation and 

management of novel species. The addition of scientifically backed assessments rooted in 

ecological principles with the ability to add consistency across federal and state regulatory 

agencies, can thereby preserve the ability to find balance between known invasive plants and 

commercially important species of low risk (Quinn et al. 2013). The use of WRA’s would help 

prevent environmental degradation, alleviate costs and help target critical management practices 

(Stone et al. 2008, Quinn et al. 2013). Weed Risk Assessment models have been criticized for 

their subjective nature coupled with the low prevalence of which species become invasive 

(<0.1% of introductions (Williamson and Fitter 1996)), indicating that such models may be no 

better than an intelligent guess (Hulme 2012). Also, Hulme (2012) argues that models have been 

validated using a biased set of taxa, ignoring the diversity and frequency with which species in 
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the horticulture trade are introduced. However, novel bioenergy crops, with the growing concern 

for their potential to become invasive (Barney and DiTomaso 2008), represent a prime 

opportunity to test WRA models for new crops. Since the WRA models were created for a 

similar, yet distinctly non-crop related industry and taxa (APHIS 2012); it is unknown if the A-

WRA and PPQ-WRA will be successful in providing accurate predictions for bioenergy species. 

Taking advantage of this brief time before the increased adoption of bioenergy crops to 

thoroughly assess the risks posed by candidate feedstocks, we felt it was important to select a 

relevant suite of species (i.e., agronomic crops and past agricultural failures) to provide context 

when evaluating WRA results.  

 Invasiveness is not universal for all populations in all geographic locations. Invasions have 

unpredictable serendipitous contingencies. As all plant species have some probability of 

becoming invasive, all species should fall within a hypothetical invasive spectrum. In general, 

many agronomic crops such as corn (Zea mays) and soybeans (Glycine max) are thought of as 

relatively benign and would have a low probability of becoming invasive. Conversely, previous 

agricultural introductions such as S. halepense and P. montana are highly competitive species 

with innumerable invasive populations across the Southeastern United States, assuring a high 

probability of invasiveness in suitable environments. Bioenergy crops will be repeatedly 

introduced and broadly disseminated as well as subjected to similar management strategies as 

our current agricultural commodities. Herein we evaluate leading candidate bioenergy crops for 

their potential to be invasive in the United States, using the A-WRA model and the new PPQ-

WRA. To add relevance to our results, we use candidate bioenergy crops as a case study and 

compare the scores with well-established non-weedy crops and weedy agronomic introductions, 

in an attempt to determine where bioenergy crops may fall along this hypothetical spectrum.  



	  

	   21	  

Methods 

 

 We used the widely accepted A-WRA and the newly developed PPQ-WRA to perform a 

qualitative evaluation of the invasive potential of candidate bioenergy crops; using 40 species 

(Table 1). The fact that invasive potential spans a continuum was critical to our selection of 

species. As WRA’s provide a broad geographic qualitative assessment of risk we used 16 

bioenergy crops, including large statured perennial and annual grasses, short rotation trees, and 

oil-crop species (it should be noted we performed 2 separate WRA’s for M. × giganteus, sterile 

and fertile, yielding a total of 17 bioenergy assessments). We presumed that species undergoing 

centuries of selection pressure and cultivation would receive relatively low risk scores (e.g., 

maize), as agronomic crops are generally not considered invasive species. Alternatively, some 

agronomic introductions, especially forages, have subsequently escaped cultivation becoming 

weeds in both natural and agricultural systems. As a case study we compare bioenergy crop 

scores to 14 well-established agronomic crops (i.e. corn (Zea mays), wheat (Triticum aestivum), 

rye, (Secale cereale) tobacco (Nicotiana tabacum), cotton (Gossypium hirsutum) and 10 invasive 

species of agronomic origin (i.e., cogongrass (Imperata cylindrica), S. halepense, P. montana) in 

order to evaluate the application and accuracy of weed risk assessment models for crop species. 

Other, recent studies have shown the importance of using a spectrum of species to relativize, 

what could be considered, isolated results (Buddenhagen et al. 2009, Smith and Barney 2014).  

The use of a several weedy and non-weedy species were crucial to the results drawn by Smith 

and Barney (2014), when evaluating the establishment potential of M. × giganteus. Therefore, by 

selecting and evaluating a more relevant spectrum of species, such as current and previous 

agricultural crops, we hope to provide greater inference to our survey of bioenergy feedstocks.  
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Scoring and methodology for both the A-WRA, which has been widely and successfully 

tested on five continents and numerous geographic regions (Pheloung et al. 1999, Daehler et al. 

2004, Gordon et al. 2008, Nishida et al. 2009), and the relatively new PPQ-WRA have been 

thoroughly described in the literature (Koop et al. 2011). Therefore, we only provide a brief 

description of both models and their scoring. The- A-WRA uses an additive design, comprising 

49 “yes/no” questions on the topics of biogeographical and historical accounts (i.e. current 

geographic and habitat distribution, history of domestication, and status as a weed elsewhere in 

the world) and biology and ecology (i.e. species traits, reproduction, dispersal mechanisms, and 

persistence attributes) to achieve the documented >90% accuracy for identifying invasive species 

(Pheloung et al. 1999, Gordon et al. 2008) The A-WRA, which has been in use since 1997, was 

created primarily as a method to evaluate species as a pre-border screening technique (Weber et 

al. 2009). Resulting scores range from -14 to 29, and for Australia, results in a policy 

recommendation of “accept” (score <0) “evaluate further” (score 0-6; indicating that too little 

information is known to make a final recommendation or permit the species entry into the 

country) “or reject” (score >6) (Pheloung et al. 1999).  Despite the repeated level of accuracy, 

the model suffers from a high level (8.8%) of false positives (Koop et al. 2011).  

The newer U.S. model designed for the Animal Plant Health Inspection Service by their 

plant protection and quarantine division (PPQ-WRA) has been tremendously successful (97% 

accuracy), with current data suggesting greater predictive ability with lower false positives than 

that of the A-WRA. Using the A-WRA as a template, a new set of questions were designed to 

assess regional impacts in three types of biological systems: natural environments, anthropogenic 

systems, and production systems (Koop et al. 2011). Questions are answered using a documented 

literature search. Moreover, question responses receive a level of user uncertainty, based on the 
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quality of supporting information given for each answer. The uncertainty generates important 

confidence intervals around each score. The PPQ-WRA does not make policy recommendations 

such as “accept” or “reject” like the A-WRA. Rather, the PPQ-WRA yields results (“low risk”, 

“high risk” and “evaluate further”) shown in two distinct figures, which relate a plants score back 

to a known list of previously ranked plants within the Untied States (Koop et al. 2011). Rather 

than the additive scoring mechanism used by the A-WRA, the PPQ-WRA model generates a 

composite risk score from two (establishment spread and impact) categories (Koop et al. 2011). 

The model also incorporates a secondary screening process, when further evaluation is needed. 

In well-studied species, the score may indicate minor invasive potential (Koop et al. 2011). All 

species in this study received the secondary screening from the PPQ-WRA model when 

applicable.  

We conducted an extensive literature survey for each species over the course of two 

years. All available data was documented and incorporated into each model and used to generate 

scores for both the A-WRA and the PPQ-WRA.  When clear answers to each question were not 

available, we answered ‘?’ with maximum uncertainty for the PPQ-WRA and left the question 

blank for the A-WRA, as a non-answer does not influence the additive based scoring of the A-

WRA. Our evaluation was conducted for the continental United States. Both models require 

some level of geographic climate matching. Therefore, we used three variables to determine 

regions of the United States that would be suitable for establishment of each taxon. Data from 

USDA Plant Hardiness Zones (NAPPFAST, ZedX Inc.), Köppen-Geiger climate classes (Peel et 

al. 2007), and annual precipitation data (NAPPFAST, ZedX Inc.) were matched with coordinates 

of species occurrence records in both the native and introduced range. Current distribution maps 

for each species was accessed using the Global Biodiversity Information Facility 
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(www.gbif.org), which is host to a data portal with close to 4 million records of species diversity 

and distribution across the globe.  

As a species true impact should be central to its evaluation for invasiveness and 

prioritization for management (Barney et al. 2013) we further investigate the importance of the 

impact scores related by the PPQ-WRA. We performed logistic regression to determine 

correlation between the PPQ-WRA impact scores and time since species introduction (Table 1). 

Using the Global Compendium of Weeds (GCW) (http://www.hear.org/gcw/scientificnames/), 

which is currently the most comprehensive list of invasive species introductions at this time 

(Dawson et al. 2013) we also performed regression analysis to determine if species PPQ-WRA 

impact scores could be correlated with the total number of data source references for each 

species.  

  

Results 

 

 It was our goal to compare the risk assessment scores of our 16 candidate bioenergy 

crops to both agronomic invasives and long established and economically important agronomic 

crops. We found that 16 of the 17 bioenergy crop assessments resulted in a reject from the A-

WRA; only sterile M. × giganteus received a recommendation to evaluate further (Table 2). 

However, the PPQ-WRA predicted that 13 of the bioenergy crops were high risk, three still 

require further evaluation after the secondary screening or may just have minor invasive 

potential, and sterile M. × giganteus was predicted to be a low risk (Table 2). As predicted, all 

ten of the agronomic invasives received a high risk or reject from the PPQ-WRA and A-WRA 

(Table 3). Surprisingly, of the 14 crops evaluated, only corn, cotton, and soybean receive a low 
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risk/accept from both models (Table 4). The PPQ-WRA also found tobacco to be low risk. The 

A-WRA rejected nine of 14 of the nutritionally, socially and economically important crops and 

the PPQ-WRA rejected four of those crops as well. All other crops received an evaluate further, 

but considering that most of our crops are relatively well studied it may be more likely that 

species in the evaluate further category could be considered minor invaders rather than requiring 

further study or a more exhaustive literature search. In most cases a greater number of questions 

were answered for crops compared with other species.  

 It is clear from the results that the A-WRA is the more conservative model (Figure 1), 

accepting only three of the 40 species (41 total assessments) and having a comparatively greater 

portion of species falling in the reject category.  As figures 1 and 2 indicate, each of the species 

designations are not found within well-defined cluster, with our crops falling into the green (i.e. 

accept/low risk) and the agronomic invasives all in the red (i.e. high risk/reject). Rather, we see a 

spectrum of scores with species from each of the three designations dispersed across all risk 

categories.  

  We found no relationship between time since introduction and GCW data source points 

with PPQ-WRA impact scores. This is not entirely surprising as the GCW indicates introduction 

rather than establishment and we did not account for distribution or abundance as suggested by 

Dawson et al. (2013). Given the broad range of times since introduction we hypothesized that the 

most recent introductions would be the least impactful or conversely, our oldest agronomic crops 

may have undergone extensive breeding and selection, reducing their impacts scores. Neither 

conclusion was validated. Our results agree that model outcomes are primarily driven by the 

establishment-spread portion of the model, with a history of invasion elsewhere being the most 

important driver of the model (Koop et al. 2011).  
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Discussion 

 

 Our results show that the two WRA’s differ in their assessments of risk. We knew that 

the A-WRA, based on its propensity for false positives, was likely to be the more risk averse 

model resulting in a greater number of rejecting scores and therefore reducing chances of 

introducing invasive plants. Despite the increased model performance of the PPQ-WRA, it has 

been suggested that WRA’s are not entirely well suited for crops (APHIS 2012), which is 

supported by our results. Had we not assessed crops in conjunction with candidate bioenergy 

feedstocks, our conclusions may have been altogether different.   

 Risk assessments initially were developed to protect our critically important agricultural 

commodities from the threat of new pests (McCubbuns et al. 2103).  Therefore, it may seem 

counterintuitive that some of our crops have a higher PPQ-WRA impact score than several of our 

agronomically introduced species (Table 3 and 4). While both models weigh historical accounts 

of weediness heavily, each model weighs questions differently. A-WRA directly addresses 

intentional human spread potentially inflating scores for crops, while the PPQ-WRA largely 

focuses on a species ability to disperse unassisted. Due to the nature of our extensive trade and 

commerce, crops are unintentionally distributed both locally and globally, leading to the casual 

escape and even naturalization of some of our well known crops (DiTomaso and Healy 2007). 

Also, it appears that in many cases infraspecific variation is responsible for the weedy reputation 

of many escaped crops, such is the case with S. bicolor (i.e., cultivated sorghum vs. highly 

invasive S. bicolor ‘shattercane’), Oryza sativa (i.e., cultivated rice vs. the state listed noxious 

weed, red rice) and ornamental M. sinensis comprising over 100 varieties with significant 

differences in fecundity (Meyer and Tchida 1999). Therefore, the model scores are driven by the 
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most competitive or weedy variety within a given species, not taking into account subtle 

differences within a species. Thus, potentially beneficial and benign forms of a species are 

rejected. In the case of species with broad intraspecific variation, what makes one variety 

invasive, while another, almost taxonomically identical, benign? Two factors that may contribute 

to significant differences in establishment and spread potential between varieties are crop 

management protocols and plant functional traits.  

 As discussed, these models were designed and calibrated (Hulme 2012) for taxa that are 

not regularly subject to intensive management (i.e., annual harvest). Grower decisions that could 

directly influence propagule pressure and establishment success are largely different for 

agricultural crops as opposed to horticultural and landscape plantings. For example, management 

of surrounding land including implementation of weed control measures could reduce 

establishment of propagules in surrounding fields.  Also, harvest timing could influence 

propagule pressure in bioenergy crops because viability of both reproductive and vegetative 

propagules are seasonally dependent (Quinn et al. 2010). Taking any one management strategy 

or combination of management strategies into account could reduce propagule pressure and 

change the overall risk.  Previous calibration by the model designers used numerous weedy 

species (Pheloung et al 1999). However, crops themselves were never used in the calibration 

process. While risk assessments do not directly assess management techniques employed in 

cropping systems, factors such as deflowering or breeding programs that reduce the hybrid vigor 

of crop offspring influence the establishment success of future generations and their ability to 

persist outside of cultivation. In the case of low WRA scoring tobacco (Nicotiana tabacum), 

management may be critically important for the reduction of weedy escapes. This species does 

have weedy congeners such as N. acuminata and N. glauca, not to mention many other 
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agriculturally important members of the Solanaceae Family, yet cultivated tobacco is rarely 

noted as anything other than a casual escape (DiTomaso and Healy 2007). A single tobacco 

flower may produce 4-8000 seeds and a single plant may produce as many as 1 millions seeds 

(Martin et al. 2006). However, to prevent the plant from producing seed, the crop is ‘topped’; 

removing the flowers yields a more desirable crop with larger, more uniform leaves (Martin et al. 

2006). Therefore, the management strategy required to produce the best crop unintentionally 

reduces the chance of producing offspring from this annual crop.  In the case of crops such as 

corn and grain sorghum most of the varieties used in the United States are F1 hybrids, producing 

an extremely uniform crop with desirable traits. Subsequent generations of these hybrids, 

however, experience a marked reduction in vigor (Martin et al. 2006). Interestingly, it has not 

been economically beneficial to produce commercial hybrids for many small grains such as 

wheat (Triticum aestivum) and barley (Hordeum vulgare) and therefore offspring are not 

constrained by their genetics (Martin et al. 2006). In the case of rice (O. sativa), management 

may actually perpetuate the production of weedy red rice, because the genetic similarities 

between the two rice varieties make controlling red rice within a cultivated rice field extremely 

difficult (Carlson et al. 2102). Red rice is one of the most agriculturally impactful weeds of 

cultivated rice in the southern United States, as well as a troublesome weed for other crops 

(Askew et al. 1998). Thus, it is not surprising that the species Oryza sativa as a whole received 

such high-risk ratings from both WRA’s. Therefore, in the context of new crops it may be 

impossible to determine the full extent of the off target impacts, or the ability to reduce impactful 

escapes until management strategies have been fully developed and tested.  An excellent 

example would be the proposed cultivation of sterile A. donax; intentionally introduced into 

riparian areas for bank stabilization and erosion control (Katibah 1984, Bell 1997). Arundo 
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donax was essentially set up to fail, with a robust source of vegetative propagules, easily 

transportable along waterways. However, no peer-reviewed literature has ever shown that A. 

donax escapes the cultivated field when grown away from water and potential sources of non-

riparian water dispersal. Harvest and fine chopping of A. donax stalks and transport of choppings 

away from the cultivated field may prove otherwise, requiring that all management strategies be 

thoroughly tested before any conclusions can be drawn. 

  As previously suggested, subtle differences in plant functional traits could result in 

differences between our crops and closely related weedy escapes. Davis (2009) suggests four 

requirements must be met for an individual to successfully establish and produce offspring which 

include: finding a favorable environment; having the ability to acquire resources for growth; 

finding gametes for mating; and avoid mortality. While we sometimes over generalize the 

explanatory power of plant functional traits in invasiveness (Pyšek and Richardson 2007), certain 

functional traits can greatly influence the ability of a species to meet the required needs for 

establishment (Davis 2009).  For example, red rice is generally taller, more heavily tillered, 

emerges from greater depths within the seedbank, emerges one to two days earlier than 

cultivated rice, and has been shown to have more rapid seedling growth when compared with 

cultivated varieties (Deloche et al. 2007). In the case of S. bicolor, grain sorghum and 

shattercane differ only in: seed shattering, which allows for a greater chance for shattercane 

dispersal; seed dormancy and seed longevity, which favors shattercane persistence; and height, 

because cultivated varieties have recessive dwarf traits (Quinby and Karper 1954, Burnside 

1965, Fellows and Roeth 1992). Also, it appears that there is a greater likelihood of grain 

sorghum outcrossing with shattercane than crossing with another grain sorghum, increasing the 

genetic diversity of new shattercane hybrids that appear to be equally as fit as the parent (Sahoo 
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et al. 2010). Essentially, shattercane has been naturally selected for adaptive traits that promote 

competition with crops and circumvent agricultural weed management practices. Miscanthus 

sinensis, has both been considered as a bioenergy crop but more likely as potential germplasm 

for breeding programs. Over 100 named varieties of ornamental Miscanthus spp. have been 

introduced to the U.S. since the late 1800’s and are readily available for purchase (Quinn et al. 

2010). Yet, varieties of M. sinensis show remarkable differences in reproductive potential 

(Meyer and Tchida 1999); differences that are not evident by performing a single risk assessment 

at the species level. We chose to evaluate sterile and fertile M. × giganteus separately because 

the fertile lines are so new, and have not been cultivated outside of research trials and test plots 

for more than a few years, if at all. Despite the fact that we know very little about the seed 

viability, longevity, and seedling establishment outside of cultivation, the risk assessments scores 

clearly increased (Table 2) from sterile to fertile varieties. Therefore, if risk assessments are to be 

used with species possessing wild types, or multiple varieties or subspecies, they may be most 

useful for providing guidance by selecting specific varieties for further study.  

 Despite the negative impacts invasive species impose on new environments, adoption of 

WRA tools in some countries, such as the United States, has been slow (Keller et al. 2007); 

economic tradeoffs are likely one reason for this reluctance. The number one concern of relying 

on WRA models to set policy, is the potential for false positives, as net economic loss from 

rejection of a species could be substantial. Keller et al (2007) modeled economic projections 

over a ten to 500 year time span, and were able to show the A-WRA has a net positive economic 

benefit to Australia, but only after many decades (5-10) of implementation. If the risk 

assessments do in fact work, is it possible that we choose to ignore costs associated with 

managing weedy agricultural escapes and their weedy hybrids? Any species cultivated at such 
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huge scale, over vast landscapes and geographies has some non-zero probability of escape. 

Based on the PPQ-WRA scores (Figure 2), we placed these 40 species on a coarse spectrum 

across an extremely heterogeneous landscape. All species in this study have been, or are 

anticipated to be, introduced widely. These risk scores indicate the most ideal conditions, timing 

and geography across an area greater than 8 million km2 (the continental U.S.). Where a species 

falls on that hypothetical spectrum can easily change based on timing, propagule pressure and 

environment (Barney and Whitlow 2008). The PPQ-WRA has managed to address the false 

positives to some level, but if we are going to take these scores at face value, the inability to 

perfectly parse weeds from crops must be considered. When we consider novel bioenergy crops, 

broader considerations including economic revitalization, alternative energy choices, climate 

change and sustainability, especially at the local scale, must be part of the dialogue.  

 Australia has chosen to take a conservative approach when importing new species, through 

the use of a risk assessment model, yet the A-WRA suggests rejecting many staple crops. At the 

very least benefits of many of our weedy crop escapes (Table 3, Figure 2) such as rye, (Secale 

cereale), which received the highest score for a crop from both models, are still able to outweigh 

the negative impacts of escape.  Perhaps as scientists, our ability to quantify the true negative 

impacts of invasive species in favor of relying on speculation has been poor at best (Barney et al. 

2013). Despite an extensive literature search, it was surprisingly difficult to find true quantitative 

data, suggesting a measured negative impact, for even well known invasive species such as P. 

montana. In the same way the precautionary principle has been applied to genetically modified 

crops (CAST 2013), our fear of widespread bioenergy crop adoption may be less detrimental 

than our failure to develop sustainable sources of alternative energy. Introductions of new 

species should not be met with reckless abandon, but our current level of knowledge requires 
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careful and balanced evaluation beyond qualitative risk assessments.  

 Based on the results of both models in assessing important agronomic crops, a “safe list” of 

crops developed from risk assessment alone would be economically devastating. As suggested 

by Quinn et al. (2013), species receiving a high risk score would be placed on a regulated 

noxious weed list. By current regulatory rule, such species would be banned from importation 

and sale with the state. Risk assessments may have a role to play, by adding some level of 

scientific rigor to poorly determined state and federal noxious weed lists for species invading 

natural or unmanaged systems (Quinn et al. 2013). Also, risk assessments may add to the 

development of a category of plants Not Authorized Pending Plant Risk Assessment (NAPPRA) 

(Roberts et al. 2011). However, when it comes to economically important crops, a system that 

ranks crops such as rice, barley and alfalfa as posing greater risk (Figure 2) than A. donax or tall 

fescue (Schedonorus arundinaceus) lacks the ability to address important socio-economic issues. 

While the US may not be thought of as a dominant producer of rice, according to the US 

Government census the US was the fourth largest exporter of rice in the world in 2009 

(http://www.census.gov/compendia/statab/2011/tables/11s1374.pdf) and a recent Texas A & M 

report indicated that U.S. rice production had a $34 billion benefit to the U.S. economy in 2009. 

Despite the impactful reduction in yield and decreased profit margin in cultivated rice and other 

crops due to red rice it is still economically profitable to grow rice (Carlson et al. 2102). With 

almost certainty, despite the predicted outcomes, no ecologist, agronomist, or conservationist 

would suggest regulating crops such as sorghum, rye, wheat or any of our other current 

economically important crops.  

 To date, several publications have called for a tiered approach, for which weed risk 

assessment models may be the starting point for a larger system (Davis et al. 2010) 
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To make risk assessments more effective than as some critics elude, no better than the 

probability of a guess (Hulme 2012), a tiered approach should add quantitative value. The bold 

decision by APHIS not to regulate A. donax (EPA 2013) based on risk assessment scores alone 

sets precedence for a more comprehensive approach. It will be important to ensure that 

quantitative field trials are forthcoming. As previously stated, in the case of crops a tiered 

approach (Davis et al. 2010) would provide a more extensive analysis of risk, in which risk 

assessment serves as the first tier followed by a semi-quantitative species distribution models 

followed by empirical studies which assess escape, establishment, spread and impacts. In the 

case of important new crops, an economic analysis should also be considered as the value of the 

crop may outweigh the cost of management.  

 Without adopting an extreme policy, such as restricting the cultivation of new crops to 

native plants, we will never truly reduce the risk of invasive accessions. Limitations aside, risk 

assessment tools have a place in the decision making process of exotic species. Certainly as 

suggested by Quinn et al. (2013), WRA’s can add a level of scientific method and transparency 

to the regulatory process. As it appears they are not entirely effective at truly parsing the crops 

from the weeds or their wild relatives. In conjunction with their current inability to take 

management strategies into consideration, risk assessments should not be the singular component 

in the decision making process when novel crops are concerned.  
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Table 1.  Species and details including CO2 fixation pathway, taxonomic family, life form, native range and 

approximate time of introduction to North America, selected for evaluation using the Australian and Plant 

Protection and Quarantine Weed Risk Assessment models.  

 
Species	  

CO2	  
fixation	   Life	  form/	  Family	   Native	  range	  

~	  Time	  of	  
introduction	  to	  
North	  America	  

Bi
oe
ne
rg
y	  
Cr
op
s	  

Arundo	  donax	   C3 grass/	  Poaceae	   East	  Asia,	  Mediterranean	   early 1800’sa 

Camelina	  sativa	   C3 forb/	  Brassicaceae	   Europe	   1863d 

Miscanthus	  sacchariflorus	   C4 grass/	  Poaceae	   East	  Asia,	  Pacific	  Islands	   after 1935o 

Miscanthus	  sinensis	   C4 grass/	  Poaceae	   East	  Asia,	  Pacific	  Islands	   1893e 

 

1960 
Miscanthus	  ×	  giganteus	  ‘Illinois’	   C4 grass/	  Poaceae	   East	  Asia,	  Pacific	  Islands	   1960f 

Panicum	  virgatum	   C4 grass/	  Poaceae	   North	  America	   nativen 

Pennisetum	  purpureum	   C4 grass/	  Poaceae	   Africa	   1913g 

Phalaris	  arundinacea	   C3 grass/	  Poaceae	   Asia,	  Europe,	  North	  America	   nativen/1885c 

Saccharum	  spontaneum	   C4 grass/	  Poaceae	   South	  Asia	   ? 

Sorghum	  bicolor	   C4 grass/	  Poaceae	   Northern	  Africa	   > 1850c 

Thlaspi	  arvense	   C3 forb/	  Brassicaceae	   Eurasia	   1700h 

Eucalyptus	  globulus	   C3 tree/	  Mertaceae	   Australia,	  Tasmania	   1856a 

Jatropha	  curcas	   C3 tree,	  shrub/	  Euphorbiaceae	  	   Central	  America,	  Caribbean	   ? 

Paulownia	  tomentosa	   C3 tree/	  Scrophulariaceae	   China	   1844i 

Robinia	  pseudoacacia	   C3 tree/	  Fabaceae	   Eastern	  United	  States	   nativen 

Triadica	  sebifera	   C3 tree/	  Euphorbiaceae	   China	   1772b 

Ag
ro
no
m
ic
	  In
va
si
ve
s	  

Cannabis	  sativa	   C3 forb/	  Cannabaceae	   Central	  Asia	   16-1700c 

Cynodon	  dactylon	   C4 grass/	  Poaceae	   Asia	   16-1700j 

Dactylis	  glomerata	   C3 grass/	  Poaceae	   Western,	  central	  Europe	   1750k 

Elymus	  repens	   C3 grass/	  Poaceae	   Europe	   1600b 

Imperata	  cylindrica	   C4 grass/	  Poaceae	   East	  Africa	   1912b 

Pennisetum	  clandestinum	   C4 grass/	  Poaceae	   East	  Africa	   1918k 

Phalaris	  aquatica	   C3 grass/	  Poaceae	   Europe,	  Mediterranean	   1914l 

Pueraria	  montana	   C3 vine/	  Fabaceae	   China,	  Japan	   1876c 

Schedonorus	  phoenix	   C3 grass/	  Poaceae	   Europe	   early 1800’sj 

Sorghum	  halepense	   C4 grass/	  Poaceae	   Mediterranean	   1830c 

Ag
ro
no
m
ic
	  C
ro
ps
	  

Avena	  sativa	   C3 grass/	  Poaceae	   Europe	   1602m 

Brassica	  napus	   C3 forb/	  Brassicaceae	   Mediterranean	   1940c 

Glycine	  max	   C3 forb/	  Fabaceae	   East	  Asia	   1804c 

Gossypium	  hirsutum	   C3 forb/	  Malvaceae	   Africa,	  China,	  central	  America	   1607c 

Hordeum	  vulgare	   C3 grass/	  Poaceae	   Middle	  East	   1602c 

Linum	  usitatissimum	   C3 forb/Linaceae	   Asia,	  Mediterranean	   16-1700c 

Medicago	  sativa	   C3 forb/	  Fabaceae	   Southwestern	  Asia	   1736c 

Nicotiana	  tabacum	   C3 forb/	  Solanaceae	   Mexico,	  south/central	  America	   1612c 

Oryza	  sativa	   C3 grass/	  Poaceae	   India,	  Southeast	  Asia	   1685c 

Saccharum	  officinarum	   C4 grass/	  Poaceae	   New	  Guinea	   1751c 

Secale	  cereale	   C3 grass/	  Poaceae	   Southwest	  Asia	   ? 

Solanum	  tuberosum	   C3 forb/	  Solanaceae	   Andean	  highlands	   1621c 

Triticum	  aestivium	   C3 grass/	  Poaceae	   Middle	  East	   1602c 
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Notes: a USDA Forest Service: http://www.fs.fed.us/database/feis/plants/; b USDA National Agricultural Library: 

http://www.invasivespeciesinfo.gov/; c Martin et al 2006; d Canadian Food Inspection Agency: http://www.inspection.gc.ca/plants/; e Dougherty 

2013; f http://www.kurtbluemel.com/Miscanthus_giganteus.html; g University of Florida Extension: http://edis.ifas.ufl.edu/ag302; h University 

of Minnesota: http://www1.umn.edu/news/news-releases/2013/UR_CONTENT_452676.html; i Invasive Plant Atlas of New England: 

http://www.eddmaps.org/ipane/ipanespecies/; j Texas A&M Extension:http://aghorticulture.tamu.edu/archives/parsons/turf/publications/Bermuda 

k Oregon State University: http://forages.oregonstate.edu/fi/publications; l Bureau of Land Management: http://www.blm.gov/ca/st/en/fo/-

hollister/noxious_weeds/nox_weeds_list/; m Iowa State Department of Agronomy: http://agronwww.agron.iastate.edu/ rses/agron212/Readings/- 

Oat_wheat_history.htm; n USDA PLANTS Database: http://plants.usda.gov/; o Greef and Deuter 1993 

 

 

 

 

 

 

 

 

 

 

Zea	  mays	   C4 grass/	  Poaceae	   Central	  America	   before 1492c 
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Table 2. Weed risk assessment scores and results for candidate bioenergy crops, using the new Plant Protection and Quarantine 

(PPQ-WRA) and Australian (A-WRA) models. 

      PPQ- WRA A-WRA 

B
io

en
er

gy
 C

ro
ps

 

Scientific name Common name 
Establishment 

/spread Impact Result 
Secondary 
Screening Score Result 

Arundo donax giant reed 9 3.1 High Risk n/a 10 Reject 
Camelina sativa camelina 4 2.6 Evaluate further Evaluate further 15 Reject 
Miscanthus sacchariflorus Amur silvergrass 6 2.3 Evaluate further High Risk 19 Reject 
Miscanthus sinensis maiden grass 14 2.9 High Risk n/a 28 Reject 
Miscanthus × giganteus (sterile) giant miscanthus 0 1 Low Risk n/a 3 Evaluate further 
Miscanthus × giganteus (fertile) giant miscanthus 6 1 Evaluate further Evaluate further 10 Reject 
Panicum virgatum switchgrass 9 1.6 Evaluate further Evaluate further 14 Reject 
Sorghum bicolor energy sorghum 24 4 High Risk n/a 28 Reject 
Pennisetum purpureum elephant grass 9 2.6 Evaluate further High Risk 24 Reject 
Phalaris arundinaceae reed canarygrass 12 2.6 High Risk n/a 17 Reject 
Saccharum spontaneum sugarcane 15 2.6 High Risk n/a 20 Reject 
Thlaspi arvense field pennycress 13 2.7 High Risk n/a 17 Reject 
Eucalyptus globulus Tasmanian blue gum 11 3.2 High Risk n/a 20 Reject 
Jatropha curcas Barbados nut 10 1.6 Evaluate further High Risk 23 Reject 
Paulownia tomentosa princesstree 8 2.4 Evaluate further High Risk 12 Reject 
Robinia pseudoacacia black locust 11 2.3 High Risk n/a 15 Reject 

  Triadica sebifera Chinese tallow 13 2.6 High Risk n/a 15 Reject 
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Table 3. Weed risk assessment scores and results for intentionally introduced agronomic invasives, using the new Plant  

Protection and Quarantine (PPQ-WRA) and the Australian (A-WRA) models.  

   PPQ- WRA A-WRA 

A
gr

on
om

ic
 In

va
si

ve
s Scientific name Common name 

Establishment 
/spread Impact Result 

Secondary 
Screening Score Result 

Cannabis sativa marijuana 11 1.3 Evaluate further High Risk 11 Reject 
Cynodon dactylon bermudagrass 14 2.7 High Risk n/a 17 Reject 
Dactylis glomerata orchardgrass 12 1.7 High Risk n/a 13 Reject 
Elymus repens quackgrass 15 2.6 High Risk n/a 17 Reject 
Imperata cylindrica cogongrass 13 4.4 High Risk n/a 25 Reject 
Pennisetum clandestinum kikuyugrass 17 2 High Risk n/a 22 Reject 
Phalaris aquatica Harding grass 11 1.6 Evaluate further High Risk 22 Reject 
Pueraria montana kudzu 13 3.6 High Risk n/a 21 Reject 
Schedonerus arundinaceus tall fescue 11 2.8 High Risk n/a 17 Reject 
Sorghum halepense johnsongrass 29 3.4 High Risk n/a 34 Reject 
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Table 4. Weed risk assessment scores and results for agronomic crops, using the new Plant Protection and Quarantine (PPQ-

WRA) and the Australian (A-WRA) models.  

   PPQ- WRA A-WRA 

C
ro

ps
 

Scientific name Common name 
Establishment 

/spread Impact Result 
Secondary 
Screening Score Result 

Avena sativa oats 9 1.1 Evaluate further Evaluate further 10 Reject 
Brassica napus canola 11 2.5 High Risk n/a 13 Reject 
Glycine max Soybean -5 1 Low Risk n/a -5 Accept 
Gossypium hirsutum cotton -1 1.1 Low Risk n/a -2 Accept 
Hordeum vulgare barley 12 2.9 High Risk n/a 15 Reject 
Linum usitatissinum flax 0 2.5 Evaluate further Evaluate further 7 Reject 
Medicago sativa alfalfa 13 2.4 High Risk n/a 23 Reject 
Nicotiana tabacum tobacco 0 1.2 Low Risk n/a 3 Evaluate further 
Oryza sativa rice 13 2.8 High Risk n/a 16 Reject 
Saccharum officinarum sugarcane 4 1.1 Evaluate further Evaluate further 4 Evaluate further 
Secale cereale rye 16 2.8 High Risk n/a 19 Reject 
Solanum tuberosum potato 5 2.3 Evaluate further Evaluate further 12 Reject 
Triticum aestivum wheat 9 2 Evaluate further Evaluate further 19 Reject 
Zea mays corn -6 2.2 Low Risk n/a -1 Accept 
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Figure 1. A comparison of weed risk assessment scores using the Australian weed risk 

assessment (A-WRA) on the y-axis and the Plant Protection and Quarantine weed risk 

assessment (PPQ-WRA) on the x-axis, for 41 weed risk assessments. A total of 17 bioenergy 

crop, 14 agronomic crop, and 10 agronomic invasive assessments were performed. Thresholds 

for each model are indicated by color: red = high-risk/reject; yellow = evaluate further; green = 

low-risk/accept; a blend of color indicates an overlap in thresholds between models. 
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Figure 2. The spectrum of Plant Protection and Quarantine weed risk assessment (PPQ-WRA) scores for 40 species in 

three species designations: crops bioenergy crop, or agronomic invasive. The scale indicating the range of composite 

risk scores from -0.6 to 8.8 is shown just below the spectrum.   
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Chapter 3. The Relative Risk of Invasion: Evaluation of Miscanthus × giganteus Seed 

Establishment 
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The sterile hybrid, giant miscanthus, has emerged as a promising cellulosic bioenergy 

crop because of its rapid growth rate, high biomass yields, and tolerance to poor growing 

conditions; these are traits that are desirable for cultivation, but also have caused concern for 

their contribution to invasiveness. New seed-bearing lines of giant miscanthus would decrease 

establishment costs for growers, yet this previously unresearched propagule source increases 

fears of escape from cultivation. To evaluate the consequences of seed escape, we compared 

seedling establishment among seven habitats: no-till agricultural field, agricultural field edge, 

forest understory, forest edge, riparian, pasture and roadside; these were replicated in Virginia 

(Blacksburg and Virginia Beach) and Georgia (Tifton), USA. We use a novel head-to-head 

comparison of giant miscanthus against five invasive and three noninvasive species, thus 

generating relative comparisons. Overall seed germination was low, with no single species 

achieving germination rates >37%, in all habitats and geographies. However, habitats with 
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available bare ground and low resident plant competition, such as the agricultural field and forest 

understory, were more invasible by all species. Giant miscanthus seeds emerged in the roadside 

and forest edge habitats at all sites. Early in the growing season, we observed significantly more 

seedlings of giant miscanthus than the invasive and noninvasive species in the agricultural field. 

Interestingly, overall seedling mortality of giant miscanthus was 99.9%, with only a single 4 cm  

tall giant miscanthus seedling surviving at the conclusion of the 6-mo study. The ability to make 

relative comparisons, by using multiple control species, was necessary for our conclusions in 

which both giant miscanthus and the noninvasive control species survival (≤1%) contrasted with 

that of our well-documented invasive species (≤10%). Considering the low overall emergence, 

increased propagule pressure may be necessary to increase the possibility of giant miscanthus 

escape. Knowledge gained from our results may help prepare for widespread commercialization, 

while helping to identify susceptible habitats to seedling establishment and aiding in the 

development of management protocols. 

Nomenclature: Giant miscanthus, Miscanthus × giganteus J. M. Greef and Deuter ex Hodk. 

and Renvoize 

Key words: Bioenergy, biofuel, controlled introduction, giant miscanthus, habitat 

susceptibility, invasibility. 
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The pursuit of renewable fuel sources has sparked a growing interest in the cultivation of 

large-statured grasses for the production of bioenergy (Lewandowski et al. 2003). Many of the 

rhizomatous perennial grasses bear a suite of desirable traits for large-scale production such as 

rapid growth and biomass accumulation, minimal input requirements, and the ability to grow on 

marginal land. The very characteristics that make biofuels desirable crops are also shared with 

many invasive plants (Barney and DiTomaso 2008; Raghu et al. 2006). 

Candidate feedstocks include native species such as switchgrass, Panicum virgatum L., 

and several exotic species such as giant reed, Arundo donax L.; napier grass, Pennisetum 

purpureum Schumach.; and giant miscanthus, Miscanthus × giganteus J. M. Greef and Deuter ex 

Hodk. and Renvoize. As evidence of the invasion concern, the California Department of Food 

and Agriculture preemptively added P. virgatum to their noxious weed list, thus preventing 

intentional planting or distribution, only to later remove the listing (DiTomaso et al. 2013). 

Arundo donax has landed on several state noxious weed lists (Quinn et al. 2013) because of its 

impact in riparian areas (Bell 1997; Katibah 1984). Miscanthus × giganteus, a sterile hybrid of 

the two documented weed species M. sinensis Anderss. and M. sacchariflorus (Maxim.) Franch., 

is a leading bioenergy crop in the United States and Europe (Quinn et al. 2010). Despite some 

risk assessments suggesting a low invasion risk (Barney and DiTomaso 2008), M. × giganteus 

produces abundant biomass, has few pests, and requires few inputs after the establishment year 

(Lewandowski et al. 2003). Some characteristics are reminiscent of Herbert Baker’s (1965) 

“ideal weed”, and many traits are shared by some of the world’s most damaging invasive species 

(Raghu et al. 2006). 

Despite the concerns regarding invasive species, bioenergy crops are likely to be rapidly 

adopted and cultivated. To meet growing demands and federal mandates, projections indicate 
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that up to 60 million ha of land could be put into dedicated bioenergy production in as little as 

ten years (Field et al. 2008; Robertson et al. 2008). The Southeastern United States is likely to 

play a large role in this emerging industry, as many feedstocks are well suited to this geographic 

region, with its long growing seasons and ample idle land from a shrinking tobacco market 

(Perlack et al. 2005). While there is considerable agronomic literature available for M. × 

giganteus (Heaton et al. 2010; Jorgensen and Muhs 2001; Lewandowski et al. 2000), very little 

addresses the invasive potential of cultivation at such a large scale. Miscanthus × giganteus was 

first introduced to Europe in the 1930’s and more recently to the US (Lewandowski et al. 2003), 

allowing relatively little time for investigation of potential consequences of large scale 

cultivation. Currently, there are no reports of naturalized populations despite the relatively 

cosmopolitan introduced distribution of this species (Lewandowski et al. 2003). However, while 

the spread of pests and pathogens can increase rapidly, it may take decades before plant 

populations become problematic (Barney and DiTomaso 2008; Crooks and Soule 1999; Mack et 

al. 2002). With the relatively recent introduction of M. × giganteus to the United States, it may 

be too early to make conclusions regarding its ability to naturalize outside of cultivation. Thus, 

we have an opportunity to conduct research now, providing us with valuable information to 

prevent and manage the invasion risk. 

Grower adoption of the sterile M. × giganteus ‘Illinois’ clone has been slow as vegetative 

propagules are both costly and require specialty equipment that may not be available to many 

growers (Heaton et al. 2010; Lewandowski et al. 2000). With the goals of lower cost of plant 

establishment, and yields equivalent to or higher than existing vegetative materials; a fertile 

variety of M. × giganteus, known as ‘PowerCane’TM, has been developed (Mendel 
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Biotechnology, personal communication). This is one of several fertile M. × giganteus lines in 

development. 

A seeded M. ×giganteus may be more economically attractive to growers. However, 

seeded M. × giganteus dramatically increases the propagule number produced by this species, 

which subsequently raises the risk of escape from cultivation. The sterile ‘Illinois’ clone, relying 

on comparatively fewer and less mobile vegetative propagules, had been regarded by the 

qualitative Australian weed risk assessment as being a low risk species (Barney and DiTomaso 

2008). However, propagule pressure has proven to have a substantial role in the invasion process 

(Lockwood et al. 2005; Rejmánek et al. 2005). The number of propagules produced annually by 

M. × giganteus, or other candidate crops, create the potential for an ongoing source and 

accumulation of successfully established individuals (Davis 2009). Establishment rates are not 

static and the system in which propagules disperse is not homogeneous, especially over time. 

Once propagules are established, the new seedlings must produce propagules of their own, which 

face the same set of biotic and abiotic barriers as the parent, which is a function of species traits 

and habitat characteristics. For example, even though sterile M. × giganteus ‘Illinois’ has a 

limited ability to disperse, barring major disturbance events, the robust rhizomes likely allow for 

an increased chance of persistence once established. In contrast, new wind-dispersed seeds 

greatly enhance the ability of this species to disperse and increase the probability of escape 

outside the cultivated boundary, not only in habitats surrounding agricultural fields, but along 

transport routes as well (Barney and DiTomaso 2010). 

Cultivation of the fertile lines of M. × giganteus ‘PowerCane’ could greatly increase the 

likelihood of escape beyond the production field. A single M. × giganteus plant can produce 

>100 inflorescences after the second year of growth, with each inflorescence producing an 
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average of 1,270 spikelets (L. Smith, unpublished data), totaling over 2.5 billion spikelets ha−1 

yr−1. Additionally, each spikelet is subtended by a ciliate lemma (Gleason 1952) for wind-

assisted dispersal. Recently, Quinn et al. (2011a) showed that 77% of the anemochorous 

spikelets of M. ×giganteus ‘Illinois’ landed within 50 m of the source with 4% landing between 

300 and 400 m. These spikelets, however, were infertile as they lacked an embryo, and therefore 

yielded a lighter fruit (~0.35 mg). Data from the same study for M. sinensis, in which 95% and 

0.4% of spikelets dispersed within 50 m and between 300 and 400 m respectively, may be a 

closer match as spikelet weights for fertile M. × giganteus and M. sinensis are similar (~ 0.8 to 

1.0 mg) (L. Smith, personal observation). This indicates that the risk of off target spread is not 

confined to the local agricultural field, but habitats adjacent to production fields, transport routes, 

and storage sites will be most at risk for invasion. 

It is possible that fertile M. ×giganteus will disperse not only from cultivated fields, but 

along the supply chain as well. Post-harvest transport from the field and at storage sites, without 

proper management practices, could increase the number of habitats exposed to propagules. A 

diverse landscape matrix will be found between the field and conversion facility, and each 

habitat will be uniquely susceptible to invasion from a propagule (i.e., forest is different than a 

pasture). The success of establishment outside of cultivation will therefore be directly linked to 

the propagule pressure, species traits, and ecosystem or habitat invasibility at a given time 

(Barney and Whitlow 2008; Lockwood et al. 2005; Rejmánek et al. 2005). A recent demographic 

model suggests that fertile M. ×giganteus has a much greater probability of spread than sterile 

M. ×giganteus (Matlaga and Davis 2013). This model is interesting because it requires an 

estimate of seedling survival, although no current published data exist. The probability of M. 

×giganteus invasion in this model directly hinges on the probability to germinate and establish 
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and will ultimately be the difference between population growth or decline. For this very reason 

it is imperative that we gain a better understanding of the ability of M. ×giganteus to germinate 

and establish in numerous habitats within the southeastern United States. 

To empirically address the invasion potential of M. ×giganteus ‘PowerCane’ spikelets, 

we use a novel methodology to relativize the establishment stage invasion potential across a 

range of relevant habitats. We selected diverse habitats based on a range of light, moisture, 

competition, and disturbance characteristics. This sample is intended to capture a range of 

potential habitats that are likely to be encountered in the Southeast during cultivation and 

transport, allowing us to determine habitats that may be most susceptible to invasion. Our 

methodology also includes several known invasive species in the United States, (positive 

controls) as well as noninvasive species (negative controls). These species were selected 

specifically for the geographic location and habitats used in this study. Through this design, we 

can make relative comparisons of Miscanthus × giganteus ‘PowerCane’ along an invasion 

gradient in which all species have some probability of being invasive across a diverse range of 

habitats. The objective of our study is to compare the emergence and establishment potential of 

M. × giganteus ‘PowerCane’ across a range of habitats and geographies relative to known 

invasive and noninvasive controls. Specifically, we aim to: (1) evaluate the ability of M. × 

giganteus ‘PowerCane’ to germinate and establish in any one of seven habitats likely to be 

encountered during cultivation and transport in the Southeast; and (2) determine if ‘PowerCane’ 

emergence and establishment rates are more comparable to known invasive or noninvasive 

species in each respective habitat and geographic location. 
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Materials and Methods 

Site Selection. In January 2012, we initiated a controlled introduction of M. × giganteus 

‘PowerCane’ spikelets, in which we evaluated emergence and establishment in seven habitats in 

three geographic locations. Seven habitats were included in Blacksburg, Virginia, USA (37°20′ 

N, 80°58′ W): agricultural field (no-till Roundup Ready® soybean [Glycine max (L.) Merr] 

field), agricultural field edge, forest understory, forest edge, pasture, riparian, and roadside 

(Table 1). The forest understory, forest edge, pasture and roadside habitats were replicated in 

Virginia Beach, Virginia (36°85′ N, 75°97′ W) and in Tifton, Georgia (31°40′ N, 83°60′ W). The 

agricultural field edge was only replicated at the Virginia Beach site, while the agricultural field 

and riparian sites were only established in Blacksburg. We understand this limits broader 

application in these two habitats. However, because of the proprietary nature of the ‘PowerCane’ 

spikelets, we were restricted to Virginia Tech or Mendel property, which were habitat-limited. It 

should be noted that other important ecological studies have been carried out using a single 

location (Von Holle 2005; Von Holle and Simberloff 2005), but we limit broad applicablility of 

our results appropriately. The study was also established in Lafayette, Indiana, Schochoh, 

Kentucky, and Memphis, Tennessee for a much broader sampling of geographic locations. 

However, because of circumstances beyond our control, those sites were eradicated shortly after 

the first data collection. 

 

Species selection. The primary species of interest is a fertile M. × giganteus (‘PowerCane’ 

hereafter), which was tested in each location against two exotic invasive species (hereafter 

positive controls) and two noninvasive controls (hereafter negative controls) all with similar life 

histories (Table 2), the identity of which varied among sites. This methodology allows us to 
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compare ‘PowerCane’ against a gradient of controls to relativize our otherwise isolated results. 

We have the ability to compare ‘PowerCane’ in relation to our negative and positive controls in 

each habitat and geographic location, thus determining placement on an invasive gradient in each 

habitat. 

The two positive controls for each location were chosen from among: Maiden grass, M. 

sinensis; johnsongrass, Sorghum halepense (L.) Pers.; tall fescue, Schedonorus arundinaceus 

(Schreb.) Dumort.; reed canarygrass, Phalaris arundinacea L.; and Japanese stiltgrass, 

Microstegium vimineum (Trin) A. Camus. Weedy populations of all positive controls are well 

documented in the geographic regions of this study (Barnes et al. 1995; Holm et al. 1977; 

Jakubowski et al. 2011; Quinn et al. 2011b), and receive a high risk rating from the Plant 

Protection and Quarantine Weed Risk Assessment Model (Koop et al 2011; L. Smith, 

unpublished manuscript). The two negative controls were chosen from among: big blue stem, 

Andropogon gerardii Vitman; switchgrass, Panicum virgatum, and red fescue, Festuca rubra L. 

These negative controls are native to North America and are not considered highly competitive 

or weedy in comparison to our positive controls. 

We used M. sinensis as a positive control in all habitats as M. × giganteus shares half its 

genetic makeup with M. sinensis, and because M. sinensis is considered a moderately aggressive 

invasive weed (Quinn et al. 2010), especially in the Mid-Atlantic and Southeastern United States. 

Thus, it is an ideal positive control for this study. We used A. gerardii as a negative control in all 

habitats as this species is frequently noted to have poor seedling establishment and low seedling 

vigor (Smart et al. 2003). Otherwise, we varied the species comprising positive and negative 

controls depending on the habitat and geography. For example, M. vimineum, a common 

understory invader (Rauschert et al. 2009), was our positive control in the forest understory, and 
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P. arundinacea, a documented wetland invader (Jakubowski et al. 2011), was the positive 

control in the riparian site. 

Germination tests were performed on all species in a greenhouse setting under ideal 

conditions prior to this study to determine the percent of viable, nondormant seed. Therefore, all 

reported germination values in this field study are based on the mean number of viable seed 

recorded during the greenhouse germination study (Table 2), unless otherwise mentioned. 

 

Establishment. Within each habitat we constructed five 3.75 by 1.5 m enclosures using eight 50 

cm-tall wooden stakes and aluminum window screen (30.5 cm high) to prevent off-site seed 

movement. Each enclosure was subdivided, in a linear pattern, into six 0.25 by 0.25-m quadrats 

spaced >0.5m from the window screen boundary and 0.25 m from each other. 

Each of the six quadrats within an enclosure was randomly assigned 250 seeds from five 

species (‘PowerCane’, two positive controls, and two negative controls), except the two 

Miscanthus species, which were randomly forced to one of the opposite ends of the enclosed plot 

to reduce misidentification at the seedling stage. In addition to the five plant species, one 0.25 by 

0.25-m quadrat was left unplanted to account for potential resident individuals of the sown 

species. Seeds were surface-broadcast on January 28, 2012, coinciding with time of naturalized 

M. × giganteus spikelet dispersal or shortly thereafter (Quinn et al. 2010). 

At the time of seed sowing, two pooled 2.5 by 30.5-cm soil samples were taken within 

the boundary of each of the five replicated enclosures at each habitat in all three locations. Soil 

samples were submitted to the Virginia Tech Soil Testing Laboratory for analysis of soil pH and 

macro- and micronutrients. We began recording seedling emergence biweekly beginning 

February 15 at Tifton, GA and March 21, 2012 at Blacksburg and Virginia Beach, VA. 
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Volumetric soil moisture was recorded bimonthly using a TH300 soil moisture probe (Dynamix, 

Inc. Houston, Texas, USA), in which three subsamples were taken in each of the enclosures. An 

AccuPAR LP-80 PAR/LAI ceptometer (Decagon Devices, Inc., Pullman, Washington, USA) 

was used to collect photosynthetically active radiation (PAR), with three subsamples per 

enclosure recorded bimonthly. Plant morphology data, including height (ground to tallest collar), 

number of culms, and number of flowering culms were collected on a monthly basis. The plant 

community in each quadrat was also assessed for percent cover of resident vegetation, as well as 

percent bare ground at monthly intervals. 

During this study all habitats were managed as would be expected for that site. For 

example, the roadside was mowed in accordance with Department of Transportation schedules in 

Blacksburg, VA, and carried out at the other two locations at the same time for consistency. 

Pastures were mown at the same time as the surrounding habitat determined by research farm 

technical staff at the Kentland Research Farm in Blacksburg, VA, and again carried out in the 

other two locations at a similar time. The agricultural field in Blacksburg, VA received a 4% 

preplant application of glyphosate (Gly-4 Plus®, Universal Crop Protection Alliance, Eagan, 

Minnesota, USA) on May 4, 2012 and was planted with Roundup Ready soybeans (Monsanto, 

St. Louis Missouri, USA) on May 11, 2012. Soybeans were planted in 76-cm rows with the 0.25 

by 0.25-m quadrats in each enclosure falling between two rows. The agricultural field edge, 

riparian, forest understory and forest edge received no management. 

On August 15, after 6 mo of observation, the experiment was terminated. All introduced 

plants were eradicated from within the enclosures to minimize the chance of future spread of the 

introduced seeds. Scouting in all geographic regions and habitats followed in the spring and 
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summer of 2013. Any seedlings deemed to be introduced from this study were removed by hand 

weeding. 

 

Statistical Analysis. Our data were zero-inflated because of low emergence and establishment 

rates common in germination/establishment studies (Martin et al. 2005). To meet all criteria for 

parametric testing, a two-step process was used for analysis. First, we created two sets of data, 

one based on actual numeric counts of all emerged seedlings within a plot, and one based on 

overall presence or absence of our target species in each plot. Data at the time of maximum and 

final emergence events for each replicated enclosure were evaluated for presence or absence of 

species across locations. To further examine the influence of habitats at each geographic 

location, we also analyzed each location separately. Data were analyzed using nominal logistic 

regression with species designation (positive and negative controls), habitat, block and location 

as independent variables. Second, all zero data points were removed, leaving only numeric data 

for emerged individuals. Then, the maximum and final emergence percentages, while controlling 

for germinability of each species (Table 2), were Box Cox Y transformed to normalize the data 

(Box and Cox 1964). A mixed effects model was used including location and enclosure as 

random components and habitat and species as fixed effects. A linear regression was used to test 

for correlation between the availability of bare ground, light availability, soil moisture and soil 

pH and nutrient availability in each 0.25 by 0.25-m quadrat of the enclosure and the number of 

emerged individuals at the maximum emergence event. Again, all numeric data were Box Cox Y 

transformed to meet assumptions. All data from this study were analyzed using JMP 10 

statistical software (SAS Institute, Cary, North Carolina, USA). 
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Results 

Emergence for all species and locations was universally low, with no single species 

achieving emergence rates >37%. Emergence (P = 0.0067) and the maximum number of 

seedlings (P < 0.0001) varied across the geographic sites (Table 3). However, because of the 

very low number of mature plants and seedlings we observed at the final data collection on 

August 15, location did not have a significant effect on final establishment (P = 0.2291). The 

maximum number of seedlings (P = 0.0019) also varied among habitats with the highest overall 

emergence observed in the agricultural no-till soybean field (14.8%) (until herbicide application) 

and the forest understory (14.3%). Lowest emergence for all species categories occurred in the 

pasture (5.1%), forest edge (5.8%) and roadside (5.3%) (Figure1). Differences in habitat 

characteristics such as vegetative cover and percent bare ground (Table 1) influenced seed 

emergence and likely explains some of the variation among the seven habitats. The percent bare 

ground was positively correlated with emergence for positive controls (R2 adjusted = 0.1103; P = 

0.0013) and ‘PowerCane’ (R2 adjusted = 0.2358; P = 0.0038) across all locations, but not 

correlated with the emergence of negative controls (P > 0.05). Vegetative cover was negatively 

correlated with seedling emergence for positive (R2 adjusted = 0.0641; P = 0.0124) and negative 

controls (R2 adjusted = 0.0564; P = 0.0157), but not a significant factor in the emergence of 

‘PowerCane’ (P > 0.05). Light availability, soil moisture and nutrient availability were not 

correlated with ‘PowerCane’ seed emergence. 

We also evaluated each location separately to further assess factors that may contribute to 

the success of ‘PowerCane’ seedling establishment. We observed the highest overall emergence 

rates in Blacksburg, VA, with 61% of the 175 individual quadrats having at least one seedling. 

Again, habitat was an important factor in emergence with the greatest number of seedlings in the 
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forest understory and agricultural soybean field (Figure 2). At maximum emergence, positive and 

negative controls performed equally in all habitats. ‘PowerCane’ did, however, have higher 

(21.6%) maximum emergence, than the positive (15.5%) and negative (12.5%) controls in the 

agricultural no-till soybean field. However, after 6 mo, no ‘PowerCane’ seedlings remained in 

any of the habitats in Blacksburg, VA, and with the exception of a single A. gerardii (negative 

control) seedling in the agriculture field edge, only positive control seedlings remained (Figure 

2). For example, M. vimineum had higher percent emergence in the forest edge and forest 

understory than any other single species introduced to those habitats (Table 3). Microstegium 

vimineum quadrats had an average of 80.6 (36.%) and 22.2 (10.0%) seedlings in the forest 

understory and forest edge respectively, while, ’PowerCane’ produced a maximum of 31.4 

(8.7%) seedlings per quadrat in the forest understory and no ’PowerCane’ seedlings were ever 

observed in the forest edge. The closely related M. sinensis was the only positive control species 

found in the agriculture field edge, with 2.1% of seedlings at the conclusion of this study (Figure 

2). 

Percent emergence of ’PowerCane’ was lower at the Virginia Beach location with 

seedlings observed only in the agriculture field edge (3.7%) and pasture (1.8%) habitats (Figure 

2). In contrast, positive and negative controls germinated in all habitats in Virginia Beach, VA. 

Maximum emergence of the positive and negative controls was significantly greater than 

’PowerCane’ at the pasture habitat while no measurable differences were found between any of 

the species designation categories in the agriculture field edge (Figure 2; Table 3). As in 

Blacksburg, VA, the only seedlings remaining at the end of the study in Virginia Beach were 

positive controls, with M. vimineum again producing the largest maximum and final number of 

seedlings in the forest edge (4.5% maximum and 0.7% final) and forest understory (22.1% 
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maximum and 3.7% final). Sorghum halepense was the only remaining species at the agriculture 

field edge and roadside habitats. 

We saw a different trend at the Tifton, GA location, with significantly greater presence of 

negative controls in the forest edge, forest understory and pasture habitat quadrats than 

’PowerCane’, or our positive controls (Figure 2). However, because of the low overall 

emergence at this site, we are unable to detect any statistical differences between the maximum 

observed values of the species designations in this study (Table 3). Festuca rubra was the 

dominant negative control in the forest edge (13.5% maximum observed emergence) and forest 

understory 10.75% maximum observed emergence), but was only present in six of ten subplots, 

while A. gerardii was the dominant negative control in the pasture (11.25% maximum observed 

emergence) but only found in two of the five replicated sub-plots. Also deviating from the other 

two locations is the low final observation of positive controls and the comparatively high 

presence of negative controls (15) as well as a single ’PowerCane’ seedling in the forest 

understory (Figure 2). Of the 16,000 ’PowerCane’ spikelets introduced across all locations, 

habitats, and replications, only one remained at the conclusion of this study, and it was only 4 cm 

tall. 

While a small number of total seedlings remained at the end of this study (205), not all 

are likely to have permanently established. The small size and lack of flowering culms, may 

suggest that seedling mortality would continue to increase. Again, because of the low final 

number of seedlings, and that only positive controls remained in the Blacksburg and Virginia 

Beach, VA locations, statistical analyses were not possible for final height, culm number, and 

inflorescence presence. Despite morphological differences between species selected for this 

study, the remaining positive controls were almost three times as tall as the few negative controls 
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observed at the final data collection in mid-August (data not shown). Sorghum halepense 

seedlings grew rapidly and remaining plants in Blacksburg and Virginia Beach, VA achieved a 

mean height of 118 cm and produced an average of 12.2 culms, and 4.5 inflorescences. While no 

M. vimineum plants flowered during this study, plants reached a mean height of 20.1 cm and 

produced an average of 3 culms. Miscanthus sinensis seedlings remained only in the Blacksburg, 

VA agriculture field edge and Tifton, GA forest understory and attained an average height of 

12cm and never produced more than a single culm. Similarly, S. arundinaceus, also remained in 

the Tifton, GA forest understory at a mean height of 13cm. As mentioned earlier, aside from a 

single 10 cm A. gerardii seedling at Blacksburg, VA, the 12 other individual negative controls 

remaining at the completion of this study were found in the forest understory at Tifton, GA 

consisting of 11 F. rubra (14 cm) and one A. gerardii (18 cm). 

 

Discussion 

We observed low emergence and establishment for all species across all habitats and 

locations over the course of the study. However, our introduction size of 250 seeds (or 4,000 

seed m−2), which is approximately equivalent to four mature ’PowerCane’ inflorescences m−2, is 

very small compared to the propagule potential of a M. × giganteus production field, which 

could total more than 2.5 billion spikelets ha−1 yr−1 (250,000 spikelets m−2 within the field). 

Conversely, depending on location and distance from the production field this may be considered 

a high seed density, as the number of seeds per unit area drops exponentially from the source 

(Quinn et al. 2011a). The contribution of biotic factors such as soil fungi and seed predators to 

seedling mortality is unknown, but is not entirely unlikely (Dalling et al 2011). Environmental 

factors, such as temperature and precipitation, likely played a role in the low emergence and 
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survival rates we observed in Tifton, GA and possibly Virginia Beach, VA as well. According to 

the United States Drought Monitor Archives (2013), Tift County, Georgia experienced 

“exceptional drought” April 17 through May 29, 2012 and remained under moderate drought for 

the duration of the experiment. Although, later in the growing season, this drought was 

punctuated by severe rain events in Tifton, GA, as we observed periodic deposits of debris in and 

around the habitat enclosures. These deposits were also observed in the low lying forest and 

forest edge habitats at Virginia Beach, VA following rain events, potentially damaging young 

seedlings or smothering them with heavy wet leaf litter. Interestingly, further analysis of weather 

conditions from the National Climatic Data Center (2013) suggests that, despite drought 

conditions, monthly precipitation was within one standard deviation of the ten year average for 

all locations with the exception of April at Virginia Beach, Virginia. This suggests that the 

precipitation during this study was not unusual for these regions, but still may have contributed 

to lower than expected germination, especially for the positive controls. 

Previous studies have indicated that Miscanthus spp. have a broad range of 

environmental tolerances (Heaton et al. 2010), including drought tolerance. Miscanthus sinensis 

is reportedly the most drought tolerant member of the genus, with the ability to effectively 

reduce leaf conductance and maintain leaf area at very low soil moisture (Clifton-Brown and 

Lewandowski 2000). Miscanthus × giganteus also shares this drought tolerance to a degree, but 

soil water availability has been reported as the single most limiting factor determining biomass 

accumulation (Richter et al. 2008), and reduces the probability of establishment (Barney et al. 

2012). Many of the drought tolerance experiments involving Miscanthus spp. have been carried 

out on mature plants or from large vegetative propagules (Barney et al. 2012; Clifton-Brown and 

Lewandowski 2000; Clifton-Brown et al. 2002; Dougherty 2013). Subsequent greenhouse 
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studies suggest that young seedlings of Miscanthus spp. are sensitive to both drought and 

overwatering (L. Smith, personal observation). It is possible that at the fragile seedling stage, 

both Miscanthus spp. in this study showed less drought tolerance than previously observed in 

older, larger plants. Further data are needed for such conclusions, though this may in part explain 

why we observed greater numbers of seedlings at the Blacksburg location (162% more seedlings 

than Virginia Beach and Tifton combined), which did not experienced drought conditions in the 

summer of 2012 (United States Drought Monitor Archives 2013). 

Many factors influence propagule establishment, including propagule quality, timing, 

abiotic factors, and the receiving habitat (Barney and Whitlow 2008; Lockwood et al. 2005; 

Rejmánek et al. 2005). Microstegium vimineum (positive control) met expectations for its ability 

to establish in the shaded forest edge and forest understories. Sorghum halepense, however, 

underperformed as one of the Southeastern United States most notorious weeds (Anderson 1969; 

Holm et al. 1977). The S. halepense seed lot we used had low germination rates and may have 

been characterized by predominately under ripe seeds. Additionally, many of the S. halepense 

seeds that did germinate, did so much later in the summer than the other species. At this time 

competition for light and particularly space may have been greater than in early spring when the 

other species germinated. Despite the low number of S. halepense seedlings observed in this 

study, once germinated, plants grew rapidly and flowered within 2 mo of initial observation. 

Once established, S. halepense not only produces copious amounts of seed (an average of 28,000 

seeds plant-1) but spreads rapidly from expansive creeping rhizomes (Warwick and Black 1983). 

The numerous inflorescences and rapidly expanding number of culms in such a short time would 

likely contribute to its persistence and eventual spread in the observed habitats. 
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Riparian habitats are well-documented sites of invasion success because of the periodic 

disturbance caused by flooding which can scour banks and leave gaps in vegetative cover 

(Ellenberg 1988; Pyšek and Prach 1994; Walker et al. 1986). Between March and August, the 

riparian habitat in Blacksburg, VA experienced a 10% increase in vegetative cover and a 

decrease in light availability of 700 PAR (832 to 33 µmol photons m−2 s−1). The riparian site, 

initially dominated by mosses and spring ephemerals, later gave way to many tall and 

competitive species such as Rubus sp. and Verbesina alternifolia (L.) Britton ex Kearney. While 

we initially saw some of our highest emergence rates in the riparian location for all species, 

especially ’PowerCane’, it is possible that the increased dominance of resident vegetation and 

reduction in light availability by mid-June, resulted in the high mortality at this site. 

To add context to our study, we selected species that exhibit different traits and 

tolerances to the geographic locations and habitats. The native A. gerardii and P. virgatum are 

notoriously difficult to establish, even in a cultivated setting (Lewandowski et al. 2000; 

Lewandowski et al. 2003). Previous studies indicate that P. virgatum establishment in cultivation 

may be so low that populations are undetectable in the establishment year, especially when weed 

pressure is high (Hintz et al. 1998; Lewandowski et al. 2003). Our results agree with this 

conclusion, as emergence of both P. virgatum and A. gerardii was negatively correlated with 

increasing resident vegetation. We observed greater emergence rates from some of the negative 

controls, notably F. rubra, than our well-documented weedy species. This was not entirely 

unexpected as F. rubra is a common turfgrass species (Beard 1973), and would therefore need to 

be competitive in order to meet landscape and recreational expectations. However, we selected 

this variety of turfgrass because we expected higher levels of germination than our other negative 

controls, but we assumed that its environmental tolerance to the selected habitats may be lower 
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than both A. gerardii or P. virgatum. Festuca rubra is a cool season grass known to thrive in 

cool humid regions with tolerance to low light (Beard 1973), which does not necessarily coincide 

with the high light environments and southern geography. In many cases F. rubra emergence 

alone increased the average negative control maximum emergence rate to a value greater than 

that of ’PowerCane’ and the positive controls (Figure 2), further supporting the notion that 

invasive potential spans a continuum. 

Through the course of this study, ’PowerCane’ emergence was at times, and in select 

habitats, greater than that of both the positive and negative controls (Figures 1 and 2). In the end, 

’PowerCane’ performance and final establishment (only one seedling remained) are not only 

lower than our positive controls, but also lower than the few remaining negative controls. This is 

not surprising as the congeneric M. sinensis emergence and establishment was also very low, 

with only a small number (14) of seedlings remaining. Other studies indicate that first year 

survival of Miscanthus spp. may be low. Matlaga et al (2012) observed establishment year 

survival of sterile M. ×giganteus to be as low as 24% using various sized rhizome propagules. 

Another agronomic study, which surface broadcast M. sinensis seed, yielded 3% survival 12 wk 

after sowing (Christian et al 2005). However, M. sinensis is a documented weedy species, which 

has escaped cultivation since its introduction in 1893 (Anonymous 1984; Quinn et al. 2010). Yet 

not all cultivars of M. sinensis appear to be equally successful, as some have shown to produce 

almost no viable seed, while others exhibit germination rates >80% (Meyer and Tchida 1999). 

Again we are aided by the nature of our design, which suggests M. sinensis and ’PowerCane’ 

emergence and establishment was similarly low in the seven habitats. Both Miscanthus spp. 

produce spikelets with ciliate lemma that prevent good seed to soil contact, which also likely 

reduced the germination ability. We intended to simulate a natural dispersal event by surface 
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broadcasting the seeds, as opposed to sowing or planting the seeds, which surely would have 

increased the germination rate. With our knowledge that some cultivars of this congeneric 

species have the ability to persist outside ornamental cultivation, we should use caution before 

discounting the ability of any fertile M. ×giganteus cultivars to establish in habitats away from 

the cultivated field. 

Barney and Whitlow (2008) argue that we frequently define artificial boundaries or 

define units of analysis for systems that are more appropriately, and in reality, a continuum. 

Exotic plant species are frequently classified as invasive, when in reality it is populations, in a 

given region or habitat that are invasive (Bauer 2006). Thus, we put the label of invasive on 

species as a whole, when in fact it is the interaction of species and habitats that result in 

invasions (Barney and Whitlow 2008). Some species will inherently perform better in shaded 

forest understories while others are better adapted to disturbed roadsides, as all invasive species 

are not invasive in every habitat within their introduced range (Barney and DiTomaso 2010). As 

mentioned earlier, 250 seeds may have been too few seeds to introduce given the known seed 

yield of several species in this study. Had we not used multiple species to make relative 

comparisons, we may have drawn vastly different conclusions. The low emergence and high 

mortality of ’PowerCane’ would have likely suggested that growth outside of cultivation would 

be unlikely. Our results suggest that ’PowerCane’ performance in these habitats is more closely 

related to that of P. virgatum or A. gerardii. However, the low overall emergence for our positive 

control species as well, suggests that the likelihood of establishment, for all species in this study, 

would likely increase as propagule pressure increases (Lockwood et al. 2005). Species such as S. 

halepense and M. sinensis can produce several thousand seeds per plant (Quinn et al. 2011a; 

Warwick and Black 1983). It has been inferred that differences in propagule pressure influence 
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observed results of invasion history in different habitats (Kempel et al. 2013; Levine 2000). 

’PowerCane’ seed production from mature plants is similar to that of M. sinensis (L. Smith, 

unpublished data), although further study is required to assess seed viability and longevity. The 

seed coat of ’PowerCane’ is reportedly only one cell layer thick (Mendel Biotechnology, 

personal communication) and has low nutrient reserves (Lewandowski et al. 2003). Studies have 

shown that even in a cultivated setting, mortality may be high, especially if good seed-to-soil 

contact is not achieved (Christian et al 2005). While species such as M. vimineum and S. 

halepense were able to establish at low propagule numbers, the innumerable Miscanthus seeds 

that would be produced in a cultivated agricultural setting suggest that some seedlings may 

disperse and establish. 

Our results suggest that establishment may be difficult to achieve as a suitable site with 

low competition and appropriate environmental conditions (high site invasibility) may be 

important for M. ×giganteus at this stage. Further study or replication may help to determine the 

climatic limitations of M. ×giganteus seedlings. However, if propagule pressure is high enough, 

some individuals may survive as high level of propagules have been shown to overcome an 

environment that is perceived to have low invasibility (Davis 2009; Williamson 1996). 

Conversely, it may take only a small number of propagules for establishment in a favorable 

habitat, given the vast landscape and certainty of some available open space. Therefore, to 

prevent what is likely the inevitable accidental introduction of some ’PowerCane’ or other fertile 

M. ×giganteus propagules, it is imperative that we use data of this kind to design appropriate 

management strategies. The greatest number of germinated seedlings were observed in the 

agricultural field (Figure 1), but were effectively eradicated with conventional agricultural 

practices. It is likely that the absence of a winter crop and the availability of bare soil allowed for 
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early seedling recruitment. However, as long as agricultural fields are not left fallow it seems 

unlikely that seedlings will persist under normal management strategies such as tillage and 

herbicide applications. The small, light seed and ciliate lemma (Gleason 1952), seem to interfere 

with the ability of the seed to make the important seed to soil contact required for germination of 

’PowerCane’, especially when organic matter or leaf litter is present. Quinn et al. (2011a) 

suggest that most Miscanthus spp. seed dispersal will occur within 50m to the parent plant, 

making scouting habitats near large cultivated areas of fertile Miscanthus spp. or open storage 

areas an important management strategy. As previously stated, if 95% of filled seed disperse 

within 50m (Quinn et al 2011a), the remaining 5% still yields a very high number of potential 

escapes when considering the billions of seed produced in a production field. Areas of high 

disturbance or with minimal vegetation are undoubtedly the most susceptible to seed 

establishment. 

It is important to remember that many other staple crops, also members of the Poaceae 

Family, are already cultivated at a similar scale. Some of these species such as rye, Secale 

cereale L., oats, Avena sativa L. rice, Oryza sativa L., etc., do produce weedy escapes 

(DiTomaso and Healy 2007), but the agricultural and economic benefits outweigh the perceived 

impacts to natural, anthropogenic or agricultural ecosystems (Martin et al. 2006). The use of 

’PowerCane’ or other fertile M. ×giganteus cultivars could improve grower adoption but the 

invasive potential and ecosystem impacts of widespread cultivation still require further 

evaluation. We have attempted to evaluate the early establishment phase of invasion, which is a 

small part of the cyclical process. The knowledge gained from our results, may help prepare for 

widespread commercialization, while helping to identify susceptible habitats. The ability to 
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rapidly detect new populations at an early stage and provide a targeted response will greatly 

enhance in the development of methods for improved stewardship. 

 

Management Implications 

There is tremendous concern about exotic bioenergy crops escaping cultivation and becoming 

invasive species. One such crop, the sterile hybrid Miscanthus × giganteus, possesses many 

desirable agronomic traits, but is expensive to plant. Newly developed fertile lines add a 

previously under-researched source of wind-dispersed propagules, increasing the chance for 

establishment outside cultivated fields. Contrary to previous studies of M. × giganteus drought 

tolerance using vegetative propagules, we found much lower survival of seedlings in dry 

environments. Of the seven habitats we examined, those with more bare ground and low 

competition from resident vegetation were more susceptible to invasion. Low competition 

environments and adequate seed to soil contact is important for seed germination. While M. × 

giganteus did not exhibit the same ability to establish (one of 16,000 introduced seeds survived 6 

mo) as other well-known invasive species we examined, the ability of this species to produce as 

many as 2.5 billion spikelets ha−1 yr−1, increases the chance of successful establishment. Based 

on our findings, M. × giganteus is less likely to be problematic in conventional agricultural fields 

subject to tillage or herbicide applications. Scouting areas near production fields or along 

transport routes, especially those with low resident plant competition, may help detect young 

plants when management is relatively easy. Low light environments did not deter seedling 

emergence of M. × giganteus, and therefore should not be overlooked. Young seedlings of M. × 

giganteus appear to have high seedling mortality rates, especially when subjected to 

environmental stress. However, identification of even small populations, at an early age, could 
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be critical for effective eradication as once plants become established and develop extensive 

rhizomes, management is likely to be much more difficult. 
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Table 1. Habitat selection for seed introduction in three geographic locations. Exotic invasive (positive) and noninvasive 

(negative) control species were selected based on location and habitat characteristics. Metrics for site characteristics (± SE), with 

the exception of pH, which was measured only in January 2012, were averaged over eight data collection events from March to 

August 2012. Miscanthus × giganteus ‘PowerCane’ was introduced to all sites and categories. 

 
    Site characteristics 

Location Habitat 
Positive  
control 

Negative 
control 

Moisture 
(%)  

Light 
availability 
(PAR)  

Vegetative 
cover  
(%) 

Bare 
ground 
(%)  

Soil pH 

Blacksburg, 
VA 
 

agricultural field 
(no-till soybean) 

M. sinensis 
S. halepense 

A. gerardii 
P. virgatum 

17.85 (0.95) 1298 (20) 14 (1) 86 (1) 86 (1) 

agricultural field 
edge 

M. sinensis 
S. halepense 

A. gerardii 
P. virgatum 

15.46 (0.83) 1297 (20) 80 (1) 15 (1) 6.41 (0.06) 

forest edge M. sinensis 
M. vimineum 

A. gerardii 
F. rubra 

20.71 (0.99) 242 (37) 67 (2) 19 (1) 5.68 (0.13) 

forest understory M. sinensis 
M. vimineum 

A. gerardii 
F. rubra 

20.26 (1.30) 160 (45) 16 (1) 17 (1) 6.25 (0.13) 

pasture M. sinensis 
S. halepense 

A. gerardii 
P. virgatum 

21.06 (1.04) 1168 (44) 94 (<1) 4 (<1) 4.59 (0.04) 

riparian M. sinensis 
P. arundinaceae 

A. gerardii 
P. virgatum 

27.46 (1.55) 291 (55) 94 (1) 6 (1) 6.08 (0.03) 

roadside M. sinensis 
S. halepense 

A. gerardii 
F. rubra 

23.06 (1.22) 1055 (45) 59 (2) 2 (<1) 5.52 (0.11) 

Virginia 
Beach, VA 
 

agricultural field 
edge 

M. sinensis 
S. halepense 

A. gerardii 
P. virgatum 

37.99 (7.01) 1317 (21) 96 (<1) 4 (<1) 6.64 (0.27) 

forest edge M. sinensis 
M. vimineum 

A. gerardii 
F. rubra 

27.76 (5.84) 141 (43) 41 (1) 2 (<1) 5.51 (0.04) 
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forest understory M. sinensis 
M. vimineum 

A. gerardii 
F. rubra 

26.68 (4.41) 58 (17) 4 (1) 30 (1) 5.01 (0.04) 

pasture M. sinensis 
S. halepense 

A. gerardii 
P. virgatum 

21.69 (1.82) 1313 (15) 91 (1) 9 (1) 4.92 (0.03) 

roadside M. sinensis 
S. halepense 

A. gerardii 
F. rubra 

28.99 (4.87) 1325 (25) 92 (<1) 8 (<1) 5.65 (0.05) 

Tifton, GA forest edge M. sinensis 
S. arundinaceus 

A. gerardii 
F. rubra 

18.50 (1.43) 592 (151) 86 (2) 9 (1) 6.19 (0.39) 

forest understory M. sinensis 
S. arundinaceu 

A. gerardii 
F. rubra 

15.51 (1.06) 121 (50) 12 (2) 17 (1) 6.55 (0.04) 

pasture M. sinensis 
S. halepense 

A. gerardii 
P. virgatum 

11.94 (1.67) 1128 (120) 70 (2) 31 (2) 5.06 (0.04) 

roadside M. sinensis 
S. halepense 

A. gerardii 
F. rubra 

16.79 (1.71) 1041 (112) 74 (2) 14 (1) 4.89 (0.04) 
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Table 2. Species, common name, genotype and source of seed used in the introduction experiment. A total of 250 seeds of each of 

two exotic invasive (positive) and two noninvasive (negative) controls along with ’PowerCane’ were added to each enclosure. The 

germination rate of each species was tested prior to commencement of the study under ideal conditions.  

Species M. ×  
giganteus 

M.  
sinensis 

S. 
halepense 

S. 
arundinaceus 

M. 
vimineum  

P. 
arundinacea 

A. 
gerardii 

P. 
virgatum 

F. 
rubra 

Common 
name 

‘PowerCane’TM silvergrass Johnson- 
grass 

tall fescue stiltgrass Reed 
canarygrass 

big    
bluestem 

switch-
grass 

red fescue 

Accession OP MBX-
45:46:56 

09s0337op — Matador GT naturalized 
(Blacksburg, 
VA) 

Palaton ‘Suther’ 
PNC 
Ecotype 

Cave-in-
rock 

subsp. 
commutata 

Source Mendel 
BioEnergy 
Seeds 

Mendel 
BioEnergy 
Seeds 

Azlin Turf-Seeds, 
Inc. 

VT Lab 
collection 

Outsidepride
.com 

ERNST 
Seeds 

ERNST 
Seeds 

Silver 
Lawn 

Control type unknown positive positive positive positive positive negative negative negative 

Germination 
% 

94 94 29 20 89 71 48 57 80 
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Table 3. Regression of seedling emergence, assessing presence/absence or numerical counts at 

the maximum and final data collection events, from March to August 2012. A single exotic 

invasive (positive) and noninvasive (negative) control species was also selected in each habitat 

for further analysis with ’PowerCane’. 

 Logistic regression of presence/absence data Mixed model regression 
for numeric data 

df Maximum 
emergence 

Final 
establishment 

Select 
+/- 

df Maximum 
emergence 

Select 
+/- 

Location 2 0.0067 0.2291 0.1297 2 <0.0001 0.0001 
Rep 4 0.7185 0.6653 0.4966 4 0.2965 0.1676 
Species designation 2 1.000 1.000 1.000 1 0.0526 0.9228 
Habitat 6 <0.0001 0.0099 <0.0001 5 0.0019 0.0002 
Species designation  
× habitat 

1
2 

0.0863 0.9777 0.0044 11 0.1123 0.1676 

Blacksburg,VA 
 Rep 4 0.2916 0.8483 0.6467 4 0.8814 0.5939 
 Species designation 2 1.000 1.000 1.000 1 0.5144 — 
 Habitat 6 <0.0001 1.000 <0.0001 4 0.0002 0.0003 
 Species designation  
× habitat 

1
2 

0.2916 0.9896 0.0098 10 0.0481 0.0321 

Virginia Beach, VA 
 Rep 4 0.0003 0.7804 0.0210 4 0.2448 0.1063 
 Species designation 2 0.0002 1.000 <0.0001 1 0.3887 0.2208 
 Habitat 4 0.0010 1.000 0.0109 1 0.8966 0.3889 
 Species designation 
× habitat 

8 0.0092 1.000 0.0200 5 0.0266 0.0854 

Tifton, GA 
 Rep 4 0.1493 0.3455 0.0306 4 0.8969 0.8695 
 Species designation 2 1.000 1.000 1.000 0 — — 
 Habitat 3 <0.0001 0.0045 <0.0001 1 0.6331 0.9262 
 Species designation 
× habitat 

6 0.0395 1.000 0.1103 3 0.9690 0.8907 
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Figure 1.Mean percent emergence, of viable seed, observed across three geographic locations at 

each of the seven habitats. Data were recorded bimonthly from March 15, through June 1, 2012 

and monthly thereafter. 
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Figure 2. Mean percent emergence observed at the (a) maximum and (b) final data collection 

events. Timing of the maximum emergence event was variable depending on the species, 

location and habitat. The final data collection event, recording the final percentage of surviving 

seedlings, occurred on August 15,2012. Lack of error bars indicates the presence of either a 

single seedling or all observed seedlings were found within a single replicate. 
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Chapter 4. Miscanthus × giganteus: sustainable bioenergy feedstock or invader in waiting 

 

Larissa L. Smith and Jacob N. Barney* 

*Graduate Student and Assistant Professor, respectively, Department of Plant Pathology, 

Physiology and Weed Science, Virginia Tech, Blacksburg, VA 24061. Corresponding author’s 

E-mail: jnbarney@vt.edu 

 

 Numerous fast growing and highly competitive exotic feedstocks are being selected to 

increase production of renewable bioenergy. The ability to tolerate poor growing conditions 

while requiring minimal inputs are ideal characteristics for bioenergy feedstocks, but have 

attracted concern for their potential to become invasive. Miscanthus × giganteus has emerged as 

one of the most promising bioenergy crops, but grower adoption is hindered owing to high 

establishment costs due to sterility. Newly developed fertile varieties of M. × giganteus may 

streamline cultivation while reducing labor and establishment costs. Fertile seed dramatically 

increases the propagule number, and thus probability of off-site plant establishment. To evaluate 

the invasive potential of fertile M. × giganteus in the Southeast, we compared fitness and spread 

potential against ten grass species comprising 19 accessions under both high and low levels of 

competition and disturbance. We chose species known to be invasive in the US (positive 

controls: Arundo donax, naturalized M. sinensis, M. sacchariflorus, Phalaris arundinacea, 

Sorghum halepense), as well as species that are known not to be invasive (negative controls; 

Andropogon gerardii, ornamental M. sinensis, Panicum virgatum, Sorghum bicolor, Saccharum 

spp.). This design allows us to make relative comparisons of risk along a hypothetical continuum 

of invasiveness. Our results indicate that after three years of growth neither disturbance nor 



	  

	   87	  

interspecific weed competition influenced fitness for fertile M. × giganteus or our positive and 

negative control groups. Miscanthus × giganteus produced 346% and 283% greater aboveground 

biomass and individual plants were 166% and 32% taller than our positive and negative groups 

respectively. Alternatively, M. × giganteus produced 74% fewer inflorescences m-2 than our 

positive controls and 7% and 51% fewer spikelets inflorescence-1 than the positive and negative 

control groups. After 18 months of growth, we observed the vegetative and seedling spread of 

three of our positive control species (S. halepense, P. arundinacea, and M. sacchariflorus) 

outside the cultivated plot into receiving areas of both high and low competition. After 24 

months of growth, numerous species were observed outside the cultivated plot including fertile 

M. × giganteus and 50% of negative control species. Notably, in three years sterile M. × 

giganteus ‘Illinois’ and Arundo donax never moved from the cultivated plot. The addition of 

fertile seed appears to increase the potential for off site movement, but fertile M. × giganteus 

seedlings are more similar to native P. virgatum and were not nearly as fast growing or as 

competitive as our positive control S. halepense. The use of numerous species providing relative 

comparisons allow us to draw important conclusions which may help prepare for widespread 

commercialization, while providing novel methodology for ecological risk assessment of novel 

species. 

 

Key words: biofuel, giant miscanthus, habitat susceptibility, invasibility 
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INTRODUCTION 

 

 While the ethanol industry and oil companies continue to clash over mandated EPA 

thresholds (Wald 2013), the next few years will be crucial in shaping the future of renewable 

energy sources. The production of several refineries is in the works, and conversion of cellulose 

from ethanol is now cheaper and more efficient than ever (Service 2013). While there are many 

options for biomass based energy including wood, charcoal, algae, and agricultural and yard 

waste (Yauan et al. 2008); large statured perennial grasses hold the most promise as dedicated 

energy crops. Candidate feedstocks are ideal because of their perennial nature, rapid growth and 

high annual biomass production, low management and input requirements following 

establishment, and relatively low pest pressure. In contrast with traditional agricultural 

commodities bioenergy crops are productive on marginal land (Clifton-Brown and Jones 1996, 

Christian et al. 1997, Lewandowski et al. 2000, Ma et al. 2000). However, it is this desirable set 

of agronomic characteristics which has been the major source of concern for their potential to 

contribute to the invasiveness of numerous bioenergy crops (Lewandowski et al. 2003, Raghu et 

al. 2006). Barney and DiTomaso (2010) diagram the fine line between many agronomic weeds, 

introduced and even subsidized in some cases, for purposes such as forage or erosion control, 

and the relatively benign crops vitally important to our economy and food supply.  

 The recent literature has not only been speculative but at times contradictory regarding 

bioenergy crop invasiveness, for which there are few empirical studies (Raghu et al. 2006, 

Barney and DiTomaso 2008, DiTomaso et al. 2010). Spatial demographic models (Matlaga and 

Davis 2013) and weed risk assessments (Barney and DiTomaso 2008, Davis et al. 2010, Gordon 

et al. 2011) do offer predictions regarding the ability of species to establish and spread. However, 
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in reality, data in the form of quantitative in situ field trials, supporting conclusions of 

invasiveness or long-term sustainability, do not exist. Several candidate bioenergy crops have a 

history of invasiveness, which is a robust predictor of future invasive potential (Gordon et al. 

2008, Dawson et al. 2009). Arundo donax L. is a documented noxious weed of riparian habitats 

in the southeastern United States (Katibah 1984, Bell 1997). Despite this label, no peer-reviewed 

data exists evaluating this species ability to spread from a cultivated field. Two species of 

Miscanthus in particular have been widely grown in the United States for horticultural use: 

Miscanthus sinensis Andersson is a state listed noxious weed in Connecticut, and is known to 

form extensive infestations after spreading from older or abandoned ornamental plantings (Miller 

2003); and M. sacchariflorus (Maxim.) Franch is a state listed noxious weed in Massachusetts 

(Quinn et al. 2010). At this time only limited studies have begun to examine the invasive 

potential of bioenergy crops in the context of a managed agricultural cropping system (Quinn et 

al. 2011, Barney et al. 2012, Matlaga et al. 2012b).  

 Genetic modification and enhancement of these feedstocks will be imperative to improve 

quality, increase yield, and reduce pest pressure as it arises (Gressel 2008). The sterile 

Miscanthus × giganteus J.M. Greef & Deuter ex Hodkinson & Renvoize has emerged as one of 

the most promising bioenergy crops, but grower adoption is hindered due to the high cost, 

increased labor, and specialized equipment required for establishment (Lewandowski et al. 

2003). Newly developed fertile lines of M. × giganteus may streamline cultivation by reducing 

labor and establishment costs. Qualitative risk assessment has suggested that the sterile cultivar 

is of low risk for invasiveness (Barney and DiTomaso 2008). However, this novel addition of 

fertile seed, which has the potential to dramatically increase propagule pressure in surrounding 

habitats, must be evaluated for its influence on invasiveness.   
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 Despite the cautionary approach taken with bioenergy crops in regards to invasiveness, the 

majority of introduced species have neutral ecological consequences and many provide a direct 

benefit to society (Davis 2003, Barney and DiTomaso 2010). However, the intentional 

cultivation and transport of exotic bioenergy crops over a vast geographic range bypass the early 

environmental filters of introduction and colonization (Barney et al. 2012), as well as obstacles 

to spread including geographical, environmental and reproductive barriers (Richardson and 

Blanchard 2011). Both vegetative and seed propagules from bioenergy crops will be exposed to a 

diversity of landscapes along the biofuel supply chain (cultivated field to refinery). Therefore, 

susceptibility to invasion will need to be evaluated across numerous geographies and habitat 

types. According to the United States Department of Agriculture the federal Biomass Crop 

Assistance Program (BCAP) has already subsidized the establishment of over 61,000 ha of 

biomass feedstocks 

(http://www.fsa.usda.gov/FSA/webapp?area=home&subject=ener&topic=bcap-pjt-bloc). Despite 

the predictive nature of invasion ecology as a science (Davis 2009) or the desire to use rapid 

assessment tools such as risk assessment models (Pheloung et al. 1999, Koop et al. 2011), 

invasive success is a complex process comprising species traits, propagule pressure, habitat 

invasibility, and time (Lockwood et al. 2005, Rejmánek et al. 2005, Barney and Whitlow 2008).   

 Since Herbert Baker (1965, 1974) put forth the theory that a set of 12 defining 

characteristics could identify the ‘ideal weed’, the importance of traits has been debated (van 

Kleunen et al. 2010, Thompson and Davis 2011).  While the traits identified by Baker are a 

starting point for exploration, the list has since been deemed too simplistic (Perrins et al. 1993, 

Pyšek and Richardson 2007). As described above, large statured, perennial bioenergy crops have 

been selected for a suite of agronomic traits making them ideal candidates for cultivation 
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(Lewandowski et al. 2003), but this may also serve as the crux for their potential to become 

invasive (Raghu et al. 2006). For these reasons, it is imperative that we reflect that no single 

species is invasive in every location it inhabits. For example, populations of Sorghum halepense 

L. are particularly devastating in the southeastern United States, earning a reputation as one of 

the world’s worst weeds (Holm et al. 1977). Yet in this species’ northern range, populations are 

rarely regarded as detrimental and despite its perennial growth many populations do not 

overwinter as rhizomes (Warwick et al. 1984), illustrating that both species invasiveness and 

habitat susceptibility vary across geographic location.  

 As invasion ecologists, we frequently find ourselves categorizing species in groups such 

as invasive or benign when in actuality invasiveness spans a continuum (Barney and Whitlow 

2008). Here we use this conceptual framework to empirically assess the invasive potential of 

newly developed fertile M. ×giganteus. We compare fertile M. × giganteus against ten grass 

species, comprising 19 accessions, in four environments. We selected the ten grass species to 

create a direct comparison of species that are known invasives in the US (positive controls), as 

well as species that are known not to be invasive (negative controls). This design allows us to 

make important relative comparisons of risk, for candidate bioenergy crops, along a continuum 

of invasiveness. We impose both competition and disturbance treatments to capture a range of 

conditions which bioenergy crops may encounter in or adjacent to the cultivated field. These 

treatments allow us to determine conditions that facilitate invasive spread and determine 

susceptible environments for establishment of nascent populations. This relative methodology 

was recently tested and proved critical in accurately determining the probability of fertile M. × 

giganteus establishment in a diversity of habitats across the southeastern United States (Smith 

and Barney 2014b). The objective of this study is to compare the growth and spread potential of 
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fertile M. × giganteus to known invasive and noninvasive control groupings. Specifically, we 

aim to: (1) evaluate the invasive potential of fertile M. × giganteus in comparison with 10 species 

(19 total accessions) of known invasive and known non-invasive species in relation to their 

population dynamics, competitive ability, local recruitment and spread potential; (2) evaluate the 

performance of each bioenergy crop in response to various levels of competition and disturbance 

by assessing survival, growth rates, culm number, inflorescence and spikelet number, plant 

diameter, and yield; and (3) quantify seed production as a novel propagule source for M. × 

giganteus and compare across our invasiveness diversity panel. 

 

METHODS 

Species selection 

 In our effort to evaluate the invasive potential of a new fertile cultivar of M. × giganteus 

known as ‘PowerCane’TM we developed a methodology that includes several species that are 

known invasive species in the southeastern US (hereafter positive controls), as well as species 

that are known not to be invasive (hereafter negative controls). Through this design, we can 

make relative comparisons of M. × giganteus ‘PowerCaneTM’ along a hypothetical gradient in 

which all species have some probability of being invasive. In order to make relative comparisons 

of fertile M. × giganteus, we select a range of grasses to represent various growth habits 

(clumping to spreading), that span this invasive continuum. In some cases multiple populations 

(e.g., M. sinensis) or cultivars (e.g., P. virgatum) are included to represent intraspecific variation 

(Table 1).  

 

Experimental Design 
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 A two-factor split-plot design arranged in a randomized complete block, with four 

replications was established in Blacksburg, Virginia, Schochoh, Kentucky and Auburn, Alabama 

in 2011. A total of 20 13.7 x 18.3 m plots were established for each accession (Table 1) (with the 

exception of the four naturalized M. sinensis populations, which were replicated three times at 

each site due to seed limitations) for a total of 76 plots at each location. Within each plot we 

planted the middle 4.6 x 18.3 m, which is flanked by an equally-sized receiving area on either 

side. The planted plot was divided into four 4.6 x 4.6 m subplots (20.88 m2) randomly assigned 

to one of the following treatments (Figure 1): high competition/ no disturbance (Phn); high 

competition/ disturbance (Phd); low competition/ no disturbance (Pln); low competition/ 

disturbance (Pld). The disturbance treatment refers to annual above ground biomass removal in 

the fall of each year (beginning December 2011), while a no disturbance treatment is defined by 

the absence of annual harvest, in which all plant material was left standing in the field for the 

duration of this study. The high competition treatment refers to no weed management action 

taken following initial establishment (after July 2011), while low competition is defined as 

intensive weed management to maintain a near weed-free environment throughout the 

experiment. Each flanking unplanted 4.6 x 18.3 m receiving habitat was also randomly assigned 

to either intensive management for weeds (Lc) or no management (Hc) (Figure 1), to assess the 

local spread of each species as a function of habitat type. Weedy plots represent a relatively high 

competition habitat, while the weed-free plots represent a relatively low competition habitat. 

 

Site 

 This experiment was established at the Kentland Research Farm near Blacksburg, VA 

USA (37°20’ N, 80°58’ W), on 10 June 2011, Walnut Grove Farms, Schochoh, KY (36°45’ N, 
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86°45’ W) on 15 June 2011, and Auburn, Alabama on 30 May 2011 (32°26’N, 85°52’W).  

However, due to unforeseen circumstances beyond our control, the Kentucky and Alabama 

locations were eradicated within the first year of the study. Therefore, neither will be discussed 

further. We understand the limits of a single geographic location in years two and three of this 

study; but due to the proprietary nature of the ‘PowerCane’ seed, we were limited by site 

availability. Thus, our results should be viewed within the limited geographic representation. 

Soil samples were collected in early June 2011, using a 20 cm3 soil corer, and submitted for 

analysis at the Virginia Cooperative Extension Soil Testing Laboratory at Virginia Tech. The 

Blacksburg field site was planted on a Ross loam occluding a Wheeling silt loam (USDA-NRCS 

2013) with a pH of 6.4, and a recent cropping history of continuous corn with a winter rye cover 

crop. In May 2011 the field was treated with 1 kg ae ha-1 glyphosate. The rye cover crop was 

mowed and bailed in preparation for planting. 

 

Establishment: 

 Vegetatively propagated species (Table 1) were started in the greenhouse from 

rhizome/root crown fragments and delivered to the field sites just prior to planting. Seed from 

naturalized populations of M. sinensis were collected the previous year from established 

populations in Kentucky, Pennsylvania, North Carolina and Ohio. Seeds were planted 

individually into 127 cell flats in March 2011 and greenhouse grown. Before planting, plant 

height, culm number, above and belowground biomass, and leaf area were recorded from a 

random sample of 10 transplant plugs for each accession. The field was not tilled prior to 

planting in accordance with a no-till cropping system. Seeds of the other test species were drilled 

on 17.8 cm rows using a no-till drill (Table 1). Miscanthus plugs were planted on 76 cm centers 
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using an RJ no-till transplanter (RJ Equipment, Ontario, Canada). Larger plant material such as 

A. donax required hand planting, as pieces were too large for the transplanting equipment. As our 

study aims to evaluate establishment, persistence and spread, annual Sorghum bicolor L. was not 

replanted annually after June 2011.  Saccharum US 06 9001 and US 069002 were not planted 

until May 2012, due to delays in germplasm availability.   

 To improve stand establishment, the entire field site received 350 g ai ha-1 and 822 g ai 

ha-1 2,4-D on July 6 and July 25 respectively.  Following the July herbicide application we 

decided that sufficient time for seedling/plug establishment had elapsed, and thus no further 

herbicide applications were made in the high competition half of the plots (Phn and Phd). No 

herbicide treatments were imposed in the high competition receiving habitat (Hc). Herbicide 

treatments of 1060 g ai ha-1 2,4-D plus 560 g ai ha-1 dicamba were sprayed on August 20, 2011, 

in the low competition plots (Pld and Pln) and low competition receiving habitats (Lc). 

Supplemental hand weeding was done as needed. A second treatment of 2,4-D and dicamba was 

applied on September 25 at the aforementioned rate. In years two (2012) and three (2013) of the 

experiment, herbicide applications were applied as needed. Low competition plots received 1680 

g ai ha-1 atrazine at the beginning of the second and third growing seasons. Herbicide treatments 

of 1060 g ai h-1 2,4-D plus 560 g ai ha-1 dicamba and 31.5 g ai ha-1 halosulfuron including a 1% 

v/v nonionic surfactant were applied approximately once a month to maintain weed free status 

within plots and in the low competition receiving habitat. A 1 kg ae ha-1 application of 

glyphosate was also used to selectively spot treat non-target grass weeds when hand weeding 

was not time effective.  

 

Measurements 
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 Spring data collection occurred in May of 2012 and was be repeated in May 2013, while 

fall data collection occurred in November of each year prior to harvest. To characterize 

population demography, seedling recruitment and individual plant performance, we placed two 

0.9 x 1.2 m quadrats in the middle of each sub-plot adjacent to the receiving habitat (Figure 1). 

Measurements include plant density, canopy height to the tallest node, culm number per plant, 

number of inflorescences per plant and basal plant diameter. After two growing seasons the habit 

of S. halepense, M. sacchariflorus and P. arundinacea made it impossible to distinguish 

individual ramets and seedlings, hence our need to base all measurements on culms rather than at 

the individual plant level. In the receiving habitats, data was taken in three 0.9 x 1.2-m quadrats 

arranged as a transect perpendicular to the planted plot, adjacent to the planted area until the end 

of the 4.57 m receiving habitat (Figure 1). The same metrics were collected for newly emerged 

plants found in the receiving habitat (of any of the 20 accessions in this study). Five 

inflorescences were randomly harvested from each plot in November 2013 between data 

collection and harvest. Total spikelet number for each inflorescence was then recorded with the 

exception of the sterile A. donax, M. × giganteus ‘Illinois’, and M. × giganteus ‘MBX-002’ 

(Mariani et al. 2010, Matlaga et al. 2012a). Harvest treatments were imposed from December 

through February in each year as weather permitted.  

 

Follow up 

Upon termination of the experiment, the entire field was sprayed with 2 kg ae ha-1 glyphosate 

glyphosate. All plant material was harvested, removed from the site and burned as was done with 

the harvested material in 2012 and 2013. Glyphosate-tolerant corn or soybeans will be planted in 
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the spring of 2014 and a three-year scouting and weed management plan will be implemented to 

ensure all propagules have been removed from the site.  

 

Statistical Analysis 

 Analysis of variance (ANOVA) was performed on fitness parameters using JMP 10 

statistical software (SAS Institute, Cary, North Carolina, USA). Aboveground biomass, height, 

culm number, inflorescence number, seed number, and seedling density were analyzed as a 

mixed model. Treatments and accessions are considered fixed effects, with the 20 accessions 

nested within designated invasiveness groups (positive and negative controls), while blocks were 

considered a random effect. Numerous transformations were performed, depending on 

measurement and year, to achieve normality of residuals. When significant effects of treatment 

occurred, means were compared with Tukey-Kramer test at alpha <0.05, or when more complex 

interactions were significant, means were compared with a priori orthogonal contrasts at alpha 

<0.05. The 20 individual accessions in our study had an underlying structure (invasiveness 

groupings), central to our experimental design. To objectively determine if our measured traits 

were capable of partitioning into our imposed invasiveness groups we performed a canonical 

discriminant analysis. Kenkel et al. (2002) suggest canonical discriminant analysis is appropriate 

to examine the relationships between our transformed fitness metrics height, culm and 

inflorescence number, and spikelet production (covariates) and our invasiveness response 

variables.  

 

RESULTS 
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 Growth in the establishment year of all perennial grass species was low as expected. 

Disturbance treatments were not imposed until after the first data collection, but interspecific 

plant competition from weedy plots had no influence on aboveground biomass, culms m-2, height 

or inflorescences m-2 (Table 2). Miscanthus × giganteus ‘PowerCane’ and our positive control 

group were taller (P<0.001) and produced more culms m-2 (P<0.001) than the negative control 

group (Figure 2). The negative control group did produce 46% and 84% greater aboveground 

biomass than M. × giganteus ‘PowerCane’ and the positive control group respectively. 

Alternatively, our positive control group produced eight-fold more inflorescence m-2 as M. × 

giganteus ‘PowerCane’ and our negative controls, which did not differ from one another. 

Sorghum bicolor (negative control), the only annual species in our trial, was taller (244 ± 15 cm) 

and had significantly greater aboveground biomass (15 ± 6 Mg ha-1) than all other taxa 

(P=0.0014). Sorghum halepense (positive control) produced the greatest number of 

inflorescences (74.9 ± 6.4 m-2) in the establishment year, while M. × giganteus ‘PowerCane’ 

produced only 1.3 ± 0.2 inflorescences m-2. Andropogon gerardii (negative control) and P. 

arundinacea (positive control) did not flower in the establishment year, and both Saccharum spp. 

failed to flower after two growing seasons. None of the 20 accessions evaluated here spread from 

the cultivated plot into either adjacent receiving area after one growing season. 

 In May 2012 (12 months after planting), two culms of M. sacchariflorus were observed 

to have spread into the high competition receiving area; no culms were found in the low 

competition receiving area. Sorghum halepense spread extensively into both the Lc and Hc 

receiving area and beyond, with 198 ± 18 and 152 ± 33 culms m-2, from 0 to 1.5 m into the Lc 

and Hc receiving areas respectively. At a distance of 3 to 4.5m from the cultivated S. halepense 

plot we observed 19 ± 4 culms m-2 in the Lc and 5 ± 2 culms m-2 in the Hc receiving area. 
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Additionally, 378 total S. halepense seedlings (equivalent to 0.18 seedlings m-2) were recorded 

outside S. halepense receiving areas (data not shown).  

 After two years of growth, M. × giganteus ‘PowerCane’ was taller (267.5 ± 11.6 cm) and 

produced more culms (130 ± 22 m-2) than negative controls and had greater aboveground 

biomass (26 ± 3 Mg ha-1) than the positive and negative control groups (Figure 2). Competition 

treatments influenced biomass, culm number, and height, while disturbance had no effect on the 

measured parameters (Table 2). However, competition from unmanaged weeds did not reduce M. 

× giganteus ‘PowerCane’ height (P=0.1571), culm number (P=0.3867) or biomass (P=0.2928). 

Both positive and negative control groups were negatively affected by competition, which 

caused a 56% and 70% reduction in biomass and a 26% and 53% reduction in culms for negative 

and positive control groups respectively. Interestingly, inflorescence production was not 

influenced by competition, with positive controls and M. × giganteus ‘PowerCane’, both 

producing a mean of 62 inflorescences m-2, 95% more inflorescences than negative controls 

(Figure 2). Sorghum halepense again produced the greatest number of inflorescence (186 ± 15 m-

2) among the positive control group, 118% more than naturalized M. sinensis PA, which ranked 

second for inflorescence production. 

 No further spread of M. sacchariflorus was observed between the 2012 spring and fall, 

2012 data collection. Phalaris arundinacea was also observed in the Lc receiving area with 2.7 ± 

2.1 culms m-2 at a distance of 0 to 1.5 meters from the cultivated plot. Population density of S. 

halepense continued to increase in the Lc and Hc receiving areas. However, at a distance of 0 to 

1.5 m from the cultivated plot, we observed a slight reduction of 183 ± 16 (from 198) and 107 ± 

15 (from 152) culms m-2 in the Lc and Hc receiving areas respectively. At the 3 to 4.5 m 

distance, culm number increased by 584% (from 19 to130 ± 17 culm m-2) in the Lc receiving 
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area and 420% (from 5 to 26 ± 7 culms m-2) in the Hc receiving area. Only seven S. halepense 

plants were found beyond the plot boundaries at the end of the growing season (data not shown). 

 In May 2013, vegetative and seedling spread of positive control species S. halepense, P. 

arundinacea, and M. sacchariflorus increased in both Lc and Hc receiving areas. For the first 

time we observed seedlings of P. virgatum, A. gerardii and ornamental cultivars of M. sinensis 

(negative controls), M. × giganteus ‘PowerCane’, and naturalized accessions of M. sinensis 

(positive controls) outside the cultivated plot in both Lc and Hc receiving areas (data not shown). 

Previous germination studies of M. × giganteus ‘Illinois’ failed to yield evidence of fertile seed 

(Matlaga et al. 2012b); thus, any Miscanthus seedlings observed within our plots of M. × 

giganteus ‘Illinois’ and ‘MBX-002’, both of which are sterile, were broadly designated 

Miscanthus spp. and assumed to have moved beyond the 4.6 x 18.3 m receiving area of 

Miscanthus spp. Due to the large number of visually identical Miscanthus spp. seedlings and lack 

of available tools for determining genetic lineage, we made the assumption that any Miscanthus 

seedling found within a seed bearing Miscanthus (M. sinensis or M. × giganteus ‘PowerCane’) 

plot or receiving area was the progeny of plants associated with that specific plot. The same 

assumption was also made for the two cultivars of P. virgatum. During this data collection event, 

a total of 23 A. gerardii and 10 P. virgatum seedlings were found beyond the receiving areas of 

parent plants, while 347 S. halepense (0.16 seedlings m-2) and 896 Miscanthus spp. (0.41 

seedlings m-2) were found outside the boundaries of their associated receiving areas. 

 We saw no influence of either competition or disturbance on biomass, culm number, 

height, and inflorescence number, in the third growing season (Table 2). Miscanthus × giganteus 

‘PowerCane’ was taller (325 ± 12 cm) and produced greater aboveground biomass (43.7 ± 6.8 

Mg ha-1) than both positive and negative control groups (Figure 2). However, our positive 
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controls produced 52% more culms m-2 and 74% more inflorescences m-2 than M. × giganteus 

‘PowerCane’ (Figure 2). Miscanthus × giganteus ‘PowerCane’ produced 2,163 ± 80 spikelets 

inflorescence-1, significantly fewer than our positive control group (3,226 ± 534 spikelets 

inflorescence-1). The rank of performance varied among accessions and invasive groups among 

the metrics recorded (Figure 3). When our fitness metrics were used as predictors, canonical 

discriminant analysis failed to show clustering of our invasive groups, with a predictive value < 

62%, (Figure 4).  

 In all cases, seedling or vegetative spread into adjacent receiving areas was greater in the 

Lc receiving area compared with the Hc receiving area (Figure 5). A significant interaction 

between invasive groups and receiving area competition was observed at the 0 to1.5 m (P 

<0.001) and 1.5 to 3m (P=0.04041) distances from the cultivated plot (Figure 1 and 5). While the 

greatest number of culms m-2 were observed in the M. × giganteus ‘PowerCane’ Lc receiving 

areas, numbers were not different from those found in the positive control Lc plots. In the Hc 

receiving areas, culms m-2 produced by M. × giganteus ‘PowerCane’ was equivalent to that of 

the negative control group. It should also be noted that, at no time were any of the sterile clones 

in this study (A. donax or M. × giganteus ‘Illinois’ and “MBX-002’) observed outside of their 

associated cultivated plot. 

 

DISCUSSION 

  All taxa in our trial established, regardless of treatment, and all fertile crops produced 

offspring, with the exception of the two Saccharum spp., which were only grown for two years. 

Despite enhanced traits for cold tolerance, these cultivars may have been well beyond their 

geographic range in Blacksburg, VA (Barney and DiTomaso 2011) because they were the only 
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species in this study to decrease in biomass (1300% Mg ha-1) and culm number (380%), as well 

as fail to produce inflorescences. Establishment was well below our target density of 18,000 

plants ha-1 for the negative controls A. gerardii and ornamental cultivars of M. sinensis. Several 

M. sinensis ornamental cultivars are poor horticultural performers with low fecundity (Madeja et 

al. 2012), hence our characterization of low invasive potential in this study.  

 Though all species in our study have the ability to spread vegetatively, local spread was 

equivocal. Despite the three year clonal expansion of sterile M. × giganteus ‘Illinois’ (2,265 cm2 

plant -1 increase in area) and A. donax (2,800 cm2 plant -1 increase in area), this did not contribute 

to nascent plants outside the cultivated plot. Unlike the culms of most species in our study, which 

die back at the end of each growing season, the culms of A. donax remain dormant during the 

winter months (Saltonstall et al. 2010). Arundo donax produced 33 ± 1 nodes culm-1; the 

majority of which produced new axial shoots each growing season. Despite overwhelming 

evidence of A. donax clonal spread in warm riparian or coastal freshwaters of the southwestern 

United States (Bell 1997, Quinn and Holt 2008, Seawright et al. 2009); the numerous culms we 

observed, bending to the ground at the perimeter of our plots, failed to produce new ramets. It 

has been suggested that the probability of a plant becoming invasive increases with the ability to 

reproduce vegetatively (Kolar and Lodge 2001). The only species in our trial for which 

vegetative reproduction appeared to contribute to invasive spread were S. halepense, M. 

sacchariflorus, and P. arundinacea (positive controls), all of which began to spread from the 

planted plots in the second growing season. Conversely, Pyšek and Richardson (2007) argue that 

while vegetative traits may benefit persistence, the ability to spread may be hindered by 

vegetative reproduction, especially if seed production is limited or absent.  In agreement with our 

results, all of the caespitose grasses in our study failed to spread vegetatively beyond the borders 
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of the planted plot.  

 The production of fertile seed enhanced the ability of many species to multiply and spread. 

The fertile seed in M. × giganteus ‘PowerCane’, unsurprisingly facilitated movement beyond the 

cultivated plot. While other factors such as habitat invasibility and timing are essential to 

invasive success (Barney and Whitlow 2008), this dramatic increase in propagule pressure 

facilitated establishment of M. × giganteus ‘PowerCane’ seedlings in both the Lc and Hc 

receiving area, though recruitment varied dramatically between the habitats. It is unknown why it 

took three growing seasons before spread was detected for the majority of our species. 

Inflorescence production and therefore the total number of spikelets plot-1 in our three invasive 

groups increased each year. Even small increases in propagule pressure (i.e., between year two 

and year three) can result in a substantial increase in invasion pressure even in inhospitable 

environments (Davis 2009), which may explain the observed lag.  

 The more individuals released into an environment the greater the probability that some 

propagules will endure environmental barriers and overcome stochastic biotic and abiotic factors 

(Blackburn et al. 2009) The number of introduced individuals, therefore, has a substantial 

influence on establishment success (Lockwood et al. 2009). One important piece missing from 

our study is the quantification of viable seed. While we quantified spikelet production, the time 

intensive examination of seed germinability is ongoing. Seeds of A. gerardii, P. virgatum and P. 

arundinacea are known to have variable dormancy and potentially low seedling vigor, which 

agreed with our observations in the establishment year (Lewandowski et al. 2003, Smart et al. 

2003, Parrish and Fike 2005). Miscanthus sacchariflorus (positive control) is reported to have 

low seed set, ~746 viable seeds plant-1, with population growth predominantly due to vegetative 

spread (Madeja et al. 2012). Cultivars of M. sinensis are extremely variable, ranging from 
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190,000 seeds plant-1 to 3,100 in ‘Gracillimus’, 785 in ‘Dixieland’ and 0 seed filled spikelets 

plant-1 in ‘Cabaret’ (negative controls) (Madeja et al. 2012). Data indicate that both inflorescence 

and spikelet production in almost all M. sinensis cultivars are positively correlated with plant 

hardiness zone (Meyer and Tchida 1999, Wilson and Knox 2006, Madeja et al. 2012) indicating 

that invasion pressure for these species may vary with latitude. Dougherty (2013) showed that 

~44% of seed from weedy accessions of M. sinensis germinated in a laboratory setting. After 

three years of growth, all weedy accessions of M. sinensis produced a greater number of 

inflorescences m-2 and more spikelets inflorescence-1 than M. × giganteus ‘PowerCane’ (Figure 

3). Anecdotally, the seed set rate of M. × giganteus ‘PowerCane’ is 0.047% (personal 

communication Mendel Biotechnology). Our results suggest that M. × giganteus ‘PowerCane’ 

produced about 1.3 billion spikelets ha-1 in the third growing season, which would yield 611,000 

viable seed ha-1. This number is considerably less than many agricultural weeds, but when we 

consider the scale of proposed bioenergy production, propagule pressure could be substantial. It 

is also possible that we saw greater numbers of seed produced than in a standard field; like P. 

virgatum (Martinez-Reyna and Vogel 2002), Miscanthus spp are self-incompatible (Hirayoshi et 

al. 1955). The genetic diversity within accessions and species of our field trial, ideal for 

outcrossing species, may have led to inflated seed production (Madeja et al. 2012). In this case 

genetic variability not only increases the likelihood of seed production, but also has the potential 

to enhance establishment success and increase the habitat range of exotic species (Lockwood et 

al. 2005).  

 In addition to propagule pressure, species functional traits ought to be an important 

component of the invasion process and require investigation (Barney et al. 2008). Despite the 

debate regarding the usefulness of functional traits as a predictive measure of invasiveness 
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(Thompson and Davis 2011, van Kleunen et al. 2011), they are a major focus of qualitative risk 

assessments and offer useful information. We measured numerous fitness metrics for each 

accession (Figure 2 and 3) over the course of three growing seasons. Our results indicate that M. 

× giganteus ‘PowerCane’ was taller and produced greater aboveground biomass than both the 

positive and negative invasive groups (Figure 2). Compared to individual accessions (Figure 3), 

M. × giganteus ‘PowerCane’ ranks in the top five for biomass and height, indicating that this 

species, as with sterile M. × giganteus, is likely a good candidate for biomass production (Smith 

and Barney 2014a). The inability of our competition and disturbance treatments to deter (or 

facilitate) growth of the planted crop not only contradicts much of the literature suggesting the 

need for weed management at establishment (Lewandowski et al. 2003), but supports the 

conclusion that these species are fast growing and highly competitive (Raghu et al. 2006). The 

high M. × giganteus ‘PowerCane’ seedling establishment in the Lc and lower seedling 

establishment numbers in the Hc, (Figure 5) appears to contradict recent findings in which only 

0.1% of emerged M. × giganteus ‘PowerCane’ seedlings survived after six months (Smith and 

Barney 2014b). However, they indicate the majority of M. × giganteus ‘PowerCane’ seedlings 

emerged in areas of available bare ground and low resident plant competition such as agricultural 

fields and forest understories. Here we observed an increase in seedling number from May (3.6 ± 

1.1 m-2) to October (10.8 ± 3.6 m-2), suggesting greater survival of emerged seedlings than 

reported by Smith and Barney (2014b). However, annual weed species dominated our Hc 

receiving area. The ephemerality of the annual weeds created open spaces and the availability of 

bare ground during the winter months and early spring, coinciding with annual seed dispersal for 

many of these late flowering species. Perennial systems with high resident plant competition and 

minimal bare ground appears to impede the M. × giganteus ‘PowerCane’ spikelets from making 



	  

	   106	  

the necessary seed to soil contact difficult (Smith and Barney 2014b). Distinctions between these 

systems will be critical for identifying susceptible habitats near cultivated fields and may be 

important considerations for management.   

 The selection of our invasive groups was a novel methodology used to make important 

relative comparisons. The ten species selected in this study are of similar life form, and all of 

them, including S. halepense (Nackley et al. 2013), have the potential to be used for feedstock in 

biofuel production. Our positive control species were selected on the basis of a past history of 

invasiveness, a robust predictor of future invasiveness (Davis 2009). However, multivariate 

analysis failed to indicate a relationship between our measured parameters and our invasive 

groups (Figure 4). After three growing seasons, our ranking of fitness metrics (Figure 3) also 

fails to show the anticipated gradient of positive (high fitness) to negative (low fitness). Perhaps 

the metrics that we chose were inappropriate for parsing our a priori groups. However, meta-

analysis reveals that traits such as fitness, size, and growth rate were significantly higher for 

exotic invasive species when compared with the traits values of non-invasive species (van 

Kleunen et al. 2010). It is imperative to remember that invasiveness is not a “one size fits all “ 

scenario, which is made evident by our species selection. Traits vary with life stage and 

environmental conditions and the importance of any given trait will therefore also vary (Pyšek 

and Richardson 2007, Davis 2009). While our positive and negative invasive groups may not 

have clustered in the manner that we hypothesized; the use of numerous species and accessions 

allows us to evaluate the usefulness of traits across an invasive continuum. It is interesting that 

plant competition had no effect on planted-plot metrics but did in the Hc receiving area. Species 

within our planted plots were established in a weed free (competition free) seedbed, giving all 

species an advantage over resident weed species. Further, several species were propagated from 
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vegetative material (Table 1), also conferring a size advantage. The small, light seed and ciliate 

lemma (Gleason 1952) of Miscanthus spp. is valuable for dispersal. However, the ciliate lemmas 

appear to interfere with the ability of Miscanthus seed to make important soil contact required 

for germination, which is evident in areas of high resident plant competition and organic matter 

(Smith and Barney 2014b). Additionally, the fragile seed coat of M. ×giganteus ’PowerCane’ is 

reportedly only one cell layer thick (Mendel Biotechnology, personal communication) and has 

low seed nutrient reserves (Lewandowski et al. 2003). Other characteristics such as the variable 

dormancy, common with P. virgatum and A. gerardii (Beckman et al. 1993), may improve 

establishment probabilities for some seedlings, while others germinating later in the season may 

face detrimental competition from the resident plant community (Lewandowski et al. 2003).  

 Despite the utility of trait-based research for helping to make associations and guide 

management, traits do not confer absolute predictability. Invasions will always be contingent on 

a number of interacting factors. Hence, our experimental design was critical in the interpretation 

of our results. Clearly this geographic location, habitat and treatment factors were ideal for a 

species such as S. halepense; a species intentionally introduced for agronomic purposes, which 

now flourishes in agricultural and anthropogenic systems of the southeastern U.S. (Warwick and 

Black 1983). However, despite the reputation of A. donax as an aggressive riparian invader, this 

species appeared to be constrained by the non-riparian landscape.  

 Unfortunately the loss of our Kentucky and Alabama sites limits our ability to generalize 

across a broader geographic range. The ability to observe relative comparisons across a gradient 

of species reinforces the fact that it is the important interaction of species and habitat that result 

in invasive populations (Barney and Whitlow 2008). Our results indicate that several candidate 

feedstocks have the ability to move from the cultivated field, but it should be noted that we only 
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recorded spread to <5m from the field edge. On average, more than 100 culms m-2 were observed 

in every measured quadrat in the Lc receiving area of S. halepense, naturalized M. sinensis, P. 

virgatum and M. ×giganteus ’PowerCane’. Conversely, only S. halepense and naturalized M. 

sinensis maintained high numbers in the Hc receiving area when P. virgatum and M. ×giganteus 

’PowerCane’ showed a dramatic decrease in culm numbers.  

 Bioenergy crop movement beyond the cultivated field would not be novel to agronomic 

crops because feral escapes are known for most row crops (DiTomaso and Healey 2007). Yet 

due to their economic and social importance, crops are not frequently discussed in the invasion 

literature. Our results suggest that at least short-range movement away from the cultivated field 

is probable for fertile bioenergy feedstocks. It should be noted that no species in this study were 

detected outside our trial boundary, which predominately consisted of a mowed perennial 

boarder. Further study, across broader geographic locations and continued research will help to 

determine acceptable risk and management planning. According to Quinn et al. (2011), the 

anemochorous spikelets, containing filled seed of M. sinensis have been shown to disperse an 

average of 50m. Therefore, open areas of low resident plant competition near production sites 

will likely be the most susceptible. The use of ’PowerCane’ or other fertile M. ×giganteus 

cultivars could improve grower adoption but the invasive potential and ecosystem impacts of 

widespread cultivation still require further evaluation including the determination of climatic 

limitations of M. ×giganteus and other bioenergy crop seedlings. The ability to contextualize our 

results suggests that M. ×giganteus ’PowerCane’ does not have the highly competitive seedling 

establishment potential of S. halepense in this region. Alternatively, sterile cultivars provide a 

lower risk option, but require additional economic investment. The scrutiny that has been applied 

to bioenergy crops indicates that we have moved beyond the once cavalier approach toward 
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species introduction. These efforts should continue, in order to reduce unwanted and 

unintentional invasive spread. Nascent populations or seedlings may be easily overlooked. 

However, management at the seedling or early growth stage will likely increase the chances of 

successful control (Stephens and Sutherland 1999). Our relative methodology and results from 

this study can help us prepare for industry development while helping to minimize risk and 

mitigate invasive spread. 

 

ACKNOWLEDGMENTS 

 Thanks to Ryan Dougherty, Eugene Dollete, John Halcomb, Matt Ho, Daniel Tekiela, 

Elise Benhase, Phillip Cox, and Carissa Ervin for help during installation, data collection, and 

harvest of this experiment. Thanks to Mendel Bioenergy for donation of M. ×giganteus 

‘PowerCane’TM seed and Dr. Erik Sacks for naturalized M. sinensis seed.  The USDA graciously 

provided the two Saccharum spp. Anonymous reviewers improved the manuscript.



	  

	   110	  

LITERATURE CITED 

Baker, H. G. 1965. Characteristics and modes of origin of weeds. Pages 147-169 in H. G. Baker 

and G. L. Stebbins, editors. The genetics of colonizing species. Academic Press, New 

York, New York, USA. 

Baker, H. G. 1974. The evolution of weeds. Annual Review of Ecology and Systematics 5:1-24. 

Barney, J. N. and J. M. DiTomaso. 2008. Nonnative species and bioenergy: Are we cultivating 

the next invader? BioScience 58:64-70. 

Barney, J. N. and J. M. DiTomaso. 2010. Invasive Species Biology, Ecology, Management and 

Risk Assessment: Evaluating and Mitigating the Invasion Risk of Biofuel Crops. Pages 

263-284 in P. N. Mascia, J. Scheffran, and J. M. Widholm, editors. Plant Biotechnology 

for Sustainable Production of Energy and Co-products. Springer-Verlag, Berlin 

Heidelberg. 

Barney, J. N. and J. M. DiTomaso. 2011. Global climate niche estimates for bioenergy crops and 

invasive species of agronomic origin: potential problems and opportunities. PLoS ONE 

6:e17222. 

Barney, J. N., J. J. Mann, G. B. Kyser, and J. M. DiTomaso. 2012. Assessing habitat 

susceptibility and resistance to invasion by the bioenergy crops switchgrass and 

Miscanthus × giganteus in California. Biomass and Bioenergy 40:143-154. 

Barney, J. N. and T. H. Whitlow. 2008. A unifying framework for biological invasions: the state 

factor model. Biological Invasions 10:259-272. 

Barney, J. N., T. H. Whitlow, and A. J. Lembo. 2008. Revealing historic invasion patterns and 

potential invasion sites for two non-native plant species. PLoS ONE 3:e1635. 



	  

	   111	  

Beckman, J. J., L. E. Moser, K. Kubik, and S. S. Waller. 1993. Big bluestem and switchgrass 

establishment as influenced by seed priming. Agronomy Journal 85:199-202. 

Bell, G. P. 1997. Ecology and management of Arundo donax, and approaches to riparian habitat 

restoration in Southern California. Pages 103-113 in J. H. Brock, M. Wade, P. Pysek, and 

D. Green, editors. Plant invasions: studies from North America and Europe. Blackhuys 

Publishers, Leiden, The Netherlands. 

Blackburn, T. M., P. Cassey, and J. L. Lockwood. 2009. The role of species traits in overcoming 

the small initial population sizes of exotic birds. Global Change Biology 15:2852-2860. 

Christian, D. G., A. B. Riche, and N. E. Yates. 1997. Nutrient requirement and cycling in energy 

crops. Pages 799-804 in N. El Bassam, R. K. Behl, and B. Prochnow, editors. Sustainable 

Agriculture for Food, Energy and Industry. James & James (Ltd), London. 

Clifton-Brown, J. C. and M. B. Jones. 1996. Miscanthus productivity network synthesis report on 

productivity trials. Hyperion: Cork. 

Davis, A. S., R. D. Cousens, J. Hill, R. N. Mack, D. Simberloff, and S. Raghu. 2010. Screening 

bioenergy feedstock crops to mitigate invasion risk. Frontiers in Ecology and the 

Environment 8:533-539. 

Davis, M. A. 2003. Biotic globalization: does competition from introduced species threaten 

biodiversity? BioScience 53:481-489. 

Davis, M. A. 2009. Biological invasions. Oxford University Press, New York, New York, USA. 

Dawson, W., D. F. R. P. Burslem, and P. E. Hulme. 2009. The suitability of weed risk 

assessment as a conservation tool to identify invasive plant threats in East African 

rainforests. . Biological Conservation 142:1018-1024. 



	  

	   112	  

DiTomaso, J. M. and E. A. Healey. 2007. Weeds of California and Other Western States. 

University of California Agriculture and Natural Resources, Oakland, CA. 

DiTomaso, J. M., J. K. Reaser, C. P. Dionigi, O. C. Doering, E. Chilton, J. D. Schardt, and J. N. 

Barney. 2010. Biofuel vs Bioinvasion: Seeding Policy Priorities. Environmental Science 

& Technology 44:6906-6910. 

Dougherty, R. F. 2013. Ecology and niche characterization of the invasive ornamental grass 

Miscanthus sinensis. Virginia Tech, Blacksburg, Virginia, USA. 

Gleason, H. A. 1952. New Britton and Brown Illustrated Flora of the Northeastern United States 

and Adjacent Canada. Lancaster, Lancaster, PA. 

Gordon, D. R., D. A. Onderdonk, A. M. Fox, R. K. Stocker, and C. Grantz. 2008. Predicting 

invasive plants in Florida using the Australian weed risk assessment. Invasive Plant 

Science and Management 1:178-195. 

Gordon, D. R., K. J. Tancig, D. A. Onderdonk, and C. A. Gantz. 2011. Assessing the invasive 

potential of biofuel species proposed for Florida and the United States using the 

Australian Weed Risk Assessment. Biomass and Bioenergy 35:74-79. 

Gressel, J. 2008. Transgenics are imperative for biofuel crops. Plant Science 174:246-263. 

Hirayoshi, I., K. Nishikawa, and R. Kato. 1955. Cytogenetical studies on forage plants: Self-

incompatability in Miscanthus. Japanese Journal of Plant Breeding 5:19-22. 

Holm, L. G., D. L. Plucknett, P. V. Juan, and J. P. Herberger. 1977. The worlds worst weeds. 

Distribution and biology. University Press of Hawaii, Honolulu, Hawaii, USA. 

Katibah, E. F. 1984. A brief history of riparian forests in the Central Valley of California. Pages 

22-29 in R. E. Warner and K. E. Hendrix, editors. Environemntal restoration; science and 



	  

	   113	  

ecology, conservation, and productive management. Univsersity of California Press, 

Berkley, California, USA. 

Kenkel, N. C., D. A. Derksen, A. G. Thomas, and P. R. Watson. 2002. Multivariate analysis in 

weed science research. Weed Science. 50: 281-292. 

Kolar, C. S. and D. M. Lodge. 2001. Progress in invasion biology: predicting invaders. Trends in 

Ecology and Evolution 16:199-204. 

Koop, A. L., L. Fowler, L. P. Newton, and B. P. Caton. 2011. Development of a weed screening 

tool for the United States. Biological Invasions 14:273-294. 

Lewandowski, I., J. C. Clifton-Brown, J. M. O. Scurlock, and W. Huisman. 2000. Miscanthus: 

European experience with a novel energy crop. Biomass and Bioenergy 19:209-227. 

Lewandowski, I., J. M. O. Scurlock, E. Lindvall, and M. Christou. 2003. The development and 

current status of perennial rhizomatous grasses as energy crops in the US and Europe. 

Biomass and Bioenergy 25:335-361. 

Lockwood, J. L., P. Cassey, and T. Blackburn. 2005. The role of propagule pressure in 

explaining species invasions. Trends in Ecology and Evolution 20:223-228. 

Lockwood, J. L., P. Cassey, and T. M. Blackburn. 2009. The more you introduce the more you 

get: the role of colonization pressure and propagule pressure in invasion ecology. 

Diversity and Distributions 15:904-910. 

Ma, Z., C. W. Wood, and D. I. Bransby. 2000. Soil management impacts on soil carbon 

sequestration by switchgrass. Biomass and Bioenergy 18:469-477. 

Madeja, G., L. Umek, and K. Havens. 2012. Differences in seed set and fill of cultivars of 

Miscanthus grown in USDA cold hardiness zone 5 and thier potential for invasiveness. 

Journal of Environmental Horticulture 30:42-50. 



	  

	   114	  

Mariani, C., R. Cabrini, A. Danin, P. Piffanelli, A. Fricano, S. Gomarasca, M. Dicandilo, F. 

Grassi, and C. Soave. 2010. Origin, diffusion and reproduction of the giant reed (Arundo 

donax L.): a promising weedy energy crop. Annals of Applied Biology 157:191-202. 

Martinez-Reyna, J. M. and K. P. Vogel. 2002. Incompatability systems in switchgrass. Crop 

Science 42:1800-1805. 

Matlaga, D. P. and A. S. Davis. 2013. Minimizing invasive potential of Miscanthus × giganteus 

grown for bioenergy: identifying demographic thresholds for population growth and 

spread. Journal of Applied Ecology 50:479-487. 

Matlaga, D. P., L. D. Quinn, A. S. Davis, and J. R. Stewart. 2012a. Light response of native and 

introduced Miscanthus sinensis seedlings. Invasive Plant Science and Management 

5:363-374. 

Matlaga, D. P., B. J. Schutte, and A. S. Davis. 2012b. Age-dependent demographic rates of the 

bioenergy crop Miscanthus × giganteus in Illinois. Invasive Plant Science and 

Management 5:238-248. 

Meyer, M. H. and C. L. Tchida. 1999. Miscanthus Andress. produces viable seed in four USDA 

hardiness zones. Journal of Environmental Horticulture 17:137-140. 

Miller, J. H. 2003. Nonnative invasive plants of southern forests: a field guide for identification 

and control. Page 93 in S. R. S. U.S. Department of Agriculture Forest Service, editor., 

Asheville, NC. 

Nackley, L. L., V. H. Lieu, B. B. Garcia, J. J. Richardson, E. Isaac, K. Spies, S. Rigdon, and D. 

T. Schwartz. 2013. Bioenergy that supports ecological restoration. Frontiers in Ecology 

and the Environment doi:10.1890/120241. 



	  

	   115	  

Parrish, D. J. and J. H. Fike. 2005. The biology and agronomy of swithchgrass for biofuels. 

Critical Reviews in Plant Sciences 24:423-459. 

Perrins, J., A. Fitter, and M. Williamson. 1993. Population biology and rates of invasion of three 

introduced Impatiens species in the British Isles. Journal of Biogeography 20:33-44. 

Pheloung, P. C., P. A. Williams, and S. R. Halloy. 1999. A weed risk assessment model for use 

as a biosecurity tool evaluating plant introductions. Journal of Environmental 

Management 57:239-251. 

Pyšek, P. and D. M. Richardson. 2007. Traits associated with invasiveness in alien plants: where 

do we stand? Pages 97-126 in W. Nentwig, editor. Biological Invasions, Ecological 

Studies 193. Springer-Verlag, Berlin. 

Quinn, L., D. J. Allen, and R. Stewart. 2010. Invasiveness potential of Miscanthus sinensis: 

implications for bioenergy production in the United States. Global Change Biology 

Bioenergy 2:310-320. 

Quinn, L. D. and J. S. Holt. 2008. Ecological correlates of invasion by Arundo donax in three 

southern California riparian habitats. Biological Invasions 10:591-601. 

Quinn, L. D., D. P. Matlaga, J. R. Stewart, and A. S. Davis. 2011. Empirical Evidence of Long-

Distance Dispersal in Miscanthus sinensis and Miscanthus × giganteus. Invasive Plant 

Science and Management 4:142-150. 

Raghu, S., R. C. Anderson, C. C. Daehler, A. S. Davis, R. N. Wiedenmann, D. Simberloff, and 

R. N. Mack. 2006. Ecology. Adding biofuels to the invasive species fire? Science 

313:1742. 

Rejmánek, M., D. M. Richardson, and P. Py\vsek. 2005. Plant invasions and invasibility of plant 

communities. Vegetation Ecology:332-355. 



	  

	   116	  

Richardson, D. M. and R. Blanchard. 2011. Learning from our mistakes: Minimizing problems 

with invasive biofuel plants. Current Opinions in Environmental Sustainability 3:36-42. 

Saltonstall, K., A. Lambert, and L. A. Meyerson. 2010. Genetics and reproduction of common 

(Phragmites australis) and giant reed (Arundo donax). Invasive Plant Science and 

Management 3:495-505. 

Seawright, E. K., M. E. Rister, R. D. Lacewell, D. A. McCorkle, A. W. Sturdivant, C. Yang, and 

J. A. Goolsby. 2009. Economic implications for the biological control of Arundo donax: 

Rio Grande Basin. Southwestern Entomologist 34:377-394. 

Service, R. F. 2013. Battle for the barrel. Science 339:1374-1379. 

Smart, A. J., L. E. Moser, and K. P. Vogel. 2003. Establishment and seedling growth of big 

bluestem and switchgrass populations divergently selected for seedling tiller number. 

Crop Science 43:1434-1440. 

Smith, L. L. and J. N. Barney. 2014a. Contribution of weed management to bioenergy crop yield. 

Page 196 in 68th Annual Meeting of the Northeastern Weed Science Society, 

Philadelphia, PA. 

Smith, L. L. and J. N. Barney. 2014b. The relative risk of invasion: Evaluation of Miscanthus × 

giganteus seed establishment. Invasive Plant Science and Management 7:93-106. 

Stephens, P. A. and W. J. Sutherland. 1999. Consequences of the Allee effect for behaviour, 

ecology, and conservation. Trends in Ecology and Evolution 14:401-405. 

Thompson, K. and M. A. Davis. 2011. Why research on traits of invasive plants tells us very 

little. Trends in Ecology and Evolution 26. 

USDA-NRCS. 2013. Web soil survey. http://websoilsurvey.sc.egov.usda.gov Accessed: April 

20, 2013. 



	  

	   117	  

van Kleunen, M., W. Dawson, and P. Dostal. 2011. Research on invasive-plant traits tells us a 

lot. Trends in Ecology and Evolution 26:317. 

van Kleunen, M., E. Weber, and M. Fischer. 2010. A meta-analysis of trait differences between 

invasive and non-invasive platn species. Ecology Letters 13:235-245. 

Wald, M. L. 2013. Court overturns E.P.A.’s biofuels rule, saying it overestimated production. 

Page B3  New York Times. 

Warwick, S. I. and L. D. Black. 1983. The biology of Canadian weeds. 61. Sorghum halepense 

(L.) PERS. Canadian Journal of Plant Science 63:997-1014. 

Warwick, S. I., L. D. Thompson, and L. D. Black. 1984. Population variation in Sorghum 

halepense, Johnson grass, at the northern limits of its range. Canadian Journal of Botany 

62:1781-1790. 

Wilson, S. B. and G. W. Knox. 2006. Landscape performance, flowering, and seed viability of 

15 Japanese silver grass cultivars grown in northern and southern Florida. 

HortTechnology 16:686-693. 

Yauan, S. J., K. H. Tiller, H. Al-Ahmad, N. R. Stewart, and C. N. Stewart. 2008. Plants to 

power: bioenergy to fuel the future. Trends in Plant Science 13:421-429. 



	  

	   118	  

 

  

 
Table 1. List of taxa included in the field trials located in Blacksburg, Virginia. 

Species Common name Source Planting method Planting 

Invasive 
status in 
the US 

Andropogon gerardii ‘Suther’ big bluestem Ernst seed 7” rows - 
Arundo donax giant reed Bluemel transplanted plugs 30” centers + 
Miscanthus sacchariflorus 
‘Robustus’ 

Amur silvergrass Bluemel transplanted plugs 30” centers + 

M. sinensis ‘Gracillimus’ Chinese silvergrass Bluemel transplanted plugs 30” centers - 
M. sinensis ‘Dixieland’ Chinese silvergrass Bluemel transplanted plugs 30” centers - 
M. sinensis ‘Cabaret’ Chinese silvergrass Bluemel transplanted plugs 30” centers - 
M. sinensis (Ohio)  UIUC transplanted plugs 30” centers + 
M. sinensis (North Carolina)  UIUC transplanted plugs 30” centers + 
M. sinensis (Kentucky)  UIUC transplanted plugs 30” centers + 
M. sinensis (Pennsylvania)  UIUC transplanted plugs 30” centers + 
M. × giganteus “Illinois” giant miscanthus Mendel transplanted plugs 30” centers - 
M. × giganteus “M700464” PowerCaneTM Mendel transplanted plugs 30” centers ? 
M. × giganteus “MBX-002” giant miscanthus Mendel transplanted plugs 30” centers - 
Panicum virgatum ‘Blade’ switchgrass Ceres seed 7” rows - 
P. virgatum ‘Alamo’ switchgrass Ernst seed 7” rows - 
Phalaris arundinacea 
‘Palaton’ 

reed canarygrass Outside-
pride.com 

seed 7” rows + 

Saccharum spp.  US 06 9001a energy cane USDA-ARS ratoons  - 
Saccharum spp. US 06 9002 energy cane USDA-ARS ratoons  - 
Sorghum bicolor energy sorghum Ceres seed 30” rows - 
Sorghum halepense johnsongrass Azlin seed 7” rows + 
a Due to issues with availability, Saccharum cultivars were planted in summer 2012, one year later than all other 

species.   
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Table 2. Results of a mixed model ANOVA to evaluate competition and disturbance on 

aboveground biomass, culm number, height, and number of inflorescences for 20 individual 

accessions, nested within species invasiveness groups, observed over three growing seasons in 

Blacksburg, VA. Species invasiveness groupings include eight exotic invasive (positive 

control) species, 11 non-invasive (negative control) species, and Miscanthus × giganteus 

’PowerCane’. Disturbance is defined as annual above ground biomass removal or no biomass 

removal for three years. Competition is defined as no weed management (high competition) or 

intensive weed management (low competition). 

  df Biomass 
(Mg ha-1) 

df Culms  
m-2 

Height 
(cm) 

Inflorescences 
m-2 

Year 1 Block 3 0.2267 3 0.1104 0.3410 0.0093 
 Species invasiveness 2 <.0001 2 <.0001 <.0001 <.0001 
 Species (species invasiveness) 15 <.0001 1

9 
<.0001 <.0001 <.0001 

 Competition 1 0.7651 1 0.1297 0.9889 0.5704 
 Competition × species invasiveness 2 0.2267 2 0.1482 0.8867 0.9010 
Year 2 Block 3 0.3444 3 0.1365 0.4277 0.2615 
 Species invasiveness 2 <.0001 2 <.0001 <.0001 <.0001 
 Species (species invasiveness) 17 <.0001 1

7 
<.0001 <.0001 <.0001 

 Competition 1 0.0475 1 0.0087 0.8145 0.0003 
 Disturbance --- ---- 1 0.8393 0.5382 0.9390 
 Competition × species invasiveness 2 0.0205 1 0.9876 0.0411 0.8763 
 Disturbance × species invasiveness  --- ---- 2 0.9258 0.3361 0.1236 
 Competition × disturbance --- ---- 1 0.5873 0.8950 0.9295 
 Competition × disturbance × species 

invasiveness 
--- ---- 2 0.9879 0.5629 0.2624 

Year 3 Block 3 0.6655 3 0.3943 0.0021 0.5631 
 Species invasiveness 2 <.0001 2 <.0001 <.0001 0.0818 
 Species (species invasiveness) 16 <.0001 1

7 
<.0001 <.0001 <.0001 

 Competition 1 0.2491 1 0.2686 0.3401 0.5298 
 Disturbance 1 0.1074 1 0.8797 0.2327 0.1519 
 Competition × species invasiveness 2 0.1041 1 0.4864 0.5878 0.5585 
 Disturbance × species invasiveness 2 0.0742 2 0.6574 0.7645 0.6781 
 Competition × disturbance 1 0.3392 1 0.5440 0.4407 0.8374 
 Competition × disturbance × species 

invasiveness 
2 0.8225 2 0.6979 0.4895 0.8232 

 

  



	  

	   120	  

Figure 1. The two-factor split-plot layout for each of the 76 plots established in Blacksburg, VA, 

Schochoh, KY and Auburn, AL. 
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Figure 2. Mean culms (A), inflorescences (B), aboveground biomass (C), and height (D) for 10 

species (20 total accessions) observed over three growing seasons in Blacksburg, VA. Means for 

species invasiveness groupings include eight exotic invasive (positive control) species, 11 non-

invasive (negative control) accessions, and Miscanthus × giganteus ’PowerCane’. 
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Figure 3. The ranked (highest to lowest) aboveground biomass (A), spikelets (B), culms (C), 

inflorescences (D), and height (E) for 18 accessions, (two year-old Saccharum, spp. were 

omitted), recorded at the end of the third growing season in Blacksburg, VA. The 18 accessions 

grown for three years (A. gerardii [ANDGE], A. donax [ARUDO], M. sacchariflorus [MISSA], 

M. sinensis ‘Cabaret’, [MISSI-C], M. sinensis ‘Dixieland’ [MISSI-D], M. sinensis ‘Gracillimus’ 

[MISSI-G], M. sinensis KY [MISSI-KY], M. sinensis NC [MISSI-NC], M. sinensis OH [MISSI-

OH], M. sinensis PA [MISSI-PA], M. × giganteus ‘MBX-OO2’ [MXG-002], M. × giganteus 

‘Illinois’ [MXG-I], M. × giganteus ‘PowerCane’ [MXG-PC], P. virgatum ‘Alamo’ [PANVI-A], 

P. virgatum ‘Blade’ [PANVI-B], P. arundinacea [PHAAR], S. bicolor [SORBI], S. halepense 

[SORHA]. 
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Figure 4. Canonical discriminant analysis plot for the species invasiveness groupings positive 

controls (red), negative controls (green) and M. × giganteus  ‘PowerCane’ (gold). The fitness 

parameters biomass, culm and inflorescence number, height and spikelet production were used as 

predictors. 
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Figure 5. Total number of vegetative and seedling culms m-2 observed within the cultivated plot 

(distance 0 m), and in the Lc, low competition (intensive weed management) and Hc, high 

competition (no weed management) receiving areas from a distance of 0.1 to 4.5 m from the 

cultivated plot, after three growing seasons. Species invasiveness groupings include eight exotic 

invasive (positive control) species, 11 non-invasive (negative control) species, and Miscanthus × 

giganteus ’PowerCane’. 
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Abstract 

 

The Southeastern United States is likely to play an important role in the future of bioenergy 

production. As yield and quality of candidate bioenergy grasses will depend on climate and site 

characteristics, we assess 20 bioenergy feedstocks (10 total species), and examine the influence 

of weed management and annual harvest treatments over three growing seasons in Blacksburg, 

Virginia and one season in Russellville, Kentucky. Species in this study include: Andropogon 

gerardii, Arundo donax, Miscanthus × giganteus, M. sinensis, M. sacchariflorus, Panicum 

virgatum, Phalaris arundinaceae, Saccharum sp., Sorghum bicolor and the unconventional 

choice of Sorghum halepense. Weed management treatments did not impact yield results in the 

establishment year, as biomass was predictably low for perennial species, which 

characteristically take three to five years to reach maximum biomass. However, there was a large 

difference between locations, with all accessions yielding equivalent or greater biomass at the 

Kentucky site.  In year two only M. × giganteus, P. arundinaceae and S. halepense yielded no 

differences across treatments. After the third growing season, only A. gerardii and two 

accessions of M. sinensis had noticeable reductions in yield due to competition from weeds. 
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After three growing seasons, M. × giganteus plots which had not been previously harvested 

yielded 13% less aboveground biomass than plots which had been harvested annually, while A. 

donax, producing copious new shoots from previous years canes, had 77% greater biomass in 

previously unharvested plots. The other eight species were not influenced by harvest treatments. 

After three growing seasons, we obtained the highest yields from A. donax (39 Mg ha-1), M. × 

giganteus ‘Illinois’ and ‘PowerCane’ (63 and 51 Mg ha-1, respectively) and naturalized 

accessions of M. sinensis (54 Mg ha-1) using traditional cropping practices (annual harvest and 

weed management). Also, we determined aboveground biomass on an individual plant basis. Our 

results showed that several species were capable of attaining high yields, with individual plant 

biomass equivalent to A. donax and M. × giganteus (>3 kg plant-1), but due to low establishment 

numbers, overall yields were low (< 10 Mg ha-1). Our results indicate that site characteristics 

such as soil parameters, mean temperature, and water availability may be more important for 

yield than weed competition, especially over time. Pending quality analysis will be an important 

determinant for selecting ideal species for the Southeastern United States. 

Keywords Bioenergy, Biomass, Establishment, Weed management, Yield 
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Introduction 

 

According to the International Energy Agency an increase in bioenergy development could 

provide 25% of the world’s energy needs by 2035, while creating jobs, decreasing carbon 

emissions, and improving rural economies [1]. There are many options for producing biomass 

including trees, algae, corn and other annual species, crop residue, and perennial grasses.  Large 

statured perennial grasses have been of particular interest because of their rapid growth, ability to 

tolerate poor growing conditions, and minimal input requirements compared with traditional 

agricultural commodities [2-5].  Large-scale cultivation of bioenergy feedstocks is well suited to 

the Southeastern United States [6,7], and has the potential to enhance rural and economic 

development, while offering an alternative to the declining tobacco industry. This is an exciting 

time for agriculture; these new crops are likely to be rapidly adopted and planted at a scale not 

seen for 10,000 years. 

 Despite decades of research in both Europe and the United States, gaps in our knowledge 

for selecting and cultivating these large statured perennial grasses remain. Currently no single 

peer reviewed study has made comparisons of yield potential for a broad selection of bioenergy 

feedstocks under identical growing conditions. Lewandowski et al [8] hint that Miscanthus spp. 

may produce superior biomass, when compared to other perennial grasses, according to more 

than a dozen studies performed in multiple locations across Europe. In a similar dataset from 

trials conducted in the US, the Herbaceous Energy Crops Research Program either did not 

consider or do not show data for major bioenergy contenders such as Arundo donax L. and 

Miscanthus × giganteus J.M. Greef and Deuter ex Hodk. and Renvoize [8]. If land area 

projections are accurate, 60 million ha of land (an area 1.4 times the size of California) could be 
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put into production, with the Southeastern United States being a major area of consideration [9].  

As photosynthetic pathway, growth habit, and climate range varies greatly among candidate 

feedstocks, growing region and management practices will heavily influence yield [8]. 

Therefore, a more comprehensive head-to-head data set is required to select the most ideal 

feedstocks for this geographic region. 

 It was our aim to determine the yield potential (aboveground biomass) over a three-year 

period for 10 likely candidates, 20 total accessions, for bioenergy production in the Southeastern 

United States. Our selection of species includes two accessions of Panicum virgatum L., 

switchgrass; deemed a “model” bioenergy crop by the Department of Energy in the early 1990’s 

[8]. We also include numerous accessions of Miscanthus sinensis Anderss. and M. sacchariflorus 

(Maxim.) Franch., as well as several accessions of their sterile hybrid M. × giganteus, giant 

miscanthus. Many previous research trials include the standard M. × giganteus ‘Illinois’, we also 

include two newly developed lines including a new fertile cultivar known as ‘PowerCane’TM. 

Native Andropogon gerardii, big bluestem and Phalaris arundinacea, reed canarygrass as well 

as the more contentious, exotic Arundo donax, giant reed, were also included. Breeding for 

enhanced bioenergy cultivars is in the relatively early stages [8] and will likely continue to 

generate many new cultivars. Thus, we chose to include two lines of Saccharum sp., Energy 

cane, with enhanced cold tolerance and the only annual species in our study Sorghum bicolor L, 

energy sorghum, developed specifically for energy production. Our selection of crops also 

includes the unconventional choice of Sorghum halepense (L.), johnsongrass. As this field site 

was part of a larger ecological study we decided to include this species in our biomass 

production calculations, as it is not uncommon to field questions regarding the use of common 

and prolific weeds for bioenergy [10,11].  Despite reduced input requirements relative to 
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traditional agronomic crops [3], weed management in the critical establishment years is 

frequently suggested to be an exception [8,5,12]. Therefore, we also imposed treatments to 

evaluate the contribution and importance of weed management (competition) and annual harvest 

(disturbance) to yield. 

 

Methods 

 

Species Selection and Establishment 

 

In our effort to obtain a more comprehensive analysis of feedstock yield, we evaluated a suite of 

ten warm and cool season grass species comprising 20 individual accessions (Table 1) 

representing varying growth habits (clumping to spreading). We were forced to use a diversity of 

propagules for establishment as several cultivars/biotypes in this study are known to be sterile. 

Vegetatively propagated species were started in the greenhouse from rhizome/root crown 

fragments and delivered to the field sites just prior to planting. Naturalized populations from 

Kentucky, Pennsylvania, North Carolina and Ohio of M. sinensis were collected the previous 

year. Naturalized M. sinensis seeds were planted individually into 127 cell flats in March 2012 

and greenhouse grown. Natural light was supplemented with overhead lights set to 12-hour day, 

12-hour night photoperiod. Greenhouse conditions were maintained at 27/18 ºC day/night. The 

field was not tilled prior to planting in accordance with a no-till cropping system.  All seeded 

feedstocks were drilled on 16.5 or 61 cm rows using a no-till drill (Table 1). Miscanthus plugs 

were planted on 61 cm centers using an RJ no-till plug planter (RJ Equipment, Ontario, Canada). 

Larger plant material such as A. donax required hand planting, because pieces were too large for 
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the transplanting equipment.  Both Saccharum US 06 9001 and US 069002 were not planted 

until May 2012, due to delays in germplasm availability.  

 

Site  

 

This experiment was established at the E.V. Smith Research Center near Auburn, AL USA on 

May 31 2011 (32°26’N, 85°52’W), the Kentland Research Farm near Blacksburg, VA (37°20’ 

N, 80°58’ W), on 10 June 2011, and Walnut Grove Farms, Russellville, KY (36°45’ N, 86°45’ 

W) on 15 June 2011. However, due to unforeseen circumstances, the Kentucky experiment was 

eradicated 4 May 2012, and therefore only establishment year data is available for this site. 

Additionally, the Alabama experiment was also eradicated, and therefore will not be discussed 

further. We understand the limits of a single geographic location in years two and three of this 

study; but due to the proprietary nature of the ‘PowerCane’TM seed, we were restricted to Virginia 

Tech or property belonging to Mendel Biotechnology, Inc. Soil samples were collected in early 

June 2011, using a 2.5 by 30.5-cm soil corer, and submitted for analysis at the Virginia 

Cooperative Extension Soil Testing Laboratory at Virginia Tech. The Blacksburg field site was 

planted on a Ross loam occluding a Wheeling silt loam [13] with a pH of 6.4, and a recent 

cropping history of continuous corn with a winter rye cover crop.  The rye cover crop was 

mowed and bailed in preparation for planting. The Russellville, KY site was planted on a 

Pembroke silt loam [13] with a pH of 6.4. The field had previously been in a corn/ soybean 

rotation with a winter wheat cover crop, but had most recently been planted with canola in winter 

2010, which was harvested in spring 2011 after application of a non-selective herbicide. Neither 

field received any pre-plant fertilizer applications nor were nutrients applied during the course of 
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this study. In May 2011 both fields received a 1kg ae ha-1 application of glyphosate.   It should 

also be noted our experimental Kentucky field site was surrounded by private production fields 

using pivot irrigation. Despite our desire to keep management at the two sites as identical as 

possible, the Kentucky field did receive intermittent irrigation in the establishment year. Plots 

containing transplants at the Blacksburg, VA site received minimal supplemental water shortly 

after planting due to lack of rainfall.   

 

Experimental Design 

 

A randomized two-factor split plot field trial with four blocks was established in Blacksburg, 

Virginia and Russellville, Kentucky. A total of twenty 4.6 x 18.3-m plots block -1 were 

established, for individual grass accessions (Table 1). With one exception, the four naturalized 

M. sinensis populations were only replicated three times at each site due to seed limitations, 

yielding a total of 76 plots at each location. Each 4.6 x 18.3-m plot comprised four subplots (4.6 

x 4.6 m or 20.9 m2) with the following treatments: no weed management/ no harvest; no weed 

management/ winter harvest; intensive weed management/ no harvest; intensive weed 

management/ winter harvest. A no weed management treatment is defined as no action taken 

following initial establishment (after July 2011), while intensive weed management includes 

appropriate herbicide application to maintain a (nearly) weed-free environment throughout the 

experiment. In the no harvest treatments, both grass and weed biomass remained undisturbed in 

the field until the final year of the study. In the harvested plots, all aboveground biomass was 

removed at approximately 5cm aboveground, annually. 

 



	  

	   132	  

Data collection 

 

Harvest treatments were imposed beginning in November 2011 and completed as weather 

permitted each year through 2013. Border plants in outside rows were not selected for harvest. 

Plants were harvested approximately 5 cm aboveground from two random 1 x 1 m quadrats 

within each 4.6 x 4.6 m subplot. Plants harvested from each of the quadrats were weighed and 

used to determine fresh weight. Subsamples from both 1 x 1m harvested quadrats were dried at 

70 ºC for 72 hours to determine plant moisture content and total aboveground dry biomass per 

plant. Overall plant density was estimated using permanent quadrats therefore reducing bias 

when overall establishment within a plot was low or unevenly distributed. Due to the spreading 

habit of M. sacchariflorus, P. arundinaceae and S. halepense, we had to rely on stem counts 

after the first growing season as it became impossible to distinguish vegetative ramets from 

seedlings. After collecting all harvest data from the quadrats, the harvest treatments were 

imposed on the two 4.6 x 4.6 m sub plots of the 76 total plots. In 2013 we collected samples 

from all sub plots including previously unharvested material (i.e., the no harvest treatments) to 

determine their aboveground productivity.  Once dried, all sub samples were submitted to a 

forage analysis lab at Virginia Tech and assayed for cellulose, hemicellulose, lignin, ash and 

nitrogen to evaluate feedstock quality and make comparisons across management (treatment) 

regimes.  

 After the final data collection in 2013, an extensive eradication protocol was developed, 

extending into the following growing season. This ensures that all plants will be successfully 

removed from the site to prevent spread.   
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Statistical Analysis 

 

Analysis of variance (ANOVA) was performed on aboveground biomass yield and plant quality 

parameters using JMP 10 statistical software (SAS Institute, Cary, North Carolina, USA). The 

treatments and species are considered fixed effects while blocks and site (Kentucky and 

Virginia) are considered random effects. Due to the perennial nature of the species, we analyzed 

each of the three growing seasons separately. We attempted to achieve normality of residuals 

using a Box Cox Y transformation for 2011(establishment year) data and cube root 

transformations for years 2012 and 2013. Levene's test was used to test homogeneity of 

variances. Due to the large number of possible comparisons, when significant effects of 

treatment occurred, means were compared with a priori orthogonal contrasts at alpha <0.05.  

 

Results 

 

Establishment year 

 

Establishment year yields were generally low (≤ 6 Mg ha-1) except for the only annual species in 

our trials, S. bicolor, which produced 10.6 and 15.0 Mg ha-1 aboveground biomass at the 

Kentucky and Blacksburg sites, respectively (Table 2); However, P. virgatum ‘Alamo’ produced 

surprisingly high yields (11.6 Mg ha-1) at the Kentucky site, producing 57 times more biomass at 

the Kentucky site compared to the Virginia site and 231% more biomass than P. virgatum 

‘Blade’ at the Kentucky site. Interestingly, competition from weeds in the unmanaged treatment 

plots did not reduce yields at either site (P = 0.3396) (Table 3). However, aboveground biomass 
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varied greatly between sites (P <0.0001) (Table 3). All species produced significantly more 

biomass at the Kentucky site (Table 2) except for A. gerardii, M. sinensis PA, S. bicolor and S. 

halepense. On average, M. × giganteus accessions produced 228% more biomass than the 

naturalized M. sinensis accessions and 660% more biomass than ornamental accessions of M. 

sinensis at the Kentucky site. Biomass production for A. donax was not different from that of 

production by M. × giganteus ‘Illinois’ at either location. However, the newly developed fertile 

M. × giganteus ‘PowerCane’ produced 179% more aboveground biomass than A. donax at the 

Kentucky site. 

 

Dry biomass yield 

 

We are unable to determine how site would continue to impact biomass production due to the 

eradication of the Kentucky site in early 2012. After two years of growth, sterile M. × giganteus 

‘MBX-002’ produced 18% more aboveground biomass in the weed free and 17% more 

aboveground biomass in the weedy treatments, than the next highest yielding accession. On 

average, the three M. × giganteus accessions and A. donax produced the greatest biomass in the 

trial, within respective treatments (Table 2). In contrast to year one, P. virgatum ’Blade’ 

produced 340% more biomass than ‘Alamo’ in the weed free plots and 93% more biomass in the 

unmanaged, weedy plots. Despite the apparent cold tolerance in the Saccharum spp., second year 

(2013) yields remained low and even decreased for ‘US 06 9002’ as several plants did not 

survive the winter (Table 2).  After two years of growth the lack of weed management is 

increasingly evident for most species (P <0.0001) (Table 3). Orthogonal contrasts indicated that 

only M. × giganteus ‘MBX-002’ and ‘PowerCane’, P. arundinacea and S. halepense, were 
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undeterred by the weedy competition; all other accessions had a significant decrease in yield in 

2012 (data not shown). 

 All species had greater aboveground productivity in year three over year two with the 

exception of M. × giganteus ‘MBX-002’, which remained equivalent, and S. halepense, which 

experienced a decline (Table 2). Miscanthus × giganteus ’Illinois’ and M. sinensis OH produced 

the greatest biomass (over 60 Mg ha-1) in the weed free plots. It was determined that yearly 

harvest did influence biomass for some species (P = 0.0343) (Table 3), because this was the first 

year harvest treatments were imposed on one half of the plots (all “no harvest” subplots).  

Aboveground biomass was 77% greater in previously unharvested A. donax plots compared with 

those that were harvested annually (P = 0.0062). However, several Miscanthus spp., including 

M. × giganteus ‘PowerCane’ and M. sinensis ‘Cabaret’ and ‘Gracillimus’ showed a decline in 

biomass after several years without harvest (data not shown). Competition from unmanaged 

weeds continued to reduce biomass in the third year, but for statistically fewer accessions (P = 

0.0018) than we observed in 2012 (Table 3). Only A. gerardii (P = 0.0176) and the naturalized 

accessions of M. sinensis as a whole (P = 0.0039), showed a significant decrease in biomass 

between treatments in the third year (Table 2). 

 After three years of growth, several accessions, notably all ornamental accessions of M. 

sinensis, A, gerardii and both Saccharum spp., produced lower biomass than expected. This 

conclusion deviated from personal observations in the field, because plants appeared large with, 

in some cases, well over 100 culms plant-1. Further investigation indicated that these seven 

accessions had relatively low establishment numbers compared to the intended ~18,000 plants 

ha-1 (Figure 1). Therefore, we determined the aboveground biomass on an individual plant basis 

when possible (Figure 1). Under weed free conditions M. sinensis ‘Gracillimus’ had the greatest 
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aboveground plant weight (3.7 kg plant-1) in this study. This was greater than the mean 

aboveground plant weight of all other M. sinensis, which were not statistically different from the 

weights of M. × giganteus accessions. Aboveground plant weight for A. gerardii (1.4 kg plant-1) 

and Saccharum sp. US 06 9001 (1.2 kg plant-1) was also congruent with the mean aboveground 

plant weight of other accessions, notably P. virgatum (Figure 1).  

 

 

Discussion  

 

Aboveground biomass for perennial species was generally low in the establishment year (< 0.1 to 

11.6 and <0.1 to 4.5 Mg ha-1 in Kentucky and Virginia, respectively), in accordance with 

numerous other studies [14]. The substantial discrepancy between sites indicates that other 

factors likely played a role in the high aboveground biomass at the Kentucky location, compared 

with that of the Virginia site because weed management played little role in productivity. The 

warmer temperatures (based on plant hardiness zones, 6b in Virginia and 7a in Kentucky, 

http://planthardiness.ars.usda.gov/), the availability of irrigation, and perhaps soil parameters, 

may have played a role in the observed differences. Panicum virgatum ‘Alamo’ had excellent 

establishment year yields (11.6 Mg ha-1) at Kentucky, yet ‘Blade’, developed specifically for 

biomass production, remained low (3.5 Mg ha-1). Vassey et al. [15] show that precipitation plays 

a major role in switchgrass establishment yet dormancy between cultivars can be extremely 

variable [16], potentially contributing to  the differences between ‘Alamo’ and ‘Blade’.  

Miscanthus spp. are know to have high water use efficiency, but in the case of M. × giganteus, it 

is known that low water availability can lead to a pronounced decrease in yield [17]. Other 
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studies indicate that M. sinensis has greater tolerance of dry conditions, effectively reducing leaf 

conductance while maintaining leaf area [18], than its congeners and should therefore exhibit a 

more stable yield despite water limitations [19]. Our results support the aforementioned studies, 

evidenced by the important influence of site on yield for M. × giganteus or other species such as 

A. donax and P. virgatum, while yield differences between site were not as pronounced for M. 

sinensis. Maughan et al [17] show that soil and temperature are important determinants of yield, 

at least with M. × giganteus. Further experiments are required to specifically determine all the 

factors that contributed to the discrepancy in yield between the Virginia and Kentucky sties.  

 The higher yields of S. halepense and S. bicolor observed at the Virginia site compared 

with the Kentucky site are likely due to the large seed improperly dispensing from the specific 

seed drill used in Kentucky, resulting in lower stand counts. Individual plants of S. bicolor and S. 

halepense weighed 36% and 70% more at Kentucky compared with Virginia. Yet we observed 

185% more S. bicolor plants ha-1 and 71% more S. halepense plants ha-1 at Virginia, indicating 

that poor stand may have been responsible for the reduction in aboveground biomass production 

at the Kentucky site. Although it is impossible to determine from this experimental design the 

role played by the irrigation at the Kentucky site, other studies support the need for further 

investigation into the importance of either adequate rainfall or supplemental irrigation for 

optimal biomass and establishment [20].  

 Numerous studies suggest that many bioenergy crops are poor competitors in the 

establishment year and that weed management is required [8,21]. We did apply nonselective 

herbicides, across all plots, prior to planting to give young plants a chance to establish. The 

transplanted accessions (Table 1), most of which had already begun to tiller, ought to have a size 

advantage over weed seedlings. The ornamental M. sinensis and Saccharum spp. accessions as 
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well as A. gerardii did have substantially lower densities, resulting from both poor germination 

and high establishment year mortality. However, these species had low densities regardless of 

weed treatment. As expected, we did see a decline in biomass for 17 of the 20 accessions in the 

unmanaged plots by the second year.  The only exceptions were the very competitive S. 

halepense and P. arundinaceae and the large M. × giganteus ‘PowerCane’ for which canopy 

closure occurred early in the growing season. After three years of growth all species appear to 

grow out of the imposed weed pressure with the exception of A. gerardii, which grew at low 

densities preventing canopy closure and the naturalized accessions of M. sinensis.   

 Miscanthus sinensis is an extremely diverse species with over 100 ornamental varieties 

that are commercially available. Naturalized accessions of M. sinensis have a large amount of 

variability in size, reproductive output and environmental tolerance [22,23]. Therefore, it is not 

entirely surprising that we observed such variability in biomass among naturalized accessions 

and in response to weed management treatments. Despite the variability in weed treatment 

biomass for A. gerardii and M. sinensis, it has been suggested that for most species used in this 

study, weed management is only required in the establishment year [8] . However, based on our 

results, weed management may not be critical to achieving high yields following establishment 

for most species.  

 Intraspecific competition from previous years standing biomass proved to be more 

detrimental to biomass accumulation for some species than weed pressure, because harvest 

treatments influenced yield for four accessions. After three growing seasons without harvest we 

saw a decrease in aboveground biomass as well as a decrease in the number of surviving plants 

in previously unharvested plots for M. × giganteus ‘PowerCane’ (data not shown). Our 

observations indicated that this accession did not form densely compact clumps as was the case 



	  

	   139	  

for M. × giganteus ‘Illinois’ and parent species M. sinensis. At this planting density (~20,000 

plants ha-1), the larger, sparser clumps seemed overcrowded and the addition of previous years 

canes likely contributed to thinner canes with fewer shoots. Increased planting density has been 

shown to produce thinner, lighter shoots resulting in plants with overall smaller diameters [14]. 

Despite our methodology for which we used vegetative transplants, fertile M. × giganteus 

‘PowerCane’ is intended to make planting easier and more cost effective for growers; therefore, 

seeding rates which balance biomass and density will require further study. Biomass was also 

reduced by 91% for both ornamental M. sinensis ‘Cabaret’ and ‘Gracillimus’, which produced 

very dense clumps with the greatest number of culms plant-1 in this study (data not shown). New 

culms were required to compete with numerous culms from the previous years, which personal 

observations suggest, also contributed to lodging. Conversely, A. donax was the only species in 

the trial that increased biomass after consecutive years of no harvest (data not shown). Unlike the 

other species in this trial, canes of A. donax are dormant during late fall and winter [24]. Stems 

survive for several years producing new shoots (or ramets) along the stem nodes after the first 

growing season [24]; contributing to the observed increase in yield for this species.  

 Our results indicated that A. donax, M. × giganteus and M. sinensis produced the highest 

yields after three years of growth with no nutrient amendments in this region of the Southeastern 

United States. Only second and third year yields of M. × giganteus ‘MBX-002’ were relatively 

unchanged, and S. halepense yields actually decreased from year two to year three. Therefore, 

despite its status as a prolific weed [25], S. halepense yields were not competitive with most 

other species. The remaining 18 accessions continued to show an increase in aboveground 

biomass, indicating that even greater yields may be possible in subsequent years. Ornamental M. 

sinensis accessions produced some of the highest individual plant biomass, but proved difficult 
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to establish, indicating that these accessions may be better suited as breeding material for future 

bioenergy cultivars. With the use of effective pre-plant weed control measures it appears that 

post-planting weed management may not be necessary, if stand establishment is high enough to 

ensure eventual canopy closure by the feedstock. With the limitation of a single site, further 

assessment in conjunction with row spacing and seeding rates studies would be of interest. 

Pending quality analysis will be important to determine the most appropriate species for 

cultivation. Quality analysis outcome coupled with knowledge of energy generation method or 

bioconversion process will also dictate ideal species for this region.    
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Table 1. Ten total species and 20 accessions selected for planting at ~18,000 plants ha-1 in Blacksburg, VA and Russellville, 

KY in spring 2011. 

Species Common name Source Planting method Planting 
Andropogon gerardii ‘Suther’ big bluestem Ernst seed 16.5 cm rows 
Arundo donax giant reed Bluemel transplanted plugs 61 cm centers 
Miscanthus sacchariflorus ‘Robustus’ Amur silvergrass Bluemel transplanted plugs 61 cm centers 
M. sinensis ‘Cabaret’ maiden grass Bluemel transplanted plugs 61 cm centers 
M. sinensis ‘Dixieland’ maiden grass Bluemel transplanted plugs 61 cm centers 
M. sinensis ‘Gracillimus’ maiden grass Bluemel transplanted plugs 61 cm centers 
M. sinensis (KY) maiden grass UIUC collections transplanted plugs 61 cm centers 
M. sinensis (NC) maiden grass UIUC collections transplanted plugs 61 cm centers 
M. sinensis (OH) maiden grass UIUC collections transplanted plugs 61 cm centers 
M. sinensis (PA) maiden grass UIUC collections transplanted plugs 61 cm centers 
M. x giganteus “Illinois” giant miscanthus Mendel transplanted plugs 61 cm centers 
M. x giganteus ‘MBX-002’ giant miscanthus Mendel transplanted plugs 61 cm centers 
M. x giganteus ‘M700464’ PowerCaneTM Mendel transplanted plugs 61 cm centers 
P. virgatum ‘Alamo’ switchgrass Ernst seed 16.5 cm rows 
Panicum virgatum ‘Blade’ switchgrass Ceres seed 16.5 cm rows 
Phalaris arundinacea ‘Palaton’ reed canarygrass Outsidepride.com seed 16.5 cm rows 
Saccharum sp. US 06 9001a Energy cane USDA-ARS ratoons 61 cm centers 
Saccharum sp. US 06 9002 Energy cane USDA-ARS ratoons 61 cm centers 
Sorghum bicolorb energy sorghum Ceres seed 61 cm rows 
S. halepense johnsongrass Azlin seed 16.5 cm rows 
a Due to a lack of available plant material, both Saccharum spp. were in the spring of 2012. 

b As part of a larger ecological field study S. bicolor was not replanted after the first growing season 
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Table 2. Yields of aboveground dry biomass (± 1 standard error) for 10 candidate bioenergy crop species (20 total accessions) grown 

in Russellville, Kentucky for one year, and Blacksburg, Virginia for three years. As no differences in weed management treatments 

were observed in the establishment year (2011), we averaged results across treatments.  
 Kentucky Virginia Virginia Virginia 
 Establishment year Year two Year three 
Species   weed free weedy weed free weedy 
 --------------------Mg ha-1 ------------------- 
Arundo donax 1.9 (0.2) 0.7 (0.2) 25.8 (4.5) 14.4 (1.6) 39.1  (5.7) 48.2 (11.8) 
Miscanthus × giganteus ‘Illinois’ 2.1 (0.3) 1.2 (0.3) 33.1 (4.2) 19.4 (5.6) 62.8 (23.1) 61.4  (8.5) 
M. × giganteus ‘MBX-002’ 6.0 (1.1) 2.5 (0.7) 39.0 (3.4) 34.5 (2.3) 39.2  (7.4) 29.5  (8.5) 
M. × giganteus ‘PowerCaneTM’ 5.3 (0.4) 0.9 (0.2) 22.6 (3.8) 29.5 (4.6) 50.7  (8.2) 55.6 (14.9) 
M. sinensis (KY-2009-001) 1.7 (0.3) 1.3 (0.4) 9.5 (1.0) 5.2 (1.9) 58.0 (11.1) 26.5  (8.3) 
M. sinensis (NC-2010-004) 1.6 (0.4) 0.5 (0.1) 14.9 (0.7) 6.3 (0.5) 51.5  (7.0) 35.0  (9.2) 
M. sinensis (OH-2009-001) 0.8 (0.1) 0.4 (0.1) 11.8 (2.5) 5.3 (1.7) 64.1 (25.1) 30.0  (8.9) 
M. sinensis (PA-2010-001) -- 0.9 (0.4) 13.4 (3.2) 9.6 (2.3) 41.4  (8.3) 42.9 (12.5) 
M. sinensis ‘Cabaret’ 1.3 (0.5) 0.2 (0.0) 3.7 (1.7) 1.4 (0.6) 18.6  (4.4) 13.5  (4.1) 
M. sinensis ‘Dixieland’ 0.1 (0.0) 0.1 (0.0) 7.1 (1.1) 1.6 (0.5) 27.3  (3.1) 13.6  (6.6) 
M. sinensis ‘Gracillimus’ 0.3 (0.1) 0.0 (0.0) 1.4 (0.4) 0.2 (0.1) 7.3  (3.2) 3.1  (1.1) 
Miscanthus sacchariflorus ‘Robustus’ 0.2 (0.0) 0.1 (0.0) 2.9 (1.7) 0.4 (0.2) 7.6  (2.5) 6.0  (0.6) 
Panicum virgatum ‘Alamo’ 11.6 (4.3) 0.2 (0.1) 3.2 (0.8) 1.5 (0.3) 17.8  (6.6) 17.8  (7.8) 
P. virgatum ‘Blade’ 3.5 (0.5) 0.3 (0.1) 14.1 (4.7) 2.9 (0.8) 32.1 (13.4) 22.7  (5.4) 
Phalaris arundinacea ‘Palaton’ 0.0 (0.0) 0.3 (0.1) 5.5 (0.8) 6.0 (1.6) 17.6  (2.1) 15.6  (0.5) 
Andropogon gerardii ‘Suther’ 0.1 (0.1) 0.0 (0.0) 0.5 (0.2) 0.0 (0.0) 2.3  (0.9) 0.0  (0.0) 
Saccharum sp. US 06 9001a -- 2.2 (1.2) 2.7 (0.6) 0.1 (0.1) -- -- 
Saccharum sp. US 06 9002 -- 0.2 (0.0) 0.1 (0.1) 0.0 (0.0) -- -- 
Sorghum bicolor b 10.6 (3.0) 15.0 (6.0) -- -- -- -- 
S. halepense 2.9(0.6) 4.5 (0.6) 12.6 (1.6) 13.3 (0.6) 8.9  (1.4) 10.1  (1.0) 
a Establishment year data for Saccharum spp. begins in 2012 rather than 2011. 
b As part of a concurrent experiment, annual S. bicolor was not replanted after the first growing season. 
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Table 3. Results of an ANOVA for a three-year (2011-2013) field study comparing  

aboveground biomass of 10 candidate bioenergy crop species (20 total accessions).  

Bioenergy feedstocks were planted in Russellville, Kentucky and Blacksburg,  

Virginia, with four blocks at each site. 

2011    
Variable df F P 
Block 2 1.5486 0.2164 
Block (species) 51 1.3813 0.0676 
Species 15 67.8051 <0.0001 
Site 1 135.2692 <0.0001 
Competition 1 0.4176 0.5192 
Species × site 18 16.1090 <0.0001 
Species × competition 18 1.1177 0.3396 
Site × competition 1 0.04161 0.5198 
Species × site × competition 18 0.8789 0.6046 
2012    
Block 2 0.1173 0.8894 
Block (species) 50 1.6941 0.0302 
Species 14 54.9198 <0.0001 
Competition 1 72.4604 <0.0001 
Species × competition 18 2.6057 0.0036 
2013    
Block 2 4.7038 0.0140 
Block (species) 53 1.4088 0.0552 
Species 15 63.5443 <0.0001 
Competition 1 20.4617 <0.0001 
Harvest  1 0.0062 0.8759 
Competition × harvest 1 1.2054 0.2415 
Species × competition 19 2.4386 0.0018 
Species × harvest 19 1.7600 0.0343 
Competition * harvest × species 19 1.0551 0.4177 
a The Russellville, Kentucky site was eradicated in spring 2012 and therefore not  

included in 2012 and 2013. 
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Figure 1. Mean (± standard error) aboveground dry biomass (kg plant-1) (a) and establishment 

density (b) for 16 accessions of seven bioenergy crop species, for which individual plants could 

be determined, after three years of growth, in Blacksburg, VA. Only plots subject to annual 

harvest, in accordance with typical cropping practices, have been included.  
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 Interest in the cultivation of bioenergy feedstocks has increased the need for 

information in this rapidly developing sector of agriculture. Many fast growing, large 

statured, perennial grasses have been selected because of their competitive nature and 

ability to tolerate less than ideal growing conditions. However, weed pressure in the 

establishment phase can be detrimental to crop yield.  Weed control is one of the most 

costly and resource intensive aspects of bioenergy crop establishment. Unfortunately, 

little information exists on practical weed management techniques for the majority of 

these new crops. We evaluated tolerance of the bioenergy crops switchgrass, big 

bluestem, reed canarygrass, sorghum, giant reed, Chinese silvergrass and giant 

miscanthus to 22 preemergence (PRE), and 22 postemergence (POST) herbicides. Plants 

were grown in the greenhouse and evaluated for visual injury, height, and aboveground 

biomass after five or seven weeks for PRE and POST applications, respectively. PRE and 

POST application of 2,4-D, bentazon, bromoxynil, carfentrazone, dicamba, halosulfuron, 

and topramezone did not significantly injure any species in our trial. Newly emerged 
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rhizome-grown giant miscanthus plants were in all cases more tolerant to PRE herbicide 

applications than those produced from seed of the same species. Supporting previous 

research, all Chinese silvergrass and switchgrass cultivars demonstrated comparable 

tolerance to PRE application of all 22 herbicides. With the information gained in this 

study a suite of herbicides appears to have potential for use in bioenergy crops; however, 

they should be tested on larger scale field trials over multiple growing seasons.  

 

Nomenclature: 2,4-D amine; acetochlor; aminopyralid; atrazine; bentazon; bromoxynil; 

carfentrazone; dicamba; flumioxazin; isoxaben; isoxaflutole; mesotrione; nicosulfuron; 

pendimethalin; pyroxasulfone; sethoxydim; simazine; sulfentrazone; tembotrione; 

topramezone; big bluestem, Andropogon gerardii; Chinese silvergrass, Miscanthus 

sinensis; giant miscanthus, Miscanthus × giganteus; giant reed, Arundo donax; reed 

canarygrass, Phalaris arundinacea; switchgrass, Panicum virgatum.  

 

Key words: biofuel, herbicide tolerance, weed control. 
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 Grower adoption will be important to the development and success of a new 

agroindustry in which large-scale cultivation of novel bioenergy feedstocks has been 

proposed. The 2007 Energy Independence and Security Act, which mandates the 

production of 136 billion liters of liquid transportation fuel from renewable sources by 

2022, is the driving force behind this industry. Projections indicate that up to 60 million 

ha of new, and likely marginal land, will need to be put into production to meet this 

mandate (Robertson et al. 2008). Large statured perennial grasses seem well suited to the 

southeastern United States, where as much as 50% of the total biomass supply could be 

produced (Miguez et al. 2008; Perlack et al. 2005).  

  Lewandowski et al. (2003) suggest that reliable and cost effective establishment 

methods ensuring a quality bioenergy stand is an area of research that still requires 

further development. Numerous studies indicate that weed control is mandatory for giant 

miscanthus (Miscanthus × giganteus J.M. Greef & Deuter ex Hodkinson & Renvoize) 

establishment (Christian and Haase 2001; Lewandowski et al. 2000), and species such as 

switchgrass (Panicum virgatum L.) and reed canarygrass (Phalaris arundinacea L.) also 

greatly benefit from early weed management (Lewandowski et al. 2003). Plants that 

establish from larger stem and rhizome propagated materials, such as giant reed (Arundo 

donax L.), also perform better when weeds are controlled before or shortly after planting 

(Lewandowski et al. 2003). Exacerbating early weed competition, seedling establishment 

for several warm season grasses such as P. virgatum and big bluestem (Andropogon 

gerardii Vitman) can be so poor that yields are below 1250 kg ha-1 or are even 

undetectable in the establishment year (Hintz et al. 1998). Panicum virgatum and P. 

arundinacea seedlings can be extremely slow to develop, and stand failure can be directly 
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related to weed competition (Lewandowski et al. 2003). Once plants establish, in many 

cases producing large rhizomes, rapid growth and canopy closure can provide a 

competitive advantage over annual weeds (Lewandowski et al. 2003). While several 

bioenergy crops show minimal yield difference in response to inputs such as fertilizer 

(Christian et al. 1997), previous studies indicate that an early weed management program 

is warranted. 

 Considering the numerous bioenergy candidates, including those with broad genetic 

variability, it is likely that even closely related species will be uniquely susceptible to 

herbicide injury. A recent study by Everman et al (2011) showed that Chinese silvergrass 

(Miscanthus sinensis Andersson) and M. × giganteus exhibited different levels of injury 

to identical herbicide applications. Miscanthus sinensis has broad infraspecific variation 

with over 100 named cultivars and undetermined numbers of naturalized accessions 

(Dougherty 2013). This high level of genetic variation will likely play an important role 

in development of new bioenergy cultivars (Yan et al. 2012). Contradictory reports exist, 

however, regarding the herbicide tolerance of upland and lowland ecotypes of P. 

virgatum (Kering et al. 2013); nevertheless, results appear to have been generated with a 

very limited number of herbicides, as Mitchell et al. (2010) indicate upland and lowland 

ecotypes are equally tolerant to both quinclorac and atrazine. Other studies suggest that 

some lowland ecotypes such as ‘Alamo’ are less tolerant to atrazine (Bovey and Hussey 

1991) than the upland ecotype ‘Pathfinder’ (Bahler et al. 1984). Several of these 

bioenergy feedstocks are considered relatively new crops. Breeding and domestication 

may decrease genetic variability within a cultivar but will likely increase the variability 

within species as we select for enhanced bioenergy traits. A prime example is the newly 



	  

	   153	  

developed, seeded cultivar of M. ×giganteus known as ‘PowerCane’TM, for which 

herbicide tolerance has yet to be reported in the literature.  

 Several studies have begun to evaluate PRE and POST herbicides in bioenergy 

feedstocks (Anderson et al. 2010; Everman et al. 2011; Kering et al. 2013; Xiao et al. 

2013). Many of these large statured and highly competitive perennial grasses will be 

grown on marginal land, reducing competition with traditional agronomic crops. Weed 

pressure will be directly related to previous land use history and geography. As 

previously suggested, many of these bioenergy feedstocks may be difficult to establish or 

undergo varying degrees of dormancy, requiring extensive time for canopy closure or 

even replanting (Perrin et al. 2008; Xiao et al. 2013). Previous studies have suggested 

that maximizing options for grass weed control should be an important focus, as grasses 

are the most challenging species to control in large statured perennial grass crops (Xiao et 

al. 2013). Recent studies suggest that PRE herbicides may be the most beneficial for 

attaining optimal yields. After three years of growth, all species to be discussed in this 

study with the exception of A. gerardii produced equivalent biomass in both intensively 

weed managed plots and plots receiving no POST herbicide treatment (Smith and Barney 

2014). However, site played an important role in these findings, suggesting that POST 

herbicide applications may still be critical under times of stress, such as limited water 

availability post-planting (Smith and Barney 2014). For these reasons, it was our 

objective to identify candidate herbicides for each species/cultivar to effectively manage 

weeds in bioenergy cropping systems. We selected several species well suited to the 

southeastern United States: A. gerardii, A. donax, M. ×giganteus (seeded and sterile), M. 

sinensis, P. virgatum and P. arundinacea. Our aim was to evaluate both PRE and POST 
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applied herbicides for a weed control program with different options based on the crop.  

 

Materials and Methods 

We selected 22 herbicides commonly used in field crops and turfgrass management. 

However, due to the variability in seedling emergence and seed dormancy, we applied 

and evaluated all 22 herbicides at both a PRE and POST application timing, with a 

secondary goal to elucidate herbicides that could be applied to recently emerged or 

established plants without damaging newly germinating seed.  

 

Preemergence Herbicide Application. A greenhouse experiment was established at 

Virginia Tech in Blacksburg, VA. Seeds or rhizomes (A. donax and M. ×giganteus 

‘Illinois’) from six candidate bioenergy crops totaling nine cultivars (Table 1) were 

planted March 27, 2012 in a randomized complete block with four replicates. The entire 

study was replicated in time and maintained in a separate location in the greenhouse. 

Germination tests were conducted on all seeded taxa to determine seeding rates. Fifty 

pure live seeds from each of the seven seed producing cultivars (Table 1) were planted in 

2.5 x 2.5 x 25.5 cm rows with four replicates. Plants propagated by ~ 10 cm in length 

rhizome material only (sterile cultivars), were planted singly in 11 x 11 x 5.5 cm pots 

with four replicates. Topsoil used for this experiment was a Duffield-Ernest complex 

(USDA-NRCS 2013) with a pH of 5.1 and 4.3% organic matter. Natural light was 

supplemented with overhead lights with a 16/8 hr day/night photoperiod. Greenhouse 

temperature was maintained at 27/18 ºC day/night. All flats were treated with a 

preemergence application of one of 22 possible herbicides (plus a non-treated check) 
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from a range of chemistries and modes of action within 24 hours of planting (Table 2). 

Treatments were applied at 187 L ha-1 and 240 kPa in a spray chamber calibrated to 1.6 

km h-1 equipped with an 8001E nozzle tip positioned 40 cm above the flats. Plants 

received overhead irrigated regularly to ensure that moisture was non-limiting.  Plants 

were evaluated every other week beginning 7 days after treatment (DAT) and ending 35 

DAT. Visual injury was determined on a scale of 10 (death) to 0 (no visual injury or 

phytotoxicity), plant height from soil surface to newest leaf tip was also recorded 35 

DAT.  Plants were destructively harvested, and aboveground biomass was recorded after 

drying at 70ºC for 72 hours.  

 

Postemergence Herbicide Application. A greenhouse experiment with four replicates 

was established at Virginia Tech in Blacksburg, VA. Seeds or rhizomes from six 

candidate bioenergy crops totaling seven cultivars (Table 1) were planted March 24, 2012 

in a randomized complete block with four replicates. The entire study was replicated in 

time and maintained in a separate location in the greenhouse. Seeds or rhizomes from six 

candidate bioenergy crops totaling seven cultivars (Table 1) were planted March 24, 

2012. Seeds were planted in four 6.5 x 6.5 x 9 cm pots and thinned to a single seedling 

after emergence. Four replications of individual rhizome pieces were planted in 11 x 11 x 

5.5 cm pots for each of the sterile cultivars (A. donax and M. × giganteus ‘Illinois’). 

Topsoil and greenhouse conditions used in this experiment were identical to those 

described above. The 22 herbicide treatments were applied with a CO2-pressurized 

backpack sprayer equipped with an 8001E nozzle tip positioned 80 cm from the ground 

(canopy height was variable due to the diversity of species), and calibrated to deliver 187 



	  

	   156	  

L ha-1 at 240 kPa of pressure 70 days after planting. Plants were evaluated every other 

week beginning 7 DAT and ending 49 DAT. Visual injury was rated on a scale of 0 to 10 

as discussed above. Plant height was recorded the day of herbicide application and again 

at harvest (49 DAT). Plants were destructively harvested, and aboveground biomass was 

recorded after drying at 70 ºC for 72 hours.  

 

Statistical Analysis. Analysis of variance (ANOVA) was performed on all data using 

JMP 10 statistical software (SAS Institute, Cary, North Carolina, USA). Shoot dry 

weight, height, and visual injury for each species were analyzed as a mixed model. 

Herbicide treatment was considered a fixed effect while trial repetitions and interactions 

were random. Numerous transformations were performed, depending on species and 

measurement, to achieve normality of residuals. Untransformed data are presented in the 

tables. It was our objective to identify herbicides, which could be further evaluated in 

field trials; therefore, our interest was limited to the comparison of herbicide treatments 

to the non-treated control. Thus, all herbicide treatments within a species were compared 

with the non-treated control using Dunnett’s test at α = 0.05 (Dunnett 1955). 

 

Results and Discussion 

Tolerance to PRE Herbicide Application. Relative to our non-treated controls, all 

species in this trial were tolerant to 2,4-D, bentazon, bromoxynil, carfentrazone, dicamba, 

halosulfuron, sethoxydim, and topramezone five weeks after treatment (Tables 2 and 3). 

Atrazine was also safe on the majority of species with the exception of the C3 species P. 

arundinacea. However, we did not observe injury on the only other C3 species in this 
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trial, A. donax. Conversely, flumioxazin, pyroxasulfone, and sulfentrazone caused visual 

injury or reduction in fitness metrics (height or biomass) for all seed propagated cultivars. 

Due to the degree of observed injury (Tables 2 and 3), these three herbicides should not 

be used PRE. Therefore, these herbicides and species interactions will not be discussed 

further.  

 Aminopyralid and isoxaflutole significantly injured A. gerardii causing visual 

injury and a reduction in both height and shoot dry weight. Height and shoot dry weight 

of newly emerged A. donax plants were highly variable, likely due to variation in size, 

shape, and number of buds on individual rhizome fragments, despite our attempts to use 

the most uniform sample of rhizomes from available nursery stock. Pyroxasulfone and 

sulfentrazone were the only herbicides that appeared to significantly injure A. donax.  

In addition to the eight, previously mentioned herbicides, for which all species 

were tolerant, acetochlor, mesotrione, nicosulfuron, sethoxydim, and tembotrione did not 

cause significant injury to M. sinensis in comparison to the non-treated check. Previous 

studies have shown small variability in the tolerance of M. sinensis cultivars to herbicide 

application (Hubbard and Whitwell 1991). We also saw slight variation in tolerance 

between the naturalized and ornamental accessions based on their comparison to the non-

treated check, which should be considered when selecting herbicides for application to a 

species with broad infraspecific variation. There also appear to be similarities in percent 

injury (Table 2) between seeded M. × giganteus ‘PowerCane’ and seeded M. sinensis 

tolerance. However, because our interest for this preliminary greenhouse study is limited 

to comparisons against the non-treated check, further evaluation of seeded Miscanthus 

spp tolerance to PRE herbicides is required. Interestingly, the sterile M. ×giganteus 
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‘Illinois’ propagated from rhizomes, was more tolerant of all herbicides in this study than 

its seeded counterpart. Specifically, PRE herbicides such as pendimethalin and 

metolachlor, which have been shown to be safe when applied to M. × giganteus  ‘Illinois’ 

(Anderson et al. 2011), did injure newly emerged PowerCane seedlings. Rhizome 

propagated M. × giganteus showed only minimal visual injury symptoms from 

applications of flumioxazin and sulfentrazone compared to the non-treated check. These 

results are not surprising as Mitskas et al. (2003) showed that the rhizomatous perennial 

johnsongrass, (Sorghum halepense L.) was more tolerant to herbicides when planted from 

rhizomes compared with seed. Due to the discrepancies in tolerance, propagule source 

(seed vs. rhizome) will be an important factor when selecting herbicides for PRE 

application in M. × giganteus.   

The upland ‘Cave-in-Rock’ and lowland ‘Blade’ ecotypes of P. virgatum 

responded similarly to PRE herbicides in comparison to the non-treated check, supporting 

previous results of comparable tolerance (Mitchell et al. 2010). In addition to the eight 

previously mentioned herbicides, plants treated with atrazine, isoxaben, and simazine had 

equivalent biomass and height to the non-treated check. Only minimal injury was 

observed on emerged seedlings treated with simazine.  

Most of the current literature for P. arundinacea focuses on herbicides for 

eradication rather than safety. Current agronomic studies suggest that P. arundinacea 

does not require weed management at the time of establishment to attain optimal yields 

(Cherney 2014; Smith and Barney 2014). However, depending on seedbed preparation, 

P. arundinacea can be slow to germinate with variable dormancy, increasing the need for 

PRE herbicide application (Lewandowski et al. 2003). Atrazine (frequently used for C4 



	  

	   159	  

bioenergy crop establishment) and simazine caused significant visual injury and reduced 

height and shoot dry weight of P. arundinacea, while isoxaben, isoxaflutole, mesotrione, 

and nicosulfuron caused visual injury without reducing height or weight. 

 Our results support those of others that suggest using metolachlor for A. gerardii 

establishment (Masters 1995), but metolachlor does not appear to be an acceptable option 

for P. virgatum or seeded Miscanthus spp. Use of atrazine, labeled in Conservation 

Reserve Program plantings, has contributed to the successful establishment of P. 

virgatum, but is limited due to poor control of warm season grasses (Kering et al. 2013) 

and the fact that atrazine is not registered for warm season perennial grass establishment 

in many states (Buhler et al. 1998). Currently, glyphosate is the only preplant or 

preemergence herbicide registered for bioenergy crops 

(http://premier.cdms.net/webapls/). Acetochlor and acetochlor plus atrazine are currently 

registered for Miscanthus spp. and other non-food bioenergy crops, but only for POST 

herbicide application or transplants (Anonymous 2010a). Xiao et al. (2013) determined 

PRE herbicides, acetochlor and mesotrione, were safe for rhizome propagated M. × 

giganteus, adding to the list of herbicides which may provide much needed control of 

nutsedge and of some grass species. Our results indicate seeded PowerCane is also 

tolerant to acetochlor and mesotrione. Anderson et al. (2010) suggest that isoxaflutole is 

safe for rhizome propagated M. × giganteus at 79 g ai ha-1, but observed 19% injury at 

the higher rate of 159 g ai ha-1. Our rate of isoxaflutole (105 ai ha-1) did not significantly 

injure either cultivar, although PowerCane did exhibit some injury symptoms and both 

naturalized and ornamental accession of M. sinensis were injured at this application rate. 

Therefore, lower application rates of isoxaflutole for seeded Miscanthus spp. require 
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further exploration. Due to the need for annual warm season grass control, and the current 

lack of options, it has been suggested that a diversity of weed management options, 

incorporating physical and cultural practices or taking a more proactive approach toward 

warm season grass control the season prior to planting, may be beneficial (Curran et al. 

2012; Kering et al. 2013). At this time further testing and analysis of different herbicide 

rates may be warranted.  

 

Tolerance to POST Herbicide Application.  We observed variability in the height and 

shoot dry weight of individual plants, contributing to large standard deviations for all 

species in the POST application study. Herbicide applications were made 70 days after 

planting but emergence was not uniform within species. This variability is not 

unexpected as others have also eluded to high variation among rhizome propagated M. × 

giganteus (Anderson et al. 2011). Additionally, the soil we used had a low pH (5.1), and 

was prone to crusting, causing sub-optimal growing conditions, and at no time did we add 

supplemental nutrients. Bioenergy feedstocks have been selected for their fast and 

competitive growth, requiring few inputs with the ability to do so on marginal land 

(Christian et al. 1997; Karp and Shield 2008). Therefore, variability is expected, 

especially in the establishment year. Plant height was not correlated with shoot dry 

weight for several species by herbicide interactions, which is likely a result of differences 

in tiller number plant-1, which we did not record. Therefore it is important to closely 

examine all measured parameters when judging herbicide tolerance (Tables 4 and 5).  

 With the exception of A. gerardii and A. donax, nicosulfuron injured all species in 

this trial. Panicum virgatum ‘Blade’ shoot dry weight was not reduced by nicosulfuron, 



	  

	   161	  

but visual injury (24%) and height reduction (68%) were observed. Despite these results, 

nicosulfuron is registered for POST application in P. virgatum in Tennessee. However, 

the label states that yellowing and stunting are possible in the establishment year, likely 

explaining our results (Anonymous 2008). Also, Sethoxydim significantly injured and 

reduced height and shoot dry weight of all species in this trial, except for A. donax. 

Therefore, both nicosulfuron and sethoxydim may have utility in controlling escapes 

from the cultivated field, as many of the species in this study have a propensity for 

weediness (Barney and DiTomaso 2008).   

 We found all species in our study were tolerant to POST applications of 2,4-D, 

aminopyralid, bromoxynil, carfentrazone, dicamba, halosulfuron, metolachlor, 

pendimethalin, and topramezone under greenhouse conditions. Andropogon gerardii 

plants appear to be tolerant to all other herbicides in the study except isoxaben. Also, A. 

donax appeared to be tolerant to all herbicides with the exception of the previously 

discussed nicosulfuron. For the POST application timing, M. sinensis was injured by 

pyroxasulfone and flumioxazin while both seeded and sterile cultivars of M. ×giganteus 

showed increased injury from isoxaflutole. Our results for both species of miscanthus are 

supported by those of Everman et al. (2011) where identical herbicides are evaluated.. 

However, one exception was that our results indicate that M. sinensis exhibited greater 

visual injury to nicosulfuron (56%) compared with rhizome propagated (35%) and seeded 

(52%) M. × giganteus. Our results are contrary to previous results that suggest M. × 

giganteus is less tolerant to nicosulfuron than M. sinensis (Everman et al. 2011). 

Interestingly, Xiao et al. (2013) observed similar injury from nicosulfuron and 

sethoxydim to rhizome propagated M. × giganteus, but resprouted shoots were visually 
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no different from the non-treated check at eight weeks after treatment. Pyroxasulfone and 

tembotrione injured P. virgatum, while atrazine, pyroxasulfone, and simazine injured P. 

arundinacea. The registration of quinclorac for switchgrass (Anonymous 2010b) and 

acetochlor for bioenergy crops (Anonymous 2010a) suggests that progress toward 

improved bioenergy crops establishment is being made.  

 Our findings must be evaluated in the context of greenhouse conditions and all 

data should be carefully examined when determining which herbicides warrant further 

exploration in field trails. Greenhouse studies omit the important factor of weed 

competition that can only be evaluated in the field. We found several herbicides that 

could safely be applied at both PRE and POST application timings, but if troublesome 

weeds are not controlled, tolerance is unavailing. To our knowledge, these are the first 

published results screening for herbicide tolerance in seeded M. × giganteus. The 

development of seed for M. × giganteus can reduce planting costs and eliminate the need 

for specialized equipment at the time of establishment, allowing for broader studies to be 

conducted in which seeding rate and row spacing will help to contribute to a weed 

management program. Overall, several species treatment combinations showed only 

marginal injury and should be explored further in field trials.  
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Table 1. List of candidate bioenergy crop cultivars included in trials for PRE and POST 

herbicide tolerance. 

Species Common name Source 

Planting 

method 

Andropogon gerardii ‘suther’ big bluestem Ernst Seeds seed 

Arundo donax giant reed Tennessee Tree Nursery rhizome 

M. sinensis (naturalized)a Chinese silvergrass lab collection seed 

M. sinensis (ornamental) Chinese silvergrass Jelitto seed 

M. × giganteus ‘Illinois’ giant miscanthus Mendel  rhizome 

M. × giganteus ‘45: 46:56’ PowerCaneTM Mendel seed 

Panicum virgatum ‘Blade’ switchgrass Ceres seed 

P. virgatum ‘Cave-in-Rock’a switchgrass Ernst Seeds seed 

Phalaris arundinacea 

‘Palaton’ 

reed canarygrass Outsidepride.com seed 

aDue to seed limitations these accessions were only screened in the PRE herbicide application timing. 
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Table 2. The mean responses of nine bioenergy cultivars to 22 preemergent herbicides. Observations were made 35 days 

after treatment.a,b 

Treatment Rate 

A. gerardii 

‘Suther’ A. donax 

M. sinensis  

(naturalized) 

M. sinensis 

(ornamental) 

M. × giganteus  

‘Illinois’ 

M. × giganteus 

‘PowerCane’ 

P. virgatum 

‘Blade’ 

P. virgatum  

‘Cave in rock’ 

P. arundinacea 

‘Palaton’ 

 g ai ha-1 ---------------------------------------------------------visual injury (%) c,d -------------------------------------------------------------------------- 

2,4-D Amine 1060.0 0 2 6 0 0 13 2 0 11 

Acetochlor   800.0 1 0 17 12 0 0 68* 51* 14 

Aminopyralid  

+ NIS      74.0 37* 0 57* 28 0 19 57* 52* 23 

Atrazine + COC 1680.0 1 0 2 0 0 0 0 2 88* 

Bentazon + COC   740.0 0 2 4 1 2 0 0 0 0 

Bromoxynil   840.0 0 2 0 0 1 0 0 2 3 

Carfentrazome 

-ethyl+ NIS 8.16 0 0 5 0 1 0 0 0 13 

Dicamba + NIS   560.0 1 2 17 10 0 0 2 10 4 

Flumioxazin + NIS     71.5 22* 2 84* 78* 5* 66* 65* 75* 77* 

Halosulfuron + NIS     31.5 2 0 2 1 0 0 2 5 3 

Isoxaben    840.0 15* 2 31* 29 0 28 13 20 18* 

Isoxaflutole   105.0 66* 4 52* 54* 0 22 87* 66* 30* 

Mesotrione + COC   210.0 0 12 5 0 0 0 84* 80* 20* 

Metolachlor 1390.0 4 0 85* 42 1 45 80* 72* 20 
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Nicosulfuron + NIS     31.5 4 0 7 8 0 25 5 5 24* 

Pendimethalin 1060.0 6 20 44* 44* 2 20 44* 40* 15 

Pyroxasulfone   208.0 17 18* 100* 99* 0 87* 93* 96* 97* 

Sethoxydim + COC   213.0 1 0 14 6 0 0 1 0 1 

Simazine 1680.0 20 27 20* 13 0 8 11 19 90* 

Sulfentrazone 

+ COC   174.0 30* 37* 62* 65* 6 70* 65* 66* 53* 

Tembotrione + 

MSO     92.0 5 2 11 9 0 13 67* 51* 10 

Topramezone  

+ MSO     30.6 0 0 5 3 0 0 12 11 14 

Non-treated check 0 0 0 0 0 0 0 0 0 0 

a Abbreviations: NIS, nonionic surfactant; COC, crop oil concentrate; MSO, methylated seed oil. 

b Rates of adjuvants are as follows: NIS 0.25% v/v; COC, 1% v/v; MSO, 1% v/v. 

c Injury ratings are from 0% (no injury) to 100% (complete death). 

d Statistical evaluation and Dunnett’s test were performed using raw (untransformed) data. 

*Indicates significantly lower value compared with the non-treated check.  
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Table 3. The mean change in height and shoot dry weight for nine bioenergy cultivars treated with 22 PRE-emergent herbicides. 

Observations were made 35 days after treatment.a,b 

  

A. gerardii 

‘Suther’ A. donax 

M. sinensis  

(naturalized) 

M. sinensis 

(ornamental) 

M. × giganteus  

‘Illinois’ 

M. × giganteus 

‘PowerCane’ 

P. virgatum 

‘Blade’ 

P. virgatum  

‘Cave in rock’ 

P. arundinacea 

‘Palaton’ 

Treatment Rate Height 

Shoot 

dry 

weight Height 

Shoot  

dry 

weight Height 

Shoot 

dry 

weight Height 

Shoot 

dry 

weight Height 

Shoot 

dry 

weight Height 

Shoot 

dry 

weight Height 

Shoot 

dry 

weight Height 

Shoot 

dry 

weight Height 

Shoot 

dry 

weight 

 g ai ha-1 ----------------------------------------------------------------------------------% of non-treated controlc, d------------------------------------------------------------------------------------ 

2,4-D Amine 1060.0 83 86 61 311 84 62 86 73 102 88 83 142 88 110 90 91 89 62 

Acetochlor   800.0 93 95 36 161 60 72 62 66 65 176 94 60 21* 58* 32* 37* 76 63 

Aminopyralid + 

NIS     74.0 31* 51* 63 53 53 58 31 11* 104 67 54 48 33* 28 36* 45 74 126 

Atrazine + COC 1680.0 94 78 78 113 81 73 81 53 113 82 123 87 92 64 91 77 19* 3* 

Bentazon + COC   740.0 116 100 134 206 91 105 106 86 111 117 127 86 107 65 87 79 104 82 

Bromoxynil   840.0 97 80 200 472 98 73 104 55 90 85 121 52 104 104 102 83 118 72 

Carfentrazone-ethyl 

+ NIS 8.16 100 95 47 342 60 79 65 70 112 75 113 63 88 85 93 77 63 60 

Dicamba + NIS   560.0 88 102 219 207 77 106 85 71 102 65 115 90 92 93 96 116 94 79 

Flumioxazin  

+ NIS     71.5 87 75 32 75  9* 13* 17* 9* 91 99 39* 30 33* 56 19* 24* 56* 96 

Halosulfuron  

+ NIS     31.5 90 127 61 373 67 103 82 78 108 78 114 67 90 65 81 75 92 88 

Isoxaben  840.0 80 72 27* 225 56* 66 60 32 80 49 82 36 85 86 64 66 59 64 

Isoxaflutole   105.0 41* 55* 77 141 40* 57 39 48 70 53 61 44 12* 5* 39* 11* 63 48 
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Mesotrione 

+ COC   210.0 103 65 43 152 97 63 112 89 129 106 149 83 20* 50 24* 44 61 56 

Metolachlor 1390.0 88 117 46 96 12* 22* 26* 19 121 156 44* 13* 10* 4* 8* 7* 85 66 

Nicosulfuron  

+ NIS     31.5 90 84 59 92 67 92 53 82 117 90 80 70 72 74 62 83 48 51 

Pendimethalin 1060.0 84 94 38 64 42 40 10* 23 84 69 46 31* 121 51 42 53 106 116 

Pyroxasulfone   208.0 63* 52* 11* 2* 0* 0* 1* 2* 87 116 8* 9* 3* 11* 3* 1* 8* 9* 

Sethoxydim  

+ COC   213.0 86 88 42 109 84 68 96 71 87 70 124 75 85 81 89 72 70 70 

Simazine 1680.0 81 69 56 290 21* 21* 38 70 124 107 128 31 58 82 54 62 10* 16* 

Sulfentrazone  

+ COC   174.0 93 70 23* 153 34* 18* 12* 6* 98 87 17* 18* 46* 38 33* 17* 39 37 

Tembotrione  

+ MSO     92.0 94 82 53 120 177 63 96 64 107 98 104 51 31* 39 26* 55 90 61 

Topramezone   

+ MSO     30.6 91 95 50 127 91 81 108 129 80 87 132 72 94 75 77 62 63 79 

Non-treated check 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

a Abbreviations: NIS, nonionic surfactant; COC, crop oil concentrate; MSO, methylated seed oil. 

b Rates of adjuvants are as follows: NIS 0.25% v/v; COC, 1% v/v; MSO, 1% v/v. 

c Statistical evaluation and Dunnett’s test were performed using raw (untransformed) data. 

*Indicates significantly lower value compared with the non-treated check. Values in the table represent the ratio of the treatment mean divided by the corresponding 

mean of the non-treated check.  
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Table 4. The mean responses of seven bioenergy cultivars to 22 POST herbicides applied at 70 days after planting. 

Observations were made 47 days after treatment.a,b  

Treatment Rate 

A. gerardii 

‘Suther’ A. donax 

M. sinensis 

(ornamental) 

M. × giganteus 

‘Illinois’ 

M. × giganteus 

‘PowerCane’ 

P. virgatum 

‘Blade’ 

P. arundinacea 

‘Palaton’ 

 g ai ha-1 ---------------------------------------visual injury (%)c, d----------------------------------------------- 

2,4-D Amine 1060.0 0 13 1 0 0 0 0 

Acetochlor   800.0 20* 6 20 1 1 0 17 

Aminopyralid + NIS       74.0 3 0 1 4 2 0 13 

Atrazine + COC 1680.0 10 17 0 0 0 0 43* 

Bentazon + COC   740.0 3 6 0 4 7 0 8 

Bromoxynil   840.0 5 5 6 1 5 1 0 

Carfentrazone-ethyl + NIS       8.16 2 0 4 1 2 0 1 

Dicamba + NIS   560.0 0 5 0 0 1 0 0 

Flumioxazin + NIS     71.5 14 23 32* 6 9 9 12 

Halosulfuron + NIS     31.5 6 0 0 0 0 0 0 

Isoxaben     840.0 20* 18 15 6 0 0 6 

Isoxaflutole   105.0 15 12 5 29* 15* 4 21 

Mesotrione + COC   210.0 0 18 0 0 0 12 1 

Metolachlor 1390.0 0 0 3 0 0 0 0 

Nicosulfuron + NIS     31.5 4 47* 65* 35* 52* 24* 83* 

Pendimethalin 1060.0 0 12 0 2 4 0 0 
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aAbbreviations: NIS, nonionic surfactant; COC, crop oil concentrate; MSO, methylated seed oil. 

b Rates of adjuvants are as follows: NIS 0.25% v/v; COC, 1% v/v; MSO, 1% v/v. 

c Injury ratings are from 0% (no injury) to 100% (complete death). 

d Statistical evaluation and Dunnett’s test were performed using raw (untransformed) data. 

*Indicates significantly lower value compared with the non-treated check.  

 

 

 

 

 

 

 

 

 

Pyroxasulfone   208.0 4 12 16 9 1 7 19 

Sethoxydim + COC   213.0 10 31 59* 20* 52* 62* 30* 

Simazine 1680.0 0 5 1 0 0 0 55* 

Sulfentrazone + COC   174.0 17* 25 10 10 14 0 18 

Tembotrione + MSO     92.0 2 15 2 0 1 37* 1 

Topramezone  + MSO     30.6 1 18 1 2 4 10 9 

Non-treated check 0 0 0 0 0 0 0 0 
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Table 5. The mean change in height and shoot dry weight for seven bioenergy cultivars to 22 POST herbicides applied at 70 days after  

planting. Observations were made 49 days after treatment.a,b 

  

A. gerardii 

‘Suther’ A. donax 

M. sinensis 

(ornamental) 

M. × giganteus 

‘Illinois’ 

M. × giganteus 

‘PowerCane’ P. virgatum ‘Blade’ 

P. arundinacea 

‘Palaton’ 

Treatment Rate Height 

Shoot dry 

weight Height 

Shoot dry 

weight Height 

Shoot dry 

weight Height 

Shoot dry 

weight Height 

Shoot dry 

weight Height 

Shoot dry 

weight Height 

Shoot dry 

weight 

 g ai ha-1 ---------------------------------------------------------------------------% of non-treated controlc------------------------------------------------------------------------- 

2,4-D Amine 1060.0 77 76 120 64 33 70 46 92 166 153 78 87 103 108 

Acetochlor   800.0 86 101 140 88 58 53 76 108 178 94 84 83 67 118 

Aminopyralid  

+ NIS       74.0 60 69 88 112 92 71 52 107 112 74 103 97 96 134 

Atrazine + COC 1680.0 55 94 154 90 51 73 88 98 172 165 98 84 73 58* 

Bentazon + COC   740.0 98 87 160 96 68 77 39* 92 109 111 76 97 58 114 

Bromoxynil   840.0 111 107 121 95 55 108 56 86 138 140 62 85 125 116 

Carfentrazone-ethyl 

+ NIS       8.16 79 82 114 88 80 111 64 92 132 154 84 86 117 132 

Dicamba + NIS   560.0 88 96 176 73 60 76 76 100 143 118 76 108 68 115 

Flumioxazin + NIS     71.5 76 94 163 80 50 104 89 102 129 106 74 94 90 104 

Halosulfuron + NIS 31.5 46 75 144 101 94 107 46 102 135 158 88 144 104 117 

Isoxaben 840.0 53 51* 120 100 59 96 56 90 96 135 75 62* 55 100 

Isoxaflutole   105.0 36 105 114 69 65 192 35* 79 221 157 88 112 155 166 

Mesotrione + COC   210.0 142 101 133 103 66 155 62 114 161 105 47* 90 101 158 

Metolachlor 1390.0 71 115 171 119 64 105 56 127 73 102 75 94 115 118 
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 a Abbreviations: NIS, nonionic surfactant; COC, crop oil concentrate; MSO, methylated seed oil. 

b Rates of adjuvants are as follows: NIS 0.25% v/v; COC, 1% v/v; MSO, 1% v/v. 

c Statistical evaluation and Dunnett’s test were performed using raw (untransformed) data. 

*Indicates significantly lower value compared with the non-treated check. Values in the table represent the ratio of the treatment mean divided by the corresponding mean 

of the non-treated check.  

 

 

 

Nicosulfuron + NIS     31.5 76 94 27* 46* 1* 43* 14* 79* 8* 79 32* 80 0* 44* 

Pendimethalin 1060.0 107 105 150 124 105 114 37* 92 139 182 117 113 143 136 

Pyroxasulfone   208.0 33 78 73 68 22* 70 56 100 81 97 27* 66 14* 73 

Sethoxydim + COC   213.0 15* 67 144 90 4* 49* 55 88 27* 73* 0* 45* 25* 90 

Simazine 1680.0 80 101 95 73 57 70 154 91 120 109 90 77 79  49* 

Sulfentrazone  

+ COC   174.0 42 85 173 94 62 132 51 80 102 80 78 122 125 132  

Tembotrione  

+ MSO     92.0 44 65 194 65 62 74 59 85 161 119 48* 61* 155 109 

Topramezone  

+ MSO 30.6 58 81 147 80 51 87 76 94 138 87 85 75 74 95 

Non-treated check 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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