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EXECUTIVE SUMMARY

The development of energy crop grasses could repres highly positive environmental opportunity to
mitigate climate change and enhance biodiversif@anadian agricultural landscapes. The developwient
energy crop grasses may represent a potentialaiskeveloping highly invasive species in naturalas or

as new weed species on farmland. Many of the vaitstthat make energy crop grasses highly suitaile
obtaining high growth yields also make these cimeslisposed to becoming invasive weeds. These growt
traits include: tall plant height; rapid and easpring growth; high relative growth rate; adaptiapitio low
fertility marginal soils; and their ability to forslense monocultures that outcompete weeds.

Case studies of invasive outbreaks of high yieldiogl season (§ and warm season gCgrasses such as
reed canary gras®hragmitesand Miscanthusstrongly suggest considerable potential risksiofolgical
invasion from energy grass cultivation. It is apgrdrthat a comprehensive approach needs to betakeder

to minimize these potential risks. Some of the gr®tgpotential risks are associated with the intotidn of
exotic species and germplasms which can pollersfeanvith native flora and pre-existing @nd G grass
ecotypes. The invasive outbreaksSpfarting reed canary grass aptiragmitesin temperate regions were
through new foreign genotype introductions andisicmssing of foreign genotypes with native geneyp
to create new recombinants creating highly invagilants. In the case of English cordgraSpdrtina
anglica), the invasive plant was created from a steriEnpimutation that followed a chance crossing of
Spartina maritimaand Spartina alterniflora The first transgenic grass escape (a Roundupatdle
bentgrass) has recently been reported to have eddap natural areas through pollen flow. A major
problem of developing rapidly growing high biomassiding perennial grasses as energy crops isabke e
of which grass plants can transmit gene-flow, @ngatindesired impacts which can occur at considerab
distances within the landscape. Historical caseliss indicate that a variety of mechanisms such as
genetic mutation; the introduction of non-nativenggypes; and the evolution of genetic recombinants
(combination of native and introduced genotypes] eglated species), have created a relatively rapid
evolution of change from stable innocuous residetive grass populations. These altered genegissgr
populations can readily outcompete native grasaulatipns. The problem of spread of these invasive
species can also be exacerbated with pollution frgricultural runoff.

The most logical strategies to minimize potentiaigasive escapes from energy crop grass cultivatmuid

be to develop grasses that: do not have creepiimpmies; are not adapted to wetland or forest
environments; do not grow rapidly too early in g®ason; are not genetically transformed for sjgecif
traits that will improve their competitiveness (suas early spring growth, herbicide tolerance, dhbu
tolerance, nutrient use efficiency and nitrogerafian); and are already native flora to North Aroari
Historic eradication of grass invasions were arely expensive and in some instances not possible.
Given that a considerable number of invasive pipeatcies are from deliberate introductions of agnaino

or ornamental crops a great deal of caution shbealdmployed in introducing and or breeding energgsg
crops in North America. It is strongly recommendedt an expert workshop be held to explore the
potential risks associated with energy crop graseeldpment that includes grass breeders, bioenergy
feedstock specialists, and invasion biologists toranfully explore the major risks and opportunities
associated with the development of perennial hextnas energy crop feedstocks.
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PROJECT PROPONENTS— REAP-CANADA

REAP-Canada is Canada’s most experienced agentheidevelopment of herbaceous perennial energy
crops. The organization was initiated in 1986 twate a new alliance amongst Canadian farmers,tst&en
and industry to develop ecological approaches tetimg our food, fibore and energy needs from the
agricultural sector.

In 1991, REAP-Canada was the first agency in Cartadaegin a research program on warm season
perennial grasses for renewable energy applicatiaigding bioheat and bioethanol. REAP-Canadashas
long term experience in research and developmemhare environmentally sustainable agro-ecological
production systems. This includes experience irergaed management, conservation farming, reducing
chemical inputs, biodiversity enhancement and duotion of more environmentally friendly field crop
and cover crop systems. Since 1997, the organizéts also been involved in international programs
agro-ecological farming systems and bioenergy agmaént in China, the Philippines and in West Africa

For more information regarding this publicatioregde contact:

Roger A. Samson

Executive Director

Resource Efficient Agricultural Production (R.E.A+€anada
Box 125, Centennial Centre CCB13,
Ste-Anne-de-Bellevue, QC H9X 3V9

T: (514) 398-7743

F: (514) 398-7972

E: rsamson@reap-canada.com

W: www.reap-canada.com

PROJECT RATIONALE

There is presently a growing interest in bioenecgyps such as switchgrass and other perennial ¥nerg
crop grasses as resource efficient plants to caysiliar energy. These energy crop grasses coulcdie

for a portfolio of bioenergy conversion processasluding thermal energy application, biogas and
bioethanol. In Eastern Canada, the native wamrs®egrass switchgrass produces approximately 65%
more net energy gain per hectare than grain coemrasans to capture solar energy in the field (Sares

al., 2005). It is evident that the resource efficientuna of these perennial energy grass productioesys

are poised to become major field crops in Canadi¢h W growing demand for low carbon-loading solid,
liquid and gaseous biofuel sources .it is posstht 25% of the country’s agricultural land could b
utilized for energy grass cultivation.

The strong economic interest in developing energgges in North America is already generating conce
from ecologists about the impacts on landscapeoggol Since these crops are perennials, they requir
fewer chemical inputs than conventional row cropd ean provide improved habitat for native spedias

to decreased soil turnover, increased structusardity and creating a more diverse array of foogrses
than annual cropping systems. However, some engrggses may actually pose a risk to Canadian
biodiversity by introducing ecotypes/species thatuld become invasive in natural areas. The
environmental impacts of a large-scale change iic@ltural land usage towards energy grasses hewtoy

be fully explored and recognized. Identifying pdighmeans of minimizing risks from the negative
impacts of this industry is an important step ia ttevelopment of sustainable bioenergy feedstacka f
the agricultural sector in Canada.
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This study evaluates some of the key issues reteteaenergy grass production on plant biodiversity,
focusing on the impacts and potential risks of giwa species establishment and management in Canada
The research findings related to this topic weganized in four parts:

I. Invasive perennial herbaceous species

Il. History of invasive perennial grass specieslorth America

Ill. Potential risks regarding invasive grass spec¢h Canada

IV. Analysis and recommendations for agriculturaguction of energy grasses in Canada

METHODOLOGY

The project objectives were developed accordirifpéo4 main research topics. Completion of thesgepto
objectives was accomplished through the followipgraaches:

Part I. Invasive perennial herbaceous species. literature review on the plant characteristics
that contribute to species being invasive such eedling vigour, size and rate of growth of
rhizomes, plant height, time of spring emergenad emvironmental conditions such as nitrogen (N)
and phosphorus (P) pollution and a warming clinveeee performed. The literature review included
plant physiological traits, seasonal growth paternutritional requirements and reproductive
mechanisms as well as combinations of these frakigenergy crops native north American prairie
grasses and introduced species sucMassanthusand reed canary grass. Leading energy grass
agronomists, plant breeders and prairie ecologisse consulted to identify the most current
research on the characteristics and use of thasseg.

Part Il. History of invasive perennial grass spe@s in North America. Introduction and
colonization of invasive perennial grass speciemfthe temperate world and the resulting negative
impacts on biodiversity in North America was penfied through a literature review. The analysis
included an understanding of the present riskstobduced species suchMgscanthus Phragmites,
and European ecotypes of reed canary grass. Leadiegtists were again consulted to relate their
experiences with invasions in their regions. Thierimation collected was used in the following
section to assess the potential risks for invagigemf the introduction of grasses from outsidetiNor
America or genetic improvements of existing nativaesses for biomass production.

Part Ill. Potential risks regarding invasive grassspecies in CanadaThis section of the
report integrates the findings presented aboveterthine:

1) the most definitive invasive characteristics ofgmaitally commercial species; and

2) the vulnerable ecosystems and the conditions tdrsl invasions.

The key factors and conditions identified aboveemtren used to develop a full understanding of
each species under consideration for commerciaymtion in Canada and to identify the potential
risks and threats to native Canadian ecosystemsagridultural biodiversity. This was done by
cross-referencing any potential threats with thesergy grass species under consideration for
commercial production in Canada

Part IV. Analysis and recommendations for agricultral production of energy grasses

in Canada. This section will provide recommendations, mitigatistrategies and best agricultural
management practices (BMP’s) for energy grasswaiitin in the Canadian context. Eradication
strategies will also be investigated for elimingtinvasive species in the occurrence of an invasion

USE OF CHARACTERISTICS TO PREDICT |NVASIVENESS
This study aimed to review those plant characiesighat contribute to a species being invasiveluiting

environmental conditions that encourage invasivemaal species to establish and flourish, paridwl
those created by conventional agriculture. Histljc comparing the commonality of ecological tsaitf
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invading species has been used as a predictivéddooivasions (Mack 1996). Baker (1974) compiled t
most well-known list of traits of invading specid$iese “ideal weed characteristics” are listedabl€ 1.

. Germination requirements fulfilled in many eviments

. Discontinuous germination (internally controlleshd great longevity of seed

. Rapid growth through vegetative phase or flomgpri

. Continuous seed production for as long as grgwonditions permit

. Self-compatible but not completely autogamouapmmictic

. When cross-pollinated, unspecialized visitorsviord utilized

. High seed output in favorable environmentalwinstances

. Produces some seed in wide range of environineomalitions; tolerant and plastic

. Has adaptations for short- and long-distanceedssl

10. If a perennial, has vigorous vegetative repctida or regeneration from fragments
11. If a perennial, has brittleness, so not eak#yvn from ground

12. Has ability to compete interspecifically by sipémeans (rosette, choking growth, allelochemigs)

©CoOo~NOOA~WNE

Large numbers of the world's most successful inrsagessess many of these traits, however theralswe
many noted exceptions (Mack 1996). In fact, Mack9@) noted that no one invader could possess all th
features proposed by Baker (1974). Although thisreach of comparing traits of invasiveness is aujt
particularly when comparing “invaders” to “colonigé (ruderal species) in ecosystems of any modest
complexity, it can be quite useful in frequentlgidirbed terrestrial habitats such as agricultuedtdd
(Mack 1996). Mack (1996) conceded that a list #aphasizes the traits of weed species is apprepriat
where the vast majority of invaders are spreadutincagricultural activities.

Kolar and Lodge (2001) further reported on Mackl®96) efforts to synthesize the results of studies
generalizing characteristics of invading specidgylfound that although some ecologists are pessami
regarding prediction of the identity of future inllag species, their position is premature becagderd
1996, few relevant studies were rigorously quatitita Earlier reviews also did not separate thellteof

the different stages of the invasion process. @eaniig this , clear relationships between the diarstics

of species, the successful spread of invaderstrenstages of invasions can be determined.

Stages necessary for successful introduction alpseswent invasion (Sakat al.,2001) include:
1) introduction of a species into a new habitat;
2) initial colonization and successful establishmdra species; and
3) subsequent dispersal and secondary spread inthalgtats.

Because success at each stage is affected by Istagaas, it is likely that the characteristicspartant in
completing each stage will also be different. Ryasireviews that examined all stages together dtd n
detect patterns in species characteristics actadges (Kolar and Lodge 2001). Therefore, this gtwdll
examine not only those characteristics relevanint@der success, but also which particular stage is
relevant.
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PART |: INVASIVE PLANT SPECIES

1.1INTRODUCTION

In general, invasive species pose a serious thoedtive plant communities around the world arel am
important contributor to decreasing biodiversityagergne & Molofsky 2004). Invasive plant species
threaten the integrity of natural systems by displg native plant communities and establishing
monocultures of new habitats (Biesal.,2003).

A number of studies have assessed the contribafiptant characteristics and environmental condgito
invasiveness of plant species. For instance, imgacen have several highly aggressive traits whelke
them successful under a wide range of ecologicabditions, including: the capacity for early season
growth, rapid vegetative spread, high stem elopngafiotential, wide physiological tolerance and high
architectural plasticity (Bobbinket al., 1998). However, several other studies revealed tiaddi
contributing factors that are relevant to invase&n As discussed in the methodology, clear reistiips
between the characteristics of species, the suttegsead of invaders, and even the stages ofiona
can be determined.

Part | of this research report aims to performterditure review on the general physiological tréiist
contribute to a plant being invasive including:

seasonal growth patterns;

nutritional requirements;

reproductive mechanisms;

climatic tolerance and range; and

environmental conditions that encourage invasivemaal species including those created by
conventional agriculture and a warming climate.

aokrwdPE

Growth patterns can play a significant role in anpetitors initial colonization, successful estatniigent

and eventual domination of an ecosystem. In genlergle plant biomass increases the competitiviiyabi

as well as the potential number of offspring. Anpéavegetative growth potential can be monitoredugh
several indicators, including: a plants rate of tpegnthesis, its leaf morphology, its stem eloragati
potential, and biomass partitioning between rootsl shoots. Reproductive mechanisms used by
competitors can also play a key role in their sasfid establishment as an invader. A plants rhizarel
tillering characteristics as well as seed sizedpation and vigour can assist in the introductioto inew
habitats, colonization, and subsequent disperghisanondary spread into new habitats. Genetic ti@mia
between genotypes and the plasticity of certainotygres can also greatly impact invader success and
spread.

Invader success can also be a function of how tffethe plant is at utilizing available resoursegh as
nutrients, water and light compared to indigenolamtpspecies. The empty niche hypothesis posits tha
invader success is greater when species are imeddato communities where they can take advantdge
unutilized resources (Elton 1958; Mitchelt al., 2006). In support of this theory, many studies have
documented that invaders show a superior abilitgxoloit local resources such as light or nutriemten
compared with native residents or when compareth win-invading introduced species (Sakdial.,
2001). This can mean either: capturing limitingoweses more efficiently than native species (i.e.
establishing an early canopy to prevent light frazaching competitors); or using the resourcesnagegi
when they are unavailable to the latter (i.e. eamlythe spring) (Baruch and Goldstein 1999). Both
scenarios will be investigated below.

Environmental and climactic conditions also play iarportant role in invader success and ecosystem
vulnerability. Climactic conditions such as temperea, water-use-efficiency and susceptibility tetseor
diseases can greatly affect a plants success @waenvironment. Environmental conditions, particyla
those created by conventional agriculture and thel@eyment of practices such as pesticides, nutrient
pollution, soil acidification and disturbances ceneate favourable conditions for an invasion. Anpa
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response to a warming climate and elevated atmospbarbon dioxide (C¢ may also play a role in
community composition.

Differences between a plants photo-synthetic paghesad ability to utilize available light and water
effectively can also play an important role in g@iem population dynamics. Warm-season gplants
utilize an evolutionarily derived photosynthetictipgay that concentrates GGt the site of carbon
assimilation inside the leaf. When grown in an appiate climate, ¢species are theoretically believed to
achieve higher productivity because of their higafficiencies in photosynthesis, nutrient and watse
than cool-season or;Gpecies, key traits that can affect global carlater and nutrient cycles. However,
possibly because of their tropical or subtropia@diao, most G species fail to achieve high productivity in
the cool temperate climate of northern Europe, tviigcgenerally caused by delayed canopy development
and impaired photosynthesis at low temperaturealéBs al.,1999). Some gspecies such adiscanthus
however, may actually achieve unimpairegp@ductivity in temperate areas.

1.2GROWTH PATTERNS

1.2.1 Vegetative growth patterns

In general, a large plant biomass increases agpl@rhpetitive ability as well as the potential n@mbf
offspring it can produce. A large biomass (planghg size, etc.) is generally indicated by a higlative
growth rate and a long growth period but can aksdntppacted by other features such as heavy seegs (R
1990). The components of the relative growth rR€R) include: rate of photosynthesis, specific kafa
and morphology, stem elongation potential, and bigsnpartitioning. Confirming this, studies have
generally found that exotic invasive species haighdr RGR values including higher leaf areas, highe
leaf:weight ratios, and maximal photosynthetic sates well as lower respiratory costs than natpexies
that occur in the same area or similar, non-invaspecies.

Although G, plants represent only a small proportion of theldgtotal plant species (approx 4%), they
contribute about 20% of global primary productivitgm plants, mainly because of the high produttivi

of C, grasslands (Ghannougt al.,2000). In general, £species are assumed to achieve higher productivity
than G species because of their higher efficiencies wtgéynthesis, nutrient and water use. However, this
relationship can be reversed in lower temperatwtesn G productivity overtakes that of,Gpecies.

1.2.2 Rate of photosynthesis

The rate of photosynthesis reflects a plants pitiefdr biomass accumulation and corresponding ¢ginow
because a high rate is directly related to carb@a &ssimilation (Baruch and Goldstein 1999).This is
particularly the case if the allocation of photoaskted compounds to the leaves, stems and reotsins
evenly allocated, rather than favouring specifioadtion to certain parts. In general, under ligatarated
conditions the rate of photosynthesis is higherifimasive species than for native species. On thero
hand, leaf construction costs are relatively lofegrinvasive species than for native species usdailar
conditions, further increasing their competitiveged

Generally, the maximum rate of carbon assimilatigrindividual leaves of £grasses is much greater than
those of Ggrasses (Dunet al., 1987). However, this rule can be affected by temmipee (as explored
further below). Below 15 °C, the rate of €&ssimilation reported fordgrasses is higher than rates af C
grasses. The maximum GQ@ssimilation by €grasses is usually achieved at temperatures awngragi
around 35-40 °C.

1.2.3 Leaf morphology

Another plant parameter to consider is the speddaf area (SLA), which is a function of a leaf's
morphology and a measure of leaf area per uniaffinass. A greater SLA may increase the capatiy o
plant to assimilate CO(and thereby increase the overall plant growtle)rdétecause more leaves are
produced for a given mass of carbon invested ingdymthetic tissues.
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When comparing similar species, faster growing tslame positively correlated with a higher SLA alu
(Baruch and Goldstein 1999). Lake and Leishman 4P08uggested that a large SLA facilitates
invasiveness. They found a clear and consisteferdiice between the SLA of invasive exotic and non-
invasive exotic species. This higher SLA, and agponding photosynthetic rate, allows invasive [ddat
capture resources more efficiently (use more ressuat a lower carbon cost) than native speciessé’h
traits may promote not only a more efficient useasfources, but may potentially result in highevgh
rates compared to native species.

In support of this, Schieving (1999) showed thatrimyeasing their SLA, invading plants can incretsr
light interception. Lake and Leishman (2004) canéd this through a study showing that the spetsfé
area of invasive exotic species were consisterigizer than specific leaf area of non-invasive exaiid
native species. Augmented leaf expansion allowadsavs to create a positive feedback cycle and educ
major changes in vegetation by decreasing lighelebelow the canopy. Although shade-toleranceesari
greatly between plant species of all types, in gangvarm-season grasses display significant réougin

dry matter accumulation under shade, irrespectivheogrowing season (Liat al.,1998) which indicates
that these plants are less flexible when it conoebght availability. The majority of £species are of
tropical or subtropical origin and are often mamgited by water availability than light availabylitOn the
other hand, cool-season forages grasses show made $olerance when grown during the summer and
fall than when grown during the spring and earlynser. During this period, all cool-season species
showed decreases in biomass under shade. Howeappdars that differences between species plays mo
of a role in shade tolerance than whether a plptitnizes G or G, photosynthetic pathways.

Low temperatures can impair leaf development, paldrly in G, species growing in temperate climates
(Bealeet al.,1996). The majority of £species are of tropical or subtropical origin &etce are unsuited
to the cool climates of northern areas. In most plants, low temperatures can influence leaf
photosynthesis both by reducing the efficiencyéting leaves and by affecting the developmemei
leaves, such that these leaves show a reduceéeréficat maturity. This can result in a reductior00,
uptake by leaves and overall plant productivity.

1.2.4 Nutritional requirements

Plants exhibiting faster growth are generally retempetitors ast they tend to have higher nutrient
utilization efficiency. An important indicator ofgwth potential and nutrient use efficiency is leafrient
concentrations, mainly N and P. Nitrogen use efficy is generally inversely correlated to foliafd¥ the
amount of N present in the leaf tissue). Thereftow, foliar N and P concentrations characterizenfsla
with relatively high nutrient use efficiency (Chapl991), while plants with low nutrient use efficty
often have higher foliar nutrient concentrationswéver, Baruch and Goldstein (1999) found signiftba
higher foliar N and P in invasive species acrosgm@wth forms. Considering this, it might be assam
that invasive species would then be less effidiemtutrient use than native species. However, endgiime
study Baruch and Goldstein (1999) determined that substantially higher photo-synthetic ability of
invaders compensated for their increase in foliaam resulted in an overall photosynthetic N use
efficiency that was 15% higher compared with natipecies. These results suggest that invasiveespeci
may not only use resources more efficiently thativasspecies, but at the same time may also paignti
demonstrate higher growth rates. This is likely adageous in increasing the overall potential ahpl
invasiveness.

A plants photosynthetic pathway may affect its iemtr use efficiency. In general, Gpecies are believed
to achieve higher productivity because of theitiigefficiencies in photosynthesis, nutrient andewase
than G species (Bealet al.,1999). The high nutrient-use efficiency of @lants may be linked to their
evolution in tropical or subtropical areas thatitgly have low-fertility soils and nutrient contsn

Nutrient use efficiency might also be enhancedugtomycorrhizal symbiosis. Mycorrhizal fungi form a

mutualistic relationship with the roots of most nglespecies. This symbiotic association involves the
translocation of carbon from the plant to the fusigund enhances uptake and transport of soil ntgrien

primarily phosphorus, to the plant via the fungubis relationship can play an important role inwgtio
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rates and biomass allocation in plants and impwaeer use efficiency and decrease pathogenic infect
(Wilson and Hartnett 1997). Abundant exotic andveaspecies can further demonstrate positive fegdba
cycles that reduce biological diversity of soil nobes (Callawat al.,2004). Invasive plant species can
accumulate beneficial microbes (mycorrhize and Xé+8) near their roots while reducing pathenogenic
microbe communities, furthering the plants sucaass eventual spread. Although virtually all tadlgs
prairie plants are mycorrhizal, they differ consaldy in their dependence on mycorrhizal symbidsis
nutrient acquisition and growth. The warm-seasgiyr@sses are extremely dependent on this relaffpnsh
whereas cool-season, Grasses are significantly less dependent on thiisgis. This relationship is also
apparently impacted by temperature. With botha@d G species it appears that mycorrhizal activity is
highest at the temperature range that favours gr@fteach species (Hetriakt al., 1994). Grasses may
also exhibit non-rhizobial symbiotic associationghwN-fixers. There is evidence that some grasses a
known to form relationships with endophytic dianpins, N-fixing bacteria that live inside the tissof
the plant (Vitouselet al., 2002; James and Olivares 1998). Some grasslands ieen documented to
grow well continuously without added nitrogen ohat N-fixing plants, indicating that these bactemay
produce significant amounts of nitrogen. Endophp#cterial strains have been obtained from agrooomi
crops and native prairie grasses, legumes, forbsagldflowers in the United States (Zinniet al.,2002).
Colonization studies of these bacteria also ackievBigh level of success with prairie species sglittle
bluestem, switchgrass, and prairie dropseed. Visthg fertilizer prices, enhanced nitrogen usecedficy
and N fixation are expected to become increasimgigortant, and may be bred or selected for into
agricultural crops (Sturet al., 2000). However the increased ability of warm seagmasses to grow
productively in N limited soils may increase thigivasive tendencies.

Along with nutrient use efficiency, nutrient avdiiity may be even more of a factor in determinpignt
species composition, and can have a direct impadbweasive occurrences. The hypothesis of fluchgati
resource availability articulates that plant comitias are rarely at equilibrium with their resowscand
when resource supply exceeds uptake by the resiggetation, either through an increase in gropplgu

or a decrease in resource uptake by the residgetation, the community becomes vulnerable to iiovas
(Kercher and Zedler 2004). This can happen whatbermunities are species rich or species poor. Under
conditions of elevated resource and nutrient alditg, species of plants may expand their disttito
because they can now withstand more stressful iabdainditions, or out-compete species that were
superior competitors when nutrients were limitifdir(chinton and Bertness 2003pne major cause of
increases in the gross supply of resources ardumdvorld is the intensification of agricultural sss,
which leaks large amounts of nutrients in the farfninorganic fertilizers or manure into agro-ecdsyss
and adjacent natural areas. This rapid influx afients, which is much more exaggerated than simila
occurrences in nature, can cause plant commundiegolve towards dense, monotypic stands of iveasi
species (Boutin and Jobin 1998).

1.2.5 Time of spring emergence and canopy formation

An important trait of plants increasing their coritdee ability is rapid spring emergence. It allopknts

to have earlier access to light resources and esdbém to block light to other later emerging vaten.
Biomass scientists working with energy grasses lada@ recognized that early spring canopy clossieni
important contributor to maximizing yield (CliftoBrown and Jones, 1997). Canopy closure is a fumctio
of shoot emergence, density and leaf expansios.ratee large reserves of carbohydrates in undengrou
storage rhizomes of grasses suchMascanthus reed canary grass amhragmitesprovides them with
considerable advantage in ensuring rapid springmaclosure. Early spring growth may also be acde
from continued growth of biennial tillers (Madakadz al., 1998) which may help to rapidly establish a
spring canopy and improving a plant’'s competitibdity. Fast spring development has been identifisd
an important contributor to high yield reed cangrgss biomass production (Sahramaa and lhamak) 200
and this selection trait likely is equally importan other energy grasses. Plant breeding fortthais will
likely increase the competitive ability of energwagses as biomass crops but also as invasive specie

Grasses differ considerably in their time of spreémgergence. Cool season grasses typically begingspr

growth when temperatures of’6 are reached. Warm seasongtasses display a wider response to spring
temperatures, both between species and withinepécit are often considered as late-emerging specie
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This may be due to their adaptation to drier clesatvhere there is an increased risk of fire insjeng,
favoring the late-emergence of, €pecies (Howe 2000). Both the presence of fire ssasonal nature of
fire may actually play a large role in determinihg@ C; or G, herbaceous community persists. The higher
efficiencies of G species over £species in terms of photosynthesis, nutrient aateiwuse, generally
contribute to their faster growth rates and candeyelopment. However, in low-temperature eco-zones,
delayed canopy development of @rasses can occur due to impaired photosynthesisvatemperatures
(Bealeet al., 1999). Several warm season species that have Heatified as good candidates for high
biomass production in temperate regions of the dvaiko have superior chilling tolerance. In Canada,
these includeMiscanthusand prairie cordgrass (Madakadzeal.,1998; Boe and Lee, 2007; and Potér
al., 1995). G species such &partina anglica, Spartina pectinatmd some selections of chilling tolerant
Miscanthuscan maintain photosynthetic rates at 5°00 equivalent to € grasses such as perennial
ryegrass (Longet al., 1983; Thompson, 1991). Studies have indicated dbetain proteins are critical to
maintaining high rates of [Cphotosynthesis at low temperature. There are silgoificant differences
within species in terms of chilling tolerance (Fdirret al., 2006; Madakadzest al., 1998). Another
indicator of the chilling tolerance of native grasan be seen from their maps of native distdbuin
North America (Stubbendieck&t al, 1992) as well as provincial distribution maps@anada. Within
Canada, two promising ,Qyrasses for biomass production with the most eddmative range maps in
cool dry and cool wet areas are prairie sandr&adagnovilfa longifolia and prairie cordgragSpartina
pectinatg.

1.2.6 Response to light

Plant species differ in their response both todesgale differences in light in open areas andni-$cale
differences in the understory (DeWalt al., 2004). In the understory, morphological and physjaial
characteristics that maximize photosynthetic areamimize carbon costs, and maximize recovery from
damage are important. A higher specific leaf anglicated an increased allocation to whole planba@ar
gain and it is desirable to maximize SLA in the ersdory. However, high-SLA leaves may be more
vulnerable to herbivory because they are genefally tough. In open areas (i.e. gaps, forest mgrgin
pastures), maximization of photosynthetic area imayhe most important trait to maintain high growth
rates. In support of this, Schieving (1999) showtleat by increasing their SLA, invading plants can
increase their light interception. This extendeaf kxpansion allowed invaders to induce major charig
vegetation, with invaders replacing resident pldytsachieving a higher plant carbon gain and ealytu
outcompeting native species. Under low-light situzd, species with greater allocation of resourtces
stem tissue relative to other tissue may be comiadii superior in light-limited environments asthcan
grow taller than other species and effectively tilight to competitors (Tilman 1999). Again confiirmg
this, Schieving (1999) found such invaders withighlr plant carbon gain replacing resident plamtiew-
light communities. This appears to be particuladievant when other resources are not limiting,aln
study of 5 grasses grown under fertilized and ateg conditions, Vojtech et al (2007) found contjeti

for light to be asymmetric, contributing to highrdimance and low diversity. This would suggest pssa
of tall thick canopied early growing biomass cramtypes which are adapted to agricultural ditches a
wetlands which experience nutrient pollution wordddily displace native vegetation. Tall densertzies
ecotypes of reed canary grass for example wouddylike highly competitive species in these situegio

The potential productivity of a biomass-fuel crap primarily determined by the ability to form and
maintain a closed canopy and by photosynthetic {Bsale and Long 1995). ;@lants, which assimilate
CGO, initially into 4-carbon compounds, have a maximaanversion efficiency of intercepted light into
biomass energy 40% higher than that of thesgzcies. However, (plants are predominantly of tropical
origin and susceptible to damage at low temperafusdich can limit their growth in temperate areas.
Several ¢ species such adliscanthushave been identified as having originated in tena@@eareas in
Europe and Asia and can maintain the high levels,qgfhotosynthesis in temperate areas.

1.2.7 Partitioning of biomass

Optimal partitioning models suggest that some glamptimise growth under different environmental
conditions by shifting biomass allocation amongugstypes (i.e. roots, shoots) to maximise theucayif
limiting resources (i.e. water, light, nutrient$c.® (McAlpine and Jesson 2007). Competitively sigye

Commercial Energy Grass Production and Implicatiforsinvasive Species in Canada 8



genotypes might therefore have increased sizeltheigbiomass), faster growth rates, or greateication

to reproduction than native genotypes (DeWltal., 2004). Biomass allocation can also be measured
through root:shoot ratiog.-hose plants which are more competitive may actuddicrease their root:shoot
ratio (increase their biomass allocation towardsost) as a result of an increased ability to compéth
below-ground resourcgBazzazet al,1989). This may affect a plants leaf morphology, incregsiheir
SLA and overall leaf area ratio.

Partitioning nutrients to belowground componentsttia fall has been specifically noted as a strategy
contributing to invasiveness success in grasse@r(dhio and Vitousek 1992). Tharge allocation of
plant biomass to underground rhizomes in plantdh sasiMiscanthus reed canary grass amhragmites
provides them with a superior competitive advantageé can contribute to a stangksistence, uniformity
and monospecificity The large reserves of non-structural carbohydragdd in these root systems allow
rapid spring growth and increases their competitibéity. Roots can take up a significant amounthef
total plant biomass of tallgrass prairie specieg.tt) 50% of total plant biomass can be found irowel
ground plant parts of species such as reed caneays g(Katterer and Andrén 1999)he annual
accumulation of shoot biomass dramatically ceasdahe middle of summer and is followed by an inseem
root biomass which continues through to the onsetinter (Allirand and Gosse 1995). Annual fluctioats of
rhizome biomass can be explained by variationféir tsoluble fraction, illustrating their relativ@portance as
reserves. The majority of these reserves is remselilin the following spring, in particular as oijen
compounds, thus enabling the rapid recommencenfiearty growth..

In addition to their storage capacities, these restt@ root networks can also be quite successful in
obtaining resources in low-quality soils. Cragteal.,(2001) noted that tallgrass species maintainedge la
standing root biomass of high-density, low-nitrogemtaining roots. These enable the plants to aequi
nitrogen and water from a large, deep volume of goiwhich inorganic nitrogen is present in low
concentrations. In fact, although: @rasses concentrate their total root biomass irstfallow soil layers
(0-10 cm), they can have roots to depths greatar thmeters (Nippert and Knapp 2007). These species
with relatively greater allocation to roots in faend to be well adapted to nutrient poor sitesreibey

can then outcompete local native species (Tilma&8)19

1.2.8 Allelopathy

Invasive plants have other methods to improve tbempetitiveness. The novel weapons hypothesis for
plant invasions argues that some invaders are msapgessful than in their native range because
competitors in their native range have evolved dierate allelopathic (phytotoxic) compounds, while
competitors in the introduced range lack such &vlee (Mitchellet al., 2006; Callaway & Ridenhour
2004). Alternately, the invasive species themselaag be the source of allelopathic compounds, exudi
phytotoxins from their roots into field soils, diaping native plant species by inhibiting their @gtb and
germination (Biast al.,2003; Callaway and Ridenour 2004). Some cool-segsass species have been
known to exhibit allelopathic influences in the fme and prairie ecosystems (Smith and Martin 1994;
Renneet al., 2004). However, if this is the case, the inhibiteffects on the germination and seedling
growth of native prairie plants is suspected tdirtbéed.

1.3REPRODUCTIVE MECHANISMS

Good colonists can include: species in which igalandividuals can self-fertilize; species with tiple
reproductive strategies (i.e. both vegetative répetion and seeds) or plants with multi-seededdyaind
phenotypic plasticity (Sakat al.,2001). Those that exhibit successful establishrhame a high intrinsic
population growth rate and high competitive abilityhe spread of an invasive species is affectethby
effectiveness of the particular dispersal methoddidistance vs. short distance vs. foreign cayidt is
also important to note that establishment in a naatbommunity may require different traits than gbo
required upon entering a human-disturbed habitat.
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1.3.1 Rhizomes, tillers and seeds

Reed canary grass, a model species for invasicaibddjes, is an aggressive competitor in wet pesiand
marshes of North America (Lavergne and Molofsky £00rhe reason it is able to out compete native
species is through early spring growth via tillarsl persistence in the cooler fall months, bothwlich
correlate to the thick underground rhizomes thattesenergy in the form of non-structural carbohijesa
Up to half of the total plant biomass and nitrogan be found in below-ground plant parts, allowiegd
canary grass and other vegetative reproducing gpssies a distinct competitive edge (Katterer and
Andrén 1999).

Resource allocation to below-ground rhizomes caater a positive feedback cycle of growth between
below and above-ground vegetation (Morrison anddiédy 1998). As above-ground vegetation increases,
more biomass is allocated to below-ground rhizoriésgs allows rapid above-ground spring growth the
following year, resulting in competitive out-shaglirof other plant species, leading to even further
vegetative cover and more biomass allocation tortimomes in the fall. With passing years, larged a
larger below-ground vegetation is acquired leadinthe eventual formation of monotypic stands taat
often form dense mats and rhizome networks. Theasedlmonocultures are one way introduced plants can
invade natural areas and threaten native commanigelucing native species diversity (Williamd@99).

The production of tillers and rhizomes allows anpl fill and retain the area surrounding the papmant
(Maurere and Zedler 2000). Even in sub-optimal @b, such as heavy shade, young reed canarg gras
shoots attached to an un-shaded parent clone caimee to grow and initiate colonization of new ase
Support from the parent clone may also decrease irtigacts of herbivory or competition with
neighbouring plants that are often highly detrirakti young plants.

Smaller seed size is typically correlated with leighlant seed production, growth rate and more rgdine
germination requirements, all traits associateth witlonizing species (Baker 1965; Forcela 1985arger
seed size gives a plant a larger starting capitzlean advantage over other competitors early igtbesing
season (Bazzaet al,1989). If similar traits occur in addition to ¢@r seed size resulting in faster
germination, large seed species will also have megdhinvasive capabilities.

1.3.2 Pollination

Domination by invasive species can affect the rdpction of native plant populations though the
introduction of alien pollen, mechanical blockagechemical interference with fertilization and higbr
production. They can also compete with native gldot pollinator services, decreasing visitatiotesaand
seed set (Bobbin&t al.,1998; Brownet al.,2002). However, this factor may not play a sigmifitrole in
grass community dynamics. In fact, invasive colsri¢ wind pollinated grasses may even be limited by
pollen availability (Daviset al.,2004). Almost all grasses are pollinated by wind & is usually assumed
that pollen availability does not limit reproduation wind-pollinated plants. Further investigation
highlights that many reproductive ecological stedimve been made of plants which indicate that seed
production can be limited by pollen source, polird/or pollinator limitation, and resource limitati
(Ganger, 1997; Manasse and Pinney, 1991; Copladd\relan, 1989; Galeet al.,1989; Garwood and
Horvitz, 1985). In the case of many invasive grasgéven their predisposition to clonal propagatiom
self-incompatibility, pollen limitation may be ad@r contributing to low seed productivity. Pollen
limitation, when individual density is low at thedder of an invading population, can cause a dsptes
rate of seed production and therefore of populagoswth. This is one mechanism causing an “Allee”
effect, where a populations growth rate can becoegative when the population density drops below a
threshold. A “weak” Allee effect occurs when thepptation growth rate slows at a low population disns
but never becomes negative (Dagisal.,2004).

1.3.3 Genetic Variation
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The genetic-shift hypothesis suggests that natikeigtroduced genotypes differ genetically whichds to
differences in biomass allocation, growth, or pkgtdhetic rates when grown in their native verdesrt
introduced ranges (DeWadt al.,2004). During all stages of plant reproduction ¢hisrgreat potential for
genetic changes to occur through drift or selecf®akaiet al.,2001). Often substantial genetic changes in
genetic variation can occur between the native thedintroduced range of an invader via selection of
certain genotypes or hybridization (i.e. creatidmew genotypes) (Lavergne and Molofsky 2004). ‘Ehes
evolutionary changes may have important effectshenpotential of invaders’ success by allowing dapi
adaptation to a new environment. Alternatively,féfv genotypes exist, phenotypic plasticity can be
important for invasive success. A high genotypicedsity may contribute an advantage to an invasive
species because different genotypes may vary inrdgsponse to environmental factors and thus letab
exploit potentially different niches within eachiitat (Lavergne and Molofsky 2004). Different geypes
may also vary in their phenotypic plasticity, ammin® may be able to grow under a wider range of
ecological conditions.

It appears that one of the greatest factors inessfal grass invasions is the repeated introductidnghly
competitive cultivars from other regions (typicalyirope) to North America, increasing the evoludign
potential of these plants. Introduced genotypeh wdtrlier spring emergence and greater biomass atxee

to interbreed with native or naturalized populasi@amd create even more successful hybrids. Maryenat
grasses have been historically assumed to be rsmlfripatible, meaning they are not able to fertilize
themselves. This may have been developed as a sdeferechanism to prevent inbreeding and its
deleterious effects including mutations and resgltioss of vigor in progeny (Lambert and Casagrande
(2007). However, it has recently been identifiedt tbeveral invasive grass species includifigcanthus,
reed canary grass amthragmitesmay be able to self-pollinate. Self-pollinationyrfacilitate colonization
and subsequent spread of plant species by elimmalie constraints imposed on sexual reproduction b
the lack of mates. It also potentially allows faeéding between populations and hybridization betwe
native and cultivated genotypes. Although manyicats used in agriculture today are sterile hybritis
does not guarantee continued sterility. The paéntbes exist for cross-pollination with native Gps.
Furthermore, cultivated varieties are often seltcte the basis of traits that can further invasdgsnsuch

as early spring growth, rhizome development andyezanopy closure. To reduce risk of invasions,
cultivation of species that are related to natipecges should be avoided as they can cross antecrea
invasive hybrids (Salon, 2008).

The flower structure of a plant generally determminghether a species is self- or cross-pollinated.
Dioecious species have staminate and pistillatedte on different plants and are always cross-patiid.
Monoecious species can also be cross-pollinate@gy Thay have staminate and pistillate flowers in
separate locations on the same plant, or diffeeircéme of pollen and pistil maturity. Plants ljperfect
flowers (staminate and pistillate flowers on thensgplant in the same location) will limit inbreegdiby
self-incompatibility or self sterility (Allard 1999/0gel and Lamb 2007). Incompatibility is the iil&ip of
function male and female gametes to produce nosmadl following pollination, where female flowers
recognize the genotype of introduced male pollem@smpatible and rejected. This phenomenon odeours
both legumes and grasses. Cultivars of some energg grasses are self-incompatible. However,
outcrossing with fertile male pollen from invasis@lonies is a possibility.

1.4CLIMACTIC TOLERANCE AND RANGE

1.4.1 Temperature

As per their names, {or cool-season species often are found in codil@actic zones while £or warm-
season species are often favour warm day climéttegeneral, cool-season grasses are adapted to the
northern United States, and warm-season grasseslapéed to the southern United States. Climatitofa

can create problems for warm-season grass estalgigh(Rothbart and Capel 2006). The length of the
growing season and heat received during that tier@ are key factors that affect seed germination,
seedling growth, and ultimately the number of yaarachieve good stand density. Northern regioas$ th
have cooler, shorter growing season than the pramay have difficulty with establishment, as susces
generally requires a growing season of 100 to B6d
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Generally, growth rates, biomass production, amiahdry-matter yields are higher with @asses versus
Cs grasses but this assumption can be reversed byetatmpe. The maximum growth ofs @rasses is
usually achieved at temperatures averaging aro6rD3C. However, growth rates of, €pecies decrease
markedly with decreases in temperature, becomifegior to those of €grasses below 15 °C (Dumh al.,
1987). Cool season plants can begin active grovtdrmminimum air temperatures reach°@%Rothbart
and Capel 2006). Warm season plants grow besteirsuiimmer heat, from June through mid-September,
and do not begin green-up until minimum air tempeea of 15-18C and soil temperature of AD.
However, because of their high water use efficietiegy can also be quite successful in more ankgzo
Native grasses including switchgrass, indiangrbgs,bluestem, and little bluestem once dominated th
Great Plains of North America and accented thesferkregions of the east as savannahs.

1.4.2 Water-use-efficiency {€@s. G)

C, species are well known to be efficient water uspesticularly when compared to; Gpecies due to
increased efficiency of phyto-respiration basedddferent intermediary compounds produced durirg th
process of photosynthesiBuring wet periods, differences in water use betw&gand G species can be
minimal because of the common dependency of theseies on recent rainfall events and water stared i
the upper soil layergNippert and Knapp 2007However, during dry periods, most; Gpecies used
proportionally more water from deeper portionshef soil profile relative to the {grasses.

The relative abundance of; @ersus ¢ species has been found to have a strong cornmelatiationship
with seasonal water availability (Murphy and Bown2007). Murphy and Bowman (2007) found clear
evidence that seasonal water availability was tebetedictor of ¢relative abundance than other climate
variables such as, mean annual temperature andrdaimum temperature. This is because at timebef
year when grass growth is limited by low water lzlity, temperature becomes less relevant totplan
growth. However, seasonal water availability appdaio be a relatively poor predictor of, @lative
species richness and local biodiversity. SimilaNjppert and Knapp (2007) found thadriations in local
precipitation as well as landscaping contours wgneater determinants of water-use than whether the
species was azor a G grass.

1.4.3 Susceptibility to pests or diseases

The increased competitive ability hypothesis suggeisat increased competitiveness evolved through
decreased enemy pressures on introduced populasielesting for increased competitive ability besmau
plants could allocate resources to competitionemstof defence (Mitchelet al., 2006; Blossey &
Notzgold 1995).Similarly, the enemy release hypsighéinks exotic plant success to escape from teeir
evolved enemies such as herbivores and pathogéisIobs of interactions with natural enemies aiow
introduced populations to attain greater abundafittshell et al., 2006). As a result of enemy release,
invaders experience increased ability to compatedsources (Tilman 1999). Recent work has shdwah t
exotic plants that more fully escape herbivores patthogens are more likely to become highly invasiv
compared to existing plants with higher enemy loadtheir new ranges. This suggestion might be more
applicable to relatively short-lived plants whiaklyr on existing seed production for regeneratiorat®
and Vila, 2001) as these plants are most vulnertblberbivory and therefore may gain the greatest
advantage from escaping their specialist enemiesdipient communities.

Alternate theories suggest that enemy release doesave an influence in situations of successful
invasions. Native plants that are long lived ortthassess long-lived seedbanks may not be kept “in
check” by native herbivores. For these speciesajgs from native enemies may have little to do Witkir
success as exotics as they are abundant both wWiegrare native and introduced (Maron and Vila,1200
This suggests other phenomenon are at work, LaleLaishman (2004) performed a disturbance study,
indicating that both invasive exotic and non-invasexotic species had significantly lower leveldef
herbivory than native species. This implies théd¢ase from pests alone cannot account for the saaufe
invasive species.
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In terms of grasses, it appears that shorter prapecies are better adapted to repeated defalifition
herbivores (or mowing) than thedl-growing species such as switchgrass (BelesklyFedders 1995). This
may be one of the reasons why some tall-grassespéeive achieved such success as invaders asréhey a
not subject to any form of seasonal cropping, paldrly since their natural predators (large North
American herbivores) have been removed from thdseape. In North America, grazing helped shape and
develop ecosystems over thousands of years thrihiegbo-evolution of native plants and grazing rezgm
(LaForge 2004). Before settlement, grazing presswre applied through native herbivores such as, deer
elk, pronghorn, and in particular bison. Bison deped seasonal migration patterns based on forage
availability, climate, fire patterns and shelteheTsummer was usually spent in the mixed grassigrai
moving to the foothills and parklands in winter whdood and shelter were in abundance. Though these
herds caused considerable disturbance and impeasystems, they would not return for extended plsrio

of time, creating long rest periods and allowing fbe vegetation to recover. Cattle can be a good
substitute mimic for the grassland ecosystem ingpidnett bison once performed.(LaForge 2004)..

1.5INFLUENCE OF AGRICULTURE AND ENVIRONMENTAL CONDITIONS

Environmental conditions can also be conducive lamtpinvasions. The invasion opportunity windows
hypothesis states that in general, invader suaoagsbe enhanced in situations in which abiotic diors
reduce enemy impact or enhance mutualist impadherinvader relative to residents, or in which they
increase invader competitive ability relative tsidents. Introduced populations may then be ablgiliae
beneficial biotic and abiotic conditions to establand subsequently spread further (Agraatall.,2005).

1.5.1 Conventional agriculture

Intensive agriculture systems that require higtbieédte and fertilizer inputs and/or urban develophean
exacerbate physical disturbances and increaseentiivading, sedimentation and flooding into ndtura
areas, promoting the spread of invasive plants qif@r and Zedler 2004). High herbicide and fertilize
inputs along with regular tillage favours invasiweedy plant communities (Boutin & Jobin 1998). Aah
ploughing can create opportunities for invasivecgseto dominate, allowing them to colonize gapsated

by disturbances in adjacent habitats such as wiodiod hedgerows, which in turn become a source of
weeds themselves. Non-crop habitats can also leeteff, as the deposition of fertilizers at fieldyesl
drives community composition towards annual we&tedteet al.,2001). Many arable field margins are
now often composed of tall, nutrient demanding sive species when compared with semi-natural areas
such as road margins (Hovd and Skogen 2005).

1.5.2 Pesticides

Intensive agricultural systems can exacerbate théfgration of weeds. The more intensively a fiésd
managed, the greater the potential is for adjabahitats to become a source of weeds (Boatetaal.,
1994). Agriculture also facilitates invasions whessts in agro-ecosystems are exposed to agriagultur
practices for many generations, resulting in salacfor characteristics that make them persistemdt a
noxious (Sakagt al.,2001).

Suppression of mycorrhizial growth through funge&idpplications can result in a reduction of toket
aboveground plant productivity, particularly foy @llgrass species includinrgndropogon gerardiand
Sorghastrummutans(Wilson and Hartnett 1997). Under these treatmehts G tallgrasses produced less
plant biomass in the fungicide-treated microcosamjhad a greater ratio of reproductive to vegetative
biomass. Due to Lgrasses symbiotic dependence upon the mycorrntaiaionship, suppression of these
microorganisms can actually change the relativelpction ofC, and G plants in a community, favoring
C; species. The results of Wilson and Hartnett (198Mfirmed the highmycorrhizal dependency of
dominant prairiegrasses, and indicate that differential growth oesps tamycorrhizal colonization may
significantly affect planproductivity and species relative abundances Igrids prairie.
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1.5.3 Fertilizers and nutrient pollution

Nutrient enrichment may be the human impact that the greatest influence on the success of plant
invasions (Lavergne and Molofsky 2004). Boutin dothin (1998) noted that in many plant communities,
it has been shown that an increase in nutrientlabiliiy has the effect of promoting the growth of
dominant species capable of taking advantage ofatdd nutrient levels, to the detriment of species
diversity. Nitrogen availability in particular, ses to have a significant impact on plant community
diversity. It has been well documented that thedased availability of N favours fast growing periah
grasses and weeds (Walket al., 2004b). Wedin & Tilman (1996) considered N-polluti@and its
encouragement of invasive species establishmetiteasquivalent to terrestrial eutrophication. Gatgr

in most communities, increased availability of Neldars dominance by fast growing perennial grasses
(Walker et al.,2004b), which can outcompete a great range of eafiow-growing, broad-leaved, shorter
plant species adapted to nutrient-poor soils (Boatid Jobin, 1998). Wetlands are particularly smesto
nutrient enrichment because they are subject teatep agricultural water runoff from surrounding
cultivation areas (Lavergne and Molofsky 2004).rdker and Zedler (2004) confirmed these findinga in
review of studies of grassland and herbaceous meéttammunities, supporting the nutrient hypothésis
finding eutrophication is likely to increase in\igity of these communities.

Tallgrass prairie plants have an enormous abititytatke up nutrients, attributed in part to theigé&a
rhizome root systems which have a high capacitybsorbing nitrogen. Overall, N additions in grasds
will tend to favour G grasses in species composition overg@asses. This is likely because @asses
have evolved improved nutrient use efficiencies arelmore often limited by temperatures than notsie
C; grasses on the other hand have a reduced nutrsenefficiency compared to,Gpecies and since
nutrients are often their limiting abiotic factadjsplay an extreme growth response in nutrient rich
environments. Confirming this, in a 12-year stuflyjitrogen deposition on grasslands by Wedin & &ilm
(1996), plots dominated by native warm-seasg@r@sses shifted to low-diversity mixtures dominabgd
cool-season £grasses at all but the lowest N addition ratess Hhiift wasassociated with decreased
biomass carbon: nitrogen ratios, increaSechineralization, increased soil nitrate, high des, and low
carbon (C) storage. Their findings indicate that-lautrient grasslands with high N retention, tigltrient
cyclingand high C storage rates were the most vulnerabkpeécies losseend major shifts in C and N
cycling. When increased nitrogen deposition resultsoil acidification, acid-tolerant plant specgsh as
Phragmitesmay be favoured at the expense of rare, nativepl@obbinket al.,1998).

1.5.4 Plowing and/or disturbance

Disturbance is also known to promote biologicalaisions (Mack and D’Antonio 1998). High current
levels of disturbance within communities may ineedhe potential for their invasion (Horviét al.,
1998). Physical disturbance may increase the aibiijaof resources indirectly by removing compefin
species that share common resources, and dist@baoch as nutrient enrichment may directly enhance
resource availability (Minchinton and Bertness 206®wever, the scale of disturbance and local species
diversity are considered to be important factorthm overall success of an invasion (Levateal., 2000).
Boutin and Jobin (1998) noted that plowing a fieddery year creates favourable conditions for
opportunistic and weed species to grow. These vegssdls may later colonize gaps created by other
disturbances in adjacent habitats.

Invasions can be promoted by disturbance, butalde possible for invaders to alter disturbanggmes
themselves (Mack and D’Antonio 1998). Once esthblis invaders can maintain a system in an altered
state or introduce a new type of disturbance anthdu change the system. The changes they can canse
profoundly alter the development of an ecosystedhtha composition and future successional evolution

a community. This is not dependant on if, there aa%riginal disturbance that allowed the invadeo i
the community (i.e. invaders can still establisthaut a disturbance and still cause this phenomjenon

Lake and Leishman (2004) found that sites withowt disturbance did not support exotic plants. Taksp
found that physically disturbed sites on low féstisoils supported only one exotic species, whigbgests
that nutrient enrichment is a critical factor ino&g species invasion on low fertility soils. Exospecies
cover was highest and native species richness meakiced in areas of highest nutrient enrichment
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suggesting that the combined effects of nutrietiupon and disturbances can have augmented imarcts
invader success.

The cumulative effects of these abiotic environrakri&ctors have also not been examined in depth.
Kercher and Zedler (2004) found that multiple fastom combination can usually be found to be adeliin
their effects on invasion. For example, nutrieras énteract with increased flooding to synergistica
increase invasion in some cases. Other experinm@ves revealed a synergistic interaction betweeingdd
nutrients and grazing.

1.5.5 Response to a warming climate in a Canadamext

Global atmospheric CQis increasing at an unprecedented rate and itsecdrations are expected to
increase in the future. This is anticipated to geaplant community species composition and watdust

It is a commonly held theory that under increasinglevated C@ conditions, G grass species will lose
their competitive advantage oveg @rass species (Wardd al.,1999). Anecdotally, ¢£plants are regarded
to exhibit roughly half the response of flants to increased G@oncentrations. However, increasingly
available data suggests that bothadd G species respond to increased atmospherig I6¢Is through
increased leaf area and growth, although the mésimarby which this occurs remain uncertain. Wand
al., (1999) found that both £and G species increased their total biomass signifigaintlelevated CQ
conditions by 44% and 33%, respectively, and thedrbon assimilation rates by 33% and 25%,
respectively. They also noted differences in shaioicture. Under elevated GQ@; species showed a
greater increase in tillering whereag §pecies showed a greater increase in leaf aresedsed CQ
concentrations also improved leaf water use effityein both types. Under, rising temperatures dasedt
with increases in CQ water use efficiency and ability to deal with ipdic moisture stress may actually
have more of an effect on plant productivity thaffedences in photosynthetic pathway (Owensgbyal.,
1993).
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PART Il: HISTORY OF INVASIVE GRASS SPECIES IN NORTH
AMERICA

Part Il of this research report aims to perfornitexdture review examining the historical introdantand
colonization of invasive perennial grass speciesnfrthe temperate world and the resulting negative
impacts on biodiversity in North America. To dosthcase studies of invasions Rifialaris arundinacea
(reed canary grassiphragmites australigcommon weed) and grasses from Miscanthusfamily have
been compiled. The case studies include those gbgital traits of importance identified above,
including, seasonal growth patterns, nutritionajuieements and reproductive mechanisms. These three
species were chosen as they are all tall, earlwigg productive grass species that can exhibitdrapi
growth.

Historically, troublesome and aggressive perengniatses have invaded the North American continent a
from other temperate regions, typically Europe. Sehepecies generally flourish in a diverse numlfer o
habitats and, as a result, reduce the habitatadlaifor the populations of native species. Bi@na®ps
may potentially be some of the most destructiveothictions, with a number of harmful species having
characteristics that are desirable agronomicaliy, that are also damaging to native vegetation. yMan
biomass crops can rapidly spread vegetatively, hawvale tolerance to diverse physical and envirartaie
conditions, are tall, dense, nitrophilic and groavlg in the season, easily outcompeting other sgefor
space and lightPhalaris arundinaceaPhragmites australi@nd grasses from thdiscanthusfamily are
several tall-grass species introduced from Eurodéarth America for forage and biomass productiod a
ornamental applications that have become invasha ae currently posing a serious threat to native
biodiversity. These three cases are presented below

2.1REED CANARY GRASS(PHALARIS ARUNDINACEA L.)
2.1.1 History and Invasions

Reed canary grass (RCG), is a perennial, cool-segsass that can grow to height of 1.5-2 m. It
reproduces vegetatively through rhizomes, creadinbick impenetrable mat at or directly below tlod s
surface with creeping rhizomes that force out opacies. A tenacious plant, if cut during the gngw
season reed canary grass will experience a secomdigspurt in the fall.

Reed canary grass has been declared a 'pest sjieciee U.S. northeast states and in some westatas
because it takes over wetlands, clogs waterwayd, dominates sections of pastures (Marten 1985).
Currently over 40,000 ha of wetlands in Wisconsie dominated by RCG (Kercher and Zedler 2004).
However, RCG continues to be introduced for foragesion control (Figiett al.,1995), and has recently
garnered interest as a bioenergy crop. Howevetate there has been little consideration of angnatlly
harmful effects in wide-scale cultivation (Lavergaed Molofsky 2004).

Interestingly, reed canary grass is native to bWtith America and Europe (Marten 1985) and is
circumtemporal through the northern hemisphereopesn cultivars were introduced into North America
in approximately 1850 as a forage crop. A few widrth American populations of RCG have been
identified to predate European settlements, busethative populations were not considered aggmessiv
Since then, native and introduced reed canary draas coexisted in North America, making the origin
populations hard to assess (Dore and McNeil 1988)me common cultivated varieties of reed canary
grass include Venture and Palaton, which are knimwrave been bred from European strains and usad as
forage crop because of their low alkaloid cont&ifford et al.,2002).

As early as 1749, RCG was considered a good fopdayet in Sweden, prized for its ability to feed
livestock and prevent erosion. The earliest culSwaere especially selected for their vigour &s ine of
the first grasses to sprout in spring. Low alkadoddltivars are commonly used as a pure or miXanage
crop, or as persistent perennial cover for permapastures (Lavergne and Molofsky 2004). RCG hsg al
been utilized for the restoration of degraded sailsl waters. It has been used in the revegetatidn a
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stabilization of shorelines and even phytoextractaf soil contaminants. In addition, it is used for
wastewater treatment, removing ammonium, nitratd, mineralizing organic solutes. Interest in RCG ha
also arisen in its use as a bioenergy and pulperpapd fiber feedstock.

Throughout its invasive range, RCG can dominatenft® to 100% of habitats it invades (Lavergne and
Molofsky 2004). This phenomenon has occurred inridsota, Washington, Quebec, and Wisconsin. Reed
canary grass has also been noted as “everywhengéin Jersey (Parke, 2007). RCG has been shown to
progressively displace native plant species onrrig&ands and bank, increasing sediment deposition,
limiting water circulation and reducing plant inseliversity. Reed canary grass can outcompete aativ
plant species, resulting in monospecific stands altichately an alteration in ecosystem functionefe
canary grass has extensively invaded most wetlasgisavhere it is adapted in New York state and is a
problem for species diversity (Salon, 2008). Almidactors such as disturbance, changes in hydeadbgi
regime, and particularly nutrient runoff to wetlanthn enhance RCG establishment and vegetativadspre
Reed canary grasses’ capacity for early seasontlraapid vegetative spread, high stem elongation
potential, wide physiological tolerance, and higth#ectural plasticity make the species highlyraggive
under a wide range of ecological conditions. Drgenditches are used as dispersal corridors, pkatigu
those bordering highways. In terms of nitrate padly it appears that concentrations above 30mg
inorganic N/kg of soil strongly enhances the coritipet ability and dominance of RCG over native plan
communities (Lavoiet al.,2004).

Environment Canada has some awareness on theviaveaiure of RCG and created a resource page on
outbreaks in the St. Lawrence region, where theispds widespread around the river, mainly omidta
(Environment Canada 2008). Reed canary grass dtasima40% of cases where it is present and seems t
have a major impact on plant diversity in thesasi@igure 1). Environment Canada’s Canadian Vi@dIi
Services website has another online page deditateskd canary grass as a “principal invasive algn
part of a report detailing invasive plants and rtheology, impact and control options in North Arivar
(White et al., 1993). This report categorizes reed canary grasguéie invasive and notes that effective
control methods for reed canary grass in natuedsihave yet to be developed.
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Figure 1: Reed Canary grass outbreaks along the r8alawrence River in Canada; black circles
represent colonies where more than 50% of plant eoomities are dominated by RCG (Reprinted from
Environment Canada 2008)

The origin of invasive genotypes is not known husisuspected that they developed following regabat
introductions of European cultivars to North Amari¢Lavergne and Molofsky 2004). The invasive
genotypes could be either introduced genotypes toybaid between introduced and possibly even native
genotypes. The change in life-history and enviromale conditions responsible for the enhanced
aggressiveness observed between native and invgshatypes is not yet understood. However, both are
now found in similar habitats in both its nativedaimtroduced range. In its introduced range, thaesgr
takes over wetlands, wet grasslands, riparian aseab stream banks. RCG can also clog waterways and
invade wet sections of pastures in uplands. Inrahttonditions it is most commonly found growingrad
water margins, but once it is established it caguige drought resistant.

In the United States, Bormaat al.,(1997) confirms that both native and introducedis were present in
Wisconsin at one time, but little evidence of thaive strain remains. Both invasive and non-invasiv
native populations have also been identified inafiat(Dore and McNeill, 1980). Lavoiet al., (2004)
performed a historical review of RCG establishmenCanada, reviewing a total of 748 RCG herbarium
samples collected over Canada’s history, startiith the first recorded sample in 1820. RCG specBsnen
collected during the fcentury in places as remote as Lake MistassiniA&mtitosti Island do indeed
provide strong evidence that this species is ndtiveortheastern North America (Lavaeal.,2004). The
spatial distribution of specimens collected befd®25 suggests that RCG probably occupied mostsof it
present-day area at that time. There is no strafiderce that RCG expanded its distribution limits i
Quebec during the 30century. However, the species colonized sevenal siges within its distribution
limits in recent decades, especial
from 1963 to 1978. The spread wg
associated with nitrate pollution an
road construction in southern Quebe)
and with water level fluctuations of <l
the St. Lawrence River. Most “=" %
specimens were sampled near river® ﬁ
or lake shores, but the proportion of
samples collected along roads or
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the native and introduced plants, it sFigure 2. North American distribution of reed cang grass

not clear exactly how common the (Phalaris arundinacea) (Reprinted from Lavergne and
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2.1.2 Growth Patterns

In natural conditions, reed canary grass exhibgh hates of above-ground biomass production bexatis
high stem elongation potential and leaf producficeivergne and Molofsky 2004). Early growth and dapi
vegetative spread make RCG very aggressive in w@igs and marshes of North America (Lavergne and
Molofsky 2004). When in the vegetative stage, RG@ildts winter hardiness due to the storage of non-
structural carbohydrates in its roots. This featmables RCG to overwinter in the rhizome stagetand
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produce tillers early in the year, which providex@mpetitive advantage. Additionally, it allows for
persistent productivity into the fall. RCG is angegssive competitor. It can spread vegetatively eaml
grow into canopies with dense shade via a clonasidy, where it can wait for an opening in the ganto
emerge (Lindig-Cisneros and Zedler 2002a). It dao form adventitious roots and can undergo veiyetat
reproduction in response to flooding. It has bemmé to suppress root growth of native communities,
particularly at low nitrate concentrations. Thiglhiplasticity suggests that RCG does not exhilbiade-

off between its ability to compete for above-grousmad below-ground resources. Furthermore, RCG’s
competitive advantage is enhanced by higher watasld, a situation that puts native plant commaesitt

a disadvantage.

Different genotypes appear to display differencegrowth patterns. Sahramasal.,(2003) carried out a
field experiment evaluating wild, cultivated andeéding (elite) populations of RCG which were didde
into groups according to their origin. Fifty-thraéld RCG populations were evaluated along with gigh
cultivated varieties, and 14 breeding lines. Theeding lines were from Norway, Denmark, Austria,
Russia, Canada, Sweden, Poland, Switzerland arldnEinThe geographical origins of the cultivated
varieties include Russia, the Netherlands, Germ#rgyUnited States and Canada. Results indicatgd hi
biomass vyield potential of reed canary grass irsgédrom 7.9 ODT/ha to over 13 ODT/ha in the fourth
year after establishment. The overall average wedd 10.2 ODT/ha. Cultivars were found to produce
more ODT/ha than breeding lines or wild populatiohke wild group with the most northern origin had
the lowest yield while wild groups had a yield demito the breeding lines. Cultivars and breedingd
had highest biomass, highest shoot number and ghopbrtion, and a low straw fraction. This reprdse
the impact of breeding for forage, where plant dsaare usually cut several times during the growing
season and where regrowth capacity is the mostriamptatrait. Cultivars and breeding lines bredffmage
were also assumed to be the leafiest, but in falttvars and breeding lines had lower leaf aread an
biomass than wild populations. Leaf production i@snd to be reduced as a function of the tall, dens
stands with lower light levels that were establish€he northernmost wild group exhibited the pobres
agronomic traits from the biomass production poirfit view; however they also had the highest
overwintering ability. A similar comparison was @oby Sahramaa and Jauhiainen (2003), finding that
cultivated populations developed earlier than witgbulations, although they needed 3 more daysded s
ripening. Plants from northern groups were thestateaturing. Again, plant height was found to beagest

in cultivars and least in the northernmost groupe Tesults from Sahramaé al.,2003 and Sahramaa and
Jauhiainen (2003) are summarized in Table 2.

Yield (4" yr) HIGHER HIGHER HIGHER LOWER
Plant height HIGHER HIGHER - LOWER
Leaf fraction LOWER LOWER - HIGHER
Shoot fraction HIGHER HIGHER - LOWER
Shoot number HIGHER HIGHER - -

Leaf area (LAI) LOWER LOWER - -
Overwintering - LOWER - HIGHER
Seed development - EARLIER - LATER

Overall, these results reveal that between genetypeme characteristics may be amplified to enhance
invasiveness such as plant height, shoot produciwh propensity to form dense stands. However, it
remains unclear as to the impact of these differeran the overall invasiveness of the species. ,Thus
caution must be exercised when considering anytgpaas a possible species for cultivation becafise
both the possibility of interbreeding between waldd invasive genotypes and the likelihood of insega
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selection for invasive traits that are also de$&radgronomically. The high plasticity of the speacie
indicates that aggressiveness can be further ealdhoough breeding programs.

Reed canary grass exhibits a dramatic responseauttiemt additions by producing significantly more
biomass (Figiekt al., 1995). RCG was found to produce greater biomasnwthutrients were added at
low and high levels, becoming 35% and 195% morelpetve, respectively (Kercher and Zedler 2004). In
the latter treatment a four-fold increase in nérapplication resulted in a doubling of individiddmass.
Total dry matter production is optimized by nitrogapplication rates early in the season ranginmfeo
total of 280-336 kg/ha to as low as 168-224 kgthdower yielding years (Vetscat al., 1999). Split
applications of nitrogen do not further improvelg&above those obtained with the optimum nitrogea
applied as a single, early-season treatment. Fondgete concentrations ranged from 40 to 7230 ppm
(>3000 is considered dangerous) and were gredtlyeimced by rate and time of nitrogen application a
growing season conditions. Residual soil nitratk riit accumulate until the agronomic optimum nignog
rate was exceeded by 112 kg/ha. Results from thdysndicate that reed canary grass has an enamou
ability to take up nutrients. This response matigbuted in part to the large rhizome root syste#fmeed
canary grass, which has a high capacity for absgrbutrients. It can rapidly uptake nitrogen sosritem

soil and fertilizer in the spring, where it candiered (Lavergne and Molofsky 2004).

These rhizome root systems also have an importdatim nutrient cycling by recovering nitrogen from
aboveground biomass in the fall to be stored oviatew Nutrients utilized by shoots during the gnogv
season are remobilized to the roots during autuntchvéinter. The nitrogen content of shoots in autisn
about half of that for summer. In the winter, tbémtent is as low as 9—20% before nitrogen is relimed
back to the shoots for spring regrowth. These Higtrient reserves play an important role in thenfda
overall competitiveness. Nutrients stored in thet mver winter enable RCG to have an early growait s
to the spring season, something that annual pleeateot do, increasing its ability to outcompetehbot
annuals and other perennial species for light dhdraesources (Partadt al.,2001).

In general perennials allocate proportionally mbir@mass below ground than annuals do (Katterer and
Andren 1999). Rhizome-forming perennials like RG&arovide a higher allocation of biomass to below
ground plant parts than non-rhizome-forming peraingrass species. Up to about 50% of the total RCG
production can be allocated below-ground. This prtopn increases as plants get older, mainly due to
large increases in rhizome mass and/or stem bases.

Biomass allocation between above and below groesdrves is strongly affected by abiotic conditions
such as light, nutrient and water availability. rR&atend to increase their biomass allocation tovbe
ground structures when water supply or nutrientdlésreased. Accordingly with RCG, the highest
proportions of below-ground biomass are found umdmr-fertilized, non-irrigated systems. Under a low
nitrogen treatment, the root:shoot ratio of RCG wease than twice as high compared with a high-giro
treatment (Figielet al., 1995). This ratio was also found to further inceedse. roots increase their
biomass) as nutrient levels declined. These firglingicate that in resource poor environments, R@GG
allocate more energy towards survival and earlps@eayrowth the following year. Heavy N-fertilisatio
and irrigation are known to reduce the size andsnw@sroot systems relative to above-ground parts.
Nutrient addition can cause up to a 15% decreatigeinoot:shoot ratio and allow a 50% increasdonal
spread (Lavergne and Molofsky 2004). Timing is alsgortant in nutrient application. Relatively low
initial nitrogen addition rates can induce a higakwcation of mass to the roots.

Water availability also impacts biomass allocatiorthe rhizome. When water level or flooding freqcye
increases, RCG shows a decrease in root biomaxstdin and an increase in shoot biomass. Thi$ shif
may help in decreasing the biomass and oxygen dg&mérthe root system in conditions of greater
availability of water and diffusion of nutrientS&ome invasive genotypes of RCG showed an increased
allocation to below-ground biomass under higheerspecific competition in experimental conditions o
higher vegetation cover in natural conditions (Nson and Molofsky, 1998; Morrison and Molofsky,
1999). This response may allow increased resotiocage, which allows for enhanced winter survivad a
early spring growth.

Fast spring development has been identified agmportant contributor to high yield reed canary gras
biomass production (Sahramaa and Ihamaki, 20031z Ré&h effectively limit light to other competitors.
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Under ideal conditions, RCG underwent rapid hemyowth that produced a spreading horizontal canopy
that shaded its competitors and limited their groitavergne and Molofsky 2004). When grown in
competition with other tall species, RCG has beemws to alter its architecture by increasing isnst
allocation, which resulted in a higher shoot-lenggktotal-biomass ratio (Miller and Zedler 2003}s |
increased height allowed it to produce a largeopgrper unit of aboveground biomass. Taken together
these features make RCG an excellent competitolight because it overgrows competing species, and
this translates into the suppression of above-gtagrowth of coexisting species (Lavergne and Mdipfs
2004). Plant breeding for this trait could likehciease the competitive ability of energy grassdsi@mass
crops but also as invasive species.

However, light availability can also have an impaet reed canary grass productivity. Vegetative
establishment of RCG was higher under a late-deusdocanopy than in an early growing meadow
(Lavergne and Molofsky 2004). Heavy shade limitesvival and growth of rhizome fragments in a
greenhouse experiment, combined with a reductidigbf availability by native species cover limitéae
early growth of RCG plants. In fact, Kercher andll&e, (2004) found light availability to be the bes
predictor to end of the season above-ground biorimagsung RCG plants. Lindig-Cisneros and Zedler
(2002a; 2002b) found that native canopies thateclaapidly prevented RCG from establishing frondsee
regardless of the density or the number of thevaapecies. RCG was only able to establish seedtftgr
gaps were created in the canopy. They also fouatdatthigher diversity species canopy could redu€&R
establishment to 48% of that found in a single-msecanopy. They concluded that light availabilig,
affected by canopy complexity, controls R@Gtablishment from seed on moist wetland soil. Nega
relationships between canopy cover and RCG have Wwiaessed for the spread of transplants intorahtu
plant communities and for establishment of RCG freeed (Kercher and Zedler 2004). Results suggest
that, where conditions are favorable for nativenplgrowth, even species-poor canopies can inhiBiGR
establishment from seed, but when disturbancesecgsas, species-rich canopies confer greatertaasis

to invasion.

The allelopathic effect of RCG has been testedgno@omic studies and it appears RCG has no effect o
the germination or early growth of competing spedieavergne and Molofsky 2004). It seems quite
unlikely that allelopathy is the mechanism respolesifor invasion success of RCG. However,
experimental work on the allelopathy of RCG on mategommunities of its invasive and its native rang

are needed to explicitly test this hypothesis.

It appears that one of the main reasons for RCG¢sess as an invasive species is linked to itshhigh
aggressive rhizomes. Because of this prolific gystem and RCG’s ability to increase allocatiomaots
when grown in low moisture or nutrient conditiof®CG is an effective competitor for below-ground
resources (Lavergne and Molofsky 2004). This higteptial for plastic modifications in architectuaad
biomass allocation patterns, particularly underditions with limiting resources, must contribute its
prevalence under a wide range of ecological camuiti Once established, RCG exhibits low sengitiait
competition and may be very hard to displace, yiltiglked to its plasticity of morphological traitslence,
the implementation of management strategies ta RAG invasion must target these early stages. When
comparing the relative impacts of these differdaibtic conditions, Christiast al.,(2006) found that plant
growth was most affected by variation in nutrieevdl compared to variation in soil moisture or
interspecific competition. Therefore, a reductiomutrient loading, particularly in wetland areasuld be
an effective first step in limiting invasions o canary grass.

2.1.3 Reproductive mechanisms

Reed canary grass has multiple modes of reproductiocan reproduce both sexually through seed
production and asexually through the formationhifemes and tillers (Giffordt al.,2002).

RCG produces dense crowns and prominent networksgofous underground rhizomes, allowing for

aggressive vegetative spread (Lavergne and Molo2€l64). Once introduced, the plants quickly spread
through rhizomes and form large and dense monotg@ods that can dominate natural habitats. In
recently reflooded zones, RCG can also persisttoasng mats, which then form numerous nodes with
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adventitious roots. Fragmentation at these nodearees the spread of RCG until it completely chokes
water circulation in ponds and along shores.

Reed canary grass has a very high annual seedayidighroduces seeds in early summer. Some ofrgte fi
seed produced can mature and shatter before malseé afrop is ready for harvest, resulting in deseea
germination. Overall, RCG seeds generally have @oat irregular germination (Vose 1962), they can
germinate immediately upon maturation or after gmear of alternating temperatures (Apfelbaum and
Sams, 1987). Some seeds may not germinate for,\iearshese can retain their germination potential
during burial and form a persistent seed bank (Bat®99). Dormancy of RCG seeds appears to beodue t
a water-soluble inhibitor present in the seed (Vi862). Establishment of RCG seeds is possibleruade
range of moisture conditions. Germination requiigist and is best in moist soils, with highest geration
rates in water-saturated soils and a decline uimteased flooding (Lavergne and Molofsky 2004).
Lindig-Cisneros and Zedler (2001) confirmed thatngeation requires light and that virtually no
germination occurs in the dark. Highest germinati@ncentages (up to 80%) could be obtained under
white light and red light/far red light, which hégen show to be associated with germination ofrothe
invasive species and confirms that RCG is likelygadily establish seedlings after canopy disturban

Reed canary grass also suffers from poor seedligguy, increasing the length of time required for
successful establishment (Casler and Understand@4)2In 1993, breeding programs were begun to
improve seedling establishment capacity in reedigagrass. These were successful and new releéses o
these materials were planned for 2006 (Casler andek$tander 2004). Seedling growth is highest in
water-saturated soils and declines under increflseding, but is affected by moisture conditionsao
lesser extent than seedlings (Lavergne and Molo234). Nutrient level increased the growth of RCG
seedlings, even when grown in seedling mixturesvaasl shown to have a significant effect on enhancin
tiller and stem elongation. Establishment of RC&déiags into two-year-old wet prairie was enhanbgd
nutrient addition.

The genetic composition and diversity of an invasepecies may be important for determining the
potential for continued spread and rates at whighrhay happen (Giffordt al.,2002; Sakaet al.,2001).
High levels of genetic diversity may promote invasiess because populations with high diversity by
able to evolve to take over novel habitats. Bec&®GS6& has a wide geographic adaptation from material
adapted from western to eastern Europe, it hasogrgphically diverse bank of genetic material to
combine and form genotypes that thrive in a varadtgnvironments. This adaptability, together withh
yield, led to RCG being evaluated as a potentiakbérgy crop (Christian 1997). However, its genetic
variability may play an important role in its inWasness (Morrison and Molofsky 1999; Giffoed al.,
2002). Ecological studies have shown that genéfierdnces can translate into differences in swship
and growth (Morrison and Molofsky 1998, 1999; Maly et al.,1999).

To date, genetic studies have found that invaspeulations have high genetic diversity (Lavergne an
Molofsky 2004). Different RCG genotypes exist thatry in both their phenotypic plasticity and their
ability to grow under a wider range of ecologicahditions, which may have important consequences fo
survivorship and growth and contribute to invassutcess. Some genotypes are able to tolerate high
moisture conditions, while others are successfleurhigh competition, and still others exhibit athi
amount of phenotypic plasticity. In fact, Molofsle al., (1999) found that genotypic identity had the
highest impact on survivorship and growth when carag to other ambient factors such as soil moisture
community composition, and percent cover. In ateelsstudy, Morrison and Molofsky (1999) found that
genotype strongly influenced initial survivorshipitbdid not affect growth, and there were significan
genotype-by-environment interactions. For examplgenotype might regularly display high root biomas
under little competition, but in the presence ofnpetitors produce significantly more root biomaBkis
suggests that different growth strategies are comwithin populations of RCG and may be important in
allowing RCG to invade new habitats successfully.

Species that become invasive after being introdumida new range often experience genetic bottlene
and strong selection to adapt to their new enviemmA genetic bottleneck occurs when only a few
individuals founded a new invasive population atmrey, divergent selections occur when the escaped
individuals face a new environment. This situattan yield both a reduction in genetic diversity and
increased genetic differentiation between poputatidiowever, comparing invasive, wetland commusitie
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of reed canary grass that were suggested to hakreeehfrom cultivated populations, Gifford et §2002)
found that this relationship was not observed.dat,fsimilar genetic diversity has been documeited
forage, pasture and wetland populations of reediryagrass and samples did not indicate differential
selection. The highest level of genetic diversigsviound within populations (Marten 1985; Giffatal.,
2002). This suggests that wetland and pasture pbpob received their high genetic variability from
foundation, likely through multiple introductionand that large population sizes have been maimtaine
following introductions. Furthermore, the high amtai of genetic variability found in different
communities of reed canary grass are comparakigetamount of genetic variation found on other alon
perennial and out-crossing plants (Lavergne andofgkl 2004). This suggests that a high level ofegen
flow is still occurring between naturalized popidas and that seed and rhizome transfers may allow
populations to cross pollinate.

As the species bears both fertile and sterile ffo(eavergne and Molofsky 2004), self-incompatibil
systems have generally been suggestedFalaris arundinaceaHowever, interspecific hybridization is
possible. Hybrids oPhalaris tuberoseand the hexaploid race Bhalaris arundinaceavere made as early

as 1932 (McWilliam 1962). Spontaneous hybrids betwthese two species have also been reported in
California. Commercial hybrids produced from te&dploid form ofP. arundinacegknown asPhalaris
arundinacea L.)have reported low pollen viability and are consédeto be functionally male sterile.
However, out-crossing and fertilization of femdtafers with fertile male pollen from invasive coles is
always a possibility, leading to the creation ofvrend more variable genotypes. Therefore no gueeanit

the sterility of agronomic cultivars can be made.

Based on studies by Sahraneal., (2003) it appears that many cultivated varietieR6IG have similar
attributes to the more aggressive southern wildetias that were found to naturally have highemimss
yields, higher amounts of shoots and a higher dgpé&aor early season growth. In contrast, the more
northern varieties are slow to grow and do not fatemse stands. Therefore, it can be assumed that
invasive attributes have been encouraged throuaft gklection of RCG over the years. This seledtion
aggressive traits, combined with the wide toleranod plasticity of the plant that existed withireth
genotypes favoured for cultivation, all convergedaliow this plant to become highly successful wide
variety of ecosystems.

2.1.4 Climatic tolerance and range

Although RCG is a cool season species, its hagla winge throughout North America, and is not kahit
by many climatic zones (Figure 2). RCG typicallsogs best under cool and moist conditions. It is
typically found in a large array of wet habitatslsias wet meadows, wetlands, and lake shores, dgnam
river banks and floodplains and can outcompeteratiagive species under a range of water conditions
(Lavergne and Molofsky 2004). Although RCG is mpstvalent in wet areas, it is also found on upland
sites, where it can survive temporary droughtsebeétian other cool-season grasses. It is as draolghant

as many other cool-season grasses found in hunddsab-humid regions (Marten, 1985). RCG’s root
system has relatively high water use efficiencyd afastic cell walls, which help in maintaining gor
despite loss of water during periods of low wateilability.

Water regimes can affect vegetative spread and itifisence RCG's invasion success (Lavergne and
Molofsky 2004). Flooding has been shown to redueerall growth when compared to water-saturated
soils, with vegetative tillers growing better in istoand water-saturated soil than in flooded soil
environments. Vegetative establishment and spré&iC& seems to be favoured only under short-term
flooding or under cyclic inundations occurring 2 3odays per week. When inundated, height and tiller
production of RCG were reduced but growth resunfest araining. However, RCG is able to maintain

photosynthetic ability in submerged and anoxic @dmak for periods of time.

RCG has a naturally high concentration and divewitalkaloids from the tryptamine, carboline, giaen

and hordenine families, which make the speciesraliyuypoorly palatable (Lavergne and Molofsky 2004)
Several pathogens and herbivores have been foundR@G in its invasive range including fungi,
nematodes, insects and vertebrates. However, tten@mic strains introduced in North America have
been bred for a lower alkaloid concentration, whisha herbivoire deterrent, thereby increasingrthei
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overall palatability. As with all tall-grass spesjeheir natural predators (large North Americarbh@res
such as bison) have been removed from the natov@omment, which provides them with freedom from
regular cropping (a somewhat effective control nami$m) and increases their success as invaders.

In fact, in riparian areas, species diversity isuifht to be maximized through intermediate distncea
occurrences (such as those naturally provided bgrbietc.) as this is how this ecosystem evolvest ov
thousands of years (LaForge 2004). At low levelsdisturbance, diversity is reduced by competitive
exclusion and can result in the dominance of aqdar species. As an example, at low disturbaseels,
reed canary grass is very competitive, and can dmme prevent the establishment of woody specias th
provide the important role of developing bank dtaimig roots. Similarly, high levels of disturbande not
allow for natural succession, and allow very cortipéespecies to flourish, thus reducing diversityg ahe
health and function of riparian areas. Natural tlations in water levels and water movements (erosi
and deposition) may not be enough disturbance twimise diversity and riparian function. With the
introduction of disturbance through proper grazingnagement, woody species can re-establish. Though
conventional unmanaged livestock grazing has degraigparian ecosystems, under a properly managed
system, livestock used to mimic the patterns ofiggaungulates can improve and maintain ripariaaithe
and function (LaForge 2004).

2.1.5 Influence of environmental conditions

Under natural conditions, nutrient runoff to wetlans likely to increase RCG’s competitive domiranc
This may explain the observed correlation betwaggressive spread of RCG in wetlands that are iseclo
proximity to cultivated areas (Lavergne and Molgfs*004). In such cases, native species growth and
diversity was found to significantly decrease dsate levels increased due to above-ground conmpetit
with RCG.

In its native range, RCG persisted after intensoding that removed other species (Lavergne and
Molofsky 2004). Thus, in habitats subject to fregudisturbance, RCG may spread as species thégsme
resistant to disturbance are eradicated from thxtdta Riparian habitats may be especially vulnkrab
invasions because flooding, with its attendantieroand sedimentation, periodically makes new |iess
available. Also, human activities along rives oftgmange the hydrological regime, change the rates o
erosion and sedimentation, and disturb existingetaggn, thus providing opportunities for colongin
plants (Bormaret al.,1997)

Kercher and Zedler (2004) also found that the @&biinditions created by intensive agriculture artohn
development can synergistically interact to faaiBt invasions by reed canary grass. They found that
sediment loading combined with early season flogdioubled the biomass of RCG while simultaneously
reducing the biomass of resident species by 50%y Hiso found that nutrient addition combined with
early season flooding accelerated the rate of iomalsy approximately 30-50%. Finally, they foundith
nutrient addition and grazing can result in a domgbbf RCG biomass over expected levels.

The key features of RCG are its wide physiologittderance and its high degree of morphological
plasticity, when compared to native competing speciallowing it to, for example either increasestism
elongation capacity in light-deprived environmends,adjust its root/shoot ratio more than co-odogrr
native species in low nutrient conditions, allowiitgto displace many different native species along
resource and light gradients. The wide variationphysiological tolerance and architectural plastici
between and within genotypes, adds another layeowiplexity as to the widespread success of RC& in
multitude of ecosystem conditions.
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2.2 MISCANTHUS

2.2.1 History and invasions

The genusMiscanthusis a perennial rhizomatous grass originating i tifopical/subtropical regions of
Southeast Asia. It has been widely planted as aamoental grass in North America and Europe with
ornamental use for at least 70 years and is nowdf@myver a wide range, both spatially and climalycal
from the Pacific Islands to the mountains of Jaftameef and Deuter 1993).

More recently there has been increased intereshénspecies as a bioenergy crop for thermal enery
applications. Some cultivars dfiscanthus sinensiare also now grown in Europe for use as thatching
material (Jgrgensen 2008). There are twenty speiddiscanthusin this genus, including the 3 main
species that have been introduced into North Araefidiese includevliscanthus sinensi€Chinese silver
grass),Miscanthus floridulusand Miscanthus sacchariflorugsilver banner grass). The main cultivars of
interest from a bioenergy perspective currentlyngedleveloped in Europe are those Miscanthus x
giganteus Miscanthus sinensiandMiscanthus sinensibybrids. A concentrated research program on the
species began in Europe in the early 1990's. IrtiNAmerica, a sustained Miscanthus bioenergy feetist
research program has been ongoing since 2000. Hase been reported escapes of the species in both
Europe and the United States, the most serioushahwnvolve a “wild type” ofMiscanthus sinensisut

also Miscanthus sacchariflorudt is suspected that ornamental plantings ardably the source of the
invasive “wild type” that is now common in outbraak the U.S including western North Carolina, ¥l
Forge, Pennsylvania, and other areas in the miéitléantic States (UMN 2008). This wild type excels o
light, well-drained soils that are low in nutrieriisd marginal for crop production, such as roadsidewer
right-of-ways, along railroads, and steep embanksdrhey also prefer recent disturbances. The tyjpé

sets a significant amount of airborne seed, whsdhe primary method of disbursementbfsinensis

The most serious outbreaksMfscanthuspresently appear to be wikiscanthus sinensis humid warm
temperate zones of the eastern United States. HEpgsear to be concentrated in the zones of thesstdt
Pennsylvania, Kentucky, Ohio, North Carolina. Ir030Miscanthus sinensiescapes were found on over
140 km of interstate highway near Asheville, Pehrayia (Meyer 2003). Of particular noteworthiness i
that Miscanthushas also escaped in 18 of 88 counties in Ohios&hefestations are within the same
ecozone which extends well into southern OntariausTthe climatic conditions suitable fitiscanthus
sinensisnvasion appear to be present in at least onegiall zone of Canada. As the climate of Ontario
continues to warm through climate change predictimuels this would suggest thHdiscanthus sinensis
would increasingly be a serious threat to escape matural areas. In Ontaridfiscanthushas been
identified as invasive but the distribution as weedl the species of the escapees is not well dodethen
Feral populations oMiscanthusin Ontario have been reported near Port Stanleytlisof London, ON)
and north of Guelph, ON (Ambrose 2007). The escapdliscanthus sacchariflorudas also been
commonly reported in the Midwestern United statédowa and Minnesota which suggests it is more
drought tolerant thaMiscanthus sinensisThis may be attributable to its improved watee efficiency
which was previously reviewed. Common sites in Midwest areas are moist or wet roadside ditches.
Miscanthus sacchariflorudias also been observed as an escape in southwé&dbebec from garden
plantings in rural areas.
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Figure 3: Distribution of Miscanthus in the United States (Reprinted from

http://plants.usda.gov/java/profile/?symbol=MISCA).

2.2.2 Growth patterns

Miscanthusis ecologically threatening as it is aggressived ean quickly spread beyond its location from
previous years, establishing thickets that pretemtgrowth of other plants. It invades areas witleeesoil

is disturbed such as road sides, woodland bordeisckarings. In most production zonkkscanthus
typically takes 3 years to get fully established anoduce maximum yields. In northern Europe howeve
it make take up to 5 years to reach maximum yiéldfton-Brown et al., 2001). Once established,
Miscanthusis known to grow up to 3.5 m tall.

Priceet al., (2004) detailed thannual cycle of biomass accumulationMf x giganteus.“Rhizomes or
tissue-cultured plants are planted during late |A@nid May. In late spring, new shoots grow from the
crown, with rapid growth during May—July, produciongne-like stems up to 4 m in height. Shoot growth
continues through September and even into Octaeldelst full senescence occurs following the fingidts

of the autumn. During the end of the growing seasaitrients are remobilised from stems and leawes t
the rhizomes. The standing stems desiccate thrtlghwinter and are harvested between January and
April.”

Because of this efficient recycling of nutrientsvibeen above- and below-ground biomdsgkscanthus
exhibits the high nitrogen-use efficiency expectédC, plants (Beale and Long 1997b). Nitrate leaching
upon application is low and at harvest, the lowieat content of the crop makes a low offtake destie
moderate to high yield. In a series of evaluationgotential energy cropbliscanthuswas found to have
the highest response in biomass accumulation dsstsresult of nitrogen fertilizer additions congahwith
other perennial crops such as switchgrass (Boekinal., 2008). It was also found to have the highest
primary net energy yield (the difference between ftibtal yield and the energy used in productionjhef
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perennial crops evaluatellliscanthuscan thrive in nutrient-poor conditions. Becausehafse properties
and overall high nutrient use efficiendyljscanthuscan readily combine high yields with low inputherl
low N demand is largely attributed to the transtmraof nutrients to the rhizomes in the fall. Idigen
application rates of 50-70 kg N/ha are commonlpnemended after sprouting in the spring (Lewandowski
et al.,2000).

Although most ¢ plants experience limited growth in temperate sahge to the cooler temperaturlk,x
giganteusis able to realize the high photosynthetic pottmtf C, plants under temperate field conditions
(Bealeet al., 1996). G species are thought to have a muted photosynthbtlity at low temperatures
(Bealeet al.,1999). The photosynthetic ratesMiscanthudeaves can be similar for both % and 25°C
temperatures which is quite unlike most othercps which experience serious declines in prodtgt
below 15C (Naiduet al., 2004). In generalM. x giganteusexhibits a high efficiency of photosynthetic
radiation use, nutrient use and biomass accumula@i@n though its canopy development does not start
until late in the spring in temperate zones (B448189).

Miscanthushas also been noted to be considerably more stwdelant than other native warm season
grasses (Meyer 2003). In studies bhiscanthusescapes at the Biltmore Estate in North Carolina,
Miscanthuswas found to be spreading in woodland settingsyevi¢2008) noted this is of significant
concern as eradication by mowing or herbicide aptibn would be very difficult in a forest undensto
situation. In its native range in temperate-mesigion of JapaniMiscanthus sinensisccurs as a typical
semi-natural grassland community as a serial stagecondary succession to tree species (&drel.,
1988). This succession from grassland to foress amé occur readily however, since the light peat&in

at ground level under a dense grass canopyisdanthusmay be as low as 2-3 % of full daylight. Still, in
North America, the most extensive escapedviigcanthusare generally located in open areas along
roadsides, where up to 160 km stretches have legented as infested (Meyer 2003).

Miscanthusbiomass production in Europe has been highly b&iaepending on year and location, and
unfortunately field yields recovered fromliscanthus plantings have been poorly documented. An
important research area is to assess the actudligtiaity of several known productive cultivars erfiergy
grasses such adiscanthusunder field conditions over at least a 5 year qebnvith best management
practices employed. Recovered field yields fromuraplantings in Europe suggest that yields arénén
order of 7-8 ODT/ha (Clifton-browet al., 2001; Clifton Brownet al., 2004; Lewandowsket al., 2000;
Nixon and Bullard 2003). Yields of 7-8 ODT/ha woudd similar to the recovered yield projections tfog
native grass switchgrass in Eastern Canada (Saetsah, 2008).The most comprehensive comparative
study of biomass yields fromfliscanthushas been a mid winter harvest studyMicanthusgiganteus
upland switchgrass, lowland switchgrass and reedrgagrass performed in the UK (Riche 2006). This
study found that improved lowland ecotypes of shgtass were similar in yield tdiscanthuggiganteus
Both species outperformed upland switchgrass eestylm North America, the only studies performed on
Miscanthusand switchgrass yields has been done by the Wsiiyeof Illinois at three site locations in
small plot research studies. However, only one guéinated short season genotype of switchgraasec
in-rock, was tested against the late maturing liybtiscanthus giganteusCave —in-rock switchgrass is a
genotype that is considered to have a low proditigtosompared to later maturing, winter hardy lowdan
switchgrass ecotypes such as Kanlow and High TAdewell hybrid switchgrass crosses made in the US
Midwest using Kanlow switchgrass as a parent, lehéeved yields that are 30-38% higher than Kanlow
(vogel and Mitchell, 2008). Thus more effective quarisons ofMiscanthusecotypes with native north
American energy crop grasses need to be undertakerore effectively make the case for the need to
cultivate introduced ggrasses such adiscanthusn north America.

Some structural differences have been observedeeetWiscanthusgenotypes. For exampl®liscanthus

X giganteusis known to allocate more resources to root growthother example includedliscanthus
sinensisfound to have a smaller leaf area thdiscanthus. x giganteuand Miscanthussacchariflorus
(Clifton Brown and Lewandowski 2000a), however thidationship can be affected by varying water
levels and temperatureldl. saccharifloruswhich is less commonly tested in Europe has gotalit height
but a lower shoot density. From European studieteinperate regions by Clifton-Browet al., (2001),
typical shoot densities for productive clonedMiscanthus sinensiandMiscanthus sinensisybrids range
from 100-200 shoots/mand plant height typically varies from 1.7 to 2nétres.Miscanthus x giganteus
has lower densities of 60-100 shootsand is commonly 2.5-3.1 m tall. Shoot numbers emérgence
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from roots is significantly correlated with the aage monthly temperature suggesting that a wanmaté
advances the date of tillerings, and shoots bedatie as they emerge earlier, leading to overaitéased
biomass (Kobayashi and Yokoi 2003). The late enmrergeof shoots in the spring or damage from late
frosts when shoots emerge too early can resiMigtanthusgenotypes producing yields lower than their
potential (Clifton-Brown and Lewandowski 2000a).

2.2.3 Production considerations

There have been some significant challenges expmik in producingMiscanthusin Europe, which
include: 1) high establishment costs due to diffiguin establishment; 2) lack of winter hardingasthe
first year; 3) large losses from overwintering ahdrvest; and 4) high moisture requirements
(Lewandowskiet al.,2000). It is widely recognized that the biomassdpiction ofMiscanthuscan be very
high on sites where adequate moisture is presemtever many locations in southern Europe have an
insufficient water supply in order to obtain vialyields. High establishment costs are a major caimitin

all locations, mainly due to the cost of purchaginigome materials. As with all GpeciesMiscanthus x
giganteusis difficult to establish, stands generally fill only after several years. Because of low seed
virility, it must be established vegetatively from rhizome @ed&eed control is critical for rapid
establishment and fertilization during establishtrismot recommended because it only encouraged wee
growth.In a recent study in England, total estdinlient costs foMiscanthusaveraged €1779 euro/hectare,
compared with €280 Euro/hectare for switchgrassl{&R2006). This high establishment cost will simij

be a major constraint for the developmenMidécanthusn Canada on marginal farmlands which have low
land values. The winter hardiness problem Wiiscanthuss largely confined to certain genotypes and the
establishment year. Winter hardiness problems asigrdficant level of risk to the producer becaoééhe
high initial cost investment required for the rhize planting material.

Delayed harvest dfliscanthusuntil the spring would significantly improve ituglity as a biomass fuel.
The main reason for this is that the crop has eskeely high in moisture in the fall and has undaisie
chemical elements which negatively affect the daadion and combustion processes. In studies in
England assessinffliscanthusand lowland and upland ecotypes of switchgrass, thaame moisture
content at mid winter harvest was 51.6%, 49.4% 28.@% for these three groups, respectively (Riche
2006). The moisture content of energy grassesraebtis largely dependent on both maturity of ghess
and stem diameter (Samsen al., 2008a). Although there has been some variabildted between
genotypes (Jgrgensen, 1997), in genktiatanthushas high levels of aerosol forming compounds sagh
potassium and chlorine. These chemical compoundscaase high emissions of fine particulates upon
combustion which create corrosion problems in bsil@bernbergeet al., 2007; Samsoret al 2008a).
Delayed harvesting dfliscanthussubstantially improves the biomass quality for bostion as many of
these compounds can be leached out over the wintierthis approach is less effective where taktkhi
stemmed productive crops are grown (Lewandovetkal., 2003). It is now recognized that thinner
stemmed species such as upland ecotypes of svakhbave improved fuel quality ovdiscanthusand
other lowland ecotypes of switchgrass as they haresiderably thinner stems (Samsemal., 2008b).
Overwintered switchgrass in eastern Canada hasfbaad to have 0.06-0.10 % potassium (Sarnetaa.,
2005; Samsomt al., 2008a) whileMiscanthusin Europe has been found to have 0.31-1.28% patass
(Lewandowskiet al.,2003). It is likelyMiscanthusbreeders will select for thinner stemmed mateirathe
future to improve fuel quality.

The delayed harvest system is ideal, however tisesignificant loss of dry matter between the peioat

the crop matures in the fall and the field recovefyhe harvested biomass in the spring. Duringtevin
most of the leaves and the non-woody tops of thatphre broken off (Lewandowskt al.,2000). In a
review of Miscanthusyields in Europe, the peak yield in the fall wasirid to decline by approximately
0.3-0.36% per day with delayed harvesting in thengp(Clifton-brownet al.,2001; Clifton Brownet al.,
2004). These losses vary considerably by locatioh year. In Germany physical losses from the fall
period to spring harvest in March amounted to 1%285 the fall yield, while in The Netherlands loss#
between 29% and 42% were recorded during the samadp The peak yield that can be obtained through
the delayed harvest system in Europe was estintatdse 33% lower than fall yields at 12.6 ODT/ha
(Clifton Brown et al.,2004), however these spring harvest values dicowosider recoverable field yields.
Additional losses occur from during the harvestcess and in the crop stubble not removed during the
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mechanical harvesting process that could poteytiadl reduced. Estimates from Germany are that an
additional 25% of the biomass is lost during thevhsting process (Kath-Petersen 1994 in Lewandoeiski
al., 2000). In England, losses from using a mower cdomir and baler harvest system in the fall produced
yields of only 1.5- 6.2 tonnes/ha, a value 20-20%dr than delayed spring yields (Nixon and Bullard
2003). Large losses of biomass from winter breakageé harvest losses during mowing and baling
operations have also been reported with springaséed switchgrass in North America (Adétral.,2006).

A further 17% of biomass is left in the stubble {i&etersen 1994 in Lewandowsdd al., 2000) and
additional storage losses of 7-10% dry matter ¢fming harvested bales stored at 25-30% moistane e
expected if wet material is placed in storage (davgki 1994). Considering all of this, the total seered
biomass may amount as low as one third of the bésn@vailable before winter (Lewandowsi al.,
2000). More recently a new technique has been dpedlin Canada to fall mow switchgrass and then
directly bale the material from the windrow in thgring as a means to prevent field breakage antlineac
harvest losses (Samsenhal.,2008a). This system has resulted in 21% highedyietcovered than when
the material was spring mowed and baled. Machingelsted spring yields are approximately 30-35%
below the fall biological yield in the case of sefigrass (Samsoet al.,2008a), This technique if applied
to Miscanthuscould further increase its harvest yield.

2.2.4 Reproductive mechanisms

Miscanthusgenotypes can reproduce by both rhizomes and .s@sdsallMiscanthuss considered mainly
as bunch grass however it can exhibit varying degEf aggressive rhizome behavibliscanthusalso
typically has high shoot densities emanating friwen thizome systems. Underground biomass production
of Miscanthushas been estimated to be 40% of the above-grastadding plant biomass, with new
daughter rhizomes produced each year from the mdtimomes, and surviving up to 4-5 years on averag
(lwaki 1979). The above-to-below-ground ratio Mfscanthusis estimated to be between 0.66 to 0.76
(UNM 2008). The rhizome spread bfiscanthusin North America appears to be mainly identifiedhw
Miscanthussacchariflorus This cultivar develops extensive creeping rhizemdile other cultivars such
as Miscanthusx. giganteusexhibit intermediate rhizome vigor (Meyer and Tz 1999). Overall there
appears to be lack of understanding of rhizome pcrggreading potential of the variobdiscanthus
genotypes.

Over the last 10 years there have been ongoingestaes the mechanisms bfiscanthusinvasions in the
United States. These have found that plant mutgitbon through self-seeding is presently the mesbas
problem contributing to the invasive natureMiEcanthus Miscanthusseeds have an average seed weight
of 0.96 mg with an annual seed production of 64-862ds per plant (Hayashi 1979; in UNM 2008).
Watanabeet al., (2001) examined seed banks in plant communitiesfamad the quantity oMiscanthus
seeds per square meter to range from 30-630.

Miscanthuswvas generally considered self-incompatible, megttiat an individual plant grown in isolation
without another species or cultivar could not ulsudévelop seed (UNM 2008). However, the self-seede
“wild type” plants which have invaded natural areas unique genotypes that have the ability tohilg 50
any more than two of these plants can easily s&t aad breed to create new combinations. Resetthh a
University of Minnesota has examined the seed dymrtion of 41 taxa oMiscanthusgrown from nursery
collections in hardiness zones 4 through 7 (Meyer Bchnida 1999). The research identified that sstd
and germination concerns were highest for zoneswhére germination rates ranged from 14-47%. Seed
set also appeared most productive in the cooleatifess zones and lowest in Zone 7 (the warmestosiet
evaluated). In fact, most taxa had low germinap@ncentages in Zone 7, with the exception of figur
sinensis cultivars: Puektcheh ‘Gracillimus, ‘Malepartus and ‘Silberfeder. Although germination
percentages tended to be lower in zone 4 versusszib, the shorter growing season did not elireinat
viable seed and the potential for invasivenddsere was a great deal of variability in seed potida
within the cultivars, some produced high volumessekd with high germination rates while others
produced either no seed at all or insignificantrii@s of seed with no germination. Eleven of #fe
accessions were found to have less than 18% getiomin@end were considered of less risk of self segdi
and becoming invasive from ornamental plantingse lflowering types in each zone were a significant
portion of those identified as setting little or seed Miscanthussinensisand Miscanthussacchariflorus
were identified to be capable of producing seedh\gitod germination which is consistent with pregiou
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research (Matumura and Yukimura, 1975). These teesulggest that further assessment of factors asich
anthesis, lowering period, self and cross-pollmatnd incompatibility is required.

Seed production is not the only important factothed studies have shown that plant sterility carvésy
important in the spread of invasive grass spebdléscanthusin particular is known for exhibiting common
interspecific hybridization, which often gives risemany sterile hybrids (Scalbt al.,2001). Meyer and
Tchida (1999) suggested that the ploidy level#afcanthusmay affect sterility both within and between
Miscanthusspecies. Crosses between tetraploid and dipladitrén triploid hybrids with sterile seeds
which are presently causing no self seeding (Jegerand Muhs, 2001). Classification of the various
Miscanthusspecies can be found in Table 3:

M. sinensis Heavy Diploid, triploid and Do not plant or seed

(“wild type” or tetraploid

“species”)

M. sinensis Variable by cultivar - Diploid, triploid and OK for managed areas where

(“ cultivars” — usually little or no seed | tetraploid plants can be watched for self-

'Autumn Light' to set seeding.

'Zebrinus')

M. sacchariflorus Variable by location - is| Variable - diploid through| Undesirable due to persistent
known to produce seed | hexaploid vigorous rhizomes

but may not set seed in
the Midwestern US

M.x giganteus Pollen sterile triploid, Triploid OK
appears unable to set
seed

Many of the Miscanthuscultivars proposed as a commercial crop in Eurape sterile hybrids of
Miscanthus x giganteus naturally occurring sterile hybrid which origted in Japan. As identified in
Table 3, the triploid or allopolyploit¥l. x giganteuss a potential clone for biomass plantings becatuse
does not produce viable seed and must be reprodeggdatively. Research plots located in Denmasie ha
shown that the rhizome systemsMf x. giganteugpose little risk, spreading at a rate of 1.5m ¢\25
years (Jgrgensen 2008). It is suggestedNhat giganteusvas derived from a cross between a tetraploid
M. sacchariflorusand diploidM. sinensig(Linde-Laursen, 1993), resulting in a sterile hgbin 1935, a
sample ofM. x. giganteusvas collected in Yokohama, Japan and subsequglathfed in Denmark. There

it was found to retain productivity even in thatotalimate (Lewandowsket al., 2000). Based on this
observation of vigorous growttM. x. giganteuswas proposed as a biofuel feedstock in the Europea
Union and extensive field trials have been perfatitiere since 1983 (Jgrgensen 2008). Otiscanthus
species have since been identified with some tdaisirable over those M. x. giganteusind are currently
under investigation for cultivation. For exampliee tUniversity of Guelph currently has 28 genotypés
Miscanthusunder replicated tests at 3 locations in Ontaftichers, 2009).

There is an outstanding concern that needs furtfesessment regarding the invasive potential of
Miscanthus Although allopolyploids are considered not to quoe viable seed and must be reproduced
vegetatively, this is not a guarantee of contingedility (Raghuet al.,2006). As with reed canary grass,
Miscanthusbears both fertile (female) and sterile (male)dts and is considered self-incompatible. One of
the main concerns is that hybrid clones of highldjig biomass types such ad. sinsensis,M.
Saccharaflorusor M. x. giganteuscould outcross with wild escapes Mfscanthus sinensibybrids from
ornamental plantings. Meyer (2008, 2003) suggésteetmay be some potential that viable pollen lagndi
on cultivated populations of male steri x giganteuscould produce viable seed, particularly if the
growing season is adequately long to mature seddhas risk requires further study. The probabitity
wild biomass ecotype escapes occurring will inceeas wild ecotypes d¥l. sinenisiscontinue to spread
and commercial plantings of biomass ecotypes sadh. x. giganteusr new experimentals are cultivated
on a commercial or plot scale. This would be prigjddo occur in longer growing season areas witimwa
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summers where seed maturity from late floweringrzies ecotypes could produce mature seed. Studies of
invasive G grasses have also found that sterile plants camatenun England, a sterile hybrpartina
grass was found to be the source of a spontandwamosomal doubling which resulted the formation of
an invasive fertile weed (Thompson, 1991, Simbé&rkd08).

Not only is Miscanthusknown for commonly exhibiting interspecific hybrigition by crossing with both
native and cultivated genotypes, solliscanthusgenotypes can form intergeneric hybrids with specif
Saccharum(sugar cang(UNM 2008). As cultivated biomass ecotypes spe@idl be selected for high
and rapid biomass growth introducing such genes witd population pools could further increase the
aggressiveness of the species. AlthoMyhx giganteuss considered as a non-invasive clone, at least one
of its parents is aggressively invasive in north ekita, and its potential as a biofuel crop shoutd b
approached with great caution (Simberloff, 2008).

2.2.5 Climatic tolerance and range

Miscanthushas a high rate of photosynthesis in a wide rarigenoperatures. It is widely recognized to be
more chilling tolerant than most warm seasargfasses and can initiate growth early in the seadae of
the main reasonbliscanthusis considered as a species for biomass produdidts chilling tolerance
compared to most warm season grasses. This celdtale has been attributed to its ability to susfcdlg
produce relatively high levels of enzymes at cotdenperatures (Naidet al.,2004). Some newer cultivars
in the ornamental trade have been found to havepaable winter hardiness into zones 3 and 4 (Meyer
al., 1998; Davidson and Gohith998). However, even withikliscanthughere appears to be major chilling
tolerance differences. Winter-hardiness is a miggaitation of M. X. giganteusthe main cultivar currently
being considered for biomass production.

In biomass energy studies in Europe, it has beemtified through artificial freezing tests of falarvested
rhizomes oM. x giganteusandM. Sacchariflorusn the establishment year, that 50% of the rhizomere
kiled (LT50 test) when exposed to temperatures below°c3.4This was consistent with the field
production experience in Sweden and Denmark whianeds were winterkilled. However one of thke
sinensishybrids tested had a 150 of -6.5°C. This genotype had the highest survival ratdeld studies in
Sweden and Denmark (Clifton-Brown and Lewandow&000b). At northern sites in Europe, soil
temperature at 5 cm depth often drop belo%-which is a contributing factor to the high lossésewly
established stands (Lewandowskial., 2000). Increased winter survival rates have beeorted when
rhizomes are more deeply planted or a mulch cof/straw or cover crop is used (Schwaitzal., 1998).
M. sinensishybrids were also to have earlier shoot emergender cooler temperatures then bothkhe
x giganteusandM. sacchariflorusgenotypes (Farredit al.,2006).

It appears that significantly more winter haidiscanthusecotypes can be developed through the breeding
of Miscanthussinensishybrids. Improving winter hardiness in Europe li@ady a major breeding priority
for developing the species as a biomass crop.déessful, this could expand its production zones iin
could emerge as a main biomass energy crop if giheduction limitations can also be overcome.
Accordingly, breeding for improved winter hardinessd chilling tolerance could move the ecozone
adaptability ofMiscanthussinensisinto a large adaptation zone within Canada. Howewereasing the
cold-tolerance of this species also presents aicerisk of interbreeding and carrying this traiteo into
more aggressive, introduced genotypes, furtheeasing their risk of being invasive.

Miscanthusoriginated in grassland and meadow vegetation zandapan and has no strong affinity for
wetlands, although it has been recently identifjiemlving successfully in moist ditches and disturbeghs.
Miscanthuswater use studies in Europe have indicated itggses a range of water use efficiencies (WUE)
between genotypes (Clifton-Brown and LewandowsKiQ@b). In general, however, although it has a
higher WUE that gcrops, water availability will often be the factioaving the most impact on yields in
Miscanthus Water use efficiency studies of grasses in Néwtierica have also demonstrated soil water
holding capacity affects the efficiency of watee (Samsoret al.,1995).
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Cosentincet al., (2007) found water use M. x giganteudo be in the range of 2.56-4.83 g dry matter/litre
water. Other research witfl. x giganteusvas found to have results of 2.88-3.57 g dry méitte (Foti et
al., 1996).Miscanthusgenotypes appear to possess significantly diffesgategies to cope with moisture
stress. For examplgiscanthus sinensigas found to develop a smaller leaf area thlkr giganteusand

M. sacchariflorus(Clifton Brown and Lewandowski 2000a). When resé&d water supplies occurred,
Miscanthussinensisleaves stayed green while significant brown leafof the other two genotypes
occurred M. giganteusproduced the lowest yields under restricted watgplies, which was attributed to
the plants ineffective closure of its stomata tduee leaf conductancédiscanthus x giganteualso
allocates more resources to root growth comparedhter genotypes howevbt. sacchariflorusproduced
the most aboveground biomass with the least watkeall genotypesM. x giganteusvas the least adapted
to a restricted water environment. The WUE of theeé species ranged from 4.1 g DM/kg waterNbr
sacchariflorusto 2.2 g DM/kg water foM. x giganteusThe improved WUE ofl. sacchariflorusmaybe a
factor in the plant being an invasive species irranarid environment of the US Midwest where it is
reported as an escape in lowa and Minnesota.
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2.3PHRAGMITES AUSTRALIS
2.3.1 History and invasion

Phragmites australigs a tall, perennial, cool-season @rass ranging in height from 0.9 to 4.6 m. Reed,
common reed grass, common grass, giant reed, cass, geed grass, roseau cane, and roseau comenun ar
some of the usual vernacular names for this spe@desbyshire et al., 2000; Marie-Victorin 1995).
Phragmitesis becoming a nuisance in prime agricultural lavidere it obstructs drainage ditches and
competes with adjacent crops. The large rhizomekeoplant allow it to form large colonies. Othactiors
that may have favored recent invasion and spredéhcdgmitesinclude increases in soil salinity (from
fresh to brackish) and/or nutrient concentraticaspecially nitrate, the ability to thrive in highécidic
wetlands, and aggressive competitive abilities ofarninvasive genotypes (McNabb and Batterson 1991;
Metzler and Rosza 1987 Rawinski, pers. comm. 188B8Jarks et al., 1993). In natural wetlands, it can
reduce diversity, replace native plant speciesl@&000; Saltonstall 2002; Lavoie et al., 2003) amy
affect habitat quality and possibly ecosystem fiomsgt (Weinstein and Balletto 1999; Gratton and enn
2005). Phragmites could also lead to detrimental consequences in hNa@nerican tidal wetland
ecosystems through alteration of resource utiimatmodification of trophic structure or createharmge in
disturbance regime (Mack, 1996). As populationstioole to spread aggressively, the species is recpiv
increased attention for its ecological and econoeffects on both natural and anthropogenic systems.
There is generally no economic, agricultural orlegizal use ofPhragmitesin North America and
eradication programs are very common.

The genu$hragmiteshas three specieBhragmites karkgRetz.) Trin. ex SteudBhragmites mauritianus
Kunth, and Phragmites australi§Cav.) Trin. ex Steud. The first is found in thegyimns of Polynesia,
Australia, tropical Asia and West Africa. The sedanhabits central Africa and the third, which hhe
widest range, thrives in all temperate zones oftbed, from the tropics to the F(parallel (Haslam 1972;
Marie-Victorin 1995; Mousseau 198A. australishas the widest geographical distribution of anyvéo
plant (Figure 4) (Tucker 1990), and in Canads ihow present in all provinces (Mal and Narine 200
Phragmiteshas been present in North America for at leastBy€ars (Breternitzt al., 1986) but was
historically considered to be a minor componenthaf wetland plant communities. Its abundance has
increased dramatically in the last 150 years (8attdl, 2002) and it is now considered a nuisapeziss
(Chamberset al., 1999; Gervai®t al.,1993; Mal and Narine 2004). A non-native, aggressitrain was
introduced to North America in the early 20th ceptand the recent expansion Bfiragmitesinto tidal
habitats is thought to be due primarily to this enaggressive genotype from Europe (Wilcox and @etri
1999; Saltonstall, 2002). In Canada, this introdugenotype has only become frequent over the past 2
years (Catlinget al., 2003), but has now virtually eliminated most of thative population along the
Atlantic coast of North America (Saltonstall 2003 ative North AmericaPhragmitedineages have been
recognized as a subspeciesPofaustraliscalled Phragmites australisubsp.americanugSaltonstallet al.,
2004). Native genotypes persist across the corienwever the Atlantic coast has been largely nake
over by the introduced variety with native popuwat now found in only a few sites. Native genotypes
found throughout the Midwest, particularly in naluareas, but introduced populations are also cammo
along roadsides and along the shores of the Gadatd. West of the Rockies, native populations peasi
many sites but introduced ones are found in urlbr@asa Another variety is found in southern North
America from Florida across to the Gulf of Calif@nvhich cannot be described as native or non-edtv
the Continent due to its presence in Asia and S@uatkrica. IntroducedP. australiscan also be found in
the Mississippi River Delta (Saltonstall 2006).
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Figure 4: Global geographical distribution of P. atralis (Edwards et al., 2007); red areas in redoresent the
highest probability of P. australis occurrence, wigas those in dark blue represent zero probability.

Phragmitesis highly variable having at least 42 different pbg/pes. Although some of these differences
can be reflected by genotypes, large morphological physiological differences also occur between
clones, indicatindPhragmiteshas a high architectural placidity (Ki#t al.,1999; Pauca-Comanesetial.,
1999; Rolletschelet al.,1999; Clevering and Lissner, 1999). Field and expental studies have already
shown that “haplotype M” produces more shoots aasl & higher growth rate than native haplotypes in
both freshwater and saline environments (Vasaied., 2005). It also grows taller, exhibits greater fresh
biomass, and produces more leaf and stem biomassitd native counterparts (Leageeal., 2006). In
less than 20 years, a complete shift occurred, tlerdominance of native genotypes to the dominafice
the exotic genotype haplotype M (Jodeiral.,2008).

2.3.2 Growth patterns

Phragmitesgrows in marshes and swamps, on banks of streathtakes, and around springs. It grows
best in firm mineral clays and tolerates moderatmisy and is found on sites that are seasonatigded
with not more than 50 cm of water (Leitheatal., 1976). Phragmitesis often co-dominant with other
wetland plants including species from the followmgneraSparting Carex NymphaeaTypha Glyceria,
Juncus Myrica, Triglochin, Calamagrostis Galium andPhalaris (Howardet al., 1978, in Markset al.,
1993).

Phragmitesis a sod-forming grass with culms that are ered hollow with a diameter of 2.5 cm in
diameter Uchytil (1992)Phragmitesis readily identified by its height; it is the &t grass in many
southern marshes and swamps (Leithead, 1976), lsading has been noted as possibly the primary
mechanism by which it excludes competing plantsn@linton and Bertness 2003hragmitesplants
range in height from 2 to 4 meters tall and arenteated with a dense 30 cm panicle (Uchytil, 1992;
Leithead, 1976). Leaves are 25-50 cm long and ir5wvide. In Maheu-Girouz (2005) it was determined
that this macrophyte reproduces primarily vegegdyithrough a vigorous system of rhizomes and s®lo
(Bestet al.,1981; Haraet al.,1993; Markset al.,1994). “Stolons, also called “legehalme” (long rars),

can play a significant role in clonal growth asytlean extend to distances of 10-15 meters per gipwi
season and can develop from both aerial stems kimdmmes (Haslam 1969; Weaver 1960). Rhizomes
remain physiologically integrated, which allowsmés to continually move and access resources (gtara
al., 1993), allowing the species to escape stresseaupport new shoots along invasion fronts (Bad a
Hartman 2000). Individual rhizomes live for 3 toy6ars. Clones and colonies are long-lived and can
persist for over 100 years (Haslam 1972; Rital.,2000) and perhaps more than 1000 years by vegetativ
reproduction (Rudescet al.,1965).”
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Phragmitesbegins growth in the late spring usually after et frost. Individual buds develop at the base
of the rhizome late in the summer each year (MabBiauz 2005). These buds are formed the previdus fa
and are the first to emerge, with smaller buds gmgrlater (Cross and Fleming, 1989). These buds
mature and typically grow about 1 meter horizogtéllp to 10 m in newly colonized, nutrient-rich asg
before terminating in an upward apex and going dmtnuntil spring. The apex then grows upward into a
vertical rhizome which in turn produces buds thdk farm more vertical rhizomes. Vertical rhizomako
produce horizontal rhizome buds, completing thestative cycle.

Shoots emerge in late May in southern Manitoba (itgon and Shay, 1985), in April or May in
Connecticut (Haslam, 1969), in February in the Beast (Leitheaét al.,1971), and from April to June in
Utah (Cross and Flemingl989). The period of shoot emergence may last ftam 3 months (Cross and
Fleming, 1989). The shoots are sensitive to frbst, Phragmiteshas adapted some mechanisms to
improve its cold tolerance. For instance, if ldlley frost, one to three side shoots develop frioenside of
the frosted shoot (Haslam, 1969). Spring-formedsharé small and remain dormant below the soil sarfa
ready to emerge as a replacement crop followingudiance (Cross and Fleming, 1989). Following
emergence, stems grow rapidly (up to 4 cm per day)southern Manitoba stems attain their maximum
height by the end of July and maximum biomass hyAigust (Thompson and Shay, 1985). If stems fall,
intercalary meristems located at the base of eatdrnode, enable fallen stems to curve upwards and
continue their growth (Dahlgreet al., 1985).The foliage stays green until frost in thié fand thereafter
becomes brittle and turns a pale yellow, while staemain standing throughout the winter (Cross and
Fleming, 1989).

Marks et al., (1993) suggests that increases in nutrient coratiotis, especially nitrates, are primarily
responsible for increases Phragmitespopulations. Ironically, eutrophication and incessn nitrate
levels are sometimes blamed for the declinB.cdiustralispopulations in Europe (Den Hartegal., 1989,

in Markset al.,1993). Phosphorus has also been identified as ia lin@ting nutrient inP. australisstands
(Auclair et al., 1976; Lippertet al., 1999; Minchinton and Bertness 2003). A greenhougee@ment
performed by Minchinton and Bertness (2003) showed with increasing nutrient levelP, australis
allocates proportionally more of its biomass towagyound structures used for spread than to belmmgl
structures used for nutrient acquisition. Therefdisturbances that enrich nutrients promote theagp of
P. australisby reducing belowground competition for nutrients.

2.3.3 Reproductive mechanisms

Throughout most of its rang®, australistypically forms closed, monodominant stands in bdigturbed

and pristine areas. Newly opened sites may be mmdnby seed or by rhizome (Haed al., 1993).
Rhizome fragments transported by tides, storm watee, and animals can assist in the dispersal and
colonization of new habitats by this species (MaB&wuz 2005). HoweveRhragmitesprimary mode of
reproduction is vegetativ®hragmitesgenerally has annual cane like shoots that reaightseof 2 to 4m

and disperses by seeds or rhizome fragments (Maréis, 1999). Once a new stand Bf australistakes
hold, it spreads predominantly through vegetatagraduction and is responsible for the maintenamzke
expansion of existing stands. The plants may predpeat quantities of seed, however in some cazes,

or all of the seed produced is not viable (Tuclk¥d, in Markset al.,1993).

Rhizomes are responsible for renewing and maimgithePhragmitespopulation; a single plant spreads
laterally at a rate of 1-2m per year in Europe andverage 40 cm in North America (Haslam 19713197
Curtis 1959; Uchytil 1992). Rhizomes are most viys at the periphery of a stand where they arsa f
horizontal rhizomes, as opposed to old verticalas(ein 1972, in Markst al., 1993). These rhizomes
provide the plant with a large absorbent surfagg things the plant nutrients from the aquatic medi
(Markset al, 1993; Chuchova and Arbuzoba 1970). Furthernwigdons, which may grow up to 10.8 cm
per day, are produced in young stands or over eygar and further aid in rapid stand expansion ySha
and Shay 1986; Cross and Fleming 1989). Rhizonp¢hdeas been variously reported: (1) 40-100 cm
(Haslam 1972, in Uchytil, 1992); (2) mostly betwek3t30 cm, but up to 100 cm (Uchytil, 1992); anjl (3
mostly between 20-100 cm, but up to 200 cm (CrassFleming 1989, in Uchytil, 1992). Rhizomes are
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also known to survive low temperatures, fire, wateess, and damage by disease or predators (Hpekin
al., 1983)

P. australishas a feathery, plume-like flower head is 13-40leny and composed of many long branches
that point upwards. Narrow clusters of flowers areanged densely along the branches. The flowers ar
surrounded by silky white hairs that are purplighfiest, becoming tawny to dark brown at maturity
(Saltonstall, 2006). The seed head is an opercigawnith a purplish or tawny and flag like appea&n
after seed shatter (Leithead, 1976). Time of fiamge ranges from July through till late September
depending on climate (Seymour, 1982; Dittbereerl., 1983 ; GPFA, 1986; Cross and Fleming, 1989).
The seeds are brown, thin and delicate with a lorgrow bristle attached to each seed. The seed and
bristle together measure approximately 8 mm lorgt¢®stall, 2006). The principal dispersal vectér o
seeds is wind, usually dispersed during the wimtenths, but dispersal by water and also animalk asc
the red-winged blackbirdA@elaius phoenicejihas also been reported (Coops and van der V&ES;1
Haslam 1969).

Germination of seeds occurs in spring on exposeistnsoils, with natural germination uncommon, and
successful seedling establishment rare (Smith aamtled€¢ 1983; Shay and Shay 1985). The seed sedfrate
P. australisvaries among populations and is generally low (&gsbn and Simak, 1963; Bjork, 1967; Van
der Toorn, 1972; Gorenflot and Sanei-Chariat Par8i9; Gervai®t al., 1993; Ishii and Kadono 2002;
McKee and Richards 1996; Vézina 1989). Various eausave been suggested for the poor fertility
including, abnormal pollens formed either becausgemetic factors related to intraspecific polygipior
because of environmental factors (Bjork, 1967). dynfable environmental conditions such as
temperature, salinity and water levels can advgraffiect growth and flowering, leading to low seed
production. . In particular, water depths of md¢inan 5 cm and salinities above 20 ppt (2%) prevent
germination (Kimet al., 1985, Tucker 1990, in Markst al., 1993), while germination increases with
increasing temperature from 16 to 25°C decreases to germinate from 25 to 10 days over the same
temperature range (Market al., 1993). Some evidence suggests that establishmemt §eeds could
become a significant means of dispersal when as®ativith anthropogenic activities that disturdssor
remove vegetation cover (Ailstoek al.,2001). The effects of insects and fungi on seedlytion have
been discussed by Gustafsson and Simak (1963)k B]®@67) and Haslam (1973). Various insects and
fungi are known to attadR. australis(Durska, 1970; Tscharntke, 1999).

Clonal diversity within populations d?. australisis considered to be generally low and the number of
clones within populations tends to be small (Hawdiel.,1991; Neuhaust al.,1993; Zeidleret al.,1994;
Koppitz et al., 1997; Koppitz, 1999). IP. australisis self-incompatible (Gustafsson and Simak, 1963),
pollination between plants of the same clone asdaitdance of flowering time among genetically dife
clones (Haslam, 1970a) may limit the opportunity ftants to receive compatible pollens, contribgitia

low seed productivity. Some authors suggestedttizaspecies was not able to form a persistent iseekl
(Ter Heerdt and Drost 1994) but results from o#itadies found that seeds can remain viable indhdos
periods of 2 to 5 years (Clevering and van der m@&=200; Hirlimann 1951).

Phragmites australisvas historically assumed to be self-incompatihlerhore recent studies found a low
occurrence of self-pollination in hand-pollinatddwers (Lambert and Casagrande 2007). Lambert and
Casagrande (2007) examined the ability of natiwek raon-native populations of Phragmites to selfiifeet

in coastal salt marshes. They found that seeds present in approximately 60% of inflorescencebath

the native and exotic lineages, and both lineagessieeds that germinated. These results providesse
that the potential exists for self-pollination iative and non-native. australislineages, thus implying that
this native and invasive populations also retam dbility to interbreed and create new genotypéss &
possible.

2.3.4 Climate tolerance and range

Biochemical, anatomical and physiological measur@madicate thaPhragmites australiteaves have a
C; mechanism of carbon fixation (Antonielét al., 2002). However, structural and ultra-structural
observations of young leaves are more reminiscérg G;-like anatomy. Dense stands Bhragmites
normally lose more water through evapotranspiratian is supplied by rain (Haslam 1970b), confirgnin
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its low water use efficiency which is generally iygd of a G species. However, rhizomes can reach down
almost 2 meters below ground, their roots peneiyativen deeper, allowing the plant to reach lowdyi
ground water (Haslam 1970b).

Although it is a G species, the physiological variation in growth leyenablesPhragmitesto grow in a
wide range of climates, and is one reason for itlewgeographical distribution (Haslam, 1975). Thexist

a number of biotypes physiologically adapted tdedéntclimates. Seedling establishment, bud emergence
and the timingf the growth cycle are the most affected by terajpee variations. However, in general
Phragmites grows in a wide range of regimes, atlichitsed more by nutrient status than by water Hegit

its wetter limit, and more by competition than bgter shortage at its drier limit.

Studies conducted in Europe indicate that gall-fogrand stem-boring insects may significantly reduc
growth of Phragmiteg(Durska 1970; Pokorny 1971). Skuhravy (1978) edtihahat roughly one-third of
the stems in a stand may be damaged reducing ptaddictivity by 10-20%. Mook and van der Toorn
(1982) found yields were reduced by 25 to 60% and$ heavily infested with lepidopteran stem- or
rhizome-borers. Hayden (1947) suggested that afghigalopterus Pruni heavily damaged Bhragmites
stand in lowa. On the other hand work in Europ®intera (1971) indicated that although high deasitf
aphids may bring about reductionsRhragmitesshoot height and leaf area they had little effecshoot
weight. Like other emergent macrophytBragmiteshas tough leaves and appears to suffer little geazi
by leaf-chewing insects (Penko 1985). Less thaspEzies of insects are known to feedRoraustralisin
North America whereas over 70 are known in Eurdtes(am 1972; Tscharntke 1992).

Biological control does not appear to be an optbthis time. No organisms which significantly daypa
Phragmites australivut do not feed on other plant species have beentifted. Naturally occurring
parasites have not proven to be successful cor(ffgtsharntke 1988, Mook and van der Toorn 1982, van
der Toorn and Mook 1982). In addition, some of #émthropods that feed oRhragmitesare killed by
winter fires and thus would likely be eliminatedrn the systems where prescribed fires are usedsCoo
nutria, and muskrats may feed Bhragmitesbut appear to have limited impacts on its poputegieCross
and Fleming 1989).

2.3.5 Influence of environmental conditions

As noted above, increases in nutrient concentrsti@specially nitrates, are primarily responsitde f
increases ifPhragmitegopulations. The intensification of agriculture lwissociated increase in fertilizers
uses has provided numerous disturbed habitats ichvthis species is not nutrient limited (Auclairal.,
1976; Lippertet al., 1999; Minchinton and Bertness 2003). Roadside gthmeric deposition of nitrogen
may also be a mechanism to furti&ragmitesexpansion via highways, however little work hagrbe
done to support or document this proceBbragmitesis an excellent competitor for nutrients when
fertilized, using nutrients that would otherwise d&ilable to native vegetation (Minchinton and tBess
2003). With increasing nutrient level®. australis allocates proportionally more of its biomass to
aboveground structures used for competition ratifem belowground structures used for nutrient
acquisition. Therefore it can be expected thateiased nutrient enrichment will significantly promdhe
spread oP. australisin wetlands.

Phragmitesalso has a wide physiological tolerance, which rawtribute to its overall success as an
invasive. It grows on most soil textures from firlays to sandy loams and is somewhat tolerantlofesa
or alkaline conditions (Hansaat al, 1988). In southern Manitoba, it grows on soilstvatpH ranging from
6.4 to 8.1 (Shay and Shay, 1985). Howewrragmiteshas a low tolerance for wave and current action
which can break its culms (vertical stems) and idgpbud formation in the rhizomes (Haslam 1970b). It
can survive, and in fact thrive, in stagnant watehgre the sediments are poorly aerated at besidhia
1970b). Air spaces in the above-ground stems atioeimhizomes themselves assure the undergroutsl par
of the plant with a relatively fresh supply of aiihis characteristic and the species' salinityramiee allow

it to grow where few others can survive (Haslam@$7 In addition the build up of litter from ther&e
shoots within stands prevents or discourages atpecies from germinating and becoming established
(Haslam 1971). Salinity and depth to the wateletalbe among the factors that control its distidruaind
performance. Maximum salinity tolerances vary frpgpulation to population; reported maxima range
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from 12 ppt (1.2%) in Britain to 29 ppt in New Yoskate to 40 ppt on the Red Sea coast (Hocktray.,
1983) Common reed's rhizomes are deeply buriediirand are often under water as well. The heanhfr
most fires does not penetrate deep enough intedihéo injure these regenerative structures. éxample,

in drained common reed stands along the Great 8k#, Utah, soil temperatures at a depth of 2.5
not exceed 48°C during an early September fire {gnii983). When fire consumes the aboveground
foliage, new top-growth is initiated from the swivig rhizomes. Disturbances or stresses such agipal
alteration of the natural hydrologic regime, dredgiand increased sedimentation favor invasion and
continued spread d?hragmites(Romanet al., 1984). In coastal marshes, spreadPbfagmitesis also
facilitated by natural disturbance caused by tidal’ements of dead vegetation (Saltonstall, 2006)

The results of a study performed by Minchinton &wttness (2003) demonstrated that disturbance can
dramatically increase the spreadR¥fragmitesand change the relative abundance of the domsaties

of plants occupying a high marsh. They found tim#fal dominance by native vegetation was ceded to
Phragmitesafter less than two growing seasons. Removing tlmpeting matrix vegetation doubled the
growth ofPhragmitesand increased its expansion and reproductive outpus enhancing the potential for
Phragmitesto spread within and among marshes. Under thisys®ldragmitesresponded to disturbance
by increasing the number of shoots that emergeldngest al., (2007) highlights the increasing importance
of roads for invasive plants, not only as conduits also as habitats (Pysek & Prach, 1993; GelBard
Belnap, 2003; Christen & Matlack, 2006; Wangen & Bater, 2006). Activities associated with the
maintenance of roads and ditches favour the diap@fthis species by fragmenting and displacing
rhizomes over large distances (Ailstaatkal.,2001; Gervai®t al.,1993). The application of de-icing salts
on roads during winter months has also been linketie increased abundancePofaustralisover Typha

sp. (Galatowitschet al., 1999; Richburget al., 2001). Reducing disturbances, a narrow hedge eftoe
shrubs along highways or planting salt-resistantitshin roadside ditches could be efficient waysltav

the expansion of common reed or to confine theispdo roadsides (Jodoét al.,2008).
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PART Ill: POTENTIAL RISKS OF INVASIVE GRASS SPECIES IN
CANADA

Part 1l of this report aims to identify the potihtrisks to native Canadian ecosystems and thteatative

and agricultural biodiversity through an analysisegrating the findings presented above on the most
definitive invasive characteristics of historicallgvasive species with the ecosystems vulnerable to
invasions in Canada today.

3.1AGRO-EC0OZONES OF CANADA

The agro-ecozones of Canada can be characterized esmmonly-measured meteorological parameters
such as annual mean precipitation and temperattee @ne tool used to do this is called phent hardiness
range scale, which considers both the temperatace raoisture conditions in a given region. Plant
hardiness zones outline the different zones in Ganehere various types of trees, shrubs and flowéls
most likely survive. Canada has been divided iritee mmajor zones, the harshest being 0 and the stilde
being 8. Subzones (e.g., 4a or 4b, 5a or 5b) arefauind within the major categories. The categonere
originally developed by Agriculture Canada sciestissing Canadian plant survival data and a widege

of climatic variables, including minimum winter tperatures, length of the frost-free period, summer
rainfall, maximum temperatures, snow cover, Januaigfall and maximum wind speed. Figures 5-7
illustrate the major plant hardiness zones of Caradl the United States.

Ecozones denote areas where both organisms amghysical environment endure as a system. Thase ca
be broken down into smaller areas called ecoregi®here are 867 ecoregions throughout the world
(National Geographic 2008). Canada has 15 main @@ containing 194 ecoregions. Environment
Canada has developed a nationwide ecological framets provide a standardized geographical refexenc
system for Canada’s terrestrial ecozones (Evergkagive Plant Database 2008). Figures 8-9 illustthée
major ecozones and ecoregions in Canada.
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Figure 5: Plant Hardiness map for Westerra@ada(Map source: CFS 2002)

40



Figure 6: Plant Hardiness map for Easte@anada(Map source: CFS 2002)
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Figure 7: Plant Hardiness map for North Americ@JS National Arboretum 2003)
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Figure 8: Ecozones of Canad@ap Source: Evergreen Native Plant Database. 2002)
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Figure 9: Ecoregions of the United States and Soeth Canada(Map Source: National Geographic 2008 )
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Growth patterns and reproduction relative to othplants

3.2ANALYSIS OF RISK POTENTIAL FOR INVASIVE GRASSES INCANADA
3.2.1 Summary of common characteristics of invaders

All case study species examined outcompeted nafigeies for resources such as nutrients, lighwaatdr

to form dense, above-ground biomass formationstitgry mechanism of their success was the formation
of a very aggressive rhizome structure and the dtion dense, thick mats at their crown so as to
physically block other species from growing. Thegareserves of carbohydrates in underground storag
rhizomes of grasses such discanthus reed canary grass ardhragmitesprovide them with a
considerable advantage in ensuring early springmamlevelopment and high growth rates on marginal
soils throughout Canada. These species also temaviva wide genotypic and architectural plasticitthe
environments they invade (Table 4).

Vegetative growth Tall plant height

High stem elongation potential

High relative growth rate

Tolerance to shaded conditions X X

Dense crowns/mats

Spring emergence Chilling tolerance enables esmiing emergence X-

Rapid spring emergence due to large stored fosetves

Formation of a dense’spring canopy

Reproductive Aggressive spreading rhizomes X-
mechanisms
Large amounts of smaller seeds X-
High germination X X-
Easy to establish X
Ability to self fertilize and cross with native Itivars X-
Impact of environmental conditions relative to oth€; or C, species
Productive in high temperatures X
Productive in low temperatures (chilling tolerapc
Thrive with high water availability X-
Drought resistance X X X-
High nutrient efficiency on marginal, low-nutriesails X X
High productivity under nutrient loading (fertiéir)
Spreads with annual plouging/disturbances X-
Tolerant of soil acidification/salinity X X

X- denotes that the trait can be expressed in some tuot all ecotypes

One common contributing mechanism suggested fostleeess of these invasive species is their albdity
cross with native species and naturalized cultitarsreate new hybrid genotypes with increasedsivea
abilities. All three case study species have eidgibsome ability to do this. Both reed canary geass
Miscanthushave both fertile (female) and sterile (male) dksr which has categorized them as self-
incompatible. However, there exists the significasi that viable pollen from invasive stands largdon
cultivated stands of male-sterile plants can predtiable seed if the growing season is adequabely to
mature seed. The frequency of such events woultkpected to increase if these grasses were plantad
commercial scale. These species were initiallftivated because of their inherent potential fogéar
growth including the characteristics of rapid amadhespring growth, lack of natural predators, acpeial
nature and low nutrient requirements due to thé Imigtrient reserves in their roots. These charsties
while highly desirable agronomically, have also auotedly contributed to their invasive nature (Ragh
al., 2006) and could further increase the aggressivesfett®e species. Studies comparing native European
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genotypes to the invasive North American genotypgEseed canary grass revealed that the invasive
genotypes emerge earlier, produce more tillers,revé greater overall biomass (Lavernge and Mojofsk
2004). Thus, invasive genotypes have evolved tea$®ciated with aggressiveness in the introdusmegker.

3.2.2 Summary of {rersus G characteristics of invaders

Some differences have also been noted betweenutteessful invaders that have achieved significant
dominance in Canada. They fall into two generarati@ristic profiles based on their specific coritjwet
advantages and the eco-zones they tend to dominate.

PROFILE 1—-C, SPECIES

C, species such adiscanthushave a high nutrient efficiency and exceedinglghhiapid growth rates on
marginal, low-nutrient soils. These species havdgh water use efficiency and can outcompete native
species in many grassland settings due to thefr pigductivity and tolerance to shade. They alsqur|
disturbed sites and can reproduce by setting lamgwunts of seed with high germination rates.
Germination is highest in plant hardiness zones 446 some success has also been noted in coaleszo
C, species generally prefer warmer climates with mmaxn growth usually achieved between 35-40 °C and
productivity declining with decreases in temperatuiowever, some [species such ddiscanthusmay
exhibit chilling tolerance. These may thereforespreg an increased risk of invasion in cool humid
temperate zones wherg @rasses are not commonly present amongst natikeifi the landscape.

Climate matching can be used to predict potengigions of invasions by characterising the climatethe
home ranges of potential invaders to use as a guitte identification of “homoclines” that may berisk.
Miscanthus sinensigutbreaks have occurred in humid warm temperatezof the eastern United States,
including the states of Pennsylvania, Kentucky,cOdmd North Carolina (Table 5). These states repies
the ecoregions of NA-0403, NA-0402, and NA-0414 #relplant hardiness zones of 5b and 6a, with some
pockets of 6b as well. Ohio has a widespread Higion of miscanthus escapes in the state mainthen
ecoregion NA-0414. This ecoregion appears to Hadit risk of invasion and extends well into souther
Ontario. In Canada, populationsMfscanthusn Ontario have been reported near Port Stanléaidiness
zone 6a (south of London, ON) and north of GuepN, in zone 5a (Ambrose 2007), which are suspected
to beMiscanthus sinensis

The escape dfliscanthus sacchariflorusas also been commonly reported in the Midwedthrited states
of lowa and Minnesota which suggests it is moreudhd tolerant thaiMiscanthus sinensi§hese states
represent zones 3-bliscanthus sacchariflorulsas also been observed as an escapee from gdagings
in rural areas in southwestern Quebec, an are@xpatriences a plant hardiness range zone 5a.

Miscanthus Pennsylvania NAOQO40Allegheny Highlands forests
sinensis NAO0402 Appalachian mixed mesophytic forests
NAO0403 Appalachian-Blue Ridge forests
Kentucky NAO0402appalachian mixed mesophytic forests
NAO0404 Central U.S. hardwood forests

Ohio NAO414southern Great Lakes forests
NAO0402 Appalachian mixed mesophytic forests
North Carolina NAQ0403ppalachian-Blue Ridge forests
NAO0413 Southeastern mixed forests
Miscanthus Minnesota NAO416Vestern Great Lakes forests

~

SW Ontario

~N ~

WO OO OO OO OO
\'

»
1

W Ontario
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sacchariflorus NAO415uUpper Midwest forest-savanna transitior SE Manitoba
lowa NAO8O5Central tall grasslands 5
SW Quebec NAO40O®Zastern Great Lakes lowland forests 3,4 SE Ontario
SW Quebec
Genotype Port Stanley, ON NAO41douthern Great Lakes forests 6a S, SE Ontario
unknown
Guelph, ON NAO40Eastern Great Lakes lowland forests 5a SE Ontario
SW Quebec

It appears that somdiscanthusgenotypes, particularliiscanthus sinensigresent a significant risk of
invasion to several ecozones including SouthernaGtekes forests (NA0414), Appalachian mixed
mesophytic forests (NA0402), and Appalachian-Bludge forests (NA0403) (Figure 10). Some of these
ecozones in Canada have already seen isolatedrenscas of invasive ecotypes although they are not
widespread. Thus the climatic conditions suitalbleMiscanthusinvasion appear to be present in at least
one ecological zones of Canada. As the clima®rdario and Quebec continues to warm through cémat
change prediction models, it is possible thiédcanthus sinensisould increasingly pose a serious threat to
escape into natural areas here. Studies investigéie impacts of climate change in Europe haveadly
predicted that the potential distribution of tengier biofuel crops such as reed canary grass and
Miscanthuswill increase in northern areas due to increasémgperatures, and also move further north to
areas where it was previously not adapted (TeicK.,2006).

Miscanthus sinensislearly thrives in plant hardiness zones 6-7, of whichehisra very limited area in
Canada. Much of the main agricultural belt in Cahttanada ranges between plant hardiness zones 2
through 4. Vogekt al., (1985) suggested that ecotypes moved more thark&0D@orth of their area of
origin would be subject to winter injury and lossstand. This is generally equivalent to one haggin
zone cooler than their location of origin, whichggasts thaMiscanthus sinensimight not experience
success in climes cooler than a zone 5. However fearm season grass the species naturally pessass
high chilling tolerance and breeding programs ameently being undertaken to further increase theev
hardiness oMiscanthus If breeding for improved winter hardiness andlty tolerance was successful,
this could increase the adaptability Mfscanthussinensisinto an even larger eco-region within Canada
and lower plant hardiness zones.
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Figure 10: Temperate Ecoregions at risk of Miscanth outbreaks due to a combination of warm night grsummer
temperatures and sufficient annual rainfall

Miscanthus sacchariflorugss more drought tolerant thavWliscanthus sinensiand is currently exhibiting
some invasive success in plant hardiness zonesa®d45. The southern prairie provinces of Alberta,
Saskatchewan and Manitoba experience a plant lemslimange generally between zones 3a-2b, with some
areas of southern Alberta reaching as high as 8tesan 4a. Thus, it appears this species coul®pres
significant risk to the Canadian prairie eco-syseparticularly since the areas at risk of invadiane a
natural climax vegetation dominated by grasseswea¥er, Miscanthushas been noted to be considerably
more shade tolerant than other native warm seasmses and may have the ability to spread in woddla
settings (Meyer 2003). This could be of significamtncern as eradication by mowing or herbicide
application would be very difficult in a forest werdtory situation.

PROFILE 2—C3 SPECIES

The most successful invasive grasses in thjsc&tegory are species such as reed canary grass and
Phragmiteswith early spring growth and canopy developmentcdafider temperatures. These attributes
allow these species to quickly outcompete nativeptitors for space, nutrients and light. Theseigjse
generally exhibit moderate water use efficiency #mive relatively high moisture conditions. As by
they present the highest risk to waterway systemasthose with frequent disturbances such as roadsid
ditches. These species exhibit a dramatic grongharese when exposed to high nutrient levels, whah
an important influence on the success of theset ptarasions. Wetlands in both eastern and western
Canada are both vulnerable to these species betlmis@re subject to repeated agricultural watapffu
from surrounding cultivation areas and high lexaswutrient enrichment (Lavergne and Molofsky 200
These species also display a wide physiologicalramice and its high degree of morphological plegti
when compared to native competing species, allowieg to displace many different native specieagl
resource and light gradients.

[S SIS
N—r

Because of their already widespread distributiois ibbvious these species are not limited by climac
zones except for at the utmost extremes of therwamtt The biggest factor in their distribution andther
spread seems to be anywhere nutrient loading ac&grsuch, in areas where there is limited nutrient
pollution, they may not present a significant rislestablished native areas, particularly wherenhgority

of climax vegetation is forested land. In a sucicesd competition, trees can outcompete grassesusec
they can more effectively block out light. Howevatisturbances related to agriculture and urban
development such as roads can create gaps and thkbkse& species to flourish where they could haee th
opportunity to block out most competitors throupait dense stand development.

In low nutrient environments, these species dewatee energy to survival and root development rather
than spread. However, once high nutrient leveldrdareduced, they rapidly increase aboveground bigsn

to outcompete other species. As long as high mitdeads into the environment are maintained by
conventional agriculture, these species will posetheeat to native biodiversity. Although some
differentiation may exist between cultivars, thetgmtial for dramatic, aggressive response undeh hig
nutrient levels from all genotypes cannot be awbidAs such, these species continue to present a
significant risk to wetland areas in both in easi@nd western Canada.

Cleveringet al.,(2001) found genetic differences in the lengthhef growing season, the time of flowering
and the biomass allocation Bf australisoccurring along a latitudinal gradient in Europepuplations of
“climatic clines”. This ability ofP. australisto acclimate to environmental changes indicates uhder
conditions of global climate change, it may congéiia succeed. However, these “climate clines” diddo

well when transplanted and grown in environmenthwignificantly different climates than their own.
Depending on the speed of changing environmentadliions, this species may be affected by the slow
turnover of the relatively long-lived clonal planis its native Europe, Lavergne and Molofsky (2004
found the genetic diversity of reed canary grasdetdine from north to south. This constrains ligity to
adapt to changing climatic conditions. Howeverthia United States, there was no difference betwleen
northern and southern populations. This signifiest the introduced species may continue to adapt to
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changing climatic conditions throughout its intredd range. Interbreeding between native, Europedn a
cultivated genotypes may further increase this risk

In general, global warming predictions and elevaséhospheric C@levels are expected to increase
productivity of both G and G species. However, the benefits of increased ©hotosynthesimay be
partly offset by negative effecttom increased evapotranspiration resulting fronghbr overall
temperatures. There is no doubt that climactic gearwill impact plant diversity and distribution fine
future. The increased aridity expected across th@i@ zones may possibly impact the spread of wate
dependant €species in these areas.

This study recommends an expert workshop be haldkhings together leading Canadian grass breeding
experts, biomass energy feedstock specialists amdsive biologists to provide a detailed review
assessment in consultation with grass breedingrexpe further investigate this risk before largals
plantings of these grasses is pursued.
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PART IV: ANALYSIS AND RECOMMENDATIONS FOR
AGRICULTURAL PRODUCTION OF ENERGY GRASSES IN CANADA

4.1BESTMANAGEMENT PRACTICES

Part IV of this study has been developed to provideommendations, mitigation strategies and best
management practices (BMP’s) for energy grasswvatitin in the Canadian context. It will commenttha
grass characteristics that may be enhanced thrplagih selection and breeding programs as wellatstr
that may reduce potential for invasiveness Erdidicastrategies are also reviewed as well as lidstor
difficulties associated with eliminating invasiveags species.

In the last several years there have been sevaraht reviews written on the potential threat affisél
crop species including energy grass crops (Ragtal, &006; Barney and DiTomaso, 2008; Simberloff,
2008). This threat has been heightened by the nellwvdecumented escape of the first genetically riedi
perennial species, creeping bentgrass, into nadueals through gene flow. The round-up resistagping
bentgrass was found to cross with naturally ocogrgplants to produce transgenic seed up to 14 ton21
from the 162 ha source field (Watrud et al 2004ater studies further confirmed pollen mediatedegen
flow to occur in creeping bentgrass at up to 15fkmm a planting site (Pfendet al, 2007). This has
heightened concern for pollen mediated gene flamfinvasive grass ecotypes because of the wind —
dispersed pollen and the wide distribution and &atagm of many grass species (Rognli, et al 2000).
Overall, the potential risk with high yielding pergal biomass grass species adapted to marginal soi
environments, bred specifically for their competti abilities, represents a serious new threat to
biodiversity in terrestrial ecosystems from invasplants.

This high potential risk is due to the importarmiits that make a plant a good bioenergy feedstoelalgo
those strongly associated with invasiveness (Ragral 2006). The important traits listed by thehaus
for both biomass production and increasing riskit@siveness include:

C, photosynthesis

Long canopy duration

No known pests or diseases

Rapid growth in spring (to outcompete weeds)

High water-use efficiency

Partitions nutrients to belowground componenthafall

Other factors previously reviewed in this repostthre known to be important for both biomass energ
production and invasiveness are plants with a glative growth rate and a low nutrient uptake
requirement.

It is evident that bioenergy feedstocks need toehavhigh yield potential to be economically viable.
However some traits currently associated with odaugi energy crop grasses are not essential for high
biomass production and without them could redueerigk to invasiveness. For example, lower riskdra
for the threat of invasiveness could be includedcmergy grass selection and breeding criteriaes&h
include:

Not spreading by rhizomes;

Having a low to moderate seedling vigour;

Having low to moderate shade tolerance;

Not growing too early in spring;

Not adapted to growing in wetland or forest envinemts

Not salt tolerant and conducive to growing on ré@dels or marine environments

Using native grass species of Canada; and

Exclusion of genetically modified organism traitel as drought, herbicide or pest resistance.

These aforementioned factors could help limit tlteptial for escape of invasive grass ecotypes. The
historic evidence suggests that genetic sterititygiasses is not sufficiently robust a strategprevent
invasiveness. A more holistic approach towards gméxg invasive energy grasses would likely be aaem
successful approach. The highest risk of escapdikely be from G biomass species in environments that
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have a high native flora of,@rasses. Similarly invasive biomass ecotypessafr@sses are more likely

to flourish where a high population of Grasses are present in the native flora of the@wm Thus while
species likeMiscanthusmay have not escaped after many years of culbivaih Europe ,Miscanthus
ecotypes have proven extremely well adapted tdhtheid warm eastern U.S. Ecozones which also reach
into Ontario. Invasive risks will be much higherthese areas and more considerable efforts totamoni
and control escapes should be undertaken.

Another serious concern is the development of addit traits included in native and introduced bas®
species to enhance growth, which may actually asmeheir potential to become invasive. For exaniple
energy grasses conventionally bred or geneticalfyireered for traits such as drought toleranceggn
fixation and pest resistance (i.e. genetically regred to contaitbacillus thuringiensis these grasses
would become more widely adapted to a diversitgrofving environments leading to a higher probapilit
of becoming invasive.

Alternative crop development strategies shouldimeraken to minimize the risk of spreading speicits
ecoregions where historically they were not parthef native flora. In the U.S. corn belt, the hgbgrass
Miscanthus giganteuss being promoted as a higher yielding option cared to upland switchgrass
ecotypes. WhileMiscanthusis generally considered to be a harmless stemilesg invasive plant biologists
are highly sceptical of this being a safe assumpf®mberloff 2008 and Raghu et al 2006). They thte
invasive outbreak of English cordgra§pértina anglicaC.E Hubbard) in the United Kingdom. English
cordgrass first evolved as a chance crossing ohttizve small cordgrassSSpartina maritima with the
introduced species smooth cordgrassaftina alterniflorg to produce a harmless hybrid exotic that was
not producing viable seeds.. However around 189%% scuch hybrid underwent a spontaneous
chromosomal mutation to produce a fertile invasieed. Given that one parentfscanthus giganteus
already an invasive weed in North America invadi@ogists are suggesting great caution be placed o
the development dfliscanthusn North America. A hybrid switchgrass ecotype Iddikely be a less risky
crop for commercial development, and would avoid ttsks of scaling up a non-native grass. Hybrid
switchgrass made from a cross of upland and lowkwmitchgrass has been found to yield 30-38% more
than the highest yielding switchgrass parent in ¢hess (Vogel and Mitchell, 2008). The F2 and F3
generations of these crosses subsequently had étevasis for biomass yield and were shorter which
suggests lower competitive ability. .As previousigviewed some escaped, biomass ecotypes and
ornamentally planteMiscanthusspecies are known to have a moderate to stromgnt@ creeping growth
habit, are very tall, and have significantly greatilling tolerance and shade tolerance compaoed t
switchgrass. The use of hybrid switchgrass coildelyf pose less risk thaMliscanthushybrids in North
America. It is highly recommended that hybrid natwarm season grasses be further explored as an
alternative to introduced non native hybrid grasses

Another serious risk is that breeders will selewt tfraits to improve the crops agronomic value sash
biologically N—fixation,, drought tolerance, andrbieide tolerance. Some companies are expressing
interest in inserting genes into annual crops whitiprove drought tolerance. An example of this
technology is employed in annual crop plants by @anadian firm Performance Plants of Kingston
Ontario. Genetically altering switchgrass to in@utiis gene could have major influence on the iiveas
risk of switchgrass. In states such as Califoroisirent switchgrass cultivars are thought to béoat risk

of escape due to low and seasonal rainfall (mat iin winter) which is thought to limit the prdtility of

the plant becoming invasive (reviewed in Barney Billomaso, 2008). However if genetically engineered
drought tolerant switchgrass crops are introduced widespread pollen gene flow occurs from these
crosses into native populations the possibilitysesxof movement of switchgrass into areas wheiseribt
currently ecologically adapted due to moisture temsts. It was recently announced that Lafarge
Corporation of Kingston Ontario has formed a paghip with Performance Plants to develop non-food
energy crops for marginal lands using Performancdant® trait technologies see
(www.performanceplants.com/newsrelease110608.html).

The introduction of traits such as biological niem fixation, drought tolerance and pest resistacgd

not only make planted energy grasses ecotypes nwrpetitive on marginal land where resources are
constrained but could easily lead to gene flow tll \grass stands or escaped populations. Ecolbgica
approaches could be used to provide much of thengiat benefit associated with these plant gene
introductions. These could include the use of nmedusuch as big bluestem and switchgrass to rettiece
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potential for pest resistance. Within Canada otftmices to utilize resource poor sites could ineltite

utilization of more drought tolerant native graseaesdrought sensitive sites or in low rainfall i@gs such
as prairie sandreed or sand bluestem or sand étaestbig bluestem hybrids. Nitrogen fixation coblel

provided through the inclusion of native prairiguenes such aBesmodium canadensis warm season
grass mixtures.

4.2 CONTROL OF INVASIVE GRASSES

There has now been a significant amount of docuatient of experiences controlling invasive herbaceou
plants in temperate regions. In North America, ¢hleas been major crop loss associated with difficul
eradicate invasive perennial grasses. Introducedsive livestock forage grasses have proven to be
difficult to control and may not be successfullyadicated even at enormous expense. There are kevera
important invasive grass species that are causiagprncrop loss includingAgropyron repensand
Johnsongrass. Johnsongrass in the U.S. reportadised yield losses in soybeans and cotton of $30
million year annually in three states in the ed®90’s (McWhorter, 1993) . While large scale eratan
efforts are proving successful for some specieartbe an extraordinarily expensive and diffiaaltivity.

The eradication of WitchweedS{riga asiatica in North and South Carolina has taken 40 yeasscatst of
$250 million (Eplee 2001).

Biological knowledge of potential invaders is vdileafor developing measures to prevent their spread
which is often easier than controlling large, elishled populations (Goodedt al., 2000). One of the
problems with productive introduced species isrtaik of natural enemies or diseases. The fadt tha
Miscanthusis desirable agronomically because it has no knpests or diseases in North America has
obvious negative implications upon its escape inéonatural environment.

In North America, grazing helped shape and devsafmgrian ecosystems over thousands of years (L&Forg
2004). Periodic fires were also helpful in elimingtabove-ground accumulations of biomass. Onédef t
reasons why some tall-grass species might havewashisuch success as invaders is that they arsnobw
subject to any form of seasonal cropping sincer thatural predators (large north American herbigpre
have been removed from the landscape. It appeatssittorter prairie grass species are better adapted
repeated defoliation from herbivores than tdlegrowing species (Belesky and Fedders 1995grdfore
regular mowing may be an effective control opti®esearchers in Denmark, where some of the oldest
research plots containirgiscanthusare located, have noted that seedlings producderbile genotypes
can be easily killed by tilling (J@rgensen 2008).

The University of Minnesota reports that regularwimg during the growing season will discourage
Miscanthusand eventually kill it (UMN 2008). They have deweéd a page of recommendations regarding
Miscanthus (http://horticulture.cfans.umn.edu/miscanthus/agament.html) and include both mechanical
and chemical control methods (Table 6).

Chemical Control - For larger areas, control discanthusis possible using chemical or mechanical mearesalld
control measures include the following steps:

1. Inlate winter or early spring, before new growthrts, remove previous year's growth by cuttingbi@ming, see
below) the entire plant back to the ground. If jilllss remove the clippings and all previous yegrtswth.

2. This removal ensures vigorous new growth, and dlok bf any dead leaves or culms creates ideal tonslifor
the use of chemical control.

3. When new growth is 12" tall, in mid-spring or eadymmer, spray all green tissue with glyphosatéwAthe
plant to die and, when completely brown, cut thadd®liage back to the ground. NOTE: If it is neasible to
remove the previous year's growth, as indicatestép 1, wait until plants are 12-24” tall, usuaigrly to mid-
summer, to proceed with spraying. Coverage wilhmpered by standing dead culms from the previeas.y

4. If necessary, spray regrowth again in late summeady fall, when growth is 12", with glyphosate.

5. Repeat the process the following year, if necessary

(Note: Chemical spraying of the cut surfaces aftetting plants back, often recommended for coritrgll
woody plants, is NOT an effective way to contradddnthus. An adequate amount (12-24") of actively
growing green foliage should be present for gooeneical control).
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Mechanical Control

- Mowing

Repeated mowing, as short as possible througheugriiwing season, will kilMiscanthus usually in 2 seasons. B
areas where there is a seed bank may require $geans of mowing. At least 2 mowings per year dtidae done,
ideally monthly, or mowing management similar tattheeded for lawn or turfgrass care, will provide best control
Miscanthuscannot tolerate repeated mowing or cutting bacindithe growing season. Cutting the plants badrte
winter or when dormant will provide no control acaeh actually enhance growth if the cuttings areawad, similar to
haying.

—

- Removal of Individual Plants or Hand Digging

Individual plants can be removed by digging, andsioall areas this is a very practical and easyatketPlants can b
removed any time of the year. Removal before flamgeassures that fewer seeds are spread into eélae Removal of
flowers prior to seed formation is also helpfutmntrolling the spread of plants in small areas.

W

- Burning
Burning, especially in late fall or winter, will gneaseMiscanthusgrowth, vigor, and seed set. Burning should omy| b
done as a management practice when it can be fadldsy chemical control. Burning in late winter arlg spring will
remove all of the previous year's growth, plant$ regrow with increased vigor and if allowed tower, the seed set
can actually be enhanced after burning. Burningyedwer, can clean an area, so that all foliage béllgreen and
actively growing for effective and efficient chemicontrol.

-Grazing
Cattle prefeMiscanthusand in Japan it is controlled in fields by allogipattle to graze beginning in June. Heavy
grazing is a known method in Japan for controlliigcanthus Goats, sheep and horses will also eat MiscaniMast
North American wildlife, including deer, will noeéMiscanthusit is of little value to wildlife as food.

Management strategies for reed canary grass itifessainclude mowing, herbicide application, gragin
cultivation, burning, shading, flooding, and meadbkahbarriers (Kimet al., 2006). The Ohio Department
of Natural Resources (2008) recommended a combimati burning or mowing with systemic herbicides
as the best method of control for reed canary gaassthat grass-specific herbicides applied witbkwi
applicators are recommended in areas where natar@spoccur. Kercher and Zedler (2004) noted that
multiple factors must be mitigated simultaneouslygduce invasion d?halaris

Insights into control strategies of reed canarysgrmay be gleaned from a synthesis of all the aglev
ecological and management studies. Lavergne andfskyl (2006) performed a review assessing control
strategies previously applied to contain reed campgess invasions, the potential for new promising
strategies, and the research that is still needaahpprove its control in North America. They showtbet

no one method is sufficient, and that the most esgitl strategies require both physical and chdmica
methods, coupled with hydrological management. Meee, subsequent restoration of the community
structure and composition is needed to limit nefestations of reed canary grass or other invaders.
Biological control has not been developed yet feed canary grass. Finally, the current knowledge of
ecological factors that enhance reed canary gnassion suggests that any attempt to eradicateditimit

its spread will be jeopardized if an integratedtperanagement strategy is not undertaken. Givemitje
sensitivity of wetlands to plant invasion, manageta invasive species must switch from isolatefdres$

of stand eradication to a landscape approach, esigihg infestation prevention and accounting for
surrounding human activities and the socio-econaroigtext. They found that the most successful thixe
strategy to date was used in wetlands of the Rakifirthwest, where disking and chemical application
combined with water level management successfuthdieated RCG. Disking likely desiccated viable
rhizomes stressed by the initial herbicide spragt #ren the second late spraying eradicated the new
seedlings and regrowth (Lavergne and Molofsky 2006)

No control measures have been undertaken in Camitldlaegard to RCG, however, a number of different
strategies have been used in the United Statesli#gpfm and Sams, 1987; Gillespie and Murn, 1992;
Henderson, 1990). The control methods tried inclhdebicide application, burning, covering the psant
with plastic or paper, and mowing and/or mechandiaturbance. A number of herbicides, including
Glyphosate, Amitrol, Dalapon, and Paraquat, havenkeed with some success (Apfelbaum and Sams,
1987). Maximum control depended on timing of apdiizn—some herbicides produced best results when
used in the dormant season while other formulatieeie most effective with application at floweritigne
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(Apfelbaum and Sams, 1987). At best, these herbicigtovided control up to two years by which time
RCG would re-colonize the area from adjacent stamdsom seed bank recruitment. Mechanical control
has been tried using hand-pulling, mowing, mowing aovering with paper or black plastic, or clegrin
(Apfelbaum and Sams, 1987; Gillespie and Murn, 19®hderson, 1990). These methods produced only
temporary control (Apfelbaum and Sams, 1987), hane@illespie and Murn (1992) reported that regular
twice-yearly, properly timed mowing at a site in 3&nsin controlled reed canary grass and allowed a
number of native wetland species to repopulateatba. Regular burning of a prairie in lllinois otwa to
three year rotation kept reed canary grass outeoptairie (Apfelbaum and Sams, 1987). Henders8aq}L
found that late spring burning, the most effectimee for control of RCG, harmed many native speaies
savannah in Wisconsin. It is unlikely burning isediable management practice to control RCG in many
wetland habitats. Selective hand-pulling, if cadr@ut two or three times a year for five years barvery
effective (Henderson, 1990), however, it may ondydractical for small highly significant sites. @ate,
effective control methods for reed canary grassatural areas have yet to be developed (Apfelbansn a
Sams, 1987).

Phragmites australiss another persistent species that requires leng-imanagement for control (Ohio
Department of Natural Resources 2008). Cuttinga@rtdéatingPhragmitesstems with systemic herbicides

is generally the most effective control method again, grass-specific herbicides are recommended in
areas where native plants occur. Overall chemioal mowing control strategies fdvliscanthusand
phragmiteswould be expected to be similar as their growttigpas are similar.

4.3IMPACTS OF OVERALL ECOSYSTEM BIODIVERSITY

It is apparent that some energy grasses may poseriaus risk to Canadian plant biodiversity by
introducing ecotypes/species that could becomesimgain natural areas. Loss of community structural
diversity and heterogeneity can also negativelyaotphe diversity and numbers in associated animal
communities. In general, a more complex vegetasimacture and higher species numbers results in a
higher diversity in the animal community. Howevéltese grasses may also have a positive impacteon th
Canadian environment. Since these crops are patsnrthey require fewer chemical inputs than
conventional row crops. Typically in the productiof perennial energy crop grasses, herbicideshare
only pesticide used and are applied only in thelisgeyear.

Perennial biomass grass crops are managed undeinpaw systems and this reduced chemical input is
likely to have a positive effect on biodiversityerBnnial crops can also provide improved habitah&give
species due to less soil turnover and increasedtstal diversity compared with annual row crops. A
summary of BMP’s for maintaining biodiversity inltuated grasslands can be found in Table 7.

Wildlife monitoring of Miscanthusand two reed canary-grass fields by Semere antkrS{ao07) to
investigate the ecological impact of perennial kdassngrass crops on ground flora, small mammals and
birds found that in generdfliscanthusfields were richer in weed vegetation than reedacggrass or
arable fields. They also found that bird use of bi@mmass crop fields varied depending on speciberel
were considerably more open-ground bird specieb ascskylarksAlauda arvensis lapwings Yanellus
vanellug and meadow pipitsAnthus pratens)swithin Miscanthusthan within reed canary grass fields.

The small mammal species preferred the good graendr and little land disturbance provided by both
biomass crops over any particular crop-type. Groflmd, small mammals and most of the bird species
(except open-ground birds) were found more abutgavithin field margins and boundaries than in crop
fields indicating the importance of retaining fiedttucture when planting biomass crops. Howeverseh
results related only to young communitiesMiscanthusand results may differ when the crop forms a
mature, thick stand. Overall, the findings fromstktudy indicate that perennial biomass grass ocaps
provide substantially improved habitat for manynfisrof native wildlife, due to the low intensity tife
agricultural management system and the untreatadldeds.

1. Minimize chemical inputs to soils
- Improved cropping systems that involve crop rotaio
- Split applications and band applications of nitmodertilizers
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2. Soil and water conservation

- Conservation tillage practices

- Contour farming, vegetative soil cover, appropriateggation and the establishment of permanent birdks,
hedgerows and vegetative barriers

- Buffer strips reduce runoff volume, prevent sodson, nutrient leaching and pesticide drift

3. Manure management and improved manure storage ahhandling

- Composting animal manures

- Avoiding excess concentrations of inorganic minstgiplements in animal feeds

- Apply manures respecting phosphorus limits of saild split and band applications to apply liquichoma

4. Hayfield management

- pre-July 15 disturbances should be minimized dgeediay cuts (June) creates sink populations antirts (May
to mid-July is peak nesting/fledging time for gtassl birds across Canada)

- Mixtures of late-maturing legumes and grassesr#tatn their quality when harvested after July t8 that require
few inputs should be used

- Cut fields inside-to-outside leaving a centre blo€kinmanaged ‘prairie’ (known as a skylark patch)

- Leave wide grassed field margins that mown regukanid are not subjected to heavy nutrient loading

- Wildlife-friendly cutting methods include enhandigshing bars when cutting and raised or angletecinars

- Black bags can be put out in fields before mowinghat deer will move their fawns

- Heterogeneity between fields should be maintained

5. Pasture management

- Rotational grazing creates good heterogeneousahabit

- Graze alternating paddocks rather than adjacerst one

- Leave centre paddocks (those surrounded by padturégferred summer grazing after July 15

-- Fence off riparian areas/wetlands (controllgtitigrazing, if needed, as an occasional manageioaiit

An excellent grass stand management guide for ifgltihs been developed by Rothbart and Capel (2006)
It notes that native warm-season grasses providellert wildlife habitat. Most native warm-season
grasses are “bunch grasses” that grow in clumps.climping nature of these plants typically resints
more bare ground under and between individual gJamhich provides dusting areas and travel corsidor
for birds and their feeding broods. The bunchy citme also allows a diversity of forbs, legumes,
wildflowers, and insects to colonize the area, tingabetter foraging conditions. Compared tpgtasses,
some warm-season grasses such as switchgrass tmgetunder winter snows. Therefore, they provide
excellent winter escape cover and nesting covefallewving spring. To maintain these positive inps it

is imperative that biomass grass crops are growaxisting marginal agricultural lands and aroureldfi
borders, and do not replace land-uses of high gmabvalue such as natural forests and grasslands.

4 APOTENTIAL ENERGY GRASSSPECIES IN CANADA

Currently, the warm season grasses being considasegbotential crops for commercial bioenergy
production in Canada are known to inclu@nicum virgatum(switchgrass)Andropogon gerardii(big
bluestem),Spartina pectinataprairie cordgrass)Miscanthus giganteusCalamovilfa longifolia (prairie
sandreed) an®anicum amarunfcoastal panic grass). The main cool season deisg considered for
development is reed canary grass.

A major difference amongst these grasses thattaffeeir potential use within the Canadian agriallt
landscape is their time of spring emergence. Ceakan grasses typically begin spring growth when
temperatures of 8 are reached. Warm season grasses have a muatr@ggdense to spring temperatures,
both between species and within species. Warm segsassesire generally thought to exhibit faster
growth rates that £species because of their higher efficiencies iot@éynthesis, nutrient and water use,
which is likely to lead to fast canopy developmédtbwever, delayed canopy development gfgasses
can occur in low-temperature eco-zones due to ireggdhotosynthesis at low temperatures (Bealal.,
1999).

The warm season species that have been identdig@d candidates for high biomass production @i co
temperate regions of the world inclulléscanthusand prairie cordgrass (Madakadzeal., 1998; Boe and
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Lee, 2007; and Pottest al., 1995). G species such aSpartina anglica, spartina pectinatand some
selections of chilling tolerantiscanthuscan maintain photosynthetic rates at 5200 equivalent to €
grasses such as perennial ryegrass (letrad., 1983; Thompson, 1991).

A general ranking in terms of chilling tolerancespkcies for Canada is proposed:
1) Highly chilling tolerant:Spartina pectinata, Miscanthus;
2) Moderately chilling tolerancenorthern selections of prairie sandreed, big bleest
switchgrass, coastal panic grass;
3) Medium to low chilling tolerancesoutherly originating ecotypes of switchgrass, amdgrass
big bluestem

Another indicator of the chilling tolerance of nagigrasses can be seen from their maps of native
distribution in North America (Stubbendieck 1992)well as provincial distribution maps in Canadé. O
the moderately chilling tolerant species identifi@gdove, prairie sandreed may have somewhat superior
chilling tolerance to other native grasses. Itdyeapring growth may be attributed to its initighrng
growth from continued growth of biennial tillers fdakadzeet al., 1998) which may help it to rapidly
establish a spring canopy improving its competital®lity. In contrast, prairie cordgrass regrowsnfr
rhizomes and switchgrass and big bluestem regrom fsuds on stem bases.

Within Canada presently the only energy grass spetiat has been planted on more than 50 ha for
bioenergy applications are upland ecotypes of f\gitess. They are presently planted on approximatel
1000 ha mainly in Ontario and Quebec. The maieraditive energy grass species that are being
considered for field scale production at presemt big bluestem andliscanthusin eastern Canada.
Miscanthusis mainly being considered as a feedstock forihgajreenhouses in southern Ontario while
big bluestem is proposed as a species for devejoaitigher quality grass pellet for residential and
commercial pellet fuel applications.

The history of invasive plants being created froslilgerate plant introductions for ornamental and
agricultural systems suggests that Canada shoaltbed with caution in developing perennial enemgpc
grasses especially from germplasms introductiorts species from outside north America. A detailed
analysis should be undertaken for individual édaigk energy crop species Current evidence stitfugs
some warm season native grasses such as switclegrdidsg bluestem offer potentially the least figk
becoming invasive of the current candidate speni€anada. These two grasses possess many oéitse tr
outlined in section 4.1 that will contribute to tp&ants being of low invasive risk in Canada indhgd
important traits such as having low rhizome creeging delayed spring emergence and are not well
adapted to cool wetland environments.
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