THESIS

DEVELOPMENT AND USE OF A DATABASE WITH INFORMATIONABOUT BROMUS SPECIES FOR

RESEARCH ON INVASIONS

Submitted by
Sheryl Yvonne Atkinson

Graduate Degree Program in Ecology

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Spring 2013

Master's Committee:
Advisor: Cynthia S. Brown

David Steingraeber
Sarah Ward



ABSTRACT

DEVELOPMENT AND USE OF A DATABASE WITH INFORMATIONABOUT BROMUS SPECIES FOR

RESEARCH ON INVASIONS

Invasive plants are a serious problem worldwidenfFinvasions cause damage to agricultural andgralat
ecosystems, and contribute to loss of biologicaddiity. They are difficult to predict, preventdatontrol. The
Poaceae or grass family contains many specietévat been introduced into areas outside of theiveneanges
and have become invasive. Brome grasses are a gf@@® grasses that grow primarily in temperateaeg, A
number of brome grasses have been introducedhatblorth America, sometimes accidentally, and somest for
use as hay and forage, or for other purposes.dated brome grasses display varying levels of ineagss.

In conjunction with a research project focusingrorasive brome grasses in the western United §thte
developed a database that contains informationtateits of brome grasses, and about their intemastwith biotic
and abiotic features of their native and introdu@tyes. The database contains information abartIh0 species
and is designed both to support research intodbeeas and effects of plant invasions, and to peowitbrmation
useful for anyone dealing with the use, managenaet,control of brome grasses. It is hosted orGiteat Basin
Research and Management Project website at htgatliasin.wr.usgs.gov/IGBRMP/bromus/bromus.html.

| used the data in the database to look for pattef invasion. Correlations were found between
invasiveness (defined as wide distribution outsifithe native range combined with weediness), ardrtomic
section, seed awn length, polyploidy, human useaaadability of cultivars. Annual brome grassesd&aeen
widely introduced into new regions around the wanhdl have a high probability of being destructiggaultural,
ruderal, and environmental weeds. Long awn lergjtioirelated with invasiveness, especially in ahspecies.
Perennial brome grasses generally remain confiméltkeir native regions unless they are cultivatedchhy, forage,
or revegetation. Once introduced, perennial brova@sescape cultivation and damage natural commasnifine
few invasive perennial species are polyploid, whileasive annual species may be diploid or polyploi
Invasiveness in brome species is associated witlahiactivities including habitat disruption, agttare, grazing,
and use for revegetation. Climate change and hah&auption are likely to change the way bromesges invade.
Most research on brome grasses focuses on higidgiie species, and information about less-invasigenon-

invasive species is limited. Collection of inforimagt about all brome species in a central locatamilitates



comparisons among species, and provides dataghdieused for modeling, prediction, managementanttol

of brome grass invasions.
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CHAPTER 1: PLANT INVASIONS — TERMINOLOGY, ISSUES ADNAPPROACHES

Introduction

Humans have moved plants from one area to ansihee before recorded history. In some cases, hsiman
have accidentally introduced plants into new ranglesn seeds or other plant parts have travelledasminants
in grain or hay, ship bilge water, soil, and othexterials. Other plants have been introduced iate areas for a
variety of purposes. Most of our food crops andigarornamentals are plants that we grow far frogr tative
ranges. Many introduced plants remain limited tofaeids and gardens. Others move out into distiidreas and
natural communities. A few negatively affect natplant populations. As humans continue to accidgnta
purposefully introduce species into new areasrtanftheir native ranges, some of these speciesfeaovasive.

Invasive plants cause severe environmental damstfeey replace native species, alter or destrisyiegy
ecosystem interactions, and change biotic andial@avironmental conditions. They may affect saélter
availability, change nutrient cycling, produce Hlfgathic chemicals, alter fire cycles, carry dig=sa®r simply
crowd out native plants. Invasive plants are aossrproblem in agricultural systems, and can greatuce
productivity of crops and of rangelands. Econonaists associated with plant invasions are enornibbas been
estimated that weeds cost $24 billion U.S. dolilarsrop losses and $1 billion dollars in forageskseach year in
the United States. Control on pastures and randsleosts another $5 billion dollars (Pimentel eRab5).
Invasive species damage natural and semi-natunayetems and can contribute to the extinction tfeaspecies.
Sharma et al. (2005, p 726) believe the invasioexotic species to be "among the most importartiajlecale
problems experienced by natural ecosystems". Aesasgent by the U.S. Congress Office of Technolagiders
habitat destruction and alien species invasiofetthe two leading causes of loss of biodiverdi80@, cited by
Clout and De Poorter 2005). Climate change addsaadimension to the evaluation and managementait pl
invasions, causing some invasive species becorm@festhreat and encouraging invasive behaviarthgr species
(Bradley et al. 2010; Diez et al 2012). Plant idtrotions are increasing as the global economy algpévicNeely
2006; Ward et al. 2008). Essl et al. (2011) haygested that there is likely to be a significanvésion debt”
related to species that have already been intratlbgenot yet recognized as invasive.

As concerns about the negative effects of plardsions mount, international and national orgaionat
are seeking ways to prevent or limit new invasiand to manage existing ones. A few countries sachustralia

and New Zealand now screen all plant introducti@tsleung 1999; Keller et al. 2007). In 1999, Riexsi Clinton



issued an executive order mandating that a manageptemn for invasive species be created and imphéeakefor
the United States (Reichard 2004). A National Im@aSpecies Council (NISC) was created, and managepians
were produced (NISC 2008). The Convention on thes€ovation of European Wildlife and Habitats (Bern
Convention) has released a European strategy @asiiresalien species, which was adopted in 1993 ¢@=si and
Shine 2004; Clout and De Poorter 2005). In 199Wraber of international organizations including Seentific
Committee on Problems of the Environment, the WhiNations, the World Conservation Union, and CAB
International, started the Global Invasive SpePBiemram (GISP) (Clout and De Poorter 2005). GIS® ha
recommended that all species being consideredhfiarduction into new regions be evaluated, thasttientific
basis for prediction of invasive potential be imgd, that pathways for unplanned introductions el

controlled, and that management techniques forabot invasions be improved (McNeely 2006).

Definitions of Terms

The terms “invasion” and “invasive” are widely dse both scientific and popular literature to dése
organisms that grow in large numbers outside df theive ranges and/or communities, with the gassadditional
meaning that their presence is considered to begirable or destructive. Other terms are often assal to
describe plants and other organisms that are cemesido be growing in places where they are notebeg or
wanted, including “alien”, “exotic”, “non-native™non-indigenous”, “weed” and “weedy”, “pest”, “irtduced”,
“adventive”, and “naturalized”. A number of authdrave tried to provide clearer definitions of tertommonly
used to describe the spread and impact of plant®trer organisms (Davis and Thompson 2000; Ricuaret al.
2000; Py3ek et al. 2004).

Difficulty with the terminology of invasion andvasive plants begins with the concept of “native” o
“indigenous” species. The areas in which plantswgnaturally change over time as a result of a gmneaty factors,
including climate, ecological factors, interactiomish other organisms, disturbance, and chanceefady the
terms “native” or “indigenous” are used to meart thalant originated and evolved in the region took it is
native and was not purposefully or accidentallyadticed into an area by human activities. PySelk é2004, p
135) define native plants as those “that have wogigid in a given area without human involvemernhat have
arrived there without intentional or unintentionatervention by humans from an area where theyatee”. In

Europe, species often considered to be nativesarally those present before the beginning of thelittéc period.

Plants introduced into Europe before the discoeémerica in 1492 (or before 1500) are called teaphytes”,



and plants introduced since are called “neophyilesthe western hemisphere, plants are typicalhsatered to be
native if they were present before the beginninguwfopean exploration. In some regions of the Ragfants are
considered to be native if they were present bePaignesian settlement (PySek 1995; PySek et 84;2Bean
2007). It can be very difficult to determine whethespecies of plant is native to a given regiogar(2007)
suggests that a number of criteria should be useldding historical records, phenotypic and gengitiersity,
presence in unmodified communities, and associatigth a wide range of pests and diseases.

Plants that are not native to a given area aendfaid to be “introduced”, “alien” or “exotic” thi “alien”
and “exotic” having somewhat more negative conmmtat These terms are generally used to meanhteatlant
was accidentally or intentionally moved to the dsgdhuman activity. A “casual” alien is one thapigsent in a
given region where it is not native, but which developed a stable or increasing self-sustainimylation. If a
plant reproduces itself and establishes a stalilecozasing population over a period of time, i$asd to be
“naturalized”. The term “adventive” tends to imphat a plant is present in a region but is not/falitablished. It
may imply that the plant is reproducing but hasfooined a stable population or that the plant espnt due to
introductions, but has not become naturalized (P$9895; Richardson et al. 2000).

A “weed” is a plant that grows in places wheris ihot wanted or where it causes some type of héha.
term weed has generally been used to describe wegvatants growing in agricultural crops, gardensn
disturbed or waste areas. A “ruderal weed” is atlaat grows in areas where vegetation is fredyemtd severely
disturbed, often by human activities, includingdsigles, waste areas, and areas that are freqtieoitied (Grime
1977). The term “environmental weed” is commonlgditoday to describe a non-native species thatgnownd
harms natural communities (Richardson et al. 200@)xious weeds” are those that are difficult tdezrinate or
those which affect the growth and reproductiontbko plants (Baker 1974). The use of this ternpime countries
such as the United States, Australia, and New Adataay indicate that control or eradication is netad (Hulme
2012). The term “weed” does not imply that a plardn alien. Native plants may be considered tadseds if they
damage crop vyields, are inconvenient, or need wob&olled or eradicated. Many authors use tha témvasive”
to describe species that have become widely naadabutside of their native region and that hdneegotential to
spread over a large area. Some authors also userthéinvasive” to imply that the spread of thami into new
regions has negative effects of some type, espedainage to natural communities. Therefore, the ténvasive”

has two interlinked meanings — widely naturalizetswle of the native region, and destructive. Beeanf the



confusion that this creates, Richardson et al. (20@ve suggested that the term “invasive” be aseylto describe
a plant that is widely naturalized and that haspibtential to spread into large areas. In contidatjs and
Thompson (2000) developed a classification of efighés of plant colonizers based on dispersal mista
uniqueness of the species to a new region, andcingmethe environment of the new region. They codet that
only two of the eight classifications, those fovabspecies with a large impact on the environmeatranted the
use of the word “invader”.

The term “transformer” is used to describe speitiashave strong impacts on natural communities.
Transformers may change the composition of natwalmunities by affecting resources, stabilizing or
destabilizing soils, promoting or suppressing foa;rying diseases or pests, or by simply disptpoither species
(Rejmanek et al. 2005).

While many plants are introduced outside of theitive ranges, most remain casual aliens. A fainall
number of species become naturalized and formestaid self-sustaining populations. Many of theseaia
confined to fields, roadsides, waste ground anthidied areas. Alien weeds of crops, old fields rorazed
rangeland, waste ground and disturbed areas cae cansiderable economic damage. Relatively fewiapéorm
large self-sustaining populations in natural atestthose that do can cause serious ecological glaanad are a
serious concern for biodiversity. A few specieséhagused extreme environment damage, displacidgstroying

natural communities over large regions, and sonegtiproducing large areas of monoculture.

Patter ns of Invasivenessand Invasion

Researchers have investigated a number of typisswds involving plant invasions including quessio
about what types of plants become invaders, vawibfs may predispose communities to invasion, ineasions
occur, how invasions affect ecosystems and humtvitees, and how they can be prevented, managed, o
controlled. Not all plants introduced into new @t become invasive. Williamson and Fitter (199&#i)mated
that one in ten species of animals and plants itegdanto Britain will escape into the wild, oneten of those will
establish and one in ten established species aélbime a pest. Plant invasions involve interactimisieen
potentially invasive species, habitats and comnesithat are susceptible to invasion, and stochéesttors such as
method, timing, and number of introductions (Chehgl. 2006; Huttanus et al 2011; Catford et al2)0
Propagules must be present for an invasion to oddw invading species must be able to grow ancbdeee under

existing environmental conditions. In some casksn @pecies may be introduced into environmerds ieet their
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specific requirements. However, some alien spemiegeneralists that have the ability to grow apiaduce under
a wide variety of environment conditions (plastitiand thus may be able to invade a wide varietyatiitats.
Moderate environments may be more vulnerable tasion by generalists than extreme environmentsavher
successful plants need to develop special adapsatiocope with difficult conditions (Rejmanek £t2005). Alien
species may also evolve over time to grow and e effectively in new environments. In some cases
introduced species may be able to hybridize witivaagpecies and gain genes that help them torkattpt to the
new environment (Abbot 1992). Researchers hypathdhiat plant species introduced into alien envirents may
be released from the need to defend against sjzeddierbivorous or pathogenic organisms livinghigir native
communities. This may allow an alien plant spetie®allocate resources in ways that help it teoupete native
species (Blossey and Notzold 1995). Alien speciag be more likely to invade new habitats that doaomtain
closely related natives, as they are less likelygsusceptible to native herbivores and pathoffeejsnanek et al.
2005).

Communities may become susceptible to invasiarinittently because of surges in resource avaitgbil
due to factors such as climate variation, poputetiiactuations or disturbance. Alien species map &lave an
advantage when they are introduced into communitlesre they can make use of niches that are enyatyal
community composition factors or to disturbancesjinek et al. 2005; Holzmuller and Jose 2011;doeaet al.
2012). Disturbance also favors the growth and mipeton of annual plant species that can germioatepen
ground, grow and reproduce quickly, and producgel@asily dispersed seeds and maintain persigedttmnks
(Lososova et al. 2006). Transformer species may atmmunities in ways that are beneficial to thelres and to
other alien species by changing environmental factach as fire or water cycles, by manipulatigdtli nutrients
or other factors or by producing allelopathic cheats that inhibit growth of competing species (Hifeéd 2010;
Holzmueller and Jose 2011). This has lead to tha af invasion meltdown where invasion by one selgads to
additional invasions by other species in a positdezlback loop (Simberloff and Von Holle 1999).

Researchers have also studied introduction faatwisthe invasion process to better understand plan
invasions. An invasion by a non-indigenous spetzikes place in a series of steps or transitions.pléint must be
transported to a new environment either accidgntalburposefully. The plant must then be reledstda new
environment where it can grow and reproduce. Asedtaining population must be created as the pltablishes

itself. Finally, it must spread into new environrtgeTraits that help a plant through one transitiay not be



useful for the other transitions (Kolar and Lod@®2). In some cases, plants that are transportach&w
environment may encounter a genetic bottlenedkeifinitial population is very small or if the irdtipopulation
contains only a small fraction of the genetic déitgrpresent in the population of the native rariggs can limit the
ability of some species to adapt to the new enwremt but does not always prevent invasion (Bartesl. 2002;
Poulin et al. 2005; Uller and Leimu 2011). Otheeaps may be able to tolerate a wide range of enment
conditions in spite of limited genetic diversityoi®in et al. 2007). Evolutionary change may alsocuncelatively
quickly in populations of invading species and rimaxolve change in traits which are associated wittasiveness
(Whitney and Gabler 2008). Researchers have noti@donger residence times in new areas are iassdavith
invasion in that area (Rejmanek 2000). This makdmed to some extent on increased adaptation twethe
environment. Once new species have establishegradcing population in a new region, it is comnfionthe
population to remain relatively small and stabledgeriod of time. In the case of invasive spedtds “lag time”
may last for many years (Mack et al. 2000; Simbde#611). A number of explanations for this typedeflay in
population growth are possible. Invasions may bsfpwly and not be noticed immediately, populatiorsy begin
to grow rapidly as the result of new adaptatiomgyapulation growth may accelerate due to somerenmiental
factor or factors favoring the invasive speciexcd@&mse many invading species have long lag peribagy be
difficult for observers to identify early stagesasf invasion and to predict which introduced speare likely to
cause serious environmental impacts in a new reg@itack et al. 2000).

Two other factors that increase the likelihoodnefisive behavior are large initial population sl
repeated introductions. Multiple introductions ie&se the probability of a new species survivingethy stages of
introduction and becoming established (Mack e2@00; Rejméanek 2000). Introductions of species fdiffierent
areas in the native region can also bring togetttéviduals with widely varying genotypes. Crossiting between
plants of the same species with different traity prmduce plants with new adaptations (Uller anariie2011).

Changes in plant populations and ecological conitiesrclearly occur naturally and no ecosystenves e
static. However, human activities have greatly lre¢ed the movement of species from one areadthan and
many invasive plants are also highly associatel itman activities. A number of weeds have evoivid
agricultural crops, and agriculture continues tabemportant pathway for transportation of weepgcies
(Ellstrand et al. 2010; PySek et al. 2011). Ornaaldrorticulture has become another important pathior the

introduction of species into new areas and has tieesource of many seriously invasive plants (Fagid and



White 2001; Dehnen-Schmutz 2011). Areas that haes listurbed by human activities such as olddield
roadsides, and waste areas are generally heavidgl@d. Grazing land is likely to contain large nensbof invasive
species and some invaders may persist long afteirgy is discontinued (Sinkins and Otfinowski 2012)

While it is clear that stochastic events playrapartant role in invasions, an understanding oftemmy,
invasion history, species traits, growth requiretagenvironmental factors and community relatiopstian help

researchers and managers to make better assessfnmgtdikelihood of invasive behavior.

Resear ch into Factors Associated with Plant Invasions
General Approaches

Rejmanek (2000) described five general categofi®@gys to study invasiveness in order to exclude
species likely to become invasive or to detectfrobnand manage invasions. Stochastic approacioes fon
introduction factors such as the type, timing, anchber of introduction events. Evaluation of thregision history
of a specific taxon provides a second approaclinirdl aipproach is to evaluate biological traits saslife span and
phenology, reproduction methods, genetic charatiesj and growth patterns and requirements toigtradhether
specific groups or species of plants are likelpeocome invasive when introduced into new envirortsieh fourth
approach attempts to evaluate factors that malkeea gype of habitat susceptible to invasion, andttempt to
match species that might be invasive with habitas are invasible. A fifth approach uses experitaigon to test

predications based on the other four.

Comparative Sudies

A large number of studies have done comparisomsvaiive and non-invasive species to identifytsrai
that are associated with invasiveness. PySek actthRIson (2007) have reviewed a number of comparatudies.
Some of these studies compared alien species Wfdhnedht levels of invasiveness in a specific regiBor example,
Hamilton et al. (2005) compared species introduoeshstern Australia by using herbaria recordsyBwaluated
specific leaf area, plant height, seed mass, aidaece time across both regional and continentdés. Llorett et
al. (2004) constructed a database of alien plam&ight Mediterranean islands, and evaluated tirziteding stem
height, growth form, and dispersal mode. Otheristiiave compared the traits of invasive alienh ttibse of
natives in an invaded habitat. Williamson and Fi{l€®©96a) used the Ecological Flora Database oftPlaf Great

Britain to compare 26 traits of native and nonv&sgpecies and found plant size and characterisi@tgelate to



propagule pressure associated with human actitdiesrrelate with invasiveness. Godoy et al. (Q@@8npared
flowering times of native and introduced speciethiee Mediterranean-type ecosystems, and fourichliem plants
from temperate areas tended to bloom earlier thtimas, while those from Mediterranean areas blabareund
the same time, and those from tropical areas blddater. Smith and Knapp (2001) found higher spetfaf areas
in alien species introduced into a Kansas tallgpaairie habitat relative to native species, bdtrut find much
difference in other growth related traits.

PySek and Richardson (2007) have reported a nuailpatterns based on their evaluation of multiple
comparative studies. For example, invading spemie®ften taller, have longer flowering period® either more
extreme R-strategists or more extreme K-stratetfists native species, and may have high specéicdeea. These
types of studies have provided much informationualibioe nature of invasions and the traits that pé&pts invade.
However, the information that studies comparingfdaf diverse taxa provide is often too generdddaiseful for
prediction.

Kolar and Lodge (2002, pp 1233-1234) have sugdehbss pessimism about the possibility of predigtin
invasions has emerged from “searching for charisties that apply generally to all taxonomic groaps in all
ecosystems", and state that such characteristiogptdexist. Lodge (1993) pointed out that differentonomic
groups may have different characteristics thaiaassciated with invasiveness. Studies focusingenific plant
families or genera may better identify traits tbah help to predict whether a given species isfitebecome
invasive (Burns 2004; Simberloff 2005; PySek andh@rdson 2007). These types of studies are typidalhe in
two ways. One approach is to compare two confahali@ongeneric species that display differing lewaf
invasiveness. Goodwin et al. (1999) compared tifenf stem height, and flowering period of pairspécies where
one species was a successful European invadenirBxienswick and the other was a non-invasive Euaape
member of the same genus. They also evaluateduthber of geographic regions in the native rangecamtluded
that having a native range containing high numbéggeographic regions was more predictive of invaséss than
the biological traits that they studied. Grotkoma &ejmanek (2007) paired woody species considakedive in
Mediterranean regions with phylogenetically reld&ss-invasive or non-invasive species. They evatlseedling
relative growth rate, and specific leaf area, amuctuded that high values for both of these traitsassociated with
invasiveness. Another approach is to compare a aupftplants in the same family or genus and idgivaits that

differ between the two groups. Comparative stutiiase been done on pines (Grotkopp et al. 2002;aRiston and



Rejméanek 2004; Richardson 2006) and on a numbglaafs in the Asteraceae family includi@gntaurea

(Gerlach and Rice 2003; Muth and Pigliucci 20@)gpis (Muth and Pigliucci 2006), arféenecio (Radford and
Cousens 2000). Other studies have focused on #isgepic, including photosynthesis Rubus (McDowell 2002),
self-fertilization in congeneric pairs in the Irimkae family (van Kleunen et al. 2008), climatic étdudinal ranges
of cordgrass$partina spp.) (Daehler and Strong 1996), relative growtks across nutrient gradients for plants in
two genera of the Commelinaceae family (Burns 208d) seed and inflorescence characteristics ased

herbarium records of introducé&totolaria species in Taiwan (Wu et al. 2005).

Discussion

Introduction of plants and other biological organg into new areas have been common throughout
history, but have increased as humans have dewklopee efficient methods of transportation. Whilany
biological introductions do not create problem&eitfor human activities or for natural systemsigmificant
minority of introduced organisms establish, spreant] cause serious ecological and economic problewesions
have become the focus of much research. Howeveertainty remains about the causes, processesrguatis of
biological invasions. Possibly because invasiorsat yet well understood, the terminology usednigsion
researchers has not always been well defined,lasthas added to the difficulty of research on &was.

Many of the approaches that have been used barade's to study biological invasions use compasso
between organisms that have spread extensivelgansbd serious damage in new areas, and thodmatlanhot.
Because of the complexity of biological systemsnparative studies will probably never provide ertoug
information to allow researchers to determine witinplete certainty whether a plant or other orgasiwiill
become invasive. Comparative studies can, howéaaml,to better understanding of the causes andtefté
biological invasions. This type of knowledge cancbenbined with more detailed information about tifadts,
growth requirements and environmental interactmfrspecific plants to improve prediction, preventiand

management of plant invasions.
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CHAPTER 2: DEVELOPMENT OF A DATABASE OF INFORMATIOMBOUT BROME

GRASSES

Introduction

The identification of species with the potent@abiecome invasive has become an important area of
research. It has become increasingly clear thaetiseno easy way to identify species with a paddifor
invasiveness. The National Research Council hasdsthat while a "conceptual basis exists for usi@deding
invasions” (2002, p. 9), there are “no known breaigntific principles or reliable procedures foeidifying the
invasive potential of plants, plant pests, or bgidal control agents in new geographical range8022p. 9).
Nevertheless, the high level of damage to naturdlagricultural systems has made research intpregiction and
management of invasions imperative.

A number of risk assessment systems have beetogedeto evaluate the likelihood that a plant will
eventually become invasive, and to estimate thsipleseffects on natural and agricultural systeimas tould result.
Risk assessment systems typically use multiplecgmbres to evaluate an organism's potential forsieaess. One
approach is to determine if an organism has aryistbinvasiveness. Another uses traits or charesties that are
associated with invasiveness. A third approach examine ways that a species might interact witidoand
abiotic environmental factors. This can help teed®ine if a species is likely to be invasive ingfie types of
habitats. Risk assessment systems may also evéhedlikelihood of introduction of a species, ahd potential

damage that may result from an introduction (Reidlzand Hamilton 1997; Pheloung et al. 1999; Jiaal.€2008)

Use of Databasesfor Research into Invasiveness and Invasion

Comparative studies and risk assessment requ@redifection and analysis of large amounts of data.
Collection and organization of data are labor isbe# and time consuming. The development of datsbagth
information about species descriptions and distidim plant traits, genetic data, research resaed
environmental factors has been valuable for rebeasc Databases can give researchers and manaisksnd
easy access to diverse types of data collectedrany years by researchers around the world, amtielp to
reduce bias in the selection and evaluation of (l@éalotte et al. 2006). Databases provide tootscma allow users
to view information in new and varied ways. This ¢eelp researchers to generate new questions ead.i@when

researchers with different viewpoints can look aetof data from different perspectives and uskipteianalytical
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approaches, informative and useful patterns maygan&esearchers, land managers, modelers and atreuse
the information in databases to make better priedistabout which species of plants have the patetatibecome
invasive, and about ways in which a given speciag imteract with environmental factors in a spedifabitat.
Databases can also provide information about mamageand control of existing invasions.

Many databases with information that could be uidef studies of plant invasiveness are now abéélan
the internet. Biodiversity Information Standardsrgherly The Taxonomic Database Working Group), an
international nonprofit organization that develspendards and protocols for sharing biodiversitya daaintains a
website (http://www.tdwg.org) that lists over 600diversity projects and online databases. Talldig&s some
examples of the many databases available on tamkttthat may be useful for research on plantsivesess.
Many of these databases contain information almetiss of plants found in a specific country oriagf the
globe, while others focus on specific taxa.

Regional databases have proved to be valuable$earch. A number of regional floras are now atée!
on line. The eFloras.org project provides onlimedb and partial floras for regions or countrieduding China,
Pakistan, Chile, and North America (Song). Flonapantial floras are also available online for GrBdtain (Peat
and Fitter), New Zealand (Landcare Research), li§bsmnin 2006+), and Australia (Australia Departieh
Sustainability, Environment, Water, Population &wmmunities), while the USDA Plants database prwid
distribution maps and other types of informationgtants of the United States and its territori@ata in the
BiolFlor (Hemholtz-Centre for Environmental ResdarBundesamt fiir Naturschutz) database, which amnta
information about biological and ecological trafgplants found in Germany, has been used for aoenrof
projects. These include a study correlating tnaith naturalization success of introduced ornanisnteGermany
(Hanspach et al. 2008), an evaluation of plantd@ssociated with annual vegetation in man-mabaata in
Central Europe (Lososové et al. 2006), and a stlidye effects of self-compatibility on the disuitipn of
European plants in North America (van Kleunen astthdon 2007). Regional databases contain a wefalth o
information. However, regional databases may nijt teeidentify plants with invasive potential tHzve not yet
been introduced into a specific region. Researcwbsare interested in a particular species oftpiaust try to find
and combine diverse types of information from vasioegional databases, and may find it difficulirtake
comparisons. Databases with information about fipgaixa are also available. Several useful onfiambases of

information on grasses, include the GrassBase dsgaftClayton et al.) available on the Kew Gardeaissite, the
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Table 2.1: A sample of databases that have usghimation about invasive plants and are availabl¢he

internet.

Database Name

Website URL

Author §Organizations

Focus of Database

Database Content

African Flowering
Plants Database

http:/iwww.ville-

ge.ch/musinfo/bd/cjb/africa/recherche.p|

South African National
Biodiversity Institute,
Conservatoire et Jardin
|'ﬁjotaniques de la Ville d
Geneéve, Tela Botanica.

African flower plants
e

Database of plants with
ecology, status and
distribution information

APASD - Asian-
Pacific Invasive
Species Databas

http://apasd-niaes.dc.affrc.go.jp

=Y

National Institute for
Agro-Environmental
Sciences Working grou
for the APASD

Invasive alien species

)Asian and Pacific
countries

iDatabase of invasive
species and associated
information

Helmholtz Centre for
Environmental Researc

Wascular plants in

Database of native and
established alien plants|

BIOLFLOR http://www?2.ufz.de/biolflor/index.jsp (UFZ), Bundesamt fur |Germany \éVétohlc?ui)Clgiqlt}:;Itand
Naturschutz inforn?ation
Databases of biodiversity
BioDiversit Biodiversity Information information projects,
Informationy htto:/AWww.tdwa.or Standards (TDWG) - |Global biodiversity biodiversity information
Standards P tdwg.org formerly the Taxonomic|projects and databasegetworks, and
Database Working Group biodiversity informatics
events
—_ Database of alien species
D’.MS'E (Dghve_rlng with description P
DAISIE http://www.europe-aliens.org Alien Species in EurOpﬁ)AIien species in Europglistribution, introductior]
Program pf the European impact, and management
Commission information
Dr Helen Peat and
Professor Alastair Fitter| Database of plants of
Ecological Flora at the University of York Great Britain with
Database of Plan/http://www.ecoflora.co.uk with f'“a”C'f"‘.' support Plants in Great Britain _descrlpt|on‘, d_|str|but|on
of Great Britain from th_e Bntlsh_ in Great Britain and_
Ecological Society and Europe, and ecological
the Natural Environment information
Research Council.
R. Randall, Hawaiian I
Global Ecosystems at Risk, Listing of 18,000 plant'
. . . . taxa that have been cited
Compendium of |http://www.hear.org/gcw Department of Global invasive plants . L o
. as invasive in specific
Weeds Agriculture and Food, references
Western Australia
Database of invasive
Invasive Species organisms with
Global Invasive . . Specialist Group (part of . . ._ldescription, distribution
Species Databasehttp'” www.issg.org/database/welcome the World Conservation| Global invasive SpeC'esmtroduction, ecology,
Union) impact, and management
information
n/é?ﬁ]grl]aﬁr?g ’HK'T' Database with detailed
http://www.rbgkew.org.uk/data/grasses; , . y ' descriptions, distributior
GrassBase Williamson, Royal Global grasses ) .
db.html . information, and an
Botanic Gardens, Kew, interactive ke
Great Britain y
Project that synthesizeg
Osborne CP, Visser V, information from large
. Chapman S, Barker A, datasets to provide
GrassPortal http://www.grassportal.org Freckleton RP, Salamin Global grasses information on
N, Simpson D, Uren V. taxonomy, ecology,
geography and evolution

Plants Database

http://plants.usda.gov

United States
Department of
Agriculture

Plants in the United
States

Database with images,
biological and ecologicg
traits, noxious weed
classification, and other
information
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Manual of North American Grasses (Barkworth etaigvided by Utah State University, and Ausgrasighpn
and Alfonso 2011). The GrassPortal project (Osbetra. 2011) which was developed as a result dilworation
between the University of Sheffield, the Royal BataGardens (Kew), Knowledge Now Limited, and the
University of Lausanne allows users to combine rholpgic data and synonymy from GrassBase (Claytat. g
distribution data from the Global Biodiversity Imfoation Facility (GBIF 2012) and phylogenic datarfr the
GrassWeb database (University of Lausanne, Swidgute of Bioinformatics) with environmental ddtam
NASA and other sources.

There are also some excellent databases thaticamfarmation about invasive species around theldvo
such as the The Global Invasive Species Databagagjve Species Specialist Group). These ofterotlcantain
data about non-invasive species, which is essedotiadentifying how invasive species differ, armh®e do not have

enough depth for many types of research.

Focus on Poaceae

An alternative approach is to create a databageimibrmation about a specific taxonomic group of
organisms that is designed to be used for res@ardtvasion. It is known that some plant familiesé high
numbers of invasive species. One of these famditise grass family (Poaceae). PySek (1998) usedrbportion
of invasive species to evaluate the invasivenegdanits in angiosperm families. He included thedeaa family in
his list of seven families that contain high nunsbef invasive species, and suggested that theyheytdlved
inflorescences and successful dispersal systemae$es contribute to their ability to become invaDaehler
(1998) showed that the Poaceae family containsehitifan expected numbers both of agricultural wesdis
natural area invaders relative to the number ofisgdn the family.

Invasive grasses cause serious economic lossramdmemental degradation in many parts of the world
Sorghum halepense (L.) Pers. (Johnsongrass) is an agricultural wbatican reduce yields of many crops including
cotton, corn, sorghum, soybeans, and sugarcane (&ta. 2005), resulting in serious crop lossessagnificant
economic impact (Griffin et al. 2006; Gunes et28l08). It is found around the globe in warm climateas and has
extended its range as far north as southern Cginmeman 1993). Scientists in Australia, New Zealand
California, and other coastal areas, are concesbedt damage to coastal habitatsApymophila arenaria (L.)

Link, a beach grass native to Europe and NorthcAfthat has been used for dune stabilizahommophila
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arenaria displaces native plant species, alters habitatgiys that affect other organisms, and changes dune
formation patterns (Beckstead and Parker 2003pHiit al. 2006).

Members of the Global Invasions Network, a U.Stiddeal Science Foundation funded research
coordination network, suggested that an invasiended database of information about species ifathdy
Poaceae would be a valuable tool for researchtir@@cology and evolutionary biology of invasiondétabase
with information about species in the Poaceae famduld provide a central location for informatitirat could be
used by researchers both to investigate invasidddaceae species and to address fundamental aqusesigarding
mechanisms of plant invasions. It would allow reskars to compare and contrast data for differpaties of
grasses, and to examine data from many types edres studies. By providing researchers with migtipays to
query data, the database would help researchazstgettterns and develop a deeper understandipiguutf
invasions. It would facilitate communication andyide information to land managers and others wewlwith the
practical aspects of controlling current invasibgsnvasive grasses. However, a database abouinfittmation

about grass species world wide would be a masspjedqd.

Brome Grasses

A number of grasses in the tribe Bromeae have hégely introduced into areas outside of their vati
ranges and have caused serious problems in thenwadshited States. The Eurasian speBiesnus tectorumL. is a
crop pest of winter cereals, a common weed of st areas, and an environmental weed that hadedva
enormous tracts of land across the western Unitai®§ where it disrupts communities, often fornmatultures,
and changes fire cycles (Leopold 1949; Mack 198#yi€s et al. 2011; Pierson et al. 20 Brpmus rubens L.
(Bromus madritensis ssp rubens (L.) Husn) is an invader and transformer species in deseaseaof the
southwestern United States and has also affegtedyfcles (Salo 2004; Salo 2005; Salo et al. 2806¢ks and
Berry 2006; Abella et al. 2012, Brooks 2012). Otheyme species such Bsomus secalinus L. andBromus sterilis
L. are weeds both within and outside of their ratianges (Tsvelev1984; Cussans et al. 1994, Koseehkd. 1990;
Andersson et al. 2002; Milberg and Andersson 2@8@bire 2008)Bromus inermis Leyss. andBromus catharticus
Vahl have been introduced to many areas of thednaslforage grasses and are now invasive in sogiense
(Otfinowski et al. 2007; Dillemuth et al. 2009; Kims and Otfinowski 2012). However, many other beognasses

grow only in their native ranges and are not cagrgid to be weedy.
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In conjunction with a USDA supported REENet resharoject focusing on brome grasses in the western
United States, | have developed a database andtevebenformation about that is designed to suppesearch on
invasion and invasiveness, while also providingatial location for information about brome gras3dee database
includes data for species of brome grasses ardwndarld, and gives researchers, land manageder#is; and
others the ability to quickly find information, atml compare traits of invasive and non-invasive @y
providing researchers with multiple ways to queayad the database can help researchers deteahpatel
develop a deeper understanding of plant invasibfecilitates communication and provides inforroatito land

managers and others involved with the practicagetspof controlling current invasions by invasiverbe grasses.

M ethods

| began development of a database by creatinglaodmenting requirements. To determine the kinds of
information that should be included in the databasead and evaluated a number of papers listiagt praits and
other factors associated with weediness and ingasss (Baker 1974; Roy 1990, Rejméanek 2000; Rejknétra.
2005; PySek and Richardson 2007; Whitney and G&0i@8). | then compiled a list of factors commoasgociated
with invasiveness, and identified data types tloald be used for information about these fact@se Table 2.2. |
used a traditional (or waterfall) design and depsient lifecycle including development of requirenseand
creation of a requirements document, a design deatra table relationship diagram, and a dataatiaty. See
Figure 2.1. Microsoft Access 2007 was selectedHferdatabase software because of its wide availabitesigned
the database to include both categorical and testata. The categorical data facilitates searchdsspecies
comparisons, while the textual data provides morgext and detail. The database was designedhsit tan
easily be expanded to include more kinds of infation and additional taxa. To populate the datblasollected
distribution and trait data from a wide varietysofurces including regional floras and manuals nentiatabases,
papers in peer-reviewed journals, government doatsndissertations and theses. To determine whizmds to
include in the database as valid species, | usdibw Gardens GrassBase database of global grasies
(Clayton et al.) and the Integrated Taxonomy Infation System database of North American specidS)IT
Brome grasses not listed in either of these daéabasre not considered to be valid species and hgézd as
synonyms of valid species. Population of the dataliteegan in 2010 and is ongoing. A web interfackcatine
search algorithms were created using SQL and Mit@sSP.NET by personnel at the USGS Snake RiveldFi

Station in Boise, Idaho.
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Table 2.2: Data types included in the databasbased on factors commonly listed in research pageers

contributing to plant invasions.

Factor s Affecting I nvasiveness

Citations

Associated I nformation in Database

Short-lived / Long-lived

Pysek and Richardson (2007

Life Span
(annual, winter annual, biennial,
short-lived perennial, perennial)

Rapid growth and short generation time

Baker (1974); Roy (1990); Rejmanek (2000);

Rejmanek et al. (2005);
Py3ek and Richardson (2007);
Whitney and Gabler (2008)

Specific Leaf Area,
Genome Size

Self-compatibility (especially with some
crossing)

Baker (1974); Roy (1990); Rejmanek (2000
Rejmanek et al. (2005);
Whitney and Gabler (2008)

Mating System

; (selfing only, mostly selfing, selfing
and outcrossing, mostly outcrossing,
outcrossing only)

Generalist genotypes / plasticity — growind
and reproducing under a wide range of
environmental conditions

Baker (1974); Roy (1990); Rejmanek (2000
Rejmanek et al. (2005);
Whitney and Gabler (2008)

.Number of Global Biomes,

"Minimim and Maximum Temperature
Minimum and Maximum pH
Latitudinal Range Information

Small seeds / Large seeds

PySek and Richardsom)(200

Seed Weight

Continuous, long or prolific seed output

Baker (1974); Roy (1990);
Py3ek and Richardson (2007);
Whitney and Gabler (2008)

Seeds per Shoot/ Ramet

Effective seed dispersal, adaptations for
short-and long distance seed dispersal

Baker (1974); Roy (1990);
Py3ek and Richardson (2007);
Whitney and Gabler (2008)

Seed Weight,
Maximum and Minimum Awn Length

Seed dispersal by vertebrates

Rejmanek (2000); Rejmanek et al. (2005);
Whitney and Gabler (2008)

Seed Weight,
Maximum and Minimum Awn Length

Vegetative reproduction

Baker (1974); Roy (1990); Rejmanek (2000
Rejmanek et al. (2005);
PySek and Richardson (2007)

;Vegetative Reproduction
(rhizomes, no rhizomes)

Hybridization

Rejmanek (1996); Whitney and Gab26(8)

Hybridization

(Known to hybridize, no known
hybridization,

is a hybrid) + text field

Polyploidy

Roy (1990)

Ploidy Level (diploid, polyploid),
Chromosome Count

Large native range

Rejméanek (2000); Rejmanek ¢2@05)

Native Distribution Information

High interspecific competitive ability

Baker (1974); Roy (1990);
Rejmanek et al. (2005);
Whitney and Gabler (2008)

Root to Shoot Ratio,
Vegetative Reproduction
(rhizomes, no rhizomes),
Impact (text)

Characteristics favoring
dispersal by humans

Rejmanek (2000); Rejmanek et al. (2005);
Pysek and Richardson (2007)

Human Uses (hay, forage,
revegetation, horticulture, others)
Availability of Cultivars

Grazing Value

No specialized germination requirements
/germination in many environments

Baker (1974); Roy (1990);
Whitney and Gabler (2008)

Management Information (text)

Effective defenses against enemies,
resistence to herbivory

Pysek and Richardson (2007);
Whitney and Gabler (2008)

Maximum and Minimum Awn Length

Seed longevity / discontinuous germinatio

Baker (1974); Roy (1990);
Pysek and Richardson (2007)

Seed Bank
(transient, short-term persistent,
long-term persistent)

Tolerance of burning

PySek and Richardson (2007)

Association with fire, Impact (text),
Management (text)

Time since
Multiple introductions

Rejmanek et al. (2005)

Introduction Information

Release from predators or pathogens

Rejmanek (200&jnanek et al. (2005)

Interactions with Othegaisms
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Develop Design
Requirements Web
Interface

Make Make Evaluate Populate
Changedo Changes to Feedback Database
Web Interfac Databas

Figure 2.1: A traditional waterfall lifecycle uséat the design and development of the databaskdimgy a process
for evaluating and responding to feedback.

The database contains records for 150 speciesims@eomus, four species in genusttledalea, and one
species in genuBoissiera. Species records include commonly used synongammon names, distribution and
introduction information by country, and informatiabout plant traits, growth requirements, humaogations
and management. There are also links to imagekhbiabn the Internet for over 50 species. Refarsrre
provided throughout the database for specific datas so that users can find and refer to the maigiata sources.
The database includes an extensive searchabledyiffihy and a list of other websites that proviskeful
information abouBromus species and invasions.

The web interface provides users with the abititgearch for species records by scientific namgyor
country. It shows maps (by country) of native amdoduced distributions, along with some detail&@drimation for
individual countries. Distribution maps by statel@movince are also shown for the United StatesGamhda.
Advanced search options allow users to searchpieeies that have specific categorical trait valresombinations
of categorical trait values. A simple referencarsk allows users to search for references by keywo more
advanced bibliographic search allows users to bdfarderms in specific combinations of refereneeard fields
and to search for research papers that focus anifisgepics.

The database and web interface are hosted onrda Basin Research and Management Partnership
website, and are part of tBeomus Research, Education, and Extension (REENet) projeich coordinates

networking and facilitates research on exotic anvasive grass species of the geBuamus that have been
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introduced to the western United States. The wtlsface can be accessed at

http://greatbasin.wr.usgs.gov/GBRMP/bromus/brontas.h

Discussion

Databases provide a useful way to organize dataamake it widely available. However, some cautio
must be used when data that has been collectédsitype of database is used to investigate eamdbtppics such
as invasiveness and invasion. Availability of imf@tion and decisions about what information toudel and how
to combine and format the data inevitably introdb@es. The amount of available information for sapecies
(such aBBromus tectorum) is overwhelming, while almost no information exgifor other valid species. Information
that would be useful to researchers is unavaildrlenany species or may be too inconsistent to Daéa is
inevitably presented using many different unitsnefasurement and in many different formats. Whéenatided to
the database, it often needs to be converted dmhatted. Available information often conflictsycdasome sources
are more reliable than others. And while a focus @pecific taxon may have implications for a beyad
understanding of invasiveness, any specific patteliserved apply only to the taxon group studide &valuation
of data collected in databases is clearly obserwatj and data analysis can show correlations,noatcause and
effect. However, many of these same caveats alsly afth other sources of information.

The types of information needed to make assessnéintvasion potential for plants must generally b
gathered from many sources. Collection of dataantentral location simplifies this process andpsufs use of
evaluation tools at the national and state or pi@ial levels, and also at much more local levelsngtplant trait
and growth requirement data can be matched to ctesistics of specific habitats and communitiesvéwated
search options can be used to facilitate compasibetween species and can help to reveal pattexhsuggest
additional avenues for research.

Collection of data in a central location can alseeal gaps in data. A majority of the informatfound in
journal articles and on the Internet focuse®ommus tectorum, an annual species that causes serious ecological
damage in western North America. Information oreofpecies of annual bromes that grow in EuropeNanth
America is also fairly extensive and can be foundh® Internet. Less information is available fonaal bromes
that grow in other areas of the world. Informatismlso limited for perenni@romus species with the exception of
those that are used extensively for hay and forelge.information that is available is often in peid floras and

other sources, and is less easily accessed byrchses Language barriers can make informatiorncditfto find
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and use. Much more information is available fombecsspecies that are used by humans or that areipeido be
invasive or destructive than for species that Hemiteed human associations. There are a numbepexdiss for
which almost no information exists. These speaes to have limited ranges and some may be endzthger
extinct.

Many types of information that would be useful fwediction, management, and control of invasiaes a
currently limited or unavailable. More information growth requirements such as temperature rargyea@hpH
would be especially valuable for modeling. Projéiis the GrassPortal may help to make this typmfafrmation
available in the future. GrassPortal combines ftata the Kew Gardens GrassBase Database, the GedissW
phylogeny database, the GBIF species occurrenabalse, with climate and habitat information from$¥dand
other sources (Osborne et al. 2011), and may hkindhe future to provide information for tBeomus database.

As research on plant invasion continues, the ciitle and organization of data will become increghi
important. This database was designed to exampuessible approach to the collection and analysaatd about a
specific taxa of invasive grasses, and to evaliegteralue of this type of data collection both fieenagement of

brome grasses and for the development of a bettsaratanding of plant invasion.
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CHAPTER 3: LOOKING FOR PATTERNS OF INVASIVENESS ANNVASION IN BROME GRASSES

Introduction

Humans have long been concerned with the negatipacts created by plants that grow in places where
they are not wanted. Many of the concerns abouwsive plants have focused on financial costs anthda
associated with agricultural, horticultural, andgaland weeds (Wyse 1994; Sheley et al. 1998; Bruasd
Tanaka 2011; Davies and Johnson 2011). The efdégti®nt invasions on natural ecosystems havelssome a
serious concern (Pimentel et al. 2005; Simberl6fi®2 Davies et al. 2011). Invasive plants displaaiive species,
change the way that communities function, and redypecies diversity (United States Congress Office
Technology 1993 cited by Clout and Poorter 200%rBia et al. 2005; Simberloff 2005).

Many researchers have searched for ways to eeghlatt species in order to identify the plants tre
most likely to become invasive and to predict wharasions are likely to occur. Most people whodatudied
plant invasions now believe that there are no sbest and easily used sets of traits or factoitsapply to all plants
and can be used to identify species that will beemvasive. In a study of 49 annual species itaBrj Perrins et
al. (1992) were unable to identify characters twaild be used to separate weeds from non-weedysplamore
recent study of alien angiosperm plants in the kéedinean region failed to find evidence of a pbgluetic
component to invasiveness (Lambdon et al. 2008).takonomic groups of species included in thesssgtadies
may be too broad for particular traits associatétl imvasive species to emerge. Studies focusingpaeific plant
families or genera could better identify factorattban help to predict whether a given speciekeadylto become
invasive (Perrins et al. 1991; Burns 2004; SimiérRD05; PySek and Richardson 2007). They may laddp to
identify communities that are likely to be damadgd particular invasive species. Studies that$amn invasive
traits and ecological interactions of species givan family or genus may help researchers makeraocurate risk
assessments at national or regional scales, amdaller scales for habitats of concern. They cao ptovide
information that can help managers to respondvasions and to select appropriate management tpobsi

The grass family (Poaceae) contains higher nundfesgedy and invasive species than expected velati
to the number of species (Daehler 1998, PySek 1998)mber of brome grasses in the subfamily Padend the
tribe Bromeae have been widely introduced intodh#&ed States, and some are considered invasiay@i and
Renvoize 1986). The subfamily Pooideae is an ingmbigroup of grasses that have adaptations to tetepzone

climates and often to dry winter climates typicdbynd around the Mediterranean Sea. Pooideae&ggasses
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with large chromosomes (Renvoize and Clayton 199@yphologically, bromes appear similar to grasedabe
genusFestuca of the tribe Poeae, but are considered to be olostly related to grasses in the tribe Triticeae,
which includes wheat, barley, and rye (Clayton Redvoize 1986). Grasses in tribes Bromeae ancdc&ai¢i have
simple rounded starch grains rather than the comgestarch grains found in tieestuca L. and most other grasses
(Renvoize and Clayton 1992, Grass Phylogeny Wordrgup 2001). The Grass Phylogeny Working Grou®80
showed brome grasses to be closely related toagasshe genusriticum L. (wheat) and also to grasses in the
generaAvena L. (oats) andBrachypodium P. Beauv (false brome). Most brome grasses grdiheitemperate zones
of the world with a few species found at high et@rss in the tropics.

The largest genus in the tribe Bromeae is the gBrmmus L. Bromus grasses are annual, biennial, or
perennial with culms ranging from 5-190 cm. in li¢jgheaths closed to near the top, membranousdigerect or
nodding panicles or racemes with up to 30 fertdeets, unequal glumes shorter than the spikdi@tger lemmas
usually with a subapical awn (or with three awna ifiew species), with disarticulation above themgs. The tribe
Bromeae also contains the genBogssiera Steud. with one annual species which is found mre¢Asia and Africa
andLittledalea Hemsley a genus with large papery lemmas that containsdpecies in central Asia (Tsvelev 1984,
Clayton and Renvoize 1999; Asghari-Sakaria 200vli€aand Anderton 2007; Clayton et al.). Many bem
grasses have multiple synonyms and species maiffiseiltito differentiate on the basis of morphoioal
characteristics (Saarela et al 2007; Fortune €04I18). Some sources list more than 400 speci¢sdout 150
species are widely accepted as valid (SoderstrahBaaman 1968 cited by Saarela et al. 2007; Clastah).

Taxonomists have divided the brome grasses intanaber of subgroups based on characteristics such a
the number of nerves in the glumes, the shapeeo§pikelets, and features of the lemmas. In a pape@r, Smith
reviewed earlier classifications Bf omus species and proposed a classification based ophalargy and serology
which separates species in the geBimnus into sectionsStebbens (1981) evaluated chromosome morphology and
pairing of chromosomes in interspecific hybrids] anggested the use of subgenera. Sections acaltygiased on
only one or two characteristics, and species imsdp sections may be quite similar. The use ofjenbra implies
that there is more difference between groups ($telt981). Stebbins commented that there are grddferences
between somBromus subgenera than between genera in many othertpbeat Tsvelev (1984) separated the
bromes even more completely by breaking them inttiipte genera. Today, the systems suggested bthSmi

Stebbins, and Tsvelev are all in use. All thredesys are similar with the same species groupedhege
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See Table 3.1. A number of researchers are nowg psotein and DNA analyses to study phylogenet&ti@nships
of brome grasses (Anouche and Bayer 1997; Oja 20[22and Paal 2005; Oja 2007; Saarela et al. 206Tune et
al. 2008). Saarela et al. (2007) compared nuclegichloroplast DNA sequences in 46 species of brgrasses
and concluded that most sections are monophylaiicthat sectiofromopsis contains several lineages.

Table 3.1: Taxonomy of Tribe Bromeae - Three systefrtaxonomy are commonly in use today. P. Snii¢tY Q)
divided genuBromus into six sections. L. Stebbins (1981) divided geBromus into seven subgenera (with
Boissiera now moved to genus status). Tsvelev (1984) divigllisBromus into separate genera. In addition,

Triniusia is occasionally usefbr species with three lemma awns (Scholz 1998),keng used sectioBnobromus
for five Asian species (Liu et al. 2006).

Genus . No. . Native
Subgroups Life Span Species | P1O1%Y Distribution
GenusBromus Linneaus
SectionBromus annual, ca. 30 diploid, Asia, Europe,
Subgenu8romus occ. biennial ’ polyploid Africa
SectionTriniusia (Steudel) Nevski annual 2-3 diploid Asia, Europe
GenusBromopsis (Dumortier) Fourreau Asia, Europe
SepnonBrormpgs Dumortier or perennial, _— Africa, Australia,
Pnigma Dumortier or diploid, .
’ ) 1 annual 70-90 . North America,
Festucoides Cosson & Durieu polyploid South America
Subgenus-estucaria Link ’
SectionSinobromus Keng perennial 5 Asia
GenusCeratochloa Beauvois apnue}l, .
- . biennial, . North America,
SectionCeratochloa (Beauv.) Grisebach hort-lived iall & 20 polyploid h .
Subgenu<geratochloa (Beauv.) Hackel short-lived perennial, South America
' perennial
Europe, North
GenusAnisantha (C. Koch) - Africa, and
SectionGenea Dumortier annual 5-8 dgallmldo,i d Western Asia,
Subgenu&enobromus Hackel polyp especially around
the Mediterranean
GenusNevskiella Kreczetovich &
Vvedensky
SectionNevskiella (Krecz. & Vved.)
Tournay annual 1 diploid \(/:Veer]sttgnAi?:
SubgenudNevskiella (Krecz. & Vved.)
Krecz. & Vved.
GenusTrisetobromus Nevski annual South America
SectionNeobromus (Shear) Hitchcock (or perennial) 2 polyploid (Chile)
Subgenu®Neobromus Shear P
Genus
Boissiera diploid, Eastern
annual 1 . Mediterranean,
Hochstetter ex polyploid -
Asia
Steudel
Genus .
Littledalea perennial 4 ? Western C_hlna,
Central Asia
Hemsley

The species in three sections of the geBnasnus — Bromus (a section in genuBromus), Genea, andNevskiella -

are annuals or occasionally biennials, while thec&s in the largest sectidBromopsis, are (with one exception)
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all perennials. The sectid@eratochloa includes annuals, bienniels, short-lived pereshiahd perennials. The
descriptions of life spans of individual spediesectionCeratochloa and also sectioNeobromus may vary
depending on the source.

The two annual sections contain large numbersegfdy and invasive species (Roy et al. 1991; Oj2 200
Oja and Paal 2007). Some of the most serious biowaglers in western North America, including dovimmgme
(Bromus tectorum L.), red brome Bromus rubens L. or Bromus madritensis ssp.rubens (L.) Husn.) and ripgut
brome Bromus diandrus Roth),are members of the relatively small sectiggnea. Many species in sectiddromus
are widely distributed around the world and commarbw in agricultural or disturbed areas. Howeweme
perennial species in sectioBsomopsis andCeratochloa are also invasive.

Brome species have been the focus of severakstadimparing plant traits and invasiveness. Hulbert
(1955) evaluated characteristics and behaviorroétenual brome species introduced to the westeited)States
and suggested that winter hardiness, ability tongeate at lower temperatures, rapid and deep nootty and
spring maturation, and high seed output all comdéitta the invasion success of one spe@eamus tectorum, in
semi-arid areas of the western North America. Ray fais colleagues evaluated physiological, genatid,
demographic characteristics of annual brome spedibsvarying levels of invasiveness (Roy et al91p They
found a positive relationship between the numbaliafatic zones in the native distribution aread #me number of
regions with a Mediterranean climate occupied waitie, but did not see other clear differences betwiavasive
and non-invasive species (Roy 1990, Roy et al. 1991

In conjunction with a USDA supported REENet resharoject focusing on brome grasses in the western
United States, | have developed a database ofmaftton about brome grasses that is designed fmosupesearch
on invasion and invasiveness, while also providirggntral location for information about brome gessand the
control and management of brome invasions. Thebda&includes data for species of brome grassaadithe
world, and gives researchers, land managers, dtjdard others the ability to quickly find inforrmat, and to
compare traits of invasive and non-invasive spedibe database also includes an extensive refemte
bibliography section, and provides links to othefwased information sources. | used the databasgdstigate
patterns of invasiveness and invasion, and to dpvehd examine hypotheses about invasiveness inebgoasses.

See Table 3.2.
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Table 3.2: The hypotheses evaluated were baseakctors that are commonly listed as contributingpt@asiveness
in research papers (Baker 1974; Roy 1990; Rejmaf6R; Rejmanek et al. 2005; PySek and Richard<udv)2
Whitney and Gabler 2008). Availability of data fmanyBromus species was a consideration in choosing the
factors to use for analyses.

Factor Associated Data Hypothesis

Invasiveness is correlated with taxonomic section
with species in sectiorS8enea andBromus more

1 | Taxa Section ] ; ) o )
likely to be invasive than species in sections
Ceratochloa andBromopsis.
2 | Life Span Short, Medium, Long Shorter life spans are correlated with invasivengs
Effective
3 | seed Maximum lemma awn length Long lemma awns are catedl with invasiveness,.
distribution
Effective . Low average seed weight is correlated with
4 | seed Average seed weight . .
A invasiveness.
distribution

Polyploid chromosome counts are correlated with

5 | Ploidy level | Mostly diploid, Mostly polyploid, Bb invasiveness.

Use by humans for forage, hay, and revegetation is

correlated with invasiveness.

6 | Human Use| Use for hay, forage, and/or revegetatio

Availability of cultivars is correlated with

7 | Human Use| Availability of cultivars invasiveness.

Hypotheses 1 and 2 are based on the many referenttesliterature to the high incidence of weedma annual
brome species in sectioBsomus andGenea (Stebbins 1981; Ainouche, et al. 1995; Barkwotthle2007,

Saarela et al. 2007). Hypotheses 3 and 4 relatetoften cited role of effective methods of sempersal in plant
invasions. Hypothesis 3, species with long seedsaawe more likely to be invasive, is based on theeovation that
humans are effective dispersers of long-awBemhus tectorum seeds which adhere in large numbers to the socks
and boots, and on the assumption that other vattelspecies are also likely to move long-awnedsseed new
areas. Hypothesis 4 is based on the assumptiolightr seeds of species such as brome grassebenagre
easily moved than heavier seeds. Small seed weightiss is sometimes cited as a possible factociased with
invasiveness. Rejmanek et al. (2005) have assddiatasiveness of woody plants in disturbed are#s small
seed mass based on a study of invasiveness irspéauées. However, Roy (1990) found seed weighetoftmo
value for the prediction of invasiveness in bromesges. Hypothesis 5 states that polyploidy speceemore likely
to be invasive, as polyploidy may pre-adapt plémtgrow in new habitats, support adaptation, acditate both
sexual and asexual reproduction under certain tiondi(te Beest et al. 2012). Hypotheses 6 ane Tedated to

human use of brome species, and are based on atfomin the literature about the use of sdBnemus species for
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forage, hay, and revegetation in the western Uritiatles, and on observation of the widespread peesaf smooth

brome Bromusinermis Leyss.) along highways in the North American West.

M ethods
Creation and Population of the Database

| created the database using Microsoft Access 20@7populated it using a wide variety of sources
including regional floras and manuals, online datas, papers in peer-reviewed journals, governdwmtments,
dissertations and theses. | tHeaked for patterns of similarities and differentetweerBromus species that are
invasive and those that are not. | identified fexfor which | was able to collect the most infotioa, and created
hypothesis for these factors based on scienttéicdture about plant traits and invasion. Populatibthe database
is ongoing, and the statistical analyses in thjgepare based on the data present in the datab&sptember of
2012. See Appendix Table Al.

To identify invasive species, | looked first athwidely each species is naturalized outside afidtsve
range, and whether it is considered to be a weeskd a 0-5 scale based on the number of biogdugregalms
included in a species’ current range relativedmitive range to to measure how widely brome sgexie
distributed. The eight biogeographic realms are#atic, Nearctic, Afrotropic, Neotropic, Indo-MgJaAustralasia,
Oceania and Antarctic (Udvardy 1975, Olson and Biteén 2002). The scale is based on biogeographims
rather than continents, because they map bettgpittal brome native ranges. Species were assigriistribution
score of 4 or 5 if they are found in 2 or more lgiographic realms outside of the native range. Thpseies were
classified as widely distributed. See Table 3.3.

| then evaluated information on species that arsicdered to be destructive by using three clasdiéins
of weed type: crop weeds, ruderal weeds, and emviemtal weeds. Crop weeds grow in agriculturalesyst
ruderal weeds grow in disturbed or waste areaseamilonmental weeds grow in and harm natural @mai-s
natural communities. A species could be assignexhéy two, or all three weed categories. Specegtswhre
described only as naturalized and that did nanfi a specific weed category were not recordedesesly. For this

study, | considered species that are both widedtriduted and assigned to at least one weed catégbe invasive.
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Table 3.3: Scale used to evaluate distributiosidetof native range.

Distribution - . .
Code Definition Associated Terminology
0 Undetermined
Restricted to one or a few locations Limited distribution
1 within a limited area, or believed to be
extinct in the wild
. .| Limited distribution
2 Restricted to a moderate to large native

range

Found outside of native range in native| Moderate distribution
3 biogeographic realms or in no more thgnoutside of native range
one additional biogeographic realm

. . . . Wide distributi tsid
Naturalized in two biogeographic realms iae distribution outside

4 outside of native range of native range
Naturalized in three or more Wide distribution outside
5 biogeographic realms outside of native| of native range
range

| used three values for life span: short for atrspecies, medium for species described as biermia
short-lived perennial, and long for perennial specEpecies sometimes described as annual andimenets
perennial were also classified has having a mediferspan.

Seeds of brome grasses have lemma awns of vadgiogths from zero to over 40 millimeters. The value
for the high end of the awn length range in theciggedescriptions on the Kew Gardens GrassBasbaisa
(Clayton et al. accessed 3/2012) were used fdnulbne species. | collected seed weight value64@pecies
using the weight of 1000 seeds in grams. Seed Wweahes came from a variety of sources, includmgUSDA
ARS Germplasm Resource Information Network (GRIBathase and the Kew Gardens Seed Information
Database. Seed weight values from all sources awsreaged for each species.

Chromosome counts were collected from a wide tsagésources. | categorized species as diploid,
polyploid, or both diploid and polyploid, based @raluation of chromosome count and ploidy leveadatd also
on information in the literature. These categoviese non-overlapping. Species were categorizedpdaidiif all or
almost all records of ploidy level found were 2Mig{ing 14 chromosomes) and if the literature indidahat the
species is normally considered to be diploid. Opercies were categorized as polyploid if all onast all records
of ploidy level were found were 4N or higher anthié literature indicated that the species is ndyncansidered to
be polyploid. All species in SectidPeratochloa were categorized as polyploid, as this is a charestic of the

section.
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| also evaluated information abdBitomus species that are currently used for hay, foragegwegetation or
have been used for these purposes in the passpaaits for which named cultivars are availableef@ltultivars
are named varieties intentionally breed or selefdedultivation). Other human usesBifomus species were not

included in the analyses.

Satistical Analysis

| used SAS version 9.2 to calculate Pearson’selation Coefficient (r) to examine relationshipsvioeen
wide distribution outside of the native range, cveged status, ruderal weed status, and environingata status
for 152 species in sectioBsomus, Genea, Ceratochloa, Bromopsis, Nevskiella andNeobromus. | then ran logistic
regressions with SAS 9.2 to analyze relationshgig/ben high distribution and the following indivaldactors:
section, life span, average seed weight, maximumlangth, ploidy levels (diploid, polyploid, botliptbid and
polyploid), human use (for forage, hay or revetietq, and availability of cultivars. | repeatecttiogistic
regressions for each weed category. For the lagistiressions, | used 148 species in secBoasus, Genea,
Ceratochloa, andBromopsis. The three species in sectidwaobromus andNevskiella were not used because the
small size of these sections. | eliminated onetadil speciesBromus andringitrensis A. Camus which was
collected in Madagascar in 1922 (Camus 1956). 3peéxies is listed as valid in Kew Gardens GrassBage
information about it is very limited.

| ran a multivariate logistic regression with §f&sies for which multifactor data were availabld ased a
backward stepwise reduction with the following tast average seed weight, maximum awn lengthdplevel
(diploid, polyploid, or both), human use (foragayhrevegetation), and availability of cultivars.

After running analyses on the species in the fawgest sections, | separated these species irge th
groups, sectionBromus andGenea (with mostly annual life spans), secti@aratochloa (with annual to perennial
life spans), and sectiddromopsis (with perennial life spans). | combined the sewiBromus andGenea together
because species in these sections have similatynaostual life spans, and because there is avelgtsmall
number of species in secti@enea. | repeated the logistic regressions with the igseia each of the three groups,
and also created histograms showing species ctamtsaximum awn length (using 5 mm. intervals),rage seed
weight (using 2 mg. intervals), ploidy level, usefumans for forage, hay, and revegetation, andedoifity of

cultivars.
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Results

| identified 24 species in the gerBiomus as widely distributed outside of the native raraya 18 more
as moderately distributed outside of the nativgeaand categorized 33 species as crop weedsge8iesm@ms
ruderal weeds, and 23 species as environmentalsv&bdse categories are not exclusive; 15 spe@ses w
categorized as widely distributed outside of thivearange, and also included in all three weedgaties.

The Pearson’s Correlation Coefficient (r) analgsiswed significant correlation between wide disttion
outside of the native range and weed status. Valfiesvere 0.623 for the relationship between wddsdribution
and environmental weed status, 0.647 for the oalatiip between wide distribution and crop weedustand 0.677
for the relationship between wide distribution anderal weed status. All but two of the 24 spetigbe genus
Bromus classified as widely distributed outside of thévearange (naturalized in two or more biogeograpkalms
outside of the native range) were also classified@edy. Species classified as moderately dis&thautside of the
native range are somewhat less likely to be wedtly 10 of 18 moderately distributed species fallintp at least
one weed category. Of the 110 species restrictéteio native ranges, only nine species were dladsas weedy.
The Pearson’s Correlation Coefficient analysis alsowed high levels of correlation between the avepd,
ruderal weed, and environmental weed status. Otliteod 1 species listed as weedy, 18 were included three
weed categoried he highest correlation was between crop weedsstaid ruderal weed status (r = 0.75127). See
Figure 3.1 and Appendix Table A2.

The logistic regressions showed taxonomic seclifenspan, high maximum awn length, use for hay
forage and revegetation, and availability of cativall to be significantly correlated with widestibution outside
of the native range and with all three weed categoPloidy level was also significantly correlateith wide
distribution outside of the native range and witbpcweed and ruderal weed status, but not withrenmental
weed status. Polyploid species were more likelygavidely distributed and weedy. Average seed weigbwed
no significant correlation with either wide distution or with weediness. The multivariate logistgressions
showed significant correlations between long maxmawn length and wide distribution, and betweemglon

maximum awn length and weed status for all threedaeategories.
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I Not Weedy (111)
I Crop Weed (4)

I Ruderal Weed (5)
I Not Widely Distributed or Weedy (109) I Environmental Weed (1)
I Widely Distributed, Not Weedy (2) I Crop, Ruderal Weed (9)
I Not Widely Distributed, Weedy (19) Crop, Environmental Weed (2)
Il Widely Distributed, Weedy (22) W Ruderal, Environmental Weed (2)
Il Crop, Ruderal, Environemental Weed (18)

Figure 3.1: These charts include 152 species isitheections of genus BromuBromus, Genea, Ceratochloa,
Bromopsis, Nevskiella, andNeobromus. The chart on the left shows combinations of valiee distribution outside
of the native range and listing as a weed. Thetamathe right shows numbers of species that atedias one .or
more type of weed (crop, ruderal, and environméntal

Cultivar availability was also significantly coregéd with high distribution and with ruderal andieonmental
weed status, but not with crop weed status. $éxde§ 3.4, 3.5 and Appendix Tables A3.1a and b.

When species were broken into three groups (sesfimmus andGenea, sectionBromopsis, and section
Ceratochloa), logistic regressions showed few significantretations due to issues with quasi-separation t da

points and loss of power. However, the histogranasvsclear differences between groups.

Discussion
Taxonomy and Life Span (Hypotheses 1 and 2)

Many researchers have commented that the anneeikespof brome grasses in secti@nemus andGenea
are likely to be weedy and that many have beenlwidéoduced around the world (Stebbins 1981; Aicloe, et al.
1995; Barkworth et al. 2007, Saarela et al. 200F)hypotheses 1 and 2, that short-lived speciegations

Bromus andGenea are likely to be invasive, were based on thesengents. The information in the database and
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Table 3.4: Relationships between factors from whdgfistic regressionsi(= 0.05) produced statistically significant

results . Species used for logistic regressionsngeld to the four largest sectiorBremus, Genea, Ceratochloa

andBromopsis.

Factor

Widely Distributed
Outside of Native
Range

Crop Weed

Ruderal Weed

Environmental Weed

Comments

Section

Yes

Yes

Yes

Yes

Species in section
Genea were the most
widely distributed
and weedy, and
species in section
Bromopsis were the
least.

Life Span

Yes

Yes

Yes

Yes

Shorter life spans
were correlated with
wide distribution and
weediness.

Maximum Awn
Length

Yes

Yes

Yes

Yes

Longer maximum
awn length was
correlated with wide
distribution and
weediness

Average Seed
Weight

No

No

No

No

No significant
correlations were
found.

Ploidy

Yes

Yes

Yes

No

Polyploidy was
correlated with wide
distribution and
weediness, but this
pattern was much
weaker for annual
species than for
perennials.

Human Use
(Forage, Hay,
Revegetation)

Yes

Yes

Yes

Yes

Human use was
correlated witih wide
distribution and with
weediness

Availability of
Cultivars

Yes

Yes

Yes

Yes

Availability of
cultivars was
correlated with wide
distribution and with
weediness

Table 3.5: Multivariate logistic regressions witemwise reductiongx = 0.05) found only maximum awn length and
availability of cultivars to be statistically sidigiant.

Factor Widely Introduced Crop Weed Ruderal Weed Environmental Comments
Weed
Maximum Awn Yes Yes Yes Yes
Length
Average Seed
Weight No No No No
Ploidy No No No No
Human Use
(Forage, Hay, No No No No
Revegetation)
Availability of
Cultivars Yes No Yes Yes
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the results of the analyses supported these hygpegh&ee Figure 3.2. SectiBanea has only 8 species, but 6 are
widely naturalized, and are destructive crop weaderal weeds and environmental weeds (Anderssah 2002;
Kleeman and Gill 2006; Fortune et al. 2008; Willemet al. 2011). This section includes the serioumslgsive
speciedBromus tectorum andBromus rubens. Out of 32 species in the sectiBromus, at least 18 species now grow
in two or more biogeographical realms outside efriative range, 11 (or more) are crop weeds, 1in¢@e) are
ruderal weeds, and at least 8 are environmentadisv@éhe other sections of brome grasses contaierfewasive

species. Out of eighty-nine species in the se®mmmopsis (which are all perennial with the exception of

160 -
140 4 Il Total Species
Il widely Distributed Species
120 EE Crop Weeds
8 I Ruderal Weeds
% 100 I Environmental Weeds
5 80 -
2
E 60
z
40 -
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Figure 3.2: The number of species in four sectmssidered to be widely
distributed, crop weeds, ruderal weeds, and/orrenmiental weeds. Four species in
genusBromus are not included in the logistic regression aresdyasnd the histograms
— two species in sectiddeobromus, one species in sectiddevskiella, and one
additional species from Madagascar. Of these fpeciss, only Chilean brome,
Bromus berteroanus Colla (formerlyBromustrinii E. Desv.) is classified as weedy.
Chilean brome has spread from southern South Amérto western North

America.

Bromus texensis (Shear) Hitchc.)only Bromus inermis Leyss.andBromus erectus Huds. fit the criteria for
invasiveness used in this study. The species tioseCeratachloa include annual, biennial and perennial species,
and are somewhat more likely to be invasive tharsfiecies in sectiddromopsis, but less so than the species in

sectionBromus andGenea. See Figure 3.3.
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Figure 3.3: Annual sectiorBromus andGenea have much higher percentages of widely distribstgeties and
weedy species. Perennial sectiBnomopsis has relatively few species that are widely distigldl, weedy or both.
Species in sectio@eratochloa tend to have intermediate or variable life spans.

Stebbins (1981helieved that the gendomus evolved in Eurasia, along with grassland ungulates
including wild cattle, bison, and sheep, and tleatisnsBromopsis (subgenus-estucaria), Ceratochloa, and
Neobromus differentiated during the Pliocene. He suggested bromes in sectior@eratochloa andNeobromus
reached North America and eventually South Amdricthe end of the Pliocene, with diploid and teloap
Ceratochloa andNeobromus speciesventually becoming extinct, and only New Worlda@pe with higher ploidy
levels remaining extanGrasses in sectidBromopsis also spread to Africa and the Americas duringRhecene.

The species in sectiomsomus andGenea (subgener®romus andSenobromus) probably developed from different
early species of Central Asi@nomopsis during the Pleistocene. They differentiated aneéagrinto Europe in
conjunction with human activities including agriturbl and livestock herding. Tli&enea speciesespecially, have
seeds with long awns and other features that faigldistribution by grazing animals, while somedes in the
sectionBromus are associated with specific crops and others gmiwarily in areas disturbed by other human
activities.Bromus secalinus L., or rye brome, in sectidBromus is a seed mimic in winter cereals that was
frequently harvested and eaten along with moreaelsi grains by Neolithic Europeans (Behre 2008), @ number
of other species in secti@romus are crop weeds. The evolutionary association@ftimual species in the sections
Bromus andGenea with grazing and agriculture in Europe and Asiggasts that they have developed adaptations

that are likely to make them highly competitive @eglobally in areas heavily affected by humanviats.
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Reproduction (Hypotheses 3 and 4)

I hypothesized that long seed awns and low seéghivaould both be correlated with invasiveness
because they would lead to more effective seecedigp | found that long maximum seed awn length wa
significantly correlated both with wide distributi@utside of the native range, and with all thsgees of weediness.
However, low average seed weight was not correlatttdeither wide distribution outside of the natirkange or

with weediness. See Figures 3.4 and 3.5.
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Figure 3.4: Maximum awn length is significantly celated with both wide distribution and weedingssalyses
using median awn length produced similar resulpg@cts in sectioGenea have the longest awns. Long awns that
stick in wool or fur may facilitate distribution lgrazing animals, and the awns of some speciesmuag

livestock and wildlife, discouraging grazing onezds have formed.
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Figure 3.5: Average seed weight is not correlatiéd aither wide distribution or with weediness. Mapecies with
light seeds are invasive, but species with heaggsare also likely to invadBromus seeds are distributed in a
variety of ways, and this may explain the lack abyious relationship between seed weight and ineasiss. Seed
weights are more likely to be available for widdlgtributed and weedy species than for thosetihed a limited
distribution and are not weedy.

Many of the traits that researchers have sugges#sdead to invasiveness in plants are reprodediaits
that help plants rapidly spread and become eshegulisThese include the ability to self-pollinatse wf generalist
species and wind for cross pollination, productésmall light seeds, adaptations for vertebraésl shspersal,
heavy seed output, seed longevity, and vegetatpmduction. While the database includes infornmatin these
traits for many species, much of the data for thiests remains incomplete. One feature of the lm®that stands
out, however, is the presence of short to long gighalemma awns that can help the seeds stickimal fur or
wool and that also may discourage grazing. Someiespéave awns that are long and stiff enough tsea@amage

to livestock and wildlife. Downy brom&romus tectorum, is a useful forage grass early in the seasonthieutried

awns can injure the mouths of grazing animals liatéhe summer (Reid et al. 2008) aBabmus diandrus has
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earned the common name of ripgut brome becaugs lofng stiff awns which can penetrate skin, eygsstines
and feet of livestock (New South Wales Departmémronary Industries and Murrumbidgee Catchment
Management Authority 2008). Of the bromes in thieuath sectionsienea species have medium to long awns,
while those of species in sectiBnomus range from short to medium. The awns of the lodiged species in
sectionBromopsis andCeratochloa are also short to medium in length. While sixtef species in long awned
sectionGenea are invasive, two other species includBrgmus sericeus, which has very long awns, are not widely
distributed outside of the native range. Long awidswith vertebrate distribution and discouragebhay during
part of the year, but other factors are clearlyp atsportant in determining which brome species bazvasive.
Low seed weight (or mass) is sometimes includdi$ts of traits that help plants spread rapidlpinew
areas. However, | did not see associations betleeeseed weight and either wide distribution or dieess. In a
discussion of factors associated with invasivemegies, Rejmanek (1996) suggested that small segght might
be associated with high number of seeds, bettpedial, high initial germinability, and shorter u@gd chilling
period. Baker (1974) commented that smaller seadse more easily dispersed, while larger seedspraduce
seedlings that are better able to compete. Invdaiveé non-invasive) brome species have a wide rahgeed
weights. Annual species in sectidsriomus andGenea have seeds that range from light to heavy. Therpeal
Bromopsis species have relatively light seeds, &edatochloa species have heavy seeds. Many of the annual
species in sectiorBromus andGenea that have light seeds are crop and ruderal weedsmewhat smaller number
are also environmental weeds. Species with heaemils are often successful invaders too. Some afiviasive
species that have heavier seeds also have long anthsnay depend on vertebrates to move seedscarotimers
are crop seed mimics or hay species that rely omamuactivities for dispersal. One observation & the highly
invasive specieBromus tectorum andBromus rubens both have a fairly light seeds and moderately lawgs. This
combination may facilitate dispersal in rangelaadd other open habitats (Sag804). Seed weight information
may be useful in evaluation of invasive potentid is used in association with better understagdif methods

used for seed dispersal by specific plant taxa.
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Ploidy Level (Hypothesis 5)

I hypothesized that polyploid brome grasses walanore likely to be invasive than diploid species.
Statistical analysis of the entire Bromus genusvgtbpolyploid species to be more widely distribuded also
more likely to be weedy. However, other patterrs\asible in the histograms for individual sectioAsnong the
short-lived species in sections Bromus and Geriplid species, polyploid species, and species tdtth diploid
and polyploid chromosome counts are all likely éoitvasive, while in perennial section Bromopsispithe

invasive species are either polyploid or both dibknd polyploid See Figure 3.6.
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Figure 3.6: Inclusion of polyploid individuals inspecies is correlated with wide distribution amebisiveness in
the genu®romus but this pattern is related to the absence ofsiveadiploid species in secti@romopsis and the
polyploid sectiorCeratochloa. In the annual sectiorigromus andGenea, some diploid species are invasive and
there is less of a relationship between polypl@dg invasiveness.
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Brome species may be either diploid or polypléida number of species, some individuals are diploi
while other individuals in the same species havging levels of polyploidy. The species in sectideratochloa
are all polyploid with ploidy levels ranging fronx & 12x (Stebbins 1981; Stebbins and Tobgy 198ddh diploid
and polyploid chromosome counts may provide adeg#tdhat help species invade new environmentsoldipl
species are likely to have smaller genome sizesaamdble to quickly complete mitosis and meidsisapidly
grow, and to reproduce more quickly than polyplepecies (Monty et al. 2010). However, Bennett amitts
(1972)showed that while polyploid species tend to takeyéy to complete meiosis and to produce pollen than
diploid species, these processes speed up somaw/péiidy level increases. Polyploid plants mayehaigher
levels of variation and may be better able to atapew and fluctuating environmental conditiomsaddition,
polyploidy may affect plant physiology and morptgjoproducing a number of effects including sloweswth
rates, larger flowers and seeds, more robust pldatayed or prolonged reproduction, greater tolegao stress,
and better winter survival (Rejmanik 1996; Montyaet2010; te Beest et al. 2012). Stebbins (1966&)mented that
diploid species are likely to be better adaptethéooriginal habitat in which they evolved thanypdbids, but
polyploidy allows plants to better deal with noealvironmental conditions, especially when it@snbined with
hybridization. Roy (1990) suggested that the absefa relationship between ploidy level and invesess in
annual bromes might be related to the recent dpuatat of both polyploidizaton and invasions. THatienship
between polyploidy and invasiveness in the spedfigerennial sectioBromopsis may be due to extensive use of
polyploid species for hay, forage, and revegetadiot for development of cultivars.

The species in the secti@eratochloa are all polyploid. South American species are gahehexaploid.
Most North American species are octaploid and naaseldeveloped the higher chromosome counts asith oés
hybridization with species in secti@romopsis (subgenus$estucaria) (Stebbins 1981). The most invasive species
in sectionCeratochloa is Bromus catharticus, or rescue grass, a South American species thaeis for hay and

grazing. Invasiveness in this section seems todre melated to human use than to ploidy level.

Human Use (Hypotheses 6 and 7)

Hypotheses 6 and 7 state that species that adefaskay, forage, and revegetation are more likellye
invasive than those that are not, and that devedopiwf named cultivars is correlated with invasegn The
logistic regressions supported both of these hygsatb. Use by humans and availability of cultivarassociated

with invasiveness especially in perennial specigse Figures 3.7 and 3.8.
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Figure 3.7: Human use is correlated with wide dhstion outside of the native range and with weedi Most
bromes in cultivation today are perennial spediethe 1800s and 1900s, annual species suBnansus tectorum
were evaluated and often recommended for use agdand sometimes for hdromus tectorumis still
extensively used for early season forage in pdrtiseoAmerican West.
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Figure 3.8: Cultivars of some perennial specieseictiondBromopsis andCeratochloa are widely used in many
regions. Use of annual cultivars is much more BahitAvailability of cultivars is correlated with e distribution
outside of the native range in perennial bromed,some widely used species have escaped cultivatidrare
causing serious environmental impacts.

Bromusinermis Leyss., in sectioBromopsis, is widely grown for hay and forage, and has hesad for
revegetation of roadsides, ditches, mine tailings @ther disturbed areas in North America (Weirtira@53;
Otfinowski et al. 2007; Lass and Prather 2007;ebillith et al. 2009; Brown et al. 2010). Many cultsvaf Bromus
inermis are available. These are typically grouped intdhrevn meadow types based on strains introduced from
relatively wet temperate regions in Eastern Eurame Russia, southern steppe types based on gprainably
introduced from Hungary, and intermediate typesilli@@hs et al. 2011; Smoliak et al., accessed 2Q22).

Cultivar “Polar” is a hybrid oBromus inermis andBromus pumpellianus Scribn.Bromus pumpellianus is native

across both North America and Asia and is sometbmé®e considered a subspecie8admus inermis. For this
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reasonBromusinermisis often listed as native in North America. Howe\Bromus inermis ssp.inermis was
introduced from Eurasia in the 1880s and has interlvith and often replace®tomus pumpellianus (Elliot 1949).
Bromusinermis grows for many miles along highways in westerntN@merica and is invading natural areas
including parts of the pothole prairie region of torth Central United States where it is changiistribution
patterns of native cordgrass (Dillemuth et al. 20@ds considered invasive in a number of natlqgraaks
throughout the western United States (InvasivetPAdas of the United States).

Another species in secti@romopsis, Bromus erectus, is a pasture and hay grass in Europe (Jongepierov
et al. 2007). It is introduced in North America wéé grows in disturbed areas in the eastern dritiates and
Canada, and is listed as a crop weed and a wabé oftural environment in Australia (Barkworthaet2007;
Randall 2007). Two other species in sectBinomopsis, the closely related (or conspecifBjomus bieber steinii
Roem. & Schult. an@8romus riparius Rehmann have also been introduced into North Acaddr hay and forage
and are only occasionally reported as being wekdgg and Prather 2007; Williams et al. 20 Btpmus ripariusis
sometimes suggested for use as a less aggressinmatie toaBromusinermis, and the two species hybridize
(Williams et al. 2011). Several other species ittisa Bromopsis, includingBromus leptoclados Nees in Africa,
andBromus auleticus Trin. ex Nees in South America are used for hafprage, but have not been widely
introduced into new regions.

Bromus catharticus Vahl, or rescue brome, is a South American spegitse sectiorCeratochloa. The
taxonomy ofBromus catharticus is difficult, and a number dEeratochloa grasses are now often considered to be
conspecific withBromus catharticus. These includ®romus stamineus E. Desv. (grazing bromeromus
valdivianus Phil., Bromus unioloides Kunth, Bromus tunicatus Phil. andBromus mango E. Desv. Rescue grass
varieties are used for forage in hay in North Am@riAustralia, New Zealand, and Europe and cukieae
available (Stewart 1996; Williams et al. 2011). §&&s in th&romus catharticus complex have escaped from
cultivation in a number of areas around the world have become roadside weeds and invaders ofhatur
environments (Randall 2007; Wu et al. 2009). NénthmericanCeratochloa species includingromus carinatus
Hook & Arn. (California brome), and the closely related or gatsfic Bromus marginatus Nees ex Steudel
(mountain brompgare used in North America for fodder and revegaa(Tilley et al. 2006, Williams et al. 2011).
Bromus carinatus can be used as a cover crop, but can also berignlagal weed (Darris 2007, USDA National

Resources Conservation Service 2007). It is nowddn some parts of Europe and is occasionally griow
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fodder (Stace et al. 2008romus carinatus is susceptible to bacterial wilt and this may hprevented widespread
use (Stebbins and Tobgy 1944; Samson et al. 198@&a& 1996).

A few cultivars of annual brome species have lmrelopedBromusrubens L. “Panoche” was developed
in California for soil stabilization. A cultivar d@romus mollis L. (Bromus hordeaceusL.), also developed in
California, is used as a cover crop, and for raegeeding and burn rehabilitatioBromus arvensis L. “Dos” is a
Russian cultivar (Williams et al. 201Bromus rubens, Bromus hordeaceus, andBromus arvensis are all considered
to be weedy and invasive both in North America @nother parts of the world, althou@nomus arvensis has
become less common in some parts of Europe (Airmacid Bayer 1997, Stace et al. 2005).

Humans do also use annual brome grasses, inclggigjes that are clearly invasive suclBasnus
tectorum which is used extensively as early season fonageainy parts of western North America (Upadhyaya et
al. 1986). Introduction and distribution of annbadmes for forage, hay, and other uses occurredglthie 1800s
and 1900s, and current invasions by annual brom#®iwestern United States are to a large exddegacy of

earlier agricultural introductions and practices.

Patterns of Invasiveness

While most invasive species of brome grassesraraas, perennial species may also create serious
problems as crop, ruderal, and environmental weddaever, causes of invasiveness seem to diffevdeat
annual and perennial species. Annual bromes isg¢honsBromus andGenea have long been associated with
human habitation, and have adapted to grow anadeige effectively in association with crops andemadl areas
(Stebbins 1981). In some cases, humans have plyposeduced annual species to new areas. A nurobannual
bromes were introduced to the United States irl8@s and sold to farmers as forage grasses. @oeesBromus
briziformis Fisch. & C. A. Mey. was sold for use in dried flemarrangements (Mack 1991). However, annual
brome species are also often introduced and sgmggdain contamination, grazing animals, and velsiéMack
1981; Salo 2005).

Species in sectiorBromus andGenea may all pose some risk of invasion. Six of theneigpecies in the
annual sectioGenea are widely distributed and are included in alethcategories of weeds. The other two,
Bromus fasciculatus C. Presl andBromus sericeus Drobow, are limited to their native range and rnenerally listed
as weedsBromus fasciculatus is found around the Mediterranean. Like otGenea species, it has seeds that are

adapted for vertebrate dispersal, but it has besaoribed as relatively rare and populations in sareas appear to
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be decreasing (Sales 1994; Acedo and Llamas 23@12@D2; Fortune, et al. 2008romus sericeus, a Middle
Eastern species, is sometimes considered to biespesties oBromus tectorum. Bromus sericeus grows in xeric
environments, has a relatively limited range (S&a@34) and is listed as an obligate natural ori-thea of Israel
website (Danin 2006+). A number of species in sedBromus also are listed as both widely distributed anddyee
and some species in this section fall into alleéhreed categorieBromus japonicus Thunb. ex Murr. is a serious
crop weed in the north central section of the Whi#¢ates that is invading natural environments @iar et al.
1991; Haferkamp et al. 1997). A number of speaieseictiorBromus are weeds in winter cereal crops, and some
also grow in other types of agricultural systemshsas vineyards (Tsvelev 1984; Cussans et al. 1©8dnor et al.
1991; Walters 2011Bromus crop weeds cause economic damage by reducing yaidsincreasing control costs,
but also because many countries have restrictionisrg imports of commaodities that contain propbsguof some
species (Cowbrough et al. 2007; Walters 2011). Gasin agricultural methods may be reducing pojmriatof
some species in secti@nomus. Bromus secalinus L., or rye brome, is a crop mimic that falls infbtaree weed
categories, but is primarily a crop weed (Cowbroaghl. 2007). It is reported to be decreasingoumnalance in
many areas, probably because of improved seedietetechniques and other methods of control (Ddriog2003;
Luneva 2003-2009; Stace, et al. 2005). Severalispéat sectiorBromus are associated with crops that are no
longer commonly grown and have almost disappe&@emnus interruptus (Hack.) Druce grew in sainfoin fields in
Britain andBromus bromoideus (Lej.) Crep. was found primarily in or near fieldsspelt wheat in the Ardennes of
Belgium and France. Both are probably extinct ehld (Ainouche and Bayer 1997; Rich and Lockt®02; Bilz
2011, Gigot 2011).

Only a few perennial bromes in sectiBromopsis are weedy or invasive. Taxonomists have suggesssd
species in this section fall into two groups. Tinstfgroup is a mostly polyploid Eurasian grouphaldrge anthers
and small chromosomes and a rhizomatous or dehd&dyl growth pattern. This group includg&somus inermis
Leyss.,Bromus pumpellianus Scribn.,Bromus erectus Huds.,Bromus riparius RehmannBromus cappadocicus
Boiss. and Balans&romus variegatus M. BiebersteinBromus biebersteinii Roem. & Schult., and possibly South
American specieBromus auleticus Trin. ex Nees. Grasses in this group often crofi;npte. The second group
contains mostly self-pollinating American specisese have small anthers and large chromosomeasrariess
densely tufted and non-rhizomatous. Some Euragiaciess oBromopsis, includingBromus ramosus Huds. and

Bromus benekenii (Lange) Trimen are more similar to North Americgrecies (Stebbins 1981; Armstrong 1983;
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Saarela 2001; Saarela et al. 2007; Sutkowska atidhKD08). The species with small chromosomeseérEilrasian
group have traits that suggest that they may pase of a risk than the species in the American gr&hizomes
facilitate spread of plants introduced into newisvments, and rhizomatous species Bxemusinermis may
cause more serious damage in natural and semiahaammunities because they often exclude othariepand
form monocultures (Otfinowski et al. 2007; Otfindivand Kenkel 2008; Sinkins and Otfinowski 2012heTdenser
growth patterns of grasses in the Eurasian graaprabke them useful for hay and for revegetation.

The species in the secti@eratochloa seem to fall somewhere in the middle. They may belss crop
weeds and ruderal weeds under some circumstanoaguer, theCeratochloa species of most concerBromus
catharticus Vahl, is a valuable forage species with many catv It has spread into new areas as a result of
purposeful introduction and cultivation, and eschpeto natural environments in some areas.

As with many other invasive species, invasivennessome grasses is strongly related to human isiegv
and influences. Annual brome species are well adijot grow in association with human activitiestsas
agriculture, sheep-herding, cattle grazing, roattiimg, and other forms of environmental disturbanilost of the
few perennial species that are invasive have begyopely introduced and are used for hay, forage, a

revegetation.

Opportunities for Additional Research

The factors discussed in this paper are cleatly @subset of factors that could influence invasiss in
brome grasses. Collection of more information almth invasive and non-invasive species of brorasggs could
help to identify species that pose a serious rfiskvasion. Additonal data about temperature, pltevuse and
nutrient use, response to elevated @&¥els, latitudinal range, seed bank persistameging strategies, and fire
survival could all be valuable and may be paréidyluseful for researchers and managers who andewith
land use issues related to climate change. Expans$ia database of this type to include additigygalera within
the family Poaceae could also help researchersifigéamctors and patterns that influence grass $imas.

Bromus tectorum, in sectionGenea, has caused widespread damage to communitiedargerareas of the
western United States and has been the focus di ofuibe research into invasion by brome grassésalso
naturalized in other regions of the world, but hasbeen associated with the severe damage to coiti@suseen in

the western United States (Stohlgren, et al. 2(Kihfer and Mack (2004) have suggested that diffees in levels

51



of fitness in founder population sources mightdsponsible for differences in behavior in the tegions. This
would be an interesting and important topic foriiddal study.

A large amount of research has been donBromus tectorum, but less research has focused on other
species in sectioBenea. Six of the eight species this section is pregettie United States and are considered
weedy or invasive in native and introduced rangés. other two specieBromus fasciculatus (C. Presl) and
Bromus sericeus (Dobrow), seem to be confined to their native rangied may be adapted to specific types of
environmentsBromus sericeus is often considered to be a subspecieBrofmus tectorum (Bromus tectorum ssp.
lucidus Sales) and it grows in xeric environments (SalekliSales 1994). There is less information avaa!dbt
these two species than for other species in seG@nea, and it would be interesting to better understinadfactors
that have limited their distribution, and to funttevaluate them for invasive potential. WHieomus tectorum is
found throughout much of the United States andreuatCanada, some species in sedBenea are primarily
found in along the West Coast and in southwestates . Others are more widely distributed, buit thepulations
remain relatively limited in size. Six of the eigiiecies in sectioBenea are serious crop, ruderal, and
environmental weeds. It would be useful to haveadgunderstanding of factors that limit or encoerggowth and
spread of all species in sectiGenea, and to further evaluate possible effects of clarehange and land use
patterns on their distribution and on their agtierdl and environmental impacts.

Additional information about growth requirementglgossible effects of environmental and climate
change would also be useful for species in se&r@mus, many of which are widely distributed worldwideasp
and ruderal weeds. Species in this section candalstge natural environmenBsomus hordeaceusL. is one of
the annual grasses that have replaced native brasshgpecies in much of California. A number oEotpecies
sectionBromus are present in North America and in many otheioregoutside of their native ranges. It is possible
that changes in climate and rainfall patterns cedilelct the distribution and growth of specieshiis tsection.

Several species included by taxonomists in se@fomus may be hybrids between grasses in sections
Bromus andGenea. One of these iBromus pectinatus Thunb., which is probably closely related@enea species
Bromus diandrus Roth (Saarela et al. 200Bromus pectinatus is native to Africa and to Asia as far east aeTib
and is a crop weed in Africa (Wilcox 1986, Taa 204t is not known to be present in North Amerigastralian
brome,Bromus arenarius Labill., is closely related t8romus pectinatus and is also sometimes thought to be a

hybrid between grasses in secti@nsmus andGenea (Stebbins 1956; Stebbins 1981; Ainouche and Ba9ger;1
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Oja 2007; Saarela 200 Bromus arenarius currently grows in dry, sandy, and disturbed amedzalifornia, and
other parts of the western United States and has ballected as far north as coastal Washingtork{@ath et al.
2007; Rocky Mountain Herbarium Specimen Databda@}her study and evaluation of these species woeld
valuable.

It would be useful to see more data and researcherelationship between invasion and human
cultivation of hay and forage both for brome grassed for other grass taxa. Two factors correlattid wide
distribution, weediness and environmental damageaise by human beings for hay, forage, and revégetand
the development of cultivars. That these factoraldide correlated with wide distribution is cleaelypected.
Humans move species that are useful to new ardanof@ concern is the association of human usecattivar
development with environmental damage. Correlatdmsot imply cause and effect. The factors thit bpecies
to move into new areas and establish large populaitinay also make them useful for hay, forage renelgetation.
However, human cultivation and development of galts suited to a variety of environments may gnteoduced
plants an advantage over native species. A studhtrofduction pathways of plants in the Czech réjpushowed
that plants that were purposely released or esdapedcultivation have a higher level of invasiarceess than
those introduced accidentally (PySek et al. 20El3trand et al. (2010) pointed out that both cptamts and weeds
often grow in disturbed environments as monocutubgother concern is that hybridization betweemdsticated
varieties and closely related natives may introchee variation into natural populations (De Wet &tatlan
1975). More information about the relationship begw invasion and the use of cultivars could helprtmourage
and support the development of varieties thatese likely to escape from cultivation and damagaraa
environments. The history & omusinermisin North America would make an interesting casel gt

Finally, while there are a large numbeBobmus species that have become invasive, some speeies ar
endangered and others are likely to be threatepdzhbitat loss and climate change. A numbedBraimus species
grow in limited areas, sometimes at high elevatmnis areas with extreme environmental conditidnfrmation

about these species is difficult to find, and theirrent status unknown.

Conclusion
An important goal of invasion science has beeteteelop a better understanding of characterisfics o
invasive plants. Researchers have identified géfestors and traits that are associated with ireasess. Using

more detailed data about the ways that plantsexiip families, genera, and species grow, repredaad interact
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with their environment can add to understandinthefcauses of plant invasions. The collection ofiyrtgpes of
data for plants in groups that are known to halatively high numbers of invasive species can faté
comparisons, highlight knowledge gaps, and helparehers see overall patterns that may not be obwodata
from more focused studies. Comparisons of closbted species with differing records of invasioovide
researchers with opportunities to examine simisiand differences that can help to explain wiaysl become
invasive and how they invade. Collection of datagfiants in taxa with high numbers of invasives atso be used
to identify species that may warrant additionalleaion and monitoring, and can provide a centrehtion where
researchers and land managers can find basic iafamand additional resources. Understandingaritghvasions
may be facilitated by combining a broad understagdif the factors associated with plant invasioith detailed
information about how these factors relate to thleavior of plants at family, genus and speciesiseve

The differences in numbers of invasive specighéndifferent sections of brome grasses suggestshéa
combination of a broad understanding of the facassociated with plant invasions with more detaiifédrmation
about how these factors relate to the behavigplahts in specific taxa may be helpful for the stoflinvasiveness,
especially as increasing availability of molecudata provides researchers with a better understgradi
phylogenic relationships and evolutionary histdrlge brome grasses also highlight the relationsatgiéen
invasion and human activitiaromus species that grow primarily in undisturbed natinabitats are unlikely to be
invasive when introduced into new areas. Bhemus species that invade are those that take advanfdgenan

activities and habitat disruption, and those thahans purposely distribute and cultivate.
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APPENDIX

Table Al: Data collected for 152 Bromus specieseictionsBromus, Genea, Ceratochloa, Bromopsis, Nevskiella, andNeobromus.

Species Section Distrib Crop Rud. Weed Environ. Life g;/e% le% Ploidy Human Cultivars
’ Weed ’ Weed Span Weight Length Use
aegyptiacus Bromus 2 0 0 0 Short 5 11 Diploid 0 0
aleutensis Ceratochloa 2 0 0 0 Long 10 Polyploid 0 0
alopecuros Bromus 5 1 1 0 Short 3.46 20 Both 0 0
andringtrensis 1 0 0 0 0 0
anomalus Bromopsis 2 0 0 0 Long 3.08 4 Both 0
araucanus Bromopsis 2 0 0 0 Long 6.49
arenarius Bromus 3 0 1 1 Mediun 2.7 15 Polyploid 0
aristatus Bromopsis 2 0 0 0 Long 7 0 0
arizonicus Ceratochloa 2 1 0 1 Short] 15 Polyploid 1 1
armenus Bromopsis 2 0 0 0 Long 8 0 0
arvensis Bromus 5 1 1 1 Short 2.4 10 Diploid 1
attenuatus Bromopsis 1 0 0 0 Long 3 0
auleticus Bromopsis 2 0 0 0 Long 6.82 6 Polyplaid 1 0
ayacuchensis Ceratochloa 1 0 0 0 Long 5.5 Polyploi O 0
benekenii Bromopsis 2 0 0 0 Long 4.55 8 Polyplaid 0 0
berteroanus Neobromus 3 1 1 1 Mediu 15 Polyplpid 0
biebersteinii Bromopsis 3 1 0 1 Long 5.13 4 Poligplq 1
bikfayensis Bromopsis 2 0 0 0 Long 8 0 0
bonariensis Ceratochloa 1 0 0 0 Long 5 Polyploid 0 0
borianus Bromopsis 1 0 0 0 Long 12 0 0
brachyanthera Bromopsis 2 0 1 0 Long 12 Polyplpid 1
brachystachys Bromus 2 0 0 Short 2.31 7 Diplo|d 0
briziformis Bromus 3 1 1 1 Short 3.18 1 Diploid 0 0
bromoideus Bromus 1 0 0 0 Short 2.83 12 Polyploid 0 0
cabrerensis Bromus 2 0 0 0 Short] 8 Polyploid 0 0
cappadocicus Bromopsis 2 0 0 0 Long 5.14 6 Polgiplpi
carinatus Ceratochloa 4 1 1 0 Medium 8.25 15 Poigipl
catharticus Ceratochloa 5 1 1 1 Medium 11.06 9 Hoigt

62




Species Section Distrib. Srop Rud. Weed | EDVIrOM ;O';‘f] ée\:_/e% o Ploidy | MU | cultivars
Weight Length
cebadilla Ceratochloa 4 0 0 1 Long 6.99 12 Polyploi 1 1
ceramicus Bromopsis 1 0 0 0 Long 6 0 0
chrysopogon Bromus 2 0 1 0 Short 14 0 0
ciliatus Bromopsis 3 0 0 0 Long 4.38 35 Diploig 1 0
coloratus Ceratochloa 3 0 0 0 Long 8.15 8 Polyplpid 1 1
commutatus Bromus 5 1 1 0 Short 4.1 10 Both 0
condensatus Bromopsis 2 0 0 0 Long 1.92 0
confinis Bromopsis 2 0 0 0 Long 6 0 0
danthoniae Bromus 3 1 1 0 Short 4.07 15 Diploid 0 0
densus Bromopsis 1 0 0 0 Long 15 0 0
diandrus Genea 5 1 1 1 Short 8.79 75 Polyploid 0 0
dolichocarpus Bromopsis 2 0 0 0 Long 11 Polyplaid 0 0
epilus Bromopsis 1 0 0 0 Long 14 0 0
erectus Bromopsis 4 1 1 1 Long 4.35] Both 1 1
exaltatus Bromopsis 2 0 0 0 Long 4 Diploid 0 0
fasciculatus Genea 2 0 0 0 Short] 1.74 18 Diplojd 0 0
firmior Bromopsis 1 0 0 0 Long 12 0 0
flexuosus Bromopsis 2 Long 8 0
formosanus Bromopsis 1 Long
frigidus Bromopsis 1 0 0 0 Long 6 0 0
frondosus Bromopsis 2 0 0 0 Long 4 Diploid 0 0
gracillimus Nevskiella 2 0 0 0 Short 19 Diploid 1 0
grandis Bromopsis 2 0 0 0 Long 7 Diploid 0 0
grossus Bromus 1 1 0 0 Short 4.6 12 Polyploid 0 0
gunckelli Neobromus 1 0 0 0 Mediun Polyploid 0 0
hallii Bromopsis 2 0 0 0 Long 7 0 0
himalaicus Bromopsis 2 0 0 0 Long 12 Diploig 0 0
hordeaceus Bromus 5 1 1 1 Mediu 2.71 10 Polyplpid 1 1
induratus Bromopsis 2 0 0 0 Long 11 0 0
inermis Bromopsis 5 1 1 1 Long 3.33 10 Polyplaid 1 1
insignis Bromopsis 2 0 0 0 Long 8.5 0 0
intermedius Bromus 2 1 0 0 Short 0.75 Both 0 0
interruptus Bromus 1 1 0 0 Short 3.17 8 Polyplaid 0
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Species Section Distrib. Srop Rud. Weed | EDVIrOM ;O';‘f] ée\:_/e% o Ploidy | MU | cultivars
Weight Length
japonicus Bromus 5 1 1 1 Short 3.86 16 Diploid 1 0
kalmii Bromopsis 3 0 0 0 Long 2.6 3 Diploid 0 0
koeieanus Bromopsis 1 0 0 0 Long 4 0 0
kopetdagensis Bromopsis 1 0 0 0 Long 5 0 0
laevipes Bromopsis 2 0 0 0 Long 4.49 6 Diploid 0 0
lanatipes Bromopsis 2 0 0 0 Long 4 Polyplojd 0 0
lanatus Bromopsis 2 0 0 0 Long 4 1 0
lanceolatus Bromus 4 1 1 1 Short 3.48 12 Both 0 0
latiglumis Bromopsis 2 0 0 0 Long 3.2 5 Diploid 0 0
lepidus Bromus 4 0 0 0 Short 7 Polyploid 0 0
leptoclados Bromopsis 2 0 0 0 Long 14.8 12 Polgplp 1 0
lithobius Ceratochloa 3 0 1 1 Long 6 Polyplo|d 0 0
luzonensis Ceratochloa 2 0 0 0 Long 15 Polyploid 0
macrocladus Bromus 1 0 0 0 Short 13 0 0
madritensis Genea 5 1 1 1 Short] 2.47 23 Polyplpid 0 0
magnus Bromopsis 2 0 0 0 Long 8
mairei Bromopsis 2 0 0 0 Long 20 0 0
mango Ceratochloa 3 0 0 0 Long 8.86 1 Polyploid 0
marginatus Ceratochloa 4 0 0 0 Long 7 Polyploid
maritimus Ceratochloa 2 0 0 0 Long 7.69 7 Polyplaoid 0 0
maroccanus Bromopsis 1 0 0 0 Long 3 0 0
meyeri Bromopsis 2 0 0 0 Long 1 0 0
modestus Bromopsis 2 0 0 0 Long 4 0 0
moellendorffianus Bromopsis 1 0 0 0 Long 9 Diploid 0 0
moesiacus Bromopsis 1 0 0 0 Long 1.76 7 Diploid 0 0
morrisonensis Bromopsis 2 0 0 0 Long 5 0 0
mucroglumis Bromopsis 2 0 0 0 Long 5 Polyplojd 0 0
natalensis Bromopsis 2 0 0 0 Long 15 0 0
nepalensis Bromopsis 1 0 0 0 Long 12 0 0
nervosus Bromus 1 0 0 0 Short 6.5 0 0
nottowayanus Bromopsis 2 0 0 0 Long 8 Diploid 0 0
orcuttianus Bromopsis 2 0 0 0 Long 6.55] 8 Diploid 0 0
oxyodon Bromus 3 1 1 0 Short 5.08 30 Polyplqid 1 0
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Species Section Distrib. Srop Rud. Weed | EDVIrOM ;O';‘f] ée\:_/e% o Ploidy | MU | cultivars
Weight Length
pacificus Bromopsis 2 0 0 0 Long 11 Polyplo|d 0 0
pannonicus Bromopsis 2 0 0 0 Long 4.22 8 0 0
parodii Ceratochloa 2 0 0 0 Long 3 Polyplo|d 1 0
paulsenii Bromopsis 2 0 0 0 Long 5 1 0
pectinatus Bromus 3 1 1 1 Short 17 Polyplqid 1 0
pellitus Bromopsis 2 0 0 0 Long 4 0 0
pindicus Bromopsis 1 0 0 0 Long 10 0 0
pitensis Ceratochloa 2 0 0 0 Long 5 Polyplaid 0 0
plurinodis Bromopsis 2 0 0 0 Long 15 0 0
polyanthus Ceratochloa 2 0 0 0 Long 8.85 6 Polgploi 1 0
porphyranthos Bromopsis 2 0 0 0 Long 18 0 0
porteri Bromopsis 2 0 0 0 Long 3.5 Diploid 0 0
psammophilus Bromus 1 0 0 0 Short 0 0 0
pseudobrachystachys Bromus 2 0 0 0 Short 5 q 0
pseudodanthoniae Bromus 3 1 1 0 Shornt 3.2)7 1% Both O
pseudolaevipes Bromopsis 2 0 0 0 Long 5 Diploid 0
pseudoramosus Bromopsis 2 0 0 0 Long 14 0
pseudosecalinus Bromus 1 1 0 0 Short 2.96 6 Diplaid 0 0
pubescens Bromopsis 3 0 0 0 Long 4.63 8 Diplojd 0 0
pumpellianus Bromopsis 2 0 1 0 Long 6.2 3 Polyploid 1
racemosus Bromus 5 1 1 1 Short] 3.2§ 10 Polyplpid 1 0
ramosus Bromopsis 3 0 0 0 Long 11 Both 0 0
remotiflorus Bromopsis 2 0 0 0 Long 12 Diploid 0 0
richardsonii Bromopsis 2 0 0 0 Long 5 Polyplo|d 0 0
rigidus Genea 5 1 1 1 Mediuni 10.15 40 Polyplaid 0 0
riparius Bromopsis 3 0 0 0 Long 5.52 8 Polyplojd 1 1
rubens Genea 5 1 1 1 Short 2.56 23 Both 1 1
scoparius Bromus 5 1 1 0 Short 1.51 10 Both 0 0
secalinus Bromus 5 1 1 1 Short 7.4 8 Both 0 0
segetum Bromopsis 2 0 0 0 Long 9 0 0
sericeus Genea 2 0 0 0 Short 3.69 45 Both 0 0
setifolius Bromopsis 2 0 0 0 Long 9.16 4 1 0
sewerzowii Bromus 3 1 1 0 Short 4.06 4 Polyplqid 0 0
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Species Section Distrib. Srop Rud. Weed | EDVIrOM ;O';‘f] ée\:_/e% o Ploidy | MU | cultivars
Weight Length
sinensis Bromopsis 2 0 0 0 Long 14 1 0
sipyleus Bromopsis 2 0 0 0 Long 9 0 0
sitchensis Ceratochloa 4 0 1 0 Long 9.89 12 Poigplp 1 1
speciosus Bromopsis 1 0 0 0 Long 6 0 0
squarrosus Bromus 5 1 1 0 Short 2.54 11 Diplo|d 1 0
staintonii Bromopsis 2 0 0 0 Long 5 0 0
stenostachyus Bromopsis 2 0 0 0 Long 3.5 Diplo|d 0 0
sterilis Genea 5 1 1 1 Medium 6.5 40 Both 0 0
striatus Ceratochloa 2 0 0 0 Short 18 Polyploid 0 0
suksdorfii Bromopsis 2 0 0 0 Long 4 Diploid 0 0
sundaicus Bromopsis 1 0 0 0 Long 10 0 0
syriacus Bromopsis 2 0 0 0 Long 6.1 5 0 0
tectorum Genea 5 1 1 1 Short 2.94 25 Diploid 1 0
texensis Bromopsis 1 0 0 0 Short 10 Polyplaid 0 0
thysanoglottis Bromopsis 1 0 0 0 Medium 4.5 0 0
timorensis Bromopsis 1 0 0 0 Medium 10.5 0 0
tomentellus Bromopsis 3 0 0 0 Long 7.06 15 Both 1 0
tomentosus Bromopsis 2 0 0 0 Long 3.86 3 0 0
tunicatus Ceratochloa 2 0 0 0 Long 2 Polyplaid 0 0
turcomanicus Bromus 1 0 0 0 Short 4 0 0
tytthanthus Bromus 2 0 1 0 Short 8 0 0
tyttholepis Bromopsis 2 0 0 0 Long 3 0 0
variegatus Bromopsis 2 0 0 0 Long 5.93 9 Diploid 1 0
villosissimus Bromopsis 2 0 0 0 Long 3 0 0
vulgaris Bromopsis 2 0 0 0 Long 6.72 8 Diploid 1 0
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Table A2: Pearson’s Correlation Coefficients anobpr |r| under HO: Rho=0 for 152 Bromus speciesentionsBromus, Genea, Ceratochloa, Bromopsis,
Nevskiella, andNeobromus.

Wide Distribution outside of Crop weed Ruderal weed Environmental weed
nativerange
Wide distribution 0.647 0.677 0.623
outside of nativerange 1.00000
<.0001 <.0001 <.0001
Crop weed 0.647 0.751 0.668
1.00000
<.0001 <.0001 <.0001
Ruderal weed 0.677 0.751 0.654
1.00000
<.0001 <.0001 <.0001
Environmental weed 0.623 0.668 0.654
1.00000
<.0001 <.0001 <.0001
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Table: A3.1a: Results of single factor logisticnesgions using species in secti@nemus, Genea, Ceratochloa, andBromopsis. SectionsNevskiella and

Neobromus contain only three species and were not used becnecies in these sections all associated witiméoer of factors producing quasi-separation of
data points.

Number | Comparisons of
Factor of Species| Categorical High Distribution Crop Weed Ruderal Weed Environmental Weed
Used Factors
Wald Chi | Pr> odds T waigcni | pr> | 2995 I wagceni | prochi | Q99 Jwaachi| pr> | QddS
. Chi Sq. Point Est. . Chi Sq Point Est. G- G- Point Est. . Chi Sq. Point Est.
Section 148 22.2011 <.0001 37.4323 <.0001 310.208 <.0001 21.3987| <.0001
Bromus vs 21.500 43.590 28.496 10.625
B > (4.439- (11.339 - (8.433 - (2.665-
romopsis
104.145) 167.568) 96.289) 42.358)
Ceratochloa vs 15.357 5.312 5.599 7.556
Bromonsis (2.711- (0.983 - (1.261 - (1.534-
P 87.004) 28.707) 24.864) 37.214)
Genea vs 129.000 85.000 62.990 85.000
Bromonsic (15.368- (11.837 - (9.529 - (11.837-
p >999.999) 610.397) 416.384) 610.397)
1.400 8.205 5.089 1.406
g;?;:gzh\llza (0.400- (1.989- (1.385- (0.367-
4.894) 33.847) 18.696) 5.386)
0.167 0.513 0.452 0.125
Brg”;‘:z;s' (0.029- (0.089- (0.079- (0.021-
0.965) 2.939) 2.585) 0.737)
Ceratochloa vs 0.11 0.063 0.089 0.089
Genea (0.018- (0.008- (0.013- (0.013-
0.795) 0.471) 0.621) 0.621)
Life Span 148 23.0111 <.0001 35.302)7 <.0001 2809 <.0001 20.6887 <.000L
Medium vs 31.66 53.889 46.999 31.661
Lona (5.841- (8.598 - (7.764 - (5.840-
9 171.685 337.772 284.489) 171.656)
Short vs 10.231 48.500 17.316 8.143
Long (3.374- (13.066- (6.166 - (2.643-
9 31.026 180.033) 48.627) 25.086)
Ava. Seed 0.996 0.850 .923 0.966
V\?éi ht 64 0.0014 0.9698 | (0.820- 2.3444 0.1257 | (0.691- 0.6474 0.4210 | (0.760- 0.1063 0.7444| (0.784 -
9 1.211) 1.046) 1.220) 1.190
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Number

Comparisons of

Factor of Species| Categorical High Distribution Crop Weed Ruderal Weed Environmental Weed
Used Factors
Wald Chi | Pr> oods 1waidcni | pr> | 295 | wagchi | prochi| 299 Jwadchi| pr> | 9l
Sa. Chi Sa. Point Est. Sa. Chi Sq Point Est. G- G- Point Est. 4. Chi Sa. Point Est.
Max. Awn 1.123 1.126 1.146 1.110
Leﬁ th 147 11.7471 0.0006 | (1.051- 12.0101 0.0005| (1.053- 13.5333 0.0002 | (1.066 - | 10.7564 | 0.0010| (1.043-
9 1.200) 1.205 1.232) 1.181)
Ploidy 92 8.3911 0.0151 8.7683 0.0125 7.546 23.0 3.0221 | 0.2207
Both vs 8.666 8.214 7.200 3.611
Dibloid (1.948 - (1.955- (1.753- (0.792-
P 38.562) 34.510) 29.567) 16.472)
Both vs. 4 5.5 (1.483 3.600 1.496
Polyploid (1.153- "20.301) (1.034 - (0.422-
13.876) : 12.529) 5.300)
Polvbloid Vs 2.167 1.494 2.000 2.414
gip g (0.628 - (0.526 - (0.681- (0.706-
P 7.479) 4.239) 5.873) 8.261)
6.491 3.902(1.7 4.471 6.469
Human Use 148 15.4326 0.0001 | (2.553- 10.4336 0.0012 2é 9 24'5) 12.3320 0.0004 | (1.938- | 14.4497 | 0.0001| (2.470-
16.503) : 10.312) 16.938)
Availability 16.999 7.171 6.811 13.846
of Cultivars 150 21.1326 <.0001 | (5.079- 11.7496 0.0006 | (2.325- 11.201 0.0008 | (2.214- | 19.0239 | <.0001| (4.251-
56.887) 22.121) 20.948) 45.101)
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Table A3.1b: Results of a multiple factor logistigression with stepwise reduction using specisgationsBromus, Genea, Ceratochloa, andBromopsis.
Factors included in the stepwise reduction wergageseed weight, maximum awn length, ploidy, huosn(for forage/hay/revegetation), and availabdit

cultivars. Only max awn length and availabilityafitivars produced significant results. Availatyilof cultivars was eliminated in the stepwise retéhn for
crop weeds.

Number
Factor Spg::im High Distribution Crop Weed Ruderal Weed Environmental Weed
Used
Wald Pr > Odds Ratio Wald Pr > Odds Ratio Wald Chi Pr > OddsRatio | Wald Chi Pr > Odds Ratio
Chisq. [Chisg. | PointEst. | Chisg. | ChiSq. | Point Est . Chisg. | Point Est . Chisq. | Point Est
Max. Awn 1.110 1.078 1.105 1.080
e 58 6.668 | 0.0098]  (1.025- 3.8573 0.0495 | ( 1.00- 5.4306 0.0198 (1.016- 5.5568 0.0184 | (1.013-
g 1.201) 1.161) 1.202 1.152)
. 4156 7.404
ﬁ;’g‘:ﬁﬁ\'}g?’s 58 8.7244| 0.0031] 8'?2? s%gm 4.1051 0.0428 (1.048 7.8158 0.0052 | (1.819-
: 16.491) 30.128)
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Table: A3.2: Results of single factor logistic reggion analysis using species in sectBrenus andGenea . Species in these sections have similar anrfeal li
spans with many winter annuals. Species in secBooisus andGenea probably evolved in association with human agfivis-QSDP” indicates “Semi-quasi
Separation of Data Points”.

Number | Comparison
of of . T .
Factor Species | Categorical High Distribution Crop Weed Ruderal Weed Environmental Weed
Used Factors
wald Chi | Pr> ggt‘i’; wadchi| Pr> ggt‘i’; wald Chi | Pr > Chi ggt‘i’g wald Chi Pr > Sgt(ijg
4. Chi Sq. Point Est. 4. Chi q Point Est. 4. 4. Point Est. 4. Chi Sq. Point Est.
Ava, Seed 0.797 1.605 1.334 1.364
o 30 1.0950 | 02954 (0.521- | 1.2212 | 02691 | (0.694- | 09410 | 0.3320| (0.745- | 1.8847 0.1698 | (0.876 —
9 1.219) 3.714) 2.390) 2.126)
Ve, A 1.061 1.042 1.076 1.065
o 41 3.3067 | 00690 (0.995- | 1.4918 | 02219 | (0.975- | 2.9319 | 0.0868| (0.989-| 3.7246 0.0536 | (0.999-
9 1.132) 1.113) 1.171) 1.136)
Ploidy 2.1818 | 0.3359 1313 05187 1002 ®605 0.3328 0.8467
Both v 3.500 3.856 2.66 1.0
Do v (0.549 - (0.326 - (0.361 - (0.167 —
P 22.340) 45.550 19.712) 5.985)
Both v 3.111 3.599 2.222 0.667
o (0.550 - (0.337 - (0.334 - (0.129-
yp 17.330) 38.460) 14.803) 3.446)
1.125
. 1.125 1.071 1.200 1.500
Pog’ip'lc’()'i‘é vs. (50'55156)' (0.216- (0.180 - (0.225- (0.290 —
P : 5.8565) 6.363) 6.388) 7.753)
41 52854 | 0.0215 (I';gg- 6.8299 0.0000 | 0500
Human Uss : . ' S-QSDP| S-QSDP| S-QSDP| S-QSDP| S-QSDP| S-QSDF : (1.800-
43.878) 61.241)
g"gﬁg\'};}’s 41 S-QSDP | S-QSDP S-QSDP| S-QSDP S-QSDP | S-QSDP S-QSDP | S-QSDP| S-QSDP| S-QSDP | S-QSDP | S-QSDP
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Table: A3.3: Results of single factor logistic reggions using species in sect{matochloa. Species in this section have varying life spamging from
annual to perennial. Ploidy was not evaluatedHi $ection as alleratochloa species are polyploid. “S-QSDP” indicates “SemasjBeparation of Data

Points”.

Number | Comparison
Factor Of. of . High Distribution Crop Weed Ruderal Weed Environmental Weed
Species | Categorical
Used Factors
Wald Chi | Pr> gdc_is waldChi| Pr> gdc_is wald Chi | Pr > Chi gdc_is waldChi| Pr> gdc_ls
q Chi Sq Ratio q Chi sq Ratio q s Ratio q Chi Sq Ratio
’ * | Point Est. ' Point Est. ' ' Point Est. ’ ' Point Est.
Ava. Seed 0.611 2.525 6.079 1.318
V\?éi ht 8 0.5637 0.4528 (0.169- 1.3260 0.2495 (0.522- 1.8853 0.1697 | (0.462- 0.1686 0.6814 (0.353-
9 2.213) 12.221) 79.919) 4.925)
Max. Awn 1.169 1.299 1.119 1.119
Leﬁ th 19 1.7429 0.1868 (0.927- 2.5512 0.1102 (0.942- 0.8663 0.3520 | (0.883- 0.8663 0.3520 | (0.8831 -
9 1.474) 1.791) 1.419) 1.419)
3.428 3.428
Human Usg 19 S-QSDP| S-QSDP S-QSDP | S-QSDP S-QSDP| S-QSDP 0.9481 0.3302] 0.287 - 0.9481 0.3302 (0.287-
40.943) 40.943
Availabil 8.250 8250
of Cultiva“r/s 19 S-QSDP| S-QSDP S-QSDP | S-QSDP S-QSDP| S-QSDP 2.6597 0.1029| (0.653 - 2.6597 0.1029 (0.653 -
104.195) 104.195)
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Table: A3.4: Results of single factor logistic reggions using species in sect@Bnomopsis. Species in sectioBromopsis are perennial with the exception of
Bromustexensis. “S-QSDP” indicates “Semi-quasi Separation ofdDRbints”.

Number | Comparisons
Factor Of. of . High Distribution Crop Weed Ruderal Weed Environmental Weed
Species | Categorical
Used Factors
wald Chi | Pr> odds | wald Pr > odds | wadchi | pr>chi | 299 | wadchi | Pr> |oddsRatio
So. | Chisa |poae. | chisa | chisq |prap | s S | | s chisq. | Point Est.
Ave. Seed 1551 0.760 0.857 0.760
Vg Seed| 26 08402 | 0.3594| (0.607-| 05876 | 0.4434 |(0.0377-| 02417 | 06230| (0.465- | 05876 | 04434| (0.377-
g 3.964) 1.533) 1.583) 1.533)
M. A 1.095 0.987 1.050 0.987
ax AN | g7 02999 | 05840| (0.792- | 0.0066 | 09350 | (0.728- | 0.1532 | 0.6955| (0.822- | 0.0066 | 0.9350| (0.728-
g 1513) 1.339) 1.341) 1.339)
Ploidy 2 S-QSDP| S-QsDP| S-QSDP S-QSDPS-QSDP | S-QsDF  S-QSDR  S-QSOP S-QSpP  S-QSDP  S-QSDPQSDS-
Human Usd 88 S-QSDP| S-QSDP  S-QSDP S-QSDPS-QSDP | S-QSDP  S-QSDR  S-QSOP S-QSPP  S-QSDP  S-QSDPQSDS-
A"a"o"’}b"'ty - S-QSDP| S-QSDP  S-QSDP  S-QSDPS-QSDP | S-QSDP  12.5477  0.0004 %325'32? S-QSDP | S-QSDP  S-QSDF
Cultivars >999.999)

73



