
Genetic Diversity in the lntroduced Clonal Grass Poa bulbosa (Bulbous
Bluegrass)

Abstract
Buibous bluegrass (Po.r,x/r.)r.r) is a perennial hunchgrass rlith a r\idespread distfibution throughout itli nrtire frnge in Europe
and the \{editenanean. This grass has been iniroduced rnto North Americr and nou occurs thfoughout nNch of the lr,esiern
Unned Siate\. Within ils nrtive range, bulbous bhrcgrass reproduces mainl_v through selual means; hore|er, in North AJnerica
clonal reproduction occurs prinllrily throuSh the production of \cgctalilc ffucturcs callcd bulble!s. High chromosomc counls
are frequendy repofied f(r this species and suggest it is apolyploid. To asscss thc lc\'cl andpailcm ofgcnetic divcrsjty ofbulbous
bluegrass across aportion of its intfoduced range, a totalof l0populations lioln Idaho. Orcgon. andwashinglon wcrc analyzcdby
staining for 1,1 enzlnles rhar $ere coded fbr br- l9 genedc loci. R.sults indicalc that bulbous blucgrass conlains lishcr lcvcls of
generic v iation than expected for an irrroduced cloial planl spccicsr 27.9% of loci are polymorphic per populadon. wilh an
avef . rge of  1.5,1al le les per locus.  i rnd a ncan obscrvcd hcterozygosi t !  of0.202.  On average,64% ofal l indi l iduals wi th in these
populrtions possess three or lbur rlleles al onc ornorc locira value consistent with previous repo(s for auiopolyploid species. r\
rotal of 8'+ muhilocus genotypes \lere detected i thesc l0 populations. !r'i!h an alerage of 9.6 genot_vper per population. The
nunrber and complex distfibution of multilocus genLrtr-pes obsened in this stud."- may bc thc rcsult ofmultiplc inlroductions oflhis
species inio its ner\ range. and/or occasidral \exual reproduction uillin introduced populatil,ns.

Stephen J. Novak and Angela Y Welf ley, De partment of B o ogy
daho 83725

lntroduction

Biological invasions are deflned as the success-
ful introduction and establishment of an organ-
ism into a region or habitat that was previously
unoccupied by that species (Mack 1985). Bio-
logical invasions can vary geographically liom
simple range extensions to intercontinental nri-
gration (Barrctt and Richardson 1986). Success
ful invaders (whether they be plants or animals)
often possess the ability to aggressively colonize
a neu territory. u ith rlpid runge erpun.i, 'n rcr, ' 'r
the jntroduced region (Mack 1985. Barrett and
Richardson 1986, Barett and Shore 1989). Once
invasions occur, they can pose ongoing problems
because they can act as vcctors for disease. be
expensive. alter ecosystem processes. and reduce
biological diversity (Vitousek et al. 1996). In
addition. several recent rcviews have fi)cused on
the issue otbiological invasions as tbrccs lbr global
change (D'Anlonio and Vitousek 1992. Vitousek
er  r l .  lqq6) .  Add i r iona l lS .  iny3 . j rq  .pec ie .  p ru-
vide biologists with excellent model systems for
genetic and evolutionary studies (Baker and
Stebbins 1965. Barrett and Husband 1990). In
vasive plant species are commonly reported to
possess uniparental reproductive systems, be poly-
ploids. contain dcpauperate levels ofgenetrc vana
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tion within populations, have high levels of ge
netic diff'erentiation, and exhibit multibcus struc-
ture among inffoduced populations (Baker 1974.
Bro* n and Marshall 1981 , Barrett and Richardson
1986) .

Traditionally, introduced populations are be-
lieved to be established by only a srnall number
of imrnigrants, ofien resulting in a loss of genetic
variation through sampling elfects (Barett and
Richardson 1986. Barett and Shore 1989). ln
addition to lbunder eflects and genetic bottlenecks,
an absence of repeated imnrigration events wil l
contributs to high levels of genetic diffcrentia-
tion among populations (Brown and Marshall 1981.
Wade and McCauley 19ii8). Conversely, rnul-
tiple introductions of different genotypes at the
same or nearby locations can result in greater
genetic vadation in founder populations (BalTett
and Husband 1990). Recentgenetic evidence tbr
cheatgrass (Btonus tectorun L.) and white bry-
ony (Bryoniu albttL.) suggests that nultiple in-
troductjons of alien species may be mQre com-
mon than prev iously thought (Novak et al. 1991 .
Novak and Mack 1993, Novak et al. 1993, Novak
and Mack 1995).

Uniparental reproducti\e systems, such as self-
pollination or clonal reproduction (i.e. agamo-
spermy and vegetative propagation). cln be a
beneficial characteristic for inmigrants. and are
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common among species regarded as highlv suc-
cessfirl colonizers (Stcbbins 1957. Brown and
Marshall 1981). Selting ard clonally rcproduc-
ing species are capable of producing progeny
without the presence of a mate which. I ) fiees
them ti-on the dependcncy of pollinators, 2) en-
surcs reproductive success despite unlavorable
conditions, 3) preser-res adaptive gcne complexes
tirr all jndividuals within the population, and 4)
allows a single individual to start an entire colony
or invasion (Stebbins 1957,Will iams 1975. Banett
and Richardson 19136). With clonal reproduction,
progeny will be identical to their parents. and there-
fore. some models suggcst that clonally repro-
ducing spccies possess little orno genotypic varia-
tion u'ithin populations (Williams 1975). Howoer,
a second -qroup of models claim that the level of
genetic diversity in clonal species can. in fact. bc
similal to scxualones (Maynard Smith 1971, Lynch
198,1. Ellstrand and Roose 1987). This sLudy
examines the level and structure ofgenetic diver
sitf in thc clonally reproducing introduced plant
species bulbous bluegrass (Pou bulbosa L.1
(Poaccac).

Study Species

Bulbous bluegrass displals many of the ecologi
cal chalacterislics of a successtul invasivc plant
specics. This perennial bunchgrass is widespread
throughout $,estern Europe and the Mediterra-
nean region (Cronquist et al. [977), and is more
rarely distributcd in southem and eastern Britain
(Humphries 1979). It is comnonly found rvithin
pastures. roadsides. and othcr disturbed areas at
low to middle elevations (Cronquist et al. 1977).
Bulbous bluegrass was introduccd in the eastem
United States in 1906 (probably l iom Russia),
and it u'as introduced in the westem Unitcd Sates
in I9l 5 as a conttminant in alfalta seed (Harrison
et al. 1996). Follou'ing its introduction in the West,
this grass quickly spread throughout much of the
Intemountain Wcst because itis aggressive. highly
competit ive. persistent. and can become a domi
nant species in hcavily disturbed (overgrazcd)
habitats (Harrison et al. 1996). In addition. rapid
rangc cxpansion of bulbous blucgrass u'as fhcili
tatcd by the purposeful inlroduction of the grass
to prevent soil erosion or contr(t mole trouble-
sone weeds (Younger and McKell 1972). Samples
havc been collected in New Vrlk. Nofih Caro-
lina. Virgiria. North Drkota. Oklahoma, and nrost
$cstcrn states including Calilirrnia, Oregon. Wash-
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ington. Idaho. Montana. Wyorning, Utah and
Colomdo (Hitchcock 1971 ).

Although bulbous bluegrass chiefly reproduces
through sexual means within its native range. it
is primarily an asexually rcproducing species within
North Arnerica where clonal production of
propagules. or bulblets, have replaced the plo
duction of seeds (Hitchcock 1971. Younger and
McKell 1972. Cronquist et al. 1977). Also, bul
bous bJuegrass possesscs several bulbous bases,
\\ here cach bir\e i. \ 'uprble olpir ing ri.e r, '  I neu
plant ifdetached and dispcrsed (Humphdes 1979).
Although high chromosone counts have been
reported for bulbous bluegrass (2n = 213. 35. :12).
suggesting that it is a polyploid, the literature does
not indicate the type of polyploidy that occurs
within this species (Cronquist et al. 1917 ).

lnvestigating the population genetics of an
invading species may provide insights into the
nature ofits il'rtroduclion into its new range. With
this paper. \\,e report results from our analysis of
l0 populations ol bulbous bluegrass from Idaho.
Washington. and Oregon. The specific objcctives
of this study wcre to; J) determine the level and
structure of genetic variation within and among
populations using enzyme electrophoresis, 2) as
sess the pattern of genctic variation and dcter-
mine if they provide insights into introducrion
dynamics (single or multiple introductions events).
3) cornpare the results obtained tbr bulbous blue-
grass to othcr studies of introduccd and clonally
rcproducing plant specics, and 4) and determine
the genetic consequences of polyploidy lirr this
spccies (i.e.. type of polyploidy).

Materials and Methods

P ant  Co l lec t  ons

As a first effbrt to describc the genetic vadability
o i  bu lbou.  b lucgr . r . \ .  len  loc r l  popuh l i  n \  \ \e rc
collected from various locations in ldaho. Oregon.
and Washington (Figure l. Table l). Population
collections were made between June and August,
1996. typically in disturbed habitats such as va-
cant lots and along roadsides. ln addition. these
populations also varied in their size and dcnsity
(Table l). The panicles ofthifiy to ti)ftv separare
individuals in each population were collccted at
rcgular internals (approximately 1 m) while walk-
ing throu-qh the population and stored withil sepa-
rate envelopes. Panicles u'ere han'ested when they
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contained mature bulblets. Mature bulblets are 2
nrmin length. and possess broad, shiny. dalk puple
, , r  b l rek  ha .c .  u i th  p r , ' t ruJ ing  [ . r l iuce , ru r  t ip : .
One bulblct from each individual in a populatlon
wrs randomly- selected and placed on moistened
filter paper in r pcLri dish. To break dormancy,
bulbous blucgrass required a chilling treatment
consisting of incubating bulblets on rnoistened
filterpaperrt5 C lor.l 5 days (Ball etal. 1995).
Adclitional water \vas applicd as needed to pre-
vent desiccation of the bulblets. Atier chil l ing.
pctri dishes rvere incubatcd at room telnperaturc
with noderate sunlight. u,ith bulblets usuallv
' germinating" within 2.1hours. "Secdlings" were
permilted to glow tbr approximately one week,
prior to genetic anrlysis.

Genet ic  Ana ys  s

Enzymc clectrophorcsis was pcrlormed accord-
ing Lo rhe nethods of Soltis et al. (1983). Har-
vested seedling" tissue was macerated in l is-
HCL grinding bulTer-PVP soluLion. Final
concentlation ofPVP (Mw ,10.000) in the grind-
ing butler was l2% (u,y'v). Starch concentration
of the gels was 12.5% (w/v). Enzyme rctivity
tbr alcohol dehydrogelase (ADH). aldolase (ALD).
glulamate dehydrogenasc (GDH). glutamate
oxalacetate transarrinase (GOT), malic enzyme
(N{E), phosphoglucoisomerase (PGI). and triose
phosphate isomerase (TPl) were visualized us-
ing buffer s)'stcnr 8 (Novaketal. 1991). Enzyme
lctivit!' for gl) ceraldehydc-3 -phosphate dehydro-
genase (G3PDH). isocitrate dehydrogcnase (lDH).
nalate dehl'drogenase (MDH). phosphoglucomu-
tase ( PCM). 6-phosphoglucorate dehydrogcnase
(6PCD). and shikin.rate dehydrogenase (SkDH)
were visualized using buffer system l; u'hile en-
z)'me activity i irr glucose 6 phosphate dehydro-
genase (G6PDH), rnrlatc dchydrogenase (MDH),

iud phosphoglLlconutase (PGNI) *'crc visualized
using butler system 9 (Soltis. et al. 1983). Reli-
able interpretation ollhe banding patterns of MDH
and PGN,I was obtained b) comparilg results
obtained irom both system I and systen 9. En-
z1'me staining procedures follou'ed the mcthods
of Soltis et al. ( 19133). exccpL ibr ADH, rl 'hich
followcd Hautler (19E5). ALD and TPI were
stained using the agarosc overla,v method.

Enzl-lne banding patterls for each individua]
were recordcd. irnd genotypes were intered based
on kno$n enzy[re subunit structurc and conpafi
mentalization lor diploid seed plants (Weeden and
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Wendel 1989). However, the complex banding
pattems obsen ed lbr bulbous bluegrass were not
consistent *' i th diploid gene expression, but in-
stcild were more consistent with the paftems pre-
viously repofted for autoteftaploid plant taxa (Sdtis
and Rieseberg 1986;Sottis and Soltis l988,Soltis
and Soltis 1989a, Soltis and Soltis 1989b, Wolf
et al. 1989). Because of these similarit ies. u'e
rssumed that the populations ofbulbous bluegrass
analyzed ir this study are autotetraploid, and as-
s igneJ  genotvpc .  ha .<d  on  the  re l r l i \ c  s lJ in ing
intensity and number ol enzyme bands scored at
each polymoryhic locus. Additionally, we rcana-
l1ze ,J  mln l  ind i \  idu i r l .  to  en .ure  lh r l  r \u r  i l s \ ign
ments ofgenotypes, based oIr the criteria described
above. $ ere consistent.

Genetic diversity for all l0 populations of
bulbous bluegrass was assessed usiltg the mean
nurnber of alleles per locus (A). the percent poly-
morphic loci per populati{)n (%P) and the obsen'ed
mean heterozygosity (t1,,). A locus was detined
rs being polymorphic ifone or more individual(s)
within a population possessed a genotype that
differed liom other individuals in that population,
d l  Ih . r l  locu5.  Oh.er \ed  rnern  hc le roz lgos i ty  w l .
determined by the direct count method. Mean
values for A and 7,:,P for all ten populations of
bulbous bluegrass, at both the species and popu-
Iation levgls. rvere conpared to the mean values
ofA and %P compiled by Hamrick and Godt (1989)
from over 400 published studies of plant species
using enzyme electrophoresis. Because an au-
totetraploid individual can naintain as many as
three or four alleles at a single locus (due to tet-
rasomic inheritance), the proportion of individu
als exhibiting thrce or more alleles at one or more
locus $as calculated 1br each population (Soltis
and Soltis 1989b). In this study, clonal stmcture
was assessed by calculating the total numbcr of
unique multi locus gcnotypes, as well as the dis-
tribution ofmultilocus genotvpes rvithin and among
populatiors. N{ultilocus genotypes were assigned
by exanining their allelic composition at all poly-
rnorphic krci.

Besults

Genetc D vers ty

A trxal of26.1 bulbous bluegruss individuals fronl
l0 populations in ldaho. Oregon. and Washing-
ton were analyzed for genetic diversity, with an
averagc of apploximately 26 individuals per



population. All enzyme bands scored in this study
migrated anodally from the oigin. The 14 en
zymes were coded tbrby 19 putative gcnctic loci.
Across all populations nine of 19 locr (1'7.44/c,)
rvere polymorphic: Adh, G3pdh. Idh-l, Mdh-1,
Mdh 2, Pgi 1. Pgi 2, Pgn l.and,6Pgd-1 (.Table
2): all other loci were monornorphic. Although
the populations ofbulbous bluegrass analyzed in
this study generally possessed similar patterns of
allelic variabil ity, some ditlerences arnong pepu-
lations were observed. For instance. Adlzur was
detected in only tive of 10 populations (TF, POC.
BC. PEN, and ML): whereas. Azllrc occurred ilr
all populations exceptPVR, PEN. PULL. and ML.
G-)pdhb was detected in only two populations:
TF anJ  STA\ .  E igh l  , ' i  l 0  popu la t ion .  uere
polymoryhic at 1rlir--1, while PVR and PULL were
hxed lor ldh-la. Only BSU, PVR, and PULL
were polynorphic at Mdft--1, all other populations
were fixed lor Mdh-lct. With the exception of
STAN (which was fixed forPgi-2c) and PEN (with
both Pgi-2b and P3i-2f , all l0 populations pos

sessed at least three alleles at Mdh-2 and Pgi-2.
All l0 populations rvere polyrnorphic at P3i-l and
6Pgd-i. Finally, six of l0 populations were poly-
morphic at Pg'r-1, while PVR, POC. PULL, and
ML were tixed lbr Pgn'1a.

A total of 3.1 alleles were detected at thr: l9
scored loci. with a mean value of 1.79 alleles/
locus for the spccies. Averaged across all popu
lations, the mean value fol A was 1.5.1, 9cP was
27.9, and H,, was 0.202 (Tabie 3). The highest
values fbrA antl a/cP (.l.11ard 36.8%, respec-
tirely) were observed in the TF population. The
same value tbr |rP (36.8c/r) was found in the BSU
and PEN populations. although values tbr A in
the latter two populations were slightlv lower than
TF. By far, the lowest levels of %P (5.3) and A
( L42) were observed in the PVR population. even
though PVR also had the second highest F1 r'alue
(0.263). Thc highest value (H, = 0.309) rvas de
tected in the STAN population whiie the lowest
value of 0.124 was obseryed in the SAL popula-
tion. Mean values tbr A and,./r 'P for all ten

TABLE 2. Allele liequencie\ at nine pollmorphic loci t'orerch populrtion ofbulbous bluegrass. Population rbbrc\iari|)lrs tre
gi \cn in Tabl .  1.

Populat ions

STA\ SAL tsc

C3pdh

Mtlh-2

Pgi 2

0.E75
0 .115
1.000

0.6.1,1
0.356
0.990
0 .010
0 .317
0.2rJ9
o.0'/'7
0 .163
0.15'1
0.250
0.75t)
0.r-)-18
0 .111
0.750
0.038
0 .911
0.067

0.'123

r.000

I 000

r.000

0.750
0.250
0.:50
0.500

0.:50

0.t50
0.750
0.250
0.250
0 :50
0.250
1.000

0 607
0.193

0 .138
0.793
0.069
0 .8E8
0 . l l l
0 . 5 r 7
0..161
1.000

0 259
0.r07
0 .216
0 .103
0 .155
0.250
u.150
0 . r 0 3
0.009
0 .853
0.015
0.9:l
0 .78

0.6-18
0.362

0.971
0.029
1.000

0 . t  1 8
0.882
r.000

0  69 l
0.059

0.0t9
0.221
0.165
0.735

1.000

l).r) / l
0.029
0.912
0.088

1.000

0.05.1
0.250
0 500

0.250

0.250
0.75i)
0 239
0.:9.1
0.,161

0.012
0.958
1 .000

0 2i1t
0 .02 r
0 .181
0 .010
0 .2  L9
0.25t)
0.750
0 .01 r
0 .01 I
0.918

0.268
0 .713  0 .917
0.009 0.081
1.000 0.750

0.250
0.036 0.833
0.96,1 0.167
1.000 1.000

0 175 0 250
0 .0 rE  0 .50
0 . t 31
0.009 0.250
0.366
0.250 0 350
0.150 0.660
0 . t i 6
0.080 0.r67
0.80.1 0 661

0.167
1.000 0.833

-  0 .161
0.955 0.661
0.0.15 0.311

0 .198  0 .179
0.E02 0.8: l
t .000 1.000

0..105 0.579
0.052 0.028
0 . l l l J  0 . l , l l
i ) .016 0.01,1
0.379 0.236
0.1-i0 0.129
0.t50 0.671
0.015
0.017 r-J.186
0.918 0.8l, l

0.069 0.057 - 0.052
0.922 0.9,11 1.000 0.918
0.009
1.000 1.000 r.000 | 000

0.611 0.6t9 1.000 1.000
0 . t53  0 .371
o.EEE 0.819 0.6.11 0.95iJ
0.1 l l  0.17 | 0.359 0.0.11
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TABLE 3. Genetic \.Lfinbiliry \Iatistics lin bulbous bluegfa\s popuLrtions. Description of,.1. '21'. and lJ, are gircn in rhc lcrr.
Proponion reiers to rhe nrulber ol irdniduuls possessing tbiee or lnorc rlleles .rt one of nofe loci in $ese popula

C P
l\{ultilocus

Genotypes

Ofegon

A1l p0pLrllrtion\

l  Boise-BSU

2. Boisc PVR

3. T\ in F,rll\

.1. Pocrlelli)

5.  St ln le) '

6.  Sah)10n

7. Brkef  Ci t )

8.  Pcndlelon

9.  P l lnr .Ln

26

] l

29

28

l i

l.l

t 9

-r5

t l

21

26-1

1 .68

1.,11

1.7-l

1 . 5 8

r . 5 l

1.,{2

1 . 5 8

L5 l

l . 1 7

r . 5 3

1 .51

16 .8

5 .3

36 .8

16.3

I 1 . 6

1 1 . 6

36.8

15 .8

16.- l

21.9

0.t]

0.t61

0.t13

0 .111

0.309

0.1:,1

0.r60
0 .17 - l

0 . t l l

0 . 125

0.202

0.77

1 .00

o.91

0.50

t.0t)

0 . l l

0 . 38

0.11

1 .00

0 .33

061

l 2

2

t 5

1

1

l

21

5

1 1

populations ofbuibous blueglass. at bixh the spe-
cics and population lcvcls, wcrc similar to thc
lnean values of,1 and 9iP compiled b1'Hamlick
and Codt ( l9ll9) (Table :l).

Thc possession of loci rvilh three or morc al-
leles i it a Iocus is one ofthe genetic consequeuces
of autopollploicly (Soltis and Soltis 198lJ, Soitis
and Soltis 1989b I. Therefore. autotetraploid plants
exhibit 'enz1'me nultiplicity" (i.e.. thel produce
nruJtip)e cnzymc tirms. as well as more kinds of
hybdd enz,vnes lbr multimeric enz)'mes). For
thc tcn populations olbulbous blucgrass anallzed
in this study. enzyme multiplicity u'as observed
at Mdh-2 antl Pgi-2. Evcn though thrce ofthese
l0 populadons of bulbous bluegrass (TF. POC.
BC) possessed three alleles at,L1lr, lo one indi
vidual cxhibitcd enzyme nrultiplicity at this lo-
cus. The lnean proportion of iIrdil iduals haling
three or more alleles at one or more loci tbr all
ten populations u,as 0.6.1 (Table 3). The highest
proportion ( L00) occurrecl within trl r Idaho popu-
lalions (PVR and STAN) and onc Washin-{ton

J 'opu l r t in r l  P I  
-LL l .  

r r  h  i le  thc  lo \ \  < . t  p ropor t ion
(0.12) *as tirund within the SAI- population of
ldaho. All ten populations posscsscd individuals
exhibit ing enzvme multiplicity at Mdl-2 (u'ith a
rnininum offour individuals in SAL). u,hile only
tive often populations (BSU. PVR. POC. STAN.
and PULLi contained individuals uith enzyme
multiplicit) at Pgi 2 (data not shown). Every
indir idual in PVR exhibited enzyme multiplicit)
for both Mdlr 2 ;r'tl Pgi-2.
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T,qBLE ,1. Comparisorol genetic \,tLfi.rbility in hulbous blue-
grass $ith other plant species. brsed on enzime
clccrrophorcsr\ dr|a. Dir(a lorlhe otberplanr \pe-
c ies rere corrpi led b,v Harnr ick and Clodl11990).

Species le\ el

Hcfbrceous shon lned

( l ra\ i ! ]  d ispcr\cd sccd!
Aseru.Ll rnd sexu.Ll
Err l , , 'successi0nr l
r \11 olhcr  p la. !s

Bulhou\  h luesrass

2 . i 8
l . t 2
1 .91
l . 8 l
t .6c)
1 9 8
1 .96
1 .79

59.2
. l l . l
. t8.5

.r3.8

.19.0
50.5
11.1

P u p r  L I i , , n  1 e \ e l

Herbace0u\ \hon'li\ed
Tcrnpcntc pllnLs

Gfa!itv dispersed seeds

Ase\ualand se\ual
Ead] succes\ ional
Al1 other tl.Lnr,i
Bulbous blueSf.rs\

1 .66
1..t0
1 . 5 1
L.15
1.,17
1.,16
1 .53
1.5.1

.10.3
r8.0
_:2.6
2 9 8
29.,t
29.6
-1.1.2
)1.9

Clonal Structure

A btal of E'l nlultilocus genotypes were detected
\\ithin the l0 populations of bulbous bluegrass
analyzed in this study (Figurc 2). Se\,enty-six
multi locus genotypes (90.5{) were restrictcd k)
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Figure 2.  Hisrogran i l lustrar ing thc dist r ibut ion of  8.1
lnul t i locu\  genot ipes among lhe 10 populat ions
of  bulbous bluegrass.  'Number of  Populat ions'
equals the numbcr of  populLr t ions in $hich each
genor\'pe !r'a! dctcclcd.

a single (but not the same) population. Six dif
fcrent multi locus genotypes were found within
tu'o populations. one genotype was found within
three, and the most widespread genotype, desig-
nated #2, occurred in five of the ten populations
(BSU. POC. BC. PEN, and ML). The nean number
ofpopulations that each genotype occurred rn was
1.17. The fcwest nurnber ofmulti locus genotypes
that occuned within a single population (PVR)
was two. while the highest tunber of genotypes
found within a population (PEN) u'as 2.1 (Table
3, Figure 3). On average. eachpopulation ofbul,
bous bluegrass included in this alalysis possessed
9.6 multi locus genotypes (Table 3).

Discussion

Genet c Dlvers ty

Our analysis of these l0 populations of bulbous
bluegrass from Idaho. Oregon, and Washington
indicates that this species displays surprisingly
high levels ofgenetic diversity at the species and

o ^
c a ,
o

s
J
CL
o
c

I

Distr ibut ion of  genotypes
over populations

1  2  3  4  5  6  7  8  9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1  2 2 2 3 2 4 2 5

Number of Genotypes
Figure -1. H islogr.rn displa) ing the nu mbcr of gcnotvpes detected in cach of the l {l popu larion r of bulbou s bl uegrass. populr

! ion{ cquals the rctur lnumber ot  s i tc \  \ \ i th a g iven number ofgcnotypes.
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population level. At the species level. the mean
values forA and'/aP reported lbrbulbous bluegrass
( | .79 arlcl 17 .4, respectivcly) are quite similar to
the vaiues reported fol other plant species ( 1 .96
and 50.5, respectively) (Table:l). At the popula
tion level. sirnilar mean values ofA were detected
tbr bulbous bluegrass and other plants ( 1.53 and
L54, respectively), while the mean value of 7cP
1br-bulbous bluegnss (27.9) was somethat lowcr
when comparcd with other-plants (34.2). Hov'
cver. if the results for PVR and PULL (%P = 5.3
and 15.8. respectively) arc excluded tionr thc
analysis. the valuc of 7cP lbr the remaining eight
populations of bulbous bluegrass (32.2) is ver-r-
companble to the valuc reported tbr other plants.
These observations are surprising because most
of these other specics reproduce sexually, and
serual spccies are generally believed to possess
more diversity than species that reproduce clonally.
With the exception ofthe values tbr other mono
cots. bulbous bluegrass has similar amounts of
genetic dive$ity compared to plants u,ith sinli lar
life history characte stics. at both thc species and
population level. as sumrnarized by Hamrick and
Godt ( 1989): hcrbaceous short-l ived perennials,
temperate plants. plants with gravity-dispersed
seeds. plants that can reproduce both sexually and
asexual. and early successional plants (Table,l).

Con. iL ie r inE lhJ l  bu lbou.  h luepr l : r  i s  an  in -
troduced plant species that reproduces by clonal
means. the findings of this study are made even
nore surprising. Low levcls of genetic diversity
have ofien becn reported within and among popu-
lations of inhoduccd plant species (Brown and
Marshall 1981, Barrett and Richardson 1986,
Br r r r r r r  and Sh, ' re  lqxq) .espec iJ l l )  u rn , 'ng  in t ro
duced plants that reproduce clonally (Barrett and
Richardson 1986. Barrctt and Shore 1989). For
instalce. the lcvel of genetic variation detected
in these l0 populations ofbulbous bluegrass was
higher than thatreported t'or introduced plants that
reproduce sexually such as Noogoora burr
(XduthiLltil stronqr i u nt-Moran and Marshall
1978). little jack (Enax spinosa-Marshall and
Weiss 1982), witchweed (Slrlg.r .rri.r/icd Werth
ct. al. 1984). Johnson ErasslSorghurn halepense
Wanvick et. al. l9E:l;. and cheatgrass (Brorrrrs
te.Inrlrr Novak et. al. 1991, Novak and Mack
I ' Jo l ) .  In  rdJ i r i , \n .  rhc  l c \e l  oJ  lenet ie  \c r i r l ion
in bulbous bluegrass was substantially higher than
the level reported for most introduced plants that
exhibit clonal reproduction such as skeleton weed
(Chontlri l lu.junceo-Burdon et. al. 1980). dan
delion (Toru.rucurn rff it irule Lyntan and
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Ellstrand 1984). and whltebryony (Br1'onia alba-
Novak and Mack 1995).

Bulbous bluegrass also possesses high levcls
of hcterozygosity (H" = 0.202), and 6,17o of all
individuals, on average, maintained as many as
three or more alleles at one or more loci (Table
.11. Our l indings .rr. consi.lent \\ i th pre\ i,,u\ rc-
ports describing the genetic consequences of au
topolyploidy: autopolyploid plants tiequently
posscss higher levels of hctcrozygosity, because
of enzymc multiplicity. when compared to dip-
loid plants (Soltis and Rieseberg 1986; Soltis and
Soltis 1988, Soltis and Soltis 1989a, Soltis and
Soltis 1989b, Wolf et al. 1989). Based on the
results of this study, and the high chromosome
counts commonl-y reponed for bulbous bluegrass,
it is l ikely that this species is an autopolyploid.
This likelihood pnrbably explains the higher lev-
els ofgenetic variation reponed for bulbous blue-
grass when cornpared to the other introducedplant
species listed above, which arc primarily diploids.
Further insights into the type of autopolyploidy
exhibitcd by bulbous bluegrass wil l be obtained
by performing chromosomes counts on the popu-
lations analyzed in this study.

C ona Structure

Insights into the clonal structure ofbulbous blue
grass arc provided by exarnining the number and
distribution of multilocus genotypes. Thc distri
bution ofmultilocus genotypes within ard among
populations of this grass is in general agreement
with results reponed tbr other clonal plant spe-
cies (for a review see Ell strand and Roose 1987).
The vast majority of genotypes (76 of 84) pos-
sessed a local distribution, being rcstricted tojust
a single (although not the sane) population. and
the most widcspread multilocus genotype (#2) was
detected in only live ol l0populations (BSU, POC,
BC, PEN, and ML). In addition. none of the
multilocus gcnotypes detected in multiple popu
lations appeared to have a strong geographical
pattem to their distribution. However. scvcral of
these genotypes were consistcntly detected in ei-
ther the BSU, POC, BC. orML populations, wiLh
threc of these populations (BSU. BC. and ML)
located in westcrn portions ofthe samplcd range.
Forinstance, genotype#4 was detected in BSU and
ML, genotype #7 was detected in BSU and BC.
and genotype #19 was detected in BC and ML (data
not shown). The abundance ancl distribution of
these multilocus genoq'pes may have rcsulted from
nultiple introductions of this glass irto the arca



sanlplcd and its subsequcnt accidental spread.
Altematively, this abundance and distribution may
have resulted fiom multiple introcluctions and
subsequent purloscful introduction of thc grass
to prevent soil erosiol'l or control of more trouble-
sone $'eeds. Puryoseful introductions are a more
Iikely means of spread because bulbous blucgrass
bulblcts appear to possess l imited dispe$al ca-
pabil it ies.

Bulbous bluegrass did not have a single popu-
latior that was uniclonal (Table 3). The lewest
number of genotypes detected u'ithin a single
population (PVR) was two. while 2,1 dif lerent
genotypes wcre detected in the PEN population.
These 2,1 distinct genotvpes were detectcd from
a total of 36 individuals. indicating a high level
of diversity within this population. Thcse tind-
ings ale in general agreement with the results re
ported fbr other clonal plant species. ln rheir
analysis of27 studies. Ellstrand and Roose ( 1987)
repofied that thc percentage ofmulticlonal popula
tions per study tended to be high. with a mcan of
77% and a range of0 100%. The results obtained
lbr bulbous bluegrass ue clearly at the high cnd of
ths range. Ellstrand and Roose (1987) aiso rcpofied
thal the averlrge number ofgenotypes detectcd per
population was 16.1. However'. this value is in-
flated because onc ol these species possessed 167
gcnotypes per population. and ifthis \?lue is elimi-
nated frorr their calculation the average numberof
genotypes per population is reduced to 10.8 The
number of genolypes detected per population fbr
bulbous bluegrass is similar to the value reported
above: on average, each population possessed 9.6
multilocus genotypes (Trrble 3).

The number of multi locus genotypes that bu1-
bous bluegrass possesses is remarkably high tbr
an lntoduccd clonal species. Thcory predicts that
the number of genotypes dctected is positively
conclated with the number of individuals ana-
Jyzed per population. and the number of charac-
ters (loci) employed (Ellstrand rnd Roose 1987,
Bayer 1990). The lar-se numbel of multi locus
genotypes (clones) detected in this study nay be
due to the tact that \\,e analyzcd, on average. 26
individuals per population. and scored valiabil-
i lv in these populations using the lesults of nine
polymorphic loci. A slightly higher number of
chalacters were employed for the identit-rcation
of clones in the studics summarized by Ellstrand
and Roose ( 1987): on average. I I characters were
uscd.

In addition. such high levels ofgenetic varia-
tion lbr this species may also be due to several
othel faclors: 1) nrultiple iDlroduction ol dil '1cr-
ent genotypes nav hare occurred direcllv into
thcsc lecations, and/or 2) sone sexual reproduc
tion may havc occurred within various locations
in iLs introduced range cven though all of the re
productive structures analyzed fuom these popu-
lations werc bulblets.

Conclusions

Bulbous bluegrass possesses a large amount ol '
genetic divcrsitv despite the wideJy held belicf
that clonal species do nol possess as much diver-
sity as scxual ones. Thercfore, our results are in
general agreement with the second group of moclels
described above. and suggcst th t clonal spccies
are capable of possessing as much geDetic divcr-
sity as sexual spccies (Maynard Sm ith 1971, Lynch
198,1. Ellstrand and Roose 1987). Multiple in-
foduction events are a l ikely cause of thc high
level of genetic diversity within populations and
the rcstricted distribution of multilocus gcnotypes
: ln rong p , ,puh l ion . .  lhcsc  re \u l l . . io in  a  s r , ,$ in !
body of genetic eyidence that suggests multiple
introductions ofan alien species may be more com-
mon than previously thoughl. In addition, asmall
amount ofsexual rcproduction may also htrve con-
tributcd to the high levcl of genetic diversity ob
sencd ti)r this species. Finallv. it is intcresting to
nolc that the role ofintroduction events, sexual re
production. and autopolyploidy in off-sctting the
antlcipalcd loss ofgenetic varirtion in these popu-
latlons can only be fully resolved by the analysis
ofpopulations fiom the native range. As this pr(iect
expands, it should also include the analysis of Eul
asian populations of bulbous bluegrass.
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