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Mycorrhizae and Fine Root Dynamics ol Centaurea maculosa and
Native Bunchgrasses in Western Montana

Abstract
Clittutred nd.ulafl i:tD invasi!e eroric pcsr plant oi inrcrnrountain grasslands of the \\'estern Unired St.rtes. \Ve mvestigated
$hether thefe were difterenees in fine roor.rnd mlcoffhi^l dcvc]op cnt bct$cen the elotic forb C. ,?ddddra and t$1) nati\e
grasscs. since rhese are factors kno$ n to influence comperrri!e rbilit,"- ofplant\. \\t nleasurcd colonization by arbuscuhf m)cor-
rhiral (AN{) iungi of the nxtive bunch gfasses Pr. udatnegnarid v)icutd an(l [(\tutt idolp(n\i\. a.d C. rrr( a!,vr. and used root
pcriscopcs !o inlesrigare fine root patterns of P t)lcdtd rnd C. /r,r.x/or.J. ANl lung.! coloni/ation ofllre erolic \\as similar to t.
irlahocns^ ii 1995 (.11.6.1 !s.4.19a). rnd rr.rs higher than P l],i..rid in 1995 and 1996 (,13.6'l. \'s. 26.9%. and 55.1r)'. \,s. 15.6t: ).
Colonization of the gfas\es $as Dot rfiected b] the prescncc ol C ,r.r. r.,/.)fd. Fine rools of C. 'na.!1,rd de\'eloped eaflief. \\'ith a
highef propofion ofdeep rcots thun P rpi.?r.r. Thirly ninc pcr cent of (.,tuk?1,rd roots. but only 25t'. of P rrlcd..r roLits $ere
deeper thrn 30 cln. Ead] rnd deep rool dcvclopnrcnt and cxtcnsile mtcorrhizal colmizatim in the field n ) conrfibute to
comoetitile dolllinance of C. tntlculosd.

Introduction

Spotted knapwccd (.Centauree mttculosu Lam.)
is one of the most destructive exotic pest plants
in Nofth Amcrica. and can establish nearly mo-
nucullural slands in prer iou.l) dir erre irrterm,'un-
tain prairie conmunities. Invasions trrc influenced
by both the abiotic conclit ions of the new range
rnJ  b1  b io log ic : r l  t r r i t .  o l  thc  in rud ing  rpec ie . :
insight into biology of invasivc plants can con
tribute to oLlI understandilg of invasions. With
. r .  mur .h  J ) .  5 l r -81) ' , , ,1 'ne t  p ruduc t t \ i t \  in  p r t i r ie
corrmunities being belowground (Caldwell I 979.).
it is impofiant to understand belowground inter-
actions. and their rolc in the competit ive ellects
oI cxotic species (Harris 1967. D'Antonio ancl
Mahall 199I, Good$'in 1992. Holmcs lnd Rice
1996). Spatial and temporal rooting patterns. and
nycorrhizll associations are two major factors
influencing belowground competit ion. Occupr-
tion of soil space is a primary determinant ofbe-
lou,ground competit ivc abil ity. and can be quan
tificd as root density. vertical distdbution. and
phenology (Casper and Jackson 1997, Schenk et
t:J. in pressl. High root density enhances the ex-
ploitation of patchy resourccs (Jackson and
Caldwell 1989, Calla*ay 1990. Caldwell et lt l .
1991, Jackson et al. 1990, Caldwcll cL al. 1996),
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and can exclude neighbor rd)t systcms. This can
in tum produce stlong competitive effects on neigh-
bors (Calhway et al. I 991 , Schenk et al. ir 2rr:ss).
The phenology of root growth may contribute to
preemptive occupation of space, and the ability
of plants to respond to ephemeral resource avail-
abil ity (Haris 1967, Jackson and Caldwell 1989,
Holmes and Rice 1996, Caspcr ancl Jackson 1997).

For many species, thc pcdbnnance offine roots
is closely tied to the development of mycorrhizal
associations. Arbuscular myconhizal (AM) fungi
are conrmon root syrnbionts that can improve plant
mineral status (Allen and Allcn 1990, Brundrctt
1991.) and int'luence the outcone of competitive
interactions among host species. Plant r-esponse
to AM fungi depends on lesourcc availabil ity.
species specific differences in mycorrhizal depen-
dence (Hetrickct al. 1989,Allenet al. 1984. 1988.
Grime et al. l987. Allen and Allen 1990, Haftnett
et al. 1993. Zobel and Moora 1995, Moora and
Zobel 1996). and the species composition of the
AM fungal community (AIIen and Allen 1988,
Johnson 1993. Francis and Rcad 199,1. Bcvcr eL
al. 1996). AM fungi have been shown to irt lu-
en . 'e . , ,n r le l i l  i ,  rn  hc l$  cc r r  c r r ' l i .  rnJ  nc l i \  (  \ps -
cies (Goodwir 1992, Marler et al. 1999)butlitt le
i .  kn ,  'u  n  rhout  Ih ,  r rnpr rc t  , ' f  rn r rs ion \  on  nJ l i \ c
mycorrhizac (but see Johr' lson and Wedin 1997).

Finc rool dynamics and mycorrhizal coloni
zation are olien ilterelated in their eflects. For
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(]xamplc, rootin-s pltterns ctn be more plastic if
plaots are facultatively mycor:rhizal. and plants
rvith more llbrous root systenrs tend to be less
dependenton mvconhizae (Hetrick 199l. Hetrick
et al 1992. Muthukumar ct al 1996). Timing of
root growth and level ofcolonizatior byAM fungi
havc also been sho$,n to influence the eflective
ness of root boring insccts usecl as biological control
agents on the noxious wee<\ Centutoea dffitsa
Lam. (diffusc knapwced) (Harris and Clapperlon
1997). However.lew field studies have addressed
lhe  J )nrmi (s  o l  AM funEr  rnJ  r i , r \ l i I !  p i r l le rn .
lo r  the . r rn< .pec ic .  in  lhe  .a rne  hab inr .

We investigated the dynamics offinc roots and
nrycorrhizae in the tield lbr the loxious weed
Centarrea nntulosa and native bunchgrasses, with
the ob.jective of describing pattens in and rela
tionships bet$'eeD their developmcnt. We com-
pnrcd fine root density and phenology at fbur depths
betu een C. aru, r/,,.v t Jnl Pjcudoto(gnoria ltircta
(Pursh)A.Ldve (bluebunchwheatgrass. syn.Agro-
p\rofi slriculunl)- and conpared the ertent and
phenology of mycorrhizal colonization of C.
nuaLiosa, P spiceta and Ftstutu idahoensis Elmer
(Idaho fescue).

Methods

Study Areas

We quantified root distributions and pl'renologies
for C. maculostt and P. .slticata, and mvconhizal
colonization for C. ntoculosu. P. spitutu atcl F
idahoensis occurring on a southwcst slope of
Mount Sentinel (elevation 1294n). adjacent to
thc Univcrsity of Montanr carnpus in Missoula
in 1995. Mycorhizal colonization ofC rnacirlosa
and P splccta was also neasured at a site,1.2 km
cast of Hamilton, Montana (elevation 1334 m.
approximately 80.5 km south of Missoula) in 1996.
Both . i te .  h r r r  c  bucn in r rJeJ  hr  , ' l her ( \L r t i . .pc -
cies, including Lira rio ddlnuni(o (L.) Mill.l.Dal-
matian toadf' lax). Euphorbia csaftr L. (leafy
spurge). and Brorrtrs let loi'ulr L. (cheatgrass), but
retain remnaDt patches of native prairic in good
condition (i.e. verv few exuic plants).

Foot  Dens i ty ,  Depth ,  and Pheno logy

InApril 1995, we inserted 60 cm-long plcxiglass
tubes under 10large C ricr:rrft.rsa plants and l0
large P .v7i.drd plants as permanent nini-rhizoftons
tbr root viewing. Since C. rmcrlo.in has been

218 Marlcr. Zabinski. Wrlto\\"icz. and Callawav

shown to havc allclopathic ellects on neighbors
(Ridenour 1995), u'e placed periscopc tubes be-
nerth P. spit:utu individuals gro*'ing without C.
rnacrlosa nearby (>5m). The periscope tubes wcrc
insefied at a 15 degree angle fronl venical to en
hancc roet contact with the traDsparent walls.
Sections wcrc marked at fitieen-cm inteNals on
the wall of the tube. and weekly or bi-weekly
me. r :u fement \  uere  t l kcn  \ \  i l h  J  roo l  pur i : ( r r le
(Richards 198:l) bcginning on April 13. 1995 and
cnding on September 28. 1995. On each sarnpl ing
date, all white tips of finc roots were counted in
each ofthe tbllowing depth categorics: (115 crn.
15-30 crn. 30-45 cm and 45-60 cm along thc tube
sudace. We counted only roots with white gro$,
ing tips because they wefe the most l ikely to be
growing and absorbing resources.

Sampling and scoring of roots for
mycorrhizal CO on zat on.

We sampled AM fungal colonization of grasses
tn(l C. tnaculo.sttthrl were isolated and $at $,erg
intermixed. providing an estimate of plaDt com-
munity eftects on mycorhizal colonization. At
the Missoula and Hanrilton sites, we identif ied
comnrunities that were I) "native." i.e.0-I07. C.
nuttuktsa;2) "mixed." 10-25% C. mact osa; or
3) "exotic." with more than 25% cover by C.
naculo.sa. These categodes are mcrcly descrip-
tive. Wc collected roots in the top 15 cm of soil
from l5 randomly selected individuals of each
gmss spccics fiom native and rnixed communi-
ties. While myconhizae can be fbund at depths
greater than 15 cm. they otten decline sharply with
depth (Cooke et al. 1993. Al-Agely and Reeves
1995, Barnola and Montil la 1997, Ingleby et al.
1997), so we sampled in the top l5 cm for con-
sistency. Samples wcrc taken $ ith a trowel. and
roots were trken attached to the culms. so root
identil ication would be possible. We cdlected at
least l5 C. nccirlo.ra individuals fron thc nrixed
and exotic comnrunities. Sarnpling u'as repeated
at six-week inteNals (mid-Mry. early July. and
mid-August) over the sutlmers.

Roots rvere washed in the lab, then clcared in
2.5% KOH for 48 hours, acidif ied in 5% HCI for
l2 hours. and stained in trypan blue for l2 hours.
All steps were done at room tcnrperature. Vesicles.
arbuscules and hyphae were scored using a
magnified intcrsection rnethod (McGonigle ct al.
1990). For each individual we scored tbur tlansecls



through 36 one-cm root scctions for a total of
approximately l4,1 randorn intersections pcr in-
dividual.

Statist cal Ana yses

Repeated measures ANOVA was used to tcst for
differences in root density bctween the two spe
cies and the tbur depths over the 1995 growing
season. Fine root data was normally distributed
and was n0t transti)rmed.

Data for total colonization and vesicle density
in 1995 (Missoula site) were translbrmed \\,ith
arcsine ofsqulre root functions pdor to analysis.
These data were nomal for the 1996 season
(Hamilton site) and were not tnnsformed.
Arbuscule data in bolh years werc not normal even
after transformation, so the non-parametric Marur
Whitney U-lest for rank was used firr analysis.
For C. nuculosq, t\two-way analysis ofvariance
$u.  used t ( l  dc te rmine  lhe  e f lec t  o l  u rnml rn i l )
type (exotic or mixed) and sampling date on btal
colonization and vesicle density. For P. spi(uttl
and E itlolnensis, a sepalate three way analysis
ofVariance was used to test thc ctl'cct ofhost spe
cies, community (native or mixed) rnd sampling
date on total cdonization and vesicle coloniza
tion. The thrcc spccies could not be analyzed in
thc same ANOVA since the treatments wilhin
community type rvere diff'erent ti)r thc grasses and
C. macuLoso. Contparisons bet$'een total coloni-
zation and vesicle density of C. aracrlosa and the
grass species wcrc lnade with t tests. Compari-
sons of arbuscule density betwccn species and
community types were made with the Mann
Whitnel U test lbr rank.

Results

Foot ng patterns

Averaged over all dcpths and sanpling dates, C
rnaculostt;nd P spiLrl.r did not difler in tlne root
density (Table l. P=0.519). Howcvcr. there was
a significant dift'erencc in root density at the dif-
fer. nt Llcpt h. r P<0.001 i. rnd thi interri l i , 'n lcrm
for species by depth was si-qnil lcant (P<0.001).
indicaLing root growth difl-ered $ ith depth tin the
t$,o spgcies. CerrLllizri nacllo-rn developed fine
rootsearlierthanP spic.r/.1 atall rq)tdepths (Figure
l), and its roots were nrore tbundant at the two
lower soil depths than those of the bunchgrass.
Ovcr the entire measurcmelt perjod. C. ,?4cr11a.rd

TABI-E l. Itepeated me.rmres,A.NO\A lor dilitrcncc\ rn

rooring distribulion bcts ccti C. nuk uLl)\||^ttd I'.

? i . . rn,  o ler  drre.

Type 3
Suln ol '

Intercelr

Spccics

Deprh

Species'.(lepth

31)111

50.1.1.1

60037. r0

I 3117t 3r0.E0 0.0i)
I 50.1.3'1 0.'11 0.52
I 20011.,1[) l6 7l 0.00

Mean

df Squares F  S  i ; .

11839.E0 3 39,16.60.1 l . l0 0.03

8l-126.800 6U 1197.,153

had 397. of its lotal roots in the lower 30 cm of
soil, while P spit:ato had 21'/r' atthat depth. Cer-
tuurea nwcuLosa h:;td .1 times as many loots as P
.rpfuatrr in the :15-60 cm layer of soil (Figure 1).

At shallow depths (0-15 cm). phenological fluc
tu i r l i r \n :  ln  ro l l t  dc t ) . i t )  o f  lh (  t \ \o  .p<c ie .  uere
correlated (r=0.69). suggesting thrt f ine roots of
both species were responding similarly to envi
ronmental conditions (e.9. soil moisture or tem-
pemture) oyer the growing season. No significant
correlation was observed for roots at the 45-60
cm prolile (r=0.1:l) indicatin-s that root dynam
ics werc lcss alfected by seasonal chlrnges, and
were largely driven by inherent species-specitic
molphology and development.

Mycor rh  za  co lon iza t  on

Total mycorrhizal colonization did not difter be-
tween C. ,rrrcrfu)s4 and fl ldaftoen.sls, but both of
these species had higher total colonization than
P. spiutta lTable 2). At both sites, vesicle density
was significantly higherin C /racllo.r4 roots than
in either grass specics (Table 2). At the Missoula
sitc. E idafioerrsls had the highest arbuscule den-
sity, whife C. nncuktsa and P .picarrr did not
ditttr significantly. At the Hamilton site. C.
nacrrlosc had significantly more arbuscules than
P spicata (.Table 2).

Timing of sampling had a signiticant effect
on total AM colonization of C. lnaculosa irboth
years (1995 P,,,,.=0.001, 1996 Pd"1"=0.005). Total
colonization of C. maar[osa was highcr in July
and August than in May at the Missoula site. and
peaked in July rt the Hamilton sitc (Figurc 2).
The analysis of vuiancc did not indicate an ef:
fect of sampling date on total colonization of the
grasses in 1995 (Pd..=0.086). although post hoc
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TABLE L Com parisons of lnean A Nl colonization rmong spccie s. Tran \tbrrrr cd ! alue s for vesicle densiq and lolat coloniTaliol
\rere conrpared wilh t testsl lctual mcans are given. Arbuscule densjty $rs compared .|vith rle Mann Whilnel LI test
fir rank. Vrlues in a column at each sitc lhal .ue follo\{ed bl dillerent lellcrs are significanl at P<0.05. \alucs iD
pilrenthelcs are the standard cnor ot the ntean.

Tdalcolonizat ionr Vcsicle colonizaiionr Arbuscule coloniTal ion

Missouh s i te l

0.269(0.018)r
0..1,17(0.02r)b
0.,116(0.013)b

Mean (s.e.)

0.021(0.00,1)a
0.025{0.001)b
0.0,15(0.006)c

lUean (s.e.)

0.008 r.002) a
0.013 (.009) b
0 .00 :1 ( . 001 ) . r

It.rnilton \ite

u.156 (0 .013)  r
0 .55 .1( ) .021)b

0.011 ( .0{12) t l
0.03E t .001) b

.002 (.001) a

.006 (.001) b

At the Missoula sit.. tot.rl colonlzalion xnd vesicle dcnsir,"- wefe oansibrmed $ith arc!inc of the square rool function. Al the
Ilamillon site. total coloniration and \c\iclc density \rere nornalll distributcd.

analysis suggests that total colonization of P
.rpl.4/d decrcased over the growing season (Fig-
urc 2). However. in i996 sanpling date did in-
flucnce total colonization of P. slricata
(Pr,,.<0.0001), which incrcased over the season.

Vc . ic ic  r , ,L r r r i z r t ion  o f  C.  , rp (  i  r1 r r . . /  ro r ' t . : i ! -
nil icantly i lcreascd over the season in 199-5
(Pd,,.=0.036) but there was no effect of date on
vesicle colonizalion tt the Hamilton site
(Pa.,.=0.148). There was no signiticant ct'fect of
date on vesiclc density in grass roots in either
1ear. Comrnunity rype did nor affect total AMF
colonization of any spccies. Howeler, vesicle
colonization of C. nnculosa dit ' fbred betwecn
community types in both years ( 1995
| , , ,  = 0 . 0 1 5 .  l a 9 6  p  

, ,  "  < o r ) l ) . b u r  i n d r f -
lercnt di|uet i,rn. ear'h yc.U-: c,, l ' ,nizalion $.r\ hi!her
in the mixed commudty in 1995. but highcr in
thc exotic communitv in 1996. This is l irrther
compounded by the diflcrence in sites cach year

Discussion

Our comparison of root phenology and mycor
rhizal colonization suggests several mechanisms
that may contribute to competitive dominance of
C. nncuLo.gu. C enttntrea tiacalo-ra devcloped roots
earlier at all depths. and produced morc roots
throughout the gro$,ing season at the .15 60 cln
depths, than the natl\e P spic.ltt. Such rapid ac-
quisition of space is impofiant for competitive
dominance (Casper and lackson 1998. Schcnk et
a1. fupress). Ability to occupy bclowground space
nlore rapidl) than natives lnay allow C ,7tccrl.r.r.l
to preempt available resources. as has becn shown

tbr other invasive species (Harris l967, Shetey
et al. 1993). Earlier growth and deeper rooting
distribution suggests thtrt the invader may have
access to a wider range oI soil resourccs than P
.?lcata. The fact that thefe was no eflect of com-
munity type on AM fungai colonization indicates
lha l  in le r le rence $  i th  na t i re  m)e , ' r rh izac  i .  n , ' r  a
l i ke l l  n reehrn i .m o I  compel i t i re  dorn in . rncc .

Myconh izu l  co lon iz l t i .n  le \c l \  uc re  (on5 i \ -
tently higher for C notubsathanP spicata. Srnce
u'e observed AM colonization at two sites in sepa-
rate years, it is impossible te make strong con-
clusions about phenological diff erences between
spccies in vesiclcs orarbusculcs. These are known
to \ary with differcnces in soil types (Johnson-
Green et al. 199,1. Klironomos 1995) and between
years 1or reasons that arc not underslood (Allen
et al. 1989. Sanders and Fitter 1992). Levels of
total mycorrhizal colonization were comparable
between C. rndc&losa and F. ldnftoezsi.i, and were
higherat both sites in C. r,culosuthanP slri(tta.
AM fungi strongly cnhance C. maculosa's c<>m-
petitive dominance ovcr I i/ahoezsis in green-
house expcriments (Marler et al. 1999). so thc
high lelel of colonization we found allows 1br
the possibil i ty of similar mechanisms function-
ing in the liclcl. Also. higher levels of nyccuhizal
colonization may increase phosphorus and nitro
gen uprake (Hoff'man and Mitchell 1985, Allen
and Allcn 1990) over P. spicdtI.

Early in the season, C ,u. //.).r.l geoerated ntore
line roots with a lower level ofAM colonization.
\\"hile later in the scason. colonization levels in-
creascd while fine root production decreascd. [t
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is note$r)rthy that C. naculo.td aliocatcd morc
carbon to roots at deepel levels. u'hile marntarn-
ing mycorrhizal associations aL shallow depths.

OuI data suppofi a growing body ofwork that
\u ! ! ( \ l \  he l , , \  ! r r runJ  l r , ' ( c \ \c \  i r rL  im l  n rn l
to thc invasiveness of Centaurea nurcaktsa. By
developing fine root systems more rapidly and in
deeper soil horizons. and by uti l izing & .i lrr my-
corrhizal comnunities, this exotic invader nay
ga in  compet i t i re  r rL l \Jn l rPe:  r r \e r  n r l i \e  \ fe . ' ie \ .
This study should be considered preliminary', and
more detailed studies encompassing multiple years
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