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Abstract
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lntroduction

Armil lar ia root disease. causccl bl, , lmri1lana os
to, l?e (Ronang.) Herink. is somelimcs so scvcrc
in the Paci l ic North\\,csL thal affcclcd ponderosa
pine lPintLs ponddosa Lau,s.) starrls fail to producc
comrnclcial tirnber lbr decades {Hadfield el nl.
l9{36. I laglc and Shnr 1991. Ki le er al.  1991.
Sh:r$ ct.r1. 1976. Sargo anrl Shar,;  1985. Wil
l iams et al.  1989). Productivi tr  of sevefclv im-
padcd sites rni€{ht be restored through remor' ing
infecrtccl roots ofthc previous stand (r\rnold l9{Jl.
NTorrison cf ol.  1988. 1992: l ledern and l ' i l ip.
I991. Roth and Shar,; ,  unpublishcd.) that sen'e a-"
residual i troculum attcl  sourc,cs of priman, sprcad
to a succcccl ing stand (Shar'  1980). This inocu-
1um ranges irr sizc lrom largr. intnct root systems
and stumlls Lo small  rools and fungi i l  rhizomorphs.

Trrespetlivc of tlcrtmcnt technique. mathine
remolal r)f  inoculurn (Alnolcl 1981. Bloombelg
and Revnolds t9[t l t)  is not cornpictc as gcnerr lv
somc inlccted nlaleri :r l  rernains. Through t ime. ,4.
ortolze anrl othcr organisms decompose this re
rnainin€i inoculun ancl erentually rerrrler it inerffcc-

'Present lr ldress: USD{ Forest. 'serr ic. Ahb!na A&U
tn i re r s i h . I ' . 0 .  Bo r  l i l 87 .  No rma l .  A l .  i 15762

Ii>6 \orthwest Scienr,c- Vol. 67. No. 3. I99i l
O l9rl: t,\ lhc \o h$.;t Sci.ntii i. .\so.ir' itu \ll dsh'\ rt.enHl

tive. but nol before some diseasc is transmittccl bv
conlact wiLh ror)ls of regcncratccl trees (Shar
l9B0). Thus, foliot-up treatment might be needed
to secure the iniLial invcstmcnt in sanitat ion and
to sustain the health oi the regeneration to a hdr-
\ eslable age.

Thc nccd ancl t i rning of any such fol lo*-up
treatments could be more accuralelv dctcrmincd
with betLel knou,ledgc of thc longevity ofA. osioze
in rcsidual inoculum. !'ulthermore. inlbrmation on
the l ime aL which signif icant roots of the regener,
atcd stand (contagion) is needed-Lhe information
sought through this crcavation study. Knor'ledge
gaincd from this study t'ill enhance oLrr knolleclgc
on the vegetative spread o[ the fungus and thus
faci l i tate r l iscasc contlol decisions.

Methods

Study Area Descr pt on
Our observations r,er-c rnadc in a 3.6 hectare stand
ofvoung pondcrosr pine located at the north base
of Meadov Butte (NE1/,1. Sec 10. T6N. Rt lE)
in south cenLral S'ashingLon slate. about l5 Km
northtcsl oI Clcnlr 'ood (! igure l) .  

' fhe 
pler ' ioos

stand of ponderosa pinc on this site had been so
scvcrclv damaged br'-{rmiilaria rool diseasr thal
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therc r,;as littlc likclihood ofits pelsisting as a com
mcrcial. timbcr-ploducing lbrest (Shaw I9fi0.
Shat and Roth 1976. Shaw et nl.  I976) (Figurt:

2). This location is part of the afca thal rcccivcd
recenl attenLion lrom the rrat ion's press dLrring thc
' 'humongous fungus debate" (Ecenbargrr 1992).

' fhe 
stand was cleu-cut in I97l.  inoculurn re-

movccl b,v bulldozer and raiced. :rnd the site allowed
lu  r . gc rc r J tp  nc t  r l r l l r .  I n  1o72 .  r eS . r re ra l i , , n  on
the rniddle l / l l  ol  the area was destroved and
replaced t i th stock irom Oregon and the local

source. NorLhern and southern thirds of thc tract
regenerated at natural stand dcnsit ics. ln 1977.
lrccs in thc micldle and north thirds lere thinnecl
by pulling surplus trees to leave approrimatelr
3l l3 trces/hectare.

I)uring sir ol the ten _vears preceding death ol
lhc lrecs cxamincd in this stud_v. densit ies in the
voLrng stand harl becn somct'hat rcduced bv an
nual removal of dcad trccs to measure effective-
ness ofthc sanitat ion trcatments {Roth and Shal.
unpublishcd). The vork described here began
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aiier fbur vears ol not removing these dead tlccs,
at $'hich t imc mor.t i l l i tv \r i ls pr-csenl as either sin-
gle Lrees or as small  gfoufs.

Excavat on Procedure

Selenteen of thesc mortal i ty groups. cach with 3
ol rnore dead l fees and ocr'upving an area rang-
ing f iom 2 :[  m'. t 'ere evident in ]987. \ lortal-
i tv groups urre sral lered lhroughouL the stand and
thus tree sp:rcing and size varied somel'hat. but
.rvcragcrl  roughl;- L0 rrrn DBH, iJ.5 m tal l .  urd
0 . 7 5 t o 1 m a p a r l .

Tree-" with no chlorotic needles. evidencc of
leduced lcadcr- grolth. basal rcsrnosous. or
nrvcelial lans and located several rnelers lrom each
diseased gloup, sened as controls. Control (5l to-
ta]) and study t |ees (104 lotal) in the I7 disease
ccntcrs {crc cxcavalrd $i lh small  hand tools
(Shar,".. 1980) to exposc roots and bulicd rnatcrials.
Resulting e-rr::rr,:rtions $ere approriimately 0.4) nl
t ' ide. 0.9 n dccp. and up to 6 m long. The l igbL.
uniformlv le\lufed soil derived lrorn d:rcite volca:ric
pumice enabled e\ca!ation of rcsidual clcgradccJ

151] Reares. Sha*. and Roth

loocl.  small  roots. and r-hizomorphs t i th rninimal
disturbancc to root contacts. infcction points {lc-
sion,c) on roots. residual inoculum. ancl rhizo-
morphs.

The Line oi death for each studv tree r!as de-
termined lbr three proceedinpl yedrs by examin-
ing thc color uncl rctcntion of nccdlcs; trccs killcd
rarl irr  rvcrc rccordcd as dcad morc than thrcc
rcars. Thc number and local ion of lesions on each
rool svslon and. $here possible, the inocrr lunr
source for eech inl;ct ion $'as |ecorded. Each di-"-
easc ccntcr $as skctchcd to shot hcalth,v roots.
infcctcrJ roots, root lesiorts. root gfafts. r(xrt q)n-

Lacts. and local ion ol resiclual inoculum (Figures
iJ and ,X). Roots rvith rnvcelial fans beneath the bark
$,ere recorded as inlected. Living roots $,ithout
such lans or lesions n'ere recorded as healthl'. lso-
lations rr'crc madc from randon y sclcctcd infcctcd
rrxrts. but no culLures wele obtainahle lrom residual
inoculum. All isolates recovercd liom irlected roots
l'crc idcntiliccl as A. osto-rzre b,v thc ia ritro cul-
tural mcthocls of N'[orr ison et ol.  ( l9i ]5)-thc

fungus that raLrsed lhe exlens;ve damage in lhe
f c r rmc r  s l and  r )n  Lh i s  s i t c  (Shau  l 9 t t . , .
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Results

The lirst trees to dic in 15 ofthe L7 discase centers
*ere inlcctcd via residrral inoculurn near or r,on-
tactin€i the rooL collar'(l igures i3 and 4). Other dead
lrees in thcsc cenlers (Table I ) .  t 'ere infecLed and
- r rL -e , l r r . r r t l r  U l l , , 1  L r  c "n tag i , ' r r .  I n  L ,np  i r - t a r cF .
an inlecterl  fool onlv 0.5 cm in diamcter from a
prcviouslv killed tree r\,as grafted 1ll rhe laproot of
an adjaccnt tree. result ing in i ts inl ict ion. Tht:
chronosequence of trcc death in diseasc ccnters
No. 4 and No. 11 (Table l)  c,ouid not be dcter-
mincd; residual inoculum t 'as not lound and nee-
dles lcrc absent lrorn al l  t lcacl trees - incl icat ing
that thev dicd at least 3 vears prior to our exca-
l at ions.

lAtsLl- ] Disrriburior ofn,tu( Li,n l)v.1,nlldna or pondcfosr
l ) i re  roo ts  b \ '$un l  - r ' sn lu r l  o r  secoraar r  rn rx r ,

No.  o f  l \q  s

RooL D iseNse l rd  ( f ,Drs ) '

C t ,n te r  No. ' "  l l \an ined Resmu:Ll

tvpical of advanr:ed dccuv caused lry Amti lLain.
No f irm woocl from the previous stand was un-
earLhed nol did $e st| ikc any large. resir lu:r l  tap

Nearh al l  rcsidual inoculLrrn found awav f i-om
rh -  r , r , t  ,  o l l J r -  \ r a -  h . rd l r  r l o te r i o r r r . d  s  i t h  nu  np -
parcnl Arrnilluria m"-celial fans or rhizomorphs- it
was usuallv distinctly grav in color. drv. and eas-
i lv cmrnblcd. l 'his deterioratccl inocuturn was not
associatcd lith root collars or even rcxrts of tire
prcseDt stan.l. suggcstin€i that onlv a small portion
oi the residual inoculum functioned in perpetuat-
ing cl iscase. These obscrvations do not, holever
accoont for. the pr.obabil iLv that some i iagments oI
this nature mav havc been pre, ' iouslv fulct ional
and in contact lr'ith rooL c,ollars ofdead tr.ees pulled
bctvcen I97iJ ancl 1983. The l imiterl  rcsiclual in-
oculum found ;n excavations arouncl control Lrecs
\r'as usuallv not in conLacl $ith roots or $as onlv
i lssociated l i th their distal po ions i lncl not rooL

In trvo instanccs, residual inoculum wa'. respon-
siblc fcrr infection of Lrccs on oplositc cdges ol
rcasonablv large ccntcm and roots of these trees
intenninglcd lvith those from othcr trees in the ccn-
ter (Figurc 4). Previouslv distinct. smali centcrs ap-
pcar to ha\ie coalcsced br thc t ime oi our
examination to lbrm one largcr center of norr in
distinguishabh origin (Figure,trj.

Rhizornorphs l,erc rarelv encounlercd "free"

in the soil and ncvcr l'here thev appcared to fun(!
t ion as primarv inoculum. Thcv r lere lbund occa-
sionallv bcneath the bark on functioning rcsidual
inoculum but morc often thev occurred epiphvti-
cal ly on infected and non-infected roots of the
regeDeration. Sthen presenL on infected roots,
rhizomorphs usually occurrcd at lesions and were
ernbedded in lhc surrounding. rcsin-soakecl soi l .

Rortts of AnnilLaio.-kil]ed trces had abundant
lesions and invariablv had mvcelial fans cxtend-
ing beneath thc bark. usuall , ,  along the entirc
length of the root. Numerous lesions also were
found on roots of o)ntrol trees; howrvcr. al l  er,
ceft r)nc of these lesions rrere occluded and
mycelial fans rrere absent on lhcse roots. On lhc
372 roots lrom svmptomatic trees, 163 lesions
rvere foLrnd. Some roots had onlv one lesion. othcrs
had as many as I 0. often in a "beadlike" arrarrge-
mcnt along the root. Of the 395 roots examined
on control lreesj 4,6 lesions were loLrnd *ith a mar-
imum of three on anv one rool.
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"R, !n  d iQse centers  r . i  , i x ,  d raLe, l  iD  the  suDm rs  o l  198;
a.(l l'188. 1.1 to 15 rean alir.r srrnd estabLishnrrt.
"The or ig lna l  sor r r re  o l  in fec t io r  i r r  r r r r  r l i suse  cenrers  \o .  s
I  and I  I  ( r , r ld  nor  be  ra .ed  r , ,  r . s i lud  n iocu lu rn  {s . i .  r , . r l .
'To ta l  n r rmh. r  o l  p r imur r  roo ts  e \a rn in , ! l  on  e l l  r rees  i i  .a . l l
.enrer ,s Ln l)!ulheses.

Residual maLerial found near. root collars of dv,
ing or recentlv killed trees ran!ie{l from sma.ll. cle-
lerioratcd root l iagments to intact pieces of wood
that sufportccl rhizomorphs lo r-arc lesidual inrru-
lum st i l l  containing thc str in;1. waLer-soakccl w.ood

160 Reavcs, Shal. ancl Roth



Sampling rvas iradequatc among \.arious stand
dcnsitjcs to determine hor densitv might cffcct thc
epidemiologir'al pro(css $c cncountered; however,
uithin the generallv high range u'e studied. derr-
sitl- apprarecl to have little effecL on {l;scasc dc-
't.elopment.

Discussion

[ 'hen treated in 1 97 ],  thc studv site t 'as ocful) ied
b,r a cliscase-depleted stand of voung-gron'th pinc
and a 1;rr. sclllered. olcl-grorrth trccs. \[e suspect
thal the !ar;ous sanitdt ion treatment-" lelL groups
ofcrtcnsivelv decaved tap roots of polc-sizcd trees
rnore or less iz.r ira. Stronger' .  medium-sized r-ools
rrcre largel,v lemoled from thc soil by treatnents
u'hich also mav havc scattered srnal ler, broken
pieces ofArarr l lar ia infected rrxrls somewhat uni-
iblmly across the site. Tt appcars to be this latLer
rnatef ial lhal is ac,countable 1or most subseqLrent
disease centers arrd was en(ollnlcrcd l6 veus later
ln oLIf excalatrons.

Tn unrnanaged forest. early nrortal iLv ol trccs
regeneratinll onlo areas infcstcd t'ith Anaillana de-
r . 1 , ' p -  f r u rn  i r r l c c t i on .  o r r  r oo t -  t l r r t  a rF  rFJ r , ' r  i r l
contact with previoush ki lhd trccs (Adams 1972,
197,1: Srr lgo anrl Shar l9B5). As seedlin;p en-
largc into tlccs, contacts amdrg ro.rts ol nrighbor-
inEi trees arise. becorrrr morc common. allo$, for
lrcc-to-tree splead oi the lungus. ancl lcacl to patcfi
develrpment of root discasc (Shat'  l9BO). Dan-
agr: mav bc conlined to a few early losscs, but it
also can elilend rnarked through subscqlrent tree-
to-lree spread of thc pathogen (Rykou,ski 1984.
S'argo and Shar, I9B5). Our daLa shor! that thc
dvnamics ol r'oot disease dcvclopment in managed
slands on infested sites are similar h thosc in
preceding nalLrr-al stands. e\.en where e)ilensi!e in-
oculum removal operations have bccn conducted.

The development of underground signs and
svmptoms of Iungal attack { i .c. lcsions. rhizo-
morphs. rnvctl ial  fans, basal lesinosus) on ;n-
clividuai trees also appear to bc analogous to that
clescribecl for older natural stands in this arca
(Shal l9B0). including thr occurrcnce of rnult i-
ple lesions on a sin€rle loot. These lesions l ikclv
dcvelopetl as r[izomorphs glew cpiphvticallv along
roots ancl penetratc(J thc cambium through open-
ing-" in bark scalcs {V'oeste 1956. Redlern 1978).
This bchar.ior and conlacLs rlith residual inoculum.
which was lalgcly crhausted bv the t imc of our

stucly, and l,".ith diseased rools of other voung trccs
mav accounl for thc nanv lcsions Ie encounterecl
on distal por-t ions of root svsterns. In older trccs,
Sharr (1980) lbund distal spreacl o[ thc firngus from
such resinous lesions orr l ivc roots which resultecl
in the fungus rcsicl ing as a perthophrte. Perhaps
the iesions erarnined in this studv l ,".ere too young

or the lrccs too small  to express Lhis u)ndit ion.

This study demonstrated that thc rl-vnamics oI
inli:ctiol on sites trcalcd for root disease can
change from primarr,. resiclual inoculum Lo r:on-
tagion in the eallv stages of stand devclopmcnt.
some 1O to 12 years alicr rcgcneration. Even
srnall. infccted roots on trees killed bv contadlnfl
residual inocrr lum can act as secondary irrocLrlum
rnd  . p r " : d  4n t i l l n i n  t n  o t l r - r  p i n , * .

We assume that these cxpancl ing infcct ion
ce r l e r -  \ i l l  ,  on t i n . rF  l , '  r nL ry ,  r i . r  cun t cg io | |  J -
the trees age-as thcy do in untrealed. natLrral lv
rcgcncratcd stands (Shaw I980. Shaw et al.
l q7o t .  T f  t l r .  ' r t - n t  u f  r , *u l t i ng  d rmae .  i -  - n rn . -

that olTset b,v the development of any possible re,
sisLance or tolcrance to the firngus as the trees agc
(Morrison el al.  I992). r 'emains to be seen. Rela!
ing elentoal damagc in treated stands Lo the el '-
fcct ivcness of inoculum reduetion through
sflnitation (Roth and Shal, unpublishcd) will be
paf t ie( l lar lv impofiant to managers contemplal ing
initial control actions and in thcir dctcrmining ii
any fol lor '-up treatments (Morrison et a1. 1992)
ma,v be nee.led.

fhese data also can aid efforls to moclel the dy-
namics alld irnJratt of Armillaria root disease in fof-
esl stands (Sl1l lr .  et al.  1991, Stage el al.  1990)
by pror.iding site specific data fol equations thal
calculatc thc longevitv and effect ireness of inocu-
lum and "time to dealh" multipliers for inlected
trccs (Stage et al. 1990). Sucb local adjustments
to the WesLern Rrxrt Discasc Model aLe necessarv
lo increasc thc accuracy and uti l i tv ol predict ions
for discasc spread and impact that f{)restcls must
make during devrlopmcnt o{ management plans.
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