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Abstract

Infection of ponderosa pine roots by Armillaria ostoyae was evaluated in 17 excavations of discase centers conducted 14 and 15
vears afier sland regeneration on ground previously treated Lo remove Ammillaria inoculum. Residual inoculum was the recognizeble
source of infection for the first 28 trees to dic in 15 of the 17 new root disease centers: the other 76 affected trees in these centers
became infected by contagion [rom the inilially altacked trees. Dead and dying trees were girdled al the rool collar by host resin
and Armiflaria mycelium and had most ol their rools infected. drmilliaria-caused lesions occurred on roots of dead and dving trees
and also on trees lacking above-ground disease symploms. On svmptomatic trees. the fungus was not occluded within root lesions

and spread both distally and proximally from them. In contrast. the fungus was oceluded within distinet lesions on roots of irees

lacking above-ground symptoms. These resulls verily that inilial infections by A, ostovae on regenerated ponderosa pines resulls
from residual, primary inoculum that significantly fimetions {or about 12 vears. As with discase development in natural stands,
subsequent infections and fungal spread that generates recognizable discase centers resulls from contagion. This information will
wssisl forest managers contemplating initiatial control measures and their delermining i any subsequent treatments are necded,

Introduction

Armillaria root disease, caused by Ammillaria os-
toyae (Romang.) Herink, is somelimes so severe
in the Pacific Northwesl that alfected ponderosa
pine (£’inus ponderosa Laws.) stands fail to produce
commecreial timber for decades {(Hadfield et al.
1986, Hagle and Shaw 1991, Kile ef al. 1991,
Shaw et al. 1976, Wargo and Shaw 1985, Wil-
liams et al. 1989). Productivity of severely im-
pacted sites might be restored through removing
infected routs of the previous stand (Arnold 1981,
Marrison et al. 1988, 1992; Redern and Filip,
1991, Roth and Shaw, unpublished) that serve as
residual inoculum and sources of primary spread
to a succeeding stand (Shaw 1980}, This inocu-
tum ranges in size from large, intact root systems
and stumps o small roots und fungal rhizomorphs.

Irrespective of treatment technique, machine
removal of inoculum (Arneld 1981, Bloomberg
and Revnolds 1988) is not complete as generally
some infeeted malterial remains. Through time, A,
ostovae and other organisms decompose this re-
maining inoculum and eventually render it ineffec-
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tive, but not before some disease is transmitted by
contact with roots of regenerated trees (Shaw
1980}. Thus, follow-up treatment might be needed
to secure the inilial invesiment in sanitation and
to sustain the health of the regeneration to a har-
vestable age.

The need and timing of anv such follow-up
treatments could be more accurately determined
with betler knewledge of the longevity of A. oséovae
in residual inoculum. Furthermore, information on
the time al which significant roots of the regener-
ated stand (contagion) is needed — Lhe information
sought through this excavation studv. Knowledge
gained from this study will enhance our knowledge
an the vegetative spread of the fungus and thus
facilitate disease control decisions.

Methods
Study Area Description

Our observations were made in a 3.6 hectare stand
of young pondcrosa pine located at the north base
of Meadow Butte (NEL/4, Sec 10, T6N. R11E)
in south central Washinglon state. about 15 Km
northwest of Glenwood (Figure 1). The previous
stand of ponderosa pine on this site had heen so
severely damaged by Armitlaria root disease that
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Figure 1. Location (star} of study arca near Glenwood, Washington.

there was little likclibood of its persisting as a com-
mereial, timber-producing forest (Shaw 1980,
Shaw and Roth 1976, Shaw et al. 1976) (Figure
2). This location is part of the area that received
recent attention from the nation’s press during the
“humongous fungus debate” (Ecenbarger 1992),

The stand was clear-cut in 1971, inoculum re-
moved by bulldozer and raked, and the site allowed
to regenerate naturally. In 1972, regeneration on
the middle 1/3 of the area was destroyed and
replaced with stock from Oregon and the local

source. Northern and southern thirds of the tract
regenerated at natural stand densitics. In 1977,
trees in the middle and north thirds were thinned
by pulling surplus trees to leave approximalely
3113 trces/hectare.

[uring six of the ten vears preceding death of
the trees examined in this study, densities in the
voung stand had been somewhat reduced by an-
nual removal of dead trees to measure effective-
ness of the sanitation trcatments (Roth and Shaw,
unpublished). The work described here began
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Figure 2. {A) A typical discased stand located in the study area belore Armilinria ostovae-infected trees, snags. and stumps were

removed by bulldozer; and (B stand structure after approximately 13 years after disease treatments were administered.

after four years of not removing these dead trees,
at which time mortality was present as either sin-
gle trees or as small groups.

Excavation Procedure

Seventeen of these mortality groups, cach with 3
or more dead trees and occupying an area rang-
ing from 2—4 m”, were evident in 1987. Mortal-
ity groups were scattered throughout the stand and
thus tree spacing and size varied somewhat, but
averaged roughly 10 ¢m DBH, 3.5 m tall, and
0.75 to 1 m apart.

Trees with ne chlorotic needles, evidence of
reduced leader growth, basal resinosous, or
mycelial fans and located several meters from each
diseased group, served as controls. Control (51 to-
1al) and study trees (1M total) in the 17 disease
centers were excavated with small hand 1ools
{Shaw, 1980) to exposc roots and buried matcrials.
Resulling excavations were approximately 0.6 m
wide, .9 m deep, and up to 6 m long. The light,
uniformly textured soil derived from dacite voleanic
pumice enabled excavation of residual degraded
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waod, small roots, and rhizemorphs with minimal
disturbance to root contacts, infection points (le-
sions) on roots, residual inoculum, and rhizo-
morphs.

The lime of death for each study ree was de-
termined for three proceeding vears by examin-
ing the color and retention of needles; trees killed
earlier were recorded as dead more than three
vears. The number and location of lesions on each
rool sysltem and, where possible, the inoculum
source for each infection was recorded. Each dis-
easc ccnter was sketched to show healthy roots,
infected roots, rool lesions, root graﬁs, rool con-
lacls, and location of residual inoculum (Figures
3 and 1). Roots with mycelial fans beneath the bark
were recorded as infected. Living roots without
such fans or lesions were recorded as healthy. lso-
lations were made from randomly selceted infected
roots, but no cullures were obtainable from residual
moculum. All isolates recovered from infected roots
were identified as A. ostoyae by the in witro cul-
tural methods of Morrison et af. (1985)—the
fungus that caused the exiensive damage in the
former stand on this site (Shaw 1984),
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Figure 3. Schematic representation of a disease center {(No. 15) showing rhizomorphs and numerous lesions on root systems. In-
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Results

The first trees 1o dic in 15 of the 17 discase centers
were infeeted via residual inoculum near or con-
tacting the rool collar (Figures 3 and 4}, Other dead
trees in these centers (Table 1), were infecled and
subsequently killed by contagion. In one instance,
an infected root only 0.5 em in diameter from a
previously killed tree was grafted 1o the 1aproot of
an adjacent tree, resulling in its infection. The
chrenosequence of tree death in disease centers
No. 4 and No. 11 (Table 1) could not be deter-
mined; residual inoculum was not found and nee-
dles were absent from all dead trees —indicating
that they dicd at least 3 years prior to our exca-
vations.

TABLE 1. Distribution of infection by Armillaria on ponderasa
pine roots by souree —residual or secondary inocu-
lum

No. of Trees
Infected From:

No. of Trees

Rool Disease and (roots)®

Center No.#® Examined Rezidual Secondury

| 1 {13 1 R

2> 1031 3 K

3 6 (35) 2 4

4 3(16) 0 3

i} 3007 2 ]

[ HEE A 2 5

7 3 (10 1 2

3] gdh | 7

G 3 (22) | 2
0 TN 2 3
11 6 (2T} 2 6
12 12 (25} 4 8
13 T2l 3 4
11 3 (15} | 3
15 6 {27) 2 4
16 5 {17) 1 4
17 ERERE 2 3
Total 104 (400 28 76

"Rool disense centers were cxcavaled in the summers o 1987
and 1988, 14 10 15 vears alter stand establishment.

*The original source of infection in ront disease centers No.'s
1 and 11 could not be traced to residual inoeulum {(zee texl),

“Total number of primary roots examined on all trees in each
center is in parentheses.

Residual malerial found near root collars of dy-
ing or recently killed trees ranged from small, de-
teriorated root fragments to intact pieces of wood
that supported rhizomorphs 1o rare residual inocu-
lum still containing the stringy, waler-soaked wood

160 Reaves, Shaw, and Roth

lypical of advanced decay caused by Armillaria.
No firm wood from the previous stand was un-
earthed nor did we strike any large, residual tap
roots,

Nearly all residual inoculum found away from
the root collars was badly deteriorated with no ap-
parenl Armillaria mycelial fans or thizomorphs —it
was usually distinctly gray in color, dry, and eas-
ily crumbled. This deteriorated noculum was not
associated with root collars or even roots of the
present stand, suggesting that only a small portion
of the residual inoculum functioned in perpetuat-
ing discase. These obscrvations do not, however
account for the probabilily that some fragments of
this nature may have been previously functional
and in contact with rool collars of dead trees pulled
between 1973 and 1983. The limited residual in-
oculum found in excavations around control lrecs
was usually not in conlact with roots or was only
associated with their distal portions and not rool
collars,

In twe instances, residual inoculum was respon-
sible for infection ol trees on opposile cdges of
reasonably large centers and rools of these trees
intermingled with those from other trees in the cen-
ter {Figure 4). Previously distinct, small eenters ap-
pcar to have coalesced by the time of our
examination to form one larger center of now in-
distinguishable origin (Figure 4).

Rhizomorphs were rarely encountered “free”
in the soil and never where they appeared to func-
tion as primary inoculum. They were found ocea-
sionally beneath the bark on functioning residual
inoculum but more often they occurred epiphyti-
cally on infected and non-infected roots of the
regeneralion. When present on infected roots,
rhizomorphs usually oceurred at lesions and were
embedded in the surrounding, resin-scaked soil,

Raoots of Armillaria-killed trees had abundant
lesions and invariably had myeelial fans extend-
ing beneath the bark, usually along the entire
length of the root., Numerous lesions also were
found on roots of control trees; however, all ex-
cepl onc of these lesions were occluded and
myecelial fans were absent on these roots. On the
372 roots from symptomatic trees, 163 lesions
were found. Some roots had only one lesion, others
had as many as 10. often in a “beadlike™ arrange-
ment along the root. Of the 395 roots examined
on control trees, 46 lesions were found with a max-
imum of three on any one root.



Sampling was inadequate among various stand
densitics to determine how density might effeet the
epidemiological process we encountered; however,
within the generally high range we studied, den-
sity appeared to have little effect on discase de-
velopment.

Discussion

When treated in 1971, the study site was oceupied
by a discase-depleted stand of young-growth pine
and a few, scattered, old-growth trees. We suspect
that the various sanitation treatments left groups
of extensively decayed tap roots of pole-sized trees
more or less in situ. Stronger, medium-sized roots
were largely removed rom the soil by treatments
which also may have scattered smaller, broken
pieces of Armillaria infecied roots somewhat uni-
formly across the site. Tt appears to be this laller
material thal is accountable for moest subsequent
disease centers and was encountered 16 vears later
in our excavations.

In unmanaged forest, early mortality of trees
regeneraling onlo areas infested with Armillaria de-
velops from infeetions on roots thal are near or in
contact with previously killed trecs (Adams 1972,
1974: Wargo and Shaw 1985). As seedlings en-
large into trees, contacts among roots of neighbor-
ing trees arise, become more common, allow for
tree-to-tree spread of the fungus, and lead w patch
development of root discase (Shaw 1980). Dam-
age may be confined to a few early losses, but it
also can extend marked through subsequent tree-
to-tree spread of the pathogen (Rvkowski 1984,
Warge and Shaw 1985). OQur dala show that the
dynamics of root disease development in managed
stands on infested siles are similar 10 these in
preceding natural stands, even where exlensive in-
oculum removal operations have been condueted.

The development of underground signs and
symptoms of fungal attack (i.c. lesions, rhizo-
morphs, myeclial fans, basal resinosus) on in-
dividual trees also appear lo be analogous to that
deseribed for older natural stands in this arca
{Shaw 1980), including the occurrence of multi-
ple lesions on a single root. These lesions likely
developed as rhizomorphs grew epiphytically along
roots and penetraled the cambium through open-
ings in bark scales {Woeste 1956, Redlern 1978).
This behavior and contacts with residual inoculum,
which was largely exhausted by the time of our

study, and with diseased roots of other young trees
may account [or the many lesions we encountered
on distal portions of root systems. In older trees,
Shaw (1980) found distal spread of the fungus from
such resinous lesions on live roots which resulted
in the fungus residing as a perthophyte. Perhaps
the lesions examined in this study were too young
or the trees too small to express this condition.

This study demonstrated that the dynamies of
infection on sites treated for root disease can
change from primary, residual inoculum 1o con-
tagion in the early stages of stand development,
some 10 to 12 years after rcgeneration. Even
small, infected roots on trees killed by contacting
residual inoculum can act as secondary inoculum
and spread Armillaria to other pines,

We assume that these expanding infection
cenlers will continue to enlarge via contagion as
the trees age—as they do in untreated, naturally
regenerated stands (Shaw 1980, Shaw e al
1976). If the extent of resulting damage is some-
what offset by the development of any possible re-
sislance or lolerance to the fungus as the Lrees age
(Morrison et al. 1992), remains to be seen. Relat-
ing eventual damage in treated stands lo the ef-
[cctiveness of inoculum reduction through
sanitation (Roth and Shaw, unpublished) will he
particularly important to managers contemplaling
initial control actions and in their determining if
any follow-up treatments (Morrison et al. 1992)
may he needed.

These data also can aid efforts to model the dy-
namics and impact of Armillaria root disease in (or-
est stands (Shaw et el. 1991, Siage et al. 1990)
by providing site specific data for equations that
calculate the longevity and efflectiveness of inocu-
lum and “time 1o death” multipliers for infected
trees (Stage et al. 1990). Such local adjustments
to the Weslern Root Discasc Model are necessary
Lo increase the accuracy and utility of predictions
for discase spread and impact that foresters must
make during development of management plans.

Acknowledgements

The authors thank Mike McWilliams, Fred Sargent.
and William Pendegrass for their assistance in ex-
cavating and evalualing root systems. We also
thank Len Rolph of Champion Paper Company for
enabling us to conduct this study on company land.

Infection of Ponderosa Pine Trees 161



Literature Cited

Adums, D H. 1972, The relation of cover 1o the distribution
of Armillaria mellea in a ponderosa pine lorest. Ore-
gon Hate University, Corvallis, Oregon, Ph.D. Disser-
tation.

L1974, Hdentificatnon of elones ol Armillaria mellea
in young growth ponderosa pine. Northwest Science
48:21-28.

Arnold. R. 1981, Nothing can stump this pulling machine. West-
ern Conserv, J.:38-42,

Bloomberg, W. I, and G, Reynolds, 1988, Equipment Wrials
for uprooting root-rol-infeeted stumps. Western . Appl.
Forestry 3:80-82.

Ecenbarger. W. 1992, The humongous fungus debate. Au-
dubon 94:20-21.

Hadfield, J. 5., D. I. Goheen, C. M. Filip, C. R. Schmitt, and
R. D. Harvev. 1986. Root diseases in Oregon and
Washington conifers. U.S. Dep. of Agr., For. Serv. Pac.
Northwest Reg.. R6-FPM-250-86. 27 p.

Hagle, 5. K., and C. G. Shaw. III. 1991, Avoiding and reduc-
ing losses from Armilluria root disease. Chapter 11 in:
Shaw, C. G.. HI; Kile. G. AL (eds.), Armillaria Root Dis-
ease. Agricullure Handhook No. 691. Washington, DC:
1.5, Dep. of Agr., For. Serv. 246 p.

Kile, G. A., G.. I. McDonald. and J. W. Byler. 1991. Ecology
and disease in natural forests. Chapter 8 in: Shaw, C.
G III; Kile, G. A {eds). Armillaria RBoot Disease.
Agricultural Handbook No. 691, Washingten, D.C.:
L.5. Dep. of Agr.. For. Serv. 246 p.

Morrison, [ J.. I Chu. and A, 1., 3, Johnson. 1985, Species
of Armilfaria in British Columbia. Can. J. Planl Palhel.
7:242.246.

Morrison, . J.. G, W. Wallis. and L. C. Weir. 1988, Control
of Armillaria and Phellinus rool diseases: 20-year resulls
form the Skimikin stump removal experiment. Can. For-
eslry Serv., Pac. Forestry Res. Centre, Information Rep.
B(-X-302. 16 p.

Morrison, D.. H. Merler, and D. Norris. 1992, Detection, recog-
nition. and management of Armilaria and Phellinus root
diseases in the southern interior of British Columbia.
Forestry Can., Pac. Forestry Res. Centre FRDA Re-
porl #179. 25 p.

Redfern, T B 1978, Infcction by Armillaria mellea and some

fuclors aflecting host resistance and the severily of dis-

case, Forestry 51:121-135.

Received 29 January 1993
Acepted for publication 29 March 1993

162 Reaves, Shaw, and Roth

Redlern, 1. B. and G. M. Filip. 1991, Inoculum and infee-
tion. Chapter 4 in: Shaw, C. G., ILI: Kile, G. A, (eds)
Armillaria Root Disease. Agriculure Handbook No.
691. Washington, D.C.: U.5. Dep. of Agr.. For. Serv.
246 p.

Rvkowski, K. 1984. Nickiore troficzne unwarunkowania
palogenicanosei Armillara  mellea  (Vahi) Quel).
WIlpraWt:h .“-()h”[nv}'lih. IS(H'”C lr(ll]hi(' fki(:ll)rh in |ht‘.
pathogenicily of Armillaria mellea in Scols pine plan-
tutions|.  Prace  Instyluly Budawezego  Lesnictwa
640:1-140.

Shaw, C. G.. 111. 1980. Charactenistic ol Armiliaria metlea on
pine root systemns in expanding centers of root rot. North-
west Sci. 54:137-144.

. 1984, In wiro responses to galtie acid fail to distin-
guish between palhogenic and “non-pathogenic™ spe-
cies of Amullaria. p. 161-183 in: Kile, G, A, {ed.),
Proceedings of the Sixth International Conference on
Root and Butt Rots of Foresl Trees: CSIRO, Melbourne,
430 p.

Shaw, C, G, 1, and 1., F. Roth. 1976. Persistenee and distri-
bution of a elone of Armillaria mellea in a ponderosa
pine forest. Phytopathology 66:1210-1213.

Shaw, C. G., IIl. L. F. Roth, L. Rolph, and J. Hunt. 1976.
Dynamics of pine and pathogen as they relate to dam-
age in & forest attacked by Armillaria. Plant Dis. Rept.
60:214-218.

Shaw. C. G., [IL. A. R. Stage, and P. McNamee. 1991, Modeling
the dvnamics, hehavior, and impact of Armillaria root
disease, Chapler 10 in: Shaw, C, G,, HI; Kile, G, AL,
{eds), Armillaria rool discase. Agriculture Handbook
Na. 691. Washington, D.C.: L.S. Dep. of Agr., For.
Serv. 246 p.

Stage. A. R.. C. G. Shaw, III, M. A. Marsden, J. W. Byler,
D. L. Renner, B. Eav., P. J. McNamme, (5. A. Suther-
land, and T. M. Webhb. 1990. User’s Manual for the
Western Root Disease Model. Gen. Tech. Rep. Int. No.
267. Ogden, UT: L.S. Dep. of Agr. For. Serv.. Inter-
mountain For. and Range Exp. Sta, 32 p.

Wargo, P. M., and C. G. Shaw, I[l. 1985. Armillaria reol rol—
The puzee is being solved. Plant s, 69:826-832.

Williams, K. E., C. G. Shaw, UL, P. M. Wargo. and W. H.
Sites. 1989, Armillaria root disease, For. Insect and
1Yis. Leaflet 78 (Rev.}). U5, Dep. of Agr.. For. Serv. 8 p.

Woeste, U 1956, Antomische Untersuchungen uber die In-
fektionswegl einiger Wurzelpilze [Anatomical fungi|.
Phytopathologische Zeitschrift 26:225-272. |Rev. of
Appl. Myeol. 35:800].



