Reprint No. 2803

Armillaria root disease
of Pinus radiata
IN New

Zealand (2)

Reprinted from New Zealand Journal of Forestry Science 32(1) 2002
© Copyright, New Zealand Forest Research Institute Limited 2002



103

ARMILLARIA ROOT DISEASE OF PINUS RADIATA IN
NEW ZEALAND.
2: INVASION AND HOST REACTION

B.J VAN DER KAMP

Department of Forest Sciences, University of British Columbia,
3042 — 2424 Main Madll, Vancouver, B.C., Canada V6T 1Z4

and 1. A. HOOD

New Zealand Forest Research Ingtitute,
Private Bag 3020, Rotorua, New Zealand

(Received for publication 31 October 2001; revision 26 June 2002)

ABSTRACT

The root systems of thirteen 13-year-old Pinus radiata D. Don trees with basal
resinosiscaused by Armillaria novae-zelandiae (Stevenson) Herink in KaingaroaForest
were excavated and the boles were sectioned. The extent of infection in bark and wood
of boles and roots was determined. Armillaria novae-zelandiae appeared to be able to
survive and spread in bark, leaving the vascular cambium and the inner living phloem
largely intact. Infected bark exhibited specia characteristics including wide, light-
coloured, resin-soaked layers of dead phloem separated by thick periderms often
containing stonephellem, small mycelial fans, andlayersof oldresin. Penetrationstoand
death of sections of the cambium occurred on al but one of the trees, but the areas
involved were small (mostly <40 mm in tangential and 100 to 150 mm in longitudinal
extent). Most were located between major lateral roots, and in none did the dead area
extend higher than 300 mm abovetheroot collar. Penetrationsgenerally occurred during
the dormant season and a strong host reaction the following growing season resulted in
well-developed calluses, which healed xylem penetrations within afew years. Invasion
of the cambium by A. novae-zelandiae occurred at various datesfrom 1990 to the current
growing season, and could not be simply related to stress caused by silvicultural
operations or climatic conditions. Armillaria novae-zelandiae is likely to survive on
infected trees to harvest, causing minor scarring and, in a few trees, resin soaking of
xylem, but only at the very base of thetree. A small increment lossisalso likely. After
harvest and planting, the pathogen may again cause mortality in young plantations.

Keywords: infection; invasion; host reaction; roots; root collar; callus; resin; Armillaria
novae-zelandiae; Pinus radiata.

INTRODUCTION

Armillaria root disease caused by either of the two New Zealand species of Armillaria
(A. novae-zelandiae and A. limonea (Stevenson) Boesewinkel) has been observed on Pinus
radiata for many years. In young (<5-year-old) plantations the disease causes scattered
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mortality, which is most serious on sites that have alarge amount of inoculum at planting,
such as those previously occupied by native forests (Hood & Sandberg 1993a). In older
stands, mortality israre, but infection by Armillaria species does persist and can be found
at theroot collar of many treeswhereit can beidentified by the combination of resinosisand
rhizomorphs. Small mycelial fans can also be found in the outer bark. In such stands
Armillariaroot diseasedoesnot causesignificant treemortality or obviouscrown symptoms,
and infection of thistype hasbeen called “chronic” (Hood & Sandberg 1993b). MacKenzie
(1987) and Hood et al. (2002) showed that the extent of chronic infection of individual trees
can change over time, the direction and magnitude of such change probably depending on
stand and site conditions, weather, and management practices. Such chronic infectionsalso
appear toresultinsmall but significantincrement losses(Shaw & Calderon1977; MacKenzie
1987; Kimberley et al. 2002).

Smaller treestend to be more severely infected (MacKenzie 1987), but cause and effect
are confounded. Survival of infection until harvest appearsto be assured, and thereislittle
doubt that without remedies such as stump removal (Self & MacKenzie 1995), there will
again be mortality caused by the disease during the early stages of the next rotation (Self et
al. 1998).

Several studies in New Zealand have been designed to follow the disease over time
(MacKenzie 1987; Hood et al. 2002). In such studies, it isimportant to keep disturbance of
infected trees to a minimum because disturbance might well affect subsequent disease
development. Hence, in these studies, as well asin descriptions of Armillariaroot disease
severity (Shaw et al. 1976; Shaw & Toes1977), theextent of infection by Armillaria species
has been described as the degree of “girdling” — by which is meant the lateral extent of
resinosis visible on the outside of the bark at the root collar. Information on root infection
and on necrosis of phloem and the vascular cambium caused by Armillaria species, aswell
as on host reactions to invasion by the parasite, is not available from such studies. The
purpose of the study reported herewasto el ucidatethe aetiol ogy of thedisease by describing
thelocation of the parasite in bark, wood, and roots of affected trees, the extent of necrosis
of such tissues, and host reactions to invasion.

METHODS

Theinvestigation was conducted in Kaingaroa Forest in 1998, in astand of P. radiatain
its thirteenth growing season since planting. The site chosen was Cpt 365 in the surrounds
of aNew Zealand Forest Research I nstitute study dealing with the effectsof variousthinning
regimes on Armillaria root disease (Hood & Sandberg 1993b). Stand stocking was
612 stems/ha following a non-commercial thinning undertaken 6 years after planting at a
stocking of 983 stems/ha. Armillaria novae-zelandiae was by far the most common species
of Armillaria found in this area (Hood et al. 2002), and 13 trees with various degrees of
infection at the root collar, as shown by the extent of basal resinosis, were selected to
represent the range of diameters, pruning regime, crown form, and infection severity found
inthestand. All treeswerelocated within 100 m of each other. Thefollowing treeparameters
were recorded: height; diameter at breast height (dbh); live crown ratio (as a percentage of
tree height, the base of thelive crown being defined asthe point halfway between thelowest
living branch and the lowest fully live whorl); degree of pruning (in three classes — high
(>3m), low (<3m), and none); branching habit (inthreeclasses— fine, medium, and coarse);
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and the presence or absence of a sunken face in the area of resinosis, possibly indicating
reduced increment or death of a section of cambium.

The root system of each tree was then excavated to a depth of at least 0.7 m or to aroot-
restrictinglayer, andfor al-mradiusaround eachtree. All rootswereexamined for infection
by Armillaria species, and for each root infection the following measurements were
recorded: root diameter at the proximal end of theinfection, length (asdetermined by thearea
exhibiting copious resinosis), and direction of root from the tree. The bark was then peeled
from each infection to determine whether the root xylem had been penetrated by the
pathogen. In all bole or root infections, infection by Armillaria specieswas verified by the
presenceof rhizomorphsor mycelial fansinthebark or both. Small roots (<20 mm diameter)
were severed and removed after inspection; large roots were left in place. A set of
photographswastaken of each excavated root system. The extent of thebasal steminfection
was recorded as the percentage of the tree circumference occupied by each separate patch
of resinosis.

Finally, the upper roots were severed at the edge of the excavation, and the trees were
pulled over using ahand winch to lift the root system out of the ground. All soil wascleared
from each root system and further infections were noted. Disks were then cut at the centre
of the main basal infection, at dbh, and at various heights between dbh and the main basal
infection. The basal section was planed, and all penetrations by Armillaria species were
recorded by year and tangential extent. Healthy and infected bark structure was described.

RESULTS
Soils

Thesoil typeat thestudy sitewasKaingaroasand (V ucetichetal. 1960; V ucetich & Pullar
1964; Will & Knight 1968; Rijkse 1988), awel ded impeded pumice soil (Hewitt 1993). Soils
had been much disturbed by site preparation (V-blading). The forest floor was 2040 mm
thick with a very thin humus layer and rapid incorporation of organic matter into a well-
devel oped, 100-to 200-mm-thick A-horizon. Themineral soil consisted of layersof fineash
and pumice, somehighly compacted and othersunconsolidated. Theorder, composition, and
thickness of the layers varied considerably between trees and that variation extended over
the whole depth of excavation.

Soilscontained old well-rotted rootsand stumps (occasi onal ly contai ning piecesof sound
wood) of the previousrotation stand of Pinusnigra ssp. laricio (Poir.) Maire. Some of these
had been disturbed by site preparation for the current stand. In several casesrhizomorphs of
Armillaria species were found associated with this material.

Root Systems

Theupper root systems of the 13-year-old trees examined consisted of aset of threeto six
major lateral rootsand asimilar number of fine (<20 mm diameter) primary roots. Themajor
lateralsgenerally extended out near the soil surfaceto adistance of at least 1 m from thetree
base before turning down. The smaller upper laterals formed a network of fine roots lying
withinafew centimetresof themineral soil surface. Lateral rootsof the sametreewereoften
grafted together when in contact with each other. A rapidly tapering and somewhat fluted



106 New Zealand Journal of Forestry Science 32(1)

taproot with a diameter directly below the upper laterals of dlightly less than tree dbh
generally extended down for at least 500 mm. Additional lateral roots developed from the
taproot, often well below the upper laterals. These lower laterals, typically 20-50 mm in
diameter, were generally short, angled downwards steeply, and ended in horizontal plates of
highly divided small rootslying ontop of consolidated layersof ash. On several treestheroot
system was distinctly two-level with a lower set of laterals developing below a well-
consolidated layer of ash or pumice. Upper lateral rootscommonly extended several metres
from the tree base; |ower lateral s tended to be much shorter, and seldom reached more than
1 m from the tree.

Bark Structure

In tree sections unaffected by Armillariaroot disease, bark on the lower bole consisted
of awell-devel oped (10- to 30-mm-thick) rhytidomeand a2- to4-mm ayer of living phloem.
The rhytidome consisted of layers of old dead phloem and cortex separated by up to eight
successive necrophylactic periderms (Mullick & Jensen 1973) (sometimes described as
secondary or wound periderms— Srivastava1964) (Fig. 1a). Incontrast, root bark consisted
of a 2- to 4-mm-thick layer of phloem and cortex protected by the original exophylactic
periderm (primary periderm), and no rhytidome. The division between stem and root bark
was generally sharp, and the thick bole rhytidome sometimes appeared asa skirt around the
base of the tree buried within the top layers of the forest floor. Periderm formation in
P. radiataissimilar to that in most other conifers. Thefirst necrophylactic periderm on the
boleformswhen the bole reaches about 100 mm diameter, and after that new necrophylactic
periderms form about once a year. On the major lateral roots the original exophylactic
periderm is not replaced until much later, unless there are root injuries.

Description of Sample Trees

The 13 sampletreesare described in Table 1. Individua treesranged in dbh from 170 to
350 mm, and from 15to 19 min height. Live crown ratio ranged from 40% to 80%. Pruning
occurred over the period 1990 to 1993, and the two high-pruned trees were pruned at least
twice. Most trees exhibited a single patch of basal resinosis extending over 15% to 70% of
the circumference. In some trees, however, there were two or more separate patches of
resinosis separated by vigorous lateral roots and the stem bark above them. All thesetrees
hadalow live-crownratio, and all wereof bel ow averageheight (Tablel). All but No. Qwere
classified as having a fine branch habit.

Bole Infection by Armillaria species

Infection by Armillariaspecieswasevidentinbasal cross-sectionsinboth bark andwood.
Infected bark exhibitedirregular peridermformation (Fig. 1b). Individual sectionsof phloem
isolated by peridermswere often much wider than normal. Peridermsininfected tissuewere
wider and darker, and often had layers of stone phellem (cork consisting of large, loosely
packed, thick-walled cells) to the outside of regular phellem. Old dead phloem layersin
infected bark retained alight pink colour and were resin soaked and hard compared to the
medium brown and softer dead phloem of the normal rhytidome (Fig. 1a). When infected
dead bark wassplit tangentially, small mycelial fansor impressionsleft by suchfansinresin-
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FIG. 1-Symptoms of infection by Armillaria speciesin the basal bark of boles of 13-year-old

P. radiata.

(8 Normal basal bark. Only theinner layer of phloem isalive.

(b) Bark formed in the presence of Armillaria species. Note the pronounced inner
peridermsand thewide, resin-soaked layersof old phloem. The cambium and inner

phloem are al alivein this section.
(c) Theouter rhytidomeexhibitscharacteristicsof diseased bark while, at theupper end

of the photograph, the inner bark appears normal.
(d) The outer rhytidome consists of normal bark while the inner bark is diseased.

soaked old phloemtissuewere often evident (Fig. 2a). Finally, layersof old resinwerefound
in the infected rhytidome of all trees.
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TABLE 1-Sampletree characteristics and extent of resinosis caused by Armillaria speciesat theroot

collar.
Tree Dbh  Height Live Resinosis Pruningt  Branch Depression8
No. (mm) (m) crown (percentage of habitt
ratio circumference
per patch)*
1 240 17.5 65 40 - - L F Y
2 350 18 65 25 10 - L M Y
3 310 19 55 45 - - N M Y
4 180 15 50 20 — — N F Y
5 250 175 75 25 10 5 L M N
6 310 185 80 55 20 - N C Y
7 280 16 65 30 10 - L M Y
8 190 16.5 45 55 - - H F N
9 170 16 35 70 - - N M N
10 210 17 45 70 - - L F N
11 230 16 50 65 - - L F N
12 210 16.5 40 35 5 - L F N
13 250 19 60 15 - - H F Y
* Up to three patches per tree
T Pruning: N =none; L =low, to <3m; H = high, to >3m.
¥ Branching habit: F = fine; M = medium; C = coarse.
§ Depression: Y = present; N = absent.

Atthelateral edgesof infected bark patchestherewasoften evidenceof tangential spread
of the pathogen. At such locationsthe outer rhytidome consisted of normal bark whereasthe
inner rhytidome exhibited mycelial fans and characteristics of infected bark (Fig. 1d). Ina
few areasthereverse was observed, namely normal rhytidome adjacent to theliving phloem
and typical infected rhytidome on the outside (Fig. 1¢). Presumably thisindicated retreat of
the pathogen.

Thevascular cambium and theinnermost layer of phloem lying underneath infected bark
wereusually alive. However, all but onetree (Tree No.3) showed evidence of penetration to
the cambium. A typical exampleisshownin Fig. 2b. Herealongitudinal strip of cambium
was killed during the 1992 dormant season. Some resin-soaking of the xylem directly
beneath the dead cambial surfaceis evident. During the following growing season, acallus
formed on both sides of the dead surface, leaving a strip of resin-soaked bark embedded in
thewood. Two yearslater the healing was complete, and acontinuouslayer of living phloem
covered the old wound. However, the bark to the outside of this phloem remained infected.

Theinfections, observed at the root collar of the 13 trees, that penetrated to and killed a
section of vascular cambium are listed in Table 2 by date of invasion of the cambium and
tangential extent. Of the42 penetrationsrecorded, fiveexceeded 25 mmintangential extent,
and only one was >100 mm. Thirty-four of the penetrations occurred during the dormant
season, as shown by the fact that the dead xylem surface was continuous with the end of an
annual ring. The eight instances of penetration to the cambium during the growing season
occurred on four trees, and in all of these the dead xylem surface was parallel to the annual
ring, indicating very rapid penetration followed by arrest of further spread. Only a single
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FIG. 2-Symptoms of infection by Armillaria speciesin bark and wood of the lower bole in 13-year-
old P. radiata.

(8) Mycelia fan between bark scales. Note the impression |eft in the resin-soaked bark which
remains long after the mycelium has died.

(b) A typica small, now healed-over penetration. Note the resin-soaking directly below the
affected area, the coincidence of the dead surface with the end of the annual ring, and the
form of subsequent annual rings showing how the wound was healed by callus formation.

(c) The single instance observed in which the original penetration by Armillaria species (the
section parallel to the annual ring) was followed by callus formation, and during the next
dormant season, the callus on the right was invaded and partialy killed by the pathogen.

(d) Basal cross-section of Tree No. 7 showing several penetrations by Armif33laria species.
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TABLE 2-Tangential extent (mm) of cambial sections killed by Armillaria species, by date of
penetration. Numbers in parentheses represent penetrations during the growing season
starting in the year indicated. All others describe penetrations during the dormant season.

Tree Y ear of penetration
No.
1990 1991 1992 1993 1994 1995 1996 1997
1 - - - - - - - 7
2 - - - - - (14 -— -
©®)
3 — — — — — — — —
4 - - - - - - - 2,3
5 4 - 2 - 4 3 3 -
6 - - 20, 22, 11,10 - - - -
5,145
7 a7) 15 27,11 (22) - - - -
OXC)
8 - - - - 3,5 6 - -
9 - - - - - - 12,11, 2
17
10 - - - - 40, 9, - 3 -
6
11 - - - - - 7 3,6 -
12 52 (7) - - - - 2 - -
13 - - - - 40, 37 - - -

extension of thekilled areain the year after theinitial invasion was observed (Fig. 2c). The
basal disk of Tree No.7 isillustrated in Fig. 2d.

Noneof the penetrationsextended >250 mm above or >300 mm bel ow thebase of thebole
(asdefined by the lower edge of the stem rhytidome), and most were located between major
laterals and had alongitudinal extent of 100 to 150 mm. None of the penetrations extended
into the upper surfaces of major roots, but they did occasionally extend a small distance
(<100 mm) along the lateral or lower surface of major roots. The zone of resinosis on bark
alwaysextended beyond the area of xylem penetration, both tangentially and longitudinally.
Many penetrations had healed completely, and were visible only in cross-section.

The xylem directly below old penetrations was resin-soaked to a depth of 10 to 30 mm.
Resin-soaking extended longitudinally afew centimetres above and below thekilled xylem
surfaces. In a few trees (Trees No. 2, 7, and 12) small flecks of resin-soaking occurred
throughout the xylem. Tree No.6 had alarge pie-shaped area of resin-soaking that extended
from the surface killed by Armillaria speciesto the pith, and was visible as a small area of
resin-soaking around the pith 300 mm above the base of the tree.

Thedate of penetration varied within and between trees. The ol dest occurredin 1990, and
the most recent during the current growing season. The number of penetrations per tree
varied from none (Tree No.3) to seven (Tree No.7). On any onetree, penetrations tended to
occur over al- to 3-year period, but Tree No.5, with penetrations dating from 1990 to 1996,
wasaclear exception. Half of the eight growing season penetrationsoccurred onasingletree
(TreeNo.7). Thenumber of treesexaminedin thisstudy wasinsufficient todraw conclusions
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about the relationship between tree characteristics and the number, date, and size of
penetrations by Armillaria species.

Root Infection by Armillaria species

Twenty-four root infectionswerefound, and the number of root infectionsper treevaried
from zero (fivetrees) tosix (TreeNo.13) (Table 3). Inabout half theinfections, the pathogen
had penetrated to and killed part of the cambial surface. Penetrationsto the xylem on roots
occasionally extended over >50% of the root circumference. All penetrations occurred
during the dormant season, and instances of further extensionsin subsequent yearswere not
observed. Healing by callus formation of such necrotic areas was slower than on stems: in
several roots, calluses >5 years of age had not yet closed the wound. Only asingleinstance
of complete girdling, resulting in death of the distal portion of the root, was recorded (the
smallestroot on TreeNo.13). It may bethat additional small rootskilled by thepathogenwere
missed because they had deteriorated too far.

TABLE 3-Location and size of root infections.

Tree Root Distance Length Penetration
No. diameter from bole (mm) to xylem

(mm) (mm)

1 - - - -

2 120 250 150 Y

150 550 200 N

3 - - - -

4 80 300 80 Y

40 500 100 N

5 - - - -

6 30 400 100 Y

110 300 120 N

80 250 100 N

7 100 400 200 Y

50 450 100 N

100 100 150 Y

40 150 100 N

8 60 300 300 N

9 - - - -

10 - - - -

11 80 400 120 Y

20 0 300 Y

70 450 200 N

40 300 100 N

120 350 150 Y

12 60 250 200 Y

13 150 400 150 N

10 120 200 Y

40 0 250 N

30 500 100 Y

20 350 100 Y

60 750 100 Y
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DISCUSSION

Apparently A. novae-zelandiae can survive and spread in theinner rhytidome of 13-year-
old P. radiata without entering the xylem. Occasional penetrationsto thevascular cambium
and xylem do occur, but these are quickly healed by the host tree. Most of the penetrations
recorded in Table 2 had healed compl etely, although the bark lying to the outside of these
old penetrations was still infected. Moreover, the area of infected bark (as determined by
resinosis, abnormal bark formation, and the presence of mycelial fans) was always greater
than the area of dead cambial surface. One consequence of this behaviour is that some
infectionsby Armillariaspecieswill probably survivetothenext rotation. After harvest, the
xylem of stumps and rootswill likely beinvaded rapidly and form theinoculum basein the
next stand and the origin of mortality during the first few years of such stands

Host reactions involving callus formation are a common response to invasion by
Armillaria species (Morrison, Merler & Norris 1991). However, the reaction observed in
these trees was unusually strong and effective, particular in boles. The strongly pathogenic
speciesA. ostoyae(Romagn.) Herink on conifersinwestern North Americacan becontained
by host reactions involving callus formation, but many infections continue to spread from
year to year until the hostisgirdled and killed (Morrison, Williams & Whitney 1991). Such
continued development was not seen on the 13-year-old trees in this study. Only a single
instance of continued spread for asecond year was observed in boles, and that infection was
effectively contained by acallusformedinthefollowing year. Onrootsall penetrationsthat
were observed occurred in asingle year, and continued spread was not observed. However,
it is possible that on small roots continued spread over time may occur, with older parts of
these roots deteriorating rapidly. The methods employed in this study could have missed
such roots.

Armillaria species appear to stimulate the vascular cambium to produce extra phloem,
and induces host reactions of resinosisand the production of well-devel oped necrophylactic
periderms. These periderms apparently serveto prevent invasion of theinner living phloem
and cambium most of thetime. Occasionally, however, the pathogen is able to breach these
defense structures and invade and kill a section of cambium. Full characterisation of these
periderms and of the substantial layers of phloem will require further work. The pathogen
appears to be able to invade previously healthy bark by advancing in the inner rhytidome.
InFig. 1d the outer rhytidome consists of normal layers of old phloem and periderms, while
theinner, morerecently formed rhytidome exhibitsthe characteristics of infected bark. The
pathogen may also retreat; for instance, in Fig. 1c the outer rhytidome consists of infected
bark and theinner of normal bark. Theseinterpretationssupport earlier findingsthat the area
of infected bark can either increase or decrease over time (MacKenzie 1987).

Uninfected roots on trees this age do not have arhytidome. However, root infections by
Armillaria species aways exhibited necrophylactic periderms and resin-impregnated old
phloem with small mycelial fans, similar to that found on boles. Presumably the formation
of such peridermsis stimulated when the pathogen first contactsthe root surface, or perhaps
penetrates the exophylactic periderm.

Theremay be some question whether all the cases of “ penetrationsto the cambium” were
in fact caused by Armillaria species as wounding of al kinds could produce a similar host
reaction. However, the bark to the outside of the wound was clearly infected, and therewas
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no evidence of bark removal, which would be necessary in order for a scarring wound to
reach the xylem. No attempts were made to isol ate the pathogen from wood.

The earliest penetrations recorded occurred in 1990. It islikely that penetrations earlier
than 1990 (when trees were <5 years old) resulted in death of the host. Inspection of trees
killed by Armillaria speciesinthreeyoung plantationsin Kaingaroa Forest reveal ed that the
pathogeninvaded and girdled thetreesnear theroot collar, killing the vascular cambiumand
living phloemin asingle dormant season (evidence: thelast xylem ring wascompl ete). Thus
it appearsthat invasion by Armillaria speciesislargely restricted to the dormant season, and
that during the subsequent growing seasonfurther spread isstopped and healing of thewound
by callusformationisinitiated. On small trees Armillaria species have the ability to girdle
thetreeinasingleseason, and that may bethereasonwhy mortality attributableto Armillaria
root disease is common in young plantations but rare in trees >8 years of age (Hood 1989).

During excavation special attention was paid to possible entry points for Armillaria
speciesinto tree boles. On young, recently killed treesit is usually possible to identify the
root along which the pathogen advanced to thetree base, but in thisstudy no such rootswere
found, except possibly in TreeNo0.13. At least two explanationscometo mind. It may bethat
boleinfectionswere caused by direct infection viarhizomorphsarising from inoculum from
the previous stand. In about half theinfected trees, old dead roots and stumpswerefound in
close proximity to thetree base, but in the other half such inoculum was not evident. It may
also be that the pathogen reached the tree base via a small root several years ago, and that
these small roots had deteriorated to the point that they could no longer be recognized at the
time of inspection. Most likely both types of pathway occurred.

Root infections described in this study occurred almost exclusively inthe A horizon and
within 250 mm of the mineral soil surface. Contacts between trees and between the current
crop and old inoculum are much more probable here than lower down as the upper lateral
roots extended several metres out from the tree base and were in contact with roots of
neighbouringtrees. Lower rootsseldom grew morethan ametrefromthetreebase, and there
was no root contact among trees at thislevel.

Theimpact of Armillariaroot disease on volume increment and wood quality is aways
acentral practical concern (Kimberley et al. 2002). The descriptions and interpretation of
Armillaria species on young P. radiata presented above may shed somelight on thisissue.
Undoubtedly the extratissuesformed ininfected bark, aswell asresinosis, represent adrain
on host carbohydrate reserves. However, thetotal dry weight of extramaterials so produced
islikely to belessthan 1% of thedry weight of bolexylemformed by thetreeeachyear. Also,
the degree of infection found in this study is judged to have at worst a small effect on the
functioning of the tree trandocation systems. No large roots were girdled and killed, and
losses of functional xylem areadueto invasion of xylem by Armillaria specieswerequickly
restored by compensatory growth during the following seasons. The cross-sectional area of
xylemkilled by the pathogen was sel dom morethan 10% of thefunctional xylem. Excessive
production of phloem under infected rhytidome tissue implies that some stimulus arising
from the parasite reaches the vascular cambium. It may well be that the living phloem
underneath infected bark produces anti-fungal agents such as various phenolics, which
typicaly require substantial energy expenditures by the host. Garraway et al. (1991)
discussed such reactions and suggested that evidence for their occurrence was uncertain.
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Loss of carbohydrate attributable to excessive rates of metabolism in tissues around the
infected areas may well represent the largest energy drain on the host.

In summary, it appearsthat Armillaria specieson young P. radiata (in this study almost
certainly A. novae-zelandiae) livesprimarily asabark saprophyte. Presumably it derivesthe
necessary nutrients and energy from dead phloem recently isolated by host periderms. It
appears that the vascular cambium responds to the presence of the pathogen in the inner
rhytidome by excessive phloem production, and necrophylactic peridermsproducedin such
phloem are particularly well developed. These host reactions produce distinct symptomsin
the rhytidome, which may be useful for recognition of infection by Armillaria species. On
occasion the parasite will penetrate to the cambium and kill it. This happens mostly during
the dormant season, and such penetrations induce a strong host response involving callus
formation that quickly heals the wound. Of course, the same species of Armillaria on
different hosts, and possibly on older P. radiata, does live primarily in wood where it
survivesin domains bordered by zonelines. It isnotimmediately clear why bark infection
is restricted to the very base of the tree. In 13-year-old trees a well-developed rhytidome
extendsseveral metresupthetree. Perhapsthistissueistoodry for Armillaria speciesexcept
whereit isin contact with the forest floor.
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