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Summary

Intensive survey based on aboveground symptoms of Armillaria
root disease underestimated truelevels of disease by at least 20%
and sometimes by up to 40% in high-quality karri regrowth stands.
The results challenge the reliability of surveys based on above-
ground disease symptoms. While most disease was established
within the subdominant stratum, avery high proportion (30-60%)
of the dominant trees were also infected. Within the study areas
15 distinct genotypes of Armillarialuteobubalinawereidentified.
Individua genotypesexisted as clones, with 2—-3 clonesper hectare.
Thesefactors need to be considered in stand management planning
and yield predictions. A broader study, including lower-quality
sites, is needed to determine whether these findings apply to all
typesof karri regrowth.
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I ntroduction

Armillariaroot disease (ARD) is a problem in regrowth forests
throughout the world, causing significant economic loss due to
treemortdity, windthrow and timber defect (Hood et al. 1991; Kile
et al. 1991). ARD is relevant to forest management in both the
effect the pathogen may have on regrowth stands and the effect
intensive forest management may have on the disease.

Six speciesof Armillaria (Fr.:Fr.) Straud occur in Australia(Kile
and Watling 1983, 1988). Not all of these speciesare pathogenic.
Ineucalypt forests, ARD will normally expressitself in thelatter
stages of the disease with the presence of inverted V-shaped
scars or callused lesions at the base of trees, dead and brown-
stained bark extending up the stem, mycelial fans under the bark
and wet stringy white-rotted wood at the root collar, and the
production of basidiomesat the base of infected treesin the autumn
(Markset al. 1976; Kile 1981; Robinson 2003).

Inthekarri (Eucalyptusdiversicolor FMuell.) forestsof Western
Australia(WA), ARD iscaused by the endemic species Armillaria
luteobubalina Watling & Kile (Kile et al. 1983). Armillaria
luteobubalina can act asaprimary pathogen (Podger et al. 1978),
infecting and killing apparently healthy trees. Basidiospores
do not appear to be an important vector for the spread of
A. luteobubalina (Kile 1983). Infection spreads from tree to tree
viaroot contact and the same genotype of A. luteobubalina may

infect large numbers of trees within a forest stand. Studies
concerning the behaviour of the pathogen and itsimpact on karri
and other regrowth eucalypts show that the spread of the disease
in eucalypt forestsisassociated with infected stumpsleft following
logging operations (Edgar et al. 1976; Pearceet al. 1986; Kellaset
al. 1987). Survey results suggest that while ARD has only a
scattered presencein most regrowth karri stands, it iswidespread
inanumber of high-quality stands (M. Rayner, pers. comm.).

Roots may be infected for many years before symptoms are
expressed in the trees (Edgar et al. 1976). Asground surveyscan
assess only the aboveground symptoms of the disease, it is very
difficult to determine true levels of disease within a stand. In
Western Australia, ARD surveysare conducted in regrowth karri
prior to commercia thinning operations (Robinson et al. 1998)
which take place when stands reach atop height of 30 m (CALM
1992). On suitable sites, regrowth karri reachesthisheight in 15—
25y (Rayner 1991). The surveys are conducted in the autumn,
when A. luteobubalina fruits, and crews assess infection status
on the presence of basal scars and A. luteobubalina basidiomes
fruiting oninfected trees. Cost, on-site conditionsand non-fruiting
of A. luteobubalina prevent such surveys detecting all
occurrences of disease within a stand.

The object of the study was to determine (a) whether Armillaria
infection isrestricted to individual trees showing symptomsor is
actively spreading to symptomless neighbouring trees, (b) the
relationship between levels of infection in trees showing
aboveground symptoms and true belowground levels on two
different site types within the karri regrowth estate, and (c) the
number of A. luteobubalina cloneson each site. Thisinformation
isvaluable when determining management strategiesfor ARD.

M ethods
Site selection

High-quality karri regrowth standsinfested with A. luteobubalina
were identified from disease survey data (CALM, Forest
Management Branch, Manjimup, WA). Site index (based on
projected stand dominant height at 50y of age (Rayner 1991)) and
stand composition were used to select sites. Four sites were
chosen, two being pure karri with high siteindicesin Dombakup
forest block, and two being stands of mixed karri and marri
(Corymbia calophylla (Lindl.) K.D.Hill and L.A.S.Johnson) with
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Table 1. The siteindex (SI) and number of trees pulled at each site

Locetion Standage(y) S Number of trees pulled!

DK SDK SDM Total

Dombakup 8 30 50.2 44 182 0 226
Dombakup 9 29 50.7 48 153 0 201
Warren 2 25 434 49 74 85 208
Warren 5 26 48.8 45 84 46 175

IDK = dominant karri, SDK = subdominant karri, SDM = subdominant marri

moderateto high siteindicesin Warren forest block (Table 1). All
selected stands were aged between 25 and 30 y and were
scheduled for first thinning. The stands had been regenerated
either by planting or from seed treesretained following clearfelling
and burning.

Sitetreatment

At each site, six 20 mx 20 m plotswereinstalled. Two plotswere
centred on infected dominant trees, two on infected subdominant
trees and two on non-symptomatic (apparently healthy) dominant
trees. Within each plot, all trees were assessed for ARD on the
basis of aboveground symptoms. No trees showing aboveground
symptoms of ARD were present in non-symptomatic plots. The
position of each tree within the plot was surveyed and numbered
with ametal tag nailed on theroot collar. The species, height class
and diameter at 1.3 mwererecorded for each tree. All treeswithin
the plotswerethen pulled vertically from the soil, with as much of
the root system left intact as possible, using a 28-t excavator
fitted with aUnicon harvesting head. During extraction, largelateral
roots usually broke off at 1.5-2 mfrom theroot collar. Large roots
that broke off near theroot collar were recovered, but some smaller
roots that broke off were lost. Following extraction, the stump
was removed from the rest of the tree. Any remaining soil was
removed by hand and roots were inspected for signs of infection
by A. luteobubalina. The number of primary roots that were
infected was recorded for each stump. Infected wood and/or bark
samples were removed from all infected stumps and taken to the
laboratory whereisolationswere undertaken to establish whether
or not A. luteobubalina was present. At Warren 2 and Warren 5,
sampleswere also taken from infected treeswithin the stand area
between the plots.

| solations were made on 2.5% malt extract agar. To determinethe
distribution of genetically distinct isolates (clones), the resulting
A. luteobubalina isolates were paired in culture to determine the
number of somaticincompatibility groups present (Adams 1974;
Kile 1983) in each plot and at each site. Isolates from the same
plotswere paired in all possible combinations, with self-pairings
ascontrols. | solatesto be tested were placed about 2—3 mm apart
on the same plate and incubated in darkness at 20°C for 4 weeks.
Those pairings that grew together with no sign of intra-specific
antagonism were considered to be compatible and therefore to
belong to the same clone (Kile 1983). Onceindividual cloneswithin
plots were identified, pairings between plots were undertaken.

Incidence of Armillariain karri regrowth

Statistical analysis

The amount of disease was determined at two levels: firstly by
considering all thetreeswithin each plot, then by considering the
dominant and subdominant trees separately. Within each plot,
the total number of infected trees, including the number of
dominant and subdominant trees that were infected, was
determined. These data were used to calculate means for (a) the
overall incidence of disease at each site and forest block, (b) the
fraction of the overall incidence contained within the dominant
and subdominant trees, and (c) the actual fraction of dominant
and subdominant treesinfected at each forest block. The number
of infected roots on each infected tree was used to determine the
fraction of roots infected within the dominant and subdominant
trees at each forest block.

Analysisof variance (ANOVA) was used to test for differencesin
disease incidence between (a) plotsthat were centred on infected
dominant or subdominant trees, (b) sites, (c) forest types. ANOVA
was also used to test for any difference in (d) the fraction of
overall disease incidence contained within the dominant and
subdominant strata, and (e) the fraction of dominant and
subdominant trees infected at each forest block, as well as (f)
differences between the fractions of roots infected within
dominant and subdominant trees at each forest block. Means
were compared using Student—-Newman—Kuel'stest at o = 0.05.
Percentage data for each plot were arcsine transformed prior to
analysis, and residuals were examined using standard diagnostic
tests (stem-leaf and normal-normal plots) to ensure the
assumptions underlying ANOVA were met. Data were analysed
using the SAS statistical package (SAS Institute Inc., Cary, NC)
and graphs were generated using Microsoft® Excel.

Results
Stand compositionin plots

A total of 383 trees were extracted on the two Warren sites and
427 trees on the two Dombakup sites (Table 1). The stand
composition in the Warren plots was 25% dominant karri, 41%
subdominant karri and 34% subdominant marri. Only two marri
treeswere classed as dominant. They wereleft from the previous
stand, showed no symptoms of ARD and were too big to extract.
They were not included in the analysis. At Dombakup, 21.5% of
thetreeswere dominant karri and 78.5% were subdominant karri.

Disease symptoms

Infected trees displayed typical above- and belowground
symptoms of A. luteobubalina infection. Aboveground symptoms
included basal scarring accompanied by awet stringy whiterot of
infected sapwood, extensivekilling and discol ouration of the stem
bark for up to 3 m abovethe ground, and theformation of clusters
of basidiomes at the bases of infected trees in the autumn.
Belowground symptoms included the ends of roots rotted away,
white-rotted sapwood and white mycelial fans below dead or
infected bark. Rhizomorphs were not observed in the field.
Armillaria luteobubalina was successfully isolated from 82% of
the infected trees. No isolations were attempted from one plot at
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Table 2. The fraction of all treesin each plot infected with Armillaria luteobubalina as assessed by aboveground and belowground symptoms

Location Plot type Number Fraction of trees infected as assessed by symptoms (%)
of treest Aboveground Belowground
(Mean + sg) (Mean £ sg)
Dombakup 8 Symptomatic 142 21.8+4.4 425+7.8
Non-symptomatic 84 0.0 16.6+ 04
Dombakup 9 Symptomatic 121 299+ 4.4 475+ 6.9
Non-symptomatic 80 0.0 185+ 12.6
Dombakup total Symptomatic 263 259+ 33 450+ 49
Non-symptomatic 164 0.0 174+51
Warren 2 Symptomatic 139 23074 455+ 134
Non-symptomatic 69 0.0 106+ 15
Warren5 Symptomatic 113 233+58 344+30
Non-symptomatic 62 0.0 52+52
Warren total Symptomatic 252 231144 40.0+ 6.7
Non-symptomatic 131 0.0 79+27
Overadl total Symptomatic 515 245+ 26 425+ 41
Non-symptomatic 295 0.0 126+ 3.2

1Total number of trees extracted (dominant and subdominant karri and marri) in all plots at each site.

Dombakup 9, which accounted for 7% of the infected trees. In
samples that had advanced rot, yeast infection generally
prevented successful isolation of Armillaria, but in many yeast-
infected cultures, although Armillaria did not produceamycelial
colony, rhizomorphs extended directly from the small sample of
infected wood through the agar medium and beyond the boundary
of theyeast culture. Sub-culturesfrom the rhizomorphs produced
typical mycelial colonies of A. luteobubalina.

@ Symptomatic plots (based on aboveground symptoms)
[J Symptomatic plots (based on belowground symptoms)
B Non-symptomatic plots (based on belowground symptoms)

a
50 7 ab

40 A

30 1

Incidence of infected trees (%)
[}
o

N

Figure 1. The average (z se) incidence of infection in plots showing
aboveground symptoms or non-symptomatic for Armillariaroot disease.
NB. The incidence detected by aboveground symptoms in the non-
symptomatic plots was zero. Significant differences (P = 0.05) between
treatments within sites are indicated by letters above columns.

Dombakup Warren

Typeof plot

There was no significant difference in the incidence of infection
found in symptomatic plotsthat were centred on either dominant
or subdominant trees (P = 0.5 and 0.1 based on aboveground
symptoms, and P = 0.9 and 0.6 based on actual belowground
levels for Dombakup and Warren, respectively). Therefore, no
further distinction was made between plots centred on either
dominant or subdominant trees.

Belowground incidence of infection

Incidence of disease in the non-symptomatic plots was
significantly lower (P < 0.05) than in the symptomatic plots at
both sites (Fig. 1). The average incidence at Warren was lower
(but not significantly) than at Dombakup, overall averaging 12.6%
of trees(Fig. 1 and Table 2).

Within the symptomatic plots, therewere no significant differences
in the actual levels of infection between the two sites at both
Dombakup and Warren (Fig. 1), averaging 42.5% of trees(Table 2).

Aboveground symptomsver sesbhelowground incidence

Assessment using aboveground symptoms substantially under-
estimated thelevel of disease (Fig. 1 and Table 2). In symptomatic
plots, themean level of infection based on bel owground symptoms
was 20% higher at Dombakup and 17% higher at Warren than
levels based on aboveground symptoms, with 45% and 40% of
thetrees, respectively, being infected (Table 2). Withinindividual
symptomatic plots, the difference between incidence based on
aboveground and belowground symptoms was 0-38% at
Dombakup and 0—40% at Warren. In the non-symptomatic plots,
mean infection levelswere 17% and 8%, respectively (Table 2),
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Figure2. Thefraction of the overall incidence contained in the dominant
and subdominant strata. Means (+ se) of plots in which trees showed
aboveground symptomsof Armillariaroot disease. Significant differences
(P = 0.05) between treatmentswithin sitesareindicated by letters above
columns.

withrangesinindividua plotsof 6-31% at Dombakup and 0-12%
at Warren. Overall, assessment based on aboveground symptoms
detected only one-half of thetotal number of infected treeswithin
the symptomatic plots. Of the 810 trees pulled in the study, 125
were assessed as being infected based on aboveground symptoms
but 250 were actually infected when bel owground symptomswere
assessed.

Treestand classand species

At Dombakup, a significantly higher (P < 0.05) fraction of the
overall diseaseincidence was established within the subdominant
trees. At Warren, both dominant and subdominant karri carried a
similar fraction of the overall incidence, but the amount contained
inthe marri component was significantly less (P <0.05) (Fig. 2). A
higher proportion of the dominant karri was infected at Warren
than at Dombakup (Fig. 3).

Fraction of primary rootsinfected

When determined by the fraction of primary roots infected, the
intensity of infection in the infected dominant trees on the
Dombakup sites was considerably less than that in the
subdominant trees at Dombakup and in both the dominant and
subdominant karri at Warren. On the Warren sites, theintensity of
infection was similar ininfected dominant and subdominant karri
and infected subdominant marri. Data concerning marri stump
coppicewere not included (see discussion). | nfected subdominant
karri had a similar fraction of their roots infected at both the
Dombakup and Warren sites (Fig. 4).

Thenumber of genotypesand size of clones

Three genotypes were found to be present at each of the two
Warren sites. At Warren 2, one genotype was present in four
separate plots, and another in two plots, but only one plot had
two separate genotypes present. At Warren 5, each of the three
genotypes was present in two separate plots, but only one plot
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Figure 3. Thefraction of trees, in each species and stand class, infected
with Armillaria luteobubalina. Means (+ se) of plots in which trees
showed aboveground symptoms of Armillariaroot disease. Significant
differences (P = 0.05) between treatments within sites are indicated by
|etters above columns.

contained two separate genotypes. One plot wasfree of infection.
By isolating from infected trees between the plots, the largest
clone was found to occupy about 0.4 ha within the study area.
Theremainder occupied areasranging from 0.01 hato 0.2 ha. One
small clone (0.02 ha) was identified at Warren 2 which was not
present in any plots but had infected anumber of treesin an area
of forest between the plots.

There were four genotypes within the plots at each of the two
Dombakup sites. At Dombakup 8, one genotype occupied three
plots and spread over adistance of 100 m. At Dombakup 9, only
one genotype spanned at least two plots, which were separated
by 50m.

& Dominant karri

70 T [J Subdominant karri
M Subdominant marri a
s 60
g ab a
@ |
< 50
1)
€ ab
o 40 1
5]
o
‘s 30 1
c b
Ke]
S 20
a
o
o 10 A
0 T
Dombakup Warren

Figure 4. The fraction of primary roots infected, in each species and
stand class, on al infected trees extracted from each site. Significant
differences (P = 0.05) between treatments within sites are indicated by
|etters above columns.
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Discussion

In the past, anecdotal evidence suggested that trees on wetter,
higher quality sites appeared to be more prone to infection. The
results of this study, however, suggest that dominant trees in
mixed karri-marri stands are more susceptibleto ARD than those
in pure stands on higher quality sites. In the course of this study,
however, it was observed that disease centres with little or no
regeneration were common on both of the Dombakup sites, while
unstocked openings due to disease were not observed on the
two Warren sites. This indicates that the disease was further
advanced on the Dombakup sites, the more susceptible trees
having already been eliminated from the stands, supporting the
argument that high quality sitesare more susceptibleto infection.
The susceptibility of trees on different sites needs to be further
investigated.

In al the plots centred on subdominant trees, a neighbouring
dominant tree was also found to be infected. This may account
for there being no differencein the amount of infectionin the plot
types based on the status of the central tree.

Most marri trees sampled were multi-stemmed coppice that had
sprouted from stumps following the previous harvest. Data
concerning infected marri stump coppice were used only to
determine infection levels in plots and at sites; they were not
used to determinetheintensity of infectionin marri trees. Infected
marri saplings (with single stems) generally showed no
aboveground symptoms of infection. When marri stump coppice
was infected, it was generally restricted to the origina stump.
Mycelial sheetsformed between the old stump and the heel of the
coppice, but infection did not extend into therootsor collar of the
new growth. In jarrah (Eucalyptus marginata Donn ex. Sm.)
forests, marri isregarded as a susceptible species, with extensive
colonisation of root and stem sapwood occurring ininfected trees
(Shearer and Tippett 1988). In karri forest, however, the observed
lack of colonisation of marri coppice on infected stumps and the
lower incidence of infected roots on regenerated trees (Fig. 4)
suggest it may be more resistant than karri. This difference may
be related to a drier environment creating stress-related
susceptibility of marri treesinjarrah forest.

In this study, detailed aboveground examination detected only
50% of thetotal number of treesthat were actually infected. This
led to true levels of infection being underestimated by at least
20% (and up to 40% in some plots). In apparently disease-free
portions of the stands (i.e. non-symptomatic plots) up to 12% of
the trees were infected at Warren and up to 31% at Dombakup.
Similar results have been recorded in Canada. In the southern
interior of British Columbia, work in mixed conifer standsinfested
with A. ostoyae (Romagn.) Herink showed that an average of 51%,
28% and 23% of non-symptomatic trees in plots centred around
infected dead trees in dry, moist and wet climatic regions,
respectively, had infected root systems. In addition, the actual
disease level in non-symptomatic plots in dry, moist and wet
climatic regionswas 6%, 24% and 15% respectively (Morrison et
al. 2000). In conifer plantationsin Ontario, an average of 58% of
symptomless trees surrounding trees infected with A. obscura
(Pers.) Herink (= A. ostoyae) werereported to beinfected (Whitney
et al. 1989). Similarly, in 25-60-y-old Douglas-fir stands on
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Vancouver Island, about one-half of the trees infected with
Phellinisweirii (Murr.) Gilb. were detected by using aboveground
indicators (Wallisand Bloomberg 1981).

Applying disease status to yield prediction models may be
important for demonstrating sustainability. Using the Prognosis
model (Stage et al. 1990) adapted for the dry climatic region of
southern interior British Columbia, Morrison et al. (2000)
determined areductioninyield of 10% from that of adisease-free
prediction when using aboveground incidence of ARD toinitialise
themodel. When actual diseaseincidence was used, the predicted
yield was reduced by 35%.

These results challenge the reliability of surveys based on
aboveground disease symptomsto determine actual diseaselevels
and management options and thus to predict future mortality,
growth and yield in infested stands. All four sites in this study
werein stands scheduled for first thinning. In karri regrowth, first
thinning isnormally carried out commercialy. Thinningsareeither
chipped for export, or utilised in the local small-sawlog market,
depending on the size and quality of logs. Conventional thinning
exacerbatesdiseaseincidenceininfested stands (Robinson 2003).

At present, disease management options require nominal 25-m
buffer zones to be placed around al infection sitesidentified by
ground surveys, to indicate possible exclusion zonesfor thinning
(Robinson et al. 1998). In heavily infested stands, overlapping
buffers may encompassthe whole stand, but in low to moderately
infested stands or in stands where disease is present but not
expressed, ground surveys may fail to detect sufficient infection
sitesin order to successfully buffer the entire area of infestation.
Managers, however, must critically evaluate disease impact and
management objectives to ensure that the level of loss justifies
any control measures taken (Wargo and Shaw 1985) and/or the
cost of moreintensive survey (Wallisand Bloomberg 1981). Once
it has been established that ARD is present, Robinson (2003) has
recommended that whole-tree pulling be utilised during the first
thinning on high quality karri regrowth sites. This negates the
need for disease buffers and more intensive survey, and alows
scheduled thinning to go ahead.

In this study 15 genotypes of A. luteobubalina were isolated
from about 7 ha of forest. At the Warren 2 site at least 50 trees
were infected by the same genotype. In mixed-species eucalypt
forests in Victoria, Kile (1983) reported 36 genotypes of
A. luteobubalina from atotal forest area of 24 ha, and estimated
that new disease centres, arising from basidiosporeinfection, had
occurred at therate of lessthan one per year. Thus disease spread
by airborne spore dispersal does not need to be considered when
formulating management optionsin eucalypt forestsinfested with
A. luteobubalina.

This contrasts dramatically with the situation in New Zealand
whereupto 93 genetsof A. novae-zelandiae (G. Stev.) Herink and
56 genets of A. limonea (G. Stev.) Boesewinkel per hectare have
been observed inthe soil following clearing of nativeforests (Hood
and Sandberg 1987) and airborne spread of disease must be
considered because basi diospores havethe ability to infect freshly
cut stumps and wood in the Pinus radiata D. Don plantations
that are established on such sites (Hood and Sandberg 1987,
Hood et al. 2002a,b).
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The results of belowground survey in this study support the
suggestion that whole-tree pulling can be used to thin high-quality
karri regrowth standsinfested with ARD (Robinson 2003). This
eliminatesthe possibility that infested portions of stands may not
be buffered despite disease survey. The fact that aboveground
survey underestimates true levels of disease needs to be taken
into account when modelling future yields. A broader study,
including lower quality sites, is needed to determine if these
findings are consistent for all types of karri regrowth.
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