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ABSTRACT

Armillariaroot diseaseiswidespread in plantations of Pinusradiata D. Donin many
partsof New Zealand. Datafromresearch trialsinthree central North Island forestswere
used to estimate the impact of infection, as assessed by the extent of root collar girdling,
onstand growth approximately halfway through therotation period, assumingacausative
relationship between infection severity and growth. VVolume loss was determined as a
little over 2% at age 13 years, in a second-rotation stand with ca. 20% of trees infected
prior to thinning, on asite not previously covered in indigenous forest. This value was
calculated from the average stem volume for each of four infection severity classesand
the relative numbers of treesin each class. Indicesto compensate for competition were
included in the model, based on stem diameters and local stocking densitiesinfluencing
the growth of each tree. Mortality was not a significant factor in this stand. By contrast,
mortality induced by Armillariaroot disease was typically high in first-rotation stands
planted on ex-indigenous forest sites, causing gapsin stocking resulting in substantially
greater volume loss. In one such stand a comparison of mid-rotation crop tree volumes
with early mortality indicated that a crop volume reduction of 21% had occurred. An
additional lossof 4% inthisstand wasattributableto growthreductionininfected but still
living trees. Although comparatively low, growth loss in infected trees may have
significant economic impact if the disease becomes generally dispersed in second-
rotation plantations.

Keywords: root disease; growth loss; Armillaria novae-zelandiae; Armillaria limones;
Pinus radiata.

INTRODUCTION

Two studies have attempted to estimate the extent to which the root disease fungi
Armillaria novae-zelandiae (Stevenson) Herink and A. limonea (Stevenson) Boesewinkel
reduce projected wood volume yields in first-rotation stands of Pinus radiata growing on
logged indigenousforest sites. Both estimates were based on the growth loss determined on
infected trees with different degrees of root collar resinosis. Shaw & Calderon (1977) used
measurements of diameter increment reduction ininfected living treesto estimate avolume
lossof 29-32%for a15- to 21-year-old pul pwood rotation and a 26-year-old sawlog regime.
Their cal culationsincorporated a25-30% Il ossin ground areadueto theformation of patches
of mortality, and a significant increment decrease among the 15% most severely infected
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final-croptrees. MacK enzie(1987) used new datacollected from the same stand 9 yearslater
to revise the previous estimate. This was done by making sectional measurements to
determine volume increment on selected trees in different root collar resinosis classes.
MacKenzie believed that the volume deficit after final thinning was more significant than
early mortality loss, which was compensated for by renewed growth on residual trees. By
assuming that death and windthrow would continue in the stand, he computed a total
potential volumelossof 6-13% for a28-year-old sawlog regime. Thesevalueswere used by
Self & MacKenzie (1995), assuming the same frequencies of root girdling classes, to
guantify the effectivenessof stump removal prior to planting on asitewhere poisonthinning
of the previous crop had led to an increase in the level of inoculum.

Since these earlier New Zealand studies, the conversion of logged indigenous forest to
pine plantation has declined, and the incidence of early mortality due to Armillaria root
disease has decreased substantially. Neverthel ess, planting continues, and chronicinfection
remains widely prevalent, though variable in incidence, throughout much of the exotic
resource(Hood & Sandberg1993a, b; Self etal. 1998). Thechanged character of theproblem
has created aneed for anew estimate of theimpact of this disease on stand productivity, and
data obtained from three comprehensively monitored central North Island trials were
employed for this purpose. Two of these trialswere used to monitor the development of the
diseaseinfirst-rotation P. radiata on sitescleared of indigenousforest. Further information
gathered fromthesestandsmadeit possibletorevisit theearlier growthlossestimatesfor this
kind of forest. The third trial, in a second-rotation stand on a non-indigenous forest site,
characterised atypefor which growthlosshad not yet been estimated, eventhoughit typified
much of the anticipated future forest resource in this country.

MATERIALS AND METHODS
Study Sites

Thestand used to estimatethegrowthimpact of Armillariaroot diseasein second-rotation
P. radiata on anon-indigenousforest site, wasa3.1-hatrial in Kaingaroa Forest established
to determine the effect of thinning on the incidence of infection (Hood & Sandberg 1993z;
Hood, Kimberley, Gardner, & Sandberg 2002). Trees were planted in 1985, after the
harvesting of a 54-year-old crop of Pinus nigra ssp. laricio (Poir.) Maire. The original
vegetation wastussock and fern, with possibly some scrub, but no trees. Early mortality was
low (3% of trees), typical for such astand, but 22% of living treeswereinfected at age6 years.
Thefirst pre-commercial thinning was undertaken at age 7 years according to thefollowing
prescription:
(1) Unthinned (810 stems/ha, not pruned; control)
(2) Thinned to 250 stems/ha, residual trees pruned

(3) Thinned to 250 stems/ha, by whole-tree extraction using a cable (no thinning stumps),
residual trees pruned

(4) Unthinned, pruned (to be thinned to 250 stems/ha at age 13 years)
(5) Thinned to 500 stems/ha, pruned (to be thinned further to 250 stems/haat age 13 years)

However, for the present study, undertaken before the second thinning, there were
effectively only three treatments, unthinned (Treatments 1 and 4), thinned to 250 stems/ha
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(Treatments2 and 3), and thinned to 500 stems/ha(Treatment 5). Treeswerepruned between
ages7 and 13 yearsas previously described (Hood, Kimberley, Gardner, & Sandberg 2002).

Of thetwo P. radiata first-rotation trials on ex-indigenous forest sites, one consisted of
four rectangular plots 36 m x 28-36 m scattered over an area 2 km acrossin Tuararangaia
Forest (Raungaehe Range, east of Te Teko; Hood & Sandberg 1987, 1989, 1993b). These
stands were planted at a stocking of 1100-1500 stemg/ha in 1985 (Plot 2) and 1986
(remaining plots), withinayear of clearfelling and burning of the previous, partially logged,
podocarp-hardwood forest. Selected trees were pruned in four lifts to ca. 6.5-7 m height
between ages 4 and 9 years, and unpruned trees were operationally felled at age 5 yearsin
Plot 2 only, leaving astocking of 450 stems/ha. All plotswerethinned at age 11 or 12 years
toafinal stocking ranging from 250t0 360 stems/haindifferent plots. Armillariaroot disease
had killed 22—35% of theoriginal treesby age5-6 years, | eaving significant gapsinthestand,
andtotal infectioninall treesranged from54t064%. In Plot 2, 67% of stumpswerecol onised
by Armillaria species 15 months after the first thinning.

The second first-rotation, ex-indigenous forest trial was that used by Shaw & Calderon
(1977) and MacK enzie(1987), being Block E of Beveridge(1966) and Site2 of Shaw & Toes
(1977). A site on the Mamaku Plateau near Rotoruawas plantedin P. radiatain 1966, after
clearingandburning of theresidual, selectively logged, podocarp-hardwoodforest. Incidence
of trees infected after thinning to 300 stems/ha was 60-62% at age 10 years, and 56%
(including 6% treesthat had since died) at age 19 years. The stand was clearfelled at age 29
years.

Field Data

Thepositions of all treesin the Kaingaroatrial were mapped using aerial photography at
thetimeof trial establishment prior to crown closure (Hood & Sandberg 1993a). Severity of
infection was evaluated on all standing treesat ages6 and 12.5 years (Fig. 2 and 3in Hood,
Kimberley, Gardner, & Sandberg 2002). Diameter at breast height (dbh), tree height, height
to the base of the green crown, and pruned height were measured on all treesin July 1998
(age 13 years), prior to afinal thinning at age 13.5 years. However, growth data were not
taken fromtreesintheouter row around theinside of each plot, whichwastreated asabuffer
zone, and five trees that had died after the first thinning were also not measured.

The positions of all trees in the Tuararangaia trial were mapped after planting, and
mortality wasmonitored during subsequent years. Severity of infection wasestimated on all
standing treesin December 1991 (ages5, 6 years), prior to thefirst thinning (Fig. 1-4 Hood
& Sandberg 1993b), and again, after thefinal thinning, in November and December 1998 at
ages12, 13years(Fig. 1). Dbh, tree height, height to the base of the green crown, and pruned
height were measured on all standing trees at mid-rotation in September 1998 (ages 12, 13
years), less than 12 months after the final thinning (all residual trees being still living).

Residual treesin the Mamaku trial were evaluated for infection, height, and dbhin 1995
(age 29 years), immediately prior to harvest. Archival dbh and infection datacollected from
thistrial at ages 10 and 19 years were al so available to augment information from the other
trials (MacKenzie 1987).

Diameters were measured with a diameter tape, and heights optically with a“Forester
Vertex”. Infection severity was estimated using alight, short-handled grubber to exposethe
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FIG. 1-Residual trees available for operational selection in the Tuararangaiatria after early
mortality caused by Armillaria species(asat age5yearsinPlots 1, 3, 4; 6 yearsin Plot
2). Symbols distinguish crop trees retained by forest management (including those
infected at the root collar after thinning), trees removed in asingle thinning at age 12
years(Plots 1, 3, 4), and treesremoved in two thinnings at ages 5 and 13 years (Plot 2).
Clockwise from top left: Plots 1, 3, 4, 2 (cf. Figs. 14 in Hood & Sandberg 1993b).
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root collar in order to estimate the extent of girdling by azone of resinosis, accompanied by
the presence of rhizomorphs. Treeswere assigned to one of five girdling classes (0 = 0%; 1
= 1-25%; 2 = 26-50%; 3 = 51-100%; 4 = dead, with Armillaria). Thistechnique has been
used in previousstudies (Shaw & Calderon 1977; MacKenzie 1987), andisbelieved to give
areliable estimate of true infection of P. radiata by Armillaria species in New Zealand
(Hood, Kimberley, Gardner, & Sandberg 2002). A dlightly different scale was used for

infection in the Mamaku trial (see Results section).
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Analyses
The effect of mortality on volume production

Knowledge of the tree positions in the Tuararangaia trial was made use of to assess the
impact of the highincidence of early mortality, typical of first-rotation ex-indigenousforest
stands, onfinal-crop volume. Stem volume (m3) wasestimated from height (m) and dbh (cm)
using the following general volume equation, which provides good estimates for New
Zedand-grown P. radiata (A. Gordon pers. comm.):

Stem volume = 0.00004446 dbh?-829 ht1.0319 0

A SAS programme (SAS Institute Inc. 1989) was developed which sampled both
mortality and crop volume by repeatedly placing circular subplotsrandomly withinthetrial.
The early mortality attributableto Armillariaroot disease, and the volume of the crop trees
at mid-rotation, were determined within each subplot. The following nonlinear regression
function was then fitted using the SAS procedure NLIN:

N, )P

—} @)
Ny

where V is crop volume (m3/ha), N; and N, are the stocking density (stems/ha) at planting
and after mortality induced by Armillaria species, and a and b are regression coefficients.
The coefficient a gives the volume corresponding to zero mortality, while the coefficient b
determines the effect of mortality on crop volume. For example, b = 1 implies that crop
volumereductionisdirectly proportional to mortality, whileb = 0impliesthat mortality has
no effect on crop volume. Thisregression equation wasfitted separately for each of thefour
plotsin the trial, providing four independent estimates of the regression coefficients and
volumeloss. A general equation was also obtained with aglobal b parameter but separatea
parameters fitted for each plot using dummy variables. A sufficient number of simulated
subplots was generated to obtain regression parameters with adequate precision for each
plot. The simulation was repeated for arange of subplot sizeswith radii of 2.5, 5, 7.5, and
10 m.

The mean percentage reduction in volume within a subplot is given by:
Percentage volume loss = 100(1 — V/3)
=100(1 - (Nz/,)") 3
=100(1 — (1 — M/30)°)
where M isthe percentage mortality in the subplot. Within each of thefour plotsinthetrial,

the mean percentage reduction in volume of the sel ected crop trees at mid-rotation resulting
from early mortality was estimated using the a coefficients from the global b model by:

Percentage volumeloss = 100(a — mean(V))/a 4

V=a

Equation 3 was then fitted as a regression relating estimated plot mean volume loss to
mortality. Because this regression was fitted to plot means, it was believed to provide the
most reliable relationship between the loss in crop volume and mortality.

The effect of infection on tree growth

A regression model was fitted using the SAS procedure GLM to test for significant
differencesinthegrowth of individual living treesbetween Armillariaroot diseaseinfection
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severity classesinall threetrials. Thegrowth variablesemployed were dbh, height, and stem

volume estimated using Equation 1. Datafrom all trial swere processed using the samebasic

analysis of variance model, which included the following factors:

» A plot effect which accounted for site and silvicultural effectson growth (thinning and
pruning)

*  Where possible, two competition indices (described below)

» Theinfection severity score.

To improve the sensitivity of the model, local competition effects were accommodated
using X, y grid co-ordinates identifying the locations of all trees in the Kaingaroa and
Tuararangaia trials, for which these data were available. Two competition indices were
employed. Thefirst, COMP1, a measure of local stocking, was the number of trees within
afixed radius of the subject tree. The second, COM P2, was the average stem volume of all
trees within the same fixed radius of the subject tree. A radius of 6 m was used because the
testing of arange of values indicated no further improvement in the model! fit beyond this
distance. The competition indicesfor the Kaingaroatrial were calculated using the 13-year,
post-thinning data. Because positions but not diameters were known for the buffer trees
between the measurement plots at Kaingaroa, COMP1 could be determined accurately.
However, COMP2 could only be calculated using the non-buffer plot trees, and was
therefore determined only approximately for trees near plot edges. Inthe Tuararangaiatrial,
only COMP1 was calculated, since the positions, but not the diameters were available for
trees removed by thinning at ages 12 and 13 years. No indices could be calculated for the
Mamaku trial for which tree position data were not available.

Oneconcernwiththeaboveanalysisisthat thereductionin growth of diseased treescould
beexaggerated by competitionfromneighbouring, disease-freetrees. Thecompetitionterms
intheregression model fitted to the Kaingaroatrial madeit possibleto correct for thiseffect.

Firstly, it should be noted that the mean stem volume (m3) without any adjustment for
competition, can be expressed as:

—_ 3
V:M—kC—;hpi )
where,

w is the mean of model effects including the COMPL1 term applied for the average
stocking, but excluding COM P2 and assuming an infection severity of zero,

k isthe coefficient of the competition index term, COMP2, at average local stocking,
C isthemean value of COMP2 in thetrial
l; isthecoefficientindicatingthereductioninvolumeassociated with severity classi (with
i=1,2 0r3),

p; isthe proportion of treesin severity classi.

This formula can be used to predict mean volume, without adjustment for competition,
for a stand containing any proportion of trees in each severity class.

To adjust for competition, it is only necessary to notice that the mean of COMP2 will

always equal the mean stem volumein the stand. Thus the mean stem volume adjusted for
competition is:

V=u-kv-3iip, (6)
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u-= iZl li py
or, V= 17K
For example, for adisease-free stand (i.e., p; = 0 for al i), competition-adjusted volume
is estimated by:
u
= 7
v 1+Kk Y

A hypothetical stand consisting entirely of treesin severity class 1, would have amean
volume adjusted for competition of:
pu=ly

T 1+k ®

Themean volumeadjusted for competition can be estimated by awei ghted mean of terms
such asthose given in Equations 7 and 8 using the proportion of treesin each severity class
asweights. An estimate of the percentage | oss caused by the disease can then be obtained by
comparing the adjusted mean volume with the adjusted disease-free volume (Equation 7).

RESULTS

The coefficients of the regression equation relating mid-rotation volume of crop treesto
mortality caused by Armillaria species (Equation 2) derived from the Tuararangaiatrial are
givenin Table 1. These coefficientsshow that mortality isassociated with areductionincrop
volume. For example, for 5-m-radius subplots, the parameter b had amean value acrossthe
four plotsin the trial of 0.55 with a standard error of 0.10. The hypothesis that there is no
association between mortality and crop volume (i.e., b=0), isrejected (t; = 5.66; p = 0.011).
Regressionsusing aglobal b parameter and separate a parametersfor each plot gaveavalue
of b =0.47 for 5-m-radius subplots (Table 1). These coefficients were used to estimate the
lossin crop volume for each plot using Equation 4 (Fig. 2). Equation 3 wasthen fitted asa
regression relating estimated plot mean volume loss to mortality. The coefficients for this
model varied slightly with subplot size(Tablel, Fig. 2), and thereappearsto belittleobvious
rationale for preferring any particular subplot size. However, because the subplots with
radius of 5m gave the smallest standard errors (Table 1), these were considered to give the
most reliable results. The valuefor b using these subplotswas closeto 0.5. Thisleadsto the
following simplerule-of-thumb: “V olumel ossequal soneminusthesguareroot of survival”,
where both survival and volume loss are expressed as proportions. At Tuararangaia, the

TABLE 1-Analysis of the effect of mortality caused by Armillaria species on crop volume in
Tuararangaiatrial. Estimated val ues of the b coefficient (Equation 2) for arange of subplot

sizes.
Subplot Models fitted separately to each plot  Common b Model fitted to
radius (m) model plot means
mean(b) se.(b)
25 0.44 0.13 0.34 0.70
5.0 0.55 0.10 0.47 0.52
75 0.51 0.13 0.48 0.50

10.0 0.36 0.14 0.42 043
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FIG. 2-Reduction in crop volume associated with mortality at the Tuararangaiatrial. Results
are shown for subplots of four different radii. Regression linesare of theform givenin
Equation 4.

mean survival after mortality caused by Armillaria specieswas 63%. Using the above rule-
of-thumb, predicted volume loss would be 100(1 —V0.63), or 21%.

Tree growth was significantly associated with severity of infection in two of thetrials,
Kaingaroaand Mamaku. Thisrelationshipisdemonstrated for Kaingaroa, for instance, inthe
analysisof variancetablefor stem volume (Table 2). Both localised stocking (COMP1) and
size of neighbouring trees (COMP2) wereincluded as covariatesin thisanalysisalong with
their interaction, and all proved to be statistically significant. It was noted that COMP1 and
COMP2 were themselveslargely unrelated (pooled within-treatment correlation = —0.06),
and they could therefore both be validly included inthe model. The signsof the coefficients
for thesetermsindi cated that both higher local stocking and larger surrounding treesreduced

TABLE 2-Analysis of variance for 13-year stem volume, Kaingaroartrial

Source df. Sum of Mean sguare F-value prob > F
squares*

Block 3 0.28 0.094 0.81 051
Thinning treatment 2 7.22 3.612 3114 <0.0001
Plot(Block) 14 1.62 0.116

Comp2 1 0.68 0.682 22.73 <0.0001
Compl 1 0.21 0.208 6.93 0.0086
Compl x Comp2 1 0.19 0.187 6.24 0.0126
Infection score (12.5 yr) 3 0.45 0.179 4.97 0.0020
Residual 1094 32.83 0.030

*Sums of squares are Type 1
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stem volume of a subject tree. The coefficient for the interaction term was negative,
indicating that the competing effect of larger neighbouring trees was less pronounced at
lower stockings. Theinteraction between severity of infection and stocking was al so tested,
but was not statistically significant for any growth variable.

Valuesfor all growth values (least squares means and standard errors) are compared for

eachinfection severity classin Table 3, for each of thethreetrials. In both the Kaingaroaand

TABLE 3-Least squares means and standard errors for trees in different infection classes*

(a) Kaingaroartrial

Infection Volume dbh dbh increment Height
score (13 years) (13 years) (6-13yr) (13 years)
(12.5yr) (md) (cm) (cm/yr) (m)
mean se. mean se. mean se mean se
0 0487a 0.011 295a 0.4 223a 0.03 19.1a 0.1
1 0455b 0.014 286b 05 2.12b 0.04 18.9a&b 0.2
2 0.438b 0.019 28.2bc 0.6 212bc  0.06 18.7 ab 0.3
3 0.418b  0.027 26.7¢c 0.9 1.93c 0.08 184b 0.4
Infection Volume dbh dbh increment Height
score (13 years) (13 years) (6-13 yr) (13 years)
(6yr) (md) (cm) (cmiyr) (m)
mean se. mean se. mean se. mean se.
0 0475a 0.10 29.2a 04 20la 0.07 19.0a 0.1
1 0486a 021 29.7a 0.7 219a 0.03 193a 0.3
2 0.460ab 0.23 28.9ab 0.8 221ab  0.06 19.0ab 0.3
3 0.409b 022 27.2b 0.7 2.15b 0.07 18.4b 0.3
(b) Tuararangaiatrial
Infection Volume dbh Height
score (12 years) (12 years) (12 years)
(12yr) (md) (cm) (m)
mean se. mean se. mean se.
0 0476a 0.028 28.6a 0.8 199a 0.4
1 0490a 0.034 29.0a 0.9 204 a 05
2 0433a 0.045 27.1a 12 19.7a 0.6
3 0526a 0.041 294 a 11 20.7 a 05
(c) Mamaku trialt
Infection dbh dbh dbh increment
score (10 years) (19 years) (10-19yr)
(19yr) (md) (cm) (criyr)
mean se. mean se. mean se.
0 180a 0.2 399a 0.4 242a 0.04
1 181a 0.3 400a 0.7 243 a 0.07
2 18.7a 0.3 39.3ab 0.6 230a 0.06
3 181a 0.4 375b 0.8 215b 0.07
4 185a 05 338 55 1.64 0.52

*

Values followed by the same letter within a column do not differ significantly (p=0.05)

Archival raw data analysed without edge trees; score categories (proportion of root collar girdled, scale shifted
for ease of comparison): 0 = 0%; 1 = < 5 cm circumference; 2 = >5 cm to <50%; 3 = > 50%; 4 = dead or
windthrown
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Mamaku trials there was a trend indicating a significant decrease in dbh, dbh increment,
height, and volumewith increasing severity of infection, thedbh incrementsbeing of similar
order in both trials. In the Kaingaroatrial, the growth trends were more pronounced for the
12.5-year severity valuesevaluated after thefirst thinning, than for the earlier 6-year values.
These trends were not apparent with the data from the Tuararangaiatrial.

Thevaluesin Table 3 arenot adjusted for the effect of competition. Percentagereductions
involume of diseased trees compared with disease-freetrees, with and without competition
adjustment, are shown in Table 4 for the Kaingaroa trial. Vaues are calculated for each
severity class and for the mix of severity classes in the stand, and the effects of the
competition adjustment are shown in Fig. 3. Without adjustment for competition, the
predicted loss in volume associated with Armillaria root disease was 3.15%, but after
adjustment for competition this was reduced to 2.35%.

TABLE 4—Percentagereductioninvolumeof infected compared withinfection-freetreesinKaingaroa
trial. Values are shown for each severity class, and across all classes as represented in the
trial. Reductions are calculated with and without competition adjustment.

Infection score Unadjusted Adjusted
(12.5 years)
mean se. mean se
1 6.37 272 4.79 204
2 9.87 3.69 7.42 2.77
3 13.98 5.32 10.50 3.99
Average score* 3.15 0.79 2.35 0.59

* Calculated using the average proportions of treesin each severity classin thetrial with even weighting givento
each plot.
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FIG. 3-Meanstemvolumeat 13 years, for each 12.5-year root collar infection class, Kaingaroa
trial data. Estimates are given with and without adjustment for competition.
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Although there was no significant interaction between thinning and infection severity
score in these analyses, it was thought worthwhile to confirm this by fitting separate
regression models to the thinned and unthinned plots in the trial. As expected, the
competition adjustment term, k, and the corresponding effect of the competition adjustment,
weresmaller for thethinned than the unthinned plots (Table5). Because disease scoreswere
higher on average in the thinned plots, the estimated reduction in volume was greater for
these plots (2.53%) than for the unthinned plots (2.00%). To compare directly the two
treatments at similar disease levels, volume losses were predicted using the trial mean
severity scoredistribution for both treatments. Under this scenario, predicted volumelosses
werefound to bevery similar at 2.48% for unthinned and 2.22% for thinned plots (Table5).

TABLE 5—Percentage reduction in volume of infected compared with infection-free trees in the
Kaingaroatrial evaluated separately for thinned and unthinned treatments. Estimates are
given for the actual distribution of scores found in each treatment, and for the average
distributioninthetrial. Reductionsarecal culated with and without competition adjustment.

Distribution of Treatment Unadjusted Adjusted
infection scores mean s.e. mean s.e.
Treatment mean Unthinned 3.18 1.04 2.00 0.65
Thinned 2.94 1.08 253 0.93
Trial mean Unthinned 3.91 1.39 2.48 0.88
Thinned 2.56 0.92 2.22 0.80

One potentia source of biasin thisanalysis stemsfrom the use of asingle assessment of
disease severity (at age 12.5 years), and the assumption that all trees that showed no
symptoms of the disease were disease-free. It is possible, however, that some of these
apparently healthy trees had been infected at some earlier period, and had suffered some
reduction in growth. Thiswould tend to lead to an under-prediction of thelossin growth. To
testthis, theaboveanal ysiswasrepeated but it wasassumed that only treeswith no symptoms
in both assessments (ages 6 and 12.5 years) were truly disease-free. The predicted lossin
volume growth was dlightly greater than the analysis based on the single assessment,
although the differencewasnot statistically significant. The estimated volumeloss adjusted
for competition using both assessments was 2.71% (se=0.88) compared with 2.35%
(se=0.65) in the single assessment analysis.

The Kaingaroa trial gave the most precise estimates of volume growth loss associated
with infection score, as is clearly evident from the standard errors in Table 3. This was
primarily because of the large number of treesin the trial, and also because competition
indices could be calculated. The competition-adjusted volume reduction estimates from
Table 4 can therefore be considered the most reliable estimates currently available of the
association between diseaselevel and growthloss. Growth losspredictionsfor thetwo, first-
rotation, ex-indigenous forest sites, were obtained by applying these to the distribution of
infection scores in these trials. The resultant volume loss estimates ranged from 3.85 to
4.43% (Table 6).

DISCUSSION

V arious approaches have been used to estimate the effects of root disease fungi on tree
growth. In North America, Froelich et al. (1977) determined that trees of Pinus elliottii
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TABLE 6-Predicted volume growth loss caused by disease in the three trials, using a generalised
adjustment based on the Kaingaroatrial. This prediction takes no account of the effects of

mortality.

Site and treatment Predicted lossin volume (%)
Kaingaroatrial 2.35
Tuararangaiatrial 4.43
Mamaku trial 3.85

Engelmann suffered significant lossesin basal areagrowth if morethan half their rootswere
infected by Heterobasidion annosum (Fr.) Bref. These workers deliberately inoculated
thinning stumpsto induceinfection, but in practice al so chose infected trees from plots that
had not been treated. Other researchers have relied purely on the natural occurrence of root
diseases, quantifying growth lossesby relating tree sizeto somemeasure of disease severity.
Thiess(1983) found significant reductionsin stem volumein Pseudotsugamenziesii (Mirb.)
Franco infected by Phellinusweirii (Murrill) R.L. Gilbertson. Infected treeswereidentified
by culturing from the stain or decay visible in the stump after felling, and stumps were
uprooted to quantify infection. Bloomberg & Morrison (1989) classified infection by
Armillaria ostoyae (Romagnesi) Herink in stands of Ps. menziesii according to the extent of
resinosis at the tree base. V olume growth was found to be lower in treesin higher resinosis
classes. Lewis(1997) examined theimpact of Inonotustomentosus (Fr.:Fr.) S. Teng. onthe
growth of spruce trees (Picea spp.) by sampling roots and grouping trees according to the
number of infected roots. With thisdisease only aslight declinein stem volume growth was
associated with infection. The analysiswas complicated by atendency for larger treesto be
more commonly infected than smaller individuals.

InNew Zealand, Shaw & Calderon (1977) and MacK enzie (1987) also used asignificant
relationship between a decline in volume growth and the extent of resinosis at the base of
Pinus radiata trees infected by Armillaria speciesin order to quantify stand growth loss
estimates. The study reported here matches the findings of Shaw & Calderon (1977). They
believed that in first-rotation stands of P. radiata growing onlogged indigenousforest sites,
thelossinwood production associated with infection by Armillaria specieswaslikely to be
caused primarily by the formation of mortality patches and the consequent under-utilisation
of ground area. They also suggested that the contribution to volume loss due to growth
reductionininfected but living treeswaslower but still significant. Our mid-rotationanalysis
of the Tuararangaiatrial indicated avolume loss of 21% associated with the early mortality
at thissite, and an additional loss of just over 4% associ ated with reduced growth of infected
but living trees. The combined volumelossfigure of about 25%isdlightly lessthanthevalue
of 29-32% predicted by Shaw & Calderon. There will be additional loss resulting from
reduced tree quality caused by the coarser branching associated with low stocking, and from
the poorer choice of crop treesdueto thelower selectionratio at thinning (Fig. 1). However,
this may be partly compensated for in returns from grazing, if cattle are introduced to
mortality gaps before they become dominated by unpalatable hardwood shrubs such as
wineberry (Aristotelia serrata (J.R. & G. Forst.) W.R.B. Oliver). The gapsin stocking due
to the high incidence of early mortality are quite obviousin this stand (Fig.1), and clearly
explain theresultant lossin volume. These plotswere established prior to the clearing of the
original indigenousforest cover, beforethe preci sedistribution of mortality inthe subsequent
pine crop could be known, so there is no reason to believe that the gaps are atypical.
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However, mortality was insignificant in the Kaingaroa trial situated in a second-crop
stand on a site not originally covered in indigenous forest in which ca. 20% of trees were
chronically or non-symptomatically infected prior to thinning. Early mortality is usually
negligiblein second-crop plantationson non-indigenousforest sites, and so any lossinwood
volume will be primarily dueto adecrease in the incremental growth of infected trees. We
calculate the loss in wood volume in this stand to be a little over 2%. This value appears
comparatively low, but the economic impact may nevertheless be substantial when spread
over larger areas (Hood, Marshall, & Kimberley 2002). Theoverall growth effect, at theend
of the rotation, may also be influenced by the much larger second-thinning stumps, which
have potential for boosting infection through their role asasubstrate for Armillaria species.
Thisremains to be seen.

The model used in the analysis to derive these growth loss values incorporated a
correction to account for competition bias. In an uninfected stand, the trees would be
conceptualy larger than those observed, competition would therefore be more intense, and
the mean stem volume would actually be somewhat |ower than that predicted by a model
where competition was not accounted for. The reliability of the incremental growth loss
figures also presupposes that root collar resinosis is an appropriate measure of the overall
infection of the root system. Growth loss may be under-estimated, particularly if thereis
significant undetected infection on trees classed as free from infection (girdling class, 0).
However, thisisunlikely to be so, as discussed by Hood, Kimberley, Gardner, & Sandberg
(2002). The contribution to stand growth loss of Category 1 treesis already comparatively
small, suggesting that Class O trees are even less likely to have a significant input, even if
some root infection should go undetected.

A related issue is the transference of trees between the different infection severity
categories with time (MacKenzie 1987; Hood, Kimberley, Gardner, & Sandberg 2002). In
thisstudy, estimatesof the effectsof the di seaseweregenerally based on measuresof growth
determinedfor each category at singlepointsintime(Table3, 4, and5). Potentially thiscould
lead to biased results, particularly asthere isan underlying assumption in thisanalysis that
ClassOtreeshavebeenfreeof thediseaseat all timesprior to the assessment. However, when
the Kaingaroatrial was analysed assuming that only trees without symptomsin both 6- and
12.5-year assessmentsweretruly disease-free, theestimated | ossinvolumeof 2.7%wasonly
dlightly, and not significantly, higher than the analysis based on the single 12.5-year
assessment of 2.35%. Thisanalysisdoes suggest that, if anything, thevolumelossestimates
givenin Table 4, are likely to be somewhat conservative

The conclusions also assume a causative relationship between infection and growth.
Alternatively, the same association might occur in whole or part, regardless of any effect of
Armillariaroot disease, if smaller treesmay simply becomeinfected morereadily thanlarger
trees. However, a genuine causative effect is implied by, for instance, results from the
dendrometer band study of Shaw & Toes (1977). These authors found steadily diverging
diameter growth between 10-year-old infected and healthy P. radiata treesof similar crown
depth, carefully selected to have comparable average diameter and height (means and
variance) at the start of the monitoring period (cf. Fig. 1 MacKenzie 1987). The analysis of
thinned and unthinned plotsin the Kaingaroatrial also provides someindirect evidencefor
a causative relationship between infection and growth. The unthinned plots will contain
suppressed trees at mid-rotation, but few will be present in thinned plots. Under the
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assumption that the relationship is not causative, it might be expected that the greater
availability of smaller, suppressed, supposedly more readily infected treesin the unthinned
plotswould result in alarger apparent volume reduction, compared with disease-free trees,
than in thinned plots. However, after adjustment for competition effects, the association
between growth loss and infection was similar for both treatments (Table 5).

The estimatesof growth lossfrom thetwo, first-rotation, ex-indigenousforest trialswere
slightly more specul ativethan those obtai ned from the K aingaroatrial, mainly becauseof the
smaller numbers of trees. Thisis probably also the reason why the growth trends apparent
intheother trialswerenot evidentinthe Tuararangaiatrial, wheregrowth datawereavailable
only for thetreesremaining after thefinal thinning. The standard errors of growth estimates
for thistrial were much higher than for the other two trials, particularly the Kaingaroatrial
which gavethe most precisevalues(Table 3). However, aswiththeKaingaroatrial, it should
be possibleto makefurther use of the Tuararangaiatrial nearer the end of therotation period.
It proved impractical to analyse the final data-set from the Mamaku trial collected in 1995
(age29years), just prior tofelling. Sometagsweremissing, anumber of treescould nolonger
be identified, and the earlier purposely non-random selection of alarge proportion of the
most heavily infectedindividual sfor stem analysishad biased thedatafromtheresidual trees
for possible subsequent use. However, useful comparisonswere made using the 10- and 19-
year-old data.

At present, options are limited for the treatment of sites affected by Armillaria root
disease, whether or not the current or succeeding stand is considered. Several potential
methods are under investigation, which involve reducing or denying the pathogen accessto
the stump-wood substrate, and using planting stock that isphysiologically or genetically less
susceptible. The intention is to develop an integrated management procedure for reducing
the growth impact of Armillaria root disease and for rehabilitating sites that are more
severely infested.
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