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Abstract approved:

Studies to identify the environmental factors that influence the

rate of ectotrophic mycelial growth of Phellinus weirii (Murr.)

Gilbertson along Douglas-fir roots were undertaken both in the

laboratory and in the field. The effects of soil pH, nitrogen,

moisture, temperature, microorganisms and bulk density were

investigated. In the lab, the rates of ectotrophic mycelial growth

from Alnus inoculum blocks onto 1.5 cm diameter Douglas-fir branch

sections, glass rods and wood dowels buried in 475 cm3 soil tubes

filled with autoclaved, pasteurized or untreated forest soils were

compared. Maximum ectotrophic mycelial growth occurred along

Douglas-fir branches. The rates of growth along Douglas-fir branches

were similar in autoclaved, pasteurized and untreated soils, but the

fungus only grew profusely into the sterilized soils. Ectotrophic

mycelial growth averaged 9.0 cm after 25 days. Penetration of the

pith from the cut end of the branch section occurred more rapidly
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than penetration through the xylem. Ectotrophic mycelial growth of

P. weirii was greatest at 15% soil water content. Maximum growth

occurred at 20-25 C.

Field inoculations to determine the effects of soil environment

on the rate of ectotrophic mycelial growth of P. weirii were

performed in two Douglas-fir plantations on the east side of the

Oregon Coast Range, near Corvallis, Oregon. Roots were inoculated by

tying inoculum blocks to living roots, and test treatments were

produced by altering the soil around inoculated roots. After one

year, the roots were removed and inoculation success and ectotrophic

mycelial growth were measured. Ectotrophic mycelium was observed on

58% of the inoculated roots. However, on 10% of the roots, the

fungus failed to grow beyond the plastic ribbon that was wrapped

around the inoculation area. The majority of ectotrophic mycelial

growth appeared to have taken place during the first few months after

inoculation. Although ectotrophic growth was dramatically enhanced in

the vicinity of the wounds, the rate of growth away from the wound

area was not significantly affected (90% confidence). Penetration of

the fungus into the root was observed in 53% of the successful

inoculations. P. weirii was isolated from the phloem of 24% of these

roots. Colonization of roots was markedly enhanced by root wounding.

The average total extent of P. weirii along inoculated roots,

where any growth had occurred, was 15.5 cm. However, variation was

high, so conclusions must be tentative. Soil pasteurization and

elevated soil temperatures markedly decreased inoculation success.

In contrast, changes in soil pH, moisture and bulk density had

relatively little effect. The extent of P. weirii growth along



inoculated roots decreased with changes in soil pH, moisture and

nitrogen levels, both above and below ambient levels. Relatively

little change was associated with pasteurization, compaction and

temperature treatments.
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ENVIRONMENTAL FACTORS INFLUENCING

THE RATE OF SPREAD OF Phellinus weirii IN

YOUNG-GROWTH DOUGLAS-FIR

I. INTRODUCTION

Laminated root rot is the most severe disease problem affecting

timber production in the Pacific Northwest. The disease yearly

reduces forest productivity by approximately 4.4 million cubic

meters, with 0.9 million cubic meters of loss in western Oregon and

Washington Douglas-fir (Childs and Shea 1967, Nelson et al. 1981).

This conservative estimate translates roughly to a 5% loss

regionwide. Actual loss is probably much greater.

The pathogen, Phellinus weirii (Murr.) Gilbertson can survive in

infected stumps for fifty years or more. The disease is introduced

to a new stand when the growing roots of susceptible trees contact

residual diseased roots and stumps from the previous stand. The

fungus then advances across the root contacts to infect the young

trees. Spread of the disease continues as the fungus grows

ectotrophically along the root system from one tree to the next,

eventually causing openings of dead and windthrown trees. Brush and

herbaceous plants commonly become established in these infection

centers. Although infection centers have been estimated to expand at

a rate of approximately 20-30 cm per year (Nelson and Hartman 1975;

Childs 1970), scattered observations have indicated that the rate of

expansion among different forest stands is highly variable. In many
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stands, some centers remain quiescent for years, while others appear

to expand rapidly. These observations suggest that stand and site

characteristics affect the rate of expansion of disease centers.

This influence of site and stand characteristics may occur in two

ways; by impacting upon the frequency and distribution of inter-tree

root contacts and by directly affecting the rate of ectotrophic

mycelial growth along the roots. Reynolds (1981) investigated the

influence of site and stand characteristics on inter-tree root

contacts. He found that inter-tree distance, soil depth, percent

gravel and percent slope significantly affect the number and

distribution of inter-tree root contacts. Little attention, however,

has been given to how soil environment affects the rate of spread of

the fungus along the root. Identification and quantification of the

site characteristics that affect the rate of ectotrophic mycelial

growth of Phellinus weirii can be of great help to forest managers.

With such information, prediction of losses in both current and

future generations may be made with increased accuracy so that

disease control operations may be more efficiently planned and

executed. In addition, with a greater understanding of how the

various aspects of soil environment affect the spread of laminated

root rot, new control techniques based on manipulation of soil

environment may be developed.

The objective of the present study was to investigate and

identify the various site factors that influence the rate of

ectotrophic mycelial growth of Phellinus weirii along Douglas-fir

roots. The effects of six different aspects of the soil environment
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were investigated: soil pH, moisture, temperature, compaction,

nitrogen and microorganisms. Assessment of the effect of each aspect

of the soil environment on the rate of ectotrophic mycelial growth

was performed both in the laboratory and in the field. In the lab,

the rate of ectotrophic mycelial growth was measured along inoculated

Douglas-fir branch sections buried in soil tubes. Test treatments

representative of the range of environmental conditions to be found

in the soils of Douglas-fir plantations of the Pacific Northwest were

obtained by altering the soil around the branch sections. In the

field, soil conditions around artificially inoculated Douglas-fir

roots were altered and the effect on ectotrophic mycelial growth was

assessed after a one-year incubation period.



II. LITERATURE REVIEW

Taxonomy

4

Phellinus weirii (Murr.) Gilbertson, the causal agent of

laminated root rot, was originally described as 'omitoporia weirii by

Murrill in 1914 from a specimen that had been collected by Weir in

Idaho on western red cedar two years earlier (Murrill 1914). In the

same publication, Murrill renamed the fungus Poria weirii Murrill in

order to conform with Saccardo's nomenclature. The first report of

Phellinus weirii on Douglas-fir was by Mounce, et al. (1940) from

specimens collected in 1928, approximately 58 kilometers northwest of

Vancouver, BC. Although the specimens were found on both Douglas-fir

and western hemlock, rather than on western red cedar and produced

annual, as opposed to perennial sporophores, they concluded from the

similarities in decay characteristics that the root rot organism was

the same fungus described by Murrill. The most complete list of

fungi synonymous with P weirii currently available was published in

1970 by Pouzar and Kotlaba, who studied a variety of herbarium

specimens of the fungus collected in Asia, together with a limited

number of samples from the United States (mostly from Idaho, on Thula

Dlicata). They interpreted the hyphal structure of the fruiting body

to be monomitic, and on this basis placed the fungus in the genus

Inonotus, family Hymenochaetaceae. Gilbertson, however, studied a

wide variety of specimens from the northwestern United States and
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southern British Columbia, and interpreted the hyphal structure to be

dimitic (Gilbertson 1974; personal communication 1985). On this

basis, as well as on the basis of the production of perennial

sporocarps by many isolates, he placed the fungus in the genus

Phellinus.

Distribution

Laminated root rot occurs in susceptible forest stands throughout

the northwestern United States and southern British Columbia.

Although Phellinus weirii is most damaging in pure Douglas-fir stands

west of the crest of the Cascade range in Oregon and Washington and

in mixed conifer stands east of the Cascades, the present known

geographic range extends north to central British Columbia south to

southern Oregon and east to northern Idaho and into the western Rocky

Mountains to the Continental Divide (Childs 1970; Childs and Nelson

1971; Nelson et al. 1981). The fungus has also recently been found

on western red cedar (Thula olicata) in southeast Alaska (personal

communication, Paul Hennon, 1984).

On the islands of Honshu and Hokkaido in Japan, 1". weirii has

been reported on Japanese hemlock (Tsuaa diversifolia), Maries fir

(Abies mariesii), and Yeddo spruce (Picea iezoensis (Aoshima 1953).

In Russia, it occurs on Siberian fir (Abies sibirica) in the

Krasnojarskij territory of South-central Siberia and on Siberian

larch (Larix sibirica) in the Gorno-Altayskaya region of western

Siberia (Parmasto and Parmasto, 1979).



6

Hosts

Phellinus weirii is capable of infecting most commercially

important species of conifers in the Pacific Northwest (Buckland and

Wallis 1956; Shea 1968; Childs and Nelson 1971). Silver fir (Abies

amabilis), grand fir (Abies arandis), mountain hemlock (Tsuaa

mertensiana) and Douglas-fir (Pseudotsuga menziesii) are particularly

susceptible to damage by Phellinus weirii, while incense cedar

(Calocedrus decurrens), ponderosa pine (pinus ponderosa) and western

red cedar (Thuia plicata) are largely resistant (Hadfield and Johnson

1977; Filip and Schmidt 1979). Western hemlock (TsuRa heterophvlla),

Sitka spruce (Picea sitchensis) and western larch (Larix

occidentalis) are only moderately susceptible.

Symptoms and Signs

In forest stands, laminated root rot characteristically appears

as patches of dead and dying trees (Mounce et al. 1940; Childs 1960,

1970; Hadfield and Johnson 1977). Although laminated root rot

centers are usually limited to only a few hundred square feet in

size, openings of over an acre are not uncommon (Wallis and Reynolds

1965; Childs 1960, 1970; Hadfield and Johnson 1977). Infection

centers typically contain trees in various stages of decay, from

largely decomposed snags to trees with only moderate crown symptoms.

Windthrow is a common cause of death of trees in laminated root rot

centers. Windthrown trees are usually oriented randomly, in contrast

to the uniform pattern associated with blowdown where root rot is not

involved (Hadfield and Johnson 1977). In addition, infection centers
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frequently become filled with brush and herbaceous plants as greater

amounts of sunlight are able to penetrate the stand canopy.

Above-ground symptoms of laminated root rot include reduced

terminal growth, thinning and yellowing of the crown foliage and

production of a distress cone crop (Mounce et al. 1940; Bier and

Buckland 1947; Childs 1960; Shea 1968; Hadfield and Johnson 1977).

However, crown symptoms on individual trees are extremely variable

and may not show until 50 percent or more of the root system has been

destroyed (Buckland et al. 1954; Buckland and Wallis 1956; Hadfield

and Johnson 1977; Tkacz 1980).

Diagnosis of infection in standing trees is best achieved by a

combination of visual inspection for stain or decay of increment

cores taken from the root collar and excavation and examination of

the root collar for surface mycelium or root decay (Tkacz 1980).

Decay caused by Phellinus weirii has a characteristic appearance.

Incipient decay appears in cross section as a ring or crescent of

reddish-brown stained wood or as broad streaks or bands in

longitudinal sections (Mounce et al. 1940; Bier and Buckland 1947;

Childs and Nelson 1971; Hadfield and Johnson 1977). The decay may

extend four meters up the bole of the living tree. In the advanced

stages of decay the wood turns a yellowish color and numerous small

elliptical pockets appear. The pockets are often filled with white

mycelium. At this point the wood readily separates along the annual

growth rings and tufts of reddish-brown hyphae may be found between

the layers. This mycelium contains both hyaline hyphae as well as

brown setal hyphae, which look like small, wiry whiskers under a 10X
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hand lens. At this stage of decay, thin cinnamon-brown mycelial

crusts often form on the exposed ends of broken and buried roots. In

the final stages of decay, the wood disintegrates into a loose,

stringy mass, eventually leaving only a hollow area in the butt of

the affected tree (Childs 1970).

Phellinus weirii produces a resupinate fruiting body that appears

as a brown crust on the undersides of windthrown trees, on uprooted

stumps and occasionally on standing dead trees (Mounce et al. 1940;

Bier and Buckland 1947; Buckland et al. 1954). Fruiting bodies vary

from a few inches to several feet in length and are usually not found

until the tree is in the advanced stages of decay. In the coastal

Pacific Northwest, sporophores are annual, appearing from late summer

through early fall. However, since fruiting bodies are inconspicuous

and only infrequently produced, they are not considered to be

reliable indicators of the presence of laminated root rot (Childs

1960; Hadfield and Johnson 1977).

Disease Development

Laminated root rot infections in a new stand initially occur when

the growing roots of susceptible trees contact diseased roots and

stumps from the previous stand. This relationship between old

infections in the previous stand and new infections has been observed

by many workers (Buchanan 1948; Buckland et al. 1954; Childs 1963,

1970; Wallis 1957, 1962; Wallis and Reynolds 1965) and has more

recently been confirmed quantitatively (Filip 1979; Tkacz 1980; Tkacz

and Hansen 1982). The appearance of laminated root rot is thus
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intimately associated with the ability of the fungus to survive

saprophytically on stumps and roots of the previous stand. Hansen

(1979) and Wallis and Reynolds (1965) have shown that Phellinus

weirii may survive up to 50 years after harvest. However, it is

unlikely that the fungus was still infectious at that age. In a

series of stump excavations, Hansen (1976, 1979) found that survival

of ?hellinus weirii decreases dramatically with age. In stands that

contained 20-year-old Douglas-fir stumps with signs of past decay,

viable Phellinus weirii was found in 96% of the stumps. However, in

similar stands with 30 and 50-year-old stumps, the survival rates

dropped to 59 and 26%, respectively. In addition, the presence of

ectotrophic mycelium decreased with time and little or no

colonization of sound wood occurred after harvest. These results

suggest that although 2, weirii may survive for extended periods of

time in old stumps, the fungus is in a progressive state of retreat

after harvest.

Survival of Phellinus weirii in old stumps is aided by two

factors: resin impregnation of the wood (Buckland et al. 1951) and

the formation of darkly pigmented, thick walled hyphal barriers

called zone lines (Nelson 1973, 1975a). Both of these survival

mechanisms serve to protect the fungus from the invasion of

antagonistic microorganisms. In a series of studies, Nelson (19614,

1967, 1969, 1973) outlined the conditions that are conducive to zone

line formation. In general, zone lines are not formed under

conditions that are favorable for growth and are rarely formed in the

absence of microbial competition.
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Once initial infection is established on live roots from previous

stand residuals, the fungus spreads by mycelial growth along root

surfaces (Wallis and Reynolds 1965). The ectotrophic mycelium has a

dense brown crust. Penetration of the bark and subsequent

colonization of the heartwood and sapwood tissues occurs behind the

advancing ectotrophic growth front. Growth of Phellinus weirii along

root surfaces occurs at a much faster rate than similar growth

through the heartwood (Wallis 1957, 1962; Wallis and Reynolds 1965).

In Douglas-fir, ectotrophic growth has been observed as much as two

meters in advance of wood colonization and in western hemlock as much

as one meter (Wallis 1957). Ectotrophic growth may thus be

considered the rate determining factor of disease spread. Wallis and

Reynolds (1962) found that ectotrophic growth away from the bole of

the tree is in general as great or greater than growth towards the

bole (20-25 cm/year vs. 10-20 cm/year, respectively). Phellinus

weirii is capable of only limited growth through the soil (Buckland

et al. 1954; Wallis 1962, 1976). Because of this, tree to tree

spread of Phellinus weirii is accomplished by mycelial growth across

root contacts (Wallis 1957).

To date, long distance spread of Phellinus weirii by

basidiospores has not been demonstrated. Buckland, Foster and Nordin

(1949) and Wright and Isaac (1956) conducted extensive surveys of

stump surfaces and wounds and failed to find any conclusive evidence

of basidiospore infection. weirii has no known asexual conidial

stage. Nelson (1971) attempted to inoculate freshly cut Douglas-fir

stumps with g. weirii basidiospores, but was unable to produce
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infection. Similar inoculations using vegetative mycelium had a 75%

success rate. However, in a later study, Nelson (1976b), was able to

infect Douglas-fir wood disks in petri plates with basidiospores

under certain conditions (frozen, then scalded wood disks, 400

basidiospores/ml inoculum density, 15-20 C incubation temperature).

Nelson's studies thus suggest that the inability of Phellinus weirii,

to compete with other microorganisms may be a major factor limiting

infection by basidiospores.

Factors Influencing Spread and Survival of Phellinus weirii

Site hazard

The rate of expansion of laminated root rot infection centers in

Douglas-fir stands averages about 30 cm per year (Nelson and Hartman

1975; Childs 1970). However, these are at best, very rough

estimates. The rate of spread of laminated root rot in a stand may

be expected to be influenced by two main factors; the number and

distribution of root contacts between susceptible trees and the

actual rate of ectotrophic mycelial growth along the roots. Buckland

et al. (1954) was one of the first to recognize the relationship

between root contacts and disease transmission. He reasoned that

damage in stands less than 20 years old would be minimal since there

are very few inter-tree root contacts at this stage. The greatest

degree of damage may be expected to occur in 20-60 year old stands.

In stands greater than 60 years old, natural thinning would reduce

inter-tree contacts, thus slowing the spread of disease. This basic
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scenario is still generally accepted, although with increased data on

the behavior of .. weirii, estimates of as high as 150 years for the

upper limit of maximum stand damage have been suggested (Wallis and

Reynolds 1967).

Any site factors that tend to affect the number and distribution

of root contacts should also affect the rate of spread of Phellinus

weirii in a stand. Reynolds and Bloomberg (1982) quantitatively

identified a number of these factors, including inter-tree distance,

soil depth, percent gravel, tree size and percent slope. Closer tree

spacing, larger trees, shallower, rockier soils and steeper slopes

were all found to significantly increase the probability of root

contact. In a related study, Bloomberg and Reynolds (1981)

determined factors which affect the actual transfer of Phellinus

weirii across root contacts. They found that site and root factors

have relatively little effect on transfer. Where contacts were

substantial or roots actually grafted, transmission was virtually

certain. However, increasing soil depth and decreasing root size

both decreased the probability of successful transmission.

The effect of various site characteristics on the establishment

and rate of spread of Phellinus weirii on Douglas-fir roots has been

studied by Hansen et al. (1983) and Williams and Marsden (1982).

Williams and Marsden analyzed timber survey data for northern Idaho

forests to find correlations between root rot occurrence and site

characteristics. Their analysis identified significant relationships

between root rot and tree species, elevation, aspect, soil type and

slope. Tree species was the key factor; probability of occurrence of
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root rot centers was greatest in Douglas-fir and grand fir stands.

Within these habitat types, root rot was directly related to

increased slope and inversely related to elevation. On wet aspects,

highest probability of root disease centers was found on soils with

lowest year round moisture availability, and the reverse was true on

dry aspects. Although Williams and Marsden's analysis indicates a

positive correlation between site characteristics and severity of

root rot, it must be noted that this study dealt only with the

occurrence of root rot per se, and did not distinguish among the many

possible causal agents, such as 2, weirii and Armillaria spp. Hansen

et al. (1983) attempted to deal with the problem of site hazard and

disease distribution within a much more homogenous area. Field

inoculations of g. weirii were made on Douglas-fir roots at 20

different sites in the Oregon Coast Range. After a two year

incubation period, correlation between mycelial growth or inoculation

success and such site factors as stand age, tree diameter (DBH),

growth efficiency, slope, aspect, relative moisture availability,

microbial population and amount of root rot already present in the

stand was attempted. Although ectotrophic mycelial growth differed

significantly among plantations,there was no significant correlation

between inoculation success or subsequent growth and aspect, slope,

vegetation association, soil microbial populations and soil nutrient

status. In addition, no correlation between naturally occurring

damage and inoculation success, mycelial growth or any of the

measured site variables was found. The only significant correlations

related directly to the host and the pathogen. Inoculation success
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or mycelial growth were significantly affected by fungal isolate and

tree age, diameter and growth efficiency. The apparent lack of

relationship between root rot and site or stand characteristics led

Hansen et al. (1983) to conclude that "the best predictor of future

root rot potential on a site will always be the amount of root rot

present in the current or previous stand."

Soil Nitrogen

Considerable attention has been given to the effects of soil

nitrogen levels on the survival and spread of laminated root rot.

Much of this interest has sprung from observations of the soil

amending properties of red alder. Red alder has many positive

effects on site productivity, including favorable changes in soil

nitrogen content (Franklin and Pechanec 1968; Tarrant et al. 1951;

Bollen and Lu 1968; Tarrant 1961, 1968; Tarrant and Trappe 1971;

Tarrant and Miller 1963). Since Phellinus weirii cannot utilize

nitrate nitrogen (Li et al. 1967b, 1968; Li and Bollen 1975), it has

been thought that increased soil nitrogen could be the key to

laminated root rot control, either by direct inhibition or indirectly

through increased microbial competition. To date, evidence for

inhibition of Phellinus weirii in red alder stands has been

contradictory. Hansen (1975) was unable to demonstrate that the

presence of alder reduces initial losses to laminated root rot.

Nelson (1968, 1975b) compared survival of weirii in cubes of

naturally infected Douglas-fir heartwood that were buried beneath

conifer, alder and mixed conifer-alder stands. In the first study,
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relative survival decreased in the alder stands compared to the pure

conifer stands. In the second study, no significant differences were

observed. Hansen (1979) compared E. weirii survival in Douglas-fir

stumps within alder-regenerated stands and within Douglas-fir

regenerated stands. Presence of alder in the new stand failed to

reduce fungal survival. Evidence for decreased survival of 2, weirii

in nitrogen-fertilized soils has likewise been contradictory. In the

lab, Nelson (1970) buried cubes of naturally infected Douglas-fir

heartwood in pots of soil. The pots were then treated with the

equivalent of 600 lb/acre-foot sodium nitrate, 600 lb/acre-foot

ammonium chloride or left untreated. The fungus survived in fourteen

of the thirty pots of unfertilized soil, but survived in only one of

the sixty pots of nitrogen-fertilized soil. In a later lab study,

urea at 400 and 800 lb/acre-foot also reduced survival of 2, weirii

(Nelson 1976a). Although lab experiments have shown that nitrogen

fertilization reduces survival of g. weirii in wood blocks, similar

field studies have given mixed results. Nelson (1970) was unable to

produce any significant differences in fungal survival in wood blocks

that were buried under a Douglas-fir-hemlock stand and treated with

either 150, 300 or 600 lb N/acre sodium nitrate or ammonium

chloride. However, in a later study, Nelson (1975a) observed a

dramatic reduction in survival of Phellinus weirii in buried wood

blocks using an application of urea at 600 lb N/acre.

In Nelson's studies, buried wood blocks were used to assess the

effects of nitrogen application on survival of Phellinus weirii.

Wallis and Reynolds (1974) took the next logical step and attempted
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to show the effects of fertilization on infected whole trees.

Applications of urea at 400, 1,000 and 2,000 lb N/acre, ammonium

nitrate and calcium nitrate at 1,000 and 2,000 lb N/acre and sodium

nitrate at 1,000 lb N/acre were each applied to three separate root

infection centers. After 12 and 20 months, mycelial development on

the root collars and peripheral roots of infected trees were examined

and root samples were taken for fungal isolation. The fertilization

treatments failed to produce any visible reduction in mycelial

development, and all roots contained viable E. weirii. Surprisingly,

the mortality rate of treated infected trees, except for those

treated with sodium nitrate, actually increased rather than decreased

as expected.

Soil Microorganisms

The hypothesized suppression of Phellinus weirii in nitrogen rich

forest soils is thought to be due at least in part to an increase in

the numbers and diversity of antagonistic microorganisms. Increases

in antagonistic soil microfungi and aerobic actinomycetes with

increased soil nitrogen content have been demonstrated many times

(Nelson 1970, 1975a, 1976a; Nelson et al. 1978). Nelson (1969)

conducted a survey of fungi antagonistic to Phellinus weirii in a

Douglas-fir forest in western Oregon. He found that five species of

antagonistic fungi were commonly present: Trichoderma viride,

Pestalotia sp., Gliomastix chartarum, Cephalosporium acremonium and

Thvsanophora pennicilloides. The relative populations of these fungi

fluctuated with season, with moisture the primary limiting factor.
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Of the fungi isolated by Nelson, Trichoderma has been the most

extensively studied. Some isolates of Trichoderma are highly

antagonistic to a wide variety of wood decay fungi; including

Armillaria mellea (Aytoun 1953; Munnecke et al. 1981), Fomes annosus

(Rishbeth 1951, 1959; Delatour 1976), PolvDorus schweinitzii (Aytoun

1953), Stereum curpureum (Dubos and Ricard 1974), Lentinus edodes

(Komatsu 1976), as well as Phellinus weirii (Nelson 1964, 1970).

Trichoderma exerts its effect in a variety of ways: by competition,

hyperparasitism and antibiosis (Hulme and Shields 1970, 1972; Dennis

and Webster 1971; Gibbs and Smith 1978; Bell et al. 1982). The

fungal antagonist has also been shown to easily replace Phellinus

weirii in buried wood blocks (Nelson 1972, 1973, 1976a) and stimulate

the formation of zone lines (Nelson 1964). Trichoderma is abundant

in alder and other nitrogen rich soils (Nelson et al. 1978; Wicklow

et al. 1974) and may also be found in Douglas-fir soils (Nelson 1969,

1982). In a survey of soil under a stand of Douglas-fir in western

Oregon, Nelson (1982) found that Trichoderma is most consistently

found in the upper 25-30 cm of soil. The most common species were T.

viride, T. hamatum and T. polvsporum. Relative populations of these

species varied, with T. viride dominant in November and T. hamatum

dominant in May and August.

In addition to the fungi mentioned above, many species of

bacteria and actinomycetes are antagonistic to 2, weirii. Rose et

al. (1980) showed that the actinomycete, Strectomyces griseoloalbus,

isolated from the rhizosphere of nitrogen-fixing nodules of Ceanothus

velutinus, is a strong antagonist to weirii. The actinomycete was
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also antagonistic to Fomes annosus and PhvtoDhthora cinnamomi. At

the Cascade Head Experimental Forest near the Oregon coast, Hutchins

(1980) isolated a Bacillus species from soil under red alder stands

that consistently inhibited growth of 2, weirii, annosus,

Armillaria mellea and E. cinnamomi. Hutchins and Li (1981) returned

to Cascade Head and compared populations of filamentous and

non-filamentous bacteria antagonistic to 2, weirii in soil under

adjacent conifer and red alder stands. They found that each soil

supported distinctly different populations of bacterial antagonists.

Although the conifer stand supported greater numbers of streptomycete

antagonists than the alder stand, the total number of species in each

soil was relatively small. However, no species was common to both

soils. These differences in population and species composition were

attributed to differences in soil pH (conifer soil pH = 5.3, alder

soil pH = 4.6). In contrast, populations of non-filamentous

bacterial antagonists were greater under the alder stand. However,

these microorganisms were present in relatively low numbers and were

not considered major components of the total antagonist population.

Soil pH

In contrast to the abundance of work devoted to the effects of

soil nitrogen and microorganisms on growth and survival of Phellinus

weirii, little has been done to show possible effects of soil pH.

Using in vitro liquid culturing techniques and a single isolate of 2,

weirii, Li et al. (1967a) found an optimum for growth at pH = 6.0.

At pH levels from 3.0 to 6.0 growth gradually increased, but fell
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abruptly from maximum growth to no growth from pH = 6.0 to pH = 6.5.

Soil Temperature

Although some laboratory studies have been done to determine the

effect of temperature on the growth of Phellinus weirii,

comparatively little has been done in the field. In 1967, Li et al.

grew 2. weirii in liquid culture over a range of temperatures from 5

to 35 C. Optimum growth of the fungus on the basis of colony dry

weight was at 20 C. No growth occurred at 30C, while growth was

minimal at 5 and 10 C. In a later study by Nelson and Fay (1975),

high and low elevation isolates of 2, weirii were grown on malt agar

at various temperatures. Growth characteristics of the isolates were

similar, with radial growth best at 25 C, followed by 20, 15, 30, 10

and 5 C.

Nelson and Fay have also determined the effects of temperature on

survival of Phellinus weirii. In the presence of competing

microorganisms, Nelson (1973) was unable to sustain survival in

buried wood blocks at temperatures greater than 15 C. However, in

the absence of competing microorganisms, survival was consistently

good at temperatures between -5 and +30 C (Nelson and Fay 1974;

Nelson 1975b). These results led Nelson and Fay to conclude that

although survival of Phellinus weirii may be reduced by direct lethal

effects at temperatures above 30 C, increased microbial competition

above 20 C probably plays a more important role in reducing overall

fungal survival. However, at low temperatures, both direct and

indirect effects, such as the rupturing of zone lines, appear to be
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important.

Soil Moisture

Possible relationships between soil moisture and spread of

Phellinus weirii have only been shown indirectly. Nelson (1973)

found that a wide range of soil moisture contents, from 27 to 47%,

were all conducive to zone line formation. The relationship between

soil moisture content and fungal antagonists is discussed by Nelson

(1969). Populations of antagonistic fungi fluctuated with changes in

soil moisture content and were greatest at field capacity.

Soil Compaction

To date there has been no work relating soil compaction to the

survival and spread of Phellinus weirii. However, it has repeatedly

been shown that major disturbances to forest soil may cause nitrogen

losses (Fredriksen et al. 1975; Vitousek et al. 1979; Vitousek and

Melillo 1979; Sollins et al. 1981). It therefore seems reasonable

that soil disturbances, such as compaction may enhance survival and

spread of Phellinus weirii, either directly or indirectly through the

loss of soil nitrogen.
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III. FIELD STUDIES

A. Materials and Methods

_L. Description of Study Area

Field inoculations of Douglas-fir roots were performed in two

plantations in the Oregon Coast Range, near Corvallis, Oregon (Figure

1). Both plantations were located in the Mary's Peak Watershed along

the south fork of Rock Creek, T12S, R7W, NE1/4, SE1/4, Sec 22

Willamette Meridian, USFS Compartment #3101. The first plantation,

designated Cell #33D3, "Rock Creek Access Road" was used to test the

effects of soil nitrogen, microorganisms, pH, moisture and compaction

on the ectotrophic mycelial growth of Phellinus weirii. The unit was

at an elevation of 530 meters, with an east exposure and a 45%

slope. The predominant soil type was Marty Gravelly Loam, a

reddish-brown clay loam that extends to a depth of 1.5 meters or more

(Knezevich, 1975). The unit was planted with Douglas-fir in 1956 and

thinned in 1978. The stand has a closed canopy and is fully stocked

at 287 trees per acre. Because of this, the soil above all

inoculated roots was fully shaded. Understory vegetation includes

salal (Gaultheria shallon), dwarf Oregon-grape (Berberis nervosa),

thimbleberry (Rubus parviflorus), vine maple (Ater circinatum), ocean

spray (Holodiscus discolor), sword fern (Polvstichum munitum) and

bracken fern (Pteridium aauilinum).

The second plantation, designated Cell #35D3, "Chintimini 2-72

Salvage", located 1/4 mile south of the first plantation, was used to

test the effects of soil temperature on the ectotrophic mycelial
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growth of Phellinus weirii. The unit, at an elevation of 600 meters,

had a southeast exposure and a 25% slope. As with the first

plantation, the predominant soil type was Marty Gravelly Loam. The

unit was planted with Douglas-fir in 1974 and has an open canopy,

allowing maximum exposure to sunlight. Understory vegetation

included salal (Gaultheria shallon), dwarf Oregon grape (Berberis

nervosa), vine maple (Acer circinatum), golden chinkapin (Castanoosis

chrvsoohvlla), bracken fern (Pteridium aouilinum) and a variety of

grasses.

2. Inoculation Procedure

Inoculum blocks used in all experiments consisted of 5.5 cm long,

2.5 cm diameter branch sections of red alder. A 1.6 cm diameter hole

was drilled 0.5 cm into the side of each block. The branch sections

were then soaked in water overnight, placed in one liter glass jars

containing 150 ml of 3% (w/v) malt extract, and autoclaved 3 hours.

After cooling, the bottles containing the blocks were each inoculated

with four one-cm squares of malt agar containing an isolate of

Phellinus weirii that had been collected approximately 3 km from the

Rock Creek Access Road plantation. The fungus was allowed to grow

for three months, then the bottles were stored at 5 C until ready for

use.

A total of 210 Douglas-fir roots were inoculated at the field

sites during May and June 1982. Inoculations were accomplished by

attaching a Phellinus block to the underside of an excavated root

with plastic ribbon. The ribbon was wrapped around the root and
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inoculation block so that the entire inoculation area was covered.

The roots measured from one to three cm in diameter at the point of

inoculation and the blocks were attached at least one meter from the

bole of the tree. Inoculation depth ranged from 15 to 30 cm below

ground surface. With the exception of the nitrogen trials, no more

than three roots on any one tree were inoculated. A total of fifteen

roots were inoculated for each experimental treatment. After one

year, the roots were removed and examined for 2, weirii surface

mycelium, the total extent of which was measured to the nearest

millimeter. Differences in ectotrophic mycelial growth between

treatments were tested by the Student t-test at confidence levels of

90 and 95%. Inoculation success frequency was measured both in terms

of the total number of roots with visible ectotrophic mycelial growth

and in terms of the number of roots where the fungus grew beyond the

ribbon covering the inoculation area. In roots where ectotrophic

mycelial growth beyond the ribbon was extensive, isolation of the

fungus from phloem tissues onto malt agar containing 5 ppm benomyl

was attempted to confirm infection. Additional data collected

included observations on the relative thickness of the ectotrophic

mycelial growth and the amount of soil clinging to the infected root,

and notation of cases where growth of E. weirii was mainly along root

wounds.

1. DH Study

Three hundred liters of soil were gathered at the Rock Creek

Access Road plantation and brought to Corvallis for pH adjustment.
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The pH of the soil was measured by mixing 200 g samples of soil with

400 ml H2O and measuring with a pH meter. Field soil had a pH of

5.5. The soil was then divided into three-one hundred liter lots.

The pH of one lot was adjusted to pH = 4.5 using 6 M H2SO4. A

second lot was adjusted to pH = 6.4 using lime. The third lot was

left untreated (pH = 5.5). The soil was then returned to the field

site for installation of the pH experiment. Approximately 0.3 m3

of soil was removed from around each root and a yhellinus weirii

inoculum block was attached as described above. The area around each

root was then repacked with soil. Fifteen roots were repacked with

acid-treated soil, fifteen with lime-treated soil and fifteen with

untreated (ambient) field soil. The three root treatments were

arranged at random among the forty-five inoculated roots. Six months

after installation, soil samples from each of the three soil types

were taken and the pH of each was measured. After one year, all

treated roots were removed and taken to the lab for visual inspection

and fungal isolation. Soil samples were again taken for pH testing.

4. Microorganism Study

Two hundred liters of field soil were removed from the Rock Creek

Access Road plantation and brought to the lab for treatment. The

soil was then divided into two-one hundred liter lots, and one lot

was steam pasteurized at 70 C for 30 minutes. The soil was then

returned to the plantation. Inoculation and soil repacking was done

in the same manner as for the pH test, with fifteen randomly chosen

roots repacked with unpasteurized (untreated) field soil and fifteen
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repacked with pasteurized soil. One year after inoculation the roots

were dug up and brought to the lab for inspection.

5. Moisture Study

A total of 45 roots were inoculated and reburied. The inoculated

roots were then randomly divided into three groups: wet, dry and

control. The fifteen inoculated roots in the wet treatment group

were watered weekly to field capacity during the dry season (August

through October 1982 and April through June 1983). The water

necessary for this was brought to the field site in a 300 gallon tank

and delivered to the inoculated roots via gravity fed hose (Figure

2). The fifteen inoculated roots in the dry treatment group were

covered with a clear polyethylene "tent" that prevented entry of

water in a 1x2 meter area surrounding the root (Figure 3). The tents

were put up shortly after the beginning of the rainy season (October

1982) and remained until removal of the roots in June 1983. The

remaining fifteen inoculated roots were left as untreated controls.

To measure the effectiveness of treatments in reducing or

enhancing moisture levels in the root zone, nine tensiometers (three

per treatment) were placed next to inoculated roots to measure soil

water potential. The tensiometers were calibrated in the lab as per

manufacturer's specifications (Prosser, 1974) and were capable of

measuring soil water pressure levels from 0 to -100 centibars . The

tensiometers, however, failed to work during the initial dry summer

months of the study. On installation of the nine tensiometers, an

average soil water pressure reading of -50 centibars was obtained.
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Figure 2. Water Tank And Hose For Watering Field Inoculations-

Wet Treatment
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Figure 3. Polyethylene Tent Covering Dry Treatment Field

Inoculation
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However, upon returning to the field site three days later, all of

the gauges had air in them, rendering the instruments inoperative.

The tensiometers were then removed and returned to the lab. In

mid-November, when the field soils were again moist, the tensiometers

were calibrated and installed in their original positions. Soil

water pressure readings were then taken on a weekly basis until the

middle of May 1983, when the gauges again took up air as the soil

dried out.

6. Nitrogen Study

In preparation for the nitrogen study, all surface vegetation

within ten feet of the bole of each of eight trees was removed.

Thirty roots were then inoculated as previously described, but in

this case a maximum of four inoculations per tree was allowed. One

month after inoculation, nitrogen, in the form of urea fertilizer,

was applied to the surface of the cleared area surrounding the boles

of four trees (fifteen roots) at a rate equivalent to 670 kg/ha (=600

lb/ac). The fertilizer was then washed thoroughly into the ground

with water. Carbohydrate, in the form of table sugar (sucrose), was

similarly applied to the area surrounding the other four trees at a

rate of 450 kg/ha (=400 lb/ac). An additional treatment of 2385

kg/ha (=2130 lb/ac) was added three months after the initial

treatment. Unamended inoculated roots from the moisture experiment

were also used as controls for the nitrogen experiment. Use of these

roots in the nitrogen experiment was deemed valid since moisture

study inoculations were performed only five days prior to
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installation of the nitrogen study.

To determine the effectiveness of the urea and sugar additions in

altering soil nitrogen levels, a 50 gram sample of soil was taken at

a depth of 15 cm, 25 cm away from an inoculated root of each of the

three treatments. The samples were then analyzed by the OSU Soil

Testing Laboratory for nitrate nitrogen, ammonium nitrogen and total

% nitrogen. Determination of nitrate nitrogen and ammonium nitrogen

levels was by the Steam-Distillation method (Bremner and Edwards

1965; Bremner and Keeney 1966) and total nitrogen levels were

determined by the Micro-Kjeldahl procedure (Bremner 1965).

Collection and analysis of the soil samples took place 2, 7, 10 and

12 months after alteration of the soils.

7. Temperature Study.

Inoculations for the temperature study were done in the lightly

stocked Chintimini 2-72 Salvage plantation. Two roots on each of

fifteen trees were inoculated; one on the uphill side of the bole,

and one on the downhill side. On the downhill side, all surface

vegetation within a three foot radius of each inoculation was cleared

away. In addition, any branches shading this area were removed.

Soil on the downhill side of the trees thus received a maximum amount

of sunlight and heat. In contrast, branches on the uphill side of

each tree were left in place to allow maximum shading. In addition,

freshly cut Douglas-fir branches were periodically placed over the

uphill inoculations to keep soil temperatures as cool as possible

throughout the year.
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To monitor temperature differences between warm and cool

treatments, a thermometer was placed at a six-inch depth next to the

root inoculations of each of three trees (six thermometers in all).

The three trees chosen to be monitored were located as far apart as

possible in the plantation so that a representative sample of soil

temperature was obtained. Temperatures at each of the six roots were

recorded on a weekly basis throughout the one year incubation

period. In addition, warm and cool temperatures at one of the three

trees were continuously recorded with a strip chart thermograph.

Prior to installation of the study, the thermometers were calibrated

in the laboratory by comparing temperature readings in warm (25 C)

and cold (5 C) water baths. The thermometers used in the study gave

identical readings at the two temperature levels. The two strip

chart thermographs were then adjusted to give temperature readings

identical to those given by the thermometers. As part of a separate

study, soil temperature at the Rock Creek Access Road Plantation was

monitored by strip chart thermograph by Dr. Paul Hessburg. The

continuous temperature readings from June 4 through October 15, 1982

allowed comparison of soil temperatures at the two plantations during

the summer and early fall.

8. Compaction Study

A final thirty roots were inoculated for the compaction test.

After inoculation, a soil bulk density measurement was taken 25 cm

from each root using the Core Method (Blake, 1965). A cylindrical

metal sampler was driven into the soil to a depth of 15 cm and
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carefully removed to obtain a 5 cm long x 2 cm diameter sample of the

soil as it existed in situ. The samples were then dried at 105 C for

24 hours and weighed. The bulk density was then calculated by

dividing the oven-dried mass by the field volume of the sample (15.7

cm3 ). Fifteen inoculated roots were randomly selected to be

subjected to high compaction levels. Soil in an area measuring 50 cm

x 50 cm over the selected inoculations was compacted using a gas

powered vibrational plate road grader (Figure 4). Bulk density

measurements of the compacted soil were taken to confirm the

effectiveness of the treatment. After a one year incubation period,

bulk density measurements were again taken, then the roots were

excavated and examined as per the other studies.

B. Results

1. Growth Patterns

Inoculation success, defined as growth of Phellinus weirii from

the inoculum block onto the surface of the root, occurred on 58% of

the 203 recovered roots. Thirteen inoculated roots were lost. The

average total extent of weirii along inoculated roots, where any

growth had occurred was 15.5 cm (standard deviation = 8.7 cm). No

consistent differences were noted between growth in the proximal and

distal directions. On some roots the fungus failed to grow beyond

the protective covering of the ribbon that attached the inoculum

block to the root. However, on 82% of the successful inoculations

(48% of total inoculations), mycelia' growth beyond the covering



33

Figure 4. Compaction Treatment Using Vibrational-Plate Road Grader
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occurred. Inoculation success on the roots that were reburied with

unamended forest soil (Pooled Untreated Inoculations) was 67% and

average ectotrophic mycelial growth was 16.3 cm (standard deviation

9.6 cm). Growth beyond the covered inoculation area on these roots

occurred on 90% of successful inoculations (59% of total

inoculations).

After the one year incubation period, the majority of inoculum

blocks associated with successful inoculations were highly degraded,

exhibiting the soft white rot and setal hyphae characteristic of

Phellinus weirii. Of the six blocks that were not highly degraded

yet still supported transfer of the fungus to the root, five

supported only thin, limited mycelial growth. One produced extensive

ectotrophic mycelial growth, but only in the vicinity of a root

wound.

Ectotrophic mycelial growth of Phellinus weirii on inoculated

roots was observed in a variety of forms, from thick, dense mats of

mycelium to thin, cobwebby networks of hyphae extending along the

root. Brown crusts were often formed over the ectotrophic mycelium,

and in many cases, the underlying mycelium appeared to have died back

under the crust. These various forms of ectotrophic mycelial growth

were not, however, associated with any particular soil treatment.

Root wounding was the only condition that affected the appearance of

the surface mycelium. In the vicinity of wounds that were made

inadvertently during inoculation, thickness of the surface growth was

dramatically enhanced. In these cases, the fungus appeared as dense

mats in and around the wound and often extended several centimeters
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under the loosened bark. Although wounding greatly enhanced the

thickness and density of the advancing mycelial front, a paired t

test (90% confidence) failed to show an increase in the advance of

the fungus along the root. Of the twenty-eight roots observed with

ectotrophic mycelial growth along wounds, the total extent of growth

averaged 16.9 cm (standard deviation = 6.9 cm). In contrast, the

ninety non-wounded roots had an average of 15.1 cm of ectotrophic

mycelial growth (standard deviation = 9.4 cm).

The extent of penetration and colonization of 2, weirii into

successfully inoculated roots was determined both by observation and

fungal isolation. Darkened lenses of necrotic phloem were observed

in 53% of the successful inoculations (31% of total inoculations).

weirii was isolated from the phloem in 24% of the necrotic roots

and from the xylem of one root. Penetration and colonization of

roots that were reburied with unamended field soil was essentially

the same as those reburied with amended soil, but was markedly

enhanced by root wounding. Darkened phloem was observed in 71% of

the roots with wounds, but in only 46% of non-wounded roots. In

addition, the fungus was isolated from the phloem in 29% of wounded

roots and 8% of non-wounded roots.

2. PH Study

The pH levels of the acid treated, lime treated and unamended

field soils, as measured at six month intervals are shown in Table

1. Although soil pH levels for all three soils increased by about

one pH unit over the year-long incubation period, differences in pH
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Table 1. Growth Of rhellinus weirit Along Inoculated Douglasfir Roots

In Soils At Three p11 Levels

Treatment Soil off Inoculation Success extent Of Growth (Cm)

Initial 6 Mo. 1 Ir. Visible Growth
Ectotrophic Beyond

Mycelium Inoculum

Lime 6.4 7.2 7.0 50% 20% 8.1 + 3.0

Untreated 5.5 5.8 6.1 46% 40% 14.0 ± 7.7

Acid 4.5 5.2 5.8 61% 40% 9.4 ± 3.3
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between the soils remained fairly constant. The results of the pH

test are also shown on Table 1. Ectotrophic mycelial growth was

observed on 50% of the roots that had been reburied with lime-treated

soil, 61% of the roots that were reburied with acid treated soil and

46% of the roots that were reburied with unamended field soil.

However, growth of yhellinus weirii beyond the ribbon covering the

inoculum block occurred on only 20% of the roots that were reburied

with lime-treated soil, 40% of the roots reburied with acid-treated

soil and 40% of the roots reburied with unamended field soil. Marked

differences in ectotrophic mycelial growth on the roots were also

observed. Greatest ectotrophic mycelial growth was on roots that

were reburied with unamended field soil, averaging 14.0 cm (standard

deviation = 7.7 cm). In comparison, average fungal growth on roots

surrounded by lime and acid-treated soils was 8.1 cm (standard

deviation = 3.0 cm) and 9.4 cm (standard deviation = 3.3 cm),

respectively. The difference in ectotrophic mycelial growth between

roots associated with lime-treated and unamended soils was

significant to the 90% confidence level. However, the reduction in

ectotrophic mycelial growth associated with the acid treatment was

not statistically significant.

1. Microorganism Study

Results of the microorganism test are shown on Table 2. The

difference in percent roots with visible ectotrophic mycelium between

inoculations that were reburied with pasteurized soil and those that

were reburied with unamended field soil was high (47% success for
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Table 2. Growth Of Phellinus weirii Along Inoculated

Douglas-fir Roots In Pasteurized And Untreated Soil

Treatment _Inoculation Success Extent Of Growth (Cm)

Visible Growth
Ectotrophic Beyond
Mycelium Inoculum

Pasteurized 47% 33% 13.4 + 8.8

Untreated 87% 73% 14.3 + 8.1
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pasteurized soil vs. 87% for unpasteurized soil). Likewise, the

difference in growth beyond the inoculum block was also high (33% for

pasteurized soil vs. 73% for unpasteurized soil). However, there was

no statistically significant difference in the extent of ectotrophic

mycelial growth on roots where growth occurred. Total ectotrophic

mycelial extension of Phellinus weirii on roots that were reburied

with pasteurized soil averaged 13.4 cm (standard deviation = 8.8 cm)

while the average on roots reburied with unpasteurized soil was 14.3

cm (standard deviation = 8.1 cm).

4. Moisture Study

In order to produce different soil moisture levels around

inoculated roots, the area above each of fifteen inoculated roots was

covered with a clear polyethylene "tent" during the rainy season (dry

treatment) and the area around fifteen other inoculated roots was

watered weekly to field capacity during the dry season (wet

treatment). An additional fifteen inoculated roots were neither

covered nor watered so that the effect of ambient moisture conditions

on the ectotrophic mycelial growth of Phellinus weirii could be

assessed. Maintenance of the different soil moisture levels,

however, proved to be a difficult task. The dry and control

treatments had, for the most part, very similar moisture contents for

the majority of the year. During the summer months before the dry

treatment roots were covered with polyethylene tents (mid-June

through September 1982), the moisture contents of the two soils were

exactly the same. Unfortunately malfunction of the tensiometers made
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confirmation of this impossible. In the wet winter months

(mid-October 1982 to mid-April 1983), the polyethylene tents were

largely ineffective in excluding water due to surface runoff and

subsurface bulk flow of water. Tensiometer readings from

mid-November to mid-April confirm this failure. The average reading

at dry treatment roots was -4.7 centibars, while soil water pressure

at untreated roots was -3.6 centibars. The lack of appreciable

difference in soil water content continued as the soil started to dry

out in the spring. From mid-April to mid-May 1983, the average soil

water pressure reading at dry treatment roots fell to -8.9 centibars

and the average water pressure at control roots was -9.9 centibars.

During the week of May 18-25, renewed seepage of air into the

tensiometer chambers as the soil continued to dry again forced an end

to monitoring of soil moisture. However, it appeared that the

continued drying of the soil and intermittent light rains that

occurred from mid-May until the end of June 1983 eventually produced

some differences in soil moisture. When the inoculated roots were

removed, a sample of soil next to the inoculum plug of each root was

brought back to the lab. Water contents of the dry treatment and

untreated soils were measured by oven drying at 105 C for 24 hours.

Mean water contents of dry and untreated soils were 23.6% and 30.0%,

respectively.

Maintenance of moisture differences between the wet treatment and

untreated control soils was somewhat more successful. Soil moisture

levels around wet treatment roots were raised to field capacity by

watering the area around each inoculated root on a weekly basis from
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August through October 1982 and April through June 1983. During the

later summer waterings, soil moisture levels were easily brought to

field capacity, but after each week returned to the level of

untreated soil. It is thus impossible to say exactly how long the

wet soil conditions were maintained. However, the soil around the

wet treatment roots was, on average, more moist than the surrounding

soil. Unfortunately, no tensiometer readings are available to

confirm this. With the onset of heavy rains in the late fall,

watering of wet treatment roots was discontinued and moisture levels

of the wet and untreated soils became essentially the same.

Tensiometer readings collected from mid-November to mid-April confirm

this. Soil moisture levels around the wet treatment roots averaged

-3.1 centibars while untreated soil measured -3.6 centibars. In the

beginning of April, as rainfall became less frequent and the soil

started to dry, weekly watering of the wet treatment roots resumed.

During the spring, soil moisture levels around wet treatment roots

did not return completely to ambient levels between waterings as they

had in the summer and fall. Tensiometer readings collected from

April 15 to May 15 reflect this; soil surrounding watered roots

averaged -7.4 centibars while ambient field soil was somewhat dryer,

at -9.9 centibars. When the inoculated roots were removed (June 27,

1983), soil surrounding wet treatment roots contained an average of

32.5% water while ambient field soil contained 30.0% water.

Results of the moisture tests are shown on Table 3. Ectotrophic

mycelium was observed on 71% of roots from both untreated and dry

treatment soils. Observation of ectotrophic mycelium on wet
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Table 3. Growth Of phellinus weirii Along Inoculated

Douglas-fir Roots At Three Moisture Regimes

Treatment Inoculation Success Extent Of Growth (Cm)

Visible Growth
Ectotrophic Beyond
Mycelium Inoculum

Dry 71% 64% 14.2 ± 6.3

Untreated 71% 64% 17.9 + 12.0

Wet 60% 47% 11.8 + 7.5
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treatment roots was slightly less, at 60%. Growth of Phellinus

weirii beyond the inoculum block occurred on 64% of both untreated

and dry treatment inoculations and 47% of wet treatment

inoculations. Mean ectotrophic growth on roots in wet, dry and

untreated soils was 11.8 cm (standard deviation = 7.5 cm), 14.2 cm

(standard deviation = 6.3 cm) and 17.9 cm (standard deviation = 12.0

cm), respectively. The differences in ectotrophic mycelial growth

were not statistically different.

5. Nitrogen Study

The overall effects of the urea and sugar treatments on the

nitrogen content of the field plot soils are shown in Figures 5-7.

The urea addition of 670 kg/ha N (600 lb N/ac) increased total

nitrogen to approximately 160% of field levels. The urea addition

was also extremely effective in raising the ammonium and nitrate

levels, from 21.3 to 1350 ppm and from 2.0 to 352 ppm, respectively.

Appreciable differences between the urea treated and field soil were

maintained both seven and ten months after root inoculation.

However, after one year, the nitrogen levels were back to field

levels.

The addition of 450 kg/ha (400 lb/ac) table sugar was ineffective

in reducing total nitrogen levels. Total nitrogen levels, both

before and after sugar treatment were 0.21%. The addition was,

however, somewhat effective in reducing ammonium and nitrate levels,

from 21.3 to 9.4 ppm and 2.0 to 0.5 ppm, respectively. However,

since a more complete shutdown of ammonium levels was desired, an
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Figure 5. Percent Total Soil Nitrogen At The Rock Creek Access Road Plantation After
Applications Of Urea (670 Kg/Ha N Applied 7/25/82) And Table Sugar (450 Kg/Ha
Applied 7/26/82 And 2385 Kg/Ha Applied 10/30/82).
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Applications Of Urea (670 Kg/Ha N Applied 7/25/82) And Table Sugar (450 Kg/Ha
Applied 7/26/82 And 2385 Kg/Ha Applied 10/30/82).
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additional treatment of 2385 kg/ha (2130 lb/ac) was applied on

November 1, 1982, approximately three months after the first sugar

addition. This brought total nitrogen levels down to 0.13% and

ammonium levels to 5.6 ppm (both approximately 1/2 field level).

Nitrate nitrogen levels were reduced to 1.0 ppm, a slight decrease

from the field level of 1.2 ppm.

The results of the nitrogen test are shown on Table 4. Of the

fourteen untreated control roots that were recovered, ten had

ectotrophic mycelial growth. In contrast, of the fifteen root

inoculations that received a top dressing of urea, only three

produced ectotrophic mycelial growth. Two of the three had very

sparse growth, with active mycelium dying back under an inactive

mycelial crust. The third was apparently unaffected by the

treatment. Necrotic phloem was absent from the urea-treated roots,

but was observed in five of the unamended control roots. However,

all attempts to isolate E. weirii from roots from both treated and

untreated soils were unsuccessful. The average extent of ectotrophic

mycelial growth on the three urea-treated roots was 10.7 cm, 7.2 cm

less than average growth on unamended controls. This reduction was

not statistically significant. Reductions in inoculation success and

ectotrophic mycelial extension were also associated with the sugar

treatment. Of the fifteen roots in soils that received top dressings

of sucrose, seven supported ectotrophic mycelium, with an average

growth of 13.4 cm. This reduction in growth was not statistically

significant. In addition, necrotic phloem was observed in three of

the roots from sugar-treated soil, and was isolated from one root.
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Table 4. Growth of Phellinus weirii Along Inoculated Douglas-fir
Roots In Soils Amended With Urea (670 Kg/Ha Applied One
Month After Inoculation) And Table Sugar (450 Kg/Ha Applied
One Month After Inoculation And 2385 Kg/Ha Applied Four
Months After Inoculation).

Treatment Inoculation §uccess Extent Of Growth (Cm)

Visible Growth
Ectotrophic Beyond
Mycelium Inoculum

Urea 20% 13% 10.7 ± 6.9

Untreated 71% 64% 17.9 ± 12.0

Table Sugar 47% 33% 13.4 + 7.6
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6. Temperature Study

Strip chart thermograph data for the cool and warm treatments

(shaded vs. unshaded soil) at the lightly stocked, southeast facing

Chintimini 2-72 Salvage Plantation and the soil temperatures taken by

P. Hessburg at the fully stocked, east-facing Rock Creek Access Road

Plantation are shown in Figure 8. Weekly mean temperatures were

computed by averaging the highest and lowest temperature readings of

each week. Mean temperatures for the year for the shaded and

unshaded soils, calculated as the average of the weekly mean

temperatures were 11.9 and 9.6 C, respectively, a difference of 2.3

C. The thermometer readings taken at weekly intervals at each of

three trees in the plantation gave similar results. Annual mean

temperatures of the shaded and unshaded soils obtained by this method

were 11.0 and 9.2 C, respectively, a difference of 1.8 C. Between

tree variation was seldom greater than 1 C. Differences in

temperature were greatest during the summer months. From mid-June

through mid-September 1982, the mean temperature of the unshaded soil

as taken by strip chart thermograph was 17.8 C and for the shaded

soil, 14.6 C, a difference of 3.2 C. Thermometer readings showed the

mean temperatures of the unshaded and shaded soils in this period to

be 16.8 C and 13.9 C, a difference of 2.9 C. Readings taken by strip

chart thermograph at the Rock Creek Access Road Plantation showed the

mean soil temperature during this period to be 13.8 C. In the winter

months (November 1982 through mid-March 1983), temperatures for the

warm and cool treatments at the Chintimini 2-72 Salvage Plantation

were almost the same, with unshaded and shaded means of 6.9 and 5.5 C
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(strip chart thermograph readings) and 6.0 and 5.5 C (thermometer

readings). Temperature differences again increased with the onset of

spring and summer. From mid-April 1983 to completion of the study in

mid-June, soil temperatures of the unshaded and shaded treatments as

taken by strip chart thermograph averaged 12.2 C and 8.6 C, a

difference of 3.6 C. Readings taken by the thermometers showed a

smaller temperature difference between the soils. The unshaded and

shaded soils averaged 11.0 and 8.6 C, a difference of 2.4 C. The

highest soil temperatures measured by thermometer were recorded on

August 23, 1982. The temperature readings were 22 C for the unshaded

roots and 18 C for the shaded roots. The strip chart thermograph,

however, gave a much more complete indication of the temperature

extremes and fluctuations associated with the unshaded and shaded

treatments. During the summer the temperature of the soil around the

unshaded roots fluctuated to a much greater degree than the soil

around the shaded roots. The daily fluctuations often resulted in

temperatures in excess of 22 C around roots in unshaded soil. From

July 15 to September 19, 1982, late afternoon extremes greater than

22 C were reached 28 times. The highest soil temperature, 24.5 C,

was recorded on August 8, 1982. In contrast, shaded soil

temperatures never exceeded 20 C. Soil temperature characteristics

at the Rock Creek Access Road Plantation were similar to those around

the shaded roots at the Chintimini 2-72 Salvage Plantation.

Temperature fluctuations were at a minimum and temperature extremes

were seldom greater than 17 C.

During the winter, there were very few wide daily fluctuations in
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temperature in both shaded and unshaded soils. The coolest

temperatures recorded by strip chart thermographs were 3.1 and 3.2 C

in shaded and unshaded soils, respectively (December 27, 1982). The

lowest thermometer readings of the year were collected a few hours

before the strip chart lows were registered. At that time, both

thermometers read 3.5 C.

The results of the temperature test are shown on Table 5. A

marked reduction in the percentage of roots with visible ectotrophic

mycelial growth was associated with shaded soils compared with

unshaded soils (93% vs. 40%, respectively). In contrast, the percent

of roots with ectotrophic mycelium from control soils at the Rock

Creek Access Road Plantation (Pooled Untreated Inoculations) was

67%. Growth of Phellinus weirii beyond the inoculum block occurred

on 40% of roots from unshaded soils, 87% from shaded soils, and 58%

from control soils. Mean ectotrophic mycelial growth on roots from

the unshaded and shaded soils and the untreated control soils was

23.3 f 4.6 cm, 22.5 + 10.3 cm and 16.3 + 9.6 cm, respectively.

Differences in growth between the roots in shaded and unshaded soils,

compared to those in untreated soils were both significant to the 90%

confidence level.

7. Compaction Study

The results of the compaction study are shown on Table 6. Soil

compaction treatment with the vibrational plate road grader was very

effective in raising the bulk density of the soil around inoculated

roots. An average increase of 27% was obtained in this manner.
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Table 5. Growth Of Phellinus weirii Along Inoculated Douglas-fir Roots In
Shaded And Unshaded Soil On A Southeast-Facing Slope And Along
Inoculated Douglas-fir Roots In Untreated Soil On A Shaded
East-Facing Slope (--- Data Not Taken)

Treatment Mean Temperature (C) Znoculation Success extent Of Growth (Cm)

Annual Summer Visible Growth
Ectotrophic Beyond
Mycelium Inoculum

Unshaded 11.9 17.8 40% 40% 23.3 + 4.6

Shaded 9.6 14.6 93% 87% 22.5 ± 10.3

Untreated 13.8 67% 58% 16.3 t 9.6



Table 6. Growth Of Phellinus weirii klong Inoculated Douglas-fir Roots In

Compacted and Untreated Soils

Treatment Bulk Density (Gm/Cm 3 ) Inoculation Success

Initial Final Visible Growth
Ectotrophic Beyond
Mycelium Inoculum

54

Zxtent Of Growth (Cm)

Compacted 1.19 1.07 57% 50% 17.4 ± 6.9

Untreated 0.94 0.93 64% 57% 19.4 + 10.3
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However, by the end of the one-year incubation period, the dry bulk

density of the compacted soil was only 15% greater than that of the

surrounding untreated soil. Compaction did not markedly effect the

percent of roots with ectotrophic mycelium or the occurrence of

mycelial growth beyond the inoculum block. A 7% difference between

treated and non-treated roots was observed in both cases. Compaction

treatment also had little effect on the total extent of ectotrophic

mycelial growth on the roots. Mean ectotrophic mycelial growth on

compacted and non-compacted roots was 17.4 cm (standard deviation =

6.9 cm) and 19.4 cm (standard deviation = 10.3 cm), respectively.
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IV. LAB STUDIES

A. Materials and Methods

The effects of soil moisture, pH, temperature and

microorganisms on the ectotrophic mycelial extension of Phellinus

weirii were tested in the laboratory using an artificial growth

system in which the fungus was allowed to grow along a Douglas-fir

branch. The system consisted of soil tubes, 25 cm long x 6.5 cm

diameter, each containing a 22 cm long x 1.75 cm diameter Douglas-fir

branch section, an alder inoculum block that was prepared as

described for the field tests, and soil from the Rock Creek Access

Road Plantation (Figure 9). The soil was allowed to air dry in the

greenhouse to 2.7% moisture content, then water was added to bring

the moisture content to 15%. Soil water measurements were obtained

by oven drying 20-30 g samples at 105 C for 24 hours. The incubation

tubes were put together as follows: The Douglas-fir branch was first

put into the tube, then the tube was filled with soil so that the top

0.5 cm of the branch was left exposed. An alder inoculum block with

a 1.75 cm diameter hole in the side was then set onto the exposed end

of the branch section so that the hole fit snugly over the branch.

Additional soil was then added to the top of the incubation tube and

the end of the tube was covered with aluminum foil and secured with a

rubber band. The assembled tube was then incubated at 22 C. After a

specified incubation period, the branch was removed and examined for

ectotrophic growth of Phellinus weirii. Growth of the fungus into
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the surrounding soil, colonization of the branch by other fungi, and

condition of the inoculum block were also noted.

Standard incubation conditions to be used for the moisture, pH,

temperature and microorganism studies were determined in a series of

preliminary tests. In the first set of tests, the effect of

different substrates on the growth of 2, weirii was determined.

Growth along 1.75 cm diameter Douglas-fir branches was compared with

growth along 1.75 cm diameter wood dowels and 1.75 cm diameter glass

rods. Growth rates when the test rod was surrounded by autoclaved,

steam pasteurized or untreated field soils were also tested. A total

of forty-five tubes were constructed using a Douglas-fir branch as

the test rod. Fifteen of the tubes were repacked using soil that had

been steam pasteurized at 70 C for 30 minutes, fifteen were repacked

with soil that had been autoclaved for fifteen minutes and the

remaining fifteen were repacked with untreated field soil.

Forty-five tubes each were constructed in a similar fashion using

1.75 cm diameter dowels and 1.75 cm diameter glass rods. All tubes

were then set in an incubation chamber at 22 C. After 33 days, two

tubes from each of the nine treatments were dismantled and examined.

This procedure continued on a daily basis for the next two days, when

malfunction of the incubation chamber forced an early end to the

experiment. However, the data collected over the three days clearly

showed that ectotrophic mycelial growth of Phellinus weirii was best

on Douglas-fir branches. Ectotrophic mycelial growth occurred on 15

of the 18 replicates using a Douglas-fir branch as a test rod (83%),

and on 12 of the replicates (67%), growth was to the end of the tube
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(22cm). Of the successful inoculations, the least amount of

ectotrophic mycelial growth was 15.4 cm. In contrast, growth

occurred in only three of the replicates that used a wood dowel as

the test rod. In one replicate, the fungus grew to the end of the

tube (22 cm), and in the other two tubes, growth extended 14.3 and

17.2 cm. No growth occurred on the glass rods. Use of pasteurized

or autoclaved forest soil as opposed to untreated soil produced no

significant differences in the length of ectotrophic extension along

the Douglas-fir branches. However, growth of the fungus from the

branch out into the surrounding soil was much more extensive for the

pasteurized and autoclaved soils than for the untreated soil. In

some cases the extensive mycelial growth caused the soil and branch

segment to be completely cemented together. Because of the results

of the above tests, it was decided that Douglas-fir branch sections

and non-pasteurized, non-autoclaved forest soil would be used as the

base substrates in all future g. weirii growth experiments.

A second preliminary study was set up to establish the rate of

growth and extent of penetration of Phellinus weirii on Douglas-fir

branches over a 30 day period. Thirty incubation tubes were

assembled with untreated field soil and Douglas-fir branches. The

tubes were dismantled at five-day intervals starting on day 10. The

extent of ectotrophic mycelial growth was then recorded and

penetration of P. weirii into the branches was determined by

splitting the branches longitudinally and isolating from xylem and

pith tissue at 2 cm intervals to the point of maximum ectotrophic

growth. Ectotrophic mycelial growth measured at five-day intervals
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is shown on Figure 10. By day 25, an average of 9.0 cm of growth was

achieved. Maximum ectotrophic mycelial growth recorded was 15.2 cm,

and minimum growth was 3.0 cm. Of the soil tubes dismantled after 30

days, average growth was 9.3 cm. Ectotrophic mycelial growth ranged

from 5.9 to 14.2 cm. It was thus decided that 25 days would be

sufficient incubation time for future studies. Isolations from the

split Douglas-fir branches showed that the extent of penetration of

Phellinus weirii through the pith was as great or greater than

through the xylem. In seven out of nine branch sections from which

weirii was successfully isolated, penetration of the fungus

through the pith was greater than through the xylem. IL. weirii was

successfully isolated from xylem tissue at an average maximum

distance of 2.1 ± 0.9 cm from the inoculum block. In contrast,

isolations from pith tissue were at an average maximum of 3.5 ± 1.2

Cm.

Once the substrate and timing parameters for maximum

ectotrophic growth of Phellinus weirii in the incubation tubes were

established, experiments using the system to investigate the effects

of soil moisture, pH and temperature on mycelial growth were run. In

each experiment, all tubes were incubated under standard conditions

(Douglas-fir branches, unpasteurized field soil at 15% moisture

content, incubated at 22 C for 25 days), and only the growth

parameter being investigated (moisture, pH or temperature) was

allowed to vary. Twenty soil tubes were assembled for each moisture,

pH or temperature level.
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B. Results

1. Moisture Study

Soil moisture levels of 15, 20, 25 and 35% (dry weight basis)

were used in the first moisture experiment. The soil moisture levels

were obtained by addition of water to air dried soil (2.7% moisture

content). All moisture levels were confirmed by drying 30 g samples

of the water-amended soils at 104 C for 24 hours and re-weighing the

samples. A second experiment was run using soil moisture levels of

2.8, 5, 10, 15, 20 and 25%. Results of the moisture study are shown

in Table 7. Although variability was high, ectotrophic mycelial

growth for both experiments was greatest at 15% soil water content,

with an average of 10.7 ± 3.0 cm in the first experiment and 3.6 +

2.9 cm in the second. In addition to increased linear growth

observed at this level, there was also increased radial growth of

Phellinus weirii out into the soil. As soil moisture content

increased, the fungal mats and crusts became considerably thinner,

and at the 25% moisture level growth was often just a network of

single strands of hyphae. Concurrent with the decrease in growth of

Thellinus weirii was an increase in colonization of the branches by

other fungi, starting at the 20% level. Although colonization by

other fungi was not observed at the low moisture levels (2.8 and 5%),

ectotrophic mycelial growth of Phellinus weirii again decreased. At

5% soil moisture content, growth of the fungus was mainly limited to

the hole where the Douglas-fir branch met the inoculum block. At the

2.8% level, no mycelial growth was observed.
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Table T. Ectotrophic Mycelia' Growth Of Phellinus weirii Along Douglas-fir

Branches At Various Soil Moisture Levels (--- = Not Tested)

$2.0 Content

2.8

5.0

10.0

pmeriment 1

1 Establishment

Experiment 2

$ Establishment Mean Growth (Cm) Mean Growth (Cm)

111.1

0 0

45 .05 + .06

65 .75 ± 1.06

MON

NIMMMI

MOMMIN

15.0 60 10.7 ± 3.0 85 3.57 IL 2.90

20.0 60 4.1 + 1.6 45 1.5 + 1.26

25.0 45 4.9 + 2.4 45 1.66 ± 1.19

35.0 50 3.9 ± 2.7 NAM.
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2. pH Study

Soil pH levels of 3.5, 4.5, 5.4, 6.6, 7.8 and 8.5 were used in

the pH experiment. The various soil pH levels were obtained by

additions of lime or sulfuric acid to air-dried forest soil (pH =

5.4). The soil pH levels were determined by mixing 200 g samples of

soil with 400 ml H2O and measuring with a pH meter. After the

desired pH levels were obtained, moisture contents of all the soils

were brought to 15% by addition of water. The pH levels of the soil

were again measured to insure that the addition of water did not

affect soil pH. Results of the pH study are shown in Table 8. In

general, the ectotrophic mycelial growth of Phellinus weirii from the

inoculum blocks onto the Douglas-fir branches was very poor.

Although maximum average ectotrophic mycelial growth occurred at pH =

4.5, only 1.9 cm of growth was obtained. Minimum mean ectotrophic

growth was 1.0 cm, obtained at pH = 7.7. The experiment thus failed

to clearly establish a pH optimum for ectotrophic mycelial growth.

Growth of the fungus into the soil occurred sporadically, with no

apparent difference among the treatments. Colonization of the

Douglas-fir branch sections by other fungi also occurred

sporadically, but was not associated with any particular soil pH

level.

Temperature Study

To test the effect of temperature on the ectotrophic mycelial

growth of Phellinus weirii, 120 incubation tubes were constructed

using Douglas-fir branch sections and unpasteurized field soil at 15%



65

Table 8. Ectotrophic Mycelial Growth Of Phellinus weirii Along

Douglas-fir Branches At Various Soil pH Levels

pH % Establishment Mean Growth (Cm)

3.5 55 1.2 + 1.3

4.5 60 1.9 + 3.4

5.4 60 1.2 ± 1.4

6.6 85 1.5 ± 2.2

7.7 70 1.0 ± 1.0

8.5 45 1.7 + 2.7
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moisture content. Twenty tubes were set in each of six incubation

chambers at temperatures of 5, 10, 15, 20, 25, and 30 C. The results

of the temperature study are shown on Table 9. Maximum ectotrophic

mycelial growth occurred at the 20 and 25 C levels, dropping by more

than half at 15 and 30 C. Ectotrophic mycelial mats formed by the

fungus were thickest at 20 and 25 C, and growth of the fungus out

into the soil was most commonly observed at 25 C. At the extreme

temperatures, 5, 10 and 30 C, weirii appeared to grow well in the

hole where the branch was attached to the inoculum block, but seldom

grew beyond that point.
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Table 9. Ectotrophic Mycelial Growth Of Phellinus weirii Along

Douglas-fir Branches In Soil At Various Temperatures

Temperature (C) % Establishment Mean Growth (Cm)

5 0 0

10 70 0.6 + 0.3

15 80 1.7 + 1.1

20 70 4.1 + 1.4

25 40 4.3 + 1.6

30 15 1.1 + 1.0
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V. DISCUSSION

A. Experimental Design--Strengths and Weaknesses

As indicated previously, numerous studies have demonstrated the

relationships between various factors of the soil environment and

survival of Phellinus weirii on Douglas-fir roots. This study

represents the first attempt to demonstrate that soil environment

also influences the initial establishment of the fungus on the root

and its subsequent rate of spread. In order to do this, studies were

initiated both in the field and in the lab. In the field, individual

Douglas-fir roots were inoculated with Phellinus weirii and the soil

conditions around the roots were altered. The effects of these

changes were then assessed after a one-year incubation period. In

the lab, an in vitro system using soil tubes and inoculated

Douglas-fir branch sections was used to confirm and expand upon the

findings in the field. Both the lab and field approaches proved to

have unique advantages and disadvantages. However, by using a

two-pronged approach, the strengths and weaknesses of each were

allowed to balance each other, so that a greater overall

understanding of the effects of the soil environment on the

establishment and spread of Phellinus weirii could be obtained.

In the field studies, attempts were made to duplicate the

behavior of natural infestations of weirii in second-growth

Douglas-fir plantations. This could best be accomplished in situ,
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using a natural, living host in a "natural" setting (Douglas-fir

plantation on the east side of the Coast Range). Results collected in

the field thus reflect the behavior of the fungus in a way that

cannot be entirely duplicated in the laboratory. The only major

departure from the "natural" disease condition was the use of

artificial inoculum blocks attached with plastic tape to initiate

laminated root rot infections. This had several advantages and

disadvantages. Although use of artificial inoculum was advantageous

from the standpoint of convenience, growth of 1, weirii from an

artificial inoculum block cannot be expected to behave in exactly the

same way as a naturally produced infection. In using artificial

inoculations, several important questions arise, such as:

1) Is the fungus actually establishing itself on the root or

just growing along the root surface until the food source of

the inoculum block is exhausted?

2) If the fungus does become established on the host root, how

long does it take for this process to occur?

3) Is the rate of growth of the fungus from an inoculum block

the same as the growth rate from an established infection?

4) Does the soil disturbance around the inoculation area affect

the establishment and growth of the fungus on the root?

The above problems all contributed to the generally slow and

variable growth that was observed after the one-year incubation

period. In order to obtain statistical significance, if differences

truly exist, it would have been necessary to install many more

replicates of each treatment. However, this was not practical given
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the time and manpower needed to install and maintain each study.

Conclusions from this study are thus tentative, but the observed

growth trends are still interesting.

Although there were obvious drawbacks to the use of artificial

inoculum, there were several advantages as well. With artificial

inoculum, uniformity of host and pathogen was easily obtained. The

majority of experiments were performed on a single Douglas-fir

plantation, using trees of the same age and site class, growing under

identical environmental conditions. In addition, all infected roots

were more or less the same size, had single, easily identified point

sources of initial infection and were infected with the same strain

of 2, weirii. Although control of host and pathogen was fairly

easily achieved, similar control over the soil environment proved

much more difficult. Two major problems were encountered in this

regard. The first was production of stable differences in soil

environment within a given experiment. Although this was easily

achieved in the pH and compaction studies, this was not the case in

the nitrogen, microorganism, temperature and moisture experiments.

However, in spite of the difficulties encountered, measurable

differences between treatments in all studies were produced and

maintained for at least part of the year-long incubation period. The

second major problem was the interrelatedness of the various

environmental factors under investigation. In each experiment,

attempts were made to change a single environmental factor (pH,

temperature, etc.) and to leave all others as constant as possible.

In this way, changes in ectotrophic mycelial growth could then be
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attributed to the single environmental factor under investigation.

However, in the field it is impossible to change one factor without

affecting others. For example, changes in soil temperature

inevitably result in secondary changes in soil moisture and

microorganism content. This made interpretation of experimental

results difficult. Fortunately, this and other problems in the field

experiments were compensated for by the lab studies.

The major advantage of the lab studies was that the mycelial

growth of one year in the field was obtained in an incubation tube in

25 days. Because of this, secondary changes in the soil environment

had less time to develop and their effects on fungal growth were less

pronounced. It was thus possible to start to separate the effects of

closely related soil factors on the ectotrophic mycelial growth of

Phellinus weirii. In addition, the short incubation time made it

possible to construct more replicates of each treatment and afforded

a degree of control over the soil environment not possible in the

field. As a result, a wider range of environmental conditions in

each experiment were tested.

Although there were many advantages to the approach taken in the

lab studies, there were several disadvantages as well. Although the

incubation tubes were designed to simulate growth of Phellinus weirii,

in the field, the use of Douglas-fir branch sections as the growth

substrate in the place of living Douglas-fir roots represented a

major departure from the field situation. This substitution was

necessary because of the difficulty involved in collecting enough

suitable root material for all of the lab experiments. However,
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Phellinus weirii may grow at a different rate on Douglas-fir branches

than on roots. The initial lab experiments comparing growth of 2,

weirii on glass rods, dowels and Douglas-fir branches demonstrate

that substrate influences growth rate. However, it is likely that

ectotrophic growth on living roots is more closely approximated by

growth on branches than on dowels or glass rods. In any case, since

the main objective of the lab study was to determine differences in

ectotrophic mycelial growth in different soil environments, the

question of absolute growth rate on a given substrate becomes largely

an unimportant one. Although the rate of growth on Douglas-fir

branches may be different from that on roots, it is nevertheless

likely that the various factors of soil environment affect the two

growth rates in the same way. More serious was the decreased fungal

growth rate in the later experiments. In the first preliminary test,

ectotrophic mycelial growth ranged from 15.4 to 22 cm (the end of the

tube) after 33 days. In the next experiment, to determine incubation

time to be used in subsequent tests, growth ranged from 3.0 to 15.2

cm (average growth = 9.0 cm) after 25 days. In later experiments,

this downward trend in ectotrophic mycelial growth continued.

Although the first moisture experiment yielded average mycelial

growth of 10.7 cm at 15% water content, the second had average growth

of only 3.6 cm. In the pH experiment, maximum average ectotrophic

growth was only 1.9 cm (pH = 4.5), and in the temperature experiment,

maximum average growth was 4.3 cm (at 25 C). This lack of growth

made it difficult to determine differences in the effects of

moisture, pH, and temperature levels. Because of the failure to
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obtain growth rates comparable to those of the initial experiments,

laboratory tests on the effects of soil nitrogen and compaction were

not performed.

The lack of profuse ectotrophic mycelial growth in the later

experiments was most likely due to inoculum failure. In producing

the inoculum blocks used in these studies, the fungus was allowed to

establish itself and grow for thrbe months before being put in

storage at 5 C. The inoculum blocks used in the initial experiments

were kept in cold storage for no more than three months before use.

Those in subsequent tests were stored up to seven months prior to

use. It thus appears that while Phellinus weirii can survive for

extended periods at cold temperatures, its ability to grow decreases

with time. For this reason, the laboratory experiments are to be

repeated using fresh inoculum (grown for three months, no cold

storage).

B. Growth Patterns of Phellinus weirii on Douglas-fir Roots

The general growth patterns of Phellinus weirii, observed in the

lab and at the Rock Creek Access Road study site provide many

insights into the behavior of naturally occurring laminated root rot

infections. Behavior of the fungus was in many ways the same as has

been reported by others (Wallis and Reynolds 1962; Hansen et al.

1983; Hansen 1985). In the first study using artificial inoculum

blocks of E. weirii on live Douglas-fir roots, Wallis and Reynolds

(1962) obtained an overall inoculation success rate of 100%.
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Ectotrophic mycelial growth averaged 40 cm after six months

incubation and 35 cm after 12 months. When soil was excluded from

the inoculation point with a polyethylene wrap, the mycelium was

often restricted to the area covered by the polyethylene. In

contrast, Hansen (1985) obtained much more slow and variable growth

of E. weirii. Of 759 inoculations, ectotrophic mycelial growth

occurred on 54% of the roots. In addition, on 61% of the successful

inoculations, j. weirii did not grow beyond the protective covering

of the plastic wrap that enclosed the inoculation area. Average

ectotrophic mycelial growth after a two-year incubation period was

13.2 cm.

Fungal growth rates obtained at the Rock Creek Access Road study

site were comparable to those obtained by Hansen. Although the

inoculation success rate was just 58%, the fungus was restricted to

the plastic wrap in only 18% of the successful inoculations. Average

ectotrophic mycelial growth obtained after the one-year incubation

period was 15.5 cm.

Hansen attributed the relative lack of growth in his study as

compared to that of Wallis and Reynolds to inadequate inoculum

potential in the inoculated alder blocks he used. It is likely that

the same problem was encountered in this study. In both studies, the

inoculum blocks were stored at 5 C for at least two months prior to

installation in the field. As was indicated by the failure in the

lab studies, storage of the alder blocks at cool temperatures for

extended periods of time may reduce subsequent potential for

ectotrophic mycelial growth. The cold storage of inoculum was
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probably responsible for the reduction in ectotrophic mycelial growth

compared to that obtained by Wallis and Reynolds.

Although overall mycelial growth obtained by Hansen (1985) and in

this study was considerably less than that obtained by Wallis and

Reynolds (1962), comparison of the three studies reveals much about

the behavior of the fungus during incubation. It is particularly

interesting to note the small differences in average extent of fungal

growth obtained by Wallis and Reynolds after 6 and 12 months

incubation, and between the current study (one year incubation) and

that of Hansen (two years incubation). The small differences

indicate that the majority of ectotrophic mycelial extension occurred

during the first months after inoculation. After this initial flush,

growth slowed down considerably. The potential for a rapid flush of

growth, given the right conditions, was illustrated by the lab

studies, in which as much as 22 cm of ectotrophic mycelial growth was

obtained in 33 days. Wallis and Reynolds hypothesized that the later

reduction in growth was due to the increased distance from the

inoculum block to the advancing mycelial front through which

nutrients must pass. Although this is probably true, it is more

likely that the growth reduction in the Rock Creek Access Road

experiments was brought about by the simple depletion of food base in

the inoculum block. Support for this hypothesis includes the

observations of almost complete degradation of the majority of the

inoculum blocks (95% of the blocks) at the end of the incubation

period and the retreat of actively growing mycelium from the margin

of maximum ectotrophic mycelial growth on many of the roots. Hansen
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(1985) also observed these phenomena.

Once the food base of the inoculum block has been depleted,

ectotrophic mycelial growth cannot continue without the exploitation

of a new food base. Rapid penetration of the bark thus becomes

important to the establishment and continued spread of the fungus on

the root. Wallis and Reynolds found that this penetration of the

bark could take place very rapidly. After six months, 67% of their

inoculated roots showed signs of xylem infection and 70% had xylem

infection after 12 months. In addition, penetration of the fungus

into small roots (1-1.9 cm diameter) occurred faster than in larger

roots (>2.9 cm diameter). This was presumably due to the greater

thickness of the bark of the larger roots. Hansen (1985) observed

considerably less penetration and colonization of root tissues than

Wallis and Reynolds. Although lenses of necrotic phloem were

observed on 65% of the successful inoculations (35% of total

inoculations), colonization of the xylem was not observed. weirii

was successfully isolated from 14% of the roots showing phloem

necrosis. In the Rock Creek Access Road experiments, penetration and

colonization of successfully inoculated roots occurred at a rate

comparable to that obtained by Hansen. Phloem necrosis was observed

in 52% of the successful inoculations (31% of total inoculations) and

'hellinus weirii was isolated from 23% of the roots with observable

phloem necrosis. In addition, penetration and colonization of roots

that were reburied with unamended field soil was essentially the same

as those reburied with amended soils. It is thus unlikely that the

differences in ectotrophic mycelial growth observed between the
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amended and unamended soils were due to variations in the rate of

establishment of the fungus in host tissues. Instead, the changes in

ectotrophic growth were most likely due to direct effects on the

fungus during the initial flush of growth from the inoculum block.

Wallis and Reynolds (1963) and Hansen (1985) made many

observations on the importance of wounding to the establishment and

spread of laminated root rot. Wallis and Reynolds intentionally

wounded roots at the point of inoculation and observed fungal growth

both on the bark surface and in the woody tissues. Although the

total extent of ectotrophic mycelial growth on both injured and

uninjured roots was essentially the same, colonization of woody

tissues was greatly enhanced by wounding, particularly in the larger,

thick-barked roots. Hansen (1985) made similar observations. He

found that ectotrophic mycelial growth was "dramatically enhanced" in

the vicinity of root wounds that were inadvertently made during the

inoculation process. He did not, however, attempt to correlate

wounding with subsequent ectotrophic mycelial growth away from the

wound site.

Growth patterns observed in this study were similar to those

obtained by Wallis and Reynolds and by Hansen. Root wounding

resulted in a profusion of ectotrophic mycelial growth in the

vicinity of the wound and enhanced colonization of the phloem.

However, as was found by Wallis and Reynolds, the increase in

thickness and density of the mycelial mats in the vicinity of root

wounds did not result in a statistically significant increase in the

rate of ectotrophic extension beyond the wound area. This lack of
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increase in ectotrophic mycelial growth beyond the wound area was

surprising. Perhaps there was not enough time in the one-year

incubation period for the differences to show.

Penetration studies in the laboratory further illustrated the

ability of weirii to rapidly invade host tissues via wounds.

Isolations from split Douglas-fir branches incubated in soil tubes

showed that the majority of fungal penetration took place directly

through the cut end of the branch rather than through intact bark.

In one branch, weirii, was isolated from the xylem 3.8 cm from the

inoculum block after just 15 days incubation.

The above studies demonstrate the importance of root wounds to

the infection biology of Phellinus weirii. Although root wounds do

not appear to markedly affect the rate of ectotrophic mycelial

extension away from the wound area, they do play an important role in

the establishment of the fungus on the root and in the subsequent

colonization of root tissues. On intact roots, the bark is an

important barrier limiting fungal colonization. In larger roots,

increased bark thickness reduces the rate at which colonization may

take place. However, when wounding exposes the xylem and phloem

tissues, invasion of the root may take place at a rapid rate. This

capacity to rapidly invade exposed host tissues is particularly

important to the establishment of laminated root rot infections in

newly regenerated forests, where the initial inoculum sources are

colonized roots and stumps from the previous stand. As was the case

with the artificial inoculum used in the field studies, inoculum

potential of the fungus surviving in buried woody material may be
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reduced compared to that of actively growing mycelium on a living

tree root. This reduced inoculum potential may in turn reduce the

ability of the fungus to penetrate the intact bark of a new host.

Natural root wounds thus provide an important infection court for

rapid establishment of the surviving fungus onto new host roots.

C. off Study

In the field trials, maximum ectotrophic mycelial growth of

Phellinus weirii was obtained by reburial of inoculated roots with

unamended forest soil (pH = 5.5). Although the reduction in

ectotrophic mycelial growth associated with lime-treated soil (pH =

6.4) was significant at the 90% level of confidence, the reduction

with acid-treated soil (pH = 4.5) was not. The high degree of

variation in mycelial growth among unamended test roots was largely

responsible for the lack of statistical significance. In the lab,

inoculum failure and the subsequent lack of ectotrophic mycelial

growth made it impossible to reach any definite conclusions on the

possible effects of soil pH. Maximum growth was reached at pH = 4.5,

but total mycelial extension was only 1.9 cm.

The results of the field studies strongly resemble data on growth

of weirii in liquid culture reported in 1976 by Li et al. In that

study, growth gradually increased from pH = 3.0 to pH = 6.0, but fell

abruptly from maximum growth to no growth from pH = 6.0 to pH = 6.5.

Li's study showed that pH is capable of directly affecting the rate

of mycelial growth of 2, weirii, and that maximum growth occurs at
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approximately pH = 6.0. The similarity in growth response obtained

at the Rock Creek Access Road plantation suggests that soil pH is

capable of directly affecting ectotrophic mycelial growth in the

field as well.

Although the effect of pH on ectotrophic growth of Phellinus

weirii appears to be largely a direct one, the indirect effects of

soil pH on microbial populations and soil nitrogen levels are also

important. Bacteria and actinomycetes are generally more active at

pH levels above 5.5 and may contribute to the reduction in growth of

weirii. Disease suppression by this mechanism is a fairly common

occurrence. One example of this is the suppression of Fusarium wilt

of flax by fluorescent pseudomonads in high pH soils. At low pH

levels, the bacterial population drops and the pathogen again

fluorishes (Scher and Baker 1980).

Reduction in growth of Phellinus weirii at low pH levels may also

be attributed to microbial interactions. Fungal antagonists,

particularly Trichoderma spp., are strongly favored by acid soil

conditions (Warcup 1951; Scheupp and Frei 1969; Hora and Baker 1974;

Liu and Baker 1980; Baker and Chet 1981). Increases in populations

of fungal antagonists may thus account for some of the observed

reduction in ectotrophic mycelial growth at low pH levels.

Changes in soil pH levels also affect the nitrogen content of the

soil. Mineralization of immobilized nitrogen to usable ammonium is

sharply reduced below soil pH = 5.5 (Brady 1974). Since ammonium is

the major source of nitrogen for Phellinus weirii in the field,

reductions in this necessary compound with decreased soil pH also
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D. Nitrogen Study
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Nitrogen fertilization treatments have long been proposed as an

effective method of laminated root rot control (Nelson 1970, 1975a,

1976a; Wallis and Reynolds 1974; Thies 1984). The current study

indicates that this may be an effective approach. In the field

trials, a single application of 670 kg/ha nitrogen in the form of

urea resulted in substantial reductions in both inoculation success

and establishment of the fungus in the root. In addition, the urea

treatment produced a 41% reduction in the extent of ectotrophic

mycelial growth compared to unamended controls. However, because of

the small sample size of urea-treated roots and the high degree of

variation within each group of replicates, this difference in

ectotrophic growth was not statistically significant.

Although marked differences in ectotrophic mycelial growth and

establishment of weirii were obtained in this study, it is likely

that the differences would have been even greater if the urea had

been applied immediately after inoculation. Much of the observed

growth probably occurred in a rapid flush in the month prior to the

urea treatment. However, the subsequent increase in nitrogen levels

likely contributed to the mycelial crusting and dieback observed on

the roots.

The mechanism by which urea treatments inhibit growth and

establishment of Phellinus weirii on Douglas-fir roots is unknown.
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It is possible that high levels of nitrogen in the soil have a direct

inhibitory effect on the growth of j. weirii. However, work by Li

and Bollen (1975) tends to refute this view. In growth studies using

defined liquid media, they found that although nitrate solutions tend

to inhibit fungal growth, solutions containing ammonium or urea

enhance growth. It therefore seems more likely that inhibition of 2,

weirii took place by indirect means, with antagonistic microorganisms

playing a major role. Since Phellinus weirii lacks nitrate reductase

(Li et al. 1967b, 1968; Li and Bollen 1975), it can only directly

utilize ammonium ions from the urea fertilizer. The nitrate ions may

only be utilized after conversion to ammonium or amino forms of

nitrogen via the relatively slow processes of nitrate reduction.

Antagonistic microorganisms which have the ability to directly

assimilate both forms of nitrogen would therefore have a competitive

advantage over 2, weirii. Trichoderma, in particular, has been shown

to multiply rapidly in urea-amended soils, and can displace g. weirii

from buried alder stem sections (Nelson 1976a). However, the direct

effects of increased populations of Trichoderma and other microbial

antagonists on actively growing 2, weirii on Douglas-fir roots have

yet to be conclusively demonstrated.

The reduction in establishment and ectotrophic growth of

Phellinus weirii may also be due to other indirect effects.

Applications of urea have the overall effect of lowering soil pH

(Brady 1974) which, as was shown in the pH study, reduces the rate of

ectotrophic spread of the fungal pathogen. A final indirect factor

which may work to inhibit Phellinus weirii is the increase in host



83

vigor and growth efficiency associated with increased soil nitrogen

content. It is virtually impossible to separate the effects of soil

nitrogen, pH, host vigor and the activity of microbial antagonists on

the ectotrophic mycelial growth of I.. weirii. The overall effect of

increased soil nitrogen levels is probably due to a combination of

all the above factors.

The effects of the glucose additions to the soil may be viewed in

a similar light. The reductions in ectotrophic growth of Phellinus

weirii and inoculation success were likely also due to a combination

of factors, including direct inhibition from reduced nitrogen

availability and changes in populations of microbial antagonists. As

was the case with the urea-treated roots, ectotrophic mycelial growth

and inoculation success would probably have been further reduced had

the glucose been applied immediately after inoculation, and at a

higher rate. This is true since the first application was not

completely successful in reducing the ammonium or total nitrogen

levels in the soil and the second application did not take place

until four months after inoculation.

E. Moisture Study

The field and laboratory studies showed that soil moisture also

has an effect on the ectotrophic mycelial growth of Phellinus

weirii. The lab studies established that the soil moisture level for

optimum ectotrophic mycelial growth is near 15%. At the low moisture

levels, decreased water availability directly affected fungal growth.



814

Mycelial mats became thinner and growth of the fungus into the

surrounding soil was reduced. At the 5% moisture level, the inoculum

blocks were almost completely dry and no mycelial growth occurred.

In contrast to the direct effect of low moisture levels, growth

reduction at high soil moistures appeared to be mainly due to

increased microbial competition. As soil moisture content increased,

other fungal species, particularly Penicillium, colonized the

Douglas-fir branches. The antagonistic effects of the fungal

"contaminants" were particularly striking. Whenever advancing fans

of Phellinus weirii met another fungus, growth of the pathogen was

completely stopped. A sharp boundary zone at the interface was

typically produced, and a profusion of setal hyphae in this area was

often observed. Nelson (1968) observed similar increases in

populations of antagonistic fungi with increased soil moisture.

Using stepwise regression and covariance analysis in an attempt to

relate fungus populations to soil moisture, temperature and organic

content, he found that moisture was the major factor limiting

populations of such fungal antagonists as Cephalosoorium acremonium,

renicillium sp., Trichoderma viride and Gliomastix chartarum. As

soil moisture levels increased above 20%, populations of the

antagonists also increased, reaching a maximum at field capacity.

This same phenomenon probably occurred in soil tubes at the 20, 25

and 35% levels, with the overall effects of reducing ectotrophic

mycelial growth.

Field inoculations of Douglas-fir roots also showed a reduction

in ectotrophic mycelial growth at both high and low moisture
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regimes. Mycelial growth on wet treatment roots averaged 6.1 cm less

than growth on untreated control roots. Dry conditions reduced growth

by 3.7 cm. Although the growth reduction associated with high

moisture conditions was large, it was not statistically significant.

Again, the high degree of variation among replicates contributed to

the lack of significance.

Inoculation success, measured both in terms of the percent roots

with visible ectotrophic mycelial growth and the percent roots with

growth beyond the inoculation area was the same for both dry and

control treatments and was only slightly reduced by the wet

treatment. The lack of large differences in ectotrophic mycelial

growth and inoculation success between the dry and control roots was

likely due to the failure to produce large differences in soil

moisture levels between treatments. Significant moisture differences

were only established when rainfall was light, in the early fall and

late spring. Since moisture levels were exactly the same in the

initial months after inoculation, it is not surprising that the

inoculation success rates for both dry and untreated roots were

exactly the same. In addition, since most ectotrophic mycelial

extension probably took place in a flush of growth in the initial

three months after inoculation, it is difficult to ascertain whether

growth reduction associated with dry treatment roots was due to the

moisture differences in the early fall and late spring or merely due

to random variation among replicates.

The reduction in ectotrophic mycelial growth associated with wet

treatment roots (nearly twice that associated with dry treatment
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roots) was likely due to the increased success in producing and

maintaining moisture differences between the wet and untreated soils.

Applications of water to the wet treatment roots started 1-1/2 months

after inoculation, in time to affect ectotrophic mycelial growth

during the initial flush from the inoculum block. Similar

differences in moisture levels between the dry and untreated soils

were not produced until approximately three months after inoculation.

Although increased soil moisture markedly reduced the extent of

ectotrophic mycelial growth measured after one year's incubation

time, the effect on overall inoculation success was not as great.

The proportion of roots with visible ectotrohpic mycelial growth was

reduced by only 11% while growth beyond the inoculation area occurred

on 17% fewer wet treatment roots. It thus appears that although the

moisture treatments were applied in time to affect the later stages

of the flush of growth on the root, they were applied too late to

markedly affect initial growth from the inoculum block onto the

root. However, the reduction in inoculation success that was

obtained does indicate a trend towards reduced fungal establishment

in wet soils.

Although the moisture experiments at the Rock Creek Access Road

plantation were not entirely successful, the results indicated that

moisture levels play a considerable role in influencing the rate of

ectotrophic mycelial growth of yhellinus weirii along Douglas-fir

roots. As was the case with the lab studies, microbial antagonism

was probably a major factor in the growth reductions observed in

wetter soils. Although the effect of reduced soil moisture was not
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conclusively demonstrated, it is likely that in drier soils (below

15% moisture content) growth is reduced due to the direct effects of

limited water on fungal metabolism. Since soil moisture levels

undergo seasonal fluctuations, ectotrophic mycelial growth will also

fluctuate with season. In the winter, as soil moisture levels reach

field capacity, the rate of ectotrophic mycelial growth along

Douglas-fir roots will decrease. As the soil dries out in the spring

and summer, the rate of ectotrophic mycelial growth along Douglas-fir

roots will again increase. If the soil dries out well below the 15%

level, ectotrophic mycelial growth will again decrease. The soil

moisture characteristics of a given site are thus very important. At

the Rock Creek Access Road Plantation, as with the majority of the

Douglas-fir plantations in the Oregon Coast Range, soil moisture

levels are well above 15% for the majority of the year. At drier

sites within the Coast Range, the overall rate of ectotrophic

mycelial growth of E weirii is higher,thus the potential for

laminated root rot damage is also higher.

In contrast to the current study, Hansen (1985) was unable to

find any correlation between ectotrophic mycelial growth on

inoculated roots and relative moisture availability at twenty

plantations in the Oregon Coast Range. However, his inoculations

were installed in November 1980, after the first heavy rains of the

season had fallen. It is thus unlikely that there were any major

differences in soil moisture levels at the twenty sites during the

first few months after inoculation, when most ectotrophic mycelial

growth probably took place. In addition, as with the current study,
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identification of specific correlations was hampered by the high

degree of variation in growth among replicates. Williams and Marsden

(1982) presented additional evidence that root disease centers are

influenced by soil moisture characteristics. In their analysis of

timber survey data for northern Idaho forests they found that on wet

aspects, the highest probability of root disease centers occurs on

soils with low year-round moisture availability. The opposite was

true on dry aspects. These results, as with those of the current

study suggest the existence of a specific moisture regimen within

which root diseases are prevalent.

F. Temperature Study

In general, the laboratory and field experiments failed to

conclusively demonstrate the effect of soil temperature on

ectotrophic mycelial growth of Phe linus weirii. Although inoculum

failure limited the extent of growth of the fungus along Douglas-fir

branches, several notable trends were observed. Maximum ectotrophic

mycelial growth occurred at 20 and 25 C, confirming the in vitro

results of Li et al. (1967) and Nelson and Fay (1975), and extending

their applicability to a soil system. The effect of temperature

appeared to be mainly a direct one. At 5 C the fungus only grew well

in the hole between the Douglas-fir branch section and the inoculum

plug. Meanwhile, at 30 C the fungus in the inoculum plug appeared to

be dead and growth onto the branch occurred in only three replicates.

Unlike the moisture study, contaminating microorganisms were seldom
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noted and did not appear to be a factor limiting growth. The absence

of antagonistic microorganisms was probably a result of the 15% soil

moisture level at which the temperature experiments were run.

In the field, there was little change in the extent of

ectotrophic mycelial growth between the shaded (cool) and unshaded

(warm) treatments. This lack of difference may be attributed to the

failure to obtain large, consistent temperature differences between

the two treatments. However, ectotrophic mycelial growth at the

temperature study site (Chintimini 2-72 Salvage plantation) was much

greater than at the Rock Creek Access Road plantation, where all

other experiments were performed. The large increase in ectotrophic

mycelial growth was at first attributed directly to differences in

soil temperature between the lightly stocked, southeast-facing

Chintimini 2-72 Salvage plantation and the fully stocked, east-facing

Rock Creek Access Road plantation. However, since soil temperatures

at the Rock Creek Access Road plantation were almost identical to

those around shaded treatment roots (Figure 8), this was probably not

the case. Instead, the differences in ectotrophic mycelial growth

were more likely due to long-term secondary changes in soil moisture

and microorganism contents as a result of the different temperature

regimes at each site. At the lightly stocked, southeast-facing

Chintimini 2-72 Salvage plantation, overall levels of moisture and

antagonistic microorganisms were probably lower than at the fully

stocked, east-facing Rock Creek Access Road plantation. At the lower

moisture and microorganism levels, the rate of ectotrophic mycelial

growth will be greater.
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Although the temperature experiments failed to produce any marked

difference in the rate of ectotrophic mycelial growth between shaded

and unshaded roots, large differences in inoculation success were

noted. Observation of ectotrophic mycelial growth on unshaded roots

was reduced by 53% and growth beyond inoculum was reduced by 47%.

These reductions were most likely due to the large temperature

extremes (over 22 C) encountered by the unshaded roots during the

initial summer months after inoculation.

G. Microorganism Study

Although the results of the pH, nitrogen, moisture and

temperature studies may in part be explained by associated changes in

populations of microbial antagonists, elimination of antagonists by

steam pasteurization failed to produce significant changes in

ectotrophic mycelial growth rates along Douglas-fir branches or

roots. In the lab, extension of E. weirii along branch sections was

unaffected by steam pasteurization, but growth out into the soil was

markedly greater under pasteurized conditions. The lack of

difference in mycelial growth along the branch sections is in marked

contrast to scattered observations made in the moisture, temperature

and pH studies. In those studies, it was noted that whenever another

fungus established itself on the Douglas-fir branch, growth of

Diellinus was stopped along a sharply defined boundary zone. It thus

appears that antagonistic microorganisms in the soil will restrict

growth of Phellinus weirii to the root surface but will not interfere
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with growth along the surface unless the antagonist is also

established on the root.

In the field trials, steam pasteurization did not significantly

affect the rate of spread of Phellinus weirii along inoculated

Douglas-fir roots, but did cause a large change in inoculation

success. Growth of the fungus onto roots repacked with pasteurized

soil was reduced by 40%, while growth beyond the inoculation area was

reduced by 30%. The large reductions were unexpected; perhaps the

pasteurized soil was quickly recolonized by antagonists which

restricted Phellinus weirii. Another explanation is that the change

was moisture related, caused by the high moisture content of the

pasteurized soil compared to that of the untreated soil.

H. Compaction Study

Although soil compaction levels obtained by treatment with the

vibrational plate road grader were similar to those found on minor

skid trails, no significant change in either establishment or rate of

ectotrophic mycelial growth of Phellinus weirii was observed. Soil

bulk density appears to have no direct effect on the rate of

ectotrophic mycelial extension of Phellinus weirii along Douglas-fir

roots. However, compaction treatment with the vibrational plate road

grader markedly increased wounding on test roots. As observed

previously, growth of the fungus in the vicinity of the root wounds

was greatly enhanced, as was establishment of the fungus in the

tissues of the root. Thus, while soil bulk density has no direct
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effect on the rate of spread of Phellinus weirii, any soil

disturbance that increases the occurrence of root wounds will also

increase establishment of laminated root rot in the forest stand.
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VI. SUMMARY AND CONCLUSIONS

Following is a synopsis of the major results of this series of

studies on the effects of soil environment on ectotrophic mycelial

growth of Phellinus weirii on Douglas-fir roots.

1) Success of artificial inoculation of Phellinus weirii on

Douglas-fir roots in the field or on Douglas-fir branches in

in vitro incubation tubes appears to be highly dependent on

the condition of the inoculum block. Storage of inoculum

blocks at 5 C for extended periods of time may markedly

reduce inoculum potential, resulting in reduced and variable

ectotrophic mycelial growth. The reduced and variable

growth obtained in the lab and field studies hindered the

statistical analysis of test differences. Conclusions from

this study are thus limited to interpretation of observed

growth trends.

2) The rate of ectotrophic mycelial growth is dependent in part

on the surface upon which it is growing. 2, weirii grows

more rapidly on Douglas-fir branch sections than on wood

dowels and will not grow along glass rods.

3) The majority of ectotrophic mycelial growth from artificial

inoculations in the field appears to take place in a rapid

flush of growth in the first three months following
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inoculation. Growth in in vitro incubation tubes takes

place at a much more rapid rate (up to 22 cm in 25 days).

4) The rate of penetration of intact bark and subsequent

colonization of root tissues is unaffected by soil

amendments or disturbance. Differences in ectotrophic

mycelial growth observed in the field studies were thus the

results of direct effects of soil environment on initial

growth from the inoculum block, and not due to effects on

colonization of the root.

5) Root wounding enhances mycelial growth in the area of

injury, but not the rate of ectotrophic mycelial growth away

from the vicinity of the wound. However, the rate of

colonization and subsequent penetration of root tissues is

greatly increased. Root wounds are thus an important

infection court for the initiation of laminated root rot in

Douglas-fir roots.

6) Soil pH appears to directly affect the rate of ectotrophic

mycelial growth along Douglas-fir roots, with maximum growth

at pH = 5.5. Indirect effects of soil pH on soil nitrogen

levels and populations of microbial antagonists may also be

important factors determining the rate of ectotrophic

mycelial growth.
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7) Excessive or reduced levels of soil nitrogen may reduce both

establishment and ectotrophic mycelial growth of g. weirii

on Douglas-fir roots. The reduction is most likely an

indirect effect due to associated changes in soil pH and

levels of microbial antagonists.

8) In the laboratory, the soil moisture level at which maximum

ectotrophic mycelial growth takes place was established at

15% water content. Growth reductions below this level were

due directly to limited water availability and above this

level to indirect effects on populations of microorganisms

in the soil. In the field, ectotrophic mycelial growth was

reduced at elevated soil moisture levels. The effects of

reduced soil moisture levels on ectotrophic mycelial growth

were not conclusively demonstrated. Although reduced

inoculation success at elevated moisture levels was

observed, the effect of soil moisture on inoculation success

was not clearly established.

9) In the laboratory, maximum ectotrophic mycelial growth along

Douglas-fir branch sections was observed at 20-25 C.

Reductions in growth both above and below this level

appeared to be due directly to temperature and not to

secondary effects on soil moisture or microorganisms. In

the field, wide fluctuations in soil temperature at unshaded

roots appear to reduce inoculation success. Demonstration
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of direct effects of soil temperature on ectotrophic

mycelial growth was prevented by failure to produce

significant differences among field treatments. However,

comparison of overall growth rates at the two plantations

indicate that long-term secondary changes in moisture and

microorganism levels may increase the rate of ectotrophic

mycelial growth on warmer sites.

10) Soil pasteurization failed to produce a change in the rate

of ectotrophic mycelial extension along Douglas-fir branch

sections in incubation tubes. However, growth of 2, weirii

into pasteurized soil was greatly enhanced. In the field,

steam pasteurization of the soil around root inoculations

also failed to change the rate of ectotrophic mycelial

growth, but inoculation success was greatly reduced. This

effect may have been due to the increased moisture content

of the pasteurized soil.

11) Inoculation success and ectotrophic mycelial growth were

unaffected by increased soil bulk density, as produced by

the vibrational plate road grader. Increases in root

wounding could, however, enhance the ability of 2, weirii to

establish itself in disturbed areas.

Laminated root rot is considered a disease of the site.

Phellinus weirii does not cause damage to the forest ecosystem as a
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whole, but is as natural a component of that ecosystem as Douglas-fir

and the other commercially important timber species. The presence of

R, weirii only becomes of concern when man superimposes an economic

value on the production of forest products and introduces management

systems geared toward maximum yield in a minimum amount of time.

Distribution of E. weirii in the field is the result of a long-term

relationship between the fungus and the other components of the

forest ecosystem. As infection centers expand, they tend to break up

as the host becomes reestablished in areas where the fungus has died

out. Both host and pathogen are at equilibrium with each other.

Infection centers, however, are not randomly distributed. Instead,

they tend to be clustered, with damage at some sites greater than at

others. This distribution suggests that some aspect of the forest

environment directly influences the spread and establishment of

laminated root rot. One mechanism by which this may occur is by

affecting the rate of ectotrophic mycelial growth along host roots.

Hansen (1985) tested this hypothesis by correlating stand and site

characteristics such as aspect, slope, vegetation association, soil

microbial populations and soil nutrient status at twenty Douglas-fir

plantations in western Oregon with the amount of laminated root rot

damage present at each site. He also attempted to correlate the site

and stand characteristics with the extent of ectotrophic mycelial

growth from artificial inoculations after a two-year incubation

period. Hansen was unable to identify any relationships between the

measured site variables and naturally occurring root rot damage or

between the site variables and inoculation performance. This failure
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was surprising. It is possible that the relationships between

current stand damage and site factors were overshadowed by genetic

differences in aggressiveness among various clones of 2, weirii

present at the different sites. These differences among clones, if

they exist, appear to be of greater importance to the infection

biology of 2, weirii than was previously realized, and remain a

largely unexplored area. In the root inoculation experiment, high

variability in growth from the inoculum blocks limited the ability to

identify stand and site characteristics that affect ectotrophic

mycelial growth. Environmental conditions present during the first

few months after the study was established may have also affected the

experimental results. Installed in November 1980, after the first

heavy rains of the season had fallen, soil moisture levels at all

twenty field sites were high, and soil temperatures were low. As was

demonstrated in the current study, neither of these conditions are

conducive to inoculation success or ectotrophic mycelial growth.

In the current study, the question of how soil environment

affects ectotrophic mycelial growth of Phellinus weirii was

approached in a manner opposite that taken by Hansen. Rather than

inoculating roots at a number of different sites and relating

ectotrophic mycelial growth to the conditions at the sites, root

inoculations were performed at a single site and the environmental

conditions around the roots were experimentally altered. Although

additional research is necessary, the results obtained indicate that

site characteristics do affect the rate of ectotrophic mycelial

growth of Phellinus weirii along Douglas-fir roots. Soil pH,
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nitrogen, moisture and temperature all appear to be particularly

important factors. Quantification of these factors on individual

forest sites, in conjunction with root rot surveys, may help forest

managers better estimate potential losses in future stand

generations. Such information will help identify where maximum

disease control measures should be applied. The results presented

here also point toward the possibility of development of new disease

management techniques based on manipulation of the soil environment.

The potential of urea fertilization treatments to reduce the rate of

spread of laminated root rot appears particularly promising.
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